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1. INTRODUCTION

Throughout this note, all rings are nonzero, associative with identity and all
modules are unitary, unless otherwise stated. The categories of left modules over
a ring R is denoted by R-Mod.

Given a (row-finite) directed graph E and a field k, Abrams and Aranda Pino
in [2], and independently Ara, Moreno, and Pardo in [7], introduced the Leavitt
path algebra Li(E). These Leavitt path algebras generalize the Leavitt alge-
bras Lk (1,n) of [18], and also contain many other interesting classes of algebras.
In addition, Leavitt path algebras are intimately related to graph C*-algebras
(see [21]). Later, in [23] Tomforde generalized the construction of Leavitt path
algebras by replacing the field with a commutative ring.

In [7, Theorem 3.5] Ara, Moreno and Pardo established an important result
that the global dimension of the Leavitt path algebra of a finite graph with coeffi-
cients a field is at most equal 1, by using Bergman’s nice machinery [10]. Contin-
uously of this research direction, in this paper, we establish sharp bounds of the
homological dimensions of Leavitt path algebras of finite graphs with coefficients
in commutative rings, as well as calculate exactly the homological dimensions of
those Leavitt path algebras with coefficients in commutative unital algebras over
fields. Here our method is different from Ara et. al.’s method, since Bergman’s
machinery can not work on algebras over commutative rings in general. As an
application of the obtained result, we may cover Ara et. al.’s result cited above.
More precisely, the paper is organized as follows. In Section 2, we note that the
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classical Composition—-Diamond lemma for free associate algebras over fields has,
in some cases, the same form for free associate algebras over an arbitrary ring
(Theorem 2.1). For the reader’s convenience, all subsequently necessary notions
and notations on graph, Leavitt path algebras are included in Section 3. Also,
in this section, as an application of Theorem 2.1, we express an analog of Zel-
manov et. al.’s result [6, Theorem 1] for Leavitt path algebras with coefficients in
commutative rings (Theorem 3.7). Applying the obtained result, we establish an
analogous of Abrams, Aranda Pino and Siles Molina’s theorem [3, Theorems 3.8
and 3.10] for the structure of the Leavitt path algebra of a finite no-exit graph
with coefficients in a commutative ring (Corollary 3.9).

In Section 4, we give sharp bounds for the homological dimensions of the Leav-
itt path algebra of a finite graph with coefficients in a commutative ring, by using
W. Dicks’s interesting result [13, Corollary 7] and Morita equivalence (Theorem
4.7). Also, we provide a formula for calculating the homological dimensions of the
Leavitt path algebra of a finite graph with coefficients in a commutative unital
algebra over a field (Theorem 4.8).

2. COMPOSITION—DIAMOND LEMMA FOR ASSOCIATIVE ALGEBRAS

Here we present the concepts of Composition—Diamond lemma and Grobner—
Shirshov basis, see the survey [11]. In the classical version of Composition—
Diamond lemma, it assumed that considered algebras is over a field, here we
consider the general case.

Let A be an arbitrary ring, A(X) the free associative algebra over A generated
by X, and let X* be the free monoid generated by X, where empty word is the
identity, denoted by 1x+. Assume that X* is a well-ordered set. Take f € A(X)
with the leading word (term) f and f = Af + 7, where 0 # A € A and 77 < f.
We call f is monic if A = 1. We denote by deg(f) the degree of f.

A well ordering < on X* is called monomial if for u,v € X™*, we have:

u<v=>w|u<w

, Yw e X*,
v

where w‘u = w‘mau and z’s are the same individuality of the letter z € X in w.

A standard example of monomial ordering on X* is the deg-lex ordering (i.e.,
degree and lexicographical), in which two words are compared first by the degree
and then lexicographically, where X is a well-ordering set.

Fix a monomial ordering < on X*, and let ¢ and ¢ be two monic polynomials

in A(X). There are two kinds of compositions:
(i) If w is a word (i.e, it lies in X*) such that w = ®b = a1} for some a,b € X*

with deg() + deg(v)) > deg(w), then the polynomial
(0, Y)w = b —ayp

is called the intersection composition of ¢ and 1 with respect to w.
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(ii) If w = @ = ayb for some a,b € X*, then the polynomial
(@, Y)w = — arpb

is called the inclusion composition of ¢ and i with respect to w.

We then note that (¢,1), < w and (p,1), lies in the ideal (p,?) of A(X)
generated by ¢ and .

Let & C A(X) be a monic set (i.e., it is a set of monic polynomials). Take
feANX)and w e X*. We call f is trivial modulo (&, w), denoted by

f=0mod (6, w),

if f= > Aasb, where X\ € A, a,b € X*, and asb < w.
s€6
A monic set & C A(X) is called a Grobner—Shirshov basis in A(X) with respect
to the monomial ordering < if every composition of polynomials in & is trivial
modulo & and the corresponding w.

