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Abstract

We show how to find quotients of path algebras isomorphic to the tensor product

A ®k Fv
the triangular matrix algebra
r o
M A
and the trivial extension
AX N,

where A and T' are quotients of path algebras, M a A-T'-bimodule, and N a A-
bimodule.
We also solve the following problem: Given a quotient of a path algebra

kQ/I,
where k is a field, Q a quiver and I C kQ an ideal satisfying
J§ CIC g for some ¢ > 2

where Jg denotes the ideal generated by the arrows in @); find an isomorphic
Q
quotient of a path algebra

kQ' /T’

where the ideal I’ satisfies

Jé,/ cI cC Jé/ for some t' > 2.



Notation
Notation ‘ Meaning ‘ Defined on page
General:
k a field
N the set of natural numbers: {1,2,3,...}
No the set of non-negative integers: {0,1,2,...}

In an algebra A, with a subset X C A:

(X) l

the ideal in A generated by X

In a quotient algebra A/I:

[x] ‘ the equivalence class of z (for z € A) ‘
For a quiver Q:

Qo the set of vertices in @

Q1 the set of arrows in

Qn the set of paths of length n in @ 13
Qx the set of paths in @ 13
Q+ the set of non-trivial paths in @ 13
Q- the set of vertices and arrows in @ 13
Jg the ideal in kQ generated by the arrows 13
QO (Aht) augmented quiver 68
QOB augmented quiver 68
For a path q in a quiver:

h(q) the head of ¢ 13
t(q) the tail of ¢ 13
l(q) the length of ¢ 13
For an element A of a path algebra kQ:

terms(\) set of terms in A 13
termsx () terms in A contained in (X) (for X C kQ) 89
coefficient(g, A) | coefficient of ¢ in A (for a path ¢ € Q.) 13
minlength(\) minimal length of path occuring in A 13
h(A) the head of A (only defined if X is uniform) 14
t(\) the tail of A (only defined if A is uniform) 14
For a set of relations p C kQ in a path algebra:

L ‘ equivalence modulo p ‘ 14
For two quivers @ and R:

QxR product quiver 24
QUR union of quivers 20
R M Q augmented union of quivers 62
RrRZ Q augmented union of quivers 62
For a product quiver Q X R:

T, T2 projection maps 25
incy inclusion map at a vertex v € Ro 25, 35
incy inclusion map at a vertex u € Qo 25, 35
incy (X) set of all inclusions of a subset X C kQ 36
inca (Y) set of all inclusions of a subset Y C kR 36
k(Q, R) set of commutativity relations 29




Notation

‘ Meaning

‘ Defined on page

For an augmented union of quivers R SN Q with B a uniform basis of a bimodule M :

w(@, R, B) relation set induced by module structure 63
m element of k(R SN Q) corresponding to m | 63
(for m € M)

For an augmented quiver QQ O B with B a uniform basis of a bimodule M :

v(Q, B) relation set induced by module structure 70

£(Q, B) relation set for products of B-arrows 70

™ element of k(Q O B) corresponding to m (for | 68

m € M)

For a uniform element m of a bimodule:

h(m) the head of m 50

t(m) the tail of m 50

For an arrow a (or arrows ai,...,an) and an element s (or elements s1,...,8n):

subst(q,s) substitution map 88

tT{(ay,51),....(an,sn)} | tTanslation map 98
Name conventions

Name(s) Use

AT k-algebras

A,y elements of k-algebras

Q, R, S quivers

u, v vertices of quivers

a, B arrows of quivers (in general)

;’ 57 Cy ’ } arrows of quivers (in concrete examples)

q, T, P paths in quivers

T, s relations

P, O, T sets of relations

M module

m module element

b module basis element (in general)

3” Z: fc.’ } module basis elements (in concrete examples)

f function

o, P k-algebra homomorphisms (or k-vector space homomorphisms)

When two quivers Q and R are involved, the conventions for names of vertices, arrows,
paths, relations and relation sets are as follows:

vepCkQ;
s€o CEkR.

qu*7
r € R,

OAEQl,
B € R,

u € Qo,
v € Ry,

A variable name with a bar over denotes some helping variable related to the unbared
variable of the same name. For example, in order to define an algebra homomorphism ¢
from a path algebra quotient kQ/(p), we will often first define a homomorphism ¢ from
kQ.
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Introduction

Purpose and motivation

The purpose of this thesis is to describe concrete methods for finding the quivers and
relations of certain algebras. The algebras we consider are made by combining one
or more quotients of path algebras, and in some cases a bimodule over the algebras.
When bimodules are involved, we assume these to be given by representations over
quivers (Chapter 3 describes how to relate bimodule structure to representations).
Thus, all the ingredients for forming the new algebra are given in a concrete way.

In effect, we describe algorithms that take as input one or more quivers and sets
of relations, and possibly a representation over a quiver, and produces as output a
new quiver and a set of relations.

The motivation for doing this is a desire to make computer programs that can
find quivers and relations for given algebras. The intention is that the methods
presented in this thesis should be precise enough that a computer program can be
based quite directly on them, but they are not tied to any particular programming
language or computer algebra system. Thus, our descriptions are mostly given in
terms of simple operations which can be implemented in a straightforward way in
a computer program.

There is one notable exception to this: In Chapter 5, we assume that we are
able to check whether a given element of a path algebra lies in a given ideal (this
is needed in line 9 of Algorithm 1 on page 91), which is not a trivial operation. In
a computer program, this can be done using Grobner bases.

It should also be noted that the relation sets we produce may be much larger
than necessary, as can be seen in examples 5.5 and 5.6. In practice it will therefore
be preferable to combine our methods with an algorithm for reducing a given
generating set of an ideal to one which is minimal.

During the writing of this thesis, the author has begun implementing the meth-
ods described herein in the package QPA (Quivers and Path Algebras)! for the
computer algebra system GAP2. At the time of this writing, the method for ten-
sor products of algebras (Chapter 2) is implemented, and the method for turning
an algebra with “preadmissible” relation set into one with admissible relation set
(Chapter 5) is partially implemented.

'http://www.math.ntnu.no/~oyvinso/QPA/
2http ://www.gap-system.org/
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Overview of the thesis

Chapter 1 contains general definitions and results which will be used throughout
the thesis.

In Chapter 2, we consider the problem of finding a quotient of a path algebra
isomorphic to the tensor product

kQ/(p) @k kR /(o)

of two quotients of path algebras. We show that the quiver for this algebra is the
product quiver @ X R given by

(@ x R)o = Qo x Ry,
(@ % R)1 = (Qo x R1)U(Q1 x Ry);

and that its set of relations is
incy (p) Uinca (o) U k(Q, R),

where incq (p) and ince(o) consist of the relations in p and o transferred into the
path algebra k(Q x R) over the product quiver, while (@, R) consists of relations
making all squares of the form

t(a) x (8) XL (a) x b(B)

axt(/ﬂ)l laXb(B) for arrows o € 1 and 8 € Ry

t

hla) x t(B) mb(a) x h(B)

in the product quiver @ x R commute. The main result of this chapter can thus
be stated as

kQ/p) @k kR/(0) = k(Q x R) [incy (p) Uincy(0) U K(Q, R)) .

In Chapter 3, we show how bimodules over quotients of path algebras can
be described by representations over quivers, using the result of Chapter 2. The
connection to tensor products is the fact that a A—I'-bimodule M can be viewed
as a left A ®; I'°P-module. Thus, a kQ/p)—kR/{(o)-bimodule M can be described
by a representation over the product quiver @@ x R°P respecting the relations

incy(p) Uinca (o) U k(Q, R°P).

The first two sections of Chapter 3 give the necessary background for the use
of bimodules in the following chapter. The rest of the chapter contains some
additional results which are interesting in their own right, but will not be used
later.

In Chapter 4, we consider two closely related problems: Finding quotients of
path algebras isomorphic to the lower triangular matrix algebra

<kRJ\/4< 7 kQ?(P))
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and the trivial extension

kQ/p) < N,

where M is a kQ /{o)—kR [{p)-bimodule, and N is a kQ /(p)-bimodule. In both cases,
we use the very simple strategy of adding one arrow

Y

for each basis element b of the module to the original quiver(s). We then create
relations to make a path of the form

a? or ?B

be the same as the linear combination of arrows corresponding to the product ab
or bB3. The problem with this strategy is that the relation set we produce is usually
not admissible: If I is the ideal generated by the relations, we do not necessarily
have

JtcrcJj? for some t,

but only
JtcrcyJg for some t;

where J is the ideal generated by the arrows. This motivates the next chapter,
which gives a solution to this problem.
In Chapter 5, we consider algebras

kQ/p)

where the relation set p is not admissible but only satisfies a weaker condition
which we call preadmissibility:

JEC(pyCJ for some ¢.

We show how we can transform the quiver and relations of this algebra to get an
isomorphic algebra

kQ' /p")

where p’ is admissible.

Prerequisites

It is assumed that the reader has some knowledge of quivers and path algebras,
for example from the NTNU course MA3203 Ring theory. The reader should also
be familiar with tensor products; at NTNU, this is covered by the course MA3204
Homological algebra.



Exercise: Make 4 guiver by dmwin% arrows
Xyt W —> Uim

or ey, 217



Chapter 1

Quivers and path algebras

In this chapter, we will establish the terminology to be used throughout the thesis,
recall some facts we need, and show a few basic results.

1.1 Definitions and conventions

We use k to denote some fixed field.

For a quiver @), we have the sets Qo and @)1 of vertices and arrows, respectively.
We define @,, for any n > 1 to be the set of all paths of length n. We further define
the sets

Q« = U @n (all paths in Q),
n€Ng

Qy = U Qn (all non-trivial paths in @),
neN

Qr =Qo U (vertices and arrows in Q).

We define Jg to be the ideal in k() generated by the arrows; that is,

Jo = (Q1) -

We denote the endpoints of a path g by h(q) for the head end, and t(g) for the
tail. Thus, an arrow a: v — v has h(«) = v and t(«) = u. The length of a path ¢
is denoted I(q).

Definition. Let A € kQ be an element of a path algebra. We define terms(X) to
be the set of terms when ) is written as a linear combination of paths; that is,

terms (Z%%) ={a;q; |i€T},
iel

where the x; are non-zero elements of k£ and the g; are distinct elements of Q.
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For a path ¢ € Q., we define coefficient(g, \) to be the coefficient of ¢ in X\. We
define minlength(\) to be the minimal length of a path occuring in A; that is,

minlength(A) = min{ I(q) | ¢ € Q. with coefficient(g, ) # 0 }. [

Definition. Let A € kQ be an element of a path algebra. Given vertices v and v
in @, we say that X is (u, v)-uniform if

UV = .

The element A is uniform if it is (u, v)-uniform for some pair of vertices (u, v).
Given an arrow «, we say that A is a-uniform if it is (h(«), t(«))-uniform.
For a (u,v)-uniform element A € kQ, we define h(A) = v and t(\) = v. |

& Let @ be a quiver, and u and v vertices in ). An element of the path algebra
kQ is (u,v)-uniform if and only if it is a linear combination of paths from v to u.H

The algebras we will be concerned with are quotients of path algebras — that
is, algebras of the form kQ/I for some quiver @ and (two-sided) ideal I C kQ.
When describing such an ideal, we will always use a finite generating set consisting
of uniform elements. We call such a set a set of relations (or relation set), and
each of its elements a relation.

Definition. For a path algebra kQ, a set p C kQ of relations is admissible if
Jo € (p) € I}

for some t > 2, and preadmissible if

Jb < (p) € Jg
for some t > 2.
A number ¢ such that
JG S (p)
is called a path length bound for the quotient algebra kQ /(p). |

Except in Chapter 4 (where we perform certain operations that destroy admis-
sibility) and Chapter 5 (where we repair the damage done in Chapter 4), all our
relation sets will be admissible, and we will just say “relation set” when we mean
“admissible relation set”.

Definition. Let @ be a quiver and p € k@ a set of relations. We define the
equivalence relation £ on kQ by

)\121)\2 <~ )\1—)\2€<p>.

We say that A\; and Ao are equivalent modulo p if \; L xs. |
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1.2 Modules and representations

When discussing modules over a path algebra quotient kQ /(p), we will use repre-
sentations over the quiver ) respecting the relations p to describe the modules. We
have the following correspondence between modules and representations (see [1],
pages 56-57):

For a kQ/{p)-module M, the corresponding representation over Q is (V, f),
where the vector space V,, at a vertex u € Qg is defined by

Vi = uM, (1.1)
and the linear map
fo: Vita) = V(o)
for an arrow « € @1 is defined by

fa(m) = am for m € Vi(q)- (1.2)
For a representation (V,f) over @ respecting p, the corresponding kQ /(p)-

module M is
M=V, (1.3)

UEQo
as k-vector space. For an element m € M and a vertex u € @y, denote by m,, the
component of m belonging to the vector space V,,. Then the scalar multiplication
of M is induced by the following rules for vertices and arrows: Let m € M be a
module element, u € @Yy a vertex and o € ()1 an arrow. The products um and am
are given componentwise by

m, if v =u,
(um), = { 0 otherwise; (1.4)
_ falmyay) ifv=b(a),
(am)y = { 0 otherwise; (1.5)

for each vertex v € Q.

This correspondence is an equivalence between the category of finite dimen-
sional k@ /(p)-modules and the category of representations over @) respecting p ([1],
Proposition 1.7). We will view this correspondence as an identification; thus, for
us, a module and the corresponding representation is the same thing.

When dealing with a module over a quotient of a path algebra, we will often
need a k-basis for the module. Furthermore, we do not want an arbitrary basis,
but one that behaves nicely with respect to multiplication with paths. In terms of
representations, we want each basis element to be contained in one of the vector
spaces of the representation. We will call such elements left uniform, by analogy
with the concept of uniform elements of a path algebra.

Definition. Let kQ/(p) be a quotient of a path algebra, M a kQ/p)-module and
m an element of M. For a vertex u € @, we say that m is left u-uniform if

um = m.

The element m is left uniform if it is left u-uniform for some vertex wu. |
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Definition. Let kQ/(p) be a quotient of a path algebra, M a kQ /(p)-module and
B a k-basis for M. Then B is a left uniform basis if every element of B is left
uniform. |

The following example shows a left uniform basis, and additionally introduces a
notation we will use to name the elements of such a basis for a given representation.

Example 1.1. Let Q) be the quiver

B
Q: u—Fsuy —>u3

Let (V, f) the following representation over Q:

6,69

V. f): k——k2—=k2

Let M be the kQ-module corresponding to (V, f). We can view M as the direct
sum

M=V, &V, ®V,, =k Ok*> DK

Choose a basis
B ={a,b,c,d, e}

for M, where

S0 )
60y el)

Then B is a left uniform basis for M. The basis element a is left uq-uniform, the
elements b and c are left us-uniform, and the elements d and e are left uz-uniform.
We also see that {a} is a basis for V,,,, {b, ¢} is a basis for V,,,, and {d, e} is a basis
for V,,. In other words, the set of u-uniform elements in B is a basis for V,,, for
any vertex u € Q.

When we have a representation and want to give names to left uniform basis
elements of the module in this manner, we will use notation like the following as
shorthand for the above:

()
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1.3 Describing algebra homomorphisms

We will often need to construct algebra homomorphisms. We usually prefer to
describe the homomorphisms by what they do on some smaller set than the whole
domain, such as a basis or a generating set (for path algebras, the set Q)+ of vertices
and arrows is a fine generating set). The following two lemmata give criteria for
when such descriptions induce algebra homomorphisms.

Lemma 1.1. Let A and I" be k-algebras, and let B be a basis for A. If
¢: A—=T
is a k-module homomorphism satisfying
1. ¢(1p) = 1r, and
2. ¢(brba) = p(b1) - ¢(b2) for any by and by in B,
then ¢ is a k-algebra homomorphism.

Proof. The only thing that needs to be checked is that ¢ preserves multiplication
on any elements, not just basis elements. Let

lebl and Zyjbj
i J

be two elements of A, written as k-linear combinations of basis elements (the x;
and y; are elements of k, the b; and b; elements of B). Then we have

o) o) = (S o0) - (Sop-00)
| ] = le ziy; - ¢(bi)¢<]bj>
= Zizyj - $(biby)
xm)

~o((Zem) - (Sum))
i J
where the marked equality follows from criterion 2 of the Lemma, and the other
equalities follow from k-linearity of ¢ or reorganization of sums. O
Lemma 1.2. Let Q be a quiver and I a k-algebra. Let
f: Q=T

be a function defined on the vertices and arrows of Q. Assume that f satisfies the
following conditions:
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1.3 ey f(w) = 1r;
2. qr =0 implies f(q) - f(r) =0 for q and r in Q-;
3. f(u) = f(u)? for u € Qo;
4. F(0(@)) - f(a) = fa) = f(a) - f(H(e)) for a € Q1.
Then f extends uniquely to a k-algebra homomorphism
¢: kQ —T.

Proof. We first define ¢ as a vector space homomorphism, by defining its actions
on basis elements (that is, paths):
o(u) = f(u) for a vertex u € Qy,
olay - an) = flag) - flan) for a path aq -+, € Q.

