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CLASSIFYING 7-TILTING MODULES OVER NAKAYAMA ALGEBRAS

TAKAHIDE ADACHI

ABSTRACT. In this article, we study 7-tilting modules over Nakayama algebras. We
establish bijection between 7-tilting modules and triangulations of a regular polygon
with a puncture.

Throughout this article, A is a basic connected finite dimensional algebra over an alge-
braically closed field K and by a module we mean a finite dimensional right module. For
a A-module M with a minimal projective presentation P~' & PY — M — 0, we define a
A-module 7M by an exact sequence

0—7M—>vP ' % vP°,

where v := Homg (Homy (—, A), K). In this article, the following quivers are useful:

a2

aq [e%:)
- Qn—1 Qn—2 a2 aq g / \
A, n n—1 2 1 JAVRE: ) .
A Qp—2
n —— n—1
Qnp—1

In representation theory of finite dimensional algebra, tilting modules play an important
role because they induce derived equivalences. Recently, the authors in [2] introduced
the notion of 7-tilting modules, which is a generalization of (classical) tilting modules.
They showed there are close relationships between 7-tilting modules and some important
notions: torsion classes, silting complexes, and cluster-tilting objects. For background and
results of 7-tilting modules, we refer to [2].

Our aim of this article is to give a generalization of the following well-known result. A
A-module M is called tilting if pdM < 1, Exth (M, M) = 0 and |M| = |A|, where pdM
is the projective dimension and |M| the number of nonisomorphic indecomposable direct
summands of M.

Theorem 1. Let A = KA, be a path algebra. Then there is a one-to-one correspondence
between
(1) the set tiltA of isomorphism classes of basic tilting A-modules,
(2) the set of triangulations of an (n + 2)-regular polygon.
The following theorem is our main result of this article. A A-module M is called 7-rigid
if Homa (M, 7M) = 0. A 7-rigid A-module M is called 7-tilting if | M| = |A|.

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



Theorem 2. [1] Let A be a Nakayama algebra with n := |A|. Assume that the Loewy
length of every indecomposable projective A-module is at least n. Then there is a one-to-
one correspondence between

(1) the set T-tiltA of isomorphism classes of basic T-tilting A-modules,
(2) the set T(n) of triangulations of an n-reqular polygon with a puncture.

First, recall the definition and basic properties of Nakayama algebras. An algebra A
is said to be Nakayama if every indecomposable projective A-module and every indecom-
posable injective A-module are uniserial (i.e, it has a unique composition series). We give
a characterization of Nakayama algebras by using quivers.

Proposition 3. [3, V.3.2] A basic connected algebra A is Nakayama if and only if its
quiver Qx is one of A,, or A,,.

In the following, we assume that A is a basic connected Nakayama algebra and n := |A|.
We give a concrete description of indecomposable A-modules. We denote by P; (respec-
tively, ;) the indecomposable projective (respectively, the simple) A-module correspond-
ing to the vertex ¢ in Q5 and ¢(M) the Loewy length of a A-module M.

Proposition 4. [3, V.3.5, V.4.1 and V.4.2] Let M be an indecomposable nonprojective
A-module. Then there exists an indecomposable projective A-module P; and an integer
1 <t < {(P) such that M ~ P;/rad'P;. In this case, we have TM ~ P;_;/rad'P;_; and
t=L4(M)=40(M).

Every indecomposable A-module M is uniquely determined, up to isomorphism, by its
simple top S; and the Loewy length ¢ = ¢(M). In this case, M has a unique composition
series with the associated composition factors S; = 5;,,5;,, -, 95;,, where i;,--- ,1; €
{1,2,--- ,n} with 4,41 = i; — 1(mod n) for any j.

Let A} be a self-injective Nakayama algebra with n = |A| and the Loewy length r. The
Auslander-Reiten quiver of Aj is given by the following:

NWHN

2 3 1 2
l<-—-—-—-—-- 2 <———-—-—- - 3 <—-——=—-—-—-— 1
3\ /1\ /2\ /3
it i <———-—- 1<—--
l<-—=—-—-—-- 2 <—-—=—-——-- 3 <—-—=—-—-—-- 1

Then the following modules are all 7-tilting Aj-modules:

Solaod 3l 2 o 1 2 o 1 S
2 D3Py, 20301, 10301, 10302, 103D 2,
1 2 3 1 2 2 2 3 2
3 3 3 1 1 1
10302, 103@3, 10303, 30503, ;O3
3 3 3 1 1 1



By the example above, note that every 7-tilting module does not have an indecompos-
able A-module M with the Loewy length /(M) = 3 as a direct summand. This is always
the case as the following result shows. By Proposition 4, we can easily understand the
existence of homomorphisms between indecomposable A-modules.

Lemma 5. Assume that M = Pi/radeZ- and N = Pk/ralek. Then the following are
equivalent.

(1) Homa (M, N) # 0.
(2) i e{k,k—1,--- k—I4+1 (modn)} and k—1+1 € {i,i—1,--- ;i—j+1 (modn)}.

Thus we have the following result.

Proposition 6. Let M be an indecomposable nonprojective A-module. Then M is T-rigid
if and only if (M) < n.

Proof. By Proposition 4, we can assume that M = Pi/radei and TM = lDi—l/rade_l.
Then we have

ie{i—1,i—2,--- i+ 7 (mod n)}
i+je{ii—1,---,i—7+1 (modn)}

< (M) > n.

Homy (M, 7M) # 0 & {

OJ

To study a connection between 7-tilting modules and triangulations of an n-regular
polygon with a puncture, recall the definition and basic properties of triangulations. Let
G, be an n-regular polygon with a puncture. We label the points of G,, counterclockwise
around the boundary by 1,2,--- n (mod n). Let i,j5 € Z, := Z/nZ. An inner arc
(i,7) in G, is a path from the point i to the point j homotopic to the boundary path
i,i+1,---,i+1 =7 (mod n) such that 1 <! < n. Then we call i an initial point, j a
terminal point and £((i, j)) := [ the length of the inner arc. A projective arc (e, j) in G, is
a path from the puncture to the point j. Then we call j a terminal point. An admissible
arc is an inner arc or a projective arc.

) " (i,5) (o,

FIGURE 1. Admissible arcs in a polygon with a puncture

Two admissible arcs in G, are called compatible if they do not intersect in G, (except
their initial and terminal points). A triangulation of G, is a maximal set of distinct
pairwise compatible admissible arcs. Note that the set of all projective arcs gives a
triangulation of G,,. Triangulations have the following property.

Proposition 7. FEach triangulation of G, consists of exactly n admissible arcs and con-
tains at least one projective arc.



F1GURE 2. Triangulations of G,

We give a bijection between indecomposable 7-rigid A-modules and admissible arcs
in G,. By Proposition 6, every indecomposable nonprojective 7-rigid A-module M is
uniquely determined by its simple top S; and its simple socle S;. Thus we denote by
(k —2,7) the 7-rigid module M above. Moreover, we put (e,j) := P; for any j. We
denote by 7-rigidA the set of isomorphism classes of indecomposable 7-rigid A-modules.

Proposition 8. The following hold.
(1) There is a bijection

TrigidA — {(i, ) | .5 € Zn, £((0. 7)) < 0P} [[{(e,0) | i € 2}

given by (i,7) v (i,5) fori1 € {1,2,--- ;,n}U{e} and j € {1,2,--- ,n}.
(2) For any ik € {1,2,--- ;n}[[{e} and 5,1 € {1,2,--- ,n}, (i,7) & (k1) is T-rigid
if and only if (i,7) and (k,l) are compatible.

Proof. (1) By Proposition 6, every indecomposable 7-rigid A-module M is either a pro-
jective A-module or a A-module satisfying /(M) < n. Thus we can easily check the map
is a well-defined bijection.

(2) It follows from Lemma 5. O

Instead of proving Theorem 2, we give a proof of the following theorem which is a
generalization of Theorem 2. Let ¢; := ¢(P;) for any i € {1,2,---,n}. We denote by
T (n; by, 0y, -+, £,) the subset of T (n) consisting of triangulations such that the length of
every inner arc with the terminal point j is at most ¢; for any j € {1,2,--- ,n}.

Theorem 9. Let A be a Nakayama algebra. Then the map in Proposition § induces a
bijection

T-tiltA — T(TL, 61, 62, s ,En)
Proof. By Proposition 7 and 8, we can easily check that the map is a bijection. (]
As an application of Theorem 9, we have the following corollary.

Corollary 10. Let A = KA, be a path algebra. Then the map in Proposition 8 induces
a bijection

tiltA — U(n) = {X € T(n) | (o,n) € X}.

Note that U(n) can identify the set of triangulations of an (n + 2)-regular polygon. As
a result, we can recover Theorem 1.



Proof. By Theorem 9, there is a bijection between 7-tiltA and 7 (n;1,2,---,n). Since A
is hereditary, we have tiltA = 7-tiltA. We have only to show that

Un) =Tn;1,2,---,n)

Indeed, assume that X € U(n). Since X contains the projective arc (e,n), we have
0((i,7)) < j for each inner arc (i,j) € X. Thus, we have X € T(n;1,2,---,n). Con-
versely, assume that X € T(n;1,2,---,n). Clearly, the projective arc (e, n) is compatible
with all admissible arc in X. Thus, we have (e,n) € X, and hence X € U(n). O

Finally, we give an example of Theorem 9.

Example 11. Let A := A} be a self-injective Nakayama algebra with » > 3. Then we
have the followng description of 7-tilting A-modules.

1 1
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MUTATION AND MUTATION QUIVERS OF
SYMMETRIC SPECIAL BISERIAL ALGEBRAS

TAKUMA AIHARA

ABSTRACT. The notion of mutation plays crucial roles in representation theory of al-
gebras. Two kinds of mutation are well-known: tilting/silting mutation and quiver-
mutation. In this paper, we focus on tilting mutation for symmetric algebras. Introducing
mutation of SB quivers, we explicitly give a combinatorial description of tilting muta-
tion of symmetric special biserial algebras. As an application, we generalize Rickard’s
star theorem. We also introduce flip of Brauer graphs and apply our results to Brauer
graph algebras. Moreover we study tilting quivers of symmetric algebras and show that
a Brauer graph algebra is tilting-discrete if and only if its Brauer graph is of type odd.

Key Words: special biserial algebra, mutation of SB quivers, tilting mutation,
Brauer graph algebra, flip of Brauer graphs.

2000 Mathematics Subject Classification:  Primary 16G10; Secondary 16G20, 18E30,
20C05.

1. INTRODUCTION

In representation theory of algebras, the notion of mutation plays an important role.
We refer to two kinds of mutation: quiver-mutation and tilting/silting mutation. Quiver-
mutation was introduced by Fomin-Zelevinsky [FZ] to develop a combinatorial approach
to canonical bases of quantum groups, and yields the notion of Fomin-Zelevinsky cluster
algebras which has spectacular growth thanks to the many links with a wide range of
subjects of mathematics.

Tilting mutation, which is a special case of silting mutation [AI], was introduced by
Riedtmann-Schofield [RS| and Happel-Unger [HU] to investigate the structure of the de-
rived category. For example, Bernstein-Gelfand-Ponomarev reflection functors [BGP],
Auslander-Platzeck-Reiten tilting modules [APR] and Okuyama-Rickard tilting complexes
[O, R2] are special cases of tilting mutation. In the case that a given algebra is symmetric,
tilting mutation yields infinitely many tilting complexes, which are extremely important
complexes from Morita theoretic viewpoint of derived categories [R1]. It is because they
give rise to derived equivalences which preserve many homological properties.

The aim of this paper is to find some similarities between the effects of tilting mutation
and Fomin-Zelevinsky quiver-mutations.

The following problem is naturally asked:

Problem 1. Give an explicit description of the endomorphism algebra of a tilting complex
given by tilting mutation.

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



In this paper we give a complete answer to this problem for symmetric special biserial
algebras, which is one of the important classes of algebras in representation theory. Some
of special biserial algebras were first studied by Gelfand-Ponomarev [GP], and also natu-
rally appear in modular representation theory of finite groups [Al, E]. Moreover such an
algebra is always representation-tame and the classification of all indecomposable modules
of such an algebra was provided in [WW, BR|. The derived equivalence classes of special
biserial algebras were also discussed in [BHS, K, KR].

To realize our goal, we start with describing symmetric special biserial algebras in
terms of combinatorial data, which we call SB quivers. Moreover we will study symmetric
special biserial algebras from graph theoretic viewpoint, which is described by Brauer
graphs. Indeed, we have the result below (see Lemma 8 and Proposition 26):

Proposition 2. There exist one-to-one correspondences among the following three classes:

(1) Symmetric special biserial algebras;
(2) Special quivers with cycle-decomposition (SB quivers);
(3) Brauer graphs.

We introduce mutation of SB quivers (see Definition 15, 18 and 21), which is simi-
lar to Fomin-Zelevinsky quiver-mutation. Moreover we will show that mutation of SB
quivers corresponds to a certain operation on Brauer graphs, which we call flip and is a
generalization of mutation/flip of Brauer trees introduced in [A].

The main theorem of this paper is the following:

Theorem 3 (Theorem 14 and Theorem 29). The following three operations are compatible
each other:

(1) Tilting mutation of symmetric special biserial algebras;
(2) Mutation of SB quivers;
(3) Flip of Brauer graphs.

We note that certain special cases of the compatibility of (1) and (3) in Theorem 3
were given by [K, An] (see Remark 30).

As an application of Theorem 3, we generalize “Rickard’s star theorem” for Brauer tree
algebras, which gives nice representatives of Brauer tree algebras up to derived equivalence
[R2, M]. We introduce Brauer double-star algebras, as the corresponding class for Brauer
tree algebras, and prove the following (see Section 4.3 for the details):

Theorem 4 (Theorem 31). Any Brauer graph algebra is derived equivalent to a Brauer
double-star algebra whose Brauer graph has the same number of the edges and the same
multiplicities of the vertices.

As an application of Theorem 4, we deduce Rickard’s star theorem (Corollary 33).

Finally we study tilting quivers which were introduced in [AI] to observe the behavior of
tilting mutation. We are interested in the connectedness of tilting quivers. A symmetric
algebra is said to be tilting-connected if its tilting quiver is connected. It was proved in
[AI, Al] that a symmetric algebra is tilting-connected if it is either local or representation-
finite. On the other hand, an example of symmetric algebras which are not tilting-
connected was found by Grant, Iyama and the author. In this paper, we discuss the
tilting-connectedness of Brauer graph algebras and aim to understand when a Brauer



graph algebra is tilting-connected. We introduce Brauer graphs of type odd, and have the
main theorem (see Section 5 for the details).

Theorem 5 (Theorem 39). Any Brauer graph algebra with a Brauer graph of type odd is
tilting-connected.

2. SYMMETRIC SPECIAL BISERIAL ALGEBRAS

This section is devoted to introducing the notion of SB quivers. We will give a rela-
tionship between symmetric special biserial algebras and SB quivers. Moreover we study
tilting mutation, which is a special case of silting mutation introduced by [AIT].

Throughout this paper, we use the following notation.

Notation. Let A be a finite dimensional algebra over an algebraically closed field k.

(1) We always assume that A is basic and indecomposable.

(2) We often write A = kQ/I where @ is a finite quiver with relations /. The sets of
vertices and arrows of () are denoted by @)y and @)1, respectively.

(3) We denote by mod A the category of finitely generated right A-modules. A simple
(respectively, indecomposable projective) A-module corresponding to a vertex ¢ of
@ is denoted by S; (respectively, by P;). We always mean that a module is finitel

y Y, by Y y

generated.

T~

A quiver of the form e o e e with n arrows is called an n-cycle (for
simplicity, cycle). We mean 1-cycle by loop.
Let us start with introducing SB quivers.

Definition 6. We say that a finite connected quiver @) is special if any vertex ¢ of () is the
starting point of at most two arrows and also the end point of at most two arrows. For a
special quiver () with at least one arrow, a set C = {C4,Cy,--- ,C,} of cycles in @) with
a function mult : C — N is said to be a cycle-decomposition if it satisfies the following
conditions:

(1) Each Cy is a subquiver of ) with at least one arrow such that Qg = (Cy)gU--- U
(Cy)o and Q1 = (C1); I --- 11 (C,);: For any a € )1, we denote by C, a unique
cycle in C which contains a.

(2) Any vertex of @ belongs to at most two cycles.

(3) mult(Cy) > 1if C; is a loop.

A SB quiver is a pair (@, C) of a special quiver @) and its cycle-decomposition C.
Let (@, C) be a SB quiver. For each cycle C'in C, we call mult(C) the multiplicity of C.

For any arrow a of ), we denote by na(a) a unique arrow 3 such that e —>>e —F e
appears in C,.
We construct a finite dimensional algebra from a SB quiver.

Definition 7. Let (Q,C) be a SB quiver. An ideal I(gc) of kQ is generated by the
following three kinds of elements:



(1) (cqapyr -+ ayrs—1)™ay for each cycle C in C of the form

. aq . a2 Qs—1 .
as
and t =1,2,---,s, where m = mult(C) and the indices are considered in modulo

(2) af it B # na(a).

(3) (aray -+ ay)™ — (B1Bs--- B;)™ whenever we have a diagram

. .
..st& ﬁt/zt<7...
1
ag ./al \., B2
5 B1 i

e =<— —_— ..

where Cy, = Cy,,C3, = Cp, forany 1 < £ < 5,1 < V' <tandm = mult(C,, ), m =
mult(Cp, ).

We define a k-algebra A := Ag c) associated with (Q,C) by A = kQ/Io,c). Then the
algebra A(g ) is finite dimensional and symmetric. The cycle-decomposition C is also
said to be the cycle-decomposition of A c).

An algebra A := kQ/I is said to be special biserial if () is special and for any arrow
of @, there is at most one arrow « with af ¢ I and at most one arrow ~ with Sy & I.
Thanks to [Ro] (see Proposition 26), we have the following result.

Lemma 8. The assignment (Q, C) — Ag,c) gives rise to a bijection between the isoclasses
of SB quivers and those of symmetric special biserial algebras.

Example 9. (1) Let @ be the quiver
1
7'\
% B X
2————>3
ﬁ/

with the relations I := (af3, B, ya, ', ' 6, 5/, ' a— BB, BB —vy, 7'y — ad).
Then the algebra A := kQ/I is symmetric special biserial associated with the SB
quiver (@, C) where the cycle-decomposition is

« B Y
c:{(1<»2),<2<%3>,<3€>1)}
a/ /8/ ’Y/

such that the multiplicity of every cycle is 1.



(2) Let @ be the quiver

with the relations I := (ya, (abed)?a | {a,b,c,d} = {«, 3,7,0}). Then A :=kQ/I
is a symmetric special biserial algebra which is isomorphic to A(g c), where C is
the cycle-decomposition

with the multiplicity 2.
(3) Let @ be the quiver

B B’

1 ’
a=| i |- aix

3<—2 -
B
and mult(Cy) = mult(C;) = 1. Then we have an isomorphism A c) ~ kQ/I
where I = (af', o/, yo/,~'a, (abe)a | {a,b, ¢} = {a, 5,7}, {/, 5, 7'}).
We know that the property of being symmetric special biserial is derived invariant.

Proposition 10. Let A and B be finite dimensional algebras. Suppose that A and B are
derived equivalent. If A is a symmetric special biserial algebra, then so is B.

Proof. Combine [R1] and [P]. O

Next, we recall the notion of tilting mutation. We refer to [AI] for details.
The bounded derived category of mod A is denoted by DP(mod A).
We give the definition of tilting complexes.

Definition 11. Let A be a finite dimensional algebra. We say that a bounded complex T’
of finitely generated projective A-modules is tilting if it satisfies Hompp neq 4)(T, T'[n]) = 0
for any integer n # 0 and produces the complex A concerned in degree 0 by taking direct
summands, mapping cones and shifts.

The following result shows the importance of tilting complexes.



Theorem 12. [R1] Let A and B be finite dimensional algebras. Then A and B are
derived equivalent if and only if there exists a tilting complex T of A such that B is
Morita equivalent to the endomorphism algebra Endpp o4 a) (T).

For each vertex i of (), we denote by e; the corresponding primitive idempotent of A.
We recall a complex given by Okuyama and Rickard [O, R2], which is a special case of
tilting mutation (see [Al]).

Definition-Theorem 13. [O] Fix a vertex i of (). We define a complex by
(Oth) (1st)
5= P 0 (A
P—"—P, (j =)

where P ™% P, is a minimal projective presentation of e;A/e;A(1 — ¢;)A. Now we call
T(i) := @jecq, Ti an Okuyama-Rickard compler with respect to i and put p(A) :=
Endpp moa 4)(T'(4)). If A is symmetric, then T is tilting. In particular, ;7 (A) is derived
equivalent to A.

3. MUTATION OF SB QUIVERS

The aim of this paper is to give a purely combinatorial description of tilting mutation
of symmetric special biserial algebras.

To do this, we introduce mutation of SB quivers by dividing to three cases, which is a
new SB quiver y; (Q, C) made from a given one (@, C).

Now, the main theorem in this paper is stated, which gives the compatibility between
tilting mutation and mutation of SB quivers.

Theorem 14. Let A be a symmetric special biserial algebra and take a SB quiver (Q, C)
satisfying A ~ Ag.c). Let i be a vertex of Q. Then we have an isomorphism A;ﬁ(Q,C) ~

wi (A). In particular, Auj(Q,C) is derived equivalent to A.

Let (@, C) be a SB quiver and i be a vertex of (). We say that @ is multiplex at ¢ if

there exists arrows iéj with 5 # na(a) and a # na(f3).
B

3.1. Non-multiplex case. We introduce mutation of SB quivers at non-multiplex ver-
tices.

Let (Q, C) be a SB quiver and fix a vertex i of Q. We define a new SB quiver 1 (Q, C) =
(@', C') as follows.

3.1.1. Mutation rules.

Definition 15. Suppose that @) is non-multiplex at 7. We define a quiver @)’ as the
following three steps:



(QM1) Consider any path

i

)

h#iiajwithﬁzna(a) or i P with v = na(«), 8 = na(y)

for h # i # j. Then draw a new arrow h —— j
(QM1-1) if h # j or
(QM1-2) if h = j,o = na(f) and mult(C,) > 1.
(QM2) Remove all arrows h ——=1i for h # i.
(QM3) Consider any arrow i —= h for h # i.

(QM3-1) If there exists a path i —— h Lj with 8 # na(«), then replace it by a
new path hi>i—y>j .
(QM3-2) Otherwise, add a new arrow h ——i .

It is easy to see that the new quiver ' is again special.

3.1.2. Cycle-decompositions. We give a cycle-decomposition C' of Q'

Definition 16. We use the notation of Definition 15.
(1) We define a cycle containing a new arrow z in (QM1) as follows:
(a) In the case (QM1-1), C, is obtained by replacing af or ayf in C, by z.
(b) In the case (QM1-2), C, is a new cycle h )z with multiplicity mult(C,).
(2) We define a cycle containing a new arrow z and y in (QM3) as follows:
(a) In the case (QM3-1), C, = C}, and replace /5 in Cy by zy.
(b) In the case (QM3-2),

(i) if there exists an arrow h Lz of @, then C, is defined by replacing
B in Cg by .
(ii) Otherwise, C, is a new cycle

. (7
1—h
X

if there is no loop at i belonging to C,
i
B/ \a if there is a loop  at ¢ belonging to C,
1<—h

with multiplicity 1.
Then we obtain a cycle-decomposition C’ of )’
Thus, we get a new SB quiver u; (Q, C) := (Q’, C'), called right mutation of (Q,C) at i.
Dually, we define the left mutation u; (Q, C) of (Q, C) at i by p; (Q, C) := u; (Q°P, CP)°P,

where QQ°P is the opposite quiver of ) and C°P is the cycle-decomposition of QQ°P corre-
sponding to C.



Example 17. (1) Let (@, C) be the SB quiver as in Example 9 (1). Then we have
the right mutation uj (Q,C) = (Q',C’) of Q at 1 as follows:

PR PAN

2 3
| (@u2)
1
Q=| 2—=—=1=—=3 m 2/ \3

and

| —>2
N
31

(2) Let (Q, C) be the SB quiver of Example 9 (2). Then the right mutation u; (Q, C) =
(@', C) of @ at 1 is obtained as follows:

-~

() ()

0= 1 w 1
2/—\>3 2/ \3
| @u2)

v ‘)
o 2</:>3 m 2</:>3

and

()

where the first and the second cycles have multiplicity 1 and 2, respectively.




(3) Let (@, C) be the SB quiver as in Example 9 (3). Then we get the right mutation
ui(Q,C) = (Q',C') of Q at 1 as follows:

SN N
| @)
o 3/@\4 m 3 @ 4

and

1 1
W)

3.2. Multiplex case (1). Next, we introduce mutation at multiplex vertices and its
cycle-decomposition. They are defined by making minor alterations to mutation at non-
multiplex vertices.

Let (@, C) be a SB quiver and fix a vertex i of (). We consider the following situation:

h= s
with § # na(«) and o # na(f): in this case, it is observed that o = na(a/) and ' = na(f3).
We define a new SB quiver i) (Q,C) = (Q’,C’) as follows.
3.2.1. Mutation rules.

Definition 18. We assume that j' # h. A quiver Q)" of @ at i is defined by the following
three steps:

(QM1)’ Draw a new arrow j' —— j

(QM1-1)" if 7/ # j or

(QM1-2)” if 7/ = 5 and mult(C,) > 1.
(QM2)" Remove two arrows « and o'
(QM3)’ Add new arrows in the following way:

(QM3-1)” If there is an arrow v : h ——=h' with v # na(f’), then remove v and add

x . Y
new arrows h —s1 —— h' .

(QM3-2)” Otherwise, add new arrows h e
v

We can easily check that the new quiver ()’ is again special.



3.2.2. Cycle-decompositions. We give a cycle-decomposition C' of @)'.

Definition 19. Assume that j* # h. We use the notation of Definition 18.
(1) We define a cycle containing a new arrow z in (QM1)’ as follows:
(a) In the case (QM1-1)’, C, is obtained by replacing o/« in C,, by z.
(b) In the case (QM1-2)’, C, is a new cycle j Q « with multiplicity mult(Cy,).
(2) We define a cycle containing a new arrow x and y in (QM3)’ as follows:
(a) In the case (QM3-1)’, C;, = C, and replace vy in C, by zy.
(b) In the case (QM3-2)’, C, and C, are new cycles satisfying C, = C, =
h é@ ) with multiplicity 1.
y

Then we have a cycle-decomposition C" of ()'.

Thus, we get a new SB quiver y; (@, C) = (Q', C'), called right mutation of (Q,C) at i.
Dually, we define the left mutation p; (Q,C) of (Q,C) at i by u; (Q, C) := pu (Q°P, CoP)°P.

Example 20. Let () be the quiver

1 ’

2

with cycle-decomposition C:

1 1
_ a1 as U /
Q 2 / \3 xg
such that the multiplicity of each cycle is 1. Then we see that the right mutation
1 (Q,C) = (Q,C) of Q at 1is

Q= 24\\)3 (amy, /1‘\\

2

3

| @2y

2 ——m—3

and

(PRSI



3.3. Multiplex case (2). Finally, we introduce the last case of mutation of SB quivers.
Let (@, C) be a SB quiver and fix a vertex ¢ of ). Suppose that the subquiver of @
around the vertex i is

¢/ a/ . a .
J==i=—=

ﬁ/
with 8 # na(a) and « # na(f): i.e., the case of 7/ = h in Multiplex case (1).
Definition 21. We define the right mutation p; (Q, C) of (Q, C) at i by i (Q, C) = (@, C).
Dually, the left mutation p; (Q,C) of (Q,C) at i is also defined by p; (Q,C) = (Q, C).

4. BRAUER GRAPH ALGEBRAS

In this section, we introduce flip of Brauer graphs and show that it is compatible
with tilting mutation of Brauer graph algebras. Note that any Brauer graph algebra is
symmetric special biserial (see Proposition 26).

We recall the definition of Brauer graphs.

Definition 22. A Brauer graph G is a graph with the following data:

(1) There exists a cyclic ordering of the edges adjacent to each vertex, usually de-
scribed by the clockwise ordering.

(2) For every vertex v, there exists a positive integer m, assigned to v, called the
multiplicity of v. We say that a vertex v is exceptional if m, > 1

4.1. Flip of Brauer graphs. Let G be a Brauer graph. For a cyclic ordering (- -+ ,4,j,- )
adjacent to a vertex v with j # i, we write j by e, (i) and denote by v;(i) (simply, v(¢))
the vertex of j distinct from v if it exists, otherwise v(i) := v.

We say that an edge ¢ of G is external if it has a vertex with cyclic ordering which
consists of only ¢, otherwise it is said to be internal.

We now introduce flip of Brauer graphs.

Definition 23. Let G be a Brauer graph and fix an edge i of G. We define the flip 1 (G)
of G as follows:

Case (1) The edge i has the distinct two vertices v and wu:
e If 7 is internal, then
(Step 1) detach i from v and u;
(Step 2) attach it to v(i) and u(i) by ey (ev(i)) =7 and ey)(eq(2)) = i, respec-
tively.
Locally there are the following three cases:

(i)

v ——u — v S
e(i) | |
v(i) v(i)




(i)

ey (%)

(% u

ey (1)
(eu(i) = €u(i))

I

O

e If i is external, namely u is at end, then
(Step 1) detach 7 from v;
(Step 2) attach it to v(i) by ey (ev(i)) = i.

The local picture is the following:

(iv)

v
eu(i) |
v(t)

u

v
ev (i) ‘ /
v(i)

Case (2) The edge i has only one vertex v:
e If there exists the distinct two edges h and j written by e, (i), then

(Step 1) detach i from v;

(Step 2) attach it to vy (7) and v;(i) by ey, (h) = i and e, (j) = 1.

Locally there are the following two cases:

(v)

(vi)

v /r.—\ u
(u = v;(i) = va(i))

e Otherwise,
(Step 1) detach i from v;
(Step 2) attach it to the only one vertex v(i) by ey)(ey(i)) = i.




The local picture is the following:

(vii)

o0 v(1) v

In all cases, the multiplicity of any vertex does not change.
Dually, we define y; (G) by p; (G) := (i (G°P))™ where the opposite Brauer graph,
namely its cyclic ordering is described by counter-clockwise, is denoted by G°P.

Every case of flip of Brauer graphs is covered in Definition 23.
We also point out that our flip of Brauer graphs can be regarded as a generalization of
flip of triangulations of surfaces [FST].

Example 24. For a Brauer graph, we denote by e an exceptional vertex and by o a
non-exceptional vertex.

(1) Let G be the Brauer graph
O
/ Y
O——F——— 0
2

Then the flip of G at 1 is

such that the multiplicity of the exceptional vertex e is 2. Then we have the flip
of G at 1:

uH(G) = )

(3) Let G be the Brauer graph

Then the flip of G at 1 is observed by

i(G)=| o0 T"==0




(4) Let G be the Brauer graph

Then the flip of G at 1 is:

4.2. Compatibility of flip and tilting mutation. For a Brauer graph G, we denote
by vx(G) the set of the vertices of G.
We construct a SB quiver from a Brauer graph.

Definition 25. Let G be a Brauer graph. A Brauer quiver () = (g is a finite quiver
given by a Brauer graph G as follows:
(1) There exists a one-to-one correspondence between vertices of () and edges of G.
(2) For two distinct edges ¢ and j, an arrow i —— j of ) is drawn if there exists a
cyclic ordering of the form (--- ,i,7,---).
(3) For an edge i of G, we draw a loop at i if it has an exceptional vertex which is at

end.
Then () is special.
For each vertex v of G, let (iy,4,- - ,is,141) be a cyclic ordering at v. Then we define
a cycle C, by

with multiplicity m, if s # 1, otherwise by an empty set. We have a cycle-decomposition
C=Ce={C, | vew(@)}.
Thus we obtain a SB quiver (@, C).

For a Brauer graph G, a Brauer graph algebra A = Ag is a symmetric special biserial
algebra associated with the SB quiver (Qg, Cq).

It is known that the notion of Brauer graph algebras is nothing but that of symmetric
special biserial algebras. The following result is obtained.

Proposition 26. (1) [Ro] An algebra is a Brauer graph algebra if and only if it is
symmetric special biserial.
(2) The property of being a Brauer graph algebra is derived invariant.

Proof. The second assertion follows from the first assertion and Proposition 10. OJ

For an edge ¢ of a Brauer graph G, we say that G' has multi-edges at ¢ if there exists a

7

subgraph © 6 of G such that the cyclic orderings at v and u are (--- ,4,7,---) and

j
(«+-,4,1,- ), respectively; it is allowed that u = v.
We have the following easy observation.

Proposition 27. Let G be a Brauer graph and i be an edge of G. Then Q¢ is multiplex
at v if and only if G has multi-edges at 1.



It is not difficult to see that flip of each Brauer graph G coincides with right mutation
of the corresponding SB quiver (Qg, Cg), that is, we have:

Proposition 28. Let G be a Brauer graph and i be an edge of G. Then one has
<Qu?(G)’ Cu;‘(G)) = MT(QG; Ca).

We observe that Example 17 (1)—(3) and Example 20 coincide with Example 24 (1)—(3)
and (4), respectively.

Applying Theorem 14 to Brauer graph algebras, we figure out that flip of Brauer graph
is compatible with tilting mutation of Brauer graph algebras.

Theorem 29. Let G be a Brauer graph and i be an edge of G.
(1) We have an isomorphism A ™ wi (Ag).
(2) The algebra i (Ag) has the Brauer graph pu (G).
(3) The algebra A, + g is derived equivalent to Ag.

Remark 30. Special cases of this theorem were given in [K], where he considered the cases
(i)(iv) and (vii) in Definition 23.

4.3. (Double-) Star theorem. In this subsection, we generalize Rickard’s star theorem.

Let G be a Brauer graph. We denote by m¢ the sequence (my,, - - ,m,,) of the multi-
plicities of all vertices satisfying m,, > -+ > m,,.

For a Brauer graph algebra A, the Brauer graph of A is denoted by G 4.

A Brauer graph G is said to be double-star if there exist two vertices v and u of G such
that any edge is either of the following:

e [t is external having the vertex v:
e [t has both the vertices v and w:
e It has only the vertex v, that is, it is of the form UD .

We call v and u center and vice-center, respectively.

We say that a Brauer double-star GG satisfies multiplicity condition if the multiplicities
of the center and the vice-center are the first and the second greatest among them of all
vertices of GG, respectively.

The following theorem is obtained.

Theorem 31. Any Brauer graph algebra A is derived equivalent to a Brauer graph algebra
with Brauer double-star G satisfying multiplicity condition such that

(1) the number of the edges of G coincides with that of G4 and
(2) mg = mg,, in particular G and G 4 have the same number of exceptional vertices.

We raise a question on classification of derived equivalence classes of Brauer graph
algebras.

Question 32. For a given Brauer graph G, is a Brauer double-star algebra satisfying
multiplicity condition which is derived equivalent to Ag unique, up to isomorphism and
opposite isomorphism?

It is well-known that this question has a positive answer if G is a tree as a graph. Such
a Brauer graph is said to be a generalized Brauer tree. 1t is called Brauer tree if it has at



most one exceptional vertex. A (generalized) Brauer star is a (generalized) Brauer tree
and a Brauer double-star. Note that any edge of a generalized Brauer star is external and
every vertex can be a vice-center.

From Theorem 31, we deduce star theorem for generalized Brauer tree algebras.

Corollary 33. [R2, M]

(1) Any generalized Brauer tree algebra A is derived equivalent to a generalized Brauer
star algebra B with mg, = mg, such that the multiplicity of the center is maximal.

(2) Derived equivalence classes of generalized Brauer tree algebras are determined by
the number of the edges and the multiplicities of the vertices.

5. TILTING QUIVERS OF BRAUER GRAPH ALGEBRAS

This section is based on joint work with Adachi and Chan [AAC].

In this section, we discuss tilting quivers which were introduced in [Al] to observe the
behavior of tilting mutation.

We denote by tilt A the set of non-isomorphic basic tilting complexes of a finite dimen-
sional algebra A.

Let us recall the definition of tilting quivers (see [Al] for the details).

Definition 34. Let A be a symmetric algebra. The tilting quiver of A is defined as
follows:

e The set of vertices is tilt A.
e An arrow 7' — U is drawn if T' corresponds to an Okuyama-Rickard complex of

the endomorphism algebra Endpp eq 4)(U) under the derived equivalence induced
by U.

We naturally ask whether the tilting quiver of A is always connected or not. The answer
of this question is No. An example of symmetric algebras whose tilting quivers are not
connected was found by Grant, Iyama and the author.

A symmetric algebra is said to be tilting-connected if its tilting quiver is connected.

We raise the following question.

Question 35. When is a symmetric algebra tilting-connected?
We introduce a partial order on tilt A.

Definition-Theorem 36. [AI] Let A be a symmetric algebra. For T\, U € tilt A, we write
T > U if it satisfies Hompp o 4y (7, U[i]) = O for any ¢ > 0. Then > gives a partial order
on tilt A.

We say that a symmetric algebra A is tilting-discrete if for any ¢ > 0, there exist only
finitely many tilting complexes T in tilt A satisfying A > 7" > A[{]. It is seen that a
tilting-discrete symmetric algebra is tilting-connected [A1].

Two examples of tilting-discrete symmetric algebras are well-known.

Example 37. [Al, Al] A symmetric algebra is tilting-discrete if it is either local or
representation-finite.



We refer to [AI] for more general examples of tilting/silting-connected algebras.

The aim of this section is to give a partial answer to Question 35 for Brauer graph
algebras.

We say that a Brauer graph is of type odd if it has at most one cycle of odd length and
none of even length. For example, any (generalized) Brauer tree is of type odd.

We easily observe the following result, which says that flip of Brauer graphs preserves
the property to be of type odd.

Lemma 38. Let G be a Brauer graph and i be an edge of G. If G is of type odd, then so
ot
is 1 (G).

Now we state the main theorem of this section.

Theorem 39. Let G be a Brauer graph. Then G is of type odd if and only if Ag is
tilting-discrete.

Example 40. Any generalized Brauer graph algebra is tilting-discrete, and hence is
tilting-connected.

The following corollary is an immediate consequence of Theorem 39.

Corollary 41. Let G be a Brauer graph of type odd and B a derived equivalent algebra
to Ag. Then the following hold:

(1) The algebra B is a Brauer graph algebra whose Brauer graph can be obtained from
G by iterated flip.
(2) The Brauer graph of B is of type odd.
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QUANTUM PLANES AND ITERATED ORE EXTENSIONS

RYO AKIYAMA

ABSTRACT. Quantum projective planes are well studied in noncommutative algebraic
geometry. However, there has never been a precise definition of a quantum affine plane.
In this paper, we define a quantum affine plane, and classify quantum affine planes by
using 3-iterated quadratic Ore extensions of k.

1. PRELIMINARIES

Throughout this paper, we fix an algebraically closed field £ of characteristic 0, and we
assume that all vector spaces and algebras are over k. In this paper, a graded algebra
means a connected graded algebra finitely generated over k. A connected graded algebra
is an N-graded algebra A = @, A; such that Ay = k. We denote by GrModA the
category of graded right A-modules. An AS-regular algebra defined below is one of the
main objects of study in noncommutative algebraic geometry.

Definition 1 ([1]). A noetherian connected graded algebra A is called a d-dimensional
AS-regular algebra if

e gl.dimA = d < 0o, an

o Exti(k, A) = { ’5 z L g.

One of the first achievements of noncommutative algebraic geometry was classifying
all 3-dimensional AS-regular algebras by Artin, Tate and Van den Bergh using geometric
techniques [2]. In this paper, we will use their classification only in the quadratic case.

Let T(V) be the tensor algebra on V over k where V' is a finite dimensional vector
space. We say that A is a quadratic algebra if A is a graded algebra of the form T'(V') /(1)
where I C V ®;, V is a subspace and (I) is the two-sided ideal of T'(V') generated by I.
For a quadratic algebra A = T(V))/(I), we define

V(I) ={(p,q) e P(V*) x P(V")| f(p.q) = 0 for all f € I}.

Definition 2 ([5]). A quadratic algebra A = T'(V') /(1) is called geometric if there exists a
geometric pair (E, 7) where ' C P(V*) is a closed k-subscheme and 7 is a k-automorphism
of E such that

(G1) V(I) = {(p,7(p) € B(V*) x B(V")| p € E}, and

(G2) I={feV& V] f(p,7(p)) =0 for all p € E}.

Let A =T(V)/(I) be a quadratic algebra. If A satisfies the condition (G1), then A
determines a geometric pair (E, 7). If A satisfies the condition (G2), then A is determined
by a geometric pair (E,7), so we will write A = A(FE, 7). All 3-dimensional quadratic

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



AS-regular algebras are geometric by [2]. Moreover, it follows that they can be classified
in terms of geometric pairs (F, 7), where E is either P? or a cubic curve in P? by [2].

2. ORE EXTENSIONS.
Ore extensions are defined as follows:

Definition 3 ([4]). Let R be an algebra, o an automorphism of R and § a o-derivation
(i.e., 0 : R — R is a linear map such that 6(ab) = d(a)b+ o(a)d(b) for all a,b € R). Then
o, 0 uniquely determine an algebra S satisfying the following two properties;

e S = R|z] as a left R-module .

e For any a € R, za = o(a)z + d(a).
The algebra S is denoted by R[z;0,0] and is called the Ore extension of R associated to
o and . Then we define an n-iterated Ore extension of k by

klz1; 01, 01][22; 02, 2] - - [20; O, G-
Iterated graded Ore extensions of k are defined bellow.

Definition 4. Let A be a graded algebra, ¢ a graded automorphism of A and  a graded
o-derivation (i.e., 6 : A — A is a linear map of degree ¢ for some ¢ € N such that
d(ab) = d(a)b+ o(a)d(b) for all a,b € A). Then o, 6 uniquely determine a graded algebra
B satistying the following two properties

e B = Alz] with deg(z) = ¢ as a graded left A-module.

e For any a € A, za =o(a)z + d(a).
The graded algebra B is denoted by A[z;0,d] and is called the graded Ore extension of
A associated to o and §. Then we define an n-iterated graded Ore extension of k by

k[z1; 01, 61][29; 02, 02] - - - [2n; O, O]

If deg(z;) = 1 for any i € {1,2,--- ,n}, the above algebra is a quadratic algebra. Then
we call it an n-iterated quadratic Ore extension of k.

It is known that n-iterated quadratic Ore extensions of k are n-dimensional quadratic
AS-regular algebras. Moreover, if n < 2, then n-dimensional AS-regular algebras are
n-iterated graded Ore extensions of k by [6]. In this paper, we answer the question which
3-dimensional quadratic AS-regular algebras are 3-iterated quadratic Ore extensions of k.

Theorem 5. Let A = A(E,T) be a 3-dimensional quadratic AS-regular algebra. Then
there exists a 3-iterated quadratic Ore extension B such that GrModA = GrModB if and
only if E is not a elliptic curve.

3. QUANTUM PLANES

Definition 6 ([3]). Let R be an algebra. We denote by ModR the category of right
R-modules. We define the noncommutative affine scheme Spec,.R associated to R by the
pair (ModR, R).

Let TailsA be the the quotient category GrModA/TorsA where TorsA is the full sub-
category of GrModA consisting of direct limits of modules finite dimensional over k, and
let m be the canonical functor GrModA — TailsA.



Definition 7 ([3]). Let A be a graded algebra. We define the noncommutative projective
scheme Proj,.A associated to A by the pair (TailsA, 7A).

The simplest surface in algebraic geometry is the affine plane, which is Spec k[x,y],
so the simplest noncommutative surface must be a quantum affine plane, which should
be Spec,.R, where R is a noncommutative analogue of k[z,y]. Since a skew polynomial
algebra R = k(x,y)/(zy — Ayx) is the simplest example of a noncommutative analogue of
k[x,y] in noncommutative algebraic geometry, it can be regarded as a coordinate ring of a
quantum affine plane. However, there has never been a precise definition of quantum affine
plane. In the projective case, if A is a (d + 1)-dimensional quadratic AS-regular algebra,
then we call Proj,.A a d-dimensional quantum projective space (q-P?). In particular,
if A is a 3-dimensional quadratic AS-regular algebra, then we call Proj,cA a quantum
projective plane (q-P?).

In algebraic geometry, the following result is well known. If A is a polynomial algebra
klx,y, z] and u € Ay, then

ProjA = ProjA/(u) U SpecAu],
2l 2l 2l
P2 P! A?
Meanwhile, if A be a 3-dimensional quadratic AS-regular algebra and u € A; a normal
element (i.e., uA = Au), then Proj,.A is a ¢-P? and Proj,.A/(u) is a ¢-P!. Following the
above facts, we define a quantum affine plane as follows.

Definition 8. Let A be a 3-dimensional quadratic AS-regular algebra and u € A; a
normal element (i.e., uA = Au), then we define a quantum affine plane by

SpecyeAluo
where A[u=1]y is the degree zero part of the noncommutative graded localization of A.

Example 9. The algebra A = k(z,y, 2)/(yz—azy, ze—fxz, vy—yyx) where 0 # «a, 8,7 €
k is a 3-dimensional quadratic AS-regular algebra. Then A has a normal element z € Ay,
and one can show that Alz™']y = k(s,t)/(st — afvyts).

4. CLASSIFICATION OF QUANTUM AFFINE PLANES

In this section, we will classify quantum affine planes. We define Spec,.R and Spec, R’
are isomorphic if there exists an equivalence functor F' : ModR — ModR' such that
F(R) = R'. Since Spec,.R and Spec,.R’ are isomorphic if and only if R = R’, we call the
coordinate ring A[u"!]y a quantum affine plane.

Although it is difficult to find normal elements of a given algebra in general, we can
find normal elements of 3-dimensional quadratic AS-regular algebras by using geometric
pairs.

Lemma 10. Let A = A(FE, 1) be a 3-dimensional quadratic AS-reqular algebra, and let
u € Ay Then u € Ay is a normal element if and only if

(1) V(u) C E,
(2) T7(V(u) = V(u).



In addition, the following lemma is very useful to classify quantum affine planes.

Lemma 11. Let A be a 3-dimensional quadratic AS-reqular algebra and uw € Ay a normal
element. Then there exist a 3-iterated quadratic Ore extension B and a normal element
v € By which satisfy

GrModA = GrModB and Alu™']y = B[v™o.
By using the above lemmas,

Theorem 12. Fvery quantum affine plane is isomorphic to exactly one of the following:

k(s,t)/(st — Ats) =: Sy (0 #£ X € k)
k(s,t)/(st — Mts + 1) = Ty (0 £ X € k)
k(s,t)/(ts — st +t)

k(s,t)/(ts — st 4 t?)

k(s,t)/(ts — st +t> + 1)

where
S\ Sy & p— )\:H, =T, < N = )\il.

All of the above algebras are 2-iterated (ungraded) Ore extensions of k. Hence, we see
that quantum affine planes have nice properties like a polynomial algebras. For example,
they are noetherian domains and have finite global dimension.
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ON SOME FINITENESS QUESTIONS ABOUT HOCHSCHILD
COHOMOLOGY OF FINITE-DIMENSIONAL ALGEBRAS

TAKAHIKO FURUYA AND TAKAO HAYAMI

ABSTRACT. In this article, we give the dimensions of the Hochschild cohomology groups
of certain finite-dimensional algebras A = Ar(qo,q1,92,93) (T > 0; qo,q1,92,93 € K*)
and A; (¢ > 1). Moreover, we study the Hochschild cohomology rings modulo nilpotence
of A and A;. We then see that A gives a negative answer to Happle’s question whereas
A is a counterexample to Snashall-Solberg’s conjecture.

1. INTRODUCTION

Throughout this article, let K be an algebraically closed field. Let B be a finite-
dimensional K-algebra. We denote by B¢ the enveloping algebra B°® @5 B of B. Here,
note that there is a natural one-to-one correspondence between the family of right B°-
modules and that of B-B-bimodules. Recall that the ith Hochschild cohomology group
HH(B) of B is defined to be the K-space HH(B) := Ext%.(B,B) for i > 0. Also,
the Hochschild cohomology ring HH*(B) of B is defined to be the graded ring HH*(B) :=
@D,-o HH (B) = @,- Extls (B, B), where the product is given by the Yoneda product. It
is known that HH*(B) is a graded commutative K-algebra. Let Az be an ideal in HH*(B)
generated by all homogeneous nilpotent elements. Note that Np is a homogeneous ideal.
Then the graded K-algebra HH*(B)/Np is called the Hochschild cohomology ring modulo
nilpotence of B. Tt is known that HH*(B)/Np is a commutative K-algebra.

In this article, we consider the following question and conjecture:

(1) Happel’s question ([9]). For a finite-dimensional algebra B, if HH'(B) = 0 for all
7> 0, then is the global dimension of B finite?

(2) Snashall-Solberg’s conjecture ([12]). For any finite-dimensional algebra B, the
Hochschild cohomology ring modulo nilpotence HH*(B) /A3 is finitely generated as an
algebra.

In the papers [2, 3, 10], a negative answer to the question (1) was obtained, where the
authors studied the Hochschild cohomology groups for several weakly symmetric algebras.
On the other hand, a counterexample to the conjecture (2) was recently given by Xu ([14])
and Snashall ([11]).

In this article, we study the Hochschild cohomology groups and rings for two finite-
dimensional algebras Ar(qo, ¢1,62,93) (T > 0; qo,q1,G2,q3 € K*) and Ay (t > 1) (see
Section 2), and then see that the algebra Ar(qo, q1, ¢z, q3) also gives a negative answer to
(1) and that the algebra A, is also a counterexample to (2).

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



In Section 2, we define two finite-dimensional algebras Ar(qo, ¢1, g2, ¢3) and A; by using
some finite quivers, where 7" > 0 and ¢ > 1 are integers and ¢; are elements in K*
for + = 0,1,2,3. In Section 3, we give the dimensions of the Hochschild cohomology
groups of Ar(qo, q1,q2,qs3), where the product ¢og1¢2¢gs is not a roof of unity, and A; for
t > 3 (Theorems 1 and 3). In Section 4, we describe the structures of the Hochschild
cohomology rings modulo nilpotence of Ar(qo, ¢1, G2, q3) and A; (Theorems 4 and 5).

2. ALGEBRAS Ar(qo, ¢1,42,q3) AND A,

Let T"> 0 and ¢ > 1 be integers, and let qg, g1, g2, g3 be elements in K*. We definite
the algebras A = Ar(qo, 41,42, q3) and A; as follows:

(i) Let I' be the following quiver with four vertices eq, e1, €2, e3 and eight arrows ay,
for/=0,1and m=0,1,2,3:

1,0

€0 %9 €1

ap,0
a1,3] Q0,3 Qo,1| 01,1
Qp,2

€3 <—5 €9

a2

Let KI' be the path algebra, and set x; := Z?n:O arm € KI' for | = 0,1. Let
I denote the ideal in KI' generated by the uniform elements e;xoxi, €;x120,
ej(qrg T2+ 2171, and e (qray’ T2 4+ " ) for 0<i <3, j=0,2and k = 1,3.
We then define the algebra A = Ar(qo, ¢1, 92, q3) by A = Ar(qo, 1, G2, q3) == KI'/I.

(ii) Let A be the following quiver with 3¢ vertices e;, f;, g; for i = 0,...,t — 1 and 4t
arrows «;, 5;, v, 0; for it =0, ...t — 1:

fe

\// - /M\ |
S oy

/

V2 £



Let I be the ideal in the path algebra KA generated by the elements a;a;y 1,

BiBit1, qibiv1, Biviv1, @ifiv1 + Bicipr for i =0,...,t—1 (where oy := ayp, 5y := Do,
Ve := 7o and §; := dp). Define the algebra A; by A, := KA/I.

We see that A = Ar(qo, q1, q2, q3) is a self-injective special biserial algebra for all 7" > 0
and ¢; € K* (1 = 0,1,2,3). In particular, if 7" = 0, then Ay(qo, 1, 2, q3) is a Koszul
algebra for all ¢; € K* (i =0,1,2,3). Also, A; is a Koszul algebra for ¢t > 1.

3. THE HOCHSCHILD COHOMOLOGY GROUPS FOR A AND A,

In this section, we give dimensions of the Hochschild cohomology groups HH"(A) (n >
0), where the product qoq1¢2q93 € K* is not a roof of unity, and HH"(A;) (n > 0) for ¢t > 3.

Theorem 1 ([5]). Suppose that the product qoq1goqz € K™ is not a root of unity. Then
(a) Form >0 and 0 <r <3,

(2T +1 ifm=r=20

2I'+3 ifm=0,r=1andchar K | 2T + 1
2I'+2 ifm=0,r =1 and char K 12T + 1
2I'+2 ifm=0,r =2 and char K | 2T + 1
2I'+1 ifm=0,r=2 and char K 12T + 1
dimg HH*™ " (A) = 2T +2 ifm>1,r =0 and char K | 2T + 1,
orifm>1,r=1 andchar K | 2T + 1

2T ifm>1,r=0 and char K { 2T + 1,
orifm>1,r=1andchar K 12T +1

2T ifm>0andr =2,

L orifm>0 andr = 3.

(b) HH"(A) = 0 for alln > 3 if and only if T = 0.

Remark 2. If T = 0, then since the global dimension of Ag(qo, q1, ¢2, ¢3) is infinite for all
¢ € K* (i =0,1,2,3), by Theorem 1 (b) we have got a negative answer to Happel’s
question (1).

Theorem 3 ([6]). Let t > 3. Then,

(1) dimg HH°(A;) = 1 and dimz HHY(A,) = 2.
(2) For an integer n > 2, write n = mt+r for integersm > 0 and r with0 <r <t—1.
(a) If t is even, m is even, or char K = 2, then

mt — 1 ifr=0

dimye HH"(A,) = 2mt + 2t ifr=1
2mt+2t+1 ifr=2
0 f3<r<t—1



(b) Ift is odd, m is odd and char K # 2, then

0 ifr=0,0r3<r<t—1

dimyx HH"(A;) = {Qt ifr=1,orr=2

4. THE HOCHSCHILD COHOMOLOGY RINGS MODULO NILPOTENCE OF A AND A,

In this section, we describe the structures of the Hochschild cohomology rings modulo
nilpotence HH*(A) /N4, where T = 0 and the product ¢oq1¢g2q3 € K* is not a roof of
unity, and HH*(A;) /Ny, for t > 3.

Theorem 4 ([5]). LetT =0 and ¢; € K* for0 <i < 3. Suppose that the product qoq1q2qs3
is not a root of unity. Then HH*(A) is a 4-dimensional local algebra, and HH*(A) /N4 is
isomorphic to K.

Let m be an integer, and denote by C), the quotient ring
Klzoy .. 2m)/ (zizj — 22 | 0 < 4,5, k, I <m; i+j=k+1)
of the polynomial ring K[z, . .., z,] in m + 1 variables. Then we have the following:

Theorem 5 ([6]). Lett > 3.
(a) If t is even or char K = 2, then HH*(A;) /Ny, is isomorphic to the graded subal-
gebra of Cy with a K-basis

(g UL |21 1<i<t—1}U{Flf1>2, 1<k<l-1; 0<i<t—1},

where degz; =t (i =0,...,1).
(b) If t is odd and char K 7& 2 then HH*(A) /Ny, is isomorphic to the graded subal-
gebra of Cop with a K- baszs

{(IgdU{el |j> 1 1<i<2—1}U{flh|1>2 1<k<i-1; 0<i<2t—1},

where deg z; =2t (1 =0,...,2t).
By Theorem 5, we easily have the following corollary, which tells us that A; (¢ > 3) is a
counterexample to the conjecture (2):

Corollary 6 ([6]). Fort > 3, HH*(A;)/Ny, is not finitely generated as an algebra.

Remark 7. Since A, is a Koszul algebra for ¢ > 1, the graded centre Z,, (E(A;)) of the Ext
algebra E(A;) := @5 Ext), (A¢/rad Ay, A¢/rad A;) of A, is isomorphic to HH*(A;) /Ny,
as graded algebras (see [1]). Hence, for t > 3, Zg(F(A;)) is also isomorphic to the algebra
described in Theorem 5 and is not finitely generated as an algebra.

In [11], Snashall gave the following new question:

Snashall’s question ([11]). Can we give necessary and sufficient conditions on a finite-
dimensional algebra for its Hochschild cohomology ring modulo nilpotence to be finitely
generated as an algebra?

