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Abstract. We study support τ -tilting modules over preprojective algebras of Dynkin
type. We classify basic support τ -tilting modules by giving a bijection with elements
in the corresponding Weyl groups. We also study g-matrices of support τ -tilting mod-
ules, which show terms of minimal projective presentations of indecomposable direct
summands. We give an explicit description of g-matrices and prove that cones given by
g-matrices coincide with chambers of the associated root systems.

1. Introduction

The preprojective algebra associated to a quiver was introduced by Gelfand-Ponomarev
[GP] to study the preprojective representations of a quiver. Since then, they have been
studied extensively not only from the viewpoint of representation theory of algebras (for
example [BGL, DR1, DR2, Ri1]) but also in several contexts such as (algebraic, differen-
tial, symplectic) geometry and quantum groups.

In [BIRS] (also in [IR1]), the authors studied preprojective algebras via tilting theory
for non-Dynkin quivers. By making heavy use of tilting theory, they succeed to give
several important results such as a method for constructing a large class of 2-Calabi-Yau
categories which have close connections with cluster algebras. On the other hand, in
Dynkin cases (i.e. the underlying graph of a quiver is An (n ≥ 1), Dn (n ≥ 4) and En

(n = 6, 7, 8)), the preprojective algebras are selfinjective, so that all tilting modules are
trivial (i.e. projective). In this note, we will show that, instead of tilting modules, support
τ -tilting modules play an important role in this case.

The notion of support τ -tilting modules was introduced in [AIR], which gives a general-
ization of tilting modules. They have several nice properties. For example, it is shown that
there are deep connections between τ -tilting theory, torsion theory, silting theory, cluster
theory and so on (refer to an introductory article [IR2]). Moreover, support τ -tilting mod-
ules have nicer mutation theory than tilting modules. Namely, any basic almost-complete
support τ -tilting module is the direct summand of exactly two basic support τ -tilting
modules. It implies that mutation of support τ -tilting modules is always possible and
this property admits interesting combinatorial descriptions for support τ -tilting graphs.
Furthermore, certain support τ -tilting modules over selfinjective algebras provide tilting
complexes [M1]. It is therefore fruitful to investigate these remarkable modules for given
algebras.

Conventions. LetK be an algebraically closed field and we denote byD := HomK(−, K).
By a finite dimensional algebra Λ, we mean a basic finite dimensional algebra over K.
By a module, we mean a right module unless stated otherwise. We denote by modΛ the

The detailed version of this paper will be submitted for publication elsewhere.
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category of finitely generated Λ-modules and by projΛ the category of finitely generated
projective Λ-modules. For X ∈ modΛ, we denote by SubX (respectively, FacX) the sub-
category of modΛ whose objects are submodules (respectively, factor modules) of finite
direct sums of copies of X . We denote by addM the subcategory of modΛ consisting of
direct summands of finite direct sums of copies of M ∈ modΛ.

2. Preliminaries

2.1. Preprojective algebras. In this subsection, we recall the definition of preprojective
algebras and some properties of them.

Definition 1. Let Q be a finite connected acyclic quiver with vertices Q0 = {1, . . . , n}.
The preprojective algebra associated to Q is the algebra

ΛQ = Λ := KQ/〈
∑

a∈Q1

(aa∗ − a∗a)〉

where Q is the double quiver of Q, which is obtained from Q by adding for each arrow
a : i→ j in Q1 an arrow a∗ : i← j pointing in the opposite direction.

Note that ΛQ does not depend on the orientation of Q.
We collect some basic properties of preprojective algebras.

Proposition 2. Let Q be an acyclic quiver and Λ the preprojective algebra of Q. Then

Q is a Dynkin quiver if and only if Λ is a finite dimensional algebra. Further, if these

equivalent conditions hold, then Λ is selfinejctive.

Note that, even if Q is a Dynkin quiver, Λ is infinite representation type (i.e. there
exists infinitely many indecomposable Λ-modules) in general [DR2].

We define the Coxeter group WQ associated to Q, which is defined by the generators
s1, . . . , sn and relations

• s2i = 1,
• sisj = sjsi if there is no arrow between i and j in Q,
• sisjsi = sjsisj if there is precisely one arrow between i and j in Q.

