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Abstract

We define G(n, k) to be a directed graph whose set of vertices is {0,1,...,n — 1} and whose
set of edges is {(a,b) : a* = b (mod n)}. We say that G(n, k) is symmetric of order m if we can
partition G(n, k) into subgraphs, each containing m components, such that all the components
in a subgraph are isomorphic. We develop necessary and sufficient conditions for G(n, k) to
contain symmetry when n is odd and square-free. Additionally, we use group theory to describe
the structural properties of G1(n, k), the subgraph of G(n, k) containing only those vertices
relatively prime to n.

1 Introduction

Modular exponentiation has been of interest to number theorists since Fermat. However, much
less has been said about the process of iteratively applying exponentiation to a residue. By
representing iterated modular exponentiation with digraphs, we are able to use aspects of graph
theory to describe the nature of iterated modular exponentiation.

This paper extends the results from the papers [1] and [3], which explore a basic number theory
function, modular exponentiation, by making novel connections to graph theory and group theory.
We continue their work by generalizing previous results, as well as exploring specific cases that
have not been covered previously. Specifically, we first develop necessary and sufficient conditions
for power digraphs to contain symmetry, when our modulus is square-free and odd. We then utilize
some basic concepts from group theory to prove two theorems, which prove as corollaries several
of the results discovered by Wilson in [3].

2 Some Preliminary Results

2.1 Basic Definitions

Fix n > 1 and let H = {0,1,....,n—1}. Let f: H — H. A functional digraph of f is a directed
graph whose vertices are the elements in H, such that there exists an edge from a to b if and only
if f(a) = b. For this paper, if z € H, then f(z) denotes x* modulo n, for a fixed k& and n. We
denote the described directional graph as G(n, k).

If a is a vertex in G(n, k), then it corresponds uniquely to a residue modulo n. We will treat
a as a number in statements such as ord,a and ged(a,n). In addition, a® will refer to f(a) (i.e.,
reduced modulo n).

A component of G(n, k) is a maximal connected subgraph of the associated nondirected graph.
The number of edges coming into a vertex a € G(n, k) is referred to as the indegree of a and is




denoted by N(n,k,a). The number of edges leaving a is referred to as the outdegree of a. Note
that every vertex in G(n, k) has an outdegree of 1.

A cycle is a path from one vertex to itself, and a cycle is a t-cycle if it contains exactly t vertices.
It is evident that each component contains a unique cycle, because each vertex has outdegree one
and because there are finitely many vertices. The number of ¢-cycles in a graph G(n, k) is denoted
Ai(G(n, k).

The subgraph of G(n, k) containing all vertices relatively prime to n is denoted as Gi(n, k).
Also, the subgraph of G(n, k) containing all vertices not relatively prime to n is denoted as Ga(n, k).

2.2 The Carmichael Function

Let n be a positive integer. The Carmichael lambda-function \(n) is defined as the smallest
positive integer such that o™ =1 (mod n) for all a relatively prime to n. We know from chapter
2 in [2] that,

A1) =1
A2) = 1
A4) = 2
A2F) = 2" 2 for k>3,
Ap*) = (p—1)p"! for any odd prime p and k > 1,
AP pyr) = lem[A(p7'), A(D5?), s APF)],

where p1, po, ..., pr are distinct primes and e; > 1 for all 7.

2.3 Symmetries of G(n, k)

We say that a graph G is symmetric of order m if G can be partitioned into subgraphs, each
subgraph containing exactly m components, such that any two components in a given subgraph
are isomorphic. The symmetries of G(n, k) have been studied by Somer and Kiizek in [1]. Their
main results include specifying conditions for n and k, under which G(n, k) is symmetric of order
p, where p is a prime that divides n. They also came up with a useful recursive formula for the
number of cycles of length .

2.4 Products of Graphs

Let n = ning, where ged(ny,ne) = 1. We know by the Chinese Remainder Theorem that a
vertex a in G(n, k) corresponds to the ordered pair (a1, a2), where 0 < a; < nj and 0 < ag < na.
Additionally, the Chinese Remainder Theorem tells us that a* corresponds to (a¥,a}). We will
define the product of graphs, G(ni,k) x G(ne, k) as follows: a vertex in G(ni, k) x G(nz, k) is
an ordered pair (ai,az) such that a; € G(n1,k) and as € G(ng, k). Also, there is an edge from
(a1,a2) to (b1,be) if and only if there is an edge from a; to by in G(ny, k) and there is an edge
from ag to by in G(ng, k). This implies that (a,as) has an edge leading to (a¥,a%). We then
see that G(n, k) = G(n1, k) X G(ng, k). We can further assert that if n’s prime decomposition is
pi'ps?...per, then
G(n, k) = G(p7t, k) x G(p5?, k) X ... x G(p§, k).




If G(n,k) =2 G(n1,k) x G(ne, k), where ged(ny,n2) = 1, then we call G(ni,k) and G(ne, k)
factors of G(n, k).

2.5 Distribution with Graph Products

Suppose G is a functional graph. Also, suppose E and F' are disjoint functional graphs. We will
explain why G x (EUF) = (G x E) U (G x F), which is a property used frequently throughout
this paper. Suppose (a1,a2) is a vertex in G X (F U F'). Then a; € G and ay is in either E or F.
If ay € E, then (a1,a2) € G x E, meaning that (a;,a2) € (G x E)U (G x F). The same argument
works for when ag € F. If (a1,a2) is in (G x E)U (G x F'), we can use similar reasoning to assert
that (a1,a2) € G x (EUF). This means that G x (FUF) and (G x E) U (G x F) have the same
vertices.

We still need to vertify that G x (E U F) and (G x E) U (G x F) have the same set of edges.
Suppose (a1, az) has an edge leading to (b1,b2) in G x (E'U F'). This implies that a; has an edge
leading to b; in G. Suppose the edge from ag to by is in E. This implies that there is an edge from
(a1, az2) to (b1, b2) in G x E. Therefore there is an edge from (a1, as) to (b1,b2) in (GX E)U(G X F).
A similar argument works if the edge from ag to be isin F. If (ay, az) has an edge leading to (b1, b2)
in (G x E)U (G x F), we can use similar reasoning to show that there is an edge from (a1, az)
to (b1,b2) in G x (EUF). It follows that G x (EUF) = (G x E) U (G x F'). This property can
be extended to the union of an arbitrary number of disjoint graphs, and proves extremely helpful
when proving results on G(n, k).

2.6 Some Useful Previous Results

These next two results provide us with a useful connection between G(n, k) and its factors. We
make use of them several times throughout this paper.

Theorem 2.1. Let n = niny where ged(ni,n2) = 1. Let a = (a1,a2) be a vertex in G(n, k) =
G(n1,k) x G(na, k). Then a is a cycle vertez if and only if a1 is a cycle vertex in G(ni, k) and az
is a cycle vertex in G(na, k).

Proof. This is Theorem 6.7 in [1]. O

Theorem 2.2. Let n = niny where ged(ny,ne) = 1. Let J(ny,k) be a union of components
of G(ni,k) and let L(n2,k). Then J(ni,k) X L(na, k) is a union of components of G(n,k) =
G(ni1,k) x G(na, k).