It is known that the Hochschild cohomology rings modulo nilpotence for following finite-
dimensional algebras are finitely generated:



e group algebras ([4, 13]) e self-injective algebras of finite representation type ([7])
e monomial algebras ([8]) e algebras with finite global dimension ([9])

However, a definitive answer to the question above has not been obtained yet.
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SERRE SUBCATEGORIES OF ARTINIAN MODULES

NAOYA HIRAMATSU

ABSTRACT. We study subcategories of the category of artinian modules. We prove that
all wide subcategories of artinian modules are Serre subcategories. We also provide
the bijection between the set of Serre subcategories of artinian modules and the set of
specialization closed subsets of the set of closed prime ideals of some completed ring.

1. INTRODUCTION

Let R be a commutative noetherian ring and M be an R-module. We denote by Mod(R)
the category of R-modules and R-homomorphisms and by mod(R) the full subcategory
consisting of finitely generated R-modules. We also denote by Spec R the set of prime
ideals of R and by AssgM the set of associated prime ideals of M. A subcategory of an
abelian category is said to be a wide subcategory if it is closed under kernels, cokernels
and extensions. We also say that a subcategory is a Serre subcategory if it is a wide
subcategory which is closed under subobjects.

Classifying subcategories of a module category also has been studied by many authors.
Classically, Gabriel [2] gives a bijection between the set of Serre subcategories of mod(R)
and the set of specialization closed subsets of Spec R. Recently, Takahashi [10] and Krause
[4] proved the following.

Theorem 1. [5, Theorem 4.1][3, Corollary 2.6] Let R be a noetherian ring. Then we have
the following 1-1 correspondences;

subcategories of mo closed under submodules and extensions
b f mod(R) closed und bmodul d
=~ { subsets of Spec R }.

Moreover this induces the bijection

{ Serre subcategories of mod(R) } = { specialization closed subsets of Spec R }.

In addition, Takahashi [10] pointed out a property concerning wide subcategories of

mod(R).

Theorem 2. [10, Theorem 3.1, Corollary 3.2] Let R be a noetherian ring. Then every
wide subcategory of mod(R) is a Serre subcategory of mod(R).

In this note, we want to consider the artinian analogue of these results. We prove that
all wide subcategories of artinian modules are Serre subcategories (Theorem 9). We also
provide the bijection between the set of Serre subcategories and the set of specialization
closed subsets of the set of closed prime ideals of some completed ring (Theorem 26). We

We refer to [3] for more details on the present article.



consider some completion of a ring (see Proposition 16), so that all of artinian modules
can be regarded as modules over it.

Throughout the note, we always assume that R is a commutative ring with identity, and
by a subcategory we mean a nonempty full subcategory which is closed under isomorphism.

2. WIDE SUBCATEGORIES OF ARTINIAN MODULES

In this section, we investigate wide subcategories of artinian modules.

Let M be an artinian R-module. We denote by Soc(M) the sum of simple submodules
of M. Since Soc(M) is also artinian, there exist only finitely many maximal ideals m of
R for which Soc(M) has a submodule isomorphic to R/m. Let the distinct such maximal

ideals be my, - -+, m,. Set Jy =();_, m and ROM) — I'&HR/J}&[.

Lemma 3. [9, Lemma 2.2] Each non-zero element m € M is annihilated by some power
of Jyr. Hence M has the natural structure of a module over R™) in such a way that a
subset of M is an R-submodule if and only if it is an R™)-submodule.

Proof. We need in the present note how the RM)_module structure is defined for an
artinian module M. For this reason we briefly recall the proof of the lemma.

Since Soc(M) = &;_,(R/m;)™, M can be embedded in &;_, (Fr(R/m;))™ where Eg(R/m)
is an injective hull of R/m. Note that an element of EFr(R/m) is annihilated by some
power of m. Hence one can show that each element of M is annihilated by some power of
my---mg = Jy. R

Let # € M and # = (1, + J§, )neny € R™). Suppose that J&x = 0. It is straightforward
to check that M has the structure of an R®)-module such that fz = rLT.

0J

By virtue of Lemma 3, each artinian R-module can be regarded as a module over
some complete semi-local ring. We note that the Matlis duality theorem holds over a
noetherian complete semi-local ring (cf. [6, Theorem 1.6] ). It is the strategy of the note
that we replace the categorical property on a subcategory of finitely generated (namely,
noetherian) modules with that of artinian modules by using Matlis duality. We denote
by Art(R) the subcategory consisting of artinian R-modules. The following lemma holds
from the Matlis duality theorem.

Lemma 4. Let (R,my,---,my) be a noetherian complete semi-local ring and set E =
¥ Er(R/m;). For each subcategory X of Mod(R), we denote by X¥ ={M" | M € X'}
where (=) = Hompg(—, E). Then the following assertions hold.

(1) If X is a subcategory of Art(R) (resp. mod(R)) which is closed under quotient
modules (resp. submodules) and extensions, then XV is a subcategory of mod(R)
(resp. Art(R)) which is closed under submodules (resp. quotient modules) and
extensions.

(2) If X is a wide subcategory of Art(R) (resp. mod(R)), then XV is also a wide
subcategory of mod(R) (resp. Art(R)).

(3) If X is a Serre subcategory of Art(R) (resp. mod(R)), then XV is also a Serre
subcategory of mod(R) (resp. Art(R)).



Definition 5. Let M be an R-module. For a nonnegative integer n, we inductively define
a subcategory Wid, (M) of Mod(R) as follows:

(1) Set Wid% (M) = {M}.
(2) For n > 1, let Widj,(M) be a subcategory of Mod(R) consisting of all R-modules
X having an exact sequence of either of the following three forms:

A— B— X —0,
0—-X—A— B,
0—-A—-X—-B—=0

where A, B € Wid}; '(M).

Remark 6. Let M be an R-module. Then the following hold.
(1) There is an ascending chain {M} = Wid%(M) € Widp(M) C --- € WidR(M) C
- C Widg(M) of subcategories Mod(R). Here we denote by Widg(M) the
smallest wide subcategory of Mod(R) which contains M.
(2) U, 50 Widz (M) is wide and the equality Widg(M) = J,,>o Widz(M) holds.
(3) If M is artinian, then J, -, Wid% (M), hence Widg(M), is a subcategory of Art(R).

Definition 7. Let J be an ideal of R. For each R-module M, we denote by I' ;(M) the set
of elements of M which are annihilated by some power of J, namely I';(M) = |J,,cn(0 :ar
J™). An R-module M is said to be J-torsion if M = I';(M). We denote by Art;(R) the
subcategory consisting of artinian J-torsion R-modules.

Proposition 8. Let M be an artinian R-module. Then Widg(M) and Wid g (M) are
equivalent as subcategories of Art(RM)).

Proof. Since a J-torsioness is closed under taking kernels, cockerels and extension, we can
naturally identify Widg(M) with a subcategory of Arty,, (R). O

Theorem 9. Let R be a noetherian ring. Then every wide subcategory of Art(R) is a
Serre subcategory of Art(R).

Proof. Let X be a wide subcategory of Art(R). It is sufficiently to show that X is closed
under submodules. Assume that & is not closed under submodules. Then there exists
an R-module X in X and R-submodule M of X such that M does not belong to X.
Applying Lemma 3 to X, X is a module over the complete semi-local ring R := RUx)
and M is an R-submodule of X. Now we consider the wide subcategory Widgz(X). By
virtue of Proposition 8, Widg(X) = Wid;(X) as a subcategory of Art(R). Since R is
a complete semi-local ring, by Matlis duality, we have the equivalence of the categories
Wid 5(X) 2 {Wids(X)V}? = Widz(XV) where (—)¥ = Homp(—, E4(R/JxR)). Since
Wid;(XY) is a wide subcategory of finitely generated R-modules, it follows from Theorem
2 that Wid4(XY) is a Serre subcategory. Thus MV is contained in Widz(X"). Using
Matlis duality again, we conclude that M must be contained in Widz(X) = Widg(X),
hence also in X'. This is a contradiction, so that X is closed under submodules.

0



3. CLASSIFYING SUBCATEGORIES OF ARTINIAN MODULES

In this section, we shall give the artinian analogue of the classification theorem of
subcategories of finitely generated modules (Theorem 26). First, we state the notion and
the basic properties of attached prime ideals which play a key role of our theorem. For
the detail, we recommend the reader to look at [8, 9] and [5, §6 Appendix.| .

Definition 10. Let M be an R-module. We say that M is secondary if for each a € R
the endomorphism of M defined by the multiplication map by a is either surjective or
nilpotent.

Remark 11. If M is secondary then p = y/anng(M) is a prime ideal and M is said to be
p-secondary.

Definition 12. Let M be an R-module.

(1) M = Sy +---+ 5, is said to be a secondary representation if S; is a secondary
submodule of M for all i. And we also say that the representation is minimal if
the prime ideals p; = y/anng(S;) are all distinct, and none of the S; is redundant

(2) A prime ideal p is said to be an attached prime ideal of M if M has a p-secondary
quotient. We denote by Attgr M the set of the attached prime ideals of M.

Remark 13. Let M be an R-module.
(1) If M = S; 4+ ---+ S, is a minimal representation and p; = (/anng(S;). then
AttgM = {p1,--- ,p.}. See [5, Theorem 6.9] .
(2) Given a submodule N C M, we have

Attp M /N C AttgM C Attr(N) U AttgM/N.

See [5, Theorem 6.10] .
(3) It is known that if M is artinian then M has a secondary representation. Thus it
has a minimal one. See [5, Theorem 6.11] .

In the rest of this section, we always assume that R is a noetherian ring. The fol-
lowing observation tells us that we should consider a larger set than Spec R to classify
subcategories of artinian modules.

Example 14. Let (R, m) be a noetherian local ring and X’ a Serre subcategory of Art(R).
By virtue of Lemma 3, Art(R) is equivalent to Art(R) where R is an m-adic completion

~

of R. Now we consider X as a subcategory of Art(R). Since XV is a Serre subcategory
of mod(R) (Lemma 4), XV, hence X, corresponds to the specialization closed subset of
Spec R by Theorem 1. That is, there is the bijection between the set of Serre subcategories

of Art(R) and the set of specialization closed subsets of Spec R.

As mentioned in Lemma 3, we can determine some complete semi-local rings for each
artinian module respectively, so that the artinian module has the module structure over
such a completed ring. Now we attempt to treat all the artinian R-modules as modules
over the same completed ring. For this, we consider the following set of ideals of R:

T ={ I | the length of R/I is finite }.



The set T forms a directed set ordered by inclusion. Then we can consider the inverse
system {R/I, f; '} where f;  are natural surjections. We denote @167’ R/I by Ry.
The proof of the following lemma will go through similarly to the proof of Lemma 3.

Lemma 15. Fvery artinian R-module has the structure of an RT-module n such a way
that a subset of an artinian R-module M is an R-submodule if and only if it is an Ry-
submodule. Consequently, we have an equivalence of categories Art(R) = Art(Rr).

We set another family of ideals of R as
7=t

It is also a directed set ordered by inclusion and we denote by R 7 its inverse limit on the
system via natural surjections.
Next we consider a direct product of rings

[ =

nemax(R)

m; is a maximal ideal of R, k; € N}.

where max(R) is the set of maximal ideals of R and Ry, is an m-adic completion of R. We
regard the ring as a topological ring by a product topology, namely the linear topology
defined by ideals which are of the form mllle - x mP Rms x [T . R, for some

m; € max(R) and k; € N. For the rings Ry, Ry and []

n;én'u’ '7

nemax(R) R, we have the following.

Proposition 16. [1, §2.13. Proposition 17| There is an isomorphism of topological rings

Rrx [ Re

nemax(R)

1

Ry

Remark 17‘ Let M be an artinian R-module. It follows from Lemma 15 that M is also an
artinian R-module. Then the radical of anny (M) is a closed ideal. To show this, it suffices

to prove that the inclusion \/anng(M) D Nyer(y/anng(M) 4+ 1) holds. Take an arbitrary
element a € Nyer(y/anng(M) + I). Then there exist some elements b € anny(M) and
¢r € I such that a = 61+61 for all I. Let x € M and suppose that Ix = 0 for some I € T.
Since by € Vanng (M), bk e ann 5(M). Hence we see that a*z = (br + é)*2 = 0 holds, so
that a € y/anny(M). Consequently, Att;M is a subset of the set of closed prime ideals
of R.

For closed prime ideals of [ ) R., we have the following result.

nEmax (R

Proposition 18 Every proper closed prime ideal of [] R, is of the form p X

nemax(R)

HHEmaX(RLm#n « for some prime ideal p € Spec Rw. Hence we can identify the set of

closed prime ideals of HHEmaX(R) R, with the disjoint union of Spec R, i.c. 1T Spec R,

nemax(R)

We can equate the rings Rr, R 7 and [] R by virtue of Proposition 16. In the

nemax(R)
rest of this note we always denote them by R and identify the set of closed prime ideals
of R with ] ) Spec Ry,

nemax(R)



Lemma 19. [7, Exercise 8.49] Let M be an artinian R-module. Assume AsspM =
{my,...,mg}. Then M is the direct sums of the submodules I'y,(M), that is M =
¥ Twm,(M). Here we denote by I'y, (M) the m;-torsion submodule of M.

Remark 20. Let M be an m-torsion R:module. Then M has the structure of an R-module
and an Ry-module. Note that the Ry-module action on M is identical with the action

by means of the natural inclusion Ry — [acmax(r) R, = R. We also note from Lemma

15 or Lemma 3 that N is an R-submodule (resp a quotient R—module) of M if and only
if it is an Ry-submodule (resp. a quotient R -module) of M.

Proposition 21. Let M be an m-torsion R-module. Then
AttRM = AttEmM

as a subset of [| Spec R,.

nemax(R)

Combing Proposition 21 with Lemma 19, we have the following corollary.
Corollary 22. Let M be an artinian R-module. Then
AttgM = [ Atty, Tn(M)

meAssp M

as a subset of [| Spec R,.

nemax(R)

Let us state the result which is a key to classify the subcategory of the category of
noetherian modules.

Theorem 23. [10, Corollary 4.4][4, Corollary 2.6] Let M and N be finitely generated
R-modules. Then M can be generated from N wvia taking submodules and extension if and
only if AssgM C AsspN.

The following lemma is due to Sharp [8].

Lemma 24. [8, 3.5.] Let (R,my,---,mg) be a commutative noetherian complete semi-
local ring and set E = &5 Er(R/w;). For an artinian R-module M, we have

AttgM = AssgHompg (M, E).
The next claim is reasonable as the artinian analogue of Theorem 23.

Theorem 25. Let M and N be artinian R-modules. Then M can be generated from N
via taking quotient modules and extensions as R-modules if and only if Att ;M C Att,N.

Proof. Suppose that M is contained in quot-extp(N). It is clear from the property of
attached prime ideals (Remark 13) that AttzM C Att;N holds.

Conversely, suppose that Att M C Att;N. First, we shall show that we may assume
that M and N are m-torsion R-modules for some maximal ideal m. In fact, M (resp.
N) can be decomposed as M = Buneasspml'm(M) (resp. N = @neasspnl'n(V)) and the
assumption implies that Att; I'n(M) C Att; T'n(IV) for all m € Assg M by Corollary 22.
If we show that I'y,(M) is contained in quot-extz(I'n(V)), we can get the assertion since
quot-ext (V) is closed under direct sums and direct summands.



Let M and N be m-torsion R-modules and F be an injective hull of Ra / mR, as an
Ry-module.  Since M and N are also artinian Ry-modules, MY and NV are finitely
generated Ry-modules by Matlis duality, where (—)" = Homy (—, E). Since Att; M
(resp. Atty; N)is equal to Assy MY (resp. Assz NV) (Lemma 24), the inclusion

Ass;; MY C Assy NY
holds. By virtue of Theorem 23, we conclude that MY can be generated from NV via

taking submodules and extensions, i.e. MY € sub-ext; (NY). Hence it follows from
Matlis duality and Lemma 4 that

MY = M € sub-extz (NV)" = quot-extz (N).
Since artinian Ry-modules are also artinian R-modules (cf. Lemma 3), we conclude that

M € quot-extp(N).
UJ

We define by ¥ the map sending a subcategory X of Art(R) to
AttX = UprenAtt s M

and by ® the map sending a subset S of [, ...

{M € Art(R) |Atty,M C S}

Note from Corollary 22 that W(X') is a subset of ] [, .c .. SPec R,. On the other hand,

it follows from Remark 13 (2) that ®(S) is closed under quotient modules and extensions.
Now we state the main theorem of this note.

(R) Spec R, to

Theorem 26. Let R be a commutative noetherian ring. Then ¥ and ® induce an inclu-
sion preserving bijection between the set of subcategories of Art(R) which are closed under
quotient modules and extensions and the set of subsets of HHEmaX(R) Spec R..

Moreover, they also induce an inclusion preserving bijection between the set of Serre
subcategories of Art(R) and the set of specialization closed subsets of || (R) Spec R.

nemax

Proof. We show the first assertion of the theorem.

Let X be a subcategory of Art(R) which is closed under quotient modules and ex-
tensions. The subcategory ®W(X) consists of all artinian R-modules M with AttzM C
UxexAttpX. It is clear that X is a subcategory of ®W(X). Let M be an artinian R-
module with Att ;M C UxecxAtt; X, For each ideal P € Att M, there exists X® cx
such that P € Att, X ¥) . Take the direct sums of such objects, that is X = Bpeatt X ¥,
X is also an object of X, since AttzM is a finite set and X is closed under finite direct
sums. It follows from the definition of X that Att;M C AttpX. By virtue of Theo-
rem 25, M is contained in quot-extn(X), so that M in X'. Hence we have the equality
X =oU(X).

Let S be a subset of [] ) Spec R,. Tt is trivial that the set U®(S) is contained in
S. Let p be a prime ideal in S. Take a maximal ideal m so that p is a prime ideal of R
We consider an Ry-module E Fon /0 Fn (Rw/mRy). Then we have the equality:

AttﬁmEﬁm/pﬁm (Rm/m}%m) = ASSRAmRm/pRAm = {p}

nemax(R



Note that Eﬁm(RAm/mRm) is artinian as an R-module. Indeed, we have the equality
ERAm(RAm/mRAm) = Fr(R/mR) as R-modules (][5, Theorem 18.6 (iii)] ), so that it is an ar-
tinian R-module since E p;m(Rm JmRy) is an Ry-submodule (thus an R-submodule) of
Eg, (Rw/mRy). Hence Eg g (Rw/mRy) is an artinian R-module which is a p-secondary
Ry-module. Consequently, Ey . x (Rn/mRqn) belongs to ®(S5), so that p € ¥O(S5). O
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ON THE RING OF COMPLEX-VALUED FUNCTIONS
ON A FINITE RING

YASUYUKI HIRANO

ABSTRACT. Greferath, Fadden and Zumbrégel [3] consider rings of complex-valued func-
tions on some finite rings R. In this paper we consider the structure of such rings. First
we consider the case when R is a finite local ring. Next we consider the case when R is
a finite semisimple ring. Finally we consider rings of complex-valued invariant functions
on some finite rings.

1. RINGS OF FUNCTIONS FROM A FINITE RING TO THE FIELD OF COMPLEX NUMBERS

Greferath, Fadden and Zumbrégel [3] consider rings of complex-valued functions on
some finite rings. First we give some definitions.

Definition 1. Let R be a ring and let C denote the field of complex numbers. A function
f: R — Cissaid to be finite if {r € R | f(r) # 0} is a finite set.

Consider the set C® = {f | f: R — C is finite} of all finite functions from R to C.

Definition 2. For f, g € C¥ and for A € C we define addition and scalar multiplication
by

(f +9)(x) = fz) + g(x)
(M) () = Af ().

Then C¥ is a C-vector space. We define multiplication by

(fxa)@) =D  fla)g).
a,be R

ab=x
Then C# is a C-algebra.

For any element r € R, we define the function 4, by

1 fx=r
0r(z) = { 0 otherwise.

Then 6, is is the identity of the C-algebra Cf. We can easily see that 6, * d;, = §,, for
each r, s € R. Also we can see that the set {4, | » € R} forms a C-basis of vector space.

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



Definition 3. Let R be a ring with addition + and multiplication -. We denote the
semigroup algebra of the semigroup (R, -) over C by C[R]. Any element of C[R] can be
written as a finite sum of the form ) _,a,7. For the definition of semigroup algebras,
see [4, Page 33].

Other definitions and some basic results in this paper can be found in [2]. We start
with the following fundamental proposition.

Proposition 4. Let R be a finite ring. Then the C-algebra C® is isomorphic to the
semigroup algebra C[R] of multiplicative semigroup (R, - ) of the ring R.
Proof. Recall that the semigroup algebra C|R) is a C-vector space with the C-basis {7 | r €
R} and multiplication defined by

TS =78
for each r, s € R. We define a mapping ¢ : C* — C[R] by ¢(d,) = # for each r € R.
Then ¢ is an isomorphism of C-algebras. U

2. SEMIGROUP RINGS
First we give some basic results on semigroup rings of the semigroups of some rings.

Proposition 5. Let R be a ring, let I be an ideal of R and let Z denote the ring of
rational integers.

(1) Let A denote the ideal of Z[R] generated by {r+s —# — & | r,s € R}. Then
Z[R]/A = R.

(2) Let B denote the ideal of C[R] generated by {r — § | r —s € I}. Then C[R]/B =
C[R/I].

Proposition 6. Let R be a finite ring, let R* denote the group of units in R and let C'
denote the ideal of C[R] generated by {7 | r € R — R*}. Then C[R]/C = C[R*].

For a ring R, J(R) denotes the Jacobson radical of R.

Proposition 7. Let R be a finite local ring and let R* denote the group of units in R.
Then J(C[R]) = ZTEJ(R) C(r —0) and C[R]/J(C[R]) = C0 & C[R].

a b c
Example 8. Consider the ring R = 0 a d] |a, b, c€ GF(2) 3. Then |R| =2* =
0 0 a
a b c
16. Then R* = 0 a d a#0,b ce€GF(2) p. We can easily see that R* is the
0 0 a

dihedral group Dg of order 8 and so C[R*] & C* @ M,(C). Therefore C[R]/J(C|[R]) =
C5 @ My (C).

By Proposition 7 we have the following corollaries.

Corollary 9. Let R be a finite commutative local ring and let n denote the number of
elements of R*. Then CI|R)] is the direct sum of n+ 1 finite commutative local rings.



Corollary 10. Let R be a finite commutative ring and suppose that R = R1 & - -- & Ry,
where Ry, -+ Ry are finite commutative local rings. Then CT is the direct sum of (|R}| +
1) x -« X (|R| + 1) finite commutative local rings.

Corollary 11. Consider the Galois field G(n, p). Then the C-algebra C%™P) is isomorphic
to CP".

Let V' be a vector space over C. We define a multiplication on the C-linear space CHV
by the formula (a,v) - (b,w) = (ab,aw + bv) for any a, b € C, v, w € V. Then Cp V
becomes an C-algebra. We denote this algebra by C x V.

Example 12. Consider the ring C[Z/8Z] and let g; = 7 — 0 for i = 1,2,--- ,7. Then
C[Z/8Z] is the direct sum of two sided ideals C0 and S = Cg; + Cgy + - -- + Cgz. The
identity of the ring S is g;. Let us set e; = (1/4)(g1 — g5 — g5 + g7), e2 = (1/4)(g1 +
93 — 95 — 97), €3 = (1/4)(g1 — g3 + g5 — g7) and es = (1/4)(g1 + g3 + g5 + g7). Then
ey, €9, es, ey are orthogonal central primitive idempotents of S and g, = e; +e5 + €3+ e4.
We can easily see €15 2 C, €35 = C, ¢35 =2 C x C and ¢,5 = C x (C @ C). Therefore
ClZ/8Z2) = C*p{CxCla{Cx (CpC)}.

3. RINGS OF FUNCTIONS FROM A FINITE SEMISIMPLE RING TO THE FIELD OF
COMPLEX NUMBERS

In this section we consider the case when the ring R is a finite simple ring.

Theorem 13. Let R be a finite ring. Then the following are equivalent:
(i) R is a finite semisimple ring.
(ii) C® is a semisimple Artinian ring.

A von Neumann regular ring is a ring R such that for every a in R there exists an x in
R such that a = axa. Since a semisimple Artinian ring is von Neumann regular, we have
the following corollary.

Corollary 14. Let R be a finite semisimple ring. Then, for any function f € CE, there
exists a function g € C® such that a = a * x * a.

Example 15. Let My(GF(2)) denote the ring of 2 x 2 matrices over the field GF(2).
Then we can prove that C[My(GF(2))] is a semiprime ring. Let us set H = My(GF(2)) —
GLy(GF(2)). Then we can see that C[H] = C @ M3(C). In fact, let

o (10 (00 (01 (00 (10
“loo) 2" Noo)2"\o1)=2"\oo)*"\1 o) \10)

€g ), es = (1) ) and eg = G }) Then F = O,FI =

Q—O,Fg = (él—O)+(6A2—O)+(6A3—O)+(€A4—O)—(6A5—O)—
) — (és — O) + (éy — O) are primitive orthogaonal idempotents, and
[H](Fy + F» + F3) =2 C® M3C). Since GLy(GF(2)) = S3, we have
JC[H] = CJ[Ss]. It is easily see that C[S3] = C ® C @ My(C). Hence
is isomorphic to the semisimple Artinian ring C&CoCd My (C)d M;(C).
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Question 16. Let R be a (not necessarily finite) semiprime ring. Is C[R] semiprime?
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Question 17. Let R be a finite semisimple ring and let C' be a commutative ring. What
conditions on C' imply that C[R] is a separable algebra over C'? The definition of separa-
bility can be found in [1, Page 40].

4. INVARIANT FUNCTIONS

Let R ba a finite ring. A function f : R — C is said to be right invariantif f(ax) = f(a)
for all @ € R and all x € R*. Similarly we define a left invariant function. A right and
left invariant function is called an invariant function.

Theorem 18. Let R ba a finite ring.
(1) If we set e = (1/|R*|) Y_,cp- & € C[R], then e is an idempotent.
(2) The set of right invariant functions becomes the right ideal C[R]e.
(3) The set of invariant functions becomes the ring eC[R]e.

Corollary 19. Let R be a finite semisimple ring. The ring of invariant functions from
R to C is a semisimple Artinian ring.
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Clifford algebras play important roles in various fields and the construction of Clifford
algebras contains that of complex numbers, quaternions, and so on (see e.g. [6]). In
this note, we generalize the construction of Clifford algebras and introduce the notion
of Clifford extensions. Clifford extensions are constructed as Frobenius extensions, the
notion of which we recall below, and we have already known that Frobenius extensions
of Auslander-Gorenstein rings (see Definition 2) are also Auslander-Gorenstein rings. It
should be noted that little is known about constructions of Auslander-Gorenstein rings
although Auslander-Gorenstein rings appear in various fields of current research in math-
ematics including noncommutative algebraic geometry, Lie algebras, and so on (see e.g.
2], (3], [4] and [11)).

Recall the notion of Frobenius extensions of rings due to Nakayama and Tsuzuku [9, 10]
which we modify as follows (cf. [1, Section 1]). We use the notation A/R to denote that
a ring A contains a ring R as a subring. We say that A/R is a Frobenius extension if the
following conditions are satisfied: (F1) A is finitely generated as a left R-module; (F2)
A is finitely generated projective as a right R-module; (F3) there exists an isomorphism
¢ : A = Hompg(A, R) in Mod-A. Note that ¢ induces a unique ring homomorphism
0 : R — A such that z¢(1) = ¢(1)f(z) for all z € R. A Frobenius extension A/R is
said to be of first kind if A = Hompg(A, R) as R-A-bimodules, and to be of second kind
if there exists an isomorphism ¢ : A = Homp(A, R) in Mod-A such that the associated
ring homomorphism 6 : R — A induces a ring automorphism of R. Note that a Frobenius
extension of first kind is a special case of a Frobenius extension of second kind. Let A/R
be a Frobenius extension. Then A is an Auslander-Gorenstein ring if so is R, and the
converse holds true if A is projective as a left R-module, and if A/R is split, i.e., the
inclusion R — A is a split monomorphism of R-R-bimodules. Note that A is projective
as a left R-module if A/R is of second kind.

Let n > 2 be an integer. We fix a set of integers I = {0,1,...,n — 1} and a ring R.
First, we construct a split Frobenius extension A/R of second kind using a certain pair
(0,c¢) of 0 € Aut(R) and ¢ € R. Namely, we define an appropriate multiplication on a free
right R-module A with a basis {v;}ie;. We show that this construction can be iterated

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



arbitrary times (Proposition 11). Then we deal with the case where n = 2 and study the
iterated Frobenius extensions. For m > 1 we construct ring extensions A,,/R using the
following data: a sequence of elements ¢y, ¢, - -+ in Z(R) and signs (i, ) for 1 <i,7 < m.
Namely, we define an appropriate multiplication on a free right R-module A,, with a
basis {v,}zerm. We show that A,, is obtained by iterating the construction above m
times, that A,,/R is a split Frobenius extension of first kind, and that if ¢; € rad(R) for
1 <i < mthen R/rad(R) = A,,/rad(A,,) (Theorem 13). We call A,, Clifford extensions
of R because they have the following properties similar to Clifford algebras. For each
= (T1,...,2,) € I™ we set S(z) = {i | z; = 1}. Also we set v, = t; for x € I"™ with
S(z) = {i}. Then the following hold: (C1) 7 = voc; for all 1 < i < m; (C2) t;t; +t;t; =0
unless i = j; (C3) v, = t;, -+ - ;. if S(x) = {iy,... 40} withi; <--- <4,.

1. PRELIMINARIES

For a ring R we denote by rad(R) the Jacobson radical of R, by R* the set of units in
R, by Z(R) the center of R and by Aut(R) the group of ring automorphisms of R. Usually,
the identity element of a ring is simply denoted by 1. Sometimes, we use the notation 15
to stress that it is the identity element of the ring R. We denote by Mod-R the category
of right R-modules. Left R-modules are considered as right R°°’-modules, where R°P
denotes the opposite ring of R. In particular, we denote by inj dim R (resp., inj dim R°P)
the injective dimension of R as a right (resp., left) R-module and by Homp(—, —) (resp.,
Hompor (—, —)) the set of homomorphisms in Mod-R (resp., Mod-R°). Sometimes, we
use the notation Xg (resp., gX) to stress that the module X considered is a right (resp.,
left) R-module.

We start by recalling the notion of Auslander-Gorenstein rings.

Proposition 1 (Auslander). Let R be a right and left noetherian ring. Then for any
n > 0 the following are equivalent.
(1) In a minimal injective resolution I* of R in Mod-R, flat dim I < ¢ for all 0 <
1 <n.
(2) In a minimal injective resolution J* of R in Mod-R°P, flat dim J* < i for all
0<1<n.
(3) Forany1<i<n+1, any M € mod-R and any submodule X of Ext'(M, R) €
mod-R% we have Exth, (X, R) = 0 for all 0 < j < i.
(4) Foranyl <i<n+1, any X € mod-R°® and any submodule M of Exthe, (X, R) €
mod-R we have Ext},(M, R) = 0 for all 0 < j < i.

Proof. See e.g. [5, Theorem 3.7]. O

Definition 2 ([4]). A right and left noetherian ring R is said to satisfy the Auslander
condition if it satisfies the equivalent conditions in Proposition 1 for all n > 0, and to
be an Auslander-Gorenstein ring if it satisfies the Auslander condition and inj dim R =
inj dim R°P < oo.

It should be noted that for a right and left noetherian ring R we have inj dim R =
inj dim R°" whenever inj dim R < oo and inj dim R < oo (see [12, Lemma A]).

Next, we recall the notion of Frobenius extensions of rings due to Nakayama and
Tsuzuku [9, 10], which we modify as follows.



Definition 3 ([7]). A ring A is said to be an extension of a ring R if A contains R as a
subring, and the notation A/R is used to denote that A is an extension ring of R. A ring
extension A/R is said to be Frobenius if the following conditions are satisfied:

(F1) A is finitely generated as a left R-module;

(F2) A is finitely generated projective as a right R-module;

(F3) A= Hompg(A, R) as right A-modules.

In case R is a right and left noetherian ring, for any Frobenius extension A/R the

isomorphism A = Hompg (A, R) in Mod-A yields an Auslander-Gorenstein resolution of A
over R in the sense of [8, Definition 3.5].
The next proposition is well-known and easily verified.

Proposition 4. Let A/R be a ring extension and ¢ : A = Hompg(A, R) an isomorphism
in Mod-A. Then the following hold.
(1) There exists a unique ring homomorphism 6 : R — A such that x¢(1) = ¢(1)0(x)
forall x € R.
(2) If ¢’ : A = Hompg(A, R) is another isomorphism in Mod-A, then there exists
u € A* such that ¢'(1) = ¢(1)u and 0'(x) = u='0(x)u for all x € R.
(3) ¢ is an isomorphism of R-A-bimodules if and only if 0(x) = = for all x € R.

Definition 5 (cf. [9, 10]). A Frobenius extension A/R is said to be of first kind if A =
Hompg (A, R) as R-A-bimodules, and to be of second kind if there exists an isomorphism

¢: A= Hompg(A, R) in Mod-A such that the associated ring homomorphism 6 : R — A
induces a ring automorphism 6 : R = R.

Proposition 6 ([7, Proposition 1.6]). If A/R is a Frobenius extension of second kind,
then A is projective as a left R-module.

Proposition 7 ([7, Proposition 1.7]). For any Frobenius extensions AJA, A/R the fol-
lowing hold.
(1) A/R is a Frobenius extension.
(2) Assume A/A is of first kind. If A/R is of second (resp., first) kind, then so is
A/R.
Definition 8 ([1]). A ring extension A/R is said to be split if the inclusion R — A is a
split monomorphism of R-R-bimodules.

Proposition 9 ([7, Proposition 1.9]). For any Frobenius extension A/R the following
hold.

(1) If R is an Auslander-Gorenstein ring, then so is A with inj dim A < inj dim R.

(2) Assume A is projective as a left R-module and A/ R is split. If A is an Auslander-
Gorenstein ring, then so is R with inj dim R = inj dim A.

2. CONSTRUCTION OF FROBENIUS EXTENSIONS

Throughout this section, we fix a set of integers I = {0,1,...,n — 1} with n > 2
arbitrary and a ring R together with a pair (o, ¢) of o € Aut(R) and ¢ € R satisfying the
following condition:

(x) o"=idg and ce€ R°NZ(R).



This is obviously satisfied if o = idg and ¢ € Z(R).
Let A be a free right R-module with a basis {v; };e; and {J; };cr the dual basis of {v;}er
for the free left R-module Hompg(A, R), i.e., A = >, v;0;(A) for all A € A. We set

k
Vitkn = U;C

for i € I and k € Z,, the set of non-negative integers, and define a multiplication on A
subject to the following axioms:

(L1) vjv; = vy for all 4, j € I;

(L2) av; = v;c'(a) for alla € R and i € I.

Lemma 10. The following hold.
(1) vv; = vju; for alli,j € I and v} = voc* for all i € 1.
(2) For any A, u € A we have Ay = > iger Vini0? (0:(N)0; (1) and hence do(An) =
d0(A)do (1) + D ienqoy " (0:(A))dn—ipe)c. ‘
(3) For any A € A and i,j € I we have 6;(Avj) = 07(8,—;(N)) if © > 7 and §;(\v;) =
O'j(éi,jJrn()\))C ’LfZ < j

Proposition 11. The following hold.

(1) A is an associative ring with 1 = vy and contains R as a subring via the injective
ring homomorphism R — A, a — vga.

(2) A/R is a split Frobenius extension of second kind.

(3) If c € rad(R), then R/rad(R) = A/rad(A).

(4) For any € € R° NZ(R) with " =1 there exists & € Aut(A) such that §;(5(\))
a(6;(N\)e" for all X € A and i € I, and for any ¢ € R° NZ(R) the pair (7,
satisfies the condition (*).

)

It should be noted that Proposition 11(4) enables us to iterate the construction above
arbitrary times. For instance, one may start from o = idg.

Remark 12. Let R][t; o] be a right skew polynomial ring with trivial derivation, i.e., R[t; 0]
consists of all polynomials in an indeterminate ¢ with right-hand coefficients in R and
the multiplication is defined by the following rule: at = to(a) for all @ € R. Then
(t" —¢) = (t" — ¢)R[t; 0] is a two-sided ideal and the residue ring Rl[t;o]/(t" — ¢) is
isomorphic to A.

In the next section, we will deal with the case where n = 2 and denote by Cl;(R; 0, ¢)
the ring A constructed above.

3. CLIFFORD EXTENSIONS

In this section, we fix a set of integers I = {0, 1} and a ring R together with a sequence
of elements ¢y, ¢y,... in Z(R). Setting 0+i¢ =i+0 =i foralli € [ and 1+ 1 = 0,
we consider [ as a cyclic group of order 2. For any n > 1 we denote by [™ the direct
product of n copies of I and consider I"™! as a subgroup of I" via the injective group
homomorphism

It — In, (ZL‘l, R ;xn—l) — (l‘l, .. .,{L‘n_l,O),



where 1Y = {0} is the trivial group. According to Proposition 11(4), one can construct
inductively various I™-graded rings which are Frobenius extensions of R. However, in this
note we restrict ourselves to the following particular case.

Let n > 1. For each x = (x1,...,2,) € I" we set S(x) = {i | z; = 1}. Note that
S(x+1y) = S(x)+ S(y), the symmetric difference of S(x) and S(y), for all z,y € I". We

set
. +1 ifi < g,
=(irg) = {—1 ifi > j
for 1 <i,5 <n and
cxy)= [ <) JI o
(4,5)€S(x) xS (y) keS(z)NS(y)
for x,y € I"™. We denote by s the element z € I"™ with S(x) = {1,...,n}.

Let A,, be a free right R-module with a basis {v, },em. We denote by {0, } e the dual
basis of {v; }zern for the free left R-module Hompg(A,, R), ie., A =3 /. v:6,(A) for all
A € A,. We define a multiplication on A,, subject to the following axioms:

(M1) vyv, = vyiyc(x,y) for all z,y € I™;

(M2) av, = v,a for all z € I" and a € R.

In the following, we set v, = t; for x € I"™ with S(z) = {i}. It is easy to see the
following;:

(C1) t2 = vyc; for all 1 < i < m;

(C2) t;t; +t;t; = 0 unless i = j;

Theorem 13. For any n > 1 the following hold.

(1) A, is an associative ring with 1 = vy and contains R as a subring via the injective
ring homomorphism R — A, a — vpa.

(2) An/R is a split Frobenius extension of first kind.

(3) If ¢; € rad(R) for all 1 <i < n, then R/rad(R) = A, /rad(A,).

Remark 14. If d(z,y) = |S(z) x S(y)| — |S(z) N S(y)| is even, then v,v, = v,v,. In
particular, vs € Z(A,) if n is odd.

Denote by J" the subset of I"™ consisting of all z € I"™ with |S(x)| even. Then J" is a
subgroup of I" and A% = @,cnv, R is a subring of A,,.

Proposition 15. Assume n is even. Then v, € A2 and the following hold.

(1) A°/R is a split Frobenius extension of first kind.
(2) If ¢; € rad(R) for all 1 <i < n, then R/rad(R) = A% /rad(A?).

We denote by Cl,,(R;cy,...,¢,) (resp., CI2(R;cy, ..., c,)) the ring A, (resp., A2) con-
structed above, which we call Clifford extensions of R.

Remark 16. If ¢; € R* for some 1 < i < n, then CI2(R;cy,...,c,)/R is a split Frobenius
extension of first kind.



Example 17. Let K be a commutative field and V' a 3-dimensional K-space. Then
CI3(K;0,0,0) 2 K x V, the trivial extension of K by V, which is not a Frobenius
algebra.
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GROUP-GRADED AND GROUP-BIGRADED RINGS

MITSUO HOSHINO, NORITSUGU KAMEYAMA AND HIROTAKA KOGA

ABSTRACT. Let I be a non-trivial finite multiplicative group with the unit element e
and A = ®,crA; an [-graded ring. We construct a Frobenius extension A of A and
study when the ring extension A of A, can be a Frobenius extension. Also, formulating
the ring structure of A, we introduce the notion of I-bigraded rings and show that every
I-bigraded ring is isomorphic to the I-bigraded ring A constructed above.

INTRODUCTION

Let I be a non-trivial finite multiplicative group with the unit element e and A =
PrerA, an [-graded ring. In this note, assuming A, is a local ring, we study when a
ring extension A of A, can be a Frobenius extension, the notion of which we recall below.
Auslander-Gorenstein rings (see Definition 2) appear in various fields of current research
in mathematics. For instance, regular 3-dimensional algebras of type A in the sense of
Artin and Schelter, Weyl algebras over fields of characteristic zero, enveloping algebras
of finite dimensional Lie algebras and Sklyanin algebras are Auslander-Gorenstein rings
(see [2], [5], [6] and [14], respectively). However, little is known about constructions
of Auslander-Gorenstein rings. We have shown in [9, Section 3] that a left and right
noetherian ring is an Auslander-Gorenstein ring if it admits an Auslander-Gorenstein
resolution over another Auslander-Gorenstein ring. A Frobenius extension A of a left and
right noetherian ring R is a typical example such that A admits an Auslander-Gorenstein
resolution over R.

Now we recall the notion of Frobenius extensions of rings due to Nakayama and Tsuzuku
[11, 12] which we modify as follows (cf. [1, Section 1]). We use the notation A/R to denote
that a ring A contains a ring R as a subring. We say that A/R is a Frobenius extension if
the following conditions are satisfied: (F1) A is finitely generated as a left R-module; (F2)
A is finitely generated projective as a right R-module; (F3) there exists an isomorphism
¢ : A = Hompg(A, R) in Mod-A. Note that ¢ induces a unique ring homomorphism
0 : R — A such that z¢(1) = ¢(1)f(z) for all z € R. A Frobenius extension A/R is
said to be of first kind if A = Hompg(A, R) as R-A-bimodules, and to be of second kind
if there exists an isomorphism ¢ : A = Homp(A, R) in Mod-A such that the associated
ring homomorphism 6 : R — A induces a ring automorphism of R. Note that a Frobenius
extension of first kind is a special case of a Frobenius extension of second kind. Let A/R
be a Frobenius extension. Then A is an Auslander-Gorenstein ring if so is R, and the
converse holds true if A is projective as a left R-module, and if A/R is split, i.e., the
inclusion R — A is a split monomorphism of R-R-bimodules. It should be noted that A
is projective as a left R-module if A/R is of second kind.

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



To state our main theorem we have to construct a Frobenius extension A/A of first kind.
Namely, we will define an appropriate multiplication on a free right A-module A with a
basis {v; }.er so that A/A is a Frobenius extension of first kind. Denote by {7, }.es the
dual basis of {v, },er for the free left A-module Hom (A, A) and set v = X,¢/7,. Assume
A is local, A, A,—1 Crad(Ae) for all x # e and A is reflexive as a right A.-module. Our
main theorem states that the following are equivalent: (1) A = Homy, (A, A.) as right
A-modules; (2) There exist a unique s € I and some a € Homy, (A, A.) such that ¢, ,
Vee N = Homy, (Avg, Ao), A = (= a(y(Ap))) for all z € I; (3) There exist a unique s € [
and some «a, € Homy, (A, A.) such that ¢, : A, — Homy, (Au-1, Ao),a = (b ag(ab))
for all z € I (Theorem 18). Assume A/A. is a Frobenius extension. We show that it is of
second kind (Corollary 20), and that A is an Auslander-Gorenstein ring if and only if so
is A (Theorem 21).

As we saw above, the ring A plays an essential role in our argument. Formulating
the ring structure of A, we introduce the notion of group-bigraded rings as follows. A
ring A together with a group homomorphism 7 : I°° — Aut(A),z — 7, is said to be an
I-bigraded ring, denoted by (A,n), if 1 = > _, v, with the v, orthogonal idempotents
and 7,(v,) = vy for all 2,y € I. A homomorphism ¢ : (A,n) = (A',7) is defined as a
ring homomorphism ¢ : A — A’ such that ¢(v,) = v, and pn, = nle for all x € I. We
conclude that every I-bigraded ring is isomorphic to the I-bigraded ring A constructed
above (Proposition 24).

This note is organized as follows. In Section 1, we recall basic facts on Auslander-
Gorenstein rings and Frobenius extensions. In Section 2, we construct a Frobenius ex-
tension A/A of first kind and study the ring structure of A. In Section 3, we prove the
main theorem. In Section 4, we introduce the notion of group-bigraded rings and study
the structure of such rings.

1. PRELIMINARIES

For a ring R we denote by rad(R) the Jacobson radical of R, by R* the set of units in
R, by Z(R) the center of R and by Aut(R) the group of ring automorphisms of R. Usually,
the identity element of a ring is simply denoted by 1. Sometimes, we use the notation 15
to stress that it is the identity element of the ring R. We denote by Mod-R the category
of right R-modules. Left R-modules are considered as right R°°’-modules, where R°P
denotes the opposite ring of R. In particular, we denote by inj dim R (resp., inj dim R°P)
the injective dimension of R as a right (resp., left) R-module and by Hompg(—, —) (resp.,
Hompor (—, —)) the set of homomorphisms in Mod-R (resp., Mod-R°?). Sometimes, we
use the notation Xg (resp., gX) to stress that the module X considered is a right (resp.,
left) R-module.

We start by recalling the notion of Auslander-Gorenstein rings.

Proposition 1 (Auslander). Let R be a right and left noetherian ring. Then for any
n > 0 the following are equivalent.
(1) In a minimal injective resolution I* of R in Mod-R, flat dim I* < i for all 0 <
1 < n.
(2) In a minimal injective resolution J* of R in Mod-R°, flat dim J* < i for all
0<1<n.



(3) Forany1<i<n+1, any M € mod-R and any submodule X of Ext'(M, R) €
mod-R% we have Extlh, (X, R) = 0 for all 0 < j < i.

(4) Foranyl <i<n+1, any X € mod-R° and any submodule M of Exth., (X, R) €
mod-R we have Ext?(M, R) = 0 for all 0 < j < i.

Proof. See e.g. [7, Theorem 3.7]. O

Definition 2 ([6]). A right and left noetherian ring R is said to satisfy the Auslander
condition if it satisfies the equivalent conditions in Proposition 1 for all n > 0, and to
be an Auslander-Gorenstein ring if it satisfies the Auslander condition and inj dim R =
inj dim R°P < oo.

It should be noted that for a right and left noetherian ring R we have inj dim R =
inj dim R°? whenever inj dim R < oo and inj dim R < oo (see [15, Lemma A]).

Next, we recall the notion of Frobenius extensions of rings due to Nakayama and
Tsuzuku [11, 12], which we modify as follows (cf. [1, Section 1]).

Definition 3. A ring A is said to be an extension of a ring R if A contains R as a subring,
and the notation A/R is used to denote that A is an extension ring of R. A ring extension
A/R is said to be Frobenius if the following conditions are satisfied:

(F1) A is finitely generated as a left R-module;

(F2) A is finitely generated projective as a right R-module;

(F3) A= Hompg(A, R) as right A-modules.

In case R is a right and left noetherian ring, for any Frobenius extension A/R the
isomorphism A = Homp(A, R) in Mod-A yields an Auslander-Gorenstein resolution of A
over R in the sense of [9, Definition 3.5].

The next proposition is well-known and easily verified.

Proposition 4. Let A/R be a ring extension and ¢ : A = Hompg(A, R) an isomorphism
in Mod-A. Then the following hold.

(1) There exists a unique ring homomorphism 6 : R — A such that x¢(1) = ¢(1)0(x)

forall x € R.
(2) If ¢/ :+ A = Hompg(A, R) is another isomorphism in Mod-A, then there exists
u € A* such that ¢'(1) = ¢(1)u and 0'(x) = u='0(x)u for all x € R.

(3) ¢ is an isomorphism of R-A-bimodules if and only if 0(x) = = for all x € R.
Definition 5 (cf. [11, 12]). A Frobenius extension A/R is said to be of first kind if A =
Hompg (A, R) as R-A-bimodules, and to be of second kind if there exists an isomorphism
¢: A= Hompg(A, R) in Mod-A such that the associated ring homomorphism 6 : R — A
induces a ring automorphism 6 : R = R.

Proposition 6. If A/R is a Frobenius extension of second kind, then A is projective as
a left R-module.

Proof. Let ¢ : A = Hompg(A, R) be an isomorphism in Mod-A such that the associated
ring homomorphism 6 : R — A induces a ring automorphism @ : R = R. Then # induces
an equivalence Uy : Mod-R® = Mod-R° such that for any M € Mod-R°° we have
UgM = M as an additive group and the left R-module structure of UyM is given by the



law of composition R x M — M, (x,m) — 6(x)m. Since ¢ yields an isomorphism of R-A-
bimodules UyA = Homp(A, R), and since Homp(A, R) is projective as a left R-module,
it follows that UyA and hence A are projective as left R-modules. OJ

Proposition 7. For any Frobenius extensions AJA, A/R the following hold.

(1) A/R is a Frobenius extension.
(2) Assume A/A is of first kind. If A/R is of second (resp., first) kind, then so is
A/R.
Proof. (1) Obviously, (F1) and (F2) are satisfied. Also, we have
A = Homu(A, A)
=~ Homu (A, Homg(A, R))
= Homp(A®4 A, R)
=~ Hompg(A, R)
in Mod-A.
(2) Let ¢ : A = Homy(A, A) be an isomorphism of A-A-bimodules and ¢ : A =
Hompg(A, R) an isomorphism in Mod-A such that the associated ring homomorphism

6 : R — A induces a ring automorphism 6 : R = R. Setting v = ¥(1) and a = ¢(1), as
in (1), we have an isomorphism in Mod-A

£: A5 Homp(A, R), A — (= a(y(Aw))).

For any x € R, we have

for all p € A and z£(1) = £(1)8(x). O

Definition 8 ([1]). A ring extension A/R is said to be split if the inclusion R — A is a
split monomorphism of R-R-bimodules.

Proposition 9 (cf. [1]). For any Frobenius extension A/R the following hold.

(1) If R is an Auslander-Gorenstein ring, then so is A with inj dim A < inj dim R.
(2) Assume A is projective as a left R-module and A/ R is split. If A is an Auslander-
Gorenstein ring, then so is R with inj dim R = inj dim A.

Proof. (1) See [9, Theorem 3.6].

(2) Tt follows by [1, Proposition 1.7] that R is a right and left noetherian ring with
inj dim R = inj dim R° = inj dim A. Let A — E* be a minimal injective resolution in
Mod-A. For any i > 0, Homg(—, E*) = Homs(— ®r A, E?) as functors on Mod-R and
E% is injective, and E' ®r — = E'®4 A ®g — as functors on Mod-R°P and flat dim F% <
flat dim EY < 4. Now, since Rp appears in Ag as a direct summand, it follows that R
satisfies the Auslander condition. OJ



2. GRADED RINGS

Throughout the rest of this note, I stands for a non-trivial finite multiplicative group
with the unit element e.

Throughout this and the next sections, we fix a ring A together with a family {0, },cs
in Endz(A) satistying the following conditions:

(D1) 6,0, =0 unless v =y and ), 0, = idy;

(D2) 6,(a)éy(b) = 64y(d,(a)b) for all a,b € A and x,y € I.

Namely, setting A, = Im ¢, for x € I, A = @, A, is an [-graded ring. In particular,
A/A, is a split ring extension.

To prove our main theorem (Theorem 18), we need an extension ring A of A such that
A/A is a Frobenius extension of first kind. Let A be a free right A-module with a basis
{v:}rer and define a multiplication on A subject to the following axioms:

(M1) v,v, = 0 unless z =y and v,v, = v, for all x € I;

(M2) av, =, c;vy0yp-1(a) for all a € A and z € I.

We denote by {7, }.er the dual basis of {v,},es for the free left A-module Hom4(A, A),
e, A= v:7(A) for all A € A. It is not difficult to see that

M= Valay1 (7o (X)) (1)
el
for all A, ;p € A. Also, setting v = >, Vs, we define a mapping
¢ N — Homa(A, A), A — YA
Proposition 10. The following hold.

(1) A is an associative ring with 1 = Y v, and contains A as a subring via the
injective ring homomorphism A — N a — Y, v,a.
(2) ¢ is an isomorphism of A-A-bimodules, i.e., AJA is a Frobenius extension of first

kind.
Proof. (1) Let A € A. Obviously, > _, v, - A = A. Also, by (D1) we have

A Z Uy = Z Uxémy*1 (’yx()‘))

yel z,yel

zel

=\
Next, for any A, u, v € A by (D2) we have

Ay =D b1 Oy (3 (A)7 (1) 7:(v)

z,y,z€l

= 3 by 1 (3 (N)Bya-1 (3 (1)) (v)

x,y,z€1
= Auv).

The remaining assertions are obvious.



(2) Let A € Ker ¢. For any y € I we have 0 = v(Avy) = > _;6,-1(72(A)) and
Ozy-1(72(A)) = 0 for all x € I. Thus for any x € I we have §,,-1(7,(A)) =0 for ally € I
and by (D1) 7,(A) = 0, so that A = 0. Next, for any f = Y _; a7, € Homyu(A, A),

setting A = ) Vz0z,-1(a,), by (D1) we have
(YA (vy) = v(Avy)
= Gy (7(V)

zel

= > buy1(0nam1(a2))

z,z€1

z,z€l

= a,
= f(vy)
for all y € I and f = yA. Finally, for any a € A by (D1) we have
(va)(A) = y(aX)
=Y Gpei(a)(N)

zyel
= ay())

for all A € A and va = ay. O

Remark 11. Denote by |I| the order of I. If |I|-14 € A, then A/A is a split ring

extension.

Lemma 12. The following hold.

(1) v vy = Vp0,y-1(72(N)) for all X € A and z,y € 1.
(2) vuAvy = v, Apy—1 forall z,y € 1.
(3) vea - vyb = vyab for all z,y,z € I anda € Ayy-1,b€ A1,

Proof. Immediate by the definition. O
Setting A, , = v,Av, for z,y € I, we have A = @©y yerAy, with Ay A, = 0 unless

y=zand Ay Ay . C A, forall z,y, 2z € I. Also, setting A\, y = 04-1(72(A)) € Ayy—1 for
A€ A and z,y € I, we have a group homomorphism

n: I — Aut(A),x — 1,

such that 7,(N)y. = Aye-1..-1 for all X € A and z,y, z € I. We denote by A’ the subring
of A consisting of all A such that 7,(\) = A for all z € I.
Proposition 13. The following hold.

(1) ny(vy) = vgy for all x,y € I.

(2) AT = A.

(3) (Mt)ae =D yer Auyhly,z for all A€ A and x,z € 1.
Proof. (1) Since 1y(Vg) 2 = 6zup-1(72y-1(vs)) for all z,w € I, we have

1

(v,) 1 ifz=wandz =2y,
Vg )zw = .
"y ’ 0 otherwise.



(2) For any a € A, since 1,(a),. = Ayp-1:0-1 = Syo-1)za-1)-1(a) = 6,.-1(a) = ay,. for
all z,y, z € I, we have a € AT. Conversely, for any A € AT we have 6,-1(7,()\)) = Ay yo =
Ne-1(N)ey = Aeyy = 0y-1(7e(A)) for all z,y € I, so that 7,(A) = 7.(A) for all x € 1.

(3) For any A\, u € A and z, z € I by (D2) we have

(M)az = D ozt (Tay1 (7 (A)) 7 (1)

yel

= Z5xy*1(%()\))5yz*1(7y(ﬂ))

yel

= Z Azyhly, -

yel

Remark 14. We have n,(v,a,)vyb, = vgya.b, for all a, € A, and b, € A,

Proposition 15. The following hold.

(1) Enda(v.A) = Ae as rings for all x € 1.
(2) v\ 2 v A in Mod-A for all x,y € I with Ayy-1A,,—1 C rad(A.).

Proof. (1) We have Endj (v, A) = v,Av, = A, as rings.
(2) For any f : v,A — v,A and ¢ : v,A — v,A in Mod-A, since f(v,) = vya with
a€ Ay and g(vy) = v,bwith b € A1, we have g(f(v,)) = vyba with ba € rad(A.). O

The proposition above asserts that if A, is local and A, A,-1 C rad(A,) for all x # e
then A is semiperfect and basic. We refer to [3] for semiperfect rings.

3. AUSLANDER-GORENSTEIN RINGS

In this section, we will ask when A/A, is a Frobenius extension.

Lemma 16. For any x € I the following hold.

(1) av, = vza for all a € A, and Av, is a A-A.-bimodule.

(2) Avy =3 crvyAyer.

(3) A5 Avg,a = Y vy0y0-1(a) as A-Ac-bimodules.

(4) If Av, is reflezive as a right A.-module, then Endy(Homy, (Av,, Ae)) = A. as
TiNngs.

Proof. (1) and (2) Immediate by the definition.



