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INTRODUCTION

Tilting theory has been central in the representation theory of finite dimensional al-
gebras since the early seventies [BGP, APR, BB, HR, Bo]. An important role in tilting
theory is played by the notion of tilting modules, which was introduced by Brenner-Butler
as a generalization of progenerators in Morita theory, because it is known that the endo-
morphism algebras of tilting modules is derived equivalent to the original algebra [Ha, Ric].
Thus these algebras share the same homological behavior. Hence it is important to give a
classification and a construction of tilting modules for a given algebra.

An effective method to construct tilting modules is given by mutation [RS, Un]. It is
an operation to replace an indecomposable direct summand of a given tilting module to
get a new one. However, it is known that mutation of tilting modules is often impossible
depending on a choice of indecomposable direct summands. One of our aim in this paper
is to improve behavior of mutation of tilting modules.

Let A be a basic finite dimensional algebra over an algebraically closed field K. The

behavior is caused by the following property for almost complete tilting modules: An
1
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almost complete tilting module U can be completed in at most two different ways to a
tilting module [RS, Un|. Moreover there are exactly two ways if and only if U is a faithful
A-module [HU1]. Namely, for every faithful almost complete tilting module U, there exist
exactly two indecomposable modules X and X’ (called complements) such that T := X&U
and T" := X' @ U are tilting modules. Thus, by mutation, these tilting modules 7" and T’
are connected to each other. On the other hand, if an almost complete tilting module U
for a tilting module X @ U is not faithful, then there is no mutation for the indecomposable
module X.

Even for a finite dimensional path algebra K@, where @ is a finite acyclic quiver, not all
almost complete tilting modules U are faithful. However, the above property for almost
complete tilting modules can be reformulated in terms of the path algebra A = KQ as
follows [IT, Rin]: A A-module T is support tilting if T is a tilting (A/(e))-module for some
idempotent e of A. Using the more general class of support tilting modules, it holds for
path algebras that almost complete support tilting modules can be completed in exactly
two ways to support tilting modules.

The above result for path algebras does not necessarily hold for a finite dimensional
algebra. The reason is that there may be sincere modules which are not faithful. We are
looking for a generalization of tilting modules where we have such a result, and where
at the same time some of the essential properties of tilting modules still hold. It is then
natural to try to find a class of modules satisfying the following properties:

(i) The analogs of basic almost complete tilting modules have exactly two comple-
ments.
(ii) In the hereditary case the class of modules should coincide with the tilting modules.
(iii) There is a natural connection with torsion pairs in modA.
(iv) The modules have exactly |A| non-isomorphic indecomposable direct summands,
where | X| denotes the number of nonisomorphic indecomposable direct summands

of X.

There is a generalization of tilting modules to tilting modules of finite projective dimension
[Ha, Miy]. But it is easy to see that they do not satisfy the required properties. The finite
dimensional module category is naturally embedded in the derived category of A. The
tilting and silting complexes for A [Rin, Al, Ai] are also extensions of the tilting modules.
An almost complete silting complex has infinitely many complements. But as we shall see,
things work well when we restrict to the two-term silting complexes.

In Part 1, we give a class of modules satisfying the properties (i)—(iv) above. Namely,
it turns out that a natural class of modules to consider is given as follows. As usual, we
denote by modA the category of finitely generated right A-modules, projA the category of
finitely generated projective right A-modules and 7 the AR translation (see section 1.2).

Definition A. (a) We call M in modA 7-rigid if Homa (M, 7M) = 0.
(b) We call M in modA 7-tilting (respectively, almost complete T-tilting) if M is T-rigid
and |M| = |A| (respectively, [M| = |A| —1).
(¢) We call M in modA support T-tilting if there exists an idempotent e of A such that
M is a 7-tilting (A/(e))-module.

Any 7-rigid module is rigid (i.e. Exti(M,M) = 0), and the converse holds if the
projective dimension is at most one. In particular, any partial tilting module is a 7-rigid
module, and any tilting module is a 7-tilting module. Thus we can regard 7-tilting modules
as a generalization of tilting modules.
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The first main result of this part is the following analog of Bongartz completion for
tilting modules.

Theorem B (Theorem 2.10). Any 7-rigid A-module is a direct summand of some T-tilting
A-module.

As indicated above, in order to get our theory to work nicely, we need to consider
support 7-tilting modules. It is often convenient to view them, and the 7-rigid modules,
as certain pairs of A-modules.

Definition C. Let (M, P) be a pair with M € modA and P € projA.
(a) We call (M, P) a 7-rigid pair if M is 7-rigid and Homp (P, M) = 0.
(b) We call (M, P) a support T-tilting (respectively, almost complete support T-tilting)
pair if (M, P) is 7-rigid and |M| + |P| = |A| (respectively, |M|+ |P| = |A| — 1).

These notions are compatible with those in Definition A (see Proposition 2.3 for details).
As usual, we say that (M, P) is basic if M and P are basic. Similarly we say that (M, P) is
a direct summand of (M', P") if M is a direct summand of M’ and P is a direct summand
of P'.

The second main result of this part is the following.

Theorem D (Theorem 2.18). Let A be a finite dimensional K-algebra. Then any basic
almost complete support T-tilting pair for A is a direct summand of exactly two basic
support T-tilting pairs.

These two support 7-tilting pairs are said to be mutations of each other. We will define
the support 7-tilting quiver Q(s7-tiltA) by using mutation (Definition 2.29).

The third main result of this part is to obtain a close connection between support
7-tilting modules and other important objects in tilting theory. The corresponding defi-
nitions will be given in section 1.

Theorem E (Theorems 2.7, 3.2, 4.1 and 4.7). Let A be a finite dimensional K -algebra.
We have bijections between

a) the set f-torsA of functorially finite torsion classes in modA,

b) the set sT-tilt A of isomorphism classes of basic support T-tilting modules,

c) the set 2-silt A of isomorphism classes of basic two-term silting complexes for A,

d) the set c-tiltC of isomorphism classes of basic cluster-tilting objects in a 2-CY
triangulated category C if A is an associated 2-CY tilted algebra to C.

(
(
(

By Theorem E, we can regard s7-tilt A as a partially ordered set by using the inclusion
relation of f-torsA (i.e. we write T > U if FacT D FacU). Then we have the following
fourth main result, which is an analog of [HU2, Theorem 2.1] and [AI, Theorem 2.35].

Theorem F (Corollary 2.34). The support T-tilting quiver Q(s7-tilt A) is the Hasse quiver
of the partially ordered set sT-tilt A.

In Part 2, we classify 7-tilting modules over any Nakayama algebra A, and moreover
to give an algorithm to construct the Hasse quiver of support 7-tilting A-modules. The
following theorem is our first main result of this part.

Theorem G (Theorem 8.10, 8.12 and 8.17). Let A be a Nakayama algebra with n simple
modules. Assume that the Loewy length of each indecomposable projective A-module is at
least n. Then there are bijections between
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1
2

(
(
(3
(4

the set T-tilt A of isomorphism classes of basic T-tilting A-modules,

the set psT-tilt A of isomorphism classes of basic proper support T-tilting A-modules,
the set T(n) of triangulations of an n-regular polygon with a puncture,

the set Z(n) of sequences (a1, az,- -+ ,ay) of nonnegative integers with y .« a; = n.

— — —

We have a similar result for an arbitrary Nakayama algebra (see Theorem 8.22). Theo-
rem G is analogous to known classification results in representation theory: tilting modules
for cyclic quivers [BK], torsion pairs in tube categories [BBM], cluster-tilting objects in
cluster categories of type A [CCS| and D [Sc|, cluster-tilting modules over self-injective
algebras and Gorenstein orders of type A and D [Iy].

Next, we study a relationship between support 7-tilting A-modules over an algebra A
(not necessarily Nakayama) and those over the factor algebra A = A/soc @, where Q is an
indecomposable projective-injective A-module. The following theorem is the second main
result in this part.

Theorem H (Theorem 9.5 and 9.8). Let A be a basic finite dimensional K -algebra, Q
an indecomposable projective-injective A-module and Q := Q/socQ. Then all support T-
tilting modules of A can be obtained explicitly from those of A. Moreover, the Hasse quiver
of support T-tilting modules of A can be constructed explicitly from that of A.

As an application, we have the following result for a construction of the Hasse quivers
of Nakayama algebras. Since each Nakayama algebra A always has an indecomposable
projective-injective A-module @ and the factor algebra A is a Nakayama algebra again,
we can iteratively apply Theorem H.

Theorem I (Algorithm 9.13). Let A be a Nakayama algebra. Then there exists an algo-
rithm to construct the Hasse quiver of support T-tilting A-modules.

In Part 3, we study 7-rigid modules over algebras with radical square zero, which
provide one of the most fundamental classes of algebras in representation theory (e.g.,
work of Yoshii [Yo] in 1956 and Gabriel [Ga] in 1972). For an algebra A with radical
square zero, an important role is played by a stable equivalence F' : modA — mod K (),
where Q% is the separated quiver (see Subsection 10.2) of the quiver @ for A. In particular,
we have the following famous theorem characterizing representation-finiteness.

Theorem J. [Ga, ARS] Let A be a finite dimensional K -algebra with radical square zero.
Then the following are equivalent:

(1) A is representation-finite.
(2) The separated quiver for A is a disjoint union of Dynkin quivers.

The following main theorem of this part is an analog of this result for 7-rigid-finiteness.
Let Qo be the vertex set of a quiver Q. Then Q5 = {i™,i~ | i € Qo} is the vertex set
of the separated quiver Q°. A full subquiver of ()® is called a single subquiver if, for any
i € Qo, the vertex set contains at most one of it or i~.

Theorem K (Theorem 11.1). Let A be a finite dimensional K -algebra with radical square
zero. Then the following are equivalent:
(1) A is T-rigid-finite.
(2) Every single subquiver of the separated quiver for A is a disjoint union of Dynkin
quivers.

The following result plays a crucial reole in the proof of Theorem K.
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Theorem L (Theorem 11.2). Let X be an indecomposable A-module. Let P, — Py —
X — 0 be a minimal projective presentation of X. The following are equivalent:

(1) X is a 7-rigid A-module.

(2) FX is a 7-rigid KQ°-module and add Py Nadd P} = 0.

As an application, we give a positive answer to a question given by Zhang [Zh].

Corollary M (Corollary 12.2). Let A be a finite dimensional K -algebra with radical square
zero. If every indecomposable A-module is T-rigid, then A is representation-finite.

For recent results on 7-tilting theory, we refer to [Ad1l, Ad2, AAC, BY, Ch, DIJ, 1JY,
Jal, MPS, Ma, Mizl, Miz2, Zh].

Notation. Throughout this paper, K is an algebraically closed field. By an algebra
we mean a basic and finite dimensional K-algebra and by a module we mean a finitely
generated right module. Let {e1,es, -+ ,e,} be a complete set of primitive orthogonal
idempotents of an algebra A and &x = { ;c;ei | I C {1,2,--- ,n}}. For each i €
{1,2,--- ,n}, we put P(i) = e;A, S(i) = P(i)/rad P(i) and E(i) = Homg(Ae;, K). For
an algebra A, we denote by modA the category of finitely generated right A-modules,
modA the stable category, projA the category of finitely generated projective right A-
modules and injA the category of finitely generated injective right A-modules. For an
A-module M, we denote by add M (respectively, FacM, SubM) the category of all direct
summands (respectively, factor modules, submodules) of finite direct sums of copies of M.
We denote by 7a the Auslander-Reiten translation of A and by (e) a two-sided ideal of A
generated by e € A. For two sets X and Y, we denote by X [[Y the disjoint union. We
denote by [i, j] the interval {i,7 + 1,---,j — 1,7} of integers. Fix an integer n > 0. For
any integer ¢, there exist integers j and 1 < k < n such that ¢ = nj + k. Then we let
(1)n := k. For integers 4, j with (i), < (j)n, we let

[Zvj]n = {(Z)nv (Z + 1)n7 T 7(3 - 1)n7 (])n}

We call a quiver Dynkin (respectively, Fuclidean) if the underlying graph is one of Dynkin
(respectively, Euclidean) graphs of type A, D and E (respectively, A, D and E).

Acknowledgement. First and foremost, I would like to express my deepest gratitude to
my supervisor Osamu Iyama. I am sure that I would not have been able to finish this
paper without his support and advice. I would like to thank Kota Yamaura. He always
took the time to answer my questions. Finally I would like to thank Y. Mizuno, T. Aihara,
A. Chan, G. Jasso and L. Demonet for many stimulating discussions.

Part 1. 7-tilting theory
This part is based on the paper [AIR] (joint work with O. Iyama and I. Reiten).

1. BACKGROUND AND PRELIMINARY RESULTS

In this section we give some background material on each of the 4 topics involved in
our main results. This concerns the relationship between tilting modules and functorially
finite subcategories and some results on 7-rigid and 7-tilting modules, including new basic
results about them which will be useful in the next section. Further we recall known results
on silting complexes, and on cluster-tilting objects in 2-CY triangulated categories.
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1.1. Torsion pairs and tilting modules. Let A be a finite dimensional K-algebra. For
a subcategory C of modA, we let

Ct = {X emodA | Homy(C, X) = 0},
CtH = {X emodA|Exti(C,X) =0}

Dually we define +C and +1C. We call T in modA a partial tilting module if pdy, T < 1
and Ext}\(T7 T) = 0. A partial tilting module is called a tilting module if there is an exact
sequence 0 — A — Ty — 171 — 0 with Ty and 77 in addT. Then any tilting module
satisfies |T'| = |A|. Moreover it is known that for any partial tilting module 7', there is a
tilting module U such that 7' € addU and FacU = T, called the Bongartz completion of
T. Hence a partial tilting module T is a tilting module if and only if |T'| = |A|. Dually T’
in modA is a (partial) cotilting module if DT is a (partial) tilting A°P-module.

On the other hand, we say that a full subcategory 7 of modA is a torsion class (respec-
tively, torsionfree class) if it is closed under factor modules (respectively, submodules) and
extensions. A pair (7, F) is called a torsion pair if T = +F and F = T+. In this case T
is a torsion class and F is a torsionfree class. Conversely, any torsion class 7 (respectively,
torsionfree class F) gives rise to a torsion pair (7, F).

We say that X € 7 is Ext-projective (respectively, Ext-injective) if Ext}(X,7) = 0
(respectively, Ext} (7, X) = 0). We denote by P(7) the direct sum of one copy of each of
the indecomposable Ext-projective objects in 7 up to isomorphism. Similarly we denote
by I(F) the direct sum of one copy of each of the indecomposable Ext-injective objects in
F up to isomorphism.

We first recall the following relevant result on torsion pairs and tilting modules.

Proposition 1.1. [AS, Ho, Sma] Let (7, F) be a torsion pair in modA. Then the following
conditions are equivalent.

(a) 7T is functorially finite.

(b) F is functorially finite.

(¢) T = FacX for some X in modA.

(d) F =SubY for someY in modA.

(e) P(T) is a tilting (A/ann T )-module.
(f) I(F) is a cotilting (A/ ann F)-module.
(g) T = FacP(T).
(h) F = SubI(F).

Proof. The conditions (a), (b), (c), (d), (e) and (f) are equivalent by [Sma, Theorem].

(g)=(c) is clear.

(e)=(g) There exists an exact sequence 0 — A/ann7 % T° — T' — 0 with 7°, T €
addP(T). For any X € T, we take a surjection f : (A/ann7)* — X. Tt follovvs from
Ext}h (T, X) = 0 that f factors through a’: (A/ann7)* — T°. Thus X € FacP(T).

Dually (h) is also equivalent to the other conditions. O

There is also a tilting quiver associated with the (classical) tilting modules. The vertices
are the isomorphism classes of basic tilting modules. Let X U and Y @& U be basic tilting
modules, where X and Y 2 X are indecomposable. Then it is known that there is some
exact sequence 0 — X Lu sty - 0, where f : X — U’ is a minimal left (addU)-
approximation and g : U’ — Y is a minimal right (addU)-approximation. We say that
Y @ U is a left mutation of X @U. Then we draw an arrow X U — Y @ U, so that we get
a quiver for the tilting modules. On the other hand, the set of basic tilting modules has
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a natural partial order given by T' > U if and only if FacT O FacU, and we can consider
the associated Hasse quiver. These two quivers coincide [HU2, Theorem 2.1].

1.2. 7-tilting modules. Let A be a finite dimensional K-algebra. We have dualities
D :=Hompg(—, K) : modA < modA°® and (—)":=Homu(—,A) : projA < projA°P
which induce equivalences
v:=D(=)":projA — injA and v~ !:=(=)*D:injA — projA

called Nakayama functors. For X in modA with a minimal projective presentation

d d
P ——>Py—>X —>0,
we define Tr X in modA°P and 7.X in modA by exact sequences
dy vd
Pf—>P —>TrX—=0 and 0 X vP —> v

Then Tr and 7 give bijections between the isomorphism classes of indecomposable non-
projective A-modules, the isomorphism classes of indecomposable non-projective A°P-
modules and the isomorphism classes of indecomposable non-injective A-modules. We
denote by modA the stable category modulo projectives and by modA the costable cate-
gory modulo injectives. Then Tr gives the Auslander-Bridger transpose duality

Tr : modA < modA°P

and 7 gives the AR translations
7=DTr: modA — modA and 7 !'=TrD: modA — modA.
We have a functorial isomorphism
Hom, (X,Y) ~ DExt} (Y, 7X)

for any X and Y in modA called AR duality. In particular, if M is 7-rigid, then we have
Exth (M, M) = 0 (i.e. M is rigid) by AR duality. More precisely, we have the following
result, which we often use in this paper.
Proposition 1.2. For X and Y in modA, we have the following.

(a) [AS, Proposition 5.8] Homy (X, 7Y) = 0 if and only if Ext} (Y,FacX) = 0.

(b) [AS, Theorem 5.10] If X is T-rigid, then FacX is a functorially finite torsion class

and X € add P(FacX).
(¢) If T is a torsion class in modA, then P(T) is a T-rigid A-module.

Proof. (c) Since T := P(T) is Ext-projective in 7, we have Ext}(7,FacT) = 0. This

implies that Homa (T, 77") = 0 by (a). O
We have the following direct consequence (see also [Sk, ASS]).

Proposition 1.3. Any 7-rigid A-module M satisfies |M| < |A].

Proof. By Proposition 1.2(b) we have |M| < |P(FacM)|. By Proposition 1.1(e), we have

|P(FacM)| = |A/ann M|. Since |A/ann M| < |A|, we have the assertion. O

As an immediate consequence, if 7-rigid A-modules M and N satisfy M € add N and
|M| > |A|, then add M = add N.

Finally we note the following relationship between 7-tilting modules and classical no-
tions.
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Proposition 1.4. [ASS, VIIL5.1]
(a) Any faithful T-rigid A-module is a partial tilting A-module.
(b) Any faithful T-tilting A-module is a tilting A-module.
1.3. Silting complexes. Let A be a finite dimensional K-algebra and KP(projA) be the

category of bounded complexes of finitely generated projective A-modules. We recall the
definition of silting complexes and mutations.

Definition 1.5. [Al, Ai, BRT, KV] Let P € KP(projA).
(a) We call P presilting if Homyp (projp) (£, P[i]) = 0 for any i > 0.
(b) We call P silting if it is presilting and satisfies thick P = KP(projA), where thick P

is the smallest full subcategory of KP(projA) which contains P and is closed under
cones, [+1], direct summands and isomorphisms.

We denote by silt A the set of isomorphism classes of basic silting complexes for A.
The following result is important.

Proposition 1.6. [AI, Theorem 2.27, Corollary 2.28]
(a) For any P € siltA, we have |P| = |A].
(b) Let P = ;.| P, be a basic silting complex for A with P; indecomposable. Then
Py,---, P, give a basis of the Grothendieck group Ko(KP(projA)).

We call a presilting complex P for A almost complete silting if |P| = |A| — 1. There is
a similar type of mutation as for tilting modules.

Definition-Proposition 1.7. [AI, Theorem 2.31] Let P = X @& Q be a basic silting
complex with X indecomposable. We consider a triangle

x—Loqg——v——xp
with a minimal left (addQ)-approzimation f of X. Then the left mutation of P with
respect to X is py(P) :=Y @& Q. Dually we define the right mutation /f)r((P) of P with
respect to X.\' Then the left mutation and the right mutation of P are also basic silting
complezes.

There is the following partial order on the set silt A.

Definition-Proposition 1.8. [AI, Theorem 2.11, Proposition 2.14] For P,Q € siltA, we
write

P>@Q

if Home (proja) (P Q[i]) = 0 for any i > 0, which is equivalent to P1>0 D Q>0 where PL>0
is a subcategory of KP(projA) consisting of the X satisfying Homyw (proj 2y (P, Xi]) = 0 for
any i > 0. Then we have a partial order on siltA.

We define the silting quiver Q(siltA) of A as follows:

e The set of vertices is siltA.
e We draw an arrow from P to Q if @ is a left mutation of P.

IThese notations p~ and pt are the opposite of those in [AI]. They are easy to remember since they
are the same direction as 7" and 7.
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Then the silting quiver gives the Hasse quiver of the partially ordered set siltA by [AI,
Theorem 2.35], similar to the situation for tilting modules. We shall later restrict to
two-term silting complexes to get exactly two complements for almost complete silting
complexes.

