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Convention

Throughout the course, k will always be a field. All rings are unital and associative. We only really
work with artinian rings (but sometimes noetherian is also OK). We always compose maps from right
to left.

1 Reminder on some basics of rings and modules

Definition 1.1. Let R be a ring. A right R-module M is an abelian group (M,+) equipped with a
(linear) R-action on the right of M - : M x R — M, meaning that for all r,s € R and m,n € M, we
have

e m-1=nm,

e (m+n)-r=m-r+n-r,
em-(r+s)=m-r+m-s,
o m(sr) = (ms)r.

Dually, a left R-module is one where R acts on the left of M (details of definition left as exercise).
Sometimes, for clarity, we write M s for right A-module and sM for left A-module.

Note that, for a commutative ring, the class of left modules coincides with that of right modules.

Example 1.2. R s naturally a left, and a right, R-module. Both are free R-module of rank 1. Some-
times this is also called reqular modules but it clashes with terminology used in quiver representation
and so we will avoid it.

In general, a free R-module F is one where there is a basis {z;}icr such that for all x € F, © =
Y icr Titi with r; € R. We only really work with free modules of finite rank, i.e. when the indexing
set I is finite. In such a case, we write R™.

Convention. All modules are right modules unless otherwise specified.

Definition 1.3. Suppose R is a commutative ring. A ring A is called an R-algebra if there is a (unital)
ring homomorphism 6 : R — A with image f(R) being in the center Z(A) :={z € A | za = az Va € A}
of A. In such a case, A is an R-module and so we simply write ar for a € A,r € R instead of af(r).

An (unital) R-algebra homomorphism f : A — A is a (unital) ring homomorphism f that intertwines
R-action, i.e. f(ar) = f(a)r.

The dimension of a k-algebra A is the dimension of A as a k-vector space; we say that A is finite-
dimensional if dimy A < co.



Note that commutative ring theorists usually use dimension to mean Krull dimension, which has a
completely different meaning.

Example 1.4. FEvery ring is a Z-algebra.
The matriz ring M, (R) given by n-by-n matrices with entries in R is an R-algebra.

We will only really work with k-algebras, where k is a field. But it worth reminding there are many
interesting R-algebras for different R, such as group algebra. Recall that the characteristic of R,
denoted by char R, is 0 if the additive order of the identity 1 is infinite, or else the additive order itself.

Example 1.5. Let G be a finite (semi)group and R a commutative ring. Let A := R[G] be the free
R-module with basis G, i.e. every a € A can be written as the formal R-linear combination deG Agg
with Ay € R. Then group multiplication extends (R-linearly) to a ring multiplication on R[G], making
A an R-algebra.

Example 1.6. Recall that the direct product of two rings A, B is the ring Ax B = {(a,b) |a € A,b €
B} with unit 1axp = (14,1p). It is straightforward to check that if A, B are R-algebras, then A x B
is also an R-algebra.

Definition 1.7. A map f : M — N between right R-modules M, N is a homomorphism if it is a
homomorphism of abelian groups (i.e. f(m +n) = f(m)+ f(n) for all m,n € M) that intertwines
R-action (i.e. f(mr) = f(m)r for allm € M and r € R). Denote by Homgr(M, N) the set of all
R-module homomorphisms from M to N. We also write Endr(M) := Hompg(M, M).

Lemma 1.8. Hompg(M,N) is an abelian group with (f + g)(m) = f(m) + g(m) for all f,g €
Homp(M,N) and all m € M. If R is commutative, then Homgr(M,N) is an R-module, namely,
for a homomorphism f: M — N and r € R, the homomorphism fr is given by m +— f(mr).

Definition 1.9. Endgr(M) is an associative ring where multiplication is given by composition and
identity element being idyr. We call this the endomorphism ring of M.

Lemma 1.10. If A is an R-algebra over a commutative ring R, then any right A-module is also an
R-module, and Homa (M, N) is also an R-module (hence, Endr(M) is an R-algebra).

Example 1.11. A = End4(A) given by a — (14 — a) is an isomorphism of rings (or of R-algebras
if A is an R-algebra).

Exercise 1.12. Recall that R°P is the opposite ring of R, whose underlying set is the same as that of
R with multiplication (a -°P b) :=b-a. A representation of R is a ring homomorphism

p: R°® — Endz (M), T pr,

for some abelian group (M,+). A homomorphism f : pyy — pn of representations pyy : RP —
Endz (M), py : R — Endyg(N) given by an abelian group homomorphism f : M — N that intertwines
R-action, i.e. pn(r)o f = fopr(r) for allr € R.

Eplain why a representation of R is equivalent to a right R-module; and why homomorphisms corre-
spond.



2 Indecomposable modules and Krull-Schmidt property

Recall that an R-module M is finitely generated if there exists as surjective homomorphism R — M,
or equivalently, there is a finite set X C M such that for any m € M, we have m =} ar, for
some 7, € R.

Notation. We write mod A for the collection of all finitely generated right A-modules.

We recall two types of building blocks of modules. The first one is indecomposability.

Definition 2.1. Let M be a R-module and Ny,..., N, be submodules. We say that M is the direct
sum N1 @---@®N, of the N;’s if M = N1 +---+ N, and N;N(Ny+-- -+N5.+- -+ N;) = 0. Equivalently,
every m € M can be written uniquely as ny +ng + -+ - + n, with n; € N; for all i. In such a case, we
write M =2 N1 & --- @ N,.. Fach N; is called a direct summand of M .

M s called indecomposable if M = Ny ® Ny implies Ny =0 or No = 0.

We say that M = @;", M; is an indecomposable decomposition (or just decomposition for short if
context is clear) of M if each M; is indecomposable. Such a decomposition is said to be unique if for
any other decomposition M = @?:1 N;, we have n = m and the N;’s are permutation of the M;’s.

Convention. We write (ni,...,n,) instead of ny+---+n, withn; € N; for a direct sum N1 @---®N,..
We will only work with direct sum with finitely many indecomposable direct summands.

Example 2.2. Suppose Rg is indecomposable as an R-module. Then the free module R®R®--- PR
with R copies of R is a decomposition of R".

Example 2.3. Consider the matriz ring A := Mat,, (k) over a field k. Let V' be the ‘row space’, i.e.
V = {(vj)i<j<n | v; € k} where X € Mat,(k) acts on v € V by v — vX (matriz multiplication
from the right). Since for any pair u,v € V, there always exist X so that v = uX, we see that there
18 no other A-submodule of V' other than 0 or V itself. Hence, V is an indecomposable A-module.
In particular, the n different ways of embedding a row into an n-by-n-matriz yields an A-module
isomorphism between V™ =2 A4, which is the decomposition of the free A-module A4.

The above example shows indecomposability by showing that V is a simple A-module, which is
a stronger condition that we will come back later. Let us give an example of a different type of
indecomposable (but non-simple) modules.

Example 2.4. Let A = k[z]/(2") the truncated polynomial ring for some k > 2. This is an al-
gebra generated by (14 and) z, and an A-module is just a k-vector space V' equipped with a linear
transformation p, € Endy (V) (representing the action of x) such that p¥ = 0.

Consider a 2-dimensional space V' = k{vi,v2} and a linear transformation

(00
re=1{1 o)

If V is not indecomposable, then we have V = Uy @ Uy for (at least) two non-zero submodules Uy, Us.
By definition (avi + bvy)x = (a + b)ve, and so any submodules must contains kva, i.e. vo spans a
unique non-zero submodules; a contradiction. Hence, V' must be indecomposable.

A natural question is to ask when a decomposition of modules, if it exists, is unique up to permuting
the direct summands.

Definition 2.5. We say that an indecomposable decomposition M = ;" | M; is unique if any other
indecomposable decomposition M = @?:1 N; implies that m = n and there is a permutation o such
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that M; = Ny for all 1 < i < m. modA is said to be Krull-Schmidt if every finitely generated
A-module M admits a unique indecomposable decomposition.

Theorem 2.6. For a finite-dimensional algebra A, mod A is Krull-Schmidt.

Remark 2.7. This is a special case of the Krull-Schmidt theorem - whose proof we will omit to save

time.

Proposition 2.8. There is a canonical R-module isomorphism

o)

HOHIA(@?L M;, @i, Ni) @” Hom 4 (Mj, N;)
fi (mifes)i

where v; : Nj — @j Nj is the canonical inclusion for all j and m; : @, M; — M; is the canonical
projection for all 7.

One can think of the right-hand space above as the space of m-by-n matrix with entries in each
corresponding Hom-space.



3 Extra: Krull-Schmidt theorem

Recall that an idempotent e € R is an element with e? = e. For example, the identity map idy; €
End4 (M) (the unit element of the endomorphism ring) is an idempotent.

Lemma 3.1. A non-zero A-module M is indecomposable if, and only if, the endomorphism algebra
End4 (M) does not contain any idempotents except 0 and idp;.

Proof <«: Suppose M =U ¢ V. Then we have

a projection map wy : M — W,

and an inclusion map cyy : W — M,

for W € {U,V}. Both of these are clearly A-module homomorphisms. Now ey := tymy is an
endomorphism of M with ey = idjy; —ey. Since any m € M can be written as u + v for v € U and
v €V, we have

eir(m) = ef (u+v) = e (v) = v = ey (m);

and likewise for ey, so we have idempotents different from 0 and idj; when both U and V' are non-zero.
=: Suppose that M is indecomposable, and e € End4(M) is an idempotent. Note that
(idas —6)2 =idy —e-idy —idys e + €2 =idy —2e + e = idyy —e

is also an idempotent and idy, = e + (idys —e). So we have M = e(M) + (idps —e)(M). We want to
show that M = e(M) @ (idps —e) (M), i.e. e(M)N(idys —e)(M) = 0. Indeed, z € e(M) N (idps —e)(M)
means that we have e(m) = x = (idys —e)(m') for some m, m’ € M, and so

z = e(m) = ¢*(m) = e((idy —e)(m")) = (e(idar —e))(m') = (e — €*)(m') = 0(m') =0,
as required.

Since M is indecomposable, one of e(M) or (idys —e)(M) is zero. In the former case, we get e = 0;
whereas the latter case yields id;; = e; as required. O

The following is one of the main reasons why we like to consider finite-dimensional (or finite generated)
modules over finite-dimensional k-algebras.

Lemma 3.2 (Fitting’s lemma (special version)). Let M be a finite-dimensional A-module of a
finite-dimensional k-algebra, and f € Enda(M). Then there exists n > 1 such that M = Ker(f") &

Tm(f).
Remark 3.3. The general version for rings requires M to be artinian and noetherian (i.e. ascending
and descending chains of submodules stabilises).

We omit the proof to save time. The point is really just take n large enough so that the chains of
submodules given by (Ker(f*))x and (Im(f*)); stabilises.

Corollary 3.4. Let M be a non-zero finite-dimensional A-module. Then M is indecomposable if, and
only if, every homomorphism f € Enda(M) is either an isomorphism or is nilpotent.

Proof By Fitting’s lemma, for any f € End4(M), we have M = Ker(f™) @ Im(f") for some n > 1.
So indecomposability means that one of these direct summands is is zero. If Ker(f™) = 0, then f" is
an isomorphism and so is f. If Im(f™) = 0, then f™ =0 and so f is nilpotent.

Conversely, consider an idempotent endomorphism e € End4(M). The assumption says that e is
either an isomorphism or nilpotent.



If e is an isomorphism, then we have Im(e) = M, which means that for every m € M, there is some
m' € M with e(m) = e2(m/) = e(m/) = m, i.e. e =idy.

If e is nilpotent, then e™ = 0 for some n > 1, but e =e? =3 = ... =¢€”, and so e = 0.

Hence, an idempotent endomorphism of M is either 0 or idy;, which means that M is indecomposable
by Lemma (3.1 O

Definition 3.5. A ring R is local if it has a unique mazimal right (equivalently, left; equivalently,
two-sided) ideal.
Remark 3.6. When R is non-commutative, the ‘non-invertible elements’ are the ones that do not admit

right inverses.

Lemma 3.7. Let A be a finite-dimensional algebra and M be a finite-dimensional A-module. Then
the following hold.

(1) The following are equivalent.
o A islocal (i.e. has a unique maximal right ideal).

e Non-invertible elements of A form a two-sided ideal.
e For any a € A, one of a or 1 — a is invertible.
e 0 and 14 are the only idempotents of A.

o A/J(A) =2k as rings, where J(A) is the two-sided ideal of A given by the intersection of
all mazimal right (equivalently, left) ideals.

(2) M is indecomposable < End s (M) is local.
We omit the proof to save time.

Example 3.8. Consider the upper triangular 2-by-2 matrix ring
k k
A= (0 k) = {(ai,j)1<z‘<j<2

Let M = {(x,y) € k%} be the 2-dimensional space where A acts as matriz multiplication (on the
right). Suppose f € Enda(M), say, f(x,y) = (ax + by, cx + dy) for some a,b,c,d € k. Then being an
A-module homomorphisms means that

CLz”jEkViSj
ai7j:OVi>j

(ax + by, cx + dy) (g Z)) =f <(m, Y) (g Z))) = (auz + bvx + wy, cuz + dvz + dwy)

for all u,v,w,z,y € k. This means that

buy = bvz + bwy
avz + bvy + czw = cux + dvx

The first line yields b = 0, and the second line yields ¢ = 0 = b and a = d. In other words,
End s (M) =k which is clearly a local algebra. Hence, M is indecomposable.

Theorem 3.9 (Krull-Schmidt). Suppose M = ;" M; is an indecomposable decomposition of M.
If Enda(M;) is local for all 1 < i < m, then the decomposition of M is unique.

Remark 3.10. Some people refer to this result as Krull-Remak-Schmidt theorem.

For proof, interested reader can see lecture notes from last year.



4 Simple modules, Schur’s lemma

Definition 4.1. Let M be an R-module.

(1) M is simple if M # 0, and for any submodule L C M, we have L =0 or L = M.

(2) M is semisimple if it is a direct sum of simples.
Remark 4.2. In the language of representations, simple modules are called irreducible representations,
and semisimple modules are called completely reducible representations.

Remark 4.3. Note that a module is semisimple if and only if every submodule is a direct summand.

Example 4.4. Consider the matriz ring A := Mat, (k) over a field k. Then the row-space repre-
sentation V is an n-dimensional simple module. Since Ay = VO, we have that Ay is a semisimple
module.

Example 4.5. The ring of dual numbers is A := k[z]/(2?). The module (z) is simple. The regular
representation A is non-simple (as (x) = Az A is a non-trivial submodule). It is also not semisimple.
Indeed, (x) is a submodule of A, and the quotient module can be described by kv where v =1+ (x). If A
is semisimple, then the 1-dimensional space kv is isomorphic to a submodule of A. Such a submodule
must be generated by a + bx (over A) for some a,b € k. If a # 0, then (a+ bx)A = A. Soa =0, and
kv = (x), a contradiction.

Lemma 4.6. S is a simple A-module if and only if for any non-zero m € S, we have mA := {ma |
a € A}y =S. In particular, simple modules are cyclic (i.e. generated by one element).

Proof =: mA C S is a submodule and contains a non-zero element m, so by simplicity of S we
must have mA = S.

<: Suppose that there is a non-zero submodule L C S. For a non-zero element m € L, the assumption
says that we have mA C L. C S =mA, andso L = S. O

Let us see how one can find a simple module.

Definition 4.7. Let M be an A-module and take any m € M. The annihilator of m (in A) is the set
Anny(m) :={a € A | ma = 0}.

Note that Ann(m) is a right ideal of A - hence, a right A-module.

Lemma 4.8. For a simple A-module S and any non-zero m € S, we have S = A/ Anny(m) as A-
module. In particular, if A is finite-dimensional, then every simple A-module is also finite-dimensional.

Proof Since S = mA, the element m defines a surjective A-module homomorphism f : Ay — S
given by a — ma. On the other hand, we have Ker(f) = Anns(m), and so A/ Anny(m) = S. O

Suppose [ is a two-sided ideal of A. Then we have a quotient algebra B := A/I. For any B-module
M, we have a canonical A-module structure on M given by ma := m(a + I). This is (somewhat
confusingly) the restriction of M along the algebra homomorphism A — A/I.

Lemma 4.9. Suppose B := A/I is a quotient algebra of A by a strict two-sided ideal I # A. If
S € mod B is simple, then S is also simple as A-module

Proof This follows from the easy observation that any a B-submodule of Sp is also a A-submodule
of S 4 under restriction. O



The following easy, yet fundamental, lemma describes the relation between simple modules. Recall that
a division ring is one where every non-zero element admits an inverse (but the ring is not necessarily
commutative).