The following Composition—Diamond lemma was first proved by Shirshov [22]
(see also the survey [11]) for free Lie algebras over fields (with deg-lex ordering).
For commutative algebras, this lemma is known as Buchberger’s theorem [9].

Theorem 2.1 (Composition-Diamond Lemma for associative algebras).
Let A be an arbitrary ring, < a monomial ordering on X* and let 1(&) be the ideal
of A(X) generated by the monic set & C A(X). Then the following statements
are equivalent.

(1) & is a Grobner—Shirshov basis in A(X);

(2) The set of irreducible words

Irr(6) :={ue X" :u+#ash,s € S, a,bec X*}
is a linear basis of the algebra A<X’6> =ANX)/1(6).
Proof. The formal proof of the Composition—-Diamond lemma for free associative
algebras over field is found in [11, Theorem 1]. We essentially follow the ideas in
this proof, and just for the readers convenience, we briefly sketch it here.

(1) = (2). Let & be a set of monic polynomials and let us assume that &
is a Grobner—Shirshov basis. Using the same argument given in [11, Theorem
1], we get that if f € I(&), then f = asb, where a,b € X*, s € &. Using this
observation, we obviously get for each f € A(X),

I(6)> f<= f—asbe I(6),
for some a,b € X* and s € &. Continuing this line of reasoning, we see that
[(6) 3 f = O .= f0=D _ /¢t € I(&),
for some o/, b’ € X* and s/ € &. By using the process at finitely many times, we

immediately obtain that

I(6)> f <~ f(ﬁf) = 0 for some positive integer £.
3



Since G is a Grobner—Shirshov basis, then for any s € © there exists a positive
integer £, € N such that s() = 0. From these notes, we immediately get that if
f & 1(6), then we may find a positive integer ¢; such that

£t = Z N2

where 0 # X € A, and J/‘\;«é asb for any a,b € X* and any s € &, which shows (2).
(2) = (1). Let & C A(X) be a set of monic polynomials, and let f € A(X)
be a polynomial. Using the same argument given in [11, Lemma 2], we have

F=> du+ > Nash,
u<f asb<f
where A\, N € A, and u € Irr(&). From this observation and Irr(&) is a linear
basis for A(X)/I(S), we get that (s,8"),, = 0 mod (&, w) for any s,8' € &, and
hence, © is a Grobner—Shirshov basis, finishing the proof. O

Example 2.2. Let A be an arbitrary ring and consider the following algebra
A = Az, y)/(x®>—y?). Let us consider the polynomials ¢ = 22 —y2, ¥ = zy? -1z,
and let y < z. It is not hard to see that the set & = {p, ¥} is a Grébner—Shirshov
basis of A. Indeed,

(QO,()O)w:QOZU_QZ'QD:IE?)—y2[B—({E3—$y2):w’ W = TxxT
(s )w = 80?/2 —a) = x2y2 - y2y2 - (332y2 — a:y2:1:) w = x2y2,
=gz + .

Since the set & is monic, then the set

Irr(6) = U {1,$,y",ym$}

n,m>0
is the A-basis for A, by Theorem 2.1. O

3. A BASIS OF LEAVITT PATH ALGEBRAS WITH COEFFICIENTS IN
COMMUTATIVE RINGS

The main goal of this section is to give a basis of the Leavitt path algebra of
a row-finite graph with coefficients in a commutative ring, which is an analog of
Zelmanov et. al.’s result [6, Theorem 1].

We begin by recalling some general notions of graph theory: A (directed) graph
E = (E° E',s,r) (or shortly E = (E°, E')) consists of two disjoint sets £° and
E', called vertices and edges respectively, together with two maps s,r : B! —
E°. The vertices s(e) and 7(e) are referred to as the source and the range of
the edge e, respectively. The graph is called row-finite if |s~!(v)| < oo for all
v € E° All graphs in this paper will be assumed to be row-finite. A graph
E is finite if both sets E® and E' are finite (or equivalently, when E° is finite,

by the row-finite hypothesis). A vertex v for which s~!(v) is empty is called a
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sink; a vertex v for which r~!(v) is empty is called a source; and a vertex v is
regular iff 0 < [s71(v)] < co. A path p = e1...e, in a graph E is a sequence
of edges ey,...,e, such that r(e;) = s(e;jy1) for i = 1,...,n — 1. In this case,
we say that the path p starts at the vertex s(p) := s(e1) and ends at the vertex
r(p) := r(en), and has length |p| := n. We consider the vertices in E° to be
paths of length 0. If p is a path of positive length in E, and if v = s(p) = r(p),
then p is a closed path based at v. A closed path based at v, p = ey...e,, is
a closed simple path based at v if s(e;) # v for every i > 1. If p = e1...e,
is a closed path and all vertices s(ey),. .., s(e,) are distinct, then the subgraph
(s(e1),...,s(en);e1,...,ey,) of the graph E is called a cycle. An edge f is an exit
for a path p = e;...e, if s(f) = s(e;) but f # e; for some 1 < i < n. A graph
FE is acyclic if it has no cycles; and the graph E is said to be a no-exit graph if
no cycle in E has an exit. We say that a graph E satisfies Condition (L) if every
cycle in E has an exit.