Now we can use Lemma 1.1 to show that ¢ in fact is an algebra homomorphism. The
first condition of Lemma 1.1 (identity is preserved) follows directly from condition

1 of this lemma:
o) =6 D u) = > flu) =

u€EQo u€Qo

For the second condition (preservation of multiplication on basis elements), consider
two paths ¢ and r. The case qr = 0 is taken care of by condition 2, so we may
assume qr # 0. Now we have several possibilities:

e Both ¢ and r are vertices: Then ¢ = r, and we have

o(ar) = 6(a) = £(a) 2 £(a)* = 6(a)* = $(q) - &(r)
by condition 3.

e The path g is a vertex, and r is a non-trivial path of length n > 0: Then
r=aj - ay for some arrows a; with ¢ = h(ay), and we have

3(qr) = dlar - an) = flan) - Flan) L (@) - (flaa) -+ Flam))
= 6(q) - dlon - an) = (q) - B(r)

by condition 4. The opposite case where ¢ is a non-trivial path and r a vertex
is completely analogous.

e Both ¢ and r are non-trivial paths: Then ¢ = a7 -+, and r = B - - - B, for
some arrows «; and [3;, and we have

¢gr) = ¢plar---an - Br--fm) = flar) -+ flam) - f(Br) -+ f(Bm)
=¢(ar---an) ¢(Br-- fm) = &(q) - &(r). U
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1.4 Some algebra constructions

The main theme of this thesis is to investigate certain constructions that take one
or two algebras as arguments and produce a new algebra. For each construction we
consider, it turns out that if the original algebras are quotients of path algebras,
then the new algebra is isomorphic to some quotient of a path algebra. Our goal is
to show how the quiver and a set of relations for the new algebra can be computed
based on the quivers and relations of the original ones.

In this section, we consider two algebra constructions where it is very easy
to find the quiver and relations for the new algebra: the opposite algebra of an
algebra and the direct product of two algebras. This should give a taste of the
kind of problems we are going to solve in the following chapters. Additionally, the
definitions and results of this section will be useful to us many times throughout
the thesis.

First consider the opposite algebra of a path algebra. To turn the order of
multiplications around, what we need to do to the quiver is simply to reverse
the direction of every arrow (the vertices stay the same). We therefore make the
following definition.

Definition. Let Q be a quiver. We define the opposite quiver of (), denoted
Q°P, by

8]3 = QO?

P ={a”:hla) > tla) [ € Q1 }.
For any path g € Q., we define the opposite path ¢°P € Q3 by

q® =q if ¢ is a vertex,

¢°° =afP - ai?f if g = oy -, for arrows ay,...,q,. [ |

We observe that the path algebra over the opposite quiver Q°P is isomorphic to
the opposite algebra of the path algebra over Q:

k(@) = (RQ)°P. (1.6)

We view this isomorphism as an identification, and write just kQ°P without paren-
theses for this algebra. We extend the map

P Q. QP
by linearity to a vector space homomorphism
P kQ — kQP.

Applying this map to an element A € k@ gives the element in k(Q°P) which corre-
sponds (under the isomorphism of Equation (1.6)) to the opposite element of X in

(FQ)°P.
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For a path algebra quotient kQ /(p), we get the opposite algebra by taking the
opposite quiver and the opposite of each relation:

(FQ/p))™ = kQ [(p°) .

We view this isomorphism, too, as an identification.
Now consider the direct product

kQ x kR

of two path algebras k@) and kR. This algebra contains everything from k@ and
everything from kR, so it seems reasonable that its quiver should contain everything
from @ and everything from R. The following definition defines a name and a
notation for such a quiver.

Definition. Let @ and R be quivers. We define the union Q U R of @ and R to
be the quiver obtained by taking the unions of the vertex and arrow sets of @@ and
R:

(QUR))=QoURy
(QUR); = Q1 UR;. ]

When saying that taking the union Q U R of the quivers should produce a
proper quiver for the product kQ x kR of path algebras, we silently assumed that
the quivers Q and R did not have any vertices or arrows in common. If they
did, those vertices or arrows would appear only once in the union Q) U R, making
the path algebra k(Q U R) smaller than the product algebra kQ x kR. To make
such assumptions (which we will use several times) precise, we give the following
definition.

Definition. We say that the quivers Q and R are disjoint if their vertex sets are
disjoint; that is, if
Qo N Ry =0. [ ]

So far, we have guessed that the product k@ x kR is isomorphic to the path
algebra over the union of the quivers:

kQ x kR = k(Q UR).

If there are relations involved — that is, if we have an algebra of the form kQ/(p) x
kR /(o) — we could guess that what we need to do is to take the union of these as
well:

kQ/p) x kRflo) = E(QU R)/(pU ).

We will now show that these guesses are true.

Proposition 1.3. Let kQ/(p) and kR/(c) be quotients of path algebras (where Q
and R are disjoint quivers, and p and o are sets of relations). Then

kQ/p) x kRflo) = k(QU R)/(pU 7)
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as k-algebras, with isomorphisms induced by the correspondences

(4], 0) ¢ [q] for a path q € Q.
(0,[r]) « [7] for a path r € R,.

Proof. Define the algebra homomorphism

¢: k(QUR) = kQ/(p) x kR/(o)

by the actions

#(q) = ((g],0) for g € Qo
o(r) = (0,[r]) for r € Ry
on vertices and arrows (the conditions of Lemma 1.2 are satisfied, so this induces

an algebra homomorphism).
We see that (pU o) C ker ¢, since

(v) = ([¥],0) = (0,0) for v € p,

(0, [s]) = (0,0) fors € 0.
We want to show that ker ¢ C (pU o) as well. Let A € k(Q U R) be any element.

Then we can write A as A + Ag for some elements A\g € kQ and Ar € kR. If
A € ker ¢, then

0=0()) = ([Aql, [Ar);

0
Ao € (p) and Ar € (0).

This means that
A€ (p)+(o)=(pUo).
We thus have ker ¢ = (p U o), and ¢ induces an algebra monomorphism
¢: k(QUR)/pU o) = kQ/(p) x kR/(o)
with
(la]) = (lg], 0) for ¢ € Q.
o([r]) = (0,[r]) for r € R,.

We further see that ¢ is onto: For any element ([Ag], [Agr]) of kQ/p) x kR/(c), we
have

([A\qls [Ar]) = o([Aq + Ar])-

Thus, ¢ is an algebra isomorphism. O






Chapter 2

Tensor product of algebras

Given two k-algebras A and T', their tensor product A ®; I' over k is again a
k-algebra, with multiplication induced by the rule

(M @71) (A2 ®@ 72) = A2 @ Y172

for simple tensors (where A; and Ao are elements of A, and 77 and -2 elements of
I'). We are interested in the case where A and I' are quotients of path algebras.
Then their tensor product is isomorphic to a quotient of a path algebra. We will
show how to find the quiver and relations of this algebra based on the quivers and
relations of A and I

Some bibliographical notes regarding the contents of this chapter: The name
“product quiver” and the notation @ x R (see definition on page 24) are taken
from [2]. Our Proposition 2.2 is the same as Proposition 3 in [2], but that paper
does not include the more general result which we state as Proposition 2.4. The
result of Proposition 2.4 can be found in [3] as Lemma 1.3, but with quite different
notation.

2.1 The quiver product

Let @ and R be quivers. Assuming that £Q ®j kR actually is a quotient of a path
algebra, what should its quiver look like?

We know how to describe kQ ®y kR as a k-vector space: It has a basis consisting
of all elements ¢ ® r where ¢ and r are paths in @) and R, respectively.

Of these elements, we observe that each element u ® v which is made by com-
bining two vertices u € Qp and v € Ry has the following property:

¢®r ifb(q) = uand h(r) = v,
0 otherwise;
ger ift(q) =w and t(r) = v,
0 otherwise;

(wev)ger) =

(qer)(uvew)
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for any paths ¢ € Q. and r € R,. This looks like the way vertices in a quiver
behave under multiplication, so it seems reasonable that the quiver for the tensor
product will have one vertex for every pair (u,v) of vertices from each of the two
original quivers.

If a: u — v is an arrow in Q and v a vertex in R, the element o ® v acts like
a path from u ® v to u’ ® v, in the sense that it is unchanged under multiplication
by these on the appropriate side:

(a@v)(uev)=axv=(uev)(a®wv).

Furthermore, since such an element cannot be written as the product of two other
basis elements, it should correspond to an arrow in the tensor product’s quiver.
The same applies to elements of the form u® 3 where u is a vertex and S an arrow.
We thus create an arrow for each pair of arrow/vertex or vertex/arrow from the
original quivers.

Now any basis element of the tensor product can be decomposed as a product
of those we have already considered. Take for example an element

(a01) ® (B2/31),

where
ula—ﬁuQaﬁw and ’Ulg’l}g%’l)g

are paths in the respective quivers; it can be written as

(21) @ (B2f1) = (a2 @ v3)(a1 ® v3)(u1 @ PB2)(u1 ® Bi) . (2.1)

In the quiver we indicated above, this corresponds to a path of length four.

Thus, we see that every basis element of the tensor product is represented by
some path in our quiver. But there may be several paths corresponding to the
same basis element. Consider again the decomposition in Equation (2.1). The
same element could also be written as the product

(a21) @ (B2f1) = (a2 @ v3)(uz ® B2) (a1 ®@ va)(u1 ® B1).

So the quiver we suggest will not only produce all basis elements of the tensor
product — it may produce some of them several times, as different paths.

This is not desirable behaviour, but since it can be solved by introducing some
relations in the path algebra, we shall postpone worrying about it until the next
section. For the moment, we will be happy with what we have found and make the
following definition based on our observations.

Definition. The product quiver of two quivers Q and R, denoted @ x R, has
vertex set

(@ %X R)o=Qo xRy

and arrow set

(@ x R)1 = (Q1 % Ro) U (Qo x Ry),
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with heads and tails for arrows given by

ha xv) =h(a) x v, tlaxv)=ta) xv for & € Q1 and v € Ry;
hlux B) =u x h(B), t(ux ) =uxt(B) forue@oand e R. N

We can visualize the product quiver of @) and R as a rectangular grid of vertices
with arrows filled in, such that each column is a copy of () and each row a copy of

R.

A simple example should make the construction clear.

Example 2.1. Let @ and R be the quivers
Q: ur —>>uy
R; V1 L> V2 L> V3 .

Their product @ X R is

u X B uy Xy
Up X V1 —> U1 X Vg ——> U1 X U3

Q X R: iocxvl \LO(X’UQ \LOLXU@,
uz X B Uz Xy
Ug X V1 —> Uy X Vg —> U X VU3 ]

We will now define some functions for moving paths into and out of a product
quiver. For a product quiver @ x R, we define the two projection maps

m1: (Q X R)y — Qu, ma: (@ X R)x — R,
by

m(ri[qlm) [T m(]jjqzxn) I

where each ¢; X r; is either a vertex or arrow in Q X R. For a vertex v in R, we
define the inclusion map of @ into @ x R at v,

incy: Qv = (Q x R)s,
by

incy(u) =u x v for a vertex u in @
incy (Hai> = H(ai X V) for arrows «; in Q.
i i

The inclusion map
incy: Re = (Q x R).

for a vertex u in @ is defined similarly.
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& The projection and inclusion maps preserve products of paths. That is, if we
have paths

p1 and po in (Q X R), with p1ps # 0,
q1 and ¢z in Q4 with g1q2 # 0,
r1 and ro in R, with r179 # 0;

then
m1(p1p2) = m1(p1) - T1(p2) incy(q1q2) = incy(q1) - incy(g2)
ma(p1p2) = ma(p1) - w2(p2) incy (r172) = incy (1) - inch (r2)

(for all vertices v € Ry and u € Q). |

Example 2.2. We illustrate the inclusion and projection maps with the product
quiver

ur X R u Xy
Up X V] —> U1 XV —> U] X VU3

Q x R: iocxvl lD(XUQ J/ocxvg

uz X 3 U2 X
U2 X V] —> Uy X Vg —> Uz X U3

from Example 2.1.
The three possible inclusions of the arrow o € Q1 are

inci* (o) = & X vy, inci? (o) = & X v, inci®(a) = & X vs.

The two possible inclusions of the arrow 3 € Ry are
incy*(B) = ug x B, incy?(PB) = ug x B.

Similarly, there are two inclusions of the path vf € R,:

incy (vB) = (un x v)(us x B),  incl(vB) = (uz x v)(uz x B).

The paths

& X vy, (ug X y)(ur x B) and (ug X v) (o x va)(uy X B)

in @ x R have projections

7T1(O(><U1):O( 7T2(OC><U1)=’U1
m1((u1 X y)(ur X B)) = uy m2((u1 x v)(u1 x B)) =vB
7T1((U2 X ’Y)((X X ’UQ)(’LLl X [3)) 04 7T2((U2 X ’Y)((X X 'UQ)('LLl X [3)) :’YB | |

Let us now introduce some convenient notation. Note that when we write a path
in a product quiver as a product of arrows, much of the information is redundant.
Take for example the path

(o0 X v3)(ug Xy)
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in the product quiver of Example 2.1. Once we know that the path should be the
product of some inclusion of & and some inclusion of y (in that order), the only
possibility is to include « at vz (the head of v) and y at u; (the tail of ). So we
would prefer to dispense with all the unnecessary information and write this path
simply as

xy.

To make such notation unambiguous, we must assume that the quivers @ and
R are disjoint; otherwise a single expression could be interpreted both as a path in
the product quiver and as a path in one of the factors. Thus we will, for the rest
of this chapter, assume that the operands in any quiver product are disjoint."

First define the products pq, gp, pr and rp of a path p in @ x R with a path
from one of the factors (¢ in @ and r in R) by

ap = inc* "™ (g) - p
pq = p-inc* ™ (g)
rp = incgl(h(p))(r) p
pr=p- incgl(t(p))(r).

Next define the products gr and rq of one path from each of the factors (¢ in @
and 7 in R) by

qr = inc?(r)(q) : inc;(q) (r)

rq = incg(q)(r) : incim (q).
The general rule behind all these definitions is that we include any path which is
not already in the product quiver at the unique vertex where it makes sense to
include it in order for the product to be nonzero, if at all possible.

Observe that using this notation, any path in @ X R can be written as a product
of arrows and vertices from ) and R. Furthermore, any path with nontrivial
projection in both coordinates can be written as a product of arrows from @ and

R.

Example 2.3. We apply the new notation to the product quiver

u X B uy Xy
Up X V1 —> U1 X Vg —> U1 X V3

Q X R: iocxvl J(O(X’Ug J{O(ng
ug Xy

ug X
Ug X V1] —> Ug X Vg —> U X VU3

from Example 2.1.

IWe will not use the assumption of disjoint quivers for anything besides simplifying the nota-
tion, so all our results hold for non-disjoint quivers as well.
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We can write the vertices as
U1V = U1 X U1
U1V = U1 X Vg
U1v3 = U1 X U3
and the arrows as
XU = X X U1
XV = X X V2

Xv3 = X X U3

CHAPTER 2. TENSOR PRODUCT OF ALGEBRAS

U2V1 = U2 X V1
U2V = Uy X Vg

U2V3 = Uy X V3

uip=u; xf
uzfp = up X f3

uyy =ui Xy
ugyY = uz XYy

For the longer paths we have, for example,

Bo = (ug x B)(ax X v1)

af = (x x v2)(uy x B)
uryB = (u1 x v)(ur x B)
ugyP = (ug x v)(uz2 x B)
ayp = (o x v3)(ur x y)(ur x B)
yaP = (u2 X y)(oe X v2)(ug X B)

YR = (u2 X y)(uz X B)(o X v1)
For any quiver ), we have the path length function I: Q. — Ny given by

o={

n
For the product quiver @) X R, define the component path length functions I; = lom

if ¢ is a vertex
if ¢ is the product of n arrows.

and ly =l omy. Then define the decomposed path length function l.: (Q X R). —
Ny x Ny by
L(p) = (li(p), 12(p))-
Note that for p € (Q x R)., we have l(p) = l1(p) + l2(p).
Example 2.4. Consider the paths
U = Uy X U1,
af = (X vg)(ur x B),
uryB = (u1 x y)(u1 x B),
ayp = (ot x vg)(ur x y)(ur x B)
in the product quiver @ x R of Example 2.1. We have
l(ugv1) =0 I (ugv1) =0 la(uyvy) =0 Li(u1v1) = (0,0)
HxB) = L(xB) = lo(af) =1 L(aB) = (1,1)
l(uryB) = li(uryB) =0 la(u1yB) =2 Le(u1yB) = (0,2)
l(xyB) = li(acyB) = lo(ocyB) =2 L(ayf)=(1,2) W
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2.2 Tensor product of path algebras

We will now show that taking the quiver product actually produces the appropriate
quiver for the tensor product of two path algebras. For the moment we consider
only actual path algebras; we shall generalize to quotients of path algebras in the
next section.

Let us first tackle the problem that bothered us earlier: The product quiver
does not represent tensor product basis elements in a unique way. Consider two
arrows «: u; — ug in @ and fB: vy — wve in R. Then a portion of the product
quiver @ X R looks like

uy X3
U1 X V1 — U1 X U9
axvll J{ang
uz X
Ug X V] —> Uz X V2.

Here we have two distinct paths

aff = (a x vg)(ug X ) and Ba = (ug X B)(a X v1)

in the product quiver, but the corresponding elements in the tensor product are
the same:

(@@v2)(u1 ®B) =a® B = (u2®B)(a®@uvy).

In other words, we would want such a square in the product quiver to commute.
So let us make it commute!
The obvious way to do this is to take all differences

af — Ba

(for arrows a in @ and § in R) as relations. We define x(Q, R) to be the set
consisting of these relations for the product quiver Q x R.

Definition. Let @ and R be quivers. The set x(Q, R) of commutativity rela-
tions in the product quiver ) x R is

/Q(Q,R):{Olﬂ—ﬁa|046Q17/8€R1}. ||

We shall now show that the commutativity relations x(Q, R) are exactly the
relations we need to turn the path algebra k(Q x R) over the product quiver into
an algebra isomorphic to the tensor product algebra kQ ®; kR. This result is
given in Proposition 2.2. A technical detail of the proof has been separated out as
Lemma 2.1.

