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REPRESENTATIONS OF THREAD QUIVERS

CARL FREDRIK BERG AND ADAM-CHRISTIAAN VAN ROOSMALEN

ABSTRACT. We introduce thread quivers as an (infinite) generalization of quivers, and show
that every k-linear (k algebraically closed) hereditary category with Serre duality and enough
projectives is equivalent to the category of finitely presented representations of a thread quiver.
In this way, we obtain an explicit construction of a new class of hereditary categories with Serre
duality.
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1. INTRODUCTION

We will assume all categories are k-linear for an algebraically closed field k. In representation
theory, one often considers the category of finite-dimensional k-representations of a finite acyclic
quiver. The category of representations is then an Ext-finite hereditary category with Serre duality
and enough projectives.

One possible generalization is to replace the ‘finite quiver’ with a ‘strongly locally finite quiver’,
i.e. a quiver such that all the indecomposable projective and injective representations have finite
k-dimension. Again, the category of finite-dimensional k-representations of a strongly locally finite
quiver is an Ext-finite hereditary category with Serre duality and enough projectives.

In this paper, we provide a further generalization by replacing the strongly locally finite quiver
with a strongly locally finite thread quiver. Roughly speaking, a strongly locally finite thread
quiver can be thought of as a strongly locally finite quiver where some arrows have been replaced
with locally discrete linearly ordered sets (thus combining quivers with the posets considered in
[23]). We will give a more precise definition of a thread quiver further in this introduction.

The following theorem is our main result (it will be proven in Section []).

Theorem 1. (1) The category of finitely presented representations of a strongly locally finite
thread quiver is a hereditary Ext-finite category with Serre duality and enough projectives.

(2) A hereditary Ext-finite category with Serre duality and enough projectives is equivalent to

the category of finitely presented representations of a strongly locally finite thread quiver.

Our interest in thread quivers comes from a project to understand and classify hereditary
category satisfying some additional homological properties. Highlights of this project include
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Happel’s classification of hereditary categories having a tilting object ([I4]) and Reiten-Van den
Bergh’s classification of noetherian hereditary categories with Serre duality ([20]).

In the latter, a new type of hereditary category with Serre duality was encountered, which
is generated by preprojectives but does not have enough projectives; these categories were con-
structed by formally inverting a right Serre functor of a related category (we refer to [20] for
details). In [24], Ringel gave an alternative construction using ray quivers. In [6], it was shown
that every noetherian category generated by preprojective objects is derived equivalent to the
category of finite-dimensional representations of a strongly locally finite quiver.

When considering hereditary categories which have Serre duality, but which are not necessarily
noetherian, Reiten suggests in [21] to consider categories generated by preprojective objects as
a possible first step. Generalizing the techniques from [6], we have shown in [7] that every such
category is derived equivalent to a hereditary category with Serre duality and enough projectives.
Theorem [I] classifies these categories by thread quivers, completing the project proposed in [21]
up to derived equivalence.

Thread quivers will be used to classify a certain kind of additive categories, and the modules
over those categories will be the representations of the thread quiver. To make this more precise,
we recall some definitions.

A finite k-variety is a Hom-finite additive category a where idempotents split. The functors
a(—, A) and a(A, —)* from a to modk will be called standard projective modules and standard
injective modules, respectively. We will write mod a for the category of contravariant functors
a — mod k which are finitely presentable by standard projectives.

We will say that a finite k-variety a is dualizing if and only if (Proposition A1) a has pseu-
dokernels and pseudocokernels (thus mod a and mod a® are abelian, where a® is the dual category
of a), every standard projective object is cofinitely generated by standard injectives, and every
standard injective object is finitely generated by standard projectives.

The following theorem will be proven in Section [l

Theorem 2. Let a be a finite k-variety. The following are equivalent:

(1) moda is abelian and has Serre duality,
(2) a is a dualizing k-variety and every object of mod a has finite projective and finite injective
dimension.

A finite k-variety a is called semi-hereditary if and only if the category moda is abelian and
hereditary. It has been shown ([3] [26], see Proposition [B]) that a is semi-hereditary if and only if
every full (preadditive) subcategory with finitely many elements is semi-hereditary.

Intuitively, a semi-hereditary dualizing k-variety can be seen as the free k-linear path category
kQ of a strongly locally finite quiver k without relations, but where some arrows are replaced with
infinite locally discrete (= without accumulation points) linearly ordered posets. To accommodate
this extra information, we will introduce thread quivers.

A thread quiver consists of the following information:

e A quiver @ = (Qo, Q1) where Qg is the set of vertices and @ is the set of arrows.

e A decomposition Q1 = Q][ Q. Arrows in Qs will be called standard arrows, while arrows
in @Q; will be referred to as thread arrows.

e For every thread arrow ¢, there is an associated linearly ordered set Py, possibly empty.

. P . . .
With every thread arrow t:z-'>y in @ we associate a locally discrete (= there are no
accumulation points) linearly ordered poset £; with a minimal and a maximal element: namely

L =N- (P, X Z) - —N, where A - B means “first A, then B” and P; X7 is the poset P; x Z with
the lexicographical ordering (see Figure [I]).

The poset L; is interpreted as a category in the usual sense, and kL; will denote the associated
k-linear additive category.

To recuperate the semi-hereditary dualizing k-variety from the thread quiver @, we need to
replace the thread arrows with the corresponding linearly ordered posets. Since it is cumbersome
—albeit possible- to do this “by hand”, we will prefer a more global approach: a 2-pushout.
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FIGURE 1. The poset L;

For a thread quiver @), denote by @, the underlying “regular” quiver, thus where all the thread
arrows are regular (and unlabeled) arrows. By kQ, we will denote the normal k-linear additive
path category of Q.

For every thread arrow ¢ : xt-----P--t-->yt of @, there are associated functors k(z: — y1) — kQu
and k(x; — y:) — kLy where L, = N - (P X Z) - —N as above. The semi-hereditary dualizing
k-variety kQ is then defined as a 2-pushout of

Bico, k(- = ) —L>kQ,

|

@tth kﬁt

effectively replacing the thread arrows in ) with the required linearly ordered posets. It will be
shown in Theorem [[.21] that every semi-hereditary dualizing k-variety is obtained in this way.

An added advantage of the construction of kQ as a 2-pushout is that we gain the following
description of the category rep, () = mod kQ): the objects of the category rep () are given by the
following data

(1) a finitely presented representation N(—) : kQ, — modk of kQ,,
(2) for every thread t, a finitely presented representation L:(—) : £; — mod k, and
(3) a natural equivalence « : &L (g—) = N(f—).

The morphisms are given by the modifications, thus given the data (N, {L:}+, @) and (N’ {L}}+, &)
of two representations, a morphism is given by

(1) a natural transformation 8 : N = N,
(2) a natural transformation vy : ®:L; = L}

such that the following diagram commutes:

@i Li(g—) —— N(f-)

7'1gl lﬂ-lf

& Li(g-) —= N'(/-)
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2. PRELIMINARIES

2.1. Notations and conventions. Throughout, let k be an algebraically closed field. All consid-
ered categories will be assumed to be k-linear unless explicitly mentioned. When V' is a k-vector
space, then V* denotes the dual vector space, thus V* = Homy (V, k).
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When P, <1 and Ps, <, are posets, we will denote by P; - P, < the poset with underlying set
Py [ P2 and with a partial ordering < given by

a,bePyanda <1 b
a<bs a,b € Pyand a<sb
a€Ppand be Po

If P1, <1 and Py, <5 are posets, then we will write Py ? Ps, < for the partially ordered set with
underlying set P; x Py endowed with the lexicographical ordering.

When writing a poset we will usually suppress the partial ordering, thus writing P instead of
P, <. We will always interpret a poset as a small category in the usual way, thus P(a,b) consists
of a single element if and only if a < b. Note that the category P is thus not k-linear. We will
write kP for the k-linear additive category generated by P (see also Section [24]), thus the objects
of kP are finite direct sums of objects in P and kP (a,b) = k when a,b € P and a < b.

Let C be a Krull-Schmidt category. By ind C we will denote a set of chosen representatives of
isomorphism classes of indecomposable objects of C. If C' is a Krull-Schmidt subcategory of C,
then we will assume indC’ C ind C.

For XY € indC, we will denote [X,Y] for the full replete (= closed under isomorphisms)
additive subcategory of C such that for all Z € indC, we have Z € ind[X,Y] < C(X,Z) # 0 and
C(Z,Y) # 0. The subcategories [X,Y[,]X,Y] and | X, Y[ are defined in a straightforward manner.

2.2. Serre duality. Let C be a Hom-finite triangulated k-linear category. A Serre functor [8] on C
is an additive auto-equivalence S : C — C such that for every X,Y € Ob(C there are isomorphisms

Hom(X,Y) = Hom(Y, SX)*

natural in X and Y, and where (—)* is the vector-space dual.
We will say that C has Serre duality if C admits a Serre functor. An abelian category A is said
to satisfy Serre duality if the bounded derived category DA has Serre duality.

2.3. Quivers and free categories. A quiver @ is a pair (Qo, @1) consisting of a small set Qg of
vertices and a small set @1 of arrows between the vertices such that between two elements of Qo,
the set of arrows is a small set. Note that we allow multiple arrows and loops. A map f: Q — Q’
between quivers consists of a map fo : Qo — Qf of objects and a map f1 : Q1 — Q) of arrows
such that f1(A — B) is an arrow from fo(A) to fo(B).

We will say a quiver is finite if both Qo and @ are finite. A quiver Q is locally finite if every
vertex is incident to only a finite number of arrows and @ is said to be strongly locally finite if it
is locally finite and has no infinite paths of the form ¢ — e — --- or --- — e — e. In particular,
a strongly locally finite quiver has no oriented cycles (and hence no loops).

Equivalently, a quiver is strongly locally finite if and only if all indecomposable projective and
injective representations have finite length.

A commutativity condition on a quiver is a pair of oriented paths, both starting in the same
vertex and ending in the same vertex. We write €ondQuiver for the category whose objects
are given by quivers with a set of commutativity conditions and whose morphisms are given by
morphisms of quivers  — @’ mapping a commutativity condition of ) to a commutativity
condition of @’. Note that the category of quivers is a full subcategory of €ondQuiver.

Let €at be the 1-category of small categories and functors. There is an obvious (faithful)
forgetful functor Cat — CondQuiver admitting a left adjoint Free : CondQuiver — Cat (see [9]
Proposition 5.1.6]). For a quiver @, the category Free @) is called the free category or the path
category of Q. Note that the free category of a quiver is not k-linear.

2.4. 2-categories and 2-colimits. We will give a brief overview of the notation and terminology
of 2-categories we will use. Our main references are [9, 28]. Let €at be the 1-category of all small
categories, thus the objects are given by small categories and the morphisms by functors.