1.4. Cluster-tilting objects. Let C be a K-linear Hom-finite Krull-Schmidt triangulated
category. Assume that C is 2-Calabi- Yau (2-CY for short) i.e. there exists a functorial iso-
morphism D Ext}(X,Y) ~ Ext}(Y, X). An important class of objects in these categories
are the cluster-tilting objects. We recall the definition of these and related objects.

Definition 1.9. (a) We call T in C rigid if Home (T, T'[1]) = 0.
(b) We call T in C cluster-tilting if addT = {X € C | Hom¢ (T, X[1]) = 0}.
(¢c) We call T in C mazimal rigidif it is rigid and maximal with respect to this property,

that is, addT = {X € C | Home(T @ X, (T @ X)[1]) = 0}.

We denote by c-tiltC the set of isomorphism classes of basic cluster-tilting objects in C.
In this setting, there are also mutations of cluster-tilting objects defined via approxima-
tions, which we recall [ BMRRT, IY].

Definition-Proposition 1.10. [IY, Theorem 5.3] Let T'= X & U be a basic cluster-tilting
object in C and X indecomposable in C. We consider the triangle

x L Y X[1]

with a minimal left (addU)-approzimation f of X. Let ux(T) :==Y @ U. Dually we define
pi(T). A different feature in this case is that we have pux(T) ~ pk(T). This is a basic
cluster-tilting object which as before we call the mutation of T with respect to X.

In this case we get just a graph rather than a quiver. We define the cluster-tilting graph
G(c-tiltC)of C as follows:

e The set of vertices is c-tiltC.
e We draw an edge between T and U if U is a mutation of T'.

Note that U is a mutation of T" if and only if T and U have all but one indecomposable
direct summand in common [IY, Theorem 5.3] (see Corollary 4.5(a)).

2. SUPPORT T7-TILTING MODULES

Our aim in this section is to develop a basic theory of support 7-tilting modules over any
finite dimensional K-algebra. We start with discussing some basic properties of 7-rigid
modules and connections between 7-rigid modules and functorially finite torsion classes
(Theorem 2.7). As an application, we introduce Bongartz completion of 7-rigid modules
(Theorem 2.10). Then we give characterizations of 7-tilting modules (Theorem 2.12).
We also give left-right duality of 7-rigid modules (Theorem 2.14). Further we prove our
main result which states that an almost complete support 7-tilting module has exactly
two complements (Theorem 2.18). As an application, we introduce mutation of support
7-tilting modules. We show that mutation gives the Hasse quiver of the partially ordered
set of support 7-tilting modules (Theorem 2.33).
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2.1. Basic properties of 7-rigid modules. When T is a A-module with [ an ideal
contained in annT', we investigate the relationship between T being 7-rigid as a A-module
and as a (A/I)-module. We have the following.

Lemma 2.1. Let A be a finite dimensional algebra, and I an ideal in A. Let M and N
be (A/I)-modules. Then we have the following.
(a) If Homp(N,7M) =0, then Homy,;(N, 75/ M) = 0.
(b) Assume I = (e) for an idempotent e in A. Then Homp (N, 7M) = 0 if and only if
Homy /1 (N, 75,1 M) = 0.

Proof. Note that we have a natural inclusion Ext} j(M,N) — Exth (M, N). This is an
isomorphism if I = (e) for an idempotent e since mod(A/(e)) is closed under extensions
in modA.

(a) Assume Homp (N, 7M) = 0. Then by Proposition 1.2, we have Ext} (M, FacN) = 0.
By the above observation, we have Ext/l\/l(M, FacN) = 0. By Proposition 1.2 again, we
have Homy /7 (N, 7,1 M) = 0.

(b) Assume that I = (e) and Homp,;(N,75,;M) = 0. By Proposition 1.2, we have
Ext/l\/I(M7 FacN) = 0. By the above observation, we have Ext}(M,FacN) = 0. By
Proposition 1.2 again, we have Homa (N, 7M) = 0. O

Recall that M in modA is sincere if every simple A-module appears as a composition
factor in M. This is equivalent to the fact that there does not exist a non-zero idempotent
e of A which annihilates M.

Proposition 2.2. (a) 7-tilting modules are precisely sincere support T-tilting modules.
(b) Tilting modules are precisely faithful support T-tilting modules.
(c) Any T-tilting (respectively, T-rigid) A-module T is a tilting (respectively, partial
tilting) (A/ annT')-module.

Proof. (a) Clearly sincere support 7-tilting modules are 7-tilting. Conversely, if a 7-tilting
A-module T is not sincere, then there exists a non-zero idempotent e of A such that T
is a (A/{e))-module. Since T is 7-rigid as a (A/(e))-module by Lemma 2.1(a), we have
|T| = |A| > |A/(e)|, a contradiction to Proposition 1.3.

(b) Clearly tilting modules are faithful 7-tilting. Conversely, any faithful support 7-
tilting module T is partial tilting by Proposition 1.4 and satisfies |T| = |A|. Thus T is
tilting.

(¢) By Lemma 2.1(a), we know that T is a faithful 7-tilting (respectively, 7-rigid)
(A/ann T')-module. Thus the assertion follows from (b) (respectively, Proposition 1.4). [

Immediately we have the following basic observation, which will be used frequently in
this paper.
Proposition 2.3. Let (M, P) be a pair with M € modA and P € projA. Let e be an
idempotent of A such that add P = addeA.

(a) (M, P) is a T-rigid (respectively, support T-tilting, almost complete support T-
tilting) pair for A if and only if M is a T-rigid (respectively, T-tilting, almost
complete T-tilting) (A/(e))-module.

(b) If (M, P) and (M,Q) are support T-tilting pairs for A, then addP = add@. In
other words, M determines P and e uniquely.

Proof. (a) The assertions follow from Lemma 2.1 and the equation |A/(e)| = |A| — |P|.
(b) This is a consequence of Proposition 2.2(a). O
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The following observations are useful.

Proposition 2.4. Let X be in mod A with a minimal projective presentation Py LN by o,

X —0.
(a) ForY in modA, we have an exact sequence

0 — Homa(Y,7X) — DHoma(P1,Y) 2 DHoma(Py, V) 2%, D Homy(X,Y) — 0.
(b) Homa(Y,7X) = 0 if and only if the map Homp(FPy,Y') {n), Homp (P1,Y) is

surjective.
(dl 7X)

(¢) X is 7-rigid if and only if the map Homp (FPy, X) ——= Homy (P1, X) is surjective.
Proof. (a) We have an exact sequence 0 — 7X — vP; v, vPy. Applying Homy (Y, —),
we have a commutative diagram of exact sequences:

Y,vd
0 — Homy (Y, 7X) —— Homy (Y, v P) Qvdr)

Homy (Y, v Fp)

! lz
l D(d1,Y) D(dp,Y)
DHomy(P,Y) —— DHomy (Fy,Y) —— DHomy (X,Y) — 0.

Thus the assertion follows.
(b)(c) Immediate from (a). O

We have the following standard observation (cf. [HU2, DeKe]).

Proposition 2.5. Let X be in mod A with a minimal projective presentation Py LN Py o,
X — 0. If X is T-rigid, then Py and P, have no non-zero direct summands in common.

Proof. We only have to show that any morphism s : P — Fy is in the radical. By
Proposition 2.4(c), there exists t : Py — X such that dys = td;. Since Py is projective,
there exists u : Py — Py such that ¢t = dpu. Since dy(s —udj) = 0, there exists v: P — P;
such that s = udy + dyv.

d d,
P ! PO 0 X 0
: s - t
¥ l g l
P 0 Py @ X 0
Since d; is in the radical, so is s. Thus the assertion is shown. O

The following analog of Wakamatsu’s lemma [AR2] will be useful.

Lemma 2.6. Letn:0—Y — T’ EN X be an exact sequence in mod A, where T is T-rigid,
and f:T" — X is a right (addT)-approzimation. Then we have Y € +(7T).

Proof. Replacing X by Im f, we can assume that f is surjective. We apply Homp (—, 77)
to 17 to get the exact sequence

x 1

0 = Homy (T, 7T) — Homy (Y, 7T) — Ext} (X, 77T) Bt (GT), Ext} (T',7T),
where we have Hom (77, 7T) = 0 because T is 7-rigid. Since f : 7" — X is a right (addT)-
approximation, the induced map (7, f) : Homy (T, T7") — Homy (T, X) is surjective. Then
also the induced map Hom, (7T, 7") — Hom, (T, X) of the maps modulo projectives is



12 TAKAHIDE ADACHI

surjective, so by the AR duality the map Ext!(f,7T) : Ext}(X,7T) — Extk(T',77T) is
injective. It follows that Homy (Y, 77") = 0. O

2.2. 7-rigid modules and torsion classes. The following correspondence is basic in our
paper, where we denote by f-torsA the set of functorially finite torsion classes in modA.

Theorem 2.7. There is a bijection
sT-tilt A «— f-torsA
given by sT-tilt A 5 T+ FacT € f-torsA and f-torsA 5 7 +— P(7T) € s7-tiltA.

Proof. Let first 7 be a functorially finite torsion class in modA. Then we know that
T = P(T) is 7-rigid by Proposition 1.2(c). Let e € A be a maximal idempotent such that
7T C mod(A/{e)). Then we have |A/{e)| = |A/annT|, and |[A/ann 7| = |T'| by Proposition
1.1(e). Hence (T,eA) is a support 7-tilting pair for A. Moreover we have 7 = FacP(7T)
by Proposition 1.1(g).

Assume conversely that T is a support 7-tilting A-module. Then T is a 7-tilting (A/(e))-
module for an idempotent e of A. Thus FacT is a functorially finite torsion class in
mod(A/(e)) such that T € add P(FacT') by Proposition 1.2(b). Since |T'| = |A/{e)|, we
have addT" = add P(FacT") by Proposition 1.3. Thus T' ~ P(FacT). O

We denote by 7-tilt A (respectively, tilt A) the set of isomorphism classes of basic 7-tilting
A-modules (respectively, tilting A-modules). On the other hand, we denote by sf-torsA
(respectively, fl-torsA) the set of sincere (respectively, faithful) functorially finite torsion
classes in modA.

Corollary 2.8. The bijection in Theorem 2.7 induces bijections
T-tilt A «— sf-torsA  and tilt A «— ff-torsA.

Proof. Let T be a support 7-tilting A-module. By Proposition 2.2, it follows that T is a
7-tilting A-module (respectively, tilting A-module) if and only if 7" is sincere (respectively,
faithful) if and only if FacT is sincere (respectively, faithful). O

We are interested in the torsion classes where our original module U is a direct summand
of T = P(T), since we would like to complete U to a (support) 7-tilting module. The
conditions for this to be the case are the following.

Proposition 2.9. Let 7 be a functorially finite torsion class and U a 7-rigid A-module.
Then U € add P(T) if and only if FacU C T C +(7U).

Proof. We have T = FacP(7) by Proposition 1.1(g).

Assume FacU C 7 C +(7U). Then U is in 7. We want to show that U is Ext-projective
in 7, that is, Ext} (U, T) = 0, or equivalently Hom (P(7 ), 7U) = 0, by Proposition 1.2(a).
This follows since P(7) € 7 C +(7U). Hence U is a direct summand of P(7).

Conversely, assume U € addP(7). Then we must have U € 7, and hence FacU C 7.
Since U is Ext-projective in 7, we have Exti(U,7) = 0. Since 7 = Fac7, we have
Homy (7,7U) = 0 by Proposition 1.2(a). Hence we have 7 C +(7U). O

We now prove the analog, for T-tilting modules, of the Bongartz completion of classical
tilting modules.

Theorem 2.10. Let U be a 7-rigid A-module. Then T :=+(rU) is a sincere functorially
finite torsion class and T := P(T) is a 7-tilting A-module satisfying U € addT and
L(rT) = FacT.
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We call P(+(7U)) the Bongartz completion of U.
Proof. The first part follows from the following observation.

Lemma 2.11. For any 7-rigid A-module U, we have a sincere functorially finite torsion
class +(TU).

Proof. When U is 7-rigid, then Sub7U is a torsionfree class by the dual of Proposition
1.2(b). Then (+(7U),Sub7U) is a torsion pair, and Sub7U and *(7U) are functorially
finite by Proposition 1.1.

Assume that *(7U) is not sincere. Then we have ~(7U) C mod(A/(e)) for some primi-
tive idempotent e in A. The corresponding simple A-module S is not a composition factor
of any module in +(7U); in particular Hom(+(7U), D(Ae)) = 0. Then D(Ae) is in Sub7U.
But this is a contradiction since 7U, and hence also any module in Sub7U, has no nonzero
injective direct summands. g

By Corollary 2.8, it follows that 7 is a 7-tilting A-module such that +(7U) = FacT. By
Proposition 2.9, we have U € addT. Clearly +(7U) D +(77T) since U is in addT. Hence
we get FacT = +(7U) D +(7T) D FacT, and consequently *(77) = FacT. O

We have the following characterizations of a 7-rigid module being 7-tilting.

Theorem 2.12. The following are equivalent for a T-rigid A-module T'.
(a) T is T-tilting.
(b) T is mazximal T-rigid, i.e. if T®X is T-rigid for some A-module X, then X € addT.
(¢) +(rT) = FacT.
(d) If Homa(T,7X) = 0 and Homp (X, 7T) = 0, then X € addT.

Proof. (a)=(b): Immediate from Proposition 1.3.

(b)=(c): Let U be the Bongartz completion of T'. Since T" is maximal 7-rigid, we have
T ~ U, and hence *(7T) = +(7U) = FacU = FacT, using Theorem 2.10.

(c)=(a): Let T be 7-rigid with +(7T) = FacT. Let U be the Bongartz completion of
T. Then we have

FacT = *(+T) D *(7U) D FacU D FacT,
and hence all inclusions are equalities. Since FacU = FacT, there exists an exact sequence

0 Y A 0 (1)
where f : T" — U is a right (addT')-approximation. By the Wakamatsu-type Lemma 2.6
we have Homy (Y, 7T) = 0, and hence Homy (Y, 7U) = 0 since ~(7T) = +(7U). By the
AR duality we have Ext} (U,Y) ~ DHomy (Y, 7U) = 0, and hence the sequence (1) splits.
Then it follows that U is in addT. Thus T is a 7-tilting A-module.
(a)+(c)=(d): Assume that (a) and (c) hold, and Hom (7', 7X) = 0 and Homy (X, 77T") =
0. Then Ext} (X,FacT) = 0 by Proposition 1.2(a) and X is in *77 = FacT. Thus X is
in add P(FacT') = addT' by Theorem 2.7.
(d)=(b): This is clear. O

We note the following generalization.

Corollary 2.13. The following are equivalent for a T-rigid pair (T, P) for A.

(a) (T, P) is a support T-tilting pair for A.
(b) If (T ® X, P) is T-rigid for some A-module X, then X € addT.
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(c) L(rT) N P+ = FacT.
(d) If Homa (T, 7X) = 0, Homp (X, 7T) = 0 and Homp (P, X) =0, then X € addT'.

Proof. In view of Lemma 2.1(b), the assertion follows immediately from Theorem 2.12 by
replacing A by A/(e) for an idempotent e of A satisfying add P = addeA. O

In the rest of this subsection, we discuss the left-right symmetry of 7-rigid modules. It
is somehow surprising that there exists a bijection between support 7-tilting A-modules
and support 7-tilting A°’-modules. We decompose M in modA as M = M, ®& My, where
M, is a maximal projective direct summand of M. For a 7-rigid pair (M, P) for A, let

(M, P)l := (Tr My, & P*, M) = (Tt M & P*, M,).
We denote by 7-rigid A the set of isomorphism classes of basic T-rigid pairs of A.
Theorem 2.14. (—)' gives bijections
T-rigid A «— 7-rigidA°®  and  s7-tilt A «— s7-tilt A°P
such that (=) =id.

For a support 7-tilting A-module M, we simply write MT := Tr My, & P* where (M, P)
is a support 7-tilting pair for A.

Proof. We only have to show that (M, P)! is a 7-rigid pair for A°P since the correspondence
(M, P) +— (M, P)' is clearly an involution. We have

0 = Homp (Myp, 7M) = Hompop (Tr M, DM,,,) = Hompon (Tr M, 7 Tr M). (2)
Moreover we have
0 = Homp (Mpy, 7M) = Homper (Tr M, DMy, ) = D Homper (M, Tr M). (3)
On the other hand, we have
0 = Homy (P, M) = Homy (P, M) @ Homp (P, Myy,). (4)

Thus we have
0= D(P* ®p Myp) = Hompor (P*, DMyy,) = Hompep (P*, 7 Tr M).

This together with (2) shows that Tr M @®P* is a 7-rigid A°*-module. We have Hompop (M}, P*) =

0 by (4). This together with (3) shows that (M, P)' is a 7-rigid pair for A°P. O

Now we discuss dual notions of 7-rigid and 7-tilting modules even though we do not
use them in this paper.
e We call M in modA 77 -rigid if Homa (7~ M, M) = 0.
e We call M in modA 7~ -tilting if M is 7~ -rigid and |M| = |A|.
e We call M in modA support 7~ -tilting if M is a 7~ -tilting (A/(e))-module for some
idempotent e of A.
Clearly M is 7~ -rigid (respectively, 7~ -tilting, support 7 -tilting) A-module if and only
if DM is 7-rigid (respectively, 7-tilting, support 7-tilting) A°P-module.

We denote by cotilt A (respectively, 77 -tilt A, s7~-tilt A) the set of isomorphism classes
of basic cotilting (respectively, 7~ -tilting, support 7~ -tilting) A-modules. On the other
hand, we denote by f-torfA the set of functorially finite torsionfree classes in mod A, and by
sf-torfA (respectively, fi-torfA) the set of sincere (respectively, faithful) functorially finite
torsionfree classes in modA. We have the following results immediately from Theorem 2.7
and Corollary 2.8.
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Theorem 2.15. We have bijections
sT-tilt A «— f-torfA, 77 -tilt A «— sf-torfA and cotilt A «—— fi-torfA
given by st -tilt A 5 T+ SubT € f-torfA and f-torfA 5 F — I(F) € st~ -tiltA.
On the other hand, we have a bijection
sT-tilt A «— s7-tilt A
given by (M, P) — D((M, P)") = (M @® vP,vM,,). Thus we have bijections
f-tors A «— s7-tilt A «—— s77-tilt A «— f-torfA
by Theorems 2.7 and 2.15. We end this subsection with the following observation.

Proposition 2.16. (a) The above bijections send T € f-torsA to T+ € f-torfA.
(b) For any support T-tilting pair (M, P) for A, the torsion pairs (FacM, M=) and
(H(tM @ vP),Sub(tM @ vP)) in modA coincide.

Proof. (b) We only have to show FacM = +(7M @vP). Tt follows from Proposition 1.2(b)
and its dual that (FacM,M*) and (+(7M @ vP),Sub(tM @ vP)) are torsion pairs in
modA. They coincide since FacM = (M) N P+ = +(tM @ vP) holds by Corollary

2.13(c).
(a) Let 7 € f-torsA and (M, P) be the corresponding support 7-tilting pair for A. Since
T+ = M* and D(M') = 7M @& vP, the assertion follows from (b). O

2.3. Mutation of support 7-tilting modules. In this section we prove our main result
on complements for almost complete support 7-tilting pairs. Let us start with the following
result.

Proposition 2.17. Let T be a basic T-rigid module which is not T-tilting. Then there are
at least two basic support T-tilting modules which have T as a direct summand.

Proof. By Theorem 2.12, 7; = FacT is properly contained in 7; = +(7T). By Theorem
2.7 and Lemma 2.11, we have two different support 7-tilting modules P(77) and P(73) up
to isomorphism. By Proposition 2.9, they are extensions of T g

Our aim is to prove the following result.

Theorem 2.18. Let A be a finite dimensional K -algebra. Then any basic almost complete
support T-tilting pair (U, Q) for A is a direct summand of exactly two basic support T-tilting
pairs (T, P) and (T', P') for A. Moreover we have {FacT,FacT'} = {FacU,*(tU) N Q"*}.

Before proving Theorem 2.18, we introduce a notion of mutation.

Definition 2.19. Two basic support 7-tilting pairs (7, P) and (7", P’) for A are said to be
mutations of each other if there exists a basic almost complete support 7-tilting pair (U, Q)
which is a direct summand of (7, P) and (7", P’). In this case we write (7", P') = ux (T, P)
or simply 77 = px(T) if X is an indecomposable A-module satisfying either T'= U ¢ X
or P=QoX.

We can also describe mutation as follows: Let (7', P) be a basic support 7-tilting pair
for A, and X an indecomposable direct summand of either T" or P.

(a) If X is a direct summand of T, precisely one of the following holds.
e There exists an indecomposable A-module Y such that X £ Y and pux (T, P) :=
(T'/X @Y, P) is a basic support 7-tilting pair for A.
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e There exists an indecomposable projective A-module Y such that ux (T, P) :=
(T'/X,P®Y) is a basic support 7-tilting pair for A.
(b) If X is a direct summand of P, there exists an indecomposable A-module Y such
that ux (T, P) := (T @Y, P/X) is a basic support 7-tilting pair for A.
Moreover, such a module Y in each case is unique up to isomorphism.
In the rest of this subsection, we give a proof of Theorem 2.18. The following is the
first step.

