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Fractal graphs

Pierre Ille*t Robert Woodrow#

August 16, 2018

Abstract

The lexicographic sum of graphs is defined as follows. Let G be a
graph. With each v € V(G) associate a graph H,. The lexicographic sum
of the graphs H, over G is obtained from G by substituting each v € V(G)
by H,. Given distinct v,w € V(G), we have all the possible edges in the
lexicographic sum between V(H,) and V(H,) if vw € E(G), and none
otherwise. When all the graphs H, are isomorphic to some graph H,
the lexicographic sum of the graphs H, over G is called the lexicographic
product of H by G, and denoted by G: H.

We say that a graph G is fractal if there exists a graph I', with at
least two vertices, such that G ~T":G. There is a simple way to construct
fractal graphs. Let I' be a graph with at least two vertices. The graph
I'* is defined on the set V(I')* of functions from w to V(I') as follows.
Given distinct f,g € V(I')*, fg is an edge of I'“ if f(m)g(m) is an edge
of I', where m is the smallest integer such that f(m) # g(m). The graph
I'* is fractal because I': T ~ T+ ~ T,

We prove that a fractal graph is isomorphic to a lexicographic sum
over an induced subgraph of I'“ | which is itself fractal.

Mathematics Subject Classifications (2010): 05C63, 05C76, 05C75

Key words: lexicographic sum, lexicographic product, fractal graph

1 Introduction

We introduce a notion of a fractal graph. It comes from the idempotency under
lexicographic product, which was studied by Sabidussi [8]. Precisely, let us
consider graphs G and H. The lexicographic product G : H of H by G is
obtained from G by replacing each vertex of G by a copy of H. We retain the
edges inside the copies, and we add all the possible edges between two copies
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just when the corresponding vertices of G form an edge of G. A graph G is
said to be idempotent under the lexicographic graph if G is isomorphic to the
lexicographic product of G by itself. Hence, a graph idempotent (under the
lexicographic graph) is a fixed point of the mapping, which associates G: G
with each graph G. (To avoid trivialities, we require that an idempotent graph
has at least two vertices and hence is infinite.) Sabidussi [8] built idempotent
graphs from linear orders, that are idempotent under the usual sum of linear
orders, like the usual linear order on the rationals or on the reals. We do not
know if there are other examples of idempotent graphs. The study of graphs
built by Sabidussi reveals a self replication in their modular structures described
in [2].

Initially, Sabidussi [8] considered the relationship between the wreath prod-
uct of automorphism groups of graphs and the automorphism group of the lex-
icographic product of graphs. Obviously, the wreath product of automorphism
groups of graphs is a subgroup of the automorphism group of the lexicographic
product of graphs. In the special case of an idempotent graph G, Sabidussi
asked if the automorphism group of G : G is larger than the wreath product of
the automorphism group of G by itself. Ille [3] answers the question positively.

To analyze the structure of an idempotent graph, we need the notion of a
quotient. Let G be a graph. A subset M of V(G) is a module of G if each vertex
outside M is adjacent to all the elements of M or to none of them. A modular
partition of G is a partition of V(G), all the blocks of which are modules of G.
The links between two disjoint modules are the same, all are edges or none are.
This property justifies the following notion of a quotient. With each modular
partition P of G, we associate the quotient G/P of G by P, defined on P, which
is obtained from G by reducing each block of P to a single vertex, a vertex of
the quotient.

Let G be an idempotent graph. Since G is idempotent, there exists a modular
partition P of G such that the corresponding quotient G/P is isomorphic to
G, and for each X € P, G[X] is isomorphic to G. Let X € P. Since G[X]
is isomorphic to G, G[X] is decomposable into G : G. In other words, G is
isomorphic to G (G G). By continuing this decomposition, we obtain a tree,
from which the fractal structure of G appears. In fact, to obtain such a fractal
structure through this decomposition process, we do not need to require that
the quotient G/ P is isomorphic to G. Indeed, it is sufficient to require that there
exists a modular partition P of G, with at least two blocks, such that for each
X € P, G[X] is isomorphic to G. Equivalently, we say that a graph G is fractal
if there exists a graph I', with at least two vertices, such that G is isomorphic to
I': G. Hence, a fractal graph is a fixed point of the mapping, which associates
I': G with each graph G, for some graph I' with at least two vertices.