Lemma 2.1. Let Q and R be quivers. For any path p in Q X R,

K(Q.R)
p ~  mi(p) - mAp).



30 CHAPTER 2. TENSOR PRODUCT OF ALGEBRAS

Proof. This result just states that we can reorder the arrows of a path in @ x R to
get all the path’s Q-arrows to the left of its R-arrows, without changing the path
modulo #(Q, R). Intuitively, this is obvious: x(Q, R) lets us reverse the order of
any pair of arrows which are not from the same quiver, so we can let each Q-arrow
“jump over” any R-arrow to its left it until we have a path where all Q-arrows
occur to the left of all R-arrows.

Let us now prove the result in a more rigorous way. We shall use induction on
the length 1. (p) = (I1(p), l2(p)). Order Ny x Ny by

(m,n) < (m',n') ifm<m andn <n'

For a path p whose projection onto one of the components is a vertex, p is equal
to m1(p) - ma(p). This constitutes the base step of the induction.

Now for the inductive step. Let p be a path with nontrivial projection in both
components, that is, I;(p) > 0 and la(p) > 0. Assume the result to be true for all
paths p’ with 1. (p’) < l.(p) (with the ordering of Ny x Ny given above). Write the
projections of p as

m(p) = an -, 2(p) = Bm -+~ Bu;

where the a; are arrows in @ and the 3; are arrows in R. To avoid problems with
empty products later, let? ag = t(a;) and By = t(51). Then we have

m1(p) = apn - - - ao, m2(p) = Pm -+ Po-

If we write p as a product of arrows, the leftmost arrow must be the appropriate
inclusion of either «,, or §3,,. Let us investigate these two cases.
First, assume that p = a,,p’, where

m(p') = an_1-- - ap, m2(p") = Bm -+ Po-

Then we have

p = app’

k(Q,R
@R -1 (1) - o ()

= ap(an_1---0)(Bm - Bo)
= ﬂ'l(p) -7T2(p)7

where the equivalence follows from the induction assumption.
Next, assume p = 3,,p’, where

7T1(p')=an~-~ao, 7r2(p’):ﬁm71...50_

2Note that we here temporarily break our name conventions and give vertices Greek names.
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Then

p=Bmp’
M B () - ()
= ﬂm(an e CVO)(ﬂmfl T 50)
= (Bman)(an—l e O‘O)(ﬂm—l te 50)
ML (@B ) (a1 00) (Bon1 o)
- an(ﬂmanfl te aO)(ﬁmfl e 50)
K(%R) an(anfl e O‘OBm)(ﬁmfl e ﬁO)
= mi(p) - m2(p). O

We are now ready to state and prove the result we want for tensor products of
path algebras.

Proposition 2.2. ([2], Proposition 3) For quivers @ and R, we have

kQ @k kR = E(Q x R)/(k(Q, R))

as k-algebras, with isomorphisms induced by

g1 [qr] for q € Q. and r € R,,
m1(p) ® m2(p) < [p] forp € (Q x R),.
Proof. We will show that the maps described in the result are well-defined algebra

homomorphisms, and then that they are the inverses of each other.
Define a k-module homomorphism ¢: k(Q x R) — kQ ® kR by

é(p) = m1(p) ® m2(p)

for any path p in Q x R, extending to k(Q x R) by linearity. We show that ¢
is a k-algebra homomorphism by checking that the conditions of Lemma 1.1 are
satisfied. We first show that ¢ preserves the identity element:

¢(1k(QXm):¢( > uxv) =) duxv)=> uev

u€Qo u€Qo u€Qo
vERy vERy vERy
B ( > u) N ( > U) = lkq ® lkr = lkQekr-
u€EQRo vERY

Second, we must show that ¢ preserves products of basis elements. Let p and p’
be paths in @ x R. If t(p) = h(p’), the product pp’ is a path, and we have

o(pp') = mi(pp") @ ma(pp') = (m1(p) - m1(p")) @ (ma(p) - m2(p"))

= (m1(p) @ ma(p)) - (m1(p") @ ma(p')) = b(p) - S(').
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If t(p) # h(p’), then we must have
t(mi(p)) # b(m(p)) or Hm(p)) # blma(p)),

h(p) = b(mi(p)) x h(m2(p)) and t(p) = t(mi(p)) x t(m2(p)).

This means that at least one of

mi(p) - mi(p') and w2 (p) - m2(p)
is zero, so
(m1(p) - m(p") @ (ma(p) - m2(p')) = 0.
We thus have

(p) - d(p) = (m1(p) © m2(p)) - (m1(p') @ w2 (p'))
= (m(p) - m(p')) ® (ma(p) - ma(p')) = 0 = $(0) = G(pp").

This completes the proof of ¢ being an algebra homomorphism.
We have x(Q, R) C ker ¢, since

P(af — fa) = ¢(af) — ¢(fa) =a®@f-a®pf =0

for any element a8 — Sa of k(Q, R). Thus there is an induced algebra homomor-
phism
¢: k(Q x R)[k(Q, R)) = kQ @ kR,
with B
¢([p]) = ¢(p) = m(p) @ m2(p)

for any path p in Q x R.

Let us now define the algebra homomorphism we need in the opposite direction.
Define the k-module homomorphism

P: kQ ®; kR — k(Q x R)/(k(Q, R))
by
Y(ger)=[gr],

on basis elements (¢ and r paths in @ and R, respectively), extending to kQ ® kR
by linearity. We again use Lemma 1.1 to check that we have an algebra homomor-
phism. We first show that the identity is preserved:

V(lrgerr) = (kg ® 1kr) = w(( > u) ® ( > v))

u€eQo vERY
—o( L ueo) = X vtueo = ¥ lwl=| X w)
u€Qo u€Qo u€Qo u€Qo
vERy vERg vERo vERy

= [Lu@xr)] = Le@xr)As(Q.R))-
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Second, we show that i preserves multiplication of basis elements. For basis ele-
ments ¢ ® r and ¢’ ® r’, we have

b((gor)(d @) =b(ed @ rr') = lag'r’] = [qrq'r) = [ar][d'"']
=P(qger) (¢ @),

where the marked equality follows from Lemma 2.1.

With both maps defined, the only thing that remains is to show that their com-
positions are the respective identities. It is sufficient to show this on a generating
set of each algebra. We have

oY(g@r) = ¢((gr]) = m(qr) @ ma(qr) =q @7

for a basis element ¢ ® r (with ¢ € Q. and r € R,) in kQ ®k kR, and

PYo([u x v]) = P(u @ v) = [uv] = [u x v] (for u € Qo and v € Ry),
Yo([a x v]) =P(a®@v) = [av] = [a X V] (for a € Q1 and v € Ry),
Uo([ux f]) = P(u® B) = [up] = [u x B] (for u € Qo and 8 € Ry)
for cosets of vertices and arrows in k(Q x R)/(k(Q, R)) (these generate the algebra
since their representatives generate k(Q x R)). O

We will now try this result out in an example.
Example 2.5. We continue using the quivers
Q: ur —>up
R: v —B> Vg _r. V3

from Example 2.1. We use Proposition 2.2 to find a quiver and set of relations for
the tensor product algebra

kQ ® kR.
We remember from Example 2.1 that the product quiver of @ and R is

ul X R ul Xy
UL X V1 ——> U1 X Vg ——> U1 X U3

Q X R: lOCX’Ul l(x)(’vg \LOCX’U;;
ua X B Uug Xy

U9 X V1] ——> Uy X Vg ——> U9y X VU3
The set of commutativity relations in Q x R is
#(Q, R) = {Boc— aB, ya— oy},

By Proposition 2.2, we have

kQ @x kR = k(Q x R)/(k(Q, R)),
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with isomorphisms
¢: kQ @k kR — k(Q x R)(r(Q, R)),
¥ k(Q x R)[(5(Q, R)) = kQ @k kR
induced by
o) =[gr] for g € Q4 and r € R,,
¥([p]) = m(p) @ m2(p) for p € (@ x R)..

Let us look at how elements of the tensor product kQ) ®; kR are represented
in the path algebra quotient k(Q x R)/(k(Q,R)). Assume that k is the field of
rationals. Let A and y be the elements

/\=20(+3U2,
Y =5YB + P

in kQ and kR, respectively. We will find the element of k(Q x R)/x(Q, R)) which
corresponds to A ® y. We have

PA®Y) = d(10(x @ YB) + 2(x @ B) + 15(uz @ YB) + 3(uz @ B))
=10-¢(x@YB) +2-d(x @ P) +15- p(ug @YP) + 3 - d(uz @ B)
= [100cyP + 2B + 15uayp + 3uzp].

For the opposite direction, consider the element

[2yBoc+yaB] € k(Q x R)[(k(Q, R)) .
We will see how this can be interpreted as an element of kQ) ®; kR. We have
([2vBo+vaB]) = ¥(2[yBa] + [yxB])
=2-([yBa]) + ([yap])
=2(mi(yBot) ® ma(YPx)) + mi(yaP) ® ma(voef)
=2(a®Yp) +ax®Yp
=3(a®Yp). ]

2.3 Quotients

Armed with the above nice result for path algebras, let us now turn to the more
general case of quotients of path algebras. We will show that the tensor product

kQ/p) @k kR /(o)
is isomorphic to a quotient of the path algebra
k(Q x R),

where @ and R are quivers, and p C kQ and o C kR are sets of relations.
We first show a small diagrammatical result which we will need in our proof.
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Lemma 2.3. Let T be a ring and

0 0 0
0 X Ay Y 0
J
0 A —s>pB—Ls0y 0
q q
p/
0 A Oy D 0
0 0 0

a commutative diagram of T-modules with exact rows and columns. Then the se-
quence

0 — imi +imj—= g~ p 0

s exact.

Proof. We immediately have that p’q is an epimorphism (it is the composition of
two epimorphisms) and ¢ a monomorphism (it is an inclusion). The composition

(P'q)e = (d'p)

is zero because p(b) = 0 for b € im¢ and ¢(b) = 0 for b € im j.

Now what remains is to show that kerp’q C im¢. This can be done by the
following diagram chase. Start with an element b € kerp’q. Chase it down, then
left, then up, to get an element a; € A; with gi(a;) = ¢(b). Chase b —i(ay) up to
an element as € As. Then

i(a1) + j(az) = i(a1) + (b —i(a1)) = b,
sob€imi+imj =ime¢. O

Now we will show how the tensor product kQ/(p) ®i kR/{o) can be described
as a quotient of the path algebra k(Q x R). In order to define the ideal we want
to divide k(Q X R) by, we need some way of transfering elements of p and o to
kE(Q x R). We extend the product quiver inclusion maps

incy : Qx — (Q X R). for v € Ry,
incy : R« = (Q x R). for u € Qo

by linearity, reusing the names, to get k-module homomorphisms

incy : kQ — k(Q X R) for v € Ry,
incy : kR — k(Q X R) for u € Qo.
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For each relation v € p, there are |Ry| possible inclusions incy(r) of v into
k(Q x R), corresponding to elements t ® v of the tensor product. But all these
are zero in kQ/(p) @ kR (o), so we can include them all in the set of relations we
divide k(Q x R) by. Similarly, this set of relations should contain all |Qp| inclusions
incy (s) of each relation s in o.

Given subsets X C kQ and Y C kR, we define the notation

inc;(X) ={incj(z) |z € X,v € Ry }
ince(Y) ={inc(z) | yeY,u € Qo }

for the sets consisting of all inclusions of elements of X and Y, respectively, into
the product quiver @ x R. Using this notation, the relation sets

p CkQ and o CkR
are transferred to
inci(p) C k(Q X R) and inca (o) C k(Q X R)

in the path algebra over the product quiver.

Furthermore, we must, as for the non-quotient case, divide out by commutativ-
ity relations.

With this in mind, we now state and prove the main result of this chapter.

Proposition 2.4. ([3], Lemma 1.3) Let kQ/(p) and kR/(o) be quotients of path
algebras. Then

kQ/(p) @k kR /(o) = k(Q x R)[inci(p) Uincy (o) U k(Q, R))
as k-algebras, with isomorphisms induced by

lq] ® [r] = [qr] forq€ Q. and r € R,,
[m1(p)] @ [m2(p)] = [p] forp € (Q x R)..

Proof. We will show the result by first expressing
kQ/(p) @1 kR /(o)

as a quotient of kQ ®; kR, then translating to a quotient of k(Q x R) by using
Proposition 2.2.
We have exact sequences

0 (p) > kQ kQ/(p) — 0

and

0 (0) 2> kR kRf(o) —=0.
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By combining these we can form the diagram

0 0 0

0——(p) @k (0) ——(p) @x kR (p) @k kRflo) ——0

11 ®id

4e _ p0Q @ kR

00— kQ ®y (o)

kQ ®r kR/(o)

0

0 —=kQ/p) @1 (o) —=kQ/(p) & kR —— kQ/(p) @k kR /(o) — 0

0 0 0

where each map is the tensor product of a map from one of the above sequences
with the appropriate identity map. The diagram commutes because

(id®g)o (f®id) = f®g = (f ®id) o (id ®g)

for any maps f and g, and identity maps id. Since all k-modules are flat (k is a
field), the rows and columns are exact.

By Lemma 2.3 (and by identifying (p) ®1 kR with im(1; ® idxr) and kQ ®y, (o)
with im(idkg ®t2)), we get an exact sequence

00— ((p) @ kR) + (kQ @4 (7)) kQ &y kR —"= 4F @y HE —~ ¢
of k-vector spaces and k-linear maps, where ¥ is given by

dg@r) =g @][r]

for paths ¢ € Q. and r € R.. Furthermore, kQ ®; kR and kQ/(p) @ kR/(o) are
k-algebras, and ¥ is a k-algebra homomorphism (this is easy to see, since the maps
kQ — kQ/(p) and kR — kR /(o) are k-algebra homomorphisms).

Since kQ®r kR = k(Q x R) /[k(Q, R)) (by Proposition 2.2), this effectively gives
a k-algebra epimorphism

k(Q x R)(r(Q, R)) = kQ/(p) @1 kR/(o) .

To express kQ/(p) @k kR /(o) as a quotient of k(Q x R), we want to find the kernel
of this epimorphism. The following diagram illustrates the situation, with ¢ and
1 the isomorphisms from Proposition 2.2.

0 —= ({p) @x kR) + (kQ @1 (0)) = kQ @) kR —= ¥ @4 £ —

)

C KQxR) Y kQ o kR
0 ——— ker(99) QR o) €k (o) 0
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It is clear that
ker(J¢) = ¥ (kerd) = v (({p) @k kR) + (kQ ®x (0))).

By applying ¥ to a generating set of (p) ® kR+ kQ ®y (o) (as ideal in kQ ®y kR)
we will get a generating set of ker(d¢) (as ideal in k(Q x R)/(k(Q, R))). Let us
therefore look at generating sets for (p) ®x kR and kQ ®j, (o).

For subsets A C kQ and B C kR, denote by A ® B the subset

{a®blac A beB}

of kQ ®y, kR. Using this notation, we see that the ideals (p) ®j kR and kQ ®y, (o)
are generated by the sets

PR Ry and Qo ® o,

respectively.
Let x ® v be an element of p ® Ry, with « € p and v € Ry. Write z as Zl aiq;
for some a; € k and ¢; € Q.. Then

®v) = Zai'¢(Qi ®v) = Zai[qw}

= lz a; (qiv)| = [Z a; iHCIf(Qi)] = [1110711 (Z ain’)]
= [inc{ (z)].

Thus ¥ (p® Ry) consists of all elements in k(Q x R)/(x(Q, R)) of the form [inc} ()]
for z € p and v € Ry. These elements are the cosets modulo (k(Q, R)) of the
elements of incy (p), so they generate the ideal

(inci (p)) + (w(Q, R))
(r(Q, R))

of k(Q x R)(x(Q, R)).
Similarly,

Y(Qo®o)={ [incy(y)] | u€Qo, y€o},
which is a generating set for

(r(Q, R))
(r(Q, R)) '

Thus we have

Y({p) @k kR+kQ @y (0) ) =¥ ((p® Ro) + (Qo ®0))

= (Y(p® Ro)) + (¥(Qo ® 0))

_ (inci(p)) + (5(Q, R)) n (inca (o)) + (K
(k(Q, R)) (k(Q, R))
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_ (inci(p)) + (incy(0)) + (w(Q, R))
(r(Q, R))
~ (incy(p) Uinca (o) Uk
(r(Q, R))

(Q R))

This means that

(incy (p) U inca (o) U k(Q, R))

ker(9¢) = "(Q. B)) ’

so ¥¢ induces an isomorphism

). K(Q x R)AK(Q, R)
iner(p) Utnes(0) U A(Q, ) /((Q, )

given by

= kQ/lp) @k kR/(o)

0([[x]]) = do([])

for an element z € k(Q x R). The action of § on generators (cosets of paths) is

0([[pl]) = 99([p]) = 9(m1(p) @ ma(p)) = [m1(p)] @ [m2(p)]

for a path p € (Q x R).. The inverse 0~ is given on generators by

0~ ([a] @ [r]) = [lar]]
for paths ¢ € Q. and r € R,, since 71(¢r) = q and ma(gr) = r.
By the Third Isomorphism Theorem (for algebras),
k(Q x R)(k(Q, R)) . k(Q x R)
(incy(p) Uinez (o) Uk(Q, R)) /(K(Q, R))  (inci(p) Uincz (o) U K(Q, R))

by the correspondence

[[z] < [z].
So we have

kQ/p) @k kR /(o) = k(Q x R)/(x(Q, R)

)
(incy (p) Uiney(0) U k(Q, R)) /{s(Q, R))’

with isomorphisms induced by
[q] ® [r] — [g7] for g € Q. and r € R,,
[m1(p)] ® [m2(p)] < [p] for p € (Q x R).. O

We will now use this proposition in an example.