Lemma 2.20. Let (T, P) be a T-rigid pair for A. If U is a T-rigid A-module satisfying
L(rT) N P+ C L(1U), then there is an evact sequence U Lroc-o satisfying the
following conditions.

e [ is a minimal left (FacT)-approximation.
e 7" isin addT, C is in add P(FacT) and addT' NaddC = 0.

Proof. Consider the exact sequence U L C' — 0, where f is a minimal left (add7")-
approximation. Then g € rad(T”,C).

(i) f is a minimal left (FacT)-approximation: Take any X € FacT and s: U — X. By
the Wakamatsu-type Lemma 2.6, there exists an exact sequence

O—>Y—>T”i>X—>O

where h is a right (addT)-approximation and Y € +(7T). Moreover we have Y € P+
since T" € P+. By the assumption that +(77) N P+ C +(7U), we have Hom, (Y, 7U) = 0,
hence Ext} (U,Y) = 0. Then we have an exact sequence

Hom (U, T") — Homy (U, X) — Ext} (U,Y) = 0.
Thus there is some ¢ : U — T" such that s = ht.

U —f> T
£ h
0 Y T" X 0

Since T” € addT and f is a left (addT')-approximation, there is some u : 77 — T" such
that t = uf. Hence we have hu : T" — X such that (hu)f = ht = s, and the claim follows.

(ii) C € addP(FacT): We have an exact sequence 0 — Im f - T" — C' — 0, which
gives rise to an exact sequence

Homa(T", FacT) 2, Homy (Im f, FacT) — Exth(C, FacT) — Ext\ (T’ FacT).

We know from (i) that (f,FacT) : Homp (7", FacT) — Homy (U, FacT) is surjective, and
hence (i,FacT) is surjective. Further, Ext}(7”,FacT) = 0 by Proposition 1.2 since 1" is
in addT and T is 7-rigid. Then it follows that Ext} (C,FacT) = 0. Since C' € FacT, this
means that C' is Ext-projective in FacT.

(iii) add7" NaddC = 0: To show this, it is clearly sufficient to show Homy (7”,C) C
rad(7”,C).

Let s : T — C be an arbitrary map. We have an exact sequence Homy (U, T") —
Homy (U,C) — Exth (U, Im f). Since Extk (U, Im f) = 0 because Im f is in FacU, and
U is 7-tilting, there is a map ¢ : U — T’ such that sf = gt. Since f is a left (addT)-
approximation, and T” is in addT’, there is a map u : 7" — T’ such that ¢ = uf. Then
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(s —gu)f = sf — gt = 0, hence there is some v : C — C such that s — gu = vg, and hence
S = gu + vg.

v—t—r—2sc 0
72 .ot 0

U f
\ J/

Im
Since g € rad(T”, C), it follows that s € rad(7”,C). Hence Homy (7", C) C rad(T”,C), and
consequently add7’ NaddC = 0. O

The following information on the previous lemma is useful.

Lemma 2.21. In Lemma 2.20, assume C = 0. Then f: U — T’ induces an isomorphism
U/U(e) ~ T" for a mazimal idempotent e of A satisfying Te = 0. In particular, if T is
sincere, then U ~ T".

Proof. By our assumption, we have an exact sequence

0 Ker f U ! T 0. (5)

Applying Homy (—, FacT'), we have an exact sequence
(f,FacT)
-5

Homy (T”, FacT) Homy (U, FacT) — Homy (Ker f, FacT) — Ext} (T, FacT).

We have Ext} (7, FacT) = 0 because T” is in addT and T is 7-tilting. Since (f,FacT) is
surjective, it follows that Homy (Ker f,FacT) = 0 and so Ker f € +(FacT). On the other
hand, since T is a sincere (A/(e))-module, mod(A/(e)) is the smallest torsionfree class
of modA containing FacT. Thus we have a torsion pair (+(FacT),mod(A/{e))), and the
canonical sequence for X associated with this torsion pair is given by

00— X(e) —> X — X/X(¢) —0.
Since Ker f € +(FacT) and T € FacT C mod(A/(e)), the canonical sequence of U is given
by (5). Thus we have U/U{e) ~T". O

In the next result we prove a useful restriction on X when T'= X @ U is 7-tilting and
X is indecomposable.

Proposition 2.22. Let T = X & U be a basic T-tilting A-module, with X indecomposable.
Then exactly one of +(7U) C +(7X) and X € FacU holds.

Proof. First we assume that +(7U) C +(7X) and X € FacU both hold. Then we have
FacU = FacT = *(+T) = +(U),

which implies that U is 7-tilting by Theorem 2.12, a contradiction.

Let Y ©U be the Bongartz completion of U. Then we have *7(Y @U) = +(7U) D +7T.
Using the triple (7,0, Y @U) instead of (T, P,U) in Lemma 2.20, there is an exact sequence

@9
YoU—T aoU——T1"—0,

where f:Y — T and (]5 ?) :Y @U — T' & U are minimal left (FacT)-approximations,
T" and T” are in addT and add(7” @ U) Nadd7T” = 0. Then we have 7" € add X.
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Assume first 7" # 0. Then T” ~ X* for some ¢ > 1, so we have T € addU. Since we
have a surjective map T — T"”, we have X € FacT’ C FacU.
Assume now that 7”7 = 0. Applying Lemma 2.21, we have that (g ?) YoU—-ToU

is an isomorphism since T is sincere. Thus Y € add7T’, and we must have ¥ ~ X. Thus
L(rX) =+(rY) 2 H(7U). O

Now we are ready to prove Theorem 2.18.

(i) First we assume that @ = 0 (i.e. U is an almost complete 7-tilting module).

In view of Proposition 2.17 it only remains to show that there are at most two extensions
of U to a support 7-tilting module. Using the bijection in Theorem 2.7, we only have to
show that for any support 7-tilting module X @ U, the torsion class Fac(X @ U) is either
FacU or +(rU). If X = 0 (i.e. U is a support 7-tilting module), then this is clear.
If X # 0, then X @ U is a 7-tilting A-module. Moreover by Proposition 2.22 either
X € FacU or +(7U) C +(7X) holds. If X € FacU, then we have Fac(X @ U) = FacU. If
L(rU) € +(rX), then we have Fac(X @ U) = *(1(X @ U)) = +(7U). Thus the assertion
follows.

(ii) Let (U,Q) be a basic almost complete support 7-tilting pair for A and e be an
idempotent of A such that add@ = addeA. Then U is an almost complete 7-tilting (A/(e))-
module by Proposition 2.3(a). It follows from (i) that U is a direct summand of exactly two
basic support 7-tilting (A/(e))-modules. Thus the assertion follows since basic support
7-tilting (A/(e))-modules which have U as a direct summand correspond bijectively to
basic support 7-tilting pairs for A which have (U, Q) as a direct summand. U

The following special case of Lemma 2.20 is useful.

Proposition 2.23. Let T be a support T-tilting A-module. Assume that one of the fol-
lowing conditions is satisfied.

(i) U is a 7-rigid A-module such that FacT C *+(7U).
(i1) U is a support T-tilting A-module such that U > T.

Then there exists an exact sequence U Lo 0 such that f is a minimal left
(FacT)-approzimation of U and T° and T* are in addT and satisfy addT® NaddT! = 0.

Proof. Let (T, P) be a support 7-tilting pair for A. Then +(7T) N P+ = FacT holds by
Corollary 2.13(c). Thus +(77) N P+ C L (7U) holds for both cases. Hence the assertion is
immediate from Lemma 2.20 since C is in add P(FacT') = addT by Theorem 2.7. O

The following well-known result [HU1] can be shown as an application of our results.

Corollary 2.24. Let A be a finite dimensional K-algebra and U a basic almost complete
tilting A-module. Then U is faithful if and only if U is a direct summand of precisely two
basic tilting A-modules.

Proof. 1t follows from Theorem 2.18 that U is a direct summand of exactly two basic
support 7-tilting A-modules T' and 7" such that FacT = FacU. If U is faithful, then T
and T are tilting A-modules by Proposition 2.2(b). Thus the ‘only if” part follows. If U is
not faithful, then T is not a tilting A-module since it is not faithful because FacT = FacU.
Thus the ‘if” part follows. O

2.4. Partial order, exchange sequences and Hasse quiver. In this section we inves-
tigate two quivers. One is defined by partial order, and the other one by mutation. We
show that they coincide.
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Since we have a bijection T' — FacT between s7-tilt A and f-torsA, then inclusion in
f-tors A gives rise to a partial order on s7-tilt A, and we have an associated Hasse quiver.
Note that s7-tilt A has a unique maximal element A and a unique minimal element 0.

The following description of when 7' > U holds will be useful.

Lemma 2.25. Let (T, P) and (U, Q) be support T-tilting pairs for A. Then the following
conditions are equivalent.

(a) T>U.

(b) Homp (U, 7T) =0 and addP C add@.

(¢) Homp (Unp, TTyp) = 0, addT}y O addUy,, and add P C add Q.

Proof. (a)=(c) Since FacT' D FacU, we have addT},, 2 addU,, and Homy (U, 7T) = 0.
Moreover add P C add@ holds by Proposition 2.2(a).

(b)=(a) We have FacT = +(7T) N P+ by Corollary 2.13(c). Since addP C addQ, we
have U € Q+ C P*. Since Homy (U,7T) = 0, we have U € +(77) N P+ = FacT, which
implies FacT O FacU.

(c)=(b) This is clear. O

Also we shall need the following.

Proposition 2.26. Let T, U,V € st-tilt A such that T'> U > V. Then addT NaddV C
addU.

Proof. Clearly we have P(FacT')NFacU C P(FacU) = addU. Thus we have add7'NaddV C
P(FacT)NFacU C addU. O

The following observation is immediate.

Proposition 2.27. (a) For any idempotent e of A, the inclusion sT-tilt(A/{e)) —
sT-tilt A preserves the partial order.
(b) The bijection (—)T : sT-tilt A — sT-tilt A°? in Theorem 2.14 reverses the partial
order.

Proof. (a) This is clear.

(b) Let (7T, P) and (U, Q) be support 7-tilting pairs of A. By Lemma 2.25, T > U if
and only if Homp (Upnp, 7Tp) = 0, addT},, D addUy,, and add P C add@. This is equivalent
to Hompop (Tr Thyp, 7 Tr Upp) = 0, add T}, 2 addU, and add P* C add@Q*. By Lemma 2.25

again, this is equivalent to (Tr Ty, ® P*,Tp,) < (Tr Unp © Q*, Up,). O

In the rest of this section, we study a relationship between partial order and mutation.

Definition-Proposition 2.28. Let T = X®U and T’ be support T-tilting A-modules such
that T' = px (T) for some indecomposable A-module X. Then either T > T or T < T’
holds by Theorem 2.18. We say that T' is a left mutation (respectively, right mutation)
of T and we write T' = py(T) (respectively, T' = u}(T)) if the following equivalent
conditions are satisfied.

(a) T > T (respectively, T <T").

(b) X ¢ FacU (respectively, X € FacU ).

(c) ~(rX) D L(rU) (respectively, -(rX) 2 +(7U)).
If T is a T-tilting A-module, then the following condition is also equivalent to the above
conditions.

(d) T is a Bongartz completion of U (respectively, T is a non-Bongartz completion of

U).
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Proof. This follows immediately from Theorem 2.18 and Proposition 2.22. U
Definition 2.29. We define the support T-tilting quiver Q(st-tilt A) of A as follows:

e The set of vertices is s7-tilt A.
e We draw an arrow from T to U if U is a left mutation of T

Next we show that one can calculate left mutation of support 7-tilting A-modules by
exchange sequences which are constructed from left approximations.

Theorem 2.30. Let T = X ® U be a basic T-tilting module which is the Bongartz com-

pletion of U, where X 1is indecomposable. Let X ERN U LY — 0 be an ezact sequence,
where [ is a minimal left (addU)-approximation. Then we have the following.

(a) If U is not sincere, then Y = 0. In this case U = p(T) holds and this is a basic
support T-tilting A-module which is not T-tilting.

(b) IfU is sincere, then'Y is a direct sum of copies of an indecomposable A-module Yy
and is not in addT'. In this case Y1 ®U = p(T') holds and this is a basic T-tilting
A-module.

Proof. We first make some preliminary observations. We have +(7U) C +(7X) because T
is a Bongartz completion of U. By Lemma 2.20, we have an exact sequence

xLuvLy o

such that U’ is in addU, Y is in addP(FacU), addU’ N addY = 0 and f is a left
(FacU)-approximation. We have Ext} (Y, FacU) = 0 since Y € add P(FacU), and hence
Homy (U, 7Y) = 0 by Proposition 1.2. We have an injective map Homu (Y, 7(Y @ U)) —
Homp (U',7(Y @ U)). Since U is 7-rigid, we have that Homy (U',7(Y & U)) = 0, and
consequently Homy (Y, 7(Y @ U)) = 0. It follows that Y & U is 7-rigid.

We show that g : U’ — Y is a right (addT')-approximation. To see this, consider the
exact sequence

Homy (T, U’) — Homy (T, Y) — Ext} (T, Im f).
Since Im f € FacT, we have Ext} (T, Im f) = 0, which proves the claim.

We have that Y does not have any indecomposable direct summand from add7". For if
T’ in addT is an indecomposable direct summand of Y, then the natural inclusion 77 — Y
factors through ¢ : U’ — Y. This contradicts the fact that f: X — U’ is left minimal.

Now we are ready to prove the claims (a) and (b).

(a) Assume first that U is not sincere. Let e be a primitive idempotent with Ue = 0.
Then U is a 7-rigid (A/(e))-module. Since |U| = |A] — 1 = |A/{e)|, we have that U is a
7-tilting (A/(e))-module, and hence a support 7-tilting A-module which is not 7-tilting.

(b) Next assume that U is sincere. Since we have already shown that Y @& U is 7-rigid
and Y ¢ addT, it is enough to show Y # 0. Otherwise we have X ~ U’ by Lemma 2.21
since U is sincere. This is not possible since U’ is in addU, but X is not. Hence it follows

that Y # 0. 0
We do not know the answer to the following.

Question 2.31. Is Y always indecomposable in Theorem 2.30(b)?
Note that right mutation can not be calculated as directly as left mutation.

Remark 2.32. Let T and T” be support 7-tilting A-modules such that 77 = ux(7T') for
some indecomposable A-module X.



ON 7-TILTING THEORY 21

(a) If T" = px(T), then we can calculate 7" by applying Theorem 2.30.

(b) If T" = uk(T), then we can calculate 7" using the following three steps: First
calculate Tf. Then calculate T'T by applying Theorem 2.30 to T'7. Finally calculate
T’ by applying (—) to T"'T.

Our next main result is the following.

Theorem 2.33. For T,U € st-tilt A, the following conditions are equivalent.

(a) U is a left mutation of T
(b) T is a right mutation of U.
(¢) T > U and there is no V € st-tilt A such that T >V > U.

Before proving Theorem 2.33, we give the following result as a direct consequence.

Corollary 2.34. The support T-tilting quiver Q(s7-tiltA) is the Hasse quiver of the par-
tially ordered set sT-tilt A.

The following analog of [AI, Proposition 2.36] is a main step to prove Theorem 2.33.

Theorem 2.35. Let U and T be basic support T-tilting A-modules such that U > T. Then:

(a) There exists a right mutation V' of T such that U > V.
(b) There exists a left mutation V' of U such that V' > T.

Before proving Theorem 2.35, we finish the proof of Theorem 2.33 by using Theorem
2.35.

(a)<(b) Immediate from the definitions.

(a)=-(c) Assume that V € s7-tilt A satisfies T' >V > U. Then we have addT' NaddU C
addV by Proposition 2.26. Thus 7" and V have an almost complete support 7-tilting pair
for A as a common direct summand. Hence we have V ~ U by Theorem 2.18.

(c)=(a) By Theorem 2.35, there exists a left mutation V of T" such that 7' >V > U.
Then V ~ U by our assumption. Thus U is a left mutation of 7. O

To prove Theorem 2.35, we shall need the following results.

Lemma 2.36. Let U and T be basic support T-tilting A-modules such that U > T. Let

U oo o 0 be an exact sequence as given in Proposition 2.23. If X is an
indecomposable direct summand of T which does not belong to addT?, then we have U >
M)((T) >T.

Proof. First we show pux (1) > T. Since X is in FacT C FacU, there exists a surjective
map a : U* — X for some £ > 0. Since f¢: U’ — (T9)¢ is a left (addT)-approximation, a
factors through f¢ and we have X € FacT®. It follows from X ¢ add7? that X € FacT® C
Facux(T'). Thus FacT C Facux(T) and we have ux(T) > T.

Next we show U > ux(T). Let (U,eA) and (T, e'A) be support 7-tilting pairs for A. By
Proposition 2.27(b), we know that UT = Tr U®Ae and T = Tr T@Ae’ are support 7-tilting
A°P-modules such that UT < T'T. In particular, any minimal right (add7')-approximation

TrTy® P — U' (6)

of UT with Ty € addT,; np and P € addAe’ is surjective. The following observation shows
Ty € addTP.
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Lemma 2.37. Let X and Y be in modA and P in projA°®. Let f : Y — X0 be a left
(add X)-approxzimation of Y and g : Tr Xo@& Py — TrY be a minimal right (add Tr X & P)-
approximation of TrY with Xo € add Xy, and Py € addP. If g is surjective, then Xq is a
direct summand of X°.

Proof. Assume that g is surjective and consider the exact sequence

00— K- oTrXod Ph—2>TrY 0.

Then h is in rad(K, Tr Xy @ Pp) since ¢ is right minimal. It is easy to see that in the
stable category modA°P, a pseudokernel of g is given by h, which is in the radical of
modA°P. In particular, g is a minimal right (add Tr X )-approximation in modA°P. Since
Tr : modA — modA°P is a duality, we have that Trg: TrTrY — Tr(Tr Xo® ) = Xp is a
minimal left (add X)-approximation of Tr Tr Y in modA. On the other hand, f:Y — X°
is clearly a left (addX)-approximation of ¥ in modA. Since Tr TrY is a direct summand
of Y, we have that X is a direct summand of X? in modA. Thus the assertion follows. O

We now finish the proof of Lemma 2.36.

Since Ty € addT? and X ¢ addT”, we have X ¢ addTj and hence UT € Fac(Tr(T/X) &
Aé') by (6). Hence we have UT < ux(T)T, which implies U > px(T) by Proposition
2.27(b). O

Now we are ready to prove Theorem 2.35.
We only prove (a) since (b) follows from (a) and Proposition 2.27(b).
(i) Let (U,eA) and (T,€'A) be support 7-tilting pairs for A. Let

U 70 T! 0

be an exact sequence given by Proposition 2.23. If T' ¢ add7?, then any indecomposable
direct summand X of T which is not in addT? satisfies U > pux(T) > T by Lemma 2.36.
Thus we assume 7' € add7” in the rest of proof. Since add7°Nadd7" = 0, we have 7' = 0
which implies 7° = U/U{€’) by Lemma 2.21.

(ii) By Proposition 2.27(b), we know that UT = TrU @ Ae and TT = Tr T @ Ae’ are
support 7-tilting A°P-modules such that Ut < TT. Let

TOJr—f>UT—>-0

be a minimal right (add7)-approximation of UT. If Ae’ ¢ add TOJr , then any indecomposable
direct summand @ of Ae’ which is not in add Tg satisfies UT € Fac(T"/Q). Thus we have
UT < pg(T?) and U > pug+«(T) > T by Proposition 2.27. We assume Ae’ € addT(;r in the
rest of proof.

(iii) We show that there exists an exact sequence

P —=TrT0® Py —TrU —=0 (7)
in modA°P such that Py € projA°P, Py € addA¢’, a € rad(P;, Tr T° @ Py) and the map
(a,UT) : Hompop (Tr T° @ Py, UT) —— Hompos (P, UT) (8)

is surjective.
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Let Q1 4, Qo — U — 0 be a minimal projective presentation of U. Let d' : Q] — Qo
be a right (adde’A)-approximation of Qq. Since T9 = U/U(€') by (i), we have a projective

d/
presentation Q) @ Q1 @ Qo — T° — 0 of TV. Thus we have an exact sequence
L@ty (%)
Q—Q1"eQ] —TrT’eQ—=0

for some projective A°’-module Q. We have a commutative diagram

Qy ——Q; T U 0
e, b
QI —=TrT°a Q TrU 0

of exact sequences. Now we decompose the morphism ¢ as
0
€= (1) N =N —TTeQ=TrT"c Ko Q'

where a is in the radical. Then we naturally have an exact sequence (7), and clearly we
have Py € projA°? and P; € addAe’ by our construction. It remains to show that (8) is
surjective. We only have to show that the map

(¢, U") : Hompop (Tr T° @ Q, UT) —— Hompor (Q*, UT)

is surjective. Take any map s : Q}* — UT. By Proposition 2.4(c), there exists ¢ : Q% — UT
such that sd”* = td*. Thus there exists u: TrT°@® Q — U' such that s = uc’ and t = —uc,
which shows the assertion.

(iv) First we assume Pj in (iii) is non-zero. Since Ae’ € addT(;r by (ii) and P, € addAe’,
we have P} € addTOJr . Thus there exists a morphism s : P| — Tg which is not in the
radical. Since (8) is surjective, there exists t : TrT° @ Py — U' such that ta = fs.
Since f is a surjective right (addT')-approximation and Py is projective, there exists
uw:TrT°® Py — Tg such that t = fu.