(3) By (2) we have a bijection f, : A = Av,,a > yer VyOya-1(a). Since every dy,-1 is
a homomorphism in Mod-A,, so is f,. Finally, for any a,b € A we have

a () vy0-1(b) = > 0:0.-1(a)601 (D)

yel y,z€1
=3 0> 8.y-1(a)d 01 (b))
zel yel
= 0.0.-1()_ 8.y1(a)b)
zel yel
= Z 0,0,,-1(ab)
zel

and f, is a homomorphism in Mod-A°P.
(4) Since the canonical homomorphism

Avy — Hom gor (Hom g, (Avy, Ae), Ac), A = (f = f(N))
is an isomorphism, End, (Hom 4, (Av,, A.)) = Endper (Av, )P = v, Av, =2 A, as rings. O

It follows by Lemma 16(1) that d.7. : A — A, is a homomorphism of A.-A.-bimodules
and A/A, is a split ring extension.

Lemma 17. For any z,y € I and a,b € A we have
Vot () 0:6.5-1(0) = 1,(D b1 ()01 (D))
zel zel
Proof. Immediate by the definition. O

Theorem 18. Assume A, is local, A,A,—1 C rad(A.) for all x # e and A is reflexive as
a right A.-module. Then the following are equivalent.

(1) A= Homy, (A, A.) as right A-modules.
(2) There exist a unique s € I and some o € Homy_ (A, A.) such that
Gsp : VexA = Homa, (Avy, Ao), A = (= a(y(An)))
forall x € 1.
(3) There exist a unique s € I and some a5 € Homa, (A, Ae) such that
V1 Age — Homy, (A1, A),a = (b a,(ab))
forall x € 1.
Proof. (1) = (2). Let A = Homy, (A, A.),1+ a in Mod-A. Then, since by Proposition
10(2) A = Homy(A, A), X — v\ in Mod-A, by adjointness we have an isomorphism in
Mod-A
A = Homy, (A, A), A = (= a(y(Aw))).

By Proposition 15(1) A = @,crv, A with the Endy (v, A) local. Also, by (1) and (4) of
Lemma 16
Homy, (A, A.) = @,crHomy, (Av,, Ae)



with the Enda (Homy, (Av,, Ac)) local. Now, according to Proposition 15(2), it follows by
the Krull-Schmidt theorem that there exists a unique s € I such that

Pse : vsA = Homy, (Ave, Ae), A = (= a(y(Aw))).

4., by Lemmas 16(2) and 17 we have
¥ A= Homy, (A, A.),a— (b ay(d,(ab))).
It then follows again by Lemmas 16(2) and 17 that

Thus, setting a; = «

Gsww © Vs 5 Hom 4, (Avg, Ae), A — (= a(y(Ap)))

for all z € I.

(2) = (3). Since A = @pe1Age = PrerAg—1, and since A, A1 C Ay forall z € 1, ¢
induces v, : Ay, — Homy, (A1, Al),a > (b ag(ab)) for all z € 1.

(3) = (1). Setting v, : Ay, — Homy, (A1, Ae),a — (b ay(ab)) for each x € I, the
1, yields ¢ : A = Homy, (A4, A.),a — (b ay(ds(ab))). O

Remark 19. In the theorem above, ay is an isomorphism and A, — End 4, (A,) canonically.

Proof. For any b € A, setting f : A. — A.,1 — b, we have f = 1).(a) and hence
b = a,(a) for some a € A;. Also, Ker ay = Ker ¢y = 0. Then, since the composite
A, — Endy, (As) — Homy, (As, Ae) is an isomorphism, the last assertion follows. O

Corollary 20. Assume A, is local and AyzA,-+ C rad(Ae) for all x # e. If AJ/A. is a
Frobenius extension, then it is of second kind.

Proof. Set t = a;!(1) € A,. Then for any u € A, there exists f € Endy, (A,) such that
u = f(t) and hence u = at for some a € A.. Thus A.t = A, and there exists § € Aut(A,)
such that 0(a)t = ta for all @ € A.. Then (a,0(a))(t) = as(0(a)t) = as(ta) = as(t)a =
a = (ac,)(t) and a,0(a) = aa, for all a € A.. Now, setting 1 : A = Homa, (A, A.),a
(b~ au(6,(ab)), we have (a(1))(b) = a0s(8:(5)) = (ac)(3:(8)) = (a,(a))(6:(8)) =
as(0(a)ds(b)) = as(0s(0(a)b)) = (¥(1)0(a))(b) for all a,b € A, so that ap(1) = ¥(1)0(a)
for all a € A. O

Theorem 21. Assume A, is local, A,A,—1 C rad(A.) for all x # e, and A/A. is a

Frobenius extension. Then A is an Auslander-Gorenstein ring if and only if so is A.

Proof. The ”only if” part follows by Propositions 9(1) and 10(2). Assume A is an
Auslander-Gorenstein ring. By Proposition 10(2) A/A is a Frobenius extension of first
kind, and by Corollary 20 A/A, is a Frobenius extension of second kind. Thus by Proposi-
tion 7 A /A, is a Frobenius extension of second kind. Also, by Lemma 16(1) A/A, is split.
Hence by Propositions 6 and 9(2) A, is an Auslander-Gorenstein ring and by Proposition
9(1) so is A. O

4. BIGRADED RINGS

Formulating the ring structure of A constructed in Section 2, we make the following.



Definition 22. A ring A together with a group homomorphism
n: I — Aut(A),x — 1,

is said to be an I-bigraded ring, denoted by (A, n),if 1 =73 _, v, with the v, orthogonal
idempotents and 7, (v,) = vsy for all ,y € I. A homomorphism ¢ : (A,n) = (A, 7)) is
defined as a ring homomorphism ¢ : A — A’ such that ¢(v,) = v, and ¢n, = n.p for all
x el

Throughout this section, we fix an I-bigraded ring (A, 7). Set A, = v, Av, for x € I and
A = ®,erA,. Note that n,(A,) = vyyAv, for all z,y € I. For any a, € A, and b, € A,
we define the multiplication a, - b, in A as the multiplication 7,(a,)b, in A (cf. Remark
14).

Proposition 23. The following hold.
(1) A is an associative ring with 1 = v,.
(2) A is an I-graded ring.
Proof. (1) For any a, € A, b, € A, and ¢, € A, we have

(ag - by) - ¢, = nylaz)b, - c,
= nz(ny(ax)by)cz
= ny=(az)n2(by)c.
=a, - (by - c.).
Also, for any a, € A, we have v, - a; = 17(Ve)a, = vy, = a, and a; - Ve = Ne(ay)Ve =

AzVe = Gy
(2) Obviously, A, A, C A,, for all z,y € I. O

In the following, for each x € I we denote by d, : A — A, the projection. Then,
setting A\, , = vzAv, for A € A and x,y € I, we have a mapping ¢ : A — A such that
0(a)yy = ny(dzy-1(a)) for alla € A and z,y € I.

Proposition 24. The following hold.

(1) ¢ : A — A is an injective ring homomorphism with Im ¢ = AL,
) vaAvy, = vy (A1) forall x,y € 1.

) {veteer is a baszs for the right A-module A.

) p(a)ve = vyp(dye-1(a)) for alla € A and x € I.

)

vp(a)vyp(b) = vyp(ab) for all x,y,z € I and a € Ayy-1,b € Ay-r.

(2

(3
(4
(5

Proof. (1) Obviously, ¢ is a monomorphism of additive groups. Also, we have

(v,) v, ifx=uy,
Ve )y = .
14 v 0 otherwise

and ¢(14) = 15. Let a, € A;,b, € Ay and z,w € 1. Since p(a,-by),w = ©(My(az)by) 20 =
N (021 (0 (az)by)), (azby) = 0unless zy = zw™t. I zy = zw™!, then 1,,(8,-1 (1, (az)b,)) =



Nyw(@z)Nw (by). On the other hand,
(plaz)p(by))zw = ZSO(ax)Z,u‘P@y)u,w

uel

- Z Nu(0z0=1(a2)) My (=1 (by )

1 1

Thus (p(az)p(by)). = 0 unless zu™! = z and uw™ =y, Le., zw ! = zy. If zw™! = 2y,

then Y o/ Mu(020-1(a2))Nw (Ouw-1(by)) = Nyw(@z)nw(by). As a consequence, p(ay - by).w =
(plag)e(by))zw. The first assertion follows.
Next, for any a € A and z,y, z € I we have

Na(0(a))y,z = vyna(p(a))vs
= 773:<ny—190(a)vz:r—1)
= nx(ﬁp(a)yxfl,zafl)
= 1z (Nzz-1(0y2-1(a)))
= nz(5y2*1 (a))
= @(CL)y,z;
so that Im ¢ C A’. Conversely, let A € A’. Then A\, = n,(Apy-1.) = Agy-1,. for all
x,y € I. Thus, setting a = > ; Aze, we have p(a),, = 1y(dpy-1(a)) = ny(Aay-1,) =
Apy-Le = Agy for all z,y € I and ¢(a) = A
(2) Let z,y € I and a € A,y-1. For any 2z # y we have 6,,-1(a) = 0 and hence
vpp(a)v, = 9(a)y, = 1:(0..-1(a)) = 0. Thus vyp(a) = p(a)y, = ny(a). It follows that
vz Avy = 1y (Vgy-1AVe) = 1y (Agy—1) = Vpp(Agy—1).
(3) This follows by (2).
(4) Note that 7, (d,,-1(a)) = vyn:(dy.-1(a)) forally € I. Thus p(a)v, = ; vp(a)v, =

Zye[ 771(5311_1 (a)) = Zyg[ Uynm(éym—l (a)) AISO,
Uz/SO(éyaf1 (a)) = Z Uz/SO(éyaf1 (a))v.

zel
=> vy (8.1 (8,01 (a)))
zel
= Uyl (0ya—1(a))
for all y € 1.
(5) This follows by (2) and (4). O

Let us call the I-bigraded ring constructed in Section 2 standard. Then the proposi-
tion above asserts that every I-bigraded ring is isomorphic to a standard one. Namely,
according to Lemma 12, ¢ : A — A can be extended to an isomorphism of I-bigraded
rings.
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THE DIMENSION FORMULA OF THE CYCLIC HOMOLOGY OF
TRUNCATED QUIVER ALGEBRAS OVER A FIELD OF POSITIVE
CHARACTERISTIC

TOMOHIRO ITAGAKI AND KATSUNORI SANADA

ABSTRACT. This paper is based on my talk given at the Symposium on Ring Theory
and Representation Theory held at Tokyo University of Science, Japan, 10-12 October
2013. In this paper, we give the dimension formula of the cyclic homology of truncated
quiver algebras over a field of positive characteristic. This is done by using a mixed
complex due to Cibils.

1. INTRODUCTION

Let A be a finite quiver and K a field. We fix a positive integer m > 2. The truncated
quiver algebra is defined by KA/RRX where R} is the two-sided ideal of KA generated
by the all paths of length m.

In [8], Skéldberg computes the Hochschild homology of a truncated quiver algebra A
over a commutative ring using an explicit description of the minimal left A°-projective
resolution P of A. He also computes the Hochschild homology of quadratic monomial
algebras. On the other hand, Cibils gives a useful projective resolution ) for more general
algebras in [3].

If Ais a K-algebra with a decomposition A = E@r, where F is a separable subalgebra
of A and r a two-sided ideal of A, then Cibils ([4]) gives the E-normalized mized complex.
Skoldberg [9] gives the chain maps between the left A®-projective resolution given in [§]
and @ above for a quadratic monomial algebra A, and he obtains the module structure
of the cyclic homology by computing the E%-term of a spectral sequence determined by
the above mixed complex due to Cibils.

In [1], Ames, Cagliero and Tirao give chain maps between the left A°-projective reso-
lutions P and Q of a truncated quiver algebra A over commutative ring. In this paper,
by means of these chain maps, we obtain the dimension formula of the cyclic homology
of truncated quiver algebras over a field.

On the other hand, by means of [7, Theorem 4.1.13], Taillefer [10] gives a dimension
formula for the cyclic homology of truncated quiver algebras over a field of characteristic
zero. Our result generalizes the formula into the case of the field of any characteristic.

2. PRELIMINARIES

Let A be a finite quiver and m(> 2) a positive integer. For a € Aq, its source and
target are denoted by s(«) and ¢(«), respectively. A path in A is a sequence of arrows

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



ajs - - - ay, such that ¢(a;) = s(ayq) for i =1,...,n— 1. The set of all paths of length n
is denoted by A,,.
By adjoining the element L, we will consider the following set (cf. [8], [9]):

i=0
This set is a semigroup with the multiplication defined by

_ [ oy i t(6) = s(0), -
0.7y = { 1 otherwise, 0,7 € UA@"

=0
and
Loy=v-L=1, y€A

Let K be a commutative ring. Then K Aisa semigroup algebra and the path algebra
KA is isomorphic to KA /(L). So, KA'is a A-graded algebra with a basis consisting of
the paths in A. Moreover, KA is N-graded, that is, KA = @;°, KA,;. In particular, R}
is A-graded and N-graded, thus the truncated quiver algebra A = KA/RRX is a A-graded
and N-graded algebra.

For an N-graded vector space V, V, is defined by V, = @,., Vi

Let A be a finite quiver. For a path 7, || denotes the length of 7. A path ~ is said
to be a cycle if |y| > 1 and its source and target coincide. The period of a cycle v is
defined by the smallest integer i such that v =47 (j > 1) for a cycle § of length 4, which
is denoted by per~. A cycle is said to be a basic cycle if the length of the cycle coincides
with its period. It is also called a proper cycle [5]. Denote by AS (respectively AP) the
set of cycles (respectively basic cycles) of length n. Let G,, = (t,,) be the cyclic group of
order n and the path a; - - - a,,_1a, a cycle where «; is an arrow in A. Then we define the
action of G,, on A by t,,- (a1 - ap_10,) = apoy -+ -1, and AS /G, denotes the set of
all G,-orbits on A. Similarly, G, acts on AP and AP /G, denotes the set of all G,,-orbits
on AP, For 4 € A¢/G,,, we define the period per of 7 by per~. For convenience we use
the notation A§/Gy for the set of vertices Ag. Throughout this paper, a;(i > 0) denotes
an arrow in A.

3. THE HOCHSCHILD HOMOLOGY OF TRUNCATED QUIVER ALGEBRAS

In this section, we intoroduce the Hochschild homology of truncated quiver algebra in

8]-

Theorem 1 ([8, Theorem 1]). The following is a projective A-gmded resolution of A as
a left A®-module:

dz’ di
pP.... =2 p %

By p B P S A0
Here the modules are defined by

P, =A®gna, Kr® RKa, A,



where T s given by

@ _ J Bem if i =2c(c>0),
Achrl ZfZ:20+1 (CZO),

and the differentials are defined by

d2c(a ® Qaq - Oem X B)
= Z oy -0 Q) Oy Ae—1)ymt 145 @ Xle—1)ym+2+5 Qe B,

and
docr1(@®@ 0 Qo1 @ B) =y @z Qo1 @ B — @ Ay -+ Qe @ Qi1 -
The augmentation e: A @xa, KAo @kxang A= AQga, A —> A is defined by
e(la® p) = ap.

Theorem 2 ([8, Theorem 2|). Let K be a commutative ring and A a truncated quiver
algebra KA/RY and ¢ = cm + e for 0 < e < m — 1. Then the degree q part of the pth
Hochschild homology HH,(A) is given by

(K% ifl<e<m-—1and2c <p<2c+1,
m br
P (k= e Ker (—————=: K — K
‘ ged(m, r)
rlq
ife=0and 0 <2c—1=p,
HHp q(A) = ( m br
’ Keedmn) =1 ¢ Coker (7 K — K))
g? ged(m, r)
ife=0 and 0 < 2c = p,
K#80 ifp=q=0,
0 otherwise.

\

Here we set ag := #(AS/Gy) and b, := #(AL/G,).

4. MAIN RESULT

In this section, by means of chain maps which are given by Ames, Cagliero, Tirao, we
determine the dimension formula of the cyclic homology of truncated quiver algebra.

Lemma 3 ([3, Lemma 1.1]). Let A be a finite quiver, I an admissible ideal, KA, the
subalgebra of A = KA/I generated by Ao and r the Jacobson radical of A. The following



s a projective resolution of A as a left A°-module:

i di i—1
Q: — ARk, r7K% Rga, A — A®pa, r¥K20 ®KA0A_>"‘

—)A®KAOT®KAOA—>A®KA0A — A — 0,

where

di(Afza| -+ - |zilp) = Az [za] - - - |zi]p + Z A ] - Nl lzidp
+ (1) A[y] -+ |xi,1]:cl-u fori>1,
and we use the bar notation Nxi|- - |x]p for A\@x1 @ 12 Q@ -+ @ 1; Q p.

Cibils constructs the following mixed complex.

Theorem 4 ([4], [9]). Let A be a finite quiver, K a field, and A = KAJI for I a
homogeneous ideal. Define the mized complex (Cxa,(A),b, B) by

®n
Crao(A)n = A®gag AL,
and

b(zolz1] - -+ [x,]) = 517056’1[372\ e

+ Z Yao[zr] - |wiziva| - - |zn)

+ (—1) TnZo[T1] - - - |01,

B(xolz1| -+ - [xn]) = Z(—l)m[%’\ R EE T R A

Then HH,(Cia,(A)) = HH,(A) and HCo(Ciea,(A)) = HC,(A).

In particular, if A is a truncated quiver algebra KA/RQX(m > 2), then the map B
in (Cka,(A),b, B) respects the AS/G,-grading (cf. [9]). Furthermore if we consider the
double complex BC' associate to this mixed complex and filter the total complex Tot BC
by the column filtration, then the resulting spectral sequence is AS/G,-graded. Thus
HC,(A) is AS/G,-graded. Moreover, for ¥ € AS/G, the degree ¥ part of the E'-term of
this spectral sequence is E} - = HH,_,5(A).

On the other hand, Ames Cagliero and Tirao find the chain maps between the left
A¢-projective resolutions P and Q of a truncated quiver algebra A over an arbitrary field
as follows:



Proposition 5 ([1]). Define the map v : P — Q as follows:

wla®pf)=al 18, ula®a ® )= alal]f,
LQC(Q ® A - Oem ® B)
= Z a[al R CS R |a2+j1 |a3+j1 © O3y s |a4+j1+j2 o
0<j1,3Je<m—2
| Qe 1yttt * T Q2 1ty ot 2ty oot Q211 bt Cemi3)
Lrer1(@ @ aqg - Aepy1 @ P)
= Z Oé[()é1|042 cr 0oy |a3+j1 ‘054+j1 ER O 7/ Sy ) |a5+j1+j2 o
0<j1,.-,Je<m—2

| Qe jitetgors 7" Oty ooto | Q24 141 4ot | O2e4 24y 4ot Qe B
Then, ¢ is a chain map.

Proposition 6 ([1]). Let m; be a positive integer for any i > 1. Suppose that x; is the
Path mygootm; 1 +1° Qg vm; Of length my;. Define the map m: Q — P as follows:

m(a[ ]B) =a® 8,

m(afn]8) =Y 00 @0 @ aj )
j=1

AR aq e @ Qemi1 ** * Qg e, 3
7T2¢<()é[l’1|.’172| NN |.§U2c]6) = 'lf Mo;_1 + Mo; >m (1 < i < C),
0 otherwise,
Z;n:ll O[O{l “ e Oé]*l ® O[] . e a]+cm®

i RIS
7T20+1<Oé[.1’1|372| s |x2c+1]ﬁ) = 'lf ma; _|_]7;721:Z:r11> mTi+< JZFTYECZSB
= >t > C)

0 otherwise.

Then, 7 is a chain map and 7o = idp.

By investigating the basis of the Hochschild homology and finding the chain maps
between the projective resolutions P and @, we are able to compute B : HH,5(A) —
HH,.5(A) induced by the differential of the Cibils’ mixed complex. Moreover, for 7 €
A¢ /Gy we are able to determine the degree 4 part of the E%-term of the spectral sequence
associated with the Cibils’ mixed complex. Therefore we have the following result.

Theorem 7 ([6, Theorem 5.1]). Suppose that m > 2 and A = KA/RR. Then the
dimension formula of the cyclic homology of A is given by, for ¢ > 0,

m—1 c—1 m—1
dimgHCoo(A) = #80+ > omee+ D> Y. by
e=1 /=0 e=1 r>0

st.r¢|ldm +e



+Z > b+z > (ged(m, ) — 1)b,,

r>0 r>0
s.t.r|c'm, s.t.r¢| ged(m,r)c
ged(m, r)¢lm
c m—1
dim g HClesq(A) = > (gdmr)=Db+> Y > b,
>0 c'=0 e=1 >0
st.r|(c+1)m st.r¢|dm+e
c+1
D S S Z S (gedmr) — b
r>0 r>0
s.t. r|d'm, s.t. r¢| ged(m, )’
ged(m, r)¢lm

Remark 8. If ¢ = 0, then the above result coincides with the result of Taillefer in [10].

Example 9 ([6, Example 5.3]). Let K be a field of characteristic ¢ and A the following
quiver:

Qg1 0 Qp

Suppose m > 2 and A = KA/RY, which is called a truncated cycle algebra in [2].
Since

1 it s, b 1 if s=r,
=10 otherwise, "1 0 otherwise,

we have, for ¢ > 0,

o [ (5] (21021 [)
([gmmae) ~ [ = (7] - [57)
# (god(m, ) - 1) | B



an(imKchc+1<A> i ) d(c +81)m} _ [(c + llm - 1} + [gcd(;fz, s)cD

(] - e (2 - [2)
B2
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GEIGLE-LENZING PROJECTIVE SPACES AND d-CANONICAL
ALGEBRAS

OSAMU IYAMA

ABSTRACT. Following [4], we introduced Geigle-Lenzing projective spaces and d-canonical
algebras.

A E S ERIE, 1987 412 Geigle-Lenzing B ICL > TEHAINTZ DO TH Y | Hi¥
EAR P! % recollement (Z X VILRK L7ZHDTHY |, £ P EORRIZRERN L5 HND
10, Appendix A]. T+ X HHEEHUE, Ringel [11] 73 1984 4E |0 A L 7= E L 5 L ok
BEECTHY, 4B TIIFROEZ TR & & b, ZInBRORIGRICI T 2 AR L e -
TWD. AT, B EHEER EEEZTTRO KT Th D Geigle-Lenzing 5152
ERE L d-BESTIRLEA L CTHEARMRMHEE 2, oA & L TEkot Auslander-Reiten

AR W THAR R d-ERRFTAESTBENHROND 2 L BT 5. FHMIEEmR T [4][7]
BRI T,

Remark 1. Geigle-Lenzing DA U 7c A & GHEZERRERC, ZDO—#(LTH 5 Geigle-Lenzing

FRZEMIE, BB T DR e 2 NER RO SN D . —0F, FFAEHERNC IR T T &
NI HRER S ITATHES 2 ProjS Z# B A S 2EM & L5 Z &R H 508, WA 1T —MkIZ
FERLLDOTHS.

LR, Sk z bk &9 5. B2 P! O FREESR % k[T,..., T £ L, %1 <i<n
Wk LT, PPN Ly, ..., Ly 23—k

d
l; = Z)\Z]E S k’[Tg, . ,Td].

j=0
THEREND LT D, FEEOM (., pa) 18 L, ATH - R %
R:=k[Ty,... . Ty, X1,..., X ]/(XP' = 6; | 1<i<n)
LEDS. RIS, T (1 <0 <n) & CTEREND BT — LB (T, ..., T,,0) DRIRTE
L= (Z1,..., %, 0)/(pili —c| 1 <i<m)

HERD. deg X; =1, deg Ty :=c LB ZEITLY, RIZL-EST & -R¥E& L 725, R
D IR ME 2T 5.

e RIZKrull Ikt d+ 1 DRERXRXETH AH.

e RDa-AZEE (GorensteinINT *A—B) X

Gi=(m-d-1)F-Y #eL
i=1

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



THz2bN5. 20 L-IkEf & RNEEE L TORE Ext4 (k, R(&)) ~ R M7
TET 5.

IR, AL Z@ LT Ly,..., Ly, N—RDOALEICH D LARET 5. L-IREA & AR R-
INEEDRE % mod” R T L, AERKITINEED O 72 5 Feiii il 47 8 2 mody R T ¥ . mody R
1% mod“R ? Serre #5372 > TH Y | il

coh X := mod“R/modg R
X7 —~VLE L 72D . ik Geigle-Lenzing B8 ZER X LOEERBOE LS. d=10
LA M, Geigle-Lenzing O3 A U 72 H A fF & FHZEARICM L 5 720,
coh X DEEARM R ME 22607 5.
o cohX | IRIKILd DT —~LETHS.
o (SerreWxttE) PAFAIFM Extd(X,Y) ~ DHomy(Y, X(&)) (X,Y € cohX) 231F
ET %,

Geigle-Lenzing 5 522 OFF OB EMHE & LT, B ROFEDR BT 6N D, E9H
MREDEREEETS.

Definition 2. —AE T OxXG M € THMERR TH D L IL, AEEOEH I #0125 LT
Homg (M, M[i]) = 0 SRRSL L, & BT M Z&Te T Ofe/hd thick #557H (=EF1K -+ TMH
Cle =M mtE) NI &b Thod.

B2 1E, Bt BTk LA BRARS . B-IFEOF RAE » v —E K (proj B) 1&Ex 5 &>,
WIS, ZAETIMESRT 2> & &, B TORED T (WEAY9> idempotent complete)
T, TI1X KP(proj End(T)) & = RMEIZ72 5.

7 (1<i<n) e TERENDILOENE /A N&, L, TEbT. F—gecl, ThDH
EEICZ>YEROT LR, LITHIETFEE LD, 4,

0,dd = {F€L|0<Z<d)
& B<.
Theorem 3. (a) DP(coh X) ITMERIZ T = Dcjo.aq B(E) ZFFO.
(b) T ® A ¥R A = Endx(T) (2%t L, =AEFE D(coh X) ~ DP(modA) 234F
ET%.

A% dAZEZTIR LS. n = 0 O%E T Beilinson [2] 128 2 H#IIZRFERTH Y, =
DYE D A % Beilinson TR LS. d = 1 OE 7D Geigle-Lenzing [3] 12X 5 H D TH
D, ZO%HE D AN Ringel 1] ICK > TEASNIAEEL TR THD. n <d+1D5HE
IX Baer [1] 12X > THBNTEY, Iilin = d+ 2 D4 A Ishii-Ueda [6] IZE > TH XD
ni.

d-FEHEZ JLER DR (quiver) RARE 52 D722, —tEa ) Z L U N EIRET 5!

en>d+ 1.
o H1<i<d+ 1T LTl =T_,.
ZOLE RIFLLTTRREINS:
R= KX, ... X /(X2 — 0,(XP, . X2y | d+2 <i<n)

Theorem 4. d-f2#EZ TR AIZLATOM E BB TERIND:
(i) AIE Qo = [0, dd.



(i) RIZQy :={a;: 7> T+7 |1<i<n, Z,T+7T €[0,dd}.

(iii) BIFREUZLA T D 2F8%A -
o v — v T =T +T;+7; 1<i<j<n,Z,¥+7;+z; €[0,dd).
o ali =Y I N  F o F+E(d+2<i<n, Fi+7€(0,dd).

WE B EARKRITE IR E L, KIRTHAARTH D LARET S, P IILBEF
v:=—®p (DB) : D’(modB) — D"(modB)
2R LTy i=vo[—d] £B<. ROBEEITERIT Auslander-Reiten Bl THEAN TH 5.

Definition 5. [5] B 28 d-ERRB\E CTH 5 L1, BOKEKTAd THY, o v, (B) €
modB NMEED 1 > 0IZxX LTI THZ &ETH 5.

k SRERIPAR DG, 1-IEIREFR A L 5eBR & 13, JF Dynkin RUROIE L SCBR I M 72 & 72
V. -EREHL SURIT, d-BRKRFBE LTINS L 0B L L HIZ, KRkt d D% ook
DR TRIAGRIBIEN D b > L bR TALEZDBND.

d-AFHEL LR DR DMEITEAN TH 5.

Theorem 6. —fMEZKD 2L p;>2 (1<i<n)THLHLRETDH. ZDLZX

: [ d (n<d+1),
dma=1{ 5 (5700

IHIEn<d+17261%, AT d-ERREFNTHS.
n<d+1D8BE1E, VL 5] TAR LIFEN D d-ERFBNE T E 25TV D,
WERD a-AREETITH LT,
"1
degidi=n—d—1-— —
& sz‘

EBE, TORFEIZ X - T Geigle-Lenzing S22 2 L F D 3@ 0 (2 0%ET 5.

degdd | <0 =0 >0
d-Fano | d-Calabi-Yau | d-anti-Fano




d=10%5, 2 HITEAMT X FEERO domestic, tubular, wild D 3 2D ¥ A 72
YT 5.

Geigle-Lenzing 5222 @ d-Fano 1%, d-fE%#EZ5CE: @ Minamoto [8][9] DEM T d-
Fano & [AfETH 5

Proposition 7. Geigle-Lenzing 515225/ X 28 d-Fano THh 5 Z & &, dEEHELILER A D
d-Fano % tE CTh 5 Z L IXIFMHE.

Geigle-Lenzing HEZEM D 9 6, d-Fano THH L DILTL VAR TH DL B2 65D,
EEE d = 1 DA, domestic O EAAF ZHZERL, JERT 1« > F VBRI OES LR &
BRERECTH S, ZDZ &5 Theorem 6 -0 —fixfb & LT, A BKRIZHFFSND.

Conjecture X 7% d-Fano 72 51X, & 5 d-ME[RRBIAIZL 5 L BB RE CTh 5.
ZOTPRIZKT DE R REIE E LT, LR AL T 5.

Theorem 8. n=d+ 2722 p; =py =272 61F, X1IH 5 d-HERFRBI L T ER &8 kE
FETH 5.

AEFIE, R @ Cohen-Macaulay RELZ G5 Z L DHIEUED. FEMITHIZET 5.
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SPECIALIZATION ORDERS ON ATOM SPECTRUM OF
GROTHENDIECK CATEGORIES

RYO KANDA

ABSTRACT. We introduce systematic methods to construct Grothendieck categories from
colored quivers and develop a theory of the specialization orders on the atom spectra
of Grothendieck categories. We showed that any partially ordered set is realized as the
atom spectrum of some Grothendieck category, which is an analog of Hochster’s result
in commutative ring theory. In this paper, we explain techniques in the proof by using
examples.

Key Words:  Atom spectrum, Grothendieck category, Partially ordered set, Colored
quiver.
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13C05.

1. INTRODUCTION

The aim of this paper is to provide systematic methods to construct Grothendieck
categories with certain structures and to establish a theory of the specialization orders
on the spectra of Grothendieck categories. There are important Grothendieck categories
appearing in representation theory of rings and algebraic geometry: the category Mod A of
(right) modules over a ring A, the category QCoh X of quasi-coherent sheaves on a scheme
X (2, Lem 2.1.7]), and the category of quasi-coherent sheaves on a noncommutative
projective scheme introduced by Verevkin [10] and Artin and Zhang [1]. Furthermore, by
using the Gabriel-Popescu embedding ([7, Proposition]), it is shown that any Grothendieck
category can be obtained as the quotient category of the category of modules over some
ring by some localizing subcategory. In this sense, the notion of Grothendieck category is
ubiquitous.

In commutative ring theory, Hochster characterized the topological spaces appearing
as the prime spectra of commutative rings with Zariski topologies ([3, Theorem 6 and
Proposition 10]). Speed [8] pointed out that Hochster’s result gives the following char-
acterization of the partially ordered sets appearing as the prime spectra of commutative
rings.

Theorem 1 (Hochster [3, Proposition 10] and Speed [8, Corollary 1]). Let P be a partially
ordered set. Then P is isomorphic to the prime spectrum of some commutative ring with
the inclusion relation if and only if P is an inverse limit of finite partially ordered sets in
the category of partially ordered sets.

The detailed version of this paper will be submitted for publication elsewhere.
The author is a Research Fellow of Japan Society for the Promotion of Science. This work is supported
by Grant-in-Aid for JSPS Fellows 25-249.



We showed a theorem of the same type for Grothendieck categories. In [4] and [5], we in-
vestigated Grothendieck categories by using the atom spectrum ASpec A of a Grothendieck
category A. It is the set of equivalence classes of monoform objects, which generalizes the
prime spectrum of a commutative ring.

In fact, our main result claims that any partially ordered set is realized as the atom
spectrum of some Grothendieck categories.

Theorem 2. Any partially ordered set is isomorphic to the atom spectrum of some
Grothendieck category.

In this paper, we explain key ideas to show this theorem by using examples. For more
details, we refer the reader to [6].

2. ATOM SPECTRUM

In this section, we recall the definition of atom spectrum and fundamental properties.
Throughout this paper, let A be a Grothendieck category.

Definition 3. A nonzero object H in A is called monoform if for any nonzero subobject

L of H, there does not exist a nonzero subobject of H which is isomorphic to a subobject
of H/L.

Monoform objects have the following properties.

Proposition 4. Let H be a monoform object in A. Then the following assertions hold.

(1) Any nonzero subobject of H is also monoform.
(2) H is uniform, that is, for any nonzero subobjects Ly and Ly of H, we have LiNLy #
0.

Definition 5. For monoform objects H and H' in A, we say that H is atom-equivalent
to H' if there exists a nonzero subobject of H which is isomorphic to a subobject of H'.

Remark 6. The atom equivalence is an equivalence relation between monoform objects in
A since any monoform object is uniform.

Now we define the notion of atoms, which was originally introduced by Storrer [9] in
the case of module categories.

Definition 7. Denote by ASpec.A the quotient set of the set of monoform objects in A
by the atom equivalence. We call it the atom spectrum of A. Elements of ASpec A are
called atoms in A. The equivalence class of a monoform object H in A is denoted by H.

The following proposition shows that the atom spectrum of a Grothendieck category is
a generalization of the prime spectrum of a commutative ring.

Proposition 8. Let R be a commutative ring. Then the map Spec R — ASpec(Mod R)

given by p — (R/p) is a bijection.
The notions of associated primes and support are also generalized as follows.

Definition 9. Let M be an object in A.



(1) Define the atom support of M by
ASupp M = {H € ASpec A | H is a subquotient of M}.
(2) Define the set of associated atoms of M by
AAss M = {H € ASpec A | H is a subobject of M}.

The following proposition is a generalization of a proposition which is well known in
the commutative ring theory.

Proposition 10. Let 0 - L — M — N — 0 be an exact sequence in A. Then the
following assertions hold.

(1) ASupp M = ASupp L U ASupp N.
(2) AAssL C AAssM C AAssLUAAssN.

A partial order on the atom spectrum is defined by using atom support.

Definition 11. Let o and 8 be atoms in A. We write o« < 3 if for any object M in A
satisfying o € ASupp M also satisfies § € ASupp M.

Proposition 12. The relation < on ASpec A is a partial order.

In the case where A is the category of modules over a commutative ring R, the notion of
associated atoms, atom support, and the partial order on the atom spectrum coincide with
associated primes, support, and the inclusion relation between prime ideals, respectively,
through the bijection in Proposition 8.

3. CONSTRUCTION OF (GROTHENDIECK CATEGORIES
In order to construct Grothendieck categories, we use colored quivers.

Definition 13. (1) A colored quiver is a sextuple I' = (Qo, @1, C, s,t,u), where Qo,
@1, and C are sets, and s: Q1 — Qq, t: Q1 — Qo, and u: ; — C are maps. We
regard the colored quiver I' as the quiver (Qo, @1, s,t) with the color u(r) on each
arrow r € ).

(2) We say that a colored quiver I' = (Qq, @1, C, s, t, u) satisfies the finite arrow con-
dition if for each v € Qg and ¢ € C, the number of arrows r satisfying s(r) = v
and u(r) = c is finite.

From now on, we fix a field K. From a colored quiver satisfying the finite arrow
condition, we construct a Grothendieck category as follows.

Definition 14. Let I' = (Qo, @1, C, s,t,u) be a colored quiver satisfying the finite arrow
condition. Denote a free K-algebra on C' by Sc = K (s. | ¢ € C). Define a K-vector space
Mr by My = @ver F,, where F,, = x,K is a one-dimensional K-vector space generated
by an element z,. Regard M as a right Sg-module by defining the action of s. € S¢ as
follows: for each vertex v in @),

Ty * Se¢ = th(r)u



where 7 runs over all the arrows r € @1 with s(r) = v and u(r) = ¢. The number of such
arrows 7 is finite since I' satisfies the finite arrow condition. Denote by Ar the smallest
full subcategory of Mod S¢ which contains M and is closed under submodules, quotient
modules, and direct sums.

The category Ar defined above is a Grothendieck category. The following proposition
is useful to describe the atom spectrum of Ar.

Proposition 15. Let I' = (Qo, @1, C, s,t,u) be a colored quiver satisfying the finite arrow
condition. Then ASpec Ar is isomorphic to the subset ASupp Mr of ASpec(Mod S¢) as
a partially ordered set.

Example 16. Define a colored quiver I' = (Qq, @1, C, s,t,u) by Qo = {v,w}, Q1 = {r},
C ={c}, s(r) =wv, t(r) = w, and u(r) = c¢. This is illustrated as

v .
Cl
w

Then we have S¢ = K (s.) = K|s.], Mr = 2, K&z, K as a K-vector space, and ,5. = Z,
ZTwS. = 0. The subspace L = z,K of Mr is a simple Sc-submodule, and L is isomorphic
to Mr/L as an Sc-module. Hence we have

M, —
ASpec Ar = ASupp Mr = ASupp L U ASupp TF ={L}.
The next example explains the way to distinguish simple modules corresponding differ-

ent vertices.
Example 17. Let I' = (Qg, @1, C, s,t,u) be the colored quiver
v Yo
cl
wo)cw
and let N =2,K and L = x,K. Then we have an exact sequence
0—>L—>Mr—N-—=0

of K-vector spaces and this can be regarded as an exact sequence in Mod Sc. Hence we
have

ASpec Ar = ASupp My = ASupp L U ASupp N = {L, N},
where L # N.

In order to realize a partially ordered set with nontrivial partial order, we use an infinite
colored quiver.

Example 18. Let I' be the colored quiver

co c1
voﬁvlﬁ...

Let L be the simple Sc-module defined by L = K as a K-vector space and Ls., = 0 for
each i € Zso. Then we have ASpec Ar = {Mr, L}, where My < L.



We refer the reader to [6] for further techniques to show Theorem 2.
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ON THE POSET OF PRE-PROJECTIVE TILTING MODULES
OVER PATH ALGEBRAS

RYOICHI KASE

ABSTRACT. We study posets of pre-projective tilting modules over path algebras. We
give a criterion for Ext-vanishing and an equivalent condition for a poset of pre-projective
tilting modules 7,(Q) to be a distributive lattice. Moreover we realize 7,(Q) as an ideal-
poset.

INTRODUCTION

Tilting theory first appeared in an article by Brenner and Butler [2]. In that article the
notion of a tilting module for finite dimensional algebras was introduced. Tilting theory
now appears in many areas of mathematics, for example algebraic geometry, theory of
algebraic groups and algebraic topology. Let T be a tilting module for a finite dimensional
algebra A and let B = End4(7"). Then Happel showed that the two bounded derived cate-
gories DP(A) and DP(B) are equivalent as triangulated category [4]. Therefore, classifying
tilting modules is an important problem.

Theory of tilting-mutation introduced by Riedtmann and Schofield is an approach to
this problem. They introduced a tilting quiver whose vertices are (isomorphism classes of)
basic tilting modules and arrows correspond to mutations [9]. Happel and Unger defined
a partial order on the set of basic tilting modules and showed that the tilting quiver
coincides with the Hasse quiver of this poset [5]. This poset is now studied by many
authors.

Notations. Let ) be a finite connected quiver without loops or oriented cycles. We
denote by Qo (resp. Q1) the set of vertices (resp. arrows) of (). For any arrow a € @)1 we
denote by s(«) its starting point and denote by t(«) its target point (i.e. v is an arrow
from s(a) to t(a)). We call a vertex x € )y a source (resp. sink) if there is an arrow
starting at z (resp. ending at =) and there is no arrow ending at z (resp. starting at x).
Let k@) be the path algebra of () over an algebraically closed field k. Denote by mod-£kQ)
the category of finite dimensional right k(Q)-modules and by ind-£Q) the full subcategory
of indecomposable modules. For any module M € mod-k() we denote by |M| the number
of pairwise non isomorphic indecomposable direct summands of M. Let P(i) be the
indecomposable projective module in mod-£k(Q) associated with vertex i € ().

Aim. If ) is a non-Dynkin quiver, k@) is a representation-infinite algebra. In this case,
to determine rigid modules is nearly impossible. However the pre-projective component
of the Auslander-Reiten quiver of mod-kQ) is completely determined. For example, there

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



is a bijection between the set of (isomorphism classes of) indecomposable pre-projective
modules over k() and Zx>q x Q.

In this paper, we consider the set 7,(Q) of basic pre-projective tilting modules and
study its combinatorial structure in the case when () is a non-Dynkin quiver. For the
purpose we have to answer to the following problem:

e When does the Ext,ng—group between two indecomposable pre-projective modules van-
ish?

We introduce a function lg : Q¢ X Qo — Z>o and, by using this function, we give an
answer to this question for any quiver satisfying the following condition (C):

(C) da)=#{ae Q| s(a)=aort(la)=a} >2, Vaec Q.
By applying this result we have the following.
Theorem 1. If Q) satisfies the condition (C), then for any T € T, there exists (r;)ico, €
Zgg such that T'~ @, 70" P(4)-
Moreover, the map @,., 7 " P(i) = (1i)icq, nduces a poset inclusion,

(To(Q), <) — (2%, <),
where (r;) <°P (s;) & > s for any i € Q.

The above result says that if @) satisfies the condition (C), then study of the poset
7,(Q) comes down to combinatorics on Z9°,

As an application, we see a connection between the posets of tilting modules and
distributive lattices. In particular we realize a poset of tilting modules as an ideal-poset.

1€Qo

1. PRELIMINARY

1.1. Tilting modules. In this sub-section we will recall the definition of tilting modules
and basic results for combinatorics of the set of tilting modules.

Definition 2. A module T" € mod-kQ is tilting module if,
(1) Extyo(T,T) = 0,
(2) IT] = #CQo.

We denote by T(Q) the set of (isomorphism classes of) basic tilting modules in mod-£@Q.

Proposition 3. [6, Lemma 2.1] Let T, T € T(Q). Then the following relation < define

a partial order on T(Q),
/ def

T>T & Exty,(T,T) = 0.
1.2. Lattices and distributive lattices. In this subsection we will recall definition of
a lattice and a distributive lattice.

Definition 4. A poset (L, <) is a lattice if for any =,y € L there is the minimum element
of {z€ L|z>uzy} and there is the maximum element of {z € L | z < z,y}.

In this case we denote by z V y the minimum element of {z € L | z > x,y} and call it
join of z and y. We also denote by x A y the maximum element of {z € L | z < z,y} and
call it meet of x and y.



Definition 5. A lattice L is a distributive lattice if (x Vy) Az = (z A 2) V (y A z) holds
for any z,y,2z € L.

We note that any finite distributive lattice is realized as an ideal-poset of some finite
poset. This fact is known as Birkhoft’s representation theorem.

Theorem 6. (Birkhoff’s representation theorem, cf. [1],[3] ) Let L be a finite distributive
lattice and J C L be the poset of join-irreducible elements of L. Then L is isomorphic to
Z(J).

2. PRE-PROJECTIVE TILTING MODULES
2.1. Criterion for Ext-vanishing. For any vertex x € )y, we set

iz) =#{a € Q1] s(a=x)or t(a =)}
Now we consider the following condition:

(C) d(a) =#{a € Q1] s(a)=aort(a) =a} >2, Vaée Q.

ai a Q.
Forawalk w:o =9 — 21 — - — x, = y from x to y on Q, we set

ct(w) := #{t | there is an arrow from x, | to z;}.
Then we define

o min{c*(w) | w : walk from i to j on Q} if i #j
CICHER if § = j.

Then we have a criterion for Ext-vanishing.
Proposition 7. [7] If Q satisfies the condition (C), then
Extyo(r7P(i), 7 °P(j) =0 & r < s+ lo(j, i)
Therefore 7,(Q) may be embedded in Z-lattice Zgo as follows.

Proposition 8. [7] If Q) satisfies the condition (C), then for any T € T, there exists
(1i)icq, € Zgg such that T ~ @z‘er Tér"P(i).
Moreover, the map @,., 7 " P(i) — (1i)icq, nduces a poset inclusion,

(To(Q), <) — (Z%°, <),

1€Qo

where (r;) <°P (s;) & r; > 8; for any 1 € Qq.

2.2. Lattice theoretical aspects. In this section we see a connection between posets
of pre-projective tilting modules and distributive lattices.

Theorem 9. [8] 7,(Q) is an infinite distributive lattice if and only if Q satisfies the
condition (C).

Example 10. Let @ be the following quiver:

Q: 1 r o ——3 3




Thus lg is given by the following table:

o) [b=1b=2]b=3
a=1] 0 1 2
a=2] 0 | 0 I
a=3] 0 | 0O 0

We put Q" := Q \ {a}. Then we can check that
EthlﬁQ/(TfrP(a),Tfst(b)) =0&r<s+ lQ(b, a) or (a =hHh= 37 r=s+ 2)

Therefore T,,(Q) and T,(Q') is given by the following:

To(Q) To(@)
TO,O,O TO/,O,O
TO,O,l TO/,O,l
| | X
TO,l,l TO/,l,l
Tl,l,l T0,1,2 Tl/,l,l TO/,1,2
TLLQ T1/71,2
| X |
T17272 T1/72,2

/

N L/

T, Tr2. 1,2,3 T2,2,2

/
NS NS

where
T = 75" P(1) ®15°P(2) @ 75" P(3),
Tiew = T/ P (D@7 P (2) @7, P'(3),
X = P(l)®PB)®1,°P(3).

In particular 7,(Q) is a distributive lattice and 7,(Q) is not a distributive lattice.



If @ satisfies the condition (C), then Proposition 7 implies that a module
T(a):= @ rle(@2) p(g)
z€Qo

is a pre-projective tilting module, for any vertex a € ()y. In fact, by the definition of Iy,
we have

lola,2) < lg(a,y) + oy, @) for any 2,y € Qp.

Moreover, 77"7T'(a) is a minimal element of {7 € 7,(Q) | 77 "P(a) € add T'}. Therefore
we obtain the following.

Lemma 11. [8] Assume that Q satisfies the condition (C). Then the set of join-irreducible
elements of To(Q) is {77"T(a) | a € Qov, T € Zgg}.

For any poset P, we denote by Z(P) the ideal-poset of P. Now let J(Q) C T,(Q)
be the sub-poset of join-irreducible elements. Now we give Birkhoff’s type result for the
poset of pre-projective tilting modules 7,(Q).

Proposition 12. [8] Assume that Q satisfies the condition (C). Then a map

p: (T @)N\{0} > I — VT(i) € To(Q)

induces a poset isomorphism

Z(T (@) \ {0} ~ T,(Q)-

Let I'y (@) be the pre-projective component of Auslander-Reiten quiver of mod-£@Q). We
define a poset P(Q) as follows:
e P(Q) = {indecomposable pre-projective modules over kQ)}/ ~ as a set.
e X > Y if there is a path from X to Y in I',(Q).

Then we have the following.

Theorem 13. [8] Assume that @ satisfies the condition (C). Then there is a poset
isomorphism

J (@) ~P(Q).
In particular, we have a poset isomorphism
To(Q) = Z(P(Q)) \ {0}

Example 14. Let @ be the following quiver:

Q: 1 r o ——3 3



Then Z(P(Q)) \ {0} is given by the following:

7
&

%
G .

.

D

REFERENCES

[1] G. Birkhoff, Lattice Theory , 3rd ed. Providence, RI: Amer. Math. Soc., 1967.

[2] S. Brenner, M.C.R Butler, Generalizations of the Bernstein-Gelfand-Ponomarev reflection functors,
Representation theory, IT (Proc. Second Internat. Conf., Carleton Univ., Ottawa, Ont., 1979), pp.103-
169, Lecture Notes in Math., 832, Springer, Berlin-New York, 1980.

[3] G. Gratzer, Lattice Theory: First Concepts and Distributive Lattices , San Francisco, CA: W. H.
Freeman, 1971.

[4] D. Happel, Triangulated categories in the representation theory of finite dimensional algebras, London
Mathematical Society Lecture Note Series 119, Cambridge University Press, 1988.

[5] D. Happel and L. Unger, On a partial order of tilting modules, Algebr. Represent. Theory 8 (2005),
no.2, 147-156.

[6] , On the quiver of tilting modules , J. Algebra 284 (2005), no.2, 857-868.

[7] R. Kase, A pre-projective part of tilting quwers over certain path algebms Comm. Algebra, to appear.
[8] , Distributive lattices and the poset of pre-projective tilting modules , arXiv: 1307.8247.

[9] Riedtmann and A. Schofield, On a simplicial complex associated with tilting modules , Comment.

C.
Math. Helv 66 (1991), no.1, 70-78.

DEPARTMENT OF PURE AND APPLIED MATHEMATICS

GRADUATE SCHOOL OF INFORMATION SCIENCE AND TECHNOLOGY
OsAKA UNIVERSITY

TOYONAKA, OSAKA 560-0043, JAPAN

E-mail address: r-kase@cr.math.sci.osaka-u.ac.jp



TRIANGULATED SUBCATEGORIES OF EXTENSIONS AND
TRIANGLES OF RECOLLEMENTS

KIRIKO KATO

ABSTRACT. Let T be a triangulated category with triangulated subcategories X and Y.
We show that the subcategory of extensions X % Y is triangulated if and only if every
morphism from X to Y factors thorough XN'Y.

In this situation, we show that there is a stable t-structure (Xﬁ—Y, %) in ?;\\(( We use
this to give a recipe for constructing triangles of recollements and recover some triangles
of recollements from the literature.

This is joint work with Peter Jgrgensen.

1. INTRODUCTION

Let T be a triangulated category. If X and Y are full subcategories of T, then the
subcategory of extensions X x Y is the full subcategory of objects e for which there is a
distinguished triangle © — e — y with x € X, y € Y. Subcategories of extensions have
recently been of interest to a number of authors, see [1], [5], [6], [12].

We give necessary and sufficient conditions for X * Y to be triangulated. It has been
known that X %Y is triangulated if there is no morphism from X to Y. Theorem 1 shows
that this classical fact essentially gives the sufficient condition as well.

Theorem 1. Let X, Y be triangulated subcategories of T. Then XxY is a triangulated
subcategory of T & Y x X C XxY & . Homy/xy (X/XNY,Y/XNY) =0.

If this is the case, X/ X NY and Y/XNY give a stable t-structure in X x Y/X N,
Recall that a pair of triangulated subcategories (U, V) of T is called a stable t-structure if
UxV =T and Homt(U,V) = 0, see [9, def. 9.14]. Indeed, for a given thick subcategory U
of T, there is a one-to -one correspondence between stable t-structures of T/U and pairs
of thick subcategories X, Y with T =X %Y and XNY = U, see [7] Lemma 4.6 .

Finally, under stronger assumptions, we show that a pair (or a triple) of triangulated
subcategories of extensions induces a so-called (triangle of) recollements in a quotient
category. A pair of stable t-structures (U, V), (V, W) is the equivalent notion to a recolle-
ment [8]. A triangle of recollements is a triple of stable t-structures (U, V), (V, W), (W, U).
Triangles of recollements were introduced in [4, def. 0.3] and have a very high degree of
symmetry; for instance, U ~V ~W ~ T/U ~ T/V ~ T/W. They have applications to
the construction of triangle equivalences, see [4, prop. 1.16].

This is a preliminary report. The detailed version of this paper will be submitted for publication
elsewhere.



2. TRIANGULATED SUBCATEGORY OF EXTENSIONS

Theorem 1 ([7] Theorem 4.1 ). Let X, Y be triangulated subcategories of T and let
Q:T —=T/XNY be the quotient functor. Then the following are equivalent.

(1) X*Y is a triangulated subcategory of T.

(2) Y« X CXxY.

(3) Each morphism f :x — y with x € X, y € Y factors through some object of XNY.
(

(

)
4) Homgm)(Q(X), Q(Y)) = 0.
5) X«Y' is a triangulated subcategory of T for every triangulated subcategory Y' of Y
containing XN'Y.
(6) X' *Y is a triangulated subcategory of T for every triangulated subcategory X' of X
containing XN'Y.

If XNY = 0 in particular, we recover the following. This fact is well known but we
have been unable to locate a reference.

Corollary 2. Let X, Y be triangulated subcategories of T. If Homt(X,Y) =0 then X xY
1s a triangulated subcategory of T.

Lemma 3 ([7] Lemma 4.6 ). Let U and V be triangulated subcategories of T and assume
that S = U=V is triangulated. Let Q : T — T/UNV and Q' : S — S/UNV be the quotient
functors. We have the following.

(1) (Q'(U),Q'(V)) is a stable t-structure of Q'(S).
(2) If UNV is thick, then (Q(U),Q(V)) is a stable t-structure of Q(S). In particular,

S =T if and only if Q(S) = Q(T).

Remark 4. Yoshizawa gives the following example in [12, cor. 3.3]: If R is a commutative
noetherian ring and S is a Serre subcategory of Mod R, then (modR) % S is a Serre
subcategory of Mod R. Here Mod R is the category of R-modules and mod R is the full
subcategory of finitely generated R-modules.

One might suspect a triangulated analogue to say that if T is compactly generated and
U is a triangulated subcategory of T, then so is T¢* U where T¢ denotes the triangulated
subcategory of compact objects. See [10, defs. 1.6 and 1.7]. However, this is false:

Set T=D(Z) and U = D(Q). Then T is compactly generated by { %'Z |i € Z }. There
is a homological epimorphism of rings Z — Q which induces an embedding of triangulated
categories U < T, see [2, def. 4.5]and [11, thm. 2.4]. Since Q is a field, each object of U
has homology modules of the form []Q. This means that viewed in T, the only object
of U which has finitely generated homology modules is 0. Hence 0 is the only object of U
which is compact in T, see [10, cor. 2.3]. That is, T°NU = 0.

If T¢x U were a triangulated subcategory of T, then Theorem B would give that (T¢, U)
was a stable t-structure in T¢ % U, but this is false since the canonical map Z — Q is a
non-zero morphism from an object of T¢ to an object of U.

3. RECOLLEMENTS

In the previous section we see that a pair of triangulated subcategories induces a stable
t-structure if the category of their extensions is triangulated. It is natural to ask whether



a (triangle of) recollement(s) is induced by a triple of triangulated subcategories X,Y,Z
with X« Y | Y *x Z (and Z % X) triangulated. Apparently we don’t know which category
the recollement lives in. However using "enlargement” and ”restriction” of categories,
we construct a subquotient category with desired recollement. Throughout this section,
(X1, -+, Xy) is the smallest triangulated subcategory containing Xy, -« , X,,.

Lemma 5 (restriction. [7] Lemma 6.1). Let U, V and W be triangulated subcategories of
T.

(1) Assume both UV and V « W are triangulated. Then S = (U x V) N (V x W) is
represented as S = Uy xV =V « Wy where Uy =UNS and W, =WnNS.

(2) Assume each of UxV, V«W and W x U is triangulated. Then S = (U« V) N (V %
W)N(WxU) is represented as S = Uy x V1 = V; xW; = Wy xU; where U = UNS,
V1 :VﬂS cde1 :WﬂS

Lemma 6 (enlargement. [7] Lemma5.1 ). Let U and V be triangulated subcategories of
T. Assume U %V is triangulated. For each triangulated subcategories U C U and V' C V,
we have the following.

(1) UxV =U=x(V,U).

(2) (V,U)ynU=(UnV,U).

(3) UxV = (U,V') * V.

4) (U,V)nV=UnV,V).

Lemma 7. Let U,V and W be triangulated subcategory of T.

(1) Assume U xV = V xW and is triangulated. Set S = U xV and let Q : S —
S/(UNV,VNW) be the canonical quotient functor. Then both (Q(U),Q(V)) and
(Q(V),Q(W)) are stable t-structures of S/{(UNV,VNW).

(2) Assume UxV =V «W =W=xU and is triangulated. Set S =UxV andlet Q : S —
S/(UNV,VNW,WnU) be the canonical quotient functor. Then (Q(U), Q(V)),
(Q(V),Q(W)) and (Q(W), Q(U))are stable t-structures of S/(UNV,VNW,WNU).