Given a (row-finite) directed graph E and a field k, Abrams and Aranda Pino
in [2], and independently Ara, Moreno, and Pardo in [7], introduced the Leavitt
path algebra L (FE). These Leavitt path algebras generalize the Leavitt algebras
Li(1,n) of [18], and also contain many other interesting classes of algebras.
In addition, Leavitt path algebras are intimately related to graph C*-algebras
(see [21]). Later, in [23] Tomforde generalized the construction of Leavitt path
algebras by replacing the field with a commutative ring.

Definition 3.1 (c¢f. [2, Definition 1.3] and [23, Definition 2.4]). Let R be a
commutative ring and E = (E°, E',s,7) be a graph. The Leavitt path algebra
LR(FE) of the graph E with coefficients in R is the R-algebra presented by the
set of generators E° U E' U (EY)* — where E! — (E1)*, e — e*, is a bijection
with E9 El, (E')* pairwise disjoint — satisfying the following relations:

(1) vv’" = §, v for all v,v' € EY;
(2) s(e)e = e =er(e), r(e)e* = e* = e*s(e) for all e € EY
(3) e*f = bc gr(e) for all e, f € EY;
(4)v= > ee* whenever v € E° is a regular vertex.

s(e)=v

Let us present a list of examples of some known algebras which can be described
as a Leavitt path algebra. For more examples see [1].

Example 3.2 (Full matrix algebras). Let A, denote the graph which is shown
in fig.1

el e €n—1
.’Ul —_ .UQ —_— s ... .'Unfl _ .’l)n

FicURE 1. The graph A, is shown
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Then Lr(A,) = M,(R), the full n x n matrix algebra. Let us describe this
isomorphism. Let FE; ; be the standard matrix units, here 1 <, j < 7, then the
isomorphism Lr(A,) = M,(R) can be described as follows:

v; > By, 1<i<n,
e; < B4, 1<i<n—1,
e;'kHEi+1,i7 1§z§n—1

O

Example 3.3 (The Laurent polynomial algebra). Let Q; denote the graph

v Ve
Y

Then Lr()) = RJ[t,t7!], the Laurent polynomial algebra. The isomorphism is
clear:

v 1,
e —t,
et L

g

Example 3.4 (Leavitt algebra). For 1 < /¢ < oo, let {2y denote the graph with
¢ edges and with one vertex v (see fig.2).

FIGURE 2. The graph €y is shown.

Then Lr(Qy) = Lgr(1,£), the Leavitt algebra of order ¢, which is an R-algebra,
defined by the generators {z;,y; : 1 <1i < ¢}, and relations

¢
Yix; = 0; j, Zwiyi =1
=1



Example 3.5 (The Toeplitz algebra). For any field k, the Jacobson algebra,
described in [16], is the k-algebra:

A=k(x,y:zy=1).

This algebra was the first example appearing in the literature of an algebra which
is not directly finite, that is, in which there are elements z,y for which xy = 1
but yz # 1. Let 7 denote the “Toeplitz graph”, which is shown on the fig.3

; C o 1 s gu
FicURE 3. The Toeplitz graph 7 is shown.

Then Ly (7) = A. The isomorphism is described as follows:
v Yz,
u 1 —yx,
€< ny’
fey—yia,
e oy,
f* ez —ya®

O

Notice that if the graph F is finite, then Lr(F) is a unital ring having identity

1= > v (see, e.g., [2, Lemma 1.6] and [23, Subsection 4.2]). It is easy to see
veEED
that the mappings given by v — v, for v € E?, and e — e*, e* — e for e € E',

produce an involution on the algebra Lr(F), and for any path p = ej...¢e,
there exists p* := e} ...e]. Also, Lgr(E) has the following universal property:
If A is an R-algebra generated by a family of elements {ay,be,cex | v € E? e €
El e* € (EY)*} satisfying the analogous to (1) — (4) relations in Definition 2.1,
then there always exists a unique R-algebra homomorphism ¢ : Lp(E) — A
given by ¢(v) = a,, ¢(e) = b, and p(e*) = cex.

In [6, Theorem 1] Zelmanov et. al. found a basis of the Leavitt path algebra
of a finite graph with coefficients in a field. Here we note that the result extends
to the case of Leavitt path algebras with coefficients in a commutative ring.

Namely, for an arbitrary vertex v € E° which is not a sink, choose an edge
e € E' such that s(e) = v. We will refer to this edge as special. In other words,
we fix a function v : E?\ {sinks} — E' such that s(e) = v for an arbitrary
vertex v € B0\ {sinks}.

