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CHAPTER 1
INTRODUCTION

Leavitt path algebras have been the object of much attention recently. To find some of
this attention, one can look at [1] and look at the references within. A Leavitt path algebra
is a type of universal algebra with relations and generators associated with a directed graph
and they generalize a family of algebras first studied by W. G. Leavitt in his study of the
invariant basis number property . However, the meaning of the relations is not immediately
transparent upon first examination. In this thesis however, we will not be concerned so
much with the algebras themselves but with the category of modules over them.

We say two algebras are Morita equivalent whenever their module categories are the
equivalent. For certain graphs it remains an open question whether the Leavitt path
algebras given by those graphs are Morita equivalent. For example, one may consider the
Cuntz splice as in [1, 7.3|. This motivates a study of the category of modules over Leavitt
path algebras.

A functorial picture of these module categories was previously established in |3,
Proposition 3.2]. In particular, we will show that the category of modules over a Leavitt
path algebra can be considered as a collection of vector spaces associated with the vertices
of the graph, and a collection of linear maps associated with the edges, satisfying a
coproduct condition that will be expanded on later. A straightforward extension of this is
to consider instead associations of the graphs of other categories, satisfying the same
coproduct condition. This is hoped to be useful in regarding the question of the Morita

equivalence of the Cuntz splice and other open questions of Morita equivalence.



CHAPTER 2
CONSTRUCTION OF UNIVERSAL ALGEBRAS
2.1 Defining Modules and Algebras

Definition 2.1.1 (Module). Let R be a ring (not necessarily commutative nor with 1). A

left R-module or a left module over R is a set M together with
1. a binary operation + on M under which M is an abelian group, and

2. an action of R on M (that is, a map R x M — M) denoted by rm, for all r € R and

for all m € M which satisfies

(a) (r+s)ym=rm+sm, forallr,s € R,meée M,
(b) (rs)m =r(sm), for all r;s € R,m € M, and
(c) rtm+n)=rm+rn, forallr € R,m,n € M.

If the ring R has 1, then we call M a unital R-module, and if it satisfies the

additional axiom:
(d) 1m =m, for all m € M.

A right R-module is similarly defined, except with the action of R being a right action. In
this text we will take unital left modules to be the default, and will simply call them

modules unless context requires otherwise.

Examples 2.1.2.

1. Let I be any field. Then any module over F is in fact an F-vector space. In fact, the
vector space axioms are almost identical to the module axioms - the only difference is

that a vector space is over a field.



2. Let M be any abelian group, and for n € Z and m € M, definenm=m+---+m
(with n copies of m). It is straightforward to check that M satisfies the module
axioms under this action. Hence every abelian group is a Z-module. Since modules
are required to be abelian groups, Z-modules and abelian groups are in fact the same

thing.

3. Let R be any ring. Then we can take R to be a (left) R-module by defining the
action of R on itself to be the usual multiplication in R. In this case, the module
axioms become identical to the ring axioms. If S is any subring of R, then R is an

S-module under multiplication by elements of S.

4. Let R be any ring, M any R-module, and S any set. Then we define Hom(S, M) to be

the set of functions from S to M. For ¢, € Hom(S, M), r € R, and s € S, we define

(a) (¢ +¢)(s) = o(s) + ¢(s),
(b) (r¢)(s) = r(¢(s)).

Under these operations, Hom(S, M) is an R-module. We can also define
Homg, oy, (G, M) in case G is some group. In this case we require the functions to be
homomorphisms of groups. Similary, if N is an R-module, we can take Hompg(N, M)
to the set of all R-module homomorphisms from N — M (where an R-module

homomorphism takes on the natural definition).

Given the similarity of modules and vector spaces, we will often refer to elements of the
ring R as scalars. We now introduce a type of module that is of particular importance to

this text.

Definition 2.1.3 (Algebra). Let R be a commutative ring with identity. An R-algebra is a

ring A with identity that is also a unital R-module such that
r(ab) = (ra)b = a(rd)

for all r € R and a,b € A.



Examples 2.1.4.

1. Let R be a commutative ring with identity, and define R[z| to be the set of
R-polynomials in a single indeterminate. Then R[z] is an R-algebra under the

standard polynomial operations.

2. Let R be a commutative ring with identity. Then R is an R-module, and since R is

commutative, an R-algebra.

3. Let R be a commutative ring with identity, and for some k € N, define R[x,. .., z]
to be the ring of commutative R-polynomials in £ indeterminates. By commutative
polynomials, we mean that z,,x, = x,x,, for all m,n € 1,... k. Then R[z,, ..., x]

is an algebra over R under the standard multivariable polynomial operations.

4. Let R be a commutative ring with identity, and let M, (R) be the set of n X n matrices
over R. Then M,(R) is an R-algebra under the usual matrix multiplication, addition,
and scalar multiplication. Note that in this example, matrix multiplication is not

commutative, and so M, (R) is (very creatively) called a non-commutative algebra.

5. Let V be any F-vector space. We will write Endg(V') to denote the set of linear
endomorphisms (linear maps from V' to V) of V. If we take addition to be given by
(f +9)(v) = f(v) + g(v), and multiplication to be composition of maps, then
Homg(V,V) is an F-algebra.

6. Let R be a commutative ring with identity, and M an R-module. Then we can
generalize by the previous example by defining Endg(M) := Homg(M, M). As in
previous examples, we know that Endg(M) is a R-module. We can turn Endg(M)
into a ring by defining multiplication as function composition. Since the identity
endomorphism will clearly work as a multiplicative identity, and function composition

is associative, we only need to verify the distributive law. For ¢, ¢, v € Endg, we have

Pl +P)(m) = d(e(m) +¥(m)) = (dp)(m) + (¢1)(m).
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Under this multiplication, we can see that Endgz(M) is a R-algebra.

7. Let R be any commutative ring with identity, and define R[z!, z] to be the set of
Laurent polynomials over R. These are the polynomials with coefficients in R in the

1

two indeterminates !,  with the relation zz=! = 27 '2 = 1. Under normal

polynomial operations, this gives an algebra over R.

2.2 Basic Theory of Algebras

Definition 2.2.1 (Algebra homomorphism and isomorphism). Let A, B be R-algebras.

Then an algebra homomorphism A — B is a ring homomorphism ¢ : A — B such that for
any 7 € R and a € A, we have p(ra) = ro(a), and ¢p(14) = 1g. An algebra isomorphism is
a ring isomorphism satisfying the same conditions. If there exists an algebra isomorphism

A — B, then we say A and B are isomorphic and denote this with A = B.

Examples 2.2.2.

1. Consider the R-algebras R and C. The injection f : R — C given by f(x) =z is

trivially an algebra homomorphism.