P—%Tr1%0 P, T U 0
£
T 7 Ut 0

Since f(s —wua) =0 and f is right minimal, we have that s — ua is in the radical. Since a
is in the radical, so is s, a contradiction.

Consequently, we have P, = 0. Thus Tr7%® Py ~ TrU and Tr7° ~ TrU. Since
T € addT? by our assumption, we have addT,, = addU,,. Since U > T, we have
Ty € addUp,. Thus U ~ T @ P for some projective A-module P.

(v) It remains to consider the case U ~ T @ P for some projective A-module P.

Since U > T, we have addeA C adde’A. Take any indecomposable summand e”A
of (¢/ —e)A and let V := pep(T,€e'A), which has a form (T & X, (¢/ — €”)A) with X
indecomposable. Clearly V' > T holds. Since 7U € add7(T @ X) by our assumption and
el € add(¢/ — €”)A by our choice of ¢, we have

FacU = H(7U) N (eA) D H(r(T @ X)) N ((¢ — ¢")A)* = FacV
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by Corollary 2.13(c). Thus U > V holds. O

We end this section with the following application, which is an analog of [HU2, Corollary
2.2].

Corollary 2.38. If Q(s7-tilt A) has a finite connected component C, then Q(sT-tiltA) = C.

Proof. Fix T in C. Applying Theorem 2.35(a) to A > T, we have a sequence T = T <
Ty < Ty < -+ of right mutations of support 7-tilting modules such that A > T; for any
i. Since C' is finite, this sequence must be finite. Thus A = T; for some i, and A belongs
to C. Now we fix any U € s7-tiltA. Applying Theorem 2.35(b) to A > U, we have a
sequence A = Vg > Vi > Vo > -+ of left mutations of support 7-tilting modules such that
V; > U for any i. Since C' is finite, this sequence must be finite. Thus U = V; for some j,
and U belongs to C. U

3. CONNECTION WITH SILTING THEORY

Throughout this section, let A be a finite dimensional K-algebra. Any almost complete
silting complex has infinitely many complements. But if we restrict to two-term silting
complexes, we get another class of objects extending the (classical) tilting modules and
satisfying the two complement property (Corollary 3.8). Moreover we will show that there
is a bijection between support 7-tilting A-modules and two-term silting complexes for
A, which is of independent interest (Theorem 3.2). The two-term silting complexes are
defined as follows.

Definition 3.1. We call a complex P = (P, d") in KP(projA) two-term if P* = 0 for all
i #0,—1. Clearly P € KP(projA) is two-term if and only if A > P > A[1].

We denote by 2-silt A (respectively, 2-presiltA) the set of isomorphism classes of basic
two-term silting (respectively, presilting) complexes for A.

Clearly any two-term complex is isomorphic to a two-term complex P = (P?, d’) satis-
fying d=! € rad(P~!, P°) in KP(projA). Moreover, for any two-term complexes P and @,
we have Homyw (proj) (P Q[i]) = 0 for any i # —1,0, 1.

The aim of this section is to prove the following result.

Theorem 3.2. Let A be a finite dimensional K-algebra. Then there exists a bijection
2-silt A «—— sT-tilt A

given by 2-siltA > P — HO(P) € st-tilt A and s-tiltA > (M, P) — (P, ® P Yo, Py) €

2-silt A where f: P, — Py is a minimal projective presentation of M.
The following result is quite useful.

Proposition 3.3. Let P be a two-term presilting complex for A.

(a) P is a direct summand of a two-term silting complex for A.
(b) P is a silting complex for A if and only if |P| = |Al.

Proof. (a) This is shown in [Ai, Proposition 2.16].

(b) The ‘only if’ part follows from Proposition 1.6(a). We will show the ‘if” part. Let
P be a two-term presilting complex for A with |P| = |A|. By (a), there exists a complex
X such that P & X is silting. Then we have |P & X| = |A| = |P| by Proposition 1.6(a),
so X is in addP. Thus P is silting. O

The following lemma is important.
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Lemma 3.4. Let M,N € modA. Let P, 25 Py 2 M — 0 and Q1 & Qo & N — 0 be
minimal projective presentations of M and N respectively. Let P = (P LN Py) and Q =
(@1 LEY Qo) be two-term complexes for A. Then the following conditions are equivalent:
(a) Homy (N,7M) = 0.
(b) Homypo (proja) (P Q[1]) = 0.
In particular, M is a T-rigid A-module if and only if P is a presilting complex for A.

Proof. The condition (a) is equivalent to the fact that (py, N) : Homy (Py, N) — Homy (P, N)
is surjective by Proposition 2.4(b).

(a)=>(b) Any morphism f € Homgp pro54) (P Q[1]) is given by some f € Homn (P, Qo).
Since (p1, N) is surjective, there exists g : Py — N such that qof = gp1. Moreover, since
Py is projective, there exists hy : Py — Qg such that goho = g. Since qo(f — hop1) = 0, we
have hy : P, — @1 with f = ¢ hy + hop:.

p1

0 PPy M —0
hlfl h“ lg
¥ =
0 Q1 Qo N 0.

q1 q0

Hence we have Home(projA)(P, Q[1]) =0.
(b)=(a) Take any f € Homy (P, N). Since P; is projective, there exists g : P, — Qo
such that qog = f.

Pl L)PO

v
Qo N 0.

q0

@1

q1

Then g gives a morphism P — Q[1] in KP(projA). Since Homgn (proja) (P Q[1]) = 0, there
exist hg : Py — Qo and hy : P — @7 such that ¢ = ¢1h1 + hop1. Hence we have
f =qo(q1h1 + hop1) = qohop1. Therefore (p1, N) is surjective. O

We also need the following observation.

Lemma 3.5. Let P, 25 Py 22 M — 0 be a minimal projective presentation of M in modA
and P := (P, 5 Py) be a two-term complex for A. Then for any Q in projA, the following
conditions are equivalent.

(a) Homyp (Q, M) = 0.
(b) Home(projA) (Q,P) = 0.

Proof. The proof is left to the reader since it is straightforward. O
The following result shows that silting complexes for A give support 7-tilting modules.

Proposition 3.6. Let P = (P, LA Py) be a two-term complex for A and M := Cokd.

(a) If P is a silting complex for A and d is right minimal, then M is a T-tilting A-
module.
(b) If P is a silting complex for A, then M is a support T-tilting A-module.
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Proof. (b) We write d = (d' 0) : P, = P| & P{' — P,, where d’ is right minimal. Then the

sequence PJ L Py — M — 0 is a minimal projective presentation of M. We show that
(M, P/') is a support 7-tilting pair for A. Since P is silting, M is a 7-rigid A-module by
Lemma 3.4. On the other hand, since P is silting, we have Homypo (proia)(P7', P) = 0. By
Lemma 3.5, we have Homp (P, M) = 0. Thus (M, P/') is a 7-rigid pair for A. Since d’ is

a minimal projective presentation of M, we have |M| = |P] LN Py|. Thus we have
d/
| M|+ |P/| = |P{ = Po| +|P{| = |P],
which is equal to |A| by Proposition 1.6(a). Hence (M, P/') is a support 7-tilting pair for

A.
(a) This is the case P’ =0 in (b). O

The following result shows that support 7-tilting A-modules give silting complexes for

A.

Proposition 3.7. Let P, LN Py B, M = 0 be a minimal projective presentation of M
in modA.

(a) If M is a T-tilting A-module, then (P LN Py) is a silting complex for A.

(b) If (M, Q) is a support T-tilting pair for A, then Pi®Q 0, Py is a silting complex

for A.

Proof. (b) We know that (P a4, Py) is a presilting complex for A by Lemma 3.4. Let

P=(PaqQ 49, Py). By Lemmas 3.4 and 3.5, we have that P is a presilting complex

for A. Since d; is a minimal projective presentation, we have | Py &, Py| = |M|. Moreover,
since (M, Q) is a support 7-tilting pair for A, we have |M| + |Q| = |A|]. Thus we have

d
|P| =P = Ryl +1Q] = [M] + Q] = [A.
Hence P is a silting complex for A by Proposition 3.3(b).
(a) This is the case @ =0 in (b). O
Now Theorem 3.2 follows from Propositions 3.6 and 3.7. U

We give some applications of Theorem 3.2.

Corollary 3.8. Let A be a finite dimensional K -algebra.
(a) Any basic two-term presilting complex P for A with |P| = |A| — 1 is a direct
summand of exactly two basic two-term silting complexes for A.
(b) Let P,Q € 2-silt A. Then P and @ have all but one indecomposable direct summand
i common if and only if P is a left or right mutation of Q).

Proof. (a) This follows from Theorems 2.18 and 3.2.
(b) This is immediate from (a). O

Now we define Q(2-silt A) as the full subquiver of Q(siltA) with vertices corresponding
to two-term silting complexes for A.

Corollary 3.9. The bijection in Theorem 3.2 is an isomorphism of the partially or-
dered sets. In particular, it induces an isomorphism between the two-term silting quiver
Q(2-siltA) and the support T-tilting quiver Q(sT-tiltA).
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Proof. Let (M,eA) and (N, fA) be support 7-tilting pairs for A. Let P := (P;—Fy) and
Q@ = (Q1—Qo) be minimal projective presentations of M and N respectively. We only
have to show that M > N if and only if Homyw preja) (£ @ eA[l], (Q & fA[1])[1]) = 0.

We know that M > N if and only if Homa (N, 7M) = 0 and eA € add fA by Lemma 2.25.
Moreover Hom (N, 7M) = 0if and only if Homp (proja) (£ @[1]) = 0 by by Lemma 3.4. On
the other hand eA € add fA if and only if Homp (eA, N) = 0 since N is a sincere (A/(f))-
module. Thus eA € addfA is equivalent to Homgo(pojpy(eA, Q) = 0 by Lemma 3.5.
Consequently M > N if and only if Homyp proj2) (P®eA[1], @[1]) = 0, and this is equivalent
to Homyw (proj ) (£ @ eA[1], (Q & fA[L])[1]) = 0 since Homyw (proj0) (P @ eA[1], fA[2]) =0 is
automatic. Thus the assertion follows. O

Immediately we have the following application.
Corollary 3.10. If Q(2-siltA) has a finite connected component C, then Q(2-siltA) = C.
Proof. This is immediate from Corollaries 2.38 and 3.9. 0

Note also that Theorem 3.2 and Corollary 3.9 give an alternative proof of Theorem 2.35
since the corresponding property for two-term silting complexes holds by [AI, Proposition
2.36].

4. CONNECTION WITH CLUSTER-TILTING THEORY

Let C be a Hom-finite Krull-Schmidt 2-Calabi-Yau (2-CY for short) triangulated cat-
egory (for example, the cluster category Cg associated with a finite acyclic quiver @
[BMRRT]). We shall assume that our category C has a cluster-tilting object T. Associ-
ated with T', we have by definition the 2-CY-tilted algebra A = End¢(T'), whose module
category is closely connected with the 2-CY-category C. In particular, there is an equiva-
lence of categories [BMR1, KRJ:

(=) :== Home(T, —) : C/[T[1]] — modA. 9)

In this section we investigate this relationship more closely by giving a bijection between
cluster-tilting objects in C and support 7-tilting A-modules (Theorem 4.1). This was the
starting point for the theory of 7-rigid and 7-tilting modules. As an application, we give
a proof of some known results for cluster-tilting objects (Corollary 4.5). Also we give
a direct connection between cluster-tilting objects in C and two-term silting complexes
for A (Theorem 4.7). There is an induced isomorphism between the associated graphs
(Corollary 4.8).

4.1. Support 7-tilting modules and cluster-tilting objects. In this subsection we
show that there is a close relationship between the cluster-tilting objects in C and support
7-tilting A-modules. We use this to apply our main Theorem 2.18 to get a new proof of
the fact that almost complete cluster-tilting objects have exactly two complements, and of
the fact that all maximal rigid objects are cluster-tilting, as first proved in [IY] and [ZZ],
respectively.

We denote by isoC the set of isomorphism classes of objects in a category C. From our
equivalence (9), we have a bijection

(—) :isoC «— iso(modA) x iso(projA)

given by X = X' ® X" — X := (X', X"[-1]), where X” is a maximal direct summand
of X which belongs to addT[1]. We denote by rigidC (respectively, m-rigidC) the set
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of isomorphism classes of basic rigid (respectively, maximal rigid) objects in C, and by
c-tilt 7C the set of isomorphism classes of basic cluster-tilting objects in C which do not
have non-zero direct summands in add7T'[1].

Our main result in this section is the following.

Theorem 4.1. The bijection (A—/) induces bijections
rigidC «— 7-rigidA, c-tiltC «— s7-tilt A and c-tilt7C «— T-tiltA.
Moreover we have c-tiltC = m-rigidC = {U € rigidC | |U| = |T'|}.
We start with the following easy observation (see [KR]).

Lemma 4.2. The functor (=) induces an equivalence of categories between addT (re-
spectively, addT'[2]) and projA (respectively, injA). Moreover we have an isomorphism
(=)o 2] ¥vo(=):addT — injA of functors.

Now we express Ext}(X,Y) in terms of the images X and Y in our fixed 2-CY tilted
algebra A. We let
(X, Y)p = (X,Y) := dimg Homy (X,Y).

Proposition 4.3. Let X and Y be objects in C. Assume that there are no monzero
indecomposable direct summands of T[1] for X and Y.

(a) We have X[1] ~7X and Y[1] ~ 7Y as A-modules.
(b) We have an exact sequence

0— DHomA(V, TY) — Exté(X, Y)— HomA(Y, 7’?) — 0.
(¢) dimExt;(X,Y) = (X,7Y)5 + (Y, 7X)A.

Proof. (a) This can be shown as in the proof of [BMR1, Proposition 3.2]. Here we give a
direct proof. Take a triangle

ot x 1 (10)

T
with a minimal right (addT)-approximation f and Ty, Ty € addT. Applying () to (10),

we have an exact sequence

R
T, T, —>X—0. (11)

This gives a minimal projective presentation of X since X has no nonzero indecomposable
direct summands of T'[1]. Applying the Nakayama functor to (11) and Home (T, —) to (10)
and comparing them by Lemma 4.2, we have the following commutative diagram of exact
sequences:

0 77X VT vy
92—
0=Tp[1] X[1] T [2] To[2].

Thus we have 7X ~ X[1].
(b) We have an exact sequence

0— [T[l]](X, Y[l]) — I‘IOIII(}(AX7 Y[l]) — HomC/[T[lﬂ(Xv Y[l]) — O,
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where [T'[1]] is the ideal of C consisting of morphisms which factor through add7[1]. We
have a functorial isomorphism
— — (a) .
Homc/[T[l]](X,Y[l]) ~ Homy (X, Y[1]) ~ Homy (X, 7Y). (12)
On the other hand, the first of following functorial isomorphism was given in [Pa, 3.3].

[T[U)(X, Y [1]) ~ D Home iz (Y, X[1]) ‘=) D Homy (¥, 7X).

Thus the assertion follows.
(c) This is immediate from (b). O

We now consider the general case, where we allow indecomposable direct summands
from T[1] in X or Y.

Proposition 4.4. Let X = X' & X" and Y =Y’ ®Y" be objects in C such that X" and
Y" are the mazimal direct summands of X and Y respectively, which belong to addT[1].
Then

dimExt}(X,Y) = (X, 7Y\ 4+ (Y, 71X 4+ (X"[=1],Y ) + (Y"[=1], X')4.
Proof. Since Ext}(X”,Y") = 0, we have
dim Ext(X,Y) = dim Exts (X', Y") + dim Exts (X", Y') + dim Ext} (X', Y").

By Proposition 4.3, the first term equals (X’, 7Y}y + (Y’,7X’) 5. Clearly the second term
equals (X”[—1],Y7),, and the third term equals (Y"[—1], X'). O

Now we are ready to prove Theorem 4.1.

By Proposition 4.4, we have that X is rigid if and only if Xisa 7-rigid pair for A. Thus
we have bijections rigidC « 7-rigid A, which induces a bijection m-rigidC < s7-tiltA by
Corollary 2.13(a)<(b).

On the other hand we show that a bijection c-tiltC < s7-tilt A is induced. Since c-tiltC C
m-rigidC, we only have to show that any X € rigidC satisfying that Xisa support T-tilting
pair for A is a cluster-tilting object in C. Assume that Y € C satisfies Extc (X,Y)=0. By
Proposition 4.4, we have Homp (X', 7Y”) = 0, Homy (Y7, 7X’) = 0, Homy (X"[-1],Y’) =0
and Homp (Y”[~1], X’) = 0. By the first 3 equalities, we have Y’ € addX’ by Corollary
2.13(a)<(d). By the last equality we have Y”[~1] € add X”[—1]. Thus Y € add X holds,
which shows that X is a cluster-tilting object in C.

The remaining statements follow immediately. U

Now we recover the following results in [IY] and [ZZ].

Corollary 4.5. Let C be a 2-CY triangulated category with a cluster-tilting object T

(a) [IY] Any basic almost complete cluster-tilting object is a direct summand of exactly
two basic cluster-tilting objects. In particular, T is a mutation of V if and only if
T and V' have all but one indecomposable direct summand in common.

(b) [ZZ] An object X in C is cluster-tilting if and only if it is mazimal rigid if and only
if it is rigid and | X| = |T).

Proof. (a) This is immediate from the bijections given in Theorem 4.1 and the correspond-
ing result for support 7-tilting pairs given in Theorem 2.18.
(b) This is the last equality in Theorem 4.1. O
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Connections between cluster-tilting objects in C and tilting A-modules have been in-
vestigated in [Smi, FL|. It was shown that a tilting A-module always comes from a
cluster-tilting object in C, but the image of a cluster-tilting object is not always a tilting
A-module. This is explained by Theorem 4.1 asserting that the A-modules correspond-
ing to the cluster-tilting objects of C are the support 7-tilting A-modules, which are not
necessarily tilting A-modules.

4.2. Two-term silting complexes and cluster-tilting objects. Throughout this sub-
section, let C be a 2-CY category with a cluster-tilting object T'. Fix a cluster-tilting object
T € C. Let A := End¢(T) and let KP(projA) be the homotopy category of bounded com-
plexes of finitely generated projective A-modules. In this section, we shall show that there
is a bijection between cluster-tilting objects in C and two-term silting complexes for A and
that the mutations are compatible with each other.

The following result will be useful, where we denote by K2(projA) the full subcategory
of KP(projA) consisting of two-term complexes for A.

Proposition 4.6. There exists a bijection

is0C «— iso(K?(projA))
which preserves the number of non-isomorphic indecomposable direct summands.
Proof. For any object U € C, there exists a triangle

Ty Ly — 1]

Ty
where T7,Ty € addT and f is a minimal right (addT")-approximation. By Lemma 4.2, we
have a two-term complex T] 2 T in KP(projA).

Conversely, let P; LA Py be a two-term complex for A. By Lemma 4.2, there exists a
morphism g : 71 — Ty in add7 such that g = d. Taking the cone of g, we have an object
U in C. Then we can easily check that the correspondence gives a bijection and preserves
the number of non-isomorphic indecomposable direct summands. ]

Using this, we get the desired correspondence.
Theorem 4.7. The bijection in Proposition 4.6 induces bijections
rigidC «— 2-presilt A and  c-tiltC «— 2-silt A.
Proof. (i) For any rigid object U € C, we have a triangle

T Ly ]

where T1,Ty € addT and f is a minimal right (add7T’)-approximation. Let a : T} — Ty
be an arbitrary morphism in C. Since U is rigid, we have fah[—1] = 0. Thus we have a
commutative diagram

U[—l]h[_1] 7 g !

kb

Ty
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of triangles in C. Since hb = 0, there exists kg : Top — Ty such that b = fky. Since
fla —kog) = 0, there exists ky : Ty — T3 such that gk; = a — kog. Therefore we have

Hommyb proja) (T1 2 To), (T L Tp)[1]) = 0.

Thus T} s, Ty is a presilting complex for A.
(ii) Let P := (P, LA Py) be a two-term presilting complex for A. There exists a unique
g : 11 — T in addT such that g = d. We consider a triangle

T Ly ]

in C. We take a morphism a : U — U][1l] in C. Then we have the commutative diagram

2T

[ |

2
— )

Applying (—), we have a commutative diagram

d

P P 0
l lh[l}af l
0 vP 2 P,

Thus we have a morphism P — vP[—1] in KP(projA). Since P is a presilting complex for
A, we have

Home(projA) (P, I/P[—l]) ~D Home(projA) (P[—l], P) =0.

Therefore h[l]af = 0, and the morphism h[l]af factors through add7’[1]. Hence we have
hlllaf = 0. Thus we have a commutative diagram

g T, f U h Ti[1]

n) 2 ) L o 2 gy )

Ty

Since Ty € addT’, we have ag = 0. Thus af = 0, so there exists ¢ : T1[1] — U[1] such that
a = @h. Since T; € addT, we have h[l]¢ = 0. Thus there exists b : T1[1] — Tp[1] such
that ¢ = f[1]b. Consequently, we have commutative diagrams

0—>T1—g>T0 O—>P1—d>P0
I N

Since P is a presilting complex for A, there exist s : To[1] — Tp[l] and ¢ : T1[1] — T1[1]
such that b = sg[1] + g[1]t. Therefore we have

a = ph = f[1Jbh = [[sg{1]h + f{1]g[1]th = 0.
Hence Home (U, U[1]) = 0, that is, U is rigid, and the claim follows. O
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Corollary 4.8. The bijections in Theorems 3.2 and 4.7 induce isomorphisms of the fol-
lowing graphs.