Proof. This is Theorem 6.8 in [1]. O

Our main results on symmetry is dependent on A;(G(n, k)), for several values of t. Hence, it
is useful to have a formula for A;(G(n,k)) that is completely dependent on n and k.

Theorem 2.3. Let n’s prime decomposition be pi*ps?...pSr.

1+ ..
A(G(n,k)) = t[Hl(az- ged(A(p"), k' = 1) + 1) — ; dAy(G(n, k)],
1= t
dtt
where &; =2 if 2|k — 1 and 8|p§*, and &; = 1 otherwise.

Proof. This is Theorem 6.6 in [1]. O




3 Results on Symmetry

We will now establish necessary and sufficient conditions for G(n, k) to be symmetric of order p,
where p|n and n is square-free. To do this, we first will prove a less general result. We will then be
able to generalize that result for all square-free n. However, before we are able to prove anything
meaningful, we need a few lemmas and theorems.

Lemma 3.1. Let n = niny where ged(ny,na) = 1. Let E(ny, k) be a component of G(ni,k) and
let J(n2,k) be a component of G(na,k). Let s be the length of J(ne,k)’s cycle and let t be the
length of E(n1,k)’s cycle. Then C(n,k) = E(ni,k) x J(ng, k) is a subdigraph of G(n, k) consisting
of ged(s,t) components, each having cycles of length lem|[s,t].

Proof. By Theorem 2.2, we know that C'(n,k) is a union of components of G(n,k). Also, by
Theorem 2.1, (¢;,d;) is a cycle vertex of C(n, k) if and only if ¢; is a cycle vertex of E(ny, k) and
d; is a cycle vertex of J(ng, k). Therefore there are precicely st cycle vertices in C'(n, k). Let

<c1,C62,y...,Ct >

be the cycle in E(nq, k) and let
<dp,dsg,...,ds >

be the cycle in J(ng, k). Evidently, lem(s,t] = e is the least positive integer such that (¢;, d;)¢ =
(cf,d$) = (ci,dj). Hence each cycle has is of length lem[s, t]. It follows that there are % =
ged(s, t) cycles.

Corollary 3.2. Let n = ning where gcd(ni,n2) = 1. Let E(n1,k) be a component of G(ny, k)
and let J(ng, k) be a component of G(na, k). Let s be the length of J(na,k)’s cycle and let t be the
length of E(ni,k)’s cycle. Then C(n,k) = E(ny,k) x J(ne2, k) consists of components whose cycle
length is greater than or equal to max(t,s).

Lemma 3.3. Let n be an odd integer. Let n’s prime decomposition be pi'ps?...p" and let a be a
vertex of Gi(n, k). Then

T

N(nv k7a) = HN(p?a k7a) = Hng(A(p?)a k‘),
i=1

i=1
or N(n,k,a) =0.
Proof. This is Lemma 2 in [3]. O
Corollary 3.4. Suppose ged(p — 1,k) = 1. Then G(p, k) is a permutation.

Proof. First note that Ga(p, k) is a permutation, since it consists of a single vertex with an edge
leading to itself. Next, since each of the p — 1 vertices in G1(p, k) has outdegree 1, the sum of
the indegrees of the p — 1 vertices in G1(p, k) should be p — 1. By Lemma 3.3, if a is a vertex
in G1(p, k) then a has indegree ged(p — 1,k) = 1 or 0. If there were a vertex in G1(p, k) whose
indegree was 0, then the sum of the indegrees of each vertex of G1(p, k) would be less than p — 1.
Therefore, each vertex in G1(p, k) has indegree 1. It follows that G(p, k) is a permutation. O

Lemma 3.5. Let x,a,b € N. If alb, then ord,x|ordyx.




Proof. Let t = ordyx. Then 2! = 1 (mod b). Since alb, 2* = 1 (mod a). Therefore ord,z|t, or
ordgz|ordyz. O

This next result is a specific case of Theorem 2 [3].

Lemma 3.6. Let p be an odd prime. Let ¢ # 0 be a cycle vertex in G(p, k) where ged(p—1,k) = 1.
Let s = ord,c. The length of ¢’s cycle is r = ordk.

Proof. The cycle length of ¢ is the smallest integer r such that ¢* = ¢ (mod p). First note
that ged(s, k) = 1, because s|(p — 1) and ged(p — 1,k) = 1. This implies that ordsk is defined.
Since ordsk = r, we know that &” = 1 (mod s). This means that there exists n € N such that
k" =1+ ns. It follows that

k" = ns+1 (modp)

c
"*c¢  (mod p)
¢ (

mod p).

Note that r is minimal by the definition of ordsk. The claim follows. O

Corollary 3.7. Let p be prime. Suppose ged(p — 1,k) = 1. The longest cycle in G(p,k) has a
length of ord,—1k and the cycle lengths of all cycles in G(p, k) divide ord,_1k.

Proof. We know that there exists g € Zy, such that ord,g = p — 1, because Zj is a cyclic group.
We know that G(p, k) is a permutation, by Corollary 3.4. Thus g is a cycle vertex. It follows from
Lemma 3.6 that there is a cycle of length ord,—1k in G(p, k). Now let ¢’ € G(p, k). We will show
that the length of the cycle containing ¢’ divides ord,_1k. If ¢’ is in Ga(p, k), then ¢’ is 0, and
contained in a 1-cycle. Thus the length of the cycle containing ¢’ divides ord,_1k. Next, suppose
¢"isin Gi(p, k). Let r = ord,g’. Note that r|p—1 We know that the length of the cycle containing
¢ is ord,k. By Lemma 3.5, since r|p — 1, we know that ord,k|ord,_1k. Since ¢’ is an arbitrary
vertex in G(p, k) it follows that the cycle lengths of all cycles in G(p, k) divide ord,_1k. O

For the following theorems, we will use an equivalence relation on the components of G(n, k).
Two components are in the same equivalence class if and only if they are isomorphic. The number
of components in a specific equivalence class, C, is denoted by S(C') and is referred to as the size
of C'. Each component in an equivalence class C' has a cycle of the same length and we denote
this length by K(C). If U = {C1, Cy, ..., Cy, } is a set of equivalence classes where K(C;) = K(C}),
for 0 < 4,7 < m, then K(U) refers to K(C;). Also, if J is a component in equivalence class
C where every cycle vertex in J has the same indegree, then M (C) refers to that indegree. If
M(C;) = M(Cj), for all i and j, then M(U) refers to M(C;). Also, G(C) refers to the graph
consisting entirely of the components in C. Likewise G(U) refers to the graph U™, G(C;).

