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Abstract: If I is a finite group and G a graph such that Aut(G) = I acts regularly on V(G), then we
say that G is a graphical regular representation (GRR) of I'. The question asking which finite groups
have at least one GRR was an important question in algebraic graph theory and it was completely
solved as a result of work done by several researchers. However, it remains a challenge to discern
whether a group known to have GRRs has GRRs with specific properties, such as, being trivalent. In
this paper we shall be deriving simple conditions on the parameters of a subset of a dihedral group
for easily constructing trivalent graphical regular representations (GRR) of the group. Specifically,
we shall prove the following:

Let n be an odd integer greater than 5 and let r, s, and ¢ be integers less than n such that
the difference of any two of them is relatively prime to n. If 3r — 25 = ¢ mod n, then
Cay(D,, {ab",ab*,ab'}) is a GRR of D,.

We will also be looking at very convenient corollaries of this result. But another main aim of this
paper is to show how a simple use of Schur rings can be used to derive such results. This paper
therefore also serves as a review of some basic results about Schur rings which we feel should be
among the standard armory of an algebraic graph theorist.

Keywords: Graphical regular representation, Cayley graphs, Dihedral groups, Trivalent graphs,
Schur rings
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1. Introduction

Definition 1 (Graphical Regular Representations). Let I be a finite group and let G be a graph. If
Aut(G) = T acts regularly on V(G), then we say that G is a graphical regular representation (GRR)
of I.

The question asking which finite groups have at least one GRR has been completely solved [1-8].
Specifically:

1. The only abelian groups which have a GRR are Z} forn > 5.
2. Except for generalised dicyclic groups and a finite number of known groups, all non-abelian
groups have a GRR.

However, it remains a challenge to discern whether a group known to have GRRs has GRRs with
specific properties, such as being trivalent. It is well-known, by means of Frucht’s Theorem [9], that
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every group is isomorphic to the automorphism group of some trivalent graph but it is not guaranteed
that this graph is a GRR. Furthermore, it is not known how one can easily construct such GRRs when
they do exist.

Significant results in this vein are given in [10-12].

Coxeter, Frucht, and Powers had given a thorough treatment of trivalent GRRs in their book Zero-
Symmetric Graphs: Trivalent Graphical Representations of Groups [13] which shows how interesting
such GRRs can be.

In Section 2 we will be using the foundations laid out in this section to produce infinite families of
trivalent GRRs for certain dihedral groups. Our aim is to show that even a simple use of Schur rings
can be used to derive results about restricted GRRs. Reference [14] is a very friendly introduction to
Schur rings.

Definition 2 (Cayley graphs). The Cayley graph of a group T is the graph, denoted by Cay(T, ),
whose vertex-set is I' and two vertices u and v are adjacent if v = us where s € S and S is a subset
of I such that 1 ¢ S, S generates T, and S™' = S. We call the set S the connecting set of the Cayley
graph.

In dealing with Schur rings we might encounter Cayley graphs where the condition S~' = S is not
satisfied. We refer to such graphs as Cayley digraphs.

It is an easy and well-known corollary of Sabidussi’s Theorem [15] that if a graph G is a GRR
of a group I', then it isomorphic to a Cayley graph Cay(I',S) of I'. Therefore, if G is trivalent then
the connecting set must either consist of three elements all of order 2 or else it must consist of one
element a and its inverse ™' # a and one other element b of order 2.

1.1. Schur rings

We now present an introduction to Schur rings which is just sufficient for our purposes.

Definition 3 (Group Rings). Let I be a finite group. Then the group ring Z[I'] consists of all formal
linear combinations
DI

yell

where each z, is in Z. Addition and multiplication in Z[I'] is carried out in the natural way. If
B =1{by,b,,...,b,} CT, then the element

by+by+...+b,

of ZIT'] is denoted by B and it is said to be a simple quantity of Z[T'].

Definition 4 (Schur Rings). A subring S of the group ring Z[I'] is called a Schur ring or an S-ring
over I, of rank r, if the following conditions hold:

o S is closed under addition and multiplication including multiplication by elements of Z from the
left (i.e. S is a Z-module).

e Simple quantities By, By, ..., B._ exist in S such that every element C € S has a unique repre-
sentation:

—_

r—

C = CL’,‘E,‘

W
o

whereihe a; are integers.
L] B() = {1}

—_

° B; = T, that is, {Bo, By, ..., B,_1} is a partition of T.

i

Il
(=]
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e For every i € {0,1,2,...,r — 1} there exists a j € {0,1,2,...,r — 1} such that Ej = Ei_l(:
{b=!: b € B;}).