2. Consider C as a R-algebra. Then the complex conjugation function is an algebra
isomorphism. When an algebra isomorphism is a function from the algebra to itself,

we call it an automorphism.

3. Let M, (F) be the algebra of n x n matrices over some field F. Then

M, (F) = Endp(F™), where F" is the usual n-dimensional vector space over F.

Definition 2.2.3 (Ideal). Let A be an algebra over some ring R. Then an ideal of A is an
additive subgroup I of A such that for all a € A we have al C [ and Ia C I. If S is some
subset of A, then the set (5) := {a1sas | a1,a2 € A, s € S} is an ideal of A, and we call it

the ideal generated by S.



Remark: We note that ideals are closed under scalar multiplication. This is because for

any a € R, and any z € I, we have ax = (al)z € I.

Definition 2.2.4 (Quotient Algebra). Let A be an R-algebra, and I some ideal of A. The
quotient algebra A/I is the set of cosets given by the equivalence relation a ~ b whenever

a — b € I. The operations in this algebra are the natural extensions of the operations of A.

There is a similar concept of a quotient for both rings and modules. Since an algebra is
both, it is possible to construct quotient rings and quotient modules of an algebra. The

fact that these quotients are compatible follows from the theorem below.

Theorem 2.2.5 (First Isomorphism Thoerem). [2/ Let A and B both be R-algebras, and
v : A — B an algebra homomorphism. If we denote the kernel of ¢ with ker(y), then
ker(y) is an ideal of A and A/ ker(y) = im(yp).

We note that the proof of this theorem is essentially the same as any proof of the first
isomorphism theorem a reader will encounter in any text on groups or rings, and so we

omit it. The following theorem establishes a useful fact about algebras.

Theorem 2.2.6 (Homomorphism definition of algebras). Let R be a commutative ring
with identity, and A a ring with identity. Then A is an R-algebra if and only if there exists
a (ring) homomorphism ¢ : R — A such that Im(p) is contained within the center of A,

and p(1) = 1.

Proof. We begin by showing that if such a homomorphism exists, we can use it to obtain an
action that turns A into an R-algebra. For r € R and a € A, we define ra := ¢(r)a. Since
©(r) is an element of the ring A, the action satisfies the module axioms as an immediate
consequence of the ring axioms. Furthermore, p(R) lies in the center of A, telling us that
r(ab) = (ra)b = a(rd) for r € R and a,b € A. This establishes that A is an R-algebra.

Now we prove the other direction of implication. Assume that A is an R-algebra. Then

we define ¢ : R — A to be the function ¢(r) = r- 1 (where - denotes the action of R on A).



Now we verify that ¢ is a ring homomorphism. Let r,s € R. Then we see
or+s)=(r+s)-1=r-1+s-1=p(r)+¢(s),
and

p(rs)=(rs)-1=r-(s-1)=(r(1-1))(s-1) =1(r-1)(s- 1) = (r)e(s).

Next we show that the image of ¢ lies in the center of A. Let r € R and a € A. Then

o(r)a—ap(r) = (r-1a—a(r-1) = (r-a) - (r-a) =0,
as desired. This proves the equivalence. O

In this text we are primarily concerned with algebras over fields (i.e. the ring R is a

field). We now use the following proposition to allow for a convenience of notation:

Proposition 2.2.7 (Fields are embedded in algebras). Let F be a field, and A an

F-algebra. Then A contains within its center a field that is canonically isomorphic to F.

Proof. Let ¢ be the homomorphism from F — A provided by Theorem 2.2.6. Since F is a
field, it has no non-trivial proper ideals and hence the kernel of ¢ is trivial. This

immediately gives the desired result. O

The above proposition allows us to speak of elements of [F as belonging to A, and we will
do so in this paper. Note that if we consider algebras over rings instead, we are unable to

do so. For example, the canonical homomorphism from Z — (Z/27Z) is clearly not injective.

2.3 Free and Universal Algebras

Definition 2.3.1 (Free algebra). We say that an F-algebra A is free on the subset S of A
(and called a free F-algebra) if F' satisfies the following universal property: For any
[F-algebra B and any function f : S — B, there exists a unique homomorphism ¢y : F' — A
such that the restriction of ¢ to S is equal to f. The existence and uniqueness of these

homomorphisms is called the universal property of free algebras. The next proposition tells
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us that free algebras are determined uniquely up to a canonical isomorphism by the field F

and the set S.

Proposition 2.3.2 (Free algebra uniqueness). Let F be a field and S some set. If
F-algebras A and B are both free over S, then there exists a unqiue isomorphism between A

and B whose restriction to S is the identity.

Proof. Let A and B both be free F-algebras over S. Then there exist unique
homomorphisms 1) : A — B and ¢ : B — A that extend the identity function s +— s for

s € S. Then the composition p o1 : A — A is a homomorphism from A to A that extends
the identity function on S. The universal property of free algebras tells us that only one
such homomorphism exists. However, the identity function on A is such a homomorphism,
and hence p o1 = Idy. An analogous argument tells us that ¢ o ¢ = Idp, and this tells us

that ¢ and ¢ are isomorphisms. ]

Remark: Since this result tells us that the information of the field F and the set S is
enough to denote a free algebra, we will denote a free algebra from now on by F (S).
An observant reader will notice that we have not yet shown that free algebras exist.

The following proposition takes care of that.

Proposition 2.3.3 (Existence of free algebras). Let F be a field and S any set. Then there

exists a free F-algebra over S.

Proof. The basic motivation for constructing a free algebra is to try to define the most
“general” algebra containing the elements of S. In particular, we need multiplication,
addition, and scalar multiplication. To obtain multiplication, we introduce the idea of a
“word”. This can be considered as a finite string of elements of S, or an element of the set

W(s)=0u (U s’f) :

keN

where S* is the cartesian product of k copies of S. Notice that W (S) contains S as a

subset, and hence we can talk about elements of S as elements of W (.S). For
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(51,..-,585), (t1,...,tg) € W(S), we define their formal product to be (s1,...,s;,t1,...tx),
i.e. the concatenation of the two tuples. If we have the empty word (), then we define

(153 86)) = (81, -, 8k) = (81, -+, Sk)-

We now define the free algebra over S to be the set
F(S)={f:W(S)—F| f(w) =0 for all but finitely many w € W(S)}.

For w € W(S), we can associate it with the function that sends w to 1 and everything
else to 0. This gives us an F-vector space under pointwise addition and scalar multiplication
of functions, and W (S) forms a basis of IF (S). Hence we introduce the notation

f=) flww,

weW (S)

whenever f € F(S), and point out that this is just writing out elements of IF (.S) explicitly
as [F-linear combinations of elements of W (S). We now define the product of elements of
F (S) to be the convolution of the sum in F (S) and the formal product in W (5):

fs=1 Y, fww || D glp|= > (Z f(w)g(v)> u.

weW (S) veEW (S) weWw (S) \wv=u
It is both simple and tedious to verify that these definitions of multiplication (taking the
empty word to be the multiplicative identity), scalar multiplication, and addition satisfy
the axioms for an algebra, and so we leave it as an exercise for the reader.

