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first Symposium was organized in 1968 by H. Tominaga, H. Tachikawa, M. Harada and
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Symposium, and its committee members are listed in the web page

http://www.ring-theory-japan.com/ring/h-of-ringsymp.html.

The present members of the committee are S. Kawata (Nagoya City Univ.), I. Kikumasa
(Yamaguchi Univ.), I. Mori (Shizuoka Univ.), and T. Nishinaka (Univ. of Hyogo).

For information on ring theory and representation theory of groups and algebras (in-
cluding schedules of meetings and symposiums), as well as ring mailing list service for
registered members, please refer to the following websites, which are edited by K. Yamaura
(Univ. of Yamanashi):

http://www.ring-theory-japan.com/ring/ (in Japanese)
http://www.ring-theory-japan.com/ring/japan/ (in English)

The Symposium in 2023 will be held at Osaka Metropolitan University from September
5 (Tue.) to September 8 (Fri.). The program organizer is K. Ueyama (Hirosaki Univ.),
and the local organizer is R. Kanda (Osaka Metropolitan Univ.).
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A BIJECTION BETWEEN SILTING SUBCATEGORIES AND
BOUNDED HEREDITARY COTORSION PAIRS

TAKAHIDE ADACHI AND MAYU TSUKAMOTO

ABSTRACT. In a triangulated category, there exists a bijection between silting subcate-
gories and bounded co-t-structures. In this article, as a generalization of this result, we
give a bijection between silting subcategories and bounded hereditary cotorsion pairs in
an extriangulated category. Moreover, we prove that our result recovers a bijection be-
tween basic tilting modules and contravariantly finite resolving subcategories for a finite
dimensional algebra with finite global dimension.

Throughout this article, we assume that every category is skeletally small, that is, the
isomorphism classes of objects form a set. In addition, all subcategories are assumed to
be full and closed under isomorphisms.

The notion of silting subcategories was firstly introduced by Keller and Vossieck [5].

Definition 1. Let D be a triangulated category with shift functor . A subcategory M
of D is called a silting subcategory if it satisfies the following conditions.

e M is closed under direct summands.

e D(M,¥*M) =0 for each k > 1.

e D = thick M, where thick M is the smallest thick subcategory containing M.

Bondarko ([3]) and Pauksztello ([8]) independently introduced co-t-structures as an
analog of t-structures.

Definition 2. Let D be a triangulated category with shift functor ¥. A pair (U, V) of
subcategories of D is called a co-t-structure on D if it satisfies the following conditions.

e |4 and V are closed under direct summands.
e For each D € D, there exists a triangle ¥~'U — D — V — U such that U € U
and V € V.
e DU, V) =0.
e U is closed under a negative shift, that is, X7 C U.
A co-t-structure (U, V) on D is said to be bounded if U,czX"U = D = U,z 5" V.

Bondarko ([3]) and Mendoza-Santiago-Saenz—Souto ([6]) gave the following result.

Theorem 3 ([3, 6]). Let D be a triangulated category. Then there exist mutually inverse
bijections between the set of silting subcategories of D and the set of bounded co-t-structures
on D.

The detailed version of this article has been published in [1].



The aim of this article is to generalize Theorem 3 to extriangulated categories in-
troduced by Nakaoka and Palu ([7]) as a simultaneous generalization of a triangulated
category and an exact category.

Let R be a commutative ring and let C := (C,E,s) be an R-linear extriangulated
category. For definition and terminologies of extriangulated categories, see [7, 4]. A

complex A 5 B % Cin Cis called an s-conflation if there exists § € E(C, A) such

that s(6) = [A EN; JER C], where [A ENy; JER C] is an equivalence class of a complex

AL B4 €. We write the s-conflation as A & B % ¢ 2, Recently, Gorsky, Nakaoka
and Palu ([4]) gave an R-bilinear functor E" : C°? x C — Mod R for each n > 2. We recall
examples of extriangulated categories (for detail, see [7, 4])

Example 4. (1) Let D be a triangulated category with shift functor ¥. Then D
becomes an extriangulated category by the following data.
e E(C,A):=D(C,XA) for all A,C € D.
e For § € E(C, A), we take a triangle A 5B % ¢ % YA Then we define
s(6)=[AL B % Q)
In this case, we have E*(C, A) = D(C,X*A) for all A,C € D and k > 1.
(2) Let € be an exact category. Then £ becomes an extriangulated category by the
following data.
e E(C, A) := Exts(C, A), where Ext;(C, A) is the set of isomorphism classes of
conflations in & of the foorm 0 -+ A — B - C — 0 for A,C € £.

e 5 is the identity.
In this case, we have EF(C, A) = Ext:(C, A) for all A,C € D and k > 1.

For a subcategory X of C, we define a subcategory * X as
tx ={MeC|EFM,X) =0 for each k > 1}.

Dually, we define a subcategory X*. Moreover, the following subcategories play a crucial
role in this article.

Definition 5. Let X, ) be subcategories of C.

(1) Let X % Y denote the subcategory of C consisting of M € C which admits an
s-conflation X - M — Y --» in C with X € X and Y € ). We say that X is
closed under extensions if X x X C X.

(2) Let Cone(X,)) denote the subcategory of C consisting of M € C which admits
an s-conflation X - Y — M --»in C with X € X and Y € ). We say that X is
closed under cones if Cone(X,X) C X.

(3) Let Cocone(X,)) denote the subcategory of C consisting of M € C which admits
an s-conflation M — X — Y --»in C with X € X and Y € V. We say that X s
closed under cocones if Cocone(X, X) C X.

(4) We call X a thick subcategory of C if it is closed under extensions, cones, co-
cones and direct summands. Let thick X denote the smallest thick subcategory
containing X.

(5) For each n > 0, we inductively define subcategories X and X of C as X :=
Cone(X ;,X) and XY := Cocone(X, X, ;), where X*, := {0} and X", := {0}.

n—1



Put

xh=Ja, av=Jay)

n>0 n>0

When C is a triangulated category, descriptions of X" and XV are well-known. Indeed,
let D be a triangulated category (regarded as an extriangulated category) with shift
functor . For a subcategory X and an integer n > 0, we obtain

XN =X DX %% L"X.

If X is closed under extensions and a negative shift, then X = ¥"X" holds. Similarly, if
X is closed under extensions and a positive shift, then XY = "X holds.

We introduce the notion of silting subcategories of an extriangulated category, which
is a generalization of silting subcategories of a triangulated category. For a class X of
objects in C, let add X’ denote the smallest subcategory of C containing X and closed under
finite direct sums and direct summands.

Definition 6. Let C be an extriangulated category and M a subcategory of C. We call
M a silting subcategory of C if it satisfies the following conditions.

(1) M is closed under direct summands.
(2) E¥(M, M) =0 for each k > 1.
(3) C = thick M.

Let siltC denote the set of all silting subcategories of C. An object M € C is called a
silting object if add M is a silting subcategory of C.

We give examples of silting subcategories.

Example 7. (1) Let D be a triangulated category. Then silting subcategories of
a triangulated category D are exactly silting subcategories of an extriangulated
category D.

(2) Let A be an artin algebra and let P<°°(A) denote the category of finitely generated
right A-modules of finite projective dimension. Since P<>°(A) is closed under
extensions, it becomes an extriangulated category. We can check that silting
objects of P<*(A) coincide with tilting A-modules. Thus if A has finite global
dimension, then silting objects of mod A coincide with tilting A-modules.

Example 8. Let k be an algebraically closed field. Consider the bounded derived category
D of the path algebra k(1 — 2 — 3 — 4). Then the Auslander-Reiten quiver of D is as
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Let X := add(3 & Z%1 @ 2 ®X3). Since X is closed under extensions, it follows from [7,
Remark 2.18] that X becomes an extriangulated category. Remark that X" is neither an
exact category nor a triangulated category. We can check that 3 @ % @¥3 and % D2pE3
are silting objects in X.

We recall the definition of hereditary cotorsion pairs.

Definition 9. Let C be an extriangulated category and let X', ) be subcategories of C.
We call a pair (X', Y) a hereditary cotorsion pair in C if it satisfies the following conditions.

(CP1) X and Y are closed under direct summands.
(CP2) E*¥(X,Y) =0 for each k > 1.

(CP3) C = Cone(Y, X).

(CP4) C = Cocone(Y, X).

Let hcotorsC denote the set of hereditary cotorsion pairs in C. For (&7, V), (X2, Vs) €
hcotors C, we write (X1, V1) < (&, Vs) if V1 € Vs, Then (hcotorsC, <) clearly becomes a
partially ordered set. Remark that if (X)) is a hereditary cotorsion pair in C, then X is
closed under extensions and cocones. Similarly, ) is closed under extensions and cones.

The following examples show that the notion of hereditary cotorsion pairs in an extrian-
gulated category is a common generalization of co-t-structures on a triangulated category
and hereditary cotorsion pairs in an exact category.

Example 10. (1) Let D be a triangulated category with shift functor 3. By regard-
ing D as an extriangulated category, co-t-structures on D are exactly hereditary
cotorsion pairs.

(2) Let € be an exact category. A pair (X, )) of subcategories of £ is called a hereditary
cotorsion pair in £ if it satisfies the following conditions.

e X and Y are closed under direct summands.

e Exti(X,)) =0 for each k > 1.

e For each F € &, there exists a conflation 0 — Yy — Xz — E — 0 such that
Y€ )Y and X € X.

e For each F € &, there exists a conflation 0 = £ — Y¥ — X — 0 such that
YE cYand XF € X.



By regarding £ as an extriangulated category, hereditary cotorsion pairs in the
exact category & are exactly hereditary cotorsion pairs.

We say that a hereditary cotorsion pair (X,)) is bounded if C = X" and C = YV. Let
bdd-hcotors C denote the partially ordered set of bounded hereditary cotorsion pairs in C.
The following theorem is a main result of this article.

Theorem 11 ([1, Theorem 5.7]). Let C be an extriangulated category. Then there exist
mutually inverse bijections

bdd-hcotors C é siltC,
o

where ®(X,Y) := X NY and ¥(M) := (MY, M") = (* M, M1).

For a triangulated category D, let bdd-co-t-str D denote the set of bounded co-t-
structures on D. By regarding D as an extriangulated category, it follows from Example
10(1) that bdd-co-t-str D = bdd-hcotors D. Thus we can recover the following result by
Theorem 11.

Corollary 12 ([6, Corollary 5.9]). Let D be a triangulated category. Then there exist
mutually inverse bijections

)
bdd-co-t-str D —siltD,
v

where ®(X,)) =X NY and V(M) := (MY, M").

For two subcategories M, N of C, we write M > N if E¥(M, N) = 0 for each k > 1.
Since bdd-hcotorsC is a partially ordered set, the correspondence in Theorem 11 induces
a partial order on siltC.

Corollary 13. Let M, N be silting subcategories of C. Then M > N if and only if
M” D N holds. In particular, > gives a partial order on siltC.

In the following, we explain that Theorem 11 can recover Auslander—Reiten’s result
(see Corollary 14). Let projC denote the subcategory of C consisting of all projective
objects in C. We assume that an extriangulated category C is a Krull-Schmidt category,
and has enough projective objects (i.e., C = Cone(C, projC)) and enough injective objects.
For a subcategory X of C, we call X a resolving subcategory of C if projC C X and it is
closed under extensions, cocones and direct summands. Let confin-resolvC denote the set
of contravariantly finite resolving subcategories of C. Then there exist mutually inverse
bijections

F .
hcotors C —— confin-resolv C,
G

where F(X,)) = X and G(X) = (X, X1). By restricting these bijections, we have

F
bdd-hcotors C ? {X € confin-resolvC | X" = C, X C (projC)"}.



By Theorem 11, we have mutually inverse bijections

FoW¥
siltC —= {X € confin-resolvC | X" = C, X C (projC)"}.
PoG
Let A be an artin algebra with finite global dimension. Applying these bijections to
C = mod A, we obtain

silt(mod A) % confin-resolv(mod A).
PoG

Moreover, it follows from Example 7(2) that silting objects of mod A coincide with tilting
A-modules. Therefore we have the following result.

Corollary 14 ([2, Corollary 5.6]). Let A be an artin algebra with finite global dimension.
Then T + T gives a bijection between the set of isomorphism classes of basic tilting
modules and the set of contravariantly finite resolving subcategories, and T +— T+ gives
a bijection between the set of isomorphism classes of basic tilting modules and the set of
covariantly finite coresolving subcategories.
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ON 7-TILTING FINITENESS OF GROUP ALGEBRAS

TAKUMA ATHARA AND TARO SAKURAI

ABSTRACT. In this note, we explore when a group algebra is 7-tilting finite. One clas-
sifies 7-tilting finite group algebras with 2 simple modules and studies 7-tilting finite
blocks of group algebras when the characteristic of the base field is 2.

1. INTRODUCTION

T-tilting theory has been introduced by Adachi-Tyama—Reiten [1] and is now one of the
most important subjects in representation theory of algebras. In the theory, support 7-
tilting modules play a central role and are mutatable; that is, we can make a new support
T-tilting module from a given one by replacing a direct summand. Moreover, the set of
support 7-tilting modules admits a poset structure whose Hasse quiver coincides with the
mutation quiver.

In this note, we discuss 7-tilting theory for group algebras, and attack the problem on
“the structure of a group algebra A vs. that of the poset s7-tilt A”. Here, s7-tilt A stands
for the set of basic support 7-tilting modules of A.

2. PRELIMINARIES

Let A be a finite dimensional symmetric algebra over an algebraically closed field k.
Thanks to Adachi-Iyama—Reiten [1], we know that the theory of support 7-tilting modules
and that of 2-term tilting complexes coincide. In this note, we use the latter. We denote
by KP(proj A) the perfect derived category of A.

Let us first recall the definition of tilting complexes.

Definition 1. (1) A perfect complex T is said to be tilting if Homye peop 4y (1, T[i]) = 0
for any i # 0 and it generates KP(proj A).
(2) We say that T'is 2-term provided it concentrates on degree 0 and —1.
(3) The set of basic 2-term tilting complexes of A is denoted by s7-tilt A.
(4) We call A 7-tilting finite if sT-tilt A is a finite set.

Remark 2. [1, Definition 0.3 and Theorem 3.2] A support 7-tilting module is defined to
be the Oth cohomology of some 2-term tilting complex.

For perfect complexes 7" and U, we write 7' > U if Homye po;4)(1, U[i]) = 0 for every
i > 0. This actually gives a partial order on the set of basic tilting complexes [3, Theorem
2.11]. We utilize the 2-term version of this result.

Theorem 3. [1, Lemma 2.5] The set st-tilt A is a partially orderd set by the relation >.

The detailed version of this paper will be submitted for publication elsewhere.



The partial order is compatible with tilting mutation, which is provided as follows:
e Let T be a tilting complex with decomposition 7' = X @M. Taking a (minimal) left
add M-approximation f : X — M’ of X, we get the new complex uy(T) ==Y ®M,
where Y is the mapping cone of f.
Then, py (7)) is also tilting [3, Theorem 2.31], called the left mutation of T' with respect to
X. Dually, we have right mutations % (7). Note that u5(A) are nothing but Okuyama-—
Rickard complexes [5], which means that tilting mutations can be obtained by repeatedly
taking Okuyama—Rickard complexes (via derived equivalences).

Remark 4. The assumption of A being symmetric plays a crucial role to get tilting com-
plexes; that is, the operation above does not necessarily give a tilting complex in general.
To take away the disadvantage, we need the notion of silting complexes; see [3] for the
details. In this note, we will consider only symmetric algebras.

Let us introduce the (2-)tilting quiver of A. The vertices of the quiver are basic (2-term)
tilting complexes and we draw an arrow T' — U if U ~ p(7') for an indecomposable
summand X of 7. Then the following result indicates a relationship between the partial
order and tilting mutation.

Theorem 5. [1, Corollary 2.34] The Hasse quiver of the poset st-tilt A coincides with the
2-tilting quiver of A.

Example 6. Let G be the dihedral group of order 6 and char k = 3. The group algebra
A = kG is presented by the quiver 1 # 2 with relations 2 = 0. Let P; denote the

indecomposable projective module of A corresponding to the vertex ¢. Then, we have the
2-tilting quiver of A:

PN

P1—>P2 0—>P1
O—>P2 P2—>P1
P1—>P2 P2—>0
P1—>O P2—>P1

\ /
Al “hexagon”

We will observe that this is independent of the prime p of the order 2p and char k later.

3. MAIN RESULTS

Let G be a finite group and p := char k; then, the group algebra kG and its blocks (i.e.,
summands of kG as algebras) are symmetric algebras.

The first aim is to classify 7-tilting finite group algebras kG with 2 simple modules.

We say that G is p-perfect if it has no normal subgroup with index p. Here is the first
main theorem.



Theorem 7. Assume that G is p-perfect.

(1) The following are equivalent:
(a) the 2-tilting quiver is of the form:

O/O\O
¢ ¢
\o/

(b) it is the hexagon;

(c) 4 < |sT-tilt kG| < 8;

(d) p is odd and G is isomorphic to the dihedral group of order 2p".
(2) The following are equivalent:

(a) the 2-tilting quiver is of the form:

O/O\O
N

(b) it is the tetragon;
(c) 2 < |sT-tilt kG| < 6;
(d) p is odd and G is isomorphic to the cyclic group of order 2.
(3) There is no group G such that kG has 2 simple modules and 6 < |s7-tilt kG| < 0.

Remark 8. The assumption of G' being p-perfect plays an important role:

(1) For a p-group P, the group algebras k[G x P] and kG admit the same poset
structure for s7-tilt(—) [4, 2].

(2) There exists a non-p-perfect group G such that kG has 2 simple modules and
| sT-tilt kG| = 8. We will see its example later.

Let A be a block of kG with defect group D; the defect group of a block is a p-subgroup
of G controlling the block, for example, D is cyclic (dihedral /semidihedral/quaternion and
p = 2) iff A is representation-finite (representation-tame).

The second aim is to study the 7-tilting finiteness of A when p = 2. In the rest of this
note, assume that p = 2.

The cyclic group of order n is denoted by C),. Let us start with examples of 7-tilting
finite 2-blocks.

Example 9 (See [4]). (1) Let G be the symmetric group of degree 4. Then kG is
indecomposable, so A = kG (D is isomorphic to the dihedral group of order 8),
which has 2 simple modules. Moreover, A admits 8 support 7-tilting modules.

(2) Let G be the alternating group of degree 4. Then we have A = kG with 3 simple
modules (D is isomorphic to Cy x Cy), and there are 32 support 7-tilting modules.



(3) Let G be the alternating group of degree 5. Then kG = A & Mat,(k) and A has
3 simple modules (D is the same as (2)). Furthermore, |s7-tilt A| = 32.

Denote by A the algebra A as in Example 9(2)(3). We now state the second main
theorem of this note.

Theorem 10. Assume that A is nonnilpotent (= nonlocal).

(1) Suppose that D is isomorphic to Com x Con. Then the following are equivalent:
(a) A is T-tilting finite;
(b) A is Morita equivalent to A;
(c) m=n=1.

(2) Suppose that D is isomorphic to Cy x Cy x Cy. Then A is T-tilting finite if and
only if it is Morita equivalen to kCy X A. In the case, it admits the same poset
structure for st-tilt(—) as A.

At the time of writing, we find no representation-infinite 2-block A such that sr-tilt A
has a different poset structure as s7-tilt A. We close this note by putting this question.

Question 11. Let p = 2 and A be a representation-infinite nonnilpotent block of a group
algebra kG. Then does the following hold true?

e A is 7-tilting finite if and only if s7-tilt A ~ s7-tilt A as posets.
(Find a representation-infinite nonnilpotent 2-block A satisfying s7-tilt A 2 s7-tilt A.)
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APPROXIMATION BY INTERVAL-DECOMPOSABLES AND
INTERVAL RESOLUTIONS OF 2D PERSISTENCE MODULES

HIDETO ASASHIBA, EMERSON G. ESCOLAR, KEN NAKASHIMA, AND MICHIO YOSHIWAKI

ABSTRACT. In topological data analysis, in contrast to the case of one-parameter persis-
tent homology, two-parameter persistent homology presents algebraic difficulties due to
its wild representation type. We consider approximations of two-parameter persistence
modules: (1) In a previous work, we defined interval approximations using “compression”
to essential vertices of intervals together with M&bius inversion. (2) Another idea is to
consider homological approximations of persistence modules using interval resolutions.
In this work, we first study (2) in the general setting of finite posets and show the follow-
ing: the interval resolution global dimension is finite for finite posets, and that it can be
computed using the Auslander-Reiten translates of the interval representations. Then,
in the commutative ladder case, we provide a formula linking the two notions of approx-
imation by a suitable modification of (1). This is an extended abstract summarizing the
results of the detailed version [arXiv:2207.03663].

Keywords: Representation, Relative homological algebra, Multiparameter persistence
2020 Mathematics Subject Classification: 16G20, 55N31

1. INTRODUCTION

In the field of data analysis, one recent development is the rapidly growing subfield
called “topological data analysis”, which applies ideas from (algebraic) topology for data
analysis. One of its main tools is persistent homology [6], which has found applications
in various fields of study. Persistent homology is able to describe the topological features
(connected components, holes, voids, etc.) of data, and in a multiscale way by providing
information of “birth” and “death” parameter values, with respect to one parameter of the
data. Algebraically, persistent homology is described as a persistence module, which can
be formalized as a representation of an A,-type quiver, and the topological features are
encoded as a choice of generators for an indecomposable decomposition of the persistence
module. The indecomposable decomposition is given by interval representations, with the
endpoints giving the “birth” and “death” parameter values.

However, coming from motivations in data analysis, there is a need to deal with mul-
tiple parameters, leading to multiparameter persistent homology [5]. In this case, the

The detailed version of this paper will be submitted for publication elsewhere. A preprint is available
at [2].
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formative Research Areas (A) (22H05105). K.N. is supported by JSPS Grant-in-Aid for Transformative
Research Areas (A) (20H05884). M.Y. is supported by JSPS Grant-in-Aid for Scientific Research (C)
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underlying parameter space is an n-dimensional commutative grid for n parameters, and
the corresponding algebra is of wild representation type for large enough parameter space.

Thus there many attempts to overcome the difficulties in the multiparameter setting,
such as by using a suitable generalization of the intervals. The full version [2] of this work
studies relative homological algebra with respect to the interval modules, and also gives
a more detailed review of the literature. Here, we summarize the results of [2].

2. BACKGROUND

Throughout, k is a field, vecty is the category of finite dimensional k-vector spaces, and
P is a finite poset. We first recall the following definitions.

Definition 1.

(1) The segment fromp € P to g€ Pis [p,q] :={z € P|p <z <gq}

(2) P is said to be connected if for any p,q € P, there exists a sequence p =
T0,T1,--.,T¢ = q of elements with r;_; and r; comparable for each i € {1,...,¢}.

(3) A subset S C P is convez if [p,q] C S for any p,q € S.

(4) A subset S C P is an interval if it is convex and the subposet induced by S is
connected.

We denote by A := kP the incidence algebra of P over k. Alternatively, we can consider
the Hasse diagram of P as a quiver (), and let R be the two-sided ideal of the path algebra
of kQ) generated by all commutativity relations. With this, we can identify the incidence
algebra with the path algebra of the bound quiver (Q, R). We let mod A be the category
of finitely generated left A-modules.

Note that a poset P can be considered as a category with a unique morphism p — ¢
whenever p < ¢. A pointwise finite dimensional (pfd) persistence module over P is a
functor M : P — vecty. Furthermore, mod kP can be identified with the category of
pfd persistence modules over P. We freely identify persistence modules over P, modules
over the incidence algebra kP, and representations of the bound quiver (@, R). In what
follows, by persistence module we mean pfd persistence module.

Definition 2. Let P be a poset and A = kP.

(1) For an interval I of P, the A-module V; is defined by V;(i) = k (i € Iy), Vi(i <
j) = 1k (i, € Iy) and 0 otherwise, is called an interval module over A. An
A-module M is called interval-decomposable if M is isomorphic to a finite direct
sum of interval modules.

(2) We denote by I(P) a set of representatives of all interval modules, with one rep-
resentative chosen from each isomorphism class. If P is clear we write I.

(3) We denote by Z(P) the set of all interval-decompoable modules. If P is clear we
omit it and write 7.

We introduce our main poset of interest.

Definition 3 (2D commutative grid). For m,n € N := {1,2,...}, the poset émn is
defined by

Gmn={1,....m}, <) x ({1,...,n},<)



and called the m x n commutative 2D grid. That is, the partial order defined by (i, 5) <
(k,?) if and only if i < k and j < ¢.
In topological data analysis, the interval(-decomposable) modules play a central role in

one-parameter persistent homology, as they are used to express the “birth” and “death”
of topological features. In case of P = ij,n, A-modules are called 2-parameter (or 2D)
persistence modules, and can be used to study the evolution of topological features varying
across two parameters. We are interested in approximating 2D persistence modules using
interval-decomposable persistence modules.

It is known that each interval I of G_:m,’l’b has a “staircase” form (see the discussion in
Section 4.1 of [1]): a full subposet induced by a set of the form

I={(,i)|ie{s,s+1,....t},7e{b,bi+1,...,d;}}
for some 1 < s <t <nandsomel<bh <d; <m for each s <17 <t such that
biy1 <b; <dipr < d;

for alli € {s,...,t —1}. We adopt the notation of [1] writing
t

I=| |ibs, dils

=S
to denote the interval above. In this notation, each [b;, d;]; is the “slice” of the staircase
at height 1.

Example 4. Below is an example of an interval I (filled-in points and arrows) of 6674,
displaying posets using their Hasse diagrams. This interval is denoted as [5,6]; L [3, 52 U
[3,4]3. The corresponding interval module V7 is given to its right.

0—>0—>0—0)—>0—>0

0--->0--->0-->0-->0--->0

A A A A A A

I I I I I I

I I | | I I 1

O--—>0-->0———>0@———>0--—->0 —_—> —)}{—)}{}—) ) — >
(2.1) I+ 1 T oo Vi 1 1

\777 \777 \777 | 1 1

? >? >’—>:—>. >? k: k k. >

l l l l l 1

oO--—>0-->0--—>0--—>0—>0

0—0—0—0—k—1>k
Next, we recall some definitions from relative homological algebra. Throughout the
definitions below, P is a finite poset, A = kP and M is a persistence module over P.

(1) A right interval approxzimation of M is a morphism f € Homa(X, M) with X € Z
such that for any ¢ € Hom4 (Y, M) with Y € Z there exists some h € Homy4 (Y, X)
such that g = fh. This is equivalent to saying that f induces an epimorphism

HOIHA<—, f) : HOHlA(—, X)‘I — HOHlA(—, M)‘Z

Note that since Z contains all finitely generated projectives, it can be checked that
a right interval approximation is guaranteed to be surjective.
(2) An interval resolution of M is an exact sequence

«~'—>an—">~~~%X1f—1>X0f—0>M%O



such that fy is a right interval approximation of M, and for each ¢ > 1, f; is a
right interval approximation of Im f; = Ker f;_;.

(3) A morphism f € Homy (X, M) is said to be right minimal if every morphism
g: X — X with f = fg is an automorphism.

(4) A morphism f: X — M is said to be a right minimal interval approzimation of
M if it is a right interval approximation that is right minimal.

(5) A minimal interval resolution of M is an exact sequence

s X, s x B xS =0

such that fj is a right minimal interval approximation of M, and for each i > 1,
fi is a right minimal interval approximation of Im f; = Ker f;_;.
(6) If there exists an interval resolution of M of the form

0= X, & s xi B xS Mo

for some n > 0, we say that interval resolution dimension of M is at most n, and
write int-dim M < n. Otherwise we say that interval resolution dimension of M
is infinity.

(7) If int-dim M < n and int-dim M £ n — 1, then we say that interval resolution
dimension of M is equal to n, and denote it by int-dim M = n.

(8) Finally, we define

int-gldim A := sup{int-dim M | M € mod A}
and call it the interval resolution global dimension of A.
Now, we let
G = @ I, and A := End(G).
I€l(P)
Since each indecomposable projective module and each indecomposable injective module is

isomorphic to some interval in I(P), G is a generator-cogenerator. Since G is a generator,
it is well-known (see for example [4, Proposition 4.17(1)(2)]) that

(2.2) int-dim M = pd, Homy (G, M)

where pd, is the projective dimension of A-modules. Since G is a generator-cogenerator,
we obtain the following equality from Erdmann-Holm-Iyama—Schréer [7, Lemma 2.1]:

(2.3) int-gldim &P = gldim A — 2.

3. RESULTS
Proposition 5. For any finite poset P, int-gldim kP < oo.
The proof of Proposition 5 is provided below. First, the following can be shown.

Lemma 6. Let M be an interval module of A = kP, and N a submodule of M. Then,
N is interval-decomposable.

Then, we extract the following immediate corollary from known results.



Corollary 7 (Corollary of [11, Theorem in §5], cf. [8, Lemma 2.2]). Let B be an artin
algebra, and X a finitely generated B-module. Assume that for each indecomposable direct
summand X' of X, all submodules of X' are in add X, then Endg(X) is left strongly
quasi-hereditary, and its global dimension is finite.

We remark that the finiteness of the global dimension of Endg(X) also follows from
Corollary 2.4.1(1) together with Theorem 3.3 of [9]. The fact that it is left strongly
quasi-hereditary can be shown using [9, Corollary 2.4.1(1)] with [13, Theorem 3.22].

Proof of Proposition 5. This follows immediately by applying Corollary 7 with
X =G= @ I, and B := A = End(G).
I€l(P)
Note that each indecomposable direct summand X’ of X is simply an interval module,

and by Lemma 6 each submodule of X' is interval-decomposable and thus is in add X. [

Proposition 8. For any finite poset P,
int-gldim AP = max int-dim(7V7),
S

where T is the Auslander—Reiten translation.

Proof. Since A is not semisimple, we have
int-gldim kP = gldim A — 2
= max{pd (Homu(G,V;)/rad(G, V7)) | I € L,rad(G,V;) # 0} — 2
= max{pdrad(G,V;)+ 1| I € L,rad(G, V) # 0} — 2
= max{pdrad(G,V;) — 1| I € I,rad(G,V;) # 0}
where the first equality is Eq. (2.3). For V7 is not projective, there exists an almost

split sequence of the form 0 — 7V; — E; — V; — 0, yielding an exact sequence 0 —
Homa (G, 7Vr) — Homy (G, Ey) — rad(G, V) — 0 of A-modules, showing that

pdrad(G,V;) < max{pd Homa(G, Ey),pd Hom (G, V) + 1}.
Applying, we obtain
int-gldim AP < max{pd Hom, (G, E;) — 1,pd Homa(G,7V})} | I € I}
= max{int-dim E; — 1, int-dim7V; | I € I}
< int-gldim kP.
where the second line follows from Eq. (2.2).
By Proposition 5, int-gldim kP = d for some positive integer d, and hence there exists
some I € I such that either int-dimFE; — 1 = d or int-dim7V; = d. In the former

case, we have int-dim E; = d + 1 > int-gldim AP = max{int-dim X | X € mod kP}, a
contradiction. Therefore, d is the maximum of {int-dim7V; | I € I}. O

We use Proposition 8 in computational experiments, and obtain some conjectures about
the value of int-gldim for the 2D commutative grids.



Example 9. Let k = Fy, the finite field with 2 elements, and A = kémn (m,n >2). In
the table below, the row labelled n and column labelled m contains the value (or a lower
bound) of int-gldim kG, ,, obtained by numerical computation.

23 4 5 6 7 89 10
201 2 2 2 2 22 2
3(1 2 3 4 4 4

412 3 4 5 >6 >6
512 4 5

612 4 >6

712 4 >6

We conjecture that for the row n = 2, the value of int-gldim kémQ is 2 for all m > 4.

We further conjecture that for each fixed row n, the value of int-gldim kémn eventually
stabilizes to some fixed constant C'(n), and that this happens for m > n + 2.

The commutative ladder ijg case

From here on, we consider only the commutative ladder, that is, the m x 2 commutative
grid émg (or symmetrically, 627n>.

Let us fix some notation and let I = [x;, 2;]1 U [yx, )2 be an interval of G,,5. Thus,
1<k<i1<1<j<n,and [ is illustrated by its Hasse diagram

yk )... )yz )... )yl
(3.1) T T
T; > Z > X

Given a persistence module M of C_jg’n, we “compress” M using [ in the following way.
Let S; be the subposet of I with the following Hasse diagram:

Yk > Yi Y
(3.2) T

Z; > X

Note that S is not a full subposet of I, since for example y; < y; in [ but y; £ y; in S7.

Viewing posets as categories, we define the inclusion functor (1) @ S; — G_:Q,n, one for
each I € I. We then define R (M) := M o &([), which is M restricted (“compressed”)
to S[.

Definition 10 (Compressed multiplicity). The compressed multiplicity with respect to &
of Viin M is
C?\/[(U = ng(,)(M)(Rg(I)(V[)),

the multiplicity of Ry (Vi) as a direct summand of Re(py(M).



Note that there are other ways of “compressing” M, which can be set by changing the
choice of the functor £(I) (and Sj). In fact, the definition here is a modification of the
compressed multiplicity introduced in [3], where the functor is defined as an inclusion
of the full subposet of a set of “essential vertices” of I. As another example, when the
functor is defined using the inclusion of [ — égvn as is, one recovers the generalized rank
invariant of Kim and Memoli [10] (see [3] for a detailed discussion).

The following theorem relates the compressed multiplicity cfw in terms of a formula
involving only the multiplicities of the intervals in an interval resolution of M.

Theorem 11. Let M be a persistence module over C_jgm with an interval resolution

(3.3) 0= X, I x5 X, & o,

0)
with each term X; a direct sum of interval modules V; as X; = @JGH VJdJ . Then,

(0 = 0 Sy,

ICJel i=0

Proof. See the detailed version [2] for a proof. O

—

The set of intervals I(G), 2) can be given a poset structure with partial order defined by
I < Jif and only if I is a subposet of J. Following previous works [10, 3|, we use M&bius

inversion [12] of 034 viewed as a function on the elements of I[(émg), to obtain another
invariant for persistence modules.

Definition 12 (Interval approximation). The interval approzimation 5% with respect to
& of M is the Mdbius inversion of c§w:

5i(0) = Y (=0*5(\S)
SCCov(J)

for all J € I, where Cov(J) is the set of “cover elements” of J, and \/ S is the join of the

—

elements of S (see [3] for a detailed discussion of the poset structure of I(G,,,,)).
Applying Mobius inversion to Theorem 11, we immediately obtain the following.

Corollary 13. Let M be a persistence module over C_jgm with an interval resolution as in

Theorem 11. Then we have

() = (= 1)d
i=0
for all J € 1.
This links the two notions of “approximation”: one is combinatorial via Mobius inver-

sion ((5]5\4), and the other is coming from relative homological algebra (the multiplicities
of the intervals in an interval resolution of M).
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A CHARACTERIZATION OF STANDARD DERIVED EQUIVALENCES
OF DIAGRAMS OF DG CATEGORIES AND THEIR GLUING

HIDETO ASASHIBA AND SHENGYONG PAN

ABSTRACT. A diagram consisting of differential graded (dg for short) categories and dg
functors is formulated as a colax functor X from a small category I to the 2-category
k-dgCat of small dg categories, dg functors and dg natural transformations for a fixed
commutative ring k. If I is a group regarded as a category with only one object *, then
X is nothing but a colax action of the group I on the dg category X (). In this sense,
this X can be regarded as a generalization of a dg category with a colax action of a
group. We define a notion of standard derived equivalence between such colax functors
by generalizing the corresponding notion between dg categories with a group action. Our
first main result gives some characterizations of this notion without an assumption of
k-flatness (or k-projectivity) on X, one of which is given in terms of generalized versions
of a tilting object and a quasi-equivalence. On the other hand, for such a colax functor
X, the dg categories X (i) with ¢ objects of I can be glued together to have a single dg
category f X, called the Grothendieck construction of X. Our second main result insists
that for such colax functors X and X', the Grothendieck construction [ X’ is derived
equivalent to f X if there exists a standard derived equivalence from X’ to X. These
results generalize the main results of [3] and [4] to the dg case, respectively. These are
new even for dg categories with a group action. In particular, the second result gives a
new tool to show the derived equivalence between the orbit categories of dg categories
with a group action (see [6] for such examples).