It is easy to construct fractal graphs. Consider any graph I' with at least
two vertices. The graph I'“ is defined on the set V(I')¥ of functions from w
to V(T') in the following manner. Given distinct f,g € V(I')¥, fg is an edge
of T% if f(m)g(m) is an edge of ', where m is the smallest integer such that
f(m) # g(m). The graph I'¥ is fractal because I'2 (I'¥) ~ [1** ~ T,

Finally, we characterize fractal graphs by using the lexicographic sum, of



which the lexicographic product is a special case. Let G be a graph. With each
v € V(G) associate a graph H,. The lexicographic sum of the graphs H, over
G is obtained from G by substituting each v € V(G) by H,. Given distinct
v,w € V(G), we have all the possible edges in the lexicographic sum between
V(H,) and V(H,) if vw € E(G), and none otherwise. Let G be a fractal graph.
Let I" be a graph such that G ~ I': G. We prove that G is isomorphic to a
lexicographic sum over an induced subgraph of I'“, which is itself fractal.

At present, we formalize our presentation. We use the following notation.
Let G be a graph. For distinct v,w € V/(G), set

1if vw e BE(G)
[v,w]g ={or
0 if vw ¢ E(G).

Let G be a graph. A subset M of V(G) is a module [1, 6, 9] of G if for any
xz,y € M and v € V(G) ~ M, we have [z,v]q = [y,v]q. (Gallai [1] used closed
set instead of module.) A partition P of V(QG) is a modular partition of G if
each block of P is a module of G. Given disjoint modules M and M’ of G, we
have [z,2']¢ = [y,y']¢ for ¢,y € M and z’,y" € M’. This property justifies the
following definition of a quotient. Let G be a graph. We associate with each

modular partition P of G the quotient G/P of G by P defined on V(G/P) =P
as follows. For distinct M, N € P,

[M7 N]G/P = [xay]G'a
where z € M and y e N.

Now, we give a definition of fractal in terms of quotient, which is shown in
Proposition 2 to be equivalent to the definition in terms of lexicographic product.
A graph G is fractal if there exists a modular partition P of G satisfying

P22,
and (1)
for each M € P, G[M]~G.

The following weakening of the notion of isomorphism is useful (see Re-
mark 1). Let G and H be graphs. A function f:V(G) — V(H) is a (strong)
egamorphism [5] from G to H if for v,w € V(G) such that f(v) # f(w), we have

[v,w]a = [f(v), f(w)]n.
Remark 1. Given graphs G and H, consider an egamorphism f from G to H.
Set W = f(V(G)), and

(f) = {f(w):weW}.
The set TI(f) is a modular partition of G. Moreover, the function

FII(f) - G/T(f) — H[W]
fHw) (weW) — w,

is an isomorphism from G/II(f) onto H[W].



The inverse operation of the quotient is the lexicographic sum defined in
the following manner. Consider a graph G, and associate with each v € V(G)
a graph H,. Suppose that the vertex sets V(H,) are pairwise disjoint. We
consider the function

pe U V(H) — V(@)
veV(G)

which maps each x € Uyey(a) V (Hy) to the unique vertex p(z) of G such that
x € V(Hpy). The lexicographic sum

2 H,
€]

of the graphs H, over G (or the G-join of the family {H, ; v e V(G)} [7]) is
defined on Uyev(a) V (H,) as follows. Given distinct @,y € Uyev(a) V (Hy),

[p(z),p(¥)]c if p(z) # p(y)
[z, 9](se B,y = foOr
[z, y]H,., if p(z) = p(y).
If there exists a graph H such that H,, is isomorphic to H for every w € V(G),
then the lexicographic sum Y o H, of the graphs H,, over G is called the lexico-

graphic product of H by G, and is denoted by G : H. Precisely, we can define
GtH on V(G)xV(H) as follows. Given distinct (v,w), (v/,w") e V(G)xV (H),

[v,v"]g if v+
[(v,w), (v, w")](Gurry = {o0r
[w,w' g ifv=20".

We obtain the following characterization of a fractal graph in terms of lexi-
cographic product.

Proposition 2. For a graph G, G is fractal if and only if there exists a graph
I satisfying
v(T) =22,
and (2)
G=~T2@G.