Having constructed this algebra, we now demonstrate that it is free. Let A be any
F-algebra and f : S — A be any function. Since F (S) and A are both F-vector spaces, we
may define ¢¢ to be the unique linear map defined on basis elements by
(S1y..-y8K) — f(s1) -+ f(sg) and () — 14 whenever (sq,...,sx) € W(S). As this
mapping is linear, it respects addition and scalar multiplication. The defininition of ¢y
makes it obvious that it respects multiplication on basis elements. Since the multiplication

in [F (S) is bilinear, ¢, respects multiplication on all elements. ]

Readers may notice that multiplication in IF (S) is similar to multiplication of

polynomials. This is not coincidental: elements of F (S) may be considered as

9



non-commutative polynomials with coefficients in F and unknowns in S. Monomials then,
are elements of W (S). To reconcile the two seemingly disparate notions, we point out to
the reader that we may rewrite, for example, the tuple (s,t,t,v,t) as st?vt. This now
visually resembles a monomial, and allows us to see that the multiplication given for W (S)
coincides with that of (non-commutative) monomials. Under this interpretation, the
homomorphism given by the free algebra’s universal property may be thought of as
polynomial evaluation. The reader will also note that if S has one element, then F (S) is

just the algebra F[z]| (up to isomorphism).

Definition 2.3.4 (Relation). When context requires it, we will refer to elements of a free
algebra IF (S) as relations. Let A be a F-algebra and f a function from S to A. Then we
say that f satisfies the relation r if r € ker(yy), where ¢y : F (S) — A is the homomorphic

extension of f given by the universal property of F (S).

Examples 2.3.5.

1. In the free algebra R|x], the only mappings from {z} to R satisfying the relation
22 — 2 are x — ++/2. The reader will note that this coincides with saying that 4++/2

are the roots of z2 — 2 in R.

2. There are no maps from {z} to R that satisfy the relation 22 + 1. However, the
homomorphisms extending = — =i from R[z] — C both satisfy this relation. In fact,
it is the fundamental theorem of algebra that for any relation in R[x] (except for
scalar multiples of the identity), there exists some evaluation homomorphism

¢ : R[z] — C satisfying that relation.

3. It is also possible to describe properties of an algebra through a relation. Let A be
some [F-algebra containing elements a, b that commute with each other, i.e. ab = ba.
Taking F (z,y) to be the free algebra over two elements, we observe that the mapping
x +— a, y — b satisfies the relation xy — yx. In fact, A is commutative if and only if

every mapping from {z,y} to A satisfies this relation.
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Definition 2.3.6 (Universal Algebra). Let F be some field, S some set. Then for
R C F(S), we call the quotient I (S) /(R) the universal F-algebra with generators S and

relations R.

Theorem 2.3.7 (Universal Property of Universal Algebras). Let A be some F-algebra, S
some set, and let f: S — A satisfy each relation r € R for some R C F(S). Then there
exists a unique homomorphism ¢ : F (S) /(R) — A whose restriction to S + (R) is f. Since
this will sometimes lead to elements of S being associated with one another, this sometimes
leads to a slight abuse of notation when considering S as a subset of F (S) /(R). However,

this will never lead to issues.
Proof. This is an immediate consequence of the first isomorphism theorem. O

Remark. For any s € S, we will denote the element s + (R) of F (S) /(R) just by s.
Observe that these elements generate F (S) /(R) as an algebra - every element of F (S) /(R)

can be written as a linear combinations of products of these elements.

Examples 2.3.8 (Universal Algebras).

1. Let A be some F-algebra, and let F (A) be the free F-algebra over A. Then the
universal property of free aalgebras proves a homomorphism ¢ : F (A) — A extending
the identity map on A. Clearly F (A) /ker p = A, meaning A is a universal algebra.

Thus we have shown that every F-algebra can be considered a universal algebra.

2. Let F be any field, and S = {z1,..., 2} be a finite set. The reader will recall that
[F (S) is the set of non-commutative polynomials in the indeterminates in S and and
coefficients in F. In order to obtain the commutative polynomials, we can take our

set of relations to be
R=A{xnx, — xpzym| mnel, ... k}.

We then obtain F (S) /(R) = Flzy,. .., x].



3. Now consider the free algebra IF[x], the set of single variable polynomials over some
field F. Then we may take f(x) to be any irreducible polynomial in F|z]. If we do so,
the quotient Flz]/(f(z)) is isomorphic to the extension field F|r], where r is any root
of f. For example, if we take our field to be R, and our polynomial to be 22 + 1, we
obtain

Rlz]/(#* +1) = R[i] = C.
This shows that every field extension of R is a universal algebra.

4. Consider M, (F), the algebra of n x n matrices. As a vector space, it has basis
B=Ae;li,jel,....,n}, where ¢ ; is the matrix with a 1 in position 4, j and zeroes
elsewhere. We can also represent M, (F) as a universal algebra with generators /3, and
relations R := {¢; jex; — djpcir| 4,7,k 1€ 1,....,n} U{d ,_, exr = 1} (where 0, is
the function that is 1 when j7 = k, and 0 otherwise - this function is known as the
Kronecker delta function). To see why, first we observe that standard matrix
multiplication tells us €; j, €x; = ;€1 in M, (F). Hence we see that €; jex; — ;€0 =0
is in the kernel of the homomorphism from F (8) — M, (F) that extends the identity.
Furthermore, the sum of the diagonal matrices ¢, ; is the identity matrix in M, (F).
This tells us that every relation in R is satisfied by this homomorphism, and hence
there exists a unique homomorphism ¢ : F (5) /(R) — M, (F) such that ¢(€; ;) = €
for each ¢; ; € 8. Notice that we have established a surjective mapping onto a basis of
M,,(F) that respects both addition and scalar multiplication. This implies that ¢ is
surjective on M, (IF). Now we note that since €; je; — d;,€;; = 0 for any €, j, e, € 3,
the product of any two of these elements is an element of 3. Since theses elements
generate F (S) /(R) as an algebra, this tells us that they span F (5) /(R) as a F
-vector space. Hence we observe that if > 7' | D77 | ¢(ajke;x) = 0, then linear
independence in M,,(F) indicates that each a;; must be zero. This tells us that ¢ has

a trivial kernel and hence is injective. So ¢ is an isomorphism, as is desired.
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CHAPTER 3
LEAVITT PATH ALGEBRAS

We now introduce the central topic of this paper, Leavitt path algebras. A Leavitt path
algebra is a type of universal algebra whose relations are defined based on a directed graph.
We begin by defining a directed graph, following the terminology used in |1, Definition
1.2.2].

