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1 Some basics

Let A be a K-algebra.

Usually we are interested in finite-dimensional A-modules. That is, we as-
sume that K is a field. We write A-mod for the category of finite-dimensional
A-modules. It is an abelian category. The functor D(—) = Homg(—, K)
gives an antiequivalence between the categories A-mod and A°P-mod.

We are especially interested in the case that A is finite-dimensional. Often
K will be an algebraically closed field. In this chapter we do some basics.
Later we shall cover Auslander-Reiten theory, representations of quivers and
other topics.



1.1 Fitting and Krull-Remak-Schmidt

Let A be a K-algebra. For the rest of this subsection we consider f.d. A-
modules, with K a field. In this case, indecomposable modules have local
endomorphism ring. We proved this before in another way. Here is the usual
way to see it.

Fitting’s Lemma. If M is a finite-dimensional A-module and 6 € End4(M),
then there is a decomposition

M = My & M,

such that 6|, is a nilpotent endomorphism of M, and 6|y, is an invert-
ible endomorphism of M;. In particular, if M is indecomposable, then any
endomorphism is invertible or nilpotent, so End4 (M) is a local ring.

Proof. There are chains of submodules
Im(f) 2 Im(6%) 2 Im(6*) D ...

Ker(f) C Ker(6*) C Ker(#?) C ...

which must stabilize since M is finite dimensional. Thus there is some n with
Im(6") = Im(#*") and Ker(6™) = Ker(6*"). We show that

M = Ker(6") @ Im(6").

If m € Ker(6") & Im(6™) then m = 6"(m') and 6**(m’) = 6"(m) = 0, so
m' € Ker(6?") = Ker(0"), so m = 6"(m’) = 0. If m € M then §"(m) €
Im(6™) = Im(6?"), so 6"(m) = 6?"(m”) for some m”. Then m = (m —
0™ (m")) + 0" (m") € Ker(6™) + Im(6").

Now it is easy to see that the restriction of 6 to Ker(6™) is nilpotent, and its
restriction to Im(6") is invertible.

Definition/Lemma. If X and Y are A-modules, we define rad4(X,Y’) to be
the set of all # € Hom(X,Y) satisfying the following equivalent conditions.
(i) 1x — @0 is invertible for all ¢ € Homu(Y, X).

(i) 1y — ¢ is invertible for all ¢ € Homy4(Y, X).

Thus by definition rad (X, X) = J(End4(X)).

Proof of (i) implies (ii). If uw is an inverse for 1y — @@ then 1y + Ou¢ is an
inverse for 1y — 0¢.



Lemma 1.

(a) The radical forms an ideal in the module category, that is, rad4(X,Y") is
closed under addition, and given maps X — Y — Z, if one is in the radical,
so is the composition.

(b) The radical commutes with finite direct sums, that is, rada(X ¢ X", Y) =
rada(X,Y)@rada(X',Y) and rads(X, Y @Y') = rads(X,Y) Grada(X,Y’).

Proof. (a) For a sum 0 + ¢, let f be an inverse for 1 — ¢6. Then 1 — ¢(6 +
0) = (1 —¢0)(1 — fph'), a product of invertible maps. The composition is
straightforward.

b) If you keep one variable ﬁxed, it is a K-linear fllIlCtOI', SO preserves direct
sums.

Lemma 2. For f.d. modules we have

(i) If X is indecomposable, then rad4(X,Y") is the set of maps which are not
split monos. (0 : X — Y is a split mono if there is a map ¢ : Y — X with
o0 = 1x, Equivalently if 6 is an isomorphism of X with a direct summand
of V)

(i) If Y is indecomposable, then rad(X,Y") is the set of maps which are
not split epis. (0 : X — Y is a split epi if there is a map ¢ : Y — X with
0y = 1y. Equivalently if 6 identifies Y with a direct summand of X.)

(iii) If X and Y are indecomposable, then rad(X,Y) is the set of non-
isomorphisms.

Proof. We use Fitting’s Lemma. (i) Suppose # € Hom(X,Y). If 0 is a split
mono there is ¢ € Hom(Y, X) with ¢ = 1x, so 1 — ¢@ is not invertible.
Conversely if there is some ¢ with f = 1 — ¢f not invertible, then f is
nilpotent, and so ¢ = 1 — f is invertible. Then (¢0)'¢0 = 1x, so @ is split
mono. (ii) is dual and (iii) follows.

Krull-Remak-Schmidt Theorem. Any f.d. module can be written as a direct
sum of indecomposable modules,

M=X&- & X,

Moreover if M =2 Y ®- - -@Y,, is another decomposition into indecomposables,
then m = n and the X; and Y; can be paired off so that corresponding
modules are isomorphic.

Proof. Given modules X and M, with X indecomposable, we can define a
vector space

t(X, M) =Homyu (X, M)/rads(X, M).
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This is naturally a right End(X)-module, and in fact a module for the
division algebra D = End(X)/J(End(X)) is a division algebra. Thus it is a
free right D-module of a certain rank. In fact the rank is

_ dimt(X,Y)

px(Y) dim D

Clearly if Y is indecomposable, then

)1 (Y =X)
MX(Y)—{O (Y % X).

Now t(XaM) = t(X7X1 D @Xn) = t(XaXl) S ®t<X7Xn)a S0
px(M) = px (X1 @ - ® Xp) = px(Xa) + - + px(Xn)

Thus px (M) is the number of the X; which are isomorphic to X. Similarly,
it is the number of Y; which are isomorphic to X. Thus these numbers are
equal.

Definition. Let # : X — Y be a map of A-modules.

We say that 6 is left minimal if for « € End(Y), if af = 6, then « is
invertible.

We say that 0 is right minimal if for § € End(X), if 5 = 6, then § is
invertible.

Lemma 3. Given a map # : X — Y of finite-dimensional A-modules

(i) There is a decomposition Y = Yy @ Y7 such that Im(0) CY; and X — Y,
is left minimal.

(ii) There is a decomposition X = X, X; such that §(Xy) =0and X; — Y
is right minimal.

Proof. (i) Of all decompositions Y = Yy@Y; with Im(#) C Y choose one with
Y) of minimal dimension. Let 6; be the map X — Y;. Let a € End(Y7) with
af; = 0. By the Fitting decomposition, Y} = Im(a™) @ Ker(a™) for n > 0.
Now a"f; = 6y, so Im(#;) C Im(a™), and we have another decomposition
Y = [Yy @ Ker(a™)] @ Im(a™). By minimality, Ker(a”) = 0, so « is injective,
and hence an isomorphism.

Lemma 4. If §; : X; — Y; are finitely many right (respectively left) minimal
maps, then so is P, X; = P, V;.

Proof. If not, then by the lemma, there is a non-zero summand X’ of @, X;
on which the map is zero. We may assume that X’ is indecomposable. Let
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fi + X' = X, be the projections. Since 6(X’) = 0 we have 0;f; = 0 for
all ¢. Since X’ is a summand there are ¢g; : X; — X’ with 1x = Y. g, fi.
Thus some g; f; is invertible, so f; is a split mono. But 6;f; = 0, which is
impossible for ¢; right minimal. Namely, let h;f; = 1x. Then 1x, — f;h; is
not an automorphism, and 6;(1x, — fih;) = 6;.

1.2 Socle, radical and top of a module

Definition. The socle of a module M is the sum of its simple submodules,

soc M = Z S

S C M simple
The radical of a module M is the intersection of its maximal submodules.

rad M = ﬂ N

N C M, M/N simple

Thus the Jacobson radical is J(A) = rad(4A). The top of M is the quotient
top M = M/rad M.

These constructions are functorial: a homomorphism 6 : M — N induces
homomorphisms soc M — soc N, rad M — rad N and top N — top V.

Moreover the functors are K-linear, so soc(M & N) = soc M & soc N, etc.

Recall that a submodule N is an essential submodule of M if for all L. C M,
L # 0 implies LN N # 0. It is a superfluous submodule if for all L C M,
L # M implies L + N # M.

Lemma 1. Let L be a submodule of M (f.d.)

(i) soc M is semisimple and L is semisimple iff L C soc M,

(i) L is essential in M iff soc M C L,

(iii) The functor soc is right adjoint to the inclusion of the category of
semisimple modules in A-mod,

(iv) soc M = 0 iff M = 0. If M has simple socle then M is indecomposable,
(i’) top M is semisimple and M /L is semisimple iff rad M C L,

(ii") L is superfluous in M iff L C rad M,

(iii") The functor top is left adjoint to the inclusion of the category of semisim-
ple modules in A-mod,

(iv’) top M = 0 iff M = 0. If M has simple top then M is indecomposable.



Remark. For arbitrary modules over an arbitrary ring top M need not be
semisimple, eg M = ;Z. Also soc M need not be essential, but it is the
intersection of the essential submodules. And rad M need not be superfluous,
but it is the sum of the superfluous submodules. See Anderson and Fuller,
Rings and categories of modules.

Proof. (i)-(iv) Clear. Use that any non-zero module has a simple submodule.

Now a submodule L of M gives a submodule Lt of DM, and under the
identification M = DDM, L is identified with (L+)t. Now (L + N)t =
L+ N N+, and by duality (LN N)* = Lt + Nt Thus (i")-(iv’) follow by
duality.

Lemma 2. If A is a finite-dimensional algebra and M is an A-module, then
(i) rad M = J(A)M.
(i) soc M = {m € M : J(A)m = 0}.

Proof. Use that M is semisimple < J(A)M = 0.

Special case. If A = KQ/I where @ is a quiver and [ is an admissible ideal,
then J(A) is generated as a left or right ideal by the arrows. Thus

radM:ZaM SocM:ﬂ{mEM:amzo}.
a€Q1 acQn
Any A-module M corresponds to a representation of () with vector spaces

M; = e;M and linear maps M, : M; — M, for a : © — j. We have

(rad M); Z Im M, (soc M), = ﬂ Ker M,.

h(a)=1 t(a)=i

1.3 Approximations, covers and envelopes

Definition. We shall call a subcategory C of A-mod a module class provided
(i) It is a full subcategory,

(ii) It is closed under isomorphisms, that is, if X Y and X € C = Y € C,
(iii) It is closed under sums and summands, that is, X @Y € Ciff X|Y € C.

A module class is determined by the indecomposables it contains.

Examples.
(1) All modules, the zero module, the semisimple modules.
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(2) If M is any collection of modules, add M is the smallest module class
containing M, so it consists of all modules isomorphic to a direct summand
of a finite direct sum of modules in M.

Definition. Let C be a module class and X a module, not necessarily in C.

A left C-approzimation (or preenvelope) of X is a morphism 6 : X — C with
C € C, such that for any ¢ : X — C’ with C" in C, there is f : C — C’ with
0 = f0.

A C-envelope of X is a left minimal left C-approximation of X.

A right C-approzimation (or precover) of X is a morphism 6 : C' — X with
C € C, such that for any ¢ : C" — X with C" in C, there is f : C" — C with
0 =0f.

It C-cover of X is a right minimal right C-approximation.

Lemma.

(i) If X has a left C-approximation, it has a C-envelope. Moreover any two
C-envelopes of X are isomorphic. If X; — C; are envelopes, so is @, X; —
@i Ci

(i) If X has a right C-approximation, it has a C-cover. Moreover any two
C-covers of X are isomorphic. If C; — X, are covers, so is @, C; = @, X;

Proof. Use lemmas about left and right minimal maps.

Examples.
(i) M — top M is a semisimple-envelope and soc M — M is a semisimple
cover.

(ii) More generally, if the inclusion i : C — A-mod has a left adjoint L, then
the natural map M — i(LM) is a C-envelope, and if it has a right adjoint
R, then i(RM) — M is a C-cover.

(iii) For any modules M, X the map X — M" given by a spanning set of
the vector space Hom(X, M) is a left add M-approximation of X and the
map M™ — X given by a spanning set of Hom(M, X) is a right add M-
approximation of X.



1.4 Projectives and injectives for f.d. algebras

Now let A be a finite-dimensional algebra. By module we mean f.d. module.

The projective modules form the module class P4 = add A and the injectives
form the module class T, = add D(A4). (Note that D(A,4) really is an
injective module, not just with respect to other finite-dimensional modules,
since Homg(—, DA) = Homg (A ®4 —, K) = D(—) is exact.)

Lemma 1. Any module M has an injective envelope M — E(M) and a
projective cover P(M) — M.

Proof. Already known, or use left and right add N-approximations, where

N =Aor DA.

Lemma 2. Let 8 : M — I be a map with [ injective. The following are
equivalent

(i) 0 is an injective envelope (that is, an Z4-envelope).

(ii) € is 1-1 and Im @ is essential in I.

(iii) the induced map soc M — soc I is an isomorphism.

Proof. (i) = (ii) Recall that any module M embeds in some injective module
(for if (A°?)" — DM then M — (DA)"™). By the injective approximation
property, 8 must be 1-1. Suppose the X is a non-zero submodule of I with
XNIm & = 0. The projection onto Im # defines an endomorphism on X &Im 6,
and by the injective property it extends to an endomorphism ¢ of I. Now
»0 = 0 but ¢(X) = 0, so ¢ is not an automorphism, contradicting minimality.

(ii) = (i) By the injective property, 6 is a left injective-approximation. More-
over if ¢ € End(/) and ¢ = 6, then Im6 N Ker¢ = 0, so Ker¢p = 0, so by

dimensions, ¢ is an automorphism. Thus 6 is left minimal.

(ii) = (iii). Clearly the map soc M — soc[ is injective. Since soc M is
essential in 6, f(soc M) = soc (M) is essential in Im #. Now this is essential
in M, and hence 6(soc M) is essential in M. Thus it contains soc I.

(iii) = (ii). KerfnNsoc M = 0 so since soc M is essential in M we must have
Kerf =0, s0 0 is 1-1. If Imf# N X = 0, with X a non-zero submodule of I,
then X has a simple submodule S and §(soc M) NS = 0. Then 6(soc M) is
strictly contained in #(soc M) & S C soc I.

Lemma 2°. Let 6 : P — M be a map with P projective. The following are



equivalent

(i) 0 is a projective cover (that is, a P4-cover).

(ii) the induced map top P — top M is an isomorphism.
(iii) 6 is onto and Ker @ is superfluous in P.

Proof. Dual.

Lemma 3. Injectives are indecomposable iff they have simple socle. Projec-
tives are indecomposable iff they have simple top. There are 1:1 correspon-
dences between indecomposable projectives, simple modules, and indecom-
posable injectives, S +— P(S), P+ top P, S+ E(S), I — socl.

Proof. E(S) has simple socle S, so it must be indecomposable.

If I is injective and has simple S as a submodule, then one gets a map
E(S) — I, and since S is essential in F(S), it must be injective. Thus E(S5)
is a summand of I. Thus if I is indecomposable injective it has simple socle,
and if it has simple socle S then I = E(S5).

Notation. The algebra A/J(A) is semisimple, so it has Wedderburn decom-
position M, (Dy) @ --- & M,,(D,). There are simple modules S[i| = D}"
(¢ =1,...,r). They have projective covers P[i] and injective envelopes I[i].
Moreover D; = End4(S[i])??, n; = dim S;/ dim D;.

Since top 4 A = € S[i]™, we have 4 A = @ P[i]™.

If A/J(A) =2 K x -+ x K (for example if A is basic and K is algebraically
closed), then A = K@Q/I for some quiver ) and admissible ideal /. In this

case the simple modules S|i] correspond to the vertices, P[i] = Ae; and
I[i] = D(e;A).

Example. The commutative square algebra with source 1 and sink 4 has
P[1] = I]4].

Definition. The Nakayama functor is
v(—) = DHomy(—, A) : A-mod — A-mod.
Lemma 4. (i) v is naturally isomorphic to DA ®4 —.
(ii) v has right adjoint
v~ (=) =Homa(D(—),A) = Homu (DA, —) : A-mod — A-mod.

(Here Hom 4 (D(—), A) is a space of homomorphisms between right A-modules.)
(iii) v induces an equivalence P4 — Z4 with inverse equivalence given by v~.
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(iv) Hom(X,vP) = D Hom(P, X) for X, P left A-modules, P projective.
(v) v(P[i]) = Ii].

Proof. (i) D(DA®4 X) = Homa(X, DDA) = Hom(X, A). Now apply D.
(ii) Clear.

(iii) Recall that the contravariant functor Homy(—, A) : A-mod — A°-mod
gives an antiequivalence P4 — Pgop. Now duality gives an antiequivalence
PAOP —7 A-

(iv) The composition
Hom(P, A) ®4 X = Hom(P, A) ®4 Hom(A, X) — Hom(P, X)
is an isomorphism, since it is for P = A. Thus
D Hom(P, X) = Homg(Hom(P, A) ®4 X, K)

= Hom(X, Homg (Hom(P, A), K)) = Hom (X, vP).

~

(v) v(Pli]) is indecomposable injective and we have Hom(S[i], v(P]i]))
D Hom(Pli], S[i]) # 0.

1.5 Projective-injective modules

Example. The commutative square algebra with source 1 and sink 4 has
P[1] = I[4]. But the other indecomposable projectives are not injective.

Modules which are both projective and injective can be useful.

Lemma. Let P be a projective-injective module, and for simplicity suppose
it is a direct summand of A. Let I = SA C A be the ideal generated by
S =soc P. If M is an indecomposable A-module, then either M is a direct
summand of P or IM = 0.

Proof. If IM # 0, then SM # 0. Thus there is some m € M with Sm # 0.
Identifying M = Homy (A, M), m corresponds to a homomorphism 6 : A —
M with §(S) # 0. Write P = P, P, with the P, indecomposable. Then some
O(soc P;) # 0. Thus the restriction of 6 to P; is injective. Thus P; embeds in
M. But P; is an injective module, so it is a direct summand of M.
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In the example, any indecomposable module is either P[1] or a module for
the algebra give by a square with two zero relations.

Definitions. We define the following classes of algebras with the obvious
implications. They are all left-right symmetric.

A symmetric = A Frobenius = A self-injective = A QF-3

(i) A is symmetric if 4As = 4DA4. Equivalently if there is a bilinear form
(—,—): Ax A— K which is

- non-degenerate: (a,b) = 0Vb = a =0, (a,b) = 0Va = b =0,

- associative: (ab,c) = (a, bc), and

- symmetric: (a,b) = (b, a).

The corresponding map A — DA is a — (a,—). It follows that [[i] =
v(P[i]) 2 DA®y4 Pli] &2 A®4 Pli] = P[i].

(ii) A is Frobenius if 4A = 4DA. Equivalently if there is a bilinear form
which is non-degenerate and associative.

(iii) A is self-injective (or quasi-Frobenius) if 4A is an injective module.
Equivalently add 4A = add 4DA. Equivalently the modules P[i] and I[j] are
the same, up to a permutation.

(iv) Ais QF-3 (in the sense of Thrall) if A has a faithful projective-injective
module, or equivalently A embeds in a projective-injective module, or equiv-
alently the injective envelope of any projective module is projective.

A module M is faithful if am = 0 for all m € M implies a = 0, that is, if the
map A — Endg (M) is injective.

A f.d. A-module M is faithful if and only if there is an embedding A — M™
for some n. Namely, if A < M" a € A and am = 0 for all m € M, then
ar = 0 for all x € M", so al = 0 for 1 € A. Thus a = 0. Conversely, if
M is faithful, choose a basis mq,...,m, of M. This gives a map A — M™",
a— (amyq,...,amy). If a = 0, then am; = 0 for all i, so am = 0 for all
m € M.