Each element w ∈ WQ can be written in the form w = si1 · · · sik . If k is minimal among
all such expressions for w, then k is called the length of w and we denote by l(w) = k. In
this case, we call si1 · · · sik a reduced expression of w.

2.2. Support τ-tilting modules. In this subsection, we give definitions of support τ -
tilting modules.

Definition 3. Let Λ be a finite dimensional algebra.

(a) We call X in modΛ τ -rigid if HomΛ(X, τX) = 0.
(b) We call X in modΛ τ -tilting (respectively, almost complete τ -tilting) if X is τ -

rigid and |X| = |Λ| (respectively, |X| = |Λ| − 1), where |X| denotes the number
of non-isomorphic indecomposable direct summands of X .

(c) We call X in modΛ support τ -tilting if there exists an idempotent e of Λ such that
X is a τ -tilting (Λ/〈e〉)-module.

We also give the following definitions.
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(d) We call a pair (X,P ) of X ∈ modΛ and P ∈ projΛ τ -rigid if X is τ -rigid and
HomΛ(P,X) = 0.

(e) We call a τ -rigid pair (X,P ) a support τ -tilting (respectively, almost support τ -
tilting) pair if |X|+ |P | = |Λ| (respectively, |X|+ |P | = |Λ| − 1).

We call (X,P ) basic if X and P are basic, and we say that (X,P ) is a direct summand

of (X ′, P ′) if X is a direct summand of X ′ and P is a direct summand of P ′. We denote
by sτ -tiltΛ the set of isomorphism classes of basic support τ -tilting Λ-modules.

Note that (X,P ) is a τ -rigid (respectively, support τ -tilting) pair for Λ if and only if X
is a τ -rigid (respectively, τ -tilting) (Λ/〈e〉)-module, where e is an idempotent of Λ such
that addP = addeΛ [AIR, Proposition 2.3]. Moreover, if (X,P ) and (X,P ′) are support
τ -tilting pairs for Λ, then we get addP = addP ′. Thus, a basic support τ -tilting module X
determines basic support τ -tilting pair (X,P ) uniquely and we can identify basic support
τ -tilting modules with basic support τ -tilting pairs.

Example 4. Let Λ := KQ be the path algebra given by the following quiver

Q := (1 2)oo .

Then one can check that there exist support τ -tilting modules as follows

e1Λ⊕ e2Λ, S2 ⊕ e2Λ, e1Λ, S2 and 0.

They can be identified with support τ -tilting pairs

(e1Λ⊕ e2Λ, 0), (S2 ⊕ e2Λ, 0), (e1Λ, e2Λ), (S2, e1Λ) and (0, e1Λ⊕ e2Λ),

respectively.

One of the important properties of support τ -tilting modules is a partial order.

Definition 5. Let Λ be a finite dimensional algebra. For T, T ′ ∈ sτ -tiltΛ, we write

T ′ ≥ T

if FacT ′ ⊃ FacT , where FacX the subcategory of modΛ whose objects are factor modules
of finite direct sums of copies of X . Then ≥ gives a partial order on sτ -tiltΛ [AIR,
Theorem 2.18]. Clearly, Λ is the unique maximal element and 0 is the unique minimal
element.

Example 6. Let Λ := KQ be the path algebra given by the following quiver

Q := (1 2)oo .

Let T1 := e1Λ⊕ e2Λ, T2 := S2 ⊕ e2Λ, T3 := e1Λ, T4 := S2 and T5 := 0.
Then we have

FacT1 = add{e1Λ⊕e2Λ⊕S2}, FacT2 = add{S2⊕e2Λ}, FacT3 = add{e1Λ}, FacT4 = add{S2},

where addX denote the subcategory of modΛ consisting of direct summands of finite direct
sums of X ∈ modΛ. Then, from Definition 5, one can obtain the following Hasse quiver.
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T2
// T4

%%❑
❑❑

❑❑
❑❑

❑❑
❑

T1

99ssssssssss
// T3

// T5.

3. Support τ-tilting modules and the Weyl group

Our main aim is to give a complete description of all support τ -tilting modules over
preprojective algebras of Dynkin type. For this purpose, we give the following bijection.

Theorem 7. Let Q be a Dynkin quiver and Λ the preprojective algebra of Q. There exist

bijections between the isomorphism classes of basic support τ -tilting Λ-modules and the

elements of WQ.