Example 2.6. Let (Q and R be the quivers
G Q B \ /
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Let p C kQ and o C kR be the following sets of relations:
p={B*},
o= {6y — Ce}.

We will use Proposition 2.4 to find a quotient of a path algebra which is isomorphic
to the tensor product

kQ/(p) ®r kR /(o) .
The product quiver ) X R is
up X v
uy Xy uy X0
XXV
Uup X U1 Ug X V2 U1 X Vg
u2 XYy U Uz X0
B Xv2
aXvy X XVyq
QxR
Uy X e up X
U2 X V1 Uy X v3 U2 X Vg
O O
/
[5)(’[)1 BX'U4
X Xvs
U X € u2><C
U X V3
B xwvs

The relations we get by including p and o into Q x R are

inCl(P) = {B2U17 B2U2a 62’113, 621]4}7
inca (o) = {&yuy — Ceuq, Syus — Ceus}.

The set x(Q, R) of commutativity relations is

K(Q,R) = {aty — yo,ad — dox, e — e, ol — (e,
BY - YBa [36 - 5[‘)’7 BE - 5{?’; 6C - CB}

By Proposition 2.4, we have

kQ/p) @k kR/(0) = k(Q x R) [incy (p) Uincy(0) U K(Q, R)) . [









Chapter 3

Bimodules

In this chapter, we show how bimodules over quotients of path algebras can be
described by representations over quivers. The first two sections of this chapter
give bimodule versions of the definitions and results of Section 1.2. Then Section 3.3
shows how we can turn a representation for a bimodule y Mt into representations
for the one-sided modules M and Mrp. Finally, Section 3.4 shows how to find a
representation for the A—A-bimodule structure of an algebra A.

3.1 Representations for bimodules

If A and T are k-algebras, then a A-T-bimodule is the same as a left A ®; ['°P-
module. If M is such a module, then the correspondence between these two module
structures is given by

Axmxy=(AQYP)®@m (3.1)
for elements A € A, v € I" and m € M, where * denotes the multiplication of M as
A-T'-bimodule, and ® the multiplication of M as A ®; I'°P-module.

For (quotients of) path algebras, this means that a bimodule can be described
by a representation over the product quiver. Let kQ /(p) and kR /(o) be quotients of
path algebras. Then, by the above correspondence and Proposition 2.4, a kQ /(p)—
kR /(c)-bimodule can be described by a representation over @) x R°P respecting the
relation set

incy (p) Uinca(0°P) U K(Q, R°P).

In this section, we will find out how we can turn such a representation into a
bimodule, and vice versa. We first consider an example of a representation over a
product quiver, to see how the induced bimodule structure behaves.

Example 3.1. Let Q and R be the quivers
Q: ur —>>uy

B Y
R: v] — v —> v3
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By Proposition 2.2, we have
kQ ®k kR°P = k(Q x R°P)/k(Q, R°P)) (3.2)
with isomorphisms induced by
q @ 1P = [qroP] for ¢ € Q. and r € R,
m(p) @ ma(p) = [p] for p € (Q x R°P)..
Here @Q x R°P is the product quiver

u1 X B°P ug Xy°P
UL X V] <=— UL X Vg <—U] X U3
op .
Q x R l l ia
Uz X °p U X P

U X V] =—— U X Vg <—— U X U3
and k(Q, R°P) is the commutativity relation set
R(Q. BP) = {aB — BPat, ay™ —y o)
Let (V, f) be the following representation over ¢ x R°P:

1

B <k

ol

k<=—0=<—%

Since both squares in the representation commute, the representation respects the
relation set (@, R°P). Let M be the corresponding k(Q x R°P) /(k(Q, R°P))-module.

We will see how this induces a k@Q—k R-bimodule structure on M, by first turning
M into a left kQ ® kR°P-module by the isomorphism of Equation (3.2), and then
turning it into a kQ-kR-bimodule by Equation (3.1).

To distinguish between the different module structures, we use the symbols *
and ® for the scalar multiplications of M as left k(Q x R°P)/(k(Q, R°P))-module
and left £Q ®; kR°P-module, respectively. We thus write:

X *m for y € k(Q x R°®)/(k(Q, R°?)) and m € M,

AR4P)@®m for A € kQ, v € kR and m € M.
By the correspondence of Equation 3.1, we have
Amy=(A@yP)®m
for an element m € M, and algebra elements A € kQ and v € kR. We can express
left multiplication with a path ¢ € Q. by
gm =q-m-1lgr = (¢® lgrer) ®m
=(q® (v1 +va+v3)) ®m
=(qu)®@m+ (¢Quz) ®m+ (¢ v3) ®m
= (qu1) * m + (qua2) * m + (qus) * m.
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Similarly, right multiplication with a path r € R, is expressed by

mr=1yg -m-r=(lig @r®)®@m
= ((u; +uz2) @r°P) ® m
=(u @rP)®m+ (u2 @1°°) ®@m
= (u1r°P) * m + (u2r°?) * m.

Let B be the left uniform basis for M (as k(Q x R°P)-module) given by the
following diagram:

a
(b)<—c<—d

]

e<—()=—f

We compute all products of the basis element d with paths of () on the left and
paths of R on the right:

Uld
Ugd

(urv1) *d + (wrv9) *d + (ugv3) *d=0+0+d=d
(ugv1) * d + (ugv2) * d + (uguz) *d=0+0+0=0
(1) *d + (awg) xd + (ow3) *d=04+0+f =1
= (wrv1) *d + (ugv1) *d=0+0=0

dvz (urv2) *d + (ugvy) xd=04+0=0
(u1v3)
(
(

R
o
|

uvg) *d + (ugv3z) xd =d+0=d
u1BP) xd+ (uap?)*d=04+0=0
u1YP) xd + (uey®)xd=c+0=c
d(vB) = (11 BPY™) +d + (usBPy) xd = (a +b) + 0 =a +b

There are a few observation to make here. The basis element d lies in the vector
space Vi, xv; Of the representation. We see that in order for a product ¢d to be
nonzero, the path ¢ must have u; as its tail, and in order for a product dr to be
nonzero, the path r must have vs as its head. Furthermore, the vertices u; and wvg
act as a left and right identity, respectively, on d. When it comes to multiplication
by arrows, we see that left multiplication of d by o is given by the map fyxv, of
the representation, while right multiplication of d by 7y is given by the map fy, xyor
of the representation. [ ]

The moral of the above example is that when we represent a kQ /(p)-kR/(c)-
bimodule by a representation over () x R°P, the linear maps in the representation
corresponding to arrows of the form

axXv for a € Q1 and v € Ry

describe left multiplication by «, while the maps corresponding to arrows of the
form
u x [P for u € Qo and 8 € Ry
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describe right multiplication by 8.

We will now aim to give a precise description of the correspondence between
bimodules and representations over product quivers. We will first describe how
bimodules correspond to modules over product quivers. Then it will be easy to
see (although somewhat tedious to describe precisely) how they correspond to
representations.

The following proposition gives the relationship between left multiplication by
paths of the product quiver and simultaneous left and right multiplication by paths
in a bimodule.

Proposition 3.1. Let kQ/(p) and kR/(o) be quotients of path algebras. Then any
kQ /[ p)—kR/(c)-bimodule is also a left module over

k(Q x R°P) [(incy(p) U incz(0°P) U (Q, B?P)) ,

and vice versa. Let M be such a module, and denote its scalar multiplication as
bimodule by x and its scalar multiplication as left module by ®. Then the corre-
spondence between these two module structures is given by

gxmxr=[gr*] ®m
for a module element m € M and paths g € Q. and r € R,.
Proof. We know that kQ/(p)—kR/{c)-bimodules correspond to left modules over
kQ/(p) @k kR [0°P)
by Equation (3.1), and these again correspond to left modules over
E(Q x R°P)fincy(p) Uinca(c°P) U k(Q, R°P))

by the isomorphism of Proposition 2.4. Following these two correspondences, we
get

gxmxr=(q7r°P) em = [gr’] ® m

for a module element m € M and paths ¢ € Q. and r € R,, where e denotes the
scalar multiplication of M as left module over

kQ/p) @r kR [a°P) . O

When using the correspondence of the above proposition to convert a left mod-
ule over the product quiver into a bimodule, it is convenient to know the result of
one-sided multiplication of a module element by a path. The following proposition
tells us how to find this.

Proposition 3.2. Let kQ/p) and kR/(c) be quotients of path algebras, and let M
be a left module over

kE(Q x R°P)fincy (p) Uince(c°P) U k(Q, R°P)),
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with scalar multiplication denoted by ®. Then, in the induced kQ/[p)-kR/(c)-
bimodule structure on M, we have

qgm = Z (qv) ®m for a path q € Q. and an element m € M,
vERy

mr = Z (ur?) ® m for a path r € R, and an element m € M.
u€Qo

Proof. Using Proposition 3.1, we compute

quQ'm'lkR/<a)ZQ'm'(Z[U])
vERo

= quv: Z(qv)@m

vERy vERy
for a module element m € M and a path ¢ € Q.. An analogous computation gives
mr = Z (ur?) ® m
uEQo

for a module element m € M and a path r € R,. O

Now we can create an explicit description of the correspondence between bi-
modules and product quiver representations by using the two above propositions,
together with the usual correspondence between modules and representations for
the algebra

E(Q x R°P)/(incy (p) Uinca(o°P) U k(Q, R°P)) .

The following two propositions do precisely this. First we show how to go from a
bimodule to a representation.

Proposition 3.3. Let kQ/(p) and kR/(c) be quotients of path algebras, and let M
be a kQ[p)-kR/(c)-bimodule. Then the representation over @ x R°P corresponding
to M is (V, f), where the vector spaces are

Vuxo = uMv
for each pair of vertices u € Qo and v € Ry, and the maps are given by

foz><'uz Vvt(a)xv — Vh(a)xv
T — T

for an arrow o € Q1 and a vertex v € Ry, and

Juxpor: Vuxp) = Vuxu()
T xS

for a vertex u € Qo and an arrow B € R;.
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Proof. We use Proposition 3.1 and the correspondence between modules and rep-
resentations described in Section 1.2.

To distinguish the module structures on M, we denote the scalar multiplication
of M as left k(Q x R°P)-module by x*.

For a pair of vertices u x v € Qg X Ry, we get that the vector space V,,x, at the
vertex u X v of the product quiver is

Vixo = (u X v) x M = uMo,

by first using Equation (1.1), and then Proposition 3.1.
We will now describe the linear map

fa><'uz ‘/t(a)xv — Vh(a)xv

for an arrow « X v of the product quiver, where « is an arrow in @ and v is a vertex
in R. For an element m € V{(4)xv, We have

Saxv(m) = (@ X v) *m = amv = am,

by first using Equation (1.2), then Proposition 3.1, and finally the fact that mv =
m, since m is an element of Vi(q)xy-

Finding the linear map fyxger for a vertex u € p and an arrow 5 € R; can
be done in a similar way. O

Now we will show how to go from a representation to a bimodule.

Proposition 3.4. Let kQ/(p) and kR/(c) be quotients of path algebras, and let
(V, f) be a representation over Q X R°P respecting the relations

incy (p) Uinca(0°P) U k(Q, R°P).

Then the corresponding kQ /(p)-kR/(c)-bimodule M is

M= @ Vuxv

uEQo
vERy

as k-vector space. For an element m € M and a pair of vertices u X v € Qg X Ry,
denote by My x, the component of m belonging to the vector space Vi x..

The scalar multiplications of elements of m by algebra elements on the left and
right are defined as follows. Let m be an element of M. For vertices u' € Qg and
v’ € Ry, the products w'm and mv' are given componentwise by

’ Myxo if u=1
u'm = .
(W'm)usco { 0 otherwise

/ _ Myxo fv =21
(M0 )uxo = { 0 otherwise
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for every pair of vertices u X v € Qg X Rg. For arrows o € Q1 and § € Ry, the
products am and mfB are given componentwise by

(am)uxo = { faxv(My@a)xv) if u="h(a)

0 otherwise

(mB)uxv = { (J)c“““" (Muxnys)) if v=1t(B)

- otherwise

for every pair of vertices uxv € Qo X Ry. For arbitrary algebra elements A € kQ /(p)
and v € kR/(o), the products Am and m~ are defined by extending from the above
definitions for vertices and arrows using the module axioms.

Proof. We use Proposition 3.2 and the correspondence between modules and rep-
resentations described in Section 1.2.

To distinguish the module structures on M, we denote the scalar multiplication
of M as left k(Q x R°P)-module by x*.

Equation (1.3) gives the description of M as vector space:

M = EB Vo

u€Qo
vERY

We need to find the result of multiplying a module element with a vertex or
arrow on either side.

We first compute the product w'm of a vertex v’ € Qg and a module element
m € M. By Proposition 3.2, we have

u'm = Z(u’xv)*m.

vER

For a pair of vertices u x v € Qg X Ry, the (u X v)-component of u'm is

e = (T W xhem) = 3 (5o,

UuUXv

v’ €Ro v'E€Ry
 muxe fu=1
0 otherwise;

where the last equation follows from using Equation (1.4) on (u' x v’) % m:

/ / o Muyxwv ifUXU:U/Xv/7
((u' xv') m)uxv - { 0 otherwise.

The computation for the product mv’ of a module element m € M and a vertex
v’ € Ry is similar.

We now compute the product am of an arrow o € ;1 and a module element
m € M. By Proposition 3.2, we have

am = Z(axv)*m.

vER
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For a pair of vertices u x v € Qg X Ry, the (u x v)-component of am is

@ = (X @xem) = 3 ((@xo)em),.,

UuUXv

v’ €Rg v’ E€Ry
_ faxv(mt(a)xv) lfu:h(a)7
0 otherwise;

where the last equation follows from using Equation (1.5) on (@ X v') % m:

/

, . faxv’(mt(a)xv) ifuxv= f)(a) X v,
((0‘ X v') * m)uxv - { 0 otherwise.

Finally, we compute the product mS of a module element m € M and an arrow
B € Rq. This is similar to the above computation for am, except that we need to
change to 8°P when translating to the left module structure. By Proposition 3.2,
we have

mf = Z(uxﬁ"p)*m.

u€Qo

For a pair of vertices u X v € Qg X Ry, the (u X v)-component of mp is

(mBuxo = (30 (@ x B em) = 3 (W x BP)xm),,

u’ €Qo uxv u’ €Qo
_J Juxper(musxy(p)) i u=1t(3),
0 otherwise;

where the last equation follows from using Equation (1.5) on (u’ x 5°P) % m:

/ op o fulxﬁop (muxt(ﬁop)) if U Xv= u/ X h(/BOp),
((u X BF) + m)uxv - { 0 otherwise. 0

Now that we have established our desired correspondence, we will identify bi-
modules over quotients of path algebras with representations over the product
quiver respecting the necessary relations, just as we identify left modules over a
quotient of a path algebra with representations over its quiver.

3.2 Uniform elements and bases

For one-sided modules over path algebras, we have the notions of left uniform
elements and left uniform bases. We will now define similar concepts for bimodules.
Since these involve multiplication on both sides, we use the term “uniform” instead
of “left uniform”. We also extend the notion of “heads” and “tails” to uniform
bimodule elements.

Definition. Let kQ/p) and kR/(c) be quotients of path algebras, M a kQ /(p)—
kR /(c)-bimodule and m an element of M. Given vertices u € Qp and v € Ry, we
say that m is (u,v)-uniform if

umuv = m.
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The element m is uniform if it is (u, v)-uniform for some pair of vertices (u,v).
If m is (u,v)-uniform, we define the head and tail of m by h(m) = u and
t(m) = v, respectively. [ |

& An element m of a kQ/(p)—kR/(o)-bimodule M is (u,v)-uniform if and only if
it is left (u x v)-uniform when M is viewed as a left k(Q x R°P)-module. |

& If kQ is a path algebra and I C k@ an ideal, then we have two different definitions
of uniformity for elements of I. We can either use the definition on page 14, viewing
the elements of I as elements of the path algebra, or we can use the definition above,
viewing I as a kQ-bimodule. Fortunately, these two definitions coincide. |

Definition. Let kQ/p) and kR/(c) be quotients of path algebras, M a kQ/(p)—
kR /(o)-bimodule and B a k-basis for M. Then B is a uniform basis if every
element of B is uniform. |

& If B is a basis for a kQ /(p)—kR/{o)-bimodule M, then B is uniform if and only
if it is a left uniform basis for M as left k(Q x R°P)-module. |

We have already (in Example 1.1) introduced a diagrammatical notation for
describing a left uniform basis. We can use the same notation to describe a uniform
basis, as shown in the following example.

Example 3.2. Consider the kQ—kR-bimodule M from Example 3.1, given by the
representation
G)
BP<—k=<=—%k
T
k<=—0=<—k%
over the product quiver

op op

u1 X3 ul X
Uy X V] <=— UL X Vg <—U] X U3
op .
Q x R lm la ia
ug X 3P ug Xy°P

Ug X V] <=— U2 X Vg <—— Uy X U3

In Example 3.1, we had a left uniform basis B for M as left k(Q x R)-module. By
the note above, B is then a uniform basis for M as kQ—kR-bimodule. The basis B
was given by the following diagram:
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We will from now on use such diagrams to describe uniform bases of bimodules.