A (strict) 2-category, also called a €at-category (see [10, [I6]), is a category enriched over Cat.
Our main example will be k-Uar, the 2-category of all small k-linear additive categories with split
idempotents:
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FIGURE 2. The left diagram illustrates the vertical composition foa : F = H
and the right diagram illustrates the horizontal composition S e « : G o F} =
G2 o Fg.

e the O-cells are given by small k-linear additive categories with split idempotents,
e the 1-cells are the k-linear functors,
e the 2-cells are natural transformations.

Definition 2.1. A small k-linear additive category with split idempotents will also be called a
k-variety (following [T, 2]). We refer to Section M for more information.

Composition of 1-cells is denoted by o. Following [18] 28] we will write o for vertical composition
of 2-cells and e for horizontal composition, as illustrated in Figure We have the following
equation

(1) (yed)o(aef)=(yoa)e(dop)
We proceed to define a 2-colimit over a 2-functor.
Definition 2.2. Let Z be a small 1-category. A 2-functor (with strict identity) a : T — k-Lar is

given by the following data:

(1) a 0-cell a(i) of k-Var for every i € ObZ,

(2) al-cell a(s) : a(i) — a(j) of k-War for every morphism s :i — j in Z and a(1;) = 14(; for
all 7 € ObZ, and

(3) anatural equivalence ®(s, t) : a(tos) = a(t)oa(s) for all composable morphisms s,t € ObZ,

satisfying the following condition: for three composable morphisms u,t,s € MorZ, we have the
following commutative diagram

a(uotos) Pltos) a(u)a(tos)
@(s,uot)l llu(u)nd)(s,t)
D(t,u)ely(s
a(uot)a(s) @ o a(wa(t)als)

Example 2.3. For every object C of k-Uar, there is a 2-functor C : 7 — k-Uar sending every
object of Z to C and sending every morphism of C to the identity on C.

Definition 2.4. Let a,b : Z — k-Uar be two 2-functors. A 2-natural transformation f : a — b

consists of the following data:

(1) a l-cell §; : a(i) — b(i) of k-Bar for every i € ObZ, and
(2) a natural equivalence ) : b(s) o f; — f; o a(s) for every morphism s : i — j in Z.
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such that for any two composable morphisms s : ¢ — j, t : 7 — k in Z, we have the following
commutative diagram

@h(s,t)oln
b(tos)ofi b(t) o b(s) o f;
llb(t)oei
0l b(t) o fi o a(s)
leioln(s)

fro®® (s,t)

froa(tos) fr 0 a(t) o als)

Definition 2.5. Let a,b : Z — k-Uar be 2-functors and f, g : a — b be 2-natural transformations.
A modification A : §f — g consists of a 2-cell A; : f; — g; for all objects ¢ € Z such that for all
5 :4— 7 in Z the following diagram commutes

0]
b(s) o fi ——f; 0 als)

1b(s)oAil lAj.ln(s)
L]

b(s) o gi ——gj o a(s)

Definition 2.6. The 2-functors, 2-natural transformations, and modifications form a (strict) 2-
category called 2F(Z, k-Qav).

We can now give the definition of a 2-colimit.
Definition 2.7. Let a : Z — k-Uar be a 2-functor. We say a admits a 2-colimit if and only if

there exist

(1) a k-linear additive category with split idempotents 2 colim a, and
(2) a 2-natural transformation o : @ — 2 colima,

such that for every category C the functor
(= o0): Homy_g34.(2colima,C) — Homax(a,C)
is an equivalence of categories.
Remark 2.8. The fact that (— o o) is fully faithful can be restated as follows: Let f,g: a — C be
2-natural transformations and let A : f — g be a modification. Let f,g : 2colima — C be two

functors corresponding to f and g, respectively. Then there is a unique natural transformation
« : f — g such that the following diagram commutes:

fi ——— g

.

o0g; —= goo;
f v ael,, 9 4

Remark 2.9. Although the universal property of a 2-colimit is stated for covariant functors, it also
holds for contravariant functors.

We have the following result (|28, Theorem A.3.4]).

Theorem 2.10. Denote by EAT the 2-category of all small categories. Let T be a small 1-category,
and a : T — CAT a 2-functor. Then a admits a 2-colimit.

One may construct this 2-colimit as follows ([28]). We start by constructing a category fI a.
We set
Ob/ a={(i,X)|i€ObZ X € Oba(i)} = [ Oba(i).
T

i€l
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and
Hom((i, X), (,Y)) = {(s, ) | s € Z(i, j), f € Homg;)(a(s)(X),Y)}.

The composition is defined as (¢,g) o (s, f) = (tos,goa(t)(f)). Note that for every ¢ € ObZ there
is a natural functor a(i) — [} a.
We consider the set S of morphisms of fI a given by

S={(s,f):(6,X) = (4,Y)| f:a(s)(X) =Y is an isomorphism}.

It is then shown that ([, a)[S™'] together with the canonical functors a(i) — ([, a) [S7] is a
2-colimit of a.

We will be interested in 2-colimits in the 2-category k-Uatr of k-varieties. In general, 2-colimits
taken in €AY of k-varieties need not be k-varieties. In this paper, we will follow the outline below.

Let £€AT be the 2-category of all small k-linear categories. The forgetful 2-functor U : k€AT —
AT (called a morphism of bicategories in [5, 25]) has a left adjoint €AT — kCAT which associates
to every Hom-set a vector space generated by that Hom-set (see [10, Proposition 6.4.7] or [16]
Section 2.5]).

Likewise, the embedding 2-functor k-Uar — kCAT from the 2-category of small k-linear cat-
egories to the 2-category of k-varieties also has a left adjoint k€AT — k-Lar as given in [I]
Proposition 2.3 and Corollary 2.4].

Combining these two statements shows that the forgetful 2-functor F' : k-Uar — €AT has a
left adjoint k£ : €AT — k-Lar. Thus for each small category C and each k-variety D, there is an
equivalence Homegx (C, F'D) = Homy,_g3,,(kC, D) natural in both components.

In particular, the functor k : €AT — k-Yar commutes with 2-colimits (see [25]). Thus if
a:Z — CAT is a 2-functor (as defined in Definition [2.2]), then k(2 colim a) 2 2 colim(k o a), where
the first 2-colimit is taken in €AT and the second 2-colimit is taken in k-Yar. All 2-colimits we
will consider in this article will be of this form.

Example 2.11. Consider the quivers

Ay r—>1y

Ay a b c d

Q:

and consider the fully faithful functors given by

Free Ay — Free Ay Free A, — Free@
r — a z — 3
y — d y = 4

The 2-colimit in €AT of the 2-functor a : T — CAT whose image is given by

Ay —Q

!

Ay
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can be described as follows. The category fz a is the free category generated by the quiver

b c

Ww<—8—>09
e —>Q,

1 \ - 5
2 — T 6
with the extra conditions that the two rectangles commute. The category ( fI a)[S~1] is given by

formally inverting the vertical arrows. In this way, one obtains a category equivalent to the free
category of the quiver Q' given by

When replacing the free categories associated to As, A4, and Q) by the categories kAo, kA4, and
kQ, the 2-colimit taken in k-Uar is the category kQ'.

3. PREADDITIVE SEMI-HEREDITARY CATEGORIES

Let a be a small preadditive category. A right a-module is a contravariant functor from a to
Mod k, the category of all vector spaces. The category of all right a-modules is denoted by Mod a.
If f: a — bis a functor between small preadditive categories then there is an obvious restriction
functor
(=)a : Mod(b) — Mod(a)
which sends N to N o f. This restriction functor has a left adjoint
— ®gq b : Mod(a) — Mod(b)

which is the right exact functor which sends the projective generators a(—, A) in Mod(a) to
b(—, f(A)) in Mod(b). As usual if f is fully faithful we have (N ®q b)q = N.

Let M be in Mod(a). We will say that M is finitely generated if M is a quotient object of a
finitely generated projective. We say that M is finitely presented if M has a presentation

P—-Q—-M-—=0

where P, () are finitely generated projectives. It is easy to see that these notions coincides with the
ordinary categorical ones. The full subcategory Mod a spanned by the finitely presented modules
will be denoted by mod a. If mod a is an abelian category, we will say that a is coherent.

Dually we will say that M is cofinitely generated if it is contained in a cofinitely generated
injective. Cofinitely presented is defined in a similar way.

The categorical interpretation of the latter notions is somewhat less clear. However if a is Hom-
finite then both finitely and cofinitely presented representations correspond to each other under
duality (exchanging a and a°).

It is well known that a is coherent if and only if it has pseudokernels, i.e. if for every morphism
A — B in a there is a morphism K — A such that

a(—, K) = a(—,A) = a(—,B)

is exact. Pseudocokernels are defined in a dual way.

With every object A of a, we may associate a standard projective a(—, A) and a standard
injective a(A,—)*. Tt is clear that every finitely generated projective is a direct summand of a
finite direct sum of standard projectives. If a has finite direct sums and idempotents split in a,
then every finitely generated projective is isomorphic to a standard projective. Dual notions hold
for injective objects.
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A morphism A — B in a is a radical morphism if there are no maps X — A and B — X such
that the composition
X—-A—-B->X

is an isomorphism, where X is not zero. The set of all radical morphisms in a(A, B) is denoted
by rad(A, B); it is a subspace of a(4, B). With an indecomposable object A € inda, we may
associate in a straightforward way the standard simple object Sa as a(—, A)/rad(—, A).

We say that a small preadditive category a is semi-hereditary if the finitely presented objects
mod(a) in Mod(a) form an abelian and hereditary category. The following proposition ([26], see
also [3, Theorem 1.6]) makes it easy to recognize semi-hereditary categories in examples.

Proposition 3.1. Let a be a small preadditive category, then a is semi-hereditary if and only if
any full subcategory of a with a finite number of objects is semi-hereditary.

Lemma 3.2. Let b — ¢ be a full embedding of preadditive categories. Then — ®p ¢ : mod(b) —
mod(c) is fully faithful.

Proof. This may be checked on objects of the form b(—, B) where it is clear. O

Since (— ®p ¢, (—)p) is an adjoint pair, if follows from this lemma that (— ®p ¢)p is naturally
isomorphic to the identity functor on mod(b).
The following result is a slight generalization of [3, Proposition 2.2].

Proposition 3.3. Let b — ¢ be a full embedding of semi-hereditary categories. Then the (fully
faithful) functor — ®p ¢ : mod(b) — mod(c) is ezxact.

Proof. Let M € mod(b) and consider a projective resolution 0 — P LN Py = M — 0 in mod(b).
Then P is a direct summand of some @ ,b(—, B;). Put K = ker(6 ®; ¢). Then K is a direct
summand of P; ®p ¢ (since ¢ is semi-hereditary) and K, = 0 (since 6 is injective).

Assume that K is non-zero. Since K is a direct summand of P; ®;, ¢ we obtain a non-zero
map P ®p ¢ — K and hence a non-zero map ®!" ,¢(—, B;) — K and thus ultimately a non-zero
element of some K (B;), contradicting the fact that K, = 0.

