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Classification of finite groups that admit an oriented regular
representation

Joy Morris and Pablo Spiga

To Laszl6é Babai: for asking questions that keep us very entertained.

ABSTRACT

This is the third, and last, of a series of papers dealing with oriented regular representations.
Here we complete the classification of finite groups that admit an oriented regular representation
(or ORR for short), and give a complete answer to a 1980 question of Lészlé Babai: “Which
[finite] groups admit an oriented graph as a DRR?” It is easy to see and well-understood that
generalised dihedral groups do not admit ORRs. We prove that, with 11 small exceptions (having
orders ranging from 8 to 64), every finite group that is not generalised dihedral has an ORR.

1. Introduction

All groups and graphs in this paper are finite. Let G be a group and let S be a subset
of G. The Cayley digraph, denoted by Cay(G,S), over G with connection set S is the
digraph with vertex set G and with (z,y) being an arc if yz—! € S. (An arc is an ordered
pair of adjacent vertices.) Since the group G acts faithfully as a group of automorphisms of
Cay(G, S) via the right regular representation, Cayley digraphs represent groups geometrically
and combinatorially as groups of automorphisms of digraphs. Naively, the closer G is to the
full automorphism group of Cay(G,S), the closer this representation is to a precise graphical
encoding of G.

Following this line of thought, it is natural to ask which groups G admit a subset S with
G being the automorphism group of Cay(G, S); that is, Aut(Cay(G,S)) = G. We say that G
admits a digraphical regular representation (or DRR for short) if there exists a subset S
of G with Aut(Cay(G, S)) = G. Babai [1, Theorem 2.1] has given a complete classification of
the groups admitting a DRR: except for

Qs, C3, C3, Cy and C3, (1.1)

every group admits a DRR.

In light of Babai’s result, it is natural to try to combinatorially represent groups as
automorphism groups of special classes of Cayley digraphs. Observe that, if S is inverse-closed
(that is, S = S~ := {s7! | s € S}), then Cay(G, S) is undirected. Now, we say that G admits
a graphical regular representation (or GRR for short) if there exists an inverse-closed
subset S of G with Aut(Cay(G, S)) = G. With a considerable amount of work culminating
in |6l 8], the groups admitting a GRR have been completely classified. (In fact, this question
attracted significant interest well before the DRR problem, although the final solutions to both
problems appeared at about the same time.)
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We recall that a tournament is a digraph T" := (V, A) with vertex set V' and arc set A such
that, for every two distinct vertices z,y € V, exactly one of (z,y) and (y,x) is in A. After the
completion of the classification of DRRs and GRRs, Babai and Imrich 2] proved that every
group of odd order except for C3 and C3 admits a tournament regular representation (or
TRR for short). That is, each finite odd-order group G different from C2 and C§ contains a
subset S with Cay(G, S) being a tournament and with Aut(Cay(G,S)) = G. In terms of the
connection set S, the Cayley digraph Cay(G, S) is a tournament if and only if SN S~! = () and
G\ {1} = SUS~L. This observation makes it clear that a Cayley digraph on G cannot be a
tournament if G contains an element of order 2, so only groups of odd order can admit TRRs.

In |1, Problem 2.7], Babai observed that one class of Cayley digraphs is rather interesting
and had not been investigated in the context of regular representations; that is, the class of
oriented Cayley digraphs (or as Babai called them, oriented Cayley graphs). An oriented
Cayley digraph is in some sense a “proper” Cayley digraph. More formally, it is a Cayley
digraph Cay(G, S) whose connection set S has the property that SN S~ = (). Equivalently,
in graph-theoretic terms, it is a Cayley digraph with no digons.

DEFINITION 1.1. The group G admits an oriented regular representation (or ORR for
short) if there exists a subset S of G with SN S~ = () and Aut(Cay(G, S)) = G.

Babai asked in [1] which (finite) groups admit an ORR. Since a TRR is a special type of
ORR, and C% is one of the five groups in Eq. that do not admit a DRR (so cannot admit
an ORR), the answer to this question for groups of odd order was already known when Babai
published his question.

In this paper, answering the question of Babai and also confirming the conjecture given
in |12, Conjecture 1.5], we prove the following result.