Lemma 4.10 (Schur’s lemma). Suppose S, T are simple A-modules, then

Hom (S, T) = {a division ring, if S =T}

0, otherwise.

Remark 4.11. Note that if A is an R-algebra, then the division ring appearing is also an R-algebra
(sincg it is the endomorphism ring of an A-module). In particular, if R is an algebraically closed field
k =k, then any division k-algebra is just k itself.

Proof The claim is equivalent to saying that any f € Homy(S,T) is either zero or an isomorphism.
Since Im(f) is a submodule of T, simplicity of T" says that Im(f) =0, i.e. f =0, or Im(f) =7T. In
the latter case, we can consider Ker(f), which is a submodule of S, so by simplicity of S it is either 0
or S itself. But this cannot be S as this means f = 0, hence, Im(f) = T implies that Ker(f) =0, i.e.
f is an isomorphism. O

Example 4.12. In Example [3.8, we showed that the upper triangular 2-by-2 matriz ring A has a
2-dimensional indecomposable module Py = {(x,y) | =,y € k?} given by ‘row vectors’. It is straightfor-
ward to check that there is a 1-dimensional (hence, simple) submodule given by So := {(0,y) | y € k?}.

Consider the module Sy := P1/Sy. This is a 1-dimensional (simple) module spanned by, say, w with

A-action given by
w(® A wa
0 ¢/

Consider a homomorphism f € Homa(S1,S2). This will be of the form w — (0,y) for some y € k
and has to satisfy

(0.90) = (0.9)a = flwa) = 7w (§ 1)) = 0 ( 2) = 0.0 = 050)

for any a,b,c € k. Hence, we must have y = 0, which means that f = 0. In particular, by Schur’s
lemma S1 2 Ss.

Lemma 4.13. Consider a semisimple A-module M = S, ® --- & S, with S; = S for all i. Then
Endy (M) = Mat, (D), where D := End4(S) for some i.

Proof We have canonical inclusion ¢; : S; < M and projection m; : M —S;. So for f € Enda (M),
we have a homomorphism 7; f; : S; — S;, and by Schur’s lemma, this is an element of D. Now we
have a ring homomorphism

Enda(M) — Mat,. (D), f— (mifij)i<ij<rs

.
which is clearly injective. Conversely, for (a;;)i<ij<r € Mat,(D), we have an endomorphism M e
S; Ly Si N , which yields the required surjection. O

Example 4.14. For a tautological example, take A = k to be just a field. Then we have a 1-
dimensional simple A-module S = k with End4(S®") = Mat, (Enda(k)) = Mat, (k). Note that now
we have an n-dimensional simple Mat,,(k)-module (given by the row vectors).



5 Quiver and path algebra

Definition 5.1. A (finite) quiver is a datum Q = (Qo, @1, s,t : Q1 — Qo) for finite sets Qu, Q1. The
elements of Qo are called vertices and those of Q1 are called arrows. The source (resp. target)of an
arrow a € Q1 is the vertex s(a) (resp. t(a)).

This is equivalent to specifying an oriented graph (possibly with multi-edges and loops); Gabriel coined
the term quiver as a way to emphasise the context is not really about the graph itself.

Definition 5.2. Let QQ be a quiver.

e A trivial path on Q is a “stationary walk at i”, denoted by e; for some i € Q.

e A path of Q is either a trivial path or a word ayas - - ayp of arrows with s(a;) = t(ait1).

The source and target functions extend naturally to paths, with s(e;) =i = t(e;). Two paths p, ¢ can
be concatenated to a new one pq if t(p) = s(q); note that our convention is to read from left to right.

Definition 5.3. The path algebra kQ) of a quiver Q) is the k-algebra whose underlying vector space is
given by @p:paths of Q kp, with multiplication given by path concatenation. That is x € kQ is a formal
linear combinations of paths on Q.

Note that e;e; = d; je;, where d; ; = 1 if i = j else 0. In other words, e; is an idempotent of the path
algebra k@Q. Moreover, we have an idempotent decomposition

1le = Z €;

1€Q0
of the unit element of kQ.
Example 5.4. Consider the one-looped quiver, a.k.a. Jordan quiver,

e=( ()

Then kQ has basis {a* | k > 0} (note that the trivial path at the unique vertex is the identity element).
Then k@ = klz].

An oriented cycle is a path of the form vy — v9 — --- v, — v1, i.e. starts and ends at the same vertex.
If @) does not contain any oriented cycle, we say that it is acyclic.

Proposition 5.5. kQ is finite-dimensional if, and only if, Q is finite acyclic.

Proof If there is an oriented cycle ¢, then ¢ € kQ for all k > 0, and so kQ is infinite-dimensional.
Otherwise, there are only finitely many paths on Q. O

Example 5.6. Consider the linearly oriented &n—quiver
Q=A, =122 . 20,
Then the path algebra kQ has basis {e;, o |1 <i<n,1 <j<k<n}, where o = ajoqr - Q.

Consider the upper triangular n-by-n matriz ring

0 k k = (aij)1<i<i tij €k Vi<
0 o . | T\ mehsisise) U ovis o)
00 0 k



Denote by E; ; the elementary matriz whose entries are all zero except at (i,j) where it is one. This
ring is isomorphic to kQ via E;; — e; and E; j — «; ;1 for 1 <j <k <n.

From now on, we will focus in the following setting.

Assumption 5.7. (1) Quivers are always finite.

(2) Modules (and representations) are finitely generated (which is equivalent to finite-dimensional
when the algebra is so).

6 Duality

For a quiver @), the opposite quiver Q°° has the same set of vertices with the reverse direction of
. op op
arrows, i.e. Q" = Qo, Q] = Q1,8 = tQ, and tger = 5¢.

Exercise 6.1. Show that there is a canonical isomorphism (kQ)°P = k(Q°P).
Let M be a finite-dimensional A-module. Then we have a dual space
D(M) := M* := Homy (M, k),

which has a natural A°P-module structure, namely, (a-f)(m) := f(ma) foranya € A, f € M*,m € M.
Moreover, for an A-module homomorphism 6 : M — N, we have also an A°°’-module homomorphism

0" . N* — M* with 0*(f)(m) = f(6(m)).

We note as a fact that D preserves indecomposability of (finite-dimensional) modules. This can
be seen using the fact that Homy (M, N) = Hom gop (DN, DM) and can be upgraded to an algebra
isomorphism for the case when N = M; then uses characterisation of indecomposable module by local
endomorphism ring.

Example 6.2. The left A-module oA yields a right A-module structure on D(A). More generally,
suppose we have a left ideal Ae of A for some element e € A, then D(Ae) is a right ideal of A.

Remark 6.3. There is another natural duality, which we will not used, between mod A and mod A°P
given by sending M to Homy (M, A). In general, this duality is different from the k-linear dual unless
A is a so-called symmetric algebra; interested reader can read lecture notes from last year.

7 Representations of quiver

Definition 7.1. A k-linear representation of Q is a datum ({M;}icQo,, {Matacq,) where M; is a
k-vector space for each i € Qo and My : Moy — My is K-linear map for each o € Q1.

Such a representation is finite-dimensional if dimy M; < oo for all i € Q.

Notation. For a representation M of Q, we take M, := My, --- My, for a path p = oy -+ ay.

It is easy to notice that every representation of @) is equivalent to a k@-module, namely,

kQ-module [[;co, M;

representation ({M;}icgy, {Ma}tacg,) < ot Zp:path Mp acts as Zp A M.

Example 7.2 (Simple). For z € Qq, denote by S, (or S(z)) the representation given by putting a
1-dimensional space on x, zero on all other vertices, and zero on all arrows. This corresponds to a
1-dimensional kQ-module and so we call it the simple at .
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Note: at this stage, it is not clear if these are all the simple kQ-modules (up to isomorphism) yet.

Example 7.3 (Projective). For x € Qo, denote by P, (or P(x)) the representation given by
({My}yeqos {Matacq,), where

My= € kp, and  (Ma:My—M):=> (M, —»kp ke M)
p:path with pa=q
s(p)=a,
t(p)=y

This is called the projective at x. This corresponds to the right ideal e,kQ of kQ.

Example 7.4 (Injective). Dual to the projective module construction, for x € Qo, denote by I, (or
I(z)) the representation given by ({My}yeqy, {Matacq,), where

M, = GB kp, and (My : My — M) := Z(My—»kpgkq%Mz).
p:path with p=aq
s(p)=y,
t(p)=x

This is called the injective at x. This corresponds to the dual of the left ideal generated by e, i.e.
D(kQey).

Example 7.5. The representation of QQ = &n given by
Ui, =050k Sy Lk 05 50

with a copy of k on vertices i,1+1,...,7 is the uniserial kQ-module corresponding to the column space
(under the isomorphism of kQ with the lower triangular matriz ring) with non-zero entries in the k-th
row fori <k <j.

Example 7.6. Let Q be the Jordan quiver with unique arrow «. Then a representation of Q is
nothing but an n-dimensional vector space equipped with a linear endomorphism, equivalently, an
n-by-n matriz.

Definition 7.7. A homomorphism f: M — N of (k-linear) quiver representations M = (M;, My ); o
and N = (N;, No)ia 5 a collection of linear maps f; - M; — N; that intertwines arrows’ actions, i.e.
we have a commutative diagram

M~ N

w| |

M. > .

fi

=

<
<

for all arrows a1 1 — j in Q.

A homomorphism f = (fi)icg, : M — N of quiver representations is injective, resp. surjective, resp.
an isomorphism, if every f; is injective, resp. surjective, resp. an isomorphism, for all i € Qq.

Example 7.8. Let Q be the Jordan quiver. Recall that a representation of Q is equivalent to a
choice of n-by-n matrix M,. By definition, the isomorphism class of such a representation is given
by the conjugacy classes of M. If we assume k is algebraically closed, then a representative of the
isomorphism class of My is given by the Jordan normal form of M,. That is, M, can be block-
diagonalise into Jordan blocks Jpm, (A1), ..., Jm, (A1), where Jp(X) is the m-by-m Jordan block with
etgenvalue X\ € k.

Proposition 7.9. There is an isomorphism between the category of representations of Q@ and mod k@,
where (M;, My )i o corresponds to M = Hz‘er M; with kQ-action given by (linear combinations of com-
positions of ) My, ’s, and isomorphism classes of Q-representations correspond to isomorphism classes
of kQ-modules.
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8 Idempotents

Recall that an idempotent of an algebra A is an element z with z? = .

The right A-modules of the form eA and D(Ae) for an idempotent e € A are of central importance in
representation theory and in homological algebra.

Lemma 8.1. The the following hold for any idempotent e € A.
(1) (Yoneda’s lemma) Hom(eA, M) = Me as a k-vector space for all M € A mod.

(2) There is an isomorphism of rings Enda(eA) = eAe.

Proof For (1), check that Homy(eA, M) > f — f(e) = f(1)e € Me defines a k-linear map with
inverse me — (ea — mea). (2) follows from (1) by putting M = eA with straightforward check of
correspondence of multiplication on both sides. O

Remark 8.2. Under the isomorphism A = End4(A), an idempotent e of A corresponds to the ‘project
to direct summand P = eA endomorphism’, i.e. A —- P < A. This is compatible with Yoneda lemma
(think about this!) which says that there is a vector space isomorphism fAe = Hom4(eA, fA) for any
idempotents e, f.

Lemma 8.3. For idempotents e, f € A, we have eA = fA as right A-module if and only if f = ueu ™"

for some unit u € A*.

Proof <«: By Yoneda lemma, an isomorphism ¢ € Hom4(fA,eA) corresponds to an element in
x € eAf C A; likewise an isomorphism 1 € Hom4((1— f)A, (1 —e)A) corresponds to y € (1 —e)A(1—
f) C A, Let 2/ € fAe and i/ € (1 — f)A(1 — e) be the elements corresponding to ¢~ and ¢!
respectively. Since ¢~!¢ = id.4 corresponds to e € eAe, we have

dr=fax=eyy=1-fyy =1-e

Take v := x +y and v := 2’ +¢y'. Then we have vu = f+ (1 — f) =1l and ww =e+ (1 —e) = 1.
Therefore, u, v are units such that uf = x = eu, i.e. e = ufu~" as required.

=-: The required isomorphism fA — eA is given by fa — eua. O

Given an idempotent e = ¢? € A in an algebra A, then eA and (1 — e)A are both right ideal of A.
Since e(1 —e) = 0 = (1 — e)e, we have eAN (1 —e)A = 0, which means that A = eA® (1 —e)A
as right A-module. In particular, in the setting of the above lemma, we have that eA = fA and
(1-e)A=(1—- f)A by Krull-Schmidt property.

Definition 8.4. Two idempotents e, f are orthogonal if ef = 0 = fe. An idempotent e is primitive
if e £ [+ f for some orthogonal (pair of ) idempotents f, f'.

It follows from the definition of primitivity that
eA and D(Ae) are indecomposable A-modules for a primitive idempotent e.

Example 8.5. The trivial paths e, for x € Qq is (by design) a primitive idempotent of the path algebra
k@ (where @Q is finite but not necessarily acyclic), and 1 =5 ex 18 an orthgonal decomposition
of primitive idempotents. Hence, we have a decomposition

kQ = P ekQ = P P and D(kQ) = P D(kQe,) = P L.

z€EQo z€Qo r€Qo T€Qo

z€Qo
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9 Composition series, Jordan-Holder Theorem

Definition 9.1. Let A be a k-algebra and M € Amod. A composition series of M is a finite chain

of submodules
O=MyCcM,C---CMy=M

such that M;/M;_1 is simple for all 1 < i < £. The number { here is the length of the composition
series. The module M;/M;_q for each 1 < i < { are called the composition factors of the series.

Theorem 9.2 (Jordan-Ho6lder Theorem). Any two composition series have the same length and
their composition factors are the same up to permutations.

We omit the proof. The strategy is basically by induction on the length of series.

Remark 9.3. Jordan-Holder theorem holds as long as a module, regardless of what kind of algebra,
has a (finite) composition series; this condition is actually equivalent to saying that it is noetherian
and artinian.

Remark 9.4. The Jordan-Holder theorem may not hold if one relaxes the form of composition factors
from simple modules to something else. There are a few active research themes, including one related
to quasi-hereditary algebras, that are stemmed from this.

Lemma 9.5. Let M be a finite-dimensional right A-module. Then M has a composition series.

Proof Induction on dimg M, at each step choose a maximal submodule (i.e. a submodule whose
quotient is simple). O

Example 9.6. Let A = KA,. Then the module U, has a composition series
0CUj; CUj-1,; € CUiy1,5 C Ui

with composition factors Sy = Um/UkH,j for i < k < j. We note that this composition series is
actually unique - such kind of modules are called uniserial.

Lemma 9.7. If M € mod A and N C M is a submodule, then there is a composition series (M;)o<i<e
so that N = My, for some 0 < k < /.

Proof N hasa composition series, say, of length k, so we take that as the first k terms of the required
composition series of M. On the other hand, M /N also has a composition series, and since every
submodule of M/N is of the form L/N (for a submodule U of M /N, take L :== {m € M | m+N € U};
it is routine to check that this is an inverse operation as quotienting N on the submodules of M that
contains N), a composition series of M /N is of the form (L;/N)o<i<,. Now take Mjyy; = L;. O

Proposition 9.8. Suppose A is a k-algebra such that As has a composition series. Then there are
only finitely many simple A-modules up to isomorphisms, and they all appear in the form A/l for
some A-submodule I of A.

Note that while this does not require A to be finite-dimensional, it requires A4 to be of finite length
(equivalently, noetherian and artinian).

Proof The final clause of the claim is just restating Lemma[d.8 any simple S is given by A/ Ann 4 (m)
for any non-zero m € S. Now fix such an S and I := Anny(m). Since A has a composition series,
I also have one by Lemma so that the series ends with I C A. Since this is possible for any
simple S, it follows from Jordan-Holder theorem that all simple modules other than S must appear
as composition factors of I.

Since composition series is a finite chain, there must be finitely many composition factors - hence, the
simple modules of A must be finite. O

13



10 Semisimplicity and Artin-Wedderburn theorem

In order to obtain all (isomorphism classes of) simple A-modules - or equivalently maximal right A
ideal (i.e. maximal submodules of Ay4) - for a finite-dimensional k-algebra A, we will use the following.

Definition 10.1. Let A be a k-algebra and M € mod A.

(1) The (Jacobson) radical rad(A) (sometimes also written as J(A)) of A is the intersection of all
mazximal right ideals (i.e. mazimal A-submodules) of A.