Let G be a fractal graph. A graph I' satisfying (2) is called a fractal factor
of G. Now, consider a fractal factor I' of G, and an isomorphism ¢ from G onto
I': G. We say that a subset W of V(G) is ¥-invariant if

Y(W) = V() x W.

Remark 3. Let GG be a fractal graph. Consider a fractal factor I' of G, and
an isomorphism % from G onto I': G. Given W ¢ V(G), W is t-invariant if
and only if ¢y is an isomorphism from G[W] onto I': G[W]. Therefore, if a
subset W of V(G) is v-invariant, then G[W] is fractal, and T is a fractal factor
of G[W1].



1.1 A simple construction of fractal graphs

Consider any graph T' such that v(I') > 2. (Observe that I' can be infinite.)

Consider the set V(I")¥ = {f : w — V(T')}. Given distinct f,ge V(I")%, set
u(f,9) =min({new: f(n) # g(n)}).

The graph I'” is defined on V(I') as follows. Given distinct f,g e V(I")¥,

[fs9]re = [f(u(f,9)), 9(u(f,9))]r

The graph I'* is fractal because
[l T o 1w,
Precisely, consider the shift function

o ow — w
n — n+l.

The bijection
p: V()Y — VI@)xV(D)¥ (3)
[ = (f(0),feo)
is an isomorphism from I' onto I': I'“. By Proposition 2, I'“ is fractal. Fur-
thermore, I' is a fractal factor of I'“.

1.2 Results

To begin, we provide a sufficient condition for a lexicographic sum over a fractal
graph to be fractal as well.

Proposition 4. Let G be a fractal graph. Consider a fractal factor T' of G, and
an isomorphism ¥ from G onto I': G. With each v € V(G) associate a graph
H,. Suppose that the vertex sets V(H,) are pairwise disjoint.

If for each v € V(G), {w € V(G) : Hy, ~ H,} is v-invariant, then the
lexicographic sum Yo H, is fractal, and I is a fractal factor of ¥ Hy.

The next result is an immediate consequence of Proposition 4.

Corollary 5. Let G be a fractal graph. For every graph H, G H is fractal,
and the fractal factors of G are fractal factors of G H.

The opposite direction in Corollary 5 is not true. Nevertheless, we obtain
the next result (see Proposition 6). We need the following notion of primality.
Let G be a graph. The empty set, the vertex set of G, and the singletons are
modules of G, called trivial. A graph G is primeif v(G) > 3, and all the modules
of G are trivial. (Observe that there is no prime graph on 3 vertices.)

Proposition 6. Given graphs G and H, if G: H is fractal and H is prime,
then G is fractal, and the fractal factors of G H are fractal factors of G.



The main result follows.

Theorem 7. Let G be a fractal graph. Consider a fractal factor I' of G, and
an isomorphism ¢ from G onto I':G.

There exists a unique function 0 : V(G) — V(T')* such that the following
diagram commutes.

a -V .o

Gl lldvmw (7)

'Y —— I':I¥
@

Moreover, the following assertions hold, where W = 0(V(G)) and
() = {07 (f): [ e W,
(A1) The function 6 is an egamorphism from G to I'*.
(A2) The function 8 induces an isomorphism 0/I1(8) from G[II(0) onto T*[W].
(A3) We have
= 2, Gl (]
re[w]
(A4) The subset W of T is @-invariant.
(A5) For each feW, {ge W :G[07 (9)] =~ G[07(f)]} is p-invariant.
(A6) The function

v I1(9) —  V(T') xII(6)
07 (f) (feW) — (f(0),07'(fo0))

is an isomorphism from G[1(6) onto T2 (G/IL(0)). Moreover, the follow-
ing diagram commutes.

G/I1(0) [+ (G/11(9))
o/n(e)l lIdV(F)X(Q/H(H)) (D)
DW) —— D20

Finally, all the functions occurring in Diagram (Z2) are isomorphisms.



2 Proofs

We begin with the easy proof of Proposition 2.

Proof of Proposition 2. To begin, suppose that G is fractal. There exists a
modular partition P of G, which satisfies (1). Since G[M] ~ G for each M ¢ P,
we get

G~ (G/P)G.

Thus G/P satisfies (2).
Conversely, suppose that there exists a graph I' satisfying (2). Set

P={{z}xV(G):xeV(I)}.