THEOREM 1.2. Every finite group G admits an ORR, unless one of the following holds:
(i) G is generalised dihedral with |G| > 2 (see Definition for the meaning of generalised
dihedral);
(ii) G is isomorphic to one of the following eleven groups

Qs, Cy x Cy, Cy x C3,Cy x C3,Cy x Cy, C2, C3 x C3,
(a,b ] a* =b* = (ab)? = (ab')* = 1) (of order 16),
(a,b,c|a* =b* = = (ba)? = (ba™1)? = (be)? = (b 1)2 =1,
a’*=c*a=a"'a*> =b?) (of order 16),
(a,b,c|a* =b* = c* = (ab)? = (ab™1)? =1,
(ac)* = (ac™)? = (be)? = (bc™1)? = a®b?c? = 1) (of order 32),
Dy o Dy (the central product of two dihedral groups of order 8,
which is the extraspecial group of order 32 of plus type).

We remark that since this theorem relies on results in the previous two papers |12} [13] and
since the results in [12] depend upon the Classification of Finite Simple Groups, this theorem
also depends on the Classification.

In our opinion this is not the final word on oriented regular representations of finite groups.
In fact, it is still unclear whether ORRs behave asymptotically like DRRs and GRRs. (It is
believed that most Cayley digraphs are DRRs and that most Cayley graphs are GRRs. One
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should be very careful about how to understand “most” in these statements and we refer the
reader to the introduction of [5] for two distinct, natural interpretations of “most”.)

We conclude this introductory section by observing that regular representations have shown
a new vitality lately. For instance, Marston Conder, Mark Watkins and Tom Tucker |4] have
been studying finite groups admitting a graphical Frobenius representation and have posed
some very intriguing conjectures in this context. All of these conjectures are in line with the
classification of groups that admit DRRs, GRRs, TRRs and now ORRs: except for some
“low level noise” (yielding a finite number of small exceptions) and any obvious obstructions,
regular representations of the desired type will exist. For DRRs, there are no obvious general
obstructions; for TRRs, groups of even order are problematic and yield the only general
obstruction; for GRRs, groups admitting automorphisms that map each element to itself or to
its inverse are problematic and yield the only general obstruction; for ORRs, groups for which
every generating set contains at least one involution (that is, generalised dihedral groups) are
problematic and (in light of Theorem yield the only general obstruction.

Finally, we refer to 5} (11}, 14} [15] for some recent work on similar problems.

2. Earlier work and preliminaries

Before moving to the proof of Theorem we need to review the main results that have
been proved on oriented regular representations. We start with a few definitions.

Babai pointed out in |1] that generalised dihedral groups of order greater than 2 can never
admit an ORR. (Given a group element g, we denote by o(g) its order.)

DEFINITION 2.1. Let A be an abelian group. The generalised dihedral group over A is
the group (7, A) with o(7) =2 and Tar = a~! for every a € A.

In the special case where A is cyclic, this is the dihedral group over A. Observe that, unless
|G| = 2, if Cay(G, S) is an ORR, then Cay(G, S) is connected and hence S is a generating set
for G. Now, Babai’s observation follows immediately from the fact that if G is the generalised
dihedral group over the abelian group A, then every element of G\ A has order 2. Thus
every generating set S for G must contain an involution, so that SN .S~! # (. This renders
understanding generalised dihedral groups very important when we are studying ORRs.

Let G be a finite group. As customary, we denote by d(G) the minimum number of
generators for G. Following [13| Section 2], we say that a generating set {g1,..., g4} for G is
irredundant if, for each i € {1,...,d}, the d — 1 elements

91,92,---59i—1, 9i+1,---,9d

do not generate G. Observe that each generating set for G of cardinality d(G) is irredundant.
We say that the d-tuple (g1, ..., gq) of elements of G is beautiful if the following conditions
hold:
(1) {g1,.--,94} is an irredundant generating set for G,
(ii) o(g;) > 2 for every i € {1,...,d},
(iii) o(gir1g; ") > 2 for every i € {1,...,d — 1}.
Observe that being beautiful is a property of ordered tuples and not of sets; that is, it depends
upon the ordering of the generating set {g1,..., g4} for G.
An important connection between beautiful generating tuples and ORRs is given in the next
theorem.
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THEOREM 2.2. Let G be a finite group admitting a beautiful generating tuple. Then G
admits an ORR if and only if G % Qg, G % C3 x C3, and G % C3 x C3.

This theorem is implicit in [12] and follows immediately from the theory developed therein.
For a proof see |13, Theorem 2.1].

