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Abstract Given any directed graph E one can construct a graph inverse semigroup
G (E), where, roughly speaking, elements correspond to paths in the graph. In this
paper we study the semigroup-theoretic structure of G(E). Specifically, we describe
the non-Rees congruences on G (E), show that the quotient of G(E) by any Rees con-
gruence is another graph inverse semigroup, and classify the G (E) that have only Rees
congruences. We also find the minimum possible degree of a faithful representation
by partial transformations of any countable G (E), and we show that a homomorphism
of directed graphs can be extended to a homomorphism (that preserves zero) of the
corresponding graph inverse semigroups if and only if it is injective.
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1 Introduction

A graph inverse semigroup G(E) is a semigroup constructed from a directed graph
E (to be defined precisely below), where, roughly speaking, elements correspond to
paths in the graph. These semigroups were introduced by Ash/Hall [3] in order to show
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that every partial order can be realized as that of the nonzero ¢ -classes of an inverse
semigroup. Graph inverse semigroups also generalize polycyclic monoids, first defined
by Nivat/Perrot [ 16], and arise in the study of rings and C*-algebras. More specifically,
for any field K and any directed graph E, the (contracted) semigroup ring K G(E)
is called the Cohn path K-algebra of E, and the quotient of a Cohn path algebra
by a certain ideal is known as the Leavitt path K-algebra of E. These rings were
introduced independently by Abrams/Aranda Pino [1] and Ara/Moreno/Pardo [2].
Cohn path algebras and Leavitt path algebras are algebraic analogues of Toeplitz C*-
algebras and graph C*-algebras (see [11,12]), respectively. The connection of graph
inverse semigroups to rings is discussed in more detail in [14], while their connection
to C*-algebras is covered in [17]. There is extensive literature devoted to all of the
algebras mentioned above. Graph inverse semigroups also have been studied in their
own right in recent years [4,8-10, 14].

The goal of the present paper is to describe the semigroup-theoretic structure of
an arbitrary graph inverse semigroup G (E), with particular emphasis on the relation-
ship between properties of semigroups and properties of graphs. After recalling some
known facts about the ideals of G(E) and describing the partially ordered set of its
_# -classes (Proposition 3), we study in detail the congruences on graph inverse semi-
groups and their corresponding quotients. Specifically, we show that the quotient of any
G (E) by a Rees congruence is always isomorphic to another graph inverse semigroup
(Theorem 7), describe the non-Rees congruences on these semigroups (Proposition 8),
and completely classify those G (E) that have only Rees congruences, in terms of prop-
erties of E (Theorem 10). Then we find the minimum possible degree of a faithful
representation by partial transformations of an arbitrary countable graph inverse semi-
group (Proposition 19). In particular, for finite G (E) this degree is the number of paths
in E ending in vertices with out-degree at most 1. We also show that a homomorphism
of directed graphs can be extended to a homomorphism of the corresponding graph
inverse semigroups (that preserves zero) if and only if it is injective (Theorem 20).
From this we conclude that the automorphism group of any graph E is isomorphic
to the automorphism group of the corresponding semigroup G (E) (Corollary 26) and
that every group can be realized as the automorphism group of some graph inverse
semigroup (Corollary 27). The relevant concepts from semigroup theory and graph
theory are reviewed in the next section.

Some of the results in this paper were suggested by computations obtained using
the Semigroups GAP package [15].

2 Definitions

2.1 Semigroups

We begin by recalling some standard notions from semigroup theory. The readers

familiar with the field may wish to skip this subsection, and refer to it as necessary.
Let S be a semigroup. Then S is an inverse semigroup if for each x € S there is

a unique element x~! € § satisfying x = xx~!'x and x~! = x~lxx~!. By S! we
shall mean the monoid obtained from S by adjoining an identity element (if S does
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The structure of a graph inverse semigroup 113

not already have such an element). The following relations on elements x, y € § are
known as Green’s relations:

(1) x £ yifandonlyif S'x = Sy,

(2) xZy if and only if xS = yS!,

(3) x 7 yifandonly if S'xS! = S'ys!,

4) x yifandonlyifx Zyand x Z y,

(5) x 2 yifand only if x £ z and z Z y for some z € S.

Each of these is an equivalence relation, and we denote by L, Ry, and J, the £-class,
Z-class, and _Z -class of x, respectively. The following define partial orders on these
classes:

(1) Ly < Ly ifandonly if S'x C S'y,
(2) Ry <% R, ifand only if xS' C yS!,
(3) Ji < g Jyifand only if Slxst c styst.

We denote by N and Z the semigroups of the natural numbers and the integers,
respectively, under addition.

2.2 Graphs

A directed graph E = (E°, E', r, s) consists of two sets E®, E! (containing vertices
and edges, respectively), together with functions s, r : E I EO called source and
range, respectively. A path x in E is a finite sequence of (not necessarily distinct)
edges x = ej...e, such that r(e;) = s(e;j+1) fori = 1,...,n — 1. In this case,
s(x) := s(ey) is the source of x, r(x) := r(e,) is the range of x, and |x| := n is the
lengthof x. If x = ey ... e, is apathin E such that s(x) = r(x) and s(e;) # s(e;) for
every i # j, then x is called a cycle. A cycle consisting of one edge is called a loop.
The graph E is acyclic if it has no cycles. We view the elements of E° as paths of
length O (extending s and r to E°vias(v) = vandr(v) = vforallv € E?), and denote
by Path(E) the set of all paths in E. Given a vertex v € EY, {e € E! | s(e) = v}‘
is called the out-degree of v, while |{e € E' | r(e) = v}| is the in-degree of v. (If X
is any set, then | X| denotes the cardinality of X.) A vertex v € E 0'is a sink if it has
out-degree 0. A strongly connected component of E is a directed subgraph F maximal
with respect to the property that for all v, w € FO there is some p € Path(F) such
thats(p) =vandr(p) = w.

We say that a directed graph E is simple if it has no loops, and for all distinct
v, w € E© there is at most one ¢ € E! such that s(¢) = v and r(e) = w. A directed
graph E is finite if EY and E' are both finite. From now on we shall refer to directed
graphs as simply “graphs”.