Theorem 3.8. Let n = pq1gs2...qm, where each q; and p are distinct odd primes. Let J be a
subgraph of G(q1q2...qm, k) that is symmetric of order p. Then G(p, k) x J is symmetric of order

p-




Proof. Let Ey, Es, ..., Es be the equivalence classes of G(q1q2...gm, k). Let 0 < i < s. Note that
since G(q142...qm, k) is symmetric of order p, S(E;) = rp, for some r € N. Let C1,Co,...,Cyp, be
the components in F;. We will first show that if C' is a component in G(p, k) x G(E;), then C
is isomorphic to a component in G(p, k) x Cy. Then we will show that if C’ is a component in
G(p, k) x C1, then the number of components in G(p, k) x G(E;) that are isomorphic to C’ is
a multiple of p. It will follow that G(p, k) x G(E;) has xp components isomorphic to C, where
x € N. Since C is an arbitrary component in G(p, k) x G(E;), we will know that G(p, k) x G(E;)
is symmetric of order p. We also know that

G(n,k) = G(p,k) x G(q1q2---qm, k) (1)
= G(pk) x U G(Ej) (2)
j=1

= UG k) x G(E))). (3)
j=1

Furthermore, since F; is an arbitrary equivalence class, the graph in Equation (3) is symmetric of
order p, implying that G(n, k) is symmetric of order p.

We will show that if C' is a component in G(p, k) x G(E;) then C' is isomorphic to a component
in G(p, k) x C1. Since G(E;) = 2, Cj, we find that

P

G(p.k) x G(E;) = G(p.k)x | JC; (4)
j=1
= | J(Gp,k) x C)). (5)
j=1

This implies that C' is a component in G(p, k) x Cj,, where 0 < i1 < rp. However, since C;, = C1,
we know that G(p, k) x Cij; = G(p, k) x C1. It follows that C' is isomorphic to a component in
G(p, k?) X Cl.

Next, we will show that if C” is a component in G(p, k) x C1, then the number of components
in G(p, k) x G(E;) that are isomorphic to C” is a multiple of p. Let F be the equivalence class of
G(p, k) x Cy which contains C’. Evidently, G(p, k) x C; contains S(F') components isomorphic to
C'. Let 0 < j <rp. Since C; = Cj, we know G(p, k) x C; = G(p, k) x C;. Therefore G(p, k) x C;
contains S(F') components isomorphic to C’. Since C; is an arbitrary component in Fj;, and since
there are rp components in F;, we see that | J;2, G(p, k) x C; has rp- S(F') components isomorphic
to C’. Therefore, by Equation (5), we know that the number of components of G(p, k) x G(E;)
isomorphic to C’ is a multiple of p.

Lemma 3.9. Let n = ning, where (n1,ny) = 1. Let a = ged(a,az) be a vertex in G(n, k) =
G(ni1,k) x G(na,k). Then N(n,k,a) = N(n1,k,a1)N(na,k,az).

Proof. There is an edge from b = (b1, b3) to a in G(n, k) if and only if there is a edge from b; to
ay in G(n1, k) and there is an edge from b2 to ag in G(ng, k). The result follows. O

Corollary 3.10. Let n = ning, where (n1,ns) = 1. Let a = (a1,a2) be a vertex in G(n,k) =
G(ni1,k) x G(na, k). Then N(n,k,a) > max(N(n1,k,a1), N(na,k,az)).




Lemma 3.11. Let n = pipo...pm, where each p; is a distinct prime. Suppose there exists 0 <
j < m such that ged(p; — 1,k) = 1 when i < j and ged(p; — 1,k) # 1 when i > j. Note that
G(n,k) = G(p1,k) x G(p2, k) X ... x G(pm, k). A vertex a has indegree 1 if and only if it is of the
form (a1,a2,...,a;,0,0,...,0).

Proof. <= Let a be a vertex of the form (aq,a2,...,a;,0,0,...,0). Since ged(p; — 1,k) = 1, when
i < j, we know that G(p;, k) is a permutation when ¢ < j, by Corollary 3.4. This implies that
N(pi,k,a1) = 1, when ¢ < j. Next, we know that 0 is the only vertex in Ga(p;, k), for all 4. This
implies that Ga(p;, k) consists of a single fixed point, and consequently, N (p;, k,0) = 1. We know
by Lemma 3.9 that

N(n,k,a) = N(p1,k,a1) - N(p2,k,a2) - ... - N(p;, k,a;) - N(pj4+1,k,0) - ... - N(pm, k,0).

It follows that N(n,k,a) = 1, as desired.
= We will prove the contrapositive. Let a be a vertex of the form (ay, as, ..., a,), where a; # 0
for some ¢ > j. Let x be the smallest integer such that = > j and a, # 0. There are two cases:

Case 1. For some y, N(py,k,ay) =0,

Case 2. N(p;, k,a;) # 0 for all 1.
Note that
N(n,k,a) = N(p1,k,a2) - N(p2,k,a3) - ... - N(pm, k, an,), (6)

by Lemma 3.9.

In the first case, Equation (6) tells us that N(n,k,a) = 0. Next consider the second case.
Note that since a; # 0, a; € Gi(pg, k). We know that N(ps,k,az) is 0 or ged(py — 1, k), by
Lemma 3.3. However, we are assuming that N(py, k,bs;) # 0, so N(pg, k, az) = ged(p, — 1, k). By
our assumption, ged(p, — 1,k) # 1, implying that N(p,, k,a,) # 1. It follows from Equation (6)
that N(n, k,a) # 1.

O

Lemma 3.12. Let n = p{'p5?...pSr, where each p; is a distinct prime. Let a = (a1, az, ..., an,) and

b= (b1,ba,....;by,) be vertices in G(n, k) = G(p{*, k) x G(p?, k) X ... x G(pSr . k). If a and b are in

m
the same cycle, then a; and b; are in the same cycle, for each .

Proof. First note that a; and b; are cycle vertices, for each i, by Theorem 2.1. Next, since a
and b are in the same cycle, there exists z € N such that a*" = b (mod n). This implies that
(ah”,ak",...;ak") = (b1, b2, ..., by). Hence a¥” = b; (mod p;'), implying that a; and b; are in the
same cycle, for all i. O

Lemma 3.13. Let n = p1pa...pm- If a and b are cycle vertices in G(n, k) in the same cycle, then
N(n,k,a) = N(n,k,b).

Proof. We know that G(n, k) = G(p1,k) X G(p2,k) X ... X G(pm, k). Thus, a and b correspond to
the m-tuples (a1, ag, ..., am) and (by, by, ..., by, ) respectively, where 0 < a;,b; < p;. By Lemma 3.14,
we know that a; and b; are in the same cycle in G(p;, k), for all i. Now suppose a;, b; € Gao(p;, k).
Since Ga(p;, k) consists of a single fixed point, its evident that N(p;, k,a;) = N(pi, k,b;). Also,




if a;,b; € G1(p;i, k), it is evident by Lemma 3.3 that N(p;, k,a;) = N(pi, k,b;). It follows from
Lemma 3.9 that

N(n7k7a) = N(p17k>a1) 'N(p27k7a2) Toees N(pM7'I€7 am) (7)
= N<p17k7b1) 'N(p27k7b2) T N(pm7k7 bm) (8)

= N(n,k,b), as desired. (9)

]

Theorem 3.14. Suppose ged(p—1,k) = 1. Let X be a directed graph that is a permutation. Then
G(p, k) x X is symmetric of order p if and only if for every x € N that p{ Ax(X), ord,_1k|x.