We call the set of simple quantities EO,E, ..., B,_1the basis of the Schur ring and we denote it

by B[S]. Each simple quantity B; of the basis is referred to as a basis element of the Schur ring.
Sometimes we need to refer to the set B; which we call a basic set. If y € T and {y} is a basis element
of S, then we say the vy is isolated or a singleton in B[S]. If the basis of a Schur ring is completely
made up of singletons then we say that the Schur ring is trivial.

We say a Schur ring is larger than another if its basic sets form a partition which is finer than the
partition formed by the other’s basic sets. The “largest” Schur ring of a group I is therefore the Schur
ring whose basic sets form the finest possible partition of I, that is, the basic sets are all singletons.
Similarly, we say a Schur ring is smaller than another if its basic sets form a partition which is coarser
than the partition formed by the other’s basic sets. The “smallest” Schur ring is therefore the one
which gives the coarsest partition, with basic sets {1} and I' — {1}.

The example below deals with a special kind of Schur ring known as a cyclotomic Schur ring
[16,17].

Example 1. Let A be a group of automorphisms of the group I'. Then the orbits of I under the action
of A form the basic sets of a Schur ring over I

In particular, the conjugacy classes of ' form the basic sets of a Schur ring over I'. The basis
elements in this case would here be the well-known “class sums” which are very important in linear
representations of groups.

Because of closure under multiplication, the product of two linear combinations of By, By, ..., B,
must also be a linear combination of these simple quantities. Therefore we can make the following
definition:

Definition 5 (Structure Constants). Let B; and Ej be two basis elements of an r-rank Schur ring S.
For all values i, j, k € [r] there exist non-negative integers ,Bf.f i called structure constants, such that

k=1

We shall soon see that the structure constants have a very nice graph theoretic interpretation.

Example 2. Let T be the cyclic group {y : ¥* = 1). The following simple quantities are the basic sets
of a Schur ring of T':
UL 0Ly L 07y 7L
One can verify that, if we let By = {1}, B; = {y',v°}, B, = {y*,9"}, Bs = {¥*,9%}, and B, = {y*},
then, B, - By = B,, therefore B%A = 1 while all the other B’;A =0.

1.2. Graph Theoretic Interpretation

Definition 6 (Basic Cayley Graphs). Let S be a Schur ring of a group I'. We can construct a Cayley
(di)graph Cay(T, B;) for each of the basic sets B; of S. These are called the basic Cayley graphs
associated with the Schur ring.

The basic Cayley graphs associated with the Schur ring in the previous example are as shown in
Figure 1.

We can now give an interpretation to the structure constants ,Bﬁj: pick any edge (or arc in the case
of a Cayley digraph) ab in Cay(I', B;) and count how many walks there are from a to b by first passing
through an edge/arc in Cay(I', B;) followed by an edge/arc in Cay(I', B;). This is the value of ,Bf." i

One can verify here that 8} , = 2 and 8; | = 2, for example.

Utilitas Mathematica Volume 120, 61-74



Jonathan Ebejer and Josef Lauri 64

Figure 1. The Basic Cayley Graphs Associated with the Schur Ring in Example 2

1.3. The Colour Graph

Basic Cayley graphs such as the ones in Figure 1 can be superimposed on the vertex-set con-
sisting of the elements of I with each one having its edges/arcs coloured a different colour. This
gives a colouring of the arc-set of the complete graph where the convention is to represent two arcs
(u, V), (v, u) which happen to have the same colour represented as an edge of that colour. Figure 2
shows the previous set of basic Cayley graphs without the loops.

As we did above, we can verify here from the colour graph that ﬁ;ﬁb‘fe’gwen =2 = ppack ., for
example.

The adjacency matrices of the basic Cayley (di)graphs form what is called a coherent configura-
tion.

1.4. Automorphism Groups of Schur rings

Definition 7 (Automorphisms of Schur Rings). The automorphism group of a Schur ring is defined
to be the intersection of all automorphism groups of the basic Cayley graphs of the Schur ring. For
any Schur ring S we will denote its automorphism group as Aut(S).

The smallest (coarsest) Schur ring has the largest automorphism group, that is, the symmetric
group S ,, where n is the order of the group. The largest Schur ring has the smallest automorphism
group, that is, the regular action of the group on itself.