Definition 3.0.1 (Directed Graph). Let E° and E' be a disjoint pair of finite! sets,
equipped with functions r : E* — E° and s : E' — E°. Then we call the collection

E = (E° E',r,s) a directed graph. We call the elements of E? the vertices of E, and the
elements of E' edges. For a given e € E', we call s(e) the source of e, and r(e) the range.

Note that it is possible for multiple edges to have both the same soure and range.

Example 3.0.2. Although directed graphs are defined abstractly, they are usually

represented by diagrams. In the diagram below, the vertices are represented by the dots,

€3

€1 €2
v2

and the edges by the arrows. Thus we have E° = {v1, vy, v3} and E' = {e1, ey, e3}. The
source of an edge is the vertex that the edge is pointing away from, and its range is the

vertex it is pointing to. As such, we have s(e;) = v; and r(e;) = vs.

The following is a minor adaptation of the definition of a Leavitt path algebra from the
one found in [1, Definition 1.2.3]. This modification is explained in the remark following
the definition.

Tt is possible to define directed graphs without requiring these sets to be finite. However, allowing for
these sets to be infinite allows the algebras we will be defining with these graphs to become more complicated

(in particular, it allows for algebras without a multiplicative identity). It should be possible to extend the
results of this paper to infinite graphs, but for the sake of simplicity we will restrict to the finite case.

13



Definition 3.0.3 (Leavitt path algebra). [1] Let E = (E°, E',r, s) be some directed graph,
and F some field.

We will be using this graph to generate an algebra, but we wish to have two distinct
generators associated with each edge of the graph. To this end, we define
(EY)* :={e*| e € E'} to be the set of ‘ghost edges’ of F and note that it is simply a set
with the same cardinality as E!, and whose elements are indexed by those of E'. Then the
Leavitt path algebra of E over F is the quotient of the free algebra F(E° U E' U (E')*) by

the ideal generated by the relations
1. vv' = §, v, for all v,v € E°,
2. s(e)e=er(e) =e, for all e € B,
3. e*s(e) =r(e)e* =¢*, forall e € B!,
4. e*e’ =0, pr(e) for all e,¢’ € EY,
D. v = Zs(e):v ee*, for each v € E° that is the source of at least one edge, and
6. > pepov =1
For a given graph F, we denote the Leavitt path algebra of E over F by Lp(FE).

Remark. The sixth relation is only required since we have required universal algebras to
have identity. In the more usual definition, where universal algebras do not have identities,

it ends up being a consequence relations 1, 2, and 3.

Remark. Recall that we initially defined relations to be elements of a universal algebra,
which seems distinct from our usage of them here. However, when constructing the
universal algebra, we end up setting the relations equal to zero (they are used to generate
the kernel of the canonical homomorphism), and hence saying 71 = 75 is the same as saying

N — T2 = 0.
Examples 3.0.4.
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1. Let E be the graph with a single vertex and no edges, i.e. the graph below:
o

Then we claim that Lp(E) = T as algebras. To see why, notice that our free algebra
is just F[v], and the Leavitt path algebra relations end up collapsing down to v? = v
and v = 1 in this case. In particular, the ideal (R) of F[v] that we are dealing with is
just (v?2 — v, v —1). Since v — 1 divides v? — v, this ideal is just (v — 1) and we have

Ly(E) 2 Fla]/(v — 1) = F.

2. Now let E be the graph below:

S

e

We note that E° U E' U (E')* = {v,e,e*}, and we claim Lp(E) = F[z~!, z] (the
algebra of Laurent polynomials over F).The reader will observe that the function
sending v to 1, e to =, and e* to o' satisfies the Leavitt path algebra relations, and

hence gives us a unique homomorphism ¢ : Lg(F) — Flz~!, z].

We now show that this mapping is an isomorphism of algebras. Note that F[z~!, z] is
generated by 1, , and 27! meaning that the homomorphism ¢ is surjective. Now the

relations 4 and 5 ensure that every element a € Lg(E) is of the form

a=av+ Z Biel + Z (e,
j=1 k=1
with only finitely many of the 3}s and ;s being non-zero.
This tells us that
o o0
pla) = ot D Byl + D
j=1 k=1
Since the powers of x form a basis for the Laurent polynomials, linear independence

tells us that p(a) = 0 if and only if @ = 0, giving the desired result.
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3. Let F be some field, and £ the graph given below:

We claim that Ly(F) is isomorphic to M, (FF). The proof of this fact allows us to

demonstrate an important usage of the universal property of universal algebras.

We start by ensuring that we may use this property. The reader will recall from
Example 2.3.8 number 2 the equivalent definition of M, (F) as F (3) /(R) where
5 = {Eiyj ’ 1 S 2,] S n} and R = {QJE[M — 5]',]66” | 1 S i,j, ]{?,l S 7’L} U {Zzzl ek,k = 1}

Let ¢ : F(5) — Lg(E) be the homomorphism extending the mapping

eieiy1 e if 1<y,
€ij > el jefo-ef ifi> g

i if i = ;.

\

Then we wish to show that this homomorphism satisfies each relation in R. First we

note that relations 2 and 3 from Definition 3.0.3 ensure that

V(e (€ens) = V(e vjupd(en) = 0 p0 (i) (ery).

Since this trivially gives us the desired result ¢(e; ;)1 (€x) = 0,1 (€;;) whenever
j # k, let us now assume j = k. We make note of the fact that each vertex in F is

the source of at most one edge, and hence relation 5 simplifies down to
e'e’ = 0 cs(e).

Now we claim that
(

€iCip1 €1, if 1 <1,
lei)Vens) = eryer_y---ef, ifi > 1,

v, if1=1.

\
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To verify this claim, there are several case to check. For example, when i < j =k < [,

we have

w(ﬁz’,j)i/}ek,l =€i€Ci41...€j-1€kCL41 ... €1 = w(%l)-

On the other hand, if ¢« < [ < k, then we have

Y€ j)(€ry) = €i€it1...€j 165 _1€5_o.-.€ = V(€1-1).

Verification of all the other cases use similar arguments, and which we will omit.
This tells us that we have ¥(e; ;)1 (ex) = 0;,0(€;;) as is desired.

Now we construct an algebra homomorphism in the other direction. Let
¢:F(E°UE'U(EY)*) — M,(F) be the homomorphism extending the mappings
vj > €4, €5 > €511 and e} > €41 . We show that ¢ satisfies relations 1-6 in

Definition 3.0.3. For relation 1, we see

¢(Uk?1j) = ¢(Uk)¢(vj) = €k k€5 — 5j,k€k,j = (5j,k€k,k = ¢(5j,kvk)-

For relation 2, we have

dlej) = €11 = €5€5541 = P(vie;) = o(s(e;))o(e;).