Let E, = (EO,El,r,,s,) and E, = (E), E},rp,s5) be two graphs, and let
$o: EX — E)and ¢, : E} — E} be functions. Then the pair ¢ = (¢, ¢1) is a graph
homomorphism from E, to Ep, if ¢o(sa(e)) = sp(¢1(e)) and ¢o(ra(e)) = rp(d1(e))
foreverye € E ; If ¢o and ¢ are in addition bijective, then ¢ is a graph isomorphism
from E, to Ep. In this case we say that E, and E}, are isomorphic and write E, = Ej,.
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2.3 Graph inverse semigroups

Given a graph E = (E°, E', r,s), the graph inverse semigroup G(E) of E is the
semigroup with zero generated by the sets E® and E', together with a set of variables
{e’1 | e € E‘}, satisfying the following relations for all v, w € EY and e, fe El:

) vw = 8y v,

(E1) s(e)e=-er(e) =e,

(E2) r(e)e ! =els(e) =e !,

(CK1) e7lf =6, sr(e).

(Here 8 is the Kronecker delta.) We define v—! = v for each v € E?, and for any path
y=e1...ep(€1,...,€, € El) we let y_l = e;l - el_l. With this notation, every
nonzero element of G(E) can be written uniquely as xy~ ! for some x, y € Path(E),
by the CK1 relation. It is also easy to verify that G(FE) is indeed an inverse semigroup,
with (xy™")~! = yx~! for all x, y € Path(E).

If E is a graph having only one vertex v and n edges (necessarily loops), for some
integer n > 1, then G(E) is known as a polycyclic monoid, and is denoted by P,.
We note that Py, also called the bicyclic monoid, is typically defined in the literature
without a zero element.

3 Ideals

The following characterizations of Green’s relations and their associated equivalence
classes on graph inverse semigroups will be useful throughout the paper. These char-
acterizations are also given by Jones in [8], but we include the short proofs for
completeness.

Lemma 1 Let E be any graph, and letu, v, x, y € Path(E) be such that r(u) = r(v)
and r(x) = r(y). Then the following hold.

(1) Lyy-1 =g Lyy-1ifand only if v = yt for some t € Path(E).
(2) Ryy-1 =% Ry\-1 ifand only if u = xt for some t € Path(E).
3) J,p-1 =y ny—] ifandonly if s(t) = r(x) and r(t) = r(u) for somet € Path(E).

Proof (1) L1 <o L,y-1 if and only if G(E)'uv™" € G(E)'xy~" if and only if
G(E)v!c G(E)y_l,since ul x7 L r), r(y) € G(E). The latter is equivalent to
v le G(E)y_l, which is in turn equivalent to vl = t_ly_l for some ¢ € Path(E),
that is v = yr.

(2) Analogously to the proof of (1), R,,,-1 < R,,-1 if and only if w~'G(E)! c
xy~ 'G(E)" if and only if u € xG(E) if and only if u = xt for some ¢ € Path(E).

(3) Since xy~' = xr(x)y~! and r(x) = r(x)r(y) = x~'(xy~ )y, we have
G(E)xy™'G(E) = G(E)r(x)G(E).

Now suppose that there is t € Path(E) such that s(f) = r(x) and r(t) = r(u).
Then

r(w) =r(t) =t""t =1"'s(t)t € G(E)r(x)G(E).
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The structure of a graph inverse semigroup 115

Hence uv™' = ur@w)v=' € G(E)r(x)G(E), and since G(E)r(x)G(E) =
G(E)xy 'G(E), wehave uv™! € G(E)xy~'G(E). It follows that J,,,-1 < 7 Jyy-1.
Conversely, if J,,,,-1 < 7 Sy, then uv™' € G(E)xy~'G(E), and therefore

r(u) =u'uv"v € G(E)xy 'G(E) = G(E)r(x)G(E).

Hence r(u) = st~ 'rp~! for some r, p,s,t € Path(E) with s(r) = r(x) = s(r),
r(t) = r(s), and r(r) = r(p). By the uniqueness of the representations of elements
of G(E) discussed in Sect. 2.3, for st’lrp’1 to be a vertex we must have s, p € EO.
Hence s = r(u) = p, and therefore r(u) = t~1r. It follows that r = ¢, and in
particular, s(f) = r(x) and r(¢) = r(s) = r(u), as required. O

Corollary 2 Let E be any graph, and let u, v, x,y € Path(E) be such that r(u) =
r(v) and r(x) = r(y). Then the following hold.

(1) uv™' Zxy~Vifand only ifv = y.

) uv= ' Zxy~Vifand only ifu = x.

3) uv™! J xy~ Y if and only if x(u) and r(x) are in the same strongly connected
component of E.

@) uv=' 7 xy~Vifand only ifuv=" = xy~ .

(5) uv=' 2xy~Vifand only if r(u) = r(x).

Proof To prove (1) we note that uv~! .# xy~!ifand only if L,,-1 = L1, whichis
equivalentto v = y, by Lemma 1(1). The proofs of (2) and (3) are analogous, while (4)
follows from (1) and (2). For (5), we have uv™! @xy_l if and only if uv~! .,iﬂrp_1
and rp~!' % xy~! for some r, p € Path(E) such that r(r) = r(p). By (1) and (2), this
is equivalent to v = p and r = x for some r, p € Path(E) such that r(r) = r(p),
which is equivalent to r(x) = r(v) = r(u). O

It follows from Corollary 2(3) that there is a one-to-one correspondence between
the strongly connected components of the graph E and the nonzero ¢ -classes of
G(E). In particular, if E acyclic, then the nonzero _¢# -classes are in correspondence
with the vertices of E.

In the next proposition we describe the structure of the partial order of nonzero
¥ ~classes of a graph inverse semigroup. First, we note that if £ is a simple graph,
then every edge is uniquely determined by its source and range vertices, and hence
E' can be identified with the subset {(s(e), r(e)) | ee El} of E9 x EV.

Proposition 3 Let E be a graph, and let C(E) be the set of strongly connected com-
ponents of E. Also let

B(E)={(U,V) | U#YV and s(e)e V", x(e) e U° for some ec E'} C C(E)x C(E),

and let Eg be the simple graph defined by EQ = C(E) and E. = B(E).
Then the following partially ordered sets are order-isomorphic:

(a) the set of nonzero ¢ -classes of G(E) with the partial order =z
(b) the set of nonzero 7 -classes of G(Es) with the partial order < §z
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(c) C(E) with the least transitive reflexive binary relation containing B(E).

Proof First, note that (U, V) € C(E) x C(E) belongs to the relation given in (c)
if and only if there is a path p € Path(E) with s(p) € V0 and r(p) € U° (which
includes the case where U = V). It follows from this that if (U, V) and (V, U) belong
to this relation, then U = V, and hence that the relation is necessarily antisymmetric,
making it a partial order.