Key Words: derived equivalence, dg category, Grothendieck construction, 2-category,

colax functor
2020 Mathematics Subject Classification: 18G35, 16E35, 16E45, 16W22, 16W50

1. INTRODUCTION

Throughout this note k is a commutative ring, and I is a small category. In [2], when
k is an algebraically closed field, we classified (basic, connected) representation-finite
selfinjective algebras up to derived equivalences. They are divided into two classes: the
class sRF'S of standard algebras and the class nRFS of nonstandard algebras. The sRFS
forms a major part. We denote by sRFS’ to be the subclass of sRFS consisting of algebras
not isomorphic to k. Then sRFS is a disjoint union of sSRFS’ and the derived equivalence
class of k that coincides with the isoclass of k. We here review how sRI'S’ was classified.
Each member A of sRFS’ has the form B/G of the orbit category, where B is a tilted

The detailed version of this paper will be submitted for publication elsewhere.
A preprint is available at [6]. H.A. is supported by JSPS Grant-in-Aid for Scientific Research (C)
18K03207, and JSPS Grant-in-Aid for Transformative Research Areas (A) (22A201), and partially sup-
ported by Osaka Central Advanced Mathematical Institute (JPMXP0619217849). S.P. is supported by
China Scholarship Council.



algebra of Dynkin type A, and B is the repetitive category of B having a G-action with
G an infinite cyclic group. Thus there exists a G-covering P: B — A. Then we defined
the derived equivalence type typ(A) := (A, f,t) (f € Q,t € {1,2,3}) of A, where f,t were
derived from the information of the action of a generator of G, and the typ(A) was shown
to be derived invariant of A. In addition, from each type T in the list of all possible
types, the normal form A(T") was constructed. Let A’ be another member of sSRFS" with
a G-covering P': B' — A, A' = B/G, and typ(A’) = (A, f'.t'). To classify sRFS, it
is enough to show that A and A’ are derived equivalent if and only if typ(A) = typ(A’).
The only if part means that typ(A) is derived invariant. The if part is proved by showing
that A is derived equivalent to A(typ(A4)). (Thus we may assume that A’ = A(typ(4)).)
Note that if typ(A) = typ(A’), then since A = A’, both B and B’ are derived equivalent
to the hereditary algebra k@ with @) a Dynkin quiver of type A, and hence B and B’ are
derived equivalent. Then the main tools for the proof of if part were as follows given in
[1]:

(1) If B and B’ are derived equivalent, then so are B and B'.

(2) If B and B’ are derived equivalent satisfying an additional compatibility condition

with P, P, then B /G and B /G are derived equivalent.

The tool (2) is generalized in [3, 4] as follows. First, the setting is changed as follows.
The algebraically closed field k is changed to any commutative ring. The cyclic group G
is regarded as a category with single object %, and is changed to a small category I. B
is changed to any small k-category €. The G-action G — Aut(%¢’) on € is regarded as a
functor X from G as a category with single object * to the category of small k-categories
with X (%) = €, and the G-action on % is changed to a colax functor X : I — k-Cat (see
Example 5). The “derived module categoy” Z(Mod X) is defined as a colax functor from
I to the 2-category k-TRI? of triangulated 2-moderate® categories, and X is defined to be
derived equivalent to another colax functor X’: I — k-Cat if Z(Mod X) and Z(Mod X”)
are equivalent in the 2-category of colax functors I — k-TRI®. The orbit category € /G
for a category € with a G-action X € Aut(%’) is changed to the Grothendieck construction
[ X. In this general setting, the following two questions arise to generalize the tool (2).

Q 1. Characterize derived equivalence for X and X'.
Q 2. When [ X and [ X’ are derived equivalent?

Answers are given as the following two theorems.

Theorem 1. Let X, X': I — k-Cat be colax functors. Then (1) implies (2):

(1) X' is derived equivalent to X.
(2) X' is equivalent to a tilting colaz functor®* 7 for X.

If X is k-flat®, then the converse holds.
Theorem 2. If (2) above holds, then [ X' is derived equivalent to [ X.
Since characterization of derived equivalences of k-categories are well controlled in the

setting of dg categories as in Keller [8], it is interesting to generalize these theorems to

1See Definition 3.
2This is defined in a way similar to Definition 14(2).
3The k-modules X (i)(z,y) are flat for all objects i of I and objects x,y of X (i).



dg categories. In this connection, the purpose of the talk is to give a characterization of
standard derived equivalences of colax functors from I to the 2-category of dg categories,
and to extend Theorem 2 in this setting.

2. PRELIMINARIES
In this section, we collect necessary terminologies.

2.1. A set theory for the foundation of category theory. First of all, we remark
the set theoretical foundation that we use here, which is needed because we collect many
categories. We refer the reader to [5, Appendix A] for details. To avoid the set theoretic
paradox, it is usually enough to consider three kinds of collections: sets, classes, and
conglomerates. However, to construct mathematical theory only within the scope of sets,
one considers a (Grothendieck) universe , and assume the aziom of universes stating
that any set is an element of a universe. We note that the class of all universes is well-
ordered. An element of il is called a $-small set, and a subset of 4 is called a -class.
If a collection S constructed from iU-sets and il-classes cannot be a il-class, for example
a set of the form Z(Mod A)(X,Y), where A is a {-small algebra, X,Y are objects of
the derived category of the {-small modules over A, then we take the smallest universe
" having S as its element, and we next consider {'-small sets, and l-classes. If we
repeat this procedure, we need more and more universes. To avoid this repetition, we
adopt the hierarchy proposed by Levy [9]. First we fix a universe 4 once for all, and
we construct mathematical theory within {-small sets, where 4’ is the smallest universe
having the power set of 4 as its element. In particular, all categories discussed here are
small categories in the usual sense. For a category &, the set of all objects of € is denoted
by %o. Levy’s hierarchy defines a $'-small set Classf, of the k-classes for each non-negative
integer k, and we have a sequence of strict inclusions

Class) C Class) C Class; C - -,

where 0-classes are nothing but 4U-small sets, usually called just as small sets, and 1-classes
are nothing but U-classes. See [5, Definition A.2.5] for definition of Classf: for k > 2.

Definition 3. Let € be a category.

(1) € is called a small category® if 6, and €'(x,y) are small for all z,y € %p.

(2) € is called a light category if 6 is a 1-class, and €'(z, y) are small for all z,y € 6.

(3) For each k > 1, € is called a k-moderate category if ¢, and €' (z,y) are k-classes
for all z,y € %.

2.2. 2-categories and colax functors.

Definition 4. A 2-category C is a sequence of data:
(1) a non-empty set Co,
(2) a family of categories (C(z,Yy))syes,
(3) a family of functors o := (0., : C(y, z) x C(z,y) = C(z, 2))zy.2cc,, and
(4) a family of functors (u, : 1 — C(z,))zec,, where 1 is the category consisting of
one object * and one morphism 1, (we set 1, := u,(x), 11, := u, (1))

4abbreviation of a $l-small category



that satisfies associativity and unitality.

Elements of Cy are called objects of C, elements of C; :=J, ,cc, C(2,y)o are called 1-
morphisms of C, and elements of Cq := |, ,cc, C(z,y)1 are called 2-morphisms of C. The
compositions in C(z,y) with x,y € Cq are called vertical compositions of 2-morphisms,
and the composition o for 2-morphisms are called horizontal compositions. Sometimes
2-categories are defined by giving the set of objects, 1-morphisms and 2-morphisms, and
by omitting the definitions of vertical and horizontal compositions and identities, when
they are obvious.

Example 5 (2-categories).

(1) We denote by k-Cat the 2-category of small categories, functors between them, and
natural transformations between those functors. Similarly, k-FRB, k-TRI and
k-TRI* denote the 2-category of light Frobenius k-categories, of light triangulated
k-categories and of k-moderate triangulated k-categories (k > 1), respectively.

(2) Any category % can be regarded as a 2-category %’ defined as follows, and we
identify & with ¢’ below, especially for 4 = I: Objects of " are the objects of
%’; 1-morphisms in ¢’ are the morphisms in %; and 2-morphisms in ¢’ are the
identities 1y with f € €'(x,y) for all z,y € €.

Definition 6. Let A and B be 2-categories. A 2-functor X : A — B is a pair of data:
(1) amap Xg: Ag — By (we set X(z) := Xo(z) for all x € A, for short), and
(2) a family of functors (X, @ A(z,y) = B(X(2), X(¥)))zyea, (We set X(f) :=
Xy (f) for all f € A(x,y) for short)

that preserves compositions and identities.

Definition 7. Let A and B be 2-categories. A colaz functor from A to B is a quadruple
of data:
(1) , (2) as above,
(3) a family (X;)ica, of 2-morphisms X;: X (1;) = 1x; in B indexed by i € Ay, and
(4) a family (Xpq)p,a) of 2-morphisms Xp,: X(ba) = X(b)X(a) in B indexed by
(b,a) € com(A) :={(b,a) € A; x Ay | ba is defined}
that satisfies the axioms
(a) Counitality: For each a: i — j in A; the following are commutative:

X(aly) =2 X (a)X(1,) X (La) =25 X (1,)X (a)
\ “X(a)Xi and \ “XjX(a) ; and

X(a)lxa Ly(X(a)
(b) Coassociativity: For each i = j 5 kS lin A, the following is commutative:

X (cha) —=— X ()X (ba)

ch,a\ﬂ ﬂ,X(C)Gb’a

X(cb) X (a) m X(e)X(b)X(a).



A pseudofunctor is a colax functor with all X; and X}, 2-isomorphisms. A 2-functor is
nothing but a colax functor with all X; and X, identities.

2.3. Dg categories. We now review necessary terminologies for dg categories.

Definition 8 (Dg categories and dg functors).

(1) A dg category (a short form of differential graded category) is a k-category <7 whose
morphism spaces &7 (z,y) are (cochain) complexes of k-modules for all z,y € %%,
and whose compositions

Ay, 2) @ A (2,y) = A (2,2)

are chain maps of complexes for all x,y,2 € . Note that the Leibniz rule is
automatically satisfied.
(2) Let o7, % be dg categories. Then a dg functor F': of — A is a sequence of data
(a) amap Fy: & — Py, where we set F'(x) := Fy(x) for all x € o fir short; and
(b) a family (Fiz,: & (z,y) = B(F (), F(Y)))(@y)esxs of chain maps, where
we set F'(f) = Flg,(f) for all f € o/(x,y) for short;

that preserves compositions and identities.

Definition 9. Let &7, % be dg categories, E, F': o — % dg functors, and n € Z. Then
we set Som(E, F)" to be the set of all (a})rew, € [l ey Z(E(), F(x))" such that
F(f)ay = (=1)"ayE(f) for all f € & (x,y)™,m € Z,x,y € o%. Using this we define
a complex Jom(E, F) := @, ., #om(F,G)" of k-modules with the differential d given
by #om(E, F)" — #om(E, F)"™ (a?), — (dz(a?)),. Then o™ := (a),eq is called a
derived transformation of degree n, and « := (a"),ez is called a derived transformation.
An element « of Z°(s#om(E, F)) is called a dg natural transformation, which is identified
with the family a := (au)s € [[ ey Z(E(x), F(2))? with d(a) = 0, and F(f)a, =

a,E(f) for all f € o/ (x,y).

Definition 10. By %4, (k) we denote the category of (co)chain complexes of k-modules,
where for any complexes M, N the morphism space is given by

Gag(k) (M, N) := P [ [ Homy (M7, NP+
neZ peEZ
with the differential d defined by d(f) := (d% ™ f?— (—1)" fP*1d%,)pez for all f = (fP),ez €
Gag(M, N)". Then 6y, (k) is a light dg category.
We denote by k-dgCat the 2-category of small dg categories, dg functors between them,

and dg natural transformations between those dg functors. By changing small/light or dg
natural/derived transformations, we have the following four variants:

‘ dg natural ‘ derived
small | k-dgCat | k-DGCat
light | k-dgCAT | k-DGCAT

Let o7 € k-dgCat, = k-DGCat( > %4,(k). Then we define the dg category
Cag(7) = k-DGCat (P, 6, (k)) € k-dgCAT, = k-DGCAT),,

of dg o/-modules, which is a light category. By taking the O-cocycles, this defines the
category € (/) = Z°(6ag()) of dg o/-modules, which is a light Frobenius category,




the homotopy category (&) := H%(6ay(/)) of o7, which is equal to the stable cat-
egory € (/) of € (<) that is a light triangulated category, and the derived category

D() = H()[qis™'] of & as a quotient category of J# (<) with respect to the quasi-
isomorphisms (see Definition 11), which is known to be a 2-moderate triangulated cate-
gory. Then we have €, ( )y = € (A ) = (A )g = D (A )o.

Definition 11. Let M € G44(27)o. A morpism f: M — N in €(<&/) is called quasi-
isomorphism (qis for short) if H"(f): H"(M) — H"(N) is an isomorphism for all n € Z.
M is said to be acyclic if H*(M) = 0 for all n € Z. M is said to be homotopically
projective if (/' )(M, A) = 0 for all acyclic complexes A € (7). We set ,(4/) to
be the full subcategoryy of J#(47) consisting of homotopically projective objects.

We formulate a diagram of dg categories and dg functors as a colax functor X from I to
k-dgCat. We can also regard X as a set of dg categories X (¢)’s with an action of I, hence
as a generalization of a dg category with a group action when [ is a group viewed as a
category with only one object x. For a 2-category C, the colax functors from I to C also
form a 2-category Colax(I, C) with suitably defined 1-morphisms and 2-morphisms, where
a l-morphism is a pair (F,¢): X' — X of a family F' = (F(i): X'(i) — X(4));er, of 1-
morphisms in C, and a family ¢ = (¢q: X(a)F(i) = F(j)X'(a))(: i—j)er, of 2-morphisms
in C.

For a colax functor X in Colax(I,k-dgCat), a dg category [ X is constructed in [6] by
“gluing” all dg categories X (i)’s together, which is called the Grothendieck construction
of X, which is nothing but the orbit category X (x)/G when I is a group G.

The correspondence &7 +— 6,(27) can be extended to a pseudofunctor €, : k-DGCat —
k-DGCAT. Similarly, we obtain pseudofunctors ¢: k-dgCAT — k-FRB, J7: k-dgCat —
k-TRI, and 2: k-dgCat — k-TRI?. For a colax functor X : I — k-dgCat, we can de-
fine its dg category of dg modules €,(X), category of dg modules € (X), homotopy
category (X)), and derived category Z(X) as the composite €y,(X) := €4y 0 X and
so on. The relationship of these constructions can be illustrated by the following strict

commutative diagram on the left.
Gag(k-dgCat)
19 0
s o \ao () 5 ()
(

k-dgCat —— %(k-dgCat) — k-FRB
H
\ Vst / ) I,
H (k-dgCat) — k-TRI P
VL .@(JZ{) __I:(_F_)_> ‘@(%)
k-TRI?

2

Here, in €4,(k-dgCat), 1-morphisms F': €ue(/) — €4z(A) are required to preserve
homotopically projective objects: F(74,(4)o) C (%) (similar for ¢ (k-dgCat) and
 (k-dgCat)), which enables us to define a pseudofunctor L defined by L(F) := L(H°(F))
= j#oH°(F)|op. in the diagram above, where Q4 is the quotient functor, j is the restric-
tion of @z to J4,(%), and p,y is given by a “projective resolution” with py0j. = Ly ().



Let a: E = F be a dg natural transformation of small dg functors E, F': &7 — £ of
dg categories. Thus « is a 2-morphism in k-dgCat. We here observe how this « is sent
by the pseudofunctors @aq, H and L. By applying %u,, we obtain a dg natural trans-
formation - @ a: - Ry E = -Q4F of dg functors -®,F,- @4 F Cag(A) — Cag(AB),
where we set E to be the @/-%-bimodule %(-, E(?)) (similar for '), and @ to be the

morphism (-, a(z)) of bimodules. This is sent by L o H° to the natural transformation

L L _ L _ L _ L _
- Ry -QuE = -®4,F of triangle functors - ® - R, F: () — P(A) of derived

categories of & and A, respectively.

3. RESuLTS

In this section we state our main results. To state them we need the following three
definitions.

Definition 12. Let X, X’ € Colax(/,k-dgCat). Then X’ is said to be standardly de-
rived equivalent to X if there exists a l-morphism (F,1): €aa(X') — Gag(X) in the
2-category Colax(/,k-dgCAT) such that L(F,v): 2(X') — 2(X) is an equivalence
in Colax(],k—m2). Here, this F' is said to preserve homotopically projective objects if
F(i)(A#(X'(0)s) € Hy(X(0))o for all i € Iy

Remark 13. It is possible to state this sentence using a derived tensor such as: “There

L
exists an X’-X-bimodule Z such that -®x.Z: 2(X') — Z(X) is an equivalence in
Colax (I, k-TRI*).” See [6] for details.

Definition 14. Let 7 be a small dg category, and X € Colax(I,k-dgCat).

(1) A dg subcategory 7 of €u.(7) is called a tilting dg subcategory for o7 if all
T € Z is compact and the smallest localizing subcategory of (/) containing
Jp coincides with ().

(2) A colax subfunctor .7 of €4,(X) is called a tilting colax subfunctor for X if there
exists a 1-morphism (o, p): F — Gag(X) such that o(i): T (i) = Cag(X (7)) is the
inclusion, and 7 (i) is a tilting dg subcategory for X (z) for all i € .

Definition 15 (Quasi-equivalence 1-morphisms).

(1) A dg functor F: &/ — A of dg categories is said to be quasi-equivalence if
H™(F): H"(&/) — H™(%) is fully faithful for all n € Z, and H°(F): H’(«/) —
H°(%) is an equivalence.

(2) A dg natural transformation a: F = F of dg functors F, F: &/ — % of dg

categories is called a 2-quasi-isomorphism if —éwa: -é%E — - éﬁf is an iso-
morphism.

(3) A I-morphism (F,¢): X — 7 in Colax ([, k-dgCat) is said to be quasi-equivalence
if F(i) is quasi-equivalence for all ¢ € Iy and ¢(a) is 2-quasi-isomorphism for all
ac Il.

We obtained the following characterization of standard derived equivalences of diagrams
of dg categories, where we do not need k-flatness assumption unlike a result by Keller [§].

Theorem 16. Let X, X’ € Colax(I,k-dgCat). Then the following are equivalent.



(1) There exists a 1-morphism (F,1): €ag(X') — Gag(X) in Colax(l, k-dgCAT) such
that F preserves homotopically projective objects and L(F,¢): 2(X') — 2(X)
is an equivalence in Colax(I,k-TRI?).

(2) X' is standardly derived equivalent to X .

(3) There exists a quasi-equivalence (E,¢): X' — F for some tilting colax functor T
for X.

Remark 17. The statement (1) guarantees that the relation to be standardly derived
equivalent is transitive. But we do not know whether this relation is reflexive.

Remark 18. We do not need k-flatness assumption on X. It is possible to remove this
assumption also from Keller’s theorem [8, Corollary 9.2] for dg categories. In connection
with this, we mention that Dugger—Shipley [7] proved Rickard’s theorem [10, Proposition
5.1] (it needed k-projectivity) without this assumption.

The following gives a sufficient condition for the Grothendieck constructions to be
derived equivalent.

Theorem 19. Let X, X' € Colax(I,k-dgCat). Assume that X' is standardly derived
equivalent to X, or equivalently, there exists a quasi-equivalence from X' to a tilting colax
functor  for X (cf. Theorem 16). Then [ X' is derived equivalent to [ X.
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CONNECTEDNESS OF QUASI-HEREDITARY STRUCTURES

YUICHIRO GOTO

ABSTRACT. Dlab and Ringel showed that algebras being quasi-hereditary in all orders
for indices of primitive idempotents becomes hereditary. So, we are interested in for
which orders a given quasi-hereditary algebra is again quasi-hereditary. As a matter of
fact, we consider permutations of indices, and if the algebra with permuted indices is
quasi-hereditary, then we say that this permutation gives a quasi-hereditary structure.
In this paper, we first give a criterion for adjacent transpositions giving quasi-hereditary
structures, in terms of homological conditions of standard or costandard modules over a
given quasi-hereditary algebra. Next, we consider those which we call connectedness of
quasi-hereditary structures. The definition of connectedness can be found in Definition 4.
We then show that any two quasi-hereditary structures are connected, which is our main
result. By this result, once we know that there are two quasi-hereditary structures, then
permutations in some sense lying between them give also quasi-hereditary structures.

1. INTRODUCTION

Quasi-hereditary algebras, introduced by Cline, Parshall and Scott, generalize heredi-
tary algebras. Moreover Dlab and Ringel showed in Theorem 1 of [2] that if an algebra
is quasi-hereditary in all orders, it becomes hereditary, and vice versa. From this point
of view, we study quasi-hereditary structures for a given algebra. Recently, there are two
results on quasi-hereditary structures. Coulembier showed in [1] that a quasi-hereditary
algebra with simple preserving duality has only one quasi-hereditary structure. Flores,
Kimura and Rognerud gave a method of counting the number of quasi-hereditary struc-
tures for a path algebras of Dynkin types in [3]. In their papers, the quasi-hereditary
structure was defined by an equivalent class of partial orders with some relations. How-
ever in this paper, we define it by using a total order without using equivalent classes.
Thus, our results are in the nature different from them and can not be derived from
their results. Moreover we will use permutations instead of total orders when considering
quasi-hereditary structures.

Throughout this paper, let K be an algebraically closed field, A a finite dimensional K-
algebra with pairwise orthogonal primitive idempotents eq, ..., e,, and let A = {1,... n}.
For i € A, we denote P(i) = e¢;A the indecomposable projective module, S(i) the top
of P(7), and I(i) the injective envelope of S(i). The standard K-dual Homg(—, K) is
denoted by D. For an A-module M, we write the isomorphism class of M by [M] and the
Jordan-Hélder multiplicity of S(i) in M by [M : S(i)]. Let &,, be the symmetric group on
n letters, e € &, the trivial permutation and o; = (¢,7 + 1) € &,, adjacent transpositions
for1 <i<n-1.

The detailed version of this paper will be submitted for publication elsewhere.



First, we recall the definition of quasi-hereditary algebras and quasi-hereditary struc-
tures.

Definition 1. Let A be an algebra as above and 0 € &,,.

(1) The total order

c ') <o (2 <--- <o (n)
over A is called the o-order.

(2) For each i € A, the A-module A?(7), called the standard module with re-
spect to the o-order, is defined by the maximal factor module of P(i) having
only composition factors S(j) with o(j) < o(i). Moreover we will write the set
{A7(1),...,A%(n)} by A°.

(3) Dually, the A-module V(i), called the costandard module with respect to the
o-order, is defined by the maximal submodule of (i) having only composition
factors S(j) with () < o(i). Denote the set {V(1),...,V?(n)} by V.

(4) We say that an A-module M has a A°-filtration (resp. a V7-filtration) if there
is a sequence of submodules

OZMm_HC"'CMQCMl:M

such that for each 1 < k < m, My /M1 = A(j) (resp. My/Myi1 = V(j)) for
some j € A.

(5) A pair (A, 0) is said to be a quasi-hereditary algebra provided that the following
conditions are satisfied:
(a) [A(i) : S(i)] =1 for all i € A.
(b) A4 has a A%-filtration.
If this is the case, we say that the permutation o gives a quasi-hereditary struc-
ture of A.

Next, we show some properties which every pair of neighbor standard modules has.
Lemma 2 ([5] Lemma 2.). Assume that (A, e) is a quasi-hereditary algebra. Then we

have the following equalities. For 1 <i<n —1,
(1) dim Hom4(A(47), A(i 4+ 1)) = dim Hom4 (P(7), A(i + 1)) = [A(i + 1) : S(i)],
(2) dlmHomA(V( 1),V(i)) =dimHoma(V(i+1),1(7)) = [V(i+ 1) : S(9)],
(3) dlmExtA(A( ), Ali+1)) = dim Ext)y (A(2), S(i + 1)) = [P(i) : A(i + 1)),
(4) dim Ext!y(V(i + 1), V(7)) = dim Ext!,(S(i + 1),V (i) = [I(i) : V(i + 1)].
We will denote
H; = dim Hom 4 (A(i), A(i + 1)), E; = dim Ext} (A(®3), A(i + 1)),
H; = dim Homu(V(i + 1),V (4)), and E; = dim Ext},(V(i + 1), V(i)).
Lemma 3 ([5] Corollary 1). Assume that (A, e) is a quasi-hereditary algebra. Then the
followings hold. For 1 <i<n—1,
(1) HomA(A( ), A(i + 1)) = DExt}(V (i
(2) Exty(A(i), A(i + 1)) = DHom4(V(i
In particular, we have H; = E; and E; = H,.



Finally, we define the connectedness of quasi-hereditary structures, which is the main
topic of this paper.
Definition 4. Two permutations ¢ and 7 giving quasi-hereditary structures are said to be
connected if the following condition holds: There is a decomposition 7o~ = oy, -+ - 0y,
into the product of adjacent transpositions such that all g;, ---0;,0 for 1 < k <[ also give
quasi-hereditary structures. Moreover, if any two permutations giving quasi-hereditary
structures are connected, we also say that quasi-hereditary structures are connected.

Our aim in this paper is to claim that quasi-hereditary structures are connected.

2. TWISTABILITY

Let (A, o) be a quasi-hereditary algebra. If (A, 0;0) is also quasi-hereditary, then we call
the original quasi-hereditary algebra (A, o) to be ith-twistable. In this section, we will
give the condition on standard or costandard modules equivalent to the ith-twistability
for a quasi-hereditary algebra.

Lemma 5. Let (A, e) be quasi-hereditary. Then [A%(k) : S(k)] =1 for all k € A if and
only if E;E; = 0.

By using this lemma, we get a criterion for the ¢th-twistability.

Theorem 6. Let (A, e) be quasi-hereditary. Then (A, 0;) is quasi-hereditary if and only
if one of the following conditions holds:

(&): E; =0 and A(i + 1) has a submodule isomorphic to A(i)H:.

(&): E; =0 and V(i + 1) has a factor module isomorphic to V(i)E.
In particular, if a quasi-hereditary algebra (A, e) satisfies E; = E; = 0, then (A, 0;) is also
quasi-hereditary with A = A and V% = V.

3. CONNECTEDNESS

In this section, we will argue about “connectivity” of quasi-hereditary structures. In
general, we can obtain all permutations giving quasi-hereditary structures from one by
checking repeatedly whether each quasi-hereditary algebra satisfies the condition (&;) or

(&;). To show the connectedness of quasi-hereditary structures, we first claim that e and
another are connected in Theorem 10.

Lemma 7. Let e, o give quasi-hereditary structures with e # o. Then for the minimum
element i € A satisfying o(i + 1) < o(7), it holds that E;H; = 0.

Proposition 8. Let e, 0 give quasi-hereditary structures. Then there is a minimal de-
composition o = oy, - -0y, into the product of adjacent transpositions such that o;, gives
a quasi-hereditary structure. Here, this i1 is the element i given in Lemma 7.

Corollary 9. Let e,0 give quasi-hereditary structures. Then there is a minimal decom-
position o = oy, - -0y, into the product of adjacent transpositions such that 0,0 gives a
quasi-hereditary structure.

The next theorem is followed from the above corollary and the induction on the length
of 0.



Theorem 10. Let e, 0 give quasi-hereditary structures. Then they are connected.
Finally, by retaking the indices of primitive idempotents, we get the following result.
Theorem 11. Any two permutations giving quasi-hereditary structures are connected.

Moreover, for two permutations giving quasi-hereditary structures, we get a sequence
of adjacent transpositions which induce the connectedness of them, by Proposition 8. In
particular, this sequence is determined by only the permutations and does not depend on
the algebra.

Corollary 12. Let 0,7 give quasi-hereditary structures with o # 7. For k = 1,2,...,
inductively take a minimal element iy with respect to the (oy,_, - - 0;,0)-order satisfying

Oifpy """ Jila(ik) 7é n and
7(ix) > 70 toy, oy (04, o0 (i) + 1).
We take iy,1s,...,14, until those elements satisfying the above exist. If there is no i1

satisfying the above, then we do not take iy, and put | = k. Then the product o;, - - - 0y,
is a decomposition of To~' inducing the connectedness of o and .

Example 13. Consider a quiver 1 iﬁw;’ 3-2-4 and an ideal T = (aryd — o) of

B
K@, and put A = K@Q/I. Then all indecomposable projective modules are as follows:

4
Now we have 24 permutations on A = {1,2,3,4}. In the following, we will write
O(iyinin) = O(iy,...isviy) 8 the product oy, --- 05,04, where i, € {1,2,3} for 1 < k < [
For example, the o(g)-order is 2 < 3 < 1 < 4. Let A = (i,...,i2,41) be a sequence of

elements of {1,2,3} and A be standard modules with respect to the oy -order.

Clearly (A, 0(123121)) is quasi-hereditary since all standard modules are projective and
satisfy [P(i) : S(i)] = 1 for all i € A. By using (&;) in Theorem 6, we have the following
diagram which shows that if the source of an arrow gives a quasi-hereditary structure,
then so does the target.

o1
0(12321) — > 0(2321)

o1
0(123121) — > 0(23121) 20 (3121) T 0(321)

\\\/ /

0(12312) ——=0 (2312) 0(121)

\//

0(312) ——=0 (32)

However applying Theorem 6 to the quasi-hereditary algebra (A, 0(12301)), we recognize
that it is not 3rd-twistable, i.e., o(1231) does not give a quasi-hereditary structure of



A. Similarly, (A, 0(2312)) is not 2nd-twistable, and hence 01939 does not give a quasi-
hereditary structure of A. Focus on the two permutations o(i231) and o(1232). Then we
finally show that all the other permutations do not give quasi-hereditary structures.

o1 g2 g1
0(1231) = 0(231) 0(31) (3)

o

0(123) —5; 7 9(23)

o1

0(1232) = 0(232)
In fact, if some permutations in this diagram give quasi-hereditary structures, then o(;931)
or 0(1232) also does, a contradiction. Hence the permutations in this diagram do not give

quasi-hereditary structures of A. Now we complete checking whether each permutation
gives a quasi-hereditary structure or not for the algebra A.
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NONCOMMUTATIVE CONICS
IN CALABI-YAU QUANTUM PROJECTIVE PLANES 1, 11

HAIGANG HU, MASAKI MATSUNO AND IZURU MORI

ABSTRACT. In noncommutative algebraic geometry, noncommutative quadric hypersur-
faces are major objects of study. In this paper, we focus on studying the homogeneous
coordinate algebras A of noncommutative conics Proj,. A embedded into Calabi-Yau
quantum projective planes. We give a complete classification of A up to isomorphism
of graded algebras. As a consequence, we show that there are exactly 9 isomorphism
classes of noncommutative conics Proj,. A in Calabi-Yau quantum projective planes.

1. MOTIVATION

Throughout this paper, we fix an algebraically closed field k of characteristic 0. By
Sylvester’s theorem, it is elementary to classify (commutative) quadric hypersurfaces in
P21 namely, they are isomorphic to

Proj k[zy,. .., x4/ (x4 - - +$§) c pé!

for some j =1,...,d. When d = 3, we see that there are exactly 3 isomorphism classes of
conics, exactly 1 of them is smooth and exactly 1 of them is irreducible (the same one).

The ultimate goal of our project is to classify noncommutative quadric hypersurfaces
in quantum P?'’s. As a first step to this ultimate goal, we define and classify noncom-
mutative conics in quantum P?’s.

2. QUANTUM POLYNOMIAL ALGEBRAS

Definition 1 ([1]). A d-dimensional quantum polynomial algebra is a connected graded
algebra S such that

(1) gldim S = d < oo,

(2) Ext%(k,S) =0 if ¢ # d, and Ext%(k, S) = k, and

(3) Hs(t) =1/(1—t).

A d-dimensional quantum polynomial algebra S is a noncommutative analogue of the
commutative polynomial algebra k[z1, ..., x4], so the noncommutative projective scheme
Proj,. S associated to S in the sense of [3] is regarded as a quantum P41 (see Section 3
for details).

Next, we recall a notion of geometric algebra for a quadratic algebra.

Definition 2. Let A = T(V)/(R) be a quadratic algebra where V' is a finite dimensional
vector space and R C V ® V' is a subspace.

The detailed version of this paper will be submitted for publication elsewhere.



(1) A geometric pair (E, o) consists of a projective scheme £ C P(V*) and an auto-
morphism o € Aut E.
(2) We say that A satisfies (G1) if there exists a geometric pair (E, o) such that

(
V(R) = {(p,o(p)) e P(V") x B(V") | p € E}.
In this case, we write P(A) = (£, 0).

(3) We say that A satisfies (G2) if there exists a geometric pair (F, o) such that

R={feVaV|f(polp)=0VpeE}

In this case, we write A = A(F, o).
(4) We say that A is geometric if it satisfies both (G1) and (G2) such that A(P(A4)) =
A.

Theorem 3 ([2]). Every 3-dimensional quantum polynomial algebra A = A(E, o) is
geometric where either E = P? or E C P? is a cubic divisor.

Example 4. A typical example of a 3-dimensional quadratic AS-regular algebra is a
3-dimensional Sklyanin algebra

k(z,y,2)/(ayz + bzy + cx?®, azx + brz + cy?, axy + byx + c2*) = A(E, o),

where E = V((a®+b0°+)zyz —abe(x® +y* +2%)) C P? is an elliptic curve, and o € Aut E
is the translation by a point (a,b,¢) € E.

3. QUANTUM PROJECTIVE SPACES
Artin and Zhang introduced a notion of noncommutative schemes.

Definition 5 ([3]). A noncommutative scheme is a pair X = (mod X, Ox) consisting
of a k-linear abelian category mod X and an object Ox € mod X. We say that two
noncommutative schemes X and Y are isomorphic, denoted by X = Y if there exists an
equivalence functor F': mod X — modY such that F(Ox) = Oy.

We give some examples of noncommutative schemes.

Example 6. If X is a commutative noetherian scheme, then we view X as a noncommu-
tative scheme by X = (coh X, Oy).

Example 7. The noncommutative affine scheme associated to a right noetherian algebra
R is a noncommutative scheme defined by Spec,. R := (mod R, R). If R is commutative,
then Specy,. R = Spec R.

Example 8. Let A be a right noetherian connected graded algebra. We define the quo-
tient category tails A := grmod A/ tors A where tors A is the full subcategory of grmod A
consisting of finite dimensional modules over k. The noncommutative projective scheme
associated to A is a noncommutative scheme defined by Proj,. A := (tails A, 7A) where
m : grmod A — tails A is the quotient functor. If A is commutative and generated in
degree 1 over k, then Proj,. A = Proj A.

Definition 9. A quantum P?! is a noncommutative projective scheme Proj,. S for some
d-dimensional quantum polynomial algebra S.



4. TWISTED SUPERPOTENTIALS
Definition 10. Let V be a finite dimensional vector space and m € NT. Define a linear
map ¢ : V" = VO by ¢(v QUa @+ @ Uy 1 Q@ Upy) = Uy QU1 R+ + @ U2 @ Uppy_1.

(1) w e VO™ is called superpotential if ¢p(w) = w.

(2) w € V®™ is called twisted superpotential if (1 ® id®™ " ¢(w) = w for some 7 €
GL(V).

(3) The i-th derivation quotient algebra of w € V™ is defined by D(w, ) := T(V)/(9'w)
where 0'w is the “i-th left partial derivatives” of w.

The next theorem plays a key role to classify quantum polynomial algebras.

Theorem 11 ([4, Theorem 11]). For every d-dimensional quantum polynomial algebra S,
there exists a unique twisted superpotential w such that S = D(w,d — 2).