Proof. (i). We have S = (U, WNV)xV = V«(W,UNV) and (U, WNV)NV = (UNV,WNV) =
VN(W,UNV) from Lemma 6. Lemma 3 gives two stable t-structures (Q((U,WNV)), Q(V))
and (Q(V), Q((W, UrV))) of Q(S), but (Q((U, WAV)) = Q(U) and Q({W, UNV)) = Q(W)
hence we are done.

(ii). From Lemma 6, we have S = (U VN W) xV = (UVNW)x(V,WnU) and
(U,VNW)n(V,WnU) =((UNV,VNW),WnU). Lemma 3 gives a stable t-structure
(QUU,V W), Q(V, W 1 U)) bt (Q({U,V 1 W)) = Q(U) and Q((V,W N U)) = Q(V).

Analogously we obtain other stable t-structures. O

Theorem 8. Let U, V and W be triangulated subcategories of T.

(1) Assume both UxV and V «W are triangulated. Set S =UxV NV «W and let Q) :
S = S/{UNV,VNW) be the canonical quotient functor. Then (Q(U1), Q(V)), and
(Q(V),Q(W,)) are stable t-structures of Q(S) where Uy =UNS and W, =WNS.

(2) Assume each of UxV, VW and WxU is triangulated. Set S = UxVNV+«WNWxU
and let Q@ 'S — S/{UNV,VNW WnNU) be the canonical quotient functor.
Then (Q(U1), Q(V1)), (Q(V1),Q(W1)) and (Q(W1),Q(Uy)) are stable t-structures
of Q(S) where Uy =UNS, Vi =VNS and W; =WnNS.



Example 9 (The homotopy category of projective modules). Let R be an Iwanaga-Go-
renstein ring, that is, a noetherian ring which has finite injective dimension from either
side as a module over itself. Let T = K,y (Prj R) be the homotopy category of complexes
of projective right- R-modules with bounded homology. Define subcategories of T by

X = K&))(Prj R) , Y=Ku(P1jR) , Z= K&)(Prj R)

where K(_b)(Prj R) is the isomorphism closure of the class of complexes P with P* = 0
for ¢ > 0 and K?;))(Prj R) is defined analogously, while K,.(Prj R) is the subcategory of
acyclic (that is, exact) complexes.

Note that Y is equal to Ky(Prj R), the subcategory of totally acyclic complexes, that is,
acyclic complexes which stay acyclic under the functor Hompg(—, @) when @ is projective,
see [3, cor. 5.5 and par. 5.12].

By [4, prop. 2.3(1), lem. 5.6(1), and rmk. 5.14] there are stable t-structures (X,Y),
(Y,Z)in T.

If P € T is given, then there is a distinguished triangle P=° — P — P<Y where P=°
and P<° are hard truncations. Since P=Y € Z and P<" € X, we have T = Z * X.

We can hence apply Lemma 7. The intersection
XNZ = K, (Prj R)NK, (Prj R) = K°(Prj R)
is the isomorphism closure of the class of bounded complexes. If we use an obvious short-
hand for quotient categories, Lemma 7 (ii) therefore provides a triangle of recollements

(K@ /K'(Prj R) , Kae(Prj R) , K§ /K" (Prj R))

in K)/Kb(Prj R). Note that K,.(Prj R) is equivalent to its projection to Ky /K"(Prj R)
by [4, prop. 1.5, so we can write K,.(Prj R) instead of the projection.

This example and its finite analogue were first obtained in [4, thms. 2.8 and 5.8] and
motivated the definition of triangles of recollements.
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DEFINING RELATIONS OF 3-DIMENSIONAL QUADRATIC
AS-REGULAR ALGEBRAS

GAHEE KIM, HIDETAKA MATSUMOTO AND SHO MATSUZAWA

ABSTRACT. Classification of AS-regular algebras is one of the main interests in non-
commutative algebraic geometry. In this article, we focus on the 3-dimensional quadratic
case. We find defining relations of 3-dimensional quadratic AS-regular algebras. Also,
we classify these algebras up to isomorphism and up to graded Morita equivalence in
terms of their defining relations.

1. INTRODUCTION

Classification of AS-regular algebras is one of the main interests in noncommutative
algebraic geometry. In fact, the geometric classification of 3-dimensional AS-regular alge-
bras due to Artin, Tate and Van den Bergh [2] is regarded as one of the starting points
of the field. In this article, we focus on 3-dimensional quadratic AS-regular algebras.
By restricting to these algebras, they are in one-to-one correspondence with geometric
pairs (E, o) classified by A-T-V [2]. In this article, we try to find defining relations of
3-dimensional quadratic AS-regular algebras and answer the question when algebras given
by defining relations are isomorphic or graded Morita equivalent.

2. PRELIMINARIES

Throughout this article, we fix an algebraically closed field k of characteristic zero. Let
A be a graded k-algebra. We denote by GrModA the category of graded right A-modules.
We say that two graded algebras A and A" are graded Morita equivalent if the categories
GrModA and GrModA’ are equivalent.

The definition of an AS-regular algebra below is stronger than its original definition [1].

Definition 1. [1] A Noetherian connected graded algebra A is an AS-regular algebra of
dimension d if
e gldimA = d < oo, and
, k ifi=d
o Exti(k, A) = nr=G
0 ifi=#d.
Example 2. Let A = k(z,y, 2)/(yx — az?, zy — Ba®, 22 — yy?), where a3y # 0.

Then A is a 3-dimensional AS-regular algebra.

Artin, Tate and Van den Bergh classified 3-dimensional AS-regular algebras by using
geometric techniques. In this article, we will focus on the quadratic case and classify
3-dimensional quadratic AS-regular algebras algebraically.

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



Let A be a graded algebra finitely generated in degree 1 over k. Note that A can be
presented as A = T(V)/I where V is a finite dimensional vector space over k, T'(V)
is the tensor algebra on V', and [ is a homogeneous two-sided ideal of T'(V'). We say
A =T(V)/(R) is a quadratic algebra when R C V ®; V is a subspace and (R) is the
two-sided ideal of T'(V') generated by R . By choosing a basis {z1,- -+ ,x,} for V over k , a
quadratic algebra A is also presented as A = k(z1,--- ,x,)/(f1,- -, fm) where deg z; = 1
for all 7 and f; are homogeneous noncommutative polynomials of degree two for all j. For
a quadratic algebra A =T(V)/(R) , we define

V(R) :={(p,q) e P(V*) xP(V*)| f(p,q) =0 forall f e R}.

Definition 3. [3] A quadratic algebra A = T'(V))/(R) is called geometric if there exists a
geometric pair (F, o) where E C P(V*) is a closed k-subscheme and o is a k-automorphism
of E such that

(G1) V(R) = {(p,o(p)) € (V") x P(V") | p € E},
(G2) R={feVe&V]fpop)=0"ypcE}

If A satisfies the condition (G1), A determines a geometric pair (F, o). Conversely, A
is determined by a geometric pair (F, o) if A satisfies the condition (G2) and we write
A= A(E, o) in this case.

By [2], every 3-dimensional quadratic AS-regular algebra A is geometric. Moreover, F
is either P? or a cubic divisor in P?, that is, F is P2, a union of three lines which make a
triangle, a union of three lines meeting at one point, a union of a line and a conic meeting
at two point, a union of a line and a conic meeting at one point, a nodal curve, a cuspidal
curve, a union of a line and a double line, a triple line , or an elliptic curve.

The types of (E, o) of 3-dimensional quadratic AS-regular algebras are defined in [4]
which are slightly modified from the original types defined in [1] and [2]. We follow the
types defined in [4].

e Type P?: Fis P? and o € Aut,P? = PGL3(k).
e Type S : FE is a triangle, and o stabilizes each component.
e Type S5 : FE is a triangle, and o interchanges two of its components.
Type S5 : E is a triangle, and o circulates three components.
Type S} : E is a union of a line and a conic meeting at two points, and o stabilizes
each component and two intersection points.
e Type S) : F is a union of a line and a conic meeting at two points, and o stabilizes
each component and interchanges two intersection points.
e Type T} : FE is a union of three lines meeting at one point, and o stabilizes each
component.
e Type Ty : E is a union of three lines meeting at one point, and ¢ interchanges two
of its components.
e Type T; : E is a union of three lines meeting at one point, and o circulates three
components.
e Type 7] : E is a union of a line and a conic meeting at one point, and o stabilizes
each component.
e Type N : FE is a nodal cubic curve.
e Type C : FE is a cuspidal cubic curve.



We introduce some Lemmas which are used for classification.

Lemma 4. Let A and A’ be geometric algebras with A = A(E,0), A" = A(F',0"). Then
A= A" as graded algebras if and only if there exists T € AutyP(V*) which restricts to an
isomorphism 7 : E — E' such that

E ——> F

ol l"/

E " FE
commutes.
Lemma 5. [3] Let A and A’ be geometric algebras with A = A(FE,0), A’ = A(E',d").
Then GrModA = GrModA’ if and only if there exists a sequence of automorphisms T, €
AutgP(V*) which restricts to a sequence of isomorphisms 1, : E — E' such that

E =5 F

E L B
commute for all n € 7Z.

In general, classifying quadratic algebras up to isomorphism is easier than classifying
them up to graded Morita equivalence. Our method is to define a new graded algebra
A and classify original algebra A up to graded Morita equivalence by classifying A up to
isomorphism.

Remark 6. Let A =T(V)/(R) be a 3-dimensional quadratic AS-regular algebra. Then A
is Koszul and A' = T(V*)/(R*) is Frobenius. It follows that we can take the Nakayama
automorphism v € Aut,A' of A'. It was shown that v naturally induces v € Aut,E by
abuse of notation.

Using the automorphism v € Aut,E, we define a new graded algebra A from A.

Definition 7. [4] Let A = A(FE,0) be a 3-dimensional quadratic AS-regular algebra and
v € Aut,E the automorphism induced by the Nakayama automorphism of A'. Define a
new graded algebra by A := A(E,vo?).

Theorem 8. [4] Let A = A(E,0) and A’ = A(E',0’) be 3-dimensional quadratic AS-
reqular algebras. Suppose that (E,c) and (E',0’) are the same Type P2, S;, S, T; or T!.
Then GrModA is equivalent to GrModA’ if and only if A is isomorphic to A’ as graded
algebras.

3. MAIN RESULTS

We completed classification of 3-dimensional quadratic AS-regular algebras in the cases
of Type P2, S;, Si, T;, T/, N, C. We will explain our method using Thoerem 8 in some
details for simplest case here. The remaining cases are also proved by using Lemma 4,
Lemma 5, Theorem 8 and [5].



Example 9. Let (E, o) be of Type S;. Then we may assume that £ = V(z)UV(y)UV(z)
and o €Aut,F is given by

oly()(0,b,¢) = (0,b, ac),

oy (a,0,c) = (Ba,0,c),

oly(a,b,0) = (a,vb,0).
where a8y # 0,1. We can determine A = A(F, o) from the property (G2) of geometric
algebra. In this case, A = A(FE, o) is given by

A=k(r,y,2)/(yz — azy, 2z — Bz, vy — yyr) = Aapy-

By using Lemma 4 above, A, 3, and A, g . are isomorphic as graded algebras if and
only if

(o ) {(a,_/f,vz,l G tred)
(@t a7 87, (B a ™y ™), (v B a ).

Next, we define A, g, to classify A, 3~ up to graded Morita equivalence. In this case,
v € Aut,FE is given by

v(a,b,c) = ((v/B)a, (a/7)b, (B/a)e).
It follows that
Appr=A(E,vo®)
= k(z,y,2)/(yz — aByzy, zz — afyrz, vy — afyyz)
= Aapyapyaby -
By Theorem 8,
GrModA, s, = GrModAy g & Aapy = Aw gy
A Aaﬁv,aﬁ%aﬁv = Aa’ﬁ’v’va’ﬁ’v’va’ﬁ’v’
& o'y = (afy)*

We write down our results.

Theorem 10. Let A = A(FE, o) be a 3-dimensional quadratic AS-regular algebra. In each
type, we list the defining relations, when they are isomorphic and when they are graded
Morita equivalent in terms of parameters in the defining relations as in Example 9.

Type defining relations /  isomorphism  /  graded Morita equivalent
(case 1jzy — (Blayz, y= — (1/B)=y 2 — (a/7)wz, where afy £ 0
(case 2)ry — yx + y* 1z — azx + azy,yz — azy, where o # 0
(case 3)ry — yx +y* — 2w, 22 + yz — za, 29 — Yz — 2°
There are no isomorphic relations between different cases.
]P)Q (case])(o/,ﬁ’,y’) — {(a7577>7(a7776>7<ﬁ7&77>7 m IP)Q
(8,7, @), (v, o, B), (v, B, )
(case2)A, = Ay if and only if o = o/
GrModA = GrModA’ for any A, A’ of Type P*




yz —azy, zx — PBrz, xy —yyx, where afy # 0,1

Sl (a,’ﬁ,”}/,> — (a7/87fy>7<ﬁ7fy7 a>7<77a7/6>7
(ai:[?’)/il?ﬁil)?(6717a717771)7(77175717(171)
o/ = (efy)*
2 — ayz, 2y — Brz, x® + aBy?, where aff # 0
Sy | (o, B) = (a, B) in P!
GrModA = GrModA’ for any A, A" of Type Sy
yr — az?, 2y — Ba?, xz — yy?, where affy # 0,1
Si [o/BY = apy
O/Bl’}/ — (Oéﬁ’}/)il
xy — By, 2? + yz — azy, zo — Brz, where af? # 0,1
S [, 8) = (a,8), (a7
O/ﬁ,Q _ (OJBQ):H
St | Bvery algebra is isomorphic to k{x,vy, 2)/(xy — zx,yx — 22, 2% + 3y* + 2?)
Y — Yz,
vz — 2w — Ba? + (B+y)yx, wherea+ B+ #0
yz —zy — oy’ + (o + )y
Tl (O/’B/’,Y/) — {(a7677)7(057776)7(57057’7)7 n ]P)Q
(ﬁ,’y,&), (770476)7 (”}/,ﬁ,()é)
GrModA = GrModA’ for any A, A" of Type Ty
xQ - y27
vz —zy — Pry + (B +7)y?, wherea+ f+y#0
T yz — zx — ayz + (a + y)r?
(@ +4.9) = (a+B,7) inP
GrModA = GrModA’ for any A, A" of Type Ty
v? —xy +y
wz+zy + Pry — (B+7y)y?, wherea+f+7#0
T3 ayr +yy? —yz + 2w — 2y
(al, 5/7 7/) - (a7 57 7)7 (67 77 a)? (77 a? B) Zn ]P2
GrModA = GrModA’ for any A, A" of Type T3
ar? + Bla+ Bzy — xz + zx — (a + B)zy,
xy —yx — Py, where a4+ 203 # 0
T | 282y — 8% —yz + 2y

(o, 8) = (a, B) in P!

GrModA = GrModA’ for any A, A" of Type T}




axy —yx, ayz — zy + 12, azr — vz + y*, where a(a® — 1) # 0

N | o =a*!

a3 = T3

ry —yx — 17,

C

Every algebra is isomorphic to k(z,y, z)/ 2w — 1z — 2% — 3y?,
2y — yz + 3y + 222 + 2xy

The classification of the cases when F is a union of a line and a double line, a triple

line, or an elliptic curve is not finished yet and now in progress.

REFERENCES

[1] M. Artin and W. Schelter, Graded algebras of global dimension 3, Adv. Math. 66 (1987), 171-216.

[2] M. Artin, J. Tate and M. Van den Bergh, Some algebras associated to automorphisms of elliptic
curves, The Grothendieck Festschrift Vol. 1 Birkhauser, Boston M.A., (1990), 33-85.

[3] I. Mori, Non commutative projective schemes and point schemes, Algebras, Rings and Their Repre-

sentations, World Sci., Hackensack, N.J., (2006), 215-239.

[4] 1. Mori and K. Ueyama, Graded Morita equivalences for geometric AS-regular algebras, Glasg. Math.

J. 55 (2013), no. 2, 241-257.

[5] M. Nafari, M. Vancliff and J. Zhang, Classifying quadratic quantum P%s by using graded skew Clifford

algebras, J. Algebra. 346 (2011), 152-164.

DEPARTMENT OF MATHEMATICS , FACULTY OF SCIENCE, SHIZUOKA UNIVERSITY
836 OHYA, SRUGA-KU, SHIZUOKA, 422-8529, JAPAN

FE-mail address: mathholic89@naver.com

DEPARTMENT OF INFORMATION SCIENCE AND TECHNOLOGY
GRADUATE SCHOOL OF SCIENCE AND TECHNOLOGY, SHIZUOKA UNIVERSITY
836 OHYA, SRUGA-KU, SHIZUOKA, 422-8529, JAPAN

E-mail address: £5244003@ipc.shizuoka.ac.jp

DEPARTMENT OF MATHEMATICS , GRADUATE SCHOOL OF SCIENCE, SHIZUOKA UNIVERSITY

836 OHYA, SRUGA-KU, SHIZUOKA, 422-8529, JAPAN
E-mail address: r0330009@ipc.shizuoka.ac. jp



A CLASSIFICATION OF CYCLOTOMIC KLR ALGEBRAS
OF TYPE AW

MASAHIDE KONISHI

ABSTRACT. A Khovanov-Lauda-Rouquier algebra (KLR algebra for short) is defined
by these two data, a quiver I' and a weight v on its vertices. Furthermore we obtain a
cyclotomic KLR algebra by fixing another weight A on vertices. There exists idempotents
called KLR idempotents in KLR algebras, but they are not primitive in general.

In past report, we fix a quiver I' type Ag), v and A some special case then we showed

all the non-zero KLR idempotents are primitive in the cyclotomic KLR algebra.

In this report, we start from that and fix a quiver I" type A%l), obtain v and A such

that non-zero KLR idempotents are all primitive in the cyclotomic KLR algebra.

1. DEFINITIONS

At the beginning, we give definitions of KLR algebras and cyclotomic KLR algebras.
Sometimes it is defined by using only generators and its relations, however the diagram
interpretation of elements are quite useful, such as some statements are proved more
simple. Because of that reason, we use diagrams in this report.

At first, we fix a quiver I' without loops and multiple arrows. Each elements of its
vertices set 'y is used as colors of strands later, while the quiver are used for defining
relations between diagrams.

Second, we fix a weight v = Z a;v;(a; € Zsp) on vertices. This shows how many

i€lo
strands are there for each colors, furthermore the diagrams using |v| = Z a; strands are
i€l
the generators of KLLR algebras as a vector space.

We have not touched about what is the diagrams, roughly speaking, that is ”colored

braids with dots”. There are some examples below;

It

iy iy dg iy 1y igiq i dg i3 iy

We said ”colored braid” just now, each i put below presents the color of the strand.
Used colors are vertices of I' (i.e. elements of I'y), furthermore the number of each colored
strands is obtained from v a weight on I'y. Those three diagrams are the main three kinds
of diagrams, colored parallel strands, the dot and the crossing’.

The detailed version of this paper will be submitted for publication elsewhere.
IThe sum for colors is taken as dots and crossings.



Definition of the multiplication for two diagrams x and y is quite simple. We put the
diadram y below the diagram x. If the colors of each strands then define the diagram xy
as a concatenation, otherwise xy is 0. The leftmost diagram is an idempotent with this
multiplication.

We put relations defined by quiver I' to define a KLR algebra and take a quotient by
an ideal defined from another weight A on I'y to define a cyclotomic KLR algebra.

We use below notation for an information about colors. Set m = |v/|,

Seq(v) = {(i1,42,- -+ ,im) € (o)™ each i € T'y appears a; times}
For example, if I'g = {0, 1}, v = 21 + 14, we get Seq(v) = {(0,0,1),(0,1,0),(1,0,0)}.
We denote e(i) the diagram with parallel m strands colored i1, s, - - , 4, from left to

right, yre(i) with a dot on kth strand, iye(i) with lth and (I + 1)st strands crossed. We
can obtain more complicated diagrams by fixing a shape with y; and ; and a color with
e(i). yr and ¢, are the elements which took a sum about colors of strands, we can fix
a color by multiplying e(i). In the definition below, there exists some cases we should
divide relations by colors, so someimes put e(i).

Definition 1. KLR algebras Rp(v) are defined by these generators and relations. Set
m = |v|.

e Generators: {e(i) i € Seq(v)} U{yr,  ,ym} U{t1, -+, Y1}
e Relations:

e(i)e(j) = dije(i),

> el =1,

i€Seq(v)

yre(i) = e(i)yx,

Yre(i) = e(sk - Dvn  (Sk-i= (in, k-1, Ghg1s Uk Gkt2, 0 5 im)),
Yt = Y1Yk,

Yy = yith, (L # Kk k+ 1),
b = Yy, (Jk — 1] > 1),
Degrsre(i) = { (yston + 1)ei)  (ix = inp1)

Y

yrre(i) (otherwise)

. Uryr + 1)e(i)  (ix = ixg1
Yrr1re(i) = { ( 5kyke(2)< ) (E)the'rwise))

Y

0 (ik = tk41)
e(i) (no arrows between iy and g, 1)
vie(i) = (Yr+1 — yx)e(i) (ik = irt1) ;

(Yr — Yrs1)e(i) (ig < ipy1)
(Yr+1 — Ur) (U — yrt1)e(i) (ig <> Gpp1)

(Vrr1¥reg + 1)e(i) (ik = pso , U — Tps1)

Vrtbnrtre(i) = (Vrr1¥wthrr — 1)e(i) (i) = Gpto 5 % < tpp1)

S (Vpp1Vrrs1 — 2Uks1 + Ui + Unaz)e(i)  (ip = dpro 5 ix < Gpy1)

Vrr1VsYrre(i) (otherwise)



We describe relations after 8th with diagrams from easier one.

Urpyrrre(i) = yevre(i) (i 7# ixv1)  » Yewe(i) = Yryre(i) (ix 7 ipg1) -
0 %k k1% 0 Ig Tkt1in T U Uht1ln 0 Tk Tyt ip

Pie(i) =0 (ig = igy1) w,%e( ) = e(i) (no arrows between iy and iy, q) -
| =0 =]
. . ) . . . . .
11 U Ut i1 U Uket10n 01 Tk Tkl ln
U 1re(i) = Yp1Uppr1e(i) (ix # ikr2, or no arrows between iy and igiq) .

i1 Tk Tkl Ukt2 Tn G1 Uk Ukl Tk42 Un
Urypre(i) = (ywton + 1e(d) (i = ixy1)

i1 Uk Uket1tm 1 Uk Ue1lm G100 Gk Tktllm
Yrrtre(i) = (Veyr + 1)e(i) (i = igy1)
Y

11 U Ue1lm 81 Uk k1m0l Uk Tkt1lm
%e (i) = yrr1e(i) — yee(d) (i — i) -

i1 lk U1 ln 01 O Tkl 01 U lgtlin
e(i) = yre(i) — ye1e(i) (ix < k1) -

o] = e -

11 Uk U1l 81 Uk Ukt1fn L1 Tk Lkglin
¢ke(1 (Ykr1 — Y)Wk — Yer)e(d) (I < dhg1) -

|_ # +2H N #

1% k1m0 U Uil 1 Uk Tktilm U1 Uk Tk1im
Yrppvre(i) = (Vri1Veps + 1)e(d) (i = dpyo 5 ik = tht1).

Ueppre(i) = (Ve + 1)e(d) (i = fpyo , G < lhg1).

i Uk Ukl U2 B 01 Bk Ukl Uka2 B 01 Uk Lkl Lkg2 i

~.

+




Upthp1vee(i) = (Ve VeWier — 2Uks1 + Uk + Yrr2)e(d) (i = G2, Tk <> Gpg1).

11 U U1 Ukt2 T 01 Gk Ukt Tkt T 01 Tk k1 Tkt2 G 01 Tk Th1 Th2 T 01 Uk Ukl Thg2 I
We fix A = Z bi\i(b; € Z>p) and let I* be an ideal of Rp(v) generated by
i€lg
{yfe(i)li € Seq(v),d = b;, }. We call Rp(v)* = Rr(v)/I* a cyclotomic KLR algebra.
Generators of the ideal are diagrams with b;, dots on the leftmost strand of each e(i).
We see iy for i and then refer b;,, it is the place easy to confuse, be careful.

2. PROBLEM

Those two relations break an idempotency of a KLR idenpotent e(i);
e(i) = Yryr+1e(l) — yrhwe(d) (k= ixt1),
Vphrvre(d) = (Vi ¥ste + 1)e(d) (i = dpr2 e — Thg1).
Say inversely, only those two relations can break an idempotency. We note both rela-
tions can appear only if there exists a color used twice or more.
We can easily conclude that, on KLR algebras, the existence of a non-primitive KLR
idempotent and a color used twice or more are equivalent.

However, on cyclotomic KLR algebras, sometimes there exists zero term in above rela-
tions and the above equivalence can be broken. There is one natural question, when all
non-zero KLR idempotents are primitive on Rp(v)? (Characterize such v and I'!) To try
to give an answer, we notice that depends on the shape of T" 2.

We restrict the problem to the case ”essentially type AP and obtain the answer.

Let a quiver A (n > 1) with vertices {0,---,n} and arrows from each k to k + 1
(0<k<n-—1)and from n to 0.

Moreover, assume a; > 0(0 < i < n) in v to reflect "essentially” the structure of KLR
algebras.

We omit T' from Rp(v)2.

Theorem 2. For a cyclotomic KLR algebraR>, all non-zero e(i) are primitive and v and
A satisfy one of followings are equivalent.

(a) R* = 0.

(b) v = Z vi, \ is arbitrary.
0<i<n

(c) v = Z vi+ v, A=A (0 < k <n).
0<i<n

2Roughly, the underlying graph of T' is tree or not.



2.1. Sketch of Proof. Proof is done as following steps.
(i) Check for the case (b), (c).
(ii) Construct counterexample (non-zero non-primitive e(i)) in ”minimal case” about v,
A.

(iii) Check for induction on v.

(iv) Check for induction on A.

We do (i) later and start with (ii) to (iv). Since the case A = 0 is included in case (a),

we may assume A # (0. Since A is rotation symmetry, we may assume by > 0 in A.

In this situation we may take those two cases as (ii) minimal cases about v,A:
Dv=Y vitu A=A (k#1).

0<i<n
() v=Y vi+u,A=2A,
0<i<n

About (I), for example k =n, we set i = (0,1,---,n —1,n,n), then since y,1e(i) # 0
3 and y,,0e(i) # 0 4, e(i) can be decomposed by the relation above.

About (II), we set i = (0,0,1,--- ,n — 1,n), then since yie(i) # 0 and yqe(i) # 0, e(i)
can be decomposed by the relation above.

(iii) Induction on v. It’s not in the case (b) hence there exists k satisfying a; > 2.
Moreover, it’s not in the case (c¢) hence one of the followings is satisfied:

(O) There exists [ # k such that b, > 0.
(T) by > 2.

In both cases, since not in the case (a) there exists i with e(i) # 0. We try to construct
e(i') # 0 like (I) or (II) by using i. However to certify that we can’t avoid using Graham-
Lehrer conjecture® now, it is the most difficult part of the proof.

(iv) In the case (I), since I is maximal when A = Ay, non-zero non-primitive e(i) in
H20 is also in HY where A’ is another weight. For the case (II), we set A = 2A and the
same thing holds. °

We now back to (i). We can check it easily with following lemma.

Lemma 3. Let A be associative algebra with unit, e be an idempotent in A. Then e is
primitive and idempotents in eAe are only trivial two (0 and e) are equivalent.

For (b), the elements in e(i) H2e(i) where e(i) # 0 are the linear combination of dia-

rams such as: o o
g 11 19 in 'Ln—l—l

iy B2 in ingt
To fill up the ”?” part, we use following fact:

"Every diagrams can be presented as linear combination of diagrams in which each
strands cross at most once. ”

3Refer [3].

41f the same color continues then ”the number of dots we can put” is the same [1].
Ssolved.

6Comparing the case (I), we miss only the cases A = cAq (¢ > 2) in (II).
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In this case, since each strands has different color we get diagrams in which no strands
cross, in the other words, parallel strands and dots. We can only do ”vanish the diagram
with some dots” or "swap the dots”.

Then e(i)H2e(i) is isomorphic to a quotient of polynomial algebra with m indetermi-
nants by some homogeneous polynomials. Moreover, idempotents in that algebra is only
0 or 1.

For (c) we can apply the same method but be careful about i; = 0 and there are two

strands colored 0. In this case, these diagrams can appear:
0 22 410

7
However in this case is # 0 appears %tlfeftnrfgsltothen it is 0. Crossing can be appeared
at leftmost, but in that case there is two 0 strands at leftmost then it is 0. Hence the
same as case (b), there are only diagrams with parallel strands and dots.
That is the sketch of the proof.
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HEARTS OF TWIN COTORSION PAIRS ON EXACT CATEGORIES
YU LIU

ABSTRACT. In the papers of Nakaoka, he introduced the notion of hearts of (twin)
cotorsion pairs on triangulated categories and showed that they have structures of (semi-
) abelian categories. We study in this article a twin cotorsion pair (S,7), (4, V) on an
exact category B with enough projectives and injectives and introduce the notion of the
heart. The heart of a twin cotorsion pair on B is semi-abelian. Moreover, the heart
of a single cotorsion pair is abelian. These results are analog of Nakaoka’s results in
triangulated categories.

1. INTRODUCTION

The cotorsion pairs were first introduced by Salce, and it has been deeply studied in the
representation theory during these years, especially in tilting theory and Cohen-Macaulay
modules. Recently, the cotorsion pair are also studied in triangulated categories [3], in
particular, Nakaoka introduced the notion of hearts of cotorsion pairs and showed that
the hearts are abelian categories [6]. This is a generalization of the hearts of t-structure
in triangulated categories [1] and the quotient of triangulated categories by cluster tilting
subcategories [4]. Moreover, he generalized these results to a more general setting called
twin cotorsion pair [7].

The aim of this paper is to give similar results for cotorsion pairs on Quillen’s exact
categories, which plays an important role in representation theory. An important class of
exact categories is given by Frobenius categories, which gives most of important triangu-
lated categories appearing in representation theory. We consider a cotorsion pair in an
exact category, which is a pair (U, V) of subcategories of an exact category B satisfying
Extz(U,V) = 0 (i.e. Extg(U,V) =0, VYU € U and YV € V) and any B € B admits
two short exact sequences Vg — Up — B and B ~— VB — U® where V3, VB € V and
Ug,U BcU. Let

Bt :={BeB|UgecV}, B ={BecB|VPcu}.
We define the heart of (U, V) as the quotient category
H:=B"NnB)/UNYV).
Now we state our first main result, which is an analogue of [6, Theorem 6.4].

Theorem 1. Let (U, V) be a cotorsion pair on an exact category B with enough projectives
and injectives. Then H is abelian.

The detailed version [5] of this paper has been submitted for publication.
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Moreover, following Nakaoka, we consider pairs of cotorsion pairs (S,7) and (U, V) in
B such that S C U, we also call such a pair a twin cotorsion pair. The notion of hearts is
generalized to such pairs, and our second main result is the following, which is an analogue
of [7, Theorem 5.4].

Theorem 2. Let (S,7),(U,V) be a twin cotorsion pair on B. Then the heart of this
cotorsion pair is semi-abelian.

2. NOTATIONS

For briefly review of the important properties of exact categories, we refer to [5, §2].
For more details, we refer to [2].
Throughout this paper, let B be a Krull-Schmidt exact category with enough projectives

and injectives. Let P (resp. Z) be the full subcategory of projectives (resp. injectives) of
5.

Definition 3. Let U and V be full additive subcategories of B which are closed under
direct summands. We call (U, V) a cotorsion pair if it satisfies the following conditions:

(a) Extyz(U,V) = 0.
(b) For any object B € B, there exits two short exact sequences

Vg— U - B, B—V8UP
satisfying U, UP € U and Vi, VB € V.
By definition of a cotorsion pair, we can immediately conclude:

Proposition 4. Let (U, V) be a cotorsion pair of B, then

(a) B belongs to U if and only if Exty(B,V) = 0.
(b) B belongs to V if and only if Exty(U, B) = 0.
(c) U and V are closed under extension.

() PCU and T C V.

Definition 5. A pair of cotorsion pairs (S, 7T), (U, V) on B is called a twin cotorsion pair
if it satisfies:

SCu.

By the definition of the cotorsion pair and Proposition 4 this condition is equivalent to

Exts(S,V) =0, and also to V C T.
Definition 6. For any twin cotorsion pair (S,7T), (U, V), put
W:=TnNU.

(a) BT is defined to be the full subcategory of B, consisting of objects B which admits
a short exact sequence

VBHUB—»B
where Ug € W and Vg € V.

—103—



(b) B~ is defined to be the full subcategory of B, consisting of objects B which admits

a short exact sequence
B— TP — 8P
where T € W and SP € S.

Definition 7. Let (S,T), (U, V) be a twin cotorsion pair of B, we denote the quotient of
B by W as B := B/W. For any subcategory C of B, we denote by C the subcategory of
B consisting of the same objects as C. Put

H:=B"NnB".
Since ‘H O W, we have an additive full quotient subcategory
H:=H/W

which we call the heart of twin cotorsion pair (S, 7T), (U, V).
The heart of a cotorsion pair (U, V) is defined to be the heart of twin cotorsion pair (U, V),
Uu,v).

3. MAIN RESULTS
A additive category is called preabelian if every morphism has both kernel and cokernel.
Proposition 8. For any twin cotorsion pair (S,T),(U,V), its heart H is preabelian.

A preabelian category is abelian if every monomorphism is a kernel and every epimor-
phism is a cokernel. For a single cotorsion pair, we have the following result:

Theorem 9. For any cotorsion pair (U,V) on B, its heart H is an abelian category.
For the hearts of twin cotorsion pairs, we can not get the same result.

Definition 10. A preabelian category A is called left semi-abelian if in any pull-back
diagram

A—"-B

5l Y
in A, a is an epimorphism whenever ¢ is a cokernel. Right semi-abelian is defined dually.
A is called semi-abelian if it is both left and right semi-abelian.

We can prove the following theorem.

Theorem 11. For any twin cotorsion pair (S,T), (U, V), its heart H is semi-abelian.

4. EXAMPLES

In this section we give several examples of twin cotorsion pair, and we also give some
view of the relation between the heart of a cotorsion pair and the hearts of its two
components.

Recall that M is cluster tilting if it satisfies the following conditions:

(a) M is contravariantly finite and covariantly finite in B.
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(b) M1 = M.
(c) M =M.

Proposition 12. A subcategory M in B is cluster tilting if and only if (M, M) is a

cotorsion pair on B.

Proposition 13. If M is a cluster tilting subcategory, then the heart of (M, M) is B/ M.

7 0

In the following examples, we denote by ”o” in a quiver the objects belong to a sub-
category and by ”-” the objects do not.

Let M = {X € mod A | Exty(X,A) =0}, then (M, M*1) is a cotorsion pair on mod A.
But
M — O . . (@]

@) o

which consisting of all the direct sums of indecomposable projectives and indecomposable
injectives. We observe that in fact M = M™1 and hence it is a cluster tilting subcategory.
And the quiver of the quotient category (mod A)/M is

which is equivalent to the AR-quiver of As.

Example 15. Take the notion of the former example, Let

M = o
O . O
O O
11y . )
then (M’ M’~1) is a cotorsion pair and
) p
M’J‘l = o . o o
(@) . @)
(@] (@)

—105—



hence it contains A. Obviously it is closed under extension and contravariantly finite,
then (M'*, (M'T)11) is also a cotorsion pair on mod A and

(M/J—I)J_l — 5 . . o

Thus we get a twin cotorsion pair
(M/ M/L1> (M/L1 (M/L1)J_1)

The heart of this twin cotorsion pair is (mod A) /M’ and the AR-quiver of it is 2 — 3,
Thus it is not abelian.

Example 16. Let A be the k-algebra given by the quiver

S

5

3

and bound by af = 0 and Sya = 0. Then the AR-quiver of mod A is given by

Here, the first and the last columns are identified. Let

S=. o . . 7':. . o
(@] (@] o (e}
(e) (@] (@] (e}
and
u:O (@] (@) V:
(@] (@] (@) (@)
(@] [e) (@) (@]

The heart of cotorsion pair (S,7) is add(1) and the heart of cotorsion pair (U, V) is
add(3). But when we consider the twin cotorsion pair (S,7T), (U, V), we get W =V and

(mod A)~ /W = add(1 @ 2) and (mod A)T/W = add(3)

hence its heart is zero.
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STABLE SET POLYTOPES OF TRIVIALLY PERFECT GRAPHS

KAZUNORI MATSUDA

ABSTRACT. We give necessary and sufficient conditions for strong Koszulness of toric
rings associated with stable set polytopes of graphs.

1. INTRODUCTION

Let G be a simple graph on the vertex set V(G) = [n] with the edge set E(G). S C V(G)
is said to be stable if {i,j} & E(G) for all 4, j € S. Note that () is stable. For each stable
set S of G, we define p(S) = >, _ce; € R", where e; is the i-th unit coordinate vector in
R™.

The convex hull of {p(S) | S is a stable set of G} is called the stable set polytope of G
(see [2] ) , denoted by Qg. Qg is a kind of (0, 1)-polytope. For this polytope, we define
the subring of k[T, X1, ..., X,] as follows:

k[Qg| := k[T - X" --- X | (ay,...,a,) is a vertex of Qgl,

where k is a field. k[Qg] is called the toric ring associated with the stable set polytope of
G. We can regard k[Q| as a graded k-algebra by setting deg T - X7* .- X% = 1.

In the theory of graded algebras, the notion of Koszulness (introduced by Priddy [15]
) plays an important role and is closely related to the Grébner basis theory.

Let P be an integral convex polytope (i.e., a convex polytope each of whose vertices
has integer coordinates) and k[P] := k[T - X{*--- X2 | (a1,...,a,) is a vertex of P] be
the toric ring associated with P. In general, it is known that

i€S

The defining ideal of k[P] possesses a quadratic Grobner basis
Y
k[P] is Koszul

U
The defining ideal of k[P] is generated by quadratic binomials

follows from general theory (for example, see [1]).

In this note, we study the notion of a strongly Koszul algebra. In [7], Herzog, Hibi, and
Restuccia introduced this concept and discussed the basic properties of strongly Koszul
algebras. Moreover, they proposed the conjecture that the strong Koszulness of R is at
the top of the above hierarchy, that is,

Conjecture 1 (see [7]). The defining ideal of a strongly Koszul algebra k[P] possesses a
quadratic Grobner basis.

The final version of this paper has been submitted for publication elsewhere.
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A ring R is trivial if R can be constructed by starting from polynomial rings and
repeatedly applying tensor and Segre products. In this note, we propose the following
conjecture.

Conjecture 2. Let P be a (0,1)-polytope and k[P] be the toric ring generated by P. If
k[P] is strongly Koszul, then k[P] is trivial.

In the case of a (0, 1)-polytope, Conjecture 2 implies Conjecture 1. If P is an order
polytope or an edge polytope of bipartite graphs, then Conjecture 2 holds true [7].

In this note, we prove Conjecture 2 for stable set polytopes. The main theorem of this
note is the following:
Theorem 3 ([13]). Let G be a graph. Then the following assertions are equivalent:

(1) k[Qqg]| is strongly Koszul.
(2) G is a trivially perfect graph.

In particular, if k|Qg] is strongly Koszul, then k[Qg] is trivial.

Throughout this note, we will use the standard terminologies of graph theory in [4].

2. STRONGLY KOSZUL ALGEBRA

Let k be a field, R be a graded k-algebra, and m = R, be the homogeneous maximal
ideal of R.

Definition 4 ([7]). A graded k-algebra R is said to be strongly Koszul if m admits a

minimal system of generators {uy,...,u;} which satisfies the following condition:
For all subsequences u;,, ..., u;, of {uy,...,u;} (i3 <--- <4,) and for all
jg=1,...,7m =1, (i,...,u;_,) : u; is generated by a subset of elements
of {uy,...,u}.

A graded k-algebra R is called Koszul if & = R/m has a linear resolution. By the
following theorem, we can see that a strongly Koszul algebra is Koszul.

Proposition 5 ([7, Theorem 1.2]). If R is strongly Koszul with respect to the minimal
homogeneous generators {us, ..., u;} of m = Ry, then for all subsequences {u;, ..., u; }
of {uy,...,u}, R/(ui,...,u;) has a linear resolution.

The following proposition plays an important role in the proof of the main theorem.

Theorem 6 ([7, Proposition 2.1]). Let S be a semigroup and R = k[S] be the semigroup
ring generated by S. Let {uy,...,u;} be the generators of m = R, which correspond to
the generators of S. Then, if R is strongly Koszul, then for all subsequences {u;,, ..., u;. }
of {uy,...,u}, R/(uy,...,u;) is also strongly Koszul.

By this theorem, we have

Corollary 7 (see [14]). If k[Qg] is strongly Koszul, then k[Qg,,] is strongly Koszul for
all induced subgraphs Gy of G.
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3. HIBI RING AND COMPARABILITY GRAPH

In this section, we introduce the concepts of a Hibi ring and a comparability graph.
Both are defined with respect to a partially ordered set.

Let P = {p1,...,p,} be a finite partially ordered set consisting of n elements, which is
referred to as a poset. Let J(P) be the set of all poset ideals of P, where a poset ideal
of P is a subset I of P such that if x € I, y € P, and y < z, then y € I. Note that
0eJ(P).

First, we give the definition of the Hibi ring introduced by Hibi.

Definition 8 ([8]). For a poset P = {p1,...,pn}, the Hibi ring Ri[P] is defined as follows:

RilP]:=k[T-[[Xi | I € J(P)] CK[T,X,...,X,]

Example 9. Consider the following poset P = (1 < 3,2 <3 and 2 < 4).

{1,2,3,4}

3 4 {1,2,3} {1,2,4}
pP= J(P) = (1,2} (2,4}
1 2 {1} {2}

Then we have
Ri[P) = k[T, TX1,TXo, TX 1 Xo, TXo Xy, TX1 X0 X3, TX1 X0 Xy, T X1 X5 X3X4].

Hibi showed that a Hibi ring is always normal. Moreover, a Hibi ring can be represented

as a factor ring of a polynomial ring: if we let
IP = (X[XJ—XIQJX]UJ | I,JG J(P),Ig J and J g I)

be the binomial ideal in the polynomial ring k[X; | I € J(P)] defined by a poset P, then
Ri[P) = k[X; | I € J(P)]/Ip. Hibi also showed that Ip has a quadratic Grobner basis for
any term order which satisfies the following condition: the initial term of X; X ;— X7+, X0

is X;X ;. Hence a Hibi ring is always Koszul from general theory.
Next, we introduce the concept of a comparability graph.

Definition 10. A graph G is called a comparability graph if there exists a poset P which
satisfies the following condition:

{i,j} €E(G) <> i>j or i<j in P.
We denote the comparability graph of P by G(P).
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Example 11. The lower-left poset P defines the comparability graph G(P).

pP= G(P) =

Remark 12. It is possible that P # P’ but G(P) = G(P'). Indeed, for the following poset
P', G(P') is identical to G(P) in the above example.

Complete graphs are comparability graphs of totally ordered sets. Bipartite graphs and
trivially perfect graphs (see the next section) are also comparability graphs. Moreover,
if G is a comparability graph, then the suspension (e.g., see [11, p.4]) of G is also a
comparability graph.

Recall the following definitions of two types of polytope which are defined by a poset.
Definition 13 (see [16]). Let P = {p1,...,p,} be a finite poset.

(1) The order polytope O(P) of P is the convex polytope which consists of (a4, ..., a,) €
R™ such that 0 < a; <1 with a; > a; if p; < p; in P.

(2) The chain polytope C(P) of P is the convex polytope which consists of (aq, ..., a,) €
R™ such that 0 < a; < 1 with a;, +- - -+a;, <1 for all maximal chain p;, <--- <p;,
of P.

Let C(P) and O(P) be the chain polytope and order polytope of a finite poset P,
respectively. In [16], Stanley proved that

{The vertices of O(P)} = {p(I) | I is a poset ideal of P},
{The vertices of C(P)} = {p(A) | A is an anti-chain of P},

where A = {p;,,...,p; } is an anti-chain of P if p;; £ p;, and p;, 7 p;, for all s # t. Hence
we have Qg p) = C(P).

In [9], Hibi and Li answered the question of when C(P) and O(P) are unimodularly
equivalent. From their study, we have the following theorem.

Theorem 14 (]9, Theorem 2.1]). Let P be a poset and G(P) be the comparability graph
of P. Then the following are equivalent:

(1) The X-poset in Example 3.4 does not appear as a subposet (refer to [17, Chapter
3]) of P.
(2) Ri[P] = k[Qap)]-
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Example 15. The cycle of length 4 C4 and the path of length 3 P, are comparability
graphs of @)1 and ()9, respectively.

Q1= Q2 =

Hence k[Qc,] = Ri[Q1] and k[Qp,] = Ry[Q2)-

A ring R is trwial if R can be constructed by starting from polynomial rings and
repeatedly applying tensor and Segre products. Herzog, Hibi and Restuccia gave an
answer for the question of when is a Hibi ring strongly Koszul.

Theorem 16 (see [7, Theorem 3.2]). Let P be a poset and R = Ry[P] be the Hibi ring
constructed from P. Then the following assertions are equivalent:

(1) R is strongly Koszul.
(2) R is trivial.
(3) The N-poset as described below does not appear as a subposet of P.

By this theorem, Corollary 7, and Example 15, we have
Corollary 17. If G contains Cy or Py as an induced subgraph, then k[Qg] is not strongly
Koszul.
4. TRIVIALLY PERFECT GRAPH

In this section, we introduce the concept of a trivially perfect graph. As its name sug-
gests, a trivially perfect graph is a kind of perfect graph; it is also a kind of comparability
graph, as described below.

Definition 18. For a graph G, we set
a(@) == max{#S | S is a stable set of G},

m(G) := #{the set of maximal cliques of G}.

We call a(G) the stability number (or independence number) of G.

In general, a(G) < m(G). Moreover, if G is chordal, then m(G) < n by Dirac’s theorem
[5]. In [6], Golumbic introduced the concept of a trivially perfect graph.
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Definition 19 ([6]). We say that a graph G is trivially perfect if a(Gyw) = m(Gy) for
any induced subgraph Gy of G.

For example, complete graphs and star graphs (i.e., the complete bipartite graph K )
are trivially perfect.

We define some additional concepts related to perfect graphs. Let Cg be the set of all
cliques of GG. Then we define

w(G) == max{#C | C € Cg},
0(G) :==min{s | C []---J[ C. = V(G). Ci € Ca},

X(G) = 0(G),

where G is the complement of G. These invariants are called the clique number, clique
covering number, and chromatic number of G, respectively.

In general, a(G) = w(G), 0(G) < m(G) and w(G) < x(G). The definition of a perfect
graph is as follows.

Definition 20. We say that a graph G is perfect if w(Gw) = x(Gw) for any induced
subgraph Gy of G.

Lovész proved that G is perfect if and only if G is perfect [12]. The theorem is now
called the weak perfect graph theorem. With it, it is easy to show that a trivially perfect
graph is perfect.

Proposition 21. Trivially perfect graphs are perfect.

Proof. Assume that G is trivially perfect. By [12], it is enough to show that G is perfect.
For all induced subgraphs Gy of G, we have

m(Gw) = a(Gw) = w(Gw) < x(Gw) = 0(Gw) < m(Gw)
by general theory (note that Gy = Gyy). OJ

Golumbic gave a characterization of trivially perfect graphs.

Theorem 22 ([6, Theorem 2|). The following assertions are equivalent:
(1) G is trivially perfect.
(2) G is Cy, Py-free, that is, G contains neither Cy nor Py as an induced subgraph.
Proof. (1) = (2): It is clear since a(Cy) = 2, m(Cy) = 4, and a(Py) = 2, m(P,) = 3.
(2) = (1): Assume that G contains neither Cy nor P, as an induced subgraph. If
GG is not trivially perfect, then there exists an induced subgraph Gy of G such that

a(Gw) < m(Gw). For this Gy, there exists a maximal stable set Sy of Gy which
satisfies the following:

There exists s € Sy such that s € C1NC5 for some distinct pair of cliques C, Cy € Cg,, .

Note that #Sy > 1 since Gy is not complete. Then there exist © € C and y € C5 such
that {z, s}, {y, s} € E(Gw) and {z,y} & E(Gw).

Let w € Sy \ {s}. If {z,u} € E(Gw) or {y,u} € E(Gw), then the induced graph
Gla,y,suy s Cy or Py, a contradiction. Hence {z,u} € E(Gw) and {y,u} ¢ E(Gw). Then
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{z,y} U{S \ {s}} is a stable set of Gy, which contradicts that S is maximal. Therefore,
G is trivially perfect. O

Next, we show that a trivially perfect graph is a kind of comparability graph. First, we
define the notion of a tree poset.
Definition 23 (see [18]). A poset P is a tree if it satisfies the following conditions:

(1) Each of the connected components of P has a minimal element.
(2) For all p, p' € P, the following assertion holds: if there exists ¢ € P such that
p,p < g, thenp <p orp>p.
Example 24. The following poset is a tree:

Tree posets can be characterized as follows.

Proposition 25. Let P be a poset. Then the following assertions are equivalent:

(1) P is a tree.
(2) Neither the X-poset in Example 11, the N-poset in Theorem 16, nor the diamond
poset as described below appears as a subposet of P.

< >

In [18], Wolk discussed the properties of the comparability graphs of a tree poset and
showed that such graphs are exactly the graphs that satisfy the “diagonal condition”.
This condition is equivalent to being Cy, Ps-free, and hence we have

Corollary 26. Let G be a graph. Then the following assertions are equivalent:

(1) G is trivially perfect.

(2) G is a comparability graph of a tree poset.

(3) G is Cy, Py-free.
Remark 27. A graph G is a threshold graph if it can be constructed from a one-vertex
graph by repeated applications of the following two operations:

(1) Add a single isolated vertex to the graph.

(2) Take a suspension of the graph.

The concept of a threshold graph was introduced by Chvatal and Hammer [3]. They
proved that GG is a threshold graph if and only if G is Cy, Py, 2Ks-free. Hence a trivially
perfect graph is also called a quasi-threshold graph.
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5. PROOF OF MAIN THEOREM
In this section, we prove the main theorem.

Theorem 28 ([13]). Let G be a graph. Then the following assertions are equivalent:
(1) k[Qg]| is strongly Koszul.
(2) G is trivially perfect.

Proof. We assume that G is trivially perfect. Then there exists a tree poset P such that
G = G(P) from Corollary 26. This implies that neither the X-poset in Example 11 nor
the N-poset in Theorem 16 appears as a subposet of P by Proposition 25, and hence
k[Qcp)] = Ri[P] is strongly Koszul by Theorems 14 and 16.

Conversely, if G is not trivially perfect, G contains C; or P, as an induced subgraph by
Corollary 26. Therefore, we have that k[Qg] is not strongly Koszul by Corollary 17. O

Remark 29. On the recent work with Hibi and Ohsugi, we have that the Conjecture 2 is
false [10]. We proved that there exist infinite many non-trivial strongly Koszul edge rings.
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QF RINGS AND DIRECT SUMMAND CONDITIONS

MANABU MATSUOKA

ABSTRACT. In this paper we investigate the rings with the direct summand condition,
and we give the applications to coding theory. We study the linear codes over the finite
ring with this condition. In particular, we consider dual codes and cyclic codes.
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1. INTRODUCTION

For a ring R, we consider the condition that every finitely generated free submodule N
of a finitely generated free R-module M is a direct summand of M. For example QF rings
satisfy this condition. In [4], Y. Hirano proved that a commutative artinian ring satisfies
this condition. He also found some class of noncommutative rings with this condition.

In [10], T. Sumiyama studied maximal Galois subrings of finite local rings. Y. Hirano
characterized finite frobenius rings in [3]. By the way, since several years, codes over
finite Frobenius rings draw considerable attension in coding theory. In [2], M. Greferath
investigated splitting codes over finite rings. In [1], A. A. Andrade and Palazzo Jr.
studied linear codes over finite rings. J. A. Wood established the extension theorem and
MacWilliams identities over finite Frobenius rings in [11]. K. Shiromoto and L. Storme
gave a Griesner type bound for linear codes over finite QF rings in [9].

Throughout this paper, R denotes a ring with 1 # 0, n denotes a natural number with
n > 2, unless otherwise stated.

2. RINGS WITH THE DIRECT SUMMAND CONDITION

For a ring R, we consider the following direct summand condition for free left modules:

(DS), Every finitely generated free submodule N of a finitely generated free left R-
module M is a direct summand of M.

Similarly, we consider the direct summand condition for free right modules:

(DS), Every finitely generated free submodule N of a finitely generated free right R-
module M is a direct summand of M.

If R satisfies the both conditions, it is said that it has the condition (DS).

For a semisimple ring, every module is semisimple, and every submodule of a semisimple
module is a direct summand. Thus, a semisimple ring satisfies the condition (DS).

Definition 1. For a ring R, R is called a QF (quasi-Frobenius) ring if R is left artinian
and left self-injective.

The detailed version of this paper will be submitted for publication elsewhere.
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It is well-known that the definition of a QF ring is left-right symmetric.
Proposition 2. Let R be a QF ring. Then R satisfies the condition (DS).

For any left R-module gM, M* = Homg(grM, gR) is a right R-module. In fact the
right R-actions of M* is defined by
(f-r)(m) = f(m)-r
where r € R, m € M and f € M*.
The natural homomorphism & : M — M** is defined by
§(m)(f) = f(m)
where m € M and f € M*. A module M is called torsionless if the natural homomorphism

& M — M*™ is injective. A torsionless module M is said to be reflexive if the natural
injection & : M — M™* is an isomorphism.

Proposition 3. Let R be a ring, and let gN be a left R-submodule of R™. If gN is a
direct summand of R", then gN is reflexive.

For any submodule A C M, let A° = {f € M* | f(A) = 0}, which is a submodule of
M*. And, for any submodule I C M*, let I® = Ny ker(f), which is a submodule of M.

Lemma 4. Let R be a ring, and let gM be a reflexive left R-module. If I is a right
R-submodule of M*, then 1° = I° as left R-modules.

Lemma 5. Let R be a ring, and let gM be a free left R-module. If A is a direct summand
of M, then A*® = A.

By Lemma 4 and Lemma 5, we get the following theorem.

Theorem 6. Let R be a ring, and let gM be a reflexive free left R-module. If A is a
direct summand of M, then A°° = A as left R-modules.

Corollary 7. Let R be a ring with the condition (DS), and let gN be a finitely generated
free left R-submodule of R". Then N°° = N as left R-modules.

3. CODES OVER FINITE RINGS WITH THE CONDITION (DS),

Let R be a finite ring. A linear left(right) code C' of length n over R is a left(right)
R-submodule of the left(right) R-module R" = {(ag,--- ,an—1) | a; € R}. If C' is a free
R-module, C' is said to be a free code.

On R"™ define the standard inner product by

<ay =Y nw
for x = ($0,$1, e 7xn—1)7 Y= (y07 Yiy- - 7yn—1) € R".
The dual code O+ of a linear left code C' is defined by

Ct={aeR"| <c,a>=0forany c € C}.

Clearly, C* is a linear right code over R.
Similarly, for a linear right code D, we can define the dual code

Dt={be R"| <b,d>=0 for any d € D},
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Then D+ is a linear left code over R.

For a left(right) code C' C R", C is called a self-dual code if C' = C*. In this case, C
is a bi-module.
For any left R-submodule C' C R", C° is defined by

Cc° = {)\ S HOHIR(RRn,RR) | )\(C) = 0}
Then C° is a right R-submodule of a right R-module Homg(grR", rR).
For every € R", we define a right R-module homomorphism §, : R* — R as 0,(y) =<
Y, T >,
Let eq,--- , e, be fundamental vectors. We define a natural right R-module homomor-
phism € : (gkR")* — R} as e(f) = (f(e1), -+, (en)). Then € is an isomorphism. In fact
d: R} — (gR™)* with 0(z) = d, is an inverse map.

Proposition 8. Let R be a finite ring, and let C" C R™ be a linear left code. Then
C+ = C° as right R-modules.
Theorem 9. Let R be a finite ring with the condition (DS). For a free left code C C R™,
(chHt=C.
Given any subset T' C R, a left annihilator of T" is a set
lLanng(T)={re R|rt=0foral t e T}

which is a left ideal of R. A right annihilator r.anng(7") is defined, similarly.
Then we can get the following corollary.

Corollary 10. Let R be a finite ring with the condition (DS). For a free left submodule
C of rR, we have

lLanng(r.anngC) = C.

Similarly, if R satisfies the direct summand condition for free modules, then we have
r.anng(l.anng D) = D for any free right submodule D of Rg.