By Corollary 2(3), every nonzero 7 -class of G(E) contains a vertex, and two
vertices in E? belong to the same ¥ -class if and only if they are in the same strongly
connected component of E. Thus, the map ¢; from the set defined in (a) to the set
definedin (c), that takes each _# -class to the strongly connected component containing
the vertices in that ¢ -class, is well-defined and bijective. Analogously, the map ¢,
from the set defined in (b) to the set defined in (c), that takes each _# -class to the
strongly connected component containing the unique vertex in that ¢ -class, is well-
defined and bijective.

Now, by Lemma 1(3), J, < 7 Jy if and only if there is a path in £ from v to u, for

allu, v € E, and similarly for Eg. Hence, it follows from the definition of B(E) that
@1 and ¢; respect the partial orders on their domains and codomains, and are therefore
order-isomorphisms. O

As a consequence of Proposition 3 we obtain the following result of Ash and Hall.

Corollary 4 (Theorem 4(i) in [3]) Every partially ordered set is order-isomorphic to
the set of nonzero ¢ -classes of G(E) with the partial order < 7, for some graph E.

Proof This follows from Proposition 3, since any partially ordered set can be obtained
by taking the transitive reflexive closure of a binary relation of the form B(E) in the
proposition. O

In contrast to Corollary 4, the possible partial order structures on the sets of .-
classes and Z-classes of G (E) (with the partial orders < ¢ and <, respectively) are
rather limited, as the next lemma (which follows immediately from Lemma 1(1,2))
shows.

Lemma 5 Let E be a graph and v € E°. Then L, is a maximal element with respect
to <., and Ry, is a maximal element with respect to <g.

For example, it follows from the above lemma that up to order-isomorphism the
only totally ordered set with more than one element that can be realized as the nonzero
Z-classes of G(E) with the partial order <g is the set of the negative integers (with
the usual ordering). For, by Lemma 5, the nonzero %-classes of G(E) are totally
ordered only if | E®| = 1. Moreover, there can be at most one edge in E! (if e, f € E!
were distinct, then R, and Ry would be incomparable, by Lemma 1(2)). Thus, either
Elis empty, in which case G (E) has exactly one nonzero #-class, or E - {e}, in
which case the nonzero Z-classes are related as follows:

<9 Rj3 <9 Rp2 <% R. <% Ry.

By a similar argument, the same holds for the .Z-classes of G (E).
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4 Congruences

Recall that given a semigroup S, an equivalence relation R C S x S is a congruence
if (x,y) € R implies that (xz, yz), (zx,zy) € R for all x, y,z € S. The diagonal
congruence on S is the relation A = {(x,x) | x € S}. A congruence R C S x S is
a Rees congruence if R = (I x I) U A for some ideal / of S. Note that if S has a
zero element, then A is the Rees congruence corresponding to the zero ideal. Also, S
is congruence-free if its only congruences are S x § and A.

We begin our investigation of the congruences on graph inverse semigroups by
describing the quotients of these semigroups by Rees congruences.

Definition 6 Let E be a graph and S € E°. By E \ S we shall denote the graph F =
(F° F'.rp,sp), where FO = EO\ S, F! = E'\ {e € E! | s(e) € Sorr(e) € S},
and rr, s are the restrictions of r, s, respectively, to F 1

Theorem 7 Let E be a graph, and let R € G(E) x G(E) be a Rees congruence.
Then G(E)/R = G(E \ (I N EY)), where I is the ideal of G(E) corresponding to R.

Proof Write R = (I x I) U {(, ) | © € G(E)} where I is an ideal of G(E), and
let F=E\UN EO). Define ¢ : G(E) — G(F) by

_1 .
—1y _ | xy if x, y € Path(F)
play ) = 0 otherwise

for all x, y € Path(E), and ¢(0) = 0. We note that if uv~' € I for some u,v €
Path(E) withr(u) = r(v), thenr(u) € I,by Corollary2(3),and hence u, v ¢ Path(F).
It follows that () = O if and only if i € I, for all u € G(E).

To show that ¢ is a homomorphism, let u, v € G(E). If either u € I orv € I,
then wv € I, and therefore ¢ (u)p(v) = 0 = @(uv). Let us therefore suppose that
w,v ¢ I. Then ¢(u) = w and ¢(v) = v, by the definition of ¢ and the previous
paragraph. Thus, if uv = 0, then

p(e) = pv =0 = p(uv).
Let us therefore further assume that uv # 0, and write © = wv™!, v = xy~
(u, v, x,y € Path(E)). Then there is some ¢ € Path(E) such that either v = xt or
x = vt. Inthe firstcase uv ™ 'xy~! = ur='y~! Sinceuv=" ¢ I anduv’ljut’]y’l,
by Corollary 2(3), it follows that uz~!y~! ¢ I. Thus

1

1 -1

(W) = v Hexy™) =uvlxy™! = ur 1

y =@ty = o(uv).

If, on the other hand, x = vt, then uv_lxy_1 = uty_l. Again, since xy_1 ¢ I and

xy~! Zuty~!, by Corollary 2(3), it follows that uty~! ¢ I. Thus
P(We) = v ey ™) =™y =ury™ = pury™) = p(uv).

Since in every case ¢ ()@ (v) = ¢@(nv), we conclude that ¢ is a homomorphism.
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Since ¢(u) = 0 if and only if © € I, for all u € G(E), it follows that R =
{(n,v) € G(E) | ¢(u) = ¢(v)}, which, by definition, is the kernel of ¢. Since ¢ is
clearly surjective, by the first isomorphism theorem for semigroups [7, Theorem 1.5.2],
G(E)/R = G(F). O

Turning to non-Rees congruences, the next proposition shows how they arise.

Proposition 8 Ler E be a graph and R € G(E) x G(E) a congruence. Then R is a
non-Rees congruence if and only if there exists v € E° such that (v, 1) € R for some
uw e G(E)\ {v}, but (v,0) ¢ R.

Moreover, if v € E° is such that (v, ) € R for some u € G(E) \ {v}, but
(v,0) ¢ R, then v must satisfy the following conditions.

(1) Let S = {u € G(E) | (v, u) € R}. Then S is an inverse semigroup, and every
element of S is of the form xpx~" or xp~'x~! for some x, p € Path(E) satisfying
s(x) =vand r(x) =s(p) =r(p).

(2) There exists e € E' with s(e) = v, such that every p € Path(E) \ EY with
s(p) = v and r(p) =r(e) is of the form p = et for some t € Path(E).

Proof Suppose that for all v € E? such that (v, u) € R for some u € G(E) \ {v},
we have (v,0) € R. Letv € G(E) \ {0} be any element such that (v, u) € R for
some u € G(E) \ {v}, and write v = xy_l (x, y € Path(E)). We shall first show that
(v,0) € R.