Thus K = 0. If we denote the left satellites of — @ ¢ by Tor?(c, —) then we have just shown
that Torf(c, —) = 0 for 7 > 0. Hence — ®y, ¢ is exact. O

4. DUALIZING k-VARIETIES

We recall some definitions from [I} 2]. A Hom-finite additive k-linear category where idempo-
tents split is called a finite k-variety. Such a finite k-variety is always Krull-Schmidt.

Denote by Mod)¢q a the abelian category of locally finite-dimensional right a-modules, thus the
full subcategory of Mod a spanned by all contravariant functors from a to mod k. Note that an
additive k-linear category where idempotents split is a finite k-variety if and only if every standard
projective and standard injective lies in Mod¢q a.

Let a be a finite k-variety. There is a duality D : Modjqq @ — Modjtq a° given by sending a
module M € ObModigg a to the dual D(M) where D(M)(z) = Homy (M (z), k) for all z € a. If
this functor induces a duality D : mod a — mod a® by restricting to the finitely presented objects,
then we will say that a is a dualizing k-variety.

The following proposition gives a different characterization of dualizing k-varieties (compare
with [2] Theorem 2.4]).

Proposition 4.1. Let a be a finite k-variety, then a is a dualizing k-variety if and only if

(1) a has pseudokernels and pseudocokernels, and
(2) every standard projective is cofinitely presented and every standard injective is finitely
presented.

Proof. Assume that a is a dualizing k-variety, so that there is a duality D : moda — mod a®.
Since mod a® C Mod¢q a° is closed under taking cokernels, we know that moda C Modjq a is
closed under taking kernels, and hence a has pseudokernels. Likewise, one shows that a° has
pseudokernels or, dually, that a has pseudocokernels.
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Let I be a standard injective in Modi¢q @, so that DI is a standard projective in Modgq a®. We
then know that DI € Obmod a® and thus by duality I € Obmod a so that I is finitely presented.

Let P be a standard projective in mod a. Since D induces a duality between mod a and mod a°,
we know that DP is an object in mod a®, hence finitely presented. Taking the vector space dual
of a projective resolution in mod a® yields an injective resolution in mod a. We obtain that P is
cofinitely presented.

For the other direction, let X € mod a®. Since X is finitely presented, the dual DX € Modq a
is cofinitely presented, thus there is an exact sequence

0 DX =1L

in Modjtg a. By assumption a has pseudokernels such that moda is an exact subcategory of
Modi¢q a. It now follows that DX € moda so that the functor D : Modjgq a® — Modj¢q a restricts
to a functor D : mod a®° — mod a.

Similarly, one shows that there is a functor D : moda — mod a® and since D? =2 1, these are
equivalences. This shows that a is a dualizing k-variety. O

Remark 4.2. Tt follows from Proposition 1] that every object in the abelian category mod a has
a projective resolution and an injective resolution. These resolutions need not to be finite.

Remark 4.3. If a is a dualizing k-variety, then both mod a and mod a® are abelian.

Example 4.4. Let P be the poset given by P = {a, b, ¢} with a < ¢ and b < ¢, and let Q be the
poset N - P, thus we may think of Q as

Denote a = £Q. All the standard projective representations of a are cofinitely presented and all
the standard injective representations are finitely presented, but a does not have pseudokernels.
Indeed, the kernel of the obvious map a(—,a ®b) — a(—, ¢) is not finitely generated. We conclude
that a is not a dualizing k-variety.

Observation 4.5. (1) If @ is a strongly locally finite quiver (i.e. all the indecomposable
projective and injective representations have finite dimension as k-vector space) then the
k-linear additive path category kQ of @ is a semi-hereditary dualizing k-variety.

(2) Let a be a dualizing k-variety, then moda is also a dualizing k-variety (|2, Proposition
2.6]).

(3) Let a be a triangulated finite k-variety with Serre duality, then a is a dualizing k-variety.
The pseudokernels and pseudocokernels are given by the cones, and Serre duality shows
that the subcategory of standard injectives and the subcategory of standard projectives
coincide. (Moreover, a triangulated finite k-variety is a dualizing k-variety if and only if
it satisfies Serre duality [15, Proposition 2.11])

(4) Tt follows from [4] that any functorially finite full subcategory b of a dualizing k-variety a
is again dualizing. This is the case when, for example, the full embedding b — a admits
a left and a right adjoint (cf. Proposition [51]).

Example 4.6. Let A be the quiver - — -, then the categories kAs, mod kAs, and D mod kA,
are dualizing k-varieties.

Example 4.7. The category cohP! is not a dualizing k-variety since the standard projective
module Hom(—,Op1) € mod(cohP!) is not cofinitely generated. However, D°cohP! has Serre
duality and is thus a dualizing k-variety.
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When a is a dualizing k-variety, then mod a does not necessarily satisfy Serre duality (see
Example [13). The following theorem gives necessary and sufficient conditions (compare with
[11, Theorem 3.5]).

Theorem 2. Let a be a finite k-variety. The following are equivalent:

(1) moda is abelian and has Serre duality,
(2) a is a dualizing k-variety and every object of mod a has finite projective and finite injective
dimension.

Proof. We denote by P and Z the full additive subcategories of Mod a generated by the standard
projectives and standard injectives, respectively.

First, assume that a is a dualizing k-variety and that every object of mod a has finite projective
and finite injective dimension. In this case, the canonical embeddings K bP — DPModjsg a and
K*T — D" Modiq a induce equivalences of K*P and K°®Z with D moda. Let N : K*P — K°Z be
the equivalence induced by the Nakayama functor P — Z given by sending a(—, A) to a(A, —)*.
We define an autoequivalence S : D’ mod a — D’ mod a by

S: D'moda = K*P & KT = DY mod a.

Every X,Y € D’moda correspond to bounded complexes of projectives in K®P and in order to
show S is a Serre functor we may reduce to the case where X = a(—, A) and Y = a(—, B). The
required isomorphism

Hom(a(—, A), a(—, B)) 2 Hom(a(—, B),a(4, —)*)*

follows from the Yoneda lemma.

For the other direction, we assume that moda is abelian and has Serre duality. For A, B €
Obmoda, we have Ext’ 4 .(4, B) = Hompe moq o (A4, Bli]) & Hompe meq o (Bi], SA)*, where S is
a Serre functor on D® mod a, such that Ext’(A4, —) can only be nonzero for finitely many i’s. This
shows that every object has finite projective dimension. Likewise one shows every object has finite
injective dimension.

Since every object of mod a has a finite projective resolution, the natural embedding K*P —
DYmod a is an equivalence. There is an equivalence i : K*Z — D? mod a given by the composition

-1
KbIN—> Kp %’Dbmoda&Dbmoda.

We want to show that a(A, —)* € Modzq a is isomorphic to ia(A, —)* € D’ mod a. Consider the
isomorphisms

a(4,—)"(B) =a(A4,B)" = Hompsyeaa(a(—, A4),a(—, B))"
> Homps moaa(N 1a(A, —)*,a(—, B))*
= Hompe moeda(a(—; B), (So N~ H)a(4, —)*)
= Homps meda(a(—, B),ia(A,—)")

IR

(ia(A,=)")(B)

where the first and the last isomorphisms are given by the Yoneda Lemma. Since the above
isomorphisms are natural in A and B, these isomorphisms give a natural equivalence between
a(A,—)* € Modjg @ and ia(A,—)* € D’moda as required. Hence i : K°Z — D’moda C
DP Modygq a is naturally equivalent to the canonical embedding K*Z — D? Mody¢q a, implying that
every object of D’ moda has a finite resolution by standard injectives and that every standard
injective is finitely presented.

Since mod a is abelian, a has pseudokernels. Since every standard injective is finitely presented,
the full subcategory Z C Modisq a lies in mod a. Moreover, every M € mod a is cofinitely presented
and hence mod(a®) = (mod a)°. Hence mod(a®) is abelian and a has pseudocokernels. Proposition
[T yields that a is a dualizing k-variety. O

Remark 4.8. The main ingredient in the above proof is to lift the Nakayama functor P — 7 to
obtain an equivalence N : K®P — K®Z. This is a common way to construct a Serre functor and
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has been applied in [11] 13| 19, 20], for example. In particular, one may obtain Theorem [2] as a
consequence of [IT, Theorem 3.5].

Corollary 4.9. Let a be a finite k-variety. The category moda is abelian, hereditary, and has
Serre duality if and only if a is a semi-hereditary dualizing k-variety.

Proof. That mod a is abelian and hereditary if and only if a is semi-hereditary is the definition of
semi-heredity.

Assume that a semi-hereditary dualizing k-variety. In this case, mod a is hereditary and hence
the projective and injective dimensions of every object are bounded above by one. We may then
apply Theorem [2] to see that mod a has Serre duality.

For the other direction, assume that mod a is abelian, hereditary, and has Serre duality. In this
case, Theorem [2 yields that a is a dualizing k-variety. (]

Remark 4.10. The following example shows that there are dualizing k-varieties a such that mod a
has infinite global dimension but mod a still has Serre duality.

Example 4.11. Let @ be an A, quiver with zig-zag orientation where every zig has one more
arrow than the preceding zag, labeled as in Figure Bl We define a relation on @ by requiring the
composition of any two arrows to be zero. The associated additive category b is a dualizing k-
variety by Proposition [l Since every object of mod b has finite projective dimension, Theorem
yields that mod b has Serre duality. However, denoting by S(v) the simple representation
associated with the vertex v € @, we see that the projective dimension of S(at) is i so that the
global dimension of mod b is infinite.

ag by = ad b = a}
\1 1/ \ 2 2 / \ 3
a; =by af by ay
a3 = b3 as
a3 = b3
FIGURE 3.

Remark 4.12. The category mod b is piecewise hereditary. Indeed, let a = kQ (thus disregarding
the conditions on the composition in Example [L17]) then one may define a fully faithful functor
by
i:a® — D’modb
aj = S(a})[~]]

by~ S(5)[-J]

The essential image of i forms a partial tilting set ([26]) in D’ mod b and hence lifts to a fully
faithful and exact functor i : D’ mod a® — D?mod b. Since a° generates D® mod b as a triangulated
category, ¢ will be an equivalence of triangulated categories.

Example 4.13. Let ) be an AY quiver with linear orientation where the vertices are labeled by

integers, as in
-2 0 2
-3 -1 1 3
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Let b be the associated finite k-variety one obtains by requiring that the composition of any two
arrows is zero. Then b is a dualizing k-variety (it is equivalent to the category D®mod kAs from
Example [.6)).

Since all indecomposables of mod b are either projective—injective or isomorphic to a standard
simple, it is easy to check that mod b has left and right almost split sequences, but Theorem
shows that D’mod b has no Serre functor since every standard simple module of b has infinite
projective dimension.