As in [6, Theorem 1] we consider the the order < on the set of generators

X = EYU E'U (E')*. Chose an arbitrary well-ordering on the set of vertices
7



E0. If e, f are edges and s(e) < s(f), then e < f. It remains to order the edges
that have the same source. Let v be a vertex which is not a sink. Let eq,..., ey
be all the edges that originate from v. Suppose e; is a special edge. We order the
edges as follows: e; > ex > ... > ep. Choose an arbitrary well-ordering on the
set E'. For arbitrary elements v € E?, e € E', f* € (EY)*, welet v < e < f*.
Thus the set E° U E' U (E1)* is well-ordered. Let X* be the set of all words in
the alphabet X. The length-lex order makes X™* a well-ordered set. With respect
to this order, we have the follow useful fact.

Lemma 3.6. Let E be a row-finite graph and R a commutative ring. Then, the
Gréobner—Shirshov basis & of the Leavitt path algebra Lr(FE) can be described as
follows

GE=61UGUBG3UG,,

where

6 = U {vu — 6yuv, vE — 6, 5(cr€, €V — 5v7r(e)e} ,
v,u€EY, ecEl

Gy = U {ve* — 51,7,«(6)6*, e*v — 51,75(6)6*, e f — 5e,f7“(6)} ,
vEEY e, feE!

Ss= |J Qe —sle)+ D ffriase)# S,
e,feE! s(f)=s(e)

6y = U ({ef cr(e) #s(f)yU{ef*:r(f) #s(e)}U{ef  :r(e) # r(f)})
e,feE!

Proof. Let us consider the polynomials

@Ze*g_ée,gr(e)v p:ee* _8(€)+ Z ff*

s(f)=s(e)
Y(s(e)#Sf

We have

(907p)ee*g = ee” + Z ff* - 3(6) g — €(€*g - 5e,gr(e>) =

s(f)=s(e)
Y(s(e)#f

deger(e) + 65q97(9) — Os(e),s(g)9 — deger(€e) + 0 ger(e) =
= eg€+ 0799 = ds(¢),5(9)9
it follows that
(#:p)ecrg = 0(8, ecg).

The straightforward computations show that the set of another polynomials is
closed with respect to compositions. O



Theorem 3.7 (cf. [6, Theorem 1]). For any graph E = (E°, E',s,r) and any
commutative ring R, the following elements form a basis of the Leavitt path alge-
bra Lr(E) :

(i) the set of all vertices EY;

(ii) p,p*, where p is a path of positive length in E;

(iii) pq*, where p = e1---en, ¢ = f1++* fm, €, fj € E', are paths of positive
length that end at the same vertezx r(ey) = r(fm), with the condition that the last
edges e, and fn, are either distinct or equal, but not special.

Proof. By Theorem 2.1 and Lemma 3.6, the set of irreducible words (not con-
taining the leading words of relators in Lemma 3.6 as subwords) is an R-basis of
Lr(F), which finishes the proof. O

As an application of Theorem 3.7, we get the following useful facts.

Corollary 3.8. Let E = (E°, E') be a finite graph, R a commutative ring and
Ro =TITyepo R Let {a, | v € E°} be the standard basis of the free R-module Ry.
Then the following statements hold:

(1) The ring homomorphism ¢ : Ry — Lg(E), defined by p(a,) = v for all
v € E°, is injective.

(2) Im(p) is a direct summand of Lr(E) as an Ry-module.

(3) Lr(E) is a projective Ro-module.

Proof. The statements (1) and (2) follow immediately from Theorem 3.7.
(3) For any v € E° we denote by m, the v-th canonical surjection from Rg onto
R. We then have that

Lgr(E) = @ Im(m,)Lr(E)
veED
as Ro-modules. For any v € E°, by Theorem 3.7, Im(m,) Lg(E) is a free R-module
with a basis consisting the following elements:

(i) p, where p is a path in E starting at v;

(ii) ¢*, where ¢ is a path of positive length in F ending at v;

(iii) pg*, where p = e1---en, ¢ = f1+ fm, €i, fj € E', are paths of positive
length that end at the same vertex r(e,,) = 7(fmm) and s(p) = v, with the condition
that the last edges e,, and f,, are either distinct or equal, but not special.
Furthermore, R is clearly a projective Rp-module by pullback along m,, and
hence, Im(m,)Lr(F) is also a projective Rg-module. From these observations, we
immediately get that Lr(F) is a projective Ryp-module, finishing the proof. [

The structure of the Leavitt path algebra of a finite no-exit graph with coeffi-
cients in a field is given in [3, Theorems 3.8 and 3.10] (see, also, [8, Theorem 2.1])
by Abrams, Aranda Pino and Siles Molina. Using Theorem 3.7 and repeating
verbatim the proofs of [3, Theorems 3.8 and 3.10], we note that the result extends
to the case of Leavitt path algebras with coefficients in a commutative ring.