We may assume that p % 0, and write u = st~ (s, 1 € Path(E)). Since v # L,
either x # s or y # t. Let us assume that x # s, since the other case can be
treated similarly. Also, since R is an equivalence relation, (v, 0) € R if and only if
(u,0) € R. Thus, interchanging the roles of © and v if necessary, we may assume
that |x| < |s|. Now, (r(x),x 'st='y) = (x"'vy,x"'uy) € R. Since |x| < |s| and
x # s, either x's = 0 or x~!s € Path(E) \ EV. In either case x'sr~ !y # r(x),
from which it follows that (r(x), 0) € R, by assumption. Since R is a congruence, and
v = xr(x)y~!, this implies that (v, 0) € R. It follows that G(E)'vG(E)! x {0} C R,
and hence G(E)'vG(E)! x G(E)'vG(E)! C R, as R is an equivalence relation.
Letting I € G(E) be the ideal generated by all v € G(E) \ {0} such that (v, u) € R
for some ;1 € G(E) \ {v}, we conclude that / x I C R. It follows that R is the Rees
congruence corresponding to /.

Conversely, suppose that R is a Rees congruence, and write

R=(xDU{(u | uneGE),

where [ is anideal of G(E).Ifv € E%issuchthat (v, u) € R forsome ju € G(E)\{v},
then v € I. Hence (v,0) € I x I C R, concluding the proof of the first claim.

For the remainder of the proof, let v € E 0 be such that (v, u) € R for some
uw € G(E) \ {v}, but (v,0) ¢ R. To prove (1), let © € S, and write u = xy~!
(x,y € Path(E)). Then (v, vxy~'v) € R, and since vxy~'v # 0, this implies that
v = s(x) = s(y). Thus, for all u,v € S we have (v, uv) = (vv, uv) € R. Since
(v,v) € R, it follows that (v, uv) € R, and hence uv € S, showing that §S is a
semigroup. Furthermore, forall © = xy~! € S we have uu = xy~'xy~! € S, which
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The structure of a graph inverse semigroup 119

implies that y~!x # 0, and therefore either y = xt or x = yt for some ¢ € Path(E).

In the first case, u = xt~1x~1 while in the second case, w= yty_l, from which the
description of the elements of S in (1) follows.

To show that S is an inverse semigroup, let & € S. Then, by the above,
either w = xt~'x~ ! or u = xtx~! for some x,r € Path(E) with s(x) = v.
Let us assume that u = xt~1x~1, since the other case can be treated similarly.
Then (xx~ ', ) = (vxx~!, uxx~!) € R, and therefore xx~! € S. Noting that
(etx~L xx™l) = (uxrx L, ;uctx_l) € R, we conclude that /,L_l =xtx~!' € S, and
hence S is an inverse semigroup.

To prove (2), first note that by (1) and the assumption that (v, u) € R for some
w € G(E) \ {v}, the vertex v cannot be a sink. Now suppose that for all e € E! with
s(e) = v, there exist [ € E! \ {e} and ¢t € Path(FE) satisfying s(f) = v, r(f) = s(t),
and r(¢) = r(e). We shall show that in this case (v, 0) € R, contradicting our choice
of v.

Let © € G(E) \ {v} be such that (v, ) € R. By (1), either & = xpx~! or
w = xp~'x~! for some x, p € Path(E) with s(x) = v and r(x) = s(p) = r(p).
Let us suppose that 1 = xpx~!, since the other case can be treated analogously.
Then xp # v, since 1 # v. Write xp = eq for some ¢ € E! and ¢ € Path(E).
Then, by assumption there is some f € E! \ {e} and ¢ € Path(E) satisfying s(f) = v,
r(f) =s(t),andr(r) = r(e). Lettings = ftg,wehaves 'xp = g 't fleg =0,
and therefore

(n, 0) = (xpx_l, 0) = (xps_lvsx_l,xps_l(xpx_l)sx_l)

= (xps_lvsx_l,xps_l,usx_l) € R.

Since (v, 1) € R and R is an equivalence relation, this implies that (v, 0) € R, as
desired. O

Theorem 13 in [14], along with the subsequent comment, says that if S is any inverse
subsemigroup of G(E) such that uv # 0 for all i, v € §, then S is generated as a
semigroup by an element of the form xpx~! (x, p € Path(E)) and the idempotents in
S. In particular, this applies to the inverse semigroup S in Proposition 8(1).

The next lemma shows that any vertex satisfying condition (2) in Proposition 8§
produces a non-Rees congruence.

Lemma 9 Let E be a graph, e € E', and v = s(e). Suppose that every p € Path(E)\
EC with s(p) = v and r(p) = r(e) is of the form p = et for some t € Path(E).
Then the least congruence R € G(E) x G(E) containing (v, ee™ 1) is not a Rees
congruence.

Proof We begin by describing the elements of P = {(uvv, pee ) | u, v € G(E)},
since R is the least equivalence relation containing P.
For any x, y € Path(E) with r(x) = r(y), we have
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(xy~tu, xy~lee™)
(x, xee™ ) ify=v
| ey L xy™h ify = et for some ¢ € Path(E)
T ey o ifs(y) =v,y # v, and y # et forall 1 € Path(E)
0,0) otherwise.

Next, let us describe products of the form (xv, xee’lv) belonging to P; i.e., ones
arising from multiplying elements of the first type above on the right by v € G(E).
For any p, r € Path(E) with r(p) = r(r), we have

(xpr_l, xee_lpr_l)

(xr_l,lxee_lr_l) ifp=v

) xpr— ,xpr—h if p = et for some t € Path(E)
| apr7t o) ifs(p) = v, p #v, and p # et forall t € Path(E)
0,0 otherwise.

We note that the elements xr ! and xee~!r~!, as on the first line of the previous

display, are never zero, since v = r(x) = r(r) = s(e). From the computations above
we see that

P C [(xr_l,xee_lr_1)|x, r € Path(E), r(x) =v = r(r)} U(G(E) x {0})) UA,

where A = {(u, n) | © € G(E)}. To better describe P, we next turn to products of
the form (xy~!'v, 0) belonging to P; i.e., ones arising from multiplying elements of
the third type in the first display above on the right by v € G(E).