Example 12. w = a(zyz + yzx + zzy) + b(zzy + yrz + 2yx) + c(2® + ¢ + 2°) is a
superpotential such that

D(w, 1) = k{zx,y, 2)/(ayz + bzy + cx?, azx + bxz + cy?, axy + byx + c2?)
is a 3-dimensional Sklyanin algebra.

The next theorem is a characterization of “Calabi-Yau” algebras by using twisted su-
perpotentials.

Theorem 13 ([9, Corollary 4.5]). Let S = D(w,d — 2) be a d-dimensional quantum
polynomial algebra where w s a twisted superpotential. Then S is “Calabi- Yau” if and
only if w is (—1) twisted superpotential.

Example 14. Every 3-dimensional Sklyanin algebra is Calabi-Yau.

A classification of twisted superpotentials whose derivation-quotient algebras are 3-
dimensional quantum polynomial algebras is completed.

Theorem 15 ([10]). Superpotentials w such that D(w,1) are 3-dimensional quantum
polynomial algebras are classified.

Theorem 16 ([7, Theorem 3.4], [8, Theorem 4.2]). Twisted superpotentials w such that
D(w, 1) are 8-dimensional quantum polynomial algebras are classified.

By the above theorem, we have finally completed the Artin-Schelter’s project in the
quadratic case proposed in [1]. As an application, we have the following.

Theorem 17 ([7, Theorem 4.4]). For every 5-dimensional quantum polynomial alge-

bra S, there exists a 3-dimensional Calabi-Yau quantum polynomial algebra S such that
Proju. S = Proj,. S.

The above theorem tells that every quantum P? is isomorphic to a “Calabi-Yau” quan-
tum P2,



5. NONCOMMUTATIVE CONICS

In this section, we define a notion of noncommutative quadric hypersurface in a quan-
tum P41

Definition 18. A noncommutative quadric hypersurface in a (Calabi-Yau) quantum P!
is the noncommutative projective scheme Proj,.S/(f) for some d-dimensional (Calabi-
Yau) quantum polynomial algebra S and for some regular central element f € Z(S),. In
particular, when d = 3 (resp. d = 4), we say that Proj,.S/(f) is a noncommutative conic
(resp. quadric).

Let Sym(3) be the symmetric group of degree 3 and
Sym*V ={w e V|- w = 1wVl € Sym(3)}.
The following is one of the main results.

Theorem 19 ([5, Proposition 3.4, Lemma 3.5], [6, Corollary 3.8]). Let S = A(E,0) be a
3-dimensional Calabi- Yau quantum polynomial algebra, 0 # f € Z(S)s2, and A = S/(f).

(1) If A is commutative, then
(a) either E =P? or E C P? is a triple line, and
(b) A is isomorphic to one of the following algebras:
(2) If A is not commutative, then
(a) |o] =2, and
(b) S =D(w, 1) for some w € Sym®V, and
>~ k(x,y,2)/(yz + 2y + ax®, 2z + x2 + by?, vy + yx + c2?)/(ax® + By + v2?)
for some (a,b,c) € k* and (o, 8,7) € P2.

A

6. CLASSIFICATION OF A

Lemma 20 ([6, Corollary 3.8]). Let S = A(F, o) be a 3-dimensional Calabi-Yau quantum
polynomial algebra, 0 # f € Z(S)2, and A = S/(f). If A is not commutative, then the
quadratic dual algebra A' = k[X Y, Z]/(F\, Fy) is a complete intersection where Fy, Fy €
KX, Y, Z)s.

Lemma 21. There are exactly 6 isomorphism classes of complete intersections of the

form k[X,Y, Z]/(Fy, Fy) where Fy, Fy € k[X,Y, Z]5. (Classification of pencils of conics,
see Table 1.)

TABLE 1. List of k[X,Y, Z]/(F}, F3)

k[X7KZ]/(X27Y2)7 k[X7Y7Z]/(X2_Y2722)7
kXY, Z]/(XZ +Y? Y Z), KXY, Z]/(X* - Y2, Z7),
k[XaKZ]/<X2 — YZ,YQ — XZ)a k[X7KZ]/(X2 — Y27X2 — Z2>




Corollary 22 ([6, Corollary 3.9]). Let S be a 3-dimensional Calabi-Yau quantum poly-
nomial algebra, 0 # f € Z(S)a, and A = S/(f). There are exactly 9 isomorphism classes
of A (3 of them are commutative, and 6 of them are not commutative, see Table 2).

TABLE 2. List of A

klz,y, 2l/(@%),  klv,y 2]/(a® +y°),  klz,y,2]/@@% + 7 + 27),
S(O’O’O)/(:(:2), 5(0,0,0)/(1,2 + y2)7 S(O,O,O)/(xQ i y2 i 22),
5(1,1,0)/(1,2)’ 5(1,1,0)/(3$2 + 3y2 T 422)7 5(1’1’0)/(I2 + y2 R 422)_

S@b) .= k(x,y, 2)/(yz + 2y + ax?, zx + 22 + by?, 2y + yr + c2?).

7. CLASSIFICATION OF E4 AND C'(A)

If S is a d-dimensional quantum polynomial algebra, f € Z(S) is a regular central
element, and A = S/(f), then there exists a unique regular central element f' € Z(A'),
such that S' = A'/(f'). We define C(A) := A'[(f")o.

Theorem 23 ([12, Proposition 5.2]). If S is a d-dimensional quantum polynomial algebra,
f € Z(S)y is a reqular central element, and A = S/(f), then CM%(A) = D*(mod C(A)).

Theorem 24 ([5, Lemma 2.6], [6, Proposition 4.3, Lemma 4.4]). Let S = A(E,0) be a
3-dimensional Calabi-Yau quantum polynomial algebra, 0 # f € Z(S)s, and A = S/(f).
If A is not commutative, then the following holds:

(1) C(A) is a 4-dimensional commutative Frobenius algebra.
(2) Z(S)a={g*| g € S1} (every 0 # f € Z(S)s is reducible!)
(3) A satisfies (G1). In fact, if f = g* for g € Sy, then P(A) = (E4,04) where

Es=(ENV(9)Ua(ENV(g)), 0a=0ls,.
Lemma 25 ([6, Proposition 4.3]). If
S =k(x,y,2)/(yz + zy + ax®, zx + vz + by?, 2y + yr + cz?)

is a 3-dimensional Calabi-Yau quantum polynomial algebra, 0 # f € Z(S)2, and A =
S/(f), then A is not commutative, and

Spec C(A) = {(a, 8,7) € A% | (az + By +72)* = f in S}/ ~
where (o, 3,7) ~ (—a, =B, —7).
Example 26. If S = A(F,0) = k(z,y,2)/(yz + 2y, zx + 2z, xy + yz) is a 3-dimensional
Calabi-Yau quantum polynomial algebra, then
E=V(zyz),

a(0,b,¢) = (0,b, —c),

o(a,0,¢) = (—a,0,c),

o(a,b,0) = (a,—b,0).



Further, if f = 2%+ y*+ 2% € Z(9),, and A = S/(f), then

(@+y+z)f=(@ty—2’=@-y+2)=@—-y—2°=f
in S and C(A) 2 k*, so

Spec C(A) = {(1,1,1), (1,1, —1),(1,—1,1),(1,—-1,-1)} c A%
Further, if g = 2 + y + 2 so that ¢ = f, then

Es={(0,1,-1),(=1,0,1),(1,~1,0) U ({(0, 1, —1),(=1,0,1), (1,—1,0)})
=1{(0,1,-1),(—1,0,1), (1,-1,0),(0,1,1),(1,0,1),(1,1,0)} C P2.

Theorem 27 ([6, Theorem 4.14)). Let S,S" be 3-dimensional Calabi-Yau quantum poly-
nomial algebras, 0 # f € Z(S)a, f' € Z(S")e, and A= S/(f), A = S"/(f") such that A, A’
are not commutative. Then Ey = Ea if and only if C(A) = C(A"). There are exactly
6 isomorphism classes of Ea (see Table 3), so there are exactly 6 isomorphism classes

of C(A) (see Table 4). Moreover, every 4-dimensional commutative Frobenius algebra
appears as C(A).

TABLE 3. Pictures of £4 when A is not commutative

1 line | 1 point | 2 points | 3 points | 4 points 6 points

TABLE 4. List of C(A) when A is not commutative

Rl /(2 0%), R/, K@) < F,
Rlul/ () x Klul/ (%), R/ x B% K.

Corollary 28. Let S be a 3-dimensional Calabi-Yau quantum polynomial algebra, 0 #
f€Z(S)s, and A= S/(f). There are exactly 9 isomorphism classes of C'(A).

8. CLASSIFICATION OF Proj,. A

It is not easy to classify Proj,. A directly. Thanks to the classification of A and that of
C(A), we can complete the classification of Projy. A.

Theorem 29 ([6, Theorem 5.10]). Let S,S" be 3-dimensional Calabi-Yau quantum poly-
nomial algebras, 0 # f € Z(5)2,0# f' € Z(S")2, and A= S/(f), A = S"/(f"). Then

A= A" = Proju. A = Proj,. A= C(A) = C(4)).

Corollary 30 ([6, Theorem 5.11]). There are exactly 9 isomorphism classes of noncom-
mutative conics in Calabi- Yau quantum P?’s.



Finally, we focus on studying noncommutative smooth conics.
Definition 31. We say that Proj,. A is smooth if gldim(tails A) < oo.

Theorem 32 ([12, Theorem 5.6], [11, Theorem 5.5]). Let S be a d-dimensional quantum
polynomial algebra, f € Z(S)s a regular central element, and A = S/(f). Then Proj,. A
is smooth if and only if C(A) is semisimple.

Theorem 33 ([6, Theorem 5.15]). Let S be a 3-dimensional Calabi-Yau quantum poly-

nomial algebra, 0 # f € Z(S)2, and A = S/(f). If Proju. A is smooth, then exactly one
of the following two cases occur:

(1) (a) A is commutative.
f s irreducible.

(b)
(c) C(A) = My(k). N N
(d) DP(tails A) = D’(mod kA,), where kA; is the path algebra of the quiver

1—=2 (A type).

A is not commutative.
f s reducible.

a)
b)
c) C(A) =k N
(d) DP(tails A) = D®(mod kD,), where kD, is the path algebra of the quiver

1\5/2
3/ \4

It is known that there are infinitely many Calabi-Yau quantum P?’s, so it is rather
surprising that there are only 9 noncommutative conics in Calabi-Yau quantum P?’s up
to isomorphism of noncommutative schemes, exactly two of them are smooth, and exactly
one of them is irreducible.

(Dy type).
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SYMMETRIC COHOMOLOGY AND SYMMETRIC HOCHSCHILD
COHOMOLOGY OF COCOMMUTATIVE HOPF ALGEBRAS

AYAKO ITABA, YUTA SHIBA AND KATSUNORI SANADA

ABSTRACT. Motivated by topological geometry, Staic defined the symmetric cohomology
of groups by constructing an action of the symmetric group on the standard resolution
which gives the group cohomology. In this paper, our aim is to construct the sym-
metric cohomology and the symmetric Hochschild cohomology for cocommutative Hopf
algebras as a generalization of group algebras. In details, we will investigate the relation-
ships between the symmetric cohomology and the symmetric Hochschild cohomology for
cocommutative Hopf algebras. Also, we will investigate the relationships between the
cohomology and the symmetric cohomology for cocommutative Hopf algebras.

1. INTRODUCTION

This paper is based on [4]. Let G be a group and X a G-module. For n > 0, we set
C"(G,X) ={f: G" — X }. Motivated by topological geometry, Staic [5] defined the
symmetric cohomology HS®*(G, X) of a group G by constructing an action of the symmet-
ric group Sey1 on the standard resolution C*(G, X) which gives the group cohomology
H*(G, X). Also, Staic [6] studied the injectivity of the canonical map

HS*(G, X) — H*(G, X)

induced by the inclusion CS*(G, X) — C*(G, X), where CS*(G, X) := C*(G, X)%+! is
the subcomplex of C*(G, X). Moreover, Staic [6] proved that the secondary symmetric
cohomology group HS?*(G, X) is corresponding to extensions of groups which satisfies
some conditions.

0—CY%G, X)) —CYG, X) — C?(G, X) — -+ = H*(G, X)

/I\

0 — CS%@, X) —CSY(G, X) — CS*(G, X) — --- = HS*(G, X)

In general, the cohomology of groups can be seen as the cohomology of group algebras.
Recently, Coconet-Todea [1] defined the symmetric Hochschild cohomology HHS®*(A, M)
of twisted group algebras A which is a generalization of group algebras, where M is an
A-bimodule.

0 —CY%A M) —=CLA M) —C}A,M) — --- = HH*(A, M)

J J J t

0 — CSY(A, M) — CSL(A, M) — CS%(A, M) — --- = HHS*(A, M)

The detailed version of this paper has been submitted for publication elsewhere.



In this paper, our aim is to construct the symmetric cohomology and the symmet-
ric Hochschild cohomology for cocommutative Hopf algebras as another generalization of
group algebras. In details, we investigate the relationships between the symmetric co-
homology and the symmetric Hochschild cohomology for cocommutative Hopf algebras
(Theorem 6). Also, we investigate the relationships between the cohomology and the
symmetric cohomology for cocommutative Hopf algebras (Theorem 8).

2. SYMMETRIC COHOMOLOGY AND SYMMETRIC HOCHSCHILD COHOMOLOGY FOR
COCOMUTATIVE HOPF ALGEBRAS

In the rest of this paper, let k be a field. For simplicity, we put ® = ®j.
A k-algebra A is called a Hopf algebra if A is a k-algebra and a k-coalgebra satisfying

mo(lda®S)oA=noe=mo(S®idy) o A,
where the structure morphisms are as follows:

em: A® A — A: product;a ® b — ab,
en:k — A unit;z — x- 14,

e A: A - A® A: coproduct,

e c: A — k: counit,

e S: A — A: antipode.

A Hopf algebra A is cocommutative if a @ a® = a® ® aV holds. Note that we use
some standard notation for the coproduct, so called Sweedler notation; we write A(a) =
S aV ® a®, where the notation a(V), a® for tensor factors is symbolic. Throughout the

paper, we omit the summation symbol ) of Sweedler notation when no confusion occurs
(for details, see [7]).

Example 1. (1) Let G be a group, A = kG a group algebra. For g € G, we set
e coproduct A(g) =g ® g,
e counit £(g) := 1,
e antipode S(g) := g7,
then A is a cocommutive Hopf algebra.
(2) Let A = k[X] be a polynomial ring. We set
e coproduct A(X) =1 X + X ®1,
e counit £(X) :=0,
e antipode S(X) := —X,
then A is a cocommutive Hopf algebra.
(3) Let A be a (cocommutaive) Hopf algebra. Then the opposite algebra AP of A is
a (cocommutative) Hopf algebra.
(4) Let A and B be (cocommutaive) Hopf algebras. Then A® B is a (cocommutative)
Hopf algebra. In particular, if A is a (cocommutative) Hopf algebra, then the
enveloping algebra A°® := A ® A°P of A is a (cocommutative) Hopf algebra.

We recall the definition of a module over a Hopf algebra.

Definition 2 (cf. [9, Section 9.2]). Let A be a Hopf algebra and M, N left A-modules.
(1) Forae A,mée& M and n € N,

a-(m®n):=aVm®a?n. Then M @ N is a left A-module.



ora € A, J € fnomy , anda m € )
2) F A, feH M, N) and M
(a- f)(m) == aVf(S(a®)m). Then Homy,(M, N) is a left A-module.

(3) A submodule M of M is defined by AM := {m € M | a-m = e(a)m}, which is
called an A-invariant submodule of M. For a right A-module M, M* is defined
similarly.

(4) Let M an A-bimodule. For a € A and m € M, a-m := amS(a?), which is
called a left adjoint action. Using this action, we denote the left A-module by
ad \f . Similarly, we define a right adjoint action and M?d.

Let A be a Hopf algebra, and M and N left A-modules. Then there is an isomorphism
Hom 4 (M, N) = 4(Homy (M, N)) as k-vector spaces (cf. [9, Lemma 9.2.2]). We define the
cohomology of a Hopf algebra H"(A, M) := Exty(k, M).

Here, we construct the projective resolution of k£ as left A-modules as follows.

o T,(A) = A"+ b € A,
b- (a1 ®ay @ @ any1) = bWa; @0Pay @ -+ - @ 0" Va,, .

- T . i
o - —T,(A) d—”>Tn_1(A) — - —> Ty(A) d—°>k:—>(),
_ n+1
dr (a1 ® @ api1) = Z(—l)%lal ® - ®e(a)ait1 @+ @ Anyr-
=1

We set the complex K*(A, M) := Homyu(T.(A), M).

Let A be a cocommutative Hopf algebra and M a left A-module. The n-th symmetric
group is denoted by S,,. We define an action o; = (i, ¢ + 1) € S,41 on K*(A, M). For
feK"(A M) (1<Vi<n),

(0 a1 ®- - Rapt1) =—fla1 @ ® a1 Q4 @ -+ ® Qpy1)-
We set the subcomplex KS®*(A4, M) := K*(A, M)+ of K*(A, M).

Definition 3 ([4, Definition 3.3]). We define the symmetric cohomology of a cocommuta-
tive Hopf algebra

HS™(A, M) := H"(KS*(4, M)),

Let A be a Hopf algebra and M an A-bimodule, where A° = A ® AP is the enveloping
algebra of A. We define Hochschild cohomology HH" (A, M) = Ext"i.(A, M) of A. We
construct the projective resolution of A as A-bimodules as follows.

o T¢(A) = A®"*2; for b® P € A°,
(bRcP) (a1 R ar®++ ® apya) = b(l)(h X 5(2)(12 X ® b(n+2)an+20~

~ T® ~ T®
o o TO(A) P T (A) — - — THA) 25 A — 0,
n+1

dje(al ® - ® Upq2) = Z(‘l)iflal ® - ®e(a;)aip1 @ - @ Apya.

i=1



We set the complex K2(A, M) := Hom e (T¢(A), M).

Let A be a cocommutative Hopf algebra and M an A-bimodule. The n-th symmetric
group is denoted by S,,. We define an action o; = (i, i + 1) € S,41 on K} (A, M). For
feKIHA M) (1 <Vi<n),

(i a1 ® - Rapi2) = —fa1 @ ® 31 ®a; @ -+ @ Any2).
We set the subcomplex KS®(A, M) := K2(A, M)+ of K&(A, M).
Definition 4 ([4, Definition 3.8]). We define the symmetric Hochschild cohomology of a
cocommutative Hopf algebra

HHS"(A, M) .= H"(KS: (A, M)).
3. MAIN RESULTS

First, our aim is to investigate the relationships between the symmetric cohomology
and the symmetric Hochschild cohomology for cocommutative Hopf algebras.

Theorem 5 ([2, Section 5]). Let G be a group and X a G-bimodule. Then, for each
n > 0, there is an isomorphism

HH"(ZG, X) = H"(G,*X)
as Z-modules, where *2X is a left G-module by g - v = grg™" for g€ G and x € X.

Theorem 5 is generalized to the case of Hopf algebras by Ginzburg-Kumar [3, Section
5].
For a cocomutative Hopf algebra, we have the following result which is a symmetric
version of the classical results by Eilenberg-MacLane and Ginzburg-Kumar.

Theorem 6 ([4, Theorem 4.5]). Let A be a cocommutative Hopf algebra and M an A-
bimodule. Then, for each n > 0, there is an isomorphism

HHS"(A, M) = HS"(A,* M)
as k-vector spaces, where **M is a left A-module acting by the left adjoint action, that is,
a-m = aYmS(a?) form €M and a € A.

As a byproduct of Theorem 6, we have the following assertion.

Corollary 7 ([4, Corollary 4.6]). Let A be a finite dimensional, commutative and cocom-
mutative Hopf algebra. Then, for each n > 0, there is an isomorphism

HHS"(A, A) =2 A® HS"(A, k)
as k-vector spaces.

Secondly, our aim is to investigate the relationships between the cohomology and the
symmetric cohomology for cocommutative Hopf algebras.
In [6] and [8], the following consequences were proved for the lower degree.
e HSY(G, X) =2 HY(G, X).
e HS'(G, X) =2 HY(G, X).
e HS*(G, X) — H*(G, X).
Moreover, if G has no elements of order 2, then HS*(G, X) = H?(G, X).



We consider the resolution of k;
e k is a trivial left kS, 1-module; 7z =e(r)zr =2 (T € Sp11, x € k).
e T,(A) is a right kS, ;;-module; for o; € S, 11 (1 < Vi <n)

(1@ ®any1) 0i = =01 R D1 QU R @ Ay
o Su(A) = Th(A) ®ps,., k.

S

n

-~ -~ S
o i SuA) I S S k0,
di((ch ® @ py1) kS, L) = d;(m ® - ® Apt1) Rks,, T-

Then we have the following isomorphism as complexes KS*(A, M) = Hom(S.(A), M).

Therefore, we have HS" (A, M) = H"(Homa(S.(A), M)).

Theorem 8 ([4, Theorem 4.9, Remark 4.10]). Let A be a cocommutative Hopf algebra.
For eachn > 1, ifchk{tn+ 1, then S,,(A) is projective as a left A-module.
Therefore, if chk { (n + 1)!, then, for each 0 < m <mn, there is an isomorphism

H™(A, M) = HS™(A, M)
as k-vector spaces.
Remark 9. (1) By Theorem 8, if ch k = 0, then g.(A) is a projective resolution of k, and
hence there is an isomorphism H®*(A, M) = HS®*(A, M) as k-vector spaces.
(2) Moreover, by Theorem 6 and Theorem 8, if ch k& = 0, then there is an isomorphism

H*(A, M) = HS*(A,*dM) = HHS®*(A, M) as k-vector spaces, where *1M is a left
A-module acting by the left adjoint action.

Finally, we give an example of the resolution which gives symmetric cohomology. Let
p be an odd prime number, k a field of characteristic p and C), a cyclic group of order p.
Then we calculate the symmetric cohomology of A = kC,,.
Proposition 10 ([4, Proposition 4.11]). Let p be an odd prime number, chk = p and

A =kC,. Then gn(A) is a free A-module with rank pCnit foreach 1 <n <p-—2.
p

Since gp_l(A) is isomorphic to k as a left A-module, the resolution of £ is the following
exact sequence

aS_, ~ - S~ &
0—k—>S,2(A) = - = S1(4) = Se(A) =k — 0,

where S;(A) is a free A-module for each 0 < i < p — 2. This implies that there is an
isomorphism

H"(A, M) = HS"(A, M)
for any left A-module M and each 0 < n < p—2. Also, in the case of n = p—1, the above

isomorphism is obtained by simple calculation. Note that the period of the cohomology
group H"(A, M) of A is 2.



Summarizing the above, we have

H"(A, M) (0<n<p-1),

HS™(4, M) = 0 (p <n).
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PROJECTIVE OBJECTS IN THE CATEGORY OF DISCRETE
MODULES OVER A PROFINITE GROUP

RYO KANDA

ABSTRACT. This is a summary of a joint work with Alexandru Chirvasitu. We showed
that the category of discrete modules over an infinite profinite group has no non-zero
projective objects and does not satisfy Ab4*.

Key Words:  Profinite group; discrete module; projective object.

2010 Mathematics Subject Classification:  Primary 18G05; Secondary 20E18, 16D40,
18E15, 18A30.

1. INTRODUCTION

This is a summary of a joint work with Alexandru Chirvasitu [CK19].

It is known that Mod R and QCoh X are both Grothendieck categories, where Mod R is
the category of (left) modules over a ring R and QCoh X is the category of quasi-coherent
sheaves on a scheme X. In particular, they both have exact direct limits (and hence exact
direct sums) and enough injectives.

Mod R also has exact direct products (this property is called Grothendieck’s Ab4*
condition) and enough projectives, while it is known that none of these holds for QCoh X
when X is a non-affine divisorial noetherian scheme:

Theorem 1 ([Kanl9)). Let X be a divisorial noetherian scheme. Then the following
conditions are equivalent:

(1) QCoh X has enough projectives.
(2) QCoh X has ezact direct products.
(3) X is an affine scheme.

2. MAIN RESULT

We consider a similar question concerning the category of discrete modules over a
profinite group.

Definition 2. Let G be a topological group.

(1) G is called a profinite group if G is an inverse limit of finite discrete groups in the
category of topological groups.

This is a summary of [CK19]. The detailed version of this paper has been submitted for publication
elsewhere.

Ryo Kanda was supported by JSPS KAKENHI Grant Numbers JP16H06337, JP17K14164,
JP20K14288, and JP21H04994, Leading Initiative for Excellent Young Researchers, MEXT, Japan, and
Osaka Central Advanced Mathematical Institute: MEXT Joint Usage/Research Center on Mathematics
and Theoretical Physics JPMXP0619217849.



(2) A discrete G-module is a topological G-module that is discrete as a topological
space.

Let GG be a profinite group. Considering a discrete G-module is equivalent to considering
a (non-topological) G-module M (that is, left ZG-module) such that the action G x M —
M is continuous if we endow M with the discrete topology. The forgetful functor gives
an embedding of the category of discrete G-modules into Mod ZG as a full subcategory.
The essential image of the functor consists of all M € Mod ZG such that

M= JMm"
H
where H runs over all open normal subgroups of G and
M?:={x e M|hr=axforall he H}.
Our main result is the following:

Theorem 3 ([CK19]). Let G be a profinite group. Then the following conditions are
equivalent:

(1) The category of discrete G-modules has enough projectives.

(2) The category of discrete G-modules has a nonzero projective object.
(3) The category of discrete G-modules has exact direct products.

(4) G is a finite group.
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ON THE OPENNESS OF LOCI OVER NOETHERIAN RINGS

KAITO KIMURA

ABSTRACT. In this article, we consider openness of loci of modules over commutative
noetherian rings. One of the main theorems asserts that the finite injective dimension
loci over an acceptable ring are open. We give a module version of the Nagata criterion,
and confirm that it holds for some properties of modules.

Key Words:  openness of loci, Nagata criterion, finite injective dimension, Goren-
stein, Cohen—Macaulay.

2000 Mathematics Subject Classification:  13D05, 13C14.

1. INTRODUCTION

We refer the reader to [3] (arXiv:2201.11955) for details on the contents of this article.
Throughout this article, we assume that R is a commutative noetherian ring and that M
is a finitely generated R-module.

Let P be a property of modules over a commutative local ring. The set of prime ideals
p of R such that the module M, over the local ring R, satisfies [P is called the P-locus
of M (over R). There is a topology on Spec(R), which is called the Zariski topology. It
is a natural question to ask when the P-locus is open in the Zariski topology for a given
P. There are a lot of study studies about this question. The Cohen—Macaulay locus of a
module over an excellent ring is open [2]. Furthermore, the Gorenstein locus of a module
over an acceptable ring in the sense of Sharp [7] is open [4], and so is the finite injective
dimension locus of a module over an excellent ring [8].

In this article, we consider the openness of the finite injective dimension locus of a
module. The first main theorem of this article is the following theorem concerning the
finite injective dimension locus over an acceptable ring.

Theorem 1. The finite injective dimension locus of a module over an acceptable ring is
open in the Zariski topology. In particular, the finite injective dimension locus of a module
over a homomorphic image of a Gorenstein ring is open.

For a property P of commutative local rings, the set of prime ideals p of R such that
the local ring R, satisfies IP is called the P-locus of R. Nagata [6] produced the following
condition, which is called the Nagata criterion: if the P-locus of R/p contains a nonempty
open subset of Spec(R/p) for all prime ideals p of R, then the P-locus of R is an open subset
of Spec(R). This statement holds for the regular, complete intersection, Gorenstein, and
Cohen—Macaulay properties and Serre’s conditions; see [1, 5, 6]. We give a module version
of the Nagata criterion for properties of modules, and show that it holds for the finite
injective dimension property.

The detailed version [3] of this article has been submitted for publication elsewhere.



Theorem 2. If the finite injective dimension locus of M /pM over R/p contains a nonempty
open subset of Spec(R/p) for all p € Suppyr(M), then the finite injective dimension locus
of M over R is an open subset of Spec(R).

It is seen that some results on the finite injective dimension property hold on other
properties of modules; see [3].

2. COMMENTS ON THEOREM 1

We begin with proving our key proposition. For an ideal I of R, we set V(I) = {p €
Spec(R) | I C p}. Below is called the topological Nagata criterion.

Lemma 3. Let U be a subset of Spec(R). Then U is open if and only if the following two
statements hold true.

(1) Ifp € U and q € Spec(R) with q C p, then q € U.

(2) U contains a nonempty open subset of V(p) for allp € U.

Denote by FIDr(M) the finite injective dimension locus of M over R. The Gorenstein
locus of R is denoted by Gor(R). Note that FIDg(M) satisfies (1) in the above lemma for
any R-module M. Therefore, in order to show that the finite injective dimension locus is
open, it suffices to verify that it satisfies (2) in the above lemma. The key role is played
by the proposition below.

Proposition 4. Let p € Suppz(M)NFIDg(M). The following conditions are equivalent.
(1) FIDR(M) contains a nonempty open subset of V(p).
(2) Gor(R/p) contains a nonempty open subset of Spec(R/p).

Proof. We may assume that for any integer i > 0, Ext’(R/p, M) is free as an R/p-module.
Let 1:0— I — I' — ... be a minimal injective resolution of M. The complex

dn+2

0 — Homg(R/p, I") % Homp(R/p, 1Y) < Homp(R/p, I"+2) L5 ...

is an injective resolution of Kerd" as an R/p-module. For q € V(p), we see that q €
FIDg(M) if and only if q/p € FIDg/,(Kerd™). It is easy to see that the latter holds if and
only if q/p € Gor(R/p). This means that the equivalence holds. O

The result below can be obtained from Proposition 4.

Corollary 5. Suppose that Gor(R/p) contains a nonempty open subset of Spec(R/p) for
any p € Suppr(M). Then FIDr(M) is an open subset of Spec(R).

Corollary 5 states that the finite injective dimension locus of M over R is open if the
ring R satisfies the assumption of Nagata criterion for the Gorensteinness. Hence this
corollary yields Theorem 1.

Remark 6. Theorem 1 recovers [8, Corollary 2.6] since any excellent ring is acceptable.



3. COMMENTS ON THEOREM 2

Let P be a property of modules over a commutative local ring. In this section, we
consider the following statement, which is the module version of the Nagata criterion: if
the P-locus of M/pM over R/p contains a nonempty open subset of Spec(R/p) for all
p € Suppr(M), then the P-locus of M over R is an open subset of Spec(R).

We denote by Freer(M) the free locus of M over R. It is well-known fact that Freeg(M)
is always open. We prepare the following lemma to state Theorem 2.

Lemma 7. Let p € Suppg(M). The following are equivalent.
(1) Gor(R/p) contains a nonempty open subset of Spec(R/p).
(2) FIDg/(M/pM) contains a nonempty open subset of Spec(R/p).

Proof. We obtain Suppp(M/pM) = V(p), and thus Suppg,(M/pM) = Spec(R/p).
Hence, we have

Gor(R/p) N Freeg,(M/pM) = FIDg/,(M/pM) N Freeg,(M/pM).

Since the set Freeg,(M/pM) is a nonempty open subset of Spec(R/p), we see that the
equivalence holds. 0

Theorem 2 follows from this lemma and Corollary 5. Theorem 2 asserts that the module
version of the Nagata criterion holds for the finite injective dimension property.

4. OTHER PROPERTIES OF MODULES

Some results on the finite injective dimension property as we gave in the previous
sections hold on other properties.

The Cohen-Macaulay locus of R is denoted by CM(R). Denote by CMg(M) (resp.
MCMpg(M)) the Cohen-Macaulay (resp. the maximal Cohen-Macaulay) locus of M over
R. The same assertion as Proposition 4 holds for the (maximal) Cohen—Macaulay prop-
erty.

Proposition 8. Let p € Suppgr(M)NCMg(M). The following conditions are equivalent.
(1) CMg(M) contains a nonempty open subset of V(p).

(2) CM(R/p) contains a nonempty open subset of Spec(R/p).

In addition, if p belongs to MCMg(M), then the following is also equivalent.

(3) MCMg(M) contains a nonempty open subset of V(p).

The result below is a Cohen—-Macaulay version of Corollary 5.

Corollary 9. Suppose that CM(R/p) contains a nonempty open subset of Spec(R/p) for
any p € Suppp(M). Then CMg(M) and MCMg(M) are open.

Remark 10. The same assertion as Corollary 5 holds for the Gorenstein property, the
Cohen—Macaulay property, the maximal Cohen—Macaulay property, and Serre’s condi-
tions. In particular, the module version of the Nagata criterion holds for all of the afore-
mentioned properties; see [3]. Those results recover theorems of Greco and Marinari [1]
and of Massaza and Valabrega [5] about the Nagata criterion.
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COMBINATORICS OF QUASI-HEREDITARY STRUCTURES

YUTA KIMURA

ABSTRACT. A quasi-hereditary algebra is a finite dimensional algebra together with a
partial order on its set of isomorphism classes of simple modules which satisfies certain
conditions. In this research, for a given algebra A, we study that how many partial
orders make A to be quasi-hereditary. In particular, we classify such orders for path
algebras of Dynkin type A. This proceeding is based on a paper [7].

1. INTRODUCTION

Quasi-hereditary algebras were defined in [11] as an algebraic axiomatization of the
theory of rational representations of semi-simple algebraic groups. They were generalized
to the concept of highest weight categories soon after in [2] as a tool to study highest weight
theories which arise in the representation theories of semi-simple complex Lie algebras and
reductive groups. There are many examples of such algebras, Schur algebras, algebras of
global dimension at most two, incidence algebras and many more.

A quasi-hereditary algebra is a finite dimensional algebra together with a partial order
on its set of isomorphism classes of simple modules which satisfies certain conditions. In
the examples above, the partial order predated (and motivated) the theory, so the choice
was clear (see [4]). However, there are instances of quasi-hereditary algebras having many
possible choices of the partial order. So one may wonder about all the possible orders. In
this research, we will study such all possible choices of orders.

Throughout this paper, let K be a field, A a finite dimensional K-algebra. We denote
by modA the category of finitely generated right A-modules and denote by {S(i) | i € I}
a complete set of isomorphism classes of simple A-modules with an indexing set I. Let
P(7) and I(7) be the projective cover and the injective envelop of S(i), respectively. For
an A-module M, we denote by [M : S(i)] the Jordan-Holder multiplicity of S(i) in M.

Standard modules and costandard modules are fundamental concepts to define and
study quasi-hereditary algebras.

Definition 1. Let <0 be a partial order on I. A standard module A(i) with weight ¢ € 1
is the largest factor module of P(7) such that each composition factor S(j) satisfies j <i.
Dually, a costandard module V(i) with weight ¢ € I is the largest submodule of (i) such
that each composition factor S(j) satisfies j < i. We write A = {A(i) | i« € I} and
V ={V(@)|iel}.

Let © be a class of A-modules. We denote by F(©) the subcategory of modA consisting
of all A-modules which have a ©-filtration, that is, a module M with a chain of submodules
Mn C Mn—l c---C M1 C MQ = M such that Mi/Mi—l € 0.

The detailed version of this paper is [7].



Definition 2. [6] A partial order < on [ is adapted to A if it satisfies that, for an A-
module M with its top S(i) and its socle S(j), where ¢ and j are incomparable by <,
there exists k € I such that i <k and j <k and [M : S(k)] # 0.

For example, any total order on I is adapted to A. In general, the standard, and the
costandard modules will change when we refine the order. Dlab and Ringel [6] introduced
adapted orders on [ in order to consider refinements of partial orders. Namely, if <y is
a refinements of <1y, then A;(i) = Ay(7) (also V(i) = Va(i)) holds for any i € I, where
A;(7) is a standard module with weight i € I associated to <.

We define quasi-hereditary algebras.

Definition 3. [2, 6] Let < be a partial order on I. A pair (A, <) is quasi-hereditary if it
satisfies the following statements.