Theorem 11. Let R be a finite ring with the condition (DS),. If C C R" is a free left
code of finite rank, then C* is a free right code of finite rank and rankC+ = n — rankC'.

4. CYCLIC CODES

Let R be a finite ring. A linear left(right) code C' C R™ is called cyclic if

(ag, a1, -+ ,an,—1) € C implies (a,_1, a0, a1, ,ap_2) € C.
Let E be the following square matrix;
0 1 0
E = B
0 1
10 -0

It follows that a left code C' C R" is cyclic if and only if it is invariant under right
multiplication by E.

Proposition 12. Let R be a finite ring, and let C' C R"™ be a linear left code. If C is a
cyclic left code, C* is a cyclic right code.
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By Theorem 9 and Proposition 12, we get the following corollary.

Corollary 13. Let R be a finite ring with the condition (DS), and let C C R" be a free
left code. Then C' is a cyclic left code if and only if C+ is a cyclic right code.

In what follows, we shall use the following conventions:
(¢); is the left ideal generated by g € R[X].
(g)r is the right ideal generated by g € R[X].
(g) is the two-sided ideal generated by g € R[X].

Cyclic codes are understood in terms of left ideals in quotient rings of polynomial
rings. The left R-module isomorphism p : R" — R[X]/(X™ — 1) sending the vector
a = (ag,ay, -+ ,a,_1) to the equivalence class of polynomial a, 1 X" '+ -+ +a; X + ao,
allows us to identify the cyclic left code with the left ideal of R[X]/(X™ — 1).

Notice that X™ — 1 is the central element of R[X].

Theorem 14. Let R be a finite ring. There is a one to one correspondence between cyclic

left codes in R™ and left ideals of R[X]/(X™ —1).

Definition 15. Let R be a finite ring, and let C' be a cyclic left code in R[X]/(X™—1). If
there exist monic polynomials g and h such that p(C) = (¢);/(X™ — 1) and X" — 1 = hg,
then C is called the principal cyclic left code. In this case, g(X) is called the generator
polynomial and h(X) is called the parity check polynomial of C. Similarly, for a cyclic
right code C, C is called the principal cyclic right code if p(C) = (g),/(X™ — 1) and
X" —1=gh.

Proposition 16. Let R be a finite ring, and let C C R"™ be a principal cyclic left code
with the generator polynomial g(X) of degree n — k. Then C' is a free left code of rank k.

Let C' C R" be a free left(right) code. If a basis of C is used as rows of a matrix G, the
matrix G is called a generator matrix of C'. If G is a k X n generator matrix of a free left
code C, then, for any ¢ € C, we have ¢ = aG for some a € R*. If G is a k x n generator
matrix of a free right code D, then, for any d € D, we have 'd = ‘G*b for some b € R*. A
generator matrix of C* is called a parity check matrix of C.

Proposition 17. Let R be a finite ring, and let C' C R"™ be a principal cyclic left code
with the generator polynomaial

9(X) = gna X" P+ 4+ 1 X + go
with g,_r = 1. Then C' has the k X n generator matrix G of the form

g 91 Gk O - 0
0O 9 9o - Gk -+ O
G = o . - 0
0O --- 0 90 g1 Gn—k

The generator matriz of the principal cyclic right code p(C) = (g),/(X™"—1) with X" —1 =
gh is the same form.

Next, we determine the parity check matrix of a principal cyclic left code.
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Proposition 18. Let R be a finite ring with the condition (DS),, and let C C R"™ be a
principal cyclic left code with the generator polynomial g(X) of degree n—k and the parity
check polynomial

h(X) = hX*+ -+ h X + hg
with hy, = 1. Suppose X™ — 1 = hg = gh € R[X]|. Then C has the (n — k) X n parity
check matrix H of the form

By -+ hy hy 0O -+ 0
0 hp -+ hy hy -+ 0
H = 0O “-. .. a0 a0 00
0 -+ 0 hy - hy ho

Corollary 19. Let R be a finite ring with the condition (DS)), and let C' C R™ be a
principal cyclic left code with the generator polynomial g(X) of degree n — k and the

parity check polynomial
h(X) =hX*+ -+ h X + hg
with hy, = 1. Suppose X™ — 1 = hg = gh € R[X]. Then C* is the principal cyclic right

code, and we have
p(CH) = (hH), /(X" = 1),
where h(X) = (hoX* 4+ + hy 1 X + hi)ho "

Proposition 20. Let R be a finite ring, and let C' C R"™ be a principal cyclic left code with
the generator polynomial g(X) and the parity check polynomial h(X). Suppose X™ —1 =

hg = gh € R[X]. Then a € C if and only if p(a)h = 0 in R[X]|/(X" —1).
Then we get the following corollary.

Corollary 21. Let R be a finite ring, and let C' C R™ be a principal cyclic left code with
the generator polynomial g(X) and the parity check polynomial h(X). Suppose X™ —1 =
hg = gh € R[X]. Set R = R[X]/(X"™ —1). Then we have

p(C) = (9)/(X" 1) = Lanng (7).
By Corollary 19 and Proposition 20, we get the following corollary.

Corollary 22. Let R be a finite ring with the condition (DS)), and let C' C R™ be a
principal cyclic left code with the generator polynomial

9(X) = gn-s X" F 4+ 1 X + o
with g = 1 and the parity check polynomial h(X). Suppose X" —1 = hg = gh € R[X].
Set R = R[X]/(X™—1). Then we have
p(CL) = (h4),/(X" = 1) = ramg (g7),
where g*(X) = g5 (9o X" F 4+ - 4 gn-t1X + Gni)-
Now we give a basic example.

Example 23. Let Z, be a finite field of two elements, and Ms(Z5) be a set of 2 x 2
matrices over Zy. Let R = Dy(Zs), where
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DQ(ZQ):{(g 2) GMQ(ZQ) a,bEZQ}
R is a finite commutative local ring with the unique maximal ideal
M = 0 b € My(Zy) |beZy ;.
00
Then R satisfies the condition (DS).

Now set 7 = ( (1) } ) Then we have

R=1{0,1,4 14+i}
with 72 = 1. Thus we get Dy(Zy) = Zo[ 7 ].
Now we get the following factorizations:
X1 —1=(X*+(14+9)X+)(X?+ (1 +)X +14).
Set p(C) = (X*+ (1 +i)X +1)/(X* —1). Then C is a principal cyclic code of rank 2.
And we get p(C+) = (X? + (1 +14)X +1i)/(X* — 1). Hence this is a self-dual code.
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IDEALS AND TORSION THEORIES

HIROYUKI MINAMOTO

ABSTRACT. We introduce ideal theoretic conditions on an ideal Z of an abelian category
A, which are show to be equivalent to the condition that the ideal is associated to a
torsion class (resp. pre-torsion class, Serre subcategory) of A. We also discuss an ideal
which is associated to a radical (a sub functor of the identity functor id4 which has a
special property) of A.

This work came out from an attempt to obtain a formalism of the argument which is
given in the proof of the following theorem on 2-representation infinite (2-RI) algebras
([1]): Let A be a 2-RI algebra and 79, 75 be 2-Auslander-Reiten translations. A A-module
M is called f-minimal if the canonical morphism M — 77, M is injective.

1. MOTIVATION: AUSLANDER-REITEN COMPONENT OF A 2-REPRESENTATION
INFINITE ALGEBRA.

This work came out from an attempt to obtain a formalism of the argument which is
given in the proof of the following theorem on 2-representation infinite algebra.

First we recall the definition of n-representation infinite algebra introduced by Herschend-
Iyama-Oppermann [1]. Let A be a finite dimensional algebra over a field & of finite global
dimension. Recall that the Nakayama functor v is the derived tensor product — ®4 D(A)
of the k-dual D(A) := Homy(A, k), which gives a triangle autoequivalence of the bounded
derived category D, := D"(mod-A). For a integer n € Z we set v,, := v o [—n].

Definition 1. A finite dimensional algebra A is called n-representation infinite (n-RI)
algebra if it is of global dimension n and the complex v, ?(A) belongs to the standard
heart mod-A for p € N.

Let A be n-RI algebra. The Hom-® adjunction induced by the A-A bi-module 6 :=
Ext" (D(A), A) is called n-Auslander-Reiten translations. More precisely, we set 7,(—) :=
Homy (6, —) and 7,, := — ®4 6.

T = —®40:mod-A = mod-A: 7,,(—) := Homa(0, —).

n
We remark that 7,, and 7,; dose not give equivalences and, in particular, are not in-
verse to each other. Hence, the adjoint unit morphism M — 7,7, M is possibly not an
isomorphism.
To state our motivating theorem, we introduce one terminology. An A-module M is
called #-minimal if the adjoint unit morphism M — 7,7, M is injective.

Theorem 2. Let A be a 2-RI algebra and M # 0 be a 0-minimal indecomposable A-
module. Assume that Homs(M,A) = 0. (e.g., M is a non-projective 2-preprojective
module or 2-reqular module.) Then the Auslander-Reiten component I'y; containing M is

The detailed version of this paper will be submitted for publication elsewhere.
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of type ZA . unless it contains projective module or injective modules and M is placed in
the bottom of T'y;.

The proof goes as follows: from the property Homa(M, A) = 0, we can deduce that
(mMM) ®4 0 = 0 where 7y is the usual Auslander-Reiten translation. Together with the
f-minimality of M, the latter property implies that the middle term M; of the Auslander-
Reiten sequence is indecomposable.

0—>mM — M - M — 0.

This part of argument is quite formal and leads us to the theory of quasi torsion ideals,
which will be discussed in the main body of this note. Using similar argument, we conclude
the results.

2. QUASI TORSION IDEALS

Let A be an ableian category. Recall that a sub functor of the Hom-functor A(—, +) :
A% x A — A is called an ideal of A. Here we view A as a ring with several objects.

Definition 3. Let A be an abelian category and Z be an ideal of A.
(1) An object M € A is called Z-minimal if Z(—, M) = 0;
(2) An exact sequence
0sLLME NS0

is called a quasi-torsion sequence(qt sequence) with respect to Z, if N is Z-minimal
and f belongs to the ideal Z.
(3) An ideal 7 is called quasi-torsion ideal(qt ideal), if there exists a qt sequence

0LL M5 N0
for all objects M of A.

Lemma 4. For an object M, a qt sequence the middle term of which is M, is unique up
to isomorphism (if it exists).

If an ideal Z is quasi-torsion. Then for an object M € A, an object L € A which
appearers in the left term of a qt-sequence 0 — L — M — N — 0 whose middle term is
M is uniquely determined up to isomorphisms. We denote such an object by comM and
call cominimal pert of M.

Corollary 5. Let T be a qt ideal. Let 0 — L — M — N — 0 be a non-split qt sequence.
If L and N are indecomposable, then the middle term M is also indecomposable.

Example 6. Let A be a Noetherian ring and p be an A-A-bi-module. For A-modules M
and N we set
IM,N):={f:M — N| f®ip=0}

It is easy to see that Z is an ideal of the category mod-A of finite A-modules. Moreover,
we can prove that Z is a gt-ideal and Z-minimal objects are precisely modules M such
that the unite morphism M — Homy(p, M ® p) is injective.

Let 0 > L - M — N — 0 be an exact sequence of A-modules. Assume that N is Z-
minimal and L ® 4 p = 0, then the above sequence is quasi-torsion. Assume moreover that
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L and N are indecomposable. The by the above corollary, we conclude that the middle
term M is also indecomposable. This is the way that we prove the indecomposability of
the middle term M; in the proof of Theorem 2.

Recall that a preradical r of an abelian category A is a sub functor of the identity
functor id4. (Note that we can easily see that a preradical r is an additive functor.) A

preradical r is called radical if it satisfies r(M/r(M)) = 0 for all M € A. (For details,
see, e.g. [2]). For a radical r, we define an ideal Z, to be

Z,(M,N) :={f € A(M,N) | f factors through r(M).}.

Lemma 7. A preradical v is a radical if and only if the ideal I, is quasi-torsion. If this
15 the case we have rM = comM.

Theorem 8. The following gives a one to one correspondence between quasi-torsion ideals
and radicals on A.
Z v+~ comg, r— Z,.

Let A be an abelian category and Z be a quasi-torsion ideals.

Lemma 9. The factor category A/Z has pseudo-kernels. Hence the category modA/Z of
coherent functors is abelian.

We discuss the global dimension of the category mod.A/Z. When we view an abelian
category A as a ring with several objects, this category is the category of finitely presented
modules. We show that the global dimension has a relationship with nilpotensy of the
gt-ideal Z.

Theorem 10. Let A be an abelian category and I be a quasi-torsion ideals.

(1) If A is Artinian, then every coherent A/Z-module has finite projective dimension.
(2) If " = I™!, then gldim(mod.A/Z) < 2n.
(3) If gldim(modA/Z?) < n — 1, then I" = I""! and gldim(modA/Z) < 2n.

As far as the author knows, such a phenomena rarely happen for a ring with single
object, i.e., a ring in the usual sense. Therefore we can expect that, even from ring
theoretical view point, a ring with several objects has special features which are not
possessed by a ring with single objects.

We end this note by proposing a question: Can we get more strong result, like

gldimmodA/Z <2n <+ I"=71""'777?
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SUPPORT 7-TILTING MODULES AND PREPROJECTIVE ALGEBRAS

YUYA MIZUNO

ABSTRACT. We study support 7-tilting modules over preprojective algebras of Dynkin
type. We classify basic support 7-tilting modules by giving a bijection with elements
in the corresponding Weyl groups. We also study g-matrices of support 7-tilting mod-
ules, which show terms of minimal projective presentations of indecomposable direct
summands. We give an explicit description of g-matrices and prove that cones given by
g-matrices coincide with chambers of the associated root systems.

1. INTRODUCTION

The preprojective algebra associated to a quiver was introduced by Gelfand-Ponomarev
[GP] to study the preprojective representations of a quiver. Since then, they have been
studied extensively not only from the viewpoint of representation theory of algebras (for
example [BGL, DR1, DR2, Ril]) but also in several contexts such as (algebraic, differen-
tial, symplectic) geometry and quantum groups.

In [BIRS] (also in [IR1]), the authors studied preprojective algebras via tilting theory
for non-Dynkin quivers. By making heavy use of tilting theory, they succeed to give
several important results such as a method for constructing a large class of 2-Calabi-Yau
categories which have close connections with cluster algebras. On the other hand, in
Dynkin cases (i.e. the underlying graph of a quiver is A, (n > 1), D, (n > 4) and E,
(n = 6,7,8)), the preprojective algebras are selfinjective, so that all tilting modules are
trivial (i.e. projective). In this note, we will show that, instead of tilting modules, support
T-tilting modules play an important role in this case.

The notion of support 7-tilting modules was introduced in [AIR], which gives a general-
ization of tilting modules. They have several nice properties. For example, it is shown that
there are deep connections between 7-tilting theory, torsion theory, silting theory, cluster
theory and so on (refer to an introductory article [IR2]). Moreover, support 7-tilting mod-
ules have nicer mutation theory than tilting modules. Namely, any basic almost-complete
support 7-tilting module is the direct summand of exactly two basic support 7-tilting
modules. It implies that mutation of support 7-tilting modules is always possible and
this property admits interesting combinatorial descriptions for support 7-tilting graphs.
Furthermore, certain support 7-tilting modules over selfinjective algebras provide tilting
complexes [M1]. It is therefore fruitful to investigate these remarkable modules for given
algebras.

Conventions. Let K be an algebraically closed field and we denote by D := Homg (—, K).
By a finite dimensional algebra A, we mean a basic finite dimensional algebra over K.
By a module, we mean a right module unless stated otherwise. We denote by modA the

The detailed version of this paper will be submitted for publication elsewhere.
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category of finitely generated A-modules and by projA the category of finitely generated
projective A-modules. For X € modA, we denote by SubX (respectively, FacX) the sub-
category of modA whose objects are submodules (respectively, factor modules) of finite
direct sums of copies of X. We denote by addM the subcategory of modA consisting of
direct summands of finite direct sums of copies of M € modA.

2. PRELIMINARIES

2.1. Preprojective algebras. In this subsection, we recall the definition of preprojective
algebras and some properties of them.

Definition 1. Let @ be a finite connected acyclic quiver with vertices Qo = {1,...,n}.
The preprojective algebra associated to () is the algebra

Ag=A:= K@/(Z (aa™ — a*a))

ac@Qq

where @ is the double quiver of @), which is obtained from @ by adding for each arrow
a:1— jin ()1 an arrow a* : ¢ < j pointing in the opposite direction.

Note that Ag does not depend on the orientation of Q).
We collect some basic properties of preprojective algebras.

Proposition 2. Let QQ be an acyclic quiver and A the preprojective algebra of Q). Then
Q is a Dynkin quiver if and only if A is a finite dimensional algebra. Further, if these
equivalent conditions hold, then A is selfinejctive.

Note that, even if @) is a Dynkin quiver, A is infinite representation type (i.e. there
exists infinitely many indecomposable A-modules) in general [DR2].
We define the Cozeter group Wy associated to @), which is defined by the generators
S1,...,8, and relations
° s? =1,
® s5,5; = s;5; if there is no arrow between 7 and j in @),
® s5,5;5; = s;5;5; if there is precisely one arrow between ¢ and j in Q.
Each element w € Wy can be written in the form w = s;, - - - s;, . If k is minimal among
all such expressions for w, then k is called the length of w and we denote by l(w) = k. In

this case, we call s;, - - - s;, a reduced expression of w.

2.2. Support 7-tilting modules. In this subsection, we give definitions of support 7-
tilting modules.

Definition 3. Let A be a finite dimensional algebra.
(a) We call X in modA 7-rigid if Hom, (X, 7X) = 0.
(b) We call X in modA 7-tilting (respectively, almost complete T-tilting) if X is 7-
rigid and |X| = |A| (respectively, |X| = |A| — 1), where |X| denotes the number
of non-isomorphic indecomposable direct summands of X.
(c) We call X in modA support T-tilting if there exists an idempotent e of A such that
X is a 7-tilting (A/{e))-module.

We also give the following definitions.
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(d) We call a pair (X, P) of X € modA and P € projA 7-rigid if X is 7-rigid and
Homy (P, X) = 0.

(e) We call a 7-rigid pair (X, P) a support T-tilting (respectively, almost support T-
tilting) pair if | X| + |P| = |A| (respectively, | X| + |P| = |[A| = 1).

We call (X, P) basic if X and P are basic, and we say that (X, P) is a direct summand
of (X', P') if X is a direct summand of X’ and P is a direct summand of P’. We denote
by s7-tilt A the set of isomorphism classes of basic support 7-tilting A-modules.

Note that (X, P) is a 7-rigid (respectively, support 7-tilting) pair for A if and only if X
is a 7-rigid (respectively, 7-tilting) (A/(e))-module, where e is an idempotent of A such
that addP = addeA [AIR, Proposition 2.3]. Moreover, if (X, P) and (X, P’) are support
7-tilting pairs for A, then we get addP = addP’. Thus, a basic support 7-tilting module X
determines basic support 7-tilting pair (X, P) uniquely and we can identify basic support
T-tilting modules with basic support 7-tilting pairs.

Example 4. Let A := K@ be the path algebra given by the following quiver

Q= (1——2).

Then one can check that there exist support 7-tilting modules as follows

e1A @ es\, S5 P esA, erA, Sy and 0.
They can be identified with support 7-tilting pairs
(e1A @ ea\,0), (S2 @ ea,0), (e1A,ea), (So,e1A) and (0,e1A @ ex),

respectively.

One of the important properties of support 7-tilting modules is a partial order.
Definition 5. Let A be a finite dimensional algebra. For T', 7" € s7-tilt A, we write

T >T

if FacT” D FacT, where FacX the subcategory of modA whose objects are factor modules
of finite direct sums of copies of X. Then > gives a partial order on s7-tiltA [AIR,
Theorem 2.18]. Clearly, A is the unique maximal element and 0 is the unique minimal
element.

Example 6. Let A := K@ be the path algebra given by the following quiver

Q:= (1 2).

Let T1 := etA ® e\, Ty := Sy ® ex\, T3 := ey A, Ty := S5 and T5 := 0.
Then we have

FacT| = add{e; ADes AD Sy}, FacT, = add{Sy®es A}, FacTs = add{e; A}, FacTy = add{S:},

where add X denote the subcategory of modA consisting of direct summands of finite direct
sums of X € modA. Then, from Definition 5, one can obtain the following Hasse quiver.
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3. SUPPORT 7-TILTING MODULES AND THE WEYL GROUP

Our main aim is to give a complete description of all support 7-tilting modules over
preprojective algebras of Dynkin type. For this purpose, we give the following bijection.

Theorem 7. Let () be a Dynkin quiver and A the preprojective algebra of Q). There exist
bijections between the isomorphism classes of basic support T-tilting A-modules and the
elements of Wq.

In the following two subsections, we explain Theorem 7.

3.1. Support 7-tilting ideals. Let () be a Dynkin quiver with Qy = {1,...,n} and A
the preprojective algebra of (). We denote by the two-sided ideal I; of A generated by
1 — e;, where ¢; is a primitive idempotent of A for i € Qq, that is, I; := A(1 — ¢;)A for
1 € QQo. We see that the ideal has the following property.

Lemma 8. Let X € modA. Then X I; is maximal amongst submodules Y of X such that
any composition factor of X/Y is isomorphic to a simple module A/I;.

We denote by (I, ..., I,) the set of ideals of A which can be written as
[i1[i2 e [Zk
for some k£ > 0 and iy,...,i; € Q.
Our aim in this subsection is to show the following.
Theorem 9. Any T € (I,...,1,) is a basic support T-tilting modules of A.

For a proof, we use the following important property.

Definition 10. [AIR, Theorem 2.18 and 2.28] Let A be a finite dimensional algebra.
Then
(x) any basic almost support 7-tilting pair (U, @) is a direct summand of exactly two
basic support 7-tilting pairs (7, P) and (7", P’). Moreover we have T > T" or
T<T.

Under the above setting, let X be an indecomposable direct summand of T" or P. We
write (1", P') = ux (T, P) or simply 7" = px(T') and say that 7" is a mutation of T. In
particular, we write 7" = ux(T) if T > T’ (respectively, T" = pi(T) if T < T’) and we
say that 7" is a left mutation (respectively, right mutation) of T. By (%), exactly one of
the left mutation or right mutation occurs.

Using mutations, we give the following key proposition.

Proposition 11. Let T' € (Iy,...,I,) and assume that T is a basic support T-tilting A-
module. If ;T # T, then there is a left mutation of T associated to e;T and p, (T) = IT.
In particular, I, T is a basic support T-tilting A-module.
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Namely, a multiplication by I; gives a left mutation of 7" if I,T # T. Using this property
inductively, we can obtain Theorem 9.
There exists a close relationship between mutations and partial orders.

Definition 12. [AIR, Corollary 2.34] Let A be a finite dimensional algebra. We define
the support T-tilting quiver H(st-tiltA) as follows.

e The set of vertices is s7-tilt A.

e Draw an arrow from 7" to 7" if 7" is a left mutation of 7.

Then H(s7-tilt A) coincides with the Hasse quiver of the partially ordered set s7-tilt A.

Hence, the Hasse quiver of Example 6 gives behavior of mutations of support 7-tilting
modules.

Now using support 7-tilting quiver, we describe support 7-tilting modules of preprojec-
tive algebras.

Example 13. (a) Let A be the preprojective algebra of type Ay. In this case, H(s7-tiltA)
is given as follows.

1, _n
b1 —=01

12
21

S N

00
\Il\ %
22 —= 9

1P

Here we represent modules by their radical filtrations and we write a direct sum X @Y
by XY.

(b) Let A be the preprojective algebra of type As. In this case, H(s7-tiltA) is given as
follows
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2
1
1 / \
1
331 051
\1
21
/321
12 1 )
:2),321% :2),3211 /021 001
2 9
321
123 13 2
332 — 2312 2132 301 020 7000
31
391
23 3/ 2
:2),123% 3321% /320 300
23
\ 23,
3 \
3
351 350
32
321

Remark 14. In these examples, H(s7-tilt A) consists of a finite connected component. We
will show that this is always true for preprojective algebras of Dynkin type in the next
subsection. Thus, all support 7-tilting modules can be obtained by mutations from A.

3.2. A connection with the Weyl group. Let @ be a Dynkin quiver with Qg =
{1,...,n} and A the preprojective algebra of (). To give an explicit description of support
T-tilting A-modules, we provide a connection with the Weyl group.

We use the following result (see [BIRS, M2]).

Theorem 15. There exists a bijection Wo — (Iy,...,1L,). It is given by w — I, =
I L, - - I, for any reduced expression w = s;, -+ 5;, .

From this theorem and Theorem 9, we obtain one finite connected component in
H(sT-tiltA). Then we can apply the following result.

Proposition 16. [AIR, Corollary 2.38] If H(s7-tiltA) has a finite connected component
C, then C = H(st-tiltA).

As a conclusion, we can obtain the following statement.
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Theorem 17. Any basic support T-tilting A-module is isomorphic to an element of
(I, ..., 1p).

We also use the following lemma.
Lemma 18. If right ideals T' and U are isomorphic as A-modules, then T = U.

Then, combining the above results, we get the desired statement.

Proof of Theorem 7. We will give a bijection between s7-tilt A and W(. A bijection — and
Wq can be given similarly.

By Theorem 9 and 15, we have a map Wy > w +— I, € s7-tilt A. This map is surjective
since any support 7-tilting A-module is isomorphic to I, for some w € W by Theorem 17.
Moreover it is injective by Theorem 15 and Lemma 18. Thus we get the conclusion. [J

At the end of this subsection, we briefly give a relationship between a partial order of
support 7-tilting modules and that of Wy,.

Definition 19. Let u,w € Wgy. We write v <; w if there exist s;,,...,s; such that
w = 8;, ...8,u and I(s;, ...s5u) = l(u) +j for 0 < j < k. Clearly <p gives a partial
order on Wq, and we call <j, the left order (it is also called weak order). We denote by
H(Wo, <r) the Hasse quiver of left order on Wy,.

Then we have the following results.

Theorem 20. The bijection in Wg — st-tilt A in Theorem 7 gives an isomorphism of
partially ordered sets (W, <p) and (sT-tilt A, <)°P.

We remark that the Bruhat order on Wg coincides with the reverse inclusion relation
on (Iy,---I,) [ORT, Lemma 6.5].

4. g-MATRICES AND CONES

In this last section, we introduce the notion of g-vectors [DK] (which is also called index
[AR, P]) and g-matrices of support 7-tilting modules. We refer to [AIR, section 5] for a
background of this notion.

Definition 21. Let A be a finite dimensional algebra and Ky(projA) the Grothendieck
group of the additive category projA. Then the isomorphism classes e;A, ... e, A of in-
decomposable projective A-modules form a basis of Ky(projA). Consider X in modA and
let

PX P X 0

be its minimal projective presentation in modA. Then we define the g-vector of X as the
element of the Grothendieck group given by

9(X) = [AY) = [PF) = 3 ai(X)esd.
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Let (X, P) be a support 7-tilting pair for A with X = @le X;and P = @; ., P,
where X; and P; are indecomposable. Then define g(X;) as above and g(P;) := —[P;]. We
define the g-matriz of (X, P) by

g<X7 P) = (g<X1>7 o 7g<X€)7g<PZ+1)7 e 7g<Pn>> € GL(Z”)

Note that it forms a basis of Ky(projA) [AIR, Theorem 5.1].
Moreover, define its cone by

C(X, P) :={ag(X1) + - + arg(Xe) + ar19(Porr) + -+ + ang(Pr) | a; € Rso}
Now we give an example.
Example 22. Let A := K@ be the path algebra given by the following quiver.
Q= (1=——2).
As we have seen before, we have support 7-tilting pairs as follows
(e1A ® ea\,0), (S2 B ea,0), (e1A,ea\), (S, e1A) and (0,e;A B ex).

Then we have their g-matrices as follows

((1J(1))7<711(1))7<(1)—01)7<711 701)7(_01 Pl)

and their cones can be described as follows.

O

It is quite interesting to investigate behavior of cones of support 7-tilting modules for
given algebras (cf. cones of tilting modules [H]).
At the end of this note, we give a description of cones of preprojective algebras. Let @

be a Dynkin quiver with vertices Qo = {1,...,n} and A the preprojective algebra of Q.
Then we have the following result.

Theorem 23. The set of g-matrices of support T-tilting A-modules coincides with the
subgroup (o1, ...,0,) of GL(Z™) generated by o; for all i € Qq, where o; is the contragra-
dient of the geometric representation [BB|. In particular, cones of basic support T-tilting
A-modules give chambers of the associated root system of Q).

Thus, cones of preprojective algebras are completely determined by simple calculations.

Example 24. (a) Let A be the preprojective algebra of type A,. In this case, the g-

matrices of Example 13 (a) are given as follows, where o7 = (7!9) and 0o = (§ ).
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11 91 0 1

Hence, their cones are given as follows.

(b) Let A be the preprojective algebra of type As. In this case, the g-matrices of
Example 13 (b) are given as follows.
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5. FURTHER CONNECTIONS

In this section, we explain connections with other works. Here, let DP(modA) be the
bounded derived category of modA and KP(projA) the bounded homotopy category of
projA. Then we have the following bijections

Theorem 25. Let Q) be a Dynkin quiver with vertices Qo = {1,...,n} and A the prepro-
jective algebra of Q). There are bijections between the following objects.

(a) The elements of the Weyl group Wy,.
b) The set (Iy,...,I,).
c) The set of isomorphism classes of basic support T-tilting A-modules.
d) The set of isomorphism classes of basic support T-tilting A°?-modules.
e) The set of torsion classes in modA.
)
)
)

AA/\/_\/-\

f) The set of torsion-free classes in modA.

The set of isomorphism classes of basic two-term silting complezes in KP(projA).
The set of intermediate bounded co-t-structures in KP(projA) with respect to the
standard co-t-structure.

N N

g
h
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(i) The set of intermediate bounded t-structures in D®(modA) with length heart with
respect to the standard t-structure.

(j) The set of isomorphism classes of two-term simple-minded collections in D®(modA).

(k) The set of quotient closed subcategories in mod K Q.

(1) The set of subclosed subcategories in modK Q).

We have given bijections between (a), (b), (c) and (d) in the previous section. Bijections
between (g), (h), (i) and (j) are the restriction of [KY] and it is given in [BY, Corollary
4.3] (it is stated for Jacobian algebras, but the statement holds for any finite dimensional
algebra). Bijections between (a), (k) and (1) are given by [ORT] (note that a bijection (a)
and (k) holds for any acyclic quiver with a slight modification, see [ORT]).

A bijection between (c) and (g) is shown by [AIR, Theorem 3.2] for any finite dimen-
sional algebra.

Bijections between (a), (e) and (f) follow from the next statement, which provides
complete descriptions of torsion classes and torsion-free classes in modA.

Proposition 26. (i) For any torsion class T in modA, there exists w € W such
that T = Facl,,.
(ii) For any torsion-free class F in modA, there exists w € Wy such that F =
SubA/IL,.

Remark 27. Tt is shown that objects Facl, and SubA/I, have several nice properties.
For example, Facl, and SubA/I, are Frobenius categories and, moreover, stable 2-C'Y
categories which have cluster-tilting objects. They also play important roles in the study
of cluster algebra structures for a coordinate ring of the unipotent cell associated with w

(see [BIRS, GLS]).
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CLASSICAL DERIVED FUNCTORS AS FULLY FAITHFUL
EMBEDDINGS

PEDRO NICOLAS AND MANUEL SAORIN

ABSTRACT. Given associative unital algebras A and B and a complex T® of B— A—bimodules,
we give necessary and sufficient conditions for the derived functors RHoma(7",7?) :
D(A) — D(B) and ? ®% T* : D(B) — D(A) to be fully faithful. We also give
criteria for these functors to be one of the fully faithful functors appearing in a recolle-
ment of derived categories. In the case when T'® is just a B — A—bimodule, we connect

the results with (infinite dimensional) tilting theory and show that some open question

on the fully faithfulness of RHoma(7,?) is related to the classical Wakamatsu tilting
problem.

2000 Mathematics Subject Classification: 18Gxx, 16Wxx, 16Gxx

1. INTRODUCTION

In October 2013, the second named author was invited to the /6th Japan Symposium
on Ring and Representation Theory and the title of one of his talks was exactly the title
of this paper, which tries to be a much expanded version of that talk. Several results
that we will present here are particular cases of results given in [32] in the language of
dg categories and will be published elsewhere. For different reasons, the language of dg
categories tends to be difficult to understand by people working both in Ring Theory
and Representation Theory, and it is specially so for beginners in the field. The main
motivation of the present work is to isolate the material of [32] which applies to ordinary
(always associative unital) algebras and rings, and use it to go further in its applications
in terms of recollement situations that were only indirectly considered in [32]. We hope in
this way that the results that we present interest ring and representation theorists. Only
minor references to dg algebras will be needed, but the bulk of the contents stays within
the scope of ordinary algebras and rings.

Apart from the extraordinary hospitality of the organizers, the most captivating thing
for the mentioned author was the very active, lively and enthusiastic Japanese youth
community in the field, who presented their recent work, sometimes impressive. This
paper is written thinking mainly on them. Aimed at beginners, in the initial sections
of the paper we have tried to be as self-contained as possible, referring to the written
literature only for technical definitions, some proofs and specific details.

All throughout the paper the term ’algebra’ will denote an associative unital algebra
over a ground commutative ring k, fixed in the sequel. Unless otherwise stated, 'module’
will mean 'right module’ and the corresponding category of modules over an algebra A
will be denoted by Mod — A. Left A-modules will be looked at as right modules over

The final version of this paper will be submitted for publication elsewhere.
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the opposite algebra A°?. Then D(A) and D(A) will denote the derived categories of
the categories of right and left A-modules, respectively. On what concerns set-theoretical
matters, unlike [32], in this paper we will avoid the universe axiom and, instead, we will
distinguish between ’sets’ and ’(proper) classes’. All families will be set-indexed families
and an expression of the sort ’it has (co)products’ will always mean ’it has set-indexed
(co)products’.

By now, the following is a classical result due to successive contributions by Happel ,
Rickard and Keller (see [15], [34], [35] and [19]). We refer the reader to sections 2 and 3
for the pertinent definitions.

Theorem 1.1. Let A and B be ordinary algebras and let T® be a compler of B —
A—bimodules. The following assertions are equivalent:
(1) The functor ? @% T* : D(B) — D(A) is an equivalence of categories;
(2) The functor RHoma(T*,?7) : D(A) — D(B) is an equivalence of categories;
(3) T3 is a classical tilting object of D(A) such that the canonical algebra morphism
B — Endpa)(T*) is an isomorphism.

It is natural to ask what should be the substitute of assertion (3) in this theorem when,
in assertion (1) (resp. assertion (2)), we only require that ? @% T* (resp. RHomy(7T*,?))
be fully faithful. That is the first goal of this paper. Namely, given a complex T of
B — A—bimodules, we want to give necessary and sufficient conditions for ? @% T and
RHomy(7*,7) to be fully faithful functors.

On the other hand, a weaker condition than the one in the theorem appears when the
algebras A and B admit a recollement situation

) i* J .
D —iv=ii—D —j'=j*—=7D

@ J*

as defined by Beilinson, Bernstein and Deligne ([7]), where either {D, D'} = {D(A), D(B)}
or {D,D"} = {D(A),D(B)}. In these cases, the functors i, = 4, 71 and j. are also fully
faithful. This motivates the second goal of the paper. We want to give necessary and
sufficient conditions for those recollements to exist, but imposing the condition that some
of the functors in the picture be either ? @% T or RHomy (1, 7).

Finally, the following are natural questions for which we want to have an answer.

Questions 1.2. Let T* be a complex of B — A—bimodules.
(1) Suppose that RHomu(T*,?) : D(A) — D(B) is fully faithful.
(a) Is there a recollement

i* Ji
D(A) —i=i—=D(B) —j=—=7D",
it Jx

with i, = RHomu(T*,7), for some triangulated category D"?
(b) Is there a recollement
i* Ji
in=n— D(B) — =i D(A) ,

7 J*

!

D
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whith j, = RHomu(T*,7), for some triangulated category D'?
(2) Suppose that ? @% T* : D(B) — D(A) is fully faithful.
(a) Is there a recollement

i* J
D(B) —i=i—=D(A) =j=—=7D",
it Jx

with i, =? @Y T*, for some triangulated category D" ?
(b) Is there a recollement

* Ji

D' ——i.=i— D(A) —j=—D(B),
it Jx

whith 5 =? @% T*, for some triangulated category D'?

The organization of the paper goes as follows. In section 2 we give the preliminary
results on triangulated categories and the corresponding terminology used in the paper.
This part has been prepared as an introductory material for beginners and, hence, tends
to be as self-contained as possible.

Section 3 is specifically dedicated to the derived functors of Hom and the tensor product,
but, due to the requirements of some later proofs in the paper, the development is made
for derived categories of bimodules. In this context the material seems to be unavailable
in the literature. Special care is put on describing the behavior of these derived functors
when passing from the derived categoy of bimodules to derived category of modules on
one side. In the final part of the section, we give a brief introduction to dg algebras and
give a generalization of Rickard theorem, in the case of the derived category of a k-flat
dg algebra (Theorem 3.15).

Section 4 contains the main results in the paper. We first show that the compact
objects in the derived category of an algebra are precisely those for which the associated
derived tensor product preserves products (proposition 4.2). We then go towards the
mentioned goals of the paper. Proposition 4.4 gives a criterion for the fully faithfulness of
RHom(T*,?), while proposition 4.10 gives criteria for the fully faithfulness of ? ®@% 7.
In a parallel way, in corollary 4.5, theorem 4.6, theorem 4.13 and corollary 4.14 we give
criteria for the existence of the recollements mentioned in questions 1.2 (l.a, 2.a, 2.b
and 1.b, respectively). As a confluent point, when 7'} is exceptional in D(A) and the
algebra morphism B — Endp(4)(7*) is an isomorphism, we show in theorem 4.18 that
T* defines a recollement as in question 1.2(1.b) if, only if, it defines a recollement as in
question 1.2(2.b) on the derived categories of left modules, and this is turn equivalent to
saying that A is in the thick subcategory of D(A) generated by 7'3. We end the section by
giving counterexamples to all questions 1.2 and by proposing some other questions which
remain open.

In the final section 5, we explicitly re-state some of the results of section 4 in the
particular case that T® = T is just a B — A—bimodule. One of the questions asked in
section 4 asks whether RHomy (7, 7) : D(A) — D(B) preserves compact objects, when
it is fully faithful, 7' is exceptional in D(A) and B is isomorphic to Endp4)(7*). We
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end the paper by showing that, when 7T = T is a bimodule, this question is related to
the classical Wakamatsu tilting problem.

Some of our results are connected to recent results of Bazzoni-Mantese-Tonolo [5],
Bazzoni-Pavarin [6], Chen-Xi ([10], [11]), Han [14] and Yang [41]. All throughout sections
4 and 5, we give remarks showing these connections.

2. PRELIMINARIES ON TRIANGULATED CATEGORIES AND DERIVED FUNCTORS

The results of this section are well-known, but they sometimes appear scattered in
the literature and with different notation. We give them here for the convenience of the
reader and, also, as a way of unifying the terminology that we shall use throughout the
paper. Most of the material is an adaptation of Verdier’s work (see [38]), but we will
refer also to several texts like [29], [40], [16], [18], [25]..., for specific results and proofs.
As mentioned before, we will work over a fixed ground commutative ring k. Then the
term ’‘category’ will mean always 'k-category’. If C is such a category, then the set of
morphisms C(C, D) has a structure of k-module, for all C, D € D, and compositions of
morphisms are k-bilinear. Unless otherwise stated, subcategories will be always full and
closed under taking isomorphic objects.

The reader is referred to [40, Chapter 10] for the explicit definition triangulated category,
although some of its notation is changed. If D is such a category, then the shifting, also
called suspension (or translation) functor D — D will be denoted here by ?[1] and
a triangle in D will be denoted by X — Y — Z i>, although we will also write
X—Yy —z-5X [1] when the connecting morphism h need be emphasized. Recall
that Z is determined by the morphism f : X — Y up to non-unique isomorphism. We
will call Z the cone of f. A functor F' : D — D’ between triangulated categories will be
called a triangulated or triangle-preserving functor when it takes triangles to triangules.

2.1. The triangulated structure of the stable category of a Frobenius exact
category. An exact category (in the sense of Quillen) is an additive category C, together
with a class of short exact sequences, called conflations or admissible short exact sequences.

0o -C -5 D% FE50isa conflation, then we say that f is an inflation or
admissible monomorphism and that g is a deflation or admissible epimorphism. The class
of conflations must satisfy the following axioms and their duals (see [18] and [8]):

Ex0 The identity morphism 1y is a deflation, for each X € Ob(C);

Ex1 The composition of two deflations is a deflation;

Ex2 Pullbacks of deflations along any morphism exist and are deflations.

Obviously the dual of an exact category is an exact category with the 'same’ class
of conflations. An object P of an exact category is called projective when the functor
C(P,?) : C — k — Mod takes deflations to epimorphisms. The dual notion is that of
injective object. We say that C has enough projectives (resp. injectives) when, for each
object C' € C, there is a deflation P — C' (resp. inflation C' — I), where P (resp. I) is
a projective (resp. injective) object. The exact category C is said to be Frobenius exact
when it has enough projectives and enough injectives and the classes of projective and
injective objects coincide.
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Given any exact Frobenius category C, we can form its stable category, denoted C. Its

objects are those of C, but we have C(C, D) = g((g’g)), where P(C, D) is the k-submodule of

C(C, D) consisting of those morphisms which factor through some projective(=injective)
object. The new category comes with a projection functor pc : C — C, which has the
property that each functor F' : C — D which vanishes on the projective (=injective)
objects factors through pe in a unique way.

The so-called (first) syzygy functor Q : C — C assigns to each object C' the kernel of
any deflation (=admissible epimorphism) € : P — C'in C, where P is a projective object.
Up to isomorphism in C, the object (C') does not depend on the projective object P or
the deflation e. Moreover, €2 is an equivalence of categories and its quasi-inverse is called
the (first) cosyzygy functor Q=1 : C — C.

10— C L D % E - 0a conflation in the Frobenius exact category C, then
we have the following commutative diagram, where the rows are conflations and [ is a
projective(=injective) object:

0—C-1op-—2.F 0
|
\
0—>C—sT—= Q10 —>0

The following result is fundamental (see [16, Section 1.2]):

Proposition 2.1 (Happel). If C is a Frobenius exact category, then its stable category
admits a structure of triangulated category, where:

(1) the suspension functor is the first cosyzygy functor;
(2) the distinguished triangles are those isomorphic in C to a sequence of morphisms

c-Lp-4Ep-tao)
coming from a commutative diagram in C as above.

2.2. The Frobenius exact structure on the category of chain complexes. The
homotopy category. In the rest of this section A will be an abelian category. The
graded category associated to A, denoted AZ has as objects the Z-indexed families X*® :=
(X™) ez, where X,, € A for each n € Z. If X*,Y* € A” then AZ consists of the families
f = (f")nez, where f* € A(X™ Y") for each n € Z. This category is abelian and comes
with a canonical self-equivalence ?[1] : A% — A% called the suspension or (1-)shift,
given by the rule X*[1]* = X" for all n € Z. Keeping the same class of objects, we can
increase the class of morphisms and form a new category GR.A, where GRA(X®,Y*) =
OpezAL(X*,Y*[n]). This is obviously a graded category where a morphisms of degree

n is just a morphism X°* — Y*[n] in A%, and where g o f is the composition X*® AN
Y*[m] .y [m + n] in AZ, whenever f and g are morphisms in GRA of degrees m and
n.

A chain complex of objects of A is a pair (X*,d) consisting of an object X* of GR.A

together with a morphism d : X* — X* in GRA of degree +1 such that d od = 0.
The category of chain complezes of objects of A will be denoted by C(A). It has as
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objects the chain complexes of objects of A and a morphism f : X* — Y usually
called a chain map, will be just a morphism of degree 0 in GR.A such that fod=do f.
The category C(A) is abelian, with pointwise calculation of limits and colimits, and we
have an obvious forgetful functor C(A) — A% which is faithful and dense, but not
full. What is even more important for us is that C(.A) admits a structure of Quillen
exact category, usually called the semi-split exact structure. Recall that a short exact
sequence 0 — X* Lye 4 z¢ 50 (A) is called semi-split when its image by the
forgetful functor C(A) — AZ is a split exact sequence of AZ. That is, when the sequence
0— xn yn S gn g splits in A, for each n € Z. For the semi-split exact structure
in C(A) the conflations are precisely the semi-split exact sequences. The suspension
functor of A% induces a corresponding suspension functor ?[1] : C(A) — C(A), which is
a self-equivalence and take (X*, dx) ~ (X*[1], dx(1j, where d%.;,; = —d'¥t for each n € Z.

It is well-known (see, e.g., [16, Section 1.3.2]) that C(A) is a Frobenius exact category

when considered with this exact structure. Its projective (=injective) objects with respect
to the conflations are precisely the contractible compleres. These are those complexes

isomorphic in C(A) to a coproduct of complexes of the form C,(X) : ...0 — X x,
X — 0...., where C,(X) is concentrated in degrees n — 1,n for all n € Z and all X € A.
For each X* € C(A), we have a conflation

0= X°[—1] — [,z Cn(Xpo1) — X* = 0.
Then the syzygy functor of C(.A) with respect to the semi-split exact structure is identified
with the inverse ?[—1] : C(A) — C(A) of the suspension functor. The stable category of
C(A) has a very familiar description due to the following result (see [16, p. 28]):

Lemma 2.2. Let (X* dx) and (Y*,dy) be chain complexes of objects of A and let f :
X®* — Y* be a chain map. The following assertions are equivalent:

(1) f factors through a contractible complex;
(2) f is null-homotopic, i.e., there exists a morphism o : X* — Y of degree —1 in
GRA such that f =ocodx +dyoo.

As a consequence of the previous result, the morphisms in C(.A) which factor through a
projective (=injective) object, with respect to the semi-split exact structure, are precisely
the null-homotopic chain maps. As a consequence the associated stable category C(A) is
the homotopy category of A, denoted H(.A) in the sequel. We then get:

Corollary 2.3. The homotopy category H(A) has a structure of triangulated category
such that

(1) the suspension functor ?[1] : H(A) — H(A) is induced from the suspension
functor of C(A);

(2) each distinguished triangle in H(A) comes from a semi-split exact sequence 0 —

x*Loye Lz S 0n C(A) in the form described in proposition 2.1.

Recall that if (D, ?[1]) is a triangulated category and A is an abelian category, then a
cohomological functor H : D — A is an additive functor such that if

x Ly %z xq
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is any triangle in D and one puts H* = H o (?[k]), for each k € Z, then we get a long
exact sequence

HE () T e o) D vy 9 e ) ) ey PO ey
Recall that if X*® is a chain complex and k € Z, then the k-th object of homology

of X is H¥(X*®) = Ii?fjgfdfl)y where d : X* — X* is the differential. The assignment

X*® ~» H*(X*) is the definition on objects of a functor H* : C(A) — A. The following

is well-known:

Corollary 2.4. Let A be any abelian category, p : C(A) — H(A) the projection functor
and k € Z be an integer. The functor H* : C(A) — A wvanishes on null-homotopic chain
maps and there is a unique k-linear functor H* : H(A) — A such that H* o p = H*.
Moreover, H* is a cohomological functor.

Remark 2.5. We will forget the overlining of H and will still denote by HF the functor
H* : H(A) — A.

2.3. Localization of triangulated categories. As in the previous sections, the symbol
A will denote a fixed abelian category. We will use the term big category to denote a
concept defined as an usual category, but where we do not require that the morphsims
between two objects form a set. The following is well-known (see [13, Chapter 1]):

Proposition 2.6. Given a category C and a class S of morphisms in C, there is a big
category C[S™1], together with a dense functor q : C — C[S™] satisfying the following
properties:
(1) q(s) is an isomorphism, for each s € S;
(2) if F': C — D is any functor between categories such that F(s) is an isomorphism
for each s € S, then there is a unique functor F : C[S™] — D such that Foq = F.

Definition 1. C[S™!] is called the localization of C with respect to S.

Remarks 2.7. (1) The pair (C[S™],q) is uniquely determined up to equivalence.

(2) A sufficient condition to guarantee that C[S™'] is an usual category is that the
functor q : C — C[S87] has a left or a right adjoint. If, say, R : C[S7'] — C
is Tight adjoint to q, then we have a bijection C[S™'(q(X),q(Y)) = C(X, Rq(Y)),
for all X, Y € C. This proves that the morphisms between two objects of C[S™1]
form a set since q is dense. A dual argument works in case q has a left adjoint.

The explicit definition of C[S™!] was given in [13, Chapter 1], but the morphisms in this
category are intractable in general. Then Gabriel and Zisman introduced some condition
on S which makes much more tractable the morphisms in C[S™!].

Definition 2. We shall say that S admits a calculus of left fractions when it satisfies the
following conditions:

(1) 1x €S, forall X € C;
(2) for each diagram X' Ty & v C, with s € S, there exists a diagram

S

X' X LY such that s € S and f'os=25"o f.
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(3) if f,g: X — Y are morphisms in C and there ezxists t € S such thatto f =tog,
then there exists s € S such that fos=gos.

We say that S admits a calculus of right fractions when it satisfies the duals of properties
1-8 above. Finally, we will say that S admits a calculus of fractions, or that S is a
multiplicative system of morphisms, when it admits both a calculus of left fractions and
a calculus of right fractions.

When S admits a calculus of left fractions, the morphisms in C[S™!] have a more
tractable form. Indeed, if X,Y € Ob(C) = Ob(C[S™!]), then C[S7!](X,Y) consists of
the formal left fractions s™'f. Such a formal left fraction is the equivalence class of
the pair (s, f) with respect to some equivalence relation defined in the class of diagrams

X & x4 Y, with s € S. We refer the reader to [13, Chapter 1] for the precise
definition of the equivalence relation and the composition of morphisms in C[S™1].

The process of localizing a category with respect to a class of morphism was developed
in the context of triangulated categories by Verdier (see [38, Section I1.2]).

Definition 3. Let D be a triangulated category. A multiplicative system S in D is said
to be compatible with the triangulation when the following properties hold:

(1) if s : X — Y is a morphism in S and n € Z, then s[n| : X|n]| — Yn] is in S;
(2) each commutative diagram in D

X y 27 X[1]
T
x Loy g Mo

where the rows are triangles and where s,s' € S, can be completed commutatively
by an arrow s” which is in S.

As we can expect, one gets:

Proposition 2.8 (Verdier, Théoreme 2.2.6). Let D be a triangulated category and S be
a multiplicative system compatible with the triangulation in D. There exists a unique
structure of triangulated category in D[S~ such that the canonical functor q : D —>
D[S7Y is triangulated. Moreover, if A is an abelian category and H : D — A is a
cohomological functor such that H(s) is an isomorphism, for each s € S, then there is a
unique cohomological funtor H : D[S~ — A such that Hoq= H.

2.4. Semi-orthogonal decompositions. Brown representability theorem. Let D
be a triangulated category. A t-structure in D (see [7]) is a pair (U, W) of full subcategories
which satisfy the following properties:

i) D(U,W[-1]) =0, forall U e Y and W € W;

i) U[1] C U;
iii) For each X € Ob(D), there is a triangle U — X —» V —— in D, where U € U
and V € W[—1].
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It is easy to see that in such case W = UL[1] and U = *(W[-1]) = L(U*). For this
reason, we will write a t-structure as (U, UL[1]). We will call # and U+ the aisle and
the co-aisle of the t-structure, respectively. The objects U and V' in the above triangle
are uniquely determined by X, up to isomorphism, and define functors 7, : D — U and
"D — U+ which are right and left adjoints to the respective inclusion functors. We
call them the left and right truncation functors with respect to the given t-structure.

Recall that a subcategory X of a triangulated category D is closed under extensions
when, given any triangle X’ — Y — X % in D, with X, X’ € X, the object Y is also
in X.

Definition 4. Let D be a triangulated category and U C D a full subcategory. We say
that U 1is

(1) suspended when it is closed under extensions in D and U[1] CU;
(2) triangulated when it is closed under extensions and U[1] = U
(3) thick when it is triangulated and closed under taking direct summands.

Notation and terminology.- Given a class S of objects of D, we shall denote by
suspp(S) (resp. triap(S), resp. thickp(S)) the smallest suspended (resp. triangulated,
resp. thick) subcategory of D containing S. If U is any suspended (resp. triangulated,
resp. thick) subcategory of D and U = suspp(S) (resp. U = triap(S), resp. thickp(S)),
we will say that U is the suspended (resp. triangulated, resp. thick) subcategory of D
generated by S. When D has coproducts, we will denote by Suspp(S) (resp. Triap(S))
the smallest suspended (resp. triangulated) subcategory of D containing S which is closed
under taking coproducts in D.

Remark 2.9. If D has coproducts and T is a full subcategory closed under taking coprod-
ucts, then it is a triangulated subcategory if, and only if, it is thick (see [29, Prop.1.6.8
and its proof] ).

It is an easy exercise to prove now the following useful result.

Lemma 2.10. Let F' : D — D’ be a triangulated functor between triangulated cat-
egories. If S C D is any class of objects, then F(suspp(S)) C suspp (F(S)) (resp.
F(triap(S)) C triap/ (F(S)), resp. F(thickp(S)) C thickp/(F(S))). When D and D' have
coproducts and F' preserves coproducts, we also have that F(Suspp(S)) C Suspp (F(S))
(resp. F(Triap(S)) C Triap (F(S))).

The following result of Keller and Vossieck [23, Proposition 1.1] is fundamental to deal
with t-structures and semi-orthogonal decompositions.

Proposition 2.11. A full subcategory U of D is the aisle of a t-structure if, and only if,
it is a suspended subcategory such that the inclusion functor U — D has a right adjoint.

The type of t-structure which is most useful to us in this paper is the following.

Definition 5. A semi-orthogonal decomposition or Bousfield localization pair in D is a
t-structure (U, U*[1]) such that U[1] = U (equivalently, such that U+ = U*L[1]). That is,
a semi-orthogonal decomposition is a t-structure such that U (resp. U*) is a triangulated
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subcategory of D. In such case we will use (U,U*) instead of (U,U*[1]) to denote the
semi-orthogonal decomposition.

Certain adjunctions of triangulated functors provide semi-orthogonal decompositions.

Proposition 2.12. Let F': D — D' and G : D' — D be triangulated functors between
triangulated categories such that (F,G) is an adjoint pair. The following assertions hold:
(1) If F is fully faithful, then (Im(F'), Ker(G)) is a semi-orthogonal decomposition of
D'
(2) If G is fully faitfhful, then (Ker(F'), Im(Q)) is a semi-orthogonal decomposition of
D.

Proof. Assertion (2) follows from assertion (1) by duality. To prove (1), note that the unit
A:1lp — G o F is an isomorphism (see [17, Proposition I1.7.5]) and, by the adjunction
equations, we then get that G/() is also an isomorphism, where ¢ : F'o G — 1p/ is the
counit. This implies that if M € D’ is any object and we complete d,; to a triangle

(FoG) (M) 2 M — Yy -5,

then Yy, € Ker(G).
But, by the adjunction, we have that D'(F(D),Y) = D(D,G(Y)) = 0, for each Y €
Ker(G). It follows that (Im(F), Ker(G)) is a semi-orthogonal decomposition of D’. [

Given a triangulated subcategory T of D, we shall denote by Y7 the class of morphisms
s: X — Y in D whose cone is an object of 7. The following is a fundamental result of
Verdier:

Proposition 2.13. Let D be a triangulated category and T a thick subcategory. The
following assertions hold:

(1) X7 is a multiplicative system of D compatible with the triangulation. The category
D[x7"] is denoted by D/T and called the quotient category of D by T.

(2) The canonical functor q : D — D/T satisfies the following universal property:

(*) For each triangulated category D' and each triangulated functor F' : D — D’
such that F(T) = 0, there is a triangulated functor F : D/T — D', unique up to
natural isomorphism, such that Foq = F.