Let I be the set of all elements of G (E) that occur as the first coordinates of such
tuples, that is

I= {Xy’lpr’llp,r,x, y € Path(E), s(y) = v, y # v,

and y # et forall 7 € Path(E)},

and note that for any y € Path(E) satisfying the conditions in the definition of 7 we
have r(y) = y~!y € I. We shall show that / contains the ideal generated by r(y)
(provided I # ). Any nonzero element of this ideal can be expressed in the form
st~ 'r(y)wz ™1, for some s, ¢, w, z € Path(E) satisfying s(¢) = r(y) = s(w). But,

1 1

st irwz ! = sty hywz T = s ow)z
and the latter is an element of /, by our choice of y. Hence I contains the ideal
generated by r(y). Since every xy~! pr~! € I can be expressed as xr(y)y ! pr—!, it
further follows that 7 is the ideal generated by all vertices r(y), where y € Path(E)
satisfies the conditions in the definition of / (if such paths exist).

Moreover, for all y € Path(E) of this form and all p € Path(E) such that s(p) =

r(y), it cannot be the case that r(p) = v, since then s = ype would satisfy s(s) = v
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and r(s) = r(e), but would not be of the form et for all + € Path(E), contrary to
hypothesis. It follows that J, £ 7 Jr(y), by Lemma 1(3), which implies that v ¢ I.
Similarly, for all y as above and p € Path(E) such that s(p) = r(y), it cannot be the
case that r(p) = r(e), since then s = yp would satisfy s(s) = v and r(s) = r(e),
but not be of the form et for all t € Path(E), contrary to hypothesis. It follows that
Jre) j{/ Jr(y), and therefore r(e) ¢ 1.

We also observe that for any (xpr—!, 0) € P of the form given in the third line of
the description of (xpr—!, xee™! pr—1) above, xpr=! € I, since setting y = p, we
have xpr~! = xpy~lyr~!, and y = p satisfies the conditions in the definition of I.
It follows that if (u, 0) € P for some u € G(E) \ {0}, then u € I, and hence

P\A= {(xril,xeeflrfl)

x,r € Path(E), r(x) =v = r(r)} U ((1\ {0}) x {0}).
Now, let

S = {(xril,xeeflrfl), (xeeilrfl,xr7])|x, r € Path(E), r(x) = v = r(r)} UA,

and let S be the transitive closure of S. Then it is easy to see that S is an equivalence
relation. We claim that R = S U (I x I), from which it follows that if (u, 0) € R for
some u € G(E) \ {0}, then u € I. Since, as shown above, v ¢ I, this implies that
(v,0) ¢ R, and hence R is not a Rees congruence, by Proposition 8.

Since P € SU (I x I) € R, to prove that R = S U (I x I), it is enough
to show that S U (I x I) is an equivalence relation. Since S and / x I are both
equivalence relations, it suffices to show that if (u, v) € E\ A, then u ¢ I. Now, if
(n,v) € E\ A, then either u = xr~! orp = xee 'r~! for some x, r € Path(E) with
r(x) = v = r(r). In the first case, if u = xr ' € I, thenv = x ' or Hr = xur
would imply that v € I, contradicting the description of / above. In the second
case, r(e) = e 'x V' (xee 'r~re = e~ 'x~ ! ure would imply that r(e) € I, again
producing a contradiction. Thus if (j, v) € S\ A, then u ¢ I, as desired. O

Combining the previous proposition and lemma we obtain the following general-
ization of a result [8, Theorem 3.2.15] of Jones, which deals only with graphs where
every vertex is the source of some cycle and has out-degree at least 2.

Theorem 10 The following are equivalent for any graph E.

(1) The only congruences on G(E) are Rees congruences.
(2) For every e € E! there exists p € Path(E) \ EY with s(p) = s(e) and r(p) =
r(e), such that p # et for all t € Path(E).

Proof If (2) holds, then G(E) cannot have any non-Rees congruences, by Propo-
sition 8. Conversely, if (2) does not hold, then G(E) has at least one non-Rees
congruence, by Lemma 9. O

The following easy consequence of this theorem generalizes a result [3, Theorem 3]
of Ash and Hall, which pertains only to simple graphs.
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Corollary 11 Let E be a graph such that |G(E)| > 2. Then G(E) is congruence-free
if and only if E has only one strongly connected component, and each vertex in E has
out-degree at least 2.

Proof Suppose that G(E) is congruence-free. Then the only congruences on G(E)
are Rees congruences. Thus G (E) satisfies condition (1) of Theorem 10, and hence
also condition (2). In particular, each vertex in E is either a sink or has out-degree at
least 2. Also, since every strongly connected component of E corresponds to an ideal
of G(E), by Corollary 2(3), and hence produces a congruence, there must be only one
strongly connected component in E. This implies that either £ has no sinks (in which
case every vertex has out-degree at least 2), or E consists of just one vertex and no
edges. The latter situation is ruled out by our assumption that |G(E)| > 2.
Conversely, if E has only one strongly connected component, then it has only one
nonzero ideal, by Corollary 2(3), and therefore only the Rees congruences G(E) x
G(E)and {(u, ) | © € G(E)}. If, in addition, each vertex in E has out-degree at least
2, then E satisfies condition (2) of Theorem 10, and hence no additional congruences
on G(E) are possible. O

Specializing further, we have an alternative proof of the following classical result
about polycyclic monoids. (See, e.g., Sect. 3.4, Theorem 5 and Sect. 9.3, Theorem 5
in [13].)

Corollary 12 The polycyclic monoid P, is congruence-free if and only ifn > 1.

Proof As mentioned in Sect. 2.3, P, can be viewed as the graph inverse semigroup
G(E), where E consists of one vertex and n loops. Since this graph has only one
strongly connected component, the statement follows immediately from Corollary 11.

O

By Theorem 7, the quotient of a graph inverse semigroup by a Rees congruence
always gives a graph inverse semigroup. However, this is not true of quotients by
non-Rees congruences in general, as the next example demonstrates.

Example 13 Let E be the following graph.
ol — > ot
Also, let
R= {(v, ee™), (e, v)} U {(M, Wl e G(E)} C G(E) x G(E).

Then it is easy to see that R is a congruence on G (E), and that G(E)/R has exactly
5 elements, three of which are idempotents (namely, O and the images of w and v).
However, the only graph inverse semigroup with exactly two nonzero idempotents
is the one corresponding to the graph with two vertices and no edges. Since this
semigroup has three elements, it cannot be isomorphic to G(E)/R.
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In contrast to the previous example, it is possible to obtain a graph inverse semigroup
as the quotient of another such semigroup by a non-Rees congruence, as the next
example shows.