Remark 4.14. As in Remark 412 one shows that the category mod b from the previous example
is piecewise hereditary. Denote by a the k-linear path category k@ (without relations). There is
an equivalence F' : D’ mod a® — D®mod b induced by

i:a° — D’modb
n — Sn)[-n]

where S(n) is the standard simple associated with the indecomposable n € Ob b. Note that mod a°
has nonzero projectives but no nonzero injectives, hence it does not satisfy Serre duality (see [20,
Theorem Al).

Remark 4.15. Since the category of projectives P and the category of injectives Z in mod b coincide,
we may lift the Nakayama functor N : P — Z to a Serre functor on the category of perfect
complexes (see for example [11] 19]).

The category of perfect complexes corresponds under the functor F : D’ mod a® — D?mod b
to the subcategory D® modgq a® of D® mod a°, where modgq a° is the category of finite dimensional
modules of a®. It has been shown in [23] that modgy a® does indeed satisfy Serre duality.

Let a be a finite k-variety and A an indecomposable object in a. A map f: A — M is called
left almost split if every nonsplit map A — B factors through f. Dually, a map g : N — A is
called right almost split if every nonsplit map B — A factors through g.

We will say a finite k-variety a is locally finite and locally discrete if every indecomposable
object A of a admits a left almost split map A — M and a right almost split map N — A.

Example 4.16. Let @ be a finite quiver. The path category kQ is locally discrete and locally
finite.

Example 4.17. Let P be the poset N-{+0c0}. We may draw the Auslander—Reiten quiver of kP
as

0 1 2 S T +00

It is clear that kP is not locally discrete since there is no right almost split map N — (+00). Note
that +oco is an accumulation point of P.

We now give an equivalent formulation of these properties.

Proposition 4.18. A finite k-variety is locally finite and locally discrete if and only if all standard
simples of a are finitely presented and cofinitely presented. Furthermore, every dualizing k-variety
is locally finite and locally discrete.

Proof. Assume that a is locally finite and locally discrete. For an indecomposable A € ind a, let
N — A be a right almost split map which gives rise to a map in mod a

a(—,N) — a(—, A4).
of which the cokernel is the standard simple S4. Dually, one shows all standard simples are
cofinitely presented.
Next, assume that all standard simples are finitely and cofinitely presented. We prove that

every indecomposable A € inda admits a left almost split map N — A, for a certain object
N € Oba. Consider a presentation of Sy

Q—a(—,A) — S4—0.

We may write the projective @ as a(—, N) and, since Sy = a(—, A)/rad a(—, A), the induced map
N — A is right almost split. Dually, one proves a A admits a left almost split map A — M.
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For the last part, let a be a dualizing k-variety and let A € Oba be an indecomposable object.
Denote by S4 € ObModjq a the associated standard simple representation. We know there is an
epimorphism a(—, A) — S4 in Modjtq a and, since DSy4 is a simple object in Modyq a, there is
an epimorphism a(A, —) — DS4 in Modygg a°. Applying D yields that S, is the image of a map
fa(—,A) = a(4, —)*. Proposition 1] yields that ker f € mod a.

There is now a short exact sequence 0 — ker f — a(—, A) — S4 — 0 which shows S4 €
Obmod a. ]

Remark 4.19. Tt has already been shown in [2] Proposition 3.2] that all standard simple represen-
tations of a dualizing k-variety are finitely presented.

5. (CO)REFLECTIVE SUBVARIETIES

Recall that a full replete (= closed under isomorphisms) subcategory of a category is called
reflective or coreflective if the embedding has a left or a right adjoint, respectively.

In this section we will consider such reflective and coreflective subcategories of finite k-varieties.
These subcategories occur often in the semi-hereditary case (Proposition 5.2) and the following
proposition show they preserve the properties we are interested in.

Proposition 5.1. Let a be a dualizing k-variety, b a finite k-variety, and i : b — a a full
embedding admitting a left adjoint i1, and a right adjoint ir. Then b is also a dualizing k-variety.
Furthermore, if (the abelian category) mod a satisfies Serre duality, then so does modb.

Proof. Let By — Bs be a map in b. Let K,C € Oba be a pseudokernel and pseudocokernel of
the map ¢B; — By in a, respectively. Then iz K is a pseudokernel and ¢7,C is a pseudocokernel
of Bl — BQ.

Let B € Obb and let a(—, A1) — a(—,4g) — a(iB,—)* — 0 be a projective resolution in
mod a, then b(—,igA;) — b(—,irAo) — b(B,—)* — 0 is a projective resolution in mod b. This
shows that every standard injective in mod b is finitely presented. Likewise, one shows that every
(standard) projective in b is cofinitely presented. Proposition ET] yields that b is a dualizing
k-variety.

Assume now furthermore that mod a satisfies Serre duality. By Theorem ] it suffices to show
that every object of mod b has finite projective and finite injective dimension. Thus consider an
M € mod b and assume a projective resolution of M ®j a is given by

0—a(—,4,) = —a(—4) = a(—A4) > M Qpa—0.
Restricting this to b and using that (— ®p a)p is equivalent to the identity functor on modb, we
find

0— b(—,ird,) = - = b(—,igd1) = b(—,igdo) = M =0

such that M has finite projective dimension. Analogously, one shows that every object in mod b
has a finite resolution by standard injectives. 0

The following proposition gives some examples of reflective and/or coreflective subvarieties.

Proposition 5.2. Let a be a semi-hereditary finite k-variety.

(1) Let M be a set of objects of mod a such that ), r,dim M(A) < oo for all A € Oba and
Ext! (My, My) = 0 for all My, My € M. Define a full subcategory a o, of a given by

Beaiy <= VYVMeM:M(B)=0.

The embedding i : ai \q — a has a left and right adjoint.

(2) LetY € inda, then the embedding supp a(—,Y) — a has a left adjoint.

(3) Let X,Y € inda. If a is a dualizing k-variety, then the embedding [X,Y] — a has a left
and a right adjoint.

(4) Let X,Y € inda and let b be the full subcategory of a such that no object in b has a direct
summand in [X,Y]. Then the embedding b — a has a left and a right adjoint.
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(1) We start by defining the right adjoint ig : @ — a1 . Let Ay — Az be a map in a
and consider the following commutative diagram with exact rows

0—— a(_7 All) - a(_7 Al) - @MGM Hom(a(_7 Al)? M)* ® M

‘ l |
Y
0 ——a(—, Ay) —a(—, A2) — P ;e Hom(a(—, A2), M)* @ M

Note that both ), Hom(a(—, A1), M)* ®x M and ;¢\, Hom(a(—, A2), M)* @5 M
lie in mod a (since ), , dim M (A) < oo for all A € Oba) and that M (A}) = M(A3) =
for all M € M (since Ext' (M, My) = 0 for all M;, My € M) so that A}, A, € Oba. .

Since the kernel, the Yoneda embedding, and the tensor product are functorial, it is
easy to see that the correspondence from A; — As to A} — A} is functorial. It is readily
checked that this functor is right adjoint to the embedding.

The left adjoint is defined in a dual way.
For every object A € Oba, consider the canonical map f4 : a(—, A) — Hom(4,Y)* ®
a(—,Y). Since mod a is hereditary, the image im f4 is a representable functor. Choose an
object A’ € Oba such that im f4 = a(—, A’). Note that A’ is a maximal direct summand
of A lying in suppa(—,Y).

Let A — B be a map in a. The following commutative diagram

a(—, A Hom(A4,Y)* ® a(—,Y)
\ /
.
/ \
a(—, B Hom(B,Y)* ® a(—,Y)

gives a map a(—,A’) — a(—,B’). The objects A" and B’ lie in suppa(—,Y) and the
correspondence A — B to A’ — B’ is functorial. It is readily checked that this defines a
left adjoint iy, : @ = suppa(—,Y) to the functor .

We will only prove that the embedding has a left adjoint; the right adjoint is dual. Let
a(—, Z) be a kernel of the canonical map a(—,Y) — a(X,Y) ® a(X, —)*. We show that
for any A € suppa(—,Y) we have A € supp a(X, —)* if and only if a(A, Z) = 0. Note that
by applying the exact functor Hom(—, a(X, —)*) to the exact sequence

0—=a(—2)—=a(—Y)—=aX,Y)®a(X,—)"
we see that Hom(a(—, Z), a(—, X)*) 2 a(X, Z)* = 0. Since a is semi-hereditary, a(A, Z) #
0 implies A ¢ supp a(X, —)*.

For the other direction: if a(A4,Z) = 0, then evaluating the exact sequence 0 —
a(—Z) = a(—,Y) = a(X,Y)®a(X,—)* in A shows that A € suppa(X,—)*.

By applying the first part of this proposition with M = {a(—, Z)}, we know that
[X,Y] — suppa(—,Y) has a left adjoint. The second part of the proposition implies
supp a(—,Y) — a has a left adjoint.

Consider the canonical map f: a(X,Y)*®a(—,Y) — a(X, —)*. Explicitly, there is a map
fz aX,) V)" ®a(Z)Y) — a(X,2)"
pRg = plgo-)
for each Z € a. Let M = im f; since M is the image of a map in mod a, we know that M
also lies in mod a. Moreover, it follows from the above description that M (Z) = 0 if and
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only if there are no maps in a(X,Y") which factor through Z, thus M(Z) = 0 if and only
if Z €b.

Next, we show that Ext(M,M) = 0. Let 0 - M — a(X,—)* — J — 0 be an
injective resolution of M. However, Ext(M, M) is a quotient group of Hom (M, J) which
is a subgroup of Hom(a(X,Y)* ® a(—,Y), J). Using the universal property of f, we can
show that every map a(—,Y) — a(X, —)* factors through f and hence through Z. This
shows that Hom(a(—,Y"), J) = 0 and thus also that Ext(M, M) = 0.

We can now apply the first part of the proposition to obtain the required property.

O

The following example shows that the conditions in the first statement of Proposition are
necessary.
Example 5.3. Let £ =N —N. By choosing M = {M,};cn where either

(1) M; = kL(—,4), or
(2) M; = S;, where S; is the simple representation associated with i € N C ObkL

we find an associated subcategory b = kL., such that the natural embedding b — kL does not
have a left adjoint. Here the subcategory b is generated by —N.

Propositions 5.1l and 5.2l will be used in the next section to deduce properties of semi-hereditary
dualizing k-varieties. We will give two examples to illustrate their use; a rigorous treatment follows
in Proposition

Example 5.4. Let P be the poset given by the following diagram

X X

Y1 Y

and let a be the semi-hereditary finite k-variety kP. By removing | X, Y[= [X1, Y1] as in Proposition
B2 we get a semi-hereditary finite k-variety b which is of the form kP’ where P’ is given by

\Y—> -

It is clear that b is not locally finite and locally discrete as there is no left almost split map
X — M. We conclude that, although a is a finite k-variety, it is not a dualizing k-variety.