Clearly, P is a modular partition of I': G. Since T" satisfies (2), there exists an
isomorphism ¢ from G onto I'2 G. Therefore,

TH(P)={y™(M): M e P}

is a modular partition of G. Since v(T') > 2 by (2), we have |P| > 2, so [~} (P)|
2. Furthermore, consider N € 1)~1(P). There exists 2 € V(') such that N
Y ({z} x V(G)). Therefore, we have

v

GIN] =Gl ({z} x V(G))]
= (D G)[{a} < V(G)]
e (by definition of I"2 G).

It follows that 1)~ (P) satisfies (1). Hence G is fractal. O

2.1 Proof of Proposition 4 and Corollary 5

We use the following notation in the proof of Proposition 4.

Notation 8. Let G and H be graphs. The function from V(G) x V(H) to
V(G), which maps (v,w) € V(G) x V(H) to v, is denoted by gg. Note that gg
is an egamorphism from G H to G. Similarly, the function from V(G) x V(H)
to V(H), which maps (v,w) € V(G) x V(H) to w, is denoted by qg.

Proof of Proposition 4. Consider the function p : Uyev(a) V(Hy) — V(G),
which maps each x € Uyey(c) V (Hy) to the unique vertex p(z) of G such that
T € V(Hp(z))

Let v € V(G). Since {w € V(G) : Hy,, ~ H,} is -invariant, we have (gg o
Y)(v) e{weV(G): H, ~ H,}. Thus

Hggop)(v) = Ho-

By the axiom of choice, there exists a function v, which associates with each
v € V(G) an isomorphism v(v) from H, onto H 4oy (v)-



Consider the function

17;: U’UEV(G) V(Hv) — V(F) X UveV(G) V(Hv)
x — ((qrovop)(x),v(p(z))(x)).

We show that 1; is an isomorphism from Y., H, onto I'2 (¥4 H,). For distinct
7,y € Upev(a) V (H,), we have to verify that

[-T,y](zc H,) =
[((gr e op)(z),v(p(x))(x)), ((qr o o p) (), v(P(¥)) W) Iru(sg 1) (4)

We distinguish the following cases.

1. Suppose that p(x) # p(y). We obtain

[2,y]5q 1, = [p(2),p(W)]e = [(Y o p) (@), [(Yeop) (W) (5)
(a) Suppose that (gr oy op)(x) # (qr o o p)(y). We obtain

[((gr o op)(z),v(p(2))(2)),
((qr o op)(y), v(p(¥)(Y)]Ir«(se 1)
=[(gr o ¢ op)(z), (gr o op)(y)Ir
=[(¥op)(2), (¥ o p)(¥)](ra)-

It follows from (5) that (4) holds.
(b) Suppose that (gr o1 op)(z) = (gr o o p)(y). We obtain

[((qr o ¢ o p)(z),v(p(z))(2)),
((gr oy op)(v), v(p(¥)) (W) ]Iruz B.)
=[v(p(2)) (), v(p(¥))(W](z, 1)
We have

v(p(x))(2) € V(H (ggopop)(z))
and

v(p(y))(y) € V(Hggopop)(y))-

Since p(x) # p(y), (Y op)(z) # (¢ op)(y). Since (gr oy op)(w) =
(qr oo p)(y), we obtain (ga o op)(z) # (g © % o p)(y). It follows
that

[v(p()) (@), v(p(¥)) (W) (24 H.)
=[(gc oY op)(),(9c oY op)(y)lc
=[(Yop)(z), (¥ op)(y)Irc.

It follows from (5) that (4) holds.



2. Suppose that p(z) = p(y). We obtain

[((gr 0¥ op)(z),v(p(x))(2)),
((ar o ¥ op)(y), v(p(¥)) Y ]Iru(s 1)
[v(p()) (), v(p(¥) (W] (s, 1)
[v(p(2)) (), v(p(2)) (W) ] By opome
[z, 9],

=[=,y](s¢ 1.)- O

As indicated in Subsection 1.2, Corollary 5 is an immediate consequence of
Proposition 4. Also, a direct proof of Corollary 5 is immediate by using the
associativity of the lexicographic product.

Proof of Corollary 5. Let I' be a fractal factor of G. We have G ~T': G. For
any graph H, we obtain

:(GeH)~(I':G):H~GH. O

As seen in Proposition 4, the t-invariant subsets of V(G) play an important
role. We complete the subsection with their examination.