In a diagram like this, the (u,v)-uniform elements of the basis are placed at
vertex u X v, for each pair of vertices u € Qp and v € Ry. In our basis B, we see
that a and b are (u1, v1)-uniform, c is (u1, vz )-uniform, and so on. Thus, the heads
and tails of the basis elements are:

h(a) = uy t(a) =0
h(b) =u; t(b) = vy
hlc) =w t(c) = vy
h(d) =w t(d) = v3
hle) = uz tle) = vy
h(f) = us t(f) = vs |

The fact that we define heads and tails of uniform bimodule elements indicates
that we want to think of these elements as being similar to paths. The motivation
behind this becomes clear in Chapter 4, where we will make arrows that represent
uniform basis elements of a bimodule. Then we will use the head and tail of each
basis element as head and tail of the arrow we construct to represent it.

3.3 Forgetting module structure

Given a kQ—kR-bimodule M, we can forget one of its module structures to obtain
a left k@Q-module or a right kR-module. We shall now show how to find represen-
tations over () and R°P for these module structures, given a representation for M
over () X R°P.

It turns out that there is a very simple method for doing this: If we view the
product quiver Q x R°P as a rectangular grid where each column is a copy of @
and each row a copy of R°P, we can find the representation for M over @ or R°P
simply by summing along the rows or columns. The following proposition makes
this precise.

Proposition 3.5. Let kQ/(p) and kR/(o) be quotients of path algebras. Let M
be a kQ/(p) @k kR/(c)-module given by a representation (V*, f*) over @ x R°P.
Define the representation (VS f@) over Q where the vector spaces are

Ve =P Vi
vERy

for vertices u € Qq, and the maps are

Q.1/Q Q
J&+ Viday = Vilay

(20)very = (faxo(®))vero

for arrows o € Qq. Similarly, define the representation (VRop,fRop) over R°P
where the vector spaces are

R°P X
v, Vi

L =
u€EQo
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for each vertex u € Ry, and the maps are

R°P | R°P R°P
Feor = Vi) = Vi(p)

(Tu)ueqo = (fgxﬁﬂp (Tu))ueqo

for each arrow € R;y.
Then (V?, fQ) is a representation for M as left kQ-module, and (V™ &™)
s a representation for M as right kR-module.

Proof. We show that (V¥, f?) is a representation for M as left kQ-module. That
(VROP, f Rop) is a representation for M as right kR-module can be shown in a similar
way.

Let M be the left kQ-module given by the representation (V©, f?). We will
show that

M=>=M
as left kQ-modules. Then it will follow that M is also a kQ/(p)-module, and
isomorphic to M as such.

For an element m of M and vertices u € @y and v € Ry, we denote the
component of m belonging to the vector space V.5, by mux,. For an element m
of M and a vertex u € Qg, we denote the component of m belonging to the vector
space V.9 by m,,. For an element z € V,?, we denote the component of x belonging
to the vector space V.5, by Z,.

As vector spaces, M and M are clearly isomorphic, since

=P ve=-P (@ VJXD) ~ P vy, =M

u€Qo u€Qo vERo u€Qo
vERg

We have a vector space isomorphism
¢: M — M

given componentwise by
¢(m)u><v = (mu)v
for an element m € M and vertices u € Qp and v € Ry.
Now we only need to check that ¢ is a kQ-module homomorphism. Since we
already know that it is a vector space homomorphism, it is enough to show that it
preserves multiplication by vertices and arrows.

Let m be an element of M. Given a vertex u’ € Qq, we have (by Proposition 3.4
and Equation (1.4))

T

WX 0 otherwise;
and
’ _ / (1.4) (mu)v if u= ula
Pum)uxy = ((Wm)u)o = { 0 otherwise;
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for any pair of vertices u € Qg and v € Ry, and thus
u' - g(m) = ¢(u'm).

Given an arrow a € @)1, we have (by Proposition 3.4 and Equation (1.5))

(a . Cb(m))uxv 3:4 { f;xv(qs(m)t(a)xv) = fo>j><v((mt(a))v) if u= h(a)7

0 otherwise;
and
¢(am)u><v = ((am)u)v
w5) [ (f&(mia))o = farxo((Migay)v) if u=b(a),
0 otherwise;
for any pair of vertices u € Qg and v € Ry, and thus
a-¢(m) = ¢(am). O

Example 3.3. Let us apply the above proposition to the bimodule M from Ex-
ample 3.1. We had the representation

1
k2<& <1;

k
Vi l
0

k<=—0<—

k
ll
k
over @ X R°P for M as kQ—kR-bimodule, and a uniform basis B for M given by

B

-1 1]

e<—()=—
By Proposition 3.5, M as left kQ-module is given by the representation

k4

k2

over . This can be viewed as the sum of the columns in (V, f). From the uniform
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basis B, we derive a left uniform basis

O <— Q0T

for M as left kQ-module.
Similarly, M as right kR-module is given by the representation

6 oo

k<—k=<—"k%,

over R°P. This can be viewed as the sum of the rows in (V, f). From the uniform
basis B, we derive a left uniform basis

a
b|<~<—c<~— (?)
e

for M as left kR°P-module. | |

3.4 The enveloping algebra
If A is a k-algebra, then the enveloping algebra of A is
A° = A ® A°P.

Thus a A-bimodule is the same as a left A®~-module. In particular, we can view
A as a left A®-module. For a path algebra kQ/(p), this means that the kQ /p)-
bimodule structure of kQ /(p) can be described by a representation over the product
quiver @ x Q°P. We will now look at how we can use Proposition 3.3 to find this
representation.

Consider a path algebra A = kQ. Let (V, f) be the representation over Q x Q°P
for A as A-bimodule that we get from Proposition 3.3. The vector space at vertex
u X v (for uw and v in Qq) is

Vuxo = ulv.

This is the set of all (u, v)-uniform elements, and has a basis consisting of all paths
from v to u. The linear map

foz><'u: Vvt(a)xv — Vh(a)xv
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for an arrow a € Q1 and a vertex v € Qg is defined by left multiplication with «.
On our basis, consisting of paths, this just means concatenating with a on the left.
Similarly, the map

Fuxpor: Vuxp() = Vuxus)

for an arrow 8 € 1 and a vertex u € Qg is given on basis elements by concatenating
with S on the right.

If A is a quotient of a path algebra, we can find a representation for A as
A-bimodule in a similar way, except that the basis for the vector space

ulv

does not necessarily include representatives of all paths from v to u, only a linearly
independent subset.

The following example shows the process of finding a representation for the
bimodule structure of a path algebra.

Example 3.4. Let () be the quiver

B

Q; Ul *“>U2 us
—

v

We will find a representation (V, f) over @ x Q°P for kQ as k@-bimodule.
The product quiver @ x Q°P is

wy X x°P uIXBOp
<
U X U] <— U1 X Uo Uy X usg
Ul XVOP
X XU xXXug axXusg
ug X P u2 X p°P
-
QXQOP: Uy X U] <— U2 X U U2 X U3z
ug Xy P
BxXuy Y Xug B Xus Y Xusz BxXus Y Xus
uz X a°P us X P
-
U3 X U] <— U3 X Uy uz X usg
ng‘YOp

By taking the set of all paths from v to u as basis for the vector space V, x, of
the representation, we get the following uniform basis:

Uy <—02 0

L

X <——U2

I

() ()3
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Since the maps of the representation are given, on basis elements, by left or right
concatenation with the appropriate arrow, we see that the representation is

l ,l

0

%

\%
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Chapter 4

Triangular matrix algebras
and trivial extensions

In this chapter, we will look at two different constructions involving one or two
algebras and a bimodule.

Given two k-algebras A and I', and a A-T-bimodule M, we have the lower
triangular matrix algebra

r o\ [(~v 0
(& D-{( Ypesermes)

where the addition and multiplication are defined as usual matrix addition and
matrix multiplication, respectively.

A similar construction, called trivial extension, involves a k-algebra A and a A-
bimodule M. The trivial extension of A by M, denoted A x M, is a new k-algebra.
As a vector space, it is the direct sum of A and M. The multiplication is given by

(A1, m1) (A2, ma) = (A1 A2, Aima + myAa).

for elements (A1, m1) and (A2, m2) of A x M.
Trivial extensions can be viewed as a generalization of triangular matrix alge-
bras, since any triangular matrix algebra is isomorphic to a trivial extension (this

is Proposition 4.7):
r 0\ .
(M A):(AXF)IXM.

When the algebras involved are quotients of path algebras, a triangular matrix
algebra or trivial extension is isomorphic to a quotient of a path algebra. The goal
of this chapter is to describe how to find the quivers and relations of these algebras.

The methods we will use produce quivers which may contain superfluous arrows,
and relations that make these arrows equal to other paths. Thus, the relation sets
are not necessarily admissible. In the next chapter, we will look at how we can fix
this problem.
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4.1 Triangular matrix algebras

Consider two quotients of path algebras kQ /(p) and kR/(c), and a kQ/(p)-kR/(o)-
bimodule M. We shall look at how to compute the triangular matrix algebra

(mf\/4< 7 kQ?(P))

as a quotient of a path algebra. We will for convenience assume that the quivers
@ and R are disjoint.

Let us first discuss the idea of the method we will be using. To avoid unnecessary
complications, we assume that the sets p and o of relations are empty, so that our

algebra is just
kR 0
M kQ

with M a kQ—-kR-bimodule. When we come to the more formal description later,
the addition of relations will not cause any problems.

First consider the case M = 0. Then the matrix algebra is isomorphic to the
direct product of kQ and kR, which we know (from Proposition 1.3) is isomorphic
to the path algebra over the union @ U R of the quivers:

(k(f k%?) ~ Q x kR =~ k(Q U R).

Under this isomorphism, paths of Q U R correspond to elements of the matrix
algebra as follows:

0 0

q < (0 q) for q € Q.,
r 0

T 4> (O O) for r € R,.

Now, if M # 0, we could start with the quiver Q@ U R (and the above corre-
spondence between paths and matrices), and then add some paths to represent the
module elements. Let B be a uniform k-basis for M. Then each element b of B is
uniform, and thus has a head §(b) € Qo and a tail t(b) € Ry. We have

COEY-D-CoE Y
so the element
6

could be represented by a path from t(b) to h(b). Let us create an arrow

B t(b) — h(b)
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for each basis element b € B, and add these to the quiver Q U R. We denote the

resulting quiver by R B, Q. We use the following correspondence between the new
arrows and elements of the matrix algebra:

— 0 0
b<—>(b O) for b € B.

Now every element of the matrix algebra is represented by some linear combi-

nation of paths in the quiver R 2, Q. But this quiver contains too much! Consider
a basis element b € B and an arrow « € @1, with

t(a) = b(b).

Then ab is some element of M, and thus it can be written as a linear combination
of basis elements from B, say
i

for basis elements b; € B and coefficients z; € k. In the matrix algebra, we have

G )6 0)= (o o) =2=( o)

When we look at the corresponding elements of k(R B, Q), we see that

0 0\ /0 O —
(0 a> (b O> corresponds to a b,

which is a path of length two, while
0 0 —
Z T; (bz’ O) corresponds to Z x; b; ,
3 3
which is a linear combination of arrows. To get an isomorphism between the matrix

algebra and the new algebra we are producing, we need these to be the same. So
we introduce the relation N _
ab — Z ZT; bl s
i

together with similar relations for all other products
— —
ab and bp

of basis elements b € B and arrows o € (1 and 8 € R;. We call the set of these
relations

w(Q, R, B).

Using the quiver and relations we have created now, we will get

(lﬁ k%) =~ k(R 2> Q) /n(Q, R, B)).
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This is stated (in a slightly more general version) later in this section as Proposi-
tion 4.1, and we will prove it in Section 4.3.

Now that we have an idea of what we are going to do, let us write more precise
definitions of the quiver

rREQ
and the set of relations

wmQ, R, B)

in terms of the quivers @ and R and the uniform bimodule basis B.

Note that for creating the new quiver, we do not use the fact that B is a basis
for a bimodule — we only use it as a set with a head and a tail for each element.
The definition therefore only assumes a set together with head and tail functions.

Definition. Let Q and R be disjoint quivers and A a finite set, and let h and ¢ be
functions

h:A—)Qo,
t: A—)RO

We define the augmented union of R and Q with (A4, h,t), denoted

(A,h,1)
U

R Q,
by
A,h,
(R SSLUN Q)o = Qo U Ry,
(RM}Q)l :Q1U31UZ>;

%
where A is a set consisting of one arrow
@ t(a) = h(a)

for each element a of A.
When it is clear from the context what the functions h and ¢ are, we will omit
them from the notation and write just

R Q
for

(A,h.t)
—_—

R Q. |

Example 4.1. Let @ and R be the quivers
QI U1 $ U2,

B Y
R: v] ——> V9 —> v3.
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Let A be the set {a, b, c}, and define the functions

h: A— Qo,
t: A— Ro
by
h’(a) = ui, t(a) = V1,
h(b) = U2, t(b) =V,
h(c) = uq, t(c) = vz

Then we have
— =
A :{E):vl—>u1, b : v — ua, ?:vg—>u2},

and the quiver R M Q is

(%] | |

If @ and R are disjoint quivers, M a kQ—kR-bimodule and B a uniform basis
for M, then we have an augmented union

rREZ 0,

where the head and tail functions are understood to be given by the usual h and t.
We then define a k-vector space homomorphism

M- kRS Q)

— —
by linear extension of the function from B to B mapping b to b .
In the definition below, we use the - homomorphism to express the relation
set u(Q, R, B) for a triangular matrix algebra.

Definition. Let @@ and R be disjoint quivers, M a k@Q—kR-bimodule, and B a
uniform basis for M. Define the set u(Q, R, B) of relations in k(Q EN R) by
- —
w(@Q,R,B)={ab —ab | a € @ and b € B with t(a) = b(b) }
%
U{BB—bF |beBandfeR, witht(h) =h(8)} W
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We are now ready to formulate our result for expressing triangular matrix al-
gebras as quotients of path algebras.

Proposition 4.1. Let kQ/p) and kR/(c) be quotients of path algebras, with Q and
R disjoint quivers. Let M be a kQ[(p)—kR/(c)-bimodule and B a uniform basis for
M. Then

kRfo) 0 )
( M kQ/<p>) = k(R Q)/lpUoUp(Q, R, B))

as k-algebras, with isomorphisms induced by

(8 [2]> & g for a path q € Q,

[r] 0

(0 0 & [l for a path r € R,,

<2 8> o [?] for a basis element b € B. u

& The relation set pUcUp(Q, R, B) in Proposition 4.1 is not necessarily admissible,
even if p and o are admissible in £Q and kR. The problem is that elements of

—
k(R EEN Q) of the form ab or ﬁ, used in pu(@, R, B), are linear combinations of
arrows. If any of these are nonzero, we will not get

UoUu(Q,R,B)) CJ?, .
(pUouUu@Q,R,B)) JR LN
We do, however, always have

J;gQ ClpUoUu@Q.RB)CJ s,
for some t (provided that p and o are admissible), so the relation set is preadmis-
sible. We show this in Proposition 4.2 later in this section.

In Chapter 5, we will see how to turn a quotient of a path algebra with pread-
missible relation set into one with admissible relation set. We will then be able to
create a new quiver S with admissible relation set 7 C kS, such that

KR(0) 0 \mo,in B N
(557 o) ZHR 2 QlpusUp@ R B 2ES/n) .

We will prove Proposition 4.1 later (in Section 4.3), after proving the corre-
sponding result for trivial extensions in Proposition 4.5. Right now we will only
look at how the procedure works on a simple example.

Example 4.2. Let @ and R be the quivers
Q: ur —>>uy

B Y
R: v] — v —> v3
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Then the product quiver @) x R°P is

op wq Xy°P
UL X V] <=— U] X Vg <—U] X U3
op .
Q x R: la la ia
ug X 3P ug Xy°P

Ug X V] <=— U2 X Vg <—— U X U3

Let M be the kQ—kR-bimodule given by the following representation over ) x R°P
(observe that the representation respects the relations x(Q, R°P), since both squares

commute):

1

kQékék

ol )
k<—0<~—k

We will find a quotient of a path algebra which is isomorphic to the triangular

matrix algebra
kR 0
M kQ

by using the method of Proposition 4.1.
Let B be the following uniform basis for M:

)

e<—()<——

Following the definition of the augmented union R B, @, we get new arrows
— -
B:{?:vlﬁul,b:vlﬁul, E):vgﬁul,

3:v3—>u1, E}:v1—>uz, f:’Ug—)Ug},

1

and our quiver is thus
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We will now compute the relation set u(Q, R, B). We get the following relations
by taking every combination of an arrow « € @)1 and a basis element b € B with

t(a) =b(b):

xd —xd =oua — €,
cxﬁfﬁ:cxﬁ—@):ang?,
2 — & =ac — 0 =a?,

ad —ad =ad - F.

=3

We get the following relations by taking every combination of a basis element b € B
and an arrow J € Ry with t(b) = h(B):

dy—d—y>:a>y—?,
- = -
fy—fy = fy—ﬁ: fv.

We thus have the relation set
= - =
w(Q,R,B)={oad -~ €, ab +€, a¢, ad — f,

Y

ep-a-b, d

Now Proposition 4.1 tells us that
kR 0\ B
(55 1) =Hr 2 Qlu@.r.5).

This is, however, not completely satisfactory, since the relation set u(Q, R, B)
is not admissible. In Example 5.5, we will continue this example and find a path
algebra quotient with admissible relation set which is isomorphic to

B
k(R = Q) (@, R, B)) . |
We now show that the relation set produced by Proposition 4.1 is preadmissible.