(a) The underlying graph of the support T-tilting quiver Q(st-tilt A) of A.

(b) The underlying graph of the two-term silting quiver Q(2-siltA) of A.

(¢) The cluster-tilting graph G(c-tiltC) of C.

Proof. (a) and (b) are the same by Corollary 3.9.

We show that (b) and (c) are the same. Let U and V' be cluster-tilting objects in C.
Let P and @ be the two-term silting complexes for A corresponding respectively to U and
V by Theorem 4.7. By Corollary 4.5(a) the following conditions are equivalent:

(a) There exists an edge between U and V in the exchange graph.
(b) U and V have all but one indecomposable direct summand in common.

Clearly (b) is equivalent to the following condition:
(¢) P and @ have all but one indecomposable direct summand in common.
Now (c) is equivalent to the following condition by Corollary 3.8(b).
(d) There exists an edge between P and @ in the underlying graph of the silting quiver.

Therefore the exchange graph of C and the underlying graph of the silting full subquiver
consisting of two-term complexes for A coincide. O

We end this section with the following application.
Corollary 4.9. If G(c-tiltC) has a finite connected component C, then G(c-tiltC) = C'.
Proof. This is immediate from Corollaries 2.38 and 4.8. U

5. NUMERICAL INVARIANTS

In this section, we introduce g-vectors following [AR1] and [DeKe|. We show that g-
vectors of indecomposable direct summands of support 7-tilting modules form a basis of
the Grothendieck group (Theorem 5.1). Moreover we observe that non-isomorphic 7-rigid
pairs have different g-vectors (Theorem 5.5). In [DWZ] the authors defined what they
called F-invariants of finite dimensional decorated representations of Jacobian algebras,
and used this to solve several conjectures from [FZ]. In the case of finite dimensional
Jacobian algebras they showed that the FE-invariants were given by formulas which we
were led to in section 4.1, by considering dimg Exté(T, T) for a cluster-tilting object T
in C. We here consider F-invariants for any finite dimensional algebra, using the same
formula, and show that they can be expressed in terms of homomorphism spaces, dimension
vectors and g-vectors. We give some further results on the case of 2-CY tilted algebras,
including a comparison for neighbouring 2-CY tilted algebras (Theorem 5.7).

5.1. g-vectors and E-invariants for finite dimensional algebras. Recall from [DeKe]
that the g-vectors are defined as follows: Let Ky(projA) be the Grothendieck group of the
additive category projA. Then the isomorphism classes P(1),..., P(n) of indecomposable
projective A-modules form a basis of Ky(projA). Consider M in modA and let

P Py M 0

be its minimal projective presentation in modA. Then we write

n
Py— P =Y gV P(i),
=1
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where by definition g™ = (¢gM,... gM) is the g-vector of M. The element Py — P is
also called an index of M, which was investigated in [AR1], in connection with studying
modules determined by their composition factors, and in [DeKe].

Another useful vector associated with M is the dimension vector ¢ (& N o
Denote by S(i) the simple top of P(i). Then ¢ is by definition the multiplicity of the
simple module S(i) as composition factor of M. This vector has played an important
role in cluster theory for the acyclic case, since the denominators of cluster variables
are determined by dimension vectors of indecomposable rigid modules over path algebras
[BMRT, CK]. Now this result is not true in general [BMR2].

We have the following result on g-vectors of support 7-tilting modules.

M o (M M.

Theorem 5.1. Let (M, P) be a support T-tilting pair for A with M = @le M; and
P = @?:“_1 P; with M; and P; indecomposable. Then g™t ... gMe gPevi ..o gPr form
a basis of the Grothendieck group Ko(projA).

Proof. By Theorem 3.2, we have a corresponding silting complex @ = @;"; Q; for A with

indecomposable Q;, where the vectors ¢gM1, ...  gMe gPer1 ... gPn are exactly the classes
of Q1,--,Q, in the Grothendieck group Ko(KP(projA)) = Ky(projA). By Proposition
1.6(b), we have the assertion. O

This gives a result below due to Dehy-Keller. Recall that for a cluster-tilting object
T € C and an object X € C, there exists a triangle

T// _ T/ _ X _ T//[l]
in C with 77, 7" € addT. We call indp(X) :=T" —T"” € Ky(addT) the index of X.

Corollary 5.2. [DeKe, Theorem 2.4] Let C be a 2-CY triangulated category, and T and
U = @}, U; be basic cluster-tilting objects with U; indecomposable. Then the indices
indr(Uy), - ,indr(Uy) form a basis of the Grothendieck group Ko(addT') of the additive
category addT'.

Proof. We can assume that U; ¢ addT[1] for 1 < ¢ < ¢, and U; € addT'[1] for £+1 <i < n.
Then (@le U;, @D, 1 Ui[-1]) is a support 7-tilting pair for A by Theorem 4.1. The
equivalence Hom¢ (7T, —) : addT — projA gives an isomorphism Ky(addT') ~ Ko(projA).
This sends indp(U;) to gﬁi for 1 <i < /¥, and to —gUi[*l] for ¢ +1 < 4 < n. Thus the
assertion follows from Theorem 5.1. O

Now we consider a pair M = (X, P) of a A-module X and a projective A-module P.
We regard a A-module X as a pair (X,0). For such pairs M = (X, P) and N = (Y,Q),
let

g = gF -4,
E\(M,N) = (X,7Y)+ (P,Y),
EA(M,N) = EA(M,N) + Ey(N, M),
Ex(M) = Ex(M,M).

We call g™ the g-vector of M, and Ex(M, N) the E-invariant of M and N. Clearly a pair
(M,0) is 7-rigid if and only if Ex(M) = 0.

There is the following relationship between E-invariants and g-vectors, where we de-
note by a - b the standard inner product » ", a;b; for vectors a = (a1,---,a,) and

b= (b1, - ,bn).
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Proposition 5.3. Let A be a finite dimensional algebra, and let X and Y be in modA.
Then we have the following.

E;\(va) <Y7X>_9Y'0Xa
EA(va) = <Y7X>+<X7Y>_9Y'CX_9X'CY7
Ex(X) = 2((X,X)—g~ - &%)

Proof. We only have to show the first equality. Since Py — P; = >_i* g¥ P(i), then
(Py,X) — (P, X) = g¥ - ¢X. By Proposition (2.4)(a), we have

EVNX,Y)=(X,7Y) = (Y, X) 4+ (P, X) — (Py, X) = (Y, X) — ¢ - ~.

The following more general description of E-invariants is also clear.
Proposition 5.4. For any pair M = (X, P) and N = (Y,Q), we have
EA(M7N) = <Y7X> + <X7Y> _gM : CY _gN : CX'

We end this subsection with the following analog of [DeKe, Theorem 2.3], which was
also observed by Plamondon.

Theorem 5.5. The map M — g™ gives an injection from the set of isomorphism classes
of T-rigid pairs for A to Ky(projA).

Proof. The proof is based on Propositions 2.4(c) and 2.5, and is the same as that of [DeKe,
Theorem 2.3]. O

5.2. E-invariants for 2-CY tilted algebras. In the rest of this section, let C be a 2-CY
triangulated K-category and let T be a cluster-tilting object in C. Let A := End¢(T). For
any object X € C, we take a decomposition X = X' @ X" where X” is a maximal direct
summand of X which belongs to add7[1] and define a pair by

Xa = (X7, X"-1]),

where (—) is an equivalence Home (T, —) : C/[T[1]] — modA given in (9).
We have the following interpretation of E-invariants.

Proposition 5.6. We have EA()Z'A, }7/\) = dimg Ext}:(X, Y) for any X,Y €C.
Proof. This is immediate from Proposition 4.4 and our definition of F-invariants. O

Now let T" be a cluster-tilting mutation of 7. Then we refer to the 2-CY-tilted algebras
A = End¢(T) and A’ = End¢(T") as neighbouring 2-CY-tilted algebras. We define a pair
Xy for A in a similar way to X, by using the equivalence Home (T, —) : C/[T'[1]] —
modA’.

By our approach to the E-invariant, the following is now a direct consequence.

Theorem 5.7. With the above notation, let M and N be objects in C. Then EA(MA, ]VA) =
EA/(MA/, NA/).

Proof. This is clear from Proposition 5.6 since both sides are equal to dimg Exté(M ,N).
O
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In particular, M, A is 7-rigid if and only if M, A 1S T-rigid.

This result is analogous to the corresponding result for (neighbouring) Jacobian algebras
proved in [DWZ], in a larger generality. It is however not clear whether the two concepts
of neighbouring algebras coincide for finite dimensional neighbouring Jacobian algebras.
See [BIRS] for more information.

6. EXAMPLES

In this section we illustrate some of our work with easy examples.

Example 6.1. Let A be a local finite dimensional K-algebra. Then we have sT-tilt A =
{A,0} since the condition Homy (M, 7M) = 0 implies either M =0 or TM =0 (i.e. M
is projective). We have Q(s7-tiltA) = (A ——=0), Q(f-torsA) = ( modA ——0) and

Q(2-siltA) = (A —= A[1]).

Example 6.2. Let A be a finite dimensional K-algebra given by the quiver 1 % 2
with relations ab = ba = 0. Then Q(s7-tiltA), Q(f-torsA) and Q(2-silt A) are the following:

@1

2@ 2 2

mod A —add (4 © 1) — add1

| |

add(2® }) ———add2 —— 0

Example 6.3. Let A be a finite dimensional K-algebra given by the quiver = 2 ,
AR
1 ~< 3
with relations ab = bc = ca = 0. Then A is a cluster-tilted algebra of type As, and there
are 14 elements in c-tiltC for the cluster category C of type As. By our bijections, we know

that there are 14 elements in each set s7-tilt A, f-torsA and 2-silt A.



36 TAKAHIDE ADACHI

oo 2

\ f{m/K 1 0
333 333

23 3

/

\2
~

Example 6.4. Let A = KQ/(a3), where Q is the quiver 1 - 2 5.3 Then T =
S1® P @ Ps is a 7-tilting module which is not a tilting module. Here S; denotes the simple
A-module associated with the vertex i, and P, denotes the corresponding indecomposable
projective A-module.

In this case there are 12 basic support 7-tilting A-modules, and Q(s7-tiltA) is the
following.

2@ ®2—— 2@2%

><}<\

\

3@3 3

Part 2. The classification of 7-tilting modules over Nakayama algebras

This part is based on the paper [Ad1].

7. PRELIMINARIES

Let A be a basic finite dimensional K-algebra. In this section, we collect basic results
which are necessary in this part.
By the following lemma, we may regard (A/I)-modules as A-modules.

Lemma 7.1. [ASS, A.6.1] Let I be a two-sided ideal of A. Then the natural surjection
A — A/I induces a fully faithful functor mod(A/I) — modA.

The following elementary lemma is often used.

Lemma 7.2. Let M € modA be indecomposable, P € modA indecomposable projective,
and E € modA indecomposable injective.

(1) [ARS, I1.1] The following hold.
(a) Homp (P, M) # 0 if and only if M has top P as a composition factor.
(b) Homp (M, E) # 0 if and only if M has soc E as a composition factor.
(2) [ASS, IV.3.5] The following hold.
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(a) Assume that M % P. The natural injection rad P — P induces an isomor-
phism Homp (M, P) ~ Homy (M, rad P).

(b) Assume that M # E. The natural surjection E — E/socE induces an
isomorphism Homp (FE, M) ~ Homp (F/soc E, M).

We recall the definition and basic properties of 7-tilting modules. For more details, we
refer to [AIR]. We denote by |M| the number of pairwise nonisomorphic indecomposable
summands of a A-module M.

Definition 7.3. (1) We call M in modA 7-rigid if Homa (M, 7M) = 0.
(2) We call M in modA 7-tilting if it is 7-rigid and |M| = |A|.
It is known that
(i) If M is 7-rigid, then |M| < |A|.
(ii) Each 7-tilting A-module M is sincere (i.e., every simple A-module appears as a
composition factor in M).

For 7-tilting modules, we have an analog of Bongartz Lemma for tilting modules.

Proposition 7.4. [AIR, Theorem 2.10 and 2.12] Let M be a T-rigid A-module. Then there
exists N € modA such that M @ N is a 7-tilting A-module. Moreover, M is a T-tilting
A-module if and only if it is a maximal T-rigid A-module (i.e if M @ L is T-rigid for some
A-module L, then L € addM ).

Definition 7.5. We call M in mod A support 7-tilting if there exists an idempotent ey € A
such that M is a 7-tilting (A/{eps))-module. Note that ej; is uniquely determined since

M is a sincere (A/(enr))-module by (ii) above. If moreover ey # 0, M is called a proper
support T-tilting A-module.

Throughout this part, we denote by tilt A (respectively, T-tilt A, sT-tilt A, ps7-tiltA) the
set of isomorphism classes of basic tilting (respectively, 7-tilting, support 7-tilting, proper
support 7-tilting) A-modules. The following obsevations are clear.

Proposition 7.6. (1) s7-tilt A = 7-tilt A ][ ps7-tilt A.
(3) If A is hereditary, then T-tilt A = tiltA.
The following lemma is useful.
Lemma 7.7. [AIR, Lemma 2.1] Let I be a two-sided ideal of A, and M,N € mod(A/I).
Then the following hold.
(1) If Homp(N,7AM) = 0, then Homp 1 (N, 75,1 M) = 0.
(2) The converse of (1) holds if I = (e) for an idempotent e € A.

We give a criterion for 7-rigid modules to be support 7-tilting modules. We denote by
s(M) the number of nonisomorphic simple modules appearing in a composition series of
M € modA.

Proposition 7.8. Let M be a T-rigid A-module. Then the following are equivalent:
(1) M is a support T-tilting A-module.
(2) [M] = s(M).

Proof. Let e € A be a maximal idempotent such that Homy (eA, M) = 0. Namely, M does
not have top eA as a composition factor by Lemma 7.2(1). Then we have s(M) = |A|—|eA|.
Thus (1)=-(2) holds clearly. On the other hand, (2)=-(1) holds since M is a 7-rigid (A/(e))-
module by Lemma 7.7(1). O
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We call M in mod A almost complete support T-tilting if there exists an idempotent e € A
such that M is a 7-rigid (A/(e))-module and |M| = |A| — |eA| — 1. In this case, we write
(M, e) instead of M.

Proposition 7.9. [AIR, Theorem 2.18] Any basic almost complete support T-tilting A-

module (M, e) is a direct summand of exactly two basic support T-tilting A-modules L and
N such that eA € addep A NaddeyA.

For a A-module M, we denote by Fac(M) the full subcategory of modA consisting of
factor modules of direct sums of copies of M.

Definition-Proposition 7.10. [AIR, Theorem 2.7] For any M, N € st-tiltA, we write
M > N if Fac(M) 2 Fac(N). Then > gives a partial order on sT-tilt A.

We introduce the Hasse quiver of sT-tilt A.

Definition 7.11. We define the Hasse quiver H(A) of s7-tilt A as follows:

e The set of vertices is s7T-tilt A.
e We draw an arrow from M to N if M > N and there exists no L € st-tilt A such
that M > L > N.

Remark 7.12. By [AIR, Corollary 2.34], the Hasse quiver H(A) is a |A]-regular graph.

8. CLASSIFICATION OF 7-TILTING MODULES OVER NAKAYAMA ALGEBRAS

In this section, for Nakayama algebras, we study a connection between (1) 7-tilting
modules, (2) proper support 7-tilting modules, (3) triangulations of a regular polygon
with a puncture, and (4) certain integer sequences. At Table 1 in Subsection 8.4, we give
an example of these correspondences.

Recall the definition and basic properties of Nakayama algebras. A module M is said to
be uniserial if it has a unique composition series. A finite dimensional algebra is said to be
Nakayama if every indecomposable projective module and every indecomposable injective
module are uniserial. The following quivers will play a central role in this part.

An: 1
>N
n 2

g . Qn—1 Qn—2 a2 [e%1
n-+- n n—1 e 2 1 Qn—1 a2

n—1 3
a& /«:

Proposition 8.1. [ASS, V.3.2] A basic connected algebra is Nakayama if and only if its
quiver is either A, or A,.

Throughout this section, we assume that A is a basic connected Nakayama algebra
with n simple modules. We give a concrete description of indecomposable modules over
Nakayama algebras. We denote by ¢(M) the Loewy length of M € modA.

Proposition 8.2. [ASS, V.3.5, V.4.1 and V.4.2] For any indecomposable A-module M,
there exists i € [1,n] and t € [1,£(P(i))] such that M ~ P(i)/rad’ P(i) and t = ¢(M).
Moreover, if M is not projective, then we have TM ~ rad P(i)/rad'™ P(i) and ((tM) =
((M).
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We let A7 := KA, /J", where J is the arrow ideal of KA,. The Auslander-Reiten
quiver of A7 can be drawn easily [ASS, V.4.1]. For example, the AR-quiver of Aj is given
by the following, where we identify the extreme left of the quiver with the extreme right
of the quiver, and the broken arrows are the action of the AR-translation 7:

By Proposition 8.2, each indecomposable A-module M is uniquely determined, up to
isomorphism, by its simple top S(j) and the Loewy length [ := ¢(M). In this case, M
has a unique composition series with the associated composition factors S((j).), S((j —
n)y--,S((j —1+1)y). Thus we can easily understand the existence of homomorphisms
between indecomposable A-modules.

Lemma 8.3. Let M = P(j)/rad' P(j) and N = P(i)/rad* P(i) fori,j, k,1 € [1,n]. The
following conditions are equivalent:

(1) Homy (M, N) #0.
2) jeli—k+1,dlp and (i —k+1)n €[ — 1+ 1, f]n.

Moreover, if | > k, then the following condition is also equivalent:

(3) Homa(P(j), N) # 0.

Proof. (1) = (2): If Homa (M, N) # 0, then M has S((i—k+1),,) = soc N as a composition
factor and N has S(j) = top M as a composition factor by Lemma 7.2(1). Hence the
assertion follows.

(2) = (1): By our assumption, there exists an indecomposable A-module L such that
topL = S(j), socL = S((i —k+1),) and ¢(L) <n. Then L is a factor module of M and
a submodule of N. Thus we have Homy (M, N) # 0.

(1) = (3): This is clear since M is a factor module of P(j).

(3) = (2): Since N has S(j) = top M as a composition factor by Lemma 7.2(1), I > k
imply that M has S((i — k + 1),,) = soc N as a composition factor. Hence the assertion
follows. O

We give a criterion for indecomposable modules to be 7-rigid.

Proposition 8.4. Let M be an indecomposable nonprojective A-module. Then M is T-
rigid if and only if ((M) < n.
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Proof. By Proposition 8.2, we can assume that M = P(j)/rad' P(j) and M = P(j —
1)/rad! P(j — 1). Then we have

jeli—-1Lj—1,
G=—Dnelj—1+1j
S M) >n.

Homy (M, 7M) # 0 & {

O

In view of [AIR, Theorem 3.2], this was independently obtained by Antipov-Zvonareva
[AZ, Proposition 5.3].

8.1. 7-tilting modules and triangulations. In this subsection, we give a connection
between 7-tilting A-modules and triangulations of an n-regular polygon with a puncture.
Recall the definition and basic results 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.

Definition 8.5. Let 4,5 € [1,n].

(1) An inner arc (i,7) in G, is a path from the point 7 to the point j homotopic to
the boundary path through i, + 1,--- ;i + ¢t = j (modn), where ¢ is an integer
satisfying 2 < t < n. Then we call ¢ an initial point, j a terminal point, and
£((i, 7)) := t the length of the inner arc. By definition, ¢({i,j)) < n holds for any
inner arc in G,,.

(2) A projective arc (e, j) in G, is a path from the puncture to the point j. Then we
call j a terminal point.

(3) An admissible arc is an inner arc or a projective arc. Namely,

Arc(n) := {admissible arcs in G, } = {(i,7) | i,j € [1,n]}H{<o,j> | j€[l,n]}.
Note that, if i # j, (i,7) and (j,7) are different arcs as the picture in Figure 1 shows.

/ . ‘7. . . . j. j.
(1, 7) (4, 1) (4. 7) (0,7
FIGURE 1. Admissible arcs in a polygon with a puncture

Definition 8.6. (1) Two admissible arcs in G, are called compatible if they do not
intersect in G, (except their initial and terminal points).
(2) A triangulation of G, is a maximal set of distinct pairwise compatible admissible
arcs. We denote by 7 (n) the set of triangulations of G,,.
(3) For integers ly,lo, -+ ,l, > 1, we denote by 7 (n;l1,ls, - ,1,) the subset of 7 (n)
consisting of triangulations such that the length of every inner arc with the terminal
point j is at most ; for any j € [1,n].

For example, the set of all projective arcs gives a triangulation of G,.

For a subset X of Arc(n), we denote by X; ; the subset of X consisting of all inner arcs
contained in the fan whose boundary is (e, i), (e, j) and the edge connecting from i to j
in the counterclockwise direction.
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1 1 1

[
'S
[
'S
[
'S

3 3 3

F1GURE 2. Triangulations of G4

Remark 8.7. Let X € 7(n). Assume that X contains an inner arc (i,j). Then we
regard X; ; as a triangulation of the ((j — ), + 1)-regular polygon (with no puncture) by
identifying the inner arc (i,j) with a side of the polygon. Thus the cardinality of X ; is
equal to (j — 1), — 1.