Examples. (1) The group algebra KG of a finite group is symmetric with
(a,b) = A1 where ab= 3" _; A9

(2) If Q is the cyclic quiver with n vertices then KQ/(KQ,)**! is Frobenius,
and it is symmetric iff n|k. The bilinear form (a, b) is the sum of coefficients
of paths of length £ in ab.
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(3) The commutative square algebra with source 1 and sink 4 is QF-3 because
any indecomposable projective has socle S[4], so embeds in I[4] = P[1].

(4) For a commutative algebra the concepts are the same ((ii)=-(i) since
(a,b) = (la,b) = (1,ab) = (1,ba) = (b,a), (iii)=-(ii), since the algebra
is basic, and (iv)=-(iii) since , then (1 —e)Ae = 0, so it Ae is a faithful
projective-injective, then e = 1). Commutative Frobenius algebras appear in
topological quantum field theory.

1.6 Uniserial modules and Nakayama algebras

Definition. A module M is uniserial if its submodules are totally ordered by
inclusion, that is, if N, N’ C M, then either N C N’ or N' C N.

A composition series of a module M is a chain of submodules 0 = M, C
M, C --- C M, = M such that each M;/M; 4 is simple. Since M is f.d., any
chain of submodules can be refined to give a composition series. Now M is
uniserial iff it has a unique composition series.

Example. If S and T are simple modules and 0 — S — M — T — 0 is
non-split, then M is uniserial. (If L is a submodule with L # 0,5, M, then
L+S=M,and LN S =0, so the sequence splits.)

Lemma.

(i) Any uniserial module is indecomposable, with simple top and socle, and
only finitely many submodules.

(ii) Any submodule or quotient of a uniserial module is uniserial.

(iii) M is a uniserial A-module iff D(M) is a uniserial A°’-module.

(iv) M is uniserial iff the chain

MDOradM Drad?M D ---Drad"* M Drad®M =0
is a composition series for suitable n.
Proof. (i)-(iii) trivial. (iv) It suffices to show that if the chain is a composition
series, then every submodule L of M is equal to rad’ M, some . Let i be
maximal with L C rad’ M If i = n then L = 0, otherwise rad’ M/ rad""' M

is simple, so rad”™ M is the unique maximal submodule of rad’ M. Since L
is not contained in rad“™ M, we must have L = rad’ M.

Definition. A f.d. algebra A is a Nakayama algebra if the indecomposable
projective left and right A-modules are uniserial. It is equivalent that the in-
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decomposable projective modules and the indecomposable injective modules
are all uniserial.

Proposition 1. If A = K@Q/I with @ connected and I admissible, then A is
Nakayama iff () is a linear or cyclic quiver.

Proof. If the quiver is linear or cyclic, then for each vertex ¢ there is a unique
maximal path a,, ...a; with tail at i and not in /. Then rad’ P[i] is spanned
by the paths ay...a; with £ > j. Thus the radical series is a composition
series. Thus P[i] is uniserial. Similarly for the indecomposable projective
right modules.

If two arrows a, b have tail at i then the submodules Aa and Ab of Ae; = PJi]
are incomparable, for if Aa C Ab, then there is x € K(Q with a —azb € I C
(KQ,)?, which is impossible. Similarly for right modules if two arrows have
tail at i.

Proposition 2.

(i) A Nakayama = A/I Nakayama for any ideal I.

(ii)) A Nakayama = A QF-3.

(iii) A/J(A)* QF-3 = A Nakayama.

Thus, for example, A is Nakayama < A/I is QF-3 for all I.

Proof. (i) Write A = @ P, with P; indecomposable projective. Then
A/l = @ P,/IP,;, a direct sum of uniserial modules, so the indecomposable
projective left A/I-modules are uniserial. Similarly for right modules.

(ii) We show that if P is indecomposable projective, then so is E(P). Since
P has simple socle, so does F(P). Thus it is indecomposable. Thus it is
uniserial, so it has simple top. If § : P' — E(P) is its projective cover, then
P’ is indecomposable. This gives an exact sequence 0 — Ker — 671(P) —
P — 0. Now 0~1(P) is uniserial, so indecomposable, but this sequence splits,
so we must have Ker 6 = 0.

(iii) We show the indecomposable projective left modules are uniserial. For
right modules it is dual.

First we show that A/J? in Nakayama. Let P be an indecomposable pro-
jective A/J?-module. Thus rad P = JP is semisimple. We show it is zero
or simple. We have P C E(P), where E(P) denotes the injective enve-
lope as an A/J*module, and E(P) is projective for A/J*. If P C JE(P),
then JP = 0. Thus suppose P Z JE(P). We decompose E(P) into inde-
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composables, E(P) = @ P;. Then one of the maps top P — top P; is an
isomorphism, so P — FP; is an isomorphism, so P is injective, so F(P) = P.
Then JP is semisimple, but P has simple socle, so JP is simple or zero.

Now we show by induction on n that A/J" is Nakayama for n > 2. Let P
be an indecomposable projective for A/J". Then P/J*P is a projective for
A/J?, and it has simple top, so it is indecomposable, so JP/J*P is zero or
simple. Thus JP is a module for A/J"~! which is zero or has simple top, so
it is uniserial. Thus P is uniserial.

Theorem. Any indecomposable module for a Nakayama algebra is uniserial.
Thus any indecomposable module is a quotient of an indecomposable pro-
jective, so there are only finitely many indecomposable modules - Nakayama
algebras have finite representation type.

Proof. We prove this for Nakayama algebras A by induction on dim A.

Now A has an indecomposable projective-injective module P. We can embed
it as an ideal in A. Let I = SA, the ideal generated by S = soc P. Then any
indecomposable module for A is either isomorphic to P, so uniserial, or an
indecomposable module for A/, so uniserial by induction.

Recall that a f.d. representation of a quiver is nilpotent if there is some m
such that any path of lenght > m is zero in the representation. For a quiver
without oriented cycles all representations are nilpotent. If I is an admissible
ideal then any K@ /I-module corresponds to a nilpotent representation of Q.

Corollary. (i) Any f.d. indecomposable nilpotent representation M of a lin-
ear or cyclic quiver @ is isomorphic to (KQ/KQ'!)e; for some vertex ¢ and
some m.

(ii) Any f.d. indecomposable representation of a cyclic quiver is either nilpo-
tent or isomorphic to one of the form

vivh .o hvay (the two ends identified)
where V' = K{z|/(f(x)™) with f(x) a monic irreducible polynomial # x in
K[z]. In particular if K is algebraically closed, f(z) =2 — A, then V = K"
and x corresponds to the Jordan block .J, ().
Proof. (i) M is a module for KQ/(KQ)* for some k, which is Nakayama.

(i) Let @ be cyclic with N vertices. Let o € K@ be the sum of all paths of
length N. Then « is a central element of K@), so it induces an element of
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Endgg(M). By Fitting’s Lemma, this element must be nilpotent or invert-
ible. If nilpotent, then M is nilpotent. If invertible, then all paths of length
N in M must be invertible. Thus all arrows in M must be invertible. Thus
M is of the indicated form for some for some K[z]-module V on which z acts
invertibly. Now V must be indecomposable, so it has the stated form.

1.7 Homological algebra for f.d. algebras

Definition. A projective resolution
N ) - Ny RN V

is minimal if the maps € : Py — M, dy : P, — Ker(e), dy : P, — Ker(d;) and
so on, are projective covers. Dually for an injective resolution

0 MSOS e,

the maps € : M — I° 1°/Tm(e) — I', I'/Im(d’) — I? and so on must be
injective envelopes.

Minimal projective and injective resolutions of M exist and are unique up to
isomorphism.

Lemma 1.
The multiplicity of I[i] in I* is puy(I¥) = dim Ext"(S[i], M)/ dim D;, and
The multiplicity of P[i] in Py is ppy(P) = dim Ext*(M, S[i])/ dim D;.

Proof. By minimality, any element of soc I is in the image of the map I*~! —
I', so is killed by the map I* — I**!. Thus in the complex Hom(S[i], I*), the
differential is zero. Thus

dim Ext*(S[i], M) = dim Hom(S[i], I*) = dim End(S[i]). ez (I").

Lemma 2. If A= KQ/I with I admissible, then the number of arrows from
i to 7 in Q is dim Ext'(S[i], S[j]).

Proof. Since I is admissible, I C (KQ)3. Now P[i] = (KQ/I)e;, so
rad P[i] = ((KQ)4+/I)e;, and radrad P[i] = ((KQ)?% /I)e;. Thus

top(rad P[i]) = (KQ)+/(KQ)’ @s
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where n;; is the number of arrows from ¢ to j. Then in the minimal projective
resolution of Si],
«++— Py — P[i] = S[i] = 0

P is the projective cover of rad Pli], so top P; = top(rad P[i]), so the multi-
plicity of P[j] is n;;. Thus dim Ext*(S[i], S[j]) = n;.

Lemma 3. The following are equivalent for a module M

(i) proj.dim M <n

(ii) Ext"™ (M, S) = 0 for all simples S.

(iii) the minimal projective resolution of M has P, = 0 for k > n.
Similarly for the injective dimension.

Proof. (i) implies (ii) is clear.

(ii) implies (iii). By the lemma above, the minimal projective resolution of
M has P, = 0.

(iii) implies (i). Trivial.

Proposition. The global dimension of a f.d. algebra is the maximum of the
projective dimensions of its simple modules.

Proof. If the maximum is n, we need to show that every module, even
infinite-dimensional, has projective dimension at most n. Now every sim-
ple S has a projective resolution of length < n. Thus every semisimple
module has a projective resolution of length < n, so every semisimple mod-
ule has projective dimension < n. Now every module X has a filtration
XD JA)X DD J(ANX = 0 in which the quotients are semisimple,
and the long exact sequence shows that an extension of modules of projective
dimension < n again has projective dimension < n.

Corollary. For a f.d. algebra, the left and right global dimensions are the
same.

Proof. If the right global dimension is < n, then the simple right modules
have injective resolutions of length < n. Dualizing, the simple left modules
have projective resolutions of length < n. Thus the left global dimension is
<n.

Example. If A = K@Q/I with I admissible, and ) has no oriented cycles,
then A has finite global dimension. We show by induction that if ¢ is a vertex
and every path starting at ¢ has length < n then proj.dim S[i] < n. If n =0
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then ¢ is a sink and S[i] = P[i] is projective. Otherwise there is an exact
sequence
0 — rad P[i] — P[i] — S[i] — 0.

Now rad P[i] is an iterated extension of simples S[j| for which there is
a non-trivial path ¢ — j. Thus by induction proj.dim S[j] < n. Thus
proj. dimrad P[i] < n. Thus proj.dim S[i] < n.

Recall that a hereditary algebra is one with global dimension < 1. Recall
that path algebras K () are hereditary.

Theorem. If A is a f.d. hereditary algebra and A/J(A) = K x --- x K (for
example if A is basic and K is algebraically closed), then A is isomorphic to
a path algebra K@.

Proof. The algebra can be written as A = KQ/I with I admissible. We
show I = 0. Since I.KQ, C I we have an exact sequence of K()-modules

0—1/(I.KQy) > KQi/(I.KQy) — KQ4/I — 0.

The middle module is annihilated by I, so this is a sequence of A-modules.
The RH module is a submodule of A = K@/I, so it is projective as an
A-module. Thus the sequence splits. Letting

M=KQi/(I.KQy), N=I/I1KQ:)®KQ:+/I
we deduce that M = N. Thus M/(KQ;)M = N/(KQ,)N, which gives
KQ/KQ% = (I/(KQI+1.KQy))® (KQy/KQY).

Thus by dimensions, I = KQ,.I +1.KQ,. Now if I # 0 there is a maximal
k such that I C (KQ)E. But then I = KQ..I + .KQ, C (KQ)"™, a
contradiction.
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2 Auslander-Reiten Theory

Throughout, A is a f.d. K-algebra, and we consider f.d, modules.

2.1 The transpose

We consider the contravariant functor M — M"Y = Homu (M, A) : A-mod —
A°%-mod. It gives an antiequivalence Py — Paopr. Given a left (or right)
module M, we fix a minimal projective presentation

pLp %Mo

That is, g : Py — M and f : P, — Ker(g) are projective covers. The
transpose Tr M is the cokernel of the map f¥ : Py — PY. If M is a left
A-module, then Tr M is a left A°’-module. Thus there is an exact sequence

0—-M'—=F/ - P —-TcM—0
Note that Tr doesn’t define a functor on the module categories.

Lemma.

(i) Up to isomorphism, Tr M doesn’t depend on the choice of minimal pro-
jective presentation of M.

(ii) If P is projective, then Tr P = 0.

(iii) Tr(M & N) = Tr M & Tr N.

(iv) If M has no nonzero projective summand, the same is true for Tr M,
and Py — P/ — Tr M — 0 is a minimal projective presentation.

(v) If M has no nonzero projective summand then TrTr M = M.

Proof. Two different minimal projective presentations of M fit in a commu-
tative diagram

PP M s 0

Lol

!

Pt p Ly 0

and the minimality ensures that the vertical maps are isomorphisms. Apply-
ing (—)V, one sees that the two different constructions of Tr M are isomorphic.

(i) is clear.
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(iii) Straightforward since the direct sum of minimal projective presentations
of M and N gives a minimal projective presentation of M & N.

(iv) Suppose @ is a non-zero projective summand of Tr M. Then there is
a split epi P — @ whose composition with f¥ is zero. Thus there is a
split mono @Y — P; whose composition with f is zero. Contradicts that
P, — Ker(g) is a projective cover.

Suppose P — Tr M is not a projective cover. Then there is a non-zero
summand @ of P}’ with image zero in Tr M. This gives a map Q — Im(f").
Since @ is projective and Py — Im(f") is onto, we get a map @ — P,
whose composition with fY is the inclusion of @ in P}’. Thus f composed
with the map Py — @V is the projection P, — @QV. Thus Ker(g) = Im(f) is
not contained in rad F. Contradicts that g : Py — M is a projective cover.

Suppose that Py — Im(f") is not a projective cover. Then there is a non-
zero summand @ of Py whose composition with fV is zero. Then there is a
split epimorphism Py — @V whose composition with f is zero. This induces
a split epimorphism M — QV, contradicting the fact that M has no non-zero
projective summand.

(v). TrTr M is the cokernel of the map P — FyY, that is, P, — F.

Proposition. Tr induces a bijection between isomorphism classes of indecom-
posable non-projective left A-modules and indecomposable non-projective
left A°P-modules.

Definition. Given modules M, N, we denote by Hom™ (M, N) the set of
all maps M — N which can be factorized through a projective module
M — P — N.

Clearly HomP™ (M, N) is a subspace of Hom(M, N), for example if § factors
through P and ¢’ factors throught P’ then 6 + 0" factors through P & P".
Moreover Hom™™ is an ideal in the module category.

We define Hom(M, N) = Hom(M, N)/ Hom* (M, N). These form the Hom
spaces in a category, the stable module category, denoted A-mod.

Theorem. The transpose defines inverse anti-equivalences

A-mod <:> A°P-mod.

Proof. First we show that Tr defines a contravariant functor from A-mod
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to A°’-mod. Any map 0 : M — M’ can be lifted to a map of projective

presentations

I op % M —— 0

el

Pt L M —0
Applying ()¥ there is an induced map ¢.

1A% /
Py L Py s M —— 0

o wl

Py L P P oM —— 0

The map ¢ depends on 6y and #,, which are not uniquely determined. We
show that any choices lead to the same element of Hom(Tr M’ Tr M'). For
this we may assume that § = 0, and need to show that ¢ factors through a
projective.

Thus assume that 6 is zero. Then ¢'¢y = 0. Thus there is h : By — P
with 6y = f’h. This gives h¥ : P|¥ — F) with 6§ = hY f"Y. Now we have a
commutative diagram

v /
Py L Py s M —— 0

o ]
py L py 2 M —— 0,

Taking the difference of the vertical maps, there is also a commutative dia-
gram

v /
Py Ly P e —— 0

| e

A AR < VN RN Y g— )

But then () — fYhY)f"" = 0. Thus there is a map s : Tr M’ — P with
0y — fYhY = sp/. Tt follows that psp’ = ¢p', so since p’ is surjective, ¢ = ps,
so ¢ factors through a projective.

Thus a morphism ¢g : M — M’ gives a well-defined morphism Trg = [¢] €
Hom(Tr M’, Tr M). It is straightforward that this construction behaves well
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on compositions of morphsms, so that the transpose defines a contravariant
functor A-mod to A°’-mod.

Now clearly the transpose sends any projective module to 0, so it sends
any morphism factoring through a projective to 0, so it descends to a con-
travariant functor A-mod to A°’-mod. Now it is straightforward that it is an
antiequivalence.

2.2 Auslander-Reiten formula

Definition. We define A-mod as the category with Hom spaces
Hom(M, N) = Hom(M, N)/ Hom™ (M, N)

where Hom™ (M, N) is the maps factoring through an injective module.

Lemma 1. Hom(M,N) = Hom(DN,DM), so D gives an antiequivalence
between mod-A and A-mod.

Proof. Straightforward.

Definition. The Auslander-Reiten translate is 7 = D Tr and the inverse
construction is 7~ = Tr D.

By the results of the previous section we have inverse bijections

T

non-projective indec mods/iso . non-injective indec mods/iso

T

and inverse equivalences
.

A-mod : A-mod.

T

Applying D to the exact sequence defining Tr M, we see that there is an
exact sequence

0—=>717M = v(P) = v(P) = v(M)—0.

Thus 7 con be computed by taking a minimal projective presentation of M,
applying the Nakayama functor (which turns each P[i] into I[i]) and taking
the kernel.
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Example. For the commutative square with source 1 and sink 4, the simple
S[2] has minimal projective presentation

P[4] — P[2] — S[2] = 0
so we get
0— 75[2] — I[4] — I]2]
so 75[2] = P[3].
Lemma 2. If M is an A-module, then
(i) proj.dim M <1 < Hom(DA,7M) = 0 < there is no non-zero map from
an injective module to 7M.

(ii) inj.dim M < 1 < Hom(7~ M, A) = 0 < there is no non-zero map from
7~ M to a projective module.

Proof. (i) Recall that v~ (—) = Hom(DA, —), and that v~ (v(P)) = P. Thus
we get 0 = v (TM) — v (v(P)) — v~ (v(P)) exact, so 0 — v~ (TM) —
P, — Fy. Thus proj.dim M < 1 iff P, — By is injective iff v~ (7 M) = 0 iff
Hom (DA, 7M) = 0.

(ii) Dual.

Lemma 3. Given a right A-module M, a left A-module N, m € M and
n € N let fi, : MY — N be the map defined by f,.(a) = a(m)n. It is a
left A-module map. There is a natural transformation

Oy : DHom(MY, N) — Hom(M,DN), Oyn(&) = (m— (n+ &(fmn)))-

Then 0yn is an isomorphism for M projective. And in general the image of
QMN is HOIHprOJ(M, DN)

Proof. The first part is clear. Clearly 0y, is well-defined. Both D Hom(M", N)
and Hom(M, DN) define functors which are contravariant in M and N, and
it is straightforward that €,y is natural in M and N.

For M projective, the map is an isomorphism, since it is for M = A. Thus
given a map f : M — P with P projective, we get a commutative diagram

DHom(PY,N) —— Hom(P, DN)

| |

DHom(MY, N) 25 Hom(M, DN)
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where the top horizontal map is the natural isomorphism #px and the vertical
maps are induced by f. Any map M — DN factoring through P is in the
image of a, so in Im(0y/n).

Varying P, we get HomP (M, DN) C Im(6px).
Now take a basis of M. This defines a map M — P, where P = A™. Then
PY — MY is onto. Thus Hom(M", N) — Hom(P",N) is 1-1. Thus b is
onto. Thus Im(0y,x) = Im(a) € Hom™ (M, DN).
Theorem. There are isomorphisms
Hom(7~ N, M) = D Ext'(M, N) = Hom(N,TM).
Proof. Given a minimal projective presentation P, — Fy — M — 0, write
Q'M for the image of P, — B, so there is
0= QM — P —M-=0
and hence
0 — Hom(M, N) — Hom(Py, N) — Hom(Q'M, N) — Ext' (M, N) — 0.