Proposition 4.2. Let kQ/(p) and kR/(c) be quotients of path algebras, with Q
and R disjoint quivers, and p and o admissible sets of relations. Let M be a
kQ/(p)-kR[(o)-bimodule and B a uniform basis for M. Then the relation set

pUoUuQ,R,B) Ck(R Q)
s preadmissible.
Proof. We must show that

J' s C{pUocUQ,R,B))CJ

R=Q RgQ
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for some t.
We immediately have

(pUoUnQ R, B)CJ s

To get the other inclusion, choose t; and ¢ such that
Jg C {p) and Jg C (o).
We show that
JhE C(pUoUp(Q, R, B)).
R—Q

.)
Let p be a path of length ¢ +t2 in R B, Q. If p does not contain any arrow of B,
then it is completely contained in either @ or R, and thus lies in either (p) or (o).
Otherwise, we have

_>
p=qbr

for some basis element b € B and paths q € @, and r € R,. Since the length of p
is t1 + to, we must have either

I(q) >t or I(r) > ta.
Thus, we either have ¢ in (p) or r in (o). In all cases, we get

pe{pUo),
so we have

t1+t2 C
JRiQ C{pUoUQ,R,B)). 0

4.2 Trivial extensions

In this section, we will describe how a trivial extension

kQ/(p) x M,

where M is a kQ /(p)-bimodule, can be computed as a quotient of a path algebra.

The idea is similar to our procedure for triangular matrix algebras in the pre-
vious section. Let B be a uniform basis for M. We construct a new quiver which
consists of @ and one new arrow for each basis element of M, denoted

Q O B.

We define a relation set v(Q, B) (analogous to the relation set 4(Q, R, B) in
the previous section) consisting of relations of the forms

a?—@ and 76—%)
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for arrows a and f in ), and basis elements b € B. These relations capture the
way elements of the path algebra act on module basis elements (this is described
more precisely in Lemma 4.3).

Since

(0,m)-(0,m')=0

in kQ/(p) x M for any elements m and m’ of M, we need additional relations to
kill products of the arrows that represent basis elements of M. We therefore define
a relation set £(Q, B) consisting of all possible products of two such arrows.

The result we will show (in Proposition 4.5) is that

kQ/p) x M =k(Q© B)(pUv(Q, B) U&(Q, B)).
We first state a precise definition of the notation
QOB

which we will use for the quiver of a trivial extension.

Definition. Let @ be a quiver, A a finite set, and let h and ¢ be functions
h: A= Qo,
t: A — Q.

We define the augmented quiver Q O (4,h.t) of Q with (A, h,t) by

(Q O (Ah1)o = Qo,

_>
(QO ARt)); =Q1U A

H
where A is a set consisting of one arrow
@ t(a) — h(a)

for each element a of A.
When it is clear from the context what the functions h and t are, we will omit
them from the notation and write just

QOA

for
QO (Aht). |

If @ is a quiver, M a k@-bimodule and B a uniform basis for M, then we have

an augmented quiver
QO B,

where the head and tail functions are understood to be given by the usual h and t.
We then define a k-vector space homomorphism

M = k(QO B)
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by linear extension of the function from B to ? mapping b to 7 This is analogous
to what we did for augmented unions of quivers with bimodules in the previous
section. The similarities between augmented unions of quivers and augmented
quivers are further explored in the following note.

& The definition of the augmented quiver above is essentially the same as the
definition of an augmented union of quivers on page 62, except that it is based on
a quiver on the form

. Q

o ——> 0

instead of one on the form

We have chosen to make two separate definitions since we only need these two
special cases. We could however have used the following more general definition
instead.

Let 2 be a quiver. Assign a quiver Q) to each vertex u in 2, and a finite set
A, and functions

o A QP
b A QL)

to each arrow « in 2. Then we define, for each arrow « in 2, the set A, consisting
of an arrow

@ tola) = hala)

for each element a of A,. We define the combined quiver 2(@4M) by

(2 @40 = | @y,

u€ o
@ean, - (| e)u( U ).
u€o ac2;

We can further define the following notation for the combined quiver 2(@-4:0):
Draw the quiver 2, with the quiver Q) placed at vertex u for each u € 2y, and
(Aq, ha,ta) placed by the arrow « for each a € 2.

By taking 2 to be
e o e

we get a combined quiver which is the same as an augmented quiver or augmented
union of quivers, and the notation is exactly the same as the one we originally
defined for these. |

Having defined the quiver we want to use, let us now define the sets v(Q, B)
and £(Q, B) of relations.
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Definition. Let @ be a quiver, M a k@Q-bimodule and B a uniform basis for M.
Define the relation sets v(Q, B) and £(Q, B) in k(Q © B) by

V(Q,B)Z{Q?—@‘ a€ @ andbEBWitht(a):b(b)}
U{?a—w‘ be Band a € Q with t(b) = b(a) }

&@.B)={ by by ‘ by and by in B with (b;) = b(ba) } n

Now we have the ingredients we need to describe trivial extensions as quo-
tients of path algebras. Before we prove the main result, we will show some useful
properties of the relation sets v(Q, B) and {(Q, B). We give these as two lemmata.

Our first lemma says that modulo the relation set v(Q, B), the new arrows b
in the quiver @ © B behave just like the corresponding basis elements b of M with
respect to multiplication by elements of the algebra kQ.

Lemma 4.3. Let kQ be a path algebra, M a kQ-bimodule, and B a uniform basis
for M. Then
v —
/\W’y @5 Amy

for any elements A and v of kQ, and element m of M.

Proof. Throughout this proof we will write just v for v(Q, B).
It is sufficient to show that

-
A1l X Am and WA/,‘L m?.

—
We show A717 <~ Am ; the proof for W'y X m7 is analogous.
We build up the result in several steps by first showing some special cases:

=, — . -
1. ub ~ ub for a vertex u € Qp and a basis element b € B: If u=h( b ), then

N
ub =b = ub;
otherwise, N .
ub =0=10 = ub.
R — —
2. ab ~ ab for an arrow «a € Q1 and a basis element b € B: If t(a) = h( b ),
then
- —
ab — ab ev;
otherwise, N .
ab =0=0=ab.

3. qm) X gl for a vertex or arrow ¢ € Q- and an element m € M: Write

m = E cibi,
;



4.2. TRIVIAL EXTENSIONS 71

where the b; are basis elements in B and the ¢; coefficients from k. Then we
have

[
gm =q- Y cib; ZQZCiQZZCi'QE}LZCi'E

=Y ciabi = qy b = g,

where the equivalence follows from steps 1 and 2.

4. gmi X gt for any path ¢ € Q, and an element m € M: Paths of length 0
and 1 are taken care of by step 3, so assume [(q) > 1. Write

q= Q1 Qp,
where each «; is an arrow in ). Then, by applying step 3 repeatedly, we have

q?r? =1 QT
v —>
~ Q1 Qp—1 O

v vVoe—— —
N---Na1~-.an.m:qm.

—
Now we are ready to show that A7 < Am for an element A € kQ and an element
m € M. Write
A= Z Cid;,
i

where the g; are paths in @) and the ¢; coefficients from k. Then we have, by using
step 4,

= Zciqim = (Zciqi)m = W O

The next lemma essentially shows that when we already have the relations
v(Q, B), adding the relations £(Q, B) is sufficient for killing every element of
k(Q © B) which corresponds to a product of two elements of M. Such an ele-

ment must be a linear combination of paths containing two arrows from B ; we
show that all these paths are killed by the relations v(Q, B) U £(Q, B).

Lemma 4.4. Let kQ be a path algebra, M a kQ-bimodule, and B a uniform basis

for M. Then any path in k(Q © B) which contains two or more arrows of B lies
in the ideal

(v(Q,B)U&(Q, B)).
Proof. Tt is enough to show that any path

%
b—1>q by for by and bs in B, and q € Q.
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lies in (v(Q, B) U&(Q, B)). Let

big = Z cib; (with each ¢; in k and each b; in B)

be the expansion of the module element b1q as a linear combination of basis ele-
ments. Then we have, by Lemma 4.3,

— — (Q.B) —>—> ——
b1 q b2 @P) big bo :Zcibi be € (£(Q,B)).
P O

We now state and prove the main result of this section.

Proposition 4.5. Let kQ /(p) be a quotient of a path algebra, M a kQ [{p)-bimodule,
and B a uniform basis for M. Then

kQ/p) x M = k(Q© B)(pUv(Q, B) UL(Q, B))
as k-algebras, with isomorphisms induced by

(g, 0) « d] for any path q in Q,
(0,b) < [?} for any basis element b in B.

Proof. Define a k-algebra homomorphism

51 k(Q O B) > kQ/lp) x M

12/) the following actions on vertices and arrows (remember that (Q O B); = Q1 U
B):

u > ([u],0) for a vertex u € (Q O B)g = Qo,
a— ([a],0) for an arrow a € @1,
B (0,b) for an arrow b cB.

This gives a well-defined algebra homomorphism, by Lemma 1.2 (it is straightfor-
ward to check that the conditions of the lemma are satisfied).
We observe that ¢ is an epimorphism: The set

{([¢),0) | g€ Q. }U{(0,b) | be B}
is contained in the image of ¢ since

(¢) = ([q], 0) for ¢ € Q. and
) =(0,b) for b € B,

and this set generates kQ /(p) x M as vector space.
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We want to show that the relation sets p, v(Q, B) and £(Q, B) are mapped to
zero by ¢. We have

é(r) = ([t],0) = (0,0)

for any v € p. To see that v(Q, B) is mapped to zero, consider an arrow « € Q1
and a basis element b € B with t(a)) = h(b). Then ab is an element of M and thus
some linear combination ), ¢;b; of basis elements b; € B with coeflicients ¢; € k.
We compute

) = ([a],0) - (0,b) = (0, ab)
) ch. (0,b;) Zci.g(b—:)
—> ¢

to get

%
A similar arguin)ﬂ holds for elements of v(Q, B) which are of the form b 8 — ?
For elements by by of £(Q, B), we have

B by ) =d(b1) - 3(b2) = (0, [ba]) - (0, [ba]) = (0,0).

This means that
pUV(Q,B)UL(Q, B) Ckero,
and thus B
(pur(Q,B)UL(Q,B)) Ckero.

So ¢ induces an algebra homomorphism
¢ k(Q O B)pUr(Q,B)U&(Q, B)) = kQ/p) x M
with
¢(la]) = ([4],0) for a path ¢ € Q.,

¢( [?]) = (0,b) for a basis element b € B.

Now we only need to show that

ker¢ C (pUv(Q, B) UE(Q, B))

to establish that ¢ is an isomorphism.
Let A € k(Q © B) be any element. We can write this element as

A=A+ A1+ Ao,
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_>
where )\ is a linear combination of paths containing no arrows from B (that is,
Xo € kQ), A1 is a combination of paths containing exactly one arrow from B, and

Ao is a combination of paths containing two or more arrows from B .
Let us look at what the elements Ao, A\; and Ay are mapped to by ¢. Since
Ao € kQ, we have
(b()‘o) = ([)‘0]’0)

A= Zci : (1¢b.i>7"i
for some coefficients ¢; € k, paths ¢; arzld r; in Q. and basis elements b; € B. Let
Ny => e qibiri
be the corresponding element of M then
= Ser-0ta)0(8)6(r0) = ei- a0+ O0) - (70
= Z ¢i - (0, qibir;) = (O, Z ci ~qib¢ri> = (0, \}).

We see that ¢(A2) = (0,0), since

We can write \; as

= (0,b1) - ([q],0) - (0,b2) = (0,b1q) - (0,b2) = (0,0)

for any basis elements b; and be in B, and any path ¢ € Q.. We thus have

(N) = 6(Xo) + (A1) + d(A2) = ([Ao], 0) + (0,X]) + (0, 0)
= ([Aol; M)

Assume that ¢(\) = 0. Then X\ € (p) and A} = 0. By Lemma 4.3, we have

A v(@, B) 7"

and thus \; € (¥(Q, B)). By Lemma 4.4, we have \y € (v(Q, B) U&(Q, B)). This
means that

120:07

A=X+ M+ A€ (pUr(Q,B)UEQ,B)),

and we have thus shown that

ker ¢ C (pUv(Q,B) UE(Q, B)). O

& Just like in the case of triangular matrix algebras (see the note on page 64), the
relation set we produce for a trivial extension is preadmissible (we show this in
Proposition 4.6 later in this section), but not necessarily admissible. In Chapter 5,
we will see how we can produce an isomorphic quotient of a path algebra where
the relation set is admissible. ]
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Let us look at an example of a trivial extension to see how Proposition 4.5
works in practice.

Example 4.3. Let ) be the quiver

B
Q: U1L>UQ*>U3,

Then the product quiver @ x Q°P is

ulXOCOp Ul X op
UL X UL <— UL XUy <— U1 X U3
axull mxugl 06><“3\L
Q X QOP. ug X x°P ug X B°P
. U X Up <— U9 X Ug <—— Ug X U3
Bxull BX’ugl [3><u3l
uz X x°P ug X B°P

U3 X Uy <— U3 X U9 <—— U3 X U3
Let M be the kQ-bimodule given by the following representation over ¢ x Q°P:

1

T
T

k

1

T
T

k

|
£

1

|
|

.
i

Let B the following uniform basis for M:

|
|

|

Sy
O<—O=<—-0O
O<—0O0<—9Q
O<=—Q <—-07T

|

We use Proposition 4.5 to find a quotient of a path algebra which is isomorphic
to the trivial extension

The quiver @ © B is

QOB: U —> us —F > ug
N ———

~—
w
B
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The relation sets v(Q, B) and £(Q, B) are
V(Q,B)={ad — ¢, ab — d, BT, pd, Fa, Ca, b d
§Q.B)=1{3%, 7d, @ @d}.

_>
Bfaa

67?},

By Proposition 4.5, we have

kQ x M =
1%

with isomorphisms

. k(Q O B)
v M @B UaQ D)
and
. k(Q © B)
V@B ueamy M
given by
oA\, m) = [\ + 7] for (A\,m) € kQ x M,
¥([q]) = (q,0) for a path g € Q.,
w([?]) = (0,b) for a basis element b € B.

Now we have a quotient of a path algebra which is isomorphic to the trivial
extension k@ x M, but its relation set is not admissible. We will continue this
example in Example 5.6, where we will find a quiver R and admissible relation set
o C kR such that

k(Q O B)
(v(Q, B)U&(Q, B))

We now show that the relation set produced by Proposition 4.5 is preadmissible.

kQx M = ~ kR/(o).

Proposition 4.6. Let kQ/(p) be a quotient of a path algebra (with p an admissible
relation set), M a kQ/[p)-bimodule, and B a uniform basis for M. Then the
relation set

pU(Q,B)UE(Q, B) C k(Q O B)

s preadmissible.
Proof. We immediately have
<P U V(Qa B) U g(Qa B)> g JQQ B

Choose t such that
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‘We show that
JG o s Clpur(@,B)ULQ, B)).

Let p be a path in Q © B of length 2¢. We have one of the following three cases,
depending on how many arrows from B the path p contains:

—>
1. If p does not contain any arrow from B, then p € Q., and we get p € (p)
since the length of p is greater than ¢.

H
2. If p contains exactly one arrow from B, then
%
p=gqbr

for some basis element b € B, and some paths ¢ and r in (. Since p has
length 2t, either ¢ or  must have length at least ¢ and thus lie in (p). So we

get p € (p).

3. If p contains two or more arrows from ?, then p € (v(Q,B)U&(Q, B)) by
Lemma 4.4.

In all cases, we get
pE(pUr(Q,B)UE(Q,B)),

so we have

T o s C(pUr(Q,B)UE(Q,B)) . O

4.3 Return of the triangular matrix algebras

We will now return to the result we left unproved in Section 4.1, namely Propo-
sition 4.1. We will see that a lower triangular matrix algebra is isomorphic to
a trivial extension, and that the path algebra quotient we want for the triangu-
lar matrix algebra is equal to the one we produce for the trivial extension using
Proposition 4.5.

We first describe how a lower triangular matrix algebra can be converted to a
trivial extension.

Proposition 4.7. Let A and T' be k-algebras, and M o A-T'-bimodule. Then M
can be viewed as a (A x T')-bimodule by

(A, y)m = Am,
m(A,7) = my

for elements (A\,vy) € A xT and m € M; and we have

(]\1; R)N(AXF)KM
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as k-algebras, with isomorphisms given by

(n %)« @m)

m A
forAe A, yeT and me M.
& This result is given (without proof) on page 79 in [1].

Proof. Tt is easy to check that the multiplication defined above gives a (A x T')-
bimodule structure on M.
As k-vector spaces,

(Z\I; 2) and (AxT)x M

are clearly isomorphic, since they are both isomorphic to the direct sum AGT G M.
The obvious vector space isomorphism is the function

@: <]\1:[ 2)—>(A><F)I><M

defined by
¢(”‘3=«xwmy

m A

Now we only need that ¢ is in fact a k-algebra homomorphism. We see this by
checking that it preserves multiplication and the identity element:

o (M 0\ (7 O =4 Y2 0
mi M mo Ao m172+)\1m2 A2

= ((MA2,7172), m1vy2 + Aima)
= ((A1,71),m1) - ((A2,72), m2)

—o(n 2)e ()
o155 =2 (g §) = (0.0 = lasrperr. O

In a similar way, we can express an augmented union of quivers as an augmented
quiver.

Proposition 4.8. Let QQ and R be disjoint quivers, A a finite set, and h and t
functions

h:A—)QQ,
t: A—)RO
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Let I/ and t' be the functions defined by extending the codomains of h and t to
(QU R)o:

h': A— (QUR)o, h'(a) = h(a) forae€ A;
t': A— (QUR)y, t'(a) =t(a) forae A.