9



Corollary 3.9. Let R be a commutative ring, E a finite no-exit graph, {ci, ..., ¢}
the set of cycles, and {v1,..., vy} the set of sinks. Then Lr(E) is isomorphic to

l k
B P M, (Rlz,271]) & My, (R)
i=1 j=1
where for each 1 < i <1, m; is the number of paths ending in a fived (although
arbitrary) vertex of the cycle ¢; which do not contain the cycle itself, and for each
1 < j <k, nj is the number of paths ending in the sink v;.

4. THE HOMOLOGICAL DIMENSIONS OF LEAVITT PATH ALGEBRAS

The main goal of this section is to give sharp bounds for the homological
dimensions of the Leavitt path algebra Lr(F) of a finite graph E with coefficients
in a commutative ring R, as well as establish a formula for the homological
dimensions of Lr(F) when R is a commutative unital algebra over a field.

We begin by recalling some general notions of the theory of homological di-
mensions. We shall say that the left R-module M has projective dimension < n
if M has a projective resolution 0 — P, — --- — Py — M — 0, where each
P; (i=0,...,n) is a projective left R-module. The least such integer n is called
the projective dimension of M and denoted by pdgr (M ). If no such integer exists
the dimension is denoted to be oco. The left global dimension of a ring R is defined
to be

l.gl.dim(R) = sup{pdg(M) : M € |R-Mod|} < cc.

The right global dimension of R, denoted by r.gl.dim(R), is defined similarly.
If R is a commutative ring, we shall write gl.dim(R) for the common value of
lgl.dim(R) and r.gl.dim(R).

We next go on define the flat dimensions of left R-modules. We shall say that
the left R-module M has flat dimension < n if M has a resolution 0 — F,, —

- — Fy — M — 0, where each F; (i =0,...,n) is a flat left R-module. The
least such integer n is called the flat dimension of M and denoted by fdg(M).
If no such integer exists the dimension is denoted to be co. The left weak global
dimension of a ring R is defined to be

w.gl.dim(R) = sup{fdg (M) : M € |R-Mod|} < cc.

The right weak global dimension of R is defined similarly, by using right R-
modules. It is well-known that the left and right weak global dimensions of R
are the same (see, e.g., [17, Theorem 5.63, page 185]). The weak global dimen-
sion of the ring R is at most equal to its left or right global dimension. For
another properties of the homological dimensions we may refer to [12] and [17],
for example.

The following lemma provides us with a sharp lower bound for the homological

dimensions of Leavitt path algebras.
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Lemma 4.1. Let R be a commutative ring and E a finite graph. Then we have
gl.dim(R) < lgl.dim(Lg(E)) and w.gl.dim(R) < w.gl.dim(Lg(F)).

Proof. We start to an R-algebra
Ro= [] R
veEO

By Corollary 3.8 (i) and (ii), the ring Ry may be considered as be to a subring of
Lr(E) such that Ry is a direct summand of Lr(FE) as an Rp-module. Therefore,
we may write Lr(E) = Ry ® M for some Ryp-module M.

Take any Rp-module A, and set B = Homp,(Lr(E), A). Then B carries the
structure of a left Lr(F)-module, and B = A & Hompg,(M, A) (as Ryp-modules).
This implies that

pdg,(4) < pdg,(B) and fdg,(A) < fdg,(B),
by [12, Exercises 7, page 123]. Since Corollary 3.8 (3), Lgr(F) is a projective
Rp-module, so
pdR, (B) < pdi, k) (B) and fdgr,(B) < fdy,, &) (B),
by [12, Exercises 10, page 123]. But then
pdr,(4) < deR(E) (B) and fdg,(4) < deR(E) (B).
Passing to the homological dimensions, we get that
gl.dim(R) = gl.dim(Ry) < lLgl.dim(Lgr(F))
and
w.gl.dim(R) = w.gl.dim(Rp) < w.gl.dim(Lr(E)),
finishing the proof. g

Our next goal is to give a sharp upper bound for the homological dimensions
of Leavitt path algebras. To do so, we first need the following important lemma.

Lemma 4.2. Let R be a commutative ring and E = (E°, E*,r,s) a finite graph
with that {vy,va,...,vp} C E° is the set of regular vertices. For each 1 <i <k,
let E; denote the graph with the same vertices as E and v; emits the same edges
as it does in E, but all other vertices do not emit any edge. Then the following
statements hold:

(1) lLgldim(Lg(E)) < max{gl.dim(R) + 1, l.gl.dim(Lg(E;)) | i =1, k},
(2) w.gldim(Lgr(F)) < max{w.gl.dim(R) + 1, w.gl.dim(Lr(E;)) | i =1,k}.