(2) A is semisimple if rad(A) = 0.

Example 10.2. For A = kQ of a finite quiver Q and x € Qqy. The projective P, at x contains a
submodule spanned by all paths starting from x with length at least 1. This is a mazximal submodule
of P, since the cokernel of the natural embedding to P, is a one-dimensional module spanned by the
coset of e — in particular, this simple module is isomorphic to Sy. Thus, we have rad(A) = kQ>1 the
submodule of A spanned by all paths of length at least 1.

Example 10.3. This example shows that we really need composition series on A4 for things to be
well-behaved. Let A = k[z]. Each irreducible polynomial f generates a mazimal ideal (f) C k[x] and
s0 rad(A) C (s, jyreq (). Note that there are infinitely many irreducible polynomials in k[x].

We claim that rad(A) = 0. If, on the contrary, there is some non-zero g in this intersection of ideals,
then all irreducible polynomials are factors of g; this is a contradiction as g can only has finite degree,
i.e. finitely many irreducible factors.

Proposition 10.4. Suppose A4 has a composition series. Then the following holds for the Jacobson
radical rad(A).

rad(A) is the intersection of finitely many mazximal right ideals.

e rad(A) is the intersection of all two-sided ideals Anna(S) := {a € A | ma = 0¥m € S}, in other
words

rad(A) = {a € A| Sa =0 for all simple S}.
e rad(A) is a two-sided ideal of A.
o rad(A)Y =0 for £ at most the length of A4.
o (A/rad(A))a/rad(a) is a semisimple (as a module).
o Ay is a semisimple (as a module) if, and only if, rad(A) =0 (i.e. A semisimple as an algebra).
Proof omitted. We note that all of these claims do make use of the Jordan-Hé6lder theorem.

Example 10.5. (1) Direct product of two semisimple algebras is semisimple.

(2) A = Mat, (D) with D a division k-algebra is a semisimple k-algebra. We have decomposition
A 2 VO into n copies of n-dimensional simple module

V = {(vi)1<i<n | vi € D Vi}.

(3) A :=Kk[z]/(x") is not semisimple for any n > 2 as it has a non-trivial (unique) mazimal ideal
rad(A) = (z).

Theorem 10.6 (Artin-Wedderburn theorem). Let A be a finite-dimensional k-algebra and let r be
the number of isoclasses of simple A-modules, say, with representatives Si,...,Sy. Let D; := End 4(S;)
be the division k-algebra given by endomorphism of the simple module S;. Then there is an isomorphism
of k-algebras

A/rad(A) = Maty,, (D1) x --- x Maty,, (D;).

14



As before, if we work over algebraically closed field k = k, then all the D;’s are just k.

Proof Let B := A/rad(A). By definition of rad(A), the A-module A/rad(A) is semisimple, and
any A-submodule M of A/rad(A) satisfies M rad(4) = 0. Hence, M = M /M rad(A) is naturally a
B-module and Endp(M) = End4(M) (even as algebras!).

By Lemma we have B = Endp(B). Since B is semisimple, the Bp is a semisimple B-module,
say, B = S?"l @ - ® SP™ where S; are the (representatives of the) isomorphism classes of simple
B-modules. Hence, it follows from Schur’s lemma and its consequence (Lemma and Lemma [4.13])
that

B = Endp(B) = Mat,, (D7) x --- x Mat,,.(D,),

where D; := Endpg(S;) for all 1 < i <r. This completes the proof. O

Corollary 10.7. For any finite-dimensional k-algebra A, let Sim(A) be the set of isomorphism-class
representatives of simple A-modules. Then there is a one-to-one correspondence

Sim(A) Sim(A/rad(A))
S S :=8/Srad(A)
(= S as underlying vector space)
resT’ 1T

where resT is the restriction of T along A — A/rad(A).

Definition 10.8. The radical of an A-module M israd(M) := M rad(A). In general, take rad®(M) :=
M and denote by rad* (M) := rad(rad®(M)) = rad®(M) rad(A) for all k > 0.

Successively taking the radical yields a series:
0 Crad’(M) C--- Crad(M) C M

This is called the radical series. The quotient M /rad(M) is called the top of M, and is denoted by
top(M).

Proposition 10.9. The following hold for M € mod A.
(1) rad(M) is the intersection of all mazimal submodules of M.
(2) top(M) := M/rad(M) is the maximal semisimple quotient of M.
(3) rad(M @ N) = rad(M) @ rad(N).
(4)

4) (Nakayama’s Lemma, special case) For a submodule N C M, (N +rad(M)= M) = N = M.

Proof omitted; this follows the same kind of arguments as in the case for rad(A).
There is a construction dual to rad(M).

Definition 10.10. The socle of an A-module M is soc(M), which is defined as the mazimal semisimple
submodule of M. More generally, take soc®(M) = 0 and for k > 0, let soc* (M) to be the submodule
of M generated by the lift of soc(M/sock(M)) C M/sock(M). This yields a series

0 C soc(M) C soc’ (M) C --- C soc (M) = M
called the socle series of M.

Example 10.11. Consider a path algebra kQ of a finite acyclic (for simplicity) quiver Q, and x € Q.
The indecomposable injective I, = D(kQe;) has a simple socle isomorphic to S;. Essentially this can
be seen by a dual argument in showing top(FPy) = Sy.
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Lemma 10.12. For M € mod A, the socle series and radical series has the same length, and this
length is called the Loewy length of M.

Note that the semisimple subquotients in (between the layers of) the socle series and the radical series
of a module may not coincide.

Example 10.13. Let Q be the quiver 1 <~ 2 i 3 L 4 and consider the projective Py which has the

form

ki kBHkSK

Then we have radical series
S16S3 So
0CSy=kBy C rad(P) =ka+kB8+kpyC P,

and socle series <
0C So® Sy =ka +kBy C rad(Py) C Ps.
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11 Bounded path algebra

For general quiver, we loses finite-dimensionality, and so many nice things we explained do not hold
any more. To retain finite-dimensionality, we need to consider nice quotients of path algebras.

Definition 11.1. An ideal I < kQ is admissible if (kQ1)* C I C (kQ1)? for some k > 2, i.e. I
is generated by linear combinations of paths of finite length at least 2. The pair (Q,I) is sometimes
called bounded quiver. A bounded path algebra or quiver algebra (with relations) is an algebra of the
form kQ/I for some quiver Q and admissible ideal I.

Remark 11.2. Admissiblity ensures there is no redundant arrows (which appears if there is a relation
like, for example, a — By € I for some « # 3,7 € 1) and there is enough vertices (trivial paths may
not be primitive if there is a loop = at a vertex with relation x? — z € I).

Lemma 11.3. A bounded path algebra is finite-dimensional.

Proof There exists a surjective algebra homomorphism kQ/(kQ1)* — kQ/I; the former is finite-
dimensional. O

Example 11.4. Let Q) be the Jordan quiver with unique arrow «. Let I be the ideal of kQ) generated
by o for some k > 2. Then I is an admissible ideal and kQ/I = k[z]/(x*) is a truncated polynomial
ring.

Definition 11.5. A representation M of a bounded quiver (Q,I) is a representation M = (M;, My);.q
of Q such that M, = 0 for all a € I; here M, := Zp Ap M, for a = Zp App written as a linear
combinations of paths p.

A homomorphism f: M — N of representations of (Q,I) is a collection of linear maps f; : M; — N;
that intertwines arrows’ action.

As before, representations are really just synonyms of modules.

Lemma 11.6. A representation of a bounded quiver (Q,I) is equivalent to a kQ/I-module, and
homomorphisms between representations are equivalent to those between kQ/I-modules.

We have seen that it is easy to write down the indecomposable decomposition of the free k@-module
kQrg, we would like such nice thing to carry over to bounded path algebras.

Theorem 11.7. (Idempotent lifting) If I is a nilpotent ideal of A (i.e. I"™ =0 for some n > 1) and
e==e2¢c A/I, then there is a lift e = e € A of €, i.e. e=e+ I.

Proof omitted.
Corollary 11.8. Let I be an nilpotent ideal in A. Suppose that
layr=hHh+-+fa
for fi € A/I are primitive orthogonal idempotents. Then we have
la=e1+---en
where each e; € A is a primitive orthogonal idempotent that lifts f;.

Notation. As in the case of path algebra, denote by S, or S(z) the simple kQ/I-module given by
placing a one-dimensional vector space at vertex x € Qu and zero everywhere else.

Similarly, denote by Py or P(x) the indecomposable kQ/I-module e,kQ/I. Likewise, by I, or I(x)
the indecomposable D((kQ/I)e,).
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Proposition 11.9. There is a decomposition of A-modules

Ar= P P., and (DA) 4= P I

TEQo TEQo

Moreover, {S, = top(Py) = soc(I;) | x € Qo} form the complete set of isoclasses representatives of
simple A-modules.

Proof FEach arrow a € ()1 generates a maximal right ideal of A with quotient S, for x = s(a). So
we have A/rad(A) 2 kQy = H:cer k. As primitive orthogonal decomposition of the identity element
of A lifts to that of the identity element of A/rad(A) by Corollary we have e, primitive, and so
P, and I, are indecomposable.

The simple A-modules (up to isomorphisms) correspond to those over the semisimple quotient algebra
A/rad(A) by Corollary Hence, there are precisely |Qo| simple modules (up to isomorphism),
given by the simple top of P,, which is also isomorphic to the simple socle of I. O

We give a brief justification of why quiver representations provide a good way to construct lots of
algebras.

Theorem 11.10. Suppose k is algebraically closed. Then every finite-dimensional k-algebra A is
Morita equivalent to a bounded path algebra kQ/I. More precisely, kQ/I is given by Enda (P, eA)
where e varies over the set of representative of equivalence classes of primitive idempotents of A.

We do not explain here the precise meaning of Morita equivalent; it roughly translates to saying
that understanding A-modules and homomorphisms between them is equivalently (but not necessarily
‘equal t0’) to understanding modules and homomorphisms between a Morita equivalent bounded path
algebra.

Example 11.11. Let A = Mat, (k) be a matriz ring. Then the elementary matriz e := Ej; is a
primitive idempotent and eA = F; ;A for all 1 < j < n. So A is Morita equivalent to k = k@ =
Endg(eA) where Q is a one-vertez-no-arrow quiver.

Primitive idempotent decomposition, say, 1 = >, e;, allows us to write an algebra A in matrix form
(eiAej)i<i j<n, where the ‘row spaces’ form the indecomposable direct summands e; A and the dual of
the ‘column space’ form the indecomposable direct summands D(Ae;). It could be a helpful mental
exercise to think about the meaning of eAe = End(eA) from Yoneda lemma - this maybe a useful
idea to keep in mind when one tries to understand the above theorem.
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Module diagram

It is convenient to display the structure of a module via a more combinatorial form (a diagram) — if
possible. E| This is (as of today technology) a better way to display module structure — at least compare
to composition series, or lattice diagram of the submodule lattice, or even, quiver representations, in
some cases.

Definition 11.12. Let M € mod A be a finite-dimensional A-module for A = kQ/I a bounded path
algebra. The module diagram is a (directed) graph with vertices labelled by composition factors of M
(in particular, there are dimyg Me, many vertices labelled by x), and arrows labelled by those in Q1 in
such a way that © = vy if for an arrow a € Q that sends (the lift of ) an element in the composition
factor at x to (the lift of ) an element in the composition factor at y.

Module diagram drawn in this way is not invariant under isomorphism. A connected diagram may
not even implies indecomposability in general (c.f. Homework 2). Nevertheless, when the algebras or
modules are well-behaved, then these diagram provide a very efficient combinatorial way to perform
a lot of (linear algebra) calculation.

It is customary to draw the the module diagram flowing from top to bottom; in particular, the top
(semisimple quotient) of M is placed on the top of the diagram and the socle at the bottom. We may
omit a connecting line if there is no ambiguity.

Example 11.13. The indecomposable U; j of k&n is just a column of numbers labelled from i down

. . . 4
to j. For a concrete example, the module diagram of Uy¢ is just g.

Example 11.14. Consider the following bounded quiver:

aj as
~ A\~ X\
Q17 >27 73, I = (a1az, B152, Brar — azfa).
B1 B2

Then we have
keq 1 keq 2 kes 3
Pr= kau =2 | Pp=ka@®kfi =13 , P3= kB2 =2
kai 81 1 kaz B2 2 kBacxa 3

Let us consider the two-sided ideal Aey A. This is spanned by all paths (‘up to I’) that passes through
the verter 1. As a right module, we can find its manifestation in the module diagram by picking
everything below any appearance of the label 1 — in this case, it is all of Py and the } part submodule
of Py. In particular, the quotient algebra (A/Ae1A)a/4e, 4 has module diagram:

PQA/AGIA _ 62A/62A61A _ PQ/PQelA = % P;/Aey“ = P3/P361A = P§4 =

)

wrow

The bounded quiver presentation of A/Aei A is given by

«

Q:2_ >3 I = (aB).

~—0 7

B

On the other hand, for eAe with e = ea + e3, the module diagram is given by removing all composition
factors that are not So, S3, i.e.

2 3
egAezg ) 63A6:§

and the bounded quiver presentation of eAe is given by

Q: 2/04\3 I = (aBa, Bap).

~— 7

B

I There is no widely agreed name to these diagrams; for convenience, we just call them ‘module diagram’ in this notes.
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12 Snippets of category theory

Some language in category will be convenient — albeit not absolutely necessary.

A category is a collection of objects along with their morphisms f : X — Y, including all identity
morphisms idx : X — X, so that

e morphisms f: X — Y, ¢g:Y — Z can always be composed gf : X — Z to get a new morphism,
e in such a way that is associative, i.e. h(gf) = (hg)f for all h,g, f,
e and has left and right unit, i.e. fidx = f and idy f = f.

Example 12.1. We only really use the category mod A of (finitely generated) A-modules in this notes.
Some results still hold for the category Mod A of all A-modules, but let us keep it simple.
A functor F' : mod A — mod B consists of

e an assignment of objects M — F(M) € mod B for any M € mod A, and

e an assignment of morphisms F(f) € Homp(F(X), F(Y)) for all f € Hom4(X,Y'), such that
o F(idx) = idp(y), and

o cither F(gf) = F(g)F(f) or F(gf) = F(f)F(g).

The case when order of morphism composition does not change is called a covariant functor, and the
other is called a contravariant functor. Usually, whenever we say a functor we mean a covariant one.

Functor allows us to change from the representation theory of one algebra to another. The key point
is that it preserves identity and compositions.

Example 12.2. The identity functor Id : mod A — mod A is the functor given by mapping every
module and homomorphism to itself.

Example 12.3. The (k-linear) duality D = Homg(—,k) : mod A — mod A°? is a contravariant
functor.

To compare two functors (or compare how a pair of functors is close/far away from the identity
functor), one uses natural transformations. More precisely, a natural transformation n : F = G of
functors F,G : mod A — mod B is a collection of morphisms nx : F(X) — G(X) such that there is
the following commutative diagram

If we say that a map nx : F(X) — G(X) is natural in X, then we mean that {nx}xemod o defines a
natural transformation.

A natural isomorphism is a natural transformation 7 such that nx is an isomorphism for all X; in
such a case, we may simply write F' = GG when 7 is clear from context.
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13 Bimodule, tensor and Hom

13.1 Bimodule

Definition 13.1. Let A, B be two k-algebras. An A-B-bimodule is a k-vector space M that has the
structure of a left A-module and also the structure of a right B-module, such that (am)b = a(mb) for
alla € A,b € Bm € M. In such a case, we may write M € Amod B or osMp to specify M is an
A-B-bimodule.

For simplicity, we assume all bimodules are k-central, i.e. Am = mA\ for all A € k. We will omit the
adjective k-central from now on.

Example 13.2. For any algebra A, both A and D(A) are naturally an A-A-bimodule. Note that the
right/left module structure on D(A) is induced by the left/right module structure on A. (The direction
of action has swapped!)

Example 13.3. Homy(X,Y) is naturally a End4(Y)-End 4(X)-bimodule with action given by com-
position of homomorphisms.

13.2 Tensor product

Definition 13.4. Let VW be finite-dimensional k-vector space with bases, say, B,C respectively.
Then the tensor product V @y W (or simplifies to V@ W if context is clear) is the finite-dimensional
k-vector space with bases given by

{vew]|veBweC}.

In particular, note that dimy V @ W = (dimy V') x (dimy W).

Proposition 13.5. Let A, B be k-algebras. Then A ®x B is also a k-algebra with multiplication
given by extending (a ® b)(a' @ V') — aad’ @ b’ linearly. For M € mod A and N € mod B, we have
M ®x N € mod A ®y B.