Developing the theory of beautiful generating tuples (and actually something more general,
which we called five-product-avoiding generating sets), we have proved in [12] that each non-
soluble group admits an ORR. Building on this result, the second author has proved the
following result, which (among other things) reduces the classification of groups admitting an
ORR to some very specific infinite families of 2-groups.

THEOREM 2.3 ([13], Theorem 1.2). Let G be a finite group. Then one of the following
holds:

(i) G admits an ORR;

(ii) G has an abelian 2-subgroup A, a normal subgroup N and two elements g € G\ N and
neN\A with A< N<G, |G:N|=|N:Al=2,¢>=1,n9=n""1 and a9 =a! for
each a € A;

(iii) there exists a normal subgroup N of G, g € G and ng € N with |G : N| =2, G = (N,g),
g?> =1, N is a 2-group and the action of g by conjugation on N inverts precisely half of
the elements of N and N = H UnogH, where H := {n € N | n9 = n~'}. Moreover, N has
no automorphism inverting more than half of its elements. (Every group N that has an
automorphism inverting half of its elements and no automorphism that inverts more is
classified in [7|] by Hegarty and MacHale);

(iv) G is isomorphic to Qg, to C3 x C3 or to C3 x C3;

(v) G is generalised dihedral.

In view of this theorem, the classification of finite groups admitting an ORR is reduced to
the groups in (ii) and (iii). We address these two families in Sections [4] and |5} respectively.

We remark that the “flavour” of many of the ORRs that are produced in this paper is quite
different from those produced in [12] and [13]. Those papers focused on the use of beautiful
generating tuples, so that for any two consecutive elements ¢; and g¢;+1 of the generating
tuple, the product g;4+19; ! has order greater than 2. As we will see, a common situation for
a group G in the families we study in this paper is that G contains an elementary abelian
subgroup B of high rank and low index. In order to generate such a group G, we require a
large number of elements from at least one of the cosets Bg of B. If we place any two elements
gi :=b1g and g;11 := bag of Bg (where by,bs € B) consecutively in the generating set, then
gir19; " =bagg b7t =bobyt € B,soo(git19; 1) < 2.In principle it could be possible to ensure
that whenever g; € Bg we have g;+1 ¢ Bg, but in practice we may still find that o(gH_lgi—l) =2.
We will therefore take a very different approach that uses a GRR for B as a starting point. In
our previous papers, if we look at the induced subdigraph of each of our ORRs on the vertices
that lie in the connection set (equivalently, the induced subdigraph on the open neighbourhood
of any vertex), that digraph is (weakly) connected and asymmetric. The ORRs we produce in
this paper will often include many isolated vertices in that induced subdigraph.

Before moving into our analysis of the groups in (ii) and (iii) (from above), we introduce
some other results from the literature that will be important in our proofs.

The following result is found in the proof of the theorem in [9]. Note that the statement
in [9] assumes only k£ > 5, but there is a mistake in the case k = 5 that has been pointed out by
multiple researchers. Although the elementary abelian 2-group of rank 5 also admits a GRR,
it requires a different connection set so we omit it from our statement.
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LEMMA 2.4 (Imrich [9]). Let G be an elementary abelian 2-group of rank k > 6, and let
{z1,...,xr} be a generating set for G. Then G has a GRR; furthermore, a GRR is given by
the Cayley graph on G whose connection set consists of the 2k + 1 elements:

Ty ovny Thy T1T2, L2X3, « oy T—1Tk, T1T2TK—2Tk—1, L1T2Tk—1Tk- (2.1)

Note that the connection set found in this lemma depends on the order as well as the choice
of the elements in the generating set for G. We therefore use the following definition.

DEFINITION 2.5. Let G be an elementary abelian 2-group of rank k > 6. Given the
generating tuple (z1,...,zx) for G, we refer to the connection set given in Eq. as the
Imrich generating set for G with respect to (x1,...,Tgk).

In their work on the GRR problem, Nowitz and Watkins proved a lemma that is very useful in
our context also. (Given a graph I" and a vertex v of I', we denote by Aut(T") the automorphism
group of I" and by Aut(I"), the stabiliser of the vertex v in Aut(T").)