Proof. Let Ry = [[,cpo R and we denote by {a, | v € E°} the standard basis
of the free R-module Ry. Let ¢; : Ry — Lg(FE;) and ¢; : Lr(E;) — Lg(FE)
(1 < i < k) be the ring homomorphisms which are defined respectively by:
pi(ay) = v, and ¥;(v) = v, ¥;(e) = e and ;(e*) = e*.
We claim that the following diagram
11



Lr(Ey)
/ K
Ry LR(E )
el
Lr(Ek)
is a pushout in the category of rings. Indeed, it is easy to see that the above
diagram is commutative, that means, 1;p; = 9;p; for all 4,5 =1,... k.

Assume that S is a ring and «; : Lr(E;) — S (1 < i < k) are ring homomor-
phisms such that the following diagram

Lr(E1)
/ \
Ro . S
)

(
(

Lr(Ex
is commutative, that means, a;p; = ajp; for all 4,5 = 1,..., k. We then have
that a;(v) = a;(v) (1 <14,5 <k), > o(v)=1and a;(v)a;(v") = 0y (v).
vEE?

For any v € EY let x, = a1(v) and we have a family {z, | v € E°} of

orthogonal idempotents in S such that » =z, = 1.
veED
For any 1 < i < k and any e € s 1(v;), let yo = a;(e) and zex = a;(e*). We
then have that

Yetrie) = aile)an(r(e)) = ai(e)ai(r(e)) = agler(e)) = aile) =
Similarly
Tp(e)Zer = Zex ANA ZexTy(e) = Zex-
Take any e and f € E'. If there exists a regular vertex v; such that s(e) =
v; = s(f), then
zeryr = ai(€”)ai(f) = ai(e*f) = ai(de,gr(e)) = e, pai(r(€)) = be, fTr(e)-
Otherwise, we get that s(f) # s(e). But then

2oy = (2 Ts(e) (Ts(p)ys) = 2er (Ts(e)s(p)) Ys = 0.

For any regular vertex v;, we have that

Z YeZer = Z aie)a;(e") = oy Z ee’ = a;(vi) = T,

e€s—1(v;) e€s—1(v;) e€s—1(v;)
12



From these observations, we have a family

{Te,Ye, 2+ | v € E% e € B e* € (E')*}

of elements in S satisfying the relations (1) - (4) of Definition 3.1. By the universal
property of Lr(E), there exists a unique ring homomorphism « : Lr(F) — S
such that a(v) = z,, a(e) = y. and ae*) = z.+. Also, it is easy to check that
a; = a; (1 < i < k), thereby establishing the claim.

Using this observation, Corollary 3.8 (3) and [13, Theorem 9 (iii)], we im-
mediately have that Lr(E) is a flat left Lr(E;)-module, so we get the desired
conclusions, by [13, Corollary 7, and Remarks (i) and (ii), pape 567]. O

For clarification, we illustrate the ideas which arise in Lemma 4.2 by presenting
the following example.

Example 4.3. Let E be the graph
(\
\Y

UM'U )
oVl 02 —— ¢V3 .
<~

Clearly, v;’s are regular vertices, and hence, we have the graphs E; (1 <i < 3)
as follows:

Ei = oVl ——= o2 oU3
E2 = Ul —— V2 — = U3
E3 = vt o2 o¥3 |

For any commutative ring R, by Corollary 3.9, we obtain that

Lr(E1) = Ma(R) & R, Lg(FE2) = May(R) @ M2(R)
and

Lr(B3) 2 R® R Rlz,x™!).

But then, as the homological dimensions are Morita invariants, the first two
displayed ring isomorphisms yield that

lgl.dim(Lg(E))) = gl.dim(R) = l.gl.dim(Lg(E2))
and

w.gl.dim(Lg(E1)) = w.gl.dim(R) = w.gl.dim(Lr(E>)).

Also, using [14, Theorem 1.7] and [13, Theorem 2|, we immediately get that
gldim (R[z,27']) = gl.dim(R) + 1 and w.gl.dim (R[z,27']) = w.gl.dim(R) + 1,
respectively. From these observations and the last displayed ring isomorphism
yield that

lLgl.dim(Lg(E3)) = gl.dim(R) + 1, w.gl.dim(Lgr(F3)) = w.gl.dim(R) + 1.
13



From these observations, and Lemmas 4.1 and 4.1, we get that
gl.dim(R) < lgl.dim(Lr(F)) < gl.dim(R) + 1

and
w.gl.dim(R) < w.gl.dim(Lgr(F)) < w.gl.dim(R) + 1.
O

Lemma 4.2 allows us to reduce calculating the homological dimensions of the
Leavitt path algebra Lr(FE) to calculating the homological dimensions of Lg(F),
where F' is the graph with the same vertices as E and its all edges are only edges
emitting from some regular vertex v € E° (other vertices do not emit any edge).
Notice that F' is a no-exit graph if and only if E contains a loop based at v, which
has no an exit. In this case, we may calculate easily the homological dimensions of
Lr(F), by using Corollary 3.9, [14, Theorem 1.7] and [13, Theorem 2]. Therefore,
the difficulty is how to calculate the homological dimensions of Lr(F') when F
contains a loop having an exit. To remedy this problem, our idea is based on
Abrams, Louly, Pardo and Smith’s useful result [4, Proposition 1.8]. But, we first
recall the following notion.