_ Let C be a subset of the group I'. Then ((C)) is the smallest (coarsest) Schur ring of I' containing
C.

Theorem 1 [18] and Theorem 2 [19] will be very important going forward.
Theorem 1. Aut(Cay(T, C)) = Aut({{C))).

Theorem 2. If ({C)) is trivial then Cay(I',C) is a GRR of T.
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Figure 2. The Colour Graph for the Schur Ring in Example 2

1.5. Combining Results

Our recipe for finding GRRs for a group I is simple. Find C (with C = C™!) such that ((C)) is
trivial. Theorem 2 then gives us that since ((C)) is trivial then Cay(I', C) is a GRR of T.

Our work in Section 2 is focused on identifying properties of a connecting set of a dihedral group
which imply that the Cayley graph of that set must be a GRR. By selecting a connecting set consisting
of three elements of order 2, we will also be producing trivalent graphs. One last result about Schur
rings will be our main computational tool going forward. A proof is given in [14].

Theorem 3 (Schur-Wielandt Principle). Let r = }; z,y be an element of a Schur ring S of a group T".
Then, for any integer k, the sum ). _y is also in S.

So, this result is saying, for example, thatif a + 2b + ¢ + 3d + 2f isin S, thensoarea + ¢, b + f,
and d.

We finish off this section with a concrete example of how we use these results to show that a partic-
ular Cayley graph is a GRR using some simple GAP [20] code to carry out the algebraic calculations.

Example 3. Let D; be the dihedral group
(a,b:a* =b’ =abab = 1).

We show that Cay(D7, C) where C = {a, ab,ab’, b, b%} is a GRR of G.

We first define in GAP the group ring Z[ D] of the dihedral group D5, with a, b the generators of
D; defined as elements of the group ring.

gap> d7:=DihedralGroup(14);;

gap> Zd7:=GroupRing(Integers, d7);;
gap> a:=Zd7.1;

(1*£1

gap> b:=Zd7.2;

(1)*£2

We then expand the expression (a + ab + ab® + +b + b%)? in Z[D5].
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gap> (a+a*b+a*b"3+b+b"6) "2;

(5)*<identity> of ...+

(A)*£f1*£2"2+
)*£1+R)*£1*£2+(2) *£272+(2) *£1*£2"4+(2) *£2"5+(2) *£1*£2" 6+
(D*£273++ (1) *£2+(1)*£274+(1)*£27 6+

By computing 62 in Z[I'] and using the Schur-Wielandt Principle, we obtain that x = ab* and
y =a+ab+b*+ab* + b + ab® are in ((C)). Therefore, xy = a + b + b* + ab* + b> + b® is also in
«ey.

But (xy)™' = a+ b’ +b> + ab* + b*> + b. Since both xy and (xy)~! must both be sums of basis
elements and basis elements are disjoint, it follow that either b or b + b? is a basis element of ((C)).
This is because all the other summands in (xy)~! also appear in xy. In the case of the former, it is
clear that this implies that every power of b is an isolated element in the basis of the Schur ring.
But by squaring the latter, we see that b* is a isolated basis element of the Schur ring and since the
order of b is prime, b* is a generating element meaning every power of b’ is an isolated basis element.
Therefore we definitely have that all the powers of b’ are isolated elements in the basis of the Schur
ring. Multiplying x by b repeatedly it follows that so is a. Therefore S is the finest Schur ring on D
with all singleton sets as basic sets.

Therefore Aut(Cay(D7, C)) = Aut(({C))) = D;.

We finish this section with the following simple observation.

Observation 4. Let A be an element of the Schur ring S. Then some partition of A (which could be A
itself) gives a set of basis elements in B[S].

2. Constructing Trivalent GRRs for Dihedral Groups

At its core, our work in Section 2 is conceptually identical to the final example in the previous
section, but rather than using specific values for the powers of group elements, we generalise the
example by using parametric variables.

This will be our main result:

Theorem 5. Let n be an odd integer greater than 5 and let r, s, and t be integers less than n
such that the difference of any two of them is relatively prime to n. If 3r — 2s = t mod n, then
Cay(D,,{ab", ab*,ab'}) is a GRR of D,,.

Which gives us the tidy corollary:

Corollary 1. Let n be an odd integer with its smallest prime factor being p greater than 5 and let r,
s, and t be distinct integers less than p. If 3r — 2s = t mod n then Cay(D,,{ab", ab’, ab'}) is a GRR of
D,.