Similar arguments work for ¢(e;) = ¢(e;7(e)) and the entirety of relation 3. For

relation 4, we have

pleier) = € jerprt = Ojr€ivthr1 = Ojp€rrihr1 = (a7 (ek))-

Since each vertex is the source of at most one edge, the sum in relation 5 has at most
one term. Hence an identical argument shows that relation 5 is satisfied. Hence ¢

satisfies the Leavitt path algebra relations.
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By the universal properties of Ly(FE) and M, (F), the maps defined above induce
homomorphisms ¢ : Lg(E) — M, (F) and ¢ : M,,(F) — Lg(E). Since the
compositions ¢ o 1) and 1 o ¢ are both homomorphisms that are the identity on the
generators of each algebra, the universal properties of these algebras ensure that they
are the identity homomorphism. In particular, both ¢ and v are isomorphisms, as is

desired.
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CHAPTER 4
CATEGORY THEORY

4.1 The Basic Language of Category Theory

We now introduce the basic language of category theory, mostly following [4].

Definition 4.1.1 (Category). A category C consists of a collection Ob(C') of objects, and

for each pair X, Y of objects a set Hom(X,Y") of morphisms satisfying the following:

1. If XY, Z are objects, then for each f € Hom(X,Y') and g € Hom(Y, Z), there is
given a unique morphism g o f € Hom(X, Z) called the composition of g with f such
that or any triplet f, g, h we always have (f o g)oh = fo(goh) whenever both fog

and g o h exist.

2. For each object X, there is a morpism Idx € Hom(X, X) with the property that for
all objects Y, and all morphisms f € Hom(X,Y") and g € Hom(Y, X) we have
foldxfand Idxog=g.

Examples 4.1.2.

1. There is a category called SET. In this category we take the objects to be sets, and
the morphisms to be functions between sets. Composition of morphisms in this

category is defined to be composition of functions.

2. Many of the structures encountered in algebra classes also form categories. In
particular, there are categories of monoids, groups, rings, fields, modules, vector
spaces, and algebras. In each of these categories, the morphisms are the various types

of homomorphism (and linear maps for vector spaces).

3. Let C be a category with one object X such that for any f € Hom(X, X), there

exists some f~! € Hom(X, X) such that fo f~! = f~!'o f = Idy. Since we have
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associativity of composition, inverses, and an identity element, the morphisms of this
category form a group. Given an arbitrary group G, we may also form a category by
defining the object to be a single point, and the morphisms to be elements of the
group. The reader may verify that the definition of a group easily ensures that the

category axioms are satisfied.

. Let X be some partially ordered set. Then we may define a category C' by taking
Ob(C) = X. In this category, we say there exists a morphism from = — y if and only
if x <y. Since x < z for each x € X, we see that each object has the required
identity morphism. Since there is at most one morphism between any two objects,
and a partial ordering is transitive, we have only one choice for composition of

morphisms, and this composition satisfies the axioms for a category.

. There is a category of categories. In this category, we take the objects to be categories

themselves. We will define the morphisms of this category in Definition 4.1.7

. Let E be some finite directed graph. Then we can define the category Path(FE). In
this category, we take the objects to be the vertices of E. A morphism of this
category is a path, which one may consider as an operdered tuple (ejes ... e,) of edges
such that r(ex) = s(ex41) for all 1 < k < n. We also take a single vertex to be a path.
Then we define the identity morphism for a vertex v to be the path (v), and we

define composition of morphisms to be the concatenation of paths (i.e. €1 - e5 = ejes).

Definition 4.1.3 (Isomorphism). Let X and Y be objects of some category C'. We say X

and Y are isomorphic if there exist morphisms f: X — Y and g : Y — X such that

fog=1Idy and go f = Idx. Whenever f and ¢ fulfill this conditions, we call them

isomorphisms, and say that f and g are inverses.

Examples 4.1.4.

1. Let C be the category SET. Then objects X,Y € C' are isomorphic if and only if

there exists a bijection between X and Y.
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2. Readers will also have encountered examples of isomorphisms in their studies of other

mathemtacial structures, such as groups, rings, and vector spaces.

As mentioned before, there is a category of categories. The morphisms in this category

are called functors. They are defined as follows:

Definition 4.1.5 (Functor). Let C' and D be categories. Then a functor from C to D,
denoted by F': C'— D, is a mapping that sends each object X of C' to some object F'(X)

of D and each morphism f of C' to some morphism F(f) of D, satisfying the following:

1. For X, Y € Ob(C), and f € Hom(X,Y'), we have F(f) € Hom(F(X), F(Y)),
2. For any X € Ob(C), we have F(Idx) = Idp(x), and

3. For any morphisms f, g of C' that compose, we have F(fog) = F(f)o F(g).
Examples 4.1.6.

1. Let C' and D be two partially ordered sets, treated as categories as in Example 4.1.2.
we may take I’ to be a functor between these two categories. Then we observe that if
X <Y, we must have FI(X) < F(Y). This tells us that a functor between these
categories is the same thing as a function that preserves the partial ordering of their

elements.

2. Let G and H be groups. As in Example 4.1.2 number 3, when we treat these groups
as categories, the morphisms are just the elements of the group and composition is
multiplication. If we have a functor F': G — H, then we see that for any a,b € G we
have F(ab) = F(aob) = F(a) o F(b) = F(a)F(b). This tells us that a functor

between groups is just a group homomorphism.

3. In the initial examples of categories, we mentioned many categories based on sets

(such as groups, rings, vector spaces, and the like). In each of these examples, we
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may define forgetful functors from these categories to the category of sets. These
functors map each object of the category to the set containing its elements, and each
morphism to the function that gives the same action. For example, if GG is the group
Z)27 and H = Z/AZ, and ¢ : H — G is the homomorphism such that ¢(1) = 1, and
F is the forgetful functor from the category of groups to the category of sets, then
F(G) is the set containing the elements of Z /27, F(H) containing the elements of

Z7./AZ, and F(¢p) is still just ¢, only now it is considered a map of sets.

. Now let us define C' to be the category whose objects are vector spaces over some
fixed field F, and whose morphisms are linear maps between these vector spaces. For
a given vector space V', we define its dual space to be

V* := {linear maps from V — F}. We may also define its double dual,

V** := {linear maps from V* — F}. If V and W are F-vector spaces, and f a linear

map between them, then we define

™) (w*) =v™(w* o f), for all v™ € V™ and w* € W*.

Then the mapping

F:C—->C
FV)=Vv*
F(f)=f"

is a functor from C' — C, called the double dual functor.