Also we have
0—-M'—PF —-P —-TcM—0

SO
O—)<TI"M)V—>P1—>PO
SO
0— (Tr M) — P, — Q'M — 0.
and hence

0 — Hom(Q'M, N) — Hom(P;, N) — Hom((Tr M)", N).
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Thus we have a commutative diagram with exact rows and columns,

0
D Ext'(M, N)
DHom((Tr M)V, N) —— DHom(P;,N) —— DHom(Q'M,N) —— 0

0 —— Hom(TrM,DN) —— Hom(P/,DN) —— Hom(P,’,DN)

Hom(Tr M, DN)

0
By the Snake Lemma we get an isomorphism D Ext'(M, N) — Hom(Tr M, DN).

Now use Lemma 1 to rewrite this as Hom(N, D Tr M), or use that Tr gives in-
verse anti-equivalences between A-mod and A°’-mod to rewrite it as Hom(M, Tr DN).

Corollary. If A is hereditary, we get
Hom(7~ N, M) = D Ext'(M, N) = Hom(N,TM).

Proof. Use Lemma 2. We have Hom (7~ N, M) = Hom(7~ N, M) ifinj. dim N <
1, and Hom(N,7M) = Hom(N, 7 M) if proj.dim M < 1.

2.3 Auslander-Reiten sequences

Definitions. Given X, a map f : X — Y is a source map for X if it is left
minimal, not a split mono, and any map X — M which is not split mono
factors through f.

Given Z,amap g : Y — Z is a sink map for Z if it is right minimal, not a
split epi, and any map M — Z which is not split epi factors through g.

Remarks.
(i) If X has a source map, then X is indecomposable and the map is unique
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up to isomorphism, that is, if X — Y and X — Y’ are source maps, then
there is an isomorphism Y — Y’ giving a commutative triangle. Similarly
for sink maps.

(i) I[i] — I[i]/S[i] is a source map for I[i], and rad P[i| — P]i] is a sink map
for P[i].

Definition. By an Auslander-Reiten sequence or almost split sequence we
mean an exact sequence

0-XLyv%z50
where f is a source map for X and ¢ is a sink map for Z.

If an AR sequence exists, it is determined up to isomorphism by either of the
end terms.

Lemma. If M is a (f.d.) A-B-bimodule, and soc(4M) and soc(Mp) are
simple, then they are equal.

Proof. Since the socle is functorial, if § € Enda(M) then 6(soc(4M)) C
soc(aM). Thus soc(4M) is a B-submodule of M. Since soc(Mpg) is simple,
it must be contained in any non-zero B-submodule of M, so soc(Mp) C
soc(4M). Dually we get the other incluson.

Theorem. Let Z be a non-projective indecomposable A-module, and let
X = 7Z be the corresponding non-injective indecomposable module. (Or
equivalently let X be non-injective indecomposable and let Z = 7~ X.) Then
there exists an Auslander-Reiten sequence

0 XLy 0

Proof. Ext'(Z, X) is an End(X)-End(Z)-bimodule.

As aright End(Z) module it is isomorphic to DEnd(Z), so has simple socle S,
corresponding to the fact that End(Z) as a left End(Z)-module is a quotient
of End(Z), so has simple top, since Z is indecomposable.

As a left End(X) module it is isomorphic to DEnd(X), so has simple socle
T, corresponding to the fact that End(X) as a right End(X)-module is a
quotient of End(X), so has simple top, since X is indecomposable.

By the lemma, S =T Let
E0=>X—->Y—>2—-0
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be an exact sequence corresponding to a non-zero element of S.
(a) Since £ # 0 the map f is not a split mono and g is not a split epi.

(b) Suppose M — Z not a split epi. The map Hom(Z, M) — End(Z) has
image contained in the radical of End(Z).

Thus the map Hom(Z, M) — End(Z) has image contained in the radical of
End(Z).

Thus the map DEnd(Z) — DHom(Z, M) kills the socle of DEnd(Z) as a
End(Z)-module.

Thus the map Ext'(Z, X) — Ext'(M, X) kills &. Thus the pullback of ¢ by
M — Z splits.

Using a section of this pullback we get a map M — Y whose composition is
the original map M — Z.

(b") By duality, if X — M is not a split mono, it factors through f.

(c) If g is not right minimal, then there is non-invertible a € End(Y') with
ga = g. Then g induces non-invertible 5 € End(X) with af = f5. Now
S =0 for some n, so 0 = f" =a"f, so a™ = rg for some r : Z — Y. But
then ¢ = ga™ = grg, so since g is epi, gr = 14, contradicting that ¢ is not
split epi. Thus g is right minimal.

(¢) Similarly f is left minimal.

Corollary. Every indecomposable module has a source map and a sink map.
(i) If X is indecomposable non-injective then the map X — Y in the AR
sequence starting at X is a source map, and if X = I[¢] then I[i] — I[i]/S]i]
is a source map.

(i) If Z is indecomposable non-projective then the map Y — Z in the AR
sequence ending at Z is a sink map, and if Z = P[i] then rad P[i] — P[i] is
a sink map.

2.4 Irreducible maps

Definition. A map f: X — Y is irreducible if it is in rad(X,Y") and for any
factorization f = ¢f with 0 : X — M and ¢ : M — Y, either @ is split mono
or ¢ is split epi.
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Remarks.
(i) Any irreducible map is mono or epi. Otherwise it factors through its
image.

(ii) The kernel/cokernel of an irreducible map is indecomposable (exercise).

(iii) Any source or sink map is irreducible. If X — Y is a source map for
X, then the irreducible maps X — Z are the compositions X — Y — Z
with Y — Z split epi. Any irreducible map factors this way. Conversely, it

suffices to show that if
(:f/) X >ZaeZ

is irreducible, so is ¢. For this, observe that if ¢ factors through M then (j:,)
factors through M & Z'.

Dually, the if Y — Z is a sink map for Z, the irreducible maps X — Z are
the compositions X — Y — Z with X — Y split mono.

(iv) This is not the classical definition of an irreducible map. For example
if Y is indecomposable, then 0 — Y is irreducible, but it would not be with
the classical definition. Thus (iii) would be wrong.

Recall that we have defined rad(X,Y) € Hom(X,Y). If X is indecomposable
it is the set of maps which are not split monos. If Y is indecomposable it is
the set of maps which are not split epis. If X and Y are indecomposable it
is the set of non-isomorphisms.

Definitions. We define rad*(X,Y") to be the set of all homomorphisms X — Y
which can be written as a composition

x4y
with f € rad(X, M) and g € rad(M,Y’). This is a subspace of rad(X,Y).

If X,Y are indecomposable, we define irr(X,Y) = rad(X,Y)/rad*(X,Y). It
is naturally a Dy-Dx-bimodule, where Dy is the division algebra End(X)/J(End(X)).

For XY indecomposable, f : X — Y is irreducible iff f € rad(X,Y’) and
f & rad*(X,Y). Thus there is an irreducible map X — Y iff irr(X,Y) # 0.

Recall from the section on the Krull-Remak-Schmidt Theorem that the mul-
tiplicity of an indecomposable M as a direct summand of a module Y is
_ dimt(M,Y) Hom(M,Y)

Y) = HM,Y) = — R 7))
miV) == MY =
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Theorem. Let M be indecomposable.

(i) If f: X — Y is a source map, then dimirr(X, M) = pp (V). dim Dy,
(i) If g : Y — Z is a sink map, then dimirr(M, Z) = pup (V). dim Dy,.

In particular, for given X and Z, there are only finitely many indecomposable
M with irr(X, M) or irr(M, Z) non-zero.

Proof. (ii) Since g is a sink map, either Ker g is zero, or Ker g — Y is a source
map. Either way it is in rad(Ker ¢g,Y"). Since g is a radical homomorphism,
composition with g induces left exact sequences

0 — Hom(M, Ker g) — Hom(M,Y') — rad(M, Z)
and

0 — Hom(M, Ker g) — rad(M,Y) — rad*(M, Z)

and since g is a sink map, these are exact on the right. For example any map
0 € rad®*(M, Z) can be written as a sum 0 = > . ;¢; with ¢; € rad(M, X;)
and 1; € rad(X;, Z) and X; indecomposable. But then ); is not split epi, so
it factorizes as gx; for some x; € Hom(X;,Y'), and then 6 = g(>_, x:¢:), and
Zi Xﬂﬁl S rad(M, Y) Thus

dimirr(M, Z) = dim[Hom(M,Y")/rad(M,Y)] = dim Dys.pp (V).

Corollary. If X is indecomposable, then

(Z dimirr(X, M) M) i — {— dim S[i] (X = I[d))

dim Dy, dim7~X (X not injective)

where the sum is over all indecomposable modules up to isomorphism. More-
over if A = K(@Q/I then the same applies for dimension vectors.

2.5 Auslander-Reiten quiver

We now assume that K is algebraically closed. Otherwise we would have
to deal with valued quivers. Thus for M indecomposable, D), = K, so

Definition. Given a f.d. algebra A, the Auslander-Reiten quiver of A has ver-
tices corresponding to the isomorphism classes of indecomposable A-modules,
and the number of arrows M — N is dimirr(M, N).
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It is often useful to indicate the AR translate 7 by a dotted line joining Z
and 77 = D'Tr Z.

In general the AR quiver is not connected. It is finite iff the algebra has only
finitely many indecomposable modules, that is, it has finite representation
type.

Examples. For a Nakayama algebra, the irreducible maps between indecom-
posables are the monos X — Y with simple cokernel and the epis X — Y
with simple kernel.

| 1 3
A P Pll=T® .
'l ] &
rter— Sy
G et ) -~ = . .I‘(—A'k—.lﬁ
D= ¥ et 0 Koz
s N o 0450
) N
NV~ &Y
ot flesld g
e I — PRY — 5[0
-1 g8 ]

Linear quiver with three vertices.
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Harada-Sai Lemma. A composition of 2" — 1 non-isomorphisms between
indecomposables of dimension < n must be zero.

Proof. We show for m < n that a composition of 2™ — 1 non-isomorphisms
between indecomposables of dimension < n has rank < n — m.

If m =1 this is clear. If m > 1, a composition of 2™ — 1 non-isomorphisms
can be written as a composition

XLy zhw

where f and h are compositions of 2™~! — 1 non-isomorphisms. By induction
rank f,rankh < n —m + 1. If either has strictly smaller rank, we’re done.
Thus suppose that rank f = rankh = rankhgf =n —m + 1.

This implies that Ker f = Kerhgf and Imhgf = Imh. It follows that
Y = Kerhg®Im f and Z = Kerh @ Imgf. For example if y € Y then

hg(y) = hgf(x), soy = f(z) + (y — f(z)) € Imf + Kerhg, and if y €
Im f N Ker hg then y = f(x) and hgf(x) = 0, so x € Kerhgf = Ker f, so
y = 0.

By indecomposability f is onto and A is 1-1. ThusdimY = dim Z = n—m+1
and ¢ is an isomorphism. Contradiction.
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Theorem (Auslander). Assume that the algebra A is given by a connected
quiver and an admissible ideal. If C' is a connected component of the AR
quiver, and there is a bound on the dimension of the indecomposable modules
in C, then C' is finite and is the whole of the AR quiver of A.

Proof. Suppose M, N are indecomposable modules with Hom(M, N) # 0.
For i > 0 we consider a chain of maps

VIS V/NELNY VLN VRN VAR

with the M; indecomposable, f; irreducible and g¢;f; ... fi # 0. Such a chain
exists if © = 0. If g; is not an isomorphism, then it is not a split mono, so it
factors through the source map M; — E. Then we get a chain of size ¢ 4+ 1
by taking M;,; to be one of the summands of E.

Suppose all indecomposables in C' have dimension < n.

If M is in C', then by Harada-Sai any such chain must have length ¢ < 2" —1.
Thus the construction must terminate, with g; an isomorphism, for some
1 < 2" — 1. Thus there is a chain of irreducible maps from M to N of length
< 2™ — 1. Dually if N isin C.

Now choose some M in C. There is a projective P[i] with Hom(P][i], M) # 0,
so P[i| € C. If i — j is an arrow in @ there is a non-zero map P[j] — P[],
so if one is in C so is the other. Thus all projectives are in C. Thus C' is the
whole AR quiver.

Now for any indecomposable there is a chain of irreducible maps of length
< 2" — 1 from a projective P[i]. Thus C' is finite.

Corollary (First Brauer-Thrall Conjecture). If there is a bound on the di-
mensions of indecomposable A-modules, then A has only finitely many inde-
composable modules. (Finite representation type.)

Definition. An indecomposable module Z is directing if there is no cycle of
non-zero non-isomorphisms between indecomposable modules that includes
4,80 L — Zy — - — L, — Z with k> 0.

Proposition. Let Z be an indecomposable module. Suppose there is a bound
on the length of paths in the AR quiver ending at Z. Then Z is directing.

Proof. By induction on the bound. If zero, then Z is simple projective. But
then there is no non-zero non-isomorphism from an indecomposable module
to Z. Otherwise, decompose the sink map Y1 & --- @ Y,, — Z. It there is a
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cycle, say 2 — Z; — -+ — Zy — Z, then the map Z, — Z factors through
the sink map, so for some ¢ there are non-zero map Z, — Y; — Z. Now the
map Zj — Y; is either an isomorphism, or not. Either way we see that Y; is
in a cycle. Impossible by induction.

Definition. A module M is sincere if, considered as a representation of
the quiver (), the vector space at each vertex 7 is non-zero. Equivalently
Hom(P[i], M) # 0 for all i. Equivalently Hom(M, I[i]) # 0 for all 1.

Lemma. If M is sincere and directing, then proj.dim M < 1, inj.dim M <1,
End(M) = K and Ext'(M, M) = 0.

Proof. If proj.dim M > 2 then there is a non-zero map [[i] — 7M for some
i. But then one gets a cycle M — [[i] - M — E; — M.

Similarly for injective dimension.
End(M) = K trivially.

Ext' (M, M) = Hom(M,7M) = 0, for if M — 7M is non-zero, either it is an
isomorphism, or not, and either way one gets a cycle.

Proposition. If M is directing and M’ is indecomposable, of the same dimen-
sion vector, then M = M.

Proof. Passing to A/(>_ e;) for all vertices where M is zero, we may suppose
that M (and M') are sincere. Let 0 — P, — Py — M — 0 be a projective
presentation. Then for any module X we have

dim Hom (M, X) — dim Ext' (M, X) = dim Hom(P,, X) — dim Hom(P;, X).
This only depends on the dimension vector of X, so
dim Hom(M, M")—dim Ext* (M, M') = dim Hom(M, M)—dim Ext' (M, M) = 1

so Hom (M, M') # 0. Similarly Hom(M’, M) # 0. Contradicts the directing
property.

2.6 Knitting construction

We work with an algebra A = KQ/I. Still K is algebraically closed.

Preparation. Compute the modules rad P[i] and decompose into indecom-
posable summands. We need to the dimension vectors of the summands.
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Iterative construction. We suppose we have drawn a finite subquiver of the
AR quiver with no oriented cycles and the property that if an indecomposable
module X is in the subquiver, then so are all arrows ending at X, and suppose
we know the dimension vectors of the modules we have drawn. All modules
we have drawn are directing, so uniquely determined by their dimension
vectors.

We start with the empty subquiver.

If we have drawn all the summands of rad P[i], but haven’t yet drawn P[i], we
can now draw P[i] and fill in the arrows ending at P[i] with their multiplic-
ities. In particular we can start by drawing the simple projective modules.

Suppose we have drawn an indecomposable module X . If we have drawn all
projectives P[i] such that X is a summand of rad P[i], and if we have drawn
7~ U for all non-injective undecomposables U with an arrow U — X, then
we can be sure that we have drawn all arrows starting at X.

If we have drawn all arrows starting at X then

—dim S} (X = I]i])

—dim X + S dim irr(X, M) dim M —
dim ; im irr(X, M) dim {dj_mT_X (X not injective)

so we know whether or not X is injective by the sign of the left hand side.
If it is not injective, and we haven’t yet drawn 7~ X, we can now do so, and
draw dimirr(M, 7~ X) = dimirr(X, M) arrows from M to X, for all M.

Repeat.

Several possibilities. (a) Get stuck, because either there is no simple projec-
tive, or we have written down some summands of rad P[i], for some projective
P, but can’t write down all summands, so can’t write down P[i].

(b) Terminate after a finite number of steps. By Auslander’s Theorem we
have the whole AR quiver.

(¢) Go on forever. In this case we have constructed one or more connected
components of the AR quiver, called ‘preprojective’ components.

Examples.
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4-subspace,

Kronecker quiver,

Kronecker quiver with another vertex 3, such that the radical of P[i] never
appears.

Maybe one gets stuck. For example if some projective has decomposable
radical:
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Dually construct preinjective components starting with simple injective.

2.7 Covering theory via graded modules

The knitting procedure fails for many algebras. But a tool called ‘covering
theory’, due to Gabriel (1981), can often be used to make it work. By Gordon
and Green (1982) it is essentially equivalent to study graded modules.

Recall that A is a Z-graded algebra if

A=A, AnAn C Anpm

neL

It follows that 1 € Ay. We assume that A is f.d.. Thus only finitely many
A,, are nonzero.

Recall that a Z-graded A-module is an A-module

M= M,  AyMyC My

nez

We only consider f.d. graded modules, and write A-grmod for the category
of f.d. Z-graded A-modules, with

Hom g grmoa (M, N) = {6 € Homu (M, N) | 6(M,,) C N, for all n € Z}.
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Given an algebra A such as
oL b
G e O Q .
o (%
a1‘=0 , tzo ’ bo\: d:

we can grade by setting dega = degec = 1 and degb = 0 , and letting an
arbitrary path have degree equal to the sum of the degrees of the arrows it
involves (since with this choice the relations are homogeneous). Last semester
we have seen that graded modules for an algebra correspond to modules for
a suitable catalgebra A (an algebra which doesn’t necessarily have a 1, but
does have enough indempotents). In this example, the catalgebra is given by
the quiver

with the corresponding relations. Given a graded A-module M, the vector
space at vertex 1, is e;M,. So M, is the direct sum of the vector spaces at
vertices with subscript n. In particular, if we are only interested in graded
modules living in degrees —N < n < 0, then we deal with the truncated
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catalgebra

This is now a f.d. algebra. Perhaps we can use knitting with it. We show
how it can be used to understand modules for the original algebra A.

Theorem 1. A is local iff Ay is local.

Proof. Suppose A is local. If I is a proper left ideal in Ay then AI C J(A)
since it is a left ideal in A, and if a € A and 7 € I, then 7 is not invertible in
Ay, so not in A, so ai is not invertible, so it is in J(A). Thus I C J(A) N Ap.
Thus J(A) N A is the unique maximal left ideal in Ay.

Now suppose that Ag is local.

Let I =5 , A,A_, C A.

n#0

Ifae A, and b € A_,, with n # 0, then a is nilpotent, so not invertible, so

ab is not invertible in A, so it is not invertible in Ay, so ab € J(Ag). Thus
I C J(Ay).

Thus [ is nilpotent. Say IV = 0.
Let L be the ideal in A generated by all A,, (n # 0). Clearly L = &P, An-

It suffices to show that L is nilpotent, for then L C J(A), so that A/J(A) is
a quotient of A/L = Ay/I, which is local.

Suppose that A lives in d different degrees.

It suffices to show that any product ¢1¢5...¢;y of homogeneous elements of
L is zero.