Proof Routine checking. O

Example 13.6. Consider A = (a;j)i<ij<m € Matpy(k) and B € Mat, (k) and defines (what is
sometimes called Kronecker product of matrices)

a1B a12B - a1mB
B B

A9 B — az,'1 az,m
am,lB am,2B T am,mB

Then we have an isomorphism of algebras
Mat,, (k) ®x Mat, (k) — Mat,,(k), (A4,B)— A® B.

Lemma 13.7. An idempotent e € A @y B is primitive if and only if e = ¢; ® e, for some primitive
idempotents e; € A and e, € B. In particular, we have Sim(A ® B) = {S®T | S € Sim(A),T €

Sim(B)}.
Note that not all A ®, B-module is of the form M ® N.
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Example 13.8. Let A = k[z]/(2?) and A" = Kk[y]/(y?). Then B = A®y A" = k[z,y]/(2?,9?).
Then we have an indecomposable 2-dimensional B-module V = ku + kv (top S = B/rad(B) and
socle S) where both x,y acts by u — v. This cannot be of the form M ® N for some M € mod A
and N € mod A’. Indeed, as both z,y acts non-trivially, if V.= M ® N then both M, N must have
dimension at least 2, and so the tensor product has dimension at least 4; but dimy V = 2.

Proposition 13.9. An A ®y B°P-module is the same as a (k-central) B-A-bimodule. Moreover,
homomorphisms of A ® B°P-modules correspond to (k-linear) homomorphisms of B-A-bimodule.

Definition 13.10. Let X € mod A be a right A-module and Y € mod A°P be a left A-module. Then
define X @4 Y to be the vector space X ® Y /U where U is the subspace consisting of xta @y —x ® ay
forallx €e X,y €eY,a € A.

In the above, if 4Yp is, in addition, an A-B-bimodule, then X ®4 Y has a natural right B-module
structure: (x ® y)b: =z ® (yb). In fact, as any left A-module is also a A-k-bimodule, we can X ®4 Y
being a k-vector space as a special case of this observation.

Suppose we have a homomorphism f : M — N of right A-modules. Then for an A-B-bimodule 4Yp
we get a homomorphism of

@AY
M ®aYp J&a N®aYp

meyr——=f(m)®y

Note that (¢f) ®4Y = (g®4Y)(f®4Y), that is, — ®4 Y is a (covariant) functor. It is also k-linear
additive in the sense that (Af + nug) @4 Y = A(f ®4Y) 4+ u(g ®4Y) for all homomorphisms f, g and
scalar A\, p € k.

Likewise, if X is a bimodule, then g X ® 4 Y has a left module structure; mutatis mutantis.

Example 13.11. Consider the bounded quiver

Q : 1/9\2 I = (Ba).

~—7
B
We look at the (A ® A°P-module) structure of Ae @ eA, AeA, Ae R €A for e = ey in the following.
e1 ®eyp
/37 X
B® ey e1 ®
a°P « BeP B
21 g
Ae®eA:1112222111: af ® e B®a e1 ® af
11 X QV Y 67
af ® «a B®apf
Y QV
af ® apf
As a right A-module, this is dimy Ae = 3 copies of eA = P; = % .

€1
ﬁy X
AeA:211112: B o
11
a& //3
af
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As right A-module, we have AeA = eA PkB = P, & Ss.

For Ae ®cae €A, first note that eAe = kie = e1,af}, and so af ® e; = e; ® af. In particular, so
basis elements in Ae ® eA vanishes, for example, af @ a = e; @ afa =0 as fa =0 in A.

Ae Reope €A = 11 = e®e
/" N\ Bep a
21><12
\ \
22 11 pRe__ ., go _e@a
« >< 8
bR« e®ap

The right A-module structure of Ae ®cae €A is isomorphic to Py & Pi/soc(Pr).

13.3 Hom

Suppose now that we have p X4 a B-A-bimodule and M aright A-module. Then the space Hom4(X,Y)
has a natural right B-module structure:

(f: X=>Y) b:=(xr f(bx))
Indeed, we have
((f-0) - ¥)(@) = (f - b)(V'z) = f(bb'z) = (f - (bV))(=),

and other axioms are even easier to verify. Hom 4(pX4, —) is also a k-linear additive covariant functor:
for f: M — N a homomorphism of A-modules, we have

Homa(X, M) —L°"~ Hom (X, N)

at foa

Similarly, in the same setting, Hom (Y, 5 X 4) also has a left B-module structure:

- (b)) (@) =V (- f)(z) =V(bf(2) = ¥B)f(2) = (') - f)(2).

However, note that Hom(f, X) = — o f : Homy (N, X) — Homy (M, X) for any f : M — N, ie.
Homy(—, X) is a (k-linear additive) contravariantly functor, meaning that it reverse the direction of
homomorphisms.

Lemma 13.12. Hom functor commutes with finite direct sum in both variables, i.e. there is a com-

mutative diagram:

—of
Hom (D), L;, N) Hom (7", M;, N)

| iw

(—ob1,)i
@§:1 Homy(Lj, N) ———> @, Homa(M;, N)

where vj : Lj — @ Ly, and m; : @, My — M; are the canonical maps, and there is also a similar
commutative diagram arising from Homy (M, @le L) = @le Homy (M, L;).

Remark 13.13. In proper functorial language, this is saying that there are natural isomorphisms

1 ¢ l 1

Homa (D Lj, —) = @ Homa(L;, -) and Homa(—, P Li) = (-, Li).
et ‘ ,

=1
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Lemma 13.14. For any A-module M, we have (natural) A-module isomorphisms
M®yg A= M, and Homy(A, M) =M

given by m®1+— m and f — f(1). Moreover, — @4 A and Homy (A, —) are both naturally isomorphic
to the identity functor.

Proof First one follows from the construction that ma ® 1 = m ® a. The second one is just special
case of Yoneda lemma. O

13.4 Tensor-Hom adjunction

Suppose 4Mp is a A-B-bimodule, then we have two functors:

—®aM

mod A mod B.

Homp(Mp,—)

These are not inverse to each other; but they form a so-called adjoint pair, which is equivalent to
saying that there is the following natural isomorphisms.

Theorem 13.15 (Tensor-Hom adjunction). Let X € mod A, Y € mod B, 4Mp € Amod B. Then
there is a canonical isomorphism of k-vector spaces

Oxary : Homp(X ®4 M,Y) = Hom (X, Homp(M,Y))
fi (z = (m e flz®@m)))
(x®@m — (g(x))(m)) g

that is natural in each of X, M,Y .
Proof Check that the maps written are (k-linear and) mutual inverse of each other. O

In computer science, the map 0x psy is also called “currying”.
p ) P VX M, ying

As innocence as it looks, this isomorphism is fundamental in (homological algebra and) representation
theory.

Example 13.16 (Adjoint triple (RHS)). eA is naturally an eAe-A-bimodule. Hence, we have an
adjoint pair (— Qcae €A, Homa(eA, —)).

On the other hand, Ae is naturally an A-eAe-bimodule, and so we have another adjoint pair (— ® 4
Ae,Hom,a.(Ae, —)). Note that we have Hom(eA, —) = — ®4 Ae by Yoneda lemma.

Example 13.17 (Adjoint triple (LHS)). A/I is naturally an A-A/I-bimodule for any two-sided
ideal I of A, and so we have an adjoint pair (— @4 A/I,Homy,r(A/I,—)).

A/I is also an A/I-A-bimodule, and so there is another adjoint pair (— ®4,; A/I,Homs(A/I,—)).

Note that both Hom 41 (A/I,—) and ® 4/1A/I sends an A/I-module to itself (up to isomorphism) and
acts identically on morphisms, i.e. Homy,(A/I,—) =1d = —®4,7 A/I.
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14 Exactness

Definition 14.1. Consider a sequenccﬂ My = (M;,d;)icz of modules and homomorphisms of modules

di—2 di—1 d; dit1
My — My —— M; =5 M —= - .

We say that the sequence M, is

e o complex if diz1d; =0 for all i € Z. In such a case, we have Im(d;) C Ker(dit1) for alli € Z
and the i-th cohomology of M, is

HY(M,) := Ker(d;)/ Im(d;_,).

e exact at My, for some k € Z if Im(di_1) = Ker(dy). Note that this implies dy, o dx_1 = 0.
e exact if it is so at every term.

e short exact (often abbreviated as s.e.s. or ses) if it is a 5-term exact sequence that starts and
ends at the trivial module, i.e., of the form

0sLLME NS0 (14.1)

such that f is injective, g is surjective, and Ker(g) = Im(f). In this case, M is also called an
extension of N by L.

Definition 14.2. A (covariant) functor F': mod A — mod B is
o left exact if it maps short exact sequence (such as (14.1)) to an exact sequence

) F(g)

0 F(L) 2 o F(N).

In other words, it preserves kernel.
e right exact if it maps short exact sequence (such as (14.1)) to an exact sequence

F(g)

y 29 pony 29 povy 0.

F(L
In other words, it preserves cokernel.

e exact if it is both left exact and right eract, i.e. maps ses to ses.

We define left/right exactness for contravariant functor analogously. In particular, left exact con-
travariant fucntor turns cokernel into kernel.

Lemma 14.3. Let g X4 be an A-B-bimodule. Then the following hold.
(1) Homa (X, —) maps an exact sequence 0 — L Iy M 4 N to an ezact sequence
0 — Homa (X, L) 27 Hom (X, M) 2= Homu(X, N).
In particular, Homy (X, —) is left exact.
(2) Homu(—, X) maps an exact sequence L Ly M % N =0 to an evact sequence
0 — Homa (N, X) —% Homu (M, X) —% Homu(L, X).

In particular, the contravariant functor Homa(—, X) is left exact.

2Superscript /subscript indexing formalism only matters to topologist; T will be liberal in these notations.
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Proof We show (1) and leave (2) for the reader.

Exactness at Homy (X, L): we need f o — to be injective. Indeed, if f o6 = 0 for some 6 : X — L,
then f(0(x)) for all z € X. This means that 6(z) € Ker(f) =0, and so 6 = 0.

m(fo—)C Ker(go—): Suppose that § : X — M is given by f o ¢ for some ¢ : X — L. Then
go(z) = g(fo(x)) = (9f)¢(x) = 0, which means that 6 € Ker(go —).

Ker(g o —) C Im(f o —): Suppose that g = 0 for some 6 : X — M. Then for every z € X, we have
0(z) € Ker(g) = Im(f), and so we can write 8(z) = f(¢(z)) for some ¢(x) € L. Since f is injective,
¢(x) € L is uniquely determined, and so we have a well-defined function ¢ : X — L. We check that
¢ € Homa (X, L):

o F(@(a+a) = 0 +a') = 0(x) +0(x') = [(6() + F($')) = F(6(z) +¢/(x)). Hence, f being
injective implies that ¢(z 4+ 2') =

(x) + o(a').
e Suppose that A € k. Then f(p(A\x)) = 0(Ax) = N(z) = Af(p(x)) = f(Ap(x)). Hence, f being
injective implies that Ap(z) = p(Ax).

0
¢
z)

Now we have 0 = f¢ as A-module homomorphism, and so 6 € Im(f o —). O

A similar lemma for tensor product exists, and can be proved by direct verification as in the Hom
functor case. Instead, we use another trick involving tensor-Hom adjunction, but first we need one
more tool.

Lemma 14.4 (Yoneda embedding reflects exactness). Consider a sequence L Sy M S N
mod A. If the sequence

Hom(X, L) 225 Homa(X, M) L= Hom(X, N)
s exact for all X € mod A, then L i> M % N s also exact. Similarly, if

Hom (N, X) —% Homu (M, X) —% Hom(N, X)
1s exact for all X € mod A, then so is the original sequence.

Proof We show the first one.

Im(f) C Ker(g): Take X = L, then we have gf = (9o —)(f o —)(idz) = 0.

Ker(g) C Im(f): Consider X = Ker(g) and inclusion ¢ : Ker(g) < M. Then (go —)(¢t) = gt = 0, so
exactness implies that ¢« = f¢ for some ¢ € Hom4(Ker(g), M). Hence, Ker(g) = Im(:) C Im(f). O

Lemma 14.5. — ®4 X maps an exact sequence L i> M 2 N =0 to an ezact sequence
LosX L2% Mo, x 245 Ney X - 0.
In particular, — @4 X is right exact.

Proof We apply Homp(—,Y) to the sequence (after tensoring X). By the naturality of the adjoint
isomorphism, we have a commutative diagram:

Homp(N ®4 X, V) —294% Homu(M ©4 X,Y) —L24%, Homu(L @4 X,Y)
\ \ \
O = O =] O =~
v v v

0 —— Homu4(N,Homp(X,Y)) % Homy (M, Homp(X,Y)) = Homu(L,Homp(X,Y))

The second row is exact since it is given by applying the left exact functor Homy(—, Z) for Z =
Homp(X,Y). Hence, (by careful diagram chasing) the first row is also exact. Since Yoneda embedding
reflects exactness, we get the claimed exactness. ]
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15 Projective and injective

Definition 15.1. An A-module P is projective if for any given surjective homomorphism f : M — M’
and any homomorphism p: P — M, we have p factors through f, i.e. 3q: P — M’ s.t. fq = p there
1s the following commutative diagram

P

7
3q// l\fp
-

M ——= M.

In other words, f o — = Homa(P, f) : Hom (P, M') — Homu (P, M) is surjective, i.e. Hom (P, —) is
exact. Denote by proj A the category of finitely generated projective A-modules.

Dually, an A-module I is injective if for any given injective homomorphism f : M' — M and any
homomorphism i : M — I, i factors through f. This is equivalent to saying that Homyu(f,I) :
Hom (M, I) — Homy(M', I) is surjective, i.e. Homa(—,I) is exact. Denote by inj A the category of
finitely generated injective A-modules.

Example 15.2. Take P = A. Then we know that Homy(A,Y) 2 Y via a+— «a(1) for any Y € mod A.
Hence, for any surjective f : M' — M and any p : A — M, to find q we only need to show that

f(q(1)) = p(1), but
p(1) = f(z) = f(q(1)).

That is, the free A-module A4 is projective. Note that this does not require finite-dimensionality of A.
Consequently, any free A-module (of any rank) is also projective.

Dually, using Hom 4 (X, DA) = Homgop (A, DX) and the same argument, we get that DA is injective.
Note that this DOES require the finite-dimensionality of A since we need to the isomorphism between
the Hom-space under duality.

Lemma 15.3. The following are equivalent for a ses 0 — L i> M2 N —o0.
(1) There is some h: N — N such that gh = idy.
(2) There is some e : M — L such that ef = idys.

(3) There is a commutative diagram

L& N
1,0" (0,1)

In the case when any of these conditions is satisfied, we say that the ses splits.

Proof See ‘Splitting lemma’ on Wikipedia. O
Remark 15.4. Note that (3) is strictly stronger than just having M = L @ N for general modules.
However, in our settindﬂ having M =2 L @ N is enough for splitness. Indeed, applying Hom 4(—, L)
yields an exact sequence

0 — Homu (N, L) — Homs(L & N,N) — Homa (N, N)

of left End4(N)-modules. Now the original ses splits is equivalent to having hf = idy, and so
is equivalent to the last map of this induced sequence to be surjective. Since everything is finite-
dimensional in our setting, and dimy Hom4(L & N, N) = dimgy Hom4 (L, N) 4+ dimg Hom4 (N, N),
exactness at Hom (L & N, N) means that the last map must be surjective.

3also OK for L, N finitely generated over a Noetherian A, see https://mathoverflow.net/questions/167701/
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The following justifies why we called eA projective before.

Lemma 15.5. The following are equivalent of a finitely genearted A-module P.

(1) P is projective, i.e. Hom (P, —) is an exact functor.

(2) Any ses0 — L Lyt p oo splits.

(3) P is a direct summand of a free module of finite rank.

Proof (1) = (2): We have a surjective map Hom 4 (P, M) Joo, Homy (P, P), and so idp = fq for
some q: P — M.

(2) = (3): Since P is finitely generated, there is a surjective A-module homomorphism 7 : A®™ — P
for some n. So we have a short exact sequence

0— Kerm — A" S P 0.

Hence, it follows by (2) and Lemma that P is a direct summand of A®™.

(3) = (1): We have learnt that indecomposable direct summands of A4 is given by the right ideal
eA of some primitive idempotent e = e? € A. Hence, by the assumption and Krull-Schmidt property
P =@, e;A with e; primitive idempotents. Now we have a natural projection 7 : A®" — P given
by sending the i-th identity 14 to e;, and a natural inclusion ¢ : P — A®" given by t|,4 = (e;A — A).
Note that 7 = idp.