FIGURE 3. Examples of X,,_31 and triangulation of a 5-regular polygon

Triangulations of G,, have the following properties. Let X € 7 (n). Assume that 1 <
j1 < ja < -+ < jr < n are all integers satisfying (e, j;) € X, and let j;" := j;1 for any
i € [1,7], where j,41 := ji + n. Note that, if j;© — j; > 0, then X must contain the inner
arc (ji, j;h)-

Proposition 8.8. Fach triangulation of G, consists of exactly n admissible arcs and
contains at least one projective arc.

Proof. Let X € T(n). For alongest inner arc in X with the initial point ¢ and the terminal
point j, there exist projective arcs (e,i), (8,7) € X by the maximality of triangulations.
Thus any triangulation contains a projective arc. Moreover, by Remark 8.7, the cardinality
of X is

T
X1 =S+ G~ di — D} = Gr1 — g1 = 0.
i=1

0

We give a correspondence between indecomposable 7-rigid modules and admissible
arcs. We denote by ir-rigid A the set of isomorphism classes of indecomposable 7-rigid
A-modules. By Proposition 8.4, every indecomposable nonprojective 7-rigid A-module
M is uniquely determined by its simple top S(j) and its simple socle S(k). Such an
indecomposable 7-rigid module is denoted by Mj,_5 ;. Moreover, let M, ; := P(j).

Proposition 8.9. Let A be a Nakayama algebra and £; := ¢(P(j)). The following hold.
(1) There is a bijection
{(o,0) |i € [L,n]} [T{(0. ) 14,5 € [1,n], €((,5)) < 4;} — ir-rigid A

gwen by (i,7) — M, ; foric [1,n][[{e} and j € [1,n].
(2) For any i,k € [1,n][[{e} and j,1 € [1,n], (i,j) and (k,l) are compatible if and
only if M; ; © My is T-rigid.
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Proof. (1) By Proposition 8.4, every indecomposable A-module M is either a projective
A-module or a A-module with ¢(M) < min{¢(P),n}, where P is a projective cover of M.
Thus there are one-to-one correspondences

{(e.5) | j € [Lin]} «—{P() [7 € [1,n]}
{G@,0) 14,5 € Ln], €G5) <4} = {Mij i, €[1,n], £(Mi;) <min{lj n}}.

(2) If i = k € {e}, then the assertion is clear. We may assume that i € [1,n|[[{e} and
J.k,1 € [1,n]. Since we have M}, ; = Mj_1,-1 by Proposition 8.2, thus, by Lemma 8.3,
Homp (M; j,7Mjy;) # 0 if and only if j € [k +1,1—1], and (k+1), € [j —€(M; ;) + 1, j]n.
This means that (i, j) and (k,[) are compatible. O

As a conclusion, we obtain the following theorem. A similar observation was given
independently in [AZ, Proposition 5.4].

Theorem 8.10. Let A be a Nakayama algebra with n simple modules and £; := ¢(P(j))
for any j € [1,n]. Then the map in Proposition 8.9 induces a bijection

T-tilt A — T (n; by, 0, -+, ly).

Proof. Each 7-tilting A-module is maximal 7-rigid with exactly n indecomposable direct
summands by Proposition 7.4. On the other hand, each triangulation of G, is a maximal
set of pairwise compatible admissible arcs with the cardinality n by Proposition 8.8. Thus
the assertion follows from Proposition 8.9(2). O

As an application, we have the following corollary.

Corollary 8.11. FEach 7-tilting A-module has a nonzero projective A-module as a direct
summand.

Proof. 1t follows from Theorem 8.10, since any triangulation of G, contains a projective
arc by Proposition 8.8. U

8.2. Triangulations and integer sequences. In this subsection, we give a simple de-
scription of 7-tilt A and 7 (n) in terms of certain integer sequences. Let

n
Z(n) = {(017027"' yan) € 7 | Zai :n}.
i=1

Let X be a subset of the set Arc(n) of all admissible arcs in G,,. In view of Proposition
8.9, we define top(X) = (a1, a2, - ,ay), where a, is the number of admissible arcs in X
with a terminal point p. If X € 7(n), then top(X) € Z(n) since any triangulation of G,
contains exactly n admissible arcs by Proposition 8.8.

We give the following observation.

Theorem 8.12. There is a bijection

T(n) — Z(n)
given by X — top(X).
To prove Theorem 8.12, we construct the inverse map Z(n) — 7 (n). Let a = (a1,--- ,a,) €
Z(n). We associate to a a sequence o’ = (a},--- ,al,) given by

i

a; = Z(ap -1)

p=1
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and let

|la'|| = max{a}, -, ap}.
We define the subset X, of Arc(n) as follows: Assume that 1 < j; < jo < -+ < j, <n are
all integers such that a; = [|a’|| and let ji := jiy1 for any i € [1,7], where j,41 :=j1 +n

and ay := a,), if p is an integer. For any [ € [1,7n], we define (a; — d;) inner arcs with the
terminal point [ as follows, where,

5 T ((On € {J1,J2, 1 dr})
o (else).

for any integer ¢. Note that, if j;r —j; =1, then j+ = 6ji+ = 0 holds. Then there does not
exist inner arcs with the terminal point ji+ . Thus we assume that j;r — 7: > 1. Moreover,
we may assume that [ € [j; + 2, j;"] for some i € [1,7]. For each s € [1,a; — §;], there exists
unique k := kﬁ”" € [7i + 1,1 — 1] satisfying the following conditions:

(a) ar =0,

(b) (aks1 =D+ + (-1 — 1) + (s —1) =0,

(¢) (ag+1—1)+ -+ (am-1 — 1)+ (am — 1) <0 for any integer k < m <[ — 1.
We define a set X, of admissible arcs by

Xo = {(ogi) i € (Lol [T, = Dty [ 1€ [Ln], s € [Lay — &)}

We explain the construction of X, by the following example.

Example 8.13. Let n = 8 and a := (0,4,1,0,1,0,2,0) € Z(8). Now we associate a to
Figure A, where the coordinates of black points are (i,a, + 7). The number ||a’|| can be
detected by drawing parallel diagonal lines. In this example, ||a’|| = a4 = a’ hold because
the points (2, a4 + 2) and (3, a5 + 3) are on the highest diagonal line.

Moreover, we can also detect k.. For example, if I = 2 and s = 3, then k‘g =4.

The corresponding X, can be obtained in the following way. First we slightly move
diagonal lines in Figure A as Figure B. Next, regarding all diagonal lines (except the
highest diagonal line) as inner arcs, we get X, in Figure C.

P

L
K2, 345678123

FIGURE B.

1234567812345¢678 FIGURE C.
FIGURE A.
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We note that X, in Figure C is a triangulation of Gg. This is always the case as the
following result shows.

Proposition 8.14. We have X, € 7 (n) and top(X,) = a.

Proof. Since there are exactly a; admissible arcs in X, with a terminal point [ by definition,
top(Xs) = a holds. We claim that X, € 7(n). Since each projective arc in X, is
compatible with all admissible arcs in X, it is enough to show that two inner arcs (k! —
Dy, 1), (kP —1),,h) € X, are compatible. If they are not compatible, we may assume
that 1 <j < kP <kl < h <1< j* <n, where j satisfies aj = ||a’[|. Then, by (b) and (c)
in the conditions of k&, and k", we have

(aggs — 1) b+ (agg oy — 1)+ (agg = 1)+ (agg g — Db+ (an = 1) = ap — u(= 0)

Moreover, by (a) and (b), the left-hand side of the equation above is less than zero because
we have

(agnyr — 1)+ + (a1 —1) <0
(ag —1)= -1
(agtyr — 1)+ + (an — 1) <0.
Hence the claim follows. O

Now, we are ready to prove Theorem 8.12.

Proof of Theorem 8.12. By Proposition 8.14, we have top(X,) = a for any a € Z(n). We
have only to show that X;o,(x) = X forany X € 7(n). Let a := top(X) = (a1, a2, ,an).
(i) First, we show that X and X, contain exactly the same projective arcs. Namely,

we claim that (e, j) € X if and only if @} = ||a/[|. Indeed, By Proposition 8.8, we can fix
a projective arc (e,j) € X. The number a;,1 + ajio +--- 4 a;+ is exactly one plus the
number of inner arcs in X; ;+ and the number a;j11+ajy2+- - +a; is at most the number
of inner arcs in Xj;; for any i € [j + 1,5+ — 1]. Thus we have

it i

Zap_zap:aj+1+aj+2+"'+aj+ =jt—J

p=1 p=1

i J

ap =Y ap=aj1tajotta<i—j

p=1 p=1
This implies a; = a;.+ and ag > a). Repeating the same argument, we have a; = a, if
(e,k) € X and a; > a;, otherwise. Hence, the claim follows.

(ii) Next we show that, for any j,l € [1,n], the inner arc (j,1) € X satisfies (a), (b),
and (c) in the conditions of inner arcs in Xiqp(x). We take an integer [ —n+1<k <1-1
with j = (k — 1),. Since a; — ¢; gives the number of inner arcs with a terminal point 4,
clearly a; = 0 holds. Since Xj; is an triangulation of (I — k + 2)-gon by Remark 8.7, we
have

Qg1+ g+ Fap1 +s=1+[X5=1-k

for some 1 < s < a; — ¢;. Hence (b) holds. Moreover, for any k < m < [, since the number
Z;n:k 41 ap is at most one plus the cardinality of Xj ,,,, we have

Qg1+ apy2 + ot amo1 + @ <1+ [X ), | = m — k.
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Therefore (c) holds. Thus we have X C X, and hence X = X, because each triangulation
consists exactly n admissible arcs by Proposition 8.8. U

) B
[ 7

We give an example of Theorem 8.12.

Example 8.15. Let n = 3.

1

LD e
s

3
(1,1,1 (2,1,0 (1,2,0 (0,3,0) (0,2,1

) ) ) )
) ) ) )

3

(0,1,2 (0,0,3 (1,0,2 (2,0,1) (3,0,0
The next result gives a generalization of Theorem 8.12, For 1,15, - ,1,, > 1, we denote
by Z(n;ly,--- ,l,) the subset of Z(n) consisting of the integer sequences a = (ay,--- ,ay)

such that ¢;(a) < ; for any j € [1,n], where ¢;(a) is given by
0 if a; =0.
i(a) = { o .
(j— kar(gj +1), ifa; > 0.

Note that £;(a) is at most n and equals to the maximal length of inner arcs in X, with a
terminal point j.

Theorem 8.16. Let ly,--- 1, > 1. There are mutually inverse bijections
Tnsly, - ly) «— Z(n;ly, -+, 1y)
given by X — top(X) and a — X,.
Proof. 1t is clear from Theorem 8.10 and the definition of X,. O

8.3. 7-tilting modules and proper support 7-tilting modules. In this subsection, we
study a connection between 7-tilting A-modules and proper support 7-tilting A-modules.

Let {ej,ea, -+ ,en} be a complete set of primitive orthogonal idempotents of A and
En={>jes¢ | J C[L,n]}. We define the bijection
¢ EN— Ep

given by ¢(> icrei) =D ;s €i—1, Where e 1= ey,.
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We denote by mod,, A the full subcategory of mod A consisting of A-modules which does
not have nonzero projective direct summands, and let ps7-tilt ,, A := ps7-tilt A N mod, A.
We decompose M € modA as M = My, ® My, where M,, € mod,,A and M, is a
maximal projective direct summand of M.

We state our main theorem in this subsection, where e, is the idempotent in Definition
7.5.

Theorem 8.17. Let A be a Nakayama algebra. Then the following hold.

(1) There are mutually inverse bijections
T-tilt A «— ps7-tilt,p A

given by T-tilt A > M +— M, and pst-tilt,,A > M — M @ ¢(en)A.
(2) If €L(P(i)) > n for any i € [1,n], then psT-tilty,p A = ps7-tilt A. In particular, we
have a bijection

T-tilt A «—— ps7-tilt A.

In the rest of this subsection, we will give a proof of Theorem 8.17. First, we show that
the map ps7-tilt,pA 2 M — M & ¢(epr)A € 7-tilt A is well-defined.

Proposition 8.18. If M € psr-tilt,, A, then we have M ® ¢(enr)A € T-tilt A.

Proof. Since M is annihilated by epr, M does not have top eprA as a composition factor.
By Proposition 8.2, 7M does not have top(¢(ear)A) as a composition factor. Hence
M @ ¢(enm)A is a 7-rigid A-module. Moreover, by M € mod,,A, we have

|M & ¢(ear)A| = [M] + |p(ear) Al = [M] + [earA| = [A].
Thus M @ ¢(enr)A is a 7-tilting A-module. O

Conversely, for given a 7-tilting A-module, we give a construction of a certain proper
support 7-tilting A-module. By Corollary 8.11, every 7-tilting A-module has a nonzero
projective direct summand.

Proposition 8.19. If M € 7-tiltA, then we have My, € pst-tilt,p A and M = M,, ®
¢(6an)A'

Proof. Let M = My, @ My, € 7-tiltA. We may assume that M, = eA, where e € A is
a nonzero idempotent. Since M is 7-rigid, 7 My, does not have top eA as a composition
factor by Lemma 7.2(1). Thus My, does not have top(¢~1(e)A) as a composition factor
by Proposition 8.2. Hence My, is a 7-rigid (A/{¢!(e)))-module. Moreover, we have

|Mup| = |M| — |eA] = |A] = 67! () Al

Thus My, is a 7-tilting (A/{¢~(e)))-module. Hence, My, € ps7-tilt,,A holds, and more-
over we have ¢~!(e) = epr,,. Thus My, = eA = ¢(enr,, ) A O

Now we are ready to prove Theorem 8.17.

Proof of Theorem 8.17. (1) It follows from Proposition 8.18 and 8.19.
(2) This is clear because ¢(P(i)) > n implies that P(7) is sincere. O

We give another proof of Corollary 8.11 without using combinatorics.
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Proof of Corollary 8.11. Let M € 7-tilt A and L be an indecomposable direct summand
of M with the maximal Loewy length. We write M = L & N. Then (N,0) is an almost
complete support 7-tilting A-module. Assume that M does not have a nonzero projective
A-module as a direct summand. Since M is 7-rigid, Homa (L, 7N) vanishes. Since the
Loewy length of L is at least the Loewy length of any indecomposable direct summand of
N by the choice of L, we have Homy (Pr,, 7N) = 0 by Lemma 8.3, where Py, is a projective
cover of L. Thus Pr, @ N is a 7-rigid A-module. Moreover, since Py, is indecomposable,
we have

|PL @ N| = |Pp| +[N| = |Po| + [M] - |L| = [M]| = [A].

Hence, Pr, & N is a 7-tilting A-module. Moreover, N is a support 7-tilting A-module by
Proposition 8.19. This means that almost complete support 7-tilting A-module (N,0) is
a direct summand of three support 7-tilting A-modules N, L & N and Pr, & N. However,
this contradicts Proposition 7.9. ]

As an immediate consequence of Theorem 8.17, we have the following statement, where

T-tilt np (A/(€)) := 7-tilt (A/(e)) N modypA.

Corollary 8.20. Let A be a Nakayama algebra.
(1) We have

stiltd = [ (T—tilt A/t JTHEM @ d(e)A | M e T—tiltnp(A/<e>)) .

ecEp\{0}
(2) If £(P(i)) > n for any i € [1,n], we have

sttiltA = [ {M, M@ g(e)A | M e tilt(A/(e))}.

ecEp\{0}
Proof. By Theorem 8.17(1), we have
rtiltA = [ {M@p(e)A| M € mtiltny (A/{e))}. (13)
ec&p\{0}

(1) The assertion follows from (13), Proposition 7.6(1) and (2).
(2) By Theorem 8.17(2), we can omit “np” in (13), and hence we have

sttiltA = [ {M, M@ ¢(e)A | M € rtilt(A/(e))}. (14)

ec&a\{0}
By Proposition 7.6(3), we can replace 7-tilt (A/(e)) in (14) by tilt (A/(e)). Thus the asser-
tion follows. O

Finally, we give an example.

Example 8.21. Let A := A3 = KA3/J? (see Proposition 8.1). To obtain 7-tilting A-
modules, let us calculate A/(e) for any idempotent e € Ey. We have A/(e;) ~ K Ao,
A/{ei + eiy1) ~ KAy, and A/(e; + ez + e3) = {0} for i € [1,3]. Thus we have

Ttilt (A/(e;)) = tilt (K Ap) = {42 @ iv2, 42 @ iv1}
T-tilt (A/(e; 4 ei1)) = tilt (K Ay) = {i+2}

T—tﬂt(A/(@l +e9 + €3>) = {O}
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Applying Theorem 8.17, we have
sT-tilt A ={{0},1,2,3, 5 ®1,3©3,792,101,3 03,302}
1 2 3 1 2 2 3 3 1
H{:s@l@2,1@3@1,2@1@2,3@2@3,

2 73 1 2 73 31 1

NN

lpr1@3,lo303,20201,20101,30303, 3023}
3 273 271 3’1 )2 172 1

w

Moreover, the Hasse quiver H(A) is the following:

8.4. Summary and applications. Summarizing Theorem 8.10, 8.16 and 8.17, we have
the following result.

Theorem 8.22. Let A be a Nakayama algebra with n simple modules and £; := £(P(i))
for any i € [1,n]. Then there are bijections between

(1) 7-tiltA,

(2) pst-tiltppA,

(3) T(n’ 617627 o 7€n);

(4) Z(n;€17€27 t 7€n)

The following corollary is an immediate consequence of Theorem 8.22. We identify
topM = S(1)" @ S(2)*2 @ --- @ S(n)% with a sequence (ay,az, - ,an).
Corollary 8.23. Assume that {(P(i)) > n for any i € [1,n]. Then the map M — top M
gives a bijection
T-tilt A — Z(n).

In particular, the cardinality of sT-tilt A is

2
IsT-tilt A| = ( n)
n

Proof. For any M € 7-tilt A, we have
top M = top X,

where X is the triangulation corresponding to M by Theorem 8.12. Thus the first assertion
follows from Theorem 8.22. Next, we have

8.22

IsT-tilt A| = |r-tilt A| + [ps-tilt A] =) 2|7-tilt A| 22 2| Z(n)].
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Now, it is elementary that 2|Z(n)| = 2(27?:11) = (2:) holds. O

As an application of Theorem 8.22, we give a proof of the following well-known result
(e.g. [BK]).

Corollary 8.24. Let A := K[fn be a path algebra. Then there are bijections between
(1) tiltA,
(2) S(n) :={X €T (n) | (e,n) € X},
(3) Y(n) :={a € Z(n) | ||a’]| = 0}

In particular, we have

ItiltA| = Cy,

where C,, is the n-th Catalan number n%_l(%?)

Note that S(n) can identify the set of triangulations of (n + 2)-regular polygon (with
no puncture). Therefore the cardinality of S(n) is equal to the n-th Catalan number C,,.

Proof. Since A is hereditary, we have 7-tilt A = tilt A by Proposition 7.6(3). Moreover,
there are bijections between tiltA, 7(n;1,2,--- ,n), and Z(n;1,2,--- ,n) by Theorem
8.22.

First, we show that

Sn)=7T(n;1,2,--- ,n). (15)

Indeed, assume that X € S(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 € 7 (n;1,2,--- ,n). Conversely,
assume that X € 7(n;1,2,--- ,n). Clearly, the projective arc (e, n) is compatible with all
admissible arc in X. Thus, we have (o,n) € X, and hence X € S(n).

Next, we show that

Indeed, if a € Z(n;1,2,--- ,n), then X, contains the projective arc (e,n) by (15). Thus

we have ||a'|| = aj,(= 0), and hence a € Y(n). Conversely, if a € Y(n), then a;, =
0 = [|a’||. Thus we have 1 < k; 5 < i < n for any 4, and hence ¢;(a) < i. Therefore
a€ Z(n;1,2,--- ,n). O

8.5. Miscellaneous results on Nakayama algebras of type A. In this subsection,
we give another classification of 7-tilting modules over Nakayama algebras of type A. The
calculation of proper support 7-tilting modules over Nakayama algebras can be reduced
to that of 7-tilting modules over smaller Nakayama algebras of type A. Moreover, as an
application, we give the number of 7-tilting modules as a recurrence relation.

Throughout this subsection, we assume that A is a Nakayama algebra of type A°P. Here
we use the quiver /T‘;Lp instead of [fn because the opposite index is more convenient for our
setting. Namely, its quiver is isomorphic to A%, that is,

g%pl n QAn—1 n—1 Qp—2 (5] 9 aq 1

Thus 7M has the following property for any M € modA.

Lemma 8.25. If M is a T-rigid A-module, then M @& P(1) is also a T-rigid A-module.

Proof. Since the vertex 1 in AP s a source, TM does not have S(1) as a composition
factor by Proposition 8.2. Hence Homp (P(1),7M) = 0 by Lemma 7.2. Thus M & P(1) is
T-rigid. O
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By Lemma 8.25, we have the following result for 7-tilting modules.
Proposition 8.26. Each 7-tilting A-module has P(1) as a direct summand.

Proof. Let M be a basic 7-tilting A-module. Then M @ P(1) is a 7-rigid A-module by
Lemma 8.25. Thus we have P(1) € addM by Proposition 7.4. O

Our aim in this subsection is to show the following theorem.