(3) The functor q : D — D/T has a right adjoint if, and only if, (T, T+) is a semi-
orthogonal decomposition in D. In this case, the functor T D — T induces
an equivalence of triangulated categories D/T =T

(4) The functor q : D — D/T has a left adjoint if, and only if, (*T,T) is a semi-
orthogonal decomposition in D. In this case, the functor Tiy : D — +T induces
an equivalence of triangulated categories D/T ST

Proof. Assertions (1) is [38, Proposition 11.2.1.8] while assertion (2) is included in [38,
Corollaire 11.2.2.11]. Assertions (3) and (4) are dual to each other. Assertion (3) is

implicit in [38, Proposition 11.2.3.3]. For an explicit proof, see [25, Proposition 4.9.1] and
use proposition 2.11. 0

In many situations, we will need criteria for a given triangulated functor to have ad-
joints. The main tool is the following.
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Definition 6. Let D be a triangulated category with coproducts. We shall say that D
satisfies Brown representability theorem when any cohomological contravariant functor
H : D — Mod — k which takes coproducts to products is representable. That is, there
exists an object Y of D such that H is naturally isomorphic to D(7,Y).

The key point is the following.

Proposition 2.14. Let D be a triangulated subcategory which satisfies Brown repre-
sentability theorem and let D' be any triangulated category. FEach triangulated functor
F : D — D' which preserves coproducts has a right adjoint.

Proof. See [29, Theorem 8.8.4]. O

Definition 7. Let D have coproducts. An object X of D is called compact when the
functor D(X,?) : D — Mod—k preserves coproducts. The category D is called compactly
generated when there is a set S of compact objects such that Triap(S) = D. We then say
that S is a set of compact generators of D.

Corollary 2.15. The following assertions hold, for any compactly generated triangulated
category D and any covariant triangulated functor F : D — D’:

(1) F preserves coproducts if, and only if, it has a right adjoint;
(2) F preserves products if, and only if, it has a left adjoint.

Proof. See [25, Proposition 5.3.1]. O
The following lemma, whose proof can be found in [32], is rather useful.

Lemma 2.16. Let F' : D — D’ be a triangulated functor between triangulated categories
and suppose that it has a left adjoint L and a right adjoint R. Then L s fully faithful if,
and only if, so is R.

2.5. Recollements and TTF triples. The following concept, introduced in [7], is fun-
damental in the theory of triangulated categories.

Definition 8. A recollement of triangulated categories consists of a triple (D', D, D") of
triangulated categories and of six triangulated functors between them, assembled as follows

i* Ji
! "
iv=ij—= D — j'=j*—="TD |

A Jx

D

which satisfy the following conditons:

(1) Each functor in the picture is left adjoint to the one immediately below, when it
exists;

(2) The composition i‘oj, (and hence also j' o, = j*oi, andi*oj) is the zero functor;

(3) The functors i., j. and ji are fully faithful (and hence the unit maps 1pr —
i'oi, =14 ody, lpn — j* 0 ji = j' 0 ji and the counit maps i* o4y = i* 0i, — lp,
§' 0 s = j* 0 4. — lp» are all isomorphisms);

(4) The remaining unit and counit maps of the different adjunctions give rise, for each
object X € D, to triangules
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(iy 0 ') (X) — X — (ju 0 5*)(X) —

and
(ro ) (X) — X — (i, 0 i*)(X) —.
In such situation, we will say that D is a recollement of D’ and D".

A less familiar concept, coming from torsion theory in module categories, is the following
(see [31]):

Definition 9. Given a triangulated category D, a triple (X,Y, Z) of full subcategories
is called a TTF triple in D when the pairs (X,Y) and (Y, Z) are both semi-orthogonal
decompositions of D.

As shown in [31, Section 2.1], it turns out that recollements and TTF triples are equiv-
alent concepts in the following sense:

Proposition 2.17. Let D be a triangulated category. The following assertions hold:
(1) If

i* Ji
1"
=i —>= D —— j'=j*— "D

.1
A J*

/

D

is a recollement of the triangulated category D, then (Im(j), Im(i.), Im(j.)) is a
TTF triple in D;
(2) If (X,Y,2) is a TTF triple in D, then

i* Ji
te=t)—= D —— jl=j*— X

A J*

y

1$ a recollement, where:

(a) ix =14 : Y —> D and j; : X — D are the inclusion functors;

(b) i* = 7Y : D — Y is the right truncation with respect to the semi-orthogonal
decomposition (X,Y) and i* = 7y : D — Y is the left truncation with respect
to the semi-orthogonal decomposition (), Z);

(c) ' = j* = 7¢ : D — X is the left truncation with respect to the semi-
orthogonal decomposition (X,));

zZ
(d) j. is the composition X — D —— Z — D, where the hooked arrows are the
inclusions and 7% is the right truncation with respect to the semi-orthogonal
decomposition (), Z).

Remark 2.18. In the rest of the paper, whenever

i* J
iv=ij—>= D — j'=j*—"D

A J*

/ "

D

is a recollement of triangulated categories, we will simply write D' = D = D" and the six
functors of the recollement will be understood.

We now give a criterion for a triangulated functor to be one of the two central arrows
of a recollement.
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Proposition 2.19. The following assertions hold:

(1) Let F: D' — D be a triangulated functor between triangulated categories. There
is a recollement D' = D = D", with F = 1., for some triangulated category D", if
and only if F' is fully faithful and has both a left and a right adjoint;

(2) Let G : D — D" be a triangulated functor between triangulated categories. There
is a recollement D' =D = D", with G = j*, for some triangulated category D', if
and only if G has both a left and a right adjoint, and one of these adjoints is fully
faithful.

Proof. (1) We just need to prove the ’if” part of the assertion. If F is fully faithful, then

it induces an equivalence of categories D' —» Im(F) =: V. The fact that F has both a
left and a right adjoint implies that also the inclusion functor iy : Y < D has both a left
and a right adjoint. By proposition 2.11 and its dual, we get that (¥, V*) and (*),))
are semi-orthogonal decompositions of D. Therefore (), Y, V+) is a TTF triple in D
and, by proposition 2.17, we have a recollement ) = D = +)), with i, =iy : Y — D the

inclusion functor. Using now the equivalence D’ =y given by F', we immediately get a
recollement D' =D =+, with i, = F.

(2) Again, we just need to prove the ’if’ part. If G : D — D" is a triangulated functor
as stated and we denote by L and R its left and right adjoint, respectively, then lemma
2.16 tells us that L and R are both fully faithful. Then, by proposition 2.12, we get that
(Im(L), Ker(G),Im(R)) is a TTF triple in D.

Since L gives an equivalence of triangulated categories L : D" =, Im(L) = X, we easily
get that the left truncation functor 7 with respect to the semi-orthogonal decomposition
(X, x1) = (Im(L), Ker(@)) is naturally isomorphic to L o G. Using proposition 2.17, we
then get a recollement Ker(G) =D = D", where j* = G.

OJ

2.6. The derived category of an abelian category. In this subsection A will be an
abelian category. A morphism f: X* — Y* in C(A) is called a quasi-isomorphism when
the morphism H*(f) : H*(X®) — H*(Y®) is an isomorphism in A, for each k € Z. Our
main object of interest is the following category.

Definition 10. The derived category of A, denoted D(A), is the localization of C(.A) with
respect to the class of quasi-isomorphisms.

Note that, in general, D(A) is a big category. Moreover, defined as above, we have the
problem of the intractability of its morphisms. But, fortunately, this latter obstacle is
overcome:

Proposition 2.20 (Verdier). Let Q be the class of quasi-isomoprhisms in C(A). The
following assertions hold:

(1) The canonical functor q : C(A) — D(A) factors through the projection functor
p: C(A) — H(A). More concretely, there is a unique functor, up to natural
isomorphism, q : H(A) — D(A) such that gop = q.

(2) Q@ = p(Q) is a multiplicative system in H(A) compatible with the triangulation

-1,

and the functor q induces an equivalence of categories H(A)[Q | — D(A).
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Proof. See Définition 1.2.2, Proposition 1.3.5 and Remarque 1.3.7 in [38, Chapitre ITI]. [

Corollary 2.21. D(A) admits a unique structure of triangulated category such that the
functor q : H(A) — D(A) is triangulated. Moreover, for each k € Z, the cohomological
functor H* : H(A) — A factors thorough q in a unique way.

It remains to settle the set-theoretical problem that D(A) is a big category. Led by
remark 2.7(2), we will characterize when the functor ¢ : H(A) — D(A) has an adjoint.
Recall that an object X*® € C(.A) is called an acyclic complex when it has zero homology,
i.e., when H¥(X®) = 0, for all K € Z. Note that, when A is AB4, the k-th homology
functor H* : C(A) — A preserves coproducts. In this case, if (X?);c; is a family of
acyclic complexes which has a coproduct in C(A) (equivalently, in H(A)), then [, , X7
is also an acyclic complex. Viewed as a full subcategory of H(.A), it follows that the class
Z of acyclic complexes is a triangulated subcategory closed under taking coproducts.
The dual fact applies to products when A is AB4*. The following result (resp. its dual),
which is a direct consequence of proposition 2.13, gives a criterion for the canonical functor
q:H(A) — D(A) to have a right (resp. left) adjoint.

Proposition 2.22. Let A be an AB/4 abelian category and denote by Z the full subcategory
of H(A) whose objects are the (images by the quotient functor p : C(A) — H(A) of)
acyclic complexes. The following assertions are equivalent:

(1) The pair (Z,Z+) is a semi-orthogonal decomposition in H(A).
(2) The canonical functor q : H(A) — D(A) has a right adjoint.

In such case, there is an equivalence of categories D(A) = Z*, so that D(A) is a real
category and not just a big one.

Definition 11. A chain complex Q* € C(.A) is called homotopically injective (Tesp. homo-
topically projective) when p(Q®) € Z+ (resp. p(Q®) € L Z), where Z is as in the previous
proposition and p : C(A) — H(A) is the projection functor. A chain complex X*® is said
to have a homotopically injective resolution (resp. homotopically projective resolution)
in H(A) when there is quasi-isomorphism v : X* — I% (resp. w: Py — X*), where
IS (resp. Py ) is a homotopically injective (resp. homotopically projective) complex.

Note that X*® has a homotopically injective resolution if, and only if, there is a triangle
Z* — X* - I* 5 in H(A) such that Z° € Z and I* € 2L (ie. Z°is acyclic and
I* is homotopically injective). A dual fact is true about the existence of a homotopically
projective resolution.

As a direct consequence of the definition of semi-orthogonal decomposition and of propo-
sition 2.22, we get the following result. The statement of the dual result is left to the
reader.

Corollary 2.23. Let A be an AB4 abelian category. The canonical functor q : H(A) —
D(A) has a right adjoint if, and only if, each chain complex X* has a homotopically
injective resolution tx @ X*® — I%. In such case 1% is uniquely determined, up to
isomorphism in H(A), and the assignment X ~» I% is the definition on objects of a
triangulated functor iy : D(A) — H(A) which is right adjoint to q.
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Definition 12. In the situation of the previous corollary, i : D(A) — H(A) is called
the homotopically injective resolution functor. When the dual result holds, one defines the
homotopically projective resolution functor p4 : D(A) — H(A), which is left adjoint to
q:H(A) — D(A).

Remark 2.24. When the homotopically projective (resp. homotopically injective) reso-
lution functor is defined, the counit q oiq — lpay (resp. the unit 1pyy — qopa)
of the adjunction pair (q,ix) (resp. (Pa,q)) is a natural isomorphism. We will denote
by ¢ @ 1y — iaoq (resp. m™ : paoq — lyy) the unit (resp. counit) of the
first (resp. second) adjoint pair. But since q ’is’ the identity on objects, we will sim-
ply write 1t = txe @ X®* —> i4X® and m = 7wxe : paX*® — X°*. Both of them are
quasi-isomorphisms.

The canonical examples that we should keep in mind are the following:

Examples 2.25. (1) If A= G is a Grothendieck category, then each chain complex
of objects of G admits a homotopically injective resolution (]2, Theorem 5.4], see
also [37, Theorem D] ).

(2) If A = Mod — A is the category of (right) modules over a k-algebra A, then
each chain complex of A-modules admits both a homotopically projective and a
homotopically injective resolution (see [37, Theorem C]). Note that if A and B are
k-algebras, then a B — A—bimodule is the same as a right B°? @ A-module, by the
rule m(b°®a) = bma, for alla € A, b € B and m € M. Therefore the existence of
homotopically injective and homotopically projective resolutions also applies when
taking A = Mod — (B ® A) to be the category of B — A—bimodules.

(3) Since we have canonical equivalences C(AP) = C(A)? and H(AP) = H(A)?, the
opposite category of a (bi)module category is another example of abelian category
A over which every complex admits both a homotopically projective resolution and
a homotopically injective one.

A consequence of Brown representability theorem is now the following result.
Proposition 2.26. Let A be an algebra and S be any set of objects of D(A). The following
assertions hold:

(1) U := Suspp4)(S) is the aisle of a t-structure in D(A). The co-aisle U consists
of the complexes Y* such that D(A)(S®[k],Y*) = 0, for all S* € S and and all
integers k > 0;

(2) T = Triapay(S) is the aisle of a semi-orthogonal decomposition in D(A). In
this case T+ consists of the compleres Y'* such that D(A)(S*[k],Y*) = 0, for all
S*e S and k € Z.

Proof. Assertion 1 is proved in [3, Proposition 3.2] (see also [36] and [22, Theorem 12.1] for
more general versions). Assertion 2 follows from 1 since Triap4)(S) = Susppa)(Uyez S[K))-

2.7. Derived functors and adjunctions.

Lemma 2.27. Let C and D be Frobenius exact categories and let F' : C — D and G :
D — C be functors which take conflations to conflations. Then the following statements
hold true:
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(1) If F takes projective objects to projective objects, then there is a triangulated func-
tor F': C' — D, unique up to natural isomorphism, such that pp o F = F o pc.
(2) If (F,G) is an adjoint pair, then the following assertions hold:
(a) Both F' and G preserve projective objects.
(b) The induced triangulated functors F : C — D and G : D — C form an
adjoint pair (F,G).

Proof. (1) The existence of the functor is immediate and the fact that it is triangulated
is due to the fact that all triangles in C' and D are ’image’ of conflations in C and D by
the respective projection functors.

(2) (a) The proof is identical to the one which proves, for arbitrary categories, that
each left (resp. right) adjoint of a functor which preserves epimorphisms (resp. monomor-
phisms) preserves projective (resp. injective) objects. Then use the fact that the injective
and projective objects coincide.

(b) Let us fix an isomorphism 7 : D(F(?),?) — C(?, G(?)) natural on both variables
and let C' € C and D € D be any objects. If & € D(F(C'), D) is a morphism which factors

through a projective object @ of D, then we have a decomposition F(C') N Q - D.
Due to the naturality of 7, we then have a commutative diagram:

D(F(C),Q) ——2—(C,G(Q))
l% lG(V)*
D(F(C), D) —2—(C,G(D))

with the obvious meaning of the vertical arrows. It follows that

ne.p(a) =ne.p(yo B) = (ep o) (B) = G(7): onee(B) = G(Y) e neq(h),

which proves that ne p(a) factors through the projective object G(Q) of C. We then get
and induced map 7o p : D(E£(C), D) — C(C,G(D)), which is natural on both variables.
Applying the symmetric argument to 7!, we obtain a map FQD : C(C,G(D)) —
D(F(C), D), natural on both variables, which is clearly inverse to 7. Then (F,G) is an
adjoint pair, as desired. O

Bearing in mind that C(A) = H(A), for any abelian category category A, the following

definition makes sense.

Definition 13. Let A be an ABJ abelian category such that every chain complex of
objects of A admits a homotopically injective resolution, and let iy : D(A) — H(A) be
the homotopically injective resolution functor. If B is another abelian category and F :
C(A) — C(B) is a k-linear functor which takes conflations to conflations and contractible
complezes to contractible complexes, then the composition of triangulated funtors

D(A) 4 H(A) = H(B) 25 D(B)
is called the right derived functor of F', usually denoted RF'.
Dually, one defines the the left derived functor of F', denoted LE', whenever A is an

ABJ* abelian category on which every chain complex admits a homotopically projective
resolution.
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We now get:

Proposition 2.28. Let A and B be abelian categories. Suppose that A is AB4* on which
each chain complex has a homotopically projective resolution and B is AB4 on which
each chain complex has a homotopically injective resolution. If F': C(A) — C(B) and
G :C(B) — C(A) are k-linear functors which take conflations to conflations and form an
adjoint pair (F,G), then the derived functors LF : D(A) — D(B) and RF : D(B) —
D(A) form an adjoint pair (LF,RG).

Proof. By definition, we have
LE : D(A) 24 H(A) -5 H(B) 2 D(B)

and

RG : D(B) -2 H(A) -5 H(A) 44 D(A).

The result is an immediate consequence of the fact that (p,q4), (F,G) and (g, i) are
adjoint pairs. O

3. CLASSICAL DERIVED FUNCTORS DEFINED BY COMPLEXES OF BIMODULES

3.1. Definition and main adjunction properties. If A is a k-algebra, we will write
C(A), H(A) and D(A) instead of C(ModA), H(ModA) and D(ModA), respectively. This
rule applies also to the algebra B°? ® A, for any algebras A and B.

Let A, B and C be k-algebras. Given complexes T and M*®, of B — A—bimodules
and A — C'—bimodules respectively, we shall associate to them several functors between
categories of complexes of bimodules. The material can be found in [40], but the reader is
warned on the difference of indization of complexes with respect to that book. The total
tensor product of T* and M?*®, denoted T* ®$% M?*, is the complex of B — C'—bimodules
given as follows (see [40, Section 2.7]):

(1) (T* @Y% M*)" = @4 j—pyT" @4 M, for each n € Z.
(2) The differential d™ : (T* @% M*®)" — (T* @% M*)"! takes t @ m ~ dp(t) @ m +
(—1) ® dps(m), whenever ¢ € T* and m € M?

When T is fixed, the assignment M*® ~» T ®% M?* is the definition on objects of a
k-linear functor 7°®%7 : C(A?®C) — C(B?®C(C). It acts as f ~ 1r® f on morphisms,
where (17® f)(t®@m) = t® f(m), whenever t € T* and m € M*® are homogeneous elements.
Note that, with a symmetric argument, when M*® € C(A?®C) is fixed, we also get another
k-linear functor ? ®% M* : C(B? ® A) — C(B ® (') which takes T ~» T ®$ M*® and
g ~ g®1,. In this way, we get a bifunctor ?7®%7? : C(BP?RA)xC(A?RC) — C(B?®C).

Suppose now that N® is a complex of C' — A—bimodules. The total Hom complex
Hom$(T*, N*) is the complex of C'— B—bimodules given as follows (see [40, Section 2.7]
or, in a more general context, [19, Section 1.2]):

(1) Hom3(T*, N*)" = [],_,_, Homu(T", N7), for each n € Z.
(2) The differential Hom® (7, N*)™ — Hom® (T, N*)"™! takes f ~» dyof—(—1)"fo
dum
The assigment N® ~~ Hom$% (7", N*) is the definition on objects of a k-linear functor
Hom?% (7°,7) : C(C? ® A) — C(C? ® B). The functor acts on morphism as a ~» a,
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where a,.(f) = a o f, for each homogeneous element f € Hom%(7*, N*). Symmetrically,
if N* € C(CP® A) is fixed, then the assignment 7 ~» Hom?% (7®, N*) is the definition on
objects of a functor Hom% (7, N*) : C(B? ® A)®? — C(C? ® B). It acts on morphisms
as f ~» Hom%(B, N*®) =: %, where f*(f) = f o 3, for each homogeneous element f €
Hom (7*, N*). In this way, we get a bifunctor Hom%(?,?) : C(B?® A) x C(CP?® A) —
C(C? ® B).
Obviously, we also get bifunctors:
T@%7:C(CP® B) xC(B?® A) — C(CP R A), (X, T°) ~ X* % T*;
Hom%.,(7,7) : C(B?®C) x C(B?® A) — C(CP ® A),
(Y*,T*) ~» Hom%p., (Y, T°).

Proposition 3.1. Let A, B and C be k-algebras. All the bifunctors 1®%7, 1®%7, Hom%(?,7)
and Homyo,(7,7) defined above preserve conflations (i.e. semi-split exzact sequences) and
contractible complexes on each variable. Moreover, if T® is a complex of B— A—bimodules,
then the following assertions hold:
(1) The pairs (? @% T*, Hom%(T*,?)) and (T*®%?, Hom%.,(T*, 7)) are adjoint pairs.
(2) The pair (Homgo, (7, T°) : C(B? @ C) — C(C? @ A)°P, Hom%(?,T*) : C(C? ®
A)? — C(B? ® C)) is an adjoint pair.

Proof. 1t is clear that the k-linear functors 7°®%? : C(A?®C) — C(B?®C), Hom% (71", 7?) :
C(CPRA) — C(C’®B) and Hom%(?,T°) : C(CP®A) — C(B?®C) after forgetting
about the differentials, induce corresponding functors between the associated graded cat-
egories. For instance, we have an induced k-linear functor ?®% 7 : (Mod(C? ® B))Z —
(Mod(C? @ A))Z. But then this latter functor preserves split exact sequences. This is
exactly saying that 7 ®@% 7* : C(CP? ® B) — C(C? ® A) takes conflations to conflations.
The corresponding argument works for all the other functors.

So all the bifunctors in the list preserve conflations on each component. That they also
preserve contractible complexes on each variable, will follow from lemma 2.27 once we
prove the adjunctions of assertions (1) and (2).

(1) This goes as in the usual adjunction between the tensor product and the Hom
functor in module categories. Concretely, we define

n=mnmy :C(CPRA)(M*@%T*,Y*) — C(C?® B)(M*,Hom?(T*,Y*))

by the rule: [n(f)(m)](t) = f(m @ t), whenever m € M* and t € T7, for some i,j € Z.
We leave to the reader the routine task of checking that n(f) is a chain map M* —
Hom?® (7, Y*). The naturallty of n is then proved as in modules.

(2) We need to define an isomorphism

=&y :C(B?®C)(Y*,Hom® (M*,T*)) — C(C? @ A)?(Hom%,, (Y, T°), M*®) =
C(C? @ A)(M*®,Hom%., (Y, T*)),

natural on M*® € C(C? ® A) and Y* € C(B” ® C). Our choice of £ is identified by
the equality [¢(f)(m)](y) = (=1)™I¥ f(y)(m), for all homogeneous elements f € C(B” ®
C)(Y*,Hom%(M*,T*)), m € M* and y € Y°. O

With the notation of last proposition, we adopt the following notation:
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a) ?7@% T : D(C? ® B) — D(C ® A) will denote the left derived functor of
TRRT:C(CPR®B) — C(CP®A)

b) RHomu(7*,?) : D(C?® A) — D(C? ® B) will denote the right derived functor
of Hom%(7*,?7) : C(C* ® A) — C(C? ® B)

¢) RHomy(?,7°) : D(CPRA)P — D(B?®C') will denote the right derived functor
of Hom%(?,7°*) : C(C? @ A)? — D(B ® C) or, equivalently, the left derived
functor of Hom%(?,7°) : C(C? @ A) — D(B*? @ C)P.

d) Ts(?,?): D(B?® A) x D(A? ® C) — D(B? ® C') will denote the composition

D(B” ® A) x D(A® @ O) P27 2R gy gov o A) 5 1 (AP © C) 25
H(B”? ® C) - D(B* ® C),

where the central arrow is induced by the bifunctor C(B” ® A) x C(A” ® C) 2N
C(B” ® (') and is well-defined due to proposition 3.1. The bifunctor T4(?,7) is

triangulated on each variable.
e) Hy(?,?7) : D(B?® A)®? x D(C? @ A) — D(C? ® B) is the composition

D(BP® ® A)P x D(C? © A) PP 2794 qy(Bov @ A)r x H(CP @ A) 22l
H(C? ® B) — D(C? ® B),
which is a bifunctor which is triangulated on each variable.
¢’) Hpor(?,7) : D(B?RC)? xD(BP?®A) — D(CP®A) is a bifunctor, triangulated
on both variables, which is defined in a similar way as that in e).
Of course, there are left-right symmetric versions T°®L? : D(A® ® C) — D(B? @ C),
RHOI’IIBOP(T., 7) : D(BOP (029 C) — D(AOP X C) and RHOmBoz)<?, T.) : D(BOP & C)op —
D(C @ A) of the functors in a), b) and c). Their precise definition is left to the reader.
As a direct consequence of propositions 2.28 and 3.1, we get:

Corollary 3.2. Let A, B and C be k-algebras and let T'® be a complex of B— A—bimodules.
With the notation above, the following pairs of triangulated functors are adjoint pairs:
(1) (? @5 T, RHomA(T*,7));
(2) (T'@ﬁ?, RHomBop (T., 7)),
(3) (RHomper(?,7*) : D(B? @ C) — D(CP? @ A)?, RHomu(?,T*) : D(C”? ®
A)? — D(B? ® C)).

Definition 14. We will adopt the following terminology, referred to the adjunctions of
last corollary:
(1) A : Ipcorgn) —> RHoma(T*,?) o (?@%T) and 6 : (? @% T) o RHoma(T*,?) —
Lp(corgay will be the unit and the counit of the first adjunction.
(2) p: lpaowec) — RHomper(T*,?)o(T*®%57) and ¢ : (T*®%?)o RHomper (T*,7) —
Lpergc) are the unit and counit of the second adjunction.
(3) (o 1’D(BOP®C) — RHomA(?,T')ORHomBop(?,T°) and T : 1D(COP®A> — RHOmBop<?,T.)O
RHoma(?,T*) are the unit and the counit of the third adjunction (note that the
last one is an arrow in the opposite direction when the functors are considered as
endofunctors of D(CP @ A)P).

The following lemma is very useful:
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Lemma 3.3. In the situation of last definition, let us take C' = k and consider the
following assertions:
(1) Ap : B — RHomyu(T*,? @% T*)(B) = RHom4(T*,?)(T*) is an isomorphism in
D(B);
(2) 67 : [RHoma(T®,?) @% T*|(T*) — T* is an isomorphism in D(A);
(3) op : B — [RHomus(RHomper(?,T°),T*)|(B) = RHoma(?,T*)(T*) is an iso-
morphism in D(B);
(4) 7pe : T* — [RHompor(RHom(?7,T°), T*)|(T*) is an isomorphism in D(A).
Then the implications (2) <= (1) <= (3) = (4) hold true.

Proof. (1) = (2) Putting F =?®@%T* and G = RHom,4(T™,?), the truth of the implica-
tion is a consequence of the adjunction equation 1ppy = d0p(p) o F'(Ap) and the fact that
F(B) = T*.

(3) = (4) also follows from the equations of the adjunction (RHompge»(?,7°), RHom4 (7, T*))
(see corollary 3.2).

(1) <= (3) Let pa,ia : D(A) — H(A) be the homotopically projective resolution
functor and the homotopically injective resolution functor, respectively. By definition of
the derived functors, we have RHomy (7, 7)(7*) = Hom®% (7*,is7T*) and RHom, (7, 7°)(T*) =
Hom?® (paT*,T*). Let then 7 : pyT* — T* and ¢ : T* — 4T be the canonical quasi-
isomorphisms. We then have quasi-isomorphisms in C(k):

RHomy (7°,7)(T°*) = Hom$ (T°,i47"*) AN Hom?, (pAT*,isT*) +— Hom? (psT*, T*) =
RHom4(?,T°)(T*)

Note that Ag and op are the compositions:

Ap : B —s Hom%(T*, T*) —= Hom?%(T*,i,T*) = RHomy(T*, ?)(T*),
and
op: B — Hom%(T*,T*) — Hom® (pAT*, T*) = RHom,(?,T*)(T*),

where the first arrow, in both cases, takes b ~» X\, : t ~ bt, and the other arrows are
i = Hom%(7T*,:) and # = Hom®(m, T*).

A direct easy calculation shows that the equality 7* o Ap = 1, 0 o holds in C(k). As a
consequence, Ag is a quasi-isomorphism if, and only if, so is op. O

We explicitly state the left-right symmetric of the previous lemma since it will be
important for us:

Lemma 3.4. In the situation of last definition, let us take C = k and consider the
following assertions:
(1) pa : A — RHomper(T*, T*®@%7)(A) = RHomper(T*,?)(T*) is an isomorphism
in D(A%);
(2) ¢p : [T* @% @R Homa(T®,)|(T*) — T* is an isomorphism in D(BP);
(3) 74 : A — [RHomper(RHoms(?,T°),T*)|(A) = RHomper(?7,T°)(T*) is an iso-
morphism in D(A);
(4) o7 : T* — [RHoma(RHompes(?7,T*), T*)|(T*) is an isomorphism in D(BP).
Then the implications (2) <= (1) <= (3) = (4) hold true.
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3.2. Homotopically flat complexes. Restrictions. In order to deal with the derived
tensor product, it is convenient to introduce a class of chain complexes which is wider
than that of the homotopically projective ones.

Definition 15. Let B be any algebra. A complex F'* € C(B) is called homotopically flat
when the functor F*®%x7 : C(B) — C(k) preserves acyclic complexes.

The key points are assertion (3) and (4) of the following result.

Lemma 3.5. Let A and B be k-algebras. The following assertions hold:
(1) If Z* € C(B) is acyclic and homotopically flat, then the essential image of Z*®@%7 :
H(B?) — H(k) consists of acyclic complexes;
(2) Each homotopically projective object of H(B) is homotopically flat;
(3) If F* 5 M*® is a quasi-isomorphism in C(B), where F* is homotopically flat,
then, for each N* € C(B? @ A), we have an isomorphicm (7 @% N®)(M*®) =
F*®% N* in D(A);
(4) If F* is homotopically flat in H(B) and N*® is a complex of B — A-bimodules, then
(F L7 (N®) = F* @% N* in D(A).
Proof. All throughout the proof we will use the fact that D(B) (resp. D(B)) is compactly
generated by {B} (see proposition 3.13 below).

(1) The given functor T' := Z°®%7 is triangulated and take acyclic complexes to
acyclic complexes. Then it preserves quasi-isomorphisms. By construction of the de-
rived category, we then get a unique triangulated functor T : D(B°?) — D(k) such that
Toqp = q,oT, where qp : H(B®) — D(B%) and ¢ : H(k) — D(k) are the canonical
functor.

We will prove that 7T is the zero functor and this will prove the assertion. We consider
the full subcategory X of D(B) consisting of the complexes M*® such that T(M*®) = 0.
It is a triangulated subcategory, closed under taking arbitrary coproducts, which contains
B. We then have X = D(B).

(2) By [19, Theorem P], each homotopically projective complex is isomorphic in #H(A)
to a complex P*® which admits a countable filtration

PlCPrC..CPC..,

in C(B), where the inclusions are inflations and where PJ and all the factors P?/P?_, are
direct summands of direct sums of stalk complexes of the form B[k], with & € Z. We
just need to check that this P® is homotopically flat. Due to the fact that the bifunctor
'®%7: C(B) x C(B®) — C(k) preserves direct limits on both variables, with an evident
induction argument, the proof is easily reduced to the case when P* = B[r], for some
r € Z, in which case it is trivial.

(3) Let P* := pM* -~ M* be the homotopically projective resolution. Then s~'onw €
D(B)(P*, F*) = H(B)(P*, F*). Then we have a chain map f : P®* — F* such that
so f =min H(B). In particular, f is a quasi-isomoprhism between homotopically flat
objects. Its cone is then an acyclic and homotopically flat complex. By assertion (1),
we conclude that f ®% 1y has an acyclic cone and, hence, it is a quasi-isomorphism, for

each N* € C(B? ® A). We then have an isomorphism (? @% N*)(M*®) = P*®@% N* e lye
F*®% N*in D(A).

1
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(4) Let us consider the triangle in H(B? ® A)
pBop®AN. i) N. — Z. i}

afforded by the homotopically projective resolution of N°®. Then Z°® is acyclic and the

homotopically flat condition of F* tells us that (F*®%E7?)(N®) = F* @% pporgaN® ELLN

F* ®% N* is a quasi-isomorphism and, therefore, an isomorphism in D(A). O

In order to understand triangulated functors between derived categories of bimodules as
‘one-sided’ triangulated functors, it is important to know how homotopically projective or
injective resolutions behave with respect to the restriction functors. The following result
and its left-right symmetric are important in this sense.

Lemma 3.6. Let A and B be algebras. The following assertions hold:

(1) If A is k-flat, then the forgetful functor H(A® @ B) — H(B) preserves ho-
motopically injective complexes and takes homotopically projective complexes to
homotopically flat ones.

(2) If A is k-projective, then the forgetful functor H(A® ® B) — H(B) preserves
homotopically projective complexes.

Proof. Assertion (2) and the part of assertion (1) concerning the preservation of homo-
topically injective complexes are proved in [32] in a much more general contex. Suppose
now that A is k-flat and let P* € H(A®” @ B) be homotopically projective. Using [19,
Theorem PJ, we can assume that P* admits a countable filtration

PCPrC..CPC..,

where the inclusions are inflations and where P§ and all quotients P?/P2_, are direct
summands of coproducts of stalk complexes of the form A® B[r]. That A is k-flat implies
that it is the direct limit in Mod — k of a direct system of finitely generated free k-modules
(see [26, Théoréme 1.2]). It follows that, in C(B), A® B|r] is a direct limit stalk complexes
of the form B®[r], all of which are homotopically flat in C(B). Bearing in mind that the
bifunctor 7®%? preserves direct limits on both variables, one gets that each stalk complex
A ® B|r] is homotopically flat in C(B), and then one easily proves by induction that each
P in the filtration is homotopically flat in C(B). But, by definition, the direct limit in
C(B) of homotopically flat complexes is homotopically flat. O

3.3. Classical derived functors as components of a bifunctor. It would be a natural
temptation to believe that if 7* € C(B®? ® A) and M* € C(A”? ® (), then we have
isomorphisms T4 (T, M®) = (T*®%?)(M*®) and T4 (T°, M*) = (?@% M*)(T*) in D(B*®
(). Similarly, one could be tempted to believe that if 7 is as above and N* € C(C? ®
A), then one has isomorphisms H4 (7, N°*) = RHomy(7°,7)(N®) and H(T*, N®) =
RHomy (7, N*)(T*) in D(C” ® B). However, we need extra hypotheses to guarantee
that.

Proposition 3.7. Let A, B and C be k-algebras and let gT%, AM¢g and ¢ Ny complexes
of bimodules over the indicated algebras. There exist canonical natural transformations of
triangulated functors:

(1) TA(T*,7) — T*®%? : D(A” @ C') —s D(B? @ C);
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(2) TA(?, M) —?@% M* : D(B* ® A) — D(B® ® C);

(3) RHomu(T*,7) — H4(T*,7) : D(CP?® A) — D(C? ® B);

(4) RHomu(?,N®) — H4(?,N°*) : D(B? ® A)? — D(C? @ B)
Moreover, the following assertions hold

a) If C is k-flat, then the natural transformations 1 and 3 are isomorphism;
b) if B is k-flat, then the natural transformation 2 is an isomorphism;
c) if B is k-projective, then the natural transformation 4 is an isomorphism.

Proof. (1) By definition, we have T 4(T*, M*®) = (pporeaT®)@% (PacrecM®) and (T*®%7)(M®) =
T* R% (PacrecM®). If mr @ (PporgaT®) — T is the homotopically projective resolution,
we clearly have a chain map

T(T*, M*) = (PporsaT*) @ (PacrecM®) ™5 T* @3 (PawecM®) = (T°@%?)(M*)
That this map defines a natural transformation T 4(T*,?) — T*®%? is routine.

(2) follows as (1), by applying a left-right symmetric argument.

(3), (4) By definition again, we have H4(7*, N*) = Hom® (pPporgaT™® , icorgaN®),
RHomy (7°,7)(N®) = Hom% (T, icergaN®) and RHomy (7, N*)(7**) = Hom® (ppergaT®, N*).
If 7r is as above and (y : N®* — icore 4 N® is the homotopically injective resolution, we
then have obvious chain maps

HomA.A(pBop(X)AT., N.) (LL); HomA.A(pBop(X)AT., iCop@AN.) (W_T HOIHA(T', iCop@AN.).
It is again routine to see that they induce natural transformations of triangulated functors
RHomy (7, N*) — Ha(?,N*) and H4(7*,?7) <— RHomu (7", 7).

On the other hand, when C'is k-flat, by lemma 3.6, we know that the forgetful functor
H(AP @ C) — H(AP) (resp. H(C? @ A) — H(A)) takes homotopically projective
objects to homotopically flat objects (resp. preserves homotopically injective objects). In
particular, the morphisms 77 ®* 1 and 77 considered above, are both quasi-isomorphisms,
which gives assertion a). Assertion b) follows from the part of a) concerning the derived
tensor product by a symmetric argument.

Finally, if B is k-projective, then, by lemma 3.6, the forgetful functor H(B” ® A) —
H(A) preserves homotopically projective objects. Then the map (tx). above is a quasi-
isomorphism.

O

Lemma 3.8. Let A, B and C' be k-algebras. The following assertions hold:
(1) The assignment (T, X*) ~ Hom%pe, (T, B) ®% X* is the definition on objects of
a bifunctor
Hom%e (7, B)®%? : C(B? @ A)? X C(B? @ C') — C(A? @ ()
which preserves conflations and contractible complexes on each variable.
(2) There is a natural transformation of bifunctors
1 Hompop (7, B)®%? — Hompen (7, 7).

Proof. Assertion (1) is routine and left to the reader. As for assertion (2), let us fix
T* € C(B?® A) and X* € C(B” ® C'). We need to define a map
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¢ =7 x : Hom%,, (T*, B) ®} X* — Homp., (1%, X°).

Let f € Hom%., (T, B) and x € X* be homogeneous elements, whose degrees are denoted
by |f] and |z|. We define ¢ (f ® x)(t) = (1)1l f(#)z, for all homogeneous elements
f € Hom$%,,(T*, B), z € X*® and t € T*, and leave to the reader the routine task of
checking that ¢ is a chain map of complexes of A — C'—bimodules which is natural on
both variables. O

Assertion 1 in the previous lemma allows us to define the following bifunctor, which is
triangulated on both variables:

TH(7, 7) . D(BOp ® A)op % D(BOp ® C) pBOP@)A_XF;Bop@C
H(BP © A)® x H(BP o C) 2S5 g a0 0 0) 4 D(AP & ).
We have the following property of this bifunctor.

Proposition 3.9. Let A, B and C be k-algebras and let T* € C(B? @ A) and Y* €
C(B? ®C') be complexes of bimodules. The natural transformation of lemma 3.8 induces:

(1) A natural transformation of bifunctors 6 : TH(?,?7) — Hpor(?,7) and natural
transformation Oy« : (? @5 Y*) o RHomper(?, B) — RHomper(?,Y*®) of triangu-
lated functors D(B® @ A) — D(A®? @ C). When A is k-projective, there is a
natural transformation vy. : (7 @5 Y*®) o RHompor(?, B) — TH(?,Y®) such that
Oye = 0(7,Y*)ovys. If, in addition, C is k-flat, then vys is a natural isomorphism.

(2) When C' is k-flat, 0 induces a natural transformation 61" : RHompe» (T®, B)®5L? =
TH(T*,?) — Hpge(T*,7) = RHomp (T*,7) of triangulated functors D(B® &
C) — D(A? ® C).

Proof. All throughout the proof, for simplicity, whenever M* is a complex of bimodules,
we will denote by m = w1 pM®* — M*® and ¢ = 1y : M* — iM?*, respectively, the
homotopically projective resolution and the homotopically injective resolution, without
explicitly mentioning over which algebras it is a complex of bimodules. In each case, it
should be clear from the context which algebras they are.

(1) We define 67y as the composition

TH(T*,Y*) = Hom,, (pT*, B) ©% pY* —*+ Hom,, (pT*, pY*) =%
Hom,,, (pT*,Y*) % Homsy,, (pT*,1Y*) = Hpor (T%,Y*).

Checking its naturality on both variables is left to the reader.
As definition of fy., we take the composition:

[(?@% Y) o RHomper (?, B)](T*) = pHom%., (pT*®, B) @% Y* e
HomS%e, (pT*, B) % Y* —2 Hom%., (pT*,V*) = RHomper (7, Y*)(T*).

When A is k-projective, we have a natural isomorphism RHompger(?,Y*) = Hper(7,Y*®)
(see proposition 3.7 ¢)). On the other hand, we have morphisms in H(A? ® B)

TH(T*,Y*) = Homy., (pT*, B) @3 pY* = pHoms,,, (pT*, B) @3, pY* "=
pHom%., (pT*, B) @% Y* = [(? ®% Y) o RHompe (?, B)](T*),

—160—



where 7y is taken for H* := Hom%,,(p7"®, B). The right morphism is a quasi-isomorphism
since the k-projectivity of A guarantees that pHom%.,(p7™®, B) is homotopically projective
in H(B). The evaluation of the natural transformation vy at 7* is vyr = (7y ®°* 1) o
(1®*my) L [(?@2%Y) o RHompe: (7, B)|(T*) — TH(T*,Y*). This is an isomorphism
if, and only if, 7y ®* 1 is an isomorphism in D(A” ® C'). For this to happen it is enough
that C' be k-flat, for then pY™® is homotopically flat in H(B).

The fact that, when A is k-projective, we have an equality 0y = 0(7,Y") o vy follows
from the commutativity in H (A ® B) of the following diagram:

[(? ®% Y*®) o RHompe (7, B)] (T°)

pHom$%., (pT*, B) @ pY'* ey

pHom$%., (p7*, BRp Y*
\LWH@l Tr®1
TH(T*,Y*) = Hompe (pT*, B) @ pY® — = Homi gor (pT*, B) @ Y*

k :

Hompor (pT*, pY*) Hompgor (pT*,Y*) = RHomper(?,Y*)(T*)

(LY)*

HomBop (pT., LY.) — HBOp (T., Y.)

(2) Note that, by definition of the involved functors, we have an equality RHompe» (T, B)@%? =
TH(T*,?). Then assertion (2) is a consequence of assertion (1) and proposition 3.7 a). O

Definition 16. Let A and B be k-algebras. We shall denote by (7)* both functors
RHomp(?,B) : D(A®? ® B)* — D(B* ® A) and RHompge(?, B) : D(B? ® A)? —
D(A” ® B).

Note that, with the appropriate interpretation, the functors (?)* are adjoint to each
other due to corollary 3.2. In particular, we have the corresponding unit o : 1 — (7)**
for the two possible compositions. The following result is now crucial for us:

Proposition 3.10. Let A, B and C be k-algebras, let T*® be a complex of B— A—bimodules
such that gT* is compact in D(B) and suppose that A is k-projective. The following
assertions hold:
(1) For each complex Y* of B — C'—bimodules, the map 0y (T®) : (? @% Y)(T*) =
[(? @5 V) o RHompes (7, B)|(T*®) — RHompes(?,Y*)(T*) is an isomorphism in
D(AP ® C);
(2) Ty is compact in D(B) and he map or : T®* — T*** is an isomophism in
D(B?® A);
(3) When in addition C' is k-flat, the following assertions hold:
(a) There is a natural isomorphism of triangulated functors T**®%? =2 R Homper (T°,7) :

D(B? ® C) — D(A? ® (C);
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(b) There is a natural isomorphism of triangulated functors 7@%T* = RHomp(T**,?) :
D(C?® B) — D(A?® C).

Proof. All throughout the proof we use the fact that per(B) = thickp)(B) and similarly
for B (see proposition 3.14 below).

(1) For any k-projective algebra A, let us put Fy := (? ®% Y*) o RHompe»(?, B) and
G4 = RHomper(?,Y®), which are triangulated functors D(B? @ A)®? — D(A? ®
(). Since the forgetful functors H(B”? @ A) — H(B?) = H(B? ® k) and H(A? ®
C) — H(C) = H(C®k) preserve homotopically projective objects, we have the following
commutative diagrams (one for /' and another one for G), where the vertical arrows are
the forgetful (or restriction of scalars) functors:

Fa
D(B @ A)P D(A” & C)
Ga
lUBop lUC
F,
D(Br)” D(C)
G

We shall denote Oy« (T*) by 0 yo : FA(T*) — G4(T*) to emphasize that there is one
for each choice of a k-projective algebra A. Note that, by proposition 3.9, if C' is not
k-flat we cannot guarantee that «9{,?? is a natural transformation of bifunctors. Recall that

07 v« is the composition

Fa(T*) = [(?®%Y) o RHompger (?, B)|(T*) = pHom}., (pT*, B) ®% Y* P,
Hom%., (pT*, B) @% Y* N Hom$%., (p7*,Y*) = RHomper (7, Y*)(T*) = Ga(T*).

When applying the forgetful functor Ue : D(A” ® C') — D(C), we obtain Uc(67y) :=
(Uc o FA)(T*) — (Uc 0 GA)(T*). Due to the commutativity of the above diagram, this
last morphism can be identified with the morphism 6%y, i.e., the version of fy obtained
when taking A = k. But observe that 6} y is an isomorphism. This implies that 0% , is an
isomorphism, for each X* € thickp(gor)(B) = per(B?). It follows that 0%, = Uc(67y)
is an isomorphism since pT* € per(B°). But then 6%, is an isomorphism because Ug
reflects isomorphisms. 7

(2) Due to the k-projectivity of A, we have the following commutative diagram, where
the lower horizontal arrow is the version of (7)* when A = k.

)"

D(B® © A) D(A”  B)
lUBop lUB
D<Bop>op ™" ’D(B)

The task is hence reduced to check that the lower horizontal arrow preserves compact
objects. That is a direct consequence of the fact that (zB)* = RHompe» (7, B)(B) = Bp
and that the full subcategory of D(B) consisting of the X* such that X** € per(B) is
a thick subcategory of D(B?).
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In order to prove that ¢ = op. is an isomorphism there is no loss of generality in
assuming that A = k. Note that the full subcategory X of D(B) consisting of the X*
for which oxe : X* — X** is an isomorphism is a thick subcategory. We just need
to prove that pB € X since gT* € per(B%). We do it by applying lemma 3.3 with
TS = pBg. Indeed, A\p: B — RHompg(B,? ®% B)(B) is an isomorphism in D(B).

(3) Assume now that C' is k-flat. Due to assertion (2), assertions (3)(a) and (3)(b) are
left-right symmetric. We then prove (3)(a). Proposition 3.9 allows us to identify 6y« =
07 ye and 07 = Ore, where 0 : TH(?,?) — Hpo(?,7) is the natural transformation
of bifunctors given in that proposition. We then have the following chain of double
implications:

67" natural isomorphism <= 0pe y+ isomorphism, for each Y* € D(B? @ (), <=
6¥* (T*) isomorphism, for each Y* € D(B® ® C).

Now use assertion (1). O
As a direct consequence of the previous proposition, we have:

Corollary 3.11. Let A and B be k-algebras, where A is k-projective, and denote by Lp 4
(resp Rap) the full subcategory of D(B® ® A) (resp. D(A® @ B)) consisting of the
objects X' such that pX* (resp. X},) is compact in D(B?) (resp. D(B)). Then Lp a
and Ra g are thick subcategories of D(B? ® A) and D(A® @ B), respectively. Moreover,
the assignments X* ~» X** define quasi-inverse triangulated dualities (=contravariant

equivalences) Lp 4 <— Rap.

3.4. A few remarks on dg algebras and their derived categories. In a few places
in this paper, we will need some background on dg algebras and their derived categories.
We just give an outline of the basic facts that we need. Interpreting dg algebras as dg
categories with just one object, the material is a particular case of the development in
[19] or [20].

A dg algebra is a (Z-)graded algebra A = @,cz AP together with a differential. This is
a graded k-linear map d : A — A of degree 1 such that d(ab) = d(a)b+ (—1)"lad(b),
for all homogeneous elements a,b € A, where |a| denotes the degree of a, and such that
dod = 0. In such case a (right) dg A-module is a graded A-module M*® = @,z MP
together with a k-linear map dy; : M* — M?*® of degree +1, called the differential of M*,
such that dys(ra) = dy(x)a + (=1)lzd(a), for all homogeneous elements x € M*® and
a € A, and such that dy; ody; = 0. It is useful to look at each dg A-module as a complex

LMP ﬂ) MPTt — | of k-modules with some extra properties. Note that an ordinary
algebra is just a dg algebra with grading concentrated in degree 0, i.e. AP =0 for p # 0.
In that case a dg A-module is just a complex of A-modules.

Let A be a dg algebra in the rest of this paragraph. We denote by Gr — A the category
of graded A-modules (and morphisms of degree 0). Note that, when A is an ordinary
algebra, we have Gr — A = (Mod — A)Z, with the notation of subsection 2.2. We next
define a category C(A) whose objects are the dg A-modules as follows. A morphism
f: M* — N°®in C(A) is a morphism in Gr — A which is a chain map of complex of
k-modules, i.e., such that f ody = dy o f. This category is abelian and comes with
a canonical shifting ?[1] : C(A) — C(A) which comes from the canonical shifting of
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Gr — A, by defining dyl‘L/f[l} = —dyf!, for each n € Z. Note that we have an obvious
faithful forgetful functor C(A) — Gr — A, which is also dense since we can interpret
each graded A-module as an object of C(A) with zero differential. Viewing the objects
of C(A) as complexes of k-modules, we clearly have, for each p € Z, the p-th homology
functor HP : C(A) — Mod — k. A morphism f : M* — N*® in C(A) is called a quasi-
isomorphism when HP(f) is an isomorphism, for all p € Z. A dg A-module M* is called
acyclic when HP(M) = 0, for all p € Z.

Given any dg A-module X*, we denote by Py the dg A-module which, as a graded
A-module, is equal to X* @ X°[1], and where the differential, viewed as a morphism
X*@® X*[1] = Py — Px[1] = X*[1] ® X°[2] in Gr — k, is the 'matrix’ (dé( ;;ED
Note that we have a canonical exact sequence 0 — X* — Py — X°*[1] — 0 in C(A),
which splits in Gr — A but not in C(A). A morphism f : M* — N*® in C(A) is called
null-homotopic when there exists a morphism o : M* — N°®[—1] in Gr — A such that
cody +dyoo=f.

The following is the fundamental fact (see [19] and [20]):

Proposition 3.12. Let A be a dg algebra. The following assertions hold:

(1) C(A) has a structure of exact category where the conflations are those exact se-
quences which become split when applying the forgetful functor C(A) — Gr— A;

(2) The projective objects with respect to this exact structure coincide with the injective
ones, and they are the direct sums of dg A-modules of the form P%. In particular
C(A) is a Frobenius exact category;

(3) A morphism f : M*®* — N* in C(A) factors through a projective object if, an
only it, it is null-homotopic. The stable category C(A) with respect to the given
exact structure is denoted by H(A) and called the homotopy category of A. It is a
triangulated category, where ?[1] is the suspension functor and where the triangles
are the images of conflations by the projection functor p : C(A) — H(A);

(4) If Q denotes the class of quasi-isomorphisms in C(A) and 3 := p(Q), then 3 is a
multiplicative system in H(A) compatible with the triangulation and C(A)[Q™!] =
H(A)[X7Y]. In particular, this latter category is triangulated. It is denoted by
D(A) and called the derived category of A;

(5) If Z denotes the full subcategory of H(A) consisting of the acyclic dg A-modules,
then Z is a triangulated subcategory closed under taking coproducts and products in
H(A). The category D(A) is equivalent, as a triangulated category, to the quotient
category H(A)/Z.

As in the case of an ordinary algebra, we do not have set-theoretical problems with the
just defined derived category. The reason is the following:

Proposition 3.13. Let A be a dg algebra and let Z be the full subcategory of H(A) con-
sisting of acyclic dg A-modules. Then the pairs (Z, Z+) and (*+Z, Z) are semi-orthogonal
decompositions of H(A). In particular, the canonical functor q : H(A) — D(A) has both
a left adjoint pa : D(A) — H(A) and a right adjoint i, : D(A) — H(A).

Moreover, the category D(A) is compactly generated by {A}.

—164—



As in the case of an ordinary algebra, we call p4 and i4 the homotopically projective res-
olution functor and the homotopically injective resolution functor, respectively. Also, the
objects of +Z are called homotopically projective and those of Z+ are called homotopically
mjective.

When A is a dg algebra, its opposite dg algebra A is equal to A as a graded k-module,
but the multiplication is given by v° - a® = (—1)!%ll(gh)°. Here we denote by x° any
homogeneous element x € A when viewed as an element of A°?. Then, given dg algebras
A and B, a dg B — A—module T is just a dg right B” ® A—module, and these dg
B — A—modules form the category C(B” @ A).

With some care on the use of signs, the reader will have no difficulty in extending
to dg algebras and their derived categories the results in the earlier paragraphs of this
section, simply by defining correctly the total tensor and total Hom functors bifunctors.
Indeed, if A, B and C are dg algebras and gT'§, 4M2 and ¢N§ are dg bimodules, then
T* ®@% M* is just the classical tensor product of a graded right A-module and a graded
left A-module and the differential d = drgen : (T ®% M) — (T ®@% M) takes t @ m ~
dp(t) @ m + (—=1)t ® dy;(m), for all homogeneous elements ¢ € T and m € M®.

We define Hom?% (7%, N*) = @®,ezGr(A)(M®, N*[p]). This has an obvious structure of
graded C'— B—bimodule, where the homogeneous component of degree p is Hom® (7, N*)P =
Gr(A)(M*, N°*[p]), for each p € Z. We then define the differential d : Hom%(7*, N*) —
Hom®(T*, N*) by taking f ~ dy o f — (—1)¥If o dy;, for each homogeneous element
f € Hom%(T*, N*).

The following is a very well-known fact (see [19, Theorem 5.3] and [34]):

Proposition 3.14. Let A be a dg algebra. The compact objects of D(A) are precisely the
objects of thickp(ay(A) =: per(A). When A is an ordinary algebra, those are precisely the

complexes which are quasi-isomorphic to bounded complexes of finitely generated projective
A-modules.

3.5. Some special objects and a generalization of Rickard theorem.

Definition 17. Let D be a triangulated category with coproducts. An object T of D 1is
called:
(1) exceptional when D(T,T[p]) =0, for all p # 0;
(2) classical tilting when T is exceptional and {T} is a set of compact generators of
D.

)

(3) self-compact when T is a compact object of Triap(T).

The following result is a generalization of Rickard theorem ([34]), which, as can be seen
in the proof, is an adaptation of an argument of Keller that the authors used in [31].

Theorem 3.15. Let A be a k-flat dg algebra and T® be a self-compact and exceptional
object of D(A). If B = Endpa)(T*) is the endomorphism algebra then, up to replacement
of T* by an isomorphic object in D(A), we can view T* as a dg B-A-bimodules such that
the restriction of RHoma(T*,7) : D(A) — D(B) induces an equivalence of triangulated

categories Triap ay(T*) = D(B).

Proof. We can assume that 7 is homotopically injective in 7 (A). Then B = End®(T*) :=
Hom®%(7*,7T*) is a dg algebra and T becomes a dg B — A—bimodule in a natural way.
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Moreover, by [31, Corollary 2.5], we get that ? ®% T* D(B) — D(A) induces an

equivalence of triangulated categories D(B) — T := Triapa)(T").
On the other hand, at the level of homology, we have:

H™(B) = H(B)(B, Bln]) = D(B)(B, B[n]) = T(T*,T*[n]) = D(A)(T*, T*[n)),

for all n € Z. Tt follows that H"(B) = 0, for n # 0, while H°(B) = B. We take the
canonical truncation of B at 0, i.e., the dg subalgebra 7<°B of B given, as a complex of
k-modules, by

~

.B"— .. — B™' — Ker(d°) — 0...,

where d° : B — B! is the 0-th differential of B. Then B = H°(r<°B) = H°(B) and
we have quasi-isomorphism of dg algebras B «+— =B < B , where p and j are the
projection and inclusion, respectively. Replacing B by <08 and the dg bimodule g7 by
~<op1's, we can assume, without loss of generality, that BP =0, for all p > 0. We assume
this in the sequel.

It is convenient now to take the homotopically projective resolution 7 : pgopg T° —
T* in ’H(B"p ® A). We then replace T* by pT* := Ppgopy41*. In this way we lose the
homotopically injective condition of 7'} in H(A), but we win that 57 is homotopically
flat in #(B°) (this follows by the extension of lemma 3.6 to dg algebras). Note, however,
that © : pT* — T* induces a natural isomorphism 7 ®g pT* =? ®g T* of triangulated
functors D(B) — D(A).

We can view p : B—3 Basa quasi-isomorphism in ’H(B ) and then T = B ®%T* rel
B ®$% T* is a quasi-isomorphism since 3T is homotopically flat. By this same reason, we
have that B T* = B ®II§ T* (see lemma 3.5). Then we get a composition of triangulated
equivalences

QLT

D(B) X5 D(B) 25 T,

where the first arrow is the restriction of scalars along the projection p : B — B.
This composition of equivalences is clearly identified with the functor ? @% (B ®g T*) =

7R (BRYT*).