This will allow us to easily make trivalent GRRs for several dihedral groups just by selecting
appropriate values for r, s and ¢. It will be especially useful for those dihedral groups of order equal
to twice a prime greater than 5 (dihedral groups D)), where all we would need would be r, s, and ¢
such that 3r — 2s = t mod p.

To prove Theorem 5 however, we will need the help of the following two lemmas:

Lemma 1. Let y be an element of T such that y has odd order n and let r and t be two integers such
that r—t is relatively prime to n. If y" +v' is an element of some B[Sr] then y* +vy~* is also an element
of that same B[Sr] for all integers s relatively prime to n.
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Proof. Since Sr is closed then if (y" + y") is in Sy so is (y" + y")". We can use binomial expansion to
expand the latter:

(,yr + ,yt)n — Z [(’:),yri,yt(n—i)] .
i=0

n

n .
This can be re-written as Z [( l_))/(r_t)’] ¥". However, y is of order n and so " = 1. Therefore, the
i=0

: all (r-1)i
sum can once more be rewritten as Z y .
i
i=0

It is well known that if, and only if, y is the generator of a cyclic group then y* where k is coprime
to the order of y is a generator for the same group and therefore has the same order. Since r — ¢ is
n
relatively prime to the order of y then the summation Z [( _)y(r t)’)] must include exactly n distinct
i=0
terms. In other words every power of v~ appears in that sum once and only once. Therefore, the

coeflicient of every Y is exactly (’Z) Moreover, we observe that ('l’) = ( ) and so we can re-write

n
n—i

l

n=1

this summation as Z [( .)(y“—f)l + 4,
i

i=0

Since every value of (’Z) is unique for i € [0, 2=17 then either YD occurs as a singleton in B[Sr]
or Y0 4 4/=ni gccurs in B[Sr] due to the Schur-Wielandt principle.

However, in the cases where i is relatively prime to n, (r — f)i would also be relatively prime to
n, and so ¥y~ can generate every power of y. This would mean that, should y"~ be a singleton
element of the basis, then every power of y would also be a singleton element of the basis. However,
v"+7%"is an element of B[Sr], and so this would imply a contradiction. Therefore for every i € [0, %]
which is relatively prime to n, we have "~ + =) ¢ B[S ].

Let us recapitulate that at this point we have shown that if »n is the order of some y € I', and
r and t are two integers such that (r — ¢) is relatively prime to n and (y" + %") is in B[Sr] then
2
Z [(?)(7("’” + Yl )] is in Sr and that those pairs of summands of the form y"~" + 4" appear as
211 gasis element in B[Sr] when i is relatively prime to n. All that is left to show is that every number

n=1

2
less than n which is also relatively prime to it appears in the expression Z [(’?)(y("’)" + y(t‘”")] as
i
i=0; itn
a power of y (or, equivalently, a value of (r — 7)i) and this will complete the proof.

2
We re-write Z [(7)()/(’")" + y(’_’)i)] as Z [(n)yf] where S is the set {(r —f)imod n : i € [n]; i ¢
i20 i L\ jes L\
nj.

However, we now note that the set S is in fact equivalent to the set of integers less than n which
also divide n. This is because the modulo multiplication of [n] by any number relatively prime to n
can be represented as a permutation of a set unto itself, which is a bijection. Moreover the product of
two numbers both relatively prime to n is again relatively prime to n, which means the subset of [n]
which consists only of integers relatively prime to n is fixed under such a bijection.

% [k

J€lnl; jn

~.
m
3
—
—_——
. S
\—/
\<
~.
e——
1]
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Obviously every number less than n which is less relatively prime to it appears as a power of y on
the right hand side above, meaning that those powers of y also appear on the left hand side above.
This means that every Y~ such that (r — #)i is relatively prime to n appears in the summation

n—1
2
[(r,l)(y("’)i + y(t_’)i)] and as we stated above, this completes the proof.
i

i=0

O
Lemma 2. Let n be an odd integer and let a and b be the generators of the group D, with orders
2 and n respectively. Also let r, s and t be unique integers less than or equal to n. The Schur ring
(ab” + ab® + ab'yy must be trivial if the following are true:

1. ab” + ab® + ab' ¢ B[{{ab" + ab*® + ab'))]
2. The absolute value of the difference between any two of r, s and t is relatively prime to n.
3. The sum of any two of r, s and t is not equal to twice the third variable taken modulo n.