Consider a surjective A-module homomorphism f : M — N and take any A-module homomorphism
p: P — N. This yields pr : A®™ — N, which can be lifted to some ¢’ : A®™ — M as A®" is projective.
Now we have

(fd')e = (pm)e =p,
which means that taking ¢ = ¢’¢ give the required lift of p. O

Remark 15.6. This result do not require finiteness anywhere, nor Krull-Schmidt; but this special case
yields an easier proof. For details of proof in full generality, see Proposition 3.3 and Theorem 3.5 in
Rotman’s book.

There is a dual result under some restriction.

Lemma 15.7. Suppose A is finite dimensional and I is a finitely generated A-module. Then the
following are equivalent.

(1) I is injective, i.e. Homu(—, I) is an exact functor.
(2) An ses0— 1 — M — N — 0 splits.
(3) I is a direct summand of finite direct sum of DA.

Definition 15.8. For M € mod A and simple module S € mod A, denote by [M : S| the multiplicity
of S as a composition factor of M.

Lemma 15.9. An endomorphism 0 of a simple module S lifts to an endomorphism 6 on its projective
cover P so that O0p = pl for any non-trivial projection p: P — S.

Proof By Schur’s lemma, a non-zero endomorphism 6 of S has an inverse ¢. As ¢ is an isomorphism,
it is also surjective, and so the projection p lifts to ¢ : P — S so that ¢g = p. Now we can lift ¢ to 6
so that pf = ¢q. Hence, we have a commutative diagram

P-rsg

N

P—=5
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as required. O

Lemma 15.10. Let P, be the (indecomposable) projective cover of simple module S, whose endomor-
phism ring is D, := End4(S;). Then we have

dimp, Homy (P,, M) = [M : S;] = dimp, Hom4 (M, I,,).
Proof We show by induction on the length of M.

Since P, has a simple top S, we have Homu (P, Sy) = Homa(Sz, Sy) = 6,4yD,. Hence, the claim
holds for M = S, a simple module.

In general, we have suppose Sy is a direct summand of the top of M, then we have a short exact
sequence 0 -+ N — M — S, — 0 where the length of N is strictly less than that of M. Applying
Hom 4 (P,, —) and using exactness of the Hom-functor we have a short exact sequence

0 — Homu(Py, N) — Hom (P, M) — Homa(P, S,) — 0.

Note that this is an exact sequence of (right) End4(P,)-modules; hence, also an exact sequence of
right D, = End4(S)-module where 6§ € D, acts by the lift 6 e End4(P;) shown in Lemma
Now, we have dimp, Homa(P,, M) = dimp, Hom (P, Sy) + dimp, Hom(P,, N), and the proof is
completed by applying induction hypothesis.

The proof for the dimp, Hom4 (M, I,) side is dual. d
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16 Resolution and Ext-group

By definition, any finitely generated module M comes a canonical surjective A-module homomorphism
A®" — M. One can expect the kernel of this map is ‘too large’, meaning that many direct summands
of the domain appear in the kernel. For more efficient calculation, we often use the most optimal
direct summand of A®".

Definition 16.1. A projective cover of an A-module M is a projective A-module P along with a
surjective A-module homomorphism p : Py — M such that the restriction p|g for every proper
submodule QQ C Py is non-surjective.

Dually, an injective hull of M is an injective module I along with an injective A-module homomorphism
i: M — Iy such that any proper quotient q : Iy — J yields a non-injective map qi.

Lemma 16.2. Projective cover and injective hull of M € mod A exist and are unique up to isomor-
phism.

Proof We show the case for projective cover; the injective hull case is dual.

Suppose top(M) = M/rad(M) = SP™ @ - .. @ S&™. By consequence of Artin-Wedderburn, we have
S; = P;/rad P; for each i. Take Py = Pme1 @@ PP

Since M — M/rad(M), the canonical surjection Pyy — M/rad(M) lifts to p : Pyy — M. As
M — M/rad(M), we have Im(p)+rad(M) = M, and so it follows from Nakayama lemma (Proposition
10.9[ (4)) that Im(p) = M, meaning that p is surjective.

Let Q C Py be a submodule; we show that p|qg is surjective implies @ = Pys. Indeed, p|g surjective
implies that top(Im(p|g)) = top(M). Hence, using the definition of Py; being projective we have a
commutative diagram

Jdq g i
- P
QL top(M).

Since @ surjects onto top(M), for ¢ : @ < Py the canonical inclusion we get that gug = top(M) =
top(P). Hence, we have Im(tq) +rad(P) = P. By Nakayama lemma, we have that Im(.q) = P, which
means that ¢ is also surjective; thus, ¢ is an isomorphism, as required. ]

Remark 16.3. The claim for projective cover is still true for artinian algebras; but the claim for injective
hull really needs finite-dimensionality of A.

Definition 16.4. A projective resolution P, of an A-module M is a sequence
da dy do
o= P =P —=FP —=M-=0

that is exact everywhere with Py projective for all k > 0. It is minimal if P, — Ker(dg_1) is a
projective cover for all k > 1. The n-th syzygy of M is Ker(d,) for (Pe,ds) the minimal projective
resolution of M.

Dually, an injective coresolution I, of M is a sequence
I VNG AN S Ny AN

that is exact everywhere with Iy, injective for all k > 0. It is minimal if Cok(dg_1) < I is an injective
hull for all k > 1. The n-th cosyzygy of M is Cok(d,—1) for (le,ds) the minimal projective resolution
of M.
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Example 16.5. *** sec lecture ***

Definition 16.6. For A-modules M, N, let Py be a projective resolution of M. Define for k >0
Ext¥ (M, N) :=H*(Hom 4 (P,, N))

—H*(- - <% Homu(Pyr, N) <% Homy(Py, N) ¢ ---)
_ {f:Pk—)N|(fd:Pk+1—)N):O}
{f: P > N |f=gdsomeg: P,y — N}

Note that Ext% (M, N) = Hom4 (M, N).

Similar to Hom4(—, —), Ext¥(—, —) also commutes with finite direct sum in both variables.

Example 16.7. *** see lecture ***

There are some other ways to calculate the Ext-groups.
Proposition 16.8. For any A-modules M, N and any k > 0, we have
Ext¥ (M, N) = H*(Hom4 (M, I,))
where I is an injective coresolution of N.
Proposition 16.9. For each k > 1, there are natural isomorphisms
Hom 4 (Q%(M), N) = Extk (M, N) = Hom (M, Q*N),

where Hom 4 (X,Y") (resp. Homa(X,Y")) is the quotient of Hom4(X,Y") by the subspace consisting of
f: M — N that factors through a projective (resp. injective) A-module, i.e. there is a commutative
diagram

for some projective (resp. injective) module Z .

Proof Consider the space Zj := {f : Py — N | fdxy1 = 0} in the definition of Ext¥ (M, N). Since
we have a exact sequence P11 — Py 2, QF(M) — 0, applying Hom4(—, N) yields an exact sequence

0 — Homa(QF(M), N) = Homa(Py, N) —2 Hom s (Pysr, N).

By exactness, we have Z = Ker(— o dyy1) = Homa(Q¥(M), N) sending each f € Z; to f so that
fp=7

It remains to show that this isomorphisms restricts to one between By := Im(— o d) and P :=
{f € Homy4(QF(M), N) that factors through projective}. Clearly, any f € By, (by definition) factors
through a projective P,_; and so By C P. For f : QF(M) — N that factors through a projective, say,
P, we want fp = gd, some g. Consider 0 — Q¥(M) — P, — Q¥1(M) — 0 and apply Homa(—, N)
yields

—odg41

0 — HomA(Q*Y(M), N) — Homy (Py, N) ——% Hom(Pj11, N).
O

Exercise 16.10. In the case when M or N is simple, then we can use ordinary Hom instead of the
underlined/overlined version.

Proposition 16.11. Consider indecomposable projective modules P, P, with simple tops Sz, Sy re-

spectively. Then we have an isomorphism of k-vector spaces Ext!(Sy, S,) = Hom 4 (rad(P,)/ rad?(Py), S,).
Moreover, the k-dimension of this space is the same as that of ex%ey.
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Proof By the previous exercise, we have
Ext! (S, Sy) = Homa(Q(Sy), Sy) = Homy(rad(Py), Sy) = Homy (rad(Py)/ rad?(Py), S,)-
For the last part, first we have by Schur’s lemma
Hom 4 (rad(P;)/ rad?(Py), Sy) = Hom4(Sy, rad(Py)/ rad?(P;))
as k-vector space, which then yields
Hom 4 (S, rad(P;)/ rad?(P;)) = Homa(P,, rad(P,)/ rad?(P,))
rad(4) ,  rad(A)

=H A, T 9, ) — CxT 5,1
omaleyAs a2y T g2 (a)

where the last isomorphism uses Yoneda’s lemma. ]

Remark 16.12. Note that when A = k@Q/I a bounded path algebra, then arrows from z to y in @
correspond bijectively to basis elements of Ext}4(5x, Sy)-

16.1 Ext-group versus Extensions

The previous proposition has a better intuition using another manifestation of the Ext-groups.

Definition 16.13. Two short exact sequences 0 — L i> ML N—=0ad0— L f—> ML N0
are equivalent if there is a commutative diagram

0 L—1 oy 9 N 0
0 L— M ——>N 0
f g

Remark 16.14. The map u is necessarily an isomorphism (as a consequence of 5-lemma (Lemma [17.7))
or snake lemma).

Theorem 16.15. The set of equivalence classes of short exact sequence with first term L and last
term N form an abelian group under Baer sum, and this abelian group is isomorphic to Exth(N, L),
with the zero element corresponding to the equivalence class of split short exact sequences.

There exists similar description for Ext'y (N, L) but the notion of splitness is not as nice as in the case
of ses. In any case, for us, we only need to keep in mind that Ext! (N, L) contains information about
short exact sequence of the foom 0 - L — M — N — 0; c.f. Proposition and relation with
arrows of quiver. Having said that, we should warn that equivalence classes of ses is not the same
as isomorphism classes of the middle term, i.e. there exists non-equivalent ses with the same middle
term.
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17 Induced long exact sequence

Definition 17.1. Suppose Co = (Ck,dp)i, Cy = (C}.,d})r are complezes of A-modules. A chain
map is fo : Co — C given by A-module homomorphisms fi, : Cy — C}. over all k € Z such that
d fro = frr1di.

Theorem 17.2 (Comparison theorem). An A-module homomorphism f : M — N extends to a
chain map on their projective resolutions, as well as a chain map on their injective coresolutions.

Proof Suppose P,, P, are projective resolutions of M and N respectively. Define the desired chain
map fe : (Po =+ M — 0) = (P, = N — 0) starting from f_1 = f: M — N inductively as follows.
We take P_y = M and P’;{ = N.

Given f, : P, — P! defined, using the fact that P, is projective we can lift f,d, 1, which yields a
commutative diagram

PnJrl
~
Ifnyr_ ~
S lm%ﬂ
27 d
/ n+l U
Pn+1 Im(dn+1)7

with the desired chain map property d/, | fn41 = fadns1-

The claim for injective coresolution can be shown analogously. O
Notation. For a complex Co = (---C LN Ci+1 — ), and z, € Ker(dg), denote by [z] =

2k + Im(dg—1).

Lemma 17.3. Suppose Cso,C. are complezes of A-modules and fo : Co — C) is a chain map. Then
for each k € Z, we have an induced A-module homomorphism HF(f,) : H*(Cy) — H*(C.) given
by [z1] = [fr(zr)] for any zx € Ker(dy : Cy — Ciy1). Moreover, H* preserves identity map and
additive, as well as intertwines with composition, i.e. H* is a functor from the category of complexes
of A-modules to the category of A-modules.

Proof Since di(z) = 0, we have
dy,(fr(zk)) = ferrdi(ze) = fror1(0) =0,
i.e. fi restricts to a map Ker(dy) — Ker(d},).
Suppose now that z; € Im(di_1), say, zx = di—1(zk—1). Then we have
fr(zk) = fedi—1(xx-1) = djp_q fr—1(z-1),
i.e. Im(fxlim(a, ;) C Im(d),_,). Hence, HE(f,) : HF(C,) — H*(CL) is well-defined.
We leave the rest as exercise. O

Theorem 17.4 (Induced long exact sequence). Suppose 0 - X —Y — Z — 0 is a short exact
sequence of A-modules. For any A-module M, there is the following long exact sequence:

0 — Homu (M, X) — Homus(M,Y) — Homua (M, Z) —
Extl (M, X) — Exty(M,Y) — ExtY (M, Z) -
oo = Exth (M, X) — Ext¥ (M, Y) - Extb(M, Z2) — - -

Proof Our first goal is to show that there are connecting homomorphisms 6§ : Extlj‘(M 7)) —
Ext™ (M, X) for all k > 0.
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Setup: Let P, be a projective resolution of M. Then for each k > 0, we have a short exact sequence
0 — Homy(Py, X) — Homa(Py,Y) — Homu(Py,Z) — 0. Denote by C% := Homy (P, N) for
N € {X,Y,Z}, and iy := Homy(Py, X — Y) and p; := Homu (P, Y — Z). Then we have the
following commutative (check!) grid with exact rows:

0 Y >0 s Y 0
oo |

0 cl —2scl Bl 0
y y ¥

0 ch ok 2ok 0

where every column C}, = (C’]’%, f)]'ﬁ,);C is a complex. (Be careful that the superscript does not mean
taking exponent here.) Note that Ext¥ (M, N) = HF(C%,) by definition.

Defining an assignment 6% : Ker(9%) — Ker(95™):

e Start with 2 € Ker(@%). Since py, is surjective, 2, = pi(yx) for some yx € C} .

e By commutativity of the grid, we have pp10%(yx) = pr(yx) = 0% (z) = 0, ie. Yy =
0" (yx) € Ker(pr1).

e By the exactness of the (k+1)-st row, we have a unique 41 € C’,ﬁl such that ig+1(Tg4+1) = Ykt1-

e Since 0" (ypy1) = OF Ok (yx) = 0, it follows from the commutativity of the grid that

ik+2ak+1($k+1) = ak+1ik+1($k+1) = ak+1(yk+1) = 0.

Hence, we can now define an assignment [z] — [xg41].

Showing that 6% : Ker(py) — H*1(C%) given by zj, — [zg41] is a well-defined homomorphism:

e Recall that we went through zx ~~ yr ~» yx1+1 ~> xr+1 and that they are given by

2 =pr(yr)  and  yer1 = 0 (yk) = k1 (Ths1).

Hence, to show that the assignment is a well-defined map of sets, we need to show that [xgy1] =
[2),41] for igi1 (2} q) = 0%(y},) for some other y}, € C% with py(y},) = 2.

e By assumption, we have pi(yr—y;,) = 0. Hence, we have y; —y;. € Ker(py) = Im(ix) by exactness
of the k-th row at C{“/. Thus, we have some z; € C;“( so that ix(zx) = yr — Y-

e By commutativity of the grid, we have
. 8k _ak _ak o _ak 78k N o o
ik+10" (1) = 0%k (7x) = 0" (yr — i) = 0" (y) (k) = ikt1(Tht1 — Tppq)

. C e . ’ ok . W .
e As iy is injective, we have zp 1 — 7}, = 0" (2); hence, [zg11] = [7] ] as required.

e To show that the map is actually a homomorphism, we need to check that it preserves zero,
scalar multiple, and additivity. These are all routine check and we leave these as exercise.

Showing that Im(5k|1m(8k—l)) =0, i.e. 6* lifts to a homomorphism on H*(C%):
Z

e Suppose 2z, = 0" 1(z;,_1) for some z,_; € Cg_l.

e As pp_1 is surjective, we have zx_1 = pr_1(yx—1) some yx_1 € C’Skfl.
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e By commutativity of the grid, we have pp0* ! (yr_1) = O 1pp_1(yr_1) = O* 1(2x_1) = 2.
e This gives rise to yp11 = 0*(0* ' (yr_1)) = 0, and so xp,1 = 0.