Proof. < Suppose that for every z € N such that p { A,(X), ord,—1k|z. We will show that
G(p, k) x X is symmetric of order p.

Let X be the subgraph of X containing all cycles of length ¢, such that p|A;(X), and let
X9 = X — X1. Note that X; and X, are disjoint, since X is composed entirely of cycles. Also
note that Xy precisely the cycles of length ¢ such that p { A;(X) and ord,_1k|z. By our definition,
X is symmetric of order p. Therefore, by Theorem 3.8, G(p, k) x X; is symmetric of order p. We
will show that G(p, k) x X3 is also symmetric of order p. Since

G(p, k‘) xX = G(p, k‘) X (X1 U XQ) (10)
= (G(pa k) X Xl) U (G(pa k) X X2)7 (11)

it will follow that G(p, k) x X is symmetric of order p.

Let C1,C, ..., C), denote the cycles in Xs. Note that since X5 is a permutation, it is comprised
entirely of cycles and Xy = |J~; C;. Let j be between 1 and m. We will show that G(p, k) x C;
is symmetric of order p. Since C is an arbitrary cycle of X3, we know

G(p, k) x Xo = G(p,k) x G C; (12)
=1
= J(Gp k) x Cy). (13)

It will follow that G(p, k) x Xo is symmetric of order p.

We will now show that G(p, k) x C; is symmetric of order p. Let y denote L(C}). Recall that
X precisely the cycles of length ¢ such that p t A¢(X) and ord,_k|z. This implies that p { A, (X)
and ord,_1k|y, since C; is in Xy. Let Dy, Dy, ..., D; be the cycles in G(p, k). Since ged(p — 1, k),
we know by Corollary 3.7 that G(p, k) is a permutation. This implies that G(p, k) = Ué:l D; and
p = X!_,L(D;). By Corollary 3.5, we know that if D is a cycle in G(p, k), then L(D)|ord,_1k.
Since ord,—1k|y, we can then conclude that L(D;)|y, for all i. We know by Lemma 3.1 that D; x C;
is going to consist entirely of ged(L(D;),y) cycles of length lem[L(C}), y], for all i. Since L(D;)|y,
it follows that D; x C; consists entirely of L(D;) cycles of length y.




Glp.k)x C; = (D) x G (14)

= Jwixcy). (15)

=1

It follows that G(p, k) x C; consists entirely of X!_, L(D;) = p cycles of length y. Therefore
G(p, k) x Cj is isomorphic of order p.

= Suppose there exists some x such that p { A,(X) and ord,_1k { . We will show that
G(n, k) is not symmetric of order p. Let X; be a subgraph of X consisting of each cycle of length
t, such that p|A;(X), or p{ A¢(X) and ord,_1k|t. Let Xy be a subgraph of X consisting of each
cycle of length t, such that p # |A4(X) and ord,—1k { t. Note that X = X7 U X5. We know that
G(p, k) x X; is symmetric of order p, by the other direction of this theorem. We will show that
G(p, k) x X9 is not symmetric of order p. Since

Gp,k) x X = G(pk)x (X1UXy) (16)
= (G(pv k) X Xl) U (G(pa k) X X2)7 (17)

it will follow that G(p, k) x X is not symmetric of order p.

Let s denote the length of the smallest cycle in X5. We will show that the number of s-cycles
in G(p, k) x X» is not a multiple of p, implying that G(p, k) x X5 is not symmetric of order p. Let
X1 denote the subgraph of X5 containing all cycles of length s and let X292 = Xo — X5 1. We
will show that G(p, k) x Xa2 contains no s-cycles and that the number of s-cycles in X5 ; is not
a multiple of p. Since

G(p, k‘) X X9 = G(p, k) X (Xg’l U X272) (18)
= (G(p, k’) X Xg,l) U (G(p, ]{) X X272), (19)

it will follow that the number of s-cycles in G(p, k) x X5 is not a multiple of p.

Let C1,Cy, ...,Cq be the cycles of Xo9. Let j be between 1 and a. We know that L(C;) > s.
We also know that the length of a cycle in G(p, k) x Cj is greater than or equal to L(C}), by
Corollary 3.2. This implies that if C' is a cycle in G(p,k) x Cj, then L(C) > s. Therefore
G(p, k) x C; contains no cycles of length s, as desired. Since C; is an arbitrary cycle in X2, we
know that G(p, k) x C; has no cycles of length s for all i. We know that

G(p,k) x X5 = G(p.k) x| JCi (20)
i=1
= U@ k) x Cy). (21)
=1

It follows that G(p, k) x X22 has no cycles of length s.
Let D1, Dy, ..., Dy, be the cycles of X1, each of which is a s-cycle. Note that p { b, because
otherwise each D; would be in X;. Let E be the subgraph of of G(p,k) containing all cycles




whose length divides s and let F' be the subgraph of G(p, k) containing all cycle whose length does
not divide s. We know that Xo1 = E U F, because X5 is a permutation and therefore has no
non-cycle vertices. Note that E is not empty because G(p, k) has at least two fixed points. We
know that G(p, k) has a cycle of length ord,_1k, by Corollary 3.7. We also know that ord,_1k { s
because X is defined as the subgraph of X consisting of cycles of length ¢, such that p # |A;(X)
and ord,_1k { t. It follows that F is not empty because G(p, k) has a cycle length of ord,_1k and
ordp_1k 1 s. Let r denote the number of cycle vertices in E. We know that r is not 0 because E
is not empty. Also note that r is less than p, because F U E = G(p,k) and F is not empty. It
follows that p { r. We will show that E x D; contains exactly r s-cycles, for each i. Then we will
show that F' x D; has no s-cycles, for each i. We know that

b

G(p,k) x Xa1 = (EUF)x|JD; (22)
. =1 ,
= (Ex|JbyuFx=JD) (23)
i=1 1=1
b b
= U(E x D;) U U(F x Dj). (24)
i=1 i=1

It follows that G(p,k) x Xo; contains exactly rb s-cycles. Since p { b and p { r, we know that
ptrb, and consequently, G(p, k) x Xz is not symmetric of order p.

Let Ey, Es, ..., E, be the cycles of E. Note that |J;_, E; = E and X§_,L(E;) = r. Let E; be
an arbitrary cycle in E. By our definition of E, L(E;)|s. Since L(D;), for all i, it follows from
Lemma 3.1 that E; x D; consists of L(E};) cycles of length s, for all i. We know that

C-

1

(E; x D;), for all 1. (26)

I
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Il
fa

J

This implies that £ x D; consists of ¥_; L(E;) = r s-cycles, for all 4.