Definition 4.1.7 (Natural Transformation). Let C' and D be categories, and let

F,G : C — D be functors. A natural transformation 7 : F' — G is a function giving each

object X € C' a morphism 7y : F(X) — G(X) of D such that for each morphism

f: X — Y in C, the following diagram commutes:
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TX

! 0)) G(f)

Y F(Y)

4
Q
=

Ty

If 7 is such a function, then we say that the morphisms 7x are natural in X. If each 7x
is also an isomorphism, we say 7 is a natural isomorphism. If F' is naturally isomorphic to

(G, we denote the situation with F' = G.

Since we have defined a category of categories, it seems natural to think in terms of
isomorphisms of categories. Following the general notion of an isomorphism, this would
require us to have functors F': C'— D and G : D — C such that F o G = Idp and
G o F = Idc. However, it turns out that in many cases where we want to talk about
categories being the same, this idea of isomorphism is too restrictive. To resolve this

problem, we introduce the idea of equivalence of categories.

Definition 4.1.8. [Categorical Equivalence| Let C' and D be categories. Then we say C
and D are equivalent if there exist functors F': C' — D and G : D — (' such that
FOGg]dD and GOFg]dc.

Examples 4.1.9.

1. Let C be any category, and let Ids : C' — C' be the identity functor. Then clearly for

any X,Y € C and morphism f : X — Y the following diagram commutes:

o
o
A 4
o

A 4

Id,

Since the identity morphism is always an isomorphism, this tells us that each

category is equivalent to itself.
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2. Let C' be the category of finite dimensional vector spaces over some field F, let
F . C — C be the double dual functor defined in Example 4.1.6 part 4, and let
Ide : C — C be the identity functor. Since Idg o F = F o Ide = F, it just remains to
show that F' is naturally isomorphic to Ids. So for a given vector space V, let
Ty : V. — F(V) be the map such that 7/ (v)(w*) := w*(v). As in |2, Section 11.3
Theorem 19|, we see that this map is an isomorphism. It is also naturally isomorphic

to the identity, since for each v € V' and each w* € W* we have

Tw (f(0))(w") = w*(f(v)) = Tv(v)(w" o f) = [ (7v(v))(w").

4.2 The Category of Modules Over an Algebra

Before we approach the main theorem of the text, we will establish a useful result about

the category of modules over a general algebra.

Definition 4.2.1. Let A be some F-algebra with identity. Then we define Mod(()A) to be
the category whose objects are unital A-modules, and whose morphisms are

homomorphisms of A-modules.

Definition 4.2.2. Let A be some F-algebra with identity. Then we take M(A) to be the
category whose objects and morphisms are defined as follows.

Objects: An object of M(A) consists of a pair (V,¢) of an F-vector space V' and an
identity preserving algebra homomorphism ¢ : A — Endg(V'), where Endg(V') is the
algebra of linear maps from V' to V', as in Example 2.1.4 part 6.

Morphisms: For objects (V, ¢) and (W, ), a morphism T : (V,¢) — (W, ) consists of a

linear map ¢ : V' — W such that for each a € A, we have t o p(a) = 1¥(a) ot.

Theorem 4.2.3. Let A be any F-algebra with identity. Then the categories M (A) and

Mod(A) are equivalent.

Proof. Let A be an algebra over some field F and let M € Mod(A). For a € F and m € M,

we define am := (al)m. The module and algebra axioms ensure that M is a F-vector
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space under this definition of scalar multiplication. Now we define the map

(where Endg(M) is the set of linear endomorphisms from M to M when considered as a

vector space) to be given by
pu(a)(m) = am,
for a € A and m € M.
Now let M, N € Mod(A) and let f : M — N be a module homomorphism. For a € A
and m € M, we clearly have f(am) = af(m). If we now consider M as a vector space, this

tells us f(pap(a)m) = on(a)f(m). If we define
F :Mod(A) — M(A)

to be the map sending
M — <M7 SOM), and

f=1

then F' preserves the composition and identities of morphisms (as it is the identity on
them), and hence is a functor.

Now let (V, ) be some object of M(A). Then for v € V and a € A, we can define the
action av := p(a)(v). As p(a) is linear, we observe that this action makes V' a module over

A. Note that for any morphism
T:(V,g) = (W,0)
we have
tHav) = Hp(a)) = Bla)t(v) = at(v)
Along with the fact that ¢ is linear, this ensures that ¢ is a morphism from V' — W in

Mod(A). If we define
G : M(A) — Mod(A)
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to be the map sending
(V,p) — V, and

f — f, then we note that GG preserves the composition and identities of morphisms and is
therefore a functor.

Now we note that for M € Mod(A), we clearly have G o F(M) = M, for f € Mod(A),
we have G o F(f) = f. Hence G o F' = Idyioqca). Similarly F'o G = Idys4y. Since the
identity functor is definitely naturally isomorphic to itself, this establishes the desired

equivalence of categories.
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CHAPTER 5
THE CATEGORY OF MODULES OVER LEAVITT PATH ALGEBRAS

Definition 5.0.1 (Cuntz-Krieger-Leavitt Category). Let E be some finite directed graph
and let Paths(E) be the path category of F, as in Example 4.1.2 . Then we define the
category CK Lg(E) to be as follows:
The objects of the category are functors M : Paths(E) — Mod(F) such that if v € E° is

the range of at least on edge, then the map

Y M(e): @ M(s(e) = M(v)

r(e)=v r(e)=v
given by

(ms e)|r Z M $s(e

r(e)=v

is an isomorphism of vector spaces.
The morphisms of CK Lg(FE) are natural transformations of functors, and the

composition of morphisms is composition of functors.

Note that although we are defining the objects of this category as functors, it is not
something categorical in nature. Objects of this category end up looking like a collection of
vector spaces and linear maps between them, up to the above direct sum condition. The
purpose of defining this as a functor is that it allows for this idea to be expressed in a
compact manner. Under this consideration, a morphism of this category is a collection of
linear maps from the vector spaces of one object to another, such that the structure of the

linear maps of each object is in some sense the same.

Examples 5.0.2.

1. Let E be the graph with a single vertex v, and let ' be some field. Then an object of
CKLg(E) consists of a functor that sends v to some vector space V', and Id, to Idy.

For objects M and N of CKLp(E), a morphism 7' : M — N consists of a linear map
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T, : M(v) = N(v) such that T3, o I'dy ) = Idn(w) © T,. Clearly this applies for every
linear map T, and so a morphism is just any linear map from M (v) — N(v).These
considerations show that the functor CK Lr(E) — Mod(()F') defined on objects by
M +— M (v), and on morphisms by T+ T, is an equivalence of categories.(We have
not quite demonstrated this, but finding the inverse functor here consists of

essentially the same argument.)