In the following two subsections, we explain Theorem 7.

3.1. Support τ-tilting ideals. Let Q be a Dynkin quiver with Q0 = {1, . . . , n} and Λ
the preprojective algebra of Q. We denote by the two-sided ideal Ii of Λ generated by
1 − ei, where ei is a primitive idempotent of Λ for i ∈ Q0, that is, Ii := Λ(1 − ei)Λ for
i ∈ Q0. We see that the ideal has the following property.

Lemma 8. Let X ∈ modΛ. Then XIi is maximal amongst submodules Y of X such that

any composition factor of X/Y is isomorphic to a simple module Λ/Ii.

We denote by 〈I1, . . . , In〉 the set of ideals of Λ which can be written as

Ii1Ii2 · · · Iik

for some k ≥ 0 and i1, . . . , ik ∈ Q0.
Our aim in this subsection is to show the following.

Theorem 9. Any T ∈ 〈I1, . . . , In〉 is a basic support τ -tilting modules of Λ.

For a proof, we use the following important property.

Definition 10. [AIR, Theorem 2.18 and 2.28] Let Λ be a finite dimensional algebra.
Then

(∗) any basic almost support τ -tilting pair (U,Q) is a direct summand of exactly two
basic support τ -tilting pairs (T, P ) and (T ′, P ′). Moreover we have T > T ′ or
T < T ′.

Under the above setting, let X be an indecomposable direct summand of T or P . We
write (T ′, P ′) = µX(T, P ) or simply T ′ = µX(T ) and say that T ′ is a mutation of T . In
particular, we write T ′ = µ−

X(T ) if T > T ′ (respectively, T ′ = µ+

X(T ) if T < T ′) and we
say that T ′ is a left mutation (respectively, right mutation) of T . By (∗), exactly one of
the left mutation or right mutation occurs.

Using mutations, we give the following key proposition.

Proposition 11. Let T ∈ 〈I1, . . . , In〉 and assume that T is a basic support τ -tilting Λ-
module. If IiT 6= T , then there is a left mutation of T associated to eiT and µ−

eiT
(T ) ∼= IiT.

In particular, IiT is a basic support τ -tilting Λ-module.
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Namely, a multiplication by Ii gives a left mutation of T if IiT 6= T . Using this property
inductively, we can obtain Theorem 9.

There exists a close relationship between mutations and partial orders.

Definition 12. [AIR, Corollary 2.34] Let Λ be a finite dimensional algebra. We define
the support τ -tilting quiver H(sτ -tiltΛ) as follows.
• The set of vertices is sτ -tiltΛ.
• Draw an arrow from T to T ′ if T ′ is a left mutation of T .
Then H(sτ -tiltΛ) coincides with the Hasse quiver of the partially ordered set sτ -tiltΛ.

Hence, the Hasse quiver of Example 6 gives behavior of mutations of support τ -tilting
modules.

Now using support τ -tilting quiver, we describe support τ -tilting modules of preprojec-
tive algebras.

Example 13. (a) Let Λ be the preprojective algebra of type A2. In this case, H(sτ -tiltΛ)
is given as follows.

1
2 1

I1 //
0 1

I2

!!❇
❇❇

❇❇
❇❇

❇

1
2

2
1

I2
==⑤⑤⑤⑤⑤⑤⑤

I1 !!❇
❇❇

❇❇
❇❇

0 0

2
2
1 I2

//
2 0

I1

==⑤⑤⑤⑤⑤⑤⑤⑤

Here we represent modules by their radical filtrations and we write a direct sum X⊕Y
by XY .