LEMMA 2.6 (Nowitz and Watkins [10]). Let G be a group, let S be a subset of G, let
T := Cay(G, S) and let X be a subset of G. If ¢ fixes X pointwise for every ¢ € Aut(I');, then
¢ fixes (X)) pointwise for every ¢ € Aut(I');.

Thus, if Aut(T"); fixes every element of a generating set for G or if the subgraph induced
by T" on the neighbourhood T'(1) = S is asymmetric, then Aut(I') = G. Hence T is a DRR for
G, and is therefore an ORR if the connection set satisfies S NS~ = (). We will use this fact
repeatedly when we cite the above lemma. Also, although Nowitz and Watkins did not make
this explicit, the same proof applies if we replace both occurrences of the word “pointwise” in
the statement of Lemma 2.6 with the word “setwise.” We will also use this sometimes when
we cite the above lemma.

We include in this section two more lemmas that we will need. Lemma [2.7] follows fairly
easily from the work in [12], but we include a complete proof as the precise connection set
(and therefore the fact that the induced subgraph on that connection set is weakly connected)
is not easy to see from the statements in that paper.

LEMMA 2.7. Let A be an abelian 2-group of order 2*. Assume that A is not elementary
abelian and A % Cy x Cy~2. Then there is a generating set S for A with |S| > 2 such that
the induced subgraph of T' := Cay(G, S) on S is weakly connected with trivial automorphism
group, so that I is an ORR.

Proof. From the structure of finite abelian groups, we may write A = Ay X --- X A,,, where

A; := (a;) is a non-trivial cyclic group for each i € {1,...,m}. Moreover, we may assume that
o(a;+1) divides o(a;) for every i € {1,...,m — 1}.

Since A is not elementary abelian and A 2 Cy X 05_2, we must have either o(a;) >4, or
m > 2 and o(a1) = o(az) = 4. In the first case, set x1 := a1, 9 := aflag and z; 1= ag_l)l lai
for every i € {3,...,m}; in the second case, set x1 := a1, Tz := a2, Tai11 ‘= A1a2i+1 and Tyj :=
asag; for every 20+ 1,25 € {3,...,m}. In both cases, it is easy to verify that the set X :=
{x1,..., 2} generates A irredundantly. (In fact, (z1,...,z,,) is a beautiful generating tuple

for A.)
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Consider S := X UY where

{22} if m=1,
Y = {zox 2} U{mgay Y aany by et ifm > 2 and o(ay) > 4,
{zyzo} U{moaT sy by et 3 if m > 2 and o(ay) = o(ag) = 4.

Let T := Cay(A4, S) and observe that S N S™! = () so that I is an oriented digraph. Let A be the

z1 wl z1 z2 3 Tm—1 Tom
o——0 ————=a ——=—== B
-2 -1 -1 -1 -1
T2Tq T2Tq T3To Tm—1Tp, o0 TmT,, 1
x1 x2 z3 Tm—1 Tm
O — — — — — - === === o0
271 —1 -1 —1 —1
2T Z3To Tm—1L,,_o9 TmL,, _q

FIGURE 1. The oriented graph A in the proof of Lemma (2.7 top left when m = 1; top right
when m > 2 and o(ay) > 4; and bottom when m > 2 and o(ay) = o(az) = 4

subgraph induced by I' on S. It is clear that (z;_1,z;) and (:U,»:c;_ll, x;) are arcs of A for every
i €{2,...,m}. Moreover, when m =1, (x1,2%) is an arc of A; when m > 2 and o(a;) > 4,
(z1,z007Y) and (woxy %, zox] ") are arcs of A; while, when m >2 and o(a;) = o(as) = 4,
(z1,7122) and (x2, 122) are arcs of A. (See Figure[I]) This shows that A is weakly connected.
It is not hard (but rather tedious because it requires some detailed computations) to show
that these are the only arcs of A. We do not give a complete proof of this easy fact, but we
deal with one case to show the type of computations that are required. Suppose that there

. -1 1 .. . . .
exists an arc (xia:ifl,xjxjfl) between two distinct vertices in Y, for some 4,j € {2,...,m}.
Then wjxj__llzi_lzi_l € S and hence either xjwj__llxi_lxi_l =z for some k€ {1,...,m},
S e -1 [ | 2 —2
or T;x; 1 xi—1%; = wkx,_,; for some k € {2,...,m}, or Tir Ty € {x7, 2122, 2]~ }.