Example 5.5. Let P be the semi-hereditary finite k-variety given by

X X — — = Y, Y

|

and let a be kP. Again we remove |X,Y[= [X1,Y1] as in the Proposition and obtain a
semi-hereditary finite k-variety b of the form kP’ where P’ is given by

| =

Here b is not locally finite and locally discrete. Indeed there is no left almost split map X — M.
Again we conclude a is not a dualizing k-variety.
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6. THREADS

Let a be a semi-hereditary dualizing k-variety. Recall from Proposition that every inde-
composable object A € Oba admits a left almost split map A — M and a right almost split
map N — A. Examples 5.4 and suggest that most indecomposables lying in a convex sub-
category should be—in some sense—nicely behaved. To make this rigorous, we introduce threads
and thread objects (see also [7, Definition 6.7]). The discussion in this section is similar to the
discussion in [7, Section 6].

Definition 6.1. If a is a semi-hereditary dualizing k-variety, an indecomposable object X € ind a
will be called a thread object if X has a unique direct predecessor and a unique direct successor,
or equivalently, there is a left almost split map X — M and a right almost split map N — X
where M and N are indecomposable. In this case, we will denote the representatives of M and NV
in inda by X* and X, respectively.

For X,Y € ind a, the subcategory [X,Y] will be called a thread if every indecomposable object
in [X,Y] is a thread object in a. A thread is called mazimal if it is not a proper subset of another
thread. It is called infinite if it contains infinitely many nonisomorphic indecomposables.

An indecomposable object which is not a thread object is called a nonthread object.

Proposition 6.2. Let a be a semi-hereditary dualizing k-variety, and X,Y,Z € ind a, then
(1) supp a(X, —)* and supp a(—, X) have only finitely many nonthread objects,
(2) if [X,Y] is a thread, then dima(X,Y) =1,
(3) if [X,Y] and [X, Z] are threads, then either [X,Y] C [X,Z] or [X, Z] C [X,Y].

Proof. (1) It follows from Proposition 1] that a(—, X) is cofinitely presented; let
0O—a(—,X)—=al,—-)" = a(J,-)" =0

be an injective resolution in mod a. Assuming that supp a(—, X) has finitely many non-
thread objects, one can use that a is semi-hereditary to show that either I or J has
infinitely many direct summands.
Alternatively, note that for every nonthread object Y € indsupp a(—, X), there is a

indecomposable direct summand I; of I such that Y € [I;, X]. One can embed a into
D’ mod a and apply [7, Lemma 6.17(1)] to see that [I;, X] has only finitely many nonthread
objects.

(2) Write V = a(X,Y)* and consider the canonical map a(—,Y)®V — a(X, —)* with image
F € mod a. We have the following short exact sequences

(2) 0 a(—, A) a(—Y) V——=F—=0

(3) 0——=F——a(X,—)"——a(B,—)*"——0

It is clear that every direct summand of A maps nonzero to Y. Furthermore, from the
second short exact sequence we obtain dim F(X) = 1 so that dimV > 1 would imply
dima(X,A) # 0. Thus at least one indecomposable direct summand A; of A lies in
[X,Y], hence A; is a thread object with direct successor A] € ind]X,Y] C inda. It
follows from the first short exact sequence that dim F(A4;) < dim F(A]).

However, applying Hom(a(—,Y"), —) to the sequence (@B)) yields a(B,Y’) = 0. In particu-
lar, since a is semi-hereditary, we have for every Z € [X, Y] that dima(B, Z) = 0 and thus
dim F(Z) = dima(X, Z). We find dima(X, A;) < dima(X, A]), a contradiction since a
is semi-hereditary.

(3) Let ¢ : [X,Y] — a be the natural embedding. By Proposition we know that the
embedding has a right adjoint ig : @ — [X,Y]. Let A be an indecomposable direct
summand of ir (7).

If A=Y, then a(Y, Z) # 0 so that [X,Y] C [X, Z].

Therefore, we will assume that A 2 Y and show that iA = Z. In this case, we
have A* € ind[X,Y]. Since A — AT is left and right almost split, we know that
dima(iA, Z) = dima(iA*, Z) if Z 2 iA. Using adjointness, we find dim Hom(A4,igZ) =
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dim Hom(A™,igrZ). This last statement is impossible since A is a direct summand of igZ.
We find that iA = Z and thus a(Z,Y) # 0. We conclude that [X, Z] C [X,Y]
(]

Corollary 6.3. Let a be a semi-hereditary dualizing k-variety. Every thread [X,Y] is equivalent
to kL for a linearly ordered locally discrete poset L with a mazimal and a minimal element.

Proof. Write b = [X,Y] and let £ = ind[X,Y]. We define a poset structure on £ by
A< B<=a(A,B)#0.

It follows from Proposition that £, < is a linearly ordered locally discrete poset with unique
minimal and maximal element. We will define a functor k£ — b as follows. For every A € b,
choose a nonzero element bx 4 € a(X, A).
For every A,B € indb with b(A, B) # 0, this gives a unique element by g € b(A, B) with
bx,p=bx a0ba B
The functor k£ — b, which is the identity on objects and sending the element (A < B) €
kEL(A,B) to ba,p € b(A, B), is fully faithful and essentially surjective, and hence an equivalence.
O

Corollary 6.4. Let a be a semi-hereditary dualizing k-variety, and let [X,Y] be an thread. If
Z € inda does not lie on [X,Y], then every map f : X — Z factors through a nonzero map
X =Y.

Proof. Let b be the full subcategory of a generated by objects not supported on [X,Y]. By
Proposition [5.2] the embedding i : b — a has a left adjoint iy, : a — b.
Using Proposition[6.2] it is straightforward to check that i, X = Y+ and dim Hom(X,Y ™) = 1.
For a Z € b, every morphism in Hom(X, Z) factors through n(1x) € Hom(i o i1 X, X ) where
7 :1— ioiy is the unit of the adjunction (ir, ). (]

In the next proof, we will use the notions of sinks and sources. An indecomposable object
S € inda is called a sink if S — 0 is a left almost split morphism. Dually, S € inda is called a
source if 0 — S is a right almost split morphism. Note that sinks and sources are never thread
objects.

Lemma 6.5. For any nonzero Y € a, the subcategory suppa(—,Y) contains a source and the
subcategory supp a(Y, —)* contains a sink.

Proof. We will only show that suppa(—,Y) contains a source; the other statement is dual.
Proposition [£1] yields that a(—,Y") is cofinitely presented. Let a(—,Y) — a(I,—)* be an in-
jective envelope. We show that any indecomposable direct summand S of I is a source. Let
M — S be a minimal right almost split morphism. Seeking a contradiction, assume that M = 0.
Since a is semi-hereditary, we know (by Proposition Bl) that M — S induces a monomorphism
a(S,—) — a(M, —) or thus an epimorphism a(M, —)* — a(S, —)*.

Let I' be the object I after replacing S by M. There is an obvious epimorphism a(I’,—)* —
a(I,—)* and using the projectivity of a(—,Y"), we find the following commutative diagram

CL(—, Y) - Cl(]/, _)*

a(—Y) ——a(l,-)*
From the minimality of a(—,Y) — a(I,—)* follows that the epimorphism a(I’,—)* — a(Il,—)*
splits and hence that M — S splits. A contradiction. We conclude that S € ind a is a source. O

Corollary 6.6. FEvery thread in a semi-hereditary dualizing k-variety lies inside a maximal thread.

Proof. Let [X,Y] be a thread in a semi-hereditary dualizing k-variety a. By Proposition [6.2] there
are only finitely many nonthread objects in supp a(—,Y) and by Lemma [6.5] we know that there is
at least one nonthread object in supp a(—,Y’). Proposition Bl implies that there are no cycles in
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a, so that there is a nonthread object Z € supp a(—,Y’) such that Z is the only nonthread object
in [Z,Y]. Let Z — M be a minimal left almost split morphism. Since Z € supp a(—,Y"), we know
that there is at least one direct summand X’ of M which lies in [Z,Y]. Since [X', Y] C [Z,Y], we
know that [X’, Y] is a thread, and it follows from the dual of Proposition[G.2lthat [X,Y] C [X',Y].

Dually, one finds a thread object Y’ such that [X’,Y”] is a thread containing [X’, Y] and such
that Y'" is a nonthread object. The thread [X’,Y”] is the required maximal thread. O

Proposition 6.7. Let a be a semi-hereditary dualizing k-variety and let {[X;,Y;]}jes be a set of
threads such that X; ¢ [X;,Y1] and Yj+ ¢ [X1,Y1], for all j,l € J. Let b be the full subcategory
of a consisting of all objects without direct summands in one of these threads. Then b is a semi-
hereditary dualizing k-variety and the embedding i : b — a has both a left and a right adjoint.

Proof. By Propositions B.1] and [5.1] it suffices to show ¢ has both a left and a right adjoint. We
will show that ¢ has a right adjoint, the proof for the left adjoint is similar.

To show that ¢ has a right adjoint, we will show that, for each A € ind a, the functor a(i—, A)|p :
b — mod k is representable. If A € b, then a(i—, A)|p = b(—, A4).

We may thus assume that A ¢ b or, equivalently, that there is a j € J such that A € [X;,Y]].
Let b; be the full subcategory of a consisting of objects with no nonzero direct summands lying
in [X;,Y;]. It follows from Proposition [(.2] that b; — a has a right adjoint R; : a — b;. Since
[Xj, A] is a thread, the dual of Corollary [6.4] shows that R;(A) = X". Since X; ¢ [X;,Y;] for all
l € J, we know that X € b. It is now easy to see that a(i—, 4) = b(—, X;").

We conclude that b — a has a right adjoint. (]

Corollary 6.8. Let a be a semi-hereditary dualizing k-variety and let {[X;,Y;]}jes be a set of
maximal threads. Let b be the full subcategory of a consisting of all objects without direct summands
in one of these threads. Then b is a semi-hereditary dualizing k-variety and the embeddingi : b — a
has both a left and a right adjoint.

Proof. If [X;,Y;] is a maximal thread, then neither X" nor Y;r are thread objects. Hence the
conditions in Proposition are satisfied and the conclusion follows. (I

7. CLASSIFICATION BY THREAD QUIVERS

In this section, we will classify semi-hereditary dualizing k-varieties by means of thread quivers
(defined below). We start with a special case.

Proposition 7.1. Let a be a semi-hereditary dualizing k-variety without infinite threads. Write
Q for the Auslander—Reiten quiver of a, then a is equivalent to kQ. Moreover, Q) is a strongly
locally finite quiver.

Proof. For any two indecomposables A, B € ind a, fix a basis for Irr(A, B) 2 rad(A, B)/rad?(A, B)
and choose a corresponding set of irreducible maps A — B. This gives a map f : Q1 — Mora,
mapping the arrows in @ to the chosen irreducible maps in a. This induces an essentially surjective
functor F': kQ — a; we will show that this maps lifts to an equivalence kQ — a.

Since a is semi-hereditary, the functor F' is faithful (this follows from Proposition B]). Conse-
quently, since a is Hom-finite, the quiver () has no cycles.