Suppose not. Let d; be the degree of (145 ... ¢;.
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We have dN + 1 numbers dg, dy, . . ., dgy taking at most d different values, so
some value must occur at least N + 1 times. Say

di, =dj, = =d

IN+1

with 97 < iy < --- <iyz1. Then we can write the product as

61 .. 'gil (éil—&—l . f,‘z)(&'ﬁ_l .. &3) c (éiN—l-l .. .giNJrl)giNJrl_,_l . EdN

But each of the bracketed terms has degree 0, so is in I, so their product is
ZETo.

Definition. Given a graded module M and i € Z we write M(i) for the
module with shifted grading M (i),, = M;,,. There is a forgetful functor F'
from A-grmod to A-mod which forgets the grading.

Lemma 1. If M, N are graded A-modules, then Homs(FM, FN) can be
graded,
Hom (FM, FN) = @) Hom a_grmoa (M, N(n)).
nez

In this way
EIldA<FM) = @ HomA-grmod(Ma M(n))

nez

becomes a graded algebra.

Proof. Given a homomorphism 6 : FM — FN, we get linear maps 6, : M —
N defined by

u(m) = 3 0(my);c

i€z
where a subscript k applied to an element of a graded module picks out the
degree k component of the element.

Now if a € A is homogeneous of degree d, then (am); = a.m;_q, so

0 (am) = Z O((am)s)itn = Z 0(a.mi—a)irn = Y (a8(Mi-a))isn

= Z a.e(mifd)zlknfd = Z a-e(mj>j+n = aen(m>-

Thus 6,, € Hom g grmea (M, N(n)). Clearly 6 is the sum of the 6,,. The rest is
clear.
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Corollary. (i) A graded module M is indecomposable iff the ungraded module
F'M is indecomposable.

(ii) If M and N are indecomposable graded modules with F'M = FN then
M is isomorphic to N (i) for some i.

Proof. (i) By Theorem 1, End4(F M) is local iff its degree zero part is local.
This is Enda(F'M)o = Endagrmod(M ). Now the ungraded module F'M is in-
decomposable iff its endomorphism algebra End4(F M) is local. The graded
module M is indecomposable iff its endomorphism algebra End s grmea(M)
has no non-trivial idempotents, and since it is f.d., it is equivalent that it is
local.

(ii) Suppose 0 : FM — FN is an isomorphism. Then 0710 = 1py;, so
(60710)0 = 1ar, s0 >, (071)_i0; = 1. Since End(M) is local, some (071);6; is
invertible, so ; : M — N(i) is a split mono of graded modules, and hence
also an isomorphism.

Setup. Let A = KQ/I and grade it as above, assuming the relations are
homogeneous. We suppose that A lives in non-negative degrees, so since it
is f.d., it lives in degrees [0, d] for some d.

Recall that graded A-modules correspond to modules for a catalgebra A.
Given n < m, graded modules living in degrees [n,m| ={i € Z:n <i < m]
correspond to modules for a truncation of the catalgebra which is an actual
algebra. It is

A 0 -0 0

Ay Ao - 00

T
Amfnfl Am7n72 U AO 0

Am—n Am—n—l e Al AO

We write F' also for the functor from A-mod to A-mod.

Theorem 2. Suppose A lives in degrees [0,d] with d > 0 and A is the
truncation corresponding to degrees [n,m]|. If £ : 0 - X - Y — Z — 0 is
an AR sequence of A-modules, and Z lives in degrees [n + d, m — 2d], then
F(¢&) is an AR sequence of A-modules.

Sketch of proof. The trivial idempotents e¢; € A are homogeneous of degree
0, so the module P4li] = Ae; is graded, and lives in degrees [0,d]. Thus
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the module Py4[i](j) lives in degrees [j,j + d]. Thus if j € [n,m — d] then
P,[i](j) corresponds to an A-module. In fact it corresponds to Pj;[i;]. Thus
F(P3lij]) = Pali].

Similarly, if j € [n + d, m| then F(I[i;] = I4[i].
Take a minimal projective presentation
P— FPy— Z—0.

Now Py only involves projective covers of simples in degrees [n + d, m — 2d|,
so Py lives in degrees [n+ d, m — d]. Then P; only involves projective covers
of simples in degrees [n + d,m — d]. It follows that F(P;) are projective
A-modules, and that

F(P)— F(P) — F(Z)—0
is a minimal projective presentation of F(Z).
Now 7;Z is computed using the exact sequence

0— 72 = vi(P) — vi(BR).

Since the modules v ;(P;) only involve injective envelopes of simples in degrees
[n+d,m—d], F(v;(FP,)) is injective, and isomorphic to v4(F(P;)). Thus

0= F(132) = F(vi(P)) = F(vi(FR)),
is identified with the sequence

0= TaF(Z) = va(F(P1)) — va(F(F)).
Thus T4F(Z) =2 F(1;Z2) = F(X).

Now there is a homomorphism End ;(Z) — End4(F(Z)) whose image is the
degree 0 part. It induces an isomorphism on tops.

This induces a map End 5(Z) — End 4 (F(Z)) giving an isomorphism on tops.
This gives DEnd 4 (F(Z)) — DEnd 5(Z) giving an isomorphism on socles.

This gives a map Exty(F(Z), F(X)) — Ext}(Z, X) giving an isomorphism
on socles.

Now AR sequences are defined by elements of the socle, so the forgetful
functor sends an AR sequence to an AR sequence.
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Construction. Take a range of degrees [— N, 0] with N > 0, which we consider
to be finite, but arbitrarily large.

Now knit. If, eventually the knitted modules live in degrees < —2d, then the
subsequent AR sequences are sent by the forgetful functor to AR sequences
of A-modules.

If also the knitted modules are eventually all shifts of finitely many A-
modules, then they give a finite connected component of the AR quiver of
A. By Auslander’s Theorem it is the whole AR quiver.

Examples.

- e e ! -
[ 3 - ¥ |
| i FAEY
( e 7 - ; _ 5t
19, - . LA 5 ya
x5 G 7~
'3'-‘\ - 2 =Ny - 34 T - g&
LR ~ /
.“{ . \ 14 - \E - _\ 5‘3 -

Observe that the modules along the two vertices arrows correspond, with the
modules on the right hand arrow being the shifts of the modules on the left
hand arrow one place up the ladder. Moreover the modules to the right of
each arrow also correspond. Thus you can be sure that all further knitting
will follow the same pattern.
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Now take the part of the AR quiver between the two vertices arrows. You can
be sure that the forgetful functor sends it to a finite connected component of
the AR quiver of A. Thus it is the whole of the AR quiver of A. You need
to identify the two vertical arrows, giving a Mdébius band.

Another example: a Nakayama algebra (so we can compute its AR quiver
anyway).

N
a
=
e
k=l
o
(]

Z

i

~n

RN
= ) B ==

We grade it with dega = 1 and the other arrows of degree 0. Algebra A is of

the following form, where for simplicity we label the vertices 1¢, 29,30, 1-1,2-1,3_1,-2,. ..

as 1,2,3,4,5,6,7,....

Knitting gives the following.

r 9321 r yars

N ] 1654 7
/W, §,3 1 / \ fﬁ\
/ ] \‘ 4 \‘sw !/lc';'/
\”Ee \ \ / \s Ny /

\f”ﬁ \1 g\ / Ny rd \, /[\) / \3

Again we observe that the pattern repeats, so the AR quiver of A is the part
between the two vertical arrows, with the arrows identified. The cross means
that at that place it is not an AR sequence (since 654 is projective and 543
is injective).

Another example: @ with one vertex and loops p,q with relations p? =

43



apq, ¢ = pqp,p® = ¢ = 0. There is no non-trivial grading, so can’t get
started.

In the case when this process works, every module is gradeable. In general
that is not true.

For example the quiver with arrows from 1 to 2 and 3, and from 2 to 3.
Grade it with the arrow from 1 to 3 of degree 1 and the others of degree 0.
Then the module which is K at each vertex, identity for each arrow is not
gradeable.

Theorem 3. If the field K has characteristic zero, and A is graded, then any
A-module M with Ext'(M, M) = 0 is gradeable.

Proof. The result is possibly folklore. This proof comes from Keller, Murfet
and van den Bergh, On two examples by Iyama and Yoshino.

Let d : A — A be the map defined by d(a) = deg(a)a for a homogeneous. It
is a derivation since d(ab) = deg(ab)ab = (deg(a)+deg(b))ab = ad(b)+d(a)b.
It is called the Euler derivation.

Let E = M @& M as a vector space, with A-module action given by a(m,m’) =
(am,d(a)m + am’). This is an A-module structure and there is an exact
sequence

)
AREN (10)

00— M F—M-—0

By assumption this is split, so there is a map M — FE of the form m —
(m, V(m)). Moreover the map V : M — M satisfies
V(am) = d(a)m + aV(m)
so it is a connection on M with respect to d. Since M is f.d.,
M =P M,
AeK
where M) is the A-generalised eigenspace for V. Now for any A € K and a
homogeneous we have
(V= A —deg(a))" (am) = a(V = N)"(m)

for all N > 1, so a(My) € M)ideg(a). Thus if we let T" be a set of coset
representatives for Z as a subgroup of K under addition, and set

M, = @ M,
AeT+n

then M =&, ., M, is a graded module.

neL
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2.8 An example of a self-injective algebra of finite rep-
resentation type

Proposition. If P is an indecomposable projective-injective A-module which
is not simple, then there is an AR-sequence

0—radP % P@®rad P/socP % P/socP — 0
where f(x) = (z,7) and g(x,y) =7 — y.

Proof. Clearly soc P C rad P. Now rad P has simple socle, so is indecom-
posable and P/ soc P has simple top, so is indecomposable. The sequence is
clearly exact.

We show that any map 6 : rad P — M which is not split mono factors
through f. We may assume that M is indecomposable. If 6 is not mono, the
map factors through rad P/soc P, so through f. If 6 is mono, then since P
is injective, the inclusion rad P — P lifts to a map ¢ : M — P. If ¢ is not
epi, then it maps to rad P and is a section for #, contradicting that # is not
a split mono. Thus ¢ is epi, so since P is projective, it is a split epi, so an
isomorphism. Then using ¢~! we see that @ factors through f.

By symmetry any map P/soc P — M factors through g.

Now ¢ is right minimal by the argument of (c) in the proof of the theorem
in section 2.3. Dually f is left minimal. Thus f is a source map and g a sink
map. Thus the sequence is an AR sequence.

Lemma. If P is a projective-injective summand of A, S = soc P and I = SA,
then if
0—=-X—-Y—=>2—-0

is any AR sequence which is not of the form above for some summand of P,
then X, Y, Z are killed by I, so this is also an AR sequence of A/I-modules.

Proof. Let P’ be an indecomposable summand of P. It can’t occur as X or Z
since it is projective-injective. If it occurs are Y, then there is an irreducible
map X — P’. Thus X is a summand of rad P’. Thus X = rad P’. Thus the
sequence is as in the last proposition.
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Example. Consider the algebra with quiver

2

b
G /"_"\;_."
G

and relations bach = 0, bc = \bac and a® = ¢b for A € K. It is a special case
of a penny-farthing.

Then ba? = beb = \bacb = 0, and hence also a* = cbeb = 0. Also a’c = cbe =
Acbac = Aa®c. Then a* =0 = a®c =0 = a?c = 0. Thus also cbc = 0.

If K has characteristic not 2, one can change generators to get A = 0. If K
has characteristic 2 this is not possible.

If A # 0 there is no suitable grading.

The projectives are

NG I
u‘\1‘\/\,

X “L b=
1‘ yA l

\ﬂ
Ny N
| /2
‘LJ:\\: 0

They have dimensions 6 and 4. Thus the algebra has dimension 10. Ob-
serve that the projectives have simples socles, and both simples occur. Thus
the algebra embeds in the direct sum of the two injectives, which also has
dimension 10. Thus the algebra is self-injective.

We pass to A/l where I = soc A (already an ideal), so add the relations
a® = cba = achb = 0 and bac = 0, so bec = 0. According to the lemma of section
1.5, we only lose the two projective-injeective modules. The new algebra has
a grading with all arrows of degree 1, so its covering and indecomposable
projectives as follows (where we show the indecomposable summands of their
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radicals).

Knitting gives
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Then we insert the original projective-injectives to get the AR quiver of A.
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3 Homological topics

3.1 Faithfully balanced modules

See the following papers, and they papers they refer to.

T. Kato, Rings of U-dominant dimension > 1, Tohoku Math. J. 1969.

B. Ma and J. Sauter, On faithfully balanced modules, F-cotilting and F-
Auslander algebras, arXiv:1901.07855

Miiller, The classification of algebras by dominant dimension, Canad. J.
Math 1968.

C. M. Ringel, Artin algebras of dominant dimension at least 2, manuscript
2007, available from his Bielefeld homepage.

Definition. Let M be an A-module, and let B = Ends(M). Then M can
be considered as a B-module, and there is a natural map A — Endg(M).
Clearly M is faithful iff this map is injective.

We say that M is a balanced A-module or that M has the double centralizer
property if this map is onto, and that M is faithfully balanced (f.b.) if this
map is an isomorphism.

Clearly M is a f.b. A-module iff DM is a f.b. A°’-module.

Definition. Given a module M, gen(M) denotes the module class consisting
of quotients of direct sums of copies of M and cogen(M) the module class of
submodules of a direct sum of copies of M.

We say M is a generator if gen(M) = A-mod, or equivalently A € add(M).
We say M is a cogenerator if cogen(M) = A-mod, or equivalently DA €
add(M).

Proposition/Definition 1. If M is an A-module and n > 0 then gen,, (M)
is the module class consisting of the X satisfying the following equivalent
conditions

(a) There is an exact sequence M, — M, 1 — --+ = My — X — 0 with
M; € add M such that the sequence

Homa(M, M,,—1) — -+ — Homyu (M, My) — Homy (M, X) — 0

is exact (note that this is automatic if M is projective).
(b) The natural map Homa (M, X) ®p M — X is surjective (n = 0) or an
isomorphism (n > 0) and Tor? (Homy (M, X), M) =0 for 0 < i < n.
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Clearly add(M) C ...geny(M) C gen, (M) C geny(M) = gen(M).

Proof. Suppose (a). Then there is an exact sequence M,, — M, 1 — -+ —
My — X — 0 with

Homa (M, M,,—1) — -+ — Homu (M, My) — Homu (M, X) — 0
exact.

We first show that by changing M, if necessary, we may assume that the
sequence

Hom (M, M,,) — Homu (M, M,,—1) — --- — Homu (M, My) — Homy (M, X) — 0
is exact.

We are given an exact sequence
0 ¢
Mn — Mn,1 — Mn72

where we define M_; = X and M_5 = 0 if necessary. Thus 6 factorizes as a
composition

M, % ker o 5 M, _,

where 1 is onto and ¢ is the inclusion. Let ¢’ : M) — ker ¢ be an add(M )-
approximation of ker ¢. It must be onto since v factors through ¢)’. Replacing
6 by the composition §' = i)', the sequence M) — M, _; — M, _5 is exact.
By the approximation property, we have a surjection

Hom (M, M) — Hom 4 (M, ker 1) = ker (Homa (M, M,,_1) — Homa(M, M, _5)) .

so the sequence Hom (M, M) — Homa(M, M,,—1) — Homa (M, M,_5) is
exact.

Since M; € add(M), we have Hom 4 (M, M*) € add(Homa(M, M)) = add(Bg),
so the exact sequence

Hom (M, M,,) — Homa(M, M,,_1) — --- — Homu (M, My) — Homy (M, X) — 0

is part of a projective resolution of Hom4 (M, X) as a right B-module. We
can use it to compute Tor? (Hom (M, X), M) for i < n as the homology of
the complex

Hom(M, M,)) @3 M — -+ — Hom(M, My) @ M.
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Now for M’ € add M, the natural map Hom(M, M’) @ g M — M’ is an
isomorphism, so this complex is identified with

Mn—>—>M0

This is exact at M; for 0 < ¢ < n, and the homology at M is isomorphic to
X. Hence (b) holds

Conversely if (b) holds, take the start of a projective resolution of Hom 4 (M, X)
as a right B-module, say

P, — -+ — Py — Homyu(M, X) — 0
Applying — ®p M gives a complex, which by the hypotheses is exact:
M, — = My — X — 0,

where M; = P, ®p M € add M. Applying Homy (M, —) to this, gives a
complex

Homu (M, M,,) — - -+ — Homyu (M, My) — Homa (M, X) — 0.

Identifying Hom4 (M, M;) = Homyu(M, P, @ g M) = P;, we see that this is
the projective resolution we started with, so it is exact. Thus (a) holds.

Proposition/Definition 2. If M is an A-module and n > 0 then cogen™(M)
is the module class consisting of the X satisfying the following equivalent
conditions

(a’) There is an exact sequence 0 — X — M° — -+ — M™ with M* € add M
such that the sequence

Hom(M" ™' M) — --- — Hom(M°, M) — Hom(X, M) — 0

is exact (this is automatic if M is injective).

(b’) The natural map X — Homp(Homu (X, M), M) is a monomorphism
(n = 0) or an isomorphism (n > 0) and Ext%(Homyu (X, M), M) = 0 for
0<i<n.

Clearly add(M) C ...cogen*(M) C cogen' (M) C cogen’(M) = cogen(M).
The proof is dual.

Corollary 1.
(1) If M is an A-module, then M is f.b. iff A € cogen' (M) iff DA € gen,(M).
(2) Any generator or cogenerator is f.b.

o1



Proof (1) Apply Prop/Def 2 with X = A and n = 1. Now M is f.b. iff DM
is £.b. iff A € cogen' (4 DM) iff DA € gen, (4 M).

(2) If M is a generator, then A € add(M) C cogen'(M). If M is a cogener-
ator, then DM is a generator, so f.b., hence so is M.

Definition. By an f.b. pair we mean a pair (A, M) consisting of an algebra
and a f.b. A-module.

Given an f.b. pair, we construct a new f.b. pair (B, M), its endomorphism
correspondent, where B = End4 (M) and M is considered in the natural way
as a B-module.

Repeating the construction twice, one recovers the original pair.

We say that f.b. pairs (4, M) and (A’, M") are equivalent if there is an equiv-
alence A-mod — A’-mod sending add(M) to add(M’). One can show that
equivalent pairs have equivalent endomorphism correspondents.

Corollary 2. If (A, M) and (B, M) are f.b. pairs which are endomorphism
correspondents, then Hom4(—, M) and Hompg(—, M) give inverse antiequiv-
alences between cogen'!(4M) and cogen!(pM).

Proof. In view of Prop/Def 2 (b’) and the symmetrical role of A and B, it
suffices to show that if X € cogen'(4M), then Hom4(X, M) € cogen!(pM).
Take a free presentation of 4 X, say A™ — A" — X — 0. Applying
Hom 4 (—, M) gives an exact sequence

0 — Homu (X, M) — M™ — M™.
Applying Hompg(—, M) to this gives
A™ — A" — Homp(Homyu (X, M), M) — 0

which is isomorphic to the original exact sequence, so exact. Thus Hom4 (X, M) €
cogen'(gM).

Remark. Composing with duality, we get that Hom, (M, —) and M Qpo» —
give inverse equivalences between gen, (4 M) and cogen'(ger DM).

Example. Let A be the path algebra of the linear quiver Q =1 — 2 — 3.
We display its AR quiver below. Let oM be the direct sum of the circled
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indecomposables.

Considering M as a B-module, means to consider it as a representation of this
quiver. The vector space at each vertex is the corresponding indecomposable
A-module. In this example, the indecomposable A-modules are at most one-
dimensional at each vertex of (). In the following diagram we write ¢ for
the natural basis element at vertex ¢ of (). The arrows in the quiver for B
correspond to homomorphisms of the indecomposable A-modules, and act
on the basis elements as indicated below.