(b) Let Λ be the preprojective algebra of type A3. In this case, H(sτ -tiltΛ) is given as
follows
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0 2 1
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P
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✹✹
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✹✹
✹✹

✹✹
✹✹

✹✹
✹✹

✹✹

1
2 1 2
3 2 1

66♥♥♥♥♥♥♥♥♥♥

''❖❖
❖❖❖

❖❖❖
❖❖

1
0 2 1

��❂
❂❂

❂❂
❂❂

❂❂
❂❂

❂❂
❂

1
2 1
3 2 1

77♣♣♣♣♣♣♣♣♣

1 2
2 31 2
3 2 1

??⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧

  ❆
❆❆

❆❆
❆❆

❆❆
❆❆

❆❆

1
2 31
3 2 1

77♦♦♦♦♦♦♦♦♦

��✻
✻✻

✻✻
✻✻

✻✻
✻✻

✻✻
✻✻

✻✻
✻✻

2
0 2 1

��❄
❄❄

❄❄
❄❄

❄❄
❄❄

❄❄
❄ 0 0 1

��✺
✺✺

✺✺
✺✺

✺✺
✺✺

✺

2 2
3 2 1

77♥♥♥♥♥♥♥♥♥

��✺
✺✺

✺✺
✺✺

✺✺
✺✺

✺✺
✺✺

✺✺
✺✺

✺

1 2 3
2 31 2
3 2 1

CC✞✞✞✞✞✞✞✞✞✞✞

��✼
✼✼

✼✼
✼✼

✼✼
✼✼

// 1 3
2 31 2
3 2 1

>>⑥⑥⑥⑥⑥⑥⑥⑥⑥⑥⑥⑥

  ❆
❆❆

❆❆
❆❆

❆❆
❆❆

❆❆

2
2 13 2
3 2 1

66♥♥♥♥♥♥♥♥♥

3 0 1

??⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧

��❄
❄❄

❄❄
❄❄

❄❄
❄❄

❄❄
❄ 0 2 0

//
0 0 0

31
3 2 1

77♥♥♥♥♥♥♥♥♥

2 3
2 13 2
3 2 1

>>⑥⑥⑥⑥⑥⑥⑥⑥⑥⑥⑥⑥

  ❆
❆❆

❆❆
❆❆

❆❆
❆❆

❆❆

3
31 2

3 2 1

66♥♥♥♥♥♥♥♥♥

��✺
✺✺

✺✺
✺✺

✺✺
✺✺

✺✺
✺✺

✺✺
✺✺

2
3 2 0

??⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧

3 0 0

DD✠✠✠✠✠✠✠✠✠✠✠✠

2 3
3 2 0

77♥♥♥♥♥♥♥♥♥

''PP
PPP

PPP
P

3
2 3 2
3 2 1

66♥♥♥♥♥♥♥♥♥♥

''❖❖
❖❖❖

❖❖❖
❖❖

3
3 2 0

??⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧⑧

3
3 2

3 2 1

77♣♣♣♣♣♣♣♣♣

Remark 14. In these examples, H(sτ -tiltΛ) consists of a finite connected component. We
will show that this is always true for preprojective algebras of Dynkin type in the next
subsection. Thus, all support τ -tilting modules can be obtained by mutations from Λ.

3.2. A connection with the Weyl group. Let Q be a Dynkin quiver with Q0 =
{1, . . . , n} and Λ the preprojective algebra of Q. To give an explicit description of support
τ -tilting Λ-modules, we provide a connection with the Weyl group.

We use the following result (see [BIRS, M2]).

Theorem 15. There exists a bijection WQ → 〈I1, . . . , In〉. It is given by w 7→ Iw =
Ii1Ii2 · · · Iik for any reduced expression w = si1 · · · sik .

From this theorem and Theorem 9, we obtain one finite connected component in
H(sτ -tiltΛ). Then we can apply the following result.

Proposition 16. [AIR, Corollary 2.38] If H(sτ -tiltΛ) has a finite connected component

C, then C = H(sτ -tiltΛ).

As a conclusion, we can obtain the following statement.

－130－



Theorem 17. Any basic support τ -tilting Λ-module is isomorphic to an element of

〈I1, . . . , In〉.

We also use the following lemma.

Lemma 18. If right ideals T and U are isomorphic as Λ-modules, then T = U .

Then, combining the above results, we get the desired statement.

Proof of Theorem 7. We will give a bijection between sτ -tiltΛ and WQ. A bijection – and
WQ can be given similarly.

By Theorem 9 and 15, we have a map WQ ∋ w 7→ Iw ∈ sτ -tiltΛ. This map is surjective
since any support τ -tilting Λ-module is isomorphic to Iw for some w ∈ WQ by Theorem 17.
Moreover it is injective by Theorem 15 and Lemma 18. Thus we get the conclusion. �

At the end of this subsection, we briefly give a relationship between a partial order of
support τ -tilting modules and that of WQ.