(1) < is adapted to A.
(2) [A(i) : S(1)] =1 for any i € I.
(3) Ae F(A).

Quasi-hereditary algebras were introduced by Scott in [11] by using the existence of
certain chain of ideals of A. In [2], Cline, Parshall and Scott gave a characterization
of quasi-hereditary algebras by using highest weight categories and the existence of V-
filtrations of injective modules. In their work, the order <1 on I was not assumed to be
adapted, and the definition of quasi-hereditary algebras needs axioms which are different
from the above.

For a partial order < on I, it is known by Conde [3] that if a pair (A, <) satisfies the
axiom of quasi-hereditary algebras in [2], then the order < is adapted to A. Therefore
assuming <1 to be adapted gives no restriction comparing with the definition in [2, 11].

For example, if A has global dimension at most two, then A is quasi-hereditary with
some partial order. Any directed algebra is a quasi-hereditary algebra with some partial
order. It is known that any quasi-hereditary algebra has finite global dimension.

We end this introduction to state the following characterization of hereditary algebras
from the viewpoint of quasi-hereditary algebras.

Proposition 4. [5] Let A be a finite dimensional K-algebra. Then (A, <) is quasi-
hereditary for any adapted order < on I if and only if A is quasi-hereditary.

2. QUASI-HEREDITARY STRUCTURES

To define quasi-hereditary structures on A, we need some notations. For an A-module
T, let T+ be a subcategory of modA consisting of X such that Ext%(T, X) = 0 for all
i > 0. Dually, we define 17

An A-module T is called a tilting module if T has finite projective dimension, Ext’ (T, T) =
0 for all 2 > 0, and there exists an exact sequence with 7T; € addT’

0—=2A—=Ty— =T, —0.

We denote by tiltA the set of isomorphism classes of basic tilting A-modules. This set is
a partially ordered set by T} <y Tb if and only if T~ C T3, see [8].



Theorem 5. [10] Let (A, <) be a quasi-hereditary algebra. For each i € I, there exists a
unique indecomposable A-module T(i) and short exact sequences

0— A(i) > T(i) - X(i) =0, 0—=Y()—T3GE) — V() — 0,
where X (i) belongs to F(A(j) | j <i,j # i) and Y (i) belongs to F(V(j) | j <i,j # 1)
such that
(1) T =@, T(i) is a tilting A-module satisfying addT = F(A) N F(V).
(2) F(A) =T and F(V) =T+ hold.

We say that the tilting module 7" in the above theorem the characteristic tilting module
of (A, <1). We have the following lemma.

Lemma 6. Let (A, <) and (A, <2) be quasi-hereditary algebras with basic characteristic
tilting modules T, Ty, respectively. We denote by A; the standard modules associated to
< for j =1,2. The following statements are equivalent.

(1) Ay(i) = Aq(7) for any i€ 1.

(2) F(A1) = F(Ay).

(3) T1 ~ TQ.

We are ready to define quasi-hereditary structures.

Definition 7. Let (A, <) and (A, <) be quasi-hereditary algebras with basic character-
istic tilting modules 11, T5, respectively.
(1) We write <11 ~ <y if T} ~ T3 holds.
(2) We denote by gh.strA the set of all equivalence classes of adapted orders to A
defining A to be quasi-hereditary algebra modulo ~ above, that is,

gh.strA := {< | < is an adapted order on I, (A, <) is quasi-hereditary}/ ~

We say that each element of gh.strA a quasi-hereditary structure of A. We denote
by [<1] € gh.strA the quasi-hereditary structure represented by <.
(3) We write [<y] <gn [<2] if T <y T holds. This gives a partial order on gh.strA.

Note that for a quasi-hereditary structure [<1], F(A) = LF(V) and F(A)L = F(V)
hold [11]. Using this and Theorem 5, for quasi-hereditary structures [<], [<l2] € gh.strA,
we have that [<;] <, [<2] if and only if F (V) C F(Vy) if and only if F(Ay) C F(Ay).

By Lemma 6, (qgh.strA, <q,) is a subposet of (tiltA, <y). We study this partially
ordered set. We first give some known results about gh.strA.

Theorem 8. [4] Let (A, <) be a quasi-hereditary algebra. Assume that there is a duality
F: mod A— mod A such that F(S(i)) = S(i) for any i € I and F? ~id. Then we
have |gh.str(A)| = 1.

Since any refinement of an adapted order is also adapted, we have the following lemma.
Lemma 9. We have |gh.strA| <|I|!.

Proof. Let [<] € gh.strA and <’ a total order which is a refinement of <1. Then by the
discussion [6, page 4] (see also [7, Lemma 2.3]), A(i) = A’(4) holds for any i € I. Namely,
< ~ <’ holds. Therefore any quasi-hereditary structure is represented by a total order.
We have the assertion. O



There exists an algebra such that the above inequality is an equality.

Example 10. [7, Example 2.26] Let C,, be a quiver such that the set of vertices is I =
{1,2,...,n} and there is a unique arrow from i to j whenever i > j. In particular, the
underlying graph of C, is a complete graph. It is easy to see that any adapted order to KC,
is a total order on I, and two distinct total orders on I induce different quasi-hereditary
structures on KC,,. Therefore |gh.str(KC,)| = n! holds.

More precisely, one can show that (gh.str(KC,), <qn) is isomorphic to the symmetric
group S, of rank n with the weak (Bruhat) order as partially ordered sets.

3. QUASI-HEREDITARY STRUCTURES OF THE PATH ALGEBRAS OF EQUIORIENTED
QUIVERS OF TYPE A

Let A, =1—2— -+ - n—1— n be an equioriented A,, quiver. In this section,
we see that (gh.str(KA,,), <q) is isomorphic to (tilt(K A,,), <y ) as partially ordered sets.
By definition, taking characteristic tilting module is an injective morphism of posets from
(gh.str(KA,), <q) to (tilt(KA,), <ur). To see that this is surjective, we use another
description of tilting K A,,-modules via binary trees.

Binary trees can be defined inductively as follows. A binary tree T is either the empty
set or a tuple T' = (r, L, R) where r is a singleton set, called the root of T', and L and R
are two binary trees. The empty set has no vertex but has one leaf. The set of leaves of
T = (r, L, R) is the disjoint union of the set of leaves of L and R. The size of the tree is
its number of vertices (equivalently the number of leaves minus 1).

The followings are the binary trees of size 1, 2 and 3:

e binary tree of size 1:

2

e binary tree of size 3:

L S S e

For each binary tree, there exists a unique labeling of its vertices, called a binary search
tree, as follows.

e binary tree of size 2:

Definition 11. A binary search tree of size n is a binary tree with n vertices labeled by
I={1,2,...,n} with the following rule:

e if a vertex v is labeled by k € I, then the vertices of the left subtree of v are labeled
by integers less than k, and the vertices of the right subtree of v are labeled by
integers superior to k.



This procedure is sometimes called the in-order traversal of the tree or simply as the
in-order algorithm (recursively visit left subtree, root and right subtree).

Example 12. The binary search trees of size 3 are as follows.

AR E A

We denote these binary search trees from left to right by T;(i = 1,2,.

Since any binary tree admits a unique labeling of vertices makmg it to be a binary
search tree, we always consider binary search trees.

Definition 13. For a binary search tree T of seize n, we define an order <y on I =
{1,2,...,n} by i<t j if and only if i labels a vertex of a subtree of a vertex labeled by j.

The following is one of main results of this study.

Theorem 14. [7] Let A, =1 —2 — --- = n—1—n be an equioriented A,, quiver and
I ={1,2,...,n}. There ezist bijections between the following three sets.

(1) The set of binary trees of size n.
(2) The set tilt(KA,).
(3) The set gh.str(KA,).

In particular, we have that |qh.str(K A,)| is equal to the Catalan number ¢, = #1(2:)

The bijection between (1) and (2) was shown by [1, Theorem 5.2], see also [9]. A
bijection from (1) to (3) is given by T — <p. The point is that this map is well-defined
and surjective. Therefore the natural map from gh.str(K A,,) to tilt(K A,) is bijective. In
particular, (gh.str(K A,,), <) is isomorphic to (tilt(K A, ), <u) as partially ordered sets.

Note that each indecomposable K A,,-module is determined by its composition factors.
For a given binary search tree T, we have the composition factors of standard (resp.
costandard) K A,-modules Ar(i) (resp. V(7)) associated to <t as follows.

Lemma 15. [7] Let T be a binary search tree and A(i) (resp. V(i)) the standard (resp.
costandard) module associated to <t. We denote by T(i) the indecomposable direct sum-
mand of the characteristic tilting module of (A, <t) as in Theorem 5.

(1) A simple module S(j) is a composition factor of Ar(i) (resp. Vr(i)) if and only
if j labels a vertex in the right (resp. left) subtree of a vertex labeled by i.

(2) A simple module S(7) is a composition factor of T'(i) if and only if j labels a vertex
i either a left or a right subtree of a vertex labeled by i.

Example 16. Let Ty, ..., Ts be binary trees of size 3 as Example 12. For simplicity, we
write <, = <;. We denote by T; the characteristic tilting modules of (KA, <;). For
each T;, we have
o J; = {3<]12<]11} T1:P<
o JJp = {2<]23<]21} T P( .



o Oy ={1<,2<43}, Ty=S5(1)&(P(1)/S(3)) @ P(1).
o I5={1<52,3<52}, T5=5(1)®P(1)eS5(3)
We have cover relatons Ty <gy T3 <gjie 1o <¢iie 11 and Ty <gqe Ts <ie 11

4. CONCATENATIONS OF QUIVERS AND QUASI-HEREDITARY STRUCTURES

Definition 17. Let Q', Q? be quivers and v; € Q) a sink. A concatenation of Q' and @Q*
at v; and vy is a quiver () such that

o Qo= (Qo\{vi}) U(QF\ {v2}) U {0}
e )1 = Q1 U Q@2 where we identify v = v; = vs.

If v; € Q} is a source, we similarly define a concatenation at v.

Let @ be a concatenation of Q' and Q? at v. For a partial order <1 on @, we have
partial orders <1|Q(1) on Q} and <1|Q(% on Q3. Let 1 =2 and 2 = 1. Conversely, we construct

a partial order on Qg from partial orders on Qf. Let < be partial orders on QY for
¢ = 1,2. Then we have a partial order <t = <1(<1', <t?) on @ as follows: for i,j € Qo,
1 <1 j if one of the following two statements holds:

(1) i,j € Qf and i <" j holds for some /,
(2) i € Qf, j € QY i<“vand v <4 hold.

We have the following theorem.

Theorem 18. [7] Let Q be a concatenation of Q' and Q*. Let A be a factor algebra of
KQ and A" := A/(e. | u € Qo \ Q}) fori=1,2. Then we have an isomorphism of posets

gh.str(A) — gh.str(A') x gh.str(A?),
giwen by [<] — ([<1|Q(1)], [<1]Qg]). The converse map is given by (<, <2) — <(<y, <g).

Example 19. Let Q be a quiver 1 — 2 < 3. This @ is a concatenation of Q' =1 —
and Q? = 2 < 3 at 2. We have gh.str(KQ') = {[1 < 2],[2 < 1]} and gh.str(KQ?
{[2<3],[3<2]}. So |gh.str(KQ)| =4 and we have

ghstr(KQ) ={[1<2<3],[1<2,312],[2<1,2<3|,[3<x2<1]}.

[N

Clearly, each path algebra of quivers of type A, can be obtained by iterated concate-
nations of equioriented A,, quivers. So we can classify quasi-hereditary structures of such
algebras.

Corollary 20. Let Q) be a quiver of type A, obtained by iterated concatenations of
QY, Q% ..., Q" such that each Q' is an equioriented quiver of type A,,. for some n; € Z>;.
Then there is a bijection

¢
gh.str(KQ) — H gh.str(KA,,)
i=1
¢

given by [<] = ([< QS])z‘:r




The bijection in Theorem 18 enables us to calculate characteristic tilting modules.

Let @ be a concatenation of Q' and Q? at a sink v. Let A be a factor algebra of KQ
and A’ := A/{e, | u € Qo \ Qf) for £ = 1,2. Fix two quasi-hereditary structures [<‘] €
gh.str(A%) and denote by T*(i) an indecomposable direct summands of the characteristic
tilting module T* of (A%, <) as in Theorem 5 for i € Qf. We denote by <t = <1(<1t, <1?) the
partial order on Qg as in Theorem 18. Let 7'(7) be an indecomposable direct summands of
the characteristic tilting module T of (A, <1). Since v is a sink of Q?, there is an injective
morphism S(v) — T%(v) by Theorem 5. Since A¢ is a factor algebra of A, we regard an
A’-module as an A-module by a natural way.

Theorem 21. Under the notation as above, for i € Q, let m be the length of an S(v)-
socle of T'(i). Then the push-out U(i) of T?(v)®™ < S(v)®™ — T (i) is isomorphic to
T().

Example 22. Consider Example 19. Put < = (1<2<3) which is an image of ([1<2], [2<
3]) by the map in Theorem 18. Then T"(1) = S(1) and 7%(2) = P'(1) are indecomposable
direct summands of the characteristic tilting module of (KQ',[1<12]). Also, T?(2) = S(2)
and T%(3) = P?(3) are indecomposable direct summands of the characteristic tilting
module of (KQ?,[2 <1 3]). By the above theorem, we have T'(1) = S(1), T'(2) = P(1) and
T(3) =1(2).
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TILTING COMPLEXES OVER BLOCKS COVERING CYCLIC BLOCKS

YUTA KOZAKAI

ABSTRACT. Let p be a prime number, k an algebraically field of characteristic p, G a
finite group, and G a normal subgroup of G having a p-power index in G. Moreover let
B be a block of kG and B the unique block of kG covering B. In this note, we show that
the set of isomorphism classes of basic tilting complexes over B is isomorphic to that of B
as partially ordered sets under some kinds of assumptions. Moreover, as an application,
we give the result that the block B of kG covering a cyclic block is tilting-discrete block.

1. INTRODUCTION

In representation theory of finite groups, there is a well-known and important conjecture
called Broué’s abelian defect group conjecture.

Conjecture 1. Let k be an algebraically closed field of characteristic p > 0, G a finite
group, B a block of the group algebra kG with defect group D, and b the Brauer cor-
respondent of B in kNg(D). If D is abelian, then the block B is derived equivalent to
b.

There are many cases that Broué’s abelian defect group conjecture holds. Also, it is
known that Broué’s abelian defect group conjecture does not hold generally without the
assumption that the defect group D is abelian. However even if the defect group D is not
abelian, it is thought that the similar statement holds in some situations and that how
we may state the non-abelian version conjecture. The one situation we are interested in
is as follows: G is a finite group with a normal subgroup G of p-power index in G and G
has a cyclic Sylow p-subgroup P. In fact, it is expected that the principal block Bo(k:é)
of kG is derived equivalent to that By(Ng(P)) of kNg(P) (for example see [5]). To solve
this, it is essential to find a suitable tilting complex over Bo(k:é), but it is not easy. On
the other hand, the study on tilting complexes over the principal block By(kG) is well
known and they have some kinds of good properties because the block By(kG) is a cyclic
block, which implies that it is a Brauer tree algebra (for example, see [1]). Based on these,
we try to compare tilting complexes over By(kG) and those over By(kG), and to give a
classification of that over By(kG).

2. SILTING THEORY

Let A be a finite dimensional algebra over an algebraically closed field. In [2], the set of
isomorphism classes of basic silting complexes over A has a partially ordered set structure.

The detailed version of this paper will be submitted for publication elsewhere.



Definition 2. [2] Let A be a finite dimensional algebra over an algebraically closed field.
For silting complexes P and @ of K®(projA), we define a relation > between P and Q as
follows;

P > @Q < Homgo(poi a) (P, Q[i]) = 0 (Vi > 0).
Then the relation > gives a partial order on silt A, where silt A means the set of isomor-
phism classes of basic silting complexes over A.

Here, we remark that any silting complex over B is a tilting complex over B for any
block algebra B of a finite group since it is symmetric algebra (for example, see [2, Example
2.8]). Hence, for a block algebra B of a finite group, the set of isomorphism classes of
basic tilting complexes over B has a partially ordered set structure too. We denote this
partially ordered set by tilt B.

We recall the definition of mutations for silting complexes of K®(proj A) [2, Definition
2.30, Theorem 3.1].

Definition 3. Let P be a basic silting complex of K°(proj A) and decompose it as P =
X & M. We take a triangle
XLy
with a minimal left (add M)-approximation f of X. Then the complex py(P):=Y &M
is a silting complex in K’(proj A) again. We call the complex uy(P) a left mutation
of P with respect to X. If X is indecomposable, then we say that the left mutation is
irreducible. We define the (irreducible) right mutation u% (P) dually. Mutation will mean
either left or right mutation.

Remark 4. If B is a block algebra of finite group, then, for any tilting complex P = X & M
over A, the complex pS (P) is a tilting complex again where € means + or —.

The following result is very important to study of partially ordered structure of the sets
of silting complexes.

Theorem 5 ([2, Theorem 2.35]). For any silting complexes P and Q over A, the following
conditions are equivalent:

(1) Q is an irreducible left mutation of P;
(2) P is an irreducible right mutation of Q;
(8) P> @Q and there is no silting complex L satisfying P > L > Q.

We recall the definition of tilting-discrete algebras.

Definition 6. We say that an algebra (which is not necessarily a symmetric algebra) A
is a tilting-discrete algebra if for all £ > 0 and any tilting complex P over A, the set

{T etitA|P>T > P[{]}
is a finite set.

Tilting-discrete algebras have the following nice property.

Theorem 7 ([3, Theorem 3.5|). If A is a tilting-discrete algebra, then A is a strongly
tilting connected algebra, that is, for any tilting complexes T and U, the complex T can
be obtained from U by either iterated irreducible left mutation or iterated irreducible right
mutation.



3. BLOCK THEORY

3.1. Block theory. In this section, let k£ be an algebraically closed field of characteristic
p > 0. We denote by G a finite group, and by kg the trivial module of kG, that is, a one-
dimensional vector space on which each element in GG acts as the identity. We recall the
definition of blocks of group algebras. The group algebra kG has a unique decomposition

kG=B; x---x B,

into a direct product of subalgebras B; each of which is indecomposable as an algebra.
Then each direct product component B; is called a block of kG. For any indecomposble
kG-module M, there exists a unique block B; of kG such that M = M B; and MB; = 0
for all j € {1,...,n} — {i}. Then we say that M lies in the block B; or that M is a
B;-module. Also we denote by By(G) the principal block of kG, that is, the unique block
of kG which does not annihilate the trivial kG-module k.

First, we recall the definition of defect groups of blocks of finite groups and their
properties.

Definition 8. Let B be a block of kG. A minimal subgroup D of G which satisfies
the following condition is uniquely determined up to conjugacy in G: the B-bimodule
epimorphism

B ®@kp B — B (by ®kp by — biby)
is a split epimorphism. We call the subgroup a defect group of the block B.

The following results are well known (for example, see [1]).

Proposition 9. For the principal block Bo(G) of kG, its defect group is a Sylow p-
subgroup of G.

Blocks with cyclic defect groups are called cyclic blocks. The cyclic blocks have good
properties.

Proposition 10. For a block B of kG and a defect group D of B, the following are
equivalent:

(1) D is a non-trivial cyclic group;

(2) B is of finite representation type and is not semisimple;

(3) B is a Brauer tree algebra.

We introduce the induced modules, induced complexes and covering blocks.

Definition 11. Let H be a subgroup of GG. For a kH-module U, we denote by Inng =
U ®rg kG the induced module of U from H to G. Also, for a complex X = (X' d),
we denote by Ind% X the complex (X’ ®yy kG, d' @y kG). This induces a functor from
K®(proj kH) to K®(proj kG).

Definition 12. Let G be a normal subgroup of G and B a block of kG. We say a block
B of kG is covered by B or B covers B if there exists a non-zero B-module U such that
U has a non-zero summand lying in B as a kG-module.



Let G be a normal subgroup of a finite group G. In general, for indecomposable kG-
module U, the induced module InglgU is not indecomposable. Moreover, for a block B of
kG, there are several blocks of kG covering the block B. However, in case where G is a

normal subgroup of a finite group G and has a p-power index, the following propositions
hold.

Proposition 13 ([4, Green’s indecomposability theorem]). If G is a normal subgroup of
a finite group G of p-power index, then for any indecomposable kG-module V' the induced
kG-module Tnd&V is an indecomposable kG-module.

Proposition 14 ([6, Corollary 5.5.6]). Let G be a normal subgroup of G, and B a block

of G. If the index of G in G is a p-power, then there exists a unique block of kG covering
B.

Remark 15. Let G be a normal subgroup of a finite group G of a p-power index, B a
block of kG, and B the unique block of kG covering B. Then by Propositions 13 and 14,
for any indecomposable complex X of K°(proj B), we can easily show that the induced

complex Inng is an indecomposable complex of K°(proj B)

4. MAIN RESULTS

In this section, we give our main results. Let G be a normal subgroup of G with index
in G a p-power. First we give the tilting-discreteness of B and an isomorphism between
tilt B and tilt B as partially ordered sets, where B is a block of kG with some properties
and B is a unique block covering B.

Theorem 16. Let G be a finite group, G a normal subgroup such that the index ]G’ G|
is a p-power, k an algebraically closed field of characteristic p > 0, B a block of kG, and
B the unique block of kG covering B. Assume B satisfies the following conditions:

(i) Any indecomposable B-module is G-invariant,

(i1) B is a tilting-discrete algebra,

(11i) Any algebra derived equivalent to B has a finite number of two-term tilting complexes.
Then B is a tilting-discrete algebra. Moreover the induction functor Indg : K*(proj B) —

K*(proj B) induces an isomorphism between tilt B and tilt B as partially ordered sets,
here tilt B and tilt B mean the set of all tilting complexes over B and B respectively.

As an application of above theorem, we can apply it to the case where we state in the
introduction, that is, the case G has a normal subgroup GG with a p-power index in GG and
with a cyclic Sylow p-subgroup. In fact, in this setting, the assumptions in Theorem 16
are satisfied automatically. Hence we get the following theorem.

Theorem 17. Let G be a finite group having G as a normal subgroup with index in G a
p-power. Let B be a block of the finite group G with cyclic defect group and B the unique
block of kG covering B. Then the following hold.
(1) B is a tilting-discrete algebra.
(2) The induction functor Indg . tilt B — tilt B induces an isomorphism of partially
ordered sets.
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RELATIVE STABLE EQUIVALENCES OF MORITA TYPE
FOR THE PRINCIPAL BLOCKS OF FINITE GROUPS

NAOKO KUNUGI AND KYOICHI SUZUKI

ABSTRACT. Wang and Zhang introduced the notion of stable equivalences of Morita
type relative to pairs of modules for blocks of finite groups. First, in this paper, we give
a method of constructing, in certain situations, relative stable equivalences of Morita
type for the principal blocks of finite groups. Second, we introduce the notion of relative
Brauer indecomposability, and give an equivalent condition for certain modules to be
relatively Brauer indecomposable.

1. INTRODUCTION

Let GG be a finite group, and k a filed of characteristic p > 0. We can decompose kG as
a direct product of indecomposable k-algebras:

kG =By X -+ X B,,.

Each B; is called a block of G. For any indecomposable kG-module U, there exists a
unique block B; such that UB; = U. We write kg for the trivial kG-module, that is, a
one-dimensional k-vector space on which every element of G acts trivially. The group
algebra kG has a unique block B such that kB = kg, which is called the principal block
of G and denoted by By(G). We are interested in constructing Morita equivalences for
the principal blocks of finite groups.

Broué [1] introduced the notion of stable equivalences of Morita type, and developed
a method of constructing them for the principal blocks. This method has been used
as one of the useful tools for constructing Morita equivalences for the principal blocks.
However, we cannot use the method for finite groups having a common nontrivial central
p-subgroup. On the other hand, Wang and Zhang [10] introduced the notion of relative
stable equivalences of Morita type for blocks of finite groups, which is a generalization of
stable equivalences of Morita type. In this paper, we state, as our first main theorem,
a method for constructing relative stable equivalences of Morita type for the principal
blocks.

In [5], the notion of Brauer indecomposability was introduced. The Brauer indecom-
posability of modules called Scott modules plays an important role in the method of
Broué. Ishioka and the first author [4] gave an equivalent condition for Scott modules to
be Brauer indecomposable. Although Brauer indecomposability of Scott modules is also
useful for our first main theorem, somewhat more general condition is more appropriate.
Therefore, in this paper, we introduce the notion of relative Brauer indecomposability,
and state, as our second main theorem, an equivalent condition for Scott modules to be
relatively Brauer indecomposable.

The detailed version of this paper will be submitted for publication elsewhere.



2. PRELIMINARIES

In this section, we recall basic notation and definitions on modular representation theory
and fusion systems.

Throughout this paper, we assume that k is an algebraically closed field of characteristic
p, G is a finite group, and, unless other wise stated, modules are finitely generated right
modules. We write Z(G) for the center of G. Let H be a subgroup of G. We write [H\G]
for a set of representatives of the right cosets of H in GG. For a kG-module M, we write
M¢§ for the restriction of M to H, and for a kH-module N, we write N 1¢= N @y kG
for the induced kG-module of N. For a kG-module M, we write M* = Homy (M, k) for
the k-dual of M, considered as a left kG-module.

For a p-subgroup @) of G, there is a unique indecomposable summand of kJQTG such
that it has kg as a direct summand of the top. This indecomposable summand is called
the Scott kG-module with vertex @), and denoted by S(G, Q).

Let M be a kG-module. For a subgroup H of G, we write M for the set of fixed
points of H in M. For a p-subgroup @ of GG, the Brauer construction of M with respect
to @ is the kNg(Q)-module M (Q) defined as follows:

M(Q) =M@/ tg(M"),
R

where R runs over the set of proper subgroups of ), and trg cMB — M@, trg(m) =

2ierg M-
For subgroups H and K of GG, we write

Homg(H, K) = {¢ € Hom(H, K) | ¢ = ¢, for some ¢g € G such that HY < K},

where ¢4 is a conjugation map. Let P be a p-subgroup of G. The fusion system of G
over P is the category Fp(G) whose objects are the subgroups of P and morphisms are
given by Hompr, ) (@, R) = Homg(Q, R). For subgroups @ and R of P, we say that Q
and R are Fp(G)-conjugate if Q and R are isomorphic in Fp(G). Let @ be a subgroup
of P. We say that @ is fully automized in Fp(G) if Autp(Q) is a Sylow p-subgroup of
Autr, () (Q). We say that @ is receptive in Fp(G) if for any subgroup R of P and any
¢ € Isor, ) (R, Q), there is an element ¢ € Hompg, () (N,, P) such that ¢|g = ¢, where
N, ={g9 € Np(R) | ¢, € Autp(Q)}. We say that Q is fully normalized in Fp(G) if
INp(Q)| > |Np(R)| for any subgroup R of P that is Fp(G)-conjugate to . The fusion
system Fp(G) is saturated if any subgroup of P is Fp(G)-conjugate to a subgroup that
is fully automized and receptive.

3. RELATIVE STABLE EQUIVALENCES OF MORITA TYPE

In this section, we first introduce results of Broué [1] and Linckelmann [7]. Next, we
define the notion of relative stable equivalences of Morita type that was introduced by
Wang and Zhang [10]. Finally, we state the first main theorem of this paper.

Broué [1] gave a method of constructing stable equivalences of Morita type:

Theorem 1. (see [1, Theorem 6.3]) Let G and G’ be finite groups with a common Sylow p-
subgroup P such that Fp(G) = Fp(G'), and M = S(G x G', AP). If (M(AQ), M(AQ)")



induces a Morita equivalence between By(Cq(Q)) and By(Ce (Q)) for any nontrivial sub-
group Q of P, then (M, M*) induces a stable equivalence of Morita type between By(G)
and By(G").

Linckelmann showed the following:

Theorem 2. (see [7, Theorem 2.1]) Let B and B’ be blocks of G and G', and M a B-
B'-bimodule that is projective as a left module and a right module. Assume that — Qg M
induces mod(B) =mod(B'). If for any simple B-module S, the B'-module S @p M is
simple, then — ®p M induces an equivalence between mod(B) and mod(B').

Theorem 1 has been used as one of the useful tools for constructing Morita equivalences
for principal blocks. In fact, we may construct a stable equivalences of Morita type
by using Theorem 1, and lift it to a Morita equivalence by using Theorem 2. In this
way, Morita equivalences has been confirmed in some cases, for example see [9] and [6].
However, we cannot use Theorem 1 if the common Sylow p-subgroup has a nontrivial
subgroup Z that is a subgroup of Z(G) and Z(G"). We see that Cq(Z) = G and Ce/ (Z) =
G’. Hence we need to show that By(G) and By(G’) are Morita equivalent in order to apply
Theorem 1.

Okuyama [8] introduced the notion of projectivity relative to modules:

Definition 3. (see [8] and also [2, Section 8]) Let W be a kG-module. A kG-module M
is relatively W -projective it M is a direct summand of V @ W for some kG-module V.

Then we can define a relative stable category that is an analogue of the stable category.
Let W be a kG-module. The relative W -stable category mod" (kG) of mod(kG) is the
category whose objects are the finitely generated kG-modules, and whose morphisms are
given by

Hom,".(M, N) = Homyg(M, N)/Hom,(M, N),

where Hom}, (M, N) is the subspace of Homyg(M, N) consisting of all homomorphisms
that factor through a W-projective kG-module. Let B be a block of G. We write
mod"(B) for the full subcategory of mod" (kG) whose objects are all B-modules. It
follows that mod" (kG) has a structure of triangulated category (see [3, Theorem 6.2]),
and mod" (B) is a triangulated subcategory of mod" (kG) (see [10, Proposition 3.1]).

Wang and Zhang [10] introduced the notion of relative stable equivalences of Morita
type by using the notion of projectivity relative to modules:

Definition 4. (see [10, Definition 5.1]) Let G and G’ be finite groups and B and B’ blocks
of G and G’, respectively. For a kG-module W, a kG'-module W', a B-B’-bimodule M,
and a B’-B-bimodule N, we say that the pair (M, N) induces a relative (W, W')-stable
equivalence of Morita type between B and B’ if M and N are finitely generated projective
as left modules and right modules with the property that there are isomorphisms of
bimodules

Mg N2B®X and NgM=B @Y,

where X is W* @ W-projective as a k[G x G]-module and Y is W'* @ W’-projective as a
k|G’ x G']-module.



If W = kG, then it follows that X is projective as B-B-bimodule. Hence the notion of
relative stable equivalences is a generalization of the notion of stable equivalences.
Finally, we state the first main theorem of this paper:

Theorem 5. Let G and G’ be finite groups with a common Sylow p-subgroup P such that
Fp(G) = Fp(G"), and M = S(GxG',AP). Assume that Z is a subgroup of P that is cen-
tral in G and G'. If (M(AQ), M(AQ)") induces a Morita equivalence between By(Cq(Q))
and Bo(Ce (Q)) for any subgroup Q of P properly containing Z, then (M, M*) induces a
relative (kz1, k4% )-stable equivalence of Morita type between By(G) and By(G').

Note that Theorem 5 with Z = 1 implies Theorem 1 as k¢ = kG.

4. RELATIVE BRAUER INDECOMPOSABILITY

In this section, we first recall from [5] and [4] the definition and some results of the
Brauer indecomposability of kG-modules. Next, we introduce the notion of relative Brauer
indecomposability and then state the second main theorem of this paper.

In [5], the notion of Brauer indecomposability was introduced:

Definition 6. (see [5]) A kG-module M is Brauer indecomposable if M(Q) is indecom-
posable as kQCq(Q)-module or zero.

In order to apply Theorem 1, the Scott module M must be Brauer indecomposable.
In fact, for any nontrivial subgroup @ of P, we have to confirm that (M (AQ), M(AQ)")
induces a Morita equivalence between By(C(Q)) and By(Ce (Q)), that is, the following
bimodule isomorphisms hold:

M(AQ)®B(cy (@) M(AQ)" = Bo(Ce(Q)) and M(AQ) @py(ce@)M(AQ) = Bo(Cer(Q))-
Since By(Cs(Q)) and By(Ce(Q)) are indecomposable, the Brauer construction M (AQ)
must be indecomposable as a By(Cg(Q))-Bo(Ce (Q))-bimodule, or equivalently, as a
kCaxo (AQ)-module. This means that M must be Brauer indecomposable.

Ishioka and the first author [4] gave conditions for Scott modules to be Brauer inde-
composable:

Theorem 7. (see [4, Theorem 1.3]) Let P be a p-subgroup of G, and M = S(G, P).
Suppose that the fusion system Fp(G) is saturated. Then the following are equivalent:

(i) The module M is Brauer indecomposable.
(11) The module S(Ng(Q),Np(Q))iggéQ(g) is indecomposable for each fully normalized
subgroup Q) of P.

Moreover, if these conditions hold, then M(Q) = S(Na(Q), Np(Q)) for any fully normal-
1zed subgroup Q) of P.

Theorem 8. (see [4, Theorem 1.4]) Let P be a p-subgroup of G, and Q a fully normalized
subgroup of P. Assume that Fp(G) is saturated. If there exists a subgroup Hg of Na(Q)
satisfying the following conditions:

(a) Np(Q) is a Sylow p-subgroup of Hg,

(b) INa(Q) : Hol = p*,a =20,

then S(Na(Q), Np(Q))doc(q) 8 indecomposable.



Theorem 7 enables us to confirm the Brauer indecomposability of Scott modules by
using the group-theoretic conditions in Theorem 8.

In Theorem 5, it suffices to show that M (AQ) is indecomposable as a kCaxae (AQ)-
module for any subgroup ) of P properly containing Z while in Theorem 1, M must be
Brauer indecomposable. Therefore we introduce the notion of relative Brauer indecom-
posability:

Definition 9. Let M be an indecomposable kG-module with vertex P, and R a subgroup
of P. We say that M is relatively R-Brauer indecomposable if for any p-subgroup @ of G
containing R, the Brauer construction M (Q) is indecomposable (or zero) as a kQCq(Q)-
module.

Finally, we state the second main theorem of this paper:

Theorem 10. Let P be a p-subgroup of G, and M = S(G, P). Suppose that the fusion
system Fp(G) is saturated, and Z is a subgroup of Z(G) N P. Then the following are
equivalent.

(i) The module M 1is relatively Z-Brauer indecomposable.
(i) The module S(Ng(Q),NP(Q))J,gg(GC%é?) is indecomposable for each fully normalized
subgroup @) of P containing Z.

Moreover, if these conditions hold, then M(Q) = S(N¢(Q), Np(Q)) for any fully normal-
1zed subgroup Q) of P containing Z .

Note that Theorem 10 with Z = 1 implies Theorem 7. Theorem 10 enables us to con-
firm the relative Brauer indecomposability of Scott modules by using the group-theoretic
conditions in Theorem 8.
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CATEGORICAL ENTROPY OF THE FROBENIUS PUSHFORWARD
FUNCTOR

HIROKI MATSUI

ABSTRACT. For a triangulated category 7 with a split generator G and an exact end-
ofunctor ® : 7 — 7T, Dimitrov-Haiden-Katzarkov-Kontsevich introduced the invariant
h] (®) which is called the categorical entropy. In this article, we will determine the
categorical entropy of the Frobenius pushforward functor.

1. INTRODUCTION

This report is based on joint work with Ryo Takahashi [5].

For a triangulated category 7 and an exact endofunctor ® : 7 — 7T, Dimitrov, Haiden,
Katzarkov, and Kontsevich [1] introduced the invariant h] (®) which is called the cate-
gorical entropy of ® as a categorical analog of the topological entropy. The categorical
entropy h/ (®) is a function in one real variable ¢ with values in RU {—o0o} and measures
the complexity of the exact endofunctor ®.