Replacing Te by B®$%T*, we can then assume that 7* is a dg B-A-bimodule such that
7@L%T* : D(B) — D(A) induces an equivalence D(B) —» Triap)(17*). A quasi-inverse
of this equivalence is then the restriction of RHomy (7, 7) to Triapa) (7). O

4. MAIN RESULTS

All throughout this section A and B are arbitrary k-algebras and 7 is a complex of
B — A—bimodules. We want to give necessary and sufficient conditions of the functors
RHomu(T*,?) : D(A) — D(B) or ? @% T* : D(B) — D(A) to be fully faithful. We
start with two very helpful auxiliary results.
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The following is the final result of [32]. Note that condition 2 of the proposition was
given only for D(B), but this condition holds if, and only if, it holds for D(k) since the
forgetful functor D(B?) — D(k) reflects isomorphisms.

Proposition 4.1. Suppose that HP(T*) = 0, for p >> 0. The following assertions are
equivalent:

(1) T* is isomorphic in D(B) to an upper bounded complex of finitely generated
projective left B-modules;

(2) The canonical morphism B* @% T* — (B @% T*)* = T** is an isomorphism (in
D(A), D(B or D(k)), for each cardinal c.

We can go further in the direction of the previous proposition. Recall that if X*® =

(X*,d) € C(A) is any complex, where A is an abelian category, then its left (resp. right)

k m—1
stupid truncation at m is the complex o<mX* = g<mtixe, | xk L, xm-1

X™ — 0 —> 0... (tesp. 02mX* = > LX*% .0 — 0 — X™ L xmt xn Dy ),
Note that we have a conflation 0 — 6> X*® — X* — 0™ X* — 0 in C(A), and, hence,
an induced triangle

oZMX — X — oKX
in H(A) and in D(A).

Proposition 4.2. The following assertions are equivalent:
(1) gT* is compact in D(B°P);
(2) The functor ? @% T* : D(B) — D(A) preserves products;
(3) The functor ? @5 T* : D(B) — D(A) has a left adjoint.

Proof. (2) <= (3) is a direct consequence of corollary 2.15.

QLT

(1) = (2) It is enough to prove that the composition D(B) D(A) forgetiul D(k)
preserves products since the forgetful functor preserves products and reflects isomor-
phisms.

Abusing of notation, we still denote by ? @& T the mentioned composition and note
that, when doing so, we have isomorphisms (?@EN®)(X*) = Tz(X*, N°®) = (X°@%E?)(N*)
in D(k), for all X* € D(B) and N°* € D(B) (see proposition 3.7). If (X?);cs is any
family of objects of D(B), we consider the full subcategory 7 of D(B) consisting of
the N* such that the canonical morphism (J[;.; X?) ®F N* — [[,c; X7 ®F N*® is an
isomorphism. It is a thick subcategory of D(B°) which contains gB. Then it contains
per(B°) and, in particular, it contains g7'°.

(2) = (1) Without loss of generality, we can assume that A = k. The canonical
morphism [[ ., Blp] — [],cz Blp] is an isomorphism in D(B). By applying ? @ T*
and using the hypothesis, we then have an isomorphism in D(k)

ez T*lp) = (2 ®% T*)(L,ez Blp) — (2 @% T*)([L,ez Blp)) = [Ten(Blp] ©F T*) =
[z TP,

which can be identified with the canonical morphism from the coproduct to the product.
It follows that the canonical map
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Hpez H7(T%) = H([,ez T°lp) — H([ez T°Ip)) = [ pez HP(T°)

is an isomorphism. This implies that H?(T*) = 0, for all but finitely many p € Z.

By proposition 4.1, replacing T by its homotopically projective resolution in H(B%),
we can assume without loss of generality that T is an upper bounded complex of finitely
generated projective left B-modules. Let us put m := min{p € Z : H?(T') # 0}. We then
consider the triangle in D(B) induced by the stupid truncation at m

oZmTe s Ty g<mTe

Then ¢=™T* is compact in D(B) while 0<™T* has homology concentrated in degree
m — 1. Then we have an isomorphism o<™7T* = M|l — m] in D(B), where M =
H™ Y(¢<™T*). By the implication 1) = 2) we know that ? ®% c=™T* : D(B) — D(k)
preserves products and, by hypothesis, also ? @% T* : D(B) — D(k) does. It follows
that ? @% o<mT* =? @% M[1 — m] : D(B) — D(k) preserves products.

Note that M admits admits a projective resolution with finitely generated terms,
namely, the canonical quasi-isomorphism P*® := o<"T*|m — 1] — M = M|[0]. Therefore
our task reduces to check that if M is a left B module which admits a projective reso-
lution with finitely generated terms and such that ? ®% M : D(B) — D(k) preserves
products, then M has finite projective dimension. For that it is enough to prove that
there is an integer n > 0 such that Tor? (7, M) = 0. Indeed, if this is proved then
Q" (M) :=TIm(d™" : P~ — P71 will be a flat module, and hence projective (see [26,
Corollaire 1.3]), thus ending the proof.

Let us assume by way of contradiction that Tor?” (7 M) # 0, for all n > 0. For each
such n, choose a right B-module X,, such that Tor n (X, M) # 0. Then the canonical
morphism [],_, Xy[-n] — [0 Xn[—n] is an 1somorphlsm in D(B). Our hypothesis
then guarantees that the canonical morphism

o (Xnl=n] @ M) = (1,50 Xa[— ])® = ([Lso Xnl[—n]) @5 M —
[Ls0(Xn[—n] @5 M)

is an isomorphism. When applying the 0-homology functor H", we obtain an isomorphism

| P Tor (X, M) = 1,50 H°(X,[-n] ®% M) —1l,s0H O(Xn[—n] @p M) =
IL.-o Tor? (X, M)

which is identified with the canonical morphism from the coproduct to the product in
Mod — K. Tt follows that Tor”(X,,, M) = 0, for almost all n > 0, which is a contradiction.
O

Remark 4.3. The argument in the last two paragraphs of the proof of proposition 4.2
was communicated to us by Rickard, to whom we deeply thank for it. When passing
to the context of dg algebras or even dg categories, the implication (1) = (2) in that
proposition still holds (see [32]), essentially with the same proof. However, we do not
know if (2) = (1) holds for dg algebras A and B.
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4.1. Statements and proofs.

Proposition 4.4. Let ¢ : (?@5T*)oRHoma(T*,?) — 1pa) be the counit of the adjoint
pair (7 @% T RHoma(T*,?)). The following assertions are equivalent:
(1) RHomu(T*,?) : D(A) — D(B) is fully faithful;
(2) The map 64 : [(? @5 T)oRHomu(T,?)](A) — A is an isomorphism in D(A) and
the functor (? @% T) o RHoma(T,?) : D(A) — D(A) preserves coproducts.
In that case, the functor ? @% T* induces a triangulated equivalence D(B)/Ker(? @%
T*) = D(A).

Proof. Assertion (1) is equivalent to saying that ¢ : (? @} T*) o RHomyu(T*,?) — 1p(a
is a natural isomorphism (see the dual of [17, Proposition I1.7.5]). As a consequence,
the implication (1) = (2) is automatic. Conversely, if assertion (2) holds, then the full
subcategory T of D(A) consisting of the M* € D(A) such that dyse is an isomorphism is
a triangulated subcategory closed under taking coproducts and containing A. It follows
that 7 = D(A), so that assertion (1) holds.

For the final statement, note that RHom (7, 7) gives an equivalence of triangulated

categories D(A) — Im(RHom,(T*,7)). On the other hand, by proposition 2.12, we
know that (Ker(?@%7*), Im(RHomy (7T, ?))) is a semi-orthogonal decomposition of D(B).

[a¥)

Then, by proposition 2.13, we have a triangulated equivalence D(B)/Ker(? @} T*) =

~

Im(RHomy4(7°,7)). We then get a triangulated equivalence D(B)/Ker(? @& T°*) —
D(A), which is easily seen to be induced by ? ®@L 7. O

We now pass to study the recollement situations where one of the fully faithful functors
is RHomy (7, 7).

Corollary 4.5. Let T* a complex of B — A—bimodules. The following assertions hold:

(1) There is a triangulated category D' and a recollement D(A) = D(B) = D', with
i = RHoma(T*,7);

(2) There is a triangulated category D' and a recollement D(A) = D(B) = D/, with
i* =7 @5 T*;

(3) T is compact in D(A) and 54 : [(?@ET*)oRHoma(T*,?)](A) — A is an isomor-
phism in D(A), where § is the counit of the adjoint pair (? @5 T* RHoma(T*,7)).

Proof. (1) <= (2) is clear.

(1) = (3) If the recollement exists, then RHomx(7*,?7) : D(A) — D(B) is fully
faithful, so that d4 is an isomorphism. Moreover, RHom (7, 7) preserves coproducts
since it it is a left adjoint functor. This preservation of coproducts is equivalent to having
T% € per(A).

(3) = (1) We clearly have that the functor (?@%7*)oRHom,(T*,?) : D(A) — D(A)
preserves coproducts. Then assertion (2) of proposition 4.4 holds, so that RHom (7", ?7)
is fully faithful. On the other hand, by proposition 2.14, we get that RHom4(7*,7?) :
D(A) — D(B) has a right adjoint, so that assertion (1) holds. O

Theorem 4.6. Let gT% be a complex of B — A—bimodules. Consider the following as-
sertions:
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(1) There is a recollement D' = D(B) = D(A), with j. = RHoma(T*,?), for some
triangulated category (which is equivalent to D(C), where C is a dg algebra);
(2) There is a recollement D' = D(B) = D(A), with j* = j' =? @% T*, for some
triangulated category (which is equivalent to D(C'), where C' is a dg algebra);
(3) The following three conditions hold:
(a) The counit map 64 : [(?@BT*)oRHoma(T*®,7)](A) — A is an isomorphism;
(b) The functor (?@%T*)oRHoma(T*,?) : D(A) — D(A) preserves coproducts;
(c) The functor ? @% T* : D(B) — D(A) preserves products.
(4) gT* is compact and exceptional in D(BP) and the canonical algebra morphism
A — Endpgory(T*)° is an isomorphism.
The implications (1) <= (2) <= (3) <= (4) hold true and, when A is k-projective, all
assertions are equivalent. Moreover, if B is k-flat, then the dg algebra C' can be chosen
together with a homological epimorphism f : B — C' such that i, is the restriction of
scalars f. : D(C) — D(B).

Proof. (1) <= (2) is clear.

(1) <= (3) By proposition 2.19, we know that the recollement in (3) exists if, and only
if, ?@% T* : D(B) — D(A) has a left adjoint and RHom(7*,?) : D(A) — D(B) is
fully faithful. Apply now corollary 2.15 and proposition 4.4.

(4) = (3) Condition (3)(c) follows from proposition 4.2. By proposition 4.4, proving
conditions (3)(a) and (3)(b) is equivalent to proving that RHomy (7%, ?) is fully faithful.
This is in turn equivalent to proving that the counit ¢ : (?@%57*)oRHom(T*,?) — 1p(a)
is a natural isomorphism.

In order to prove this, we apply proposition 3.10 to T, when viewed as a complex of
left B-modules (equivalently, of B — k—bimodules). Then 7** is obtained from 7 by
applying RHompge (7, B) : D(B?)® — D(B) and, similarly, we obtain 7 from 7T**.
By the mentioned proposition, we know that 7* = T*** in D(B"). Moreover, applying
assertion (1) of that proposition, with A and C replaced by k and A, respectively, and
putting Y* =T* € C(B” ® A), we obtain isomorphisms in D(A):

T @L T .= [(? @% T*) o RHompes (?, B)|(T*) = RHompes(?,T°)(T*) = A,

where the last isomorphism follows from the exceptionality of g7 in D(B) and the fact
that the canonical algebra morphism A — Endp(ger)(7*)% is an isomorphism.

Using the previous paragraph, proposition 3.10 and adjunction, for each object M*® €
D(A) we get a chain of isomorphisms in D(k):

(=23

[(?®@% T*) o RHom4 (T, ?)|(M®) = (? @5 T*)(RHoma (T, M*®)) —
RHomp(T**, RHom4 (T, M*®)) — RHomu(T** @% T°, M*) — RHomy (A, M*) —
M*.

1%

It is routine now to see that the composition of these isomorphisms is obtained from the
counit map dype @ [(?7 ®F T°) o RHomu(T*,?)](M®) — M* by applying the forgetful
functor D(A) — D(k). Since this last functor reflects isomorphisms we get that ¢ is a
natural isomorphism, so that RHomy (7, 7) : D(A) — D(B) is a fully faithful functor.

(1) — (3) = (4) (Assuming that A is k-projective). By proposition 4.2, we know that

~Y

gT* € per(B°). Then, by proposition 3.10, we have a natural isomorphism ? @% T =
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RHomp(7T**,7) of triangulated functors D(B) — D(A), where now we are consider-
ing 7** as obtained from T by applying (?)* := RHomper(?, B) : D(B? @ A)? —
D(A®” @ B). By lemma 2.16, the fully faithful condition of RHom4(7™®,?) implies the
same condition for ? @% T**. Then corollary 4.14 below says that 7% is compact and
exceptional in D(B) and the canonical algebra morphism A — Endpg)(7**) is an iso-
morphism.

Note now that, due to the k-projectivity of A, when applying to g7 the functor
RHompe (7, B) : D(B?)” — D(B), we obtain an object isomorphic to 7" in D(B),
and conversely. Applying now corollary 3.11 with A = k, we have that gT® = gT** is
exceptional in D(B°) and that the algebra map A — Endp(ger) (1) = Endpp) (1)
is an isomorphism.

For the final statement note that, when the recollement of assertions (1) or (2) exists,
D’ has a compact generator, namely i'(A). Then, by [19, Theorem 4.3], we know that
D' = D(C), for some dg algebra C. When B is k-flat, the fact that this dg algebra can be
chosen together with a homological epimorphism f : B — C satisfying the requirements
is a direct consequence of [31, Theorem 4]. U

Remark 4.7. Due to the results in [32], except for the implication (1) — (3) = (4),
theorem 4.6 1is also true in the context of dg categories, with the proof adapted. In that
case its implication (4) = (3) partially generalizes [6, Theorem 4.3] in the sense that
we explicitly prove that the recollement exists with j* = j' =? @% T*. Note, however,
that if T** 1s the dg A — B—module obtained from T® by application of the functor
RHomper (7, B) : D(B? @ A) — D(A®? ® B), we cannot quarantee that the left ad-
joint of 7 @% T* : D(B) — D(A) is (naturally isomorphic to) ? @% T**. Due to the
version of proposition 3.10 for dg algebras, we can guarantee that when A is assumed
to be k-projective. Note that, for the entire theorem 4.6 to be true in the context of dg
algebras(or even dg categories), one only needs to prove that the implication (2) = (1)
of proposition 4.2 holds in this more general context. The rest of the proof of theorem 4.6
can be extended without problems.

Example 4.8. Let A be a hereditary Artin algebra and let S be a non-projective simple
module. ThenT' =A@ S is a right A-module, so that T becomes a B — A—bimodule,

where B = End(Ty) = :;1 10) , where D = End(S4). There are a recollement D(A) =
D(B) = D', with i, = RHomus(T,?), and a recollement D" = D(B) = D(A), with
Jj« = RHomyu(T,?), for some triangulated categories D' and D". However Ty is not
exceptional in D(A).

Proof. Tt is well-known that Ext} (S, S) = 0, which implies that Ext}y (T, T) = Ext} (S, A) #
0 and, hence, that T4 is not exceptional in D(A).

We denote by e; (i = 1,2) the canonical idempotents of B. We readily see that g7 =
Bey, that Homyu(T, A) = e;B and that Ext}(T, A) is isomorphic to (0 Ext}(S, A4)),
when viewed as a right B-module in the usual way (see, e.g., [4, Proposition 111.2.2]). In
particular, we have Ext (T, A)e; = 0. We then get a triangle in D(B):

e1B[0] — RHomy (T, A) — Ext}y (T, A)[—1] —.
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When applying ? @5 T =? @% Be; =? ®p Bey, we get a triangle in D(A):
A = e;Bey[0] — RHomy (T, A) @% T — Ext (T, A)ey[-1] = 0 .

We then get an isomorphism A —» RHom (T, A) @% T in D(A), which is easily seen to
be inverse to §4. Then assertion (3) of corollary 4.5 holds.
On the other hand, also condition (4) of theorem 4.6 holds. O

Although the exceptionality property is not needed, it helps to extract more information
about T, when RHomy4 (7, 7?) is fully faithful. The following is an example:

Proposition 4.9. Let T* be a complex of B — A— bimodules such that RHoma(T*,7) :
D(A) — D(B) is fully faithful. The following assertions hold:
(1) If D(A)(T*,T*[n]) = 0, for all but finitely many n € Z, then HP(T*) = 0, for all
but finitely many p € Z;
(2) If T3 is exceptional in D(A) and the algebra morphism B — Endpa)(T*) is an
isomorphism, then gT* is isomorphic in D(B) to an upper bounded complex of
finitely generated projective left B-modules (with bounded homology).

Proof. (1) Let us put X* = RHom4 (7, 7*). The hypothesis says that H"(X*) = 0, for
all but finitely many n € Z. In particular the canonical morphism f : [], ., X*[n] —
[1,cz X°®[n] is an isomorphism in D(B) since HP(f) is an isomorphism, for all p € Z.
On the other hand, due to the adjunction equations and the fact the the counit ¢ :
(? ®% T*) o RHomyu (T*,?) —> 1p(a) is a natural isomorphism, the unit A : 1pp) —
RHom 4 (T*, ?)o(?@%T*) satisfies that A pre @517 := (?@5T®) (A e ) is an isomorphism, for
each M*® € D(B). Applying this to the map Ap : B — [RHomy(T°,?) o (?@% T*)](B) =
X*, we conclude that \g @% 17e : T* = B@L T* — X* @% T* is an isomorphism in
D(A).
We now have the following chain of isomorphisms in D(A):
ez T* 0] = Men(X* @5 T°[0)) = (1,00 X*0)) ©5 T* 25 ([T, X)) @ T* =
(I[Tcr RHomA(T*, T*[n))) @ T* — RHom (T, [],c;, T*[n]) @5 T* = [Lc5 T*[).

It is routine to check that the composition of these isomormorphisms is the canonical
morphism from the coproduct to the product. Arguing now as in the proof of proposition
4.2, we conclude that HP(T*) = 0, for all but finitely many p € Z.

(2) The counit gives an isomorphism
B @L T* =~ RHomyu(T°, T*)* @% T* —5 RHomy(T*, T°) @% T* -2 T*e,
for each cardinal a. Now apply proposition 4.1 to end the proof. O

Unlike the case of RHom (7, 7), one-sided exceptionality is a consequence of the fully
faithfulness of ? @k 7.

Proposition 4.10. Let T* be a complexr of B — A—bimodules. Consider the following
assertions:

(1) ?@% T : D(B) — D(A) is fully faithful;
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(2) T3 is exceptional in D(A), the canonical algebra morphism B — Endpay(T*)
is an isomorphism, and the functor RHoma(T*®,?) o (? @% T*) : D(B) — D(B)
preserves coproducts.
(3) T% is exceptional and self-compact in D(A), and the canonical algebra morphism
B — Endpa)(T*) is an isomorphism
(4) T§ satisfies the following conditions:
(a) The canonical morphism of algebras B — Endpay(T*) is an isomorphism;
(b) For each cardinal o, the canonical morphism D(A)(T*, T*)® — D(A)(T*, T*)
is an isomorphism and D(A)(T*, T*[p]) = 0, for allp € Z \ {0};
(c) Susppay(T*)*" N Triapay(T*) is closed under taking coproducts.
The implications (1) <= (2) <= (3) = (4) hold true. When T’ is quasi-isomorphic to
a bounded complex of projective A-modules, all assertions are equivalent.

Proof. Let X : 1p(py — RHomu(T*,7?) o (? ®% T*) be the unit of the adjoint pair (? @%
T*, RHom,(7T*,7)). Assertion (1) is equivalent to saying that A is a natural isomorphism.

(1) = (2) In particular, A\g : B — [RHom4 (T, ?)o(?®@%T*)|(B) =: RHom(T*, BRE
T*) =2 RHomy(7T*,T°) is an isomorphism. This implies that T is exceptional and the
0-homology map B = H°(B) — H°(RHomu(T*,T*)) = D(A)(T*,T*) is an isomor-
phism. But this latter map is easily identified with the canonical algebra morphism
B — Endp(4)(T*). That RHom(T*,?) o (? @} T*) : D(B) — D(B) preserves coprod-
ucts is automatic since this functor is naturally isomorphic to the identity.

(2) = (1) The full subcategory D of D(B) consisting of the objects X* such that Ay
is an isomorphism is a triangulated subcategory, closed under coproducts, which contains
Bg. Then we have D = D(B).

(1), (2) = (3) The functor ? ®% T* : D(B) — D(A) induces a triangulated equiv-
alence D(B) —» Triap(a)(T*). The exceptionality (in D(A) or in Triap) (7)) and the
compactness of 7 in Triap ) (7**) follow from the exceptionality and compactness of B
in D(B). Moreover, we get an algebra isomorphism:

B 22 Endp(p)(B) — Endpa) (B @% T*) 22 Endpa(T°).

(3) = (2) The functor RHomu4(T*,?) o (?®% T*) : D(B) — D(B) coincides with the
following composition:

LT RHom 4 (T°,?)

D(B) 255 Triap(a(T*) D(B).

The self-compactness of T implies that the second functor in this composition preserves
coproducts. It then follows that the composition itself preserves coproducts since so does
?RFTe.

(3) = (4) Condition (4)(a) is in the hypthesis, and from the self-compactness and the
exceptionality of T conditions (4)(b) and (4)(c) follow immediately.

(4) = (3) Without loss of generality, we assume that that 7 is a bounded complex
of projective A-modules in C=°(A). We just need to prove the self-compactness of T in
D(A). We put U := Suspp4)(T*) and T := Triap(a)(T*). Note that (U,U*[1]) is a t-
structure in D(A) and that U+ consists of the Y* € D(A) such that D(A)(T*[k],Y*) = 0,
for all £ > 0 (see proposition 2.26). Let (X?);c;r be any family of objects in 7. We want
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to check that the canonical morphism [[,., D(A)(T*, X?) — D(A)(T*,[1,c; X;) is an
isomorphism, which is equivalent to proving that it is an epimorphism. We consider the
triangle associated to the t-structure (U, U*[1])

[Licr (X)) — Tier Xi — 1 T (X5) —
This triangle is in 7 because its central and left terms are in 7. Note also that we have
U C D=Y(A). In particular, 7,(X;) is in D=Y(A), for each i € I.

From [30, Theorem 3 and its proof], we know that the inclusion T N D~ (A) — D~ (A)
has a right adjoint and that T is a compact object of 7 ND~(A). That is, the functor
D(A)(T*,?) preserves coproducts of objects in 7 N D~ (A) whenever the coproduct is in
D~ (A). In our case, this implies that the canonical morphism [[,., D(A)(T*, /(X)) —
D(A)(T*, [1;c; u(X;)) is an isomorphism. On the other hand, condition 4.c says that
D(A)(T*, [ Le; 7™ (X?)) = 0. Tt follows that the induced map D(A)(T, [ [,e; (X,)) —
D(A)(

T,11,c; Xi) is an epimorphism. We then get the following commutative square:

Hie[ D(A)T*, 7 X}) — Hie] D(A)(T*, X?)

D(A)(T.v Hie] TUXi.) - D(A) (T.> Hz‘el Xz.)

Its upper horizontal and its left vertical arrows are isomorphism, while the lower hor-
izontal one is an epimorphism. It follows that the right vertical arrow is an epimor-
phism. O

Recall that if A and B are dg algebras and f : B — A is morphism of dg algebras,
then f is called a homological epimorphism when the morphism (? ®@% A)(A) — A in
D(A), defined by the multiplication map A ®} A — A, is an isomorphism. This is
also equivalent to saying that the left-right symmetric version (A®%E7?)(A) — A is an
isomorphism D(A) (see [33]). When A and B are ordinary algebras, f is a homological
epimorphism if, and only if, Tor?(A, A) = 0, for i # 0, and the multiplication map
A®p A — A is an isomorphism.

Remark 4.11. Under the hypothesis that T'§ is quasi-isomorphic to a bounded complex
of projective modules, we do not know if condition (4)(c) is needed for the implication
(4) = (3) to hold (see the questions in the next subsection). On the other hand, if
in that same assertion one replaces Susppa)(T*)= N Triapay(T*) by just Susppa)(T*)",
then the implication (3) = (4) need not be true, as the following example shows.
Example 4.12. The functor ? ®§ Q : D(Q) — D(Z) is fully faithful, but Susppy(Q)*
is not closed under taking coproducts in D(Z).
Proof. The fully faithful condition of ? ®5 Q follows from theorem 4.13 below since the
inclusion Z — @Q is a homological epimorphism. On the other hand, if I is the set of prime
natural numbers and we consider the family of stalk complexes (Z,[1]),er, we clearly have
that D(Z)(Q[k], Zy[1]) = 0, for all p € I and integers k > 0, so that Z,[1] € Suspp ) (Q)*.
We claim that D(Z)(Q, [1,¢; Zp[1]) = Ext7,(Q, [1,e;Zp) # 0. Indeed, consider the map
€ : Q/Z — Q/Z given by multiplication by the ’infinite product’ of all prime natural
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numbers. Concretely, if ﬁ is a fraction of integers, where m; > 0 and p; € I, for
Py

all j = 1,...,t, then €(§ + Z) W + Z. Tt is clear that Ker(¢) is the subgroup

of Q/Z generated by the elements l + Z, with p € I, which is clearly isomorphic to

[1,e; Zp- In particular Ext(Q, [1,e; Zp) is isomorphic to the cokernel of the induced map
€y HomZ(Q, Q/Z) — Homgz(Q,Q/Z), which takes o ~» € o . The reader is invited to
check that the canonical projection 7 : Q — Q/Z is not in the image of €,, thus proving
our claim. U

We know pass to study the recollement situations in which one of the fully faithful
functors is ? ®@L T°.

Theorem 4.13. Let T* be a complex of B — A—bimodules. Consider the following asser-
tions:

(1) There is a recollement D(B)
where i, =7 Q% T*;

(2) There is a recollement D(B)
where i' = RHoma(T*,?);

(3) T3 is exceptional, self-compact, the canonical algebra morphism B — Endpa)(T*)
is an isomorphism and the functor ? @% T* : D(B) — D(A) preserves products;

(4) T3 is exceptional, self-compact, the canonical algebra morphism B — Endpay(T*)
is an isomorphism and Triapay(T*) is closed under taking products in D(A).

(5) T3 is exceptional, self-compact, the canonical algebra morphism B — Endp(ay(T*)
is an isomorphism and pT*® € per(B”).

D(A) = D', for some triangulated category D',

D(A) = D', for some triangulated category D',

(6) There is a dg algebra A, a homologzcal epimorphism of dg algebras f : A — A
and a classical tilting object T° € D(A) such that the following conditions hold:
(a) TS = f.(T*), where f.: D(A) — D(A) is the restriction of scalars functor;
(b) the canonical algebra morphism B — Endpa)(T') = Endp 4)(T) is an iso-
morphism.
Then the implications (1) <= (2) <= (3) <= (4) <= (5) <= (6) hold true and, when
A is k-flat, all assertions are equivalent.

Proof. (1) <= (2) is clear.

Note that the recollement of assertions (1) or (2) exists if, and only if, the functor
? ®L T is fully faithful and has a left adjoint.

(1) <= (3) is then a direct consequence of theorem 4.10 and corollary 2.15.

(1), (3) = (4) The functor ? ®% T* induces an equivalence of triangulated categories
D(B) — T = Triapca)(T*®). The fact that ? ®% T has a left adjoint functor implies
that also the inclusion functor j : 7 < D(A) has a left adjoint. But then j preserves
products, so that 7 is closed under taking products in D(A).

(4) = (3) By proposition 4.10 and its proof, we know that ? ®% T is a fully faith-
ful functor which establishes an equivalence of triangulated categories D(B) =T =
Triap(4)(7*). In particular, this equivalence of categories preserves products. This, to-
gether with the fact that 7 is closed under taking products in D(A), implies that ? @% T
preserves products.
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(3) <= (5) is a direct consequence of proposition 4.2.
(6) = (4) By the properties of homological epimorphisms (see [31, Section 4]), the
functor f. : D(A) — D(A) is fully faithful (and triangulated). It then follows that

Homp ) (T*, T*[p]) = Homp(a (f.(T*), fo(T*)[p]) 2 Homp ) (T, T*[p]) = 0,

for all integers p # 0. By condition (6)(b), it also follows that the canonical algebra
morphism B — Endp4)(7*) is an isomorphism.

On the other hand, f, defines an equivalence D(A) —» Im(f,). Moreover T is a
compact generator of D(A), which implies that T} is a compact generator of Im( f,). Since
the last one is a full triangulated subcategory of D(A) closed under taking coproducts we
get that Im(f,) = Triapa) (7). But Im(f,) is also closed under taking products in D(A)
(see [31, Section 4]). Then T3 is self-compact and Triap4)(7*) is closed under taking
products in D(A).

(1),(4) = (6) (assuming that A is k-flat) We have seen above that the inclusion
functor T := Triapa)(17*) < D(A) has a left adjoint. By proposition 2.11, its dual and
by proposition 2.26, we get that (7,7, 7T+) is a TTF triple in D(A). By [31, Theorem
4], there exists a dg algebra Aand a homological epimorphism of dg algebras f : A — A
such that 7 = Im(f.). Bearing in mind that f, is fully faithful, it induces an equivalence
of categories f, : D(A) — T. If now T* € D(A) is an object such that f, (1) = T,
then 7 is a compact generator of D(A) such that D(A)(T*, T*[p]) = D(A)(T*, T*[p]), for

A

each p € Z. Now all requirements for T are easily verified.

O
The following result deeply extends [11, Lemma 4.2].

Corollary 4.14. The following assertions are equivalent for a complex T* of B— A—bimodules:

(1) There is a recollement D' = D(A) = D(B) such that 5 =? @% T*, for some
triangulated category D' (which is equivalent to D(C'), where C is a dg algebra);

(2) There is a recollement D' = D(A) = D(B) such that j* = j* = RHomu(T*,?),
for some triangulated category D’ (which is equivalent to D(C'), where C is a dg
algebra)

(3) T§ is compact and exceptional in D(A) and the canonical algebra morphism B —
Endpay(T*) is an isomorphism.

In such case, if A is k-flat, then C' can be chosen together with a homological epimorphism
f:A— C such that i, is the restriction of scalars f. : D(C) — D(A).

Proof. (1) <= (2) is clear.

(1) <= (3) The mentioned recollement exists if, and only if, ?@% T is fully faithful and
RHom (7, 7) has a right adjoint. Using proposition 4.10 and corollary 2.15, the existence
of such recollement is equivalent to assertion (3). This is because that RHom4(7T*,7)
preserves coproducts if, and only if, 7' is compact in D(A).

The statements about the dg algebra C' follow as at the end of the proof of theorem
4.6. 0

We then get the following consequence (compare with [14, Theorem 2]).
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Corollary 4.15. Let T*® be a complex of B — A—bimodules, where A and B are ordinary
algebras. If there is a recollement D' = D(A) = D(B), with j =? @ T*, for some
triangulated category D', then there is a recollement D" = D(A®P) = D(B%), with j' =
J* =T°®%?, for a triangulated category D". When A is k-projective, the converse is also
true.

Proof. 1t is a direct consequence of corollary 4.14 and the left-right symmetric version of
theorem 4.6. U

The following is a rather general result on the existence of recollements.

Proposition 4.16. Let A be any dg algebra and U®, V* be exceptional objects of D(A).
Put A = Endp)(U®) and B = Endp)(V*). If V* € thickpn)(U*®), then there is a
recollement D' = D(A) = D(B), for some triangulated category D' (which is equivalent
to D(C), for some dg algebra C').

Proof. We choose U® and V'*® to be homotopically projective. We then put A= End} (U*)
and B = End} (V*), which are dg algebras whose associated homology algebras are con-
centrated in degree 0 and satisfy that H°(A) = A and H°(B) = B. Then we know that
D(A) = D(A) and D(B) = D(B).

We next put 7° = Hom% (U*, V*) which is a dg B — A—bimodule. It is easy to see that
Hom? (U*,?) = RHomy (U*,?) : D(A) — D(A) induces an equivalence of of triangulated
categories thickp)(U*®) = thickD(A)(/Al) — per(A). In particular, we get that T3 is
compact in D(A). We claim now that there is a recollement D' = D(A) = D(B), where
g =7 ®LE; T*, an this will end the proof.

The desired recollement exists if, and only if, ?®%T‘ is fully faithful and RHom 4(7™*,7) :

~

D(A) — D(B) has a right adjoint. This second condition holds due to corollary

2.15. As for the first condition, we just need to check that the unit A : Loy —
RHom 4(7*,7) o (7 ®g T*) is a natural isomorphism. For that, we take the full subcat-

~

egory X of D(B) consisting of the objects X*® such that Ax. is an isomorphism. It is
clearly a triangulated subcategory closed under taking coproducts. But if we apply to
Ap: B — [RHom4(T*,?) o (?®% T*)|(B) = RHom 4(T*,T*) the homology functor, we
obtain a map

H?(Ap) : 0 = H?(B) — HP(RHom (T*,T*)) = D(A)(T*, T*[p]) = D(A)(V*, V*[p]) =
0,

so that H?(Ag) is an isomorphism, for each p € Z \ {0}. As for p = 0, we have
H°(\z) : B= H°(B) — H°(RHom 4(T*,T*)) = D(A)(T*,T*) = D(A)(V*,V*) = B,

which also an isomorphism. This proves Az is an isomorphism in D(B ), so that Bex.

A

It follows that X = D(B). O

The following is a particular case of last proposition. Compare with [11, Theorem 1.3]
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Example 4.17. Let A be an algebra, let V' be an injective cogenerator of Mod — A and
let B = Endy (V) be its endomorphism algebra. Suppose that U is a A-module satisfying
the following two conditions:
(1) Eztf (U, U) =0, for allp > 0;
(2) There is an ezact sequence 0 — U™ — ... — U™t — U — V — 0, where
U* € addyoq—n(U), for each k = —n, ..., —1,0.
Then there exists a recollement D' = D(A) = D(B), for some triangulated category D',
where A = Endy(U). Moreover, a slight modification of the proof of last proposition shows
that the recollement can be chosen in such a way that jy =? % T, where T = Hom (U, V),
which is a B — A—bimodule.
Note that when A is an algebra with Morita duality (e.g. an Artin algebra), the algebras
A and A are Morita equivalent, and so D(A) = D(A).

We will end the section by studying an interesting case of fully faithfulness of RHom 4 (7, 7),
where two recollement situations come at once.

Theorem 4.18. Let T* be a complex of B — A—bimodules such that T3 is exceptional in
D(A) and the algebra morphism B — Endpay(T*) is an isomorphism. The following
assertion are equivalent:

(1) gT* is compact and exceptional in D(B) and the canonical algebra morphism
A — Endpery(T*)% is an isomorphism;
(1') There is a recollement D' = D(B?) = D(A), with j = T*®%?, for some trian-
gulated category D' (which is equivalent to D(C), for some dg algebra C');
(2) RHomu(T*,7) : D(A) — D(B) is fully faithful and preserves compact objects;
(3) Ay is in the thick subcategory of D(A) generated by T%;
(4) ?@% T*: D(B) — D(A) has a fully faithful left adjoint;
(5) There is a recollement D' = D(B) = D(A), with j. = RHoma(T*,?), for triangu-
lated category D' (which is equivalent to D(C), for some dg algebra C').
When B is k-flat, the dg algebra in conditions (1°) and (5) can be chosen together with
a homological epimorphism of dg algebras f : B — C' such that i, is the restriction of
scalars f. : D(C) — D(B).

Proof. Note that the exceptionality of 7'} plus the fact that the algebra morphism B —
Endp(4)(7*) is an isomorphism is equivalent to saying that the unit map A\p : B —
[RHom (7°,7) o (?®% T*)](B) = RHomu (T, T*) is an isomorphism in D(B).

(1) <= (1) follows from the left-right symmetric version of corollary 4.14.

(1) = (3) The hypothesis implies that the unit map ps : A — [RHompges(T°,7) o
(T*®%?)](A) is an isomorphism in D(A). Then, using lemma 3.4 and its terminology, we
know that 74 is an isomorphism in D(A), which implies that A4 = RHompger (7,7°)(T*).
The fact that g7 € per(B°) = thickpger)(B) implies then that A, € thickp ) ([RHompger (?,7°)](B))
thiCkD(A) (T') .

(3) = (1) Since Ap is an isomorphism, using lemma 3.3 and its terminology, we get
that 7re : T* — [RHompgor (RHomy(7,7°*),7°)](T*) is an isomorphism in D(A). Since
Ay € thickpa)(T*) we get that 74 is an isomorphism in D(A) which, by lemma 3.4,
implies that p4 is an isomorphism. That is, g7 is exceptional in D(B) and the algebra
morphism A — Endp(ger) (1) is an isomorphism.
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On the other hand, the fact that A4 € thickp(a)(7*) implies that g7 = RHom4(?,7°*)(A)
is in thickp(gery(RHomy (7, 7°)(T*)) = thickpgery(B) = per(B?®).

(1) = (5) is the left-right symmetric version of corollary 4.15.

(4) < (5) Apply proposition 2.19 to the functor G =:? @& T* : D(B) — D(A).

(4) = (3) Let L : D(A) — D(B) be a fully faithful left adjoint of ?®@%T*. One easily
sees that L preserves compact objects. Moreover, the unit 1p4y — (? ®% T**) o L of the
adjunction (L, ?®%T*) is a natural isomorphism. It follows that A 2 [(?@%T*)o L](A) =
(2 &% T*)(L(A)) € (? % T)(per(B)) = (? @} T*)(thickp(s)(B)) C thickpoa((? &
T*)(B)) = thickp)(T*).

(5), (3) = (2) From assertion (5) we get that RHom, (7, 7) is fully faithful. On the
other hand, the fact that A4 € thickp()(7°) and that Ap is an isomorphism imply that
RHom4(7T°*?)(A) € thickpg (RHomyu(7°,7)(1*)) = thickpp)(B) = per(B). It follows
from this that RHom (7, ?) takes objects of per(A) = thickp(a)(A) to objects of per(B),
thus proving assertion (2).

(2) = (3) Bearing in mind that the counit 0 : (? @} T°) o RHom(T*,?) — 1p(a) is
a natural isomorphism and that RHom (7, 7)(A) is a compact object of D(B), we get:

A= [?7@5 T*) o RHomy (T°,7)](A) = (7 ®@% T°))(RHom4(T*, A)) €
(?®@% T*)(per(B)) = (? @ T*)(thickpp)(B)) C thickpa)(B @ T*) = thickp)(T*).

OJ

Remark 4.19. The precursor of theorem /.18 is [5, Theorem 2.2], where the authors prove
that if Ta is a good tilting module (see definition 18) and B = End(T4), then condition
(2) in our theorem holds. It is a consequence of theorem 4.18 (see corollary 5.5 below)
that the converse is also true when one assume that T4 has finite projective dimension
and Bzt (T, T'™) = 0, for all integers p > 0 and all cardinals . Another consequence
(see corollary 5.5 and example 5.6(1)) is that there are right A-modules, other than the
good tilting ones, for which the equivalent conditions of the theorem holds. In the case of
good 1-tilting modules, it was proved in [10, Theorem 1.1] that the dg algebra C can be
chosen to be an ordinary algebra.

The corresponding of the implication (1) = (5) in our theorem was proved in [41,
Theorem 1] for dg algebras over field. This result and its converse is then covered by the
extension of theorem 4.18 to the context of dg categories, which is proved in [32].

4.2. Some natural questions. As usual, T is a complex of B — A—bimodules. After

the previous subsection, some natural questions arise, starting with the questions 1.2 of

the introduction. Our next list of examples gives negative answers to all questions 1.2.
For question 1.2(1)(a), the following is a counterexample:

Example 4.20. Let Ty be a good tilting module (see definition 18) which is not finitely
generated (e.g. QDQ/Z as Z-module) and let B = End(T4) be its endomorphism algebra.
The functor RHoma(T,?7) : D(A) — D(B) is fully faithful, but there is no recollement
D(A) =D(B) =D, with i, = RHoma(T,?), for any triangulated category D’.

Proof. That RHom (7', 7) is fully faithful follows from corollary 5.5 below. On the other
hand, if the desired recollement D(A) = D(B) = D’ existed, then, by corollary 4.5, we
would have that T4 is compact in D(A), and this is not the case. O
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For question 1.2(1.b), the following is a counterexample.

Example 4.21. If f : B — A is a homological epimorphism of algebras, and we take
T = gAa, then RHoms(A,?7) = f. : D(A) — D(B) is fully faithful, but there need not
exist a recollement D' = D(B) = D(A), with j. = RHoms(A,?), for any triangulated
category D'.

Proof. That RHom4(A,?) = f, is fully faithful follows from the properties of homological
epimorphisms. If the mentioned recollement exists, then the functor ? ®% A : D(B) —
D(A) preserves products and, by proposition 4.2, gA is compact in D(B). There are
obvious homological epimorphisms which do not satisfy this last property. 0

For question 1.2(2)(a), the following is a counterexample, inspired by theorem 4.13:

Example 4.22. Let A be an algebra and let P be a finitely generated projective right
A-module such that P is not finitely generated as a left module over B := Enda(P). Then
?@% P : D(B) — D(A) is fully faithful, but there is no recollement D(B) = D(A) = D/,
with i, =? % P =?®@p P, for any triangulated category D'.

Concretely, if k is a field, V is an infinite dimensional k-vector space and A = Endy (V)P
then ?@LV =2®, V : D(k) — D(A) is fully faithful, but does not define the mentioned
recollement.

Proof. The final statement follows directly from the first part since V' is a simple projective
right A-module such that End4 (V') = k. On the other hand, we get from proposition 4.10
that ? @% P : D(B) — D(A) is fully faithful and, since gP is not compact in D(B),
theorem 4.13 implies that the recollement does not exist.

0

As a counter example to question 1.2(2)(b), we have:

Example 4.23. The functor ? ®5 Q ="®qQ : DQ) — D(Z) is fully faithful (see
example 4.12), but there is no recollement D' = D(Z) = D(Q), with ji =? ®q Q, for any
triangulated category D’.

Proof. 1f the recollement existed, then, by corollary 4.14, Q would be compact in D(Z),
which is absurd. O

But, apart from questions 1.2, there are some other natural questions whose answer we
do not know even in the case of a bimodule.

Questions 4.24. (1) (Motivated by proposition 4.10) Suppose that T is isomorphic
in D(A) to a bounded complex of projective right A-modules, that the canonical
morphism Hompay(T*, T*) ) — Homp)(T*, T*) is an isomoprhism and that
Hompa)(T*, T*[p]) = 0, for all cardinals o and all integers p # 0. Is T5 self-
compact in D(A)?.

(2) (Motivated by proposition 4.10) Suppose that ? @p T* : D(B) — D(A) is fully
faithful. Is HP(T*) = 0 for p >> 07. IsT% quasi-isomorphic to a bounded complex
of projective right A-modules?
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Remark 4.25. The converse of question 4.24(2) has a megative answer, even for a
bounded complex of projective A-modules. For instance, if P is a projective generator
of Mod — A which is not finitely generated, then Triapa(P) = D(A) and P is not com-
pact in this category. It follows from proposition 4.10 that ? @% P : D(B) — D(A) is
not fully faithful, where B = End(Ph,).

Our next question concerns the relationship between proposition 4.4 and theorem 4.18.
That RHomy(7°,7) : D(A) — D(B) be fully faithful does not imply that it preserves
compact objects (see example 4.21). The correct question to answer, for which we do not
have an aswer, is the following:

Question 4.26. Suppose that T is exceptional in D(A), the canonical algebra morphism
B — Endpay(T*) is an isomorphism and that RHomu(T*,?) : D(A) — D(B) is fully
faithful. Due to theorems 4.6 and 4.18, each of the following questions has an affirmative
answer if, and only if, so do the other ones, but we do not know the answer:

(1) Does RHoma(T*®,?7) preserve compact objects?;

(2) Is AA m thiCkD(A) (T.) ?,‘

(3) Is gT* compact in D(B)?
Note that, by proposition 4.9, gT* is isomorphic in D(B) to an upper bounded complex
of finitely generated projective left B-modules with bounded homology.

In next section, we will show that, in case T is a B — A—bimodule, the question has
connections with Wakamatsu tilting problem.

5. THE CASE OF A BIMODULE

5.1. Re-statement of the main results. For the convenience of the reader, we make
explicit what some results of the previous section say in the particular case when 7* =T
is just a B — A—bimodule. The statements show a close connection with the theory of
(not necessarily finitely generated) tilting modules.

Recall:

Definition 18. Consider the following conditions for an A-module T ':
a) T has finite projective dimension;
a’) T admits a finite projective resolution with finitely generated terms;
b) There is an exact sequence 0 — A — T° — T — ... — T™ — 0 in Mod— A,
with T € Add(T) fori=0,1,....m;
b’) There is an ezact sequence 0 — A — T — T! — ... — T™ — 0 in Mod— A,
with T* € add(T) fori=0,1,...,m;
¢) BExty (T, T™) = 0, for all integers p > 0 and all cardinals a.
T is called a n-tilting module when conditions a), b) and c) hold and pd,(T) = n. Such
a tilting module is classical n-tilting when it satisfies a’), b’) and c) and it is called a
good n-tilting module when it satisfies conditions a), b’) and c). We will simply say that
T is tilting (resp. classical tilting, resp. good tilting) when it is n-tilting (resp. classical
n-tilting, resp. good n-tilting), for some n € N.

Remark 5.1. Note that T is a classical n-tilting module if, and only if, it satisfies con-
ditions a’), b’) and Ext’)(T,T) = 0, for all integers p > 0.

—181—



When Extfy(T,T) = 0, for all p > 0, it is proved in [32] that the condition that
Ay € thickp(a)(T') is equivalent condition b’) in Definition 18.

In the rest of the subsection, unless otherwise stated, T' will be a B — A—bimodule
and all statements are given for it. The following result is then a direct consequence of
proposition 4.10:

Corollary 5.2. Consider the following assertions:
(1) @%T : D(B) — D(A) is fully faithful;
(2) Ext(T,T) =0, for all p > 0, the canonical algebra morphism B — End(T) is
an isomorphism and Ty is a compact object of Triapay(T').
(3) The following conditions hold:
(a) the canonical map B — Homu (T, T)®) — Homa(T, T®) is an isomor-
phism, for all cardinals o
(b) Bzt (T, T™) = 0, for all cardinals o and integers p > 0;
(c) for each family (X?)icr in Triapay(T) such that D(A)(T'[k], X?) =0, for all
k>0 and alli € I, one has that D(A)(T,[[,c; X;) = 0.
The implications (1) <= (2) = (3) hold true. When T4 has finite projective dimen-
sion, all assertions are equivalent.

The next result is then a consequence of theorem 4.13:

Corollary 5.3. The following assertions are equivalent:

(1) There is a recollement D(B) = D(A) = D' with i, =? Q%K T, for some triangulated
category D';

(2) Ext\(T,T) = 0, for all p > 0, the canonical algebra morphism B — Enda(T)
is an isomorphism, T is a compact object of Triapay(T) and this subcategory is
closed under taking products in D(A).

(3) Ext\(T,T) = 0, for all p > 0, the canonical algebra morphism B — Enda(T)
is an isomorphism, T is a compact object of Triapa)(T) and T admits a finite
projective resolution with finitely generated terms as a left B-module.

When A is k-flat, these conditions are also equivalent to:

(4) There is a dg algebra A, a homological epimorphism of dg algebras f : A — A
and a classical tilting object T* € D(A) such that
(a) f.(T*) = Ty, where f. : D(A) —s D(A) is the restriction of scalars functor;
(b) The canonical algebra morphism B — Ends(T) = EndD(A)(T') is an iso-

morphism.

The next result is a direct consequence of corollaries 4.14 and 4.15:

Corollary 5.4. Consider the following assertions for the B — A—bimodule T ':

(1) Ta admits a finite projective resolution with finitely generated terms, Ext)(T,T) =
0, for all p > 0, and the algebra morphism B — End(T4) is an isomorphism;

(2) There is recollement D' = D(A) = D(B), with jy =? Q% T, for some triangulated
category D' (which is equivalent to D(C), for some dg algebra C);

(3) There is a recollement D' = D(A%) = D(B), with j' = j* = T®Y?, for some
triangulated category D' (which is equivalent to D(CP), for some dg algebra C').
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Then the implications (1) <= (2) = (3) hold true. When A is k-projective, all asser-
tions are equivalent.

The next result is a direct consequence of theorem 4.18 and the definition of good tilting
module.

Corollary 5.5. Let T be a right A-module such that Ext (T, T) = 0, for all p > 0, and
let B = Ends(T). The following assertions are equivalent:

(1) Exty,,(T,T) =0, for allp > 0, the canonical algebra morphism A — Endpgey (T')°P
is an isomorphism and T admits a finite projective resolution with finitely gener-
ated terms as a left B-module;

(2) RHomyu(T,?) : D(A) — D(B) is fully faithful and preserves compact objects;

(3) There exists an exact sequence 0 — A — TV — T ... — T™ — 0 in Mod — A,
with T* € add(T) for each k =0,1,...,n;

(4) 7@% : D(B) — D(A) has a fully faithful left adjoint.

When in addition Ta has finite projective dimension and Ext (T, T®) = 0, for all cardi-
nals o and all integers p > 0, the above conditions are also equivalent to:

(5) T is a good tilting right A-module.

The last results show that the fully faithful condition of the classical derived functors
associated to an exceptional module is closely related to tilting theory. However, this
relationship tends to be tricky, as the following examples show. They are explained in
detail in the final part of [32].

Examples 5.6. (1) If A is a non-Noetherian hereditary algebra and I is an injective
cogenerator of Mod — A containing an isomorphic copy of each cyclic module,
then T' = E(A) @ % @ I satisfies the conditions (1)-(5) of corollary 5.5, but
Extl (T, T™)) #£ 0. Hence T is not a tilting A-module.

(2) Let A be a right Noetherian right hereditary algebra such that Homa(E(A/A, E(A)))
0 and E(A)/A contains an indecomposable summand with infinite multiplicity.
If I is the direct sum of one isomorphic copy of each indecomposable summand
of E(A)/A, then T = E(A) @ I is a 1-tilting module such that RHoma(T,?) :
D(A) — D(B) is not fully faithful. The Weyl algebra Ai(k) = k < z,y >
/(xy — yx — 1) over the field k is an example where the situation occurs.

(3) If A is a hereditary Artin algebra, T is a finitely generated projective right A-
module which is not a generator and B = Ends(T), then T admits a finite projec-
tive resolution with finitely generated terms as a left B-module, but RHomy(T,7) :
D(A) — D(B) is not fully faithful. Indeed RHoma(T,?) preserves compact ob-
jects, but condition (3) of last corollary does not hold.

5.2. Connection with Wakamatsu tilting problem. In this subsection we show a
connection of question 4.26 with a classical problem in Representation Theory.
Definition 19. Let Ty be a module and B = End(T4). Consider the following conditions:

(1) T4 admits a projective resolution with finitely generated terms;
(2) Exth (T, T) =0, for all p > 0;
(3) There exists an exact sequence 0 — A — T — T1 — .. — T™ — ... such that
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(a) T" € add(Ty), for all i > 0;
(b) The functor Hom(?,T) leaves the sequence exact.
(4) There exists an exact sequence 0 — A — T° — ... = T" — 0, with T" € add(T4),
for alli > 0.

We shall say that Ty is

a) Wakamatsu tilting when (1), (2) and (3) hold;

b) semi-tilting when (1), (2) and (4) hold;

c) generalized Wakamatsu tilting when (2) and (3) hold;
d) generalized semi-tilting when (2) and (4) hold.

Remark 5.7. FEach classical tilting module is (generalized) semi-tilting and each (gener-
alized) semi-tilting module is (generalized) Wakamatsu tilting.

Proposition 5.8. Let T be a Wakamatsu tilting right A-module. The following assertions
are equivalent:

(1) T is classical tilting;
(2) T is semi-tilting of finite projective dimension;
(3) T has finite projective dimension, both as a right A-module and as left module over

B = End(Ty).

Proof. (1) = (2) is clear.

(2) = (3) By hypothesis, we have that pd(7T4) <. On the other hand, a finite
projective resolution for g7 is obtained by applying the functor Hom, (7, T") to the exact
sequence 0 - A — T° — ... = T™ — 0, with T" € add(T4) given in the definition of
semi-tilting module.

(3) = (1) This is known (see [27, Section 4]). O
Question 5.9. 1. Is statement (1) of last proposition true, for all Wakamatsu tilting
modules?.

2. We can ask an intermediate question, namely: is each Wakamatsu tilting module
a semi-tilting one?.

Remark 5.10. The answer to question 1 is negative in general (see [39, Example 3.1]).
However it is still an open question, known as Wakamatsu tilting problem, whether each
Wakamatsu tilting module of finite projective dimension is classical tilting. Note that, by
proposition 5.8, an affirmative answer to question 2 above implies an affirmative answer
to Wakamatsu problem and, conversely.

It turns out that question 2 is related to question 4.26, as the following result shows:

Proposition 5.11. Let us assume that Exty (T, T) = 0, for allp > 0, and that RHoma(T,?) :
D(A) — D(B) is fully faithful, where B = End(T4). Consider the following assertions:
RHoma(T,?) preserves compact objects;

1)

(2) T is a generalized semi-tilting module;

(3) T is a generalized Wakamatsu tilting module;

(4) The structural algebra homomorphism A — Endper(T) is an isomorphism and
Exty., (T, T) =0, for all p > 0.

Then the implications (1) <= (2) = (3) <= (4) hold true.
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Proof. (1) <= (2) is a direct consequence of corollary 5.5 and the definition of generalized
semi-tllting module.
(2) = (3) is clear.

0 1 n—1 n
(3) = (4) Let us fix an exact sequence 0 — A — T° SN L NN AN

(*), with T% € add(T), for all ¢ > 0. As shown in the proof of proposition 5.8, when we
apply to it the functor Hom(?,7") : Mod — A — B — Mod, we obtain a projective reso-
lution of T = Hom4(A,T). Bearing in mind that the canonical natural transformation
0 : IMoa—a — Homper(Homy(7,7T),T) is an isomorphism, when evaluated at a module
T" € add(T'), when we apply Homper (7, T') to that projective resolution of gT', we obtain
a sequence

0 — Hompe (T, T) — T° 25 71 L 20 pn &y

This sequence is exact due to the left exactness of Homper(?,7") and to the exactness of
the sequence (*) and, hence, both sequences are isomorphic. Then assertion (4) holds.

(4) = (3) By proposition 4.9, we know that g7 admits a projective resolution with
finitely generated terms, say

PTM— L — Pt — P — 5T 0. (**)

The hypotheses imply that, when we apply to it the functor Hompges (7, T'), we obtain an
exact sequence in Mod — A

0 — A — Hompgop(PY,T) — Hompep (P!, T) — ... — Hompep (P, T) —> ...

Note that Hom ger (P~%, T) is a direct summand of Hompges (B™ | T) = TX), for some r € N,
so that Hompgep (P, T) =: T" is in add(T4), for each i > 0. Note also that the canonical
natural transformation o : 1g_poq —> Homa(Homper(?,7),T) is an isomorphism when
evaluated at any finitely generated projective left B-module, because Hom (7, T) = gB.
It follows from this and the fact that Ext’)(T,T) = 0, for all p > 0, that when we apply
Hom, (7, T') to the last exact sequence we obtain, up to isomorphism, the initial projective
resolution (**). Then the exact sequence

02> Ay —T° —T'— . —T"— ..

is kept exact when applying Homy4(?, 7). Therefore T4 is a generalized Wakamatsu tilting
module. 0

As an immediate consequence, we get:

Corollary 5.12. FEach of the following statements is true if, and only if, so is the other:

(1) If Ty is a generalized Wakamatsu tilting module such that RHoma(T,?) : D(A) —
D(B) is fully faithful, where B = Enda(T), then Ty is generalized semi-tilting.

(2) Let gT4 be a bimodule such that Ext)(T,T) =0 = Exty,,(T,T), for allp > 0 and
the algebra morphisms B — Enda(T) and A — Endge»(T)°P are isomorphisms.
If the functor RHoma(T,?) : D(A) — D(B) is fully faithful, then it preserves
compact objects.

—185—



ACKNOWLEGMENTS: The preparation of this paper started in a visit of the second
named author to the University of Shizuoka and his subsequent participation in the 46th
Japan Symposium on Ring Theory and Representation Theory, held in Tokyo on October
12-14, 2014. Saorin thanks Hideto Asashiba and all the organizers of the Symposium for
their invitation and for their extraordinary hospitality.