TR

R

Thus
K

‘ K
70N SN
M = k7 e @ kM N @ o N
R 7 o >
, L o
Observe that 4M has all of the projective A-modules as summands, but not
all injectives, so 4 M is a generator but not a cogenerator. On the other hand

all of the summands of g M are projective, but one summand is not injective.
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Proposition. Let (A, M) and (B, M) be f.b. pairs which are endomorphism
correspondents.

(a) 4M is a generator iff g M is projective.

(b) aM is a cogenerator iff g M is injective.

(c) A € cogen™(4 M) iff Ext’y(M, M) =0 for 0 < i < n.

Proof. (a) If 4M is a generator, then A € add(4M), so pM = Homu(A, M) €
add(Homy (M, M)) = add(B), so pM is projective.

Conversely if gM is projective, then pM € add(B), so A = Homg(M, M) €
add(Homg(B, M)) = add(aM).

(b) Apply (a) to DM.

(c) Prop/Def 2 with X = A.

Definition. Given an algebra B, we take the minimal injective resolution
0+B—=I"=>T1"— ...

of the module g B. We say that B has dominant dimension > nif I°,... "}
are projective.

Recall that a QF-3 algebra is an algebra with a faithful projective-injective
module. Thus A is QF-3 iff dom. dim A > 1. The faithful projective-injective
module P is unique, up to multiplicities, since it is the direct sum of all
indecomposable projective-injective modules. Moreover add(P) = P4 N Zy,
the module class of all projective-injective modules.

Theorem (Morita-Tachikawa correspondence). There is a 1:1 correspon-
dence between equivalence classes of pairs (A, M) where 4M is a generator-
cogenerator and Morita equivalence classes of algebras B with dom. dim B >
2.

It is given by endomorphism correspondence between (A, M) and (B, M),
where gM is the faithful projective-injective module, which is unique up to
multiplicities.

In particular B = End4(M).

Proof. By the proposition, 4 M is a generator-cogenerator iff 3 M is projective-
injective. Now gM is also f.b., so B € cogen'(gM), so dom.dim B > 2.

Conversely if dom.dim B > 2, and M is its faithful projective-injective mod-
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ule, then there is an exact sequence 0 — B — M°® — M with M’ € add(M).
Since M is injective, Hom(—, M) is exact on this. Thus B € cogen' (M), so
M is f.b.. Let (A, M) be the endomorphism correspondent. Then 4 M is a
generator-cogenerator.

Definition Let n > 1. A module 4 M is an n-cluster tilting object if
(i) Exty (M, M) =0for 0 <i<n

(ii) Ext’y(U, M) = 0 for 0 < i < n implies U € add M

(iii) Ext’y(M,U) = 0 for 0 < i < n implies U € add M

Clearly (ii) implies A € add M and (iii) implies DA € add M, so any n-cto
is a generator-cogenerator.

Example. For the algebra with quiver
0—=1—=2—=---—=n

with all paths of length 2 zero, the module S[0] has projective resolution

0— P[n] - Pn—1] — ---— P[1] - P[0] — S[0] = 0
so dim Ext’(S[0], S[j]) = ;. It follows that
M=S[0@P0l® ---@®Pn—-1®Pn]=ZI0|®I[l]& & I[n]® Sn]

is an n-cto. It’s endomorphism algebra B is the path algebra of the quiver

n—--—>1—0-—x%

with all paths of length 2 zero. It has global dimension n+ 1. The projectives
PIn], ..., P[0] are injective, and P[«] has injective resolution

0— P[] = I[*x] = I[0] = -+ — I[n— 1] = I[n] — 0.

Now I[«] = P[0], I[0] = P[1], ..., I[n — 1] = Pn| and I[n] = S[n] is not
projective, so dom.dim B =n + 1.

Theorem (Iyama, 2007). There is a 1:1 correspondence between equivalence
classes of pairs (A, M) where 4 M is an n-cto and Morita equivalence classes
of algebras B with gl.dim B <n + 1 < dom. dim B.

As before, it is given by endomorphism correspondence between (A, 4 M) and
(B,pM), so B =Enda(M).

Proof. We are in the setting of Morita-Tachikawa correspondence.
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Now Ext’ (M, M) = 0 for 1 < i < n corresponds to B € cogen”(gM), and
since g M is the faithful projective-injective, this corresponds to dom. dim B >
n—+ 1.

Suppose gl.dim B <n + 1.

We show that if Ext’ (U, M) = 0 for 0 < i < n then U € add M. Take the
start of a projective resolution of U, say

pP,—=-—=FP—=U=0.
Applying Hom 4 (—, M) gives a complex
0 — Homyu (U, M) — Homu (Py, M) — -+ - — Homu (P, M)

which is exact because the Exts vanish. Since gM is injective, applying
Hompg(—, M) gives an exact sequence

Homp(Homy (P, M), M) — --- — Homp(Homa(Py, M), M) — Homp(Hom (U, M), M) — 0.

Now the maps P; — Hompg(Hom4(P;, M), M) are isomorphisms since P; €
add M. Thus the map U — Hompg(Homu(U, M), M) is an iso (so U €
cogen' (4 M)). Also Homu(P;, M) € add(Homu4(A, M)) = add(gM). Thus,
since gl. dim B < n+1, the B-module Hom 4 (U, M) must be projective, so it is
in add(gB), and then U = Homg(Hom4(U, M), M) € add(Hompg (B, M)) =
add(AM)

Next we show that if Ext’ (M,U) = 0 for 0 < i < n then U € add M. Take
the start of an injective resolution of U, say

0-U—=1"— ... > I
Applying Hom 4 (M, —) gives a complex
0 — Hom(M,U) — Homu (M, I°) — -+ — Homu (M, I™)

which is exact because the Exts vanish. Since gM is projective, applying
— ®@p M gives an exact sequence

0 — Hom(M,U)®@pM — Homu (M, I)Y®@pM — --- — Homu (M, I") @5 M.

Now the maps I* — Homy (M, I') ® g M are isomorphisms since I* € add M.
Thus the map U — Homu(M,U) @ M is an iso. Also Homyu (M, ') €
add(Homy (M, M)) = add(Bg). Thus, since gl.dim B < n + 1, the right
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B-module Homy4 (M, U) must be projective, so it is in add(Bg), and then
U = Homu(M,U)®p M € add(B ®p M) = add(4M).

Now suppose that M is an n-cto. Given a B-module Z, choose a projective
presentation

pLp—z=o0.

Applying Homp(—, M) gives an exact sequence
0 — Homp(Z, M) — Homp(Py, M) % Homp(P;, M) — Coker(g) — 0.

Let C° = Coker(g). Applying Hom4(—, M) we get a commutative diagram
with bottom row exact

P1 —_— PO

! l

0 —— Homx(C° M) —— Homu(Hompg(P,, M), M) —— Hom(Hompg(Py, M), M)
The two vertical maps are isomorphisms, so Ker(f) = Hom 4(C°, M).

Now since M is a cogenerator, by repeatedly taking left M-approximations
we can get an exact sequence

0=C"—= M — ... &> M"?

such that the sequence

Hom(M™ 2, M) — -+ — Hom,(M°, M) — Hom4(C°, M) — 0
is exact. Let C" be the cosyzygies for this sequence, so

0—C'— M — O — 0.

Then
Hom(M*, M) — Hom(C", M) — Ext'(C**', M) — Ext' (M, M) =0 — ...,
so by dimension shifting

Ext" '(C™!, M) 2 Ext" *(C" ', M) = ... 2 Ext'(C', M) =0

and similarly Ext’(C"™', M) = 0 for 0 < i < n. Thus C"~! € add M. Thus

Z has projective resolution

0 — Hom(C™™ ', M) — Homa(M™ 2, M) — -+ = Homa(M°, M) — P, — Py — Z — 0
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Thus proj.dimZ <n+ 1. Thus gl.dim B <n + 1.

Observe that M is a 1-cto iff add(M) = A-mod. This is only possible if A
has finite representation type, and then 4M is unique up to multiplicities.
Thus we recover.

Theorem (Auslander, 1974). There is a 1-1 correspondence between algebras
A of finite representation type up to Morita equivalence and algebras B with
gl.dim B < 2 < dom.dim B up to Morita equivalence.

The correspondence sends A to B = Enda(M) where 4M is the direct sum
of all the indecomposable A-modules, and it sends B to A = Endg(M) where
M is the faithful projective-injective B-module.

The algebra B is called the Auslander algebra of A.

Example. We can check gl.dimB = 2 = dom.dim B for the Auslander
algebra of the linear quiver with three vertices.
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3.2 Homological conjectures for f.d. algebras

Lemma. If inj. dim 4 A = n, any A-module has proj.dim M < n or oco.

For example, every non-projective module for a self-injective algebra has
infinite projective dimension.

Proof. Say proj.dim M = i < oco. There is some N with Ext'(M, N) # 0.
Choose 0 - L - P —- N — 0 with P projective. The long exact sequence
for Hom(M, —) gives

.o = Ext'(M, P) — Ext'(M, N) — Ext™™ (M, L) — ...
Now Ext™ (M, L) = 0, so Ext’(M, P) # 0, so Ext’(M, A) # 0, so i < n.

Definition. An algebra A is (lwanaga) Gorenstein if inj.dim 4A < oo and
inj.dim A4 < oo.

Gorenstein Symmetry Conjecture (see Auslander and Reiten, Applications
of contravariantly finite subcategories, Adv. Math 1991). If one is finite, so
is the other.

Proposition 1. If inj.dim 4A = r and inj.dim A4 = s are both finite, they
are equal.

Proof. proj.dim 4DA = inj.dim A4 = s, so s < r by the lemma. Dually
s>

Also true for noetherian rings (Zaks, Injective dimension of semi-primary
rings, J. Alg. 1969).

Recall that if 0 = A — I° — I' — ... is the minimal injective resolution of
a f.d. algebra A, one says that A has dominant dimension > n if 1°,... "}
are all projective.

Nakayama conjecture (1958). If all I™ are projective, i.e. dom.dim A = oo,
then A is self-injective.

Generalized Nakayama conjecture (Auslander and Reiten 1975). For any f.d.
algebra A, every indecomposable injective occur as a summand of some ™.

It clearly implies the Nakayama conjecture, for if the I™ are projective, and
each indecomposable injective occurs as a summand of some I", then the
indecomposable injectives are projective.
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Example. For the commutative square, vertices 1(source),2,3,4(sink). There
are injective resolutions

0 —P[1] — I[4] — 0,

0 —P[2] = I[4] — I[3] — 0,

0 —P[3] = I[4] — I]2] — 0,

0 =Pl — I4] = 12| ® 1[3] — I[1] — 0,

" 0— A= T4 = I2P @ I3 — I[1] -0,

so all indecomposable injectives occur.

Proposition 2. The following are equivalent.

(i) The Nakayama conjecture (if dom.dim B = oo then B is self-injective).
(ii) If AM is a generator-cogenerator and Ext’,(M, M) = 0 for all i > 0 then
M 1is projective.

Proof (i) implies (ii). Say 4M satisfies the hypotheses. Let (B, M) be the
endomorphism correspondent. Then gM is projective-injective and B &
cogen” (M) for all n. Thus for all n there is an exact sequence

0—=B—=I1"— ... I"

with the I* projective-injective. Thus dom.dim B = oco. Thus B is self-
injective, so add(M) = add(B), so pM is a generator, so 4 M is projective.

(ii) implies (i). Say dom.dim B = oo. Thus B is QF-3 and let gM be the
faithful projective-injective module. Let 4M be the endomorphism corre-
spondent. It is a generator-cogenerator. Then B € cogen!(M) for all n, so
Ext’ (M, M) = 0 for all i > 0. Thus by (ii), 4M is projective, so gM is a
generator. Thus B € add(M) is injective.

Proposition 3. The following are equivalent.

(i) The Generalized Nakayama Conjecture (every indecomposable injective
occurs as a summand of some I” in the minimal injective resolution of B).
(ii) If AM is a cogenerator and Ext’ (M, M) = 0 for all i > 0 then M is
injective.

Proof. (i) implies (ii). Suppose 4M satisfies the conditions. Then there is
corresponding g M which is injective, and B € cogen™(M) for all n. Thus
by (i) every indecomposable injective is a summand of gM. Thus pM is a
cogenerator. Thus oM is injective.
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(ii) implies (i). Let 4M be the sum of all indecomposable injectives occuring
in the I'. Then B € cogen™(M) for all n. Let 4M be the endomorphism
correspondent. Then 4M is a cogenerator and Ext’ (M, M) = 0 for all
i > 0. Thus by (ii) 4M is injective. Thus gM is a cogenerator. Thus all
indecomposable injectives occur as a summand of 4 M.

Boundedness Conjecture (Happel, Selforthogonal modules, 1995). If M is an
A-module with Ext’ (M, M) = 0 for all ¢ > 0 then #M < #A, where #M
denotes the number of non-isomorphic indecomposable summands of M.

This implies the GNC.

Finitistic Dimension Conjecture (see H. Bass, Finitistic dimension and a
homological generalization of semiprimary rings, Trans. Amer. Math. Soc.
1960) For any f.d. algebra A,

fin. dim A = sup{proj. dim M | proj.dim M < oo}
is finite.

Note that fin.dim A is not necessarily the same as the maximum of the
projective dimensions of the simple modules of finite projective dimension.

Example. If A is Gorenstein, with inj.dim 4A = n = inj.dim A4, then
fin. dim A = n. For the lemma implies that any A-module M has proj. dim M <
n or oo, and proj.dim D(A4) = n.

Proposition 4. The finitistic dimension conjecture implies the Gorenstein
symmetry conjecture.

Proof. Assuming inj.dim A4 = n < 0o, we want to prove that inj.dim 4 A <
0o. We have proj.dim 4DA = n < oo. Thus any injective module has
projective dimension < oo. Take a minimal injective resolution 0 — 4 A —
I° — ... We show by induction on 4 that proj. dim Q*A < oo. There is an

exact sequence
0> VAT 5 QA 0.

Applying Hom4(—, X) for a module X gives a long exact sequence
o= Ext™(Q 0V A X)) = Ext™ QA X)) — BExt™ TN (I X) — L
For m sufficiently large the outside terms are zero, hence so is the middle.

If some Q%A = 0, or is injective, then inj.dim 4A < oo, as desired, so
suppose otherwise. Let f : QA — I’ be the inclusion. Then f belongs to
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the middle term in the complex
Hom(Q“A, I'"") — Hom(Q“A, I') — Hom(Q'A, I'™)

and it is sent to zero in the third term. Now f is not in the image of the
map from the first term, for otherwise the map I""! — QA is a split
epimorphism, so the inclusion Q- "D A — I is a split monomorphism. But
Q~0=D A is not injective, a contradiction. Thus Ext’(Q2°AA) # 0. Thus
proj. dim Q¢A > i. This contradicts that fin. dim A < co.

Proposition 5. The finitistic dimension conjecture implies the generalized
Nakayama conjecture.

Proof. Assume the FDC. We show that if 4M is a module and Ext"(M, A) =
0 for all n > 0 then M = 0 (the strong Nakayama conjecture). Taking
M = S[i], by Lemma 1 of section 1.7, this gives the GNC.

Take a minimal projective resolution - P, — Fy — M — 0. By assumption
the sequence

0 — Homy (P, A) fo, Homy (P, A) LR Hom(Py, A) — ...

is exact. Let fin. dim A% = n < oo. Then Coker( f,,) has projective resolution

0 — Homy (P, A) Jo, Homu (P, A) — - -+ — Homyu (P11, A) — Coker(f,) = 0

so it has finite projective dimension, so projective dimension < n, so by
dimension shifting Im f; is projective, so f, must be a split mono. But
Hom 4 (—, A) is an antiequivalence from P4 to Paer. Thus the map P — B
must be a split epi, so M = 0.

3.3 No loops conjecture

In this section we do not assume that K is algebraically closed, but we do
assume that A = KQ/I with I admissible.

No Loops Conjecture (Proved by Igusa 1990, based on Lenzing 1969). If
gl.dim A < oo then @ has no loops (that is, Ext'(S[i], S[i]) = 0 for all 7).

Proof. We use the trace function of Hattori and Stallings. I only sketch the
proof of its properties.
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(1) For any matrix § € M, (A) we consider its trace tr(f) € A/[A, A], where
[A, A] is the subspace of A spanned by the commutators ab — ba. This
ensures that tr(0¢) = tr(¢6#). This equality holds also for 6 € M,,«,(A) and
¢ € Mpsxm(A).

(2) If P is a f.g. projective A-module it is a direct summand of a f.g. free
module FF = A". Let p: F — P and i : P — F be the projection and
inclusion. One defines tr(f) for # € End(P) to be tr(ifp). This is well
defined, for if

p i’

A'=F P F=A"

A p’

with pi = 1p = p/i’, then tr(ifp) = tr((ip’)(i'0p)) = tr((V'0p)(ip’)) = tr(i'6p’).

(3) Any module M has a finite projective resolution P, — M, and an endo-
morphism 6 of M lifts to a map between the projective resolutions

0 > P, > Py B M 0
Gnl 911 QOJ/ Gl
0 >Pn )Pl PQ M 0.

Define tr(f) = >_.(—1)"tr(;). One can show that does not depend on the

7
projective resolution or the lift of 6.

(4) One can show that given a commutative diagram with exact rows

0 M M M" —— 0
e,l Gl %
0 M M M" —— 0

one has tr(f) = tr(#') + tr(6”).

(5) Tt follows that any nilpotent endomorphism has trace 0, since

0 — Im#¢ M —— M/Imf — 0
9|Imel 9l Ol
0 — Imd M —— M/Imf —— 0
s0 tr(0) = tr(flime) = tr(0fmme2)) = -~ = 0.

(6) Thus any element of J(A) as a map A — A has trace 0, so J(A) C [A, A].
Thus (KQ). € I + [KQ. KQ)
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(7) Any loop of @ gives an element of (KQ),. But it is easy to see that
I +[KQ,KQ] C span of arrows which are not loops + (KQ)?,

for example if p, ¢ are paths then [p, ¢ € (KQ)?% unless they are trivial paths
or one is trivial and the other is an arrow. Thus there are no loops.

Strong no loops conjecture (proved by Igusa, Liu, Paquette 2011). If S is a
1-dimensional simple module for a f.d. algebra and S has finite injective or
projective dimension, then Ext'(S,S) = 0.

Extension Conjecture (stated by Liu, Morin). If S is simple module for a f.d.
algebra and Ext'(S, S) # 0 then Ext"(S,S) # 0 for infinitely many n.

Addendum to section 1.3

Definition. A module class C in A-mod is:

(i) covariantly finite if every A-module X has a left C-approximation. That
is, amap X — C with C' € C such that for all C" € C the map Hom(C, C") —
Hom(X, C") is onto.

(i) contravariantly finite if every A-module X has a right C-approximation.
That is, a map C — X with C € C such that for all ' € C the map
Hom(C’, C') — Hom(C", X)) is onto.

(iii) functorially finite if it is covariantly finite and contravariantly finite.

Examples.

(1) If M is a module, then add M is functorially finite. In particular, if A
has finite representation type, every module class is of this form (for M the
direct sum of the indecomposable modules it contains), so every module class
is functorially finite.

Proof. The example at the end of section 1.3 applies.

(2) If the inclusion C — A-mod has a right (respectively left) adjoint then C
is contravariantly (respectively covariantly) finite.

Proof. Say R is right adjoint to the inclusion, then Hom (X, RY) = Hom(X,Y)
forall X € C. For all Y there is a counit RY — Y, and any morphism X — Y
with X € C factors through it.
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Lemma. For any module M, gen M is covariantly finite (and dually cogen M
is contravariantly finite).