For a commutative noetherian local ring with prime characteristic p, the ring endomor-
phism F': R — R, which is called the Frobenius endomorphism, is defined by F(a) = aP.
Assume further that F' : R — R is module finite. The Frobenius endomorphism F' induces
two exact endofunctors: the Frobenius pushforward

RF, : D’(R) — D"(R)

on the bounded derived category DP(R) of finitely generated R-modules and the Frobenius
pullback

LF*: K"(R) — K°(R)

on the bounded homotopy category KP(R) of finitely generated projective R-modules.
Both these functors are the main tools to study singularities with positive characteristics.

For the Frobenius pullback functor LE™, Majidi-Zolbanin and Miasnikov [3] considered
the full subcategory KE(R) of KP(R) consisting of perfect complexes with finite length

b
cohomologies and computed the categorical entropy hi(ﬂ(R) (LF™).
In this report, we study the Frobenius pushforward functor F, and compute its categor-

ical entropy h?b(R) (RF,). We will also discuss the relation between the categorical entropy

h? "R (R¢) of the pushforward functor along a local ring endomorphism ¢ : R — R and
the local entropy hioe(¢) of ¢ which has been introduced in [4].

The detailed version of this paper will be submitted for publication elsewhere.



2. CATEGORICAL ENTROPY

Let T be a triangulated category. We begin with fixing notations.

Notation 1. (1) For an object X € T, denote by thick(X) the smallest thick sub-
category containing 7.
(2) For objects X1, Xs,..., X, € T, we write X; * Xy *--- % X, the subcategory of T
consisting of objects Y € T such that there are exact triangles

XZ—>Y;—)Y;+1—)XZ[1] (i:1,2,...,r—1)
with Y, =Y and Y, = X,..
The following fact is basic:

Lemma 2. The following conditions are equivalent for X, Y € T :

(1) Y € thick(X).
(2) There areY' € T, ny,ng,...,n, € Z such that Y @Y’ € X[ni|* X[ng]*---xX[n,].

Now, let us state the definitions of complexities and categorical entropies introduced in
[1], which play central roles in this report.

Definition 3. (Dimitrov-Haiden-Katzarkov-Kontsevich)

(1) For X, Y € T and t € R, define the complezity of Y relative to X by

T

5(X,Y) :=inf {Z et

=1

Y’ € T,3ny,ng,...,n, € Z s.t. € [0, 0]
Y @Y € X[n]* X[ng]*--x X[n,] » 0l

By Lemma 2, §;(X,Y) < oo if and only if Y € thick(X).
(2) Assume that 7 has a split generator G (i.e., T = thick(G)). For an exact endo-
functor ® : T — T, define the categorical entropy of (T, ®) by

1
bl (®) := lim —log 6, (G, ®"(G)).
n—oo N
This limit exists in [—o0, 00) and is independent of the choice of G by [1, Lemma
2.6).

Here, we list basic properties of 6;(X,Y).

Lemma 4. Let T be a triangulated category.

(1) For X,Y,Z € T with Z € thickY C thickX, one has 0,(X,Z) < 0:(X,Y)o.(Y, Z).

(2) For X,Y,Z € T, one has §:(X,Y) < 0(X,Y & Z) < &(X,Y) + 8(X, Z).

(3) For X,Y,Z €T, one has (X &Y, Z) < 6,(X, Z).

(4) For X,Y € T, one has 6,(X,Y[n]) = §;(X,Y)e™.

(5) For X,Y,Y1,....,Y, € T withY € Y1 x---xY,, one has &(X,Y) < >0, 8(X,Y).

(6) For an exact functor ® : T — T and X,Y € T, one has 6;(P(X),P(Y)) <
5.(X,Y).



3. LocAL AND CATEGORICAL ENTROPIES

Let (R, m, k) be a d-dimensional commutative noetherian local ring. Let ¢ : R — R be
a finite local ring homomorphism.

Majidi-Zolbanin, Miasnikov, and Szpiro [4] defined the local entropy which measures
the complexity of ¢:

Definition 5. (Majidi Zolbanin-Miasnikov-Szpiro) Define the local entropy by

() = T log(lensth,(R/6" (m) R))

n—o0

This limit exists and non-negative by [4, Theorem 1].
They determined the local entropy for the Frobenius homomorphism.

Proposition 6. ([4, Theorem 1)) If R has prime characteristic p, then the equality
hloc(F) = dlogp
holds.

The aim of this report is to compare the local entropy of ¢ and the categorical entropy
of exact endofunctors associated with ¢. Let us recall two basic exact endofunctors. The
pushforward functor

¢« : Mod R — Mod R

along ¢ is defined as follows: for an R-module M, ¢.(M) := M is an abelian group
together with the R-module structure via ¢. This functor is exact by definition. The
pullback functor

¢* : Mod R — Mod R

along ¢ is defined by ¢*(M) := M ®pr ¢.(R). Deriving these functors, we obtain exact
functors
R¢, : D*(R) ——— DP(R)
Ul Ul
Di(R) ———— Di(R),
and
L¢*: K°(R) — K"(R)
Ul Ul
Ki(R) ———— Ki(R).
Here, DX(R) and K{(R) stand for the subcategories of DP(R) and KP(R) consisting of
complexes with finite length cohomologies, respectively.
For the pullback functor LL¢*, Majidi-Zolbanin and Miasnikov compared the categorical
entropy of L¢* and the local entropy of ¢. Moreover, they determined the categorical
entropy for the Frobenius pullback functor:

Theorem 7. Let R be a d-dimensional commutative noetherian local ring and ¢ : R — R
a finite local ring homomorphism.

(1) For any t € R, one has the inequality
Kb(R "
B (L") 2 hioe(9).



(2) Assume further that R is a complete noetherian local ring with prime characteristic
p. For any t € R, the equality

Df (R)(

hy* " (ILF™) = hioe(F') = dlogp

holds.
On the other hand, we can also compute h (LF*) and hy Al (]RF ).

Proposition 8. Assume that R has prime characteristic and the Frobenius homomor-
phism F: R — R s finite. For anyt € R, the following equalities hold:

(1) KB (LEF) = 0.
2) RAE (RF*) = log[FL (k) : K.
Remark 9. The triangulated categories K§(R), K”(R), DE(R) have generators K(z) (the

Koszul complex of a system of generators x of m), R, k, respectively. Therefore the cate-
gorical entropies that appeared in the preceding results are defined.

From the above two results, the remained problem is to compute h? "B (RF,), which
we will consider in the next section.
4. MAIN THEOREM
First note that if R is excellent, then the derived category DP(R) has a split generator

and hence we can consider the categorical entropy hy "B (R ).

Theorem 10. Let R be a d-dimensional excellent noetherian local ring.
(1) Let ¢ : R — R be a finite local ring homomorphism. For any t € R, the equality

hy P (RB,) > hioe($) + log[du (k) : K]

holds.
(2) Assume further that R has prime characteristic p and the Frobenius homomor-

phism F : R — R is finite. For anyt € R, the equality
B U (RE.) = hie(F) +log[F. (k) : k] = dlogp + log[F. (k) : k]
holds.

Using Theorem 10(1), we can globalize the inequality for the Frobenius pushforward
functor:

Corollary 11. Let X be a connected noetherian scheme with prime characteristic p.
Assume that the Frobenius homomorphism F : X — X s finite. For any t € R and
x € X, the inequality

WP XN RE) > dim Ox, - log p + log[F. (k(z)) : k(z)]
holds.

Remark 12. Since X is connected the number dim Oy, - logp + log[F.(k(x)) : k(x)] is
independent of x € X.



For the rest of this report, let us give a sketch of the proof of Theorem 10.
The proof of Theorem 10(1) needs the following lemma which generalizes [3, Lemma
2.1].

Lemma 13. Let (R, m, k) be a commutative noetherian local ring. Let0 # G € D(R),0 #
P € K}(R) and take an integer N with H(G @ P) = 0 for all |i| > N. Set B :=
max{length,(H (G ® P)) | =N < i < N}. Then for any E € D*(R), m € Z, and t € R,
the inequality

6(G, E) > B~ e e N Jength,(H™(E @5 P))
holds.

(Proof of Theorem 10(1)). We note that for a finitely generated R-module M with finite
length, one has

lengthp((¢%)"(M)) = [¢" (k) : k] - lengthz(M) = [¢(k) : K]" - lengthz(M).

In particular, length,((¢*)"(R)/m(¢*)"(R))) = [¢(k) : k]" - lengthz(R/¢™(m)R).

Take a split generator G € DP(R) such that H/(G) = 0 for i < 0 and that R is a direct
summand of H(G). Let x be a system of generators of m and set P = K(z) the Koszul
complex of . Then it follows from Lemma 13 that

5.(G, (R,)"(G)) = B~ ™M - length o (H(Re,)"(G) @1 P)
= B length (H((Re,)"(G)) @5 HO(P))
— B M length((9,)" (H(G)) - @ R/m)
> B M- lengthp((6,)"(R) @5 R/m)
— B M lengthy((9.)" (R/6™(m) R))

= B~ 'e M- [6(k) : K] - lengthp(R/¢" (m)R)

Taking lim 1 log(—), we obtain hi(R¢y.) > hje(¢) + log[p(k) : k. O

n—oo M,

Since the proof of Theorem 10(2), i.e., the proof of
B P(RE,) < hioe(F) + log . (k) : k]

is more difficult and complicated than the converse inequality, we shall give quite rough
sketch of the proof. This difficulty comes from the fact that no explicit descriptions
of a split generator of DP(R) is known unlike KE(R), KP(R), DE(R). Therefore, we use
induction to reduce the case of d = 0 so that D?(R) = DE(R). The proof is done as
follows:

e The case of d = 0 follows from Proposition 8(2).

e For the case of d > 0, first we reduce to domain case and then take a regular
element r with xExt?*t!(— —) = 0. We can take such a regular element by [2,

Theorem 5.3]. Then for a split generator G’ of D*(R/zR), G := G' @ R is a split

generator of DP(R).



e Using Lemma 4, reduce to the computations of &;(G’, (RE,)"(G")), 0:(G, (Fi)"(R)).
3:(G', (RF,)"(G")) is known by induction hypothesis. To compute §;(G, (Fy)"(R)),
we use an exact sequence

0 = ()" (R)) > RER- (PR Ly .y pom((E () _y Rool(R)" () y (F)n(R) = 0
and the equality

lim ~ log Bi((F.)"(R)) = dlogp + log[F,(k) : k];

n—oo N

see [6].
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CHARACTERIZATION OF 4-DIMENSIONAL
NON-THICK IRREDUCIBLE REPRESENTATIONS

KAZUNORI NAKAMOTO AND YASUHIRO OMODA

ABSTRACT. We say that a group representation p : G — GL(V) is thick if it has “enough
transitivity” of the group action on the set of subspaces of V. If dimV < 3, then p is
thick if and only if it is irreducible. In the case dimV > 4, if p is thick, then it is
irreducible, but the converse is not true. In this paper, we give a characterization of
4-dimensional non-thick irreducible representations of an arbitrary group G.

Key Words: Thick representation, Dense representation, Characterization, 4-dimensional
non-thick irreducible representation.
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1. INTRODUCTION

In [1], we described the moduli of 4-dimensional non-thick irreducible representations
for the free group of rank 2. In this paper, we deal with characterization of 4-dimensional
non-thick irreducible representations of an arbitrary group. Throughout this paper, V'
denotes a finite-dimensional vector space over a field k.

Definition 1 (¢f. [2] and [3]). Let p : G — GL(V) be a representation of a group
G. We say that p is m-thick if for any subspaces Vi, V5 of V with dimg Vi = m and
dimy, Vo = dimg V' — m there exists g € G such that (p(g)V1) N Ve = 0. If p is m-thick for
any 0 < m < dimy V', then we say that p is thick.

Roughly speaking, m-thick representations p : G — GL(V') have enough transitivity of
the group action of G on the set of m-dimensional vector subspaces of V.

Definition 2 (c¢f. [2] and [3]). Let p: G — GL(V) be a representation of G. We say that
p is m-dense if the exterior representation

A"p: G — GL(A™V)
is irreducible. Here, we define

(A"p)(g)(v1 Avg A=+ Av) = p(g)vr A p(g)vg A=+ A p(g)Vm

for g € G,vy,v9,...,0, € V. If pis m-dense for any 0 < m < dimy V', then we say that
p is dense.

In [2], we obtained several results on thick representations and dense representations.

The detailed version of this paper will be submitted for publication elsewhere.
The first author was partially supported by JSPS KAKENHI Grant Number JP20K03509.



Proposition 3 ([2, Proposition 2.6]). For an n-dimensional representation p : G —
GL(V),
m-thick <= (n — m)-thick.

Proposition 4 (]2, Proposition 2.6]). For an n-dimensional representation p : G —
GL(V),

m-dense <= (n — m)-dense

Proposition 5 ([2, Proposition 2.7]). Let 0 < m < n. For an n-dimensional representa-
tion p: G — GL(V),

m-dense =—> m-thick

4

l-dense <= 1-thick <= irreducible.

Corollary 6 (]2, Corollary 2.8]). For a finite-dimensional representation p : G — GL(V),

dense = thick = irreducible

Corollary 7 ([2, Corollary 2.9]). Let n < 3. For an n-dimensional representation p :
G — GL(V),
dense < thick < irreducile.

Not all 4-dimensional irreducible representations are thick. In this paper, we describe
a characterization of 4-dimensional non-thick irreducible representations for an arbitrary
group G.

2. MOTIVATION
In this section, we explain our motivation for considering thick reprsentations and dense
representations.
Let Rep,,(G) be the representation variety of degree n for G. For simplicity, let us
consider Rep,,(G) over an algebraically closed field 2. We can regard
Rep,(G) ={p|p: G = GL,()}

as an affine algebraic scheme (variety) over Q) if G is a finitely generated group. Even if G
is not finitely generated, Rep,,(G) can be defined, although it is not necessarily of finite
type over €. The group scheme PGL,(2) acts on Rep,(G) by

p— P7lpP

for p € Rep,,(G) and P € PGL,(2). We define the PGL,,(2)-invariant open subscheme
Rep,,(G)air of Rep,(G) by

Rep,,(G)air = {p € Rep,(G) | p is (absolutely) irreducible }.

We also define the character variety Ch,,(G),;, of n-dimensional irreducible representations
for G by

Chy,(@)air = Rep,(GQ)air/PGL,(Q)
= {[p] | eq. classes of n-dim. irreducible representations }.



Theorem 8 ([2, Theorem 3.9 and Proposition 3.11]). The representation variety Rep,,(G)air
has open subschemes

Rep,,(Ginic = {p | p is (absolutely) thick }
Rep,,(Gaense = {p | p is (absolutely) dense }.

Let us define
Chy(G)ihick = Rep,(G)ihick/PGL,(Q)
Chn(G)aense = Rep,(G)dense/PGLn ().
Then we have the following diagram:
Rep, (G)aense S Rep,(Gimick S Rep,(G)air
Chn(é)dense C  Chp(Gnierr C Chn(é)air-

<—

Let us consider the morphism
AT Repn(G)dense — Rep(;) (G>air

p — A

®

Theorem 9 ([4]). Let 2 < m <n—2. Then
ImA™ g Rep(”) (G)non—thick = Rep(") (G)air \ Rep(") (G>thz’ck'
Roughly speaking, any exterior representations can not become thick representations.

Any exterior representations are contained in Rep,,(G)non—thick; while Rep, (G)pick is
open in Rep,,(G)g4ir. Then how can we describe Rep,,(G)non—thick? Not only the exterior
representations but also the tensor products of two representations can not become thick
representations.

Theorem 10 ([4]). Let p : G — GL(V) and 7 : G — GL(W) be finite-dimensional
representations of G over k. If dimg V' > 2 and dimy, W > 2, then p®7 : G — GL(V @, W)
is not 2-thick. In particular, p ® 7 is not thick.

Moreover, we obtain:

Theorem 11 ([4]). Let p : G — GL(V') be an n-dimensional representation over k. If
2 <m <n-—2,then A"p: G — GL(A™V) is not 3-thick. In particular, A™p is not thick.

Theorem 12 ([4]). Let p : G — GL(V') be an n-dimensional representation over k. If
n > 3 and m > 2, then the m-th symmetric tensor S™(p) : G — GL(S™(V)) is not
3-thick. In particular, S™(p) is not thick.

By these theorems, we can construct many non-thick representations. It is difficult to
investigate which representations are thick for finite groups and discrete groups. However,
we have already classified (finite-dimensional) thick representations over C of connected
complex simple Lie groups.



Let G be a connected semi-simple Lie group over C. Let g,h, AT(C b*) be the Lie
algebra of (G, a Cartan subalgebra, the set of positive roots, respectively. For a finite-
dimensional representation p : G — GL(V') over C, denote by W (V') the set of weights
of V. We can regard W (V) as a partially ordered set by using AT. We say that p :
G — GL(V) is weight multiplicity-free if the dimension of the y-eigenspace is 1 for any
peW().

Theorem 13 ([3]). For a connected semi-simple Lie group G over C, a finite-dimensional
irreducible representation p : G — GL(V) over C is thick if and only if p is weight
multiplicity-free and W (V) is a totally ordered set.

By the classification of weight multiplicity-free irreducible representations by Howe and
Panyushev, we have the following theorem:

Theorem 14 ([3, Theorem 3.6]). The classification of thick representations of connected
simple Lie groups:

(1) the trivial 1-dimensional representation for any groups
(2) A (0= 1)
e the standard representation V' for A, (n > 1) with highest weight w;
e the dual representation V* of V' for A, (n > 1) with highest weight w,
e the symmetric tensor S™(V') (m > 2) of V' for Ay with highest weight mw;
(3) Bn(n>2)
e the standard representation V- for B, (n > 2) with highest weight w;
e the spin representation for By with highest weight wo
(4) Cy (n > 3)
e the standard representation V' for C, (n > 3) with highest weight w;
(5) G2

e the 7-dimensional representation V' for Gy with highest weight wy.

For constructing non-thick representations, the following lemma is useful.

Lemma 15. Let p : G — GL(V) be a non-thick representation. For a group homomor-
phism ¢ : G' — G, po ¢ : G — GL(V) is a non-thick representation.

By this lemma, we can construct a non-thick representation po ¢ : G’ a4 GL(V),
where p : G — GL(V) is a non-thick representation of a connected complex simple Lie
group G which is not listed in Theorem 14.

Anyway, what is Rep,,(G)non—tnict ! In this paper, we would like to investigate a charac-
terization of 4-dimensional non-thick irreducible representations to describe Rep,(G)non—thick
and Ch4(G)non7thick-



3. FOUR-DIMENSIONAL NON-THICK IRREDUCIBLE REPRESENTATIONS

Let us give an example of a non-thick irreducible representation. We denote by S,, the
symmetric group of degree n. We regard GL(V)" and S,, as subgroups of GL(V®") by
(A, An) - (v1, - vn) = (A, Apoy) and 0 - (U1, .0,0) = (Vom1(1)s - - -5 Vom1(n))
for (Ay,...,A,) € GL(V)",o € S, and (vq,...,v,) € V®" respectively. Then the
semidirect product GL(V)"™ xS, is defined as a subgroup of GL(V®"). The inclusion
pvn s GL(V)" xS, — GL(V®") gives a representation of GL(V)" x S,.

Theorem 16 ([4]). Let n > 2 and dimy V' > 2. The representation py,, : GL(V)" x S,, —
GL(V®") is a non-thick irreducible representation. More precisely, py, is neither n-thick
nor dimy, V-thick.

Let us consider 4-dimensional non-thick irreducible representations. Our main theorem
is the following:

Theorem 17 ([4]). Let p: G — GL(V) be a 4-dimensional non-thick irreducible repre-
sentation of a group G over a field k. Then p is equivalent to one of the following two
cases:

(1) the composition G 4 GL(W)?2 x S, ™% GL(W & W) with dim; W = 2, where
¢ : G — GL(W)? x Sy is a group homomorphism

(2) a representation p’ : G — GL(V; ®; V5) with dimy V; = dimy Vo = 2 which is
equivalent to 7, ® T, as projective representations, where 7; : G — PGL(V}) is a
projective representation for i = 1, 2.

Remark 18. In Theorem 17, the case (2) can not be replaced with

(2)” a representation 11 ® 1 : G — GL(V] ®j V) with dimy V; = dimy, Vo = 2, where
7, : G — GL(V;) is a linear representation for i = 1, 2.

Y

Indeed, there exists an example of (2) which does not satisfy (2)’. Let us give such an
example. Suppose that dimy V; = dimy Vo = 2. Let us consider the fiber product G of ¥
and T

G L GL(V @ Va)
i(phpz) br
PGL(V;) x PGL(V3) % PGL(Vi @ V)
(91,92) = g1 & ga.

In other words,
G ={(91,92,A) € PGL(V1) x PGL(V2) x GL(V1 ® V3) | m(A) = g1 ® g2}

If ch k # 2, then p : G — GL(V; ® V) is a 4-dimensional non-thick irreducible represen-
tation such that the projective representation p; : G — PGL(V;) can not be lifted as a
linear representation (i = 1,2).

Remark 19. In [1, Propositions 18 and 21|, we claimed that any 4-dimensional non-thick ir-
reducible representation is equivalent to (1) or (2)” in Theorem 17 instead of (2). However,
this is not true, as seen in Remark 18. On the other hand, any projective representation
can be lifted as a linear representation for free groups.



Before giving an outline of the proof of Theorem 17, we need some definitions.

Definition 20 (perfect pairing). Let p : G — GL(V') be an n-dimensional representation.
For 0 < m < n, the perfect pairing A"V @, A"~V 2y A"V is defined by

(V1 AV A+  AU) @ (Va1 A Upaa A== A0y,)
= UL AU A AU AUt A Umgo N oo AUy,

The perfect pairing A is G-equivariant. For a subspace W C A™V, we put
W ={w e "™V |wAw =0 forany w € W} C A"V
Note that (W+)+ =W,

Definition 21 ([2]). We say that W C A™V is realizable if there exist linearly independent
vectors vy, Vs, ..., U, € V such that 0 £ vy Avg A -+ Awv,, € W.

The following proposition gives a characterization of m-thickness and m-denseness.

Proposition 22 ([2]). Let p : G — GL(V) be an n-dimensional representation. Then

(1) pis not m-dense if and only if there exist non-trivial G-invariant subspaces W C
A™V and Wy C A" ™V such that I/Vll = Ws.

(2) p is not m-thick if and only if there exist non-trivial G-invariant realizable sub-
spaces W7 C A™V and Wy C A" ™V such that WlL = Ws.

The following proposition is trivial, but useful.

Proposition 23. For a 4-dimensional irreducible representation p : G — GL(V), the
following statements are equivalent:

(1) p is thick.

(2) p is 2-thick.

Proof. Since p is irreducible, it is 1-thick by Proposition 5. It is also 3-thick by Proposi-
tion 3. Hence, p is thick if and only if it is 2-thick by the definition. U

Thereby, any 4-dimensional non-thick irreducible representation p : G — GL(V) is
not 2-thick. By Proposition 22, the 6-dimensional vector space A%V has non-trivial G-
invariant realizable subspaces W; and W, such that Wit = W,. Using [2, Corollary 4.5],
we obtain dim; Wy > 2 and dimg Wy > 2. Since dim;, Wy + dim;, W5 = 6, there are only
two types:

(1) A%V has a 2-dimensional G-invariant realizable subspace.
(2) A?V has a 3-dimensional G-invariant realizable subspace.

Let us discuss Case (1):



Proposition 24 ([4]). Assume that A?V has a 2-dimensional G-invariant realizable sub-
space. Then there exists a basis ey, eq, e3,e4 € V such that

W .= <61 VAN €9, €3 A €4> C A2V
is G-invariant. Furthermore, with respect to this basis, we can write
(A0 0 A
P(g>—<0 A2>OY(A2 O)
for any g € G, where Ay, Ay € GLy(k).

In this case, we can define a group homomorphism ¢ : G — GL(W)? x Sy such that p
is equivalent to py2 0 ¢.

Let us discuss Case (2):

Proposition 25 ([4]). Assume that A%V has a 3-dimensional G-invariant realizable sub-
space and that A?V has no 2-dimensional G-invariant realizable subspace. Then there
exists a basis e, s, €3,e4 € V such that

W= (e1 Aea,es Aey, (e1 +e3) Aea +ey)) C AV
is G-invariant. Furthermore, with respect to this basis, we can write
aA’ DA’
P9 =\ e aa
for any g € G, where a,b,¢,d € k with ad — bc # 0 and A’ € GLy(k).

In this case, p can be decomposed as the tensor product of two projective representa-
tions.

Summarizing the two cases, we can prove Theorem 17.

4. APPENDIX

In this appendix, we deal with Rep,(Fy)mick for the free group Fy of rank 2 over an
algebraically closed field €.

Example 26. Let F), be a free group of rank m with m > 2. The representation variety

Rep,,(F,,) is an irreducible smooth variety of dimension mn® The character variety

Ch,, (F}n)air is an irreducible smooth variety of dimension (m — 1)n? + 1.

For n =4 and m = 2, dim Rep,(F») = dim Rep,(F3)qir = 32.
Let Fy = (o, 3). In Case (1), by conjugating p by PGL4(2) we obtain

A O 0 A
p(Oé) = < 01 A2 ) or ( A2 01 )
By 0 0 B
p(ﬂ) = ( 01 By ) or ( B, 01 ) .
Roughly speaking,

dim Repy(F2)case(y < 4+ 4 +4+ 4+ dimPGL4(Q) = 31 < dim Rep, (£3) air-



In Case (2), note that any projective representation can be lifted as a linear represen-
tation for the free group Fy. Set

(Repy(Fy) X Repy(F2))° = {(p1, p2) € Repy(F2) X Repy(Fy) | p1 & po is irreducible }.
Then we obtain a surjective morphism

(Repy(F2) x Repy(£5))? x PGL4(Q2) —  Repy(F3)case(2)
(p1,p2, P) + P~ p1 @ pa)P.

Roughly speaking,
dim Rep,(F2)case2) < 2dim Repy(F3) + dim PGLy(2) = 2 x 8 + 15 = 31.

Since dim Repy(F2)qir = 32 > dim Repy (F2)non—thick, We obtain Rep, (F2)imick 7 0.
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LOCALIZATION OF TRIANGULATED CATEGORIES WITH
RESPECT TO EXTENSION-CLOSED SUBCATEGORIES

YASUAKI OGAWA

ABSTRACT. The aim of this article is to develop a framework of the localization theory
of triangulated categories via extriangulated categories. Actually, given the pair of a
triangulated category C and an extension-closed subcategory A/, we establish an exact
sequence N' — C — C/N of extriangulated categories. Such a construction unifies the
Verdier quotient and the heart of a t-structure.

1. INTRODUCTION

The abelian categories and triangulated categories, introduced by A. Grothendieck and
J.-L. Verdier [5, 7], serve a foundation of the homological algebra. In the many blanches of
mathematics, we often encounter interplays between abelian categories and triangulated
categories. To name just a few important instances in the representation theory of algebra:

- for a given t-structure of a triangulated category C, there exists a cohomological
functor from C to the abelian heart [2];

- for a 2-cluster tilting subcategory U of a triagnulated category C, the ideal quotient
C/|U] is abelian [9];

- for a Frobenius exact category C and the subcategory N of projective-injective
objects, the ideal quotient C/[N] is triangulated [6];

- the derived category D(.A) of an abelian category A is defined to be the localization
of the abelian category C(A) of complexes in A with respect to the subcategory
of acyclic complexes.

To capture such phenomena in a more conceptual framework, the notion of extriangulated
category was introduced by Nakaoka and Palu [10] as a simultaneous generalization of
exact and triangulated categories. As a benefit of revealing an extriangulated structure,
it is closed under basic categorical operations; taking extension-closed subcategories, ideal
quotients by projective-injective objects and the relative theory [8]. Recently, it was
shown that the extriangulated structure is still closed by certain localizations which were
introduced in [11] as a unification of the Serre/Verdier quotients. Our aim is to formulate a
new framework of localization of triangulated categories as an application of [11], namely,
we establish an exact sequence

(1.1) N —=C—C/N

of extriangulated categories arising from the pair of a triangulated category C and an
extension-closed subcategory N. Precisely, the main theorem summarized as follows.

The detailed version of this paper will be submitted for publication elsewhere.



Theorem 1. [13, Thm. 2.20, 3.2, 4.2] Let C be a triangulated category and regard it as a
natural extriangulated category (C,E,s). Assume that a full subcategory N of C is closed
under direct summands and isomorphisms.

(0) If N is extension-closed in the triangulated category (C,E,s), then N naturally
defines a relative extriangulated structure (C,Enr,8pr).

(1) If N is extension-closed in the triangulated category (C,E,s), then N is thick with
respect to the relative structure (C,Exr,55). Moreover, we have an extriangulated
localization (Q, ) : (C,Epr,s5x7) = (C/N,Epr,5p).

(2) Suppose that N is extension-closed. Then, N is thick in the triangulated cate-
gory (C,E,s) if and only if N is biresolving with respect to the relative structure
(C,Enr,sx7) if and only if the resulting category (C/N,Epr,s5x) is triangulated. In
this case, the localization (Q, p) is nothing but the Verdier quotient.

(3) Suppose that N is extension-closed and functorially finite. Then, N satisfies
Cone(N,N) = C in the triangulated category (C,EE,s) if and only if N is Serre
with respect to the relative structure (C,Epr, sx7) if and only if the resulting category
C/N s abelian. Furthermore, the functor Q : (C,EE,s) — C/N from the original
triangulated category is cohomological.

N extension-closed | thick
thick | biresolving
|
|
|

C/N | extriangulated

Cone(N,N) =C | in (C,E,s)
Serre in (C,En,sn)

|
T
|
|
|
|

triangulated abelian

The assertion (1) in the above theorem shows that the Verdier quotient is a typical ex-
ample of the exact sequence (1.1). The assertion (2) contains some types of cohomological
functors such as the heart of a t-structures, see Examples 10, 11 and 12.

Notation and convention. All categories and functors in this article are always as-
sumed to be additive. All subcategory U C C is always assumed to be full, additive
and closed under isomorphisms. For X € C, if C(U,X) = 0 for any U € U, we write
abbreviately C(U, X)) = 0. Similar notations will be used in obvious meanings.

2. LOCALIZATION WITH RESPECT TO EXTENSION-CLOSED SUBCATEGORIES

In the reset, we fix a triangulated category C with a suspension [1] and an extension-
closed subcategory N of C and regard C as a natural extriangulated category (C,E,s).
Note that E(C, A) = C(C, A[1]) for any objects A, C' € C. First, we show that N naturally

determines an extriangulated structure on C relative to the triangulated structure.

Proposition 2. For any objects A,C € C, we define subsets of E(C, A) as follows.

(1) A subset E(C, A) is defined to be the set of morphisms h : C — A[l] satisfying
the condition that, for any morphism N = C with N € N, ho x factors through
an object in N1].

(2) A subset ER(C, A) is defined to be the set of morphisms h : C — A[l] satisfying
the condition that, for any morphism A % N with N € N, y o h[—1] factors
through an object in N'|—1].



Then, both EX: and EX: give rise to closed subfunctors of E in the sense of [8, Prop. 3.16].
In particular, putting Ey :=EX NER., we have three extriangulated structures

(CvEJL\/vs./L\/')a (CvERvsjf\?/% (CaEN75N)

which are relative to (C,E,s). Here sy is a restriction of s to Exr and other symbols are
used in similar meanings.

To understand the above relative extriangulated structures, we observe the following
two extremal cases.

Example 3. (1) Suppose that the subcategory N is thick in the triangulated category
(C,E,s), namely it is closed under taking cones and cocones. Then, since N =
NT1] = N[—1], we have equalities EXx, = E{ = E. In particular, the relative
structure (C,En, s,) coincides with the original triangulated structure.

(2) Suppose that the subcategory N is rigid, namely E(N, N') = 0. Then, N forms a
subcategory of projective-injective objects in (C,Exr, s57). Moreover, the structure
(C,En, sx) is maximal with respect to the above property. In this case, due to
[10, Prop. 3.30], the ideal quotient C := C/[N] admits a natural extriangulated
structure (C, Ear,5).

Recall that a subcategory N of an arbitrary extriangulated category is said to be
thick if it satisfies the 2-out-of-3 property for s-conflations, namely, for any s-conflation
A — B — C, if two of {A, B,C} belong to N, so does the third!. It is easily checked
that any extension-closed subcategory N of C becomes a thick subcategory of (C, Epr, sx).
Keeping in mind the case of the Verdier localization, we define the class S, of morphisms
which one would like to consider to be isomorphisms in the quotient category C/N.

Definition 4. For a thick subcategory A of an arbitrary extriangulated category, we
associate the following classes of morphisms.

(1) £L={f € MorC | f is an s-inflation with Cone(f) € N'}.
(2) R ={g € MorC | g is an s-deflation with CoCone(g) € N'}.

Define S to be the smallest subclass closed by compositions containing both £ and R.
For the pair of triangulated category C and an extension-closed subcategory N, the

above class 8§, possesses nice properties.

Lemma 5. We consider the class Sy of morphisms 3 with s € Sy

(1) Let us denote by 5* the closure of 8 with respect to compositions with isomor-
phisms in C. Then, we have 8y = a*

(2) The class 8, forms a multiplicative system in the ideal quotient C. In particular,
we have the additive localization Q : C — C/N := C[8)/] as follows:

(2.1) C © /N

ideal qu(k\ Aalization

INote that this definition is a generalization of thick subcategories of triangulated categories.



(3) The class Sy is saturated in the sense that, for any morphism f € MorC, if Q(f)
is an isomorphism, then f € Sy .

Theorem 1 (2) says that the multiplicative system 8, satisfies the needed compati-
bility with extriangulation (see the conditions (MR1),...,(MR4) in [11, Thm. 3.5]). In
particular, the relative structure (C,Eys, s5) determines a natural extriangulated struc-
tures (C/N,Epr,5,) on the localization C/N which makes the natural quotient functor
Q :C — C/N exact. The construction so far is depicted below.

(N, Ely,sly) —<— (C,E,s)

extension-closed sub. triangulated cat.

-

(N Ex | swlv) == (C, By, sx) — (C/N,En,5x)
thick sub. extriangulated cat. extriangulated cat.

Note that the all appearing functors are exact in the sense in [11, Def. 2.11].
We push further an observation on what the above diagram means in Example 3.

Example 6. (1) Suppose that the subcategory N is thick in the triangulated category
(C,E,s). Then, we get E = Ex and the quotient functor @) is the usual Verdier
quotient.

(2) Suppose that the subcategory N is rigid, namely E(AN, N) = 0. Then, 8, becomes
the set of isomorphisms and the quotient functor () is nothing other than the ideal
quotient C — C/N = C. The extriangulated structure (C/N,Exr,5x) coincides
with the natural one in C.

3. THE TRIANGULATED CASE

As we have already seen in Example 6, if a given subcategory N/ C C is thick, our
extriangulated category C/N corresponds to a triangulated category. Conversely, if the
quotient C /N is triangulated, then A/ must be thick. To sharpen this assertion, we recall
that a thick subcategory N is said to be biresolving if, for any object C' € C, there exist
an s-inflation C' — N and an s-deflation N/ — C with N, N’ € N

Corollary 7. We consider the extriangulated category (C,En,sxr) and the localization
Q: (C,Ep,sn) — (C/N, IEN,EN) with respect to the subcategory N'. Then the following
three conditions are equivalent.
(i) The extriangulated category (C/N, IEN,EN) corresponds to a triangulated category.
(il) N is a thick subcategory of the triangulated category (C,E,s).
(iii) NV is a biresolving subcategory of the extriangulated category (C, B, sp).

Under the above equivalent conditions, the localization @ : (C,Enr,8x) — (C~N,I~EN,§N)
coincides with the usual Verdier quotient.

4. THE EXACT CASE

It is natural to ask when the extriangulated category C/A corresponds to an exact cat-
egory. We denote by Cone(N, N') the subcategory of C consisting of objects X appearing



in a triangle N\ — N — X — N’[1] with N, N’ € N. The following is an exact
version of Corollary 7.

Corollary 8. Let us consider the following conditions.