Notation 9. Let G be a fractal graph. Consider a fractal factor I' of G. Let
1 be an isomorphism from G onto I': G. The set of the y-invariant subsets of
V(G) is denoted by Zy.

Remark 10. Let G be a fractal graph. Consider a fractal factor I' of G. Let
¥ be an isomorphism from G onto I': G. Clearly, Z, is closed under comple-
mentation and intersection. Hence Z, is a boolean algebra. For each v € V(G),
set

Ty(v) ={WeZy:veW}.

Clearly Z,,(v) # @ because V(G) € Zy(v). It follows that

N w

WeZy(v)

is ¢-invariant. Set

(V)= N W

WeLy (v)

Clearly, (v}, is the smallest ¢-invariant subset of V(G) containing v. Therefore,
the atoms of Z, are (v)y for v e V(G). Given W € V(G), it follows that W is
y-invariant if and only if for each v e W, (v),, € W.

Lastly, let T' be a graph such that v(T") > 2. Consider the isomorphism ¢
defined in (3). We characterize the atoms (f),, where f € V(I'), of the boolean
algebra Z,, (see Lemma 11 below).



Let f e V(I')¥. Given n > 1, consider u € V(I')", that is,
u:{0,...,n-1} — V().
We define the concatenation u e f:w — V(I") as follows. For p > 0,

u(p)ifp<n-1
(ue f)(p)= jor
flp-n)ifp>n.

The set V(I')Y contains a unique function denoted by 1. For every f e V(I')*,
we have 1 e f = f. Furthermore, for every f e V(I')*, foo® = f.

Since the proof of the next lemma is a straightforward verification, we leave
the details to the reader.

Lemma 11. For every f e V(T')¥,

(Ne= U {us(foo™) :ueV(T)"}. (6)

m,n>0

Using a p-invariant subset of V(I'), we define a more complicated fractal
graph than I'Y, which is decomposed into a lexicographical sum over an induced
subgraph of I, which is itself fractal. Consider a nonempty set € of nonempty
p-invariant subsets of V(I')* that are pairwise disjoint. Set

w=Jc
Ce¥
As already noticed, W is a p-invariant subset of V(I')*. By Remark 3, I'*[W]
is fractal. With each C' € %, we associate a graph Hg. For each f € C, set
Hf =gy Hc,

where oy is the graph defined on {f}. (In this manner, the vertex sets V(H),
where f € W, are pairwise disjoint.) It follows from Proposition 4 that the

lexicographic sum
G- 3 H,

re[w]

is fractal. The purpose of Theorem 7 is to establish that any fractal graph is
isomorphic to such a lexicographic sum.

2.2 Proof of Proposition 6

The following strengthening of the notion of a module is helpful to establish
Proposition 6. Given a graph G, a subset M of V(G) is a strong module [1, 6]
of G if M is a module of G satisfying: for every module N of G, if M n N # @&,
then M ¢ N or N ¢ M. (Gallai [1] used strongly closed set instead of strong
module.)

10



Remark 12. Let G be a graph. Consider a module M of G. Suppose that
M is not a strong module of G. There exists a module N of G such that
MnNz#@, MNN+@, and N\ M # @. It follows that {M n N, M\ N} is a
modular partition of G[M]. Thus, G[M] (or its complement) is disconnected.
Consequently, given a module M of G, if G[M] is connected and coconnected,
then M is a strong module. In particular, given a module M of G, if G[M] is
prime, then M is a strong module.

We complete the remark with the following property. Let G be a graph.
Given modules M and N of G, if G[M] and G[N] are prime, then M n N = &
or M =N.

Proposition 6 is a consequence of the next result.

Lemma 13. Given graphs G,G" and H, if G2 H ~G':H and H is prime, then
G~G.

Proof. Let p be an isomorphism from G H onto G’ : H. With each x € V(G)
associate the subset

W'(z) ={a" e V(G") : p({a} x V(H)) 0 ({2} x V(H)) * &}

of V(G'). Let x € V(G). Since H is prime, (G: H)[{z} x V(H)] is prime,
and hence (G H)[p({x} x V(H))] is as well. Moreover, since {2} x V(H) is a
module of G:H, p({z} xV(H)) is a module of G’ H. Similarly, for 2’ € V(G"),
(G' H)[{z'} x V(H)] is prime, and {z'} x V(H) is a module of G': H.