The sequence of the claim is exact everywhere:

e Combining §;, with Lemma [I7.3] we obtain a sequence

o HYGo) .0 H(po)

50 §hk—1 H* (i
0 HY HY N 2 (AN s SN ARNG -L RiD

HF(p 5k
HE (k) AN

Note this is exact at Hg( and H?/ by exactness of the Hom-functor. For convenience, we write
Pl = H*(py), iy == H*(iy).
o HF(pp)H*(ix) = H*(prix) = 0 by Lemmam

e [Exactness at HE: Suppose that pf([y]) = [pr(y)] = 0. So we have py(y) = 9*~1(z) for some
z € C’g_l. On the other hand, py_; being surjective yields some 3 € Cik/_1 with pr_1(y/) = 2.
By commutativity of the grid, we have

pe(y) = 0" Hpr_1(y) = prd* ().

Hence, we have px(y — 0*71(y')) = 0. Exactness at CE yields y — 9*"1(y') = ij(x) for some
T € C§(. By commutativity of the gird, we have

i 10%(x) = () = 9%(y) — 0F" 1 (y) = dF(y) = 0.

As ig41 s injective, we have 9*(z) = 0, and so i([z]) = [ix(2)] = [y — " '(¥)] = [y, ie.
[y] € Im(i¥) as required.

o FpF =0: *pF([y]) = 6% ([pr(y)]) = [z] with iry1(z) = 9%(y/) for some ¢ such that pi(y') =
pi(y). Since [z] is independent of choice of 3, we can just take 3 = y. As y € Ker(0F) by
assumption, we have ix11(z) = 0, and so x = 0 by injectivity of ix11.

e Exactness at H5: Suppose that §¥([z]) = 0. Then we have some 2’ € C% so that ix10%(2’) =
Ok (y) with pi(y) = z. By commutativity of the grid, we have
" (y) = ig10"(2') = iy (')

and 50 y = (') € Ker(9}). Hence, we have p(ly = (") = () = (o) = et = [
as required.

o iF5F =0: i*6*([2]) = [ir(2)] for [x] = 6*([2]). By definition of 6%, we have iy (z) = 9*~!(y) with
pr—1(y) = z. Hence, we have [ix(z)] = [0 1(y)] = 0 by the definition of HE.
o Exactness at H%: Suppose that i¥([2]) = [ix(z)] = 0. This means that there is some y € CE~!

with 0*~1(y) = ir(z). By commutativity of the grid and pgiz = 0, we have

O pe-1(y) = prd* ' (y) = prin(z) = 0.
Hence, py_1(y) € Ker(d5 ). By definition we have 6" '([pr_1(y)]) = [2/] with ir(z’) =
OF~1(y) = ix(x). Hence, [2'] = [z] and [z] € Im(6¥~ 1) as required.
This finishes the proof. O

Remark 17.5. Careful reader should have noticed that there exists a connecting homomorphism long
exact sequence by applying homology to any short exact sequence of complezes; there we are only
consider the case when the complexes involved are all Hom-complexes-of-projective-resolutions.
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17.1 Other homological lemmata

Lemma 17.6 (Horseshoe lemma). Suppose 0 — L — M — N — 0 is a short exact sequence.
Then a projective resolution Py of L and a projective resolution Qe induces a projective resolution of
M given by with degree k > 0 term given by Py & Q.

In pictorial form:

PL Pl o PN PN
P Pl o R PN
0 L M N 0

0 JAE Y VA 0
I
0 L — M’ — N’ 0
! g
with exact rows. Then the following hold.
o If w,v are both injective, then so is u.
o If w,v are both surjective, then so is v.
Proof Diagram chasing. O

36



18 Various homological dimensions

Definition 18.1. Let M be an A-module. The projective dimension and injective dimension of M,
denoted by pdim M and idim M respectively, are the infimum of the length of the projective resolutions
and of the injective coresolutions respectively, i.e.

pdim M :=inf{d>0|0— Py — - — Py — M — 0 is a proj. res.}

=d such that 0 - Py — -+ — Py — M — 0 is the minimal proj. res. of M;
idimM :=inf{d>0|0—- M — Iy = --- — Ig — 0 is an inj. cores.}

=d such that 0 - M — Iy — --- — I; — 0 s the minimal inj. cores. of M.

In case we need to clarify the ring involved, we write pdim(My),idim(My), ete.
The (right) global dimension of an algebra A is
gldim A := sup{pdim M | M € mod A}
Lemma 18.2. For M € mod A, we have
(1) pdimM =m < Ext7™(M,—) =0 and Ext’} (M, —) # 0.
(2) iddimM =m < Ext7™(—, M) =0 and Ext’}(—, M) # 0.
In particular, we have

gldim A :=sup{pdim M | M € mod A}
=sup{m | Ext7"(M,N) =0 for M,N € mod A}
=sup{idim M | M € mod A}
= gldim A°P.
Proof (1) and (2) follows from the definition of Ext-groups. These yields the first three equalities

of the last part; the last equality comes from duality D : mod A — mod A°? which sends projectives
to injectives and vice versa. O

Lemma 18.3. For any ses 0 - L — M — N — 0, we have
pdim M < max{pdim L, pdim M} and idim M < max{idim L,idim N}.
In particular, we have

gldim A :=sup{pdim M | M € mod A}
=sup{pdim S | S simple A-module}
= gldim AP
=sup{idim M | M € mod A}
=sup{idim S | S simple A-module}

Proof Horseshoes lemma, or use long exact sequence. For the second part, second equality follows
from repeatedly applying the first part, and second equality comes from the previous lemma. O

Proposition 18.4. gldim A = 0 if and only if A is semisimple.

Proof Global dimension zero is equivalent to every module - in particular, simple module - being
projective (i.e. direct summand of A4). Hence, every modules are semisimple. O
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Proposition 18.5. For an acyclic quiver QQ, we have gldimk@ < 1. Moreover, this is an equality if
and only if Q1 # 0.

Proof For each simple k@-module, we have a short exact sequence
0—>rad P, — P, — S, — 0,

so it is enough to show that rad P, is projective. In fact, we show that rad P, = @(x Sy)EQr P,, and
the inclusion map is given by (left-)multiplication - — : P, — P, for each (a: 2 — y) € Q1.

By construction, top(rad P;) = €
2 p P € Dusy)eq, Py such that

0= Z (- _)(Z App) = Z Z Ap(ap).

(v:z—y)eQn (a:z—y)€Q1 p: path with s(p)=y

Sy, and so we have @( P, — rad P,. Suppose

z—y)eQi r—y)eQ

But all the paths ap appeared are different and thus linear independent in P,; hence, A\, = 0 - as
required.

Note that if there is an arrow a € @1, then the above argument shows that pdim S,y = 1; thus
gldimkQ@ = 1. On the other hand, if there is no arrow in @, then k@ = k/9! is semisimple. O
Remark 18.6. If k = k, then k@ are the only k-algebras, up to Morita equivalence, with global
dimension at most one; see any book on quiver representation for proof. Otherwise, one needs to work

with valued quivers which is enhancement of quivers with added field extension data (an example is
in Homework 1 Exercise 1).
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19 Hereditary algebra

Definition 19.1. An algebra A is (right) hereditary if every submodule of a projective (right) A-
module is projective.

One can define left hereditary dually (replacing right modules by left; or equivalently, replacing projec-
tives by injectives), but it turns out the two notions are the same - such a property is called ‘left-right
symmetry’.

Theorem 19.2. The following are equivalent for an algebra A.

(1) A is right hereditary, i.e. M C P € proj A = M € proj A.

2) A is left hereditary, i.e. inNfA> 1 - M = M € injA.

4

(2)

(3) gldim A < 1.
(4) rad P € proj A for any P € proj A.
(5)

5) I/socI € injA for any I € inj A.

Proof (3) = (1): We have a short exact sequence 0 - M — P — P/M — 0. Take any Y €
mod A and consider the long exact sequence induced by applying Hom(—,Y") to this ses. Then,
as Ext30(P,Y) =, we have Ext}(M,Y) = Ext®™(P/M,Y). Since pdim P/M < 1 by the global
dimension assumption, the right-hand space is zero for all k& > 0; hence, Ext”%(M,Y) = 0 for all
Y € mod A, i.e. M is projective.

(1) = (3): Let P be the projective cover of an A-module M. Then we have a short exact sequence
0 — Ker(p) — P 2 M — 0. It follows from the assumption that Ker(p) is projective, and thus
pdim M < 1.

(2) & (3): (Exercise) Dual argument to the case of (1) < (3).
(1) = (4): Immediate.

(4) = (1): Induction on d = dimy P. If d = 1, then there is nothing to show. Assume d > 1. Write
P = P, & P, with P, indecomposable and let p : P — P; be the canonical projection. Then we have
a map f = pi given by the composition of p with the canonical inclusion i : M — P.

If Im(pi) = Py, i.e. pi is surjective, then P; being projective implies that pi splits; hence, M =
P, @ (M N Py). Since dimy P» < d, by the induction hypothesis we have that the submodule M N Py
of the projective module P, is also projective. Hence, M is also projective.

If Im(pi) # Pi, then M C (rad P,) @ P,. By the assumption rad P; is projective; hence, so is
(rad P1) @ Ps. Since dimg(rad P;) @ P, < d, by the induction hypothesis, we have M projective.

(2) < (5): Dual argument to the case of (2) < (5). O
Corollary 19.3. Being hereditary is left-right symmetric, i.e. A is hereditary if and only if so is A°P.

Corollary 19.4. kQ is hereditary for any finite acyclic quiver.

Proof We have already seen that gldimk@ < 1. O

Remark 19.5. A better result is that, when k is algebraically closed, then hereditary is the same as
being Morita equivalent to k@). More generally, being hereditary is the same as being Morita equivalent
to Dlab-Ringel’s species (roughly, ‘path algebra’ of quiver with added field extensions datum).
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20 Heredity ideal and chain

Definition 20.1. An idempotent (two-sided) ideal I C A is one that is generated by an idempotent,
i.e. I = AeA for some e =e? € A. Such an ideal is minimal if e is primitive.

Remark 20.2. Originally, an idempotent ideal is one which satisfies I = I2. But this is equivalent
to the above definition. Indeed, I + rad(A) is an idempotent ideal in A := A/rad(A), but ideal in
A is necessary of the form AeA for some idempotent ¢ € A with € = e + rad(A4). Hence, we have
I +rad(A) = AeA +rad(A). Thus, I? = I implies that (I 4+ rad(A))* = I 4+ rad®(A) for all k > 1, but
rad®(A) = 0 for large enough k, and so I = AeA.

Lemma 20.3. Suppose Q is a finite acyclic quiver and x € Qqg. The following hold for the idempotent
e=¢e; € kQ.

(1) eAe is a simple algebra.
) AeA is a projective right A-module.

(2
(3) The quotient algebra AJ/AeA = kQ' where Q' is obtained from Q by removing x and all arrows
attached to it.

Proof (1) Since e = e, is primitive and @ is acyclic, we have eAe is given by the path algebra of a
one-vertex (corresponding to x) no-loop quiver, i.e. eAe = k.

(2) Note that AeA has a basis given by all paths that go through = € Qq, so we have a right A-module
indecomposable decomposition AeA = @p peA = @ pA with p varies over all paths that end at x.
Since pA is spanned by all paths starting from p, this basis bijects with the set of paths that starts
from ¢(p). Thus, we have pA = ey(p)A = eA as right A-modules.

(3) Exercise (This is already in Homework assignment 2). O

Remark 20.4. The same result hold for any hereditary algebra A ((3) becomes “A/AeA is also hered-
itary”).

In particular, for any permutation (z1,...,x,) of all elements of Qq, define f; = szi ez; and then
we have a chain of idempotent ideals
A=AfLADAfSAD---DAf,ADO (20.1)

such that Af; A/Afi+1A is a projective A/Af;+1 A-module (c.f. Homework assignment 2 last question)
and szfz/szfz+lAfz semisimple.

Definition 20.5 (Quasi-hereditary algebra). An idempotent ideal AeA is heredity if AeA is a
projective right A-module and eAe = End 4(eA) is semisimple (or equivalently, erad(A)e = rad(ede) =

0).
An algebra A is quasi-hereditary if there exists a chain
A=L25L2 21,20 (20.2)

of (idempotent) ideals in A such that Iy/Ii11 is a heredity ideal of A/Ii+q for all t. In such a case,
(20.2)) is called a heredity chain. For ‘simplicity’, we often abbreviate quasi-hereditary algebra and
quasi-hereditary to just qgha and qgh.

Remark 20.6. Note that we do not assume f; — f;11 to be primitive (even in the case of bounded path
algebra) for IZ = AfZA and Ii+1 = Afi+1A.

Remark 20.7. This notion is Morita-invariant — indeed, if e and €’ are equivalent primitive idempotents,
and ef; # f; for some i, then ¢/ € AeA C Af;A. Hence, for simplicity, it is safe for us to assume the
algebra A is basic — especially in the case when k is algebraically closed we can then assume A to be
given by a quiver algebra kQ/I.
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Example 20.8. We have already seen that kQ for acyclic Q is quasi-hereditary with heredity chain
(20.1)). Moreover, every chain of idempotent ideals of kQ is heredity. We note that the same hold for
arbitrary hereditary algebra.

Observe that if A is quasi-hereditary, then so is any algebra Morita equivalent algebra to A. Indeed,
each ideal appearing in the chain must be generated by an idempotent f that is given by summing
over equivalent classes of primitive idempotents. Hence, we can, for simplicity, assume A = kQ/I is
given by a bounded path algebra.

Now we can construct a poset structure on A := Q) from the heredity chain (20.2) as follows. Define
x <y if the smallest idempotent ideal in (20.2)) that contains e, does not contain e, and then adjoining
reflexive relation = <. This yields a poset (A, ).

Conversely, given a poset structure (A, <) on the set A of simple A-modules, we get a chain of
idempotent of the form, say, (20.1) with f; — f;+1 (the sum of) a primitive idempotent e; (and all those
equivalent to e;). We call this the chain (of idempotent ideals) induced by (A,<). If, furthermore,
such an induced chain is heredity, then we say that (4, (A, <)) is quasi-hereditary with respect to
(A, <). We may omit the set A and just use < if context is clear.

Example 20.9. Consider the bounded path algebra A =kQ/I given by

\\31:

P (ab — cd), MZ%@ﬁH@&
d

1
Q: 2/
e

Then we have a heredity chain
AD Aeg +e3+e1)A D AesqA DO
which yields a poset (Qo, <) whose Hasse diagram coincide with Q.

Exercise 20.10. Let (P, <) be a finite poset. Let P be the Hasse quiver of P, i.e. there is a path
x—yifx>y. Let Ip to be the admissible ideal of Q generated by p — q whenever p,q are paths with
the same source and target. Show that the incidence algebra k[P] := ]kﬁ/lp of P is quasi-hereditary
with respect to P itself.

Let us fix a few more notations for convenience.

Assumption 20.11. Up to Morita equivalent, and by assuming k is algebraically closed, we can
simplify A to a quiver algebra with the following setup.

o A=KkQ/I for some bounded quiver (Q,I) with Qy ={1,2,...,n}.

o 1l =¢1+ -+ e, is the primitive idempotent decomposition of A.

o For each 1 < j <mn, define fj :==e>j:=ej+ej1+ - +e, ande<j:=e; +ex+---+ej.

e For any idempotent e, define é :=1 — e.

While the definition of heredity chain does not require the difference of idempotent between each
layer to be primitive even in the quiver algebra setting, it will be convenient to assume this is the
case, as we can always refine the chain to such a form. Hence, we make the following assumption
when A is quasi-hereditary.

e A has a heredity chain of the form (20.1), or in idempotent-free notation (20.2)).

e The associated poset structure is denoted by (A, <).

Remark 20.12. The assumption on A being a quiver algebra and k being algebraically closed are really
not necessary. The argument does not change so much. The annoyance is in dealing with having
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multiple primitive idempotents being equivalent when working with the ring theoretic definition of
gha.

Notation. Let add(M) be the class (or subcategory) of A-modules given by direct summand of finite
direct sum of M.

Lemma 20.13. If (aAeA)_4 is projective for some a,e € A, then we have aAeA € add(eA).

Proof Proof via infinite direct sum: There is a surjective homomorphism p : @y, 4 eA®) — qAeA

given by (ea®)yeqn Y b bea® (the last summation is well-defined because the range is a direct
sum — meaning that only finitely many ea(® is non-zero). Hence, as aAeA is projective, the short
exact sequence 0 — Ker(p) — eA(@4) 2y aAeA — 0 splits and so aAeA is a direct summand of e A4,
But aAeA is finite-dimensional and so it must be direct summand of finitely many copies of eA.