Theorem 8.27. Let A be a Nakayama algebra of type A% Then there are mutually
inverse bijections
£(P(1))
T-tilt A «— H T-tilt (A/{e;))
i=1
given by T-tiltA > M +— M/P(1) and N — N & P(1) € 7-tiltA.

Proof. Let N € 7-tilt (A/(e;)) for i € [1,4(P(1))]. Then N & P(1) is a 7-tilting A-module
because it is 7-rigid by Lemma 8.25 and |N & P(1)| = |A| by P(1) ¢ mod(A/(e;)).
Conversely, let M be a basic 7-tilting A-module. Then, by Proposition 8.26, we de-
compose M as M = P(1) @ Ny @& Ny, where Nj is a maximal direct summand of M
consisting of (A/{e1))-modules and Nj is a direct summand of M with top N2 € add S(1).
If Ny = 0, then Nj is a 7-tilting (A/(e;))-module clearly. Assume that Na # 0. Then
we have Ny € mod(A/(ejq1)) for j := £(N2). Note that 1 < j < ¢(P(1)). Now, we
claim that N1 € mod(A/(ej11)). Indeed, if it does not hold, then there exists an in-
decomposable A-module Y € addN; which has S(j + 1) as a composition factor. Let
X := P(1)/rad’ P(1) € addN,. Since soc(7X) = S(j + 1) and top(7X) = S(2) hold
by Proposition 8.2, we have Homa(Y,7X) # 0 by Lemma 8.3(2)=-(1). However, this
contradicts that M is 7-rigid. Thus Ny @ N3 is a 7-tilting (A/(e;1))-module. O

As an application of Theorem 8.27, we have a recurrence relation for the cardinality of
T-tilt A.
Corollary 8.28. (1) Let A be a Nakayama algebra of type AyY. Then we have

£(P(1))
rtilt Al = Y Ciy - [-tilt (A {e<s)))]
=1

where e<; :=e1 +ea + -+ ¢;.
(2) Let A =T7 := KAY/rad” KA. Then we have

T
r-tilt T = Ciy - |r-tilt Ty, ).
i=1
Proof. (1) By Theorem 8.27, we have
€(P(1))
rtilt Al = Y retilt (A (e:)]-

i=1
Since the quiver of A is a tree, we have A/(e;) ~ (A/(e>i)) X (A/{e<;)), where e>; =
ei+eit1+--+epand ec; ;=€ +ea+ -+ ¢ for i € [1,n]. Thus there is a bijection

T-tilt (A/<621>) X T-tilt (A/<€§Z>) — 7-tilt (A/<€Z>)
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given by (N, L) — N @ L. Hence we have
[7-tilt (A/{e:))| = [m-tilt (A/(exi))| - |7-tilt (A/(e<i))]-
If i <{(P(1)), then A/(e>;) is isomorphic to Kg?fl. Thus, by Corollary 8.24, we have
[7-tilt (A/ (e2i))| = [6ilt (K A;1)| = Ci1.

Therefore the assertion follows.
(2) If A =T}, then we have A/(e<;) ~ I _,. Hence it is clear from (1). O

n
Example 8.29. We calculate 7-tiltI'2 inductively. First, we already know that
tilt (KAy) = {1}, tilt(KA)={2@® 1 1@ 1}
By Theorem 8.27,
T4t D — rtilt (T3 /(e)) [ [ rtilt (D3 /er)) = {1 @ s} [[{s @ 3, 2 @ 3}
Thus we have
rtitli={s @il 2030, 1030 i}
Similarly, we have
it ={103010},3030101}
[[{eeiololseioiolzotalal)
As a similar result of Corollary 8.28, Jasso [Ja2] showed a recurrence relation
|sT-tilt T2 | = 2|s7-tilt T2 | 4 |s7-tilt T2 _,|.

We give examples of the number of support 7-tilting modules over some Nakayama
algebras.

TABLE 2. |7-tiltI"] | TABLE 3. [sT-tiltI"] |

" l1]2]3] 4|5 " l1l2] 34 5
T T

1 T[1]1]1]1 1 214] 8 |16] 32
2 112358 2 21511229 70
3 1(2]5] 918 3 251437 98
1 11251428 4 251442118
5 1251442 5 2514 42 [ 132
TABLE 4. |7-tiltA] | TABLE 5. |s7-tiltA],|
T " l1l2]3|4] 5 T " l1l203|4] 5
1 T[1]1]1] 1 1 274] 8 [16] 32
2 13[4 ]7]11 2 21614 34| 82
3 1[3[10]15] 31 3 2162050132
1 1[3[10(35] 56 4 2162070182
5 113[10(35]126 5 2162070252




ON 7-TILTING THEORY 53

9. 7-TILTING MODULES AND DROZD-KIRICHENKO REJECTION

Our aim in this section is to study a connection of support 7-tilting modules between two
algebras related by Drozd-Kirichenko rejection. As an application, we give an algorithm
to construct the Hasse quivers of support 7-tilting modules over Nakayama algebras.

Rejection Lemma of Drozd-Kirichenko is the following statement, which give explicit
relationship between representation theory of A and that of the factor algebra A/S of A.
We denote by ind A the set of isomorphism classes of indecomposable A-modules.

Proposition 9.1. [DrKi| Let A be a basic finite dimensional K -algebra and @ an inde-
composable projective-injective summand of A as a A-module. Then the following hold.
(1) S:=so0cQ is a two-sided ideal of A.
(2) ind(A/S) = ind(A)\ {Q}.
(3) TAU = 7a/sU for any U € mod(A/S) with U # Q/S, and TA(Q/S) ~rad Q.
(4) Any almost split sequence in mod(A/S) is an almost split sequence in modA.
(5) All almost split sequences in modA are either almost split sequences in mod(A/S)
or

0——=rad@Q —=Q@®radQ/S Q/S 0.

(6) Q/S is an indecomposable projective (A/S)-module and rad Q is an indecomposable
injective (A/S)-module.

9.1. Main results. Let A be an arbitrary basic finite dimensional K-algebra (we do not
assume that A is Nakayama). We always assume that A has an indecomposable projective-
injective summand Q as a A-module. Moreover, let S := soc@ and A := A/S. We consider
the functor

g ;= —®x A : modA — modA.

Then Q = Q/S. Note that, for every indecomposable A-module M 2 @, we have an
isomorphism M ~ M as A-module.

In this subsection, we show that the poset s7-tilt A can be constructed from the poset
sT-tilt A. The following construction is crucial.

Definition 9.2. Let Q = (€2, >) be a poset and N a subposet of 2. We define a new poset
QN = (N, >x) as follows, where N* := {n* | n € N} is a copy of N and wy,ws € ,
w € Q\ N, and nj,ng € N are arbitrary elements:

oV =[N,

W] 2N Wo & Wy = Wa

w >N nf Ew >

ny >N wy & ng > wo

nf >N n; = ni > no.

In particular, n; >x n; never hold. It is easily checked that (2, >y) forms a poset.

Now we observe that the Hasse quiver H(QV) of the poset Q is constructed from the
Hasse quiver H(Q) of the poset Q2 by the combinatorial operation given as follows. For a
quiver H, we denote by Hg the set of vertices of H and by Hy the set of arrows of H.
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Definition-Proposition 9.3. In the setting of Definition 9.2, let H(Q2) := (Ho,H1) and
H(QN) := (H),H}) be the Hasse quivers of Q and QN , respectively. We define a new

quiver H(Q)YN := (Hj,HY) as follows, where wy,ws are arbitrary elements in O\ N and
ni,ne are arbitrary elements in N :
Hj =Ho [ N?

HY = {w1 —» wy | w1 — wy in Hl}H{ng — wy | ng — wy in Hy}
H{nl — ng, nf — ng | ny — ng in Hy}

[T{wr = nf [w1 = ny in By} [[{n] — na | mg € Hol.

Then we have
H(Q)N = H(QY).

w1

nl? S nl o
(UQ/ wQ/
H(Q) H(Q)Y

Proof. By the definition of QV, Hj = Ho [ N* = H clearly holds.
To show the statement for H), we give the following observation.

Lemma 9.4. Let wi,we € Q\ N and ny,ny € N be any elements.

(1) The following hold.
(a) There is an arrow w1 — wy in Hy if and only if so is in HY.
(b) There is an arrow ng — we in Hy if and only if so is in Hj.
(¢) There is an arrow ny — ng in Hy if and only if so is in HY if and only if there
is an arrow n{ — n3 in H}.
(d) There is an arrow w1 — ny in Hy if and only if there is an arrow w; — nf m
(e) For any ny € N, there is an arrow nj — ny in Hj.
(2) There are no arrows ny — n;, nf — wo and wy — ny in HY.

Proof. (1) We only prove (a); the proofs of (b), (c) and (d) are similar.
(a) It follows from that the following conditions are equivalent by definition.
(i)
i) w; > we in Q and there does not exist x €  such that w; > = > ws.
(i) w1 >N wy in QN and there does not exist Yy € QN such that w; >n Y >N Wa.
(iv) There is an arrow w; — wo in Hj.
(e) By definition, we have nf >y n1. Assume that there exists y € QY such that

nf >Ny >nny. Then y = nf or ny holds clearly. Hence the assertion follows.

(2) Tt is clear from the definition of QV.

There is an arrow w; — w9 in Hj.

By Lemma 9.4, the assertion follows.
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The following theorem is our main result. Let
N = {N € sr-tiltA | Q € add N and Homy (N, Q) = 0}.

Applying Definition 9.2, we have a poset (ST—tﬂtK)N . For any A-module M, we denote by
a(M) a basic A-module satisfying add(a(M)) = add M.

Theorem 9.5. Let A be a basic finite dimensional algebra and @ an indecomposable
projective-injective summand of A as a A-module. Then M — «(M) gives an isomorphism
of posets

sT-tilt A — (s7-tilt A)Y
In particular, we have an isomorphism of Hasse quivers

H(A) ~ H((sT-tilt A)YV).

The proof of Theorem 9.5 will be given at the end of this subsection. We illustrate
Theorem 9.5 with the following example.

Example 9.6. Let A be the preprojective algebra of Dynkin type As. Then we have
A= é ® 123 ® % Let Q := é Then we have A = 1 & 123 ® % The Hasse quiver H(A) is
given by

1%3
221
/ q{
3 3
2 113 1 2
313% 22% 21319
3/ 3><
23 13 2 2 113
32% 3 13 1
23 3 13
23 3 3 1 222

N
&)

\2\ /( ~ 5
><2></
iy

{0}

where the elements in N are marked by circles.
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On the other hand, the Hasse quiver H(A) is given by

123
2132
321
/ ¢
3 1 3 1 2
2 13 2
132 2135 213
3 1><321 3271
3/ 1 \1
23 13 13 12
2 3 2 2139 2
321 13 221
\ / \ Y
3 1
23 3 13 2,2 1
32 322 37571 321 221 @
2
31 22

where the elements in N are marked by rectangles. One can easily check that the
relationship between s7-tilt A and s7-tilt A is given by Theorem 9.8.
We refer to [Miz2] for more information on H(A) for a preprojective algebra A of Dynkin

type.
Next we give the following corollary of Theorem 9.5.

Corollary 9.7. In the setting of Theorem 9.5, assume that Q has S as a composition
factor. Then N' = () holds, and we have an isomorphism of posets

sT-tilt A ~ sT-tilt A
and an isomorphism of Hasse quivers
H(A) ~ H(A).
Proof. Since Q has S as a composition factor, we have Homy(Q,Q) # 0 by Lemma

7.2(1). Thus A = ) holds. The assertion follows from Theorem 9.5 since (sT-tiltA)? =
sT-tilt A. O

In the rest of this subsection, we give a proof of Theorem 9.5. We will describe the
relationship between s7-tilt A and s7-tilt A more explicitly. We decompose s7-tiltA as

sT-tilt A = My [[ M5 [T M3 [I M3, where
Mi = M1(Q) :={M € sT-tiltA | Q,Q ¢ add M},
My = M5 (Q) :={M € s7-tilt A | Q ¢ addM and Q € add M},
Mg = MF(Q) := {M € sm-tilt A | Q& Q € add M},
M3z = M3(Q) := {M € s7-tilt A | Q € addM and Q ¢ add M }.

Theorem 9.8. Let A be a basic finite dimensional algebra and @ an indecomposable
projective-injective summand of A as a A-module. Then the following hold.

(1) The map M +— o(M) gives bijections
M — Ny, My — No, M;——M/\/;, M3z — N3,
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where
N = N(Q) := {N € sr-tiltA | Q ¢ add N},
Ny = No(Q) := N = {N € s7-tilt A | Q € addN and Homp (N, Q) = 0},
N3 = N3(Q) := {N € sr-tilt A | Q € addN and Homy (N, Q) # 0}.
and ./\/QJr is a copy of No. In particular, there is a bijection
s sT-tilt A — (sT-tile A)V2

given by the bijection above.
(2) We have

sttiltA = {N | N e M [N} [[{Q e N | N e Mo} [T{Q @ (N/Q) | N € N}

Proof. We only have to give a proof of (1) because (2) follows from (1) immediately. We
start with an easy lemma.

Lemma 9.9. Assume Q # 0 and that U € modA does not have Q as a direct summand.
The following are equivalent.

(a) Q@ U is a T-rigid A-module.

(b) Q@ U is a T-rigid A-module with Homp(Q @ U, Q) = 0.

Proof. We have isomorphisms

_ _ 9.1(3 _ —
Homp (Q @ U, 7A(Q @ U)) f;g ) Homy (Q & U, rad Q) @ Homz(Q & U, 7xU)
7.2(2 _ _ _
2 Homa(Q @ U, Q) @ Homy(Q & U, 7(Q & U)).
Thus the assertion follows.

The following proposition plays an important role.

Proposition 9.10. Assume Q # 0 and that U € modA does not have Q as a direct
summand.
(1) The following are equivalent:
(a) U is a support T-tilting A-module.
(b) U is a support T-tilting A-module.
(2) The following are equivalent:
(a) Q@ Q@ U is a support T-tilting A-module.
(b) Q @ U is a support T-tilting A-module.
(c) Q@ U is a support T-tilting A-module with Homy (Q ® U, Q) = 0.
(3) The following are equivalent:
(a) Q@ U is a support T-tilting A-module.
(b) Q @ U is a support T-tilting A-module with Homy (Q @ U, Q) # 0.

Proof. (1) Since we have TAU ~ 7;U by Proposition 9.1(3), the assertion follows.
(2) (a) < (b): We claim that M := Q © Q @ U is a 7-rigid A-module if and only if
N :=Q @ U is a 7-rigid A-module. Indeed, this follows from isomorphisms
Homp (M, 7AM) ~ Homp(Q,7aN) @ Homp (N, 7AN)

7.2(2) _
~ " Homp(Q,7AN) @ Homp (N, A N),

and Q € add N.
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By Lemma 9.9, both (a) and (b) imply Homa (N, @) = 0, or equivalently N does not
have S as a composition factor by Lemma 7.2(2). Hence s(M) = s(N) + 1 holds, where
s(M) is the number of nonisomorphic simple modules appearing in a composition series
of M.. Thus the assertion follows from Proposition 7.8 and |M| = |N| + 1.

(b) & (c): This is immediate from Lemma 9.9.

(3) First, we claim that Q @ U is a 7-rigid A-module if and only if Q ® U is a 7-rigid
A-module. Indeed, this follows from isomorphisms

7.2(2) _ 9.1(3) _
Homp(Q ® U,7AU) ~ Homp(Q ® U,7\U) =~ Hompy(Q @ U,7m;U).

Next, we claim that, if Q @ U € s7-tilt A, then Homs (Q @ U, Q) # 0. Indeed, assume that
Homp (Q@®U, Q) = 0. Since Q@ U is 7-rigid, Q@ U is a 7-rigid A-module by Lemma, 7.2(2)
and Proposition 9.1(3), and hence Q @ U is a 7-rigid A-module by by Lemma 9.9. Thus
Q@ QU is a T-rigid (A/{egar)))-module by Lemma 7.7. This contradicts that 7-tilting
modules are maximal 7-rigid by Proposition 7.4. Since Homy (Q @© U, Q) # 0 holds by our
assumption, @ @ U has S as a composition factor by Lemma 7.2(2). Thus the assertion
follows from Proposition 7.8 since we have s(Q ® U) =s(Q @ U). O

Remark 9.11. If @ is a simple projective-injective A-module, or equivalently Q =0,
then we have sT-tiltA = Ns. In this case, Proposition 9.10(2) holds because we have
A ~ A/(e;), where soc(Q) = S(i) = top(e;A).

We now finish the proof of Theorem 9.8(1).
By Proposition 9.10, the map M +— «(M) gives bijections

My = Ny, My — Noy MT — N5F, Mz — N
Hence a : s7-tilt A — (s7-tilt A) is a bijection. O

From now, we give a proof of Theorem 9.5. The following lemma is useful to understand
the structure of the poset s7-tilt A.

Lemma 9.12. (1) Let N, N’ € st-tiltA. If N > N’ holds, then we have
(N,N') ¢ (N7 x NQ)H(Nl X Ng)H(./\/Q x N3).
(2) Let M, M’ € st-tiltA. If M > M’ holds, then we have
(M) ¢ (M ME) T T(My ¢ M) [TME M) [TM; x M),

Proof. We only prove (1); the proof of (2) is similar. If N > N’ holds and P € addN’ is
projective, then P € add N. Thus the assertion except (N, N') ¢ Ny x N3 follows. Assume
that (N, N’) € Ny x N3. Then we have N’ € Fac(N). This is a contradiction since N does
not have S as a composition factor and N’ has S as a composition factor. U

Now, we are ready to prove Theorem 9.5.

Proof of Theorem 9.5. Since the map « : sT-tilt A — (ST—tﬂtK)N is a bijection by Theorem
9.8, we have only to show that, for any M, L € st-tiltA, M > L holds if and only if
a(M) > a(L) holds. Indeed, if M > L, then L € FacM, and hence L € FacM hold, which
implies a(M) > a(L). Conversely, assume that (M) > «(L). If both M and L are in
either My, ./\/léIE or Mg, then M > L holds clearly. Otherwise, by Lemma 9.12, we have

(M, L) € (Ms x M3) [T(Ms x M) JT(M5 x My) [T(MF, M3).
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By the definition of the functor (—), we have M € FacM in modA. Hence M > a(M) >
a(L) holds in modA. If we have L € My [[Mj, then o(L) = L = L and hence M > L
hold. On the other hand, if we have L € ./\/l;, then L = Q @ L € FacM holds because
M € Mj3 has Q as a direct summand. Hence the assertion follows. O

9.2. Applications to Nakayama algebras. In this subsection, we apply the results in
the previous subsection to a Nakayama algebra A. We give a combinatorial method to
construct the Hasse quiver of support 7-tilting A-modules.

It is basic that any Nakayama algebra A has an at least one indecomposable projective-
injective module @) and its factor algebra A/ soc @ is again Nakayama (see [ASS, V.3.3 and
V.3.4]). Thus we can iteratively apply Drozd-Kirichenko rejection to Nakayama algebras.
We have the following algorithm for a construction of the Hasse quiver.

Algorithm 9.13. Let A be a Nakayama algebra.

(0) Take a (non-unique) sequence of Nakayama algebras

AZI A1 A2 Am71—>Am 2:0

such that A;j41 := A;/soc@;, where Q; is an indecomposable projective-injective
A;-module, and m > 0 is an integer.
(1) First, the Hasse quiver H(A,,) consists of one vertex and no arrows.

(2) Secondly, the Hasse quiver H(A,,_1) is given by H((s7-tilt A,,, )V2(@m-1)) (see Definition-

Proposition 9.3).
(3) Thirdly, the Hasse quiver H(A,,_5) is given by H((s7-tilt A,_;)V2(@m-2)),

(1) The Hasse quiver H(A,,_;41) is given by H((s7-tilt Ay,_j40 V2 (@m-i+1)),

(m) Finally, the Hasse quiver H(A;) is given by H((s7-tilt Ay)V2(@1)).
As a direct consequence of Theorem 9.5, we have the following result.

Theorem 9.14. Let A be a Nakayama algebra with n simple modules. Assume that
U(P(i)) > n for any i € [1,n]. Then we have

H(A) ~ H(A7),

where A7 is the self-injective Nakayama algebra with n simple modules and the Loewy
length n.

We give an example of calculation of the Hasse quiver using Algorithm 9.13.

Example 9.15. Let A; := Al = K&g/J4. Then we have sequence

A1 A2 A3 e Ag Ag AlO = K3 .

of Nakayama algebras, where each A; is explicitly given bellow. We will describe H(A;)
inductively, where the elements in N3(Q;) are marked by rectangles and those in M2 (Q;)
are marked by circles. Note that H(K™) is isomorphic to the Hasse quiver of the set of all
subsets of an m-element set ordered by inclusion. Thus we may begin with a semisimple
algebra.