Example 14 Let E be the following graph.

o’ D e
Also, let R € G(E) x G(E) be the least congruence containing (v, e). Since G(E) \
{0} is a semigroup (the bicyclic semigroup, as usually defined), (0, ) € R only if
u = 0. Therefore, R is not a Rees congruence, by Proposition 8. Now, (e_l, v) =
(e lv, e le) e R, from whichitis easy to see that (i, v) € Rforallu, v € G(E)\{0}.
It follows that G(E)/R = G(F'), where F is a graph having only one vertex and no
edges.

5 Idempotents

Anelement p of a semigroup is an idempotent if up = . Inthis section we recall some
basic facts about idempotents in inverse semigroups and record some observations
about the idempotents of G (E) that will be useful throughout the rest of the paper. All
of the results about G (E) are easy, and most have been previously observed elsewhere
(e.g., [8,9]), but we give the proofs here for completeness.

Given an inverse semigroup S, the natural partial order <on §'is definedby u < v
(u,v € S) if u = ev for some idempotent € € S. (See [7, Sect. 5.2] for details.)
Furthermore restricting < to the subset / of S consisting of all the idempotents makes
(1, <) alower semilattice [7, Proposition 1.3.2], that is, a partially ordered set where
every pair of elements has a greatest lower bound.

Lemma 15 Let E be a graph, let < be the natural partial order on G(E), and let 1
be the subset of idempotents of G (E). Then the following hold.

(1) Anelement u € G(E)\{O}isin I ifand only if u = xx_lforsomex € Path(E).

(2) Let u,v,x,y € Path(E) be such that r(u) = r(v) and r(x) = r(y). Then
uv™' < xy~Vifand only ifu = xt and v = yt for some t € Path(E).

(3) Anidempotent i € G(E) is maximal in I with respect to < ifand only if u € E°.

(4) An idempotent i € G(E) is maximal in I \ E° with respect to < if and only if
w=ee”! for somee € E'.

Proof (1) If § is any inverse semigroup and u € S is an idempotent, then pupu = u,
and hence u = pu~'. Applying this to G(E), suppose that xy~! € G(E) is an
idempotent (x,y € Path(E)). Then xy~' = (xy™))~! = yx~!, from which the
desired statement follows.

(2) Suppose that u = xt and v = yt for some ¢ € Path(E). Then

1 —1,—-1 _

UV~ =Xttty —()ctt_1

x—l)xy—I’

which implies that uv! < xy_l, since xtr~'x~!is an idempotent.
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For the converse, suppose that uv~! < xy~!. Then uv™"' = (pp~")xy~! for some
p € Path(E), by (1). Since pp_lxy_l # 0, there is some ¢ € Path(E) such that either
x = ptorp = xt.Inthe firstcase, uv™' = pp~lxy~! = xy~! and hence u = xr and
v = yt, where t = r(x) = r(y). In the second case, uv—" = pp~lxy=! = xsrt=1y~1,
and hence u = xt and v = yt, as desired.

(3) Suppose that u € E® and i < v for some v € I. Then v # 0, and hence, by (1)
and (2), v = xx~ ! and w= xtt~'x~1 for some x, r € Path(E). Since 1S a vertex,
this can happen only if v = x =t = u, and hence p is maximal.

Conversely, suppose that 4 € G(E) is an idempotent maximal in /. Then u # 0,
and hence 1 = xx~! for some x € Path(E), by (1). Thus u = xx~l < s(), by (2).
Since p is maximal, this implies that u = x = s(x), and hence u € EY.

(4) Let e € E', and suppose that ee~! < v for some v € 1\ E°. Then v # 0,
and hence, by (1) and (2), v = xx Vand ee™! = xrt~'x~! for some x, ¢ € Path(E).
Since e € E', this implies that either ¢ = x and r = r(e), ore = ¢ and x = s(e). In the
second case, v € EO, contrary to assumption. Thus e = x, and therefore v = ee L.
Hence ee~! is maximal in 7 \ E°.

Conversely, suppose that u € G(E) is an idempotent maximal in /7 \ E°. Then
u # 0, and hence u = xx~! for some x € Path(E), by (1). Since xx~! ¢ E° we can
write x = et forsome ¢ € E! and 1 € Path(E), and hence u = ert le ! < ee !,
by (2). Since p is maximal in / \ E% andee ! €1\ EY, this implies that u = ee™!
(et € EY). o

Given an inverse semigroup S, the following relation is called the maximum
idempotent-separating congruence on S:

1

{(u, v)|u, veSand u ep = v~ lev for all idempotents € € S}.

The semigroup S is fundamental if this relation is equal to the diagonal congruence.
Lemma 16 The inverse semigroup G (E) is fundamental for any graph E.

Proof 1t is a standard fact [7, Proposition 5.3.7] that in an inverse semigroup the
maximum idempotent-separating congruence is the largest congruence contained in
€. Now, by Corollary 2(4), u ¢ v if and only if u = v, forall u, v € G(E). Thus in
a graph inverse semigroup .77 is precisely the diagonal congruence, and therefore so is
the maximum idempotent-separating congruence, showing that G (E) is fundamental.

]

6 Representations

Recall that given a nonempty set X, a binary relation R € X x X is a partial function
if (x, ), (x,z) € Rimplies that y = z forall x, y, z € X. Itis a standard fact that the
set Px of all partial functions on X is a semigroup, under composition of relations
[7, Proposition 1.4.2], called the partial transformation semigroup on X. Given a
semigroup S, a semigroup homomorphism ¢ : § — Py is a called a representation
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of S by partial transformations. If ¢ is injective, then it is a faithful representation.
The cardinality of X is called the degree of ¢.

Our next goal is to find the minimum possible degree of a faithful representation
of G(E) by partial transformations, when G (E) is countable. If G(E) is countably
infinite, then it does not have a faithful representation by partial transformations on any
finite set (since there are only finitely many such partial transformations). Hence, in this
case, the minimum possible degree of a faithful partial transformation representation
of G(E) is |G(E)| = Ng. The usual Vagner-Preston representation of G(E) (see [7,
Theorem 5.1.7]) is an example of such a representation with minimum degree.

Turning to finite graph inverse semigroups, we note that G(E) is finite precisely
when E is finite and acyclic. To determine the minimum possible degree of a faithful
representation of G (E) by partial transformations we shall need the following theorem
of Easdown. Before stating the result, we recall that an element x of a partially ordered
set X is called join-irreducible if it is not zero (i.e., the least element of X, when it
exists), and x = y Vv z implies that x = y or x = z, forall y,z € X (where y V z
denotes the least upper bound of y and z, if it exists).

Theorem 17 (Theorem 7 in [5]) Let S be a finite fundamental inverse semigroup.
Then the minimum possible degree of a faithful representation of S by partial trans-
Jformations equals the number of join-irreducible idempotents in S.