Seeking a contradiction, assume that F' is not full. Let X,Y € indkQ@ and f € a(FX,XY)
such that f does not lie in F(kQ(X,Y")). By construction of F', we know that a right almost split
morphism M — Y in kQ will be mapped to a right almost split morphism FM — FY in a. If the
map f : FX — FY is not an isomorphism, then f factors through FM — FY and hence there is
an indecomposable direct summand Y7 of M such that the map kQ(X,Y1) — a(FX, FY}) is not
surjective.

Continuing this procedure, we obtain a sequence of irreducible --- =+ Y,, — Y,_1 — -+ —
Y1 — Y such that kQ(X,Y,) — a(FX, FY,,) is not surjective, for each n. We have the following
possibilities.

Either Y;, = X for some n € N (and the above procedure does not create an infinite path).
In this case, we know that kQ(X,Y,) — a(FX, FY,) is an isomorphism. Indeed, it follows from



20 CARL FREDRIK BERG AND ADAM-CHRISTIAAN VAN ROOSMALEN

FIGURE 4. An example of a thread quiver @ (left) and the corresponding under-
lying quiver @, (right)

Proposition B]) that both kQ(X,Y;,) and a(FX, FY,) are finite-dimensional local hereditary
rings, thus kQ(X,Y,) & a(FX, FY,) = k. Since the map kQ(X,Y,) — a(FX, FY,) is nonzero,
we know it is an isomorphism and in particular surjective.

The second possibility is that the above construction gives an infinite sequence --- — Y,, —
Y,—1 — -+ = Y1 — Y. Since a does not have infinite threads (by assumption) and [FX, FY]
has only finitely many nonthread objects (Proposition [6.2]), we know that there is a cycle in this
sequence, thus Y, =Y, for some m,n € N. By Proposition 3.1l we know that the indecomposable
objects on this cycle form a semi-hereditary category, and such a category cannot be Hom-finite.
We have found a contradiction.

We conclude that the functor F' : kQ — a is fully faithful and essentially surjective, thus an
equivalence. Since a is a dualizing k-variety, we know that @ is strongly locally finite. O

The previous proposition does not hold if a has infinite threads. However, in the case of
dualizing k-varieties, these categories are nicely behaved (Proposition [6.2)) such that an analog of
Proposition [[.Tl may be proven when a does contain infinite threads, by replacing the quiver @ by
a thread quiver.

A thread quiver @ consists of the following information:

e A quiver @, = (Qo, Q1) where Qg is the set of vertices and @, is the set of arrows.

e A decomposition Q1 = Q, [[ Q. Arrows in Qs will be called standard arrows, while arrows
in @Q; will be referred to as thread arrows.

e For every thread arrow o € @y, there is an associated linearly ordered set 7,, possibly
empty.

In drawing a thread quiver (cf. Figure Hl), standard arrows will be represented by e——e,
while thread arrows will be drawn as e >e labeled by the corresponding ordered set 7. If
T =1{1,2,3,...,n} with the normal ordering, then we will only write n as a label; if 7 = (), then
no label will be written.

Every thread quiver @ has an underlying quiver where there is no distinction between the
standard and the thread arrows, and where all arrows are unlabeled. To avoid confusion, we will
refer to this underlying quiver by Q..

The following proposition will be useful in Construction

Proposition 7.2. Let a be a semi-hereditary dualizing k-variety. Let {[X;,Y;]}cs be the set of all
maximal infinite threads in a. Let b be the subcategory of a consisting of all objects without direct
summands in UjeJind[Xj,Yj]. Then b is a semi-hereditary dualizing k-variety without infinite
threads.

Proof. Tt follows from Corollary that b is a semi-hereditary dualizing k-variety. If we show
that b has no infinite threads, then the statement follows from Proposition [1]

Let X,Y € indb such that [X,Y] C b is an infinite thread. Since X,Y € b, we know that
[iX,7Y] C a is not an infinite thread, where i : b — a is the natural embedding. Thus [iX, Y]
contains a nonthread object Z € ind a. By the definition of b, we know that Z € b; we will show
that Z € b is a nonthread object.

Consider a minimal right almost split morphism M — Z in a. Without loss of generality,
assume that M is not indecomposable. Let iy, : a — b be a left adjoint to i : b — a. We will now
show that iy M — i1, Z = Z is a minimal right almost split morphism. That it is a right almost
split morphism follows from the properties of a left adjoint. To see that if M — Z is minimal, let
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M’ — i M be a split monomorphism such that the composition M’ — iy M — Z is zero. Since a
is semi-hereditary, we know that i;M — Z is a monomorphism (here we use Proposition B.1] and
that M — Z is minimal). It then follows that M’ = 0 and hence i, M — Z is minimal. Finally,
i, M is not indecomposable if M is not indecomposable. Indeed, let M; be a direct summand of
M. If M; does not lie on a maximal infinite thread, then i1 M; = M;, and if M; € [X;,Y;] for
some maximal infinite thread [Xj;,Y;], then X;° — M; factors through iy M; — M; such that
ipM; #0.

Thus Z € b is a nonthread object lying in [X,Y] C b, and thus [X,Y] is not an infinite
thread. (]

Starting from a semi-hereditary dualizing k-variety, we will associate a thread quiver in the
following way.

Construction 7.3. Let a be a semi-hereditary dualizing k-variety. Let b be as in Proposition
Proposition [T1] yields that b = kQ,, for a strongly locally finite quiver Q.
According to Corollary [63] every maximal infinite thread [X;,Y;] C inda corresponds to a

poset of the form N- (T ; Z) - —N where T is a linearly ordered set. We will replace one arrow

from X~ ——=Y* in Q, by X~ T v+,
Example 7.4. Let L=N- (T X 7Z) - —N, then the thread quiver associated with kL is
........... ..

Given a thread quiver ), we will construct an associated semi-hereditary finite k-variety as
follows.

Construction 7.5. Let @ be a thread quiver with underlying strongly locally finite quiver Q.
With every thread ¢t € Q, we denote by f!: k(- — -) — kQ, the functor associated with the
obvious embedding (- — -) — Q.. We define the functor

frE@PrC =) — kQu.

teQ+

With every thread ¢, there is an associated linearly ordered set T;. We will write £; = N- (T; X
Z) - —N and denote by
g k(=) — kL
the k-linear functor induced by mapping the extremal points of - — - to the minimal and maximal
objects of L, respectively. We will write

g: P rt—)— P kL.

teEQy teQ:

We define the category kQ as a 2-pushout in k-Uar of the following diagram.

@tth k( — ) —f> kQu

|
gl |2
\
Drco, b~ — - = hQ

Remark 7.6. The construction above is similar to the procedure outlined in Example 2.1 where
the category A, is replaced by an infinite linearly ordered set.

Remark 7.7. Given a thread quiver @), Construction will define kQ only up to equivalence.
Example 7.8. Let @ be the thread quiver given by
........... -

as in Example[T.4l The associated finite k-variety is equivalent to k(N - T < Z- —N).
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Remark 7.9. Different thread quivers @, Q' may give rise to equivalent categories kQ and kQ’ as
shown in the following example.

Example 7.10. The following three thread quivers give rise to equivalent categories.

Observation 7.11. For each thread t € Q;, the functor f* has a left adjoint (denoted by f}) and
a right adjoint (denoted by f%). The induced functors

fro fr i kQu — @ k(- — )
teQy

are left and right adjoints for f, respectively. Note that f will always be faithful, but in general
not full. Its adjoints f! and f} are in general not full nor faithful.

Similarly, for each thread ¢ € @, the functor g has a left adjoint (denoted by g% ) and a right
adjoint (denoted by g% ), giving rise to the functors

9L, JR : @ kLy — @ k(-— )
teQt teQ+
which are then left and right adjoints for g, respectively. The functor ¢ is fully faithful and its
adjoints g1, and gr are faithful.
Example 7.12. The functor f* is not full when Q is given by the following thread quiver.

RTINS > |
—_

In what follows it will be convenient to assume the functors f* are fully faithful. For this we
will use the following lemma.
Lemma 7.13. Let Q be a thread quiver. There is a thread quiver Q' such that
(1) kQ =2 kQ', and
(2) the functors f'* : k(- — ) — kQ!, from Construction[T.0] are fully faithful.

Proof. Define a thread quiver Q' by replacing all thread arrows =z ST y in the thread quiver

Qby £ ——s- - L — 4. Since the associated functors f'* : k(- — ) — kQ/, are fully

faithful by Proposition 6.2, we need only to prove kQ = kQ'.
We start by defining a 2-pushout

®t€QQ k(at — b = — dt) L kQ'/u,

in k-Yar where the maps are given by the following descriptions. The functor fi*, for each thread
t: zp - T y; in @', is given as a faithful functor which maps b; and ¢; to z; and y; respectively,
and a; and d; to the direct predecessor of x; and the direct successor of y;, respectively.
The functor g¢ is a fully faithful functor given by

ar Ot

bt — 1

c — 14

dt — —Ot

where 0; and —0; are the minimal and maximal element of £; respectively, 1; is the direct successor
of 0¢, and —1; is the direct predecessor of —0;.
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Define a functor

H @k(xt%yt) — @k(at%bt%ct%dt)
teQ: teQr

by mapping z; to a¢, y: to di, and the generator x; — y; to the composition a; — by — ¢ — d;.
We also consider the natural embedding of categories F' : kQ, — kQ.,.

Consider the following diagram where we write Ay and Ay for (- — <) and (+ = - = - — )
respectively:

D, Ay —— kQ.,

Hy F

B kAL kQ,
g1

®, kLo kQ

J
where the outer diagram is a 2-pushout. It is readily verified that the upper square is also a
2-pushout. The 2-natural transformation given by

i1 kQu — kQ and jo g1 : D, kAs = Dy, kLt — kQ

induces a functor i’ : kQ!, — kQ. Using the universal property, it is now straightforward to check
that the lower square is also a 2-pushout. This shows that p = kQ.
To show that p = kQ’, consider the 2-pushout

i
Brcq, Kt = y) ———kQ,
|
g/l "L’l
- \
Breg) by~ — -~ — ==k

where £, = No - (T; % Z) - —Ng and Ng = N\ {0}. Note that £} = L.
We define a functor
Hy : @k(m@—w;) — @k(at—wt—mt%dt)
teqQ, teQ;

by mapping z; to b and y; to ¢;. We also consider the natural embedding of categories G :

®t€Q; kﬁ% —> ®t€Q; kﬁt.
As before, one obtains a diagram

H f1

@t kAs @t kAy kQ;
g/| QIJ/ A
P, kL, ¢ P, kL kQ'

v

J

where the left square and the outer diagram are 2-pushouts. Again, one finds a morphism
P, kL, — kQ' making the right square a 2-pushout. This shows that p = kQ’ and thus
kQ = kQ'. O
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Example 7.14. Let QQ be the quiver of Example[.12 The quiver Q' constructed in the proof of
Lemma [T.13]is given by

Remark 7.15. The thread quiver @’ will be strongly locally finite if and only if Q is.