Proof. Given X, take projective cover P — X. Take a left add M-approximation
P — M'. Take the pushout

P — M

L

X — @

Since P — X is onto, so is M’ — G, so G € gen M. If f: X — G’ with
G’ € gen M, then there is a map from M™ onto G'. Since P is projective, the
composition P — X — G lifts to a map P — M™. Since the map P — M’
is an approximation, the map P — M" factors as P — M’ — M"™. Now the
two maps X — G’ and M’ — G’ agree on P, so there is an induced map of
the pushout G — G’. Thus the map X — G’ factors as X — G — G’. Thus
the map X — G is a left gen M-approximation.

3.4 Torsion theories and 7-rigid modules

This is motivated by the paper of Adachi, Iyama and Reiten, 7-tilting theory,
2014, but I am not able to cover any of the content of that paper. Instead
many of the results come from the two papers by Auslander and Smalgin
1981.

A torsion theory in an abelian category A is a pair of full subcategories
(T, F), the torsion and torsion-free classes, such that

(i) Hom(7,F) = 0.

(ii) Any object X has a subobject t7X € T with X/t7rX € F (so it fits in
an exact sequence 0 — t7X — X — X/t7X — 0 with first term in 7 and
last term in F).

Examples.
(1) The torsion and torsion-free modules give a torsion theory in the category
of Z-modules.

(2) For the path algebra of the quiver 1 — 2, there is a torsion theory
(add S[2], add S[1]) in A-mod.

(3) Let A be an algebra whose AR quiver is obtained by knitting, so A
is of finite representation type and all of its indecomposables are directing.
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Partition the indecomposables into two sets T, F' with Hom(7', ') = 0. Then
(add T',add F') is a torsion theory in A-mod.

Notation. For an a set C of modules in A-mod or more generally of objects
in an abelian category

CHid = {X : Ext®(M,X)=0forall M € Cand n =14,j,...},
LideC = {X :Ext"(X,M)=0forall M € Candn=1i,j,...}.
Recall that Ext’ = Hom.
Properties. Let (7, F) be a torsion theory.

(i) T = 1°F and F = T0 so either of the classes determines the other.

(ii) 7 is closed under quotients and extensions; F is closed under subobjects
and extensions.

(iii) The assignment sending X to t7X defines a functor A — 7 which is a
right adjoint to the inclusion 7 in A. The assigment sending X to X/t7X
defines a functor A — F which is a left adjoint to the inclusion F in A.

Proof. Easy. For example for (i), if Hom (7", X') = 0, then applying Hom(t7X, —)
to the torsion exact sequence gives an exact sequence

0 — Hom(t7X,t7X) — Hom(t7X, X) — Hom(t7 X, X/t X) =0
so Hom(t7X,t7X) 2 Hom(t7X, X) =0,s0 t7X =0s0o X =2 X/t X € F.

For (ii), for T given an exact sequence 0 — X — Y — Z — 0, apply
Hom(—, C) for C € C to get an exact sequence

0 — Hom(Z,C) — Hom(Y, C) — Hom(X, C).

Now if X, Z € T, then Hom(X, C) = Hom(Z,C) = 0, so Hom(Y,C) = 0, so
Y € T. Also, if Y € T, then Hom(Y,C) =0, so Hom(Z,C) =0,s0 Z € T.

For (iii) observe that any map 6 : X — Y induces a map t7X — t7Y since
the composition t7X — X — Y — Y/t+Y must be zero.

Proposition 1. For a module class 7 in A-mod the following are equivalent.
(i) 7 is a torsion class for some torsion theory in A-mod.

(it) 7 =+2(T+).

(iii) 7 = 19C for some module class C.

(iv) T is closed under quotients and extensions.
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Proof. (i) implies (ii) implies (iii) implies (iv). Straightforward.

(iv) implies (i). Define F = T+°. Given any module X, let T be a submodule
of X in T of maximal dimension. Then Hom(7, X/T) = 0, for if T"/T is
the image of such a map, then 7"/T is in T, hence so is T”, contradicting
maximality. Thus X/T € F.

Lemma (Auslander-Smalg). For modules M, N, tfae:
(i) Hom(N,7M) = 0.
(ii) Ext'(M, gen N) = 0 (that is, Ext'(M,G) = 0 for all G € gen N).

Proof. (i)=(ii). If Hom(N,7M) = 0, then Hom(G,7M) = 0 for all G €
gen N), so Hom(G,7N) = 0, so Ext'(N,G) = 0 by the Auslander-Reiten
formula.

(i)=(). Say f : N — 7M is a non-zero map. Factorize it as a surjection
g : N — G followed by a mono h : G — 7M.

Suppose that h factors through an injective. Then it factors through the
injective envelope E(G) of G. Since 7M has no injective summand, the
induced map F(G) — 7M cannot be injective, so its kernel is non-zero.
Since G is essential in F(G), the kernel meets G. Thus G — 7M has non-
zero kernel. Contradiction.

Thus Hom(G,7M) # 0, so Ext' (M, G) # 0.

Definition. Given a module class C in A-mod and M € C, we say that
(i) M is Ext-projective in C if Ext'(M,C) = 0.
(ii) M is Ext-injective in C if Ext'(C, M) = 0.

Lemma 1. If (7, F) is a torsion theory in A-mod, then
(i) X € T is Ext-projective for T iff 7X € F.

(ii) X € F is Ext-injective for Fiff 7~ X € T.

(iii) There are bijections

Non-proj indec Ext-projs in 7 up to iso : Non-inj indec Ext-injs in F up to iso

T

Proof. (i) Say X € 7. Then 7X € F & Hom(T,7X)=0forall T € T &
Ext'(X,genT) = 0 for all T € T < X is Ext-projective. (ii) is dual. (iii)
follows.

Lemma 2. If (7, F) is a torsion theory in A-mod, then
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(i) The Ext-injectives for 7 are the modules ¢7I with [ injective. The inde-
composable Ext-injectives are the modules t71[i| with I[i] ¢ F.

(ii) The Ext-projectives for F are the modules P/t P with P projective. The
indecomposable Ext-projectives are the modules P[i]/t7Pli] with P[i| ¢ T.

Proof. (i) ¢t/ is in T, and it is Ext-injective since if '€ T and 0 — t71 —
E — T — 0 is an exact sequence, then the pushout along t71 — I splits,
giving a map £ — I. But £ € T, so it gives a map E — ty[, which is a
retraction for the given sequence. Conversely suppose X is Ext-injective in
T and X — [ is its injective envelope. Then we have an injection X — t1,
so X is a direct summand of ¢, and we have equality since X is essential
in I. (ii) is dual.

Definition. A module M is 7-rigid if Hom(M, M) = 0.

Proposition 2. Tfae

(i) M is T-rigid.

(ii) Ext'(M, gen M) = 0.

(ili) gen M is a torsion class and M is Ext-projective in gen M.
(iv) M is Ext-projective in some torsion class.

Proof. (i)<(ii). The lemma.

(il)=(iii). Suppose M is 7-rigid. To show that gen M is a torsion class,
it suffices to show that if 0 - X — Y — Z — 0 is exact and X, Z €
gen M, then so is Y. Choose a surjection M™ — Z. By (ii) The pullback
sequence splits, so the middle term of it is in gen M, and hence so is Y. Now
Ext'(M,gen M) = 0, so M is Ext-projective.

(iii)=(iv). Trivial.

(iv)=(ii). If M is Ext-projective in 7T, then Ext'(M,gen M) = 0 since
gen M CT.

Example. Let A be the path algebra of 1 — 2 — 3. Let M =2 ® 123. It
is 7-rigid. Then 7 = gen M contains 123,12,2,1. The torsion-free class is
F =T = M+ Tt contains 3 and 23.

The Ext-projectives in 7 are 2,12, 123. The Ext-injectives in T are 1,12, 123.
The Ext-projectives in F are 3,23. The Ext-injectives in F are 3, 23.

Remark. Any torsion class in A-mod is contravariantly finite, since the in-
clusion has a right adjoint. If M is 7-rigid, then gen M is a functorially finite

69



torsion class. The next thereom shows that any functorially finite torsion
class T arises this way.

Theorem (Auslander-Smalg, Almost split sequences in subcategories, 1981,
dual of Theorem 4.1(c).) Let 7 be a torsion class which is functorially
finite, let f : A — M be a minimal left 7-approximation of A, and let
M’ = M & Coker(f). Then

(i) T =gen M = gen M.

(ii)) If @ : T — M with T" € T, then 6 is a split epi. (M is a splitting
projective in 7T .)

(iii) M and M’ are Ext-projective in 7T, so they are 7-rigid.

(iv) Any module T" € T is a quotient of a module in add M’ by a submodule
in T.

(v) Any Ext-projective in 7T is in add M.

Proof. (i) If T" € T then there is a map A™ — T', and each component factors
through M, so M"™ — T.

(ii) Since A is projective, the map f : A — M lifts to a map A — T. By the
approximation property, this factors as A — M — T. Now the composition
M — T — M must be an isomorphism by minimality.

(iii) If 0 = T — F — M — 0 is an exact sequence with T € T, then £ € T,
so the sequence splits by (ii). Thus M is Ext-projective.

N0w0—>Imfi>Mi>Cokerf—>0gives
Hom(M,T) — Hom(Im f,T) — Ext'(Coker f,T) — Ext'(M,T) = 0.

The composition Hom(M,T) — Hom(Im f,7") — Hom(A,T) is surjective,
and Hom(Im f,7") — Hom(A, T') is injective, so Hom(M,T') — Hom(Im f, T')
is surjective. Thus Ext'(Coker f,T) = 0.

(iv) (My thanks to Andrew Hubery for this argument). Take a right add(M)-
approximation ¢ : W — T. Since T' € gen M, this map is onto, so it gives
an exact sequence

0USwST 0.

Given v € U thereisamapr: A — U, a +— au. Since A — M is a T-
approximation and W € 7T, there is a map p, and hence a map ¢ giving a
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commutative diagram

AL m s Cokerf —— 0

Lol

0 —s U 2w 2% 17 _—5o.

Since ¢ is an approximation, ¢ = ¢h for some h : Coker f — W. Then
é(p — he) = 0. Thus p — he = 0¢ for some ¢ : M — U. Then 0(r — (f) = 0,
so since € is mono, r = fi. Thus u € Im(¢). Repeating for a basis of U, we
get a map M"™ —» U,soU € T.

(v) Follows.

3.5 Tilting modules

Definitions.
M is a partial tilting module if proj. dim M < 1 and Ext'(M, M) = 0.

A partial tilting module M is a tilting module if there is an exact sequence
0—A— M>— M'— 0 with M* € add M. (Later we will see that it is
equivalent that #M = #A.)

M is a partial cotilting module if inj. dim M < 1 and Ext'(M, M) = 0.

A partial cotilting module is a cotilting module if there is an exact sequence
0— M; — My — DA — 0 with M; € add M. (Again, it is equivalent that

#M = #A.)

Clearly M is a (partial) tilting A-module iff DM is a (partial) cotilting A°P-
module.

Remark. We deal only with classical tilting theory. There is a version allow-
ing higher projective dimension.

Lemma. If M is a partial tilting module then M is 7-rigid. Conversely if
M is 7-rigid, then Ext'(M, M) = 0, and if M is in addition faithful, then
proj.dim M <1 so it is a partial tilting module.

Proof. Use the AR formula D Ext'(M, N) = Hom(N, 7M).

If proj.dim M < 1 then Hom(DA,7M) = 0, so the AR formula takes the
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form D Ext'(M, N) = Hom(N,TM).

Suppose M is 7-rigid. If M is faithful, then so is DM, so A? — DM™, for
some n, so M"™ — DA. Applying Hom(—,7M) we get Hom(DA, 7M) —
Hom(M™, 7M) = 0. Thus Hom(DA, 7M) = 0, so proj.dim M < 1.

Theorem of Bongartz. Let M be a partial tilting module. Take a basis
of £1,...,&, of Ext'(M, A), consider the tuple (&1,...,&,) as an element of
Ext'(M™, A), and let

0—-A—FE—-M"—D0.

be the corresponding universal extension. Then 7' = E @& M is a tilting
module.

Thus every partial tilting module is a direct summand of a tilting module, and
by duality every partial cotilting module is a direct summand of a cotilting
module.

Proof. The long exact sequence for Hom(M, —) gives
Hom (M, M™) = Ext'(M, A) — Ext'(M, E) — Ext' (M, M™),

the map ¢ is onto, and Ext'(M, M") = 0, so Ext'(M,E) = 0. From the
long exact sequence for Hom(—, M) one gets Ext'(E, M) = 0, from the long
exact sequence for Hom(—, E) one gets Ext'(E,E) = 0. Also A and M"
have projective dimension < 1, hence so does F.

A partial tilting module M is 7-rigid, so gives a torsion theory (gen M, M+Y).
Moreover gen; M C gen M C M+,

Proposition 1. For a partial tilting module M, tfae:
(i) M is a tilting module.

Proof of equivalence. (i) = (ii). If X € M*%' apply Hom(—, X) to the
exact sequence 0 — A — M% — M' — 0, to deduce that Hom(A4, X) = 0.

(ii) = (iii). Suppose X € M*!. Take a basis of Hom(M, X) and use it to
form the universal map f : M" — X. Then Im f € gen M. Consider the
exact sequence 0 — Im f — X — X/Im f — 0. Apply Hom(M, —) giving
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an exact sequence
0 — Hom(M,Im f) — Hom(M, X) — Hom(M, X/Im f) — Ext'(M,Im f).

By construction the map Hom(M, M™) — Hom(M, X)) is onto, hence so is
the map Hom(M,Im f) — Hom(M, X). Also Ext'(M,Im f) = 0 since M
is 7-rigid. Thus Hom(M, X/Im f) = 0. Also Ext'(M, X/Im f) = 0. Thus
X/Im f € M+ Thus X/Im f =0, so f is onto, so X € gen M.

(iii) = (iv). Suppose X € M=!. Then it is in gen M. Let L be the kernel
of the universal map M™ — X. Then applying Hom(M, —) we see that L €
M+ so L € gen M. Say M"” — L. Now the sequence M" — M™ — X — 0
shows that X € gen; M.

(iv) = (v). Clearly M and so any X € add(M) is in M*! and Ext-projective.
Conversely if X is in M*! and Ext-projective, then by (iv) there is an exact

sequence M" Iy M" = X — 0. This gives an exact sequence 0 — Im f —
M — X — 0 with Imf € gen M C M*!'. By assumption this sequence
splits, so X € add M.

(v) = (i). It suffices to show that E in Bongartz’s sequence is in add M,
and for this it suffices to show it is Ext-projective in M+'. We know it is
in M. If Y € M*! apply Hom(—,Y) to the Bongartz sequence to get
Ext'(M™Y) — Ext'(E,Y) — Ext'(A,Y), so Ext'(E,Y) = 0.

Dually, a partial cotilting module M gives a torsion theory (+°M, cogen M).
Moreover cogen' M C cogen M C +1M.

Proposition 2. For a partial cotilting module M, tfae:
(i’) M is a cotilting module.

(ii") L410M = 0.

(iii’) cogen M =+t M.

(iv’) cogen' M = +1M.

(v’) X is Ext-injective in *'M < X € add M.

Proof. Dual of Proposition 1.

Proposition 3. If 4M is a (co)tilting module, then it is fb. and if B =
Ends (M) then pM is also a (co)tilting module.

Proof. If 4M is tilting, then gen; M = M*!, which contains DA, so 4 M is
f.b.

(i) Applying Hom(—, M) to the exact sequence 0 — A — M — M' — 0
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gives
0 — Hom(M', M) — Homy(M°, M) — M — 0

and Homu(M*, M) € add(Hom4 (M, M)) = add(gB), so proj.dim pM < 1.

(i) The tilting sequence 0 — A — M° — M' — 0 stays exact on apply-
ing Hom(—, M). Thus A € cogen?(zM). Thus Exty(M, M) = 0 by the
proposition in section 3.1.

(iii) Applying Hom 4(—, M) to a projective resolution 0 — P, — Py — M —
0 of M gives an exact sequence

0—B—M — M —0
where M = Homu(P;, M) € add(gM). Thus gM is a tilting module.

Dually for cotilting.

3.6 The Brenner-Butler Theorem

Let 4 M be a cotilting module and B = End4(M ), so gM is also cotilting.

In A-mod we have a torsion theory (T, Fa) = (1°4M, cogen 4M). Since 4 M
is cotilting we have

Fa = cogen M = cogen* M =11 M
= {X € A-mod : Ext’(X, M) =0}
={X € A-mod : Hom(t™ M, X) = 0}
={X € A-mod : Hom(7™ M, X) = 0}

(where the last step is because inj.dim M < 1, so there is no non-zero map
from 77 M to a projective module).

In B-mod we have a torsion theory (7g,Fg) = (M, cogen gM). Since
g M is cotilting we have the equivalent alternative descriptions of Fg.

Brenner-Butler Theorem. There are antiequivalences

Hom 4 (—,M) Extl, (—,M)
Fi — Fg and Th — Ts
Homp(—,M) ExtlB(—,M)
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Proof. Since M is cotilting, F = cogen! M, so the first antiequivalence is
Corollary 2 in section 3.1.

Given amodule 4 X with Hom 4 (X, M) = 0 we show that Homp(Ext} (X, M), M) =

0 and construct a natural isomorphism
X — Extp(Ext'(X, M), M).

Indeed, take a projective cover of X to get a sequence 0 - L — P — X — 0.
It gives an exact sequence of B-modules

0 — Hom (P, M) — Hom(L, M) — Ext! (X, M) — 0

Now P, L € cogen M = cogen' M, so the natural maps P — Hompg(Hom (P, M), M)
and L — Hompg(Homu(L, M), M) are isomorphisms and Homa(L, M) €
cogen' (g M) = +1(pM) so Exty(Hom(L, M), M) = 0. Thus we get a com-
mutative diagram

0 — L — P — X — 0

| l

0 — (M(X,M),M) — ((L,M),M) —— (P,M),M) —— 'YX, M),M) —— 0

(where we omit the words Hom and Ext) with exact rows and in which the
vertical maps are isomorphisms. Thus Homg(Ext’ (X, M), M) = 0 and there
is an induced isomorphism X — Extp(Ext) (X, M), M). One also needs to
show that this is a natural isomorphism, but we omit the proof of this.
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Example.

Remark. The usual form of the Brenner-Butler Theorem is as follows. Sup-
pose 4T is a tilting A-module and let I' = End 4(7T")°?. Then DT is a cotilting
A°P-module, so a cotilting I'-module. Composing the functors with duality
we have equivalences
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Hom(T,—) from T+' = genT C A-mod to *'DT = cogen DT = {Y :
Tor} (T,Y) = 0} C I'-mod. The inverse equivalence is given by T ®r —.

Ext! (T, —) from T+° C A-mod to 1°DT = {Y : T®pY = 0} C I'-mod. The
inverse equivalence is given by Tor! (T, —).

Definition. The Grothendieck group Ko(A) of an abelian category A is the
additive group generated by symbols [X] for each object X in A, modulo the
relations [Y] = [X] + [Z] for any exact sequence 0 - X — Y — Z — 0.

Lemma. Ky(A-mod) is the free Z-module on the symbols [S], with S running
through the simple modules up to isomorphism.

Proof. Use that every object has a composition series and the Jordan-Holder
theorem.

Corollary 1. If 4M is a cotilting module and B = End4(M ), then there is
an isomorphism

6 : Ko(A-mod) — Ky(B-mod), [X]+ [Homa(X, M)] — [Exth (X, M))].
(Thus the canonical basis of Ky(B-mod) gives a new basis of Ky(A-mod),
hence the name “tilting”.)