Then the augmented union of R and Q by (A, h,t) is the same as the augmented
quiver of QU R by (A, 1, t):

(A,h,t)
e

R Q=(QUR)O (An ).

Proof. This result follows immediately from the definitions of augmented union of

quivers and augmented quiver, since the set A of new arrows is the same in both
cases. U

We will now describe the relationship between a path algebra quotient on the
form
KR Q)
(pUcUNQ,R,B))

and one on the form

k((QUR)OB)
(pUocUV(QUR,B)UE(QUR,B))’

The first of these is what we want to be isomorphic to the triangular matrix algebra

@%wk&@)

and the second we know (by Proposition 4.5) to be isomorphic to the trivial exten-
sion

E(QUR) x M.
The following proposition shows how the quivers and relation sets of these algebras
are related.

Proposition 4.9. Let @ and R be disjoint quivers, let M be a kQ-kR-bimodule,
and let B be a uniform basis for M.

Then M has an induced k(Q U R)-bimodule structure with scalar multiplication
(which we denote by *) induced by

q*m =qm rxm=>0

mxq=20 mxr =mr

for a module element m € M and paths q € Q. and v € R,. The basis B is still
uniform with respect to this module structure, and we have the equality

REZQ=(QUR) OB
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of quivers. The relation sets v(Q U R, B) and £(Q U R, B) are given by

V(QURvB) = ,U(Q,R7B)7
§(QUR,B)=10.

Proof. Tt is easy to see that the multiplication % described above gives a k(Q U R)-
bimodule structure on M.
For any (u,v)-uniform element m € M (as kQ—kR-bimodule), we have

U*XM*xV=umv=m,

so m is still (u,v)-uniform when we view M as k(Q U R)-bimodule. Therefore, the
basis B is uniform for M as k(Q U R)-bimodule, with the endpoints

h(b) and t(b)

of each basis element b € B the same as in the original bimodule structure. Then,
by Proposition 4.8, we have

RE Q=(QUR) O 5.

Since h(b) € Qo and t(b) € Ry for every basis element b € B, and the quivers @
and R are disjoint, we have

u(QUR,B)z{a?—@)’ o € (QUR); and b € B with t(a) = b(b) }
U{?a—w‘ be B and a € QU R); with t(b) = ba) }
:{a?—ﬁ( o€ Qyand b € B with t(a) = h(0) |
u{?a—ﬁ‘ be B and a € Ry with (b) = b(a) }
= @, R, B)
We see that

t(b1) # b(b2)

for any basis elements by and by in B, since t(b1) is a vertex in R, h(by) is a vertex
in @, and the quivers @) and R are disjoint. Thus we have

£(Q,B) = { by by ‘ by and by in B with (b)) = b(bo) }
= 0. O

With the above results we have almost proved Proposition 4.1; what remains is
only to put the pieces together.
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Proof (of Proposition 4.1). The following diagram shows how we get the iso-
morphism we want (the dotted arrow in the left column) by combining four propo-
sitions:

kR/(c) 0
( M kQ/(p>) W (kQ/(p) x kR/(o)) x M

(Prop. 1.3) | =

~ KQUR)/(pUa) x M
(Prop. 4.5) | =
A
k(R—Q) = kK(QUR) O B

(pUouUpn(Q,R,B)) (Prop. 4.9) (pUoUr(QUR,B)UE(QUR,B))

We get a k(Q U R)-bimodule structure on M in two ways: through proposi-
tions 4.7 and 1.3, and through Proposition 4.9. We need these bimodule structures
to be the same for the above diagram to make sense. If we denote the scalar mul-
tiplication of M as (kQ/(p) x kR/(c))-module by ® and the scalar multiplication
of M as k(Q U R)-module by %, then propositions 4.7 and 1.3 give

[q] + m = ([q],0) ® m = [gJm
[r] * (0,[])@771*0 m=0
m*[] ®([g,0)=m-0=0
m*[]—m®(07[])=m[7“]

for a module element m € M and paths ¢ € Q. and r € R,. This is the same as
the k(Q U R)-module structure we get on M from Proposition 4.9.
Now we have established

kRfo) 0 ) o
( M kQ/<p>> = (R 2 Q)/lpUcUpn(Q, R, B)),

and we only need to check that our isomorphisms act the way we want on elements;
namely,

0 0
o for a path ¢ € Q.,
(0 [q]) [q] rap q€Q
[r] 0 & Jr] for a path r € R,,
0 0
<2 8) N [?} for a basis element b € B.

If we chase an element of the form

(8 [2]) © (kRﬂ/ﬁ k@3<p>)

lq € (R 2 Q)/(pU o Uu(Q, R, B))

or
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around our diagram, we get

If we chase an element of the form
0 0 kER/(o)
(b 0) © ( M k@3<p>>
7] € k(& 5 QpuoUn@. R.B)).
(v o)~ <<0§

(0,0)

or

we get

):)

7] ——1[7]
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Chapter 5

From preadmissible to
admissible relation sets

In Chapter 4, we constructed path algebra quotients kQ /(p) where the relation set
p did not satisfy the usual admissibility condition

Jo S (p) C Jé for some t > 2, (5.1)
but only the weaker condition
J§ S (p) C Jg for some t > 2. (5.2)

That is, the relations may contain paths of length 1.

Recall that we call a relation set p satisfying equation (5.1) admissible, and one
satisfying equation (5.2) preadmissible. We usually want our relation sets to be
admissible. In this chapter, we will look at how to turn a path algebra quotient
kQ/(p) with p preadmissible into an isomorphic algebra kQ’ /p’) with p’ admissible.

5.1 Idea

Let kQ be a path algebra, and p C kQ a preadmissible set of relations. Our basic
idea is that if we have a relation
o — Z Ciq; € P

iel
for some arrow «, paths g; and coefficients ¢; € k, then
[a] = [Z CiQi]
icl
in kQ/(p). We can thus remove « from the quiver without losing anything — the
element that was represented by « in kQ/(p) is still represented by > ¢;q;. Before

discussing why this idea does not work in general, we consider a simple example
where it works.
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Example 5.1. Let @ be the quiver

UQ*>U3

LA
\/

p={Bx—0y, a—Ce}

be a set of relations in kQ. Then p is preadmissible but not admissible. The
offending relation is o — (e, so we try to remove the arrow «, replacing it by Ce.
We then obtain the new quiver

and let

4
Uy — U3

1 N
Q/: Uq us
A
Ugq

p' = {BCe — &y}

The relation we used for removing &, namely & — (e, becomes zero when we replace
« by Ce. Therefore, this relation disappears in p’.

The new relation set p’ is admissible, and we see that kQ/(p) = kQ' /(p’) by the
following correspondence between basis elements of the two algebras:

kQ/(p) kQ'/(p")

and relation set

[w;] < [ug] forie{l,...,5}
[Cel =[af <> [Ce]
lg] < I[q] for g € {B,v,5,¢,¢,BC}
[BCe] = [Bo] = [8y] <« [dov] = [BCe] [

By generalization from this example, we get the following procedure for turning
a path algebra quotient kQ /(p) with preadmissible relation set into an isomorphic
algebra kQ’/(p') with admissible relation set: As long as there are relations con-
taining paths of length one left, we choose one such relation, say

a—> g,

icl
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where « is an arrow in @, the ¢; are paths in @ and the ¢; coefficients from &, such
that a does not occur in any of the ¢;. We remove this relation from p, and remove
the arrow « from @, replacing all references to « in other relations by > ¢;q;.

In certain situations, in particular when the quiver () does not contain ori-
ented cycles, this is sufficient. In the general situation, however, we may run into
problems.

The problem is that there may exist relations on the form

o — § Cigi,
el

but only ones where the arrow « is contained in one or more of the paths ¢;. In
this case, it does not make sense to remove « from the quiver and replace it by
> ¢;q; in all the relations, because some relations would then still refer to the now
non-existing arrow a.

To solve this problem, we perform the substitution

o = Z Ciq;
i€l

repeatedly on the expression Y ¢;q;, which we want to use as a replacement for a.
By doing this, we will eventually get all occurences of « to disappear (modulo p).
The following example illustrates the process.

Example 5.2. Let @ be the quiver
Q: wT w )y

e

B

and let
p={ax—vax—vB, v« v*}

be a set of relations in kQ. The relation keeping p from being admissible is

o0 —vx—vYp.
We compute
x L yo+vyp
Lylva+vB) +vB =y +vp + B
L y*B +vB.

We first performed the substitution & — yx + vy twice. Then we observed that
in the new expression, Y20t + v2B + YB, the term containing o« was an element
of (p), so we removed that term. The final expression is equivalent to o without
containing «, and we can create a new quiver with relations by removing « from
the quiver and substituting

oy B +vp
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in the relations.
The new quiver is

and the new relation set
o ={vB—vB—V°B, ¥'B +V¥*B, ¥’}

Note that here, unlike the case in Example 5.1, the relation we used for removing
« does not disappear in the new relation set.
(Many of the terms in p’ are clearly redundant; we can simplify it to

p" ={vB—¥*B, v*},

which generates the same ideal.) |

5.2 Removing an arrow

We now turn from specific examples to the general case. We will create an algorithm
which follows the idea of Example 5.2.

To describe substitutions such as those performed in Example 5.2, we define
a class of algebra homomorphisms, indexed by the arrow to be removed and its
replacement.

Definition. Let @) be a quiver, o an arrow in @, and s an a-uniform element of
kQ@. Then the substitution map

subst(q )1 kQ — kQ

is an algebra homomorphism defined on vertices and arrows by
Subst(a’s)(q) = { qg ifgq # o

s ifg=a

for ¢ € Q7. The conditions of Lemma 1.2 are satisfied, so this gives a well-defined
algebra homomorphism. |

& If the arrow « does not occur in the substitution value s, we will view the
substitution map subst, ) as a homomorphism from kQ to kQ’, where Q" is the
quiver made by removing « from Q. |

Example 5.3. First consider Example 5.1. The substitution induced from the
relation
o — (g,

which we used to get rid of «, is described by the substitution map

subst(,ce): KQ = kQ'.
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For example, we have

subst(,ce) (Boe — 8y) = Ple — dy.
Furthermore, the map
¢: kQ/p) = kQ' /(')
given by
P([A]) = [subst(a,ce)(A)]
is an isomorphism.
Now consider Example 5.2. The substitutions we used there are described by

the substitution maps

subst (o yatyp): KQ — kQ

and
subst(a,yzﬁer) (kQ — kQ'. [ ]

We will use substitution maps in the context of a quotient algebra kQ/(p) where
the relation set p is preadmissible. We want our substitution maps to respect the
relations p, in the sense that for any element A of £Q, the element subst, 5)(A) is a
representative of the same equivalence class as A. The following lemma shows that
this is true, given that o and s are representatives of the same equivalence class.

Lemma 5.1. Let Q, Q', a and s be as in the definition above, and let p be a
preadmissible set of relations in kQ, with

p
Q ~ S.

Then subst s takes any element of kQ to one that is equivalent modulo p. That
18,

subst(q,5)(A) DY for any X\ € kQ.
Proof. We immediately have
SubSt(a,s) (Q) L q

for any vertex or arrow ¢ € Q. Since the equivalence relation £ respects multipli-
cation and addition, this extends to

subst (q,5) (A) LA
for any element A\ € kQ. O

We introduce some new notation which will be used in Algorithm 1.

Definition. Let A € kQ be an element and X C k@ a subset of a path algebra
kQ. We define
termsx () = terms(A) N (X)

to be the set of terms in A which are contained in the ideal generated by X. |
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& If o is an arrow, then
termsgqay (M)

is the set of terms in A which contain a. | |

Algorithm 1, ELIMINATE ARROW(a, to, @, p), describes how we can turn a path
algebra quotient with preadmissible relation set into one where the relation set
is closer to being admissible. We will later (see Algorithm 2, page 99) use this
repeatedly to reach a path algebra quotient with admissible relation set.

We demonstrate how the algorithm works by walking through it in an example.

Example 5.4. Let (Q be the quiver

and let
p={y -6y —Ba, &, e—ed—C+08% Cy—ePa}

be a set of relations in kQ. We see that p is preadmissible, but not admissible.
We have three possible arrows to remove. We can either use the relation

Y =0y — Pa
to remove 7y, or use the relation
€—ed—(+ 8

to remove either € or . We choose the first of these possibilities. Thus, we will
perform ELIMINATE ARROW(y,Y — &y — B, Q, p).
The first two lines of the algorithm set )’ to be the quiver

. /\
Uc

Then we get
¢y = coefficient(y,y — &y — o) = 1,

and
so =y — (v — oy — Bax) =y + Ba.

We initialize the loop counter ¢ to 0. In the test of the while loop, we get

termsgy1(so) = {8y} # 0,
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Algorithm 1 ELIMINATE ARROW(q, ts, @, p)

Input: A quiver @, a preadmissible set of relations p C k@, an arrow a € ()1, and
a relation t, € p with coefficient(«, to) # 0.

Output: A quiver Q' (which is equal to Q with the arrow a removed), a pread-
missible set of relations p’ C kQ’ and an element s € kQ’, such that

kQ/p) = kQ'/(p)

as k-algebras, with isomorphisms given by

[A] = [subst(q, s (N)] for A € kQ,
A <= [A] for A € kQ'.

1 Q= Qo

2 Q)= Q1 —{a}

3: ¢q = coefficient (o, ty,)

4 spi=a —cy 'ty # Solve vy = coa — sg) for sg.

5. 4:=0

6: while termsgqy(s;) # 0 :

7 =141

8: S = SUbSt(a,so)(Si—l)

9: T; := terms(s;) — terms,(3;)

10: S; = ZtEqu t

11: n:=1

12: s:= 8,

13: p' 1= {subst(q o (v) [tEp}

—
o~

: return (Q', 0/, s)
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so we enter the loop. The first iteration increments i to 1 and produces the values

51 = subst(y 5,)(s0) = 8(dY + Bor) + Por = 5%y + B + P,
T, = terms(37) — terms, (37) = { 8%y, 8P, B} — 0 = { &%y, P, Pa},

s$1 = th 5%y 4+ B + Pa.
teT:

Now we get
termsgy (s1) = {82y} # 0,

in the loop test, so we continue with a second iteration. The loop counter 7 is
incremented to 2, and we get the values

53 = subst(y ,)(s1) = 8(8%y + 0B+ Pox) + SPox + P
=8y + 3B+ 62Px + SPx + B,
T, = terms(53) — terms,(52) = { &%y, 8B, 8%Ba, P, P} — { o'y, &%Ba}
— {8%Bax, o, ),
S9 = Zt:626a+66cx+ Box.
teTs
Now we have
termsgyy (s2) = 0,

so the loop stops here. The remaining lines set

n =2,
s =59 = 0B+ B0+ Pe,
p' = {subst(y o(r) [t€p}
={-5%Ba, 8%, € — b — {+ (6%, (8%Po+ (P + (Pox— ePa}.

We observe that in our new algebra kQ’/(p’), the relation set is still not ad-
missible, but now there is only one relation which contains paths of length one,
namely,

€—ed— (+ (5%

We apply our algorithm again to the new algebra. Now we can remove either € or
; we choose €. Thus, we perform ELIMINATE ARROW(e, € — €d — ( + (8%,Q’, p')
to get a new quiver Q" and relation set p”.

The first lines of the algorithm give us the new quiver
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and the initial substitution value
so = €ed+ ( — (8%
The first iteration of the while loop gives
51 = subst(c 5)(50) = €82 4+ 6 — 8% + ¢ — (52,
T) = terms(37) — terms, (37) = { €8%, 8, ¢, —C8%},
s1= ) t=ed+ 5+ (- 8%

teT,

The second iteration gives

52 = subst (e 5,)(s1) = €8 + 8% — (8% + (8 + ¢,
T, = terms(52) — terms,y (52) = { {3, C},
sp=» t=00+C

teTs
We have
terms{e}(SQ) =0,

so the iteration stops here. The last part of the algorithm gives

n =2,
§=8 =00+,
p" = {subst(c o) (r) [t € p' } = { -8B, &%, 0, (5*Ba}.

Now we have (provided the algorithm is correct)

kQLp) = kQ' ") = kQ" /o),
and the relation set p” is admissible. [ |

Let us now show that the ELIMINATE ARROW algorithm works as intended.
We will first (Proposition 5.2) show that it terminates, and then (Lemma 5.3,
Lemma 5.4 and Proposition 5.5) that it produces a correct result.

Proposition 5.2. ELIMINATE ARROW(q, t, Q, p) terminates after at most t — 2
iterations of the while loop, where t is a path length bound for kQ/p) (that is,

J4 € (p))-

Proof. The main observation to make is that any path which occurs in s; and
contains o has length at least ¢ + 2. We shall show this soon, but let us first see
why it is sufficient for proving the proposition.

If the while loop runs through iteration number ¢ — 2, then s;_s is produced.
Since any path in s; o which contains « has length at least ¢, such a path must lie
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in (p). But s;_5 is defined to be the sum of the terms of 5;_3 which are not in (p),
so there is no such path. Therefore,

termsyay (si—2) = 0,

and the loop does not continue.

Let us now prove the result we claimed above. For any element A € k@, denote
by m(A) the minimal length of a path in A containing «, or oo if there is no such
path; that is,

m(X) =min ({(q) | ¢ € (o) with coefficient(q, A) # 0} U {o0}).