Now, consider = € V(G). Let 2’ e W'(x). We have p({z} x V(H)) n ({z'} x
V(H)) + @. Since p({z} x V(H)) and {z'} x V(H) are modules of G’ : H such
that (G H)[p({z} x V(H))] and (G': H)[{z'} x V(H)] are prime, it follows
from Remark 12 that p({z} x V(H)) = {2’} x V(H). Hence W'(z) = {a'}.
Consequently

W)= 1
for every z e V(G).

It is easy to verify that the function from V(G) to V(G’) that maps each
z € V(G) to the unique element of W’(z) is an isomorphism from G onto G'. O

Proof of Proposition 6. Since G H is fractal, it follows from Proposition 2 that
there exists a graph I', with v(I") > 2, such that G:H ~T': (G H). Since
I':(GiH) ~ (I':G)1H, we obtain G:H ~ (T'2G):H. Since H is prime, it follows
from Lemma 13 that G ~I': G. By Proposition 2, G is fractal. O

2.3 Proof of Theorem 7

Let G be a fractal graph. Consider a fractal factor I' of G. There exists an
isomorphism 1 from G onto I'2 G.

With each v € V(G), we associate a sequence (f,(n), Zy(n))nso of elements
of V(T') x V(G) defined by recursion as follows. First, set

(f0(0),2,(0)) = 9(v).

11



Second, given (f,(n),z,(n)), where n >0, set

(fo(n+1),2y(n+1)) =p(xu(n)).
Consider the function

0: V(G) — V(@)W

v — fy.

Claim 14. Given v € V(T) and v,w e V(G), if (v) = (v, w), then v = 6(v)(0),
and O(w) =0(v)oo.

Proof. We have ¥ (v) = (f,(0),x,(0)), that is, ¥(v) = (8(v)(0),x,(0)). Hence
~v=0(v)(0) and w = z,(0). It is easy to verify by induction on n >0 that

(fo(n+1),2,(n+1)) = (fu(n), zw(n)).

It follows that f,(n+1) = fiu,(n) for every n > 0. Therefore f, oo = f,, that is,
0(v) oo =0(w). O

The next claim follows from Claim 14.

Claim 15. For every v e V(G), we have
(po0)(v) = ((Idy(ry x 0) 01)(v).
Proof. Let v e V(G). We have
e(0(v)) = (0(v)(0),0(v) o 7).

Furthermore, there exist v € V(I') and w € V(G) such that ¥(v) = (v,w). We
get (Idy (ry x 0)(¥(v)) = (Idy () x 0)(v,w). By Claim 14, v = 6(v)(0). Thus

(Idy(ry x 0)(¥(v)) = (Idy () x 0)(6(v)(0), w)
= (0(v)(0),0(w)).
By Claim 14, 8(w) = 6(v) o 0. It follows that
(Idy(ry x 0)(¥(v)) = (6(v)(0),6(v) 0 ). 0
By Claim 15, Diagram (%) commutes. Now, we prove that 6 is unique.
Claim 16. Let §': V(G) — V(I')“. If ¢ 00 = (Idy(ry x 0") o4, then 6" = 6.

Proof. Consider 0" : V(G) — V(I')* such that ¢ 00" = (Idy(ry x 6") 0 2p. Let
v e V(G). We have

(pot)(v) = (0'(v)(0),0'(v) o 0)

and

((Idy(ry x 0") 0 ) (v) = (Idy ) x 0) (fo(0),24(0)) = (£(0),6"(2,(0)).

12



Thus, for each v € V(G), we have

0’ (v)(0) = fu(0)
and (7)
0'(v) oo =6"(2,(0)).

We prove by induction on n > 0 that for each v e V(G),

0'(v)(n) = fu(n). (8)

It follows from (7) that (8) holds for n = 0. Now, suppose that (8) holds for
n > 0. Consider v e V(G). Set

w = 2, (0).
We have
0'(v)(n+1) =(0'(v) o 0)(n)
=0'(w)(n) by (7)
=fw(n) because (8) holds for n.

As observed in the proof of Claim 14, we have
(fo(m+1),2y(m+1)) = (fu(m), z(m))
for every m > 0. It follows that
' (w)(n+1) = fy(n+1).