. Let E be the graph with two vertices, v and w, and no edges between them, and let F
be some field. Then an object of CKLp(F) consists of a functor sending v and w each
to some vector spaces, and the identity morphisms to the identites of their respective
vector spaces. For objects M and N of CKLy(F), a morphism 7' : M — N is a
collection T' = {T,,, T}, } of linear maps such that T3, o I'dy () = Idy() © T, and

T o Idyw) = Idnw) o T Just as in the last example, this will hold for any pair of

linear maps.

This allows us to take a functor from CKLg(E) — Mod(F x F) sending
M — (M(v), M(w)), T : M — N to (T, T,). As before, this gives us an equivalence

of categories.

Definition 5.0.3. Let £ = (E°, E',r, s) be some graph. Then we define it’s

opposite graph, to be the graph E°PP := (E° E' s, 7). Put into the common interpretation

of directed graphs, this is the graph with the same vertices and edges as F, but with the

arrows pointing in the opposite direction.

The following theorem is essentially |3, Proposition 3.2]. We shall give a proof of this

result that fills in some of the omitted details.

Theorem 5.0.4. Let E be some finite directed graph and E°PP its opposite. Then

CKLg(E) = Mod(Ls(E)).

Proof. Let E be some finite directed graph, and F some field. For a given M € CKLgp(E),

we define
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Vi = @ M (v).

veEEY

If we denote elements of Vi, by (z,|v € EY), then we define 7/, to be the map sending
(zy|v € E°) = 24, and xar. : M(v) — Vis to be the map sending M (v) to its naturally
isomorphic copy within the direct suma V).
Now let v € E° be a vertex that is the range of at least one edge, i.e. r~1(v) # 0. Recall
from Definition 5.0.1 that the map
> M(e): P M(s(e)) = M(v)
r(e)=v r(e)=v

given by

(Z()|7(€) = v) = M{e)(x(s(e)))
r(e)=v
is an isomorphism. For each edge ey € r~'(v) we define

Thteo  M(r(eo)) = M(s(eo))

to be the map
-1

77-;\4,,30 = TM,s(eo) © Z M(@)
r(e)=v

Then we take F' to be the functor from CKLp(E) — M (Lp(E°PP)) defined as follows:
For a given object M of CKLp(E), we take F\(M) = (Vas, oar), where @y is the algebra

homomorphism from Lg(E°PP) — Endg(V')as such that for each x € V), we have

on(V)(2) = (X0 © Tarw)(z) whenever v € E, (5.0.5)
e (e)(®) = (Xarre) © M(€) 0 Tars(e))(x) whenever e € E', and (5.0.6)
e (€)(x) = (Xas(e) © Thre © Tap(e)) () whenever e € (E')*. (5.0.7)

The fact that this is enough to define a homomorphism follows from the universal property

of Lp(E°PP), so long as we are able to verify that (), satisfies the necessary relations. To do
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so, we make note of the following identities:

TMw © XMaw = Opwldy, and (5.0.8)

Thre © M(e) = Idye). (5.0.9)

An observant reader may notice that strictly speaking, the first identity isn’t always
well defined - if v # w, the codomains are different. However, in this case the delta
function sends everything to zero anyways, and so we decide to abuse notation and have
the zero live wherever we need it to. It will not end up making a difference.

The first identity holds as a simple observation that 7, sends elements of M (v) to
themselves, and everything else to zero. The second identity is similar. For a given

x € M(s(e)), we are sending it to mass()(€o) © (ZT(e,):v M(d)) ! o M(e). Hence we see
that an element of M(s(e)) will first get sent to M(r(e)). Then it will get sent to itself, but
now living in the direct sum given in Definition 5.0.1, and then will get sent to itself living
in M(s(e)), as is desired.

Now we verify the relations in defintion 3.0.3 (recall that we considering the Leavitt
path algebra over the opposite graph of E, and so the various s’s and r’s are reversed).
The reader will note that we will always send elements of E° U E* U (E')* to compositions
whose leftmost element is one of our x functions, and whose rightmost element is one of

our 7 functions. This allows for immediate vertification of the first four relations. For

example, we see in the first relation, we have

SOM(’U)(-;OM('U/) = (XM,U o WM,U)(XM,U/ o 7TM,'U’) - 5v,v’XM,U7TM,v/ = 5U,U’SDM(/U)-

Dealing with relations 2 — 4 follow arguments that are essentially the same. The fifth

relation is a bit trickier, and so we handle it in more detail. Recalling the definition of ),
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we observe

Z pu(e) o pu(e’) = Z XM.r(e) © M(€) © Tars(e) © XMs(e) © Thre © TaLir(e) (5.0.10)

r(e)=v r(e)=v
= Z XM,r(e) © M<€> © W;W,e O TM,r(e) (5011)
= xmwo | D M)y, | ©masw (5.0.12)
r(e)=v
= XM ©° TMu (5013)
= ou(v). (5.0.14)

For relation 6, we see that for any (z,|v € E') € V};, we have

> M) (v € EY) = (Xarw 0 mara)(@olv € E') = Y Xaro(zy) = (z,]v € EY).

vEED vEED veE!

This shows that we have satisfied the universal property of Lg(E°PP). This verifies ¢y
is an algebra homomorphism, and so we have confirmed that F' sends each object of
CKLg(E) to an object of M (Lg(E°PP)).

Now we wish to define the action of F' on a morphism of CKLy(F). For a pair M, N in
CKLp(E), a morphism from M to N is a collecion 7 = {7, | v € E°} of linear maps
T, : M(v) = N(v) such that for any e € E', we have N(€) o Ty(e) = Tr(e) © M(e). Then we
define F(7) : F(M) — F(N) to be the linear map 7" : Viy — Vi given by T'= @, _po 7o

This gives us the following identities:

TNe © TNr(e) © T = Ty(e) © Tase © Tasr(e)s (5.0.15)
T o Xpw = XNw © Ty, and (5.0.16)
TNw © T = Ty O T Mw- (5017)
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If v € E° then we have

Topy(w)=To XMw © TMw
= XNw O Ty OTrw
= XNwOTNwO© T

= pn(v)oT.
If e € B, then we have

T opn(e) =T o X © M(e) 0 Tars(e)
= XN,r(e) © Tr(e) © M(€) 0 Tars(e)
= XnN,r(e) © N(€) 0 Ty(e) © Tar,s(e)
= Xnne) o N(e) oy sy o T

=pu(e)oT
Finally, if e* € (E')*, then
T opum(e”) =T 0 Xass(e) © Thre © Thr(e)
= XN,s(e) © Ty © ﬂ-A//\/I,e O TM,r(e)

- XN,s(e) o W;V,e o ﬂ-N,T‘(E) ol

=pn(e")oT.