(i) The extriangulated category (CNN,IEN,EN) corresponds to an exact category.
(il) NV satisfies the condition Cone(N,N) = C in the triangulated category (C,E,s).
(i) NV is a Serre subcategory of the extriangulated category (C,En,sn).
The condition (ii) always implies (1) and (iii). Suppose that N is functorially finite in C.
Then, the all conditions are equivalent.

We do not know whether the functorial finiteness on A are really needed for the above
corollary.

The following shows that C/N is actually an abelian category under the assumption
Cone(N, N') = C and provide a new construction of cohomological functors.

Corollary 9. Assume that Cone(N,N) = C holds in the triangulated category (C,E,s).
Then, the following assertions hold.

(1) The resulting extriangulated category (C/N,En,sx7) corresponds to an abelian ex-
act category. B

(2) The ezxact functor Q : (C,Enr,5x) — (C/N,Epr,5x7) induces a cohomological func-
tor Q : (C,E,s) = C/N from the original triangulated category.

(3) The ezact functor Q induces a right exact functor Q : (C,EX s%) — C/N and a
left exact functor Q : (C,E%., s%) — C/N in the sense of [12, Def. 2.7].

As mentioned so far, we have half/left/right exact functors @ : C — C/N from an
extension closed subcategory N with Cone(N,N') = C as depicted in the following com-
mutative diagram.

right exact
C,ER sl
N> IN

/ exact

exact = Cys
(C,En,51)
omologica/

(C,E,s) /

(C,EX, s%) %

Unlike the triangulated case, the above contains many important examples.

/

Example 10. [9] Let C be a triangulated category and assume that U is a 2-cluster tilting
subcategory of C, equivalently, (U,U) forms a cotorsion pair. Then, the ideal quotient
C/[U] is abelian and the natural functor 7 : C — C/[U] is cohomological.

Sketch. Due to [1, Thm. 5.7], the pair (U,U) forms a cotorsion pair and we get its abelian
heart C/[U]. We put N := U and consider the relative structure (C,Epx;, 7). Since N is
rigid and Cone(N, V) = C, Example 6 guarantees that our quotient functor @ : C — C/N
is nothing but the ideal quotient C — C/[N]. Corollary 9(2) shows @ is cohomological. [J



Example 11. [2] Let C be a triangulated category and (C=°,C=%) be a t-structure of C.
Then, the subcategory H := C=°NC=? is abelian and there exists a natural cohomological
functor H : C — H.

Sketch. Due to [1, Thm. 5.7], the pair (U, V) := (C=,C=") forms a cotorsion pair and we
get its heart H. We put N := add(U * V) and consider the relative structure (C,Epr, sx).
Then, since Cone(N,N) = C holds, by Corollary 9, we have the cohomolgical functor
Q : C — C/N. By the universality, we can easily check an equivalence C/N ~ H. ([l

Note that the general heart construction due to Abe-Nakaoka unifies the heart of a t-
structure and Koenig-Zhu'’s abelian quotient C/[N] as mentioned above. Abe-Nakaoka’s
construction can be still understood through Corollary 9. However, we skip the details.
The following example can not be explained by Abe-Nakaoka’s construction.

Example 12. [3, 4] Let C be a triangulated category and U a contravariantly finite rigid
subcategory of C. Then, we have a cohomological functor H := C(U,—) : C — modU

which is factored as follows:
c H
x Loc

(4.1)
c/ut]

where U+ denotes the subcategory of objects X in C with C(4,X) = 0 and Loc is a
Gabriel-Zisman localization which admits left and right fractions.

mod U

Sketch. We clarify how the diagram (4.1) relates to our localization. Firstly, we put
N = Ut and note that Cone(N,N) = C holds. Thus, the localization Q : C — C/N
is, by definition, factored as the ideal quotient 7 : C — C followed by the localization
of C with respect to the multiplicative system 8- which is same as Loc in (4.1). As a
bit more advantage of our results, Corollary 9 explains how the abelian exact structure
on modU ~ C/N inherits from the relative extriangulated structure on the triangulated
category C. Thus, their diagram (4.1) is nothing but our construction (2.1) of the quotient
functor Q. O
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A NEW FRAMEWORK OF
PARTIALLY ADDITIVE ALGEBRAIC GEOMETRY

SHINGO OKUYAMA

ABSTRACT. In this article, we develop an elementary theory of partially additive rings
as a foundation of F;-geometry. Our approach is so concrete that an analog of classical
algebraic geometry is established very straightforwardly.

As applications, we construct (1) a kind of affine group scheme GL,, whose value at
a commutative ring R is the group of n X n invertible matrices over R and at [y is the
n-th symmetric group, and (2) a projective space P" as a kind of scheme and count the
number of points of P*(F,) for ¢ =1 or ¢ = p™ a power of a rational prime.

Key Words:  Partially additive ring, Field with one element, Affine group scheme.
2020 Mathematics Subject Classification:  Primary 14A23; Secondary 14L17.

1. INTRODUCTION

In his 1957 paper [5], J.Tits observed that the correspondence of geometries over a
field £ and the Chevalley groups over k developed in that paper specializes, when k is
the hypothetical “field of characteristic one”, to the correspondence of finite complexes
and the Weyl groups of those Chevalley groups. In the early 1990s, Manin, based on
the ‘beautiful ideas of Deninger and Kurokawa’, proposed to use this hypothetical field
of characteristic one to solve the Riemann hypothesis. Since then, there have been many
attempts to establish a foundation for these ideas, but it seems that the project has not
been settled down yet.

In this paper, we develop an elementary theory of partially additive rings and based
on it, we also develop a kind of scheme theory. As such, Deitmar’s Fi-schemes [2] and
Lorscheid’s blue schemes [3] are relevant to our theory. Deitmar’s theory of Fy-schemes
is a direct analog of the classical scheme theory, where a commutative (multiplicative)
monoid is used in place of a commutative ring. Lorscheid’s theory of blue schemes is based
on the theory of blueprints. A blueprint is a generalization of a commutative ring with
identity in which addition is replaced by a congruence on a semiring N[A], the monoid-
semiring of a commutative monoid A. A Partially additive ring, defined in this paper (
and in [4]), is a special case of a blueprint developed in [3]. It is a part of blueprint
which is the direct partially-additive analog of the non-additive setting of Deitmar and
it can be thought of as an interpolation between commutative rings and commutative
monoids. It is so concrete that an analog of classical algebraic geometry is established
very straightforwardly. As applications, we construct a kind of affine group scheme GL,,
whose value at a commutative ring R is the group of n x n invertible matrices over R
and at [F; is the n-th symmetric group, and we construct a projective space P as a kind

The detailed version of this paper has been submitted to mathematics arXiv [4].



of scheme and count the number of points of P*(F,) for ¢ = 1 or ¢ = p" a power of a
rational prime.

2. PARTIALLY ADDITIVE ALGEBRA

In this section we summarize definitions of the notions in partially additive algebra.
The definition of a partial monoid given below is due to G.Segal.

Definition 1. A partial monoid is a set A, a distinguished element 0 € A, a subset A,
of A x A and a map +: Ay — A such that
(1) Ax{0}u{0} C Ayanda+0=a=0+a, for any a € A.
(2) (a,b) € Ay if (b,a) € Ay and a + b = b+ a, for any a,b € A.
(3) (a,b) € Ay and (a+b,c) € Ay if and only if (b,¢) € Ay and (a,b+c) € Ay, for any
a,b,c € A.

For example, any based set is considered as a partial monoid by giving it a trivial
structure — only the base point 0 can be added to other elements. For another example,
a commutative monoid (thus a commutative group) is a partial monoid where A, is taken
to be the whole set A x A.

Definition 2. Let A, B be partial monoids. A map f: A — B is a homomorphism of
partial monoids if

(1) f(0) =0 and

(2) for all a,b € A, (a,b) € Ay implies (f(a), f(b)) € By and f(a+b) = f(a) + f(b).

Definition 3. A partial ring is a partial monoid with a bilinear, associative and com-
mutative product -: A x A — A and a multiplicative identity 1 € A. More explicitly, a
partial ring is a partial monoid with a product -: A x A — A such that, for all a,b,c € A,
(1) 0-a=0,
(2) if (a,b) € Ag then (a-c,b-c) € A and (a+b)-c=a-b+a-c,
(3) (a-b)-c=a-(b-c),
(4) a-b="b-a, and
(5) 1-a=a.
If every element except for 0 of a partial ring is invertible, we call it a partial field.

For example, any commutative monoid with an absorbing element 0 is a partial ring
in which only 0 can be added to other elements, and any commutative semiring (thus a
commutative ring) with identity is a partial ring. A commutative group with an absorbing
element 0 adjoined and a field are examples of a partial field.

Definition 4. Let A and B be partial rings. A homomorphism of A — B is a homo-
morphism of partial monoids f: A — B which is compatible with the multiplications in
A and B.

For example, if A and B are commutative monoids with an absorbing element, con-
sidered as partial rings, then a homomorphism A — B as partial rings is nothing but
a homomorphism A — B as commutative monoids. For another example, if A and B
are commutative rings with identity considered as partial rings, then a homomorphism



A — B as partial rings is nothing but a homomorphism A — B as commutative rings.
Thus we have full embeddings of categories CMony — PRing and CRing — PRing,
where CMong, PRing and CRing denote the category of commutative monoids with ab-
sorbing element, of partial rings and of commutative rings with identity. In the rest of
this paper, a commutative monoid with absorbing element and a commutative ring with
identity are considered as a partial ring via this embedding.

In the rest of this paper, A is a partial ring.

Definition 5. An A-module is a partial monoid M with an action of A which is bilinear,
associative and unital. More explicitly, an A-module is a partial monoid M and a map
-+ A x M — M such that

(1) for any a € A, the map M — M given by m — a-m is a homomorphism of partial
monoids,

(2) for any m € M, the map A — M given by a — a-m is a homomorphism of partial
monoids,

(3) (a-b)-m=a-(b-m) for any a,b € A and m € M,

(4) 1-m =m for any m € M.

For example, a based set M with an action of a commutative monoid A on it is an A-
module. For another example, an A-module in the usual sense, where A is a commutative
ring, is an A-module in our sense.

Definition 6. Let M and N be A-modules. A homomorphism of A-modules is a
homomorphism of partial monoids f: M — N which is compatible with the actions of A
on M and N.

Let M be an A-module and S C A be a multiplicative subset. As usual, let “* denote
the equivalence class of (s,m) € S x M under the equivalence relation (s,m) ~ (t,n) <=
Ju € S s.t. usn = utm. If we put

STIM = {T

S

(5 )

then S™'M is an A-module in a natural manner. (The definition of (S™'M), may seem
too easy at first look, but it can do, since we can make a common denominator.)

mEM,sES}, and

)

Definition 7. An A-submodule of A is called an ideal of A. An ideal [ is a prime ideal
if A\ [ is multiplicatively closed.

3. EXAMPLES

In this section, partial rings and A-modules of major interests are listed.
Partial rings.

e Partial rings of order 2
If A={0,1} is a partial ring, operations other than 1 + 1 are determined by the
axioms. There are three possibilities of 1+ 1, namely, 1+ 1 = 0,1 and ‘undefined’.
If141=0,A=T,, the field of two elements. If 1 +1 =1, A =B, a “Boolean”



semiring. If 1 4+ 1 is undefined, we denote this partial ring by F;. All these three
are partial fields.

e Let (xq,...,x,) be the commutative monoid generated freely by n indeterminates
x1,...,T, with an absorbing element 0 adjoined.

e Let S be a set of elements of N[zq,...,z,]. We denote by Fy(zy,...,z,|S) the
smallest partial subring of N[z, ..., z,] which contains (z1,...,x,) and any sub-
sum of an element of S can be calculated in it.

e As a special case of the previous example, we consider the case where S consists
of a single element x; + - - - + x,,. In this case, we can show that

Fy(zy,...,zplxy + -+ x,) = { subsum of (1 +---+x,)" | r € N}

and any two elements «, 8 € Fy(zy,...,2,]z1 + -+ + 2,,) are summable in this
partial ring if the sum o+ taken in N[zy, ..., z,] is contained in Fy (21, ..., x,|z1+
-+« + x,). This partial ring represents the summable n-tupples, as there exists an
isomorphism of A-modules
HOHlpRing(F1<x1, . ,l‘n|x1 + e 4 l‘n>, A) = An
for any partial ring A.of partial rings.
A-modules.
e Direct product

A" ={(ar,...,an) | a1,...,a, € A},
(An)g = {(al,...,an;bl,...,bn) | (ai,bi) € AQ, \V/Z}
e Summable n-tuples

A, ={(a1,...,a,) | a1 + -+ a, can be calculated in A},

(Ap)2 = {(&1, ce Q3 by, o by) Z(ai + b;) can be calculated in A}

i=1
e “Hyper summable” n-tuples
A(m) = {(a17 .. ’a,m) c A™ | (clala ce ,cmam) € AmVCz € A},
(A(m)>2 - {(alv ceey Ay bl? s 7bn) | (al + blv R bn) S A(m)}'

4. CONGRUENCES

In this section, we summarize some facts about congruences on a partial ring. Congru-
ence is one of the main points where the analogy between partial algebras and classical
commutative algebras does not go smoothly. This inconsistency is explained simply by
stating the fact that congruences on a partial ring does not correspond bijectively with
ideals in that partial ring. But since the congruence is one of the main tools to construct
a new partial algebra from another, we need to establish the theory of congruences on a
partial ring.

Recall from [1] that an equivalence relation on an object X of a category C with small
limits is a subobject R of X x X such that the injection Hom¢(C, R) — Home(C, X) x
Home(C, X)) induced by the monomorphism R — X x X gives rise to an equivalence



relation on the set Home(C, X)) for all object C' of C. An equivalence relation R is called
effective if it is a kernel pair of a morphism in C. In this paper the word congruence
will be used as a synonym of effective equivalence relation.

If C = CRing, the following are true:

(1) Every equivalence relation is a congruence.

(2) A congruence R on a ring A gives rise to an ideal I(R) = {a—b | (a,b) € C'} of A
and, conversely, an ideal J of A gives rise to a congruence C(J) = {(a,b) |a—b €
J} on A. This establishes a bijective correspondence between congruences on A

and ideals of A.
On the other hand, if C = PRing , the following are true:

(1) An equivalence relation R is a congruence if and only if Ry = (R x R)N (A x A),.
(2) For a congruence R on a ring A, let I(R) be the ideal of A defined by

I(R)={a€ A| (a,0) € R}.

Conversely, for an ideal J of A, let C'(J) be the smallest congruence on A which
contains J x J. This establishes a two way correspondence

C': (ideals of A) = (congruences on A) : I

We have CI(R) C R and J C IC(J) for any congruence R on A and for any ideal
J of A. Thus we have a bijective correspondence between the congruences of the
form C(J) and the ideals of the form I(R).

5. PARTIAL SCHEMES

Let X be the set of the prime ideals of A. For any a € A, let D(a) denote the set of
prime ideals of A which does not contain a. Since D(a) N D(b) = D(ab) for any a,b € A,
D(a)’s for all @ € A constitute a base for a topology on X4, with which we make X, a
topological space.

For any open set U C X4, we put Sy = {s € A|s ¢ P,VP € U} and O,(U) = S;;' A.
Then O/, (U) is a presheaf of partial rings on X 4. Let O4 denote the sheafification of O,.
We put SpecA = (X4, 04).

Definition 8. An affine partial scheme is a partial-ringed space (X, Ox) which is
isomorphic to SpecA for some partial ring A. A partial scheme is a partial-ringed space
(X, Ox) which is locally isomorphic to an affine partial scheme.

Proposition 9. Let Spec A = (X, Ox).

(1) X is quasi-compact.
(2) We have a natural monomorphism A — Ox(X).
(3) If A is a partial field, A= Ox(X).

For a proof, see [4].



6. PROJECTIVE SPACE P AS A PARTIAL SCHEME

Let B be a partial ring given by B = Fi{(yo,...,Yn | Yo + -+ + yn). Let A; be the
0-th part of the localization of B by the multiplicative set {z! | r € N}. It is readily

seen that A; consists of subsums of (Z—l + et %’J—”) If A; ; denotes the localization of A;

7 7

by the multiplicative set {(%) | r € N} we have that A;; = A,;. This allows us to

patch affine pieces X; = SpecA; together to get a partial scheme, which we denote by
Py, If {iy,... i} €{0,1,...,n} is a k-element set, let A;, ; denote the 0-th part of
the localization of B by the multiplicative set generated by z;,, ..., z; . Then we have an
isomorphism X;, N ---NX;, = SpecA,;, ;. Let I’ be a partial field. Assume that there
exists a finite subset E of F' such that for any ay,...,a, € E,(1,a4,...,a,) € F,4; and
elements in F'\ F is not summable with 1. If the cardinal of F is k(F'), we have that the
number of F-valued points of X; N---N X, , t.e. that of homomorphisms from A, _;,
to F'is (k(F) — 1)*x(F)"*. So we can calculate the number of F-valued points of P as

#5(r) = S0 (") et — 1
_{ RF)" 4+ 5(F) +1 if 5(F) #1
T\ e+ DRF) =n+1 i K(F) =1.

Since x(FF,) = ¢ including the case ¢ = 1, we have that

. ¢*+---+qg+1 if ¢ =p?is apower of a prime p
#PB(Fq)_{ i
n+1 if g =1.

Since n + 1 is the number of vertices of an n-simplex, this result can be thought of as a
supportive evidence for a part of the conjecture of Tits [5].

7. LINEAR ALGEBRA OF A-MODULES

Let ¢: A™ — A" be a homomorphism of A-modules. If e; (1 < j < m) and
fi (1 < i < n) denote the elementary vectors of M and N respectively, then ¢ deter-
mines an n X m matrix a = (a;;), where p(e;) = Y 1, a;;f;. For any (ci,...,¢,) €
A™, we have (cieq,...,cmem) € (A™)n. Since @ is a homomorphism, this implies that
(crp(er), ..., cmp(em)) € (A™)m. This implies that (cia41,...cnaim) € As for all i =
1,...,n, so that for a matrix a@ = (a;;) determined by a homomorphism A™ — A", we
have (a;1,...,@m) € Ay for all i = 1,... n. Conversely, a matrix a with this property
determines a homomorphism A™ — A" in an obvious way.

Proposition 10. There exists a bijection between the set of homomorphisms A™ — A"
and the set of n x m matrices whose rows are in Ay). Awn s naturally isomorphic to the
A-module dual of A™.

Let M, ,,,(A) denote the set of n x m matrices whose rows are in A(,,). Unfortunately,
M, (A) is not a functor of A, since the correspondence A — A, is not functorial.
We remedy this defect by considering A,, as a functorial approximation to A,y and use
A, in place of A(,y. A supporting evidence that we can use A, as an approximation to



Ay is that these two A-modules coincide for an important class of partial rings such as
commutative monoids with absorbing element and commutative rings with identity. This
observation leads to the following definition:

In this paper we say that a partial ring A is good if A, = A,).

Now, let M, . (A) denote the set of n x m matrices whose rows are in A,,. Since an
element of M , (A) is not “genuine” matrices, i.e. does not correspond to an A-module
homomorphism, M;(A) = M, ,(A) is only a non-commutative partial magma, while
M,(A) = M, ,(A) is a (genuine) monoid by the usual matrix product. Similarly, if we
put GL,(A) = GL,(A) N M/ (A), where GL,(A) is the group of invertible matrices in
M, (A), then GL](A) is only a non-commutative partial group. A definition of partial
group is given in [4].

8. MAIN RESULT

Let PGrp and Grp denote the category of partial groups and groups, respectively. We
will give a definition of a good partial ring in the talk. Commutative monoids with
absorbing element 0 and commutative rings with identity are examples of good partial
rings.

Theorem 11. There exists a representable functor GL! : PRing — PGrp which enjoys
the following properties:

(1) its restriction to the category of good partial rings factors as v o GL,, where ¢ is
the canonical inclusion Grp — PGrp.

(2) If A is a commutative rings with identity, then GL] (A) = GL,,(A) is the group of
n-th general linear group with entries in A, and

(3) GL/,(F,) = GL,(F,) = &,, is the n-th symmetric group.

Proof. Let N[z, y;; (1 < 4,7 < n)] be the semiring of polynomials of 2n? indeterminates
Tij, ¥ij (1 < 1,7 < n). Consider n x n matrices X = (2;;),Y = (v;5),Z = XY = (z;)
and W =YX = (w;;). Let K be the subset of N[z;;,y;; (1 < ,j < n)] consisting of 4n
elements

Ty =T+ T (1 <0 <n),

Yi=Yia+ -+ yn (1 <i<n),

zi=zp+ -+ 2z (1 <i<n)and
We put G' = Fy(x;j,y:; (1 <4,5 <n)|K). Let Q be the smallest congruence on G’ which
contains 2n? pairs (z;;, ;) and (w;j, ;) (1 < 4,7 < n). Then we put G = G'/Q.

Next, let N = Nz, yij, z};, yj; (1 < 4,5 < n)] be the semiring of polynomials of 4n?

indeterminates 5, 5, i, ¥i; (1 < i, j < n). Consider n x n matrices

X = (f[)ij),y = (y”),Z = XY = (Zij),W =YX = (wij),
X' = (.CE;]-),Y/ = (y;j), 7' =XY = (zgj), W =YX = (ng),
S = XX/ = (Sm‘),T = Y/Y = (tij)7 U= ST = (uij)7 V = TS = (U'L’j)-

We put
/ ! ! / .
L =A{x;, yi, ziywi, x5, s, 21, Wy Siy by g, 0|1 < i < m b



where *; denotes the sum of i-th row of a matrix indicated by the capital of the same
letter . We put H' = Fi(zij, yij, vi;, yi; (1 < 4,5 < n)|L). Let R be the smallest congru-
ence on H' which contains 61 pairs (2, di;), (wij, i5), (215, 055), (Wi, di;), (uij, ;) and
(vij, 0ij) (1 <'i,j <n). Then we put H = H'/R. A partial cogroup structure on G is given
by a series of partial ring homomorphisms, for the details of which we refer the reader to
[4]. O

Remark 12. Above theorem suggests that analogies between the symmetric group and the
general linear group can be unified to a single statement about a single object GL,,. It
also shows that if we have an intermediate good partial ring A between [y and I, where

= p? is a power of a prime p, there exists an intermidiate group GIL,(A). It is proved
that commutative submonoids with absorbing element and subfields of F, exhausts the
intermediate partial rings between F; and F,. Anyway, a more detailed investigation is
needed in this direction.
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HIGHER VERSIONS OF MORPHISMS REPRESENTED BY
MONOMORPHISMS

YUYA OTAKE

ABSTRACT. In this article, we introduce and study a new class of morphisms which in-
cludes morphisms represented by monomorphisms in the sense of Auslander and Bridger.
As an application, we give a common generalization of several results due to Auslander
and Bridger that describe relationships between torsionfreeness and the grades of Ext
modules.

Key Words:  morphism represented by monomorphisms, n-torsionfree module, syzygy,
(Auslander) transpose, grade.

2000 Mathematics Subject Classification: — 13D02, 16E05, 16D90.

1. INTRODUCTION

Throughout this article, let R be a two-sided noetherian ring. We assume that all
modules are finitely generated right ones. It is a natural and classical question to ask
when a given homomorphism of R-modules is stably equivalent to another homomorphism
satisfying certain good properties. A well-studied one is about stable equivalence to a
monomorphism: A homomorphism f: X — Y of R-modules is said to be represented by
monomorphisms if there is an R-homomorphism ¢ : X — P with P projective such that
({) : X = Y @& P is a monomorphism. This notion has been introduced by Auslander
and Bridger [1], and later studied in detail by Kato [3]. Among other things, Kato gave
the following characterization; we denote by Tr(—) the (Auslander) transpose.

Theorem 1 (Kato). Let f : X — Y be an R-homomorphism. Then the following are
equivalent.

(1) The morphism f is represented by monomorphisms.
e map Extpop (1T, T Extpep (1T X, — BExtprop (1T Y, 18 1njective.
2) Th Extpop (Tr f, R) : Extpop (Tr X, R) — Extpop (TrY, R) is injecti

Motivated by the above theorem, we define a condition which we call (T,,) for each
integer n > 0 so that (T;) is equivalent to being represented by monomorphisms, and find
out several properties.

The notion of n-torsionfree modules was also introduced by Auslander and Bridger [1]:
An R-module M is called n-torsionfree if Exto, (Tr M, R) = 0 for all 1 < i < n. Auslander
and Bridger found various important properties related to n-torsionfree modules. For
example, for an R-module M, Auslander and Bridger figured out the relationship between
the grade of the Ext module Ext}(M, R) and the torsionfreeness of the syzygy M.
This result has been playing an important role in studies on n-torsionfree modules. As
an application of a result stated in Section 2, we give a higher version of Auslander and

The detailed version [5] of this article has been submitted for publication elsewhere.



Bridger’s theorem in Section 3. It gives a common generalization of [1, Propositions 2.26,
2.28 and Corollary 2.32].

2. THE cONDITION (T),)

We begin with introducing the new condition (T,) for R-homomorphisms. It is a
natural extension of the condition (2) in Theorem 1.

Definition 2. Let n > 1 be an integer. We say that a homomorphism f : X — Y of
R-modules satisfies (T),,) if the map Extpo, (Tt f, R) is bijective for all 1 <i <n —1 and
Extlhop (Tr f, R) is injective. In addition, we provide that every R-homomorphism satisfies
(To).

In order to describe several properties related to the condition (T,,), we use the following
terminology.

Definition 3. [3, Definition and Lemma 2.11] Let f : X — Y be a homomorphism of
R-modules. Let s : P — Y be an epimorphism with P projective. The module Kerf is
defined as Ker ((f,s) : X @ P — Y). The module Kerf is uniquely determined by f up
to projective summands.

For an R-homomorphism f, we denote by Cok f the cokernel of f. The kernel and the
cokernel of the homomorphim f are related to the module Kerf as follows.

Lemma 4. [3, Lemma 2.17, Theorem 4.12] Let f : X — Y be a homomorphism of R-
modules. Lett: () —'Y be an epimorphism with (Q projective. Then there exists an exact
sequence

0— Ker f — Kerf - Q — Cok f — 0.

Let M be an R-module. The grade of M, which is denoted by gradep M, is defined
to be the infimum of integers i such that Ext% (M, R) = 0. The relationship between the
grades of Ext modules and the torsionfreeness of modules has been actively studied; the
works of Auslander and Bridger [1] and Auslander and Reiten [2] are among the most
celebrated studies. The following theorem is the first main theorem of this article, which
interprets the condition (T),) in terms of grades and torsionfreeness.

Theorem 5. Let n > 1 be an integer. Consider the following conditions for an R-
homomorphism f: X — Y.

(an) The homomorphism f satisfies the condition (T,,).

(bn) The R-module Kerf is n-torsionfree.

(cn) There is an inequality grade o, Ker Extp(f, R) > n.

Then the following implications hold.
(an) A (bns1) = (cn), (bn) A (cn) = (an), (an) A (cn1) = (bn).

Let us consider an application of the above theorem. The following corollary is none
other than [3, Theorem 4.2], which gives a simple characterization of the morphisms
represented by monomorphisms when R is commutative and generically Gorenstein (e.g.,
when R is an integral domain). We can deduce it from Theorem 5.



Corollary 6 (Kato). Suppose that R is commutative and the total ring Q(R) of fractions
of R is Gorenstein. Let f : X — Y be a homomorphism of R-modules. Then f s
represented by monomorphisms if and only if Ker f is torsionless.

Proof. Since Q(R) is Gorenstein, the torsionless property is closed under extensions; see [4,
Theorem 2.3 for instance. Hence, by Lemma 4, Ker f is torsionless if and only if so is Ker f.
Suppose that Ker f is torsionless. By [1, Proposition 4.21], we have grade Ker Ext*(f, R) >
1. It follows from Theorem 5 that f is represented by monomorphisms. 0

3. GRADE INEQUALITIES OF EXT MODULES

In this section, as an application of Theorem 5, we consider the grades of Ext modules.
Let M be an R-module and n > 1 an integer. Auslander and Bridger [1] state and prove
a criterion for Q*M to be i-torsionfree for 1 < i < n. By using Theorem 5, we can recover
[1, Proposition 2.26], which is the most fundamental theorem in studies on n-torsionfree
modules.

Corollary 7 (Auslander—Bridger). Let n > 1 be an integer and M an R-module. The
following are equivalent.

(1) The inequality gradepop Ext’ (M, R) > i — 1 holds for all 1 < i < n.

(2) The syzygy SY'M 1is i-torsionfree for all 1 < i < n.

Proof. We use induction on n. The assertion is trivial for n = 1. Let n > 1. Assume
that (1) or (2) holds. Then Q"M is i-torsionfree for all 1 < i < n — 1 by the induction
hypothesis. Let f : P — Q"' M be an epimorphism with P projective. Then f satisfies
(T,). It follows from Theorem 5 that grade Ker Ext'(f, R) > n — 1 if and only if Kerf is
n-torsionfree. As Ker Ext'(f, R) = Ext'(Q""'M, R) = Ext™(M, R) and Kerf = Q"M we
have the desired result. 0

The results [1, Proposition 2.26 and Corollary 2.32] describe the relationship between
the grades of Ext modules and the torsionfreeness of syzygy modules, and the relationship
of them with the natural map ¢, : Tr Q' Tr Q*M — M being represented by monomor-
phisms. The main result of this section is the following theorem, which gives a common
generalization of [1, Propositions 2.26, 2.28 and Corollary 2.32].

Theorem 8. Letn > 1 and j > 0 be integers and M an R-module. The following are
equivalent.
(1) The inequality gradepop Ext’y (M, R) > i+ j — 1 holds for all 1 < i < n.
(2) The syzygy Q'M is i-torsionfree and the natural map ¥4, : TeQQ TrQ'M — M
satisfies the condition (T;) for all 1 <1i <mn.
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THE REDUCTION NUMBER OF STRETCHED IDEALS

KAZUHO OZEKI

ABSTRACT. The homological property of the associated graded ring of an ideal is an
important problem in commutative algebra. In this report we explore the structure of
the associated graded ring of stretched m-primary ideals in the case where the reduction
number attains almost minimal value in a Cohen-Macaulay local ring (A,m). As an
application, we present complete descriptions of the associated graded ring of stretched
m-primary ideals with small reduction number.

Key Words:  commutative ring, stretched local ring, stretched ideal, Cohen-Macaulay
local ring, associated graded ring, Hilbert function, Hilbert coefficient.
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1. INTRODUCTION

Throughout this report, let A be a Cohen-Macaulay local ring with maximal ideal m
and d = dim A > 0. For simplicity, we may assume the residue class field A/m is infinite.
Let I be an m-primary ideal in A and let

R=R(I):=A[lt] CA[t] and R =R'(I):=A[lt,t7'] C A[t,t7]
denote, respectively, the Rees algebra and the extended Rees algebra of I. Let
G=G(I)=R/it'R=gr/a
n>0

denotes the associated graded ring of I. Let £4(N) denotes, for an A-module N, the
length of V.
Let Q = (aj,as, -+ ,aq) C I be a parameter ideal in A which forms a reduction of I.

We set
ny=ng(l) :=min{n >0 | " CQ} and r;=rg(Il):=min{n >0 | I"" =QI"},

respectively, denote the index of nilpotency and the reduction number of I with respect
to . Then it is easy to see that the inequality r; > n; always holds true.

The notion of stretched Cohen-Macaulay local rings was introduced by J. Sally. We say
that the ring A is stretched if £4(Q +m?/Q +m3) = 1 holds true, i.e. the ideal (m/Q)? is
principal, for some parameter ideal @) in A which forms a reduction of m ([9]). We note
here that this condition depends on the choice of a reduction ) (see [8, Example 2.3]). She
showed that the equality rg(m) = ng(m) holds true if and only if the associated graded
ring G(m) of m is Cohen-Macaulay in the case where the base local ring A is stretched.

The detailed version of this paper has been submitted for publication elsewhere.



In 2001, Rossi and Valla [8] gave the notion of stretched m-primary ideals. We say that
the m-primary ideal [ is stretched if the following two conditions
(1) QN I*=QI and
(2) La(Q+1?/Q+1%) =1
hold true for some parameter ideal () in A which forms a reduction of I. We notice that
the first condition is naturally satisfied if I = m so that this extends the classical definition
of stretched local rings given in [9].
Throughout this report, a stretched m-primary ideal I will come always equipped with
a parameter ideal ) in A which forms a reduction of I such that Q N I? = QI and
CA(I*+ Q/I? + Q) = 1. Rossi and Valla [8] showed that the equality r; = n; holds true
if and only if the associated graded ring G is Cohen-Macaulay in the case where I is
stretched. Thus stretched m-primary ideals whose reduction number attends to minimal
value enjoy nice properties.
In this report we will also study the Hilbert coefficients of stretched m-primary ideals.
As is well known, for a given m-primary ideal I, there exist integers {ex(I)}o<r<q such
that the equality

CA(A/T"Y) = ep(D) (n ; d) —e (1) <" zfz 1) + o+ (—1)%eq(1)

holds true for all integers n > 0. For each 0 < k < d, ex(I) is called the k-th Hilbert
coefficient of 1. We set the power series

HS;(z Z Ca(Im )14 2"

and call it the Hilbert series of I. It is also well known that this series is rational and
that there exists a polynomial hy(z) with integer coefficients such that h;(1) # 0 and

hi(z)
1—-z)*

The purpose of this report is to explore the structure of associated graded ring of
stretched m-primary ideal I in the case where the reduction number attains almost min-
imal value.

The main result of this report is the following.

HS](Z) =

Theorem 1. Suppose that I is stretched and assume that the equality r1 = ny + 1 is
satisfied. Then the following assertions hold true where s = min{n > 1| QNI"* £ QI"}.
(1) depthG =d —1,
(2) ex(I) = eo(I) = La(A/T) + (") — s+ 1,
(3) ex(I) = (721:12) —(§) forall2 <k <d,
(4) Lo(A/IMT) = szo( Ve (1) ("2 ") for all n > max{0,n; —d + 1}, and
(5) the Hilbert series HS(z) of I is given by

Ca(A/T) +{eo(I) = La(A/T) =y + 1}z + Ygcicn 1,05 2
(1= 2)

HSi(z) =



Corollary 2. Suppose that I is stretched and assume that I"'2 = QI™* (i.e. r; <
ny+ 1), then depthG > d — 1.

As an application, we give the depth of the associated graded ring of stretched m-
primary ideals with reduction number at most four as follows.

Corollary 3 (Corollary 19). Suppose that I is stretched and assume that I° = QI* (i.e.
rr < 4), then depthG > d — 1.

2. PRELIMINARY STEPS

The purpose of this section is to summarize some results on the structure of the stretched
m-primary ideals, which we need throughout this report.

We set a,, = £a(I"1/QI™) for n > 1. We then have the following lemma which was
given by Rossi and Valla.

Lemma 4. ([7, Lemma 2.4]) Suppose that I is stretched. Then we have the following.

(1) There exists x,y € I\Q such that I"** = QI™ + (z™y) holds true for all n > 1.
(2) The map

[n-i-l/Q[n £> [n+2/QIn+1
15 surjective for alln > 1. Therefore o, > 1 for allm > 1.
(3) LA(I™H/QI™ + I"T2) < 1 for alln > 1.

We set
AN=Ar=Ag(I)={n>1|QI" ' NIt /QI" # (0)}

and |A| denotes the cardinality of the set A. Then the following proposition is satisfied.

Proposition 5. Suppose that I is stretched. Then we have the following.
(1) o] = EA(I2 + Q/Q) =nr—1.
(2) an=an1—1ifné¢A anda, =a, 1 ifn €N forall2<n<r;—1.
(3) |A| =Ty —nyg.

We notice here that a; = €4(1*/QI) = eq(I) + (d —1)0a(A/T) — €4(I/I?) holds true, so
that n; = a1 + 1 doesn’t depend on a minimal reduction () of I for stretched m-primary
ideals 1.