Proof without using infinite direct sum: We want to find a split ses ending with (e )™ — aAeA — 0.
First consider the eAe-module aAe. As this is finitely generated, we have a surjective homomorphism
p: (ede)®™ — aAe in modeAe. Now p ®.4. €A is surjective as tensor functor is right exact. This
yields the following composition ¢ of surjective A-module homomorphism

q: (eA)®" = (eAe)¥™ @pp0 €A M ade oa. eA L aAeA

where p is the multiplication map abe ® ec — abec. Hence, the short exact sequence 0 — Ker(q) —
eAP™ — qAeA — 0, which has a projective last term by assumption splits. O

Lemma 20.14 (Left-right symmetry of heredity chain). Let e = €2 be idempotent of A.

(1) If AeA is projective as a right, or left, A-module, then the multiplication map p : Ae @cpe €A —
AeA given my ae ® eb — aeb is bijective.

(2) If eAe is semisimple and the multiplication map p : Ae ®cae €A — AeA is bijective, then both
(AeA) 4 and 4(AeA) are projective.

In particular, being quais-hereditary is a left-right symmetric notion, i.e. (A, (Ix)k>1) is quasi-hereditary
with a heredity chain (I;)k>1 if and only if so is (AP, (Ix)k>1)

Proof (1) Consider the multiplication map /i : Ae ®eae €A — A with range in A instead. Tensoring
on the left by eA yields a right A-module homomorphism fi.4 := eA ® 4 fi of the form

fleg : €A Rp Ae Repc eA — eAR4 A= eA that is explicitly given by ec ® ae ® eb — ecaeb,

which is bijective (as rewriting eA ®4 Ae Rcpe €A = eAe Repe €A = eA yields the identity map).
This implies that [ix is also bijective for any X = fA a direct summand of eA; hence, also for any
X € add(eA). Thus, it follows from Lemmathat ftaea = b is also bijective. The same argument
applies for the case of left modules (by tensoring on the right instead).

(2) Since eAe is semisimple, Ae is semisimple and projective as right e Ae-module. Hence, Ae®¢g.eA =
eA®™ as right A-module with m the number of simple direct summands of Ae as right eAe-module.
Hence, the assumption on p yields an isomorphism of right A-modules eA®™ ~ Ae®,4eA 2 (AeA) 4.
The same argument applies for the case of right modules. O

Lemma 20.15. Let e, f be idempotents of A such that ef = f = fe. Then we have an isomorphism

éﬁé = % of algebras with e = e+ AfA.

Proof #e(a+ AfA)e=eae+ AfA corresponds to eae + eAefeAe = eae + eAf Ae. O

The following simple observation underlies the immense power of quasi-hereditary have in terms of
studying their homological behaviour.
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Proposition 20.16. Suppose A is a quasi-hereditary algebra with heredity chain (20.1). Then the
following hold.

(1) A:= A/Af, A is quasi-hereditary with heredity chain
A=AfADAfLAD - D Afu 1ADAfLA=0

where f; == fi + Af,A. Conversely, if there is a heredity chain of A of length n — 1 as above,
and Af,A is heredity ideal of A, then A is quasi-hereditary with a heredity chain of the form
(20.1)).

(2) Let é:=¢é1 = fa. Then B := éAé is quasi-hereditary with heredity chain
€Aé = eéAfoe D EAfsAé D --- D eAf,Aé D O.
Conversely, if there is a heredity chain of B of length n — 1 as above, and e1 Aey is semisimple,

then A is quasi-hereditary with a hereditary chain of the form (20.2)).

Proof (1) The definition of heredity chain immediately implies that cutting of the last term yields
a heredity chain on the quotient algebra A.

(2) Note first that éf; = f; = fié, so the chain shown is indeed a chain of idempotent ideals of ¢ Aé.

We show the first part by induction on n. Note that thanks to (1), so long as éA f,, Aé is a heredity ideal
of éAé, (€Afi€)i=1,. n is a heredity chain if and only if so is (€Af;Aé)i=1,. n—1, and so the required
claim follows from the induction hypothesis. Hence, we only need to show that éAf, Aé is a heredity
ideal of éAé.

Under our setup, we have f, = e, a primitive idempotent. By Lemma [20.13] we have Ae,A is
isomorphic to (e, A)®™ for some m > 1. Since e, is a summand of é, we have ée,, = e,. Hence, we
have

eAe,Aé =2 Enda (€A, éAe, A) =2 Enda(éA, é(e, A)®™) =2 End4(E4, (e, A)¥™) =2 (e, A8)®™,

which is a projective right é Aé-module (c.f. Homework assignment 3).

Finally, using ée,, = e, = e, €, we have idempotent truncation algebra
(éené)(eAé)(éené) = éepeAéené = epAen,
and so its semisimplicity follows from the assumption that Ae, A is a heredity ideal.

Finally, for the converse direction, removing all the € from the displayed chain and replace A = Af1 A D
Af2A yields a chain of idempotent ideals of A. We only need to show that Afi A/AfoA is a heredity
ideal, but AfiA = A and so Af1A/AfsA is clearly projective as A/A fo A-module. It remains to check
that e; Aeq to be semisimple, which is immediate form the assumption. ]

Iteratively applying the above proposition, one get that ‘Being QH is closed under taking appropriate
truncation’:

’ (A, (AerA)j) QHA = S0 is (A/Ae>7;A, (Aesz)jgi) and (eSiAeSi, (eSiAerAegi)jZi). ‘

In contrast to the linear ordering given by a heredity chain, the poset viewpoint that is favoured in
algebraic Lie theory yields the following. Here we use the notation er := ) €.

Subposet I' C A Truncation
ideal/down set & (y<zxel = yel)| A/AérA
coideal/upset &= (y>zxel = yeT) erAer

43



Let us look at another non-hereditary example.

Example 20.17. Suppose A = kQ/I is a quiver algebra with @Q acyclic. Then we can order the
vertices of Q by vi,...,v, so that (i — j) € Q1 implies i < j. Then A is quasi-hereditary with
heredity chain (20.1). Note that A also has an “opposite” hereditary chain (A(1 — fi)A)i<i<n. But
not every chain of idempotent ideals is heredity in this generality. For example, consider

A=kQ/T withQ=(1%223),I=(ap)
Then Aes A is not heredity as (AegA) 4 =ka @ eaA = Sy @ Py ¢ proj A.

It turns out that having heredity chain for any possible chain of idempotent is a characterisation of
hereditary algebras.

Theorem 20.18 (Dlab-Ringel 1989). A is hereditary if and only if any chain of idempotent ideals
can be refined to a heredity chain.

We have already discussed the only-if direction; for the converse, see Dlab-Ringel’s paper — the proof
can be fully understood using the material taught in this course, but we delay (or even omit) the proof
for time purpose.

In the same paper, they also proved the following.
Theorem 20.19 (Dlab-Ringel 1989). If gldim A < 2, then A is quasi-hereditary.

If time allows, we will talk about an alternative proof of this given by Tsukamoto, which uses some idea
by Iyama’s proof of what is now called Iyama’s finiteness theorem nowadays - a result which roughly
translates to ‘every small enough category has a quasi-hereditary (hence, smooth) non-commutative
resolution’; we remark that Tsukamoto showed that A is something stronger than quasi-hereditary
called right strongly quasi-hereditary.

In any case, let us give some remark about the heredity chain - or the induction mechanism - appeared
in these proofs.

e In Dlab-Ringel’s proof, the last term of the heredity chain (i.e. I, = Af, A in (20.2))) is associated
to the indecomposable projective module eA = f,, A with the minimal Loewy length. Then they
show that gldim A/Af,A < gldim A and so the proof iterates by replacing A with A/Af,A.

e Tsukamoto’s proof uses a dual induction mechanism. The heredity chain she constructed starts
with A D AéA so that S = eA/rad(eA) is a simple module of projective dimension 1 (such
a simple module always exist). After showing that A/AéA is semisimple, one then shows that
gldim éAé < gldim A — this last part is a (guided) exercise in Homework assignment 3. Now one
can then iterate by replacing A with éAé. If time allows, we will explain this proof in a later
lecture.

In general, the heredity chains that appear in these two approaches are different — the later one
has a special property: the standard modules have projective dimension at most 1, or equivalently
pdim([t/IH_l)A < 1.
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21 Trace, reject, highest weight category

We mentioned standard modules in the previous section; these modules are what lead to the creation
of the theory of quasi-hereditary algebra (precisely, highest weight category). The prime example of
standard modules are Verma modules of complex semisimple Lie algebra and dual Weyl modules of
algebraic groups.

We will re-introduce quasi-hereditary algebras using standard (and costadard) module approach.

Recall that [M : S;] is the multiplicity of the simple module S; as composition factor of M, and this
is the same as dimy Hom 4 (P;, M) = dimy Hom 4 (M, I;) when k is algebraically closed.

Definition 21.1. Let M € mod A and X be a class of modules in mod A. The trace of X in M is

Tra(M):=) Im(f) C M
!

where f varies over all Hom4 (X, M) with X € X.

The reject of X in M 1is
Rejy (M) :=(\Ker(f) ¢ M
f

where f varies over all Homy (M, X) with X € X.

Example 21.2. o Tro(M) =0,Rejy(M) =M.
o Tra(M) = M,Rejs(M)=0. (. Yoneda lemma; see the last case below.)
® Try/raqa(M) = soc(M), Rej ) raq 4(M) = rad(M).

o Let e =) ;cpei be a sum of primitive idempotents e;’s over i € I for some indexing set II.
Consider the projective P = @,y Pi, injective I = @,cpy Ii, and semisimple S = @,y Si.

(i) Trep,iemy(M) = Trp(M) is the (unique) minimum submodule L of M that contains all
composition factors S; with i € I, i.e. [L : S;] = [M : S;] for all i € II. To see this,
recall from Yoneda lemma that we have Homu(P;, M) = Me; given by sending a map
f P — M to f(e;). Fach of such f(e;) generate a simple composition factor S;. In
particular, P;j/ Trp(Pj) is the unique quotient of P; such that [P : S;] # 0 =i ¢ II.

We can formulate this in a more explicit way as follows. Write P = eA fore = e? € A, then
we have Homy (P, P;) = e;Ae, and so A-submodule Trp(P;) of P; generated by elements of
e;Ae are precisely e; AeA, i.e.

Trea(eiA) = e;AeA;  and likewise, Trea(A) = AeA.

(i) Rejqr,jiermy(M) is the kernel of the (unique) minimal quotient N of M that contains compo-
sition factors S; with i € II. The argument is sole dual to the case of trace by considering
Homy (M, I;) = D(Me;) with dimension being [M : S;] = dimg Hom 4 (P;, M).
Example 21.3. Consider A =kQ/I given by Q : 1—O‘>2—B>3, and I = (af). Then we have
e Homy(Ps, P2) = esAes = kB. Hence, Trp,(Py) =Im(B - — : P3 — P2) = Ps.

e Homy (P, P1) = ejAes = ka. Hence, Trp,(P1) = Im(a- — : P» — P;) =2 Sy. Note that
Homy(Ps, P1) = ejAes =0 and so Trp,ep, (P1) = Ss.

(Recommended: Think about this again using module diagram.)

Definition 21.4. Consider a poset structure (A = Qo, <) on the set of simple A-modules. For each
A € A, define the following modules.
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e The standard module associated to X\ is
A(A) = Ay =P/ Trgn(Py),  where Tryy (M) = Tryp a0 (M).
In other words, Ay is the (unique) mazimum quotient of Py such that [Py : S, #0 = pu 3.

o The costandard module associated to A is
V(A) = Vi = Rejgr(In), where Rej4y (M) := Rejiz, |uany (M).
In other words, V) is the (unique) mazimum submodule of I\ such that [Iy :S,] # 0= p <.

In practice, one can just take linearise the partial order (i.e. take a total order that refines <1) and the
co/standard modules arising will be the same.

Example 21.5. Let A =kQ/I given by

Q: 1 ) I:<O‘6>

For A = {1 <2 <3 < 4}, we have
A(l) = 51, A(2) = S9,A(3) = S3,A(4) = Sy.
On the other hand, if A is given by the opposite order 4 < 3 < 2 < 1, then A(i) = P; for all i.
Notation. Let X be a class of modules in mod A. An A-module M is X-filtered if there is a filtration
0OcM,CcMy_C---CMyCM =M

with M;/M; 11 € X for all i > 1. In such a case, we write M € F(X). We call the minimal such £
the X-length of M [T

Notation. Let X = {X;}ier be a class of indecomposable modules in mod A indexed by a poset (I,<).
Then we write X4y for the subset {X; | j < A}, and likewise X, etc.

Definition 21.6 (Highest weight category — standard version). Let A be a finite-dimensional
algebra with the set of simples S := {S(\) | A € A} indezed by a poset (A, ).

We say that the category mod A of finitely generated A-modules is a highest weight category (often
abbreviated to hwe) with respect to (A, Q) (or sometimes, with respect to (A, <)) if there is a set
A = {A(N) | A € A} of indecomposable modules that satisfy the following conditions.

(S1) 3wy : A(X) = S(N) such that Ker(my) € F(Sqn); and
(S2) dpa : P(A) — A(X) such that Ker(py) € F(Agy).
Remark 21.7. (1) A(M\) = P(\) for any maximal element A € A.
(2) A(M\) = S(A\) whenever A is a minimal element.
(3) In particular, if |A| = |Qo| = 1, then A is necessarily a simple algebra.

(4) When mod A is hwe, then Ker(my) = rad A(A) as the existence of surjective py forces A(\) to
have only a simple top.

(5) When mod A is hwc, then A()) are necessarily the standard modules associated to A as defined
in Definition If one starts with a poset (A, <) and construct its standard modules A, then
one alternative way to check mod A is hwc is to verify the following hold:

4For general X, there is no Jordan-Holder property for F(X) with respect to X.
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e [A(N):SN)] =1,
e Ac F(A),

e (A, <) is an adapted order in the sense of Dlab-Ringel, i.e. for any indecomposable module
M with [top M : S(i)] # 0 and [soc M : S(j)] # 0 and 7 incomparable with j, then there

exists k with [M : S(k)] # 0 such that k> or k> j (equivalently, k > and k > j).
The first condition ensures that (S1) is satisfied, and the last ensures (S2).

We want to show that hwe and gha is just the two sides of the same coin.

Lemma 21.8. For e = e, a primitive idempotent and A := AJ/AeA, we have resA4(y) = Aa(y) for
all y.

Proof In Example we have explained that Trﬁy(P(y)) = eyAfA for f the sum of primitive
idempotents e, in with {z | z 4 y}.

Likewise, for the projective A-module P(y) = e, A, we have Tro,(P(y)) = ¢,Af — e, A. But f —e, =
f. Hence, As(y) and A4(y) are the same space. O

Theorem 21.9. A is quasi-hereditary with respect to (A, <) if, and only if, mod A is a highest weight
category with respect to (A, ).

Proof gha = hwc: We proceed by induction on the length n of the heredity chain. If n = 1, then
being a gha is the same as saying A is semi-simple, which forms a hwe naturally as A(1) = P(1) = S(1)
and A = P(1) (when A is a quiver algebra; otherwise, A = P(1)®™).

When n > 1, suppose for the moment the following hold:
e A(n) = P(n) satisfies (S1), and
o Trp)(P(j)) = P(n)®™ for some m; > 0.

Under this assumption, applying the induction hypothesis and Lemma|20.16], we have that mod A/Af, A
is a hwe. By Lemma for every j # n, the standard A-modules A(j) in mod A and in mod A/Af, A
coincide. Hence, the fact that Trp(,)(P(j)) is direct sum of P(n) means that (S2) is satisfied; and we
are done.

Let us now show the two properties above do hold. Since Af,A = Ae, A is heredity, we have e, Ae,
semisimple, which is equivalent to saying that rad(e,A)e, = e, rad(A)e, = 0, i.e. [rad(e,A) : S(n)] =
0 (the first claimed property).

For the second property, as Ae,A is projective, so is its direct summand e;Ae, A for any j. By
Lemma [20.13] we have ejAe, A = e, A%™i = P(n)®™ for some m; > 0. Thus by Example we
have Trp(,) (P(j)) = ejAe, A = P(n)®™.

gha < hwe: Again we prove by induction on n = |A|. When n = 1, we get a simple algebra and the
claim follows. Suppose that n > 1. We consider the two-sided ideal Af, A generated by the primitive
idempotent e,, = f,, and show that it is heredity; in which case, we consider the (full) subcategory of
mod A formed by iterative extensions of S(7) for i < n (equivalently, M € mod A such that Me, A = 0).
We can identify this full subcategory with mod A/Ae,, A, which is also a hwec by Lemma and so
the claim follows by applying induction hypothesis on A/Ae, A.