Each of these relations contradicts the irredundancy of the generating set X.
The structure of the arcs that we have described in A (see again Figure [1)) shows that A has
trivial automorphism group. Lemma [2.6] then implies that I" is an ORR. O

We conclude this section with a technical lemma. Although we will only apply this lemma
with |G : N| < 8, we state it in greater generality as the proof is no different and the general
result may be useful in future work on ORRs.

LEMMA 2.8. Let G be a 2-group and suppose that G is not generalised dihedral. Let N be
a normal subgroup of G with G/N elementary abelian. Suppose that there exists T C N with
|T| > 2 such that Cay(N,T) is an ORR and such that the subgraph induced by Cay(N,T) on
the neighbourhood T of the vertex 1 is weakly connected. Let x := d(G/N). Then there is a
set of elements {ay,...,a,} € G\ N such that:

- G={ay,...,a,,N); and
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— o(a;) > 2 for each i € {1,...,K}.
Furthermore, if there exists such a set of elements with the additional property that, for every
1,7 €4{1,...,k} with i # j, we have af centralises N, and either a? #* a? or a;a; does not

centralise N, then Cay(G,T U {ay,...,a.}) is an ORR

Proof. Let T C N satisfying the hypothesis of this lemma; that is: |T'| > 2, Cay(NV,T) is
an ORR, and the subgraph induced by Cay(NN,T) on the neighbourhood T of the vertex 1 is
weakly connected.

We begin by proving the first conclusion of this lemma. (The argument here is similar to
the proof of [12) Lemma 2.6] and uses the ideas therein.) Among all s-tuples aq,...,a, of
elements of G such that {a1N,...,a,N} is a generating set for G/N, choose one with as few
involutions as possible. If no element in {ay,...,a,} is an involution, then our first conclusion
is proved. Hence we suppose that {a1,...,a,} has at least one involution. Relabeling the index
set {1,...,k} if necessary, we may assume that a; is an involution.

Let n € N. Now, {ain,as,...,a.} is still a generating set for G modulo N of cardinality
K. Since this generating set cannot contain fewer involutions than the original generating set,
the element a;n must be an involution. Thus 1 = (a;n)? = aynain = n%n, that is, n® =n=1.
Since this argument does not depend upon n € N, we obtain that a; acts by conjugation
inverting each element of N. In particular, N is abelian.

Let j € {2,...,¢} and let n € N. Now, {aia;n,as,as,...,a.} is still a generating set for G
modulo N of cardinality k. Since this generating set cannot contain fewer involutions than the
original generating set, the element a;a;n must be an involution. Thus

— )2 — . o — 42( .m0l gy — 40101, 0 1 =1
1 = (a1a;n)° = arajna1a;n = aj(a;n)* ajn = aj'n a;n = aj'n™ " a;n;

so aj' = n~t

inverts a;. Therefore a; " = af' =n~ aj_ln for each n € N, that is, a; commutes with V.
Let i,j € {2,...,x} with ¢ # j. Arguing as above, {a1a;a;,a2,as, ..., a.} is still a generating

set for G modulo N of cardinality . Since this generating set cannot contain fewer involutions

than the original generating set, the element aia;a; must be an involution. Thus

a;ln. By applying this equality with n := 1, we deduce that conjugation by aq
1 1

1= (alaiaj)Q = a10,a;010;0; = a?(aiaj)alaiaj = (afla;-“)aiaj = (a;laj )aiaj,

so a;a; = a;a;; that is, a; and a; commute.

This shows that M := (N, as, ..., as) is an abelian normal subgroup of G. Since G = (M, a;)
and aq has order 2, we have |G : M| = 2. Moreover, since the action of a; by conjugation inverts
a generating set for M, we see that G is a generalised dihedral group over M, contrary to our
assumption. Our first conclusion is thus proven.

To complete the proof, we assume from now on that {a,...,a,} satisfies the additional
hypothesis that, for every 4,5 € {1,...,x} with i # j, we have a? centralises N, and either:
aj # a3, or a;a; does not centralise N.

Consider the set S:=TU{ai,...,a.}. By construction, SNS~t =0 and hence I :=
Cay(G, S) is an oriented digraph. When k = 0, that is, G = N, I' is an ORR as part of our
hypothesis. Thus, for the rest of the proof, we assume that x > 1.