We will now show that F' x D; has no s-cycles for each i. Let Fi, Fb, ..., F; be the cycles in F’
and let Fj be an arbitrary cycle in F'. We know that L(D;) = s, for all ¢, and that L(F}) ts. This
implies that lem[L(D;), L(Fj)] > s, for all i. We know by Lemma 3.1 that the cycles in F; x D;
have length lem[L(D;), L(F})], for all i. It follows that F; x D; has no s-cycles, for all i. Since Fj
is an arbitrary cycle in F', we know that

d
FxD; = (|JF)xDi (27)
szl
= U(Fj x D), (28)

7j=1

for all . This implies that F' x D; has no s-cycles, for all ¢. Since D; is an arbitrary cycle in X 1,
it follows that F' x D; has no s-cycles for all 7.
O




If T = {p1,p2,...,pm}, where each p; is prime, then G(T', k) denotes G(p1p2...pm, k). Also, if
X is a functional graph and C' is a component, I(X,C) denotes the number of components in X
isomorphic to C'. We now have the machinery to provide necessary and sufficient conditions for
G(n, k) to be symmetric of order p, when n is odd and square free.

Theorem 3.15. Let n = pqiqa...Gm, where q; and p are distinct odd primes. Suppose G(p, k) is
not symmetric of order p. G(n,k) is symmetric of order p if and only of both of the following
conditions are met

i gedip—1,k) =1

it Let Q@ ={q1,q2,.yqm}- Let T ={qe Q: ged(q—1,k)=1}. Then T is nonempty and for
all x € N such that pt Ay (G(T, k)), ord,—1k|x.

Proof. = First we will assume that condition i is not satisfied, and then show that G(n, k) is not
symmetric of order p. Then we will assume that condition i is satisfied and condition ii is not
satisfied. We will show that under these assumptions that G(n, k) is not symmetric of order p. It
will follow that if condition i or condition ii is not satisfied, then G(n, k) is not symmetric of order

.
Claim (1). If ged(p — 1,k) # 1, then G(n, k) is not symmetric of order p.

Consider the set of equivalency classes of G(q1¢2...Gm, k), which we will denote as . Since
P 1 q1G2...qm, there must exist some equivalence class whose size is not a multiple of p. Let ¢
denote the smallest positive integer, such that there exists R € ~, such that ¢ = K(R) and
p1 S(R). By Lemma 3.13, we know that if  and y are in the same cycle, then N(q1¢2...Gm, k, x) =
N(q192---Gm, k,y). Thus if C € v, M(C) is defined. Let s denote the smallest positive integer
such that there exists an equivalence class, R', where K(R') =t, pt S(R') and M(R') = s. Let
Z={Ve~r:ptS(V), K(V)=t,and M(V) = s}. Also, let Z1, Zs, ..., Z;, denote the equivalence
classes in Z.

Let C7 be a component in 7. We will now show that the number of components in G(n, k)
that are isomorphic to Cy is not a multiple of p, implying that G(n, k) is not symmetric of order
p. To do this, we will partition ~ into three disjoint subsets. The first partition is Z. The second
partition, X, is the union of every equivalency class in v — Z whose size is a multiple of p. Finally,
the last partition, Y, consists of the remaining classes that aren’t in X or Z. First we will show
that I(G(p, k) x G(X),C1) is a multiple of p, 2'p, and that I(G(p, k) x G(Y),C1) = 0. Then we
will show that I(G(p, k) x G(Z),C1) = S(Z1), which by definition is not a multiple of p. Note
that

G(nv k) = G(pa k) X G(QlQQQOa k) (29)
= Gp,k)x (GX)UGY)UG(Z)) (30)
= (Gp,k) x G(Z2)) U (G(p, k) x G(X)) U (G(p,k) x G(Y)). (31)

This implies that

I(G(n,k),C1) = I(G(p, k) x G(X),Ch)+ I(G(p, k) x GY),C1) + I(G(p, k) x G(Z),Ch)
= 2'p+0+8(2y).




Since z'p + 0 + S(Z1) is not divisible by p, we know that p t I(G(n, k),C1). Therefore G(n, k) is
not symmetric of order p.

Claim (1.a). p|I(G(p, k) x G(X),Ch).

By definition the, size of each of X’s equivalency classes is a multiple of p. This implies that
G(X) is symmetric of order p. It follows from Theorem 3.8 that G(p, k) x G(X) is symmetric of
order p as well. Hence, p|I(G(p, k) x G(X),C1).

Claim (1.b). I(G(p, k) x G(Y),Cy) = 0.

Let ¢ € Y. By definition, Y = (y—X)—Z. Since X contains every equivalence class of G(Q, k)
whose size is a multiple of p, we know that p 1 S(¢). By the definition of Z, we know that if C' € v
such that p t S(C), then K(C) > K(Z) = t. This is because t is defined as the least positive integer
such that there exists a class C’ where p 1 S(C’") and K(Z) = t. Since p{ S(¢), it it follows that
K(¢) > K(Z). We will now show that if K(¢) > K(Z), then I(G(p, k) x G(¢),C1) = 0. Following
that, we will show that if K(¢) = K(Z), then I(G(p, k) x G(¢),C1) = 0. Let Y1,Y5, ..., Y, be all of
the elements in Y. Since ¢ is an arbitrary element in Y, we will kow that I(G(p, k) xG(Y;),C1) =0,
for all 7. It follows that

/

I(G(p,k) x G(Y),C1) = I(Gp k) x |GV, Cn) (32)
i=1
= I(|J(G(p. k) x G(Y7)),C1) (33)
=1
= S I(G(p,k) x G(Y;),Ch) (34)
= 0. (35)

Suppose K(¢) > K(Z). We know by Corollary 3.2 that the cycle length of any component in
G(p, k) xG(¢) is greater than or equal to K (¢). This implies that the cycle length of any component
in G(p, k) x G(¢) is greater than K(Z). Since L(C}) = K(Z), we know I(G(p, k) x G(¢),C}) = 0.

Next, suppose K (¢) = K(Z) = t. By the definition of Z, if C'is an equivalence class of G(Q, k)
such that p t S(C) and t = K(C), then M(C) > M(Z) = s. This is because s is defined as the
least positive integer such that there exists an equivalence class, C’, such that p t S(C”), t = K(C")
and M (C’) = s. Therefore, M(¢) > M(Z). Note that if M(¢) = M(Z), then pt S(¢), t = K(¢)
and M (¢) = s, which would imply that ¢ € Z. Since ¢ ¢ Z, we can conclude that M (¢) > M(Z).

By Corollary 3.10 we know that any component in G(p, k) x G(¢) has cycle vertices whose
indegree is greater than or equal to M (¢). This implies that every component in G(p, k) x G(¢)
has cycle vertices whose indegree is greater than M (Z), since M (¢) > M (Z). Since the indegree of
any cycle vertex in Cy is M (Z), we can conclude that no component in G(p, k) x G(¢) is isomorphic
to Ci. Thus I(G(p,k) x G(Y),Cy) = 0.

Claim (1.c). The number of components in G(p, k) x G(Z) isomorphic to Cy is not a multiple of
p.