3. THE STRUCTURE OF SALLY MODULES

In this report we need the notion of Sally modules for computing to the Hilbert coeffi-
cients of ideals. The purpose of this section is to summarize some results and techniques
on the Sally modules which we need throughout this report. Remark that in this section
m-primary ideals I are not necessarily stretched.

Let T = R(Q) = A[Qt] C A[t] denotes the Rees algebra of Q). Following Vasconcelos
[10], we consider

S=SoI)=IR/IT =1 /Q"I
n>1
the Sally module of I with respect to Q.
We give one remark about Sally modules. See [3, 10| for further information.



Remark 6 ([3, 10]). We notice that S is a finitely generated graded T-module and m™S =
(0) for all n > 0. We have Assy S C {mT'} so that dimp S = d if S # (0).

From now on, let us introduce some techniques, being inspired by [1, 2], which plays
a crucial role throughout this report. See [6, Section 3] (also [5, Section 2] for the case
where I = m) for the detailed proofs.

We denote by E(m), for a graded module E and each m € Z, the graded module whose
grading is given by [E(m)],, = E;1y, for all n € Z.

We have an exact sequence

0K 5 FS G- R/IR+T -0 (1))

of graded T-modules induced by tensoring the canonical exact sequence

0TS R— R/T—0

of graded T-modules with A/I where p_; = A/l ®i, K&V =Keryp_,, and F = T/IT =
(A/D)[X1, Xo,- -+, X4] is a polynomial ring with d indeterminates over the residue class
ring A/1.

Lemma 7. ([5]) There exists an exact sequence
0= KO(—1) = ([R/IIR+T), @ F)(-1) 8 R/IR+T — S/IS(—=1) =0 (fo)
of graded T-modules where K© = Ker yy.

Notice that Assy K™ C {mT} for all m = —1,0, because F = (A/I)[X1, Xo,- -, X4
is a polynomial ring over the residue ring A/I and [R/IR+T)]; ® F is a maximal Cohen-
Macaulay module over F'.

We then have the following proposition by the exact sequences (T_1) and (o).

Proposition 8. ([6, Lemma 3.3]) We have

LA/ I™) = LA/ + @D(n}_ﬁ 1) — /I +@]>(n§$2>

+ Lal[S/18)0mr) = La(BTY) = (K
for alln > 0.
We also need the notion of filtration of the Sally module which was introduced by M.
Vaz Pinto [11] as follows.
Definition 9. ([11]) We set, for each m > 1,
St = [ R/ I (2 I R/ITT (—m + 1)).

We notice that SO = S, and S are finitely generated graded T-modules for all
m > 1, since R is a module-finite extension of the graded ring 7T'.
The following lemma follows by the definition of the graded module S™.

Lemma 10. Let m > 1 be an integer. Then the following assertions hold true.
(1) m"S(™) = (0) for integers n > 0; hence dimyS™ < d.



(2) The homogeneous components {Sém)}nez of the graded T-module S are given
by
n - In+1/Qn—m+1lm an 2 m.
Let L™ =TS be a graded T-submodule of S™ generated by S and
D™ = (I™/QI™) © (Af Anna (1™ /QI™)) [ X1, Xo, -+, X4
= ([m+1/Q]m)[X17X27"' aXd]

for m > 1 (c.f. [11, Section 2]).
We then have the following lemma.

Lemma 11. ([11, Section 2|) The following assertions hold true for m > 1.
(1) Stm)/Lm) = §(m+1) 54 that the sequence
0— LM — §m 5 gm+h)

18 exact as graded T-modules.
(2) There is a surjective homomorphism 0, - D" (—m) — L™ graded T-modules.

For each m > 1, tensoring the exact sequence
0— L™ — gtm 5 gmth g
and the surjective homomorphism 6, : D™ (—m) — L™ of graded T-modules with A/I,
we get the exact sequence
0 — K™ (=m) — D™ /ID™ (—m) 2% §m /15 — gmH+l) /1gm+l) 0 (4,,)

of graded F-modules where K™ = Ker ¢,),.

Notice here that, for all m > 1, we have Assy K™ C {mT} because D™ /ID(™ =
(I™*/QI™ + I™2)[ Xy, Xy, - -+, X4] is a maximal Cohen-Macaulay module over F'.

We then have the following result by Proposition 8 and exact sequences (T,,) for m > 1.

Proposition 12. The following assertions hold true:

(1) We have
LaI/I) = {La(A/T + Q) + mz LA™ /QI™ + 1)) (” . 1)
- ;(—1)’“ {,:2;1 (mZ 1)gA(]m+1/QIm + ]m+2)} (n ;ril;fz 1)
- Z Ca(KY™0)

for all n > max{0,r; —d + 1}.

rr—1 rr—1

(2) eo(I) = KA(A/]Q‘FQ)"‘Z CA(I™H)QI™ 12 — Z ETP(Kém)) where P = mT.

m=1 m=-—1



4. PROOF OF MAIN THEOREM

Let B =T/mT = (A/m)[Xy, X, -+, X4] which is a polynomial ring with d indetermi-
nates over the field A/m. We notice that D™ /ID™ = B for m > 1 if I is stretched.
Then, thanks to Lemma 4 and Proposition 12, we can get the following proposition.

Proposition 13. Suppose that I is stretched. Then the following assertions hold true:
(1) We have
n+d
gA(A/[TH-l) — {eO(I)+r1—n1}< d )

R E Ry

rr rr—1 n

k rr+ 1 n+d—k (m)

+ e (V) () - X R
k=2 m=—1 i=0

for all n > max{0,r; — d}.

rr—1

(2) Z ETP(Kgn)) =r; —nr = |A| where P =mT.

Now we get the following result of Sally and Rossi-Valla as a corollary.

Corollary 14. (]9, Corollary 2.4], [8, Theorem 2.6]) Suppose that I is stretched. Then the
equality r; = ny holds true if and only if the associated graded ring G is Cohen-Macaulay.
When this is the case the following assertions also follow.

W et = en) - it/ + ()

ny+1
2 1) = 2 <k <d.
(2) ex(1) (k+1)f07" <k<d
(3) The Hilbert series HS[(z) of I is given by
Ca(A/T) +{eo(T) = Ca(A/T) =y + 1} e+ Fgcpc, 2
HSi(z) = 1= == .

The following proposition plays an important role for our proof of Theorem 1.

Proposition 15. Suppose that I is stretched and assume that r; = n; + 1. We set
s=min{n > 1| QNI"" £ QI"}. Then the following conditions hold true:

(1) K™ = B(—s +m + 1) as graded T-modules and K™ = (0) for all n # m for
either of m = —1 or m = 0.
(2) depthG =d — 1.
5. APPLICATIONS

In this section let us introduce some applications of Theorem 1. We study the structure
of stretched m-primary ideals with small reduction number.

Remark 16. Suppose that [ is stretched. We notice that we have n;,r; > 2, and G is
Cohen-Macaulay if r; = 2.



We have the following proposition for the case where the reduction number is three.

Proposition 17. Suppose that I is stretched and assume that r; = 3. Then we have
A C {2} and the following condition holds true.

(1) Suppose A =10. Then
() nr=3, a1 =2, 0 =1,
(13) er(I) = eo(I) — La(A/I) + 3, ex(I) =4 ifd > 2, e3(I) =1, if d > 3, and
e;(I) =0 ford <i<d, and
(i1i) G is Cohen-Macaulay.
(2) Suppose A = {2}. Then
(Z) ’I’L[:2, 0[12042:1,
(17) er(I) = eo(d) — la(A/I) +2, es(I) =3 ifd > 2, e3(I) =1, if d > 3, and
ei(I)=0 ford <i<d, and
(1ii) depthG =d — 1.

Proof. Since ny = r; —|A|, the assertions (1) and (2) follow by Corollary 14 and Theorem
1 respectively. O

The following theorem determine the structure of stretched m-primary ideals with re-
duction number four.

Theorem 18. Suppose that I is stretched and assume that r; = 4. Then we have A C
{2,3} and the following conditions hold true.

(1) Suppose A =10. Then
(1)) np=4, 01 =3, ag =2, az =1,
(17) er(I) = eg(I) —L4(A/T)+6, ex(I) =10 if d > 2, e3(1) =5, ifd > 3, eq(I) = 1
ifd>4, and e;(I) =0 for 5 <i<d, and
(i1) G is Cohen-Macaulay.
(2) Suppose A = {2}. Then
(Z) Tl]:3, Oé1:Oz2:2, (13:1,
(17) er(I) = eo(I) —la(A/I)+5,ea(l) =9 if d > 2, e3(I) =5, if d >3, eq(I) =1
ifd >4, and e;(I) =0 for 5 <i<d, and
(77i) depthG =d — 1
(3) Suppose A = {3}. Then
()ny=3, a1 =2, g =g =1,
(17) er(I) = eo(I) —La(A/I)+4, ea(l) =T ifd>2,e3(I) =4, if d >3, eq(I) =1
ifd>4, and e;(I) =0 for5<i<d, and
(73i) depthG =d — 1.
(4) Suppose A ={2,3}. Then
()np=2, 01 =ay=ag =1,
(17) er(I) = eg(I) —la(AJI)+3,ex(l) =6 if d > 2, e3(I) =4, if d >3, eq(I) =1
if d>4, and e;(I) =0 for 5 <i<d, and
(17i) depthG =d — 1.

Proof. The assertions (1), (2), and (3) follow by Corollary 14 and Theorem 1. Suppose
that A = {2, 3} then we have a; =n;—1 =1r;—|A|—1= 1. Thanks to [7, Theorem 2.1],
[12, Theorem 3.1}, and [4, Corollary 2.11], we obtain the assertion (4). O



We can get the following corollary by Proposition 17 and Theorem 18.

Corollary 19. Suppose that I is stretched and assume that I> = QI* (i.e. r; < 4), then
depthG > d — 1.
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THE SPECTRUM OF GROTHENDIECK MONOID

SHUNYA SAITO

ABSTRACT. The Grothendieck monoid of an exact category is a monoid version of the
Grothendieck group. We use it to classify Serre subcategories of an exact category and to
reconstruct the topology of a noetherian scheme. We first construct bijections between (i)
the set of Serre subcategories of an exact category, (ii) the set of faces of its Grothendieck
monoid, and (iii) the monoid spectrum of its Grothendieck monoid. By using (ii), we
classify Serre subcategories of exact categories related to a finite dimensional algebra
and a smooth projective curve. For this, we determine the Grothendieck monoid of the
category of coherent sheaves on a smooth projective curve. By using (iii), we introduce
a topology on the set of Serre subcategories. As a consequence, we recover the topology
of a noetherian scheme from the Grothendieck monoid.

Key Words:  Grothendieck monoid; exact categories; reconstruction theorem.
2000 Mathematics Subject Classification: — 18E10, 16G10, 14H60.

1962 FDFHX [2] IZBWT, Gabriel 1& 4 — & — AR D HNEEE D Serre {57 2 38 AR
I N7 0EACTHE L. LUK, B FHMEIRORIGMCB I 2 FERT —<
THOHITITWS. Hi [2] 1ITBWT Gabriel i3 f—&— « 2% — L4 X 220D LoEE
JEDE Qcoh X 22 BRI L7z, ZAUIRMAFEAINR X & 7 — L Qeoh X DEMTH %
e EKT 5. —#HO Gabriel DEFIIRMAAIN R % B 2 8 U TN 2 IERT A B0%
e VWS FFICHEL, SHTIIIRORIG & BRI OEELRATMA L o T
%. AFTE[3] 12D WT, Grothendieck €/ A R 2 FEEN 2 EOARE R VW5
2B D Serre BIPEDNE L A—R— « AX—LDOMHEDETIZOVTHNT 5.

F1HEITE, TEBEOfHLRES L Grothendieck €/ 4 FOEEREE 2 5. H2HT
X, EEBEOETE  Grothendieck €/ 4 K DEDEADRENIHISZIED, ZHd3 Serre
ol BROEZFOHTE /A FOMICEHFEEZ 22 28N T 5. HIHT
X, ETAHHE ) A FORRY 5 AIZOWTHEE L, #EEOE D Grothendieck E /
A RDRARI N FTL%2ERLIETIEDA—R— « AF—LDONHENMETTTE S Z & Zif
N3 5.

AFCBVTEIE TR TAEMNNTHZ 55, BCINLTIC|TCORNRDFE
HOREEZRT. £CONR X OFAEHBFE LIS X TRT. EEOEDEIITTHHE
SETHHABTHEUTWE T 5. £/ 4 FIZHEMTERORERLEEZIE L, MINENE
EEHWS. JFERBRHOES NIZ@EFEOBEMNEEICIDE /A FERRT. 2 —&—
BR AT LT mod A THIRAERK (G)AMBFOEZRT. 2 —X—+ AF—L4 X ITHLT
coh X TX LOEEEOEZET.

The detailed version of this paper will be submitted for publication elsewhere.



1. 524 ¥ GROTHENDIECK &/ 4 K

ZDHITIE, AREDFEREBENRTH 5552E ¥ Grothendieck €/ 4 REENT 5. 5T
£ (exact category) &%, HFATES (conflation) & FHIN 25 DF|0 - A — B —
C = 0PMEESINIIMEETH T, WL O0DEMELTHDOTH 2. FLVER
F 4, B E ZRX FREORIUTOLS2bD0H 5 !

Example 1.
(1) 7=V AR L THTRIEIEET 2 2 e TR2E L R 5.
(2) MERE CIFEFRsER e L ThREEes|

1
O—>AM>A®BM>B—>O

ZIEST 2 Z e TREE Y 5. ¥ IEHEHITRW T — VB3R 5
DDERERENFET .

(3) 7=~ E A DERIIE E BHRATE L % (closed under extensions) &3, {E
BEDADHTERIN0 A —-B—>C—=0XHLT, ACeERrbEBel
5L EICED. ADEERYITETDENEICASDDEFFATEYIE LTHHE
THILTERTRENCRS.

(4) R —X2—r[#fEMr 35, Zorx, RN BEBNEE (torsionfree module) D
723 mod R DERITEE tf RIFIER TR ZHDETH 5. KXo T (3) & bl
75, FEIEes|

[ 4] [11]

0R—>R™ —3 R0
I tf R DFFBSERINED, ¥ TRWIEHIT r € RIIH L THESERF
(1.1) 0—+R—5R— R/xR—0
i tf R OFFASERYITIER .
K27 —~ILE D Grothendieck FHZDOWTHEE L X 5. 7—~ULE A D Grothendieck

BEKo(A) 1, ADNROFABSEATER XN S HH T — L EE% Euler BRI THE| 5727 —
NUVEEY LTEREINS .

Ko(A) == @D ZX/(A—B+C\0—>A—>B—>C—>0¢i%§%/£ﬂ>.
XelA|

WMRX € ADKo(A) BT 2FIREY [(X] TRT. WD L 2ITEREDETRS
0= A— B—C— 0L TKy(A) B Z2ERX [B] = [A] + [C] BKILT 5. LITT
DA B ERIC Grothendieck BHE Z D X 5 M E 272 3 7 —_XAHOP TR O HENZ S
DTH 5.
Definition 2. 7 —~/VE A EO 7 —~VH GIZMEZ FOMNERBI (additive func-
tion) &1X, BB f: |A > G THoTRBMRILTE2DDEED

o HEX f(0) =022 F 5. DEDELuENRIT G DHEAITTITHINT 5.

o EEDHFERFN0 - A — B— C — 0 LUTER f(B) = f(A) + f(O) D3RAL

T 5.
Proposition 3. 7 — )L A0 U TRPMILT 5.
(1) BB [-]: |A] = Ko(A) IZINIERIEETH 5.



(2) EFED A LD 7 —~OVEE G IZEZ RO NIERBIEL f 8 I B AR IER B
=] JA| = Ko(A) Z—FEICHRHT %
[/ [——ye
A
Sl
Ko(A)
ZDEEMEE D 2 IELEE D Grothendieck £/ 4 FZRXD XS ITERT 5.

Definition 4. £ Z5E2E Y 3 5.
(1) € LDE/ A F M IZEZFROINEIBEEE X, BAR f: €] > M TH o TR
VERbDEED
o HEX f(0) =0T 5. DF DL RIT M OHEAITTITHIGT 5.
o TEDHAEERYN0 - A— B—C =0 LTER f(B) = f(A)+ f(O)
DR T 5.
(2) £ D Grothendieck €/ K M(&) = (M(E), 1) &1, T/ A FM(E) & IMERIES
Br: |E] = ME) DHTH > TREMTHDTH S :
o EEDE LDE/ 4 ¥ M IMEZ RO NERIBIE fI3FE IS 7 |E] = Ko(€) &
—RICEHT %:

& —L— M

R

M(€)
ZDrE, TEOMR X c 1T LT[X]:=n(X) 2&RT.

Grothendieck €/ A NIIMEREDFERENIN U THEBISHFIET 5 [1, Proposition 3.3]. &
Br: |E] = ME)DINMENTDHZZEDBHE A4 F ME) IZBWTRDOERDIH AL
5.

e (0] =0. 2F D EXNRITHEAITITHIET 5.

o EREDMWERFN0 - A— B—C—0NLTI[B]=[A]+][C].

o TEDZODMGE A BT LT[A® B] = [A] +[B].
REOERIX, TLBORM I DY HHETELINI0 - A — AD B — B — 0 DVF AT
RHNTHZZ e HHES. Grothendieck E / 4 FOEARZEEFNIRD LS5 7%bDH
H5.

Example 5.
(1) A2 EOERIXTTRB L T5. 2O EXTTRT MITE/ 4 FOFREY
dim: M(mod A) = N®"
252 %. ZITnldHEMAMBEORAEOER TS 5.
(2) & b—MB15EEE € A3 Jordan-Holder 2723 & %, RDE/ A4 FORMDD 5 :
M(mod A) — N®sme,

Z T Tsim&E e & DRFERMNROFRHORETH 2. FFMlllX (1] 22
.



1% 12 Grothendieck £ £ Grothendieck </ 4 F DR Z IR 3.

Remark 6. 7 —~)VEDEE L R L TIE2E € @ Grothendieck B Ko(£) ZEFET %
ZEMTES.
(1) —fCE/ 4 K M 267 —~LEf gpM %S % B¥5efis(t (group completion)
LWIERERD B, THUC K D BTFHIBERE gp o M(E) =2 Ko (€) DE BB,
(2) Grothendieck €/ 4 F M(E) & Grothendieck B D IE&R 7Y
Kg (€) == {[X] € Ko(€) | X € &}
=Lz, EE, RExr—X -8 e 37U (1.1) &b
[R/xR] = [R] — [R] =0
23 Ko(mod R) IZBWTHALT 5. —75, 5E2ED Grothendieck €./ A N DG
HHEBETHROHEIE M(mod R) ICBWTERTRWILEED S [1, Proposition
3.5].

2. GROTHENDIECK & / 4 R &2\ 0B o548

ZOHITIX, ELE DD BEDETED Grothendieck €/ 4 FOWDESZHWTH
HTZX2Z 2N d 2. LT EIRTELELE T 5. Grothendieck E 7 4 K M(E) DEBIE

Bt & DB L TROMIGEHE Z 5.
o [TEDEDHDEDITKHLT, ME) DFHNES Mp ZRTED S .
Mp := {[X] € M(&) | X € D}.
o [EED M(E) DEHEE NI LT, £ DFE Dy ZRTED S -
Dy :={X e |[X]e N}
RO BH Y e 725 XS RE B D2 Z AT TEAT 5.
Definition 7. £ D877 E D 25 c-EHETEIL % (closed under c-equivalence) & %\
13 c-FABBSE (c-closed subcategory) T % 1, EEOFAETEY0—- A — B —
C—=0ILTBeDE A C c DHFEIETH % L ZIZF .
c-PFAER B OERIZOWTHIEL £ 5.
Remark 8. (EEOHAEEFEEIN0 - A — B — C = 01X LTME) B2 RDEK
MWRALT 5 -
[B]=[Al+[C]=[A® ]
& o T c-FAFE 21X, Grothendieck €/ 4 ROHTHUILEED X H % X5 L7
OB B2 5. EBE, £ OWMPE DI L TRIIFMETH S :
(1) Did c-FAEDETH 5.
(2) FEOMR XY ¢ ETHLT, ME)XKBWT[X]=[Y]ThH X e DEBIE
YeDTH53.
RKofrdld, c-BAERs Bl Grothendieck €./ 4 KD EE 2B THEINLZ %
BHEkS 5.
Proposition 9. XD+ Mp & N +— Dy IZROEEDOEOLHEE %252 3.
(1) €D c-FAER TEREOES.



(2) M(E) DERTEERERDES.

S5eRPE £ DEE D DS Serre BROBETH S L iE, TEOHFEELIN0 - A —- B —
C—=0lZOWTBeDE ACecDMEMETHS L XITF . Serre G EINX T —~ILIE
DFEE e DBFRDI S EH L K OWIFEE N T 7. Serre 557 L 5 EE A X477 c-FE 7B
DEARIEIXRTEZ BN S.

Proposition 10. 5 2B DER7TE D Serre TH 5 Z & L EAM, BEHMKF, c-[FHETEAT %
CERFETH 2.

Z D 5 ¥ {12 Serre BN c-FAFDETH 5. Ko T 9 DEHHHE Serre
HoEeRoESICHIBREIh, XoeHE252 5.

Proposition 11. X5 D +— Mp & N = Dy IZROESOHBOEHF 5 2 5.

(1) € @ Serre # 7T RARDES Serre(E).

(2) M(E) DHEEIRDES Face(M(E)).
ZIZTE/A FMODHE (face) &%, M DETE/ A FFTHoT, FED2z,ye M I
HNLCae+yeFrayc FREETHZHDEES.

Grothendieck € / 4 RBREZINTWVWE L X, ZOHZETRKD 3 Z ¥ 1id Serre H57H&
ZRTRDZZEIHNRTHOLRDEGTHS. KXo THRBED Serre H 7B % 7T 57
DDRDOEMEZRR LT

(1) Grothendieck €/ 4 K M(E) L #IRE / 4 F M % BEH#f 1T 5.

(2) ZOWMRE/ A F M OHZETNTRET 5.

(3) (1) & (2) ZH\WT £ D Serre FE%E T X TRET 3.
Z DEIEICHE - T, FER R HFRICNFE S 2 WV < DD D5ERE D Grothendieck €/ 4
RZEHEL, ZD Serre 7B EZ L. L ICROIEREZE .

Corollary 12. JERFEEEHIRE C EORT FLVED 72 T52 2B vectC 1X 0 & 2K D
JEBHBHZ Serre #R57 Bl &2 Fi 7= 7o,

3. GROTHENDIECK E/ 4 RDARY v T A NifHDIETT

COHITIE, FFTE/ A FDRART P I AIZOWTERETS. 20k, HificERLE
Serre 2R & DR ZIRR 5. % IZ Grothendieck ./ 4 KD ARY b Z LI A B0
ERHWT, $—X— -« 2% — LA DOMAHHZHZE DE D Grothendieck €./ A N HETY
BEEHRIBNT 5.

FIE/ A RCBIZRATT7NVOMEEEANT 3.

Definition 13. M €/ A4 R 3§ 5.
(1) M OEREESIDPATTILTHS L, TEDrclac ML Totacl
CRRBEEIZED.
(2) BEOATT7Np C MPRATTINTHE L, EEDz,y € MITHLT, z+y €p
DeXrxcpFEh3ycpPRIITEEZIICES.
(3) M DFEA T 7 NVEERDES%E MSpecM TERL, MDE/ AR « ARV LS LY

g 9.

FERLEREAT TN CHIETTER LHADOBAKRIERD X512 oTWV5.



Proposition 14. €/ 4 K M I U TRDBKILT 5.
(1) FEDO M DRATTNApIIHLTpe:=M\pld M OETDH 3.
(2) EEO M OHFIZNLTF :=M\FIZMDORATT7ILTH3.
(3) (1) & (2) DXFIEIX Face(M) & MSpec M DOREIDEH G2 5.2 5.

)
IZ5E2E £ @ Grothendieck €/ 4 FICZOMmEZEHAT A Z 8 TROLEHG %

&
$% !
(3 1) Serre(€) ﬁ%)n FaceM(E) %ﬁ MSpec M(E).

YIATE/ AR ARY T 5 MSpec M I RDEHEEEHAES L 35 Z & ThitH2ze
75 .
V(S):={p e MSpecM |p DS}, SiEMDEIES.
EHGE (3.1) 12 & o T MSpec M(E) DHMHZFAE T 5 Z & T Serre(E) IFNIHHZEM E 72 5.
= R— s AXF— A X I L TRDE/REEZS -
j: X — Serre(coh X), x> coh® X :={F € coh X | F, = 0}.

BB 1% (ETED Serre(coh X) ONAMICEI L T) fifHZEM & L TH®DIAAIZZ > TV
5. FEid j OHDIAB DB Serre(coh X) DAEED H1EITTT 2 Z L 23HIES. ZhiZ
X D AitHZE & LT X & Grothendieck € / 4 K M(coh X) 22 18I T & % Z & 2ifdiaml
ois. & ICRHKILT 5.

Proposition 15. 3 —&— + 2% — A X ¥ Y ICHT 2 ROLEEEZ 5.
(1) AF =L LTORB X 2Y 75 3.
(2) €/ 4 R LTORZE M(coh X) = M(cohY) H33 3.
(3) fitHZEM e LTORB X 2 Y 235 5.
ZOrE(1)=(2) = (3) BHILT 5.
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ON IE-CLOSED SUBCATEGORIES

ARASHI SAKAT (B & 1)

ABSTRACT. We study IE-closed subcategories of module categories, subcategories closed
under taking images and extensions. The class of IE-closed subcategories contains that of
torsion classes, torsion-free classes and wide subcategories, which are important objects
in representation theory of algebras. We give a characterization of 7-tilting finiteness in
terms of IE-closed subcategories. When we consider a hereditary algebra, we introduce
the concept of twin rigid modules and give a classification result of IE-closed subcate-
gories.

1. INTRODUCTION

Let A be a finite dimensional algebra over a field k£ and modA the category of finitely
generated right A-modules. It is one of the main subjects of representation theory of
finite dimensional algebras to study subcategories of modA. For example, torsion classes
are studied actively in connection with tilting and 7-tilting theory [1]. We focus on
subcategories of modA closed under some operations. In this note, we always assume that
all subcategories are full and closed under isomorphisms.

Definition 1. Let C be a subcategory of modA.
(1) C is closed under extensions if for every short exact sequence

O—=L—M-—=N-=0

in modA with L, N € C, we have M € C.

(2) C is closed under quotients (resp. submodules) in modA if, for every object C' € C,
every quotient (resp. submodule) of C' in modA belongs to C.

(3) Cis a torsion class (resp. torsion-free class) in modA if C is closed under extensions
and quotients in modA (resp. extensions and submodules).

(4) C is closed under images (resp. kernels, cokernels) if, for every map ¢: C; — Cy
with Cy, Cy € C, we have Imp € C (resp. Kerp € C, Cokerp € C).

(5) C is a wide subcategory of modA if C is closed under kernels, cokernels, and exten-
sions.

(6) C is an IE-closed subcategory of modA if C is closed under images and extensions.

It is easy to check that torsion classes, torsion-free classes and wide subcategories are
[E-closed subcategories. The notion of ICE-closed subcategories, subcategories closed
under images, cokernels and extensions is considered in [4].

For a collection C of A-modules in modA, we denote by T(C) (resp. F(C)) the smallest
torsion class (resp. torsion-free class) containing C. The following proposition implies that
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an [E-closed subcategory is same as an intersection of a torsion class and a torsion-free
class.

Proposition 2. [5, Proposition 2.3] The following conditions are equivalent for a subcat-
egory C of modA.

(1) C is an IE-closed subcategory of modA.

(2) There exist a torsion class T and a torsion-free class F in modA satisfying C =

TNF.
In this case, C = T(C) N F(C) holds.

2. FUNCTORIAL FINITENESS

In this section, we consider some finiteness conditions of subcategories and give impli-
cations among them. Using these, we characterize tau-tilting finite alegebras by fuctorial
finiteness of IE-closed subcategories. We start introducing the concept of functorial finite-
ness.

Definition 3. Let C be a subcategory of modA and M an object in modA.

(1) A morphism f: M — C in modA is a left C-approximation of M if C belongs to C
and every morphism f': M — C” with C" € C factors through f. Dually, a right
C-approximation is defined.

(2) A subcategory C is covariantly finite (resp. contravariantly finite) in modA if for
any object M in modA, there exists a left (resp. right) C-approximation of M.

(3) A subcategory is functorially finite in modA if it is covariantly finite and con-
travariantly finite in modA.

Every torsion class 7 in modA is contravariantly finite since it gives a torsion pair
(7,F) in modA. The notion of functorial finiteness appears in [2], which considers the
existance of Auslander-Reiten sequences in subcategories of modA. Next we introduce
the notion of Ext-projective.

Definition 4. Let C be a subcategory of modA closed under extensions.

(1) An object P of C is Ext-projective if it satisfies Ext} (P,C) = 0 for any C € C.
(2) C has enough Ext-projectives if for any C' € C, there exists a short exact sequence

0—-C">P—->C—=0

such that P is an Ext-projective object in C and C’ € C.

(3) P is an Ext-progenerator of C if C has enough Ext-projectives and Ext-projective
objects are precisely objects in addP.

(4) If C has an Ext-progenerator, then P(C) denotes a unique basic Ext-progenerator
of C, that is, a direct sum of all indecomposable Ext-projective objects in C up to
isomorphism.

Dually, the notions for Ext-injectives are defined, and I(C) denotes a unique basic Ext-
injective cogenerator of C (if it exists).

It is well-known that the above notions are related to each other for torsion classes.

Proposition 5. The following conditions are equivalent for a torsion class T in modA.



(1) T has an Ext-progenerator.

(2) T has a finite cover, that is, there is M € T such that T C FacM.
(3) T is covariantly finite in modA.

(

The following proposition gives relations among the above finiteness conditions for TE-
closed subcategories.

Proposition 6. [5, Lemma 2.6, 2.9] Consider the following conditions for an IE-closed
subcategory C in modA.

(1) C is left finite, that is, T(C) is functorially finite in modA.

(2) There exist a torsion class T and a torsion-free class F such that C =T NF and

T is functorially finite in modA.

(3) C has an Ext-progenerator.

(4) C has a finite cover.

(5) C is covariantly finite in modA.

(6) C has enough Ext-projective objects.
The assertions (1) = (2) = (3) = (4) < (5) = (6) hold. If A is hereditary, all conditions
are equivalent.

The notion of 7-tilting finiteness introduced in [3] is an analogue of representation
finiteness in the perspective of 7-tilting theory. A finite dimensional algebra A is 7-tilting
finite if the set of functorially finite torsion classes in modA is a finite set. This definition
coincides with the condition that there are only finitely many support 7-tilting A-modules
up to isomorphisms, see Theorem 9. In [3], 7-tilting finiteness is characterized as follows:

Theorem 7. [3, Theorem 3.8] Let A be a finite dimensional algebra. The following
conditions are equivalent.

(1) A is T-tilting finite.

(2) The set of torsion classes in modA is a finite set.

(3) The set of torsion-free classes in modA is a finite set.

(4) Ewvery torsion class in modA is functorially finite.

(5) Ewvery torsion-free class in modA is functorially finite.

Now we give the following result analogous to the above!.

Theorem 8. [5, Proposition 2.10] Let A be a finite dimensional algebra. The following
are equivalent.

(1) A is T-tilting finite.

(2) The set of IE-closed subcategories of modA is a finite set.

(3) Every IE-closed subcategory of modA is functorially finite.

(4) Every IE-closed subcategory of modA is covariantly finite.

(5) Every IE-closed subcategory of modA is contravariantly finite.

There is an analogous result for ICE-closed subcategories, see [4, Proposition 4.20].

IThe author would like to thank Ryo takahashi and Haruhisa Enomoto for the conversation after the
author’s talk which gives the equivalence between (3) and (4).



3. CLASSIFICATION

In this section, we give the classification result of [E-closed subcategories. We start
giving the following result which classify torsion classes in modA.

Theorem 9. [1, Theorem 2.7] There exists bijective correspondences between:

(1) The set of functorially finite torsion classes in modA,
(2) The set of isomorphism classes of basic support T-tilting modules.

The correspondence from (1) to (2) is given by T — P (7)), and well-defined by Propo-
sition 5.

Now we aim to classify [E-closed subcategories as an analogue of the above. Unfortu-
nately, we need the assumption that A is hereditary. In the rest of this note, we assume
it. We start introducing the concept of twin rigid modules.

Definition 10. A pair (P, I) of A-modules is a twin rigid module if it satisfies
e P and I are rigid, that is, Ext} (P, P) = 0 and Ext} (I, 1) = 0.
e There are short exact sequences
0=P—=I°=T1"—0
0P —>F—>1—0

with Py, P, € addP and I°,I' € add/.
Two twin rigid pairs (Py, I1) and (P, I5) are isomorphic if we have P = P, and [ = Is.
A twin rigid module (P, ) is basic if P and I are basic.

The above concept is appered as a pair of an Ext-progenerator and an Ext-injective
cogenerator of an IE-closed subcategory:

Theorem 11. [5, Theorem 2.14] Let A be a hereditary finite dimensional algebra. Then
there exist bijective correspondences between.:

(1) The set of functorially finite IE-closed subcategories of modA,
(2) The set of isomorphism classes of basic twin rigid A-modules.

The correspondence from (1) to (2) is given by C — (P(C),I(C)), and well-defined by
Proposition 6 and its dual.

Next we give the property of twin rigid modules, which gives a connection between twin
rigid modules and tilting modules.

Proposition 12. [5, Proposition 3.4 (1)] Assume that A is hereditary. Let (P,I) be a
twin rigid module and set I'p = Endp(P). Then

(1) Homa (P, 1) is a tilting I p-module.

(2) The equality |P| = |I| holds.

The equality (2) gives a partial anwer to the question raised by Auslander and Smalg
in [2], see [5, Remark 3.8]. Thanks to the previous proposition, we obtatin the following
bijection.

Proposition 13. [5, Proposition 3.4 (2)] Assume that A is hereditary. Let (P,I) be a
twin rigid module. Then the functor Homy (P, —): modA — modl'p induces a bijective
correspondence between:



(1) the set of isomorphism classes of twin rigid modules (P, I),
(2) the set of isomorphism classes of tilting I p-modules contatined in Sub(Homg (P, k)).

In [5], the notion of completion and mutation of twin rigid modules is introduced taking
advantage of that of tilting modules through the above proposition. All twin rigid modules
are obtained by mutation in the case that A is a representation-finite hereditary algebra.
By Theorem 11, we obtain all IE-closed subcategories.
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ABSTRACT. Let R be an associative ring and J(R) its Jacobson radical. The following
Nakayama-Azumaya’s Lemma is well known.

Nakayama-Azumaya’s Lemma Let M be a finitely generated right R-module. If M
satisfies MJ(R) = M, then M = 0.

This property holds also for a projective module M. We show the following General-
ized Nakayama-Azumaya’s Lemma as the unified theorem of the above two results.
Generalized Nakayama-Azumaya’s Lemma Let M be a direct summand of a direct
sum of finitely generated right R-modules. If M satisfies MJ(R) = M, then M = 0.

In the beginning of this article, we give the final report on Ware’s problem proposed
in [9] by R.Ware, i.e., the following Ware’s problem is affirmative.

Ware’s problem Assume a projecive module P has a unique mazimal submodule, then
this submodule is the largest submodule of P.

Key Words: Nakayama-Azumaya’s Lemma, NAS-modules, Ware’s problem, Maximal
submodules
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DIMITROV-HAIDEN-KATZARKOV-KONTSEVICH COMPLEXITIES
FOR SINGULARITY CATEGORIES

RYO TAKAHASHI

ABSTRACT. Dimitrov, Haiden, Katzarkov and Kontsevich have introduced the notion
of complexities for arbitrary triangulated categories. This paper deals with complexities
for singularity categories.

1. PRELIMINARIES

In this section, we work on a general triangulated category.