Proposition 7.16. The functor i from Construction[7.0]is fully faithful and has both a left and a
right adjoint. If f° is fully faithful for a thread arrow s € Q, then the functor j° is fully faithful
and has both a left and a right adjoint.

Proof. Since g is fully faithful and has a left and a right adjoint, Theorem [A 1] shows the same
properties hold for i.

Let s € Q¢ be a thread arrow such that f* : k(- — ) — kQ,, is fully faithful. We will construct
the left adjoint of j° : KLy — kQ. First, consider the 2-pushouts

f Gof")e
b =) ——kQu Do, k(=) Ly
[
s « | |
g 7 |G (g 6/7 K
Y 4
i Do by~ = = = =¥

Using the universal property, it is straightforward to proof that p’ = kQ and that j° = ¢/ o F°.
Since both f* and (g");s are fully faithful and have a left and a right adjoint, Theorem [AT]yields
that the same properties hold for F'* and i’, and hence also for j*. ([l

Lemma 7.17. Let Q is a thread quiver with a strongly locally finite underlying quiver Q.. If f*°
is fully faithful for every thread arrow s € Q, then the functor j : @tth kL: — kQ has a left and
a right adjoint.

Proof. Tt follows from Proposition [Z16] that each functor j¢ : k£; — kQ has a left adjoint functor
Jji, and a right adjoint functor ji. We want to show that the functor jr : kQ — €,c, kL+ given
by jr(A) = ®1j%(A) is a right adjoint. To show this, it suffices to show that for every A € kQ we
have j%(A) = 0 for all but finitely many thread arrows t € Q.

By the Yoneda lemma, we know that j%(A) # 0 if and only if k£,(—, j%(A)) # 0 and thus if
and only if k£(04,j%(A)) # 0, where 0; € £; is the unique minimal element. Let z; € k(- — -)
such that g'(z;) = 0; (this object exists by the definition of g* as given in Construction [7.4]).

Using that j* o ¢' = io f! we find that jL(A) # 0 if and only if kQ(j* o g*(z¢), A) =
kQ(io ft(z), A) # 0. Since Q, is strongly locally finite, we know there are only finitely many inde-
composables X € ind kQ,, such that kQ(i(X), A) = kQ.(X,irA) # 0. From this then follows that
J5H(A) # 0 for only finitely many thread arrows t € Q;, and we conclude that j : Dicq, KLt — kQ
has a right adjoint.

The proof that j admits a left adjoint is similar. O

Example 7.18. Let Q be the thread quiver given by - -——= - S > -+, thus
the underlying quiver is a linearly orientated A..-quiver and the arrows are alternatingly standard
arrows and thread arrows. In this case, the underlying quiver @, is not strongly locally finite and
the functor j does not admit a right adjoint.

Proposition 7.19. Let Q is a thread quiver with a strongly locally finite underlying quiver Q.,
and assume that f*° is fully faithful for every thread arrow s € Q. Let n: M — N be a morphism
i Mod kQ. Then
(1) n: M — N is an epimorphism (monomorphism) if and only if bothnel,: Moi— Noi
andnel;: Mo j— Noj are epimorphisms (monomorphisms),
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(2) a representation M € Mod kQ is finitely generated if and only if the restrictions M oi and
M o j are finitely generated, and

(3) a representation M € Mod kQ is finitely presented if and only if the restrictions M oi and
M o j are finitely presented.

Proof. First, if n: M — N is an epimorphism then so are 7 e 1; and 1 e 1; since restriction is an
exact functor. For the other direction, let u : N — C be a cokernel of F. Then (pon)el; =
(nel;)o(nel;) =0 and hence ue1; = 0 since n @ 1; is an epimorphism. Similarly, we show
that e 1; = 0, and hence pp : N — C is the zero map. We conclude that n : M — N is an
epimorphism.

Next, let M € Mod kQ be finitely generated, thus there is an epimorphism kQ(—, X) — M.
Since restriction is an exact functor, there is an epimorphism kQ(i—, X) — M o4, and hence
kQ(—,irX) — M oi. This shows that M o7 is finitely generated. Similarly, one shows that M o j
is finitely generated.

For the other direction, assume that both M o4 and M o j are finitely generated, thus there are
epimorphisms kQ,(—, A) = M oi and kL(—, B) = M o j, for some A € kQ, and B € kL. Using
the first part, one checks that the natural map kQ(—,1A) ® kQ(—,jB) — M is an epimorphism.
This shows that M is finitely generated.

For the last statement, the proof that when M is finitely presented, then so are M o i and
M o j is similar as in the finitely generated case. Thus assume that both M o4 and M o j are
finitely presented. We already know that M is finitely generated, thus there is an epimorphism
kQ(—,X) = M. Let K be the kernel. Using again that restriction is exact, we know that K o1
is the kernel of kQ(i—, X) — M o and that K o j is the kernel of kQ(j—, X) — M o j, and thus
both K o4 and K o j are finitely generated. We conclude that K is finitely generated and hence
M is finitely presented.

O

The following proposition gives sufficient conditions for Construction[Z.5to give a semi-hereditary
dualizing k-variety.

Proposition 7.20. If Q is a thread quiver with a strongly locally finite underlying quiver Q.,
then kQ is a semi-hereditary dualizing k-variety.

Proof. We will assume that the quiver () satisfies the property of Lemma It follows from
Proposition that ¢ has a left adjoint iz, and a right adjoint ig, and it follows from Lemma
[[I7 that 7 has a left adjoint j;, and a right adjoint jr. A finitely generated projective module
kQ(—, A) € Mod kQ thus corresponds to a diagram

f

gl aﬂ ll kQu(fviRA)
kL . kQ R ZY

B kQ(-4)

L(—,jrA)

where we have written kL = @, kL;. Using that the restriction functors are exact, this shows
that the natural embedding Mod k@ — Mod kQ, & Mod kL induces a faithful functor mod kQ —
mod k@, & mod kL. Since the latter category is Hom-finite, so is the former, and hence kQ is a
finite k-variety.

To show that kQ is semi-hereditary (thus that mod kQ is abelian and hereditary), we will use
Proposition Bl Thus let X € kQ be any object. We will show that there is a semi-hereditary
full subcategory of k@ which contains X.

For each thread arrow ¢ € Qy, let £} be the (finite) subposet of £; containing the minimum
and the maximum of £, together with the elements corresponding to the indecomposable direct
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summands of j%(X). The inclusion £; C £, induces a fully faithful functor kL, — kL, and j,(X)
lies in the essential image of that functor. Also note that kL, = kA, for some n; > 2. We define
k@' as the 2-pushout of the diagram

D k(=) —=FQu

|

D, kL

Using the universal property of the 2-pushout, the functors kL), — kL, — kQ and kQ.,, = kQ, —
kQ induce a functor kQ' — kQ. Moreover, one easily checks that kQ’ is the k-linear additive
path category of the quiver Q' given by replacing the thread arrow ¢t € @ by the corresponding
Ap,-quiver (this can be done using the universal property of the 2-pushout, or using the explicit
construction as was done in Example 2T7])

To check that kQ' — kQ is fully faithful, it suffices to check that the induced functor —®yq kQ :
Mod k@' — Mod kQ is fully faithful on projectives; it then follows from Lemma that the
functor kQ’' — kQ is fully faithful. The verification is straightforward, using that — Qkey kLt is
fully faithful for each t € Q.

Note that an object M € ModkQ lies in the essential image of — ®io kQ if and only if
M o j¢ € mod kL; lies in the essential image of — @y kL for each t € Q. Hence kQ(—, X) lies
in the essential image of — ®gq kQ and thus X lies in the essential image of Q' — kQ. We have
shown that X lies in a semi-hereditary full subcategory of k@, and hence it follows that k@ is
semi-hereditary.

To show that k@ is a dualizing k-variety, it suffices to show that standard projectives are
cofinitely presented and standard injectives are finitely presented (see Proposition [1]). Let X €
kQ and let kQ(X,—)* be a standard injective. Since the functors i : kQ, — kQ and j : kL —
kQ admit left adjoints, the restrictions kQ(X,i—)* and kQ(X,j—)* of kQ(X,—)* are standard
injectives as well. Since k@, and kL are dualizing k-varieties, these objects are finitely presented
and thus, by Proposition[I.19 so is kQ(X, —)*. Dually, one can show that the standard projectives
are cofinitely presented. We conclude that kQ is a dualizing k-variety.

O

We are now ready to complete the classification of semi-hereditary dualizing k-varieties by
thread quivers.

Theorem 7.21. Let a be a semi-hereditary dualizing k-variety, then a may be obtained by Con-
struction [7.0] from a thread quiver @ where Q is strongly locally finite.

Proof. Tt has been established in Proposition that kQ is indeed a semi-hereditary dualizing
k-variety, so that we need only to show that every semi-hereditary dualizing k-variety arises in
this way (up to equivalence).

Let a be a semi-hereditary dualizing k-variety and let @) be the corresponding thread quiver as
in Construction We will work with the thread quiver constructed in Lemma [T.13] so that we
can apply Proposition and Lemma [[T71 We will show that a = kQ.

There are obvious embeddings i® : kQ, — a and j*® : kL; — a giving the following diagram

D k(=) —L=kQ,

A N

SikLy kQ <=
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We want to show that the functor F' : k@) — a is an equivalence. Since the induced functor
kQ. ® kL — a is essentially surjective, so is the functor F'. We will continue by showing F' is
also fully faithful. First note that ¢* : kQ, — a has a right adoint ¢}, and a left adjoint ¢¢ by
Proposition[6.7} and that j*¢ : k£, — a has a right adoint j" and a left adjoint j7"* by Proposition
0.2l

Since i* = F o ¢ and both ¢ and i* are fully faithful, F' induces a bijection kQ(iX,iY) —
a(FiX, FiY), for each X, Y € kQ,.

Likewise, for each t € @y, the functors j* and j*! are fully faithful, and hence F induces a
bijection kQ(5' X, j'Y) — a(FjtX, FjtY), for each XY € kL;.

We will first show that F : kQ — a is faithful. Let h € kQ(X,Y) for any X,Y € ind kQ;
it suffices to show that F'h # 0. Since kQ is semi-hereditary (Proposition [[.20), we may invoke
Proposition Bl to see that h is a monomorphism when h # 0. Let € : i 0ig — 1ig be the counit
of the adjunction. To show that hoex :i0ir(X) — X — Y is nonzero, it thus suffices to show
that ex : i 0ig(X) — X is nonzero.

Since X is nonzero, so is kQ(—, X) and by the universal property of the 2-pushout, the functors
kQ(i—, X) 2 kQ(—,irX) and kQ(j'—, X) =2 kQ(—, j5X) are not all zero (ranging over all t € Q).
If irX 220, then neither is ex : t0ig(X) — X since ¢ is fully faithful. Thus assume that ip X =0
and thus there is a ¢t € @Q; such that j5X % 0 and hence gk o j5X % 0. We then find that
gr o jr % 0 and since both fr oir and ggr o jr are right adjoint to jog = io f, we find that
irX % 0. Contradiction.