Proof. We know from (1) that ab” + ab® + ab' ¢ B[{{ab” + ab* + ab'))]. But ab” + ab*® + ab' is in
Bl[({ab" + ab* + ab"))]. This therefore leaves only two possibilities:

e ab’,ab’,ab" are all isolated in B[({ab” + ab® + ab')})], or,
e Without loss of generality, ab” + ab' is in B[({ab” + ab*® + ab'))] while ab* is isolated.

The first possibility implies that ({(ab” + ab® + ab'")) is trivial. This is because any three involutions
of D, generate the whole group, and so three isolated elements in the Schur ring’s basis would imply
that the whole basis is made up of singletons. So if the first possibility is true, we are done. Let us
turn our attention to the second possibility.

This gives us that (ab” + ab")ab® is in ({(ab” + ab* + ab')). By expanding the brackets we get that
b7+ b isin ({ab” + ab’ + ab'y). If b*" and b*" occur as singletons in the basis then it would imply
that the whole Schur ring is trivial since ab’ is already known to be in the basis and {b*~", b*~', ab*}
generates the whole group D,. Let us assume then that b°~" + b*~" is in B[{{ab" + ab’® + ab'}))], and
mark this as Assumption 1.

From the second part of our sufficient condition we also know that # —r and r — s are both relatively
prime to n. Now b*™" + b*~" is in B[{{ab” + ab* + ab"))] and the difference between the two powers is
t — r which we know is relatively prime to n. Lemma 1 therefore gives us that " ~* + b*~" must also
be in B[((ab” + ab® + ab'))] since r — s is also relatively prime to n. Both the elements »°~" + b*~" and
b"™* + b*~" have b*" within them, however, and under Assumption 1 these should be basis elements.
This is only possible if »*~ = b"* and that implies that r + ¢t = 2s mod n, which contradicts the third
part of our sufficient condition.

Hence it must be the case that our Assumption 1 is false and so ((ab” + ab® + ab')) must be
trivial. o

We can now focus on proving Theorem 5:

Proof of Theorem 5. We will prove Theorem 5 by showing that ab” + ab* + ab' cannot be an element
of B[{({ab" + ab*® + ab'))] and then use Lemma 2 to meet the sufficient conditions of Theorem 2 and
so bring about the result.

We substitute ¢ for 3r — 2s at this point for simplicity’s sake. We will begin by assuming that
ab” + ab* + ab® % is in B[{({ab” + ab® + ab*~>*))] and then show how this must imply a contradiction.
We label this as (Assumption 2) for further reference.

So let us begin by considering the following statement, which we label as (i) for further reference:
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(ab” + ab® + ab> ) =3(1) + b + b*) 4 P 4 p 79 4 p7H) 4 7307,

Assuming that (Assumption 2) is true then by Observation 1 it must be possible to express (i) as
the sum of elements of B[({ab” + ab*® + ab*~2%))]. However, we shall show that doing so implies a
contradiction which means that (Assumption 2) must be false.

We begin by noting that the group elements on the right hand side of (i) must either be isolated in
the basis of the Schur ring or be grouped with other elements also on the right hand side of (i).

For the sake of brevity let us denote the sum of the elements on the right hand side as Bs. We note
now that (Bg)? is equal to

6(1) + 2Bg + b*™) + p7279) 4 pOU=) 4 Oy
2(br—s + b5+ bS(r—s) + b—S(r—s)) + 3(b4(r—s) + b—4(r—s)).

We notice that the total coefficient of »"~* on the right hand side is 4 (remember it also occurs in
Bg), and so, by the Schur Wielandt principle the only elements which »"* can be grouped with in
the Schur ring’s basis must also have a coefficient of 4 in the expansion of B;. However, with the
exception of b*", achieving this requires that +4(r — ), £5(r — s5) or £6(r — s) is equal to the power
of some element in Bg. This implies x(r — s) = y(r — s) for x = +1,+2 or +3 and y = +4,+5 or +6.
Regardless of the values of x and y we get r — s = 0 implies r = s since we are working in modulo
n where n is definitely larger than 6. Therefore "~ can only possibly be grouped with »°~" or be an
isolated element in the basis.

Let us first consider the possibility that 5 is an isolated element. If so, then 5**~") must also be
an isolated element in the basis by simply cubing »"~* . Since our assumption is that ab” +ab® +ab> >
is in B[({ab" + ab® + ab*~>%))] we can consider the product of ab” + ab*® + ab*~** and b*"~9, which
must be in ((ab” + ab® + ab®>~?*)).