We note that Easdown’s proof of this theorem gives an explicit construction of a
faithful representation having the minimum possible degree.
Next, let us describe the join-irreducible idempotents of G(E).

Lemma 18 Let E be a graph, let < be the natural partial order on G(E), and let
x € Path(E). Then the idempotent xx~" is join-irreducible in the lower semilattice of
idempotents of G(E) if and only if the out-degree of r(x) is at most 1.

Proof Suppose that the out-degree of r(x) is at least 2. Then there are e, f € E! such
that ¢ = f and s(e) = s(f) = r(x). Hence xx b= xee Ix7 v xff_lx_l, by
Lemma 15(2), and so xx~Lis not join-irreducible.

For the converse, suppose that the out-degree of r(x) is at most 1. If the out-degree
of r(x) is 0, then, by Lemma 15(2), the only idempotent 7 such that t < xx list =0.
Therefore xx~! is clearly join-irreducible in this case. Let us therefore assume that
out-degree of r(x) is 1, and that xx~! = 11 v v for some idempotents 1, v € G(E). If
w=0o0rv=0,thenxx~! = vorxx~! = u,respectively. Hence we may also assume
that u = y)F1 and v = zz ! for some distinct v, z € Path(E), where, without loss of
generality, o # xx~!. Then, by Lemma 15(2), y = xeu for some u € Path(E), where
e € E! is the unique edge satisfying s(¢) = r(x). If z # x, then, similarly, z = xev
for some v € Path(E). But then yy~! v zz7! = xee™!x~! # xx~!, contradicting
xx~l = Vv v. Thus z = x, and so xx~! is join-irreducible. 0

Proposition 19 Let G(E) be a finite graph inverse semigroup. Then the minimum
possible degree of a faithful representation of G (E) by partial transformations is the
number of paths x € Path(E) such that the out-degree of r(x) is at most 1.
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Proof Since, by Lemma 16, G(E) is fundamental, we can apply Theorem 17 to it.
The proposition now follows from Lemma 18, since, by Lemma 15(1), all nonzero
idempotents of G(E) are of the form xx~!, for some x € Path(E). m|

7 Homomorphisms

Next, we describe when a homomorphism of graphs can be extended to a homomor-
phism of the corresponding graph inverse semigroups.

Theorem 20 Let E, and Ej, be two graphs, and suppose that ¢o : Eg — Eg and

¢1: E (11 — E g are functions such that ¢ = (¢o, ¢1) is a graph homomorphism from
E, to Ep. Then the following are equivalent:

(1) ¢ can be extended to a semigroup homomorphism ¢ : G(E;) — G(Ep) that
takes zero to zero,
(2) ¢o and ¢ are injective.

If these conditions hold, then ¢ is uniquely determined and injective. Moreover, ¢ is
surjective if and only if ¢y and ¢1 are surjective.

Proof Suppose that (1) holds. If ¢ is not injective, then there exist distinct v, w € Eg
such that ¢g(v) = ¢o(w). Hence

0=90) =pw) = pWew) = do(v)po(w) = ¢o(v)do(v),

which is impossible, since ¢g(v) € Eg. Thus ¢p must be injective.

If ¢ is not injective, then there exist distinct e, f € E; such that ¢1(e) = ¢1(f).
Since ¢ is a homomorphism of inverse semigroups, ¢(u~!) = @(u)~! for all i e
G(E,), and hence

0=00)=o(f'e)=0() o) = g1 () 'p1(e) = p1(e) ' pi(e).

This is impossible, since ¢1(e) € E ,l Thus ¢ must be injective, showing that (2)
holds.

Conversely, suppose that (2) holds. As noted in Sect. 2.2, any nonzero element
u € G(E,) can be written uniquely in the form u = ve; ...enfnjl ...fl_lw for
some v, w € Eg, ety en, floooos fm € Eal and m, n € N (with n = 0 signifying
that the “path” part of u is just the vertex v, and analogously for m). Thus we can
define ¢ : G(E;) — G(Ep) by

per...enfoul .o [ w) = doWpi(er) ... 1)1 (fu) "o 1 (1) o (w),

and ¢(0) = 0.

To show that ¢ is a semigroup homomorphism, let u, v € G(E,). If either © = 0
or v = 0, then clearly ¢ ()@ (v) = 0 = ¢ (). Let us therefore assume that p # 0
and v # 0.
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Suppose that uv = 0, and write u = sf,;1 ...fflv, v =wer...e,y ' (s,y €
Path(E,), v,w € E% e1,....en, fi,..., fm € EL, and m,n € N). Then either
vA£w,orv=w,e; = fi,...,e,—1 = fi—1, but e; £ f; for some [ > 1. In the first
case, ¢o(v)¢o(w) = 0, by the injectivity of ¢, and hence p(uv) = 0 = p()@(v).

In the second case
P(WP(V) = Po(s(8)) ... d1(fu) ™ o d1 (D) Pr(er) . Bilen) ... po(s(¥)) =0,

since ¢1(f;) # ¢1(er), by the injectivity of ¢. Thus p(u)p(v) =0 = @(uv).

Let us therefore assume that ;v # 0,and write u = st~ andv = xy~! (s, 1, x,y €
Path(E,)). Then there is some p € Path(E,) such that either t = xp or x = tp. Let
us assume that + = xp, since the other case is similar. Then, using the definition of ¢
and the fact that ¢ is a graph homomorphism, we see that

ot = p()p(xp) ™ = e() (@) (P) ! = p()p(p) o)

Hence

P(We) = e()e(P) e T = p()e(p) (!
=o@sp~'y™hH = p(uv),

showing that ¢ is a homomorphism, whose restrictions to Eg and E al are ¢ and ¢q,
respectively. That is, (1) holds.

Next, we note that ¢ is uniquely determined, since Eg UE ‘ll U {0} is a generating
set for G(E,) as an inverse semigroup, and hence the value of any homomorphism
to another inverse semigroup is determined by its values on this set. Also, it follows
immediately from the definition of ¢ and the injectivity of ¢9 and ¢ that ¢ is injective.
The final claim follows from the fact that the inverse subsemigroup of G (Ej) generated
by ¢o(EJ) U ¢1(E}) U {0} is 9(G(Eq)). O

The next example shows that in the previous theorem it is necessary to assume that
@ preserves zero for (1) to be equivalent to (2).