Let ¢ be an automorphism of T with 1¥ = 1. Now, ¢ fixes the neighbourhood T'(1) = S of
the vertex 1, that is, ¢ acts as a group of automorphisms of the subgraph A induced by I on S.
By construction, the vertices aq, . .., a, are isolated in A. As |T| > 2 and a4, ..., a, are isolated
in A, T is the (unique) connected component of A of largest possible order. Thus ¢ fixes T
setwise. Therefore, by Lemma ¢ fixes (T) = N setwise. Thus ¢ acts as an automorphism
of the graph induced by I" on N; that is, on the Cayley digraph Cay(N,S N N) = Cay(N,T).
By hypothesis, Cay(N,T) is an ORR and hence ¢ fixes N pointwise. Furthermore, this shows
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that, for every n € N and every vertex v of [', we have

(nv)? = nv?. (2.2)

Suppose that, for some i € {1,...,x}, we have a # a;. Since af € S, there exists j €

1,...,k i} with af = a;. Now (a;,a?) is an arc of I' and hence (af, (a?)?) is also an
[ J 7 7 7

arc of I'. Since G/N is elementary abelian, we have a? € N and, since ¢ fixes N pointwise,
we have (CLQ)"J = a?. Therefore, a;(af)~! = afa; les \ N ={a1,...,a4}. Since d(G/N) = &,
this forces a?a; ' = aJ, so a? = a?.
By Eq. { . (na;)? = na; for every n € N. Fix n € N, and observe that a;,na; € N because
G/N is elementary abelian and that (a;na;)? = a;na; because ¢ fixes N pointwise. Since

na;,a;na;) is an arc of I', ((na;)%, (a;na;)?) = (na;, a;na;) is also an arc of I'; that is,
J

aina;(na;)~t = a?(a;lnai)(a]fln_laj)ajfl = aZn®(n” 1)’l’a €s.
As a?n® (n‘l)aﬂ'aj_l lies in the coset Naj_1 and G/N is elementary abelian, we deduce
ain®(n~ 1)“J’aj_1 = a;; that is, n% =n%. Thus n®% = (n%)% = n% =n because a? cen-
tralises N by hypothesis. As this argument does not depend upon n € N, a;a; centralises
N, contradicting our hypothesis.
Since ¢ was arbitrary and our only assumption was that (a;)? # a;, we conclude that ¢ fixes

S pointwise, so by Lemma [2.6] we have ¢ = 1 and I" is an ORR. O

3. Constructing ORRs in groups that have low-index elementary abelian subgroups

In this section, we prove some results that will be useful for constructing ORRs on many
groups that have elementary abelian subgroups of low index. These results make intense use
of Imrich generating sets for GRRs on elementary abelian groups of rank at least 6, so they
require the elementary abelian subgroup to be of sufficiently high rank.

Given a Cayley digraph Cay(G, S) and two vertices x and y, we say that x and y are adjacent
via s if yz~! = s € S. Similarly, we say that x and y are adjacent via X if yz=! € X C S.

LEMMA 3.1. Let B be an elementary abelian 2-group of rank k > 6, and let T' be the Imrich
generating set for B (with respect to some generating tuple). Let G be a group with B < G,
let Bz be a coset of B in G and let S be any subset of G with SN Bx = Ta U {z}. Then
in Cay(G, S), x Is the only vertex of SN Bx that has at least three mutual inneighbours via
elements of S N Bx with every other vertex of S N Bzx.

Proof. Let the generating tuple be (z1,...,2r). We begin by showing that = has at least
three common inneighbours via elements of S N Bx with every other vertex of S N Bx. Let tz
be an arbitrary vertex of (SN Bx) \ {z}, sot € T. Observe that y is a mutual inneighbour via
elements of SN Bx of z and tzx if and only if there exist t;,t, € T U {1} such that t;zy =z
and toxy = tx. Equivalently, y = t7 and ¢;ty = ¢. This is clearly satisfied with y =¢; =1 and
to = t, so that 1 is a mutual inneighbour. It is also always satisfied by taking y = t*, t; = t,
and t5 = 1, so that ¢* is a mutual inneighbour. The third mutual inneighbour depends on t.