Definition 19. Let u, w ∈ WQ. We write u ≤L w if there exist sik , . . . , si1 such that
w = sik . . . si1u and l(sij . . . si1u) = l(u) + j for 0 ≤ j ≤ k. Clearly ≤L gives a partial
order on WQ, and we call ≤L the left order (it is also called weak order). We denote by
H(WQ,≤L) the Hasse quiver of left order on WQ.

Then we have the following results.

Theorem 20. The bijection in WQ → sτ -tiltΛ in Theorem 7 gives an isomorphism of

partially ordered sets (WQ,≤L) and (sτ -tiltΛ,≤)op.

We remark that the Bruhat order on WQ coincides with the reverse inclusion relation
on 〈I1, · · · In〉 [ORT, Lemma 6.5].

4. g-matrices and cones

In this last section, we introduce the notion of g-vectors [DK] (which is also called index

[AR, P]) and g-matrices of support τ -tilting modules. We refer to [AIR, section 5] for a
background of this notion.

Definition 21. Let Λ be a finite dimensional algebra and K0(projΛ) the Grothendieck
group of the additive category projΛ. Then the isomorphism classes e1Λ, . . . , enΛ of in-
decomposable projective Λ-modules form a basis of K0(projΛ). Consider X in modΛ and
let

PX
1

// PX
0

// X // 0

be its minimal projective presentation in modΛ. Then we define the g-vector of X as the
element of the Grothendieck group given by

g(X) := [PX
0 ]− [PX

1 ] =

n
∑

i=1

gi(X)eiΛ.
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Let (X,P ) be a support τ -tilting pair for Λ with X =
⊕ℓ

i=1
Xi and P =

⊕n

i=ℓ+1
Pi,

where Xi and Pi are indecomposable. Then define g(Xi) as above and g(Pi) := −[Pi]. We
define the g-matrix of (X,P ) by

g(X,P ) := (g(X1), · · · , g(Xℓ), g(Pℓ+1), · · · , g(Pn)) ∈ GL(Zn).

Note that it forms a basis of K0(projΛ) [AIR, Theorem 5.1].
Moreover, define its cone by

C(X,P ) := {a1g(X1) + · · ·+ aℓg(Xℓ) + aℓ+1g(Pℓ+1) + · · ·+ ang(Pn) | ai ∈ R>0}.

Now we give an example.

Example 22. Let Λ := KQ be the path algebra given by the following quiver.

Q := (1 2)oo .

As we have seen before, we have support τ -tilting pairs as follows

(e1Λ⊕ e2Λ, 0), (S2 ⊕ e2Λ, 0), (e1Λ, e2Λ), (S2, e1Λ) and (0, e1Λ⊕ e2Λ).

Then we have their g-matrices as follows

( 1 0
0 1 ) , (

−1 0
1 1

) , ( 1 0
0 −1 ) , (

−1 −1
1 0

) ,
(

−1 0
0 −1

)

and their cones can be described as follows.

−1
1

0
1

−1
0

//

ee❏❏❏❏❏❏❏❏❏❏❏❏ //oo

��

1
0

0
−1

��

OO

It is quite interesting to investigate behavior of cones of support τ -tilting modules for
given algebras (cf. cones of tilting modules [H]).

At the end of this note, we give a description of cones of preprojective algebras. Let Q
be a Dynkin quiver with vertices Q0 = {1, . . . , n} and Λ the preprojective algebra of Q.
Then we have the following result.

Theorem 23. The set of g-matrices of support τ -tilting Λ-modules coincides with the

subgroup 〈σ1, . . . , σn〉 of GL(Zn) generated by σi for all i ∈ Q0, where σi is the contragra-

dient of the geometric representation [BB]. In particular, cones of basic support τ -tilting
Λ-modules give chambers of the associated root system of Q.

Thus, cones of preprojective algebras are completely determined by simple calculations.