Example 21 Consider the following two graphs.
Ea — .Ul .UZ Eb — .w

Define ¢ : EX — E)) by ¢o(v1) = w = ¢o(v2), and let ¢; : E} — E| be the empty
function. Then ¢ = (¢, ¢1) defines a graph homomorphism from E, to Ej, where ¢g
is clearly not injective. However, ¢ can be extended to the semigroup homomorphism
¢ : G(E,;) = G(Ep) that takes all elements of G(E,) (including 0) to w.

To complement Theorem 20, next we show that an isomorphism of graph inverse

semigroups always restricts to an isomorphism of the underlying graphs. In the case
where the graphs are finite, this follows from a result [10, Corollary 3.2] of Krieger.
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Proposition 22 Let E, and Ej be two graphs, and let ¢ : G(E;) — G(Ep) be a
semigroup isomorphism. Then letting ¢o and ¢ be the restrictions of ¢ to Eg and E ;
respectively, gives a graph isomorphism ¢ = (¢po, ¢1) from E, to Ep.

Proof Letl, C G(E,) and I, € G(E}p) denote the respective subsets of idempotents.
Also let 5{1 and 5117 denote the restrictions to I, and I, respectively, of the natural
partial orders on G(E,) and G(E}), respectively. (As mentioned in Sect. 5, (1, gé)
and (1p, Sé) are lower semilattices.) By Lemma 15(3), every vertex in ES, but no
other element of G(E,), is maximal in /, with respect to Sé, and analogously for
G (Ep). Since any isomorphism of semigroups induces an order-isomorphism of the
corresponding idempotent semilattices, ¢ must take ES bijectively to E,(]).

Next, by Lemma 15(4), every element of the form ee™! (¢ € E 34)» but no other
element of G(E,), is maximal in 7, \ Eg with respect to 5,’1, and analogously for
G(Ep). Hence ¢ must take {ee™! | e € E;} bijectively to {ff~! | f € Eé}. Now, let
e € E; be any edge, write p(ee”!) = ff~! forsome f € Eg, and write p(e) = xy~!
for some x, y € Path(Ep). Then

ffl =gplee™) = gpe)ple) ' =xy lyx = xx7!,

since ¢ is an isomorphism of inverse semigroups. It follows that x = f. Furthermore,

o(ra(e) =gl ey =y fy = yy7 1,

which implies that y € E}, since ¢(EC) = E. Therefore ¢(¢) = f, and hence
(p(E}l) C Eé. Since ¢ takes {ee‘l ‘e € E;} bijectively to {ff_1 ]f € Eé}, it follows

that ¢ takes E a] bijectively to E ; Moreover, since

0 # ¢(e) = g(sa(e)era(e)) = p(sale))p(e)¢(ra(e))

for any e € E;, we conclude that p(s,(e)) = sp(p(e)) and (rgs(e)) = rp(p(e)).
Therefore, letting ¢ and ¢ be the restrictions of ¢ to ES and E 11’ respectively, gives
a graph isomorphism ¢ = (¢, ¢1) from E, to Ej,. O

While, by the above result, any isomorphism of graph inverse semigroups induces
an isomorphism of the corresponding graphs, it is not the case in general that a homo-
morphism of graph inverse semigroups induces a homomorphism of the corresponding
graphs, even when the homomorphism is injective or surjective, as the next two exam-
ples show.

Example 23 Consider the following two graphs.
E,= o Ep = o _° . o2

Then G(E,) = {0, w}, and thus itis easy to see that ¢ (0) = 0, p(w) = ee~! defines an
injective semigroup homomorphism ¢ : G(E,) — G(E}). However, the restriction
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of ¢ to E = {w} is not a function EJ — E}, and in particular, ¢ does not induce a
graph homomorphism from E, to Ep.

Example 24 Consider the following two graphs.

Ea: .UDE Eb: .w

Then it is easy to see that

_fjw ifu#0

defines a surjective semigroup homomorphism¢ : G(E;) — G(Ejp) (cf. Example 14).
However, the restriction of ¢ to E! = {e} is not a function E0 — E) = ¢, and in
particular, ¢ does not induce a graph homomorphism from E, to Ep.

From Theorem 20 and Proposition 22 we immediately obtain the following well-
known result. (In the case of simple graphs it is noted by Ash and Hall in [3] after
Theorem 1, and in the case of finite graphs it is proved by Krieger in [10, Corollary 3.2].
It also follows from the result [4, Corollary 8.5] of Costa and Steinberg that two graph
inverse semigroups are Morita equivalent if and only if the underlying graphs are
isomorphic.)

Corollary 25 Let E, and Ej, be two graphs. Then E, = Ey, if and only if G(Ey) =
G(Ep).

We conclude with several other consequences of Theorem 20 and Proposition 22.

Corollary 26 Let E be a graph. Denote by Aut(E) and Aut(G(E)) the groups
of automorphisms of E as a graph and G(E) as a semigroup, respectively. Then
Aut(G(E)) = Aut(E) as groups.

Proof Let ¢ € Aut(G(E)) be any automorphism. Then, by Proposition 22, letting ¢
and ¢ be the restrictions of ¢ to E¥ and E', respectively, gives a graph automorphism
(90, @1) of E. Hence we can define a function ¥ : Aut(G(E)) — Aut(E) by ¥ (¢) =
(90, ®1). Moreover, by Theorem 20, ¥ is a bijection.

Now, if ¢, ¢’ € Aut(G(E)) are two automorphisms, then, again by Proposition 22,
the restrictions of ¢ o ¢’ to E® and E' are precisely ¢g o ¢, and ¢; o ¢}, respectively.
It follows that ¥ : Aut(G(E)) — Aut(E) is a group isomorphism. O

Corollary 27 For every group H there is some graph E such that H = Aut(G(E)).

Proof By Frucht’s theorem [6], every group is isomorphic to the automorphism group
of some graph. The claim now follows by combining this fact with Corollary 26. O

Corollary 28 Let E be a simple acyclic graph, let Jgg) be the set of nonzero 7 -
classes of G(E), and let Aut(Jg(g), < ) denote the group of order-automorphisms
of (Jg(ky: = _g). Then Aut(JG(k), = y) = Aut(G(E)).
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Proof Since E is acyclic, as noted immediately after Corollary 2, the elements of Jg (k)
are in one-to-one correspondence with the vertices of E. Moreover, for all u, v € E 0
by Lemma 1(3), J, =z h ifand only if s(r) = v and r(¢) = u for some ¢ € Path(E).
It is now easy to see that every automorphism of E induces an order-automorphism
of JG(E), and vice versa. It follows that Aut(E) = Aut(Jg (), < 7)) from which we
obtain the result, by Corollary 26. O
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