Finally we will show that I(G(p, k) x G(Z),C1) = S(Z1). To do this we will first show that
I(Gi(p, k) x G(Z),C1) = 0. Next we will show that if j # 1, then I(G2(p, k) x G(Z;),C1) = 0.
Finally, we will show that I(Ga(p, k) x G(Z1),C1) = S(Z1). It will follow that

I(G(pa k) X G(Z)v Cl) = I((Gl(p7 k) U GZ(pv k)) X G(Z)’Cl) (36)
= I((Gi(p, k) x G(2)) U (G2(p, k) x G(Z)),Ch) (37)
l
= I((Gi(p,k) x G(2)) U (Galp, k) x | J G(2)),C1) (38)
i=1
!
= I((Gi(p, k) x G(2)) U (| (Galp. k) x G(Z))), C1) (39)
i=1
= I(Gl(pv k) X G(Z)acl) + Zé:II(G2(p> k) X G(Zz)vcl) (40)
= S(Z1), as desired. (41)

Claim (1.c.i). I(Gi(p,k) x G(Z),Cy) = 0.

Let ¢ = (c1,¢2) be a cycle vertex in Gi(p, k) x G(Z). We know by Theorem 2.1 that ¢ is
a cycle vertex in Gi(p, k) and ¢y is a cycle vertex in G(Z). By our definition of Z, M(Z) = s.
This implies that every cycle vertex in G(Z), including the cycle vertices in C1, has indegree s.
Hence, N(q1G2...qm, k,c2) = s. Also, since ¢; € G1(p, k), we know by Lemma 3.3 that N(p, k,c1)
is ged(p — 1,k) or 0. Since ¢; is a cycle, it must have indegree of at least 1, implying that
N(p,k,c1) = ged(p — 1, k). We know by Lemma 3.9 that

N(’I’Z, kv C) = N(p7 ka Cl) . N(Q1Q2C]m7 ka CQ) (42)
= ged(p—1,k) - s. (43)

By our assumption, ged(p — 1,k) # 1, implying that N(n,k,c) # s. However, the cycle vertices
in C have indegree s. Therefore the component containing ¢ is not isomorphic to Cy. Since c is
an arbitrary cycle vertex, we know that no component in G1(p, k) x G(Z) is isomorphic to C1, or
I(G1(p, k) x G(Z),Cy) = 0.

Claim (1.c.ii). I(G2(p, k) x G(Z;),C1) = 0, where j # 1.

The only vertex in Ga(p, k) is 0, implying that Ga(p, k) x G(Z;) = G(Z;). Therefore, if C is a
component in Ga(p, k) x G(Z;), then C' is isomorphic to a component in G(Z;). However, since
Zj and Z; are different equivalence classes, we know that no component in G(Zj;) is isomorphic to
any component in G(Z1). It follows that C' is not isomorphic to any component in G(Z1). Since
(4 is a component in G(Z;), we can conclude that C' is not isomorphic to C;. Because C' is an
arbitrary component in Ga(p, k) x G(Z;), we can conclude that I(Ga(p, k) x G(Z;),C1) = 0, when
Jj# 1L
Claim (1.c.iii). I(Ga(p, k) x G(Z1),C1) = S(Z7).

It remains to show that Ga(p, k) x G(Z1) consists of of S(Z;) components isomorphic to Cj.
We know that Ga(p, k) consists entirely of a single fixed point, implying Ga(p, k) x G(Z1) = G(Z4).
Since G(Z1) consists of S(Z;) components isomorphic to C1, it follows that Ga(p, k) x G(Z1) also
consists of exactly S(Z1) components isomorphic to Cj.




Claim (2). If condition i is satisfied but condition ii is not, then G(n, k) is not symmetric of order
D.

We will first assume that T is empty and that ged(p—1, k) = 1. Under these conditions, we will
conclude that G(n, k) is not symmetric of order p. Then we will assume ged(p—1, k) = 1 and that
T is nonempty. Additionally, we will assume that there exists an € N such that pt A, (G(T, k))
and ord,_1k { x. We will then arrive at the conclusion that G(n, k) is not symmetric of order p.
It will follow that if condition i is satisfied and condition ii is not satisfied, then G(n,k) is not
symmetric of order p.

Claim (2.a). If T is empty and ged(p — 1,k) =1, then G(n, k) is not symmetric of order p.

Since T is empty, we know that ged(q; — 1, k) # 1, for all 4, because otherwise ¢; would be an
element in 7. We also know that

G(n, k) =2 G(p, k) x G(q1,k) X G(g2,k) X ... X G(gm, k).

Thus, each vertex a € G(n, k) corresponds to the m + 1-tuple, (b1,b2, ...,bp+1). By Lemma 3.11,
we know that the only vertices in G(n, k) with indegree 1 are the set of vertices L, corresponding to
m + 1-tuples of the form (b;,0,0,...,0). Note that the subgraph of G(n, k) containing the vertices
L is isomorphic to G(p, k), and G(p, k) is not symmetric of order p. It follows that the subgraph
of G(n, k) containing vertices with indegree 1 is not symmetric of order p, implying that G(n, k)
is not symmetric of order p.

Claim (2.b). Suppose T is not empty and ged(p — 1,k) = 1. Also suppose that there exists © € N
such that p{ Az(G(qayGay---Ga;, k) and ordy 1kt x. Then G(n, k) is not symmetric of order p.

Let R = {qd,,qds,---»qq, } be @ —T. Note that if ¢ € R, then ged(q — 1, k) # 1. We know that
G(n, k) = G(p,k) X G(qay, k) X G(qag, k) X ... X G(qa;, k) X G(qay, k) X G(qay, k) x ... x G(qq,, k).

By Lemma 3.11, we know that the only vertices in G(n, k) with indegree 1 are vertices of the form
(b1,b2,...,0j41,0,0,...,0). Thus the vertices with indegree 1 form a subgraph of G(n, k) isomorphic
to G(PGa; Qay---Ga;, k). Since there exists € N such that p { Az(G(qa; ay---Ga;, k) and ord, 1k {z
we know by Theorem 3.11 that G(pga, Gay---qa;, k) is not symmetric of order p. It follows that the
subgraph of G(n, k) containing vertices with indegree 1 is not symmetric of order p, implying that
G(n, k) is not symmetric of order p.

< We must now show that if both conditions are satisfied, G(n, k) is symmetric of order p.
Let R = {qd,,9dy,---»qq, } be Q@ —T. We know that

G(n7 k) = G(pQCL1QtI2"‘QCLj7 k) X G(Qd1Qd2"‘le7 k)

We know that ged(p — 1,k) = 1 and ged(ge, — 1, k) for all 4, by our assumption. Additionally,
by our assumption we know that for all x € N such that p { A;(G(¢asay--qa,, k)), ordy_1k|z. It
follows from Theorem 3.9 that G (pqa,qa,---Ga;, k) is symmetric of order p. Since G(pqa,qa,---Ga;» k)
is symmetric of order p and since G(n,k) = G(pqa,qay---qa;> k) X G(qd,9d,---4;5 k), we know by
Theorem 3.8 that G(n, k) is symmetric of order p.

O




4 Some Results on Gi(n, k)

We will now generalize some of the results discovered by Wilson in [3]. To do this, we must
first prove a natural connection between Gj(n,k) and the functional graph formed by scalar
multiplication by k over a finite abelian group. We will now define some notation that will be
used throughout the remainder of this section.

If H="Zq4 XZqgy X ... X Lq,,, let fr : H— H be the function such that if h = (hq, ha, ..., hn)
is an element in H, then fx(h) = (khy, kho, ...,khy,). Also, we let F'(H, k) denote the functional
graph formed by f; on H.