(5.0.18)
(5.0.19)
(5.0.20)

(5.0.21)

(5.0.22)
(5.0.23)
(5.0.24)
(5.0.25)

(5.0.26)

(5.0.27)
(5.0.28)
(5.0.29)

(5.0.30)

We have verified that T o p(s) = pn(s) o T for each s € E°U E' U (E')*. Since these

elements generate Ly(E°PP), this tells us that T o ¢y (a) = ¢n(a) o T for every

a € Lp(E°PP), and so T = F(7) is a morphism in the category M (Lp(E°PP)). We also note

that since each 7, is the identity map whenever 7' is the identity morphism, clearly

F(Idy) = Idpuy for any M € CKLp(E).

Finally, if S: M — N given by S = {0, | v € E°} and T : N — O given by

T ={7,| v € E} are two morphisms in CKLg(FE), then their composition is
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ToS={no0,|veE}. Since F(T)o F(S)=@,cpo o © DBpepo 00 = Bypepo v © 0y, We
see that F' respects the composition of morphisms and is therefore a functor.

Now we wish to define a second functor, H : M (Lp(E°P?)) — CKLp(E). Recall that an
object of CKLg(F) is a functor from Paths(E) — Mod(F). Let (V,¢) be an object of the
category M (Lg(E°PP)). Then for a given v € E°, we take H(V, p)(v) to be Im(p(v)). (We
will consider this image as its own vector space, instead of as a subspace living in V'.) For
an edge e € E', we define H(V, ¢)(e) : Im(¢(s(e))) = Im(p(r(e))) to be the restriction of
the map ¢(e) : V' — V to the subspace Im(p(s(e))). Note that the relation e = r(e)e in
Lp(E°PP) ensures that the image of ¢(e) is contained in the image of ¢(r(e)). For a path

ei1€éy...ey, we define

H(V,p)(erez...er) = H(V,p)(ex) o -0 H(V,p)(e2) 0 H(V, p)(e1).

Now let v € EY be a vertex such that r~!(v) # (). Then we define the map

EB Im(p ) = Im(p(v))
r(e)=v
to be given by

Yolzelr(e) =v) = D ple)(e).

r(e)=v

We claim that 1, is an isomorphism of vector spaces. For a given x € I'm(p(v)), we
have via relation 3 in Definition 3.0.3 ¢(e*)(z) = p(s(e)) o p(e*)(z) (recall that we are in
the opposite graph of F). This ensures that 1, (e*)(z)|r(e) = v) a well-defined element of
D, (o) Im((s(e))), and relation 5 tells us that ¢, sends this element to .

To see that v, is injective, we begin by assuming ¥, (z.|r(e) = v) = 0 for some
(we|r(e) = v) € B,()=, Im(p(s(e))). Relation 4 of Definition 3.0.3 tells us
0=p(f")otu(ze | r(e) =v) =3, )=, P(f e)xe = O(s(f))zy, for each edge f € E' with
r(f) = v. Since p(s(f)) is idempotent (via relation 1), we know that it must act as the

identity on Im(p(s(f)) and hence we have

wp=@(s(f)(xy) =
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Since this holds for each f with r(f) = v, this tells us the kernel of v, is trivial and hence
1, is injective. Therefore H(V, ) is an object of the category CKLp(FE).

Now we define the action of H on morphisms. Let T : (V, ) — (W, %) be some
morphism in M (Lg(E°PP)). Recall that this morphism 7" consists of a linear map
t:V — W with the property that ¢ o ¢(a) = 1(a) ot for every a € Lg(E°PP). Then for each
vertex v € E°, we have t o p(v) = 1(v) o t, and so we can restrict ¢ to the map
To - Im(¢p(v)) — Im((v)). Since this map satisfies 7, o ¢p(e) = ¢(e) o 7, for each edge
e € E', the collection (7,|v € E°) constitutes a natural transformation H(V,¢) — H(W, ).

Now we wish to show that H respects the identity. If 7" is the identity morphism, then ¢
is the identity linear map, and hence each restriction of ¢, of ¢ is the identity on the
subspace it is identified with. We also see that H respects the composition of functions.
This is because the action of H on morphisms is restricting functions, which respects the
composition of functoins as well. This proves that H is a functor from
M (Lp(E°PP)) — CKLp(E).

Now we wish to show that the functors F' and H establish an equivalence of categories.
To do this, we must show that both F'o H and H o F' are naturally isomorphic to the
identity. We first show this for H o F'.

Let M be an object of CKLg(FE). Then H o F(M) = H(Vir, ), where Vy and @), are
defined as earlier in this proof. For a vertex v € E°, we have
H(Var, o) (v) = Im(par(v)) = Im(Xarw © Tarw), where the image is treated as its own
vector space. Recall that we defined xjs, to be the natural injection M (v) — V. Since
Im(mp,) is clearly just M(v), this tells us H(Vas, oar)(v) = M(v).

Now let e; € E! be an edge of E. Then

H(Var, par)(e) - Im(par(s(e))) = Im(pa(r(e)))

is the restriction of py/(e) to the subspace Im(pp(s(e))) (again with both treated as their
own vector spaces). We previously proved that Im(gp(s(e))) = M(s(e)) and

Im(on(r(e))) = M(r(e)). Furthermore, for a given x € M(s(e)), we have
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orm(e)(x) = Xamre) © M(€) o Tars(e)(x). Since we are dealing with the restriction to
M (s(e)), this tells us pp(e)(x) = M(e)(z), and hence H(Vys, orr)(e) = M(e). Since both
functors have been shown to respect multiplication of edges, we may extend this to any
path of E. This tells us that for any object M € CKLg(F), we have M = H o F(M). In
particular, we have shown that H o F' = Idcky.(E)-
Now we consider F'o H. First we note that for a given object (V) of M (Ly(E°PP)),

F o H(V, ) will give us a vector space and an identity respecting algebra homomorphism
from Lp(E°P?) — Endp(V). First we note that, by direclty applying the definitions of F'
and H, this vector space will be

D HV.0)(v) = P Im(p(v)).

vEE® veE®

Relation 6 in definition 3.0.3 tells us that this sum is a natural isomorphism.
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Considering the image of ¢ under F' o H, we see

(XH(V,g)0 © TH(V,p)w)(Ts]V € EO) = ¢(v)(x,) whenever v € E°, (5.0.31)

(X)) © H(V, ©)(€) 0 Trw,e).se) (To|v € EO) = ¢(e)(z,) whenever e € E'. and
(5.0.32)

*

(XH(V,0).5(¢) © Th (V). © THVig)r(e)) (To]U € E°) = o(e*)(x,) whenever " € (E')*.

(5.0.33)

This tells us that F o H is the identity. Thus we have demonstrated an equivalence of

categories, as is desired. O]
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