We also thank Jeremy Rickard for his help in the proof of proposition 4.2.

Both authors are supported by research projects from the Spanish Ministry of Education
(MTM2010-20940-C02-02) and from the Fundacién *Séneca’ of Murcia (04555/GERM/06),
with a part of FEDER funds. We thank these institutions for their help.

REFERENCES

[1] L. Alonso, A. Jeremias, M. Saorin, Compactly generated t-structures on the derived category of a
Noetherian ring, J. Algebra bf 324(4) (2010), 313-346.

[2] L. Alonso, A. Jeremias, M.J. Souto, Localization in categories of complexes and unbounded resolutions,
Canad. J. Math. 52(2) (2000), 225-247.

[3] L. Alonso, A. Jeremias, M.J. Souto, Constructions of t-structures and equivalences of derived cate-
gories, Trans. Amer. Math. Soc. 355(6) (2003), 2523-2543.

[4] M. Auslander, I. Reiten, S.O. Smal(), Representation theory of Artin algebras, Cambridge Stud. Adv.
Maths 36, Cambridge Univ. Press (1995).

[5] S. Bazzoni, F. Mantese, A. Tonolo, Derived equivalences induced by infinitely generated n-tilting
modules, Proc. Amer. Math. Soc. 139(12) (2011), 4225-4234.

[6] S. Bazzoni, A. Pavarin, Recollements from partial tilting complezes, J. Algebra 388 (2013), 338-363.

[7] A.A. Belinson, J. Bernstein, P. Deligne, Faisceaux pervers, Astérisque 100 (1982).

[8] T. Biihler, Exact categories, Expo. Math. 28(1) (2010), 1-69.

[9] S.U. Chase, Direct products of modules, Trans. Amer. Math. Soc. 97 (1960), 457-473.

[10] H. Chen, C. Xi, Good tilting modules and recollements of derived module categories, Proc. London
Math. Soc. 104(5) (2012), 959-996.

[11] H. Chen, C. Xi, Ringel modules and homological subcategories, (2012). Preprint available at
arxiv.org/abs/1206.0522

[12] R. Colpi, C. Menini On the structure of x-modules, J. Algebra 158 (1993), 400-419.

[13] P. Gabriel, M. Zisman, Calculus of fractions and Homotopy Theory, Springer-Verlag New York
(1967).

[14] Y. Hang, Recollements and Hochschild theory, J. Algebra 397 (2014), 535-547.

[15] D. Happel, On the derived category of a finite dimensional algebra, Comment. Math. Helvet. 62(1)
(1987), 339-389.

[16] D. Happel, Triangulated categories in the representation theory of finite dimensional algebras, Lon-
don Math. Soc. Lect Note Ser. 119. Cambridge Univ. Press (1988).

[17] P.J. Hilton, U. Stambach, A course in Homological Algebra, Springer-Verlag (1971).

[18] B. Keller, Chain complexes and stable categories, Manuscr. Math. 67 (1990), 379-417.

[19] B. Keller, Deriving DG categories, Ann. Sci. E. Norm Sup 27(1) (1994), 63-102.

[20] B. Keller, On differential graded categories, Int. Congress of Mathematics (Madrid 2006), Vol II,
151-190. Eur. Math. Soc. Zurich (2006).

[21] B. Keller, Derived categories and their uses, Chapter of Handbook of Algebra, volume 1. Elsevier
(1996). Editor M. Hazewinkel.

[22] B. Keller, P. Nicolds, Weight structures and simple dg modules for positive dg algebras, Int. Math.
Res. Notices (2012) doi: 10.1093/imrn/ms009.IMRNsite

[23] B. Keller, D. Vossieck, Aisles in derived categories, Bull. Soc. Math. Belg. Ser. A 40(2) (1988),
239-253.

—186—



[24] H. Krause, A Brown representability theorem via coherent functors, Topology 41 (2002), 853-861.

[25] H. Krause, Localization theory for triangulated categories, pp 161-235. In 'Triangulated categories’,
by T. Holm, P. Jorgensen and R. Rouquier (edts). London Math. Soc. Lect. Not. Ser. 375. Cambridge
Univ. Press (2010).

[26] D. Lazard, Autour de la platitude, Bull. Soc. Math. France 97 (1969), 81-128.

[27] F. Mantese, 1. Reiten, Wakamatsu tilting modules, J. Algebra 278 (2004), 532-552.

[28] J. Miyachi, Localization of triangulated categories and derived categories, J. Algebra 141(2) (1991),
463-483.

[29] A. Neeman, Triangulated categories, Annals of Math. Stud. 148. Princeton Univ. Press (2001).

[30] P. Nicolds, M. Saorin, Lifting and restricting recollement data, Appl. Categ. Struct. 19(3) (2011).

[31] P. Nicolds, M. Saorin, Parametrizing recollement data for triangulated categories, J. Algebra 322
(2009), 1220-1250.

[32] P. Nicolds, M. Saorin, Generalized tilting theory, Preprint available at arXiv:1208.2803

[33] D. Pauksztello, Homological epimorphisms of differential graded algebras, Comm. Algebra 37(7)
(2009), 2337-2350.

]
| J. Rickard, Derived equivalences as derived functors, J. London Math. Soc. 43(2) (1991), 37—48.
| M.J. Souto Salorio, On the cogeneration of t-structures, Arch. Math. 83 (2004), 113-122.

] N. Spaltenstein, Resolutions of unbounded complexes, Comp. Math. 65(2) (1988), 121-154.

] J.L. Verdier, Des catégories dérivées des catégories abéliennes, Asterisque 239 (1996).

]

J. Algebra 134 (1990), 298-325.

[40] C.A. Weibel, An introduction to Homological Algebra, Cambridge Stud. Adv. Maths 38. Cambridge
Univ. Press (1994).

[41] D. Yang, Recollements from generalized tilting, Proc. Amer. Math. Soc. 140(1) (2012), 83-91.

DEPARTAMENTO DE MATEMATICAS
UNIVERSIDAD DE MURCIA. APTDO 4021
30100 ESPINARDO, MURCIA

SPAIN

E-mail address: pedronz@um.es
FE-mail address: msaorinc@um.es

—187—



ONE POINT EXTENSION OF A QUIVER ALGEBRA DEFINED BY
TWO CYCLES AND A QUANTUM-LIKE RELATION

DAIKI OBARA

ABSTRACT. This paper is based on my talk given at the Symposium on Ring Theory
and Representation Theory held at Tokyo University of Science, Japan, 12-14 October
2013.

In this paper, we consider a one point extension algebra B of a quiver algebra A,
over a field k£ defined by two cycles and a quantum-like relation depending on a nonzero
element ¢ in k. We determine the Hochschild cohomology ring of B modulo nilpotence
and show that if ¢ is a root of unity then B negates Snashall-Solberg’s conjecture.

INTRODUCTION

Let A be an indecomposable finite dimensional algebra over a field k. We denote by A°¢
the enveloping algebra A ®j A% of A, so that left A°~-modules correspond to A-bimodules.
The Hochschild cohomology ring is given by HH*(A) = Ext’.(A, A) = @&,>0Ext’. (A, A)
with Yoneda product. It is well-known that HH*(A) is a graded commutative ring, that
is, for homogeneous elements n € HH™(A) and § € HH"(A), we have nf = (—1)""0n. Let
N denote the ideal of HH*(A) which is generated by all homogeneous nilpotent elements.
Then N is contained in every maximal ideal of HH*(A), so that the maximal ideals of
HH*(A) are in 1-1 correspondence with those in the Hochschild cohomology ring modulo
nilpotence HH*(A) /.

Let ¢ be a non-zero element in k£ and s,t integers with s,t > 1. Let [ be the quiver
with s + ¢ vertices and s+t + 1 arrows as follows:

as < ay by ~vene-
as / NG B1 N
ay 1 bt,Q
s /‘\LV \ﬁt /ﬁt72
...... g 9 b, & b 1

and I, , the ideal of kI' generated by
Xsa’ X5yt — thXS, Ytb, ,YXSU-FU

for a,b > 2,0 < v <a-1,0<u < s—1and (v,u) # (0,0) where we set X:=
a1 +as+ - +asand Yi= ) + B+ - - - + ;. Paths in I are written from right to left.
In this paper, we consider the quiver algebra B = kI'/1,, .. We denote the trivial path
at the vertex a(i) and at the vertex b(j) by e, and by ey;) respectively. We regard the
numbers 4 in the subscripts of e,; modulo s and j in the subscripts of e;;) modulo ¢.
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In the case s =t =1 and a = b = 2, B is a Koszul algebra. In this case, the
Hochschild cohomology ring of B modulo nilpotence HH*(B) /N is not finitely generated
as a k-algebra (see [4]).

This algebra B is a one point extension of a quiver algebra A, = kQ/I, where () the
following quiver:

a2
a[s <_ a2 b2 ......

as NG Bl/t

ay 1 bt72

and I, is the ideal of k(@) generated by
Xsa’ X5yt — thXS, Ytb.

This algebra A, is the quiver algebra defined by two cycles and a quantum-like relation.
In [2] and [3], we described the minimal projective bimodule resolution of A, and showed
that if ¢ is a root of unity then HH*(A,)/N is isomorphic to the polynomial ring of two
variables and that if ¢ is not a root of unity then HH*(A,)/N is isomorphic to the field k.

The Hochschild cohomology ring modulo nilpotence HH*(A) /N was used in [5] to define
a support variety for any finitely generated module over a finite dimensional algebra A.
In [5], Snashall and Solberg conjectured that if A is an artin k-algebra then HH*(A) /N
is finitely generated as an algebra.

In this paper, we determine the Hochschild cohomology ring of B modulo nilpotence
HH*(B)/N and show that if ¢ is a root of unity then HH*(B)/N is not finitely generated
as an algebra. So B negates Snashall-Solberg’s conjecture.

The content of the paper is organized as follows. In Section 1, we determine the minimal
projective bimodule resolution of B. In Section 2 we determine the ring structure of

HH*(B)/N.

1. A PROJECTIVE BIMODULE RESOLUTION OF B

In this section, we determine a minimal projective bimodule resolution of B.
Let k be afield, ¢ € k a nonzero element and s, t integers with s,¢ > 1. Let B = kI'/1,,,,,
where I' is the following quiver:

as < ay by ~venn-
a3 / 7\0!1 B1 /\
ay 1 bt,Q
as A \Bt N4 Bios
...... as 2 bt Bt—l bt_l

and I, is the ideal of KI' generated by
Xsa’ X5yt — thXS, Ytb, 7X5U+u
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for a,b > 2,0 < v <a—-1,0<u < s—1and (v,u) # (0,0) where we set X:=
a1+ ag+ -+ asand Yi= 01+ fa+ -+ Gy
Then we note that the following elements in B form a k-basis of B.

XSlH/ea(i) for2<i<s0<i<a-1,0<0'<s-—1,

Y ey for1<j<t,0<I<b-—1,0<l'<t-—1,

Xty i+l for0<i<a—1,0<j<b-—11<1<s—-1,0<!'<t-1,
Xyttt for1<i<a—1,0<j<b—10<!'<t—1,

Xsiy'ti X! for0<i<a—1,1<j<b—-11<1<s-1,

YV Xyt for1<i<a—10<j<b-—11<U'<t-—1,

YIXUYUX! for0<i<a—-1,0<j<b-1L1<I<s—11<I<t—1,
iyt Y for0<i<a—1,1<j<b—11<lI'<s—1,
YVIXUYUH for1<i<a—1,0<j<b—1,1<LlI'<t—1.

€2,
V¢l for0<i<v—-1,0<l'<s—1,
v XUt for0<!'<u-—1ifu#0,
Xletl/Jrl// f OSZSU,OSZISI)—:[,]_Sl”ét—lifﬂ#o,
or
7 0<I<v—10<lU<b-11<"<t—1ifu=0,
Xy for 0<I<u,1<I<b—-1,0<1I"<s—1ifu##0,
0<I<v—1,1<I<b—10<I"<s—1ifu=0.

So we have the dimension of the algebra B as follows:

_ ab(s+t =122+ @w+Db(s+t—1)—s+u+1 ifu##0,
dimy B = ) )
ab(s+t—1)"+vb(s+t—1)+1 if u=0.

Let M be the right A,-module with the following basis elements:

b Ga for0<I<v—-1,0<0I'<s—1,

XsvH for0<!'<u-—1ifu#0,

XSlYtl/-f—l” for OSZSU,OSZISI)_:[,]_Sl”ét_]_lfu#(h
0<I<v—10<l<b-11<I"<t—1ifu=0,

0<I<u,1<I<b—-1,0<I"<s—1ifu##0,

Xyt x" for ,
0<I<v—-1,1<I'<bhb—-1,0<!"<s—1ifu=0.

Then we regard the algebra B as the one point extension g i\f of A, by the A,-
q

module M. Let F: Mod Af] — Mod B¢ and G: Mod A; — Mod B* be the natural functors
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given by F(Q) = (8 1]4\14) ®4, @ and G(L) = (8 g) We give an explicit projective

bimodule resolution of a one point extension algebra by using the following Theorem in

[1].

Theorem 1. Let -+ — Q, 2% - = Q1 % Qo 2% A — 0 be an A°-projective
resolution of A and -+ — L, —% -+ — Ly =2 L; =% Ly = M — 0 a right A-

projective resolution of M. Then we have a B®-projective resolution of B = <g ]\j)

dn d d
=P, P,y == P — P~ B—0,

where Py = F(Qo) @ (Be' ® €'B), dy = (F(do),idperges), Pn = F(Qn) ® G(Ly—1) and

[ F(bn) On , (10 ' .
dn = 0 —Q(Tn—1)) forn > 1, where €' = 00 € B is new vertex and o,:
G(Lp-1) = F(Qn-1) is a B¢-homomorphism such that F(d,) o 0,11 = 0, 0 G(n,), where

0o is the natural monomorphism.

Remark 2. The following sequence is a minimal projective resolution of M.

T2n, T2n—1

—>L2n—>L2n 1 — —>L11>LOTHOM—>O

where Ly, = €14y, Lopy1 = €a(sy1—u)Aq for n > 0, 1y is a natural epimorphism and for
n>1,

T2n71<ea(s+1—u)) = stJruea(s—l—l—u)u
ron(er) = XPTT T,
In [2], we gave the minimal projective bimodule resolution of A,. Then, by Theorem 1

we have the minimal projective bimodule resolution of B.
For n > 0, we define left B®-modules, equivalently B-bimodules

Py = Bel®elB@HBem ®emBEBHBeb ) @ ep;) B @ Bea ® e B,

7j=2
2n
HB€1®€1B@HBGM ®6azB@HBeb ® epj)B @ Bey ® eq(s41—u) B,
=0 1=2 j=2

P2n+1 H Bel & elB @ HBea i+1) & ea (4) B ) HBeb(]—i—l & eb(])B s> B€2 ® elB

=1 7=1

The generators e; ® ey, €q4(:) @ €a(i), €o(j) D €n(j), €2 X q(s+1—u) and €3 @ ey of Py, are labeled
e for 0 < I < 2n, ei?i) for 2 < i < s, and 55@) for 2 < j <t, e¥ and ¥ respectively.
Similarly, we denote the generators e; ®e1, eq(i+1) ® €ai), €pj+1) @ ep(j) and ea @ eq of Po, g
by 7"t for 1 <1 < 2n, sQ"H for 1 <i < s, 52”“ for 1 < j <t and 2"V respectively.
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Then we have the B¢-homomorphisms o,,:

00(50/7) =7,
02n—1(€2n_1/) - 7532 37
v—1 s—1
2n/

=0 I'=0

ZZ’YXSH_Z (21”3 11,)XS(U )+u—1-0

G(Ly—1) = F(Qn-1) as follows:

+Z’YXSU+Z 2?5 11/ Xu— 1— l/

So we have the minimal projective bimodule resolution of B as follows.

Theorem 3. The following sequence P is a minimal projective resolution of the left B¢-

module B:

don+1

d2n
P:-oo = Py — Py — Poyq — -

where dy: Py — B is the multiplication map,
are defined by

d1 :
( .
1( ) 5b(]+1)Y —Yey, for1<j<t,
eV = e) — ¥,
d2n .

t 1 tiAl 2n—1 yrt(b—1-1)+t—1'~
Y Ep(t—1r) Y

t 1 tl+l’ 2n— 1
Y b(i—1-1)

2n b—1
6" imo
m b—1
€b(j) >0
e2n
qyt 2n—1
g2
lll

— 2n—1
Z] Oqal]Yt]E n— Yt(b 1-7) +Z

2n—1
—e Y - b))

2n—1

al' +1y/t
q Yiey 1 —

€2l/ lyt nggnl 1
Eon_1

an+1 Z@S ) YtXS—z‘ 2?;1Xi_1 Z
a(z = Z I ; XSHZ, Z?z 11 1)
Eon 7 i

QH/HE

a(s )
a(s )

sV 2n 1 u—1-1'
+Zl’:07X " a(s l’)X o

Xs— z 2n— 1Xz 1Yt

Ca(i)
Xs(a 1-0)+s-1U'—1 fOT’ 2<i< s,
s— 1 Xsl+l' 2n—1 Xs(a 1-0)+s—1U'— 1

—>P2—>P1—>P0 — B — 0.

and left B°-homomorphisms dsy, and da,iq

1

Yt(b 1-1)+t— l—l f0r2 S] Stu

E;:l Xsytfj&_Zn'—lyjfl + qbn+1 Ez':l thjé,Qn 1YJ IXS

b(4)

zb(n l+1)Xs(a 1—14) 3?—11Xsi

if I" =21 for1 <1 <n-—1,

_'_ qb(n—l/)-f—l&g?flxs

if " =2U'+1 for 1 <1l'<n-—2,

2n—1 2n—1
Xoey  +qey, X7,

Xsl+l' 2n—1 Xs(v D4u—1— l'

62n 1/st+u’
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d2n+1 :

\

2n+1
a(z
2n+1/

2n 1 n n ;

2n+1
sl,f”r

|_>
— Zb 1 i (al+1) Yt]€2n Yt(b 1-7) _ nggln —l—qb("_l)g%?Xs
iflI" =214+1 for0<1<n—1,
—qlYte2n 4 g2yt 4 3O gin=ID+D) s(a—1-i) 2 ysi
if " =2l for 1 <1I' <n,
) HgMHWY_XE%%hrlgiS&

— 7€2n _ €2n/Xs(a717v)+sfu’

forn > 1, where in the case n = 1, €3, vanish, and the image of €3 by dy is

— S XY I VI g Y Ve YOI X

+ qu‘:l YtiXs— z a(i)XZ 1 _ 25:1 XS_iEtll(i)Xi_lyt.

2. THE HOCHSCHILD COHOMOLOGY RING OF B MODULO NILPOTENCE

In this section, we consider the case that ¢ is a root of unity. We set z is the remainder
when we divide z by r for any integer z.

Then we have 0 < z < r — 1. Using the

projective resolution in Theorem 3, we have a basis and Yoneda product of the Hochschild
cohomology ring HH*(B) of B. Then we determine the Hochschild cohomology ring
modulo nilpotence HH*(B) /N as follows.

Theorem 4. If s,t > 2 and q is an r-th root of unity then

k@ klz?, y*a* ifa+#0,b#0,
kek o ?  ifa#0,b=0
HH*(B)/N = { 7 [””2“”2]2 A
k@ klxz™ y*lz*  ifa=0,b#0,
k@ k[z?, y?|x? ifa=0b=0.

where z! = 61,0+Z§:2 ep(j) in HH'(B) and 2™y" = ey, in HH™™(B) forl >0, m,n > 0.
Theorem 5. If s > 2, t =1 and q is an r-th root of unity then

HH*(B) /N =

( (k& klz",y¥)a" ifa+#0,b+#0,
k® k", y2a"  ifa=0,b#0, ifchark=2b=2r is odd,
k@ K[z, v ifa=0b=0,
(k@ k[z?,y*]a® ifa+#0,b+#0,
k®klx? y*)2?  ifa#0,b=0,

o o1 o PR others.

k@ klx™, y*|x ifa=0,b+#0,

Lk @ k[2?, y?a? ifa=0b=0,

where x™y" = ey, in HH™™(B) for m > 0 and n > 0.
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Theorem 6. If s=1,t > 2 and q is an r-th root of unity then

HH*(B) /N =

( (k@ klz?, y"|a> ifa+#0,b+#0,
k@ k[z?y"]2®>  ifa#0,b=0, ifchark=2a=2r is odd,
|k © k[2?, yla? ifa=b=0,
(k@ k[z>, y*]a*  ifa+#0,b#0,
k klx2 422 = B:

© [xz;y 2]902T Z,filfo’f 0 others.

k& klx*, y*|x ifa=0,b#0,

L Lk ® E[2?, y?|a? ifa=0b=0,

where z! = 61,0+Z§:2 ey in HH'(B) and 2™y" = ey, in HH™(B) forl >0, m,n > 0.

It follows from Theorem 4, 5 and 6 that if ¢ is a root of unity then HH*(B)/N is not

finitely generated as an algebra. So B negates Snashall-Solberg’s conjecture.

1]
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SOURCE ALGEBRAS AND COHOMOLOGY OF BLOCK IDEALS
OF FINTIE GROUP ALGEBRAS

HIROKI SASAKI

ABSTRACT. Let B a block ideal of the group algebra of a finite group G over a field k
with a defect group P. We shall give a criterion for a (kP, kP)-bimodule defined by a
(P, P)-double coset to be isomorphic to a direct summand of the source algebra of the
block B viewed as a (kP, kP)-bimodule.
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1. BLOCK IDEALS, SOURCE ALGEBRAS AND COHOMOLOGY RINGS

Throughout this note we let GG denote a finite group and k an algebraically closed field
of characteristic p dividing the order of G.

Let B be a block ideal of the group algebra kG; let P be a defect group of B. Let X
be a source module of B, which is an indecomposable direct summand of B as k[G x P°P|-
module having AP as vertex; X has a trivial source. The source module X can be written
as X = kGi with a source idempotent i. Let (P, bp) be the Sylow B-subpair such that the
Brauer construction X (P) belongs to bp; let Fpp,\ (B, X) = { (R,br) | (R,br) C (P,bp) }
be the Brauer category associated with (P,bp). Then the cohomology ring H*(G, B, X)
of the block B with respect to X is defined to be the subring of the cohomology ring
H*(P, k) of the defect group P consisting of F(py,)(B, X)-stable elements (Linckelmann
4]).

The cohomology ring H*(G, B, X) is so tightly related to the source algebra ikGi =
X*®p X. Namely

Theorem 1 ([4, Theorem 5.1], [7, Theorem 1]). Under the notation above an element
¢ € H*(P k) belongs to the cohomology ring H*(G, B, X) if and only if the diagonal
embedding 6p¢ € HH*(kP) is ikGi-stable, where ikGi is viewed as a (kP,kP)-bimodule.

Upon this fact the author proposed in [7] a conjecture that the transfer map defined
by the source algebra would describe the block cohomology. To be more precise we
let tirgi + HH*(kP) — HH*(kP) be the transfer map defined by ikGi as a (kP,kP)-
bimodule. Then we can define a map ¢ : H*(P, k) — H*(P, k) giving rise to the following

The paper is in a final form and no version of it will be submitted for publication elsewhere.
This work was supported by Japan Society for the Promotion of Science Grant-in-Aid for Scientific
Research (C) (22540013).

—195—



commutative diagram
H*(P,k) —X— HH*(kP)

tl ltikci .

H*(P.k) —— HH"(kP)
P

Conjecture. Under the notation above it would follow that
H*(G,B,X)=tH"(Pk).

If we let
ikGi ~ € k[PxP]
PxP
be a direct sum decomposition of indecomposable (kP, kP)-bimodules, then the map ¢ is
described as follows:

t:H (P k) — H" (P, k);( — ZtrpreSszP “C.
PxP

However we have had few knowledge for indecomposable direct summands of 1kGi; we
have for an element © € G outside the inertia group Ng(P, bp) of the Sylow subpair (P, bp)
almost no information for [Pz P] to be isomorphic to a direct summand of ikGi, whereas
the direct summands isomorphic to k[Pz] for x € Ng(P,bp) is so well understood, as we
can see in [8, Theorem 44.3].

The aim in this note is to give a criterion for a (kP, kP)-bimodule k[PgP] to be iso-
morphic to a direct summand of tkGi. Here we fix a notation; for a double coset PgP we
let

tpgp : H*(P k) — H*(P,k); ¢~ tr¥ resprap 9¢.

Theorem 2. Let (R, bg),(S,bs) C (P,bp); assume that Cp(R) is a defect group of bg or
Cp(9) is a defect group of bs. For g € G with 9(R,br) = (S, bs) if the map

ty: H* (P k) — H*(P,k); ¢ = tr¥ ress 9¢
does not vanish, then the following hold:
(1) S=PNIP ; hence ty =tpyp,
(2) the (kP, kP)-bimodule k[PgP] is isomorphic to a direct summand of ikG1,
(3) a (kP, kP)-bimodule k|Pg'P] is isomorphic to k[PgP] if and only if P¢’P = PcgP
for some ¢ € Cg(S).

Note in the above that the blocks br and bg are considered as blocks in kCg(R) and
kCq(S), respectively. We prove the theorem above in Section 2.

In Kawai—Sasaki [1] we calculated cohomology rings of 2-blocks of tame representation
type and of blocks with defect groups isomorphic to wreathed 2-groups of rank 2. There
we constructed transfer maps on the cohomology rings of defect groups; the images of
these maps are just the cohomology rings of the blocks. In Section 3 we shall apply
Theorem 2 to show that our transfer maps are defined by direct summands of the source
algebras of block ideals of tame representation type.
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2. DIRECT SUMMANDS OF SOURCE ALGEBRAS AND TRANSFER MAPS

Proof of Theorem 2. We first show in this section the following proposition.

Proposition 3. Let P < G be an arbitrary p-subgroup. The (kP, kP)-bimodules k[PxP)]
and k[PyP], where x,y € G, are isomorphic if and only if PyP = PcxP for some
c € Ca(PN7TP) with the property that PN*P = PN P. In this case PN*P and PNYP
are conjucate in P and the transfer maps tp,p and tpyp coincide.

Proof. Proof. The (kP, kP)-bimodule k[PzP] as a k[P x P°’]-module has @DA(*"'P N P)
as vertex; and we see that

K[PxP] = k[P x P™] @, k.

(*~'PnP)]
Hence we have that
k[PxzP] ~ k[PyP] <=3 (a,b) € P x P°®s.t.
@OA@E P P) = @) <(y’1)A(y_1P N P)).
The last equation is equivalent to the following equation:
{Cs,s D |se” PnPYy={(¥t,bt b ) |te?V PP}

Here, the multiplication in right component of pairs is in the oposite group P°P so that,
rewriting it by using the multiplication in P, we obtain that b-t=*-b~! = b=1¢t~1h. Namely
we see for an arbitrary s € *"'P N P that there exists a unique element ¢ € v"'PN P such
that

Ts = W, sTt=bp"4"1p.

The second equation above implies that ¢ = ®s. Substitute this to the first one to obtain

This equation holds for an arbitrary s € *"'P N P; hence there exists an element ¢ €
Cq(P N*P) such that

ayb = cx.
Note that PN*P =*"'(¥"'PN P), since s = * 't. Then we have that
PN“P=PN"P=pPNYP (-beP)
=4PNYP) (aeP)
="V (PAYP) = (VPN P) =(PN"P)
=PN*P. (rceCqe(PNTP))

Suppose conversely for an element ¢ € Cg(P N*P) that PyP = PcxP with PN*P =
PnN<eP. Then we have

(cm)_IP NP = (cx)_l(P N cxP) — (cm)_l(P N xP) _ x_lc_lx(m_lp N P)
—*'pO P (catclr e CG(flP N P))
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Then the indecomposable k[P x P°P]-module k[Pcz P] has vertex
(COA(E@ T PAP)y=@UAE PAP)={(“s,s)|se® PNP}
—{(®s,s ) |se* ' PnP}=EVACTPOP).

Hence we see that k[PczP] ~ k[PxP], as desired.
Also wee see, under the condition above, since we can write cx = ayb with suitable
a, b € P, that

PN*P=PN“P=PN“P=PNYP=%PN'P),
hence clearly the last assertion holds. 0
Proof of Theorem 2. Because S < PNYP we see for ( € H*(P, k) that
trf resg 9¢ = trf tr " resgresprop ¢
=|PnIP:S|trf respnopIC.

Hence if PNYP > S, then the map ¢, vanishes. Thus we have that S = PNYIP.

If Cp(R) is a defect group of bg, then we see by [3, Lemma 3.3 (iv)] that the (kS, kR)-
bimodule k[gR] = k[Sg] is isomorphic with a direct summand of ikGi. If on the other
hand Cp(S) is a defect group of bg, then an argument similar to that in the proof of
[3, Lemma 3.3 (iv)] tells us that the (kS,kR)-bimodule k[Sg] is isomorphic to a direct
summand of ¢kGi. Namely in both cases k[Sg]| is isomorphic to a direct summand of (kG
as (kS, kR)-bimodule.

As in the proof of [7, Theorem 1] we can take an indecomposable direct summand
k[PxzP] of ikGi such that

k[Sq] | k[PzP]
as (kS, kR)-bimodules; then we can write g = cazb using suitable elements a,b € P and
an element ¢ € Cg(S). Since S = PN P < P we have that © 'S =9 '¢'S < “P so
that @S < P N*P. Therefore it follows that

resg /¢ = resg mbg =resg “*(

= ‘resg “*( = resg ¢ (" ce Cq(9))
= “res,-14"(
= “res,—1gresprep (. IS < PN P)

so that
trf resg 9¢ = trf “res,~1gT€Spnap ¢
= trf P res,—1grespnep "¢ (a€P)
=t |PN®P: %S |resppep “C
=|PN*P: alg | tr¥ resprep “C.
This implies that

'S = Pn®P, trfresg9¢ = trf respn=p (.
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Thus we see that
S=%PN*P)=PN®“P=PN° 9P
Because ¢ € Cg(S), we can apply Proposition 3 to k[PgP] and k[Pc1gP] to conclude
that k[Pc'gP] ~ k[PgP]. Moreover, since Pc™lgP = PaxbP = PxP, we have that
k[PgP] | ikGi.
Finally we see for ¢ € Cg(S) that “(R,bg) = (S, bs) and that

tr” resg ¢ = tr” ‘resg9¢ = trl resg ¢ for ¢ € H*(P, k).

Hence we have that PN“P = S. Again Proposition 3 says that k[PcgP] ~ k[PgP]. The
"only if” part of our assertion (3) is obvious by Proposition 3. U
3. TAME 2-BLOCKS

Linckelmann [5] says that the family
F={(S,bs) C(P,bp) | (S,bs) is extremal and essential } U { (P, bp) }

is a conjugation family.
For a subpair (S, bg) C (P,bp) we consider the following stability condition:

S(S, bs) resg /¢ =ress( Vg € Ng(S,bs).
Then we see
H*(G,B,X)={¢€ H*(P, k) | ¢ satisfies S(5, bg) for an arbitrary (S, bg) € F }.

In the rest of the note we let p = 2 and assume that the block B is of tame representation
type; the defect group P is one of the followings:

(1) dihedral 2-group
Dp=(zy|a™ =y’ =lLyzy ' =a7"), n >3
(2) generalized quaternion 2-group
Qu="(zy|2” =y =22 =1Ly =a'), n>3
(3) semidihedral 2-group

1 —142n2 >

SDn:(x,y|x2n_1:y2:1,yxy_ =z ., n =>4,

The following would be well known.
Proposition 4. (1) If P= D, (n > 3), then
{(B,bs) C (P,bp) | E ~ a four-group, No(E, bs)/C(E) ~ GL(2,2) } U{ (P,bp) }

is a conjugation family.
(2) If P=SD,, (n>4), then

{(E,bg) C (P,bp) | E ~ a four-group, Ng(E,bg)/Cq(E) ~ GL(2,2) }
U{(V,by) C (P,bp) | V =~ a quaternion group, Ng(V,by)/VCa(V) ~ GL(2,2) }
U{(Pbp)}

1S a conjugation family.
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(3) If P=Q,, (n>4), then
{(V,by) C (P,bp) | V =~ a quaternion group, Ng(V,by)/VCq(V) ~ GL(2,2) }
U{(Pbp)}
is a conjugation family.

3.1. Blocks with semidihedral defect groups. In this subsection we let P = SD,, (n >
4); let

2n—2 2n—3

E=(z* "Jy), V={(x

Here we state the cohomology ring H*(P, k) of P

Lyzy™ =2 %27 n >4 Let &€ = a*,n = y* €

the standard element. Let v = norm” a € H*(P, k).
appropriately; we can describe as follows:

H*<P7 k) = k[§7 n, 97 V]/<§2 - §n7 §37 gev 92 - 776 - 7721/ - §2V>'
We constructed in Kawai-Sasaki [1] a transfer map from H*(P, k) to H*(G, B, X).
From now on we assume that Ng(E,bg)/Ce(F) ~ GL(2,2) and Ng(V,by)/VCa(V) ~

GL(2,2). Let w and w’ are automorphisms of £ and V' of order three, respectively. Then
the cohomology ring of the block is described as follows:

H*(G,B,X)={C¢e H(Pk)|resp( =resg“C,resy ¢ = resy“ ( }.

We let g9 € Ng(E,bg) and g1 € Ng(V, by) induce the automorphisms w € Aut £ and
w' € Aut V', respectively:

(1) (2", 90)Ca(E)/CalE) = Na(E, br) /Ca(E) ~ GL(2,2),
(2) (¥, 1)VCa(V)/VCa(V) = Ng(V,by)/VCa(V) ~ GL(2,2).
Definition 5. We let
TvE . H*(P, k) — H*(P,k); ¢ = ¢+ trf resp 9¢ + tr¥ resy 9.

Y ).

= 8D, = {z,y | 2 = ¢* =
HY(P k). Let « € H*((z),k) be
Choose an element § € H3(P, k)

Theorem 6. The image of Tr5 above coincides with the cohomology ring H*(G, B, X).

Since (F,bg), (V,by) C (P,bp) are extremal, we see that Cp(E) and Cp(V) are defect
groups of bg and by, respectively. Theorem 2 together with the facts that the maps
(¢ — trfresp (] and [¢ — trfresy 9 (] do not vanish implies that both of (kP,kP)-
bimodules k[PgoP] and k[Pg; P] are isomorphic to direct summands of ikG'; we obtain
the following theorem.

Theorem 7. Let M = kP @ k[PgyP] ® k[Pg,P|. Then
(1) M | ikGi;
(2) the map TrB is induced by the transfer map ty - HH(kP) — HH (kP);
(3) an element ¢ € H*(P, k) belongs to H*(G, B, X)) if and only if p( € HH*(kP) is
M -stable.

In the other cases of the iniertia quotients, we have similar results.
Suppose that the (kP,kP)-bimodules k[PgP] is isomorphic to a direct summand of
(kP, kP)-bimodule ikGi.
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Let R=9"PNPand S = PNIP andlet (R, bg), (S,bs) € (P,bp). Then Kiilshammer-
Okuyama—Watanabe [2, Proposition 5] says that

(R, br) = (S,bs) C (P,bp).

The Brauer category F(pp,)(B,X) is well understood so that the posibilities of fusions
above are completely described and the transfer maps tp,p are also determined.
Hence we obtain the following.

Theorem 8. The source algebra ikGi induces, as a (kP, kP)-bimodule, the transfer map
tikgi © HH*(kP) — HH*(kP) whose restriction to the cohomology ring H*(P, k) maps
¢ € H*(P,k) as follows:

C— C+lptrfresp 99C 4 1 tr¥ resy 91¢C.
Here ly, 1, € Z.

3.2. Blocks with dihedral or quaternion defect groups. In the case of P = D,, (n >
3), let us take four-groups

E0:<:L,2n72’y>’ E1:<x2n72’l‘y>.
In the case of P = @, (n > 4, let us take quaternion groups
%:<x2n—3’y>’ V1:<902n_3,xy).

Then we can construct the transfer maps Tr2 : H(P k) — H(P, k) whose images are
H*(G, B, X)s, by similar constructions in semidihedral case.
We have also results corresponding to Theorems 7 and 8.
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COMPLEMENTS AND CLOSED SUBMODULES RELATIVE TO
TORSION THEORIES

YASUHIKO TAKEHANA

ABSTRACT. A submodule of a module M is called to be closed if it has no proper
essential extensions in M. A submodule X of M is called to be a complement if it is
maximal with respect to X NY = 0, for some submodule Y of M. It is well known that
closed and complement submodule are the same. A module M is called to be extending
(M has condition (C)) if any submodule of M is essential in a summand of M. It is
known that quasi-injective module is extending. In this note we generalize this by using
hereditary torsion theories and state related results.

1. INTRODUCTION

Throughout this paper R is a ring with a unit element, every right R-module is unital
and Mod-R is the category of right R-modules. A subfunctor of the identity functor of
Mod-R is called a preradical. For preradical o, T, := {M € Mod-R|oc(M) = M} is the
class of o-torsion right R-modules, and F, := {M € Mod-R|o(M) = 0} is the class of
o-torsion free right R-modules. A preradical ¢ is called to be idempotent(a radical) if
t(t(M)) = t(M)(t(M/t(M)) = 0). Let C be a subclass of Mod-R. A torsion theory for C
is a pair of (T,F) of classes of objects of C such that (i) Homg(7, F) =0 for all T € T,
F e F. (ii) If Homg(M, F) = 0 for all ' € F, then M € T. (iii) If Homg(T,N) = 0
for all T € T, then N € F. It is well known that (7;, F;) is a torsion theory for an
idempotent radical . A preradical t is called to be left exact if t(N) = N N¢(M) holds
for any module M and its submodule N. For a preradical ¢ and a module M and its
submodule N, N is called to be o-dense submodule of M if M/N € T,. If N is an
essential and o-dense submodule of M, then N is called to be a o-essential submodule
of M(M is a o-essential extension of N). If N is essential in M, we denote N C° M. If
N is o-essential in M, we denote N C?¢ M. For an idempotent radical ¢ a module M is
called to be o-injective if the functor Hompg(_, M) preserves the exactness for any exact
sequence 0 - A — B — C — 0 with C' € 7,. We denote E(M) the injective hull of a
module M. For an idempotent radical o, E, (M) is called the o-injective hull of a module
M, where E,(M) is defined by E,(M)/M = o(E(M)/M). Then even if o is not left
exact, E,(M) is o-injective and a o-essential extension of M, is a maximal o-essential
extension of M and is a minimal o-injective extension of M. If N is o-essential in M,
then it holds that E,(N) = E,(M). Let B be a submodule of a module M. We call B is
o-essentially closed in M if B has no proper o-essential extension in M.

The final version of this paper will be submitted for publication elsewhere.
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2. COMPLEMENT AND CLOSED SUBMODULE

First we state o-essentially closed submodules and complement submodules relative to
torsion theories. Following proposition generalize Proposition 1.4 in [2].

Proposition 1. Let o be a left exact radical and B be a submodule of a module M. We
denote B/B := o(M/B). Then the following conditions from (1) to (9) are equivalent.

(1) B is essentially closed in B.

(2)

(3) B is a complement of a submodule in B.

(4) If X is a complement of B in B, then B is a complement of X in B.

(5) It holds that B = E,(B) N M.

(6) If BC X C° B, then X/B C° B/B.

(7) It holds that B = E(B)N B.

(8) There exists submodules My and K of M such that K C My, M/M, € F, and B
is a complement of K in M;.

(9) If BC X C°° M, then X/B C°¢ M/B.

Proof. (2)—(1): Let B be o-essentially closed in M. Let H a module such that B C°
H C B. Since H/B C B/B = o(M/B) € T,, H/B € T,. Thus B C°® H C M, and so
H = B by (2).

(1)—(2): Let B be essentially closed in B. Let N be a module such that B C°¢ N C M,
and so B C¢* N and N/B € T,. Then N/B C o(M/B) = B/B. Thus it holds that
BC*NCRB. By(l), B=N.

(2)—(6): Suppose that B is o-essentially closed in M and X an essential submodule
of B containing B. Let Y/B be a submodule of B/B such that X/BNY/B = 0. Then
X NY = B. Since X is essential in B, B = Y N X is essential in Y N B = Y. Since
Y/B=Y/(YNX)=(Y+X)/X CB/X « B/BcT,, Bis c-essential in Y. As B is
o-essentially closed in M, it follows that Y = B. Thus X/B is essential in B/B.

(6)—(4): Let X be a complement of B in B. Let B’ be a complement of X in B
containing B. Then (X @® B)NB' = (XNB)®B = B. Thus (X® B)/B)N(B’'/B) = 0.
Since X @ B is essential in B, it holds that (X @ B)/B is essential in B/B by (6) . Since
(X@® B)/B)N(B'/B) =0, then B’ = B, as desired.

(4)—(3): Since there exists a complement of B in B, it is obvious.

(3)—(2): Let B be a complement of a submodule K of B. Then B is essentially closed
in B. We show that B is o-essentially closed in M. Let B’ be a submodule of M such
that B’ is a o-essential extension of B. Then BN B = B is essential in B’ N B. Since B
is essentially closed in B, B= B'NB . Since T, > B'/B = B'/(B'NB) = (B'+B)/B C
M/B = (M/B)/o(M/B) € F,, it follows that B’ = B, as desired.

(2)—(5): It is easily verified that E,(B) N M is o-essential extension of B in M. By
(2), it follows that E,(B) N M = B.

(5)—(2): Let X be a module such that B C X C M and B is o-essential in X. Then
E,(B) = E,(X). By (5), B = E,(B)NM. Since B C X C E,(X)NM = E,(B)NM = B,
it follows that X = B, as desired.

(1)—=(7): Since E(B)N B is essential extension of B in B, it holds that B = F(B)NB.
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(7)—(1): Let X be a module such that B C X C B such that X is o-essential extension
of B. Then it follows that E(X) = E(B). Since BC X C E(X)NB = E(B)NB = B,
it concludes that B = X.

(2)—(8): Let B be o-essentially closed in M. Then M/B € F,. We take a complement
K of Bin B. Then B @ K is essential in B and (B @ K)/K is essential in B/K. We
take a complement L of K containing B in B. Since (B @ K)/K is o-essential in B/K,
(B® K)/K is o-essential in (L @ K)/K. Thus L is o-essential extension of B. Thus by
(2) B =L, and so B is a complement of K in B.

(8)—(2): Suppose that there exists submodules M; and K of M such that K C M,
M/M, € F, and B is a complement of K in M;. Then B is essentially closed in M;. We
show that B is o-essentially closed in M. Let B; be a submodule of M such that B is
o-essential in By. Then B = BN M; is essential in By N M;(C M;). Since B is essentially
closed in Ml, B = By N M;. Since 7:7 > Bl/B = Bl/(Bl N Ml) = (Bl + Ml)/Ml -
M/M; € F,, it follows that B; = B.

(2)—(9): Suppose that B is o-essentially closed in M. Let X be a submodule of
M such that B € X C% M. Let (Q be a submodule of M containing B such that
(X/B)N(Q/B) =0. Then B=QNX C*QNM = Q. Since /B =Q/(QNX) =
(Q+X)/X CM/X €7,, it holds that B C?¢ ) C M. Since B is o-essentially closed in
M, B =@, and so (Q/B) = 0. Thus X/B is o-essential in M/B.

(9)—(2): Suppose that B C?¢ X C M. Let B’ be a complement of B in M. Then
B®B' C?¢ M and hence by (9) (B&B')/B C¢ M/B. Since BN(B'NX) =0, B'NX = 0.
Since (B® B')/B)N(X/B)=[(B® B)NnX|/B=[B®(B'NX)]/B=0, (X/B)=0,
as desired. O

3. 0-QUASI-INJECTIVE MODULE

We call A o-M-injective if Hompg(—, A) preserves the exactness for any exact sequence
0—>N—M— M/N — 0, where M/N € 7T,. The following proposition is a generaliza-
tion of Theorem 15 in [1].

Proposition 2. Let o be a left exact radical. Then A is o-M-injective if and only if
f(M) C A for any f € Homr(Ey(M), E,(A)).

Proof. (<-): Let o be an idempotent radical and N be a submodule of M such that
M/N € 7,. Since E,(M)/M € 7T, and 7, is closed under taking extensions, it follows
that E,(M)/N € T,. Consider the following diagram.

For any f € Hompg(N, A), f is extended to ¢ € Homg(E,(M), E,(A)). By the as-
sumption it follows that g(M) C A, and so f is extended to g|yy € Hompg(M, A), as
desired.

(—): Let o be a left exact radical and f € Hompg(E,(M), E,(A)). Then f|yns-14 €
Homa(M 1 f~1(A), A). Since M/(M 01 f~(A)) = (M + [ (A))/F1(4) ~ (F(M) +
A)JACE,(A)JAeT,, M/(Mn f~1(A)) € T,. Consider the following diagram.
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0— MnfYA) —>M-—M/(Mnf1A)—0
fil g

Thus by the assumption f|yny-1(a) is extended to g € Homp(M, A), and so (g— f)(MN
f7Y(A)) = 0 . Hence we obtain ker(g — f) 2 M N f~YA). If x € (9 — f)"*(A), then
there exists an a € A such that g(z) — f(z) = a, and then f(z) = g(x) —a € A and
so x € fYA). Tt follows that (g — f)"'(A) C f~Y(A), and so M N (g — f)"}(A) C
Mnf YA Cker(g—f). fa=(g— f)(m) e (9g— f)MNAfora € Aand m € M, then
me (g—f)rtaC Mn(g— f)tACker(g— f),and so 0 = (g — f)(m) = a. Thus it
follows that (g — f)M N A = 0. Since A is essential in E,(A), (¢ — f)M =0, and so we
obtain that f(M) = g(M) C A, as desired. O

We obtain the following corollary as a torsion theoretic generalization of the Johnson
Wong theorem [4] by putting M = A in Proposition 2. We call a module A o-quasi-
injective if A is o-A-injective.

Corollary 3. Let o be a left exact radical. Then A is o-quasi-injective if and only if
f(A) - A f07“ any f € HOTTLR(EJ(A), EO'(A))

The following lemma generalizes Proposition 2.3 in [3].
Lemma 4. If A is o-quasi-injective and E,(A) = M @& N, then A= (M NA)& (NNA).

Proof. Let py(pn) be a canonical projection from E,(A) to M(N) respectively. Then by
Corollay 3, it follows that py(A) € A and py(A) CA. If Asa=m+ne M+ N for
m € M and n € N, then A 3 py(a) =py(m+n) =m € M, and som € AN M, and it
is similarly proved that n € ANN. Thus AC (M NA)® (NNA), as desired. O

4. (0-C;) CONDITIONS

Next we consider (C;) conditions relative to torsion theories. For (C;) conditions, see [5].
We call a module M o-quasi-injective if for any o-dense submodule N of M, Hompg(_, M)
preserves the exactness of a short exact sequence 0 - N — M — M/N — 0. The
following proposition generalize Proposition 2.1 in [5]. We call a module M has (o-C}) if
every o-dense submodule of M is essential in a summand of M. We call a module M has
(0-Cy) if a o-dense submodule A of M is isomorphic to a summand A; of M, then A is
a summand of M.

From now on we assume that o is a left exact radical.

Proposition 5. Any o-quasi-injective module M has (0-Cy) and (o-Cy).

Proof. (0-C4): Let N be a o-dense submodule of a o-quasi-injective module M. Consider
the exact sequence 0 — M/N — E,(M)/N — E,(M)/M — 0. Since 7, is closed
under taking extensions, it follows that E,(M)/N € 7T,. Since 7, is closed under taking
factor modules, it holds that E,(M)/E,(N) € T,. As E,(N) is o-injective, there exists
a submodule E of E,(M) such that E,(M) = E,(N) @ E. Since M is o-quasi-injective,
it follows that M = (M N E,(N)) & (E N M) by Lemma 4. Thus N is o-essential in
M N E,(N) which is a summand of M, as desired. (o-C5): Since M is o-quasi-injective,
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M is o-M-injective. As A; is a direct summand of M, A; is o-M-injective. Consider the
following exact sequence.
0—-A % M — M/A—0 (with M/A<€T,)

Iy
A Cao M

, where h is isomorphism from A to A; and f is a homomorphism from M to A; such
that fg = h. It is easily verified that A is a summand of M. OJ

We call a module M has (0-Cs) if M; and My are summands of M such that MMMy = 0
and M/(M; & Ms) € T,, then M; & M, is a summand of M. We call a module M has
(0-C%) if My and My are summands of M such that My, M/My € T, and M; N My = 0,
then M; & M, is a summand of M. It is easily verified that (o-C3)=-(0-C%). The following
proposition generalize Proposition 2.2 in [5].

Proposition 6. If a module M has (6-C5), then M has (o-C%).

Proof. Let My and M; be summands of M such that My, M /My € T, and M; N My = 0.
Since M, is a summand of M, there exists a submodule M; such that M = M; & M;. Let
7 be a projection M = M; @ M{ — M;. By modular law, My & My = M N (M, @& M) =
(M1 D Mf) N (M1 D Mg) = M1 D (]\4{< N (M1 D MQ)) Thus W(Mg) = 7T(M1 D Mg) =
7T(M1 D (]\4;< N (M1 D Mg))) = Mik N (M1 D Mg) Thus M1 D M2 = M1 D W(Mg) and
w(Ms) € M;. Then ker |y, = kerm N My = My N My = 0, 7|pg, : My — 7(Ms)(C M)
is an isomorphism. Since Mj/m(My) ~ M/My € T, and M/M{ ~ M, € 7T,, the middle
term of 0 — M /m(My) — M/m(My) — M/M{ — 0 is in 7,. Thus 7 (M) is o-dense
submodule of M. Thus we get m(My) C® M by (0-C3). Thus there exists a module
X such that M = X & 7(My). By modular law, M{ = (X N M{) & n(Mz). Thus
and so M, @ M, C® M. O

We call a module of M o-continuous if it has (o-C) and (0-C3). We call a module
M o-quasi-continuous if it has (0-C}) and (0-C%). We have just seen that the following
implications hold: o-injective = o-quasi-injective = o-continuous = o-quasi-continuous
= o-C}

Proposition 7. A module M has (c-C1) if and only if every essentially closed o-dense-
submodule of M is a summand of M.

Proof. =-): Let N be an essentially closed o-dense submodule of M. Since M/N € T,
there exists a decomposition M = X @Y such that N C?¢© X C M. As N is essentially
closed in M and so N = X. Thus M =N &Y.

<): Let N be a o-dense submodule of M. Let X be a complement of N in M and
Y be a complement of X in M containing N . Then Y is essentially closed o-dense in
M. By the assumption Y is a summand of M. We show that N is essential in Y. If N
is not essential in Y, there exists a nonzero submodule H of Y such that NN H = 0. If
NN(X®H)>n=x+h,wheren € Nyx € X andh € H. Thenz =n—h e XNY =0.
Thus x =0, and son =h € NN H = 0. Therefore N N (X @ H) = 0. By construction of
X, X=X®H,and so H=0. Thus N is essential in Y. Thus if M/N € 7T, then there
exists a submodule Y of M such that N C¢Y and Y is a summand of M. O
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Proposition 8. For a submodule A of a module M, if A is o-essentially closed in a
summand of M, then A is o-essentially closed in M.

Proof. Let M = M; & M, with A g-essentially closed in M;. Let 7w denote the projection
M, & My — M. Assume that A C7¢ B C M. It is easy to see that A = w(A) C?° 7(B) C
M;. Since A is o-essentially closed in M, 7(B) = A C B, and so (1 — 7)(B) C B. Since
(1-m)(B)NA=0and AC®B, (1—m)(B)=0. Thus A C°* B =7(B) C M;. Since A
is o-essentially closed in My, it holds that A = B. 0

Lemma 9. [f M = A& B and A C° K C M, then K = A.

Proof. By modular law it follows that K = A& (K N B), and so AN (K N B) = 0. Since
Ais essential in K, KNB=0,andso K =A& (KNB)=A. O

The following proposition generalize Theorem 2.8 in [5].

Proposition 10. Consider the following conditions.
It holds that (3) < (4) — (1) — (2). Ifker f € T, for any idempotent f € Endr(E,(M)),
then (2) — (3) holds.
(1) M has (c-Cy) and (o0-Cs).
(2) M =X @Y for o-dense submodules X,Y of M such that X is a complement of
Y in M andY is a complement of X in M.
(3) f(M) C M for any idempotent f in Endr(E,(M)).
(4) If E,(M) = ®FE;, then M =@ (M N E;).

Proof. (1)—(2): Let X and Y be o-dense submodules of M such that X is a complement
of Y in M and Y is a complement of X in M. Since X and Y are essentially closed in
M, X and Y are direct summands of M by (0-C}). Then X @Y is o-essential in M. By
(0-C5), X @Y is a direct summand of M, andso M = X dY & Z D¢ (X @Y). Therefore
it follows that Z =0, andso M = X @Y.

(2)—(3): We assume that ker f € 7, for any idempotent f € Endgr(E,(M)). Let
Ay = Mn f(E,(M)) and Ay = M N (1 — f)(E,(M)). Then A; N A, = 0. Since
E,(M) = f(E,(M)) @ ker f for any idempotent f in Endg(E,(M)) and M/A; ~ (M +
F(E(M)))/ £ (E,(M)) € Ey(M)/f(E,(M)) ~ ker f € Ty, M/A; € T, for i = 1,2. Let B,
be a complement of A; containing As in M and By be a complement of B; containing A,
in M. Then by (2) M = By @ Bs. Let 7 be a projection By @ By — B;. We claim that
MN(f—m)(M)=0. Let x,y € M such that (f —7)(xz) =y. Then f(z) = y+n(z) € M,
and so f(z) € A;. Moreover (1 — f)(x) € M, and so (1 — f)(z) € As. Therefore
= [f@)o(1-[f)(x) € 410 Ay C Bi®By = M. w(x) = 7(f(2))+7(1—[f)(z) = f(2)+0,
and so y = 0. Thus M N(f —7)(M) = 0. Since M is essential in E,(M), (f —m)(M) =0,
and so f(M)=n(M) C M.

(3)—(4): Let E, (M) = 'E?Ei, then it is clear that M O &(M N E;). Let m be

1€

il
an element of M C E,(M) = @® FE;. Then there exists a finite index subset F' of [
icl
such that m € @F;. Write E,(M) = (@ E;) ® (®F;). Then there exist orthogonal
ieF iEeF icl-F

idempotents f; € Endg(E,(M))(i € F) such that E; = f;(E,(M)). Since f;(M) C M by
(3), m= > fi(m) € G?F(Mﬁ E;). Thus M C (M NE;),and M = (M N E;).
ic

= iel el
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(4)—(1): Let A be a o-dense submodule of M. Consider the following exact sequence.
0 - M/A - E,(M)/A — E,(M)/M — 0. Since 7, is closed under taking exten-
sions, E,(M)/A € T,. As E,(M)/A - E,(M)/E,(A), E,(M)/E,(A) € T,. Thus
0 — Ey(A) = E;(M) — E,(M)/E,(A) — 0 splits. Then E,(M) = E,(A) ® E. By (4)
M=(MnNE,(A)@®(MNE). Since (MNE,(A))/AC E,(A)JA € T,, A is o-essential
in M N E,(A) which is a direct summand of M. Thus M has (o-C).

Let M; and M be direct summands of M such that M; N My = 0 and M /M, My € T,.
Then M/(M; & My) € T,. Consider the following exact sequence. 0 — M/(M; &
My) — E,(M)/(M; ® My) — Ey;(M)/M — 0. Thus E,(M)/(M; ® M,) € T,. Thus
E,(M)/(Es(M)®BE,(Ms)) € Ty. Thus 0 — E,(M1)®E,(My) — Eyx(M) — Ey(M)/(Ey(M;)®
E,(Ms)) — 0 splits. Thus there exists a submodule E of E,(M) such that E,(M) =
E,(M,) & E,(M,) ® E. Then by (4) M = (M N E,(M,)) & (M N E,(M)) ® (M N E).
Since M; is a summand of M and M; is essential in M N E,(M;), M; = M N E,(M;) by
Lemma 9. Thus M = M, & My & (M N E), as desired. Thus M has (0-Cj).

(+(3): Budp(E,(M)) 5 f = 2, then E,(M) = f(E,(M)) & f(0). By (4) M =

(M N f(E,(M)))® (MnN f71(0)). For any m € M, there exists x € M N f(E,(M)) and

y € M N f~40) such that m = z +y. Then f(m) = f(z) + f(y) =+ 0 € M, and so

f(M) C M. O
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