(abr + abs + ab3r—25)b3(r—s) = ab4r—3s + ab3r—25 + ab6r—55'

Note how the term ab*~>* appears on the right hand side above. Since we are assuming that
ab” + ab® + ab*~2 is in B[({ab” + ab*® + ab*~**))], ab” and ab* must appear too. There are only two
ways this is possible:

e 4r—3s=sand 6r — 5s = r, or,
o 4r—3s=rand 6r —5s = s.

All the equations above, however, imply that » = s which is a contradiction. And so »"~* cannot
be an isolated element in the basis without contradicting (Assumption 2). Therefore, the only way to
avoid contradicting (Assumption 2) is for b"~° + b*~" to be an element in the basis.

This gives us that (ab” + ab® + ab¥~*)(b"* + b*~") is in the Schur ring. This expression expands to
2ab*5 + ab**~" + ab* 3% + ab® + ab’. Notably the terms ab*, ab” appear here and due to (Assumption
2) this means that ab*~2* must appear also. There are three ways this could happen:

e 2r—s=3r—2sgivesusr = s, Or,
o 4r — 35 =3r—2s gives us r = s, Of,
o 2s—r=3r—2sgivesusr = s.

But all these ways imply r = s which is again a contradiction. This rules out the possibility that
b"™™* 4+ b°7" is an element in the basis.

Therefore, (Assumption 2) must be false and ab” + ab* + ab¥~?* is not in B[{{ab" + ab*® + ab*"~**))]
for if it were, then it would be a basis element which cannot be expressed as a linear sum of basis
elements when squared, which contradicts the definition of a Schur ring.
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Since the relationship 3r — 2s = t mod n excludes the possibility that the sum of any two of {r, s, t}
is equal to twice the third, Lemma 2.2 gives us that ({(ab” + ab® + ab')) is trivial and so Aut(({ab” +
ab’® + ab'))) = D,, meaning that Cay(D,, {ab", ab*, ab'}) is a GRR of D, by Theorem 2. |

Corollary 1 follows immediately by observing that r, s and #, being less than p, immediately
implies that both they and their differences are relatively prime to n. We also note the following
theorem, although we invite the reader to read its proof and that of its corollary in a companion paper
to this one which is available on arXiv [21] as that proof is very similar to the proof given above.

Theorem 6. Let n be an odd integer greater than 5 and let r, s, and t be integers less than n
such that the difference of any two of them is relatively prime to n. If 3r + s = 4t mod n, then
Cay(D,,{ab",ab’,ab'}) is a GRR of D,,.

Just as with the prior theorem, Theorem 2.2 has a tidy corollary for prime numbers:

Corollary 2. Let n be an odd integer with its smallest prime factor being p greater than 5 and let r,
s, and t be distinct integers less than p. If 3r + s = 4t mod n, then Cay(D,, {ab", ab*, ab'}) is a GRR of
D,.

In the next section we shall give a few examples in which the above results are applied.
3. Examples of GRR Constructions

We will be focusing on applying Corollary 1 to when n itself is prime, giving us GRRs of D, as
this will provide clear and concise examples.

3.1. A Simple Application

First let us start with p = 11. To satisfy the equation 3r — 2s = r we will take r = 3, s = 4 and
t = 1. Therefore Cay(Dy;, {ab’,ab*, ab}) is a GRR of D;;. We present the Cayley colour graph for
this connecting set in Figure 3 so that the reader can see which element of the connecting set gave rise
to which edge: ab is red, ab® is blue and ab* is green. These edge-colourings hold true irrespective of
which vertex is the identity element of D, since every automorphism of a GRR only maps edges of
the same colour to each other [22].

Figure 3. Cay(D,,,{ab,ab’,ab*}) is a GRR of D;,. Red Edges Correspond to the Generat-
ing Element ab, Blue Edges to the Element ab® and Green Edges Correspond to ab*
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3.2. Reusing Connecting Sets

In the previous example we used the values {3,4, 1} for the parameters {r, s, ¢} respectively to
construct a GRR for D;;. However, with a very simple theorem we can show that these values for
{r, s, 1} can be used to construct GRRs for an infinite number of dihedral groups D, where p is prime.

To do this, we prove the following theorem. Note that all arithmetic in the proof is only modular
arithmetic if it is explicitly said to be so, and all order relations are to be understood as an ordering on
the positive integers:

Theorem 7. Let p, > p, be prime. Suppose that, for a given a, 3, y there exist integers r, s,t such that
ar — Bs = yt mod p;. Then, if ar — Bs € [0, p1] then ar — Bs = yt mod p, also holds.