Then our claim is that
m(s;) >i+2

for every s; produced by the algorithm. We will show this by induction.
For the base case of the induction, we need to show that m(sg) > 2. The
definition of sy ensures that

coefficient(c, sg) = 0,

and thus any path in sg containing o must have length at least 2.
For the inductive step, we begin by showing that

m(subst(q s)(A)) > m(A) +1
for any A € kQ. Any path ¢ in
subst(a)s[))(/\)

must be equal to some path ¢’ in A\, with every occurence of a replaced by some
path in syg. Assume ¢ to be a path of minimal length containing . Then ¢’ must
contain « as well, and we have

m
¢ = q [ (ag;)
j=1
for some positive integer m, and paths qq, ..., ¢, which do not contain «. We get
m
q=q0 [[(rig)
j=1

for some paths rq,..., 7, in sg. Since p is preadmissible, we have

minlength(sg) > 1,

LIf no path of subst(q, s,)(A) contains e, then
m(subst(q, 50)(A) = 00 > m(A) +1,

and we are done.
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and thus
l(rj) Z 1

for every r;. This means that
I(q) = U(q).

But since we assume that ¢ contains «, some r; must contain o and thus have
length at least 2 (since m(sg) > 2). Thus

I(q) > 1(q") + 1.

So we have
m(subst(a,s,)(A)) = 1(q) > U(g") +1 > m(\) + 1.

Now the inductive step follows easily: Assuming
m(s;) > i+ 2,
we get
m(siy1) > m(5i11) = m(subst(a 5,y (5:)) > m(s;) +1 =i+ 3. O

Now that we know our algorithm terminates, we will show its correctness. We
first show some technical details in the following two lemmata.

Lemma 5.3. In ELIMINATE ARROW (@, ty, Q, p), the substitution value s is equiv-
alent to o modulo p; that is,

[a] =[s]  in kQ/p)-

Proof. We have
-1
a— Sy =cy tq €(p),
P
SO ¢ ~ Sg.

For any i € {1,...n}, we have

p
~Y

p _
5i—1 ~ subst(q,s)(si-1) = 5 ~ 8i,

where the first equivalence follows from Lemma 5.1, and the last from the fact that
s; is obtained from 3; by removing terms that lie in (p).
By repeated application of the above, we have

p P P P
ar~ Sy~ 8~~~ S, =S, O

Lemma 5.4. In ELIMINATE ARROW(q, to, Q, p),

() =(p) NkQ"
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Proof. We have
() CkQ CkQ.

We will first show (p’) C (p), then (p) N kQ’ C (p).
Any element of p’ is of the form

subst(q,5)(t)
for some t € p. Since a £ s (Lemma 5.3), we have by Lemma 5.1 that

subst(q,5)(t) —t € (p),
and thus
subst(q,5) () € (p) -
This means that p’ C (p). Thus
(o) S (o)

where both ideals are in kQ. But since kQ’ C kQ, the ideal generated by p’ in kQ’
is contained in the ideal generated by p’ in kQ.
Now we will show (p) N kQ’ C (p'). Let

Ae (p) NkQ'.

Then subst(q,5)(\) € (p') since A € (p), and subst(, 5)(A) = A since A C kQ'. Thus

Xe (). O

Proposition 5.5. The algorithm ELIMINATE ARROW(a, tn, @, p) produces a cor-
rect result. More precisely,

kQ/p) = kQ'/p')
as k-algebras, with the maps
[A] = [subst(q,s) ()] for A € kQ,
[A] <= [A] for A € kQ'

being isomorphisms; and p' is a preadmissible set of relations.

Proof. Let
T kQ — kQ/p)
7' kQ — kQ'/p)

be the natural projections. ~
Define the algebra homomorphism ¢: kQ — kQ' /p') by

subst(q s '
=1 osubst(a.: kQ D kQ' s kQ /P .
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Since, by the definition of p’,
SubSt((x,s) (p) = p/a
we have ¢(p) = 0. Thus ¢ induces an algebra homomorphism

¢: kQ/p) = kQ'Kp') ,
with
B([A]) = [subst(q,s) (N)] for A € kQ.
For the opposite direction, define the algebra homomorphism v : kQ’ — kQ /(p)
by
) =moinc: kQ' — kQ 5 kQ/(p) .

Since p’ C (p) (by Lemma 5.4), we have ¢(p’) = 0, and thus ¢ induces an algebra
homomorphism

i kQ' fp) = kQ/p)
with
P([\]) = [N for any \ € kQ'.

Now it is easy to see that ¢ and 1) are inverses of each other:

Y ([A]) = o([A]) = [subst(a,s)(A)] = [A] for A € kQ',
Y([A]) = ¥([subst a,s)(N)]) = B([A]) = [ for A € kQ.

The equality marked “!” follows from the fact that

subst (q,s)(A) = A

Wk

for any A\ € kQ’, since @’ does not contain «. The equality marked follows

from Lemma 5.1 and Lemma 5.3.

We have thus established the desired isomorphisms. All that is left now is to
check that p’ is preadmissible.

Since p is preadmissible, we have

Jo S {p) C Jg
for some t. Taking intersections with kQ’ gives
JoNkQ' C{p) NkQ' C JoNEQ'.

Since

Jo = JHNkQ
for any ¢, and (p) N kQ" = (p’) (by Lemma 5.4), this means that
‘]CtQ’ g <pl> g JQ/7

so p’ is preadmissible. O
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5.3 Repeat until admissible

To go all the way from a path algebra quotient with preadmissible relation set to
one with admissible relation set, we may need to perform the ELIMINATE ARROW
algorithm many times. In order to describe the resulting isomorphism from the
original algebra to the new one, we define a generalization of the substitution map.

Definition. Let Q and Q' be quivers with

Qo = Qo
Qll = Ql - {O[l,...,Oén}',
for some arrows aj,...,q, in @, and let sq, ..., s, be elements of kQ’ such that s;

is a;-uniform for each i. Then the translation map

T {(a1,51)ems(mssn)} - KQ = KQ
is an algebra homomorphism defined on vertices and arrows by

| s ifg=q; (for some i€ {1,...,n}),
tr{(m,51),...,(%,,5")}@) = { q otherwise,

for g € Q7. The conditions of Lemma 1.2 are satisfied, so this gives a well-defined
algebra homomorphism. |

& A translation map is like several substitution maps performed simultaneously.
It is clear that

tr{(ahSl),m,(an,Sn)} = subst(alysl) 0-:-0 subst(amsn)

whenever the translation map is defined. Furthermore, this function is independent
of the order of the («a;, s;) pairs. [ |

Algorithm 2, PREADMISSIBLE TO ADMISSIBLE((Q, p), describes the complete pro-
cess for turning a path algebra quotient with preadmissible relation set into one
with admissible relation set. Note that all the interesting work here is done by
the ELIMINATE ARROW algorithm; PREADMISSIBLE TO ADMISSIBLE simply applies
that algorithm repeatedly (in the while loop) until the resulting relation set is ad-
missible, then (in the for loop) combines all the generated substitutions to make
one translation map.

It is clear that the algorithm terminates, since one arrow is removed in each
iteration of the while loop.

We will now show that the algorithm is correct. Certain technical details re-
garding the translation map are proved separately in the following two lemmata,
before the main result is given in Proposition 5.8.

Lemma 5.6. In PREADMISSIBLE TO ADMISSIBLE(Q, p), each substitution value s;
(fori € {1,...,n}) is an o;-uniform element of kQ' (this means that the translation

Map t{(ay s1),....(an,sn)} 5 defined).
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Algorithm 2 PREADMISSIBLE TO ADMISSIBLE(Q, p)

Input: A quiver (Q and a preadmissible set of relations p C kQ.
Output: A quiver Q’, an admissible set of relations p’ and a set

{(a1,51), -, (a1,8,)}

with each «; an arrow in ) and each s; an element of k(Q); such that

kQ/p) = kQ'/(p)

as k-algebras, with isomorphisms given by

[)‘] = [tr{(al,31),...,(an,sn)}()\)] for \ € kQ,
[A] = [A] for A € kQ'.

1: Q(O) =Q

2 poi=p

3:4:=0

4: while there is some relation v € p; with minlength(x) =1 :

5: =1+ 1

6: Choose a relation t; € p;—1 with minlength(t;) =1

7 Choose an arrow «; € ngfl) with coefficient(a;, ;) # 0.

8: (QD, p;,57) := ELIMINATE ARROW (c;, t;, QU1 p;_1)

9 n:=1

10: 8, ‘=S,

11: forje(n—1,n—2,...,1):

12: Sj = tln{(04j+1,5_7’-¢-1) »--»(an,sn)}(?ﬂ
13: Q' = QM

14: p' == py

15: return (Q', 0, {(a1,81),. .-, (@n,8n)})
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Proof. First note that every 5; is an a;-uniform element of Q).

We will show the desired result by induction on ¢ from n to 1. The case i =n
is clear, since s,, = S,,, which is an a,,-uniform element of kQ( = kQ’.

For the inductive step, assume that s; is an a;-uniform element of £Q)’ for every
j€{i+1,...,n}. This ensures that the translation map

tr{(

aj+175j+1)1“"(an75n)}

in line 12 of the algorithm is defined. Since 3; lies in kQ¥, it does not contain
any of the arrows «y, ..., ;. After applying the translation map, any occurences
of the arrows ;11,...,a, are replaced by elements of kQ’. Thus, s; is an element
of kQ'. Furthermore, applying a translation map does not destroy uniformity, so
s; is a;-uniform. O

Lemma 5.7. In PREADMISSIBLE TO ADMISSIBLE(Q, p),

subst(q,, 57) 0+ 0 SUbSt (o, 57) = T (ar,51),...(@ns50)} -
Proof. We use induction on i from n to 1, showing
subst(q,, 57y 0+ 0 SUbSt (o, 57) = tT{(as,50),...(ns50))
for every i. For the base case (i = n), we have
subst(q,, 57) = Subst(a,, s,.) = tT{(an,sn)} -
For the inductive step, assume
subst (o, 57y 0+ - 0 subst,

== tl‘{

Qi 1,5i+1) (Qit1,8i41) 5005 (Qn,80)} *

To show that
subst(amg) 0---0 subst(ai,s—i) =T (as,55)s00s(@ny5n)}s

it is enough to show that the two maps give the same result on any arrow and
vertex of @), since they are algebra homomorphisms. For «;, we have
(subst(a,, 5 0+~ 0 subst(a, 7)) (@) = ({(arsr.8001)m(@n5)} ©SUDSE (0, 37) ) ()
= tr{(‘«”{»l7si+1)7~--1(anvsn)}(?i)
= Si
= tr{(aiasi)7~--7(an73n)}(Oéi)’
For any other arrow or vertex ¢ € Q7 — {«;}, we have
(SUbSt(an,ﬁ) o---osubst(a, ) )(Q) = (SubSt(an ) 0 osubst(a, s )(Q)

= tr{(ai+1’5i+1),-»-v(amsn)}(q)
=t (50) e (an,sn) } (@)

since the substitution of s; for a; does not affect q. O
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Proposition 5.8. The algorithm PREADMISSIBLE TO ADMISSIBLE(Q, p) produces
a correct result.
Proof. We need to show two things:

1. That kQ/p) = kQ'/(p') by the maps

[)\] — [tr{(al731)7“_,(%,%)}] for \ € /CQ,
(Al < [A] for X € kQ'.

2. That p’ is admissible.
From Proposition 5.5, we have
kQAp) = kQ [(po) = kQ™W fipr) = -+ = kQ™ [(pn) = kQ' [(p) .

We compose the isomorphisms we get from Proposition 5.5 to obtain the isomor-
phisms we want. From right to left, all the maps are [A] — [)\], so their composition
is also [A] — [A]. From left to right, the composition of isomorphisms is

subst(q,, 57y 0 - o subst (4, 57),
which by Lemma 5.7 is the same as

ST (a1,81)ss(n,sn) } -

The ELIMINATE ARROW algorithm ensures that each relation set p; is pread-
missible, so p’ = p,, is preadmissible. Since every relation t € p’ has

minlength(t) > 1
by the condition of the while loop, we also have
(0") C J& O
We will now apply our algorithm to two examples from the previous chapter.

Example 5.5. This example is a continuation of Example 4.2. We have the quiver
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and preadmissible relation set

for the triangular matrix algebra

kR 0
M kQ)

We will apply PREADMISSIBLE TO ADMISSIBLE(R EEN Q, u(Q, R, B)) to get a new
quiver S and an admissible relation set 7 such that

(lﬁ o ) ~ k(R % Q)/(u(Q. R, B)) = kS/(r).

We start with pg = p(Q, R, B). The while loop produces the following values
(note that there is an arbitrary choice involved for each t; except vy, and that we
do not include relations which are zero).

First iteration:

tlzd?—?
04126>
51=od
— - = - —
p={ab +od, a¢,ad —f, ¢p—-a—b, dy- 7, fv}

Second iteration:

e
to=uad — f
_>
OéQZf

_>
52 = ad

— - =
pr={ab +oa&, «¢, -7 - b, dy— ¢, ady}

Third iteration:

ty=cp—a —Db
Oégza>

%
53=CcBp—-Db

—
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Fourth iteration:

_>
Ty = d}/—E>
0&4:E>
_>
S4 = d’Y
— —
pa={adyp, advy}

Since there is no relation v in py with minlength(tr) = 1, the while loop terminates
here, and we get n = 4. Line 10 and the for loop produce the following values:

_>
s4 =5, =dvy
~b)=dyB-b

. —
52 = (o st (52) = @ g B 2 gy (@) = ad
t

— -
53 = tr{(ay,80)}(53) = tr{(?jy)}( ¢ B

51 = tr{(az,52),(03’83),(114784)}(a) =

%
= cx?yﬁ —ab
_>
The resulting quiver S is R EN @ with the arrows ?, f, a and @ removed;
that is,
B Y
(%1 (%) V3
S: U1
‘a
U2

The resulting relation set is

ps = {Oﬂvﬁ, oﬂV}-

It is clear that the first relation here is superfluous, so we let

T = {ocH)y}.
We then have
k(R > Q)/n(Q, R, B)) = kS/(r),

with isomorphisms given by

B
= (@ adyboaB) (T oad) (@ dyp—B), @, dyy V)] for AER(E = Q),
[A] < [A] for A € kS.
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Combining with the isomorphism from Example 4.2, we get

(’jé? /32) > kS/(r) .

Let us create isomorphisms
k 0
o: (Aj? kR) s kS/r)
and

b1 kS/r) - (]3? ,3%)

by composing the isomorphisms we have. We can describe ¢ by its actions on basis
elements:

-
O

<
NN
o o
o o

¢(g 8>=[q] for ¢ € Q.
o(y 1) =1 for v € .
¢><2 8)[&6?],
o(n 0)=[%]
o(e o) =[]
o )-f4)

)i

)~

We describe 9 by its actions on equivalence classes of vertices and arrows:

(g 8) for g € @,
(] :<8 2) for r € Ry,
(B = (1 0
w([d]) <3 8) n
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Example 5.6. This example is a continuation of Example 4.3. We have the quiver

<

and preadmissible relation set

V(Q,B)UEQ,B)={ad — ¢, ab — d, BT, pd,
?og ?oc, E)B — ?, 3[3 — ?,
7%, ad, ¢, ¢d)
for the trivial extension
kQ x M.

We will apply PREADMISSIBLE TO ADMISSIBLE(Q © B, v(Q, B) U£(Q, B)) to get a
new quiver R and an admissible relation set o such that

~ k(Q O B)
M G B UEQ. B))

We start with pg = v(Q, B) U£(Q, B). The while loop produces the following
values (as in the previous example, we do not write zero relations):

> kR/(o).

First iteration:

T = (XE> — ?

=]

5T=od

pL= {ocE> - 3, paa, [53, Ao, ad E)[S —a, dp - «a,
Aod, ?3, xaoa, oc??}

Second iteration:

To OCE) — 3

a=d

5 =ab

p2 = {[:’xocﬁ), chﬁ, Ao, adw, ﬁﬁ — @, abp —«d,
Aod, ?cxﬁ7 A oA, oc?ocﬁ}
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Third iteration:

t3 = B}B —-a

az=3a

5= Dbp

P3 :{f’“ﬁﬁ, BOCE), E)B(x, OLE)B(x,

E)[Socﬁﬁ, ﬁ[:’:ocﬁ7 ocﬁ[&ocﬁﬁ, ocﬁ[&ocﬁ}

Since there is no relation t in ps with minlength(r) = 1, the while loop terminates
here, and we get n = 3. Line 10 and the for loop produce the following values:

_>
S3 = 3:b

B
S2 = tr{(og,s_g)}(@) = tr{(g’ﬁﬁ)}(“

and a removed; that
is,

R: ui *‘X>’UJ2*>U3
b

The resulting relation set is

ps = {pab B, pab, bpa, abpa, bpabp,
= = = = =
bpab, abfabf, abfab}.
. . — —
It is clear that we only need the relations fab and b B« to generate (p3), so we

let RN
oc={Bab, bRa}.

We then have
k(Q O B)

(@, B)U&(Q, B))

with isomorphisms given by

= kRfo),

A] — [tr{(?’“gﬁ)’(amg)ﬁ(agﬁ)}()\) for A € k(Q © B),
[A] <= [A] for \ € kR.

Combining with the isomorphism from Example 4.3, we get

kQ x M = kR/(o) .
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Let us create isomorphisms
¢ kQx M — kR/f(o),
V: kR/(o) = kQ x M

by composing the isomorphisms we have. We can describe ¢ by its actions on basis

elements:

¢(q,0) = [q] for g € Q.,
6(0,a) = [b ),
6(0,b) = [B],
6(0,¢) = [ab B,
6(0,d) = [ab].
We describe ¥ by its actions on equivalence classes of vertices and arrows:
w([Q]) = (Q7O) for qc Q?7
b m

v([b]) = (0,b).
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