Proof. If we apply Hom4(—, M) to a short exact sequence of A-modules, say
0—-X —=>Y — Z — 0 we get a long exact sequence of B-modules

0 — Hom(Z, M) — Hom(Y, M) — Hom(X, M) —

Ext'(Z, M) — Ext' (Y, M) — Ext'(X, M) — 0.
Now the relations for Ky(B-mod) imply that

0([Y]) = [Homa (Y, M)] — [Extly (Y, M)] = [Hom4 (X, M)] — [Ext} (X, M)]
+[Homa(Z, M)] — [Exty(Z, M)] = 0([X]) +0([2])
so that 6 is well-defined.

Swapping the roles of A and B there is a map ¢ in the reverse direction.

If X € cogen M or X € Y°M, then ¢(0([X])) = [X]. Because any X belongs
to a short exact sequence whose ends are torsion and torsion-free, it follows
that @ = 1. Similarly 0¢ = 1.
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We write #M for the number of isomorphism classes of indecomposable
summands of M. Thus #A is the number of isomorphism classes of inde-
composable projective A-modules, so the number of isomorphism classes of
simple A-modules.

Corollary 2. Any partial (co)tilting module M has #M < #A, with equality
if and only if M is (co)tilting.

Proof. Any tilting module has #A summands, and by Bongartz, any partial
tilting module is a summand to a tilting module.

Definition. An algebra A is a tilted algebra if it has a tilting module 4 M
such that B = End4 (M) is hereditary. In this case one can show that every
indecomposable A-module is in F4 or in Ty4.

3.7 Wide module classes

In this section A is an arbitrary algebra, not even necessarily f.d., but we
only consider f.d. modules.

Definition. A module class C of A-mod is wide if it is closed under kernels,
cokernels and extensions.

Lemma.

(i) If C is wide, then it is also closed under images, and it is an abelian
category in its own right, and the inclusion functor is exact.

(ii) If A is hereditary, then full subcategory is wide if and only if it is closed
under direct summands and has the 2 out of three property for short exact
sequences. That is, if 0 > X — Y — Z — 0 is exact, and if two of X,Y, 7
are in C, then so is the third.

I learnt (ii) from Andrew Hubery. Full subcategories closed under direct
summands and satisfying the 2 out of three property are sometimes called
thick subcategories.

Proof. (i) If #: X — Y then X — Im#@ is the cokernel of Kerf — X.

(ii) If C is wide, it has the 2 out of 3 property. Conversely, if § : X — Y,
one gets £ : 0 = Kerf - X —Imf - 0and (:0— Iméb — Y — Coker6.
Applying Hom(Coker 0, —) to & gives

— Ext'(Coker 0, X) — Ext'(Coker §, Im ) — Ext?(Coker #, Ker§) = 0
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so ¢ comes from some 7. Thus ( is the pushout of eta, so there is a commu-
tative diagram

n:0 — X E > Cokerf —— 0
(:0 —— Imé6 >y Y > Coker) —— 0

By diagram chasing it follows that there is an exact sequence 0 — X —
E®Imf — Y — 0. Since C is closed under extensions and summands, it
follows that Im € € C. Then also Ker# and Coker € C.

Remark. Wide subcategories appear naturally. The recent interest is be-
cause of a paper of C. Ingalls and H. Thomas, Noncrossing partitions and
representations of quivers, 2009, and subsequent developments, but this is
beyond the scope of the course.

Definition. We say that an A-module X is C-simple if it is in C, and is simple
as an object of C. Thus there is no exact sequence 0 - U — X — V — 0
with U,V non-zero and in C.

Clearly any C-simple is a brick, that is, its endomorphism algebra is a division
algebra (so K, if it is algebraically closed).

If B is a collection of A-modules, we write F(B) for the full subcategory of
A-mod consisting of the modules X with filtrations by submodules

0=XCX C---CX, =X

such that each X;/X; ; is isomorphic to a module in B. Clearly F(B) is
closed under extensions.

Proposition 1. (Ringel, Representations of K-species and bimodules, 1976)
Suppose that B is a set of orthogonal bricks, with orthogonality meaning that
Hom(X,Y) =0if XY € Band X 2 Y. Then F(B) is a wide subcategory
of A-mod, and the F(B)-simples are the modules isomorphic to modules in

B.

Clearly any wide subcategory C arises as J(BB) where one takes B to be the
set of C-simple objects.

Special case. If B = {X} with X is a brick without self-extensions, then
F(B) = add X. This is wide, and equivalent to K-mod, and X is C-simple.
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Proof. Let f : X — Y be a morphism where X and Y have filtrations of
lengths n and m.

We prove by induction on n that Ker f has a filtration. The result for Coker f
is dual.

We can assume f(X;) # 0, for otherwise X; C Ker f and Ker f/X; is the
kernel of the induced map f': X/X; — Y, and by induction this kernel is in
F(B), hence Ker f € F(B).

We may also assume f(X;) = Y3, for there is some ¢ with f(X;) C ¥; but
f(Xl) g Y;_l. Then
X1 =Y = Yi/Yig

is a non-zero map between modules isomorphic to modules in B, so an iso-
morphism. Thus f|x, is injective, so f(X;) & X; = V;/Y,_;, and Y; =
Y1 ® f(Xy). Now if the filtration of YV isO CY; C--- CY,, =Y, then Y
has another filtration

OCcfXycfXyeyvic---CcfXy)eY, =Y,CcYynC---CY,=Y.

whose successive quotients are f(X7),Y:,Ys/ Y1, ..., Yi 1 /Y o, Y1 /Ye, .. Y0 /Yo
which are all isomorphic to modules in B, as required.

Now let f : X/X; — Y/Y; be the induced map. The map X — X/X|,
z + X; + z induces a map g : Ker f — Ker f. If f(X; + ) = 0, then
f(z) € Y1 so f(x) = f(x1) for some z; € Xy, so 2’ = —x; € Ker f and
X;+2 =X+ 2, s0 g is onto. Also if z € Ker f N X then = 0 since f|x,
is injective, so g is mono.

Thus Ker f = Ker f, and by induction this is in F(B).
Proposition 2. If X is a set of modules of projective dimension < 1, then

X0 = {M € A-mod : Hom(X, M) = Ext'(X, M) =0 for all X € X'}.
is a wide subcategory.
Proof. Say § : M — N is in X*%! and X € X. We get

0 — Hom(X, Kerf) — Hom(X, M) — Hom(X, Im )
— Ext'(X, Ker0) — Ext!'(X, M) — Ext'(X,Im6) — 0.

Also one has

0 — Hom(X, Im @) — Hom(X, N) — Hom(X, Coker 0)
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— Ext'(X,Im ) — Ext'(X, N) — Ext'(X, Coker §) — 0.

Thus Hom(X,Kerf) = 0 and Ext'(X,Kerf) = Hom(X,Im#) = 0, and
similarly for Coker §. Closure under extensions is easy.

Remark. This is the perpendicular category of W. Geigle and H. Lenzing, Per-
pendicular categories with applications to representations and sheaves, 1991.
In fact assuming that the modules in & are cokernels of monomorphisms be-
tween finitely generated projective modules, there is an epimorphism of rings,
A — Ay, called the universal localization, which has the effect of inverting
the maps between projectives. It follows that restriction induces an equiva-
lence Ax-mod — X+%!. For more about universal localization see chapter 4
of the book A. H. Schofield, Representations of rings over skew fields, 1985.

Definitions. By a stability function for A we mean a group homomorphism
0 : Ko(A-mod) — R. We write §(X) for #(|X]). Thus #(0) =0, 0(X) =6(Y)
if X =Y, and 0(Y) = 0(X) + 6(Z) for a short exact sequence 0 — X —
Y — Z — 0. It is equivalent to fix (S) € R for each simple module S.

An A-module X is said to be 0-semistable if #(X) = 0 and 6(Y) < 0 for
all Y C X. It is 0-stable if (X) = 0 and (YY) < 0 for all non-zero proper
submodules Y of X. Observe that X is f-semistable if and only if 0(X) =0
and 0(Z) > 0 for any quotient Z of X.

Remark. The notion comes from “geometric invariant theory”. See the paper
A. D. King, Moduli of representations of finite-dimensional algebras, 1994.

Proposition 3. The f-semistable modules form a wide subcategory C. The
C-simples are the #-stables.

Proof. Let f: X — Y is a map between #-semistable modules. We have
f(Im f) < 0 since it is a submodule of Y, and #(Im f) > 0 since it as a quo-
tient of X. Thus #(Im f) = 0. Thus by additivity §(Ker f) = #(Coker f) = 0.
Now any submodule U of Ker f is a submodule of X, so §(U) < 0. Thus
Ker f is f-semistable. Similarly any quotient V' of Coker f is a quotient of Y
so O(V) > 0. Thus Coker f is §-semistable.

Suppose X C Y. If X and Y/X are O-semistable, we need to show that
Y is f-semistable. By additivity we have #(Y) = 0. Now if U C Y then
UNXCXandU/(UNX)=(U+X)/X CY/Z, so both have § < 0, hence
6(U) <0.
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4 Representations of quivers

Let Q be a quiver and let A = K. For simplicity throughout K is alge-
braically closed. We consider f.d. A-modules.

4.1 Bilinear and quadratic forms

We consider Z@ as column vectors, with rows indexed by Qq. Let €[i] be the
coordinate vector associated to a vertex ¢ € (Qy. Thus €[i]; = d;;.

The dimension vector of a module X is dim X € Z%,

Definition. The Ringel form is the bilinear form (—, —) on Z%? defined by

(o, B) = Z ;i — Z Q(a)Bh(a)

1€Qo ac@1

The corresponding quadratic form ¢(a) = (a,a) is called the Tits form.
There is a corresponding symmetric bilinear form

(o, B) = q(a+ B) — q(a) — q(B) = (o, B) + (B, a).

Note that g and (—,—) don’t depend on the orientation of Q.
The radical of q is rad ¢ = {a € Z?° : (o, ) = 0 for all 3 € Z?}.

Theorem (Standard resolution) If X is a KQ-module (not necessarily f.d.)
then it has projective resolution

0= P KQenw ®x €1 X — @ KQe; @k e,X — X — 0.

a€Q1 i€Qo

Proof. We had this before.
This shows K@ is left hereditary and
Corollary. If X and Y are (f.d.) K@Q-modules, then

(dimX, dimY’) = dim Hom(X,Y) — dim Ext'(X,Y).
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Proof. Apply Hom(—,Y) to the projective resolution to get an exact sequence

0 — Hom(X,Y) — @D Hom(KQe; @k €, X,Y) —

i€Qo

— P Hom(K Qe @k ey X,Y) = Ext'(X,Y) — 0.
ac@Qn
Now Hom(K Qe;®ke; X,Y) = Homg (e;X, Hom(KQe;,Y)) = Homg (e, X, e;Y)
so it has dimension (dim X);(dim Y);.

4.2 Cartan and Coxeter matrices

Suppose that ) has no oriented cycles, so A = K@ is f.d. and so are the
projective modules P[i] = KQe;.

Definition. The Cartan matriz C' has rows and column indexed by @)y, and
is defined by
Ci; = dim Hom(P[i], P[j]) = dim e; K Qe;

= number of paths from j to 7.

Thus the jth column is Ce[j] = dim P[j], and the jth row is C"e[j] =
dim I[j]. Namely, (Ce[j]); = Ci; = dime; KQe; = dime; P[j] and (CTe[j]); =

Lemma 1. For any « we have (dim P[j], a)

= o = (o, dim I[j]). It follows
that C' is invertible, with (C™1);; = (€[], €[¢])-

Proof. When a = dim X, we have
(dim P[], o) = dim Hom(P[j], X) — dim Ext'(P[j], X) = dime; X
(o, dim I[4]) = dim Hom(X, I[j]) — dim Ext*(X, I[j]) =
= dim Hom(P[j], X) = dime; X
It follows for all a by additivity.

Now using that dim P[j] = >, Cj;€[i], the equality (dim Pj], e[k]) = ;1 gives
that Zz CZ]<€[Z],€[I€]> = Ojk-

Definition. The Cozeter matriz is ® = —CTC~!. That is, it is the matrix
with ® dim P[i] = —dim I[i] for all 7. Thus ®dim P = — dim v(P) for any
projective module P.
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Lemma 2. If X has no projective summand, then dim7.X = ®dim X.

Proof. If 0 - P, = Py — X — 0 is the minimal projective resolution,
then P, - Py — X — 0 is a minimal projective presentation, so one gets a

sequence
0—=>7X —>v(P)—>v(R) -vX)—=0

Since X has no projective summand, Hom (X, A) = 0, so v(X) = 0. Thus
dim 7X = dimv(P;) — dim v(F)

= ®(dim Py — dim P,) = ® dim X.

Recall that we have Hom(7~X,Y) = D Ext (Y, X) = Hom(X, 7Y).

Lemma 3. We have («, ) = —(f8, Pa) = (Pa, ). Moreover Pa = « if and
only if a € rad q.

Proof. (dim P[i],3) = 5; = (B,dim I[i]) = — (5, ®dim PJi]), and now use
that the dim P[i] span Z%°.

da = a iff (B, — Pa) =0 for all . But this is (5, a) + (a, 3).

4.3 Classification of quivers

A quiver is Dynkin if it is obtained by orienting one of the following graphs
(each with n vertices):

A“ 6 ——% — - - —— ('\}‘ \I%(Jf"tb>
- G
£ —_— i

F—, 4 — ~‘ ey & SE==TESEE

E? —_ ‘.l.\ —_— =3
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A quiver is extended Dynkin if it is obtained by orienting one of the following
(each with n + 1 vertices). In each case we define § € N@,

K“ 1y (h"(\ v«ﬁw' "3 o)
y
|
I g .
Dn "\t v/ (A veihds ) m34)
\‘/ \ \
I\\
2
¢ k
b @ T
{ T 2 2L
~ “T_
57 |_F'zh3——:t—’§ z )
E |
Eg N DU U

Properties. (1) Any extended Dynkin quiver has at least one vertex ¢ with
0; = 1. Such a vertex is called an extending vertex. Deleting an extending
vertex one obtains the corresponding Dynkin quiver.

(2) 0 is in the radical of g. For this, we need to check that (9, €[i]) = 0 for all
1. That iS, 2(5@ = Ej_lﬁj.

Lemma 1. Every connected quiver is either Dynkin, or has an extended
Dynkin subquiver.

Proof. This is a case-by-case analysis. If there is a loop, it contains A,. If
there is a cycle it contains A,. If there is a vertex of valency 4 it contains
D,. If there are two vertices of valency 3 it contains D,,. Thus (unless it is
A,) it is a star with three arms. If all arms have length > 1 then contains
E. If two arms have length 1 then it is Dynkin. Thus suppose one arm has
length 1. If both remaining arms have length > 2 then it contains Fy. Thus
suppose one has length 2. If the other length is 2,3,4 then it is Dynkin, if
> 4 it contains ES.
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Theorem. (i) If @) is Dynkin, ¢ is positive definite, that is g(«) > 0 for all
0 # a € Z%.

(ii) If @ is extended Dynkin quivers, ¢ is positive semidefinite, that is g(«) > 0
for all a € Z9. Moreover a € radq < q(a) =0 < a € Z4.

(iii) If @ is connected and not Dynkin or extended Dynkin, then there is
a € N9 with (a, €[i]) <0 for all i and ¢(a) < 0.

Proof. (ii) For i # j we have (eli], €[j]) < 0. Thus

0 -5 Sl ity (- %)

i#]
_ Z(EM’ e[j]) vy % (E[l],E[j])(Siﬁ - % (eld], 6[1])&'%
i#£j i#J ! I l
= (el elona; — (el els])oi
i#] i#] ’
= Sl oy~ 3 <2<e[z’1,em>&> =
oy i \i# ’
= (el cliloso; = 3 () = (el i) o
i#£] ' !
; ooy + Z

Thus ¢ is positive semidefinite.

If g(a) = 0 then «;/d; is independent of i, so «v is a multiple of §. Since some
(Si = 1, o € Z0.

Trivially a € Z§ = o € radq = q(a) = 0.
(i) Follows by embedding in the corresponding extended Dynkin diagram.

(iii) Take an extended Dynkin subquiver @)’ with radical vector §. If all
vertices of ) are in Q)', take o = 4. If i is a vertex not in @' but connected
to Q" by an arrow, take av = 26 + €[i].
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Definition. We suppose that () is Dynkin or extended Dynkin. The roots are
the elements of
A={acZ¥»|a+#0,qa) <1}

(One can define roots for arbitrary @), but the definition is more complicated.)

A root « is real if (o) = 1, otherwise it is imaginary. In the Dynkin case all
roots are real. In the extended Dynkin case the imaginary roots are rd with

r #0.
Lemma 2. Any root « is positive or negative (that is, a or —a € NQO).

Proof. Write o = a* — o~ with a*, @~ € N9 having disjoint support, then
(at,a7) <0. But then

1> g(a) =q(a™) +q(a”) = (a",a7) = g(a”) +q(a”)

so one of ', a~ is an imaginary root, hence a multiple of 0. Impossible if
disjoint support.

Lemma 3. If ) is Dynkin, then A is finite.

Proof. Embed in an extended Dynkin quiver with radical vector ¢ and ex-
tending vertex ¢. Roots a for ) correspond to roots with a; = 0. Now

(o +0) = q(a) £ (,6) + q(0) = g(a) =1

so f = a4 ¢ is a root, and hence positive or negative. Now (; = 1. Thus
—0; < a; <65 for all j.

(Alternatively, A is a discrete subset of the closed bounded (hence compact)
subset {a € R¥ : g(a) < 1} of R%.)

Lemma 4. If  is Dynkin then ®" = 1 for some N > 0.

Proof. ¢(®a) = g(«), so ® induces a map from the set of roots A to itself.
Since @ is invertible this map is injective, and since A is finite, this map is
a permutation. Thus it has finite order, say ®(«) = « for all « € A. Since
eli] € A, it follows that ®V(a) = « for all a.

4.4 Gabriel’s Theorem

Gabriel’s Theorem.

(i) If @ is a connected quiver, then K@ has finite representation type if and
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only if () is Dynkin.
(ii) If @ is Dynkin, then the assigment X ~» dim X gives a 1-1 correspondence
between indecomposable modules and positive roots.

Recall that there is N > 0 with ®V = 1.

Lemma 1. If @) is Dynkin, then every indecomposable module X is of the
form 77 P[i] for some projective module P[i] and some 0 < m < N.

Proof. If not, then X,7X,...,7¥71X are all indecomposable and non-
projective, so their direct sum has dimension vector 8 = a+®a+---+®V"1q,
where o« = dim X. But then § = &3, so § € radq so ¢(8) = 0, so § =0,
which is impossible.

Definition. If @ is extended Dynkin and X is a KQ-module, we define
defect(X) = (4, dim X) = —(dim X, §).

Observe that this only depends on the dimension vector of X, so it is additive
on short exact sequences.

Lemma 2. Suppose @ is extended Dynkin without oriented cycles. Then
defect(7=™P[i]) = —d; < 0 and defect(7I[i]) > 0 for all ¢, m.

Proof. Clearly defect(P[i]) = —d; < 0 and defect([i]) > 0. Also, if X
is indecomposable and non-projective, then defect(X) = defect(rX). By
induction on m, none of the modules 7=™P[i] can be injective, so they all
have defect —d;. Similarly none of the modules 7™ [[i] can be projective, so
they all have defect ;.

Proof of Gabriel’s Theorem (i). If @ is Dynkin, then Lemma 1 shows K@
has finite representation type. Suppose () is non-Dynkin. Want to show
K@ infinite representation type. We may assume () has no oriented cycle,
else true. We may assume (@ is extended Dynkin. Now Lemma 2 ensures
infinitely many non-isomorphic indecomposables.