If t = z; for some i € {1,...,k — 1}, then taking t; := z;2;41, 2 := 2z;41, and y := tJ gives
y as a third mutual inneighbour. If ¢ = 2, then taking ¢ := zx_12k, t2 := 2x_1, and y :=t{
gives y as a third mutual inneighbour. If ¢ = z;2;,1 for some ¢ € {1,...k — 1}, then taking
t =z, to = %41, and y = t7 gives y as a third mutual inneighbour. Finally, if t = z1222¢_12¢
for £ € {k — 1,k}, then taking ¢y := 2122, to := 2z¢—12¢, and y := ¢7 gives y as a third mutual
inneighbour.
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Now we show that for any vertex tx of Tz, there is some vertex t'z of Ta \ {tz} such
that tx and t'z have fewer than three common inneighbours via elements of S N Bz. Observe
that y is a mutual inneighbour via elements of S N Bz of tx and 'z if and only if there exist
t1,to € T U {1} such that tyzy = tx and toxy = t'z. Equivalently, y = (¢1¢)® and ¢yt = ¢t’. This
is clearly satisfied with y = 1, ¢; = ¢, and t5 = ¢'. It is also satisfied with y = (¢')*, t; = t/, and
to = t. Thus 1 and (tt')* are mutual inneighbours of tz and t'z.

If t =z for some ¢ € {1,...,k}, then let t' := z; for some j ¢ {i —2,5—1,7,9+1,i+2}
(such a j exists since k > 6). There is no way to write z;z; as a product of two elements
ti,to € TU {1} except when {ti,ta} = {2;, z;}. Thus there is no third mutual inneighbour of
zix and zjz via elements of S N Bz. Similarly, if t = 2;2;11, then let ¢’ be either z;192;,3 when
1 <k—3, or z;_oz;_1 otherwise. Again, if tx and ¢’z had a third mutual inneighbour, then
there would be some other way of writing some z;zj412j4+22j4+3 (where j € {i,i —2}) as a
product of two elements of T'U {1}, but this is not possible. Finally, if ¢t = 2z1292¢_12¢ where
¢ € {k—1,k}, then let t' := z3. There is no other way of writing 2122232¢_12¢ as a product of
two elements of 7'U {1}. This completes the proof. O

Unfortunately, to make the above lemma directly useful in building ORRs, we would need to
know that every automorphism of Cay(G, S) that fixes 1 also fixes S N Bz = Ta U {z} setwise.
This is challenging to prove in general. It turns out to be much easier to prove that if SN Bx =
(Bx\ Tz)\ {z}, then every automorphism of Cay(G,S) that fixes 1 also fixes SN Bz. We
therefore prove the following result about the case where SN Bz = (Bz \ Tx) \ {z}, which is
a corollary to the above lemma.

COROLLARY 3.2. Let B be an elementary abelian 2-group of rank k > 6, and let T' be the
Imrich generating set for B (with respect to some generating tuple). Let G be a group with
B < G, let Bz be a coset of B in G and let S be any subset of G with S N Bz = (Bx \ Tz) \ {z}.
If Aut(Cay (G, S))1 fixes S N Bz setwise, then Aut(Cay (G, S)); fixes x.

Proof. Assume that, for every ¢ € Aut(Cay(G, S))1, (SN Bzx)? =S N Bx. Observe first
that B® is uniquely determined setwise as the set of vertices that have an outneighbour in
S N Bz via some element of SN Bz. Furthermore, X := Tz U {z} is uniquely determined as
the set of vertices that are not in S, but are outneighbours of some vertex in B* via some
element of SN Bx. Now Lemma (applied with the set S replaced by G\ S) tells us that
x is the only vertex in X having the property that, for every other vertex y € X, there are at
least three vertices of B* that are not inneighbours of either y or z. Thus z¥ = x, for every
» € Aut(Cay(G, 9))1. O

Finally, we can describe a situation that will arise frequently in which S N Bx = (Bx \ Tx) \
{z} is fixed setwise by every automorphism ¢ of Cay(G,S) that fixes 1. We show that in this
situation, B and x are fixed pointwise by ¢, which is a significant step toward proving that
Cay(G, S) is an ORR.

ProroSITION 3.3. Let G be a group, and suppose that B < G where B is an elementary
abelian group of rank k > 6, and = € G centralises B. Let T be the Imrich generating set
for B with respect to some generating tuple, and let S be a generating set for G such that
S =[(Bx\Tx)\{z}]UX, where X C G\ (B,x) with | X| < 17. Then Aut(Cay(G, S)); fixes
B and x pointwise.



Page 10 of 20