Definition 4.4 (cf. [4, Definition 1.6]). Let E = (E°, E',r,s) be a graph, and
let v € EY Let v* and f be symbols not in E° U E'. We form the expansion
graph E, from E at v as follows:

E? = E°U {v*},

E, = E'U{f},
v ife=f,
sg,(e) =< v* if sp(e) = v,
sp(e)  otherwise,
v* ife=f,
re,(€) =
rg(e)  otherwise.

Example 4.5. Let E be the graph

y ()

oV —— oV .

Then the expansion graph FE, is

14



In [4, Proposition 1.8], Abrams, Louly, Pardo and Smith showed that if K is
a field and F is a finite graph such that Ly (FE) is simple, then L (F) is Morita
equivalent to Lx (FEy). In the following proposition, we extend this result to the
Leavitt path algebra of a finite graph satisfying Condition (L) with coefficients
in a commutative ring. Recall a graph F is said to satisfy Condition (L) if every
cycle in E has an exit.

Proposition 4.6. Let R be a commutative ring, E a finite graph satisfying Con-
dition (L), and let v € E°. Then Lgr(E) is Morita equivalent to Lr(E,).

Proof. We essentially follow the ideas in the proof of [4, Proposition 1.8].

For each w € E°, define Q, = w. For each e € s7'(v), define T, = fe and
T, = f*e*. For e € E' otherwise, define T, = e and T, = e*. It is easy to check
that {Qu, Te, Tex | w € EV e € Et e* € (E')*} is a family of elements in Lg(E,)
satisfying the relations (1) - (4) of Definition 3.1. Note that

S LT =f Y e = fof = i =r(f) =v=Qu
e€s—1(v) ecs—1(v)

Therefore, by the universal property of Lr(E), there is an R-algebra homomor-
phism 7 : Lr(E) — Lr(E,) such that m(w) = Qy, m(e) = T¢, and 7(e*) = Te-.
Repeating verbatim the proof of [4, Proposition 1.8], we get that

T(Lr(E)) =7 (14m) Lr(Ey)™ (1148))

where m (1 Li( E)) = > w. Furthermore, we always have
weFE0
V==Y wf = (L) f € Lr(Bo)m (1pm) Lr(Ey),
we k0

so Lr(Ey)m (1,(p)) Lr(Ey) = Lr(Ey,). This implies that Lg(E,) is Morita
equivalent to (1LR(E)) Lr(E,)T (ILR(E)).

On the other hand, by [23, Proposition 3.4], m(rw) = rQ, = rw # 0 for all
w € E° and 0 # r € R. From this observation and F is a graph satisfying
Condition (L), we get that the homomorphism 7 is injective, by [23, Theorem
6.5]. Therefore, Lr(FE,) is Morita equivalent to Lg(E), finishing our proof. [

Using Proposition 4.6, Lemmas 4.1 and 4.2, we establish sharp bounds for the
homological dimensions of Leavitt path algebras.

Theorem 4.7. Let R be a commutative ring and E a finite graph. Then the
following statements hold:

(1) gl.dim(R) < lLgl.dim(Lgr(F)) < gl.dim(R) + 1;
(2) w.gl.dim(R) < w.gl.dim(Lg(F)) < w.gl.dim(R) + 1.
Proof. By Lemma 4.1, we immediately get that

gl.dim(R) < lgl.dim(Lz(F)) and w.gl.dim(R) < w.gl.dim(Lg(E)).
15



We denote by {vy,va,...,vx} € EY the set of regular vertices. For each 1 < i < k,
let E; denote the graph with the same vertices as E and v; emits the same edges
as it does in F, but all other vertices do not emit any edge. Then, by Lemma
4.2, we obtain that
lLgl.dim(Lr(E)) < max{gl.dim(R) + 1, Lgl.dim(Lgr(E;)) | i=1,...,k}
and
w.gldim(Lg(E)) < max{w.gl.dim(R) + 1, w.gl.dim(Lgr(E;)) |i=1,...,k}.

We next calculate the homological dimensions of Lr(F;) (1 < i < k). To do
so, we consider the following cases:
Case 1. E has no any loop f such that s(f) = v;. Then it is easy to see

ki
that E; is acyclic, and hence, Lr(E;) = @ My;(R), by Corollary 3.9. Fur-
=1
thermore, since the homological dimensions are Morita invariants, we have that
Lgl.dim(M,; (R)) = gl.dim(R) and w.gl.dim(M,,;(R)) = w.gl.dim(R). These ob-
servations imply
lLegl.dim(Lgr(E;)) = gl.dim(R) and w.gl.dim(Lg(E;)) = w.gl.dim(R).