Remark. Suppose @ is connected, without oriented cycles. Now rad P[i] =
D (o) Pl1(a)] and I[i]/soc I[i] = Dy, I[t(a)], so each arrow a : i — j
gives irreducible maps P[j| — P[i] and I[j] — I[i].

Starting from the projectives P[i] one can knit without obstructions to form
the preprojective component.

Starting from the injectives I[i] one can knit without obstructions to form
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the preinjective component.

In the Dynkin case these are the same
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Lemma 3. If £: 0 - X - Y — Z — 0 is a non-split exact sequence of f.d.
modules for any algebra, then

dim End(Y') < dimEnd(X & Z).

Proof. Applying Hom(—,Y") to the short exact sequence gives a long exact
sequence

0 - Hom(Z,Y) — Hom(Y,Y) — Hom(X,Y) —
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so that
dim Hom(Y,Y) < dimHom(Z,Y) + dim Hom(X,Y').

Similarly, applying Hom(X, —) gives
dim Hom(X,Y") < dim Hom (X, X) + dim Hom(X, 7).
Now applying Hom(Z, —) gives the long exact sequence
0 — Hom(Z, X) — Hom(Z,Y) — End(Z) L Ext!(Y, X)

and the connecting map f is nonzero since it sends 1z to the element in
Ext' (Y, X) represented by &, so

dimHom(Z,Y) < dim Hom(Z, X) + dim Hom(Z, Z).
Combining these three inequalities we get the result.

Proof of Gabriel’s Theorem (ii). Every indecomposable is preprojective, so
uniquely determined by its dimension vector. Also every indecomposable is
a brick with no self-extensions, so its dimension vector is a root since

¢(dim X) = dim End(X) — dim Ext' (X, X) = 1.

Now suppose « is a positive root. There are modules of dimension vector «,
so let X be one with dim End(X') minimal. If it decomposes, say X = U@V,
then Ext'(U,V) = Ext!(V,U) = 0 by Lemma 3. Thus

1 =¢(a) =dimEnd(U @ V) — dimExt' (U @ V,U @ V)
= ¢(dimU) + ¢(dim V') + dim Hom(U, V') + dim Hom(V, U)
>14+1+0+0=2,

a contradiction.

4.5 Preprojective, regular and preinjective modules

Proposition. Let ) be a connected non-Dynkin quiver without oriented cy-
cles.
(a) The module category divides into the three classes

-
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the indecomposable preprojectives are the modules 7=™ PJi],
the indecomposable preinjectives are the modules 7 1]i],
the indecomposable regular modules are all the rest.

Thus a module X is preprojective < 78X = 0 for N > 0,
a module X is preinjective < 7V X =0 for N > 0,
a module X is regular & X 27 V7NX =0 for all N € Z.

(b) The indecomposable preprojectives and preinjectives are directing mod-
ules, so they are bricks without self-extensions, and they are uniquely deter-
mined by their dimension vectors.

(c) There are no non-zero maps from right to left in the diagram.
Proof. (a), (b) Follow from previous discussion.

(c) If X,Y are indecomposable, Y is preprojective and X is not, then X =
7™ X for ¢ > 0. Thus

Hom(X,Y) = Hom(r ™7™ X,Y) =2 Hom(7"X,7"Y) =0
for m > 0.
From now on we suppose that @) is extended Dynkin without oriented cycles.
Lemma 1. There is N > 0 such that ® dim X = dim X for regular X.
Proof. 74§ is an additive subgroup of Z?°. Since § € rad g,
AU{0} = {a e Z»: q(a) < 1}.
is a union of cosets of ZJ.

Let e be an extending vertex. If & € AU {0}, then the coset of o contains
b =a— a.d, a vector with 5. = 0, which is either the zero vector, or a root
for the corresponding Dynkin quiver.

Thus the set of these cosets (AU {0})/Z0 is finite,

Recall that ®a = « if and only if « is radical, and that ¢(®a) = g(«). Thus
® induces a permutation of the finite set (A U 0)/ZJ.

Thus there is some N > 0 with ®" the identity on (AUO0)/Z4. Since €[i] € A
it follows that ® is the identity on Z% /Z6.
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Let ®V dim X —dim X = r6. An induction shows that ®™" dim X = dim X+
mrd for all m € Z. If r < 0 this is not positive for m > 0, so X must be

preprojective. If » > 0 this is not positive for m < 0, so X is preinjective.
Thus r = 0.

Lemma 2. An indecomposable module is preprojective, regular, or preinjec-
tive according to whether its defect is < 0,0 or > 0.

Proof. We have seen that the preprojectives have defect < 0 and the prein-
jectives have defect > 0. Thus we must show that if X is regular, then
defect(X) = 0.

Say dim X = o. Then ®¥a = a. Let 8 = a + ®a + ...V la. Clearly

®8 =, s0 f=rd. Now
N-1

0=(B,0)=> (' N{a,d),

=0

o (a,0) =0.

Lemma 3. Suppose « is a positive real root. If (§,a) # 0 or a < 4, then
there is an indecomposable of dimension .

If (§,) # 0 then X is preprojective or preinjective, so a directing module,
so a brick without self-extensions, and the unique indecomposable of this
dimension vector.

Proof. Pick a module X of dimension o with dim End(X) minimal. We
show that if X decomposes, then (§,a) = 0 and § < «, contrary to the
assumptions.

Say X = U @ V. By minimality, Ext’(U, V) = Ext'(V,U) = 0. Then
1 =q(a) = q(dim U) + ¢(dim V') + dim Hom(U, V') + dim Hom(V, U).

Thus, without loss of generality, ¢(dimU) = 0, so dimU € Zd, so § <
a. Now ¢(dimV) = ¢g(a) = 1, so the Hom spaces must be zero. Thus
(dim V,dim U) = 0, so (dim V,0) = 0. Thus («, d) =

4.6 Uniserial structure

We continue with A = K@ with @ extended Dynkin without oriented cycles.
Let C be the module class of regular modules.
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Lemma 1. C is exactly the defect-semistable modules, so is a wide module
class. Moreover 7 and 7~ define inverse equivalences from C to itself.

Proof. If X € C is indecomposable and U is a submodule, then any indecom-
posable summand of U has a non-zero map U — X, so U is not preinjective,
so defect(U) < 0. Now 7 is fully faithful and dense as a functor C — C.

Definition. We have defined the notion of C-simple objects for a wide module
class C, hence “regular-simple modules”. We say that a regular module X is
reqular-uniserial if if is uniserial in the abelian category of regular modules.
We can define the regular-top, regular-socle, a regular-composition series and
the regular-length of a regular module.

Example. Consider the ‘four subspace quiver’ of type Dy

__\.; ’_/_

If dim X = « then defect(X) = (J, @) = a1 + as + as + ay — 2as.

(a) The module S5 given by

is regular-simple. There are 6 modules like this, denoted S;; with 0 < i <
J < 4 where the vertices ¢ and j are copies of K. The minimal projective

resolution of Sy, is
0— P[B] — P[1]@® P[2] —» 0

so 7512 is given by the exact sequence

SO 7'512 = 334.
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(b) If U, V, W, Z are distinct 1-dimensional subspaces of K2, then the module

v

Y4

\%
W
Z

is indecomposable and of defect 0, so regular, and it is regular-simple since
any proper non-trivial regular submodule N of dimension o must have ay =
1, so two of ay, as, as, ay must be 1 and two must be 0. But then N5 must
contain two of U,V, W, Z, so N5 = K?, a contradiction.

(c) Using the subspace W twice gives a module M via

v
v N
4

W

(It is indecomposable since U, V, W already give an indecomposable repre-
sentation of the Dynkin quiver D4.) The module M is indecomposable and
regular. It fits into an exact sequence

U U-\
EN — \/}k" — \/;KQ/W
A AV
V)

W W

0‘___’ “——)O

0
Q
W

that is, 0 — S34 — M — Si5 — 0. This sequence shows the only proper non-
trivial regular submodule of M, so it is regular-uniserial. Since S34 = 751,
and Ext'(S)2, S34) & DEnd(S13) & K, the exact sequence must be the AR
sequence ending at Sis.

Lemma 2. If S is a regular-simple, then

(i) « = dim S is a root.
(i) 795 is regular-simple for all j € Z.
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(iii) 75 = S iff dim S is an imaginary root.
(iv) TNS = S

Proof. (i) S is a brick by Schur’s Lemma for the abelian category C, so
¢(a) = dim End(S) — dim Ext'(S, S) < 1.

(ii) Since 7 and 7~ are equivalences on the abelian category C, they send
regular-simples to regular-simples.

(iii) If 75 = S then ®a = «, so « is radical, so a = ¢ is an imaginary root.

If o is an imaginary root, then Ext*(S, S) # 0, so Hom(S, 75) # 0. Since S
and 75 are regular simples, Schur’s Lemma for the abelian category C implies
that S = 7.5.

(iv) If « is a real root, then (a, PNa) = (a, ) = 1, so Hom(S,7V.S) # 0, so
S = 7NS by Schur’s Lemma. If « is an imaginary root, it follows from (iii).

Lemma 3. If X is regular-uniserial, S is regular-simple and

E:0—=-S5S—=F hx o0
is non-split, then FE is regular-uniserial.

Proof. Let T be the regular-socle of X. Now FE is regular since C is closed
under extensions. It suffices to prove that if U C E' is a regular submodule
and U is not contained in S, then S C U. Now we have f(U) # 0, so
T C f(U). Then f~YT) =S+ Un f~(T) by the modular law.

Since 775 is regular-simple, the inclusion 7" < X gives an isomorphism
Hom(7~S,T) — Hom(7~S, X). Thus it gives an isomorphism

Ext'(X,S) = DHom(7~ S, X) = DHom(7~S,T) = Ext' (T, S),

so the pullback sequence

¢:0 > S s fHT) T > 0
| | |
£:0 > S ) X > 0

is non-split. Thus the sum f~4(T) = S+ U N f~}(T), cannot be a direct
sum, so SNUN f~YT) #0. Thus S C U.
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Lemma 4. For each regular-simple 7" and r» > 1 there is a unique regular-
uniserial module T{r} with regular-top 7" and regular-length r. Its regular-
composition factors are (from the top) T, 7T, ..., 7" 'T.

Proof. We work by induction on r. Suppose X = T{r} exists. Let S be
regular-simple. Now

K (S=71T)

Ext'(X,S) = DHom(7~ S, X) = DHom(r~ S, 7" 'T) = _
0  (otherwise)

so there is a non-split sequence ¢ : 0 — S — E — X — 0 if and only
if S = 77-'T. Moreover in this case, since the space of extensions is 1-
dimensional, any non-zero ¢ € Ext'(X,S) gives rise to the same module
E. Tt is uniserial by the previous lemma, so it is T{r + 1}. Uniqueness is
straightforward.

Theorem. Every indecomposable regular module X is regular-uniserial (so
of the form T'{r} for some 7" and r).

Proof. Induction on the dimension of X. If X is regular-simple there is
nothing to prove, so suppose otherwise. Let S C X be a regular-simple
submodule of X. Write the quotient as a direct sum of indecomposables

sy
=1

By induction the Y; are regular-uniserial. Now

Ext!(X/S,S) = @Ext (Y;,5)

with the sequence 0 - S — X — X/S — 0 corresponding to (&;). Since X
is indecomposable, all & # 0. Now

K (if regular-socle of Y; is 77 5)
0  (otherwise)

Ext'(Y;, S) & {

so all Y; have regular-socle t~S5.

If r = 1 then X is regular uniserial, so suppose r > 2 for contradiction.
We may assume that dimY; < dimY5,, and then by the classification in
Lemma 4 of regular uniserials, there is an embedding ¢ : Y} — Y5. This
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induces an isomorphism Ext' (Y5, S) — Ext'(Y3,.S) so we can use g to adjust
the decomposition of X/S to make one component §; zero, a contradiction.
Explicitly, we write X/S = Y/ @Yo®--- @Y, with Y{ = {y1+Ag(v1) : y1 € Y1}
for some A € K.

Corollary. A regular simple T' of 7-period p is contained in a component of
the AR quiver of the following shape

a \\:-1 7 NN SN
St P I T SRR b Ti33 -
. 7~ N SN SN 7
! it - T§%} )
\ / \ P / \ / \ ) \ _1
- oL T T T

< ' \M{‘w\

The dotted lines must be identified, to give a tube

In particular, for period 1, the component looks as follows

)
’

AN
T34
‘S
Tief
N
-

Every indecomposable regular module is contained in such a tube.

Proof. Details omitted.
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4.7 Regular-simples and roots

We continue with A = K@ with @) extended Dynkin without oriented cycles.
We show that the tubes are indexed by the projective line and the dimension
vectors of indecomposable modules are exactly the positive roots.

Let e be an extending vertex, P = Ple], p = dim P. Clearly (p,p) = 1 =
(p,0). Thus §+p is a positive real root and (§+p,d) = 1, so there is a unique
indecomposable L of dimension § + p. Now P and L are preprojective, are
bricks, and have no self-extensions.

Now Hom(L,P) = 0, for if # : L — P then Im# is projective, so iso-
morphic to a summand of L, a contradiction. Also Ext'(L, P) = 0 since
(dim L, dim P) = (p+6,p) = (p,p)—(p,0) = 0. Moreover dim Hom(P, L) = 2
since (p,p+d) = 2.

Example. For the quiver

7
Wi
N
S
with extending vertex e = 5, the preprojective component starts as follows
4
2 14 2
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Lemma 1. If 0 # 6 € Hom(P, L) then 6 is mono, Cokerf is a regular
indecomposable of dimension ¢, and [reg-top(Coker )], # 0.

Proof. Suppose 6 is not mono. Now Kerf and Im 6 are preprojective (since
they embed in P and L), and so they have defect < —1. Now the sequence

0— Kerf - P —Im6—0

is exact, so —1 = defect(P) = defect(Ker ) + defect(Im6) < —2, a contra-
diction.

Let X = Coker @, and consider ¢ : 0 — P 5L X >0 Apply Hom(—, P)
to get Ext'(X,P) = K. Apply Hom(—, L) to get Hom(X,L) = 0. Ap-
ply Hom(X, —) to get X a brick. If X has regular top 7, then dim7, =
dim Hom (P, T) = (p,dimT) = (p + 0,dim T') = dim Hom(L,T") # 0.

Lemma 2. If X is regular, X, # 0 then Hom(Coker#, X) # 0 for some
0# 6 € Hom(P, L).
Proof. Ext!(L, X) = 0, so

dim Hom(L, X) = (p + 9, dim X) = (p,dim X) = dim Hom(P, X) # 0.
Let «, 8 be a basis of Hom(P, L). These give maps a,b : Hom(L, X) —
Hom(P, X).

If @ is an iso, let A be an eigenvalue of a~'b and set § = 3 — M. If a is not
an iso, let § = a. Either way, there is 0 # ¢ € Hom(L, X)) with ¢ 00 = 0.
Thus there is an induced non-zero map ¢ : Coker § — X.

Theorem 1.
(a) If S is regular simple of 7-period p, then

dim S +dim 7S + --- + dim 77715 = 4.

(b) Regular simples S, T of the same dimension « # ¢ must be isomorphic.
(c) All but finitely many regular simples have dimension §, so all but finitely
many tubes have period 1.

Proof. (a) We show that o := dim S < 6. If e, # 0, this holds since there is
a non-zero map Coker # — S which must be onto. If o, =0, then § — v is a
root, and (§ — a). = 1, so § — « is a positive root, so again o < §.

If a =4, then S = 75, s0 p=1 and we are done. Thus we may suppose « is
a real root. Now § — «v is a positive real root, so by §4.5 Lemma 3 there is an
indecomposable module R of dimension § — «; regular since (4,5 — a) = 0.
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As (o, 6 —a) = —1, 0 # Ext'(S, R) = D Hom(R, 75), so reg-top R = 75. As
(6 —a,a) = =1, 0 # Ext'(R,S) = DHom(7~S, R), so reg-soc R = 775 It

follows that R must at least involve 7.5, 725,..., 77715, so
dim S 4+ dim7S +--- +dim777'S < dim S + dim R = 6.
Also the sum is invariant under ®, so it is a multiple of §.

(b) Hom(S,T) # 0 since 1 = (a,a) = dim Hom(S, T) — dim Ext'(S, T, so
S=T.

(c) There are only finitely many positive roots < 4.

Theorem 2. The set of tubes is in bijection with the projective line. Explicitly
(i) each tube contains a unique module in the set

Q2 = {isoclasses of indecs X with dim X = ¢ and reg-top(X). # 0}

(ii) There is a bijection, PHom(P, L) — 0, K6 — Coker 6, where PV denotes
the set of 1-dimensional subspaces of V.

Proof. (i) By Theorem 1(a), exactly one regular simple 7" in the tube has
T. # 0. Clearly €2 contains the module with regular top 7" and regular length
p, the period of T', and no other modules from the tube.

(ii)) By Lemma 1, Cokerf € ). Conversely if X € € then by Lemma 2,
for some 6 there is a non-zero map Coker # — X. This must be surjective,
since any proper regular quotient of Coker 6 is non-zero at e, but any proper
regular submodule of X is zero at e. Thus the map is an isomorphism.

If 0 # 0,0/ € Hom(P, L) and Coker f = Coker ¢, then since Ext'(L, P) = 0

one gets a commutative diagram

0 s P " L s Coker®# —— 0

A H

0 P, Cokerf —— 0

Now f and g are non-zero multiples of the identity, so K6 = K¢'.

In the example before, the module L can be given by the indicated matrices,
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and then a map P — L is given by a linear map K — K? as indicated

(1)
with a,b € K not both zero. The cokernel is isomorphic to

K

ne

’l%k
5

K
h
K

where A\, € K are not both zero and satisfy a\ + b = 0. This module is
regular simple unless (A p) is a multiple of one of the other maps, say (1 0),
when the module is not regular simple since it has regular submodule

0
e P

KD )7
\ K

N

0
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with quotient isomorphic to

Theorem 3.

(1) If X is indecomposable then dim X is a root.

(2) If « is a positive imaginary root there are infinitely many many indecom-
posable modules X with dim X = a.

(3) If « is a positive real root there is a unique indecomposable module X
with dim X = «a.

Proof. (Omitted in the lecture.) (1) If X is a brick, this is clear. If X is not
a brick, it is regular. Let X have period p and regular length rp + ¢ with
1 < g < p. The regular submodule Y of X with regular length ¢ is a brick,
and so dim X = dim Y + rd is a root.

(2) We have o = 7. If T is a tube of period p, then the indecomposables
in T of regular length rp have dimension rd, and there are infinitely many
tubes.

(3) We have proved this already in case (a,d) # 0, so suppose («,d) = 0.
We can write a = rd + 3 for some real root § with 0 < 8 < §. We know that
there is a regular indecomposable Y of dimension 3. Suppose it corresponds
to a module of regular-length ¢ in a tube of period p. Then ¢ < p. Let X
be the regular uniserial containing Y and with regular length rp+ ¢. Clearly
dmX =76 +dimY = a.

Finally suppose that there are two regular-uniserials X, Y that have the
same dimension vector «, a real root. Then (dim X,dimY’) = ¢(a) = 1, so
Hom(X,Y) # 0. Thus X and Y are in the same tube, say of period p. Since
« is not a multiple of J, the regular-length of X is not a multiple of p. Thus
if S is the regular socle of X, we have Hom(S, X) # 0 and Ext'(S, X) = 0.
Thus (dim S,«) > 0. Thus Hom(S,Y) # 0. Thus Y has regular socle S.
Thus since dim X = dimY we have X =Y.

102