1) H(A1) is the following, where Ajg = K2 and Qg = 3
2
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123
23/21 31
2 1
\
{0}

(2) H(Ao) is the following, where Ag = K( 3 ——2

12

3
23 2
2 1
{0

(3) H(Ag) is the following, where Ag = K As/{asa;) and Q7 =

=W

VANES SHVA
K /3

{0}

(4) H(A7) is the following, where A7 = K A3 and Qg = 3
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—
Do
=W

(5) H(Ag) is the following, where Ag = KAs/(azaa, ajas) and Qs

I
WH—N

(6) H(As) is the following, where As = KAs/(asag, asaias) and Qg =

N
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VA —
AN—H > N—M
—en —m

NA— M

7) H(Ay) is the following, where Ay = A3 and Q3 =
3

AN—HMAN

—

(8) H(As3) is the following, where A3 = KAsz/(asaoar, ajazas) and Qo =

MNA—™M
o —_—

[anlaN]
MNAN—M
™
MY
—
[32)
—MaY
—
—
MY
MNAN—HM —
AN—H —= N
—MaA —MaA
—
A~
A~
aN—
[a\E o]
[a\]
[anla Lplan)
A~
[a\]
MNAI— M
[anla] —_—
[a\]
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(9) H(Ay) is the following, where Ay = K&3/<a3a2a1,a2a1a3a2> and Q1 =

\

—NWH

N
WHNW

W
NWHN < NDWHN

—_
N
w
WHNW

3
2
3 2 2 1 1 33

Ul ~ ~
<y
{0}

(10) H(A4) is the following, where A; = A}

123
319
531
123
\
i % x
231 531 931
23 12 1 3
¥ N ¥ N
3 12 21 31 3,1 3.5
2579 2371 131 231 = 533 237
3 2 5 1 1 3

e T

21%11 11% 1 %
\2/ \1/3 33\3/ ’
\v/

{0}

Note that the Hasse quivers A; (i < 4) are the same shapes. This is a consequence of
Theorem 9.14.

3
25

Part 3. Characterizing 7-rigid-finite algebras with radical square zero

This part is based on the paper [Ad2].

10. PRELIMINARIES
In this section, we collect some results which are necessary in this part. Let A be a

basic finite dimensional K-algebra and J := Jy a Jacobson radical of A.

10.1. 7-rigid modules. We recall basic properties of 7-rigid modules.

Definition 10.1. A A-module X is called 7-rigid if Homy (X,7X) = 0. We denote by
iT-rigid A the set of isomorphism classes of indecomposable T-rigid A-modules. An algebra
A is called T-rigid-finite if iT-rigid A is a finite set.
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By Auslander-Reiten duality Ext} (X,Y) ~ D Homy (Y, 7X), every 7-rigid A-module X
is rigid (i.e. Ext}(X,X) = 0), and the converse is true if A is hereditary (e.g., the path
algebra K@ of an acyclic quiver Q).

For a A-module X, we denote by

PXEPEL X -0

a minimal projective presentation. The following proposition plays an important role in
this part.
Proposition 10.2. [AIR, Proposition 2.4 and 2.5] For a A-module X, the following hold.

(1) X is 7-rigid if and only if the map (p, X) : Homp(Ps, X) — Homy(P%, X) is

surjective.
(2) If X is T-rigid, then we have add Py Nadd P{X = 0.
For an idempotent e € A, we consider two K-linear functors

Le(—) := — ®ene €A : mod(eAe) — modA, R.(—):= (—)e: modA — mod(eAe).

Then (L., R,) is an adjoint pair. Moreover, the following result gives a connection between
7-rigid (eAe)-modules and 7-rigid A-modules.

Lemma 10.3. [ASS, 1.6.8] Let A be an algebra and e € A an idempotent.

(1) The functor Le is fully faithful and there exists a functorial isomorphism ReL. ~
Imodede- In particular, L. and R, induce mutually quasi-inverse equivalences be-
tween categories mod(eAe) and Im L, := {L¢(X) | X € mod(eAe)}.

(2) A A-module X is in the category Im L. if and only if Ps* @ P{X € addeA.

We have the following result.

Proposition 10.4. Let A be an algebra and e € A an idempotent. Assume that a A-
module X is in Im L. Then X is T-rigid if and only if the (eAe)-module Xe is T-rigid.
In particular, L. and R, induce mutually inverse bijections

ir-rigid (eAe) «— ir-rigid A N Im L.
Proof. By Lemma 10.3(2), we have POX @® P{* € addeA. Hence the sequence
Pre s Pe & Xe — 0

is a projective presentation. By Lemma 10.3(1), the projective presentation is minimal,
and moreover we have a commutative diagram

X
Homa (P, X) — 2 Hom 4(PX, X)

S
Hom, 4. (Ps¥e, Xe) veXo) Hom,a.(PiXe, Xe)

where the vertical maps are isomorphisms. By using Proposition 10.2(1), we have that X
is a 7-rigid A-module if and only if Xe is a 7-rigid (eAe)-module. O

The following proposition is a well-known result for path algebras.

Proposition 10.5. [ASS, VIL.5.1, VIII.2.7 and VIIL.2.9] Let Q be a connected acyclic
quiver and A := KQ the path algebra of Q. Then the following hold.
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(1) A is representation-finite if and only if Q is a Dynkin quiver. In this case, every
indecomposable A-module is rigid.

(2) If A is not representation-finite, then there exist infinitely many isomorphism
classes of indecomposable rigid A-modules. Moreover, there exists an indecom-
posable A-module which is not rigid.

Immediately, we have the following characterization of 7-rigid-finiteness for path alge-
bras of acyclic quivers.

Theorem 10.6. Let Q be a connected acyclic quiver and A := KQ the path algebra of Q.
Then the following are equivalent:

(1) A is representation-finite.

(2) A is T-rigid-finite.

(3) Q is a Dynkin quiver.
Proof. 1t follows from Proposition 10.5 because rigid modules are exactly 7-rigid modules
for any hereditary algebra. O

10.2. Algebras with radical square zero. Throughout this subsection, we assume that
A is an algebra with radical square zero (i.e., J2 = 0). For algebras with radical square
zero, the following triangular matrix algebra plays an important role:

A=aw =[N0,

Each A-module is given by a triplet (X', X”;¢), where X', X" are (A/J)-modules and ¢
is a morphism

@:X'@A/JJ—>X”
in mod(A/J). A morphism f : (X', X";¢0) — (Y, Y";4) in modA is given by a pair
(f', "), where f': X' — Y’ and f” : X" — Y” are morphisms in mod(A/J) such that
Wf = f"p (see [ASS, A.2.7] and [ARS, IIL.2] for details).

Xl —90). Xl/

lfl lf(/
YI 1/’ > Y/I
We recall some properties of the triangular matrix algebra A. Let Q = (Qo, Q1) be
a quiver, where )y is the vertex set and ()1 is the arrow set. Then we define a new
quiver Q° = (Q5,Q3), called separated quiver, as follows: Let Qf := {it | i € Qo} and
Qy :={i7 | 1 € Qo} be copies of Qy. Then
Q=Qf [[@, @ ={"—i li—jmne}

Note that the separated quiver (J® is not necessarily connected even if () is connected. For
example, the separated quiver (Q° of the following quiver @ is not connected:

1

1+ 2+ 3t 4+ 5+

Q?% /A

-2 3
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We call a quiver bipartite if each vertex is either a sink or a source.

Proposition 10.7. [ARS, I11.2.5 and X.2.6] Let Q be the quiver of A. The following hold.

(1) The separated quiver Q° is bipartite.

(2) The algebra A is isomorphic to the path algebra of Q°. In particular, A is a
hereditary algebra with radical square zero.

(3) Each simple A-module is one of the form (S,0;0) or (0,S;0), where S is a simple
A-module.

(4) Each indecomposable projective A-module is one of the form (P/PJ,PJ;1py) or
(0, P/PJ;0), where P is an indecomposable projective A-module.

Now we recall results on representation theory of algebras with radical square zero. We
define a functor F' : modA — modA as follows: For any A-module X, we let
F(X) = (X/XJ, X J;0x),

where the map px : X/ X J®p /7J — X J is naturally induced by the natural multiplication
morphism X ®, J — X J since J? = 0. For any morphism g : X — Y, we let

F(g) = (d'.9"),
where ¢’ : X/XJ — Y/Y J is induced by g and ¢"” : XJ — Y J is the restriction of XJ.

Proposition 10.8. [ARS, X.2.1 and X.2.2] The following hold.

(1) The functor F is full and induces an equivalence of categories mod A — modA.
(2) A A-module X is indecomposable (respectively, projective) if and only if FX is an
indecomposable (respectively, a projective) A-module.
(3) The following are equivalent:
(a) A is representation-finite.
(b) The separated quiver of the quiver for A is a disjoint union of Dynkin quivers.

Remark 10.9. Clearly a stable equivalence preserves representation-finiteness. However
a stable equivalence does not preserve 7-rigid-finiteness in general. Indeed, let A be an
algebra with radical square zero whose quiver consists of one vertex and n loops with n > 2.
Since A is local, every indecomposable 7-rigid A-module is projective, and in particular A
is 7-rigid-finite. On the other hand, since the separated quiver is the n-Kronecker quiver

o : o
—_—

A is not 7-rigid-finite by Theorem 10.6.

)

11. MAIN RESULTS

Throughout this section, let A be an algebra with radical square zero, and A, F' as in
Subsection 10.2. Let @) be the quiver of A and Q° the separated quiver of . A full
subquiver Q' of @® is called a single subquiver (respectively, a mazimal single subquiver)
if, for any i € Qo, the vertex set @, contains at most (respectively, exactly) one of it or
i~. We denote by S the set of all single subquivers of Q°.

The following theorem is our main result of this part.

Theorem 11.1. Let A be an algebra with radical square zero and Q° the separated quiver
of the quiver QQ for A. Then the following are equivalent:

(1) A is T-rigid-finite.

(2) Ewvery single subquiver of Q° is a disjoint union of Dynkin quivers.
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(3) Every mazimal single subquiver of Q° is a disjoint union of Dynkin quivers.

The proof of Theorem 11.1 will be given in the rest of this section. A key result is the
following criterion for indecomposable A-modules to be 7-rigid in terms of the triangular
matrix algebra A.

Theorem 11.2. Let X be an indecomposable A-module. The following are equivalent:
(1) X is a 7-rigid A-module.
(2) FX is a 7-rigid A-module and add P;* Nadd P{X = 0.

We prove Theorem 11.2 by comparing a minimal projective presentation of a A-module
X with that of the A-module FX. We start with an easy lemma.

Lemma 11.3. Let f : X — Y be a nonzero morphism between indecomposable modules in
modA. IfIm f is contained in Y J, then there exists a unique morphism f: X/XJ —YJ
such that

F=x S x/x7Lyrty),
where ™ and ¢ are natural morphisms.

Proof. This is clear since f(XJ) C (YJ)J = 0 holds by J? = 0. O

The following lemma gives a construction of a minimal projective presentation of F'X
from that of X.

Lemma 11.4. Let P{* LR POX L X — 0 be a minimal projective presentation of an
indecomposable A-module X. Then

(0,p) Fq

FP FX 0 (16)

0 —— (0, P{* /P J;0)
is a minimal projective resolution of the A-module FX.

Proof. Since J? = 0 holds, ker ¢ is semisimple. Hence ker ¢ = P{* /P{* J holds. Since ker ¢
is contained in POX J, by Lemma 11.3, we have a decomposition

p=(P* % pX/PXJ L pXT L PY)

where 7 and ¢ are natural morphisms. Thus, we have the following commutative diagram

)

0 0
PX/PXT ker ¢

|7

0 P J——= P P /P T —0
\Lq// q q/

0 XJ X X/XJ —0
0 0

where Fiq = (¢',q"”). Thus the exact sequence

0— (0, P /P 7;0) 2L (B /P 0, P s ) T (X)X X s ox) — 0
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in modA is a minimal projective resolution of F'X, because A is hereditary and (0,p) is
in the radical of modA. O

Now we are ready to prove Theorem 11.2.

Proof of Theorem 11.2. Let ¢ : P5XJ — P,/ : XJ — X and 7 : P{X — PX/P{XJ are
natural morphisms.

(1)=(2): Assume that X is 7-rigid. By Proposition 10.2(2), we have add P;* Nadd P{X =
0. Now we show that F.X is a 7-rigid A-module. We have a minimal projective resolution
(16) in Lemma 11.4. By Proposition 10.2(1), we have only to show that

((0,p), FX) : Homa (FP, FX) — Homa ((0, P{* /P{X.J;0), FX) (17)
is surjective. Let
(0,R) : (0, P /PXJ;0) = FX = (X/XJ, X J;0x)

be a morphism in modA and f := /hr : P{* — X a morphism in modA. Since X is
7-rigid, there exists a morphism g : POX — X such that f = gp. Let

Fg:=(4,q9"): (POX/POXJ,POXJ; 1POXJ) — (X/XJ, X J;0x).
Then we have
Vhr = f = gp = gupm = i/ g"pr,

and hence we have h = ¢”p. Thus we have (0,h) = (¢, ¢")(0,p). Consequently, the map
(17) is surjective.

Py PX/PT

f P <—PJ ,

s ~

L/

>

XJ

(2)=(1): Assume that FX is 7-rigid and add P;* N add P{X = 0. We have only to show
that

(p, X) : Homy (P5X, X) — Homy (P, X) (18)

is surjective by Proposition 10.2(1). Let f : PIX — X be a morphism in modA. Since

add POX Nadd P{* = 0 holds, Im f is contained in X.J. Thus, by Lemma 11.3, there exists a

morphism f : P{X/P{XJ — XJ in mod A such that f = //fr. Now we consider a morphism
(0.f): (0. P /P{* J50) — FX = (X/XJ, X J; ¢x)

in modA. Since (16) in Lemma 11.4 gives a minimal projective resolution and FX is

7-rigid, there exists a morphism (¢',¢") : FP;* — FX in modA such that (0,f) =

(¢',9")(0,p). In particular, we have f = ¢”p. Since F is full by Proposition 10.8(1), there

exists a morphism g : P;* — X such that Fg = (¢, ¢”). Then ¢” is a restriction of g by
construction of F', and we have

gp = gupm = g"pr = fr = [.
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Consequently, the map (18) is surjective.

P - - PX/PXT
\ ;/ﬁ ~
f PGX L 0)( J " f
g
A/g \\
X - XJ
This finishes the proof. ]

For any indecomposable A-module X, we decompose the terms POX and P} in a minimal
projective presentation of X as

B =P leir)™, P = P (eh)™,
1€Qo i€Qo
where n; and m; are multiplicities of the indecomposable projective A-module correspond-

ing to i € Q9. Then, by Lemma 11.4, the terms POFX and Pf'¥ in a minimal projective
presentation of the A-module F'X can be written as

Py = P (e A)", PIY = P (e-A)™.

1€Qo 1€Qo

We denote by Q% the full subquiver of @ with Qf := {it € Q% | ni # 0}[[{i~ € Q3 |
m; # 0}. Then, the condition add Ps* Nadd ;¥ = 0 is satisfied if and only if QX is a single
subquiver of Q°. In particular, if X is 7-rigid, then Q¥ is a single subquiver of Q° by
Proposition 10.2(2).
Now we are ready to prove Theorem 11.1. For any full subquiver Q' of Q®, let

ir-rigid (A, Q') := ir-rigid A N Im LeQ,,
where egr 1= Zi€Q6 e; and LeQ, is the functor in Subsection 10.1. We denote by iT-rigid ,, A
the subset of iT-rigid A consisting of nonprojective modules.

Proof of Theorem 11.1. (1)<(2): First we claim that the functor F' : modA — modA
induces a bijection

iT-rigid,p A — U iT-rigidnp (A, Q).
Q'eS
Indeed, by Proposition 10.8(2) and Theorem 11.2, X is an indecomposable nonprojective
7-rigid A-module if and only if F'X is an indecomposable nonprojective 7-rigid A-module
satisfying add P;* Nadd P* = 0, or equivalently Q% € S. In this case, FX € Im LeQX
clearly holds. Hence the claim follows from that the functor F' induces a stable equivalence
modA — modA by Proposition 10.8(1).
Next, by Proposition 10.4, for any full subquiver Q' of QQ®, we have bijections

ir-rigid (A, Q') < ir-rigid (eqrAegy).

Since @' is bipartite, there is an isomorphism e Aeg ~ K@Q'. Since there are only finitely
many single subquiver of QQ°, we have that A is 7-rigid-finite if and only if KQ' is 7-rigid-
finite for every single subquiver Q' of @Q°. Hence the assertion follows from Theorem
10.6.

(2)=(3): It is clear.
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(3)=(2): Since every single subquiver of the separated quiver @ is contained in some
maximal single subquiver, the assertion follows from the fact that every subquiver of
Dynkin quivers is a disjoint union of Dynkin quivers. O

12. APPLICATIONS AND EXAMPLES

In this section, we give applications and examples of results in previous section. As an
immediate consequence of Theorem 11.2, we have the following two corollaries.

Corollary 12.1. Let A be a representation-finite algebra with radical square zero and X an
indecomposable A-module. Then X is a T-rigid A-module if and only if add POX Nadd P =
0.

Proof. The ‘only if’ part follows from Proposition 10.2(2). We show the ‘if’ part. Since
A is representation-finite, A is a finite product of path algebras with Dynkin quivers by
Proposition 10.8(3). Hence FX is a 7-rigid A-module by Proposition 10.5(1). Thus, if
addPOX Nadd P{* = 0 holds, then X is 7-rigid by Theorem 11.2. O

We give a positive answer to a question posed by Zhang [Zh].

Corollary 12.2. Let A be an algebra with radical square zero. If every indecomposable
A-module is T-rigid, then A is representation-finite.

Proof. Assume that A is not representation-finite. By Proposition 10.8(3), the separated
quiver contains a non-Dynkin quiver as a subquiver. By Proposition 10.5(2), there exists
an indecomposable A-module M which is not rigid. By Proposition 10.8(1), there exists
an indecomposable nonprojective A-module X such that FF.X ~ M. The A-module X is
not 7-rigid by Theorem 11.2. ]

At the end of this part, we apply our main results to the following algebras which
associate with Brauer graph algebras. We start with the following observation.

Proposition 12.3. [A(il, Corollary 3.7] Let A be a ring-indecomposable non-semisimple
symmetric algebra and A := A/soc A. Then there is a bijection

iT-rigid A — ir-rigid A
given by X — X ®@a A. In particular, A is T-rigid-finite if and only if A is T-rigid-finite.

Note that, for every indecomposable projective A-module P, the module P/soc P is a
7-rigid A-module but not a 7-rigid A-module.

First, we give a classification of indecomposable 7-rigid modules over a multiplicity-free
Brauer line algebra. This is a special case of results in [AZ] and [AAC]. We denote by
ind A the set of isomorphism classes of indecomposable A-modules.

Proposition 12.4. Let Q) be the following quiver:

[e%} (e %] a3 Qp—2 An—1
1 2 3 s n—1 n
B1 B2 B3 Bn—2 Bn-1

(1) Let A be an algebra with radical square zero whose quiver is Q). Then A is a
representation-finite algebra with

ir-rigid A = ind A.
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(2) Let T is a multiplicity-free Brauer line algebra, that is, I' ~ KQ/I, where
I = (a1prar, Bn—10n-18n-1, @iit1, Biv1 i, Bici — i1 Bip1 | 1 =1,2,-- ,n —2).
Then we have

ir-rigidI" = ind T\ {e;I"/soc(e;T') | i € Qo}-

Proof. (1) Since the underlying graph of the separated quiver @® is a disjoint union of the
following two Dynkin graphs of type A

1+ 2— oo n—1-¢ neé 1- 2+ .o n—1¢ n—¢

where € = — if n is even and € = + if n is odd, A is representation-finite by Proposition
10.8. Moreover, for any indecomposable A-module X, the A-module FX is rigid by
Proposition 10.5(1), or equivalently 7-rigid. Moreover, we have addPOX Nadd P = 0 by
Lemma 11.4. Hence, every indecomposable A-module is always 7-rigid by Theorem 11.2.
(2) Since I' is a symmetric algebra, there is a bijection
ir-rigidT’ — ir-rigidT
by Proposition 12.3. Since I is isomorphic to A, the assertion follows from (1). O
Finally, we give an example of 7-rigid-finite algebras which is not representation-finite.

Proposition 12.5. Let QQ be the following quiver:

(1) Let A be an algebra with radical square zero whose quiver is Q. Then the following
hold.
(a) A is not representation-finite.
(b) A is T-rigid-finite if and only if n is odd.
(2) Let T be a multiplicity-free Brauer cyclic graph algebra, that is, T' ~ KQ/I, where
I = (anon, B1Bn; Brom — o1 b1, icig1, Bip1Bis Bici — i1 Bipr |1 =1,2,--- ,n—1).
Then I is T-rigid-finite if and only if n is odd.

Proof. (1) The separated quiver ° is one of the following quivers:

2— <=— 3t o2t —— 3-— 9= <= 3+ —> > (n—1)" <n+
e NS N N
1 D1 |1 1-
A 7N N e — 2
n- < (n—DTt nt > (n—1)~ n~ <(n-1)* > — 3— <— 9
n: even n: odd

Thus A is not representation-finite by Proposition 10.8.

If n is odd, then every maximal single subquiver is a disjoint union of Dynkin quivers.
Thus A is 7-rigid-finite by Theorem 11.1. On the other hand, if n is even, then two
connected components are non-Dynkin maximal single subquivers. Thus A is not 7-rigid-
finite by Theorem 11.1.
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(2) Since I' is a symmetric algebra, by Proposition 12.3, we have only to claim that Tis
7-rigid-finite if and only if n is odd. Indeed, since I" is isomorphic to A, the claim follows
from (1). O
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