Case 2. E contains a loop f having no an exit such that s(f) = v;. We then
have that F; contains a unique cycle f, and its other vertices are isolated, so

n—1
LR(Ez) = @ Mnj (R) S5, R[%, .%'71],

where n = |E°|, by Corollary 3.9. Also, by [14, Theorem 1.7] and [13, Theorem
2], gl.dim(R[z, 27 !]) = gl.dim(R) + 1 and w.gl.dim(R[z, 27 !]) = w.gl.dim(R) + 1,
respectively. From these observations, we immediately get that
Lgl.dim(Lg(E;)) = gl.dim(R) + 1
and
w.gl.dim(Lg(E;)) = w.gl.dim(R) + 1.

Case 3. E contains a loop f having an exit such that s(f) = v;. Let F' be the

subgraph of E; as follows:
FO={oi,r(f) | f € s (v)} and F! = 57" (v;).
We then have that each vertex w € E°\ F? is an isolated vertex in E;, and hence,
Lp(E;) = @ R & Lg(F).
weEO\FO

It implies that l.gl.dim(Lgr(E;)) = lgldim(Lgr(F)) and w.gl.dim(Lg(E;)) =
w.gl.dim(Lg(F)), by Lemma 4.1.

By F satisfies Condition (L) and Proposition 4.6, Lr(F') is Morita equiva-
lent to Lr(Fy,), so L.gl.dim(Lgr(F)) = l.gl.dim(Lg(F,,)) and w.gl.dim(Lr(F)) =

w.gl.dim(Lg(F,,)). Furthermore, it is easy to see that F), has no any loop, and
16



v; and v are only its regular vertices. Then, applying Lemma 4.2 and Case 1, we
immediately get that l.gl.dim(Lg(Fy,)) < gl.dim(R)+1 and w.gl.dim(Lg(F,,)) <
w.gl.dim(R) + 1, and hence,

Lel.dim(Lg(E;)) < gl.dim(R) + 1

and
w.gl.dim(Lg(E;) < w.gl.dim(R) + 1.

From these observations, we get the statements, finishing the proof. Il

We next consider a criterion for equalities in Theorem 4.7 can be achieved. No-
tice that if R is a commutative ring such that gl.dim(R) = oo (resp., w.gl.dim(R)
= 00), then we always have that gl.dim(Lgr(F)) = oo (resp., w.gl.dim(Lgr(F)) =
o0), by Lemma 4.1. So, we only consider this problem for the case when R is a
commutative ring of finite homological dimensions. The following result provides
us with an answer to the problem.

Theorem 4.8. Let R be a commutative unital algebra over the field K such that
gl.dim(R) < oo, and let E be a finite graph. Then the following conditions are
equivalent:

(1) Lgl.dim(Lg(E)) = gl.dim(R);

(2) E is acyclic.

Proof. (1)==(2). Assume that l.gl.dim(Lr(E)) = gl.dim(R). We will prove that
E is acyclic. Indeed, we first have that Lr(E) =2 R ®k Lk (F) as R-algebras, by
[23, Theorem 8.1]. But then, by [15, Proposition 10(2)], which is an immediate
consequence of [12, Theorem XI. 3.1, page 209], we get that

lLgl.dim(Lg(E)) = l.gl.dim(R ®k Lk (F)) > gl.dim(R) + w.gl.dim(Lg (F)),

so w.gl.dim(Lg(E)) = 0. This implies that Lx(FE) is a (von Neumann) regular
ring (see, e.g., [17, Example 5.62a, page 185]). Therefore, F is an acyclic graph,
by using [5, Theorem 1].

(2)=(1). Assume that E is an acyclic graph. Then, by Corollary 3.9, Lr(F)

k
is isomorphic to @ M, (R), where k is the number of all sinks (say {v1,...,v}),
j=1

and n; is the nuI;ber of paths ending in the sink v;. Furthermore, it is known
that l.gl.dim(M,,(R)) = gl.dim(R), and hence, l.gl.dim(Lg(F)) = gl.dim(R),
finishing the proof.

O

Remark 4.9. (i) The analogous of Theorem 4.8 is equally true for weak global
dimension. It is done similarly to the proof of Theorem 4.8 and using the fact that
if £ is a field and S and T are unital k-algebras, then w.gl.dim(S)+w.gl.dim(7") <

w.gl.dim(S ® T'), which is an immediate consequence of [15, Remark 1].
17



(ii) Let R be a commutative ring as in Theorem 4.8, and E a finite graph.
Theorem 4.8 then shows that

gl.dim(R) if £ is acyclic,
Legl.dim(Lgr(E)) =
gl.dim(R) 4+ 1  otherwise.

The analogous result holds for weak global dimension.

(iii) In [7, Theorem 3.5], the authors proved that if K is a field and E is a
finite graph, then l.gl.dim(Lg(E)) < 1, by using the nice machinery developed
by Bergman [10, Theorem 5.2]. As an immediate consequence of Theorem 4.7,
we may give another proof for this result.
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