Proof. Consider integers m, k, x such that m = k + xp; such that k is as small an integer as possible.
Clearly this statement is equivalent to m = k mod p,. If x = O then it follows that m = k mod p; also
holds.
Now consider ar — 8s = yt mod p;. We can take ar — s and yt as m and k above (respectively)
so that ar — Bs = yt + xp; . If ar — Bs € [0, p;] then it follows that x = 0 and so ar — Bs = yt mod p,
must hold.
O

This theorem has a useful corollary:

Corollary 3. Let p, > p, be prime. Let D, be a dihedral group such that D, = {a,b : a; = b} =
aibya1by = 1). Let 1, s,t be integers which satisfy 3r — 2s = t mod p, and therefore let us construct
a connecting Cy set for a GRR of D, where C, = {a,b,a,b},a\b\}. If 3r — 2s € [0, p|] then those
same integers r, s,t can be used to construct a connecting set C, which admits a GRR for D, where
D,, ={a,b: a5 = b’ = axbraxb, = 1) and C, = {axb}), arb}, arbh).

Figure 4. Cay(D3, {ab, ab®, ab*}) is a GRR of D;3. The Colour of the Edges Correspond to
the Generating Elements as in Figure 3.

With this, any solutions for r, s,# which we find when trying to form a GRR for some dihedral
group D, with p; prime can be re-used to construct connecting sets for an infinite number of other

dihedral groups, specifically those dihedral groups D,, where p, > p; and prime.
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Figure 4 is a GRR of D3 which we construct using the same values we found when constructing
a GRR for Dy in the previous example.

3.3. Some Further Solutions

Below is a table of connecting sets for D, for a few prime values of p, found using the equation
3r—2s =t mod p (see Corollary 1). While constructing these connecting sets, the condition 3r —2s €
[0, p] was respected and so we know from Corollary 3 that all the sets in the table below are in fact
connecting sets for GRRs of D, not just for the prime number given in its row but for all prime
numbers larger than it too.

For brevity we present only the prime numbers up to 100.

p| r | s |t | Connecting Set({ab",ab’, ab'})

7121310 {ab?, ab’, a)
113 |4 |1 {ab’, ab*, ab}
1314610 {ab*, ab®, a)
17| 5|7 |1 {ab’,ab’, ab)
191 6 |9 1|0 {ab®, ab’, a)
231 7 101 {ab’,ab'’, ab)
2019 |13 |1 {ab’,ab'?, ab)
31110150 {ab'°, ab®, a}
371121180 {ab"?,ab'®, a}
41 113119 |1 {ab"3,ab", ab)
43114 (2110 {ab"™, ab*', a}
47 115122 |1 {ab®, ab*?, ab)
5311712511 {ab"", ab®, ab)
59 119|128 |1 {ab", ab®®, ab)
61 120300 {ab®, ab®, a)
671221330 {ab®?, ab*®, a)
71123134 |1 {ab®, ab**, ab)
731241360 {ab®*, ab*®, a)
791261390 {ab®®, ab®, a)
83127140 |1 {ab*", ab™, ab)
89129 143 |1 {ab®, ab®, ab)
97 1321480 {ab*, ab™®, a}

4. Conclusion

By making use of a few theorems and lemmas about Schur rings we have shown easy ways to
construct trivalent GRRs for dihedral groups D, where n is an odd number. It is the opinion of the
authors that these results are evidence that even a basic study of Schur rings can be fruitful not only
in the search for GRRs but also in other areas of algebraic graph theory.

We are now in a position where we can produce two GRRs for each member of an infinite family
of dihedral groups within moments. For example, {a, ab?, ab’} and {a, ab’, ab*} are connecting sets
for GRRs of all D, where n is prime and larger than 11, by using Corollaries 1, 2 and 3.

This can be the groundwork for several further lines of inquiry. For example, are the methods we
have outlined sufficient to find all possible trivalent GRRs for the relevant dihedral groups? If no, can
we perhaps find a similar approach to account for the remaining ones? If yes, can these methods be
used as groundwork for enumeration theorems?

Moreover, the methods we have described here can be expanded to find GRRs for dihedral groups

Utilitas Mathematica Volume 120, 61-74



Using Schur Rings to Produce GRRs for Dihedral Groups 73

with a valency greater than 3 and we can also slightly relax the conditions on the parameter n. This is
all to be discussed another time, however.
These lines of inquiry we have outlined may yet yield further useful results.