We may thus conclude that h o ex # 0. Using that Y is indecomposable, and hence h o ex is
an epimorphism, we may similarly prove that ny ohoex : 10t X — 104rY is nonzero, where
1 : 1o — ¢ oy is the unit of the adjunction.

Since i : kQ,, — kQ is fully faithful, there is a map h' : ig X — i1 Y such that ny ohoex = i(h').
Since i*(h') # 0, we may conclude that F(ny choex) = F(ny) o F(h) o F(ex) # 0 and hence
F(h) # 0. Hence F is faithful.

We will now show that F is full. Let X,Y € kQ and h € a(FX,FY). We want to show that
there is amap b’ € kQ(X,Y) such that F(h') = h. If X,Y both lie in the essential image of either
i or j¢, for some t € @y, then the statement follows easily from i or j¢ being full, respectively.

We will consider the case where X lies in the essential image of j* (for some t € ;) and Y
lies in the essential image of 7. The other cases are handled in a similar way. Without loss of
generality, we may assume that there is an X’ € kL; and a Y’ € kQ, such that j*(X’) = X and
i(Y)=Y.

By Corollary 6.4 we know that there is an indecomposable object A € a, lying in the essential
image of both i* and j*¢, such that the map h : FX — FY factors as FX — A — FY. Moreover,
we can write h = hy 0 £ o hy where hy : FX — j% Ay, hy : i%Ay — FY, and £ : j%'A; 5 i®A,.
Since % = F o4 and j%' & F o j', we may assume that both j%'A; and i*As lie in the image of
F. Since each of these maps then lies in the image of F', so does the composition. This implies
that F is full, and concludes the proof.

O

8. REPRESENTATIONS OF THREAD QUIVERS

Let @ be a thread quiver. We define the categories Rep, @ and rep, @ to be Mod k@) and
mod k@, respectively. We have the following result.

Theorem 1. (1) The category of finitely presented representations of a strongly locally finite
thread quiver is a hereditary Ext-finite category with Serre duality and enough projectives.

(2) A hereditary Ext-finite category with Serre duality and enough projectives is equivalent to

the category of finitely presented representations of a strongly locally finite thread quiver.

Proof. For the first statement, recall from Proposition [[.20] that kQ is a semi-hereditary dualizing
k-variety. The statement then follows from Corollary

We now turn to the second statement. Let a be the category of projectives of A, thus a is a
finite k-variety. The embedding a — A lifts to a fully faithful right exact functor moda — A,
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which is an equivalence since A has enough projectives. By definition a is semi-hereditary and
Theorem 2] yields that a is a dualizing k-variety. The result now follows from Theorem (211 [

With a thread quiver @, there is thus an associated 2-functor a : Free(- + - — ) — k-Uar
given by

@tth k( — ) —f> kQu

|
Dico, KLt

The category Rep,, @ is equivalent to Homax(a, Mod k). Thus the objects of the category Rep;, @
are given by

(1) an object N(—) : kQ, — Modk of Mod kQ.,,,

(2) for every thread ¢, an object Li(—) : £L; = Mod k of Mod kL;, and

(3) a natural equivalence « : ®:L:(g—) = N(f—).
The morphisms are given by the modifications, thus given the data (N, {L;}, &) and (N', {L}}+, o)
of two representations in Rep,, @, a morphism is given by

(1) a natural transformation 8 : N = N,

(2) a natural transformation vy : &L, = &L}

such that the following diagram commutes.

@®Li(9—) ——= N(f-)

'yolgl l/,@.lf

@iLi(9=) —=N'(f-)

As in the proof of Proposition [[220) the category rep, @ has a similar description obtained by
requiring N and L; to be finitely presented representations. If @) is a strongly locally finite quiver,
then rep; @ has Serre duality.

Note that even when mod kQ,, and mod (®.eq, kL) are well-understood, the last commutative
diagram that is required can make the category rep, @) contain a wild hereditary category.

Example 8.1. The category of finitely generated representations of the thread quiver

O Y -
contains the representations of a wild quiver as a full and exact subcategory (see Proposition B.3]).

As another way to describe the category of representations of thread quivers, we give the
following proposition.

Proposition 8.2. Let a be a finite k-variety. Let {a;}; be the filtered system of all subcategories
of a such that ind a; is finite. Let {moda;}; be the filtered system where the maps are given by
a; ®q, — : mod a; = mod a; whenever a; C a; C a. There is an equivalence

2limmod a; 2 moda
—
i

induced by — ®q; a : mod a; — mod a.
When a is semi-hereditary, these functors — ®q, a are ezxact.

Proof. 1t follows from Lemma that the functors — ®q, a are fully faithful, hence the functor
2limmod a; — moda is fully faithful as well. It is easy to see that the functor is essentially
—

surjective, hence it is an equivalence.
If a is semi-hereditary, then Proposition B3] yields that the functors — ®,, a are exact. (]
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Remark 8.3. The above proposition also holds when the 2-colimit is taken in the 2-category Cat
of all small categories (see [28, Proposition A.5.5]).

Example 8.4. Let @ be either
(1) a Dynkin quiver, or

(2) a thread quiver of the form - - P 30 O - = e e > .

where P is a linearly ordered poset, then rep ) is a directed hereditary category with Serre duality.
It has been shown in [20] that all directed hereditary categories with Serre duality are, up to derived
equivalence, of this form.

Example 8.5. Let @ be the thread quiver given by

........... >

The category rep @ has been discussed in [27], where it is shown that rep ) contains a so-called
big tube (defined in [27]).

By replacing the thread arrow - > by a linearly ordered A, quiver (where n > 2), we
obtain a quiver @' whose path algebra k@’ is a hereditary canonical algebra (as defined in [22])
and the category of finite dimensional modules over this quiver can be interpreted (up to derived
equivalence) as the category of coherent sheaves on a weighted projective line of weight type
(n — 2) (see [12], see also [I7] for a more recent account of weighted projective lines). Similarly,
the category rep;, ) can then be thought of as being derived equivalent to the category of coherent
sheaves on a weighted projective line of weight type (00).

APPENDIX A. 2-PUSHOUTS

Let Z be the 1-category Free(2 < 1 4 3) and a: Z — k-Par a 2-functor. The 2-colimit of a is
called a 2-pushout.

To specify a 2-natural transformation from a to C € k-ar, one needs three functors (f; :
a(i) — C, i=1,2,3) and two natural equivalences (f; = faoa(s) and f; = fzoa(t)). Up to invertible
modification, we may assume that f; = f2 o a(s) so that it suffices to give only the functors f» and
f3, and a natural equivalence f2 o a(s) = f3 o a(t).

The following theorem shows a connection between 2-pushouts and adjoints.

Theorem A.1. Consider the 2-pushout

in any strict 2-category. If g is fully faithful and has a left (right) adjoint, then i is fully faithful
and has a left (right) adjoint.

Proof. Consider the first diagram in Figure [fl where the natural transformation is given by
lyee,: fogrog=f,

and where €, : gz 0 g = 1 is the counit of the adjunction (gz,,g). We can complete this diagram
as shown in Figure[Bl This gives the following identity

4) (ylelf)o(l;, ea)o(Bel,) =1 e¢,.

We claim iy, : p — b is left adjoint to ¢. To prove this, we shall define a unit n: 1, = ¢oiy and
a counit € : i;, 04 = 1y and show that

(lee)o(nel)=1and (eel)o(len)=1.
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|

Vi
fogr b
FIGURE 5. Construction of i,
a ! b a !
|
|
g VA li g
y ;
C--s =P F (————>
Va
J P jogogrL

FIGURE 6. Construction of unit

We define e =y~ ! : iy 04 = 1, with v as in the second diagram in Figure Bl For the definition
of n, consider the diagrams in Figure [6] where the natural transformations on the right-hand side
are given by

l,ey : toly=1i0ir01
6= (l;epB)o(xely) : jogogr=iofogr=iociLo]

There is a modification, going from the 2-natural transformation on the left-hand side of Figure[7]
to the one on the right-hand side, given by

1, : 1=
ljen, : jol.=jogogr

where 1y : 1 = g o gz, is the unit of the adjunction (gr,g). This modification corresponds to a
natural transformation 7 : 1, = ioi, satisfying the following commutative diagrams (see Remark

2.8)

. . . leng .

=—— J=———=>J0gogrL
“1.,Y “6

Z?ZOU,OZ ]TZOU,O]

From the first commutative diagram, we obtain

(loe)o(nol):(107)*10(1701):1.
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=}

©,0jogogr

a

ir,0jogogr

FI1GURE 8. Diagrams occurring in the definition of the modification €2

To show the other equation, and establish the adjointness of ¢ and i;, we add the functor
ir, : p — b to the diagrams in Figure [0l (see Figure []). The natural transformations of the second

diagram of Figure [7 are given by
1;, 8 : ipojogogr =iL0i0iL0]
1,, el,¢y : dpot=idrotoiros
The modification going from the diagram on the left to the diagram on the right in Figure
induces a modification A given by
li,eljen, : ipoj=irojogogr
1 : ip0t=1i01

which corresponds to the natural transformation 1 e7 : iy = ¢y 0i0if.
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FiGurE 9. Construction of ig

Likewise, there is a modification Q (going from the 2-natural transformation on the left—hand
side of Figure[B to the 2-natural transformation on the right—hand side) given by

(cel)o(led) : ipojogogr=iroj
1 : dpoi=iroi

which induces the following commutative diagrams

yelipeli . . Lij, @8 . . .

ZLOZ:ZLC)@OZLO@ ZLO]OgOgLﬁ’LLQZOzLQJ

‘ “soliLoli ‘Hl(e.lnolj)o(luoé) “soliLolj
ZLOZ:'LOZL ZLO.] ZLO]

such that Q corresponds to the natural transformation ee 1;, iy 0oi 04 — .
We claim that © o A = 1. The only nontrivial fact to check is that €2 o A induces the identity
on iy oj:c— b. This follows from
(“1 1j)o (1, @d) o (L, ®1;emny)
= (ce 1j)o(liy e ((lieB)o(aely,)))o(li, e1;eny)
(6' 1j)o(li,el;epB)o (L, eaely )o(l el;eny)
(6.6) ( iL .a.qu)o(liL .1j.779)
Bo(colrely )o(l;, eaely )o(l; el;en,)
= Bo(lyeegoly )o (B~ lyely, )o (1, e1;emn,)
= PBo(lpecyely )o(lyel,, '779)06_1
Bo(
1, e

o(lyely )op™t

’LL 1

where we have used equations (Il) and (). Since Qo A =1, we find that (ce1)o (1 en) =1 and
hence we may conclude that ¢y, is indeed left adjoint to ¢. Since € is invertible, the functor 7 is

fully faithful.
Similarly, one verifies that the functor ig, defined in Figure[d is right adjoint to i.
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