We will use n as an odd natural number whose prime factorization is p7*p5*...p57. We define u
and v to be natural numbers such that A(n) = uwv, where v is the largest divisor of \(n) relatively
prime to k. Also, let A(p*) = w;v;, where v; is the largest divisor of A\(p;’) relatively prime to k,
for all 7. Note that ged(v,u) =1 and ged(v;, u;) = 1, for all 4.

Theorem 4.1. Let H = Zpilil(]h—l) pr;z Hpa—1) X oo X Dopem—1

Proof. We know that G1(n, k) = G1(p{', k) X G1(p52, k) X ... x G1(p&, k), so it suffices to prove

that A = G1(pS', k) x G1(p5*, k) x ... x G1(pSr, k) is isomorphic to F(H, k). Let g1, g2, ..., gm be

primitive roots in Z;el ,Zzez,...,Zzem, respectively. Suppose a = (a1, a2, ...,ay) is in A. Since g; is
1 2 m

pn—1)" Then F(H, k) = G1(n, k).

a primitive root modulo p{’, there exists a unique d; between 0 and pfifl(pi — 1) — 1 such that
gfi = a; (mod p;’). Define v : A — H such that vy(a) = (d1,da, ..., dm). Note that d; is between 0
and pfiil(pi —1)—1,s0d; € Zpéﬁl(p__l) Next, define y~! : H — A such that if d = (dy, da, ..., dp,),

then y~1(d) = (gil1 , g§2, ooy g%m). Tts evident that v and y~! are inverses, implying that v describes
a bijection from A to H. Thus, it remains to show that v and v~! preserves edges.

Let a = (gfl,gg2, ..., g%m) be a vertex in A. We know that a has exactly one outgoing edge,
which leads to a* = (glfd17912gd2’ ., gkdm) Tt follows that v(a) = (di,dz,...,d,) and y(a¥) =
(kdy, kds, ..., kd,,). Since H has an edge from (di,da, ...,dy,) to (kdi, kda, ..., kd,,), we know that
v preserves edges.

Let d = (d1,ds, ..., dy,) be a vertex in A. We know that d has exactly one outgoing edge, which
leads to (kdy, kda, ..., kdy,). We see that 7_1( )= (gé ,g% oy g%m) and 4y~ (kd) = (g kdl,g];dQ, cony gldm),
Since A has an edge from (gfl, g‘212,. . g8 to (97,9572, ..., gkdm) we know that y~! preserves
edges, verifying our claim.

-1
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This next result provides us with an easier way to compute v; and wu;.
Theorem 4.2. ged(A(p5'),v) = v; and ged(A(p5*), u) = u;.

Proof. Since A(p;*)|A(n), and v is the largest divisor of A(n) relatively prime to k, it is evident
that v;|v. Also since (v, k) = 1 and since every prime divisor of u; is also a divisor of k, we can
conclude that ged(u;, v) = 1. This implies ged(A(p;?), v) = v;. Because A(p;’)|A(n), we know that
ged(A(p;"), A(n)) = A(p;") = w;v;. Since ged(u,v) = 1, we find

ged(A(pi'), A(n)) = w; (44)
ged(A(pi'), u) ged(A(pj*),v) = wiv; (45)
ged(A(psh), w)v; = uv; (46)
ged(A(p5t),u) = wu,. (47)
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Before we prove our first main result, we need a definition. We denote the subgraph of G (n, K)
containing precisely the cycles of G1(n, k) by G.(n, k).

Theorem 4.3. Let H = 7y, X Zyy X .. X Ly,,,. Then F(H, k) = G.(n,k).

Proof. Let H; = Zp;al—l(pl_l) X Zp;2_1(p2_1) 1) We know that that Gp(n, k) is

isomorphic to F'(Hy, k), by Theorem 4.1. We also know that

X ... X prnm—l(

Hy = (Zy X L) X (ZLoyy X Ziyy) X oo X (Lny,,) X TLovs,,,),
because ged(u;, v;) = 1 and A(pS*) = w;v;, for all 7. Let
Hy = (Zyy X Lyy) X (Lyy X ZLyy) X oo X (L, X Lyy,,,)-

We then see that that F(Hz,k) = Gi(n,k). We will now show that h € Hy is a cyclic node in
F(Hy, k) if and only if A is of the form ((0, k1), (0, h2), ..., (0, hyp)). Since the subgroup of Ha whose
elements are of the form ((0, k1), (0, h2), ..., (0, hyp,)) is isomorphic to

Ly X Ly X oo X 7

Vm,

our claim will be satisfied.

Suppose h € Hs is of the form ((0, h1), (0, h2), ..., (0, hy,)). Since ged(k,v;) = 1, there exists an
positive integer y;, such that k% =1 (mod v;), for each i. Let y = lem[y, y2, ..., Ym]. It follows that

fUh) = ((0,k"h1),(0,kh2), .., (0, kY I )) (48)
= ((07 hl)a (07h2)7"'7(07hm)) (49)
= h (50)

Therefore h is a cycle vertex in F'(Hg, k).

Next, suppose h/ € Hp is not of the form ((0, h1), (0, h2), ..., (0, hypn)). That is, A is of the form
(R, h1), (R, h2), .oy (Mo, hin)), Where hi # 0, for at least one value of i. Suppose A} # 0. Since
every prime divisor of u; is also a divisor of k, there exists an integer a; such that w;|k%. This
implies that for any integer a = a; + b, where b € N,

oy = ((Khy, k),
- (ka /17 kahl)

(ka /17 kahl)

- (ka /17 kahl)a

s

We know that if i’ were a cycle vertex, there would exist s € N such that f*(h') = h’. Additionally,
for all r € N, f™(h’) = h/. Let x denote a multiple of s that is greater than a. If b’ is a cycle

vertex, then f*(h’) = h’/. However, from the previous equation, we know that f*(h') # h'. It
follows that A’ is not a cycle vertex.

ke hly, k%hs
kR, khs
kehly, k®hy
kehly, k®hy

g eeey

KR, KRG, ey (K, KR )) (51)
K9ORS kOhg), . (KR, K B ) (52)
K9 kPR, kOhg), e (KR, KR )) (53)
(54)
(55)
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( 0,k%h;), ..., (KR, k) 54
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The following corollaries were originally proven, for both odd and even numbers, in [3] using
elementary number theory techniques.

Corollary 4.4. There are [[\"; ged(v, A(pS")) cycle vertices in Gi(n, k).
Proof. This result follows from Theorem 4.3 and because ged(v, A(pi")) = v;. O
Corollary 4.5. The longest cycle in G(n, k) is ord,k.

Our next theorem will provide a similar result regarding vertices in G1(n, k) that are not cycle
vertices. But first, we need two quick lemmas.

Lemma 4.6. Let C be a cycle in G(n,k) and let ¢ be a vertex in C. Let f denote the mapping
f(z) = 2% (mod n). For anyy € N, there exists a vertex d € C, such that f¥(d) = c. Furthermore,
d is the only vertex in C that satisfies this property.