Setup 1. Throughout this section, let 7 be a triangulated category. All subcategories of
T are assumed to be strictly full. We may omit a subscript if it is clear from the context.

We introduce the operation x for subcategories of 7, which plays a central role through-
out the paper.

Definition 2. Let X and ) be subcategories of T .

(1) We denote by X' x) the subcategory of T consisting of objects T' € T such that there
exists an exact triangle X — T — Y ~- in 7 such that X € X and Y € ).

(2) When X', Y consist of single objects X, Y respectively, we simply write XY to denote
X*).

In the following lemma, we make a list of several fundamental properties of the operation
*. The first assertion says that the operation x satisfies associativity. The second and
third assertions state that the operation x is compatible with taking finite direct sums
and shifts. The proof is standard.

Lemma 3. (1) For subcategories X,Y, Z of T one has (X *Y)*xZ = X x(V*Z). Hence,
there is no ambiguity in writing % X; = X1 % --- x &, for subcategories X1, ..., &,
of T or X" =X *---x X.

—_—

(2) Let {Xi;}i<i<m,1<i<n and {M;}1<i<m be families of objects of T. Suppose that M, €

*''_ Xij for each 1 <i < m. Then it holds that @, M; € %}_, (P, Xi;).

(3) Let Xy,...,X,, € T. Then the following statements hold true.

(a) If M € %7, X;, then M[s] € %, X;[s] for all integers s, M®™ € J_ X"
for all positive integers m, and M & (B, Y:) € *I_1(X; @ Y;) for all objects
Yi,....Y,eT.

(b) One has the containment @;_, X; € %I X;.

Here we recall the definition of split generators, which are used to define complexities
and entropies.

The detailed version [10] of this paper has been submitted for publication elsewhere.



Definition 4. (1) A thick subcategory of T is by definition a triangulated subcategory
of T closed under direct summands, i.e., a subcategory closed under shifts, mapping
cones and direct summands.

(2) For an object X € T we denote by thicky X the thick closure of T', that is to say, the
smallest thick subcategory of 7 to which X belongs.

(3) A split generator of T, which is also called a thick generator of T, is defined to be an
object of T whose thick closure coincides with 7.

Now we can state the definitions of complexities and entropies introduced in [5].

Definition 5 (Dimitrov-Haiden-Katzarkov—Kontsevich).

(1) Let X,Y € T and t € R. We denote by 6,(X,Y) the infimum of the sums ), e™,
where r runs through the nonnegative integers and n; run through the integers such
that there exist a sequence
0—"Yo Y Y Y, —YaY

et — S —
X[m] T X[n,]

of exact triangles {Y;_1 — Y; — X[n;] ~»}/_; in 7. The function R > t — §;(X,Y) €
Roo U {oo} is called the complezity of Y relative to X. When Y = 0, one can take
r =0, and hence &(X,Y) = 0.

(2) Let F: T — T be an exact functor and ¢t € R. The entropy h,(F) of F is defined by

where G is a split generator of 7. This is independent of the choice of G; see [5,
Lemma 2.6].

The following proposition gives an equivalent definition of a complexity.

Proposition 6. Let X,Y € T andt € R. One then has the equality
G(X,Y)=inf{d_ e"" | Y @Y € ki_,X[n;] for someY' € T}.

We give a couple of statements concerning complexities. Recall that 7 is said to be
periodic if there exists an integer n > 0 such that the nth shift functor [n] is isomorphic
to the identity functor ids of T.

Proposition 7. Let X and Y be objects of T. Then the following statements hold.

(1) Lett € R. Then 6(X,Y) < oo if and only if Y € thickr X.

(2) There is an equality 0o(X,Y) =inf{r € Zso | Y @Y’ € %_, X|[n;| for some Y’ € T}.

(3) Let t € R. Suppose that T is periodic and §;(X,Y) < co. Then 6:(X,Y) = 0 unless
t=0.

Remark 8. The equality in Proposition 7(2) may remind the reader of the notion of a
level introduced by Avramov, Buchweitz, Iyengar and Miller [2]. Namely, do(X,Y") looks
closely related to the X-level leveg (Y) of Y. The difference is that an X-level ignores
finite direct sums of copies of X. This is similar to the difference between the lengths of a
composition series and a Loewy series of a module over a ring. The complexity 6,(X,Y)
can also be regarded as a weighted version of dy(X,Y") with respect to shifts.



The following lemma comes from [5, Proposition 2.2]. In this proposition, neither
5:(X,Y) nor 6,(Y, Z) is assumed to be finite, but in its proof both 6,(X,Y") and §,(Y, Z)
seem to be assumed to be finite. In fact, without this assumption, we would need to
clarify what 0 - co and oo - 0 mean.

Lemma 9. Let t be a real number. Let X, Y and Z be objects of T. Suppose that both
0(X,Y) and 6,(Y, Z) are finite. Then there is an inequality 6;(X, Z) < &(X,Y)-0,(Y, Z).

2. MAIN RESULTS

In this section, we shall investigate complexities and entropies for the singularity cate-
gory of a commutative noetherian local ring, which is a triangulated category.

Setup 10. Throughout this section, let R be a commutative noetherian local ring with
maximal ideal m and residue field k. The triangulated category considered in this section
is the singularity category Dsg(R) of R, which is by definition the Verdier quotient of
the bounded derived category of finitely generated R-modules by perfect complexes (i.e.,
bounded complexes of finitely generated projective R-modules).

We recall several fundamental notions from commutative algebra, whose details can be
found in [1, 3].

Definition 11. (1) We say that R is a singular local ring if it is not a regular local ring.
Note that R is singular if and only if the category Dsg(R) is nonzero.

(2) The codimension and the codepth of R are defined by codim R = edim R — dim R and
codepth R = edim R — depth R. Here, edim R and depth R stand for the embedding
dimension of R and the depth of R, respectively. Note that codim R = codepth R if
(and only if) R is Cohen—Macaulay.

(3) The local ring R is said to be a hypersurface provided the inequality codepth R < 1
holds. According to Cohen’s structure theorem, this condition is equivalent to saying
that the m-adic completion R of R is isomorphic to the residue ring S/(f) of some
regular local ring S by some principal ideal (f).

(4) The local ring R is called a complete intersection if the m-adic completion Rof Ris
isomorphic to the residue ring S/(f) of a regular local ring (S,n) by the ideal (f)
generated by a regular sequence f = fi,..., f.. One can choose f = f1,..., f. so that
¢ = codim R, and in this case, f; € n? for all 1.

(5) The Koszul compler K of R is defined to be the Koszul complex K(z, R) on R of a
minimal system of generators @ = x1,...,x, of m. This complex is uniquely deter-
mined up to isomorphism; see [3, the part following Remark 1.6.20]. Each homology
H;(K®) is a finite-dimensional k-vector space.

(6) We say that R has an isolated singularity if R, is a regular local ring for all p €
Spec R\ {m}.

(7) Let e(R) and r(R) be the (Hilbert-Samuel) multiplicity and type of R, respectively.
One has R is singular if and only if e¢(R) > 1, and R is Gorenstein if and only if R is
Cohen-Macaulay and r(R) = 1.

(8) Let M be a finitely generated R-module. Let n be a nonnegative integer. Then we
denote by QUM the nth syzygy of M over R, that is, the image of the nth differential



map in a minimal free resolution of the R-module M. Note that the module Q%M is
uniquely determined up to isomorphism. We denote by SZ(M) the nth Betti number
of M, namely, the minimal number of generators of Q%M.

(9) For an R-module M, we denote by ¢(M) the length of (a composition series of) M.

What we want to consider in this section is the following conjecture.

Conjecture 12. Let G be a split generator of Dg(R). Then one has the equality
0:(G, X) = 0 for all objects X of Dg(R) and for all nonzero real numbers ¢.

In the case where R is a hypersurface, it is easy to see that Conjecture 12 holds true.

Example 13. If R is a hypersurface, then §;(G, X') = 0 for all split generators G of Dgg(R),
for all X € Ds(R) and for all 0 # ¢t € R. Indeed, in this case, there exists an isomorphism

R = S/(f), where S is a regular local ring and f € S. The singularity category Dsg(ﬁ)
of the completion R is equivalent as a triangulated category to the homotopy category of
matrix factorizations of f over S, which is periodic of periodicity two; we refer the reader
to [4, 6, 7, 8, 11] for the details. It is easy to see that De;(R) is also periodic of periodicity
two, and the assertion follows from (1) and (3) of Proposition 7.

We introduce a condition on an object of the singularity category, which is essential in
our theorems.

Definition 14. We say that an object X of Dg(R) is locally zero on the punctured
spectrum of R if for each nonmaximal prime ideal p of R the localized complex X, is
isomorphic to 0 in the singularity category Dsg(R,) of the local ring R,. This condition is
equivalent to saying that X, is isomorphic to a perfect complex over R, in the bounded
derived category of finitely generated R,-modules.

Remark 15. Suppose that R has an isolated singularity. Then every object of Deg(R) is
locally zero on the punctured spectrum of R, since Dg(R,) = 0 for all nonmaximal prime
ideals p of R.

We establish a lemma, whose proof is done by [9, Corollary 4.3(3)], Proposition 7(1)
and Lemma 9.

Lemma 16. Lett € R. Let X be an object of Dsg(R) such that k belongs to thickp,,r) X.
Let Y be an object of Dsg(R) which is locally zero on the punctured spectrum of R. If
5t(k', k) = 0, then 5t(X, Y) =0.

Now we shall state three theorems, all of which support Conjecture 12. The proofs use
Lemma 3, Lemma 16, [1, Theorem 8.1.2], and fundamental properties of Koszul complexes
and multiplicities stated in [3]. For the details of the proofs of the theorems, we refer the
reader to [10].

Theorem 17. Let R be a complete intersection. Let X € Dg(R) be such that k belongs
to thickp,r) X. Let Y € Dg(R) be locally zero on the punctured spectrum of R. Then
0(X,Y) =0 forallt #0.

Theorem 18. Let R be singular and Cohen—Macaulay. Assume that the residue field
k is infinite. Let X be an object of Deg(R) such that k € thickp,ry X. Let Y be an



object of Dsg(R) which is locally zero on the punctured spectrum of R. Put u = e(R) and
r=r1(R). Then 6,(X,Y) =0 for allt < —log(u—1) and for allt > log(u—r). Therefore,
(X, Y) =0 for all |t| > log(u — 1) provided that R is Gorenstein.

Theorem 19. Suppose R is singular. Set ¢ = codepth R and m = max;<;<.{dimy H;(K%)}.
Let X be an object of Dsg(R) such that k belongs to thickp ry X, and let Y be an object

of Dsg(R) which is locally zero on the punctured spectrum of R. Then §;(X,Y) =0 for all
|t| > 10gc+210gm'

Remark 20. (1) Put n = edim R. Cohen’s structure theorem shows that there exist an
n-dimensional regular local ring (S,n, k) and an ideal I of S such that the m-adic
completion Rof Ris isomorphic to the residue ring S/I. Choose a minimal system
of generators * = x1,...,x, of n. It holds that

H;(K®) = H;(z, R) & H;(x, R) ®r R = H,(z, R) = H;(K(x, ) ®5 R) = Tor? (k, R)

for each integer i, where the first isomorphism holds since the R-module H;(x, R)
has finite length, while the last isomorphism follows from the fact that the Koszul
complex K(z, S) is a free resolution of k over S. Hence, the number dimj H;(K?) is
equal to the ith Betti number 35(R) of R over S.

(2) Let R be a singular hypersurface. Let G be a split generator of Dg(R), and let X
be an object of Dg(R) which is locally zero on the punctured spectrum of R. The
following two statements hold.

(a) As R is a complete intersection, Theorem 17 implies that §;(G,X) = 0 for all
0#teR.

(b) Put ¢ = codepth R and m = max;c;c.{dim;, H;(K®)}. Then ¢ = 1. We have
R = S/(f) for some regular local ring (S,n) and some element f € n2. The

sequence 0 — S ENY SN SR gives a minimal free resolution of the S-module
R, and the equalities dim; Hy(K®) = 85(R) = 1 hold by (1). Hence m = 1. We
get W =0, and 0;(G, X) =0 for all ¢t # 0 by Theorem 19.
Thus, each of Theorems 17 and 19 recovers Example 13 in the case where X is locally
zero on the punctured spectrum of R (e.g., in the case where R has an isolated
singularity by Remark 15).

Combining the above three theorems with Remark 15, we obtain the corollary below
on entropies.

Corollary 21. Let R be singular with an isolated singularity. Let F' be an exact endo-
functor of Deg(R).

(1) Put ¢ = codepth R and m = max;<;<.{dimy H;(K®)}. Then 6;(G,X) =0 for all split
generators G € Dgg(R), all X € Dgg(R) and all |t| > 2<HE™ - Thys h,(F) is not
defined if |t| > ‘ogctiosm,

(2) Assume that R is Gorenstein and k is infinite. Then §;(G,X) = 0 for all split
generators G € Dg(R), all X € Dg(R) and all |t| > log(e(R) — 1). Thus h(F)
is not defined for |t| > log(e(R) — 1).



(3) Suppose that R is a complete intersection. Then 0,(G, X) = 0 for all split generators

G € Dgg(R), all X € Dg(R) and all nonzero real numbers t. Therefore, the entropy
hy(F) is defined only for t = 0.

We close this section by mentioning that examples are constructed in [10], which say

that the bounds 2<t%8™ and log(e(R) — 1) for the real numbers ¢ given in Theorems 18,
19 and Corollary 21(1)(2) are not necessarily best possible.

1]
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TWISTED SEGRE PRODUCTS AND NONCOMMUTATIVE QUADRIC
SURFACES

KENTA UEYAMA

ABSTRACT. In this paper, we study twisted Segre products A o,, B of noetherian Koszul
AS-regular algebras A and B. We state that if A oy, B is noetherian, then the non-
commutative projective scheme qgr A oy B has finite global dimension. We also state
that if A = k[u,v], B = k[z,y], and 9 is a diagonal twisting map, then Aoy B is a
noncommutative quadric surface.

1. INTRODUCTION

Throughout this paper, let £ be an algebraically closed field of characteristic 0. All
algebras and vector spaces considered in this paper are over k, and all unadorned tensor
products ® are taken over k. For an algebra S, we write Mod S for the category of right
S-modules. For a graded algebra S, we write GrMod S for the category of graded right
S-modules.

Denote by P? the d-dimensional projective space over k. Let ® : PP~ x pm—1 — prm-1
be the map defined by

((al, S ,an), (bl, R ,bm)) — (albl, (lgbl, - ,an_lbm, anbm)-

Note that ® is injective. It is called the Segre embedding. Let A = @,., A; and B =
P, Bi be (not necessarily commutative) Z-graded algebras. The Segre product of A
and B is the Z-graded algebra defined by

i€Z
It is well-known that if X € P* ! and Y C P! are projective varieties with the homoge-
neous coordinate rings A and B, respectively, then A o B is the homogeneous coordinate

ring for the image of X x Y in P! under the Segre embedding ®.
Let us consider the simplest case. The Segre embedding

]Pl X ]Pl — Ps, ((al, (1,2), (bl, bg)) — (albl, agbl, albg, a2b2).

embeds P! x P! as a smooth quadric surface Q = V(XW — YZ) in P?, and the Segre
product

Klu, o] o Kl 5] = K[X, Y, Z,W]/(XW — Y Z)
is the homogeneous coordinate ring of @), where X =u®z, ¥V =v®z, Z=u®y, W =
VY.

This is a summary of joint work with Ji-Wei He (Hangzhou Normal University). The detailed version
of this paper was published as [4].



To develop the study of noncommutative quadric surfaces (in the sense of [3]), it is natu-
ral to consider noncommutative generalizations of the Segre product k[u,v]ok[z,y]. Since
noetherian Koszul AS-regular algebras are considered as nice noncommutative general-
izations of polynomial algebras in noncommutative algebraic geometry, one of the natural
noncommutative generalizations of k[u,v] o k[z,y] is to replace k[u,v] and k[z,y] by 2-
dimensional noetherian Koszul AS-regular algebras. However, this is not so interesting in
the following sense.

Proposition 1 ([5, Lemma 2.12]). If C' and D are 2-dimensional noetherian Koszul
AS-regular algebras, then we have an equivalence GrMod C o D = GrMod k|, y] o k[u, v].

To obtain a proper noncommutative generalization (up to equivalence of graded module
categories), in this paper, we discuss the notion of twisted Segre product. In particular,
we focus on the study of twisted Segre products of noetherian Koszul AS-regular algebras.

2. TWISTED SEGRE PRODUCTS
In this section, we give the definition of a twisted Segre product.

Definition 2. Let A, B be Z-graded algebras. A bijective linear map ¢ : BRQA — A® B
is called a twisting map if

(1) @b(B X A]) C Aj X BZ for all Z,] - Z,

(2) Y(1®a)=a®1forallac A,

(3) Y(b®1l)=1®0bforallbe B,

(4) the following diagrams commute:

idp ®y Y®idp

B®BRA—BRARXB—AR®RB®B
mpRid 4 \L \LidA ®@mp
B®A e A® B,
BoAoA 2 Ae9BeA % AgAeB
idp ®ma J/ \LmA®idB
B® A v A® B,

where m4 and mp are the multiplications of A and B, respectively.

Definition 3. Let A, B be Z-graded algebras, and let ¢ : B® A — A ® B be a twisting
map. Then the twisted Segre product of A and B with respect to ¢, denoted by A o, B,
is the Z-graded algebra defined as follows:

e Aoy B= Ao B as a graded vector space,
e the multiplication of A oy B is defined by

(a®b)(c®d) =ap(b® c)d
forae€ A,,ce A,,,be B,,d € B,,.

Note that this definition is well-defined. If ® is the flip map, i.e., (b ® a) = a ® b for
all @ € A and b € B, then Ao, B is the usual Segre product of A and B.



Remark 4. Let A and B be Z-graded algebras, and let ¢ : B& A — A® B be a twisting
map. Write A ®, B for the graded vector space A ® B with the multiplication defined
by (a ®b)(c® d) = ayp(b® c)d for a,c € A and b,d € B. By [2, Theorem 2.5], A ®,, B is
also a Z-graded algebra. We say that A ®, B is a twisted tensor product of A and B. It
is easy to see that Ao, B is an ungraded subalgebra of A ®, B.

3. DADE’S THEOREM FOR DENSELY BIGRADED ALGEBRAS

In this section, as a preparation for discussing twisted Segre products, we give a version
of Dade’s theorem for densely bigraded algebras.

Definition 5. Let S = &,_, S; be a Z-graded algebra.

(1) S is called a strongly graded algebra if S;; = S;S; for all i,j € Z.
(2) S is called a densely graded algebra if dimy(S;+;/S:S;) < oo for all i,j € Z.

Clearly a strongly graded algebra is a densely graded algebra. If S is a strongly graded
algebra, then
(—)0 : GrMod S — Mod So, M — M()
is an equivalence. This is well-known as Dade’s theorem.
Let S = @, jez Swi.j) be a Z*-bigraded algebra. Let S; = @, S for all i € Z. Then
Sz = @D,y Si is a Z-graded algebra. Note that S and Sz are the same as ungraded
algebras. However, they have different gradings.

Definition 6. Let S = @m‘ez S(ij be a Z*-bigraded algebra. Then S is called a densely
bigraded algebra if Sy is a densely graded algebra.

Definition 7. Let S be a noetherian Z-graded algebra.

(1) An element m € M € GrMod S is called torsion if dimy msS < oco.

(2) A graded module M € GrMod S is called torsion if every homogeneous element of
M is torsion.

(3) Let Tors S be the full subcategory of GrMod S consisting of torsion modules.

(4) Let QGr S be the Serre quotient category GrMod .S/ Tors S.

(5) Let grmod S be the full subcategory of GrMod S consisting of finitely generated
modules.

(6) Let tors.S = grmod S N Tors S.

(7) Let qgr S be the Serre quotient category grmod S/ tors S.

The categories QGrS and qgr.S are often called noncommutative projective schemes
and play an important role in noncommutative algebraic geometry; see [1].

Definition 8. Let S be a densely bigraded algebra satisfying the conditions
(D1) So == D,cz S(0.5 18 a noetherian Z-graded algebra, and
(D2) S; =P ez SG,5) 1s a finitely generated graded right and left Sp-module for every
i €.
We use the following terminology and notation:

(1) Let BiGrMod S be the category of bigraded right S-modules.
(2) An element m € M € BiGrMod S is called locally torsion if dimy, mSy < oo.



(3) A bigraded module M € BiGrMod S is called locally torsion if every homogeneous
element of M is locally torsion.

(4) Let BiLTors S be the full subcategory of BiGrMod S consisting of locally torsion
modules.

(5) Let QBiGr_ S be the Serre quotient category BiGrMod S/ BilLTors S.

(6) Let Ibigrmod S be the full subcategory of BiGrMod S consisting of bigraded right
S-modules M = €D, ;cz Mz such that M; := @, , M, j) is finitely generated as
a graded right Sp-module.

(7) Let Ibiltors S = Ibigrmod S N BiLTors S.

(8) Let qlbigr; S be the Serre quotient category Ibigrmod S/ Ibiltors S.

Then we have the following theorem.

Theorem 9 ([4, Theorem 4.10]). Let S be a densely bigraded algebra satisfying the con-
ditions (D1) and (D2) in Definition 8. Then the functor

(=)o : BiGrMod § — GrMod Sp; M +— My (= @D M)
JEZ
induces equivalences

QBiGr, S =2 QGr Sy and qlbigr S = qgr Sy.

This theorem can be regarded as a version of Dade’s theorem for densely bigraded
algebras.

4. TWISTED SEGRE PRODUCTS OF NOETHERIAN KOSZUL AS-REGULAR ALGEBRAS

In this section, we study twisted Segre products of noetherian Koszul AS-regular alge-
bras.

Definition 10. Let A = @, A; be a noetherian N-graded algebra with A, = k.

(1) Ais called an AS-Gorenstein algebra of dimension d if
(a) injdimy A = injdim 4o, A = d < 00, and
k(¢) for some ¢ € Z  if i =d,
if i #d.
(2) Ais called an AS-regular algebra if A is an AS-Gorenstein algebra of gldim A = d.
(3) Ais called Koszul if k € GrMod A has a free resolution

= A(=3) = A(-2) = A=) - A=k — 0.

(b) ExtY(k, A) = Extlyop (k, A) =

Let A and B be noetherian Koszul AS-regular algebras with a twisting map ¢ : BRA —
A® B. Let S = A®, B be the twisted tensor product; see Remark 4. Here we endow S
with a bigraded structure as follows:

Stig) = Aivj ® B;

for 7,7 € Z. Note that Sy = ®jeZ S(,5) 1s equal to the twisted Segre product Ao, B as
graded algebras.



Proposition 11 ([4, Proposition 4.11]). Let A and B be noetherian Koszul AS-regular
algebras with a twisting map ¥ : B A — A® B. Then A ®, B is a densely bigraded
algebra satisfying the condition (D2) in Definition 8.

By Proposition 11, if A oy, B is noetherian, then A ®, B is a densely bigraded algebra
satisfying the conditions (D1) and (D2) in Definition 8. Therefore, Theorem 9 yields the
following result.

Theorem 12 ([4, Theorem 4.13]). Let A and B be noetherian Koszul AS-regular algebras
with a twisting map ¥ : B& A = A® B. Assume that Aoy B is noetherian. Then there
exist equivalences

QBiGrL A®y, B = QGrAoy B and qlbign A®, B = qgr Aoy B.

By [6, Theorem 2], it follows that A ®, B has finite global dimension, so we see that
qlbigr A ®, B in Theorem 12 has finite global dimension. Thus, we obtain the following
consequence.

Corollary 13 ([4, Theorem 4.16]). Let A and B be noetherian Koszul AS-regular algebras
with a twisting map ¢ : BRA — A®B. Assume that Aoy B is noetherian. Then qgr Aoy, B
has finite global dimension.

The above corollary can be regarded as a noncommutative analogue of the fact that
P~ x P™~! is smooth.

5. TWISTED SEGRE PRODUCTS OF k[u,v] AND k[z,y]

Let A = k[u,v], B = k[x,y] be standard graded polynomial rings in two variables. In
this section, we consider certain twisted Segre products of A = k[u,v] and B = k[z,y]. If
v:B®A— A® B is a twisting map, then

(5.1) w(l@(5)):]\[”(5)@"”]\[12(5)@1/,

u u u
Py @ ( v ))—Nm ( v ) ®x+N22( v ) Xy,
where NH, ng, NQl,NQQ € Mg(k?)

Definition 14. Let A = k[u,v], B = k[x,y] be standard graded polynomial rings in two
variables. A twisting map ¢ : B® A - A ® B is called diagonal if Ny = Ny = 0 in
(5.1).

Then we have the following theorem.

Theorem 15 ([4, Theorem 6.4, Corollary 6.12]). Let A = klu,v], B = klz,y] be standard
graded polynomial rings in two variables, and let ¢ : B A — A® B be a diagonal twisting
map. Then the following statements hold.

(1) The twisted Segre product Aoy B is a noncommutative quadric surface, i.e., there
exist a 4-dimensional noetherian Koszul AS-reqular algebra S with Hilbert series
Hs(t) = (1 —t)™* and a regular normal homogeneous element f € S of degree 2
such that Aoy B = S/(f). In particular, Aoy B is a 3-dimensional noetherian



Koszul AS-Gorenstein algebra, and hence qgr A oy B has finite global dimension
(by Corollary 13).

(2) There exists an equivalence of triangulated categories
CM?%(A oy, B) = D"(mod k x k),

where MZ(A oy B) is the stable category of graded mazimal Cohen-Macaulay
modules over Aoy B and DP(mod k x k) is the bounded derived category of finite
dimensional modules over k X k.

It turns out that a twisted Segre product A o, B appearing in the above theorem
has a nice property similar to the usual Segre product A o B = k[u,v] o klz,y] =
kK[X,Y,Z W]/(XW —YZ), which is the homogeneous coordinate ring of P! x PL. On
the other hand, one can check that there exists a twisted Segre product Aoy B such that
GrMod Aoy B 2 GrMod Ao B = GrMod k[u, v] o k[x,y]. This is different from the situation

in Proposition 1.
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CHARACTERIZATION OF EVENTUALLY PERIODIC MODULES AND
ITS APPLICATIONS

SATOSHI USUI

ABSTRACT. For a left Noetherian ring, its singularity category makes only the modules
of finite projective dimension vanish among the modules. Thus the singularity categories
are expected to characterize homological properties of modules with infinite projective
dimension. In this paper, we focus on eventually periodic modules over a left artin
ring, and we characterize them in terms of morphisms in the singularity category. As
applications, we prove that, for the class of finite dimensional algebras over a field,
being eventually periodic is preserved under singular equivalence of Morita type with
level. Moreover, we determine which finite dimensional connected Nakayama algebras
are eventually periodic when the ground field is algebraically closed.

1. INTRODUCTION

Throughout this paper, let k£ be a field, and we assume that all rings are associative
and unital. By a module, we mean a left module.

The singularity category Dsy(R) of a left Noetherian ring R is defined to be the Verdier
quotient of the bounded derived category DP(R-mod) of finitely generated R-modules by
the full subcategory of perfect complexes (see [2]), and it provides a homological measure
of singularity of finitely generated R-modules M in the following sense: M has finite
projective dimension if and only if M is isomorphic to 0 in Dg(R). From this point
of view, it is expected that the singularity categories capture homological properties of
modules of infinite projective dimension.

In this paper, we work with left artin rings and focus on eventually periodic modules,
that is, finitely generated modules whose minimal projective resolutions have infinite
length and eventually become periodic. Recently, the author has proved in [12, Proposi-
tion 3.4] that a finitely generated A-module M is eventually periodic if and only if there
exists an invertible homogeneous element of positive degree in the Tate cohomology ring
of M, where A is a finite dimensional Gorenstein algebra over an algebraically closed field.

We first give our main result, showing that the above result also holds for any left
artin rings. We then state two applications: the first is that being eventually periodic
is invariant under singular equivalence of Morita type with level for the class of finite
dimensional k-algebras; the second is that, when the ground field k is algebraically closed,
connected Nakayama algebras that are eventually periodic are precisely those of infinite
global dimension.

The detailed version of this paper will be submitted for publication elsewhere.



2. TATE COHOMOLOGY RINGS

In this subsection, we recall from [2, 14] the definition of Tate cohomology and some
related facts.

Definition 1 (]2, Definition 6.1.1] and [14, page 11]). Let ¢ be an integer.

(1) Let R be a left Noetherian ring and M and N two finitely generated R-modules.
We define the ¢-th Tate cohomology group of M with coefficients in N by

Ext (M, N) := Homp,_ (s (M, NTi]).
(2) Let A be a finite dimensional k-algebra. The i-th Tate-Hochschild cohomology
group of A is defined by ﬁﬁz(/\) = E;ti\e (A, A), where we put A® := A ®; A°P.
The graded abelian group
Extr(M, M) = @ Extrp(M, M)

i€z

carries a structure of a graded ring given by the Yoneda product. We call this graded ring

the Tate cohomology ring of M. It follows from the definition of singularity categories

that E}?c;%(M , M) is the zero ring if and only if the projective dimension of M is finite.
The Tate cohomology ring E}RRQ(A, A) for a finite dimensional k-algebra A is called the

Tate-Hochschild cohomology ring of A and denoted it by ﬁﬁ.(A). It was proved by Wang

[14, Proposition 4.7] that ﬁﬁ.(A) is graded commutative.

3. MAIN RESULT

In this section, we give our main result. Let R be a left artin ring. We denote by Q7% (M)
the n-th syzygy of a finitely generated R-module M. Recall that a finitely generated R-
module M is called periodic if Q% (M) = M as R-modules for some p > 0. The least such
p is called the period of M. We say that M is eventually periodic if Q}(M) is non-zero
and periodic for some n > 0. Remark that our eventually periodic modules are those of
infinite projective dimension in the sense ever before. Following Kiipper [7], we define
eventually periodic algebras as finite dimensional algebras that are eventually periodic as
regular bimodules.

We now characterize the existence of invertible homogeneous elements in Tate coho-
mology rings. In the following result, {2z denotes the loop space functor on the stable
module category R-mod.

Theorem 2. Let R be a left Noetherian ring, and let p be a positive integer. Then the
following conditions are equivalent for a finitely generated R-module M.
(1) There exists an isomorphism Q% P(M) = Q% (M) in R-mod for some n > 0.
(2) The Tate cohomology ring E}R;(M, M) has an invertible homogeneous element of
degree p.
The main result of this paper can be obtained from the above theorem.

Corollary 3. Let R be a left artin ring. Then the following conditions are equivalent for
a finitely generated R-module M.



(1) M is eventually periodic.
(2) The Tate cohomology ring of M has a non-zero invertible homogeneous element of
positive degree.

In this case, there exists an invertible homogeneous element in the Tate cohomology ring
of M whose degree equals the period of some periodic syzygy Q%(M) with n > 0.

Remark 4. For a left Noetherian local ring R, one can define eventually periodic R-
modules by using minimal free resolutions. Then Theorem 2 enables us to characterize
eventually periodic R-modules as in Corollary 3.

We end this section by giving a result on Tate-Hochschild cohomology rings, which will
be used in the next section.

Proposition 5. Let A be a finite dimensional k-algebra. Then A\ is eventually periodic if
and only if HH (A) has a non-zero invertible homogeneous element of positive degree. In
this case, there exists an isomorphism of graded rings

HH'(A) = HH (A)[x ),

>0 —i
where we set HH™ (A) = ;5o HH (A), and the degree of the invertible homogeneous
element x is equal to the period of some periodic syzygy QRe(A) with n > 0.

Note that the proposition generalizes [4, Corollary 6.4] and [12, Theorem 3.5 (in a
proper sense).

4. APPLICATIONS

There are two aims of this section. The first is to show that being eventually periodic
is preserved under singular equivalence of Morita type with level. The second is to give
a criterion for a Nakayama algebra to be eventually periodic. Throughout this section,
algebras will mean finite dimensional k-algebras.

4.1. Eventually periodic algebras and singular equivalences of Morita type with
level. This subsection is devoted to showing that singular equivalences of Morita type
with level preserve eventual periodicity of algebras. We start with the definition of singular
equivalences of Morita type with level.

Definition 6 ([13, Definition 2.1]). Let A and I" be two algebras, and let [ > 0 be an
integer. We say that a pair (yMr, rNj) of bimodules defines a singular equivalence of
Morita type with level | (and that A and I' are singularly equivalent of Morita type with
level 1) if the following conditions are satisfied.
(1) The one-sided modules y M, M, N and N, are finitely generated and projective.
(2) There exist isomorphisms M ®@p N = Q4.(A) and N @, M = QL.(T') in A®-mod
and I'°-mod, respectively.

A lot of invariants under singular equivalence of Morita type with level have been
discovered by Skartsseterhagen [11], Qin [8] and Wang [13, 15]. We now give a new
invariant, using Corollary 5 and Wang’s result [15].



Theorem 7. Assume that A and I" are singularly equivalent of Morita type with level. If
A is eventually periodic, then so is I'. In particular, the periods of their periodic syzygies
coincide.

Recall that two algebras A and I' are derived equivalent if there exists a triangle equiv-
alence between D(A-mod) and D"(I-mod). It was proved by Wang [13, Theorem 2.3]
that any two derived equivalent algebras are singularly equivalent of Morita type with
level. Thus Theorem 7 generalizes a result of Erdmann and Skowroniski [6, Theorem 2.9].

We end this subsection with examples of eventually periodic algebras. Note that [ and
¥, below can be found in [3, Example 4.3 (2)] and [12, Example 3.2 (1)], respectively.

Example 8. Let A, I and X be the k-algebras given by the following quivers with relations
o C 1 o =0,

“ClLQ o =0

|
=
e

and

1&2 afa =0,

respectively. A is a self-injective Nakayama and hence a periodic algebra (see [5, Lemma
in Section 4.2]). Note that A has period 1 if the characteristic of k is 2 and 2 otherwise.
By [11, Example 7.5], A and T are singularly equivalent of Morita type with level 1,
so that I' is eventually periodic by Theorem 7. Also, using the APR-tiling I'-module
corresponding to the vertex 2, one sees that I' is derived equivalent to 3, and hence X is
eventually periodic by Theorem 7 again. On the other hand, a direct computation shows
that Q2. (T) and Q%.(X) are the first periodic syzygies. Thus we conclude from Theorem
7 that the periodic bimodules A, Qf.(T') and Q%.(X) have the same period.

4.2. Eventually periodic Nakayama algebras. Throughout, we suppose that the field
k is algebraically closed. Then the global dimension of an algebra is equal to the projective
dimension of the algebra as a regular bimodule over itself. We denote by CN the class
of connected Nakayama algebras. The aim of this subsection is to decide which algebras
from CN are eventually periodic.

Let A be in CN and J(A) its Jacobson radical. Then A is Morita equivalent to a bound
quiver algebra whose ordinary quiver is given by either

1 2 e—1—ce

or

e N

Z.:. € 3

™ e

where e > 1. Note that the global dimension of A is finite in the first case. Moreover, A
is non-simple and self-injective if and only if it is Morita equivalent to the bound quiver



algebra kZ./ RN for some e > 1 and N > 2, where R denotes the arrow ideal of the path
algebra kZ..

Using results of Asashiba [1], Qin [8] and Shen [9, 10], we can classify CN up to
singular equivalence of Morita type with level. We note that CA is not closed under
singular equivalence of Morita type with level (see Example 8).

Theorem 9. The algebras k and kZ./RN with e > 1 and N > 2 form a complete set
of representatives of pairwise different equivalence classes of finite dimensional connected
Nakayama k-algebras under singular equivalence of Morita type with level.

It was proved by Erdmann and Holm [5, Lemma in Section 4.2] that kZ./R" is periodic
for all e > 1 and N > 2. Hence we obtain the following consequence of Theorems 7 and
9, which is the main result of this subsection.

Corollary 10. Let A be a connected Nakayama algebra. Then A is eventually periodic if
and only if the global dimension of A is infinite.
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