Example 24. (a) Let Λ be the preprojective algebra of type A2. In this case, the g-
matrices of Example 13 (a) are given as follows, where σ1 = (−1 0

1 1
) and σ2 = ( 1 1

0 −1 ).
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1 1
0 −1

σ1 // 0 1
−1 −1

σ2

$$❍
❍❍

❍❍
❍❍

1 0
0 1

σ2

==④④④④④④④

σ1 !!❈
❈❈

❈❈
❈❈

0 −1
−1 0

−1 0
1 1 σ2

// −1 −1
1 0

σ1

;;✈✈✈✈✈✈✈

Hence, their cones are given as follows.

−1
1

1
0

−1
0

oo //

  ❅
❅❅

❅❅
❅❅

❅❅

``❅❅❅❅❅❅❅❅❅❅
1
0

0
−1

��

OO

1
−1

  

``❅❅❅❅❅❅❅❅❅❅❅❅❅❅❅❅❅❅❅❅

(b) Let Λ be the preprojective algebra of type A3. In this case, the g-matrices of
Example 13 (b) are given as follows.
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0 1 0
0 0 1
−1 −1 −1

((PP
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P
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✻✻

✻✻
✻✻

✻✻
✻✻

✻✻
✻✻

✻✻
✻✻

✻
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0 0 1
0 −1 −1
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''PP
PPP
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0 1 1
0 0 −1
−1 −1 0

  ❇
❇❇

❇❇
❇❇

❇❇
❇❇

❇❇

1 1 1
0 0 −1
0 −1 0

66♥♥♥♥♥♥♥

1 0 0
0 1 1
0 0 −1

@@✁✁✁✁✁✁✁✁✁✁✁✁✁

��❂
❂❂

❂❂
❂❂

❂❂
❂❂
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1 1 1
0 −1 −1
0 1 0

77♥♥♥♥♥♥♥

��✺
✺✺

✺✺
✺✺

✺✺
✺✺

✺✺
✺✺

✺✺
✺✺

✺

0 −1 0
0 1 1
−1 −1 −1
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5. Further connections

In this section, we explain connections with other works. Here, let Db(modΛ) be the
bounded derived category of modΛ and Kb(projΛ) the bounded homotopy category of
projΛ. Then we have the following bijections

Theorem 25. Let Q be a Dynkin quiver with vertices Q0 = {1, . . . , n} and Λ the prepro-

jective algebra of Q. There are bijections between the following objects.

(a) The elements of the Weyl group WQ.

(b) The set 〈I1, . . . , In〉.
(c) The set of isomorphism classes of basic support τ -tilting Λ-modules.

(d) The set of isomorphism classes of basic support τ -tilting Λop-modules.

(e) The set of torsion classes in modΛ.
(f) The set of torsion-free classes in modΛ.
(g) The set of isomorphism classes of basic two-term silting complexes in Kb(projΛ).
(h) The set of intermediate bounded co-t-structures in Kb(projΛ) with respect to the

standard co-t-structure.
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(i) The set of intermediate bounded t-structures in Db(modΛ) with length heart with

respect to the standard t-structure.
(j) The set of isomorphism classes of two-term simple-minded collections in Db(modΛ).
(k) The set of quotient closed subcategories in modKQ.

(l) The set of subclosed subcategories in modKQ.

We have given bijections between (a), (b), (c) and (d) in the previous section. Bijections
between (g), (h), (i) and (j) are the restriction of [KY] and it is given in [BY, Corollary
4.3] (it is stated for Jacobian algebras, but the statement holds for any finite dimensional
algebra). Bijections between (a), (k) and (l) are given by [ORT] (note that a bijection (a)
and (k) holds for any acyclic quiver with a slight modification, see [ORT]).

A bijection between (c) and (g) is shown by [AIR, Theorem 3.2] for any finite dimen-
sional algebra.

Bijections between (a), (e) and (f) follow from the next statement, which provides
complete descriptions of torsion classes and torsion-free classes in modΛ.

Proposition 26. (i) For any torsion class T in modΛ, there exists w ∈ WQ such

that T = FacIw.
(ii) For any torsion-free class F in modΛ, there exists w ∈ WQ such that F =

SubΛ/Iw.

Remark 27. It is shown that objects FacIw and SubΛ/Iw have several nice properties.
For example, FacIw and SubΛ/Iw are Frobenius categories and, moreover, stable 2-CY

categories which have cluster-tilting objects. They also play important roles in the study
of cluster algebra structures for a coordinate ring of the unipotent cell associated with w
(see [BIRS, GLS]).
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