Proof. We know that there exists r,s € N such that 0 < s < L(C) and y = L(C)r + s. Let
d = fX=5(¢). Note that since ¢ is a cycle vertex in C, d is also a cycle vertex in C. It follows
that

fUd) = O ) (56)
= O (57)
= c (58)

Now we will prove that d is unique. Suppose there is a vertex d’ in C such that fY(d’) = c. Let ¢
be a natural number such that tL(C) > y. We see that

d/ _ ftL(C)<d/> (59)
FEO(c (60)
FEO7v(Fv(d)) (61)
O () (62)

= d. (63)
O

Lemma 4.7. Let H = Zy, X Zyy X ... X L,,. Let h = (hy, ha, ..., hy,) be an element in H. There
exists t € N such that fi(h) = (0,0, ...,0).

Proof. By our definition of w;, if p|u;, then p|k, for all <. This implies that there exists ¢; such that
ui|kti, for all i. Let t = max(ty,to,...,tm). It follows that

fi(h) = (K'h1, 'y, ..., K hyn) (64)
= (0,0,...,0), as desired. (65)
O]

We let T'(n, k, a) denote the tree connected to the vertex a in the graph G(n, k), where a has no
outgoing edge. We now have the machinery needed to prove our second main theorem on G1(n, k).




Theorem 4.8. Let
H=7y XZy, X ... X ZLy,,.

Let A be F(H, k) with the edge from (0,0, ...,0) to itself removed. If ¢ is any cycle node in G1(n, k),
then T'(n, k,c) = A.

Proof. Let Hy = (Zy, X Zy,) X (Zyy X Lpy) X . X (Loy,, X Lyy,,, ). Recall from the proof of Theorem 4.3
that G1(n, k) = F(Hi, k). Thus, any node, a corresponds to an element ((a1,b1), (a2,b2), ..., (am, bm)).
Let ¢ be a cycle vertex. We know ¢ corresponds to ((0,¢1), (0,¢2), ..., (0, ¢n)) by Theorem 4.3. Let

C' denote the cycle containing a. Define « : T'(n, k,c) — H as follows

’y(((al, bl), (ag, 52), veey (am, bm))) = (al, ag, ..., am).

Next, we will definey~' : H — T'(n,k,c). If b € H, to compute v~ !((a1, as, ..., an)), we let t be the
smallest integer such that (kfa, ktas, ..., ktan) = (0,0, ...,0). We know that ¢ exists by Lemma 4.7.
We let d = ((0,d1), (0,ds), ..., (0,d,)) be the unique vertex in C satisfying f*(d) = c¢. We know that
d exists and is unique by Lemma 4.6. Then v~ 1((ay,as, ..., an)) = ((a1,d1), (az,dz), ..., (am, dm))-
We will now show that y~! is the inverse of v, confirming that v is a bijection. First we see

’7(7_1((a1’a2""aam)) = ’7(((a17d1)7(a2’d2)7""(amvdm))) (66)
= (a1,a2,...,am). (67)

Let a = ((a1,b1), (a2,b2), ..., (@m, b)) be a a vertex in T'(n, k, c). We will evaluate

'771('7(((6“7 bl)? (a27 b2)7 ) (am7 bm))))

First we must show that if we let ¢’ be the smallest natural number such that (k:t/al, K ag, .. k lam) =
(0,0, ...,0), then b = ((0,b1), (0,b2), ..., (0, b)) is the unique vertex in C satisfying f* (b) = ¢. Since
f*(a) = ¢, we know

t

@) = ((kar, K'b1), (K ag, KVby), ooy (K ams kY b)) (68)
= ((0,¢1), (0,¢2), ..., (0, cm)). (69)
This means that kt'b; = ¢; (mod v;), for each i. Thus,
L) = ((0,k"D1), 0,k by), ..., (0, K byy)) (70)
= ((0,c1),(0,¢2), ..., (0, ¢m)). (71)

It follows that b = ((0,b1),(0,bs), ..., (0,by,)) is the unique vertex in C' satisfying f* (b) = c¢. We
then find that

’7_1(7((((117 bl)? (a27 b2)> ety (ama bm)))) = 7_1((a1a az;, ..., am)) (72)

= ((al,bl),(ag,bg),...,(am,bm)). (73)

Therefore v is a bijection.
It remains to show that v and y~! preserve edges. Let ((a1,b1), (a2,b2), ..., (@m, b)) be a vertex

in C. Then there is an edge from ((a1,b1), (ag, b2), ..., (@m, bm)) to ((ka1, kb1), (kag, kb2), ..., (kam, kbp,)).
We see that

v(((a1,b1), (a2,b2), ..., (Gm, b)) = (a1,a2,...,an), and (74)
v(((ka1, kb1), (kag, kb), ..., (kam, kbm))) (kay, kag, ..., kap,). (75)




Since F'(H, k) has an edge from (a1, as, ..., am) to (kay, kas, ..., kan,), v preserves edges. Letting
(a1,a2,...,anm) be a vertex in F(H, k), we know that F(H, k) has a edge from (aj,a2,...,an) to
(kay, kasg, ..., kay,). It evident that

v (a1, ag,...;am)) = ((a1,b1), (a2,02), ..., (G byn))-

We will show that v~ 1((ka1, kas, ..., kan)) = ((ka1, kby), (kag, kb2), ..., (kam, kby,)). Since F(Ha, k)
has an edge from ((a1,b1), (az,b2), ..., (am,bm)) to ((kai, kb1), (kag, kba), ..., (kapm, kby,)), it will
follow that v~! also preserves edge.

Let t be the least positive integer such that (k'ay,klas,...,k'an) = (0,0,...,0). By Equa-
tions (68)- (71), b= ((0,b1), (0,b2), ..., (0,by,)) is the unique vertex in C satisfying f1(b) = c. It is
evident that t—1 is the least positive integer such that (k'~kay, k'~ kas, ..., k' *ka,,) = (0,0, ...,0).
We see that

c = ft(((o,bl),((), b2)7"'7(07bm))) (76)
= f7H((0,kby), (0, kba), ..., (0, kbp,))). (77)
This implies that b = ((0, kby), (0, kba), ..., (0, kb)) is the unique vertex in C satisfying fi=1(b') =

c. It follows that v~ '((kay, kas, ..., kan)) = ((kay, kb1), (kag, kba), ..., (kam, kby)), as desired.
O

This corollary was originally proved in [3] using elementary number theory.

Corollary 4.9. Let ¢; and co be cycle vertices in G1(n, k). Then T'(n,k,c1) = T(n,k,c2).

5 Conclusion

The graphs G(n, k) and G1(n, k) are rich with many fascinating properties, many of which remain
unexplored. They not only provide us with an interesting class of graphs to study, but also shed
light on the nature of discrete exponentiation. In this paper, we have explored the conditions
in which symmetry occurs; specifically when our modulus is odd and square free. However, the
case when our modulus is not square free and odd is largely still open to investigation. We have
also discovered a useful connection between G1(n, k) and the theory of finite abelian groups. This
connection opens up possibilities to find properties of G1(n, k) using group theory.
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