Let us now check that Ae,A is indeed a heredity ideal. By (S1), we have
1=[P(n): S(n)] = dimguq, (s(n)) Enda(enA) = dimgng , (5(n)) enAen,

which implies that e, Ae, is a simple algebra.
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To show that Af,A is projective, we use observation from Example again that Trp(,)(P(i)) =
e;AfnA for all i < n. Since P(i) € F(Ap;), the trace Trp(,)(P(#)) is direct sum of copies of A(n) =
P(n), and so e; A f, A = P(n)®™ for some m; > 0, which means that Af, A = @D, e AfnAis projective,
as required. ]

Recall that quasi-hereditary is a left-right symmetric notion, so there should be a left version of HWC.

Definition 21.10 (HWC — costandard module version). Let A be a finite-dimensional algebra
with the set of simples S := {S(A\) | A € A} indexed by a poset (A, ).

We say that the category mod A of finitely generated A-modules is a highest weight category with
respect to (A, Q) if there exists a set V := {V(X\) | A € A} of indecomposable modules satisfying the
following conditions.

(C1) Fey: S(A) = V(A) such that Cok(ey) € F(Sqr); and
(C2) Fiy: V(N) < I(N) such that Cok(iy) € F(Vsi).
Note that in such a case, V is necessarily the set of costandard modules associated to elements of A.

Remark 21.11. For more general setting — such as the category of rational representations over an
algebraic group, this is actually the more preferable definition since the category there does not
have projective generator (but injective ones do exists); the category is not equivalent to the module
category of a finite-dimensional algebra (but somewhat locally is), and A is an infinite set. Various
modification is necessary; we will not touch on this subject here; see original Cline-Parshall-Scott

paper.

Corollary 21.12. The two definitions of hwc are equivalent.

Proof We show the following conditions are equivalent.

(1) (mod A, A, <) is a hwc in the V module setting.
(2) (mod A°P A, <) is a hwe in the A module setting.
(3) (A°P A, Q) is gha.

(4) (A, A, Q) is gha.

(5) (mod A, A, <) is a hwc in the A module setting.

Indeed, we have (1)<(2) by passing through duality functor, which sends V 4(i) to A gop (7). (2)<(3)
by Proposition (3)<(4) by Lemma [20.14] And finally, (4)<(5) by Proposition again. [

48



22 Elementary properties of qha

22.1 Finite global dimension

Throughout this subsection, assume (A, A, <) is gha.
Notation. For A < pu in A, denote by

Au]=A{v [ A<Dy Qul,
A=l ={v|Adv},
[ p]:=A{v v dpu},

the interval between A\ and p, the coideal generated by A, and the ideal generated by p, respectively.
For a subset ' C A, define

hr :=max{m > 0| Ao <A1 <--- <\, with \; € I'Vi}

the mazimal length of I'-supported chain in A. We further shorten the notation in the two special
cases hyy := hpy ) and hay := hj_y.

Lemma 22.1. We have
pdim A(A) < hey and pdim S(A) < hp + hay.

In particular, sup{pdim M | M € F(A)} < hp and gldim A < 2hy.

Proof A()) case: Induction on A € A along t>. For maximal A, we have A(\) = P()\), which has
projective dimension 0. Assume that A € A is non-maximal. Since the kernel K of the canonical
projection P(X\) = A(A) is filtered by A(pu) for p> A, and that hy,, < hyy for any such i, we have

pdim K < max{pdim A(u) | p > A} <max{hy, | p> A} < hyy

where the first inequality comes from Lemma and the second inequality follows by the induction
hypothesis. Hence, we have pdim A(\) < 1+ pdim K < hgy.

pdim M for M € F(A): Use bound on pdim A(\) with Lemma W

S(A) case: Induction on A € A along <. For minimal A, we have S(A\) = A()), so it follows from
the claim on pdim A()) that we have pdim S(\) < hyy < hp. Assume that A € A is non-minimal.
Similar to the previous part, we have ho, < hgy for any p < X. Hence, for M € F(S(>A)), it follows
by induction hypothesis and Lemma, that

pdim M < max{hp + hq, | v € [=,A]} < ha + hax.
Now consider the canonical ses 0 — rad A(A) = A(A) = S(A\) — 0 with rad A(\) € F(S(<A)). Then
we have by Lemma that

pdim S(A) < max{pdim A()), 1+ pdimrad A(\)}
S maX{hD)\, hA + h<])\}
< max{ha, ha + hax} < ha + hay,

as required.

gldim A < 2h: Use bound on pdim S(\) for A maximal and Lemma m O
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Lemma 22.2. For any ses 0 - L — M — N — 0, we have pdim N < max{1 + pdim L, pdim M }.
(c.f. Lemmam

Proof Use long exact sequence induced by applying Hom 4(—, X) to the ses, i.e.
o= BExtt (L, X) — Ext®(N, X) — Ext*(M, X) — Ext®(L, X) —» Ext*"} (N, X) — - .

Namely, by Lemma we have Ext”PHm (LX) = 0 = Ext>P4mM(Af X)), So, for k > max{1 +
pdim L, pdim M}, exactness of the les yields Ex‘ck(N7 X) =0 for all X, meaning that pdim N < k by
Lemma [18.2 O

Exercise 22.3. Show a dual result: pdim L < max{pdim M, —1 + pdim N}.

Example 22.4. The bounds are optimal without any further assumption on the algebras. Consider
A =kQ/I with

(%1 [e%) Qn—2 Qn—1
- _—x
Q=(1_"2_"-+_ "n-1 ;_j n), I = (a0iq1, Biv1 Bi, g1 Biv1 — Bici, Bn—10n—1)
B1 B2 Bn—2 Bn—1

and A={1<2<---<n}. Then gldim A = 2n — 2 = 2h, (Ezercise).

22.2 Hom/Ext vanishing

Lemma 22.5. For A\, u € A, we have
(1) Homa(AN),A(p)) #0 = A< p.
(2) Homa(V(A),V(n) #0 = A>p.
(3) Homa(A(N),V(n) #0 = X = pu. In such a case, the Hom-space is isomorphic to End4(S(\)).

Proof (1), (2): This follows from the construction of A and V.

(3): As A(A) is quotient of P(\), Hom4(A(X), M) # 0 implies that [M : S(\)] # 0; likewise,
Homyu (N, V(X)) # 0 implies that [N : S(\)] # 0. The first part of the claim now follows by tak-
ing M = V(u) and N = A(X). The second part follows from the fact that there is a non-zero
homomorphism A(\) = S(A) < V(A) and that [A(X) : S(A)] =1=[V(N\): S(N)]. O

Lemma 22.6. For M € mod A and A\, € A, we have
(1) Exty (AN), M) #0 = [M:S(u)] #0 for some > .
N,V(N)#0 = [N :S5(u)] #0 for some p<a .
A AW) £0 = A<p.
VO, V() £0 = A5 g
5) Exty(A(N),V(u)) = 0.

2) Extl

3 Exth

4) Exth

(2) (
(3) (
(4) (
(5) (

Proof (1): Applying Homa(—, M) to the canonical ses 0 — Ky — P(A) — A(A) — 0 yields an
exact sequence:

0= (AN), M) = (P(\), M) — (Kx, M) — Exthy(A(N), M) — 0.

By the assumption, there is some non-zero homomorphism f : K) — M. Since K) € F(A(>N)),
every composition factor in the top of P()) is given by S(u) for some p > A. Note that the image of
f must be generated by (the image of one of such) S(u), and the claim follows.
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(3): By (1), we have [A(u) : S(v)] for some v > A. By (S1), we have v < u, and so we have A <v < p.
(2), (4): Dual to (1), (3) respectively.

(5): Suppose on the contrary that the space is non-zero. By (1), we have [V(u) : S(v)] # 0 for some
v > A. By (C2) we have v < i, and so A < . But by (2) we have [A(X) : S(v')] # 0 for some v/ < p
and by (S1) we have v/ < A, and so pu < A, contradicting A < . O

In fact, the following more general statements also hold.

Proposition 22.7. For A\, u € A, the following hold.

(1) Exth(A()\), A(p)) =0V 4 p.

(2) Ext32(V(N), V() = 0 VA ¥ o

(3) Ext7°(AN), V(1)) =0 VA, .
We omit the proof in lectures for time constraint; c.f. Homework Assignment 4. The strategy is, as
usual, proof by (reverse) induction.
Remark 22.8. As a consequence of this more general statement, if we totalise A to \; < Ay < - -+ < Ay,
then we have a so-called exceptional sequence

(A(A1),A(N2), -+ ,A(N\,)), and its dual sequence (V(\,), V(A—1),--+, V(A1)

in the derived category of mod A. Many exceptional sequence considered in algebraic geometry indeed
yields quasi-hereditary algebras by constructing the so-called tilting complex using (iterative) universal
extensions of these sequences. In the algebra setting, the tilting complex is actually a module, and
this is one way to construct of the so-called characteristic tilting module, i.e. the additive generator
of F(A) N F(V) - for details on this module, see Klucznik-Koenig’s lecture notes.

A consequence of the Ext-vanishing property (including the one in the remark above) is the following.

Proposition 22.9. We have the following:

F(A) ={X € mod A | Ext} (X, V()\)) VA € A}
= {X e mod A | Exth(X,V(A\)VA € A, k> 1}
= {X €mod A | Ext4{(X,Y)VY € F(V)}
= {X e mod A | Exth(X,Y)VY € F(V),k>1}

)

The same statement holds after swapping the two variables in the Fxt-spaces and replacing A by V.
In particular, Hom4(A(X), —) is exact on F(V) and Homy(—, V(N)) is ezact on F(A).

22.3 BGG reciprocity

Structures are studied through invariants, for example, isomorphism classes of finite-dimensional vector
spaces can be distinguished by its dimension. For general algebra, we have a slightly refined notion
called dimension vector

dimM := (dimgpna,(s(n) Mea)rea = ([M 2 S(N)])aen,

which is clearly invariant across isomorphism classes of finite-dimensional modules — but the converse
in general do not hold. Note also that End4(S(\)) = k when k is algebraically closed.

As we have been using now and then, having a short exact sequence of vector spaces 0 - L — M —
N — 0 yields a relation on its invariants (the dimension): dimy M = dimy L + dimy N. This relation
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of course holds true for dimension vectors of modules. One can start pondering upon if there are
other (numerical) invariants that can behave in a way compatible with ses’ (hence, with homological
algebra). This can be obtained to changing (Z-)basis of the following free abelian group.

Definition 22.10. The Grothendieck group Ko(mod A) of mod A is the abelian group generated by
the isomorphism classes [M] of A-modules M, with relations [L] + [N] — [M] generated by all ses
0—=+L—M-—=N—0.

Ky(mod A) is a free abelian group with canonical basis given by the simple modules {[S(A)] | A € A}.
Moreover, [M] expressed in the canonical basis is just dimM.

Exercise 22.11. When gldim A < oo, show that Ko(mod A) has a Z-basis given by {[P(A\)] | A € A}
and also in {[I(N)] | A € A}.

After totalising A to {A\1 < A2 < .-+ < A}, it follows from (S1) that dimA(\) = (dﬁ)\ = [A(N) :
S(p)]) form an upper unitriangular matrix (‘uni’ meaning diagonals are all 1’s)

dimA = [ dimA(\) -+ dimA(\,) | = (d3)) -

Now we can see that {[A(A)] | A € A} form a Z-basis of Ky(mod A), called the standard basis. Note
that the same discussion holds in verbatim if we replace A by V everywhere.

For M € mod A, let (M : A()N)) (resp. (M : V(X))) be the A-entry of M with respect to the standard
basis (resp. costandard basis). Then the change of basis (‘from A or V to S’) formula yields

dimM = > dimA\)(M : A(N) = > dimV(A)(M : V(). (22.1)
AEA A€EA

In the case when M € F(A) (resp. M € F(V)), then (M : A(N)) (resp. (M : V(A)))is precisely the
number of copies of A(A) (resp. V(A)) in any A-filtration (resp. V-filtration) of M.

Lemma 22.12. For M € F(A), we have (M : A())) = dimgpg , (5(r)) Homa (M, V(X)).

Proof By induction on the A-length (number of standard modules) in any A-filtration of M. If A-
length is 1, then this is Lemmal[22.5(3). For larger A-length, we take any ses 0 — X — M — A(u) — 0
(which exists by the A-filtration assumption) and apply Hom(—, V(A)). By Proposition this
Hom functor is exact on F(A) and kills all higher Ext-groups in the induced long exact sequence.
Now the claim follows by applying induction hypothesis on the induced ses. O

Proposition 22.13 (BGG reciprocity). For any A\, u € A, we have

(P(u) - AN) = [V(A) = S(w)].

In particular, if we consider the Cartan matriz Ca := (¢; ;)i ; where ¢; ; = [P(j) : S(i)], then we have

Cy = (dimA)(dimV)?.
Remark 22.14. BGG stands for Berstein-Gel’fand-Gel’fand.

Proof By Lemma [22.12] we have

(P(p) = AA)) = dimpya ,(s(x)) Homa(P(p), V(X)) = [V(A) = S(w)].

For the final part, notice that C'4 has column given by dimP()), and so the claim follows by combining
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the BGG reciprocity with the formula (22.1)):

(Ca)=p = (cyp)y = dimP(A) = Y dimA(u)(P(A) : A(p))

=" dimA W [V(p) : SO = Y d3,dY,
n 1
= ((dimA)(dimV)?)_

O]

Remark 22.15. These two bases (canonical and standard) of Ko(mod A) is intimately related to the
so-called Kazhdan-Lusztig’s conjecture (now a theorem). The conjecture originally concerns the how
the standard basis transforms to the Kazhdan-Lusztig basis of the group algebra ZW of a Weyl group
W = (s € S)/(braid relations) (or more generally, Hecke algebra H,(W)). For example, in (Dynkin)
type A, we have W = &,,;1 the symmetric group of rank n+1 and S = {s; = (i,i+1) | i = 1,2,...,n}.

The group algebra ZW has a standard basis, denoted by H,, for w € W, so that H,H, := xyﬂ
There is an involution (meaning anti-automorphism of order 2) on ZW given by sending the invertible
element H, to its inverse H_! (which is just H, 1 in our current exposition, but in the context of
Hecke algebra, it is more complicated to actually compute the inverse). This is called bar-involution
H, := (H;)™ L. ﬁ Kazhdan and Lusztig showed that there is a unique basis {H, | x € W}, called the
Kazhdan-Lusztig basis of ZW that is invariant under the bar-involution, and H, = H, + H;. |Z| The
change of basis is written in the form:

H, = Z hyz(v)H, with hy.(v) € vZ[v] for y # x and hy . (v) = 1.
yeW

hy(v) is called the Kazhdan-Lusztig polynomial. The Kazhdan-Lusztig conjecture (now a theorem)
predicts that every coefficient in this polynomial is a non-negative integer.

It turns out that this can be reformulated as a problem on looking at homological structure of quasi-
hereditary algebra. Properly speaking, we consider an abelian category Oy built out of certain rep-
resentations of finite-dimensional complex semi-simple Lie algebra of type W. Qg is a highest weight
category, and so it is equivalent to mod A for some finite-dimensional quasi-hereditary algebra A. We
can then speak about simple, standard, costandard, and projective - we note that the standard mod-
ules are given by the Verma modules here. The set of simples in Oy (hence, mod A) are labelled by
w € W. It turns out that Ko(Op) = Ko(mod A) has a natrual structure of ZW-module, and is in fact
isomorphic to the regular representation (ZW)zy . Moreover, we have the following correspondence
for all w € W:

X : Ko(mod A) —~=ZW
[A(w)] Hy,
[P (w)] H,
[S(w)] Hy,

Here, HY is the dual Kazhdan-Lusztig basis - it is dual to H,, with respect to a symmetrizing trace
t: Hy — 0y (Where e is the identity element of W), i.e. t(H/H,-1) = d5,. Now we can see that
the defining form of Kazhdan-Lusztig polynomial is just the same formula for changing the basis via
dimA on Ky(mod A), and gives a natural ‘explanation’ why Kazhdan-Lusztig conjecture is true. As
one quick observation we can see from the categorical property (S2) that the summation in the change
of basis (of ZW) formula can be taken x <y (the order here is the Bruhat order).

*For H,(W), it is H? = He + (v —v)H; for s € S, and H,H, = H,, whenever the £(2) + £(y) = £(xy).

Sfor general Hecke algebra, the bar-involution swaps the quantum parameter v* < vT in the case we take the
presentation as H2 = H. + (v~ ! — v)H; for the generators s — e.g. the transpositions (i, 4+ 1) in type A

"H_H,. + vH, for H,(W).
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