Therefore, (8) holds for every n > 0. It follows that for each v € V(G), 0" (v) = f,,
so 6'(v) = 0(v). O

We prove that Assertion (A1) of Theorem 7 holds.
Claim 17. For v,w e V(G), if 0(v) # 6(w), then [v,w]g = [0(v),0(w)]re.
Proof. Let v,w € V(@) such that 6(v) # 6(w). Set
m = pu(0(v),0(w)).

To begin, suppose that m = 0. We have

['Uv w]G = W(U)» "/J(w)]FzG

[(6(v)(0),2.,(0)), (B(w)(0), 2, (0)) I
[

[

(6(v)(0),0(w)(0)]r
0(v),0(w)]rw.

Now, suppose that m > 1. We prove by induction on i € {0,...,m —1} that

[v,wla = [20(0), 2 (1) ]6-

13



For i =0, we have

[v,w]e = [¢Y(v), Y (w)]re
[(0(v)(0),2,(0)), (0(w)(0), 2,(0))]rc
[2,(0), 74 (0)]c-

Suppose that i < m — 2. By induction hypothesis, we have

[v,wla = [2u(0), 20 (i)]c-

Thus, we obtain

[v,wla = [20(i), 2w (1) ]a
P (i), (2w (9)) G
(O(v)(i+1), 20 (i +1)), (O(w) (i + 1), 20 (i +1))]Ina

w0+ 1), 2 (i +1)]aq.

[z
[
[
[z

Consequently, we have
[v,w]g = [zu(Mm-1), 24 (m - 1)]¢c.

Lastly, we obtain

[v,w]g = [Ty(m ~ 1), 24 (m - 1)]c
Y(xo(m—-1)),(xy(m-1))]ra

[
[
[(0(v)(m), z(m)), (0(w)(m), w(m)) e
[
[

(0(v)(m), (0(w)(m)]r
0(v),0(w)]rw. O

For convenience, set W = (V(G)) and II(0) = {67*(f) : f € W}. By
Remark 1, 0/TI(9) is an isomorphism from G/II(#) onto I'*[W]. Thus, Asser-
tion (A2) of Theorem 7 holds.

Since II(#) is a modular partition of G, we have

G= ) G[X]

G/11(0)

Since /I1(0) is an isomorphism from G/II(#) onto I'“[W], we obtain

G= > Gt
re[w]
Therefore, Assertion (A3) of Theorem 7 holds.
We prove that Assertion (A4) of Theorem 7 holds.
Claim 18. For each f e W, we have foo e W.
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Proof. Let f € W. There exists v € V(G) such that f = 6(v). By Claim 14,
P(v) = (6(v)(0),w), where w € V(G) such that 8(w) = 6(v) o o. It follows that
O(w) = foo. Therefore fooeW. O

It follows from Claim 18 that
(W) e V(T') x W. (9)
Claim 19. For any ve V(') and g e W, we have ¢ t(v,g) e W.

Proof. Consider v € V(I') and g € W. Since g € W, there exists w € V(G) such
that 6(w) = g. Set v ="' (y,w). We have

(Idy(ry x 0) oap)(v) = (Idy (ry x 0) (7, w) = (7, 9)-
It follows from Claim 15 that
(pe0)(v) = (7, 9)-
Thus 0(v) = ¢ (7,9). Consequently ¢~ 1(v,g) e W. O
It follows from Claim 19 that
e H(V(IT)x W) cW. (10)

Therefore, it follows from (9) and (10) that W is p-invariant. Hence, Asser-
tion (A4) of Theorem 7 holds. Since W is y-invariant, the following diagram
commutes.

G 2o, r:G

gl lldv(r)xa

Y[W] —— T(T¥[W])
Prw
We prove that Assertion (A5) of Theorem 7 holds.
Claim 20. For each f e W, we have Y»(071(f)) = {f(0)} x 07 (f o 0).

Proof. Let f € W. Consider v € 07'(f). We have f = 6(v). It follows from
Claim 14 that ¥ (v) = (f(0),w), where w € 071 (f o o). Therefore

(07 () € {F(0)} <07 (f o).

Conversely, consider w € 71(f o). We have (w) = f o o. It follows from
Claim 14 that 6(x»"*(£(0),w))(0) = £(0) and

(1 (f(0),w)) o0 = foo.