Conflict of Interest

The authors declare no conflict of interest.

References

1. Godsil, C.D., 1980. Neighbourhoods of transitive graphs and GRR’s. Journal of Combinatorial
Theory, Series B, 29(1), pp.116-140.

2. Hetzel, D., 1976. Uber reguliire graphische Darstellungen von auflosbaren Gruppe. Diplomarbeit.
Technische Universitit Berlin.

3. Imrich, W., 1976. Graphical regular representations of groups of odd order. Combinatorics, 2,
pp.611-621.

4. TImrich, W.,, 1975. On graphs with regular groups. Journal of Combinatorial Theory, Series B,
19(2), pp-174-180.

5. Imrich, W. and Watkins, M., 1974. On graphical regular representations of cyclic extensions of
groups. Pacific Journal of Mathematics, 55(2), pp.461-477.

6. Imrich, W. and Watkins, M.E., 1976. On automorphism groups of Cayley graphs. Periodica Math-
ematica Hungarica, 7(3-4), pp.243-258.

7. Nowitz, L.A. and Watkins, M.E., 1972. Graphical regular representations of non-abelian groups,
I. Canadian Journal of Mathematics, 24(6), pp.993-1008.

8. Nowitz, L.A. and Watkins, M.E., 1972. Graphical regular representations of non-abelian groups,
II. Canadian Journal of Mathematics, 24(6), pp.1009-1018.

9. Beineke, L. W. and Wilson, R. J. (Eds.). (2004). Topics in Algebraic Graph Theory. Cambridge
University Press.

10. Spiga, P., 2018. Cubic graphical regular representations of finite non-abelian simple groups. Com-
munications in Algebra, 46(6), pp.2440-2450.

11. Xia, B. and Fang, T., 2016. Cubic graphical regular representations of PS L,(q). Discrete Mathe-
matics, 339(8), pp.2051-2055.

12. Klin, M. and Kovécs, 1., 2010. Automorphism groups of rational circulant graphs through the use
of Schur rings. arXiv preprint arXiv:1008.0751.

13. Coxeter, H. S. M., Frucht, R. and Powers, D. L., 1981. Zero-Symmetric Graphs - Trivalent Graph-
ical Regular Representations of Groups. Academic Press Inc.

14. Klin, M., Riicker, C., Riicker, G. and Tinhofer, G., 1999. Algebraic combinatorics in mathemat-
ical chemistry. Methods and algorithms. I. Permutation groups and coherent (cellular) algebras.
Match, 40, pp.7-138.

15. Sabidussi, G., 1958. On a class of fixed-point-free graphs. Proceedings of the American Mathe-
matical Society, 9(5), pp.800-804.

16. Delsarte, P., 1973. An Algebraic Approach to the Association Schemes of Coding Theory. Philips
Research Report Supplements, /0.

17. Wielandt, H., 1964. Finite Permutation Groups. Academic Press.

Utilitas Mathematica Volume 120, 61-74



Jonathan Ebejer and Josef Lauri 74

18. Muzychuk, M. and Ponomarenko, 1., 2009. Schur Rings. European Journal of Combinatorics, 30,
1526-1539.

19. Weisfeiler, B., 1976. On Construction and Identification of Graphs. Springer-Verlag.

20. The GAP Group., 2022. GAP — Groups, Algorithms, and Programming, Version 4.12.2. https:
//www.gap-system.org

21. Ebejer, J. and Lauri, J., 2024. Further Applications of Schur Rings to Produce GRRs for Dihedral
Groups. arXiv preprint arXiv:2401.02690.

22. Albert, M., Bratz, J., Cahn, P., Fargus, T., Haber, N., Mcmahon, E., Smith, J. and Tekansik, S.,
2008. Colorpermuting automorphisms of Cayley graphs. Congressus Numerantium, 190, pp.161-
171.

©2024 the Author(s), licensee Combinatorial Press.
This is an open access article distributed under the
terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0)

®

BY

Utilitas Mathematica Volume 120, 61-74


https://www.gap-system.org
https://www.gap-system.org
http://creativecommons.org/licenses/by/4.0

	Introduction
	Schur rings
	Graph Theoretic Interpretation
	The Colour Graph
	Automorphism Groups of Schur rings
	Combining Results

	Constructing Trivalent GRRs for Dihedral Groups
	Examples of GRR Constructions
	A Simple Application
	Reusing Connecting Sets
	Some Further Solutions

	Conclusion