Consequently, for each n > 1, we have 0(x»"'(f(0),w))(n) = f(n). Since
(471 (f(0),w))(0) = f(0), we obtain

Oy~ (£(0),w)) = f.
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Thus ¢~ 1(f(0),w) € 071(f), so (f(0),w) e (071(f)). Tt follows that
{£(0)}x 07 (foo) <y (071 (f)).
Hence 4(671(f)) = {£(0)} x 07 (f o 0). O
The next two claims follow from Claim 20.

Claim 21. For each feW, we have foo e W and

GO ()] =Gl (foo)].

Proof. Let f € W. By Claim 18, f oo € W. Furthermore, it follows from
Claim 20 that

(O () = {f(0)} <07 (foo).

Since 1) is an isomorphism from G onto I': G, we obtain

GO (N] = (T f(0)} x 67 (fo0)].
Since (T: G)[{f(0)} x 071 (foo)] ~G[O7(f 0 7)], we obtain

GO~ (N =G0 (foo)]. 0
Claim 22. For any v € V(') and ge W, we have o~ '(v,9) e W and
GO (D] =GO (¢ (v,9))]-

Proof. Consider v € V(T') and g € W. By Claim 19, ¢~ (v, g) ¢ W. By Claim 21,

GO (0™ (v, gN] = GO (0™ (7.9) 0 0)].
Since ¢ (7, 9) o 0 = g, we obtain G[07(g)] =~ G[07 (¢ (7,9))]. O
Claim 23. For each f € W, we have

p({geW:G[07 (9)] = GO (N]}) =
V(D) x{geW:G[07'(9)] = G[O7' ()]} (11)

Proof. Let f € W. To begin, consider g € W such that G[071(g)] ~ G[67*(f)].
Recall that ¢(g) = (¢(0),g00). By Claim 21, goo € W and

Gl (9)] = G[07 (g0 0)].
Since G[07(g)] ~ G[071(f)], we obtain

Gl (go0)] =GO ()]
Thus

p({g e W: G0 ()] =GO (HI)) V(D) x {g e W:G[07 ()] = G[O7 ()]}
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Conversely, consider v € V(T') and g € W such that G[67(g)] ~ G[071(f)]-
By Claim 22, ¢ (v,9) € W and

GIO7H ()] = G[07 (9™ (7. 9))]-
Since G[071(g)] =~ G[07'(f)], we obtain
GO (¢ (791 = GO ()]

Thus
e (VD) x {g e W: GO (9)] = G[O7'()]}) <
{geW:Gl07(9)] = G[o7 (N},
V(D) x {geW:G[07(9)] = GLO7 ()]} € p({g e W: G[07' (9)] = G[O7"(N)]})
Consequently (11) holds. O

Remark 24. Consider f € W. By Claim 23, {ge W : G[67(9)] ~ G[07 ()]}
is @-invariant. It follows from Remark 10 that

(floclgeW: GO ()] = GO ()]}
It follows from Lemma 11 that for m,n >0 and u e V(I")",
GO (ue (foo™))]=G[O7'(f)].
Finally, we prove that Assertion (A6) of Theorem 7 holds. Set
W(II(0)) = {w(07 (f) : fe W}

Since II(0) is a modular partition of G and v is an isomorphism from G onto
I': G, ¢(I1(F)) is a modular partition of I": G. Moreover, the function

P/T(0) - 11(6) — (11(0))
07N ) (feW) — (07(f))
is an isomorphism from G/II(0) onto (I':G) /¥ (I1(6)). Let f € W. By Claim 20,
Y(O(f)) ={f(0)} x 07 (f o). Tt follows that

G(T(0)) = {P(67(f)) : fe W}
={f(0)} x07 (foo): feW}
={1}x 07 (g) sy eV(D),ge W}
Furthermore, the function
F: »(I1(9)) — V(D) xII(9)
{11 x07g) (yeV(T),geW) — (7.07'(9))
is an isomorphism from (I': G) /4 (I1(8)) onto I'2 (G/II(#)). We obtain
W =Fo (4/11(0)),

so ¥ is an isomorphism from G/TI(#) onto Iz (G/II(8)). Clearly, Diagram (%)
commutes, and all the functions occurring in Diagram (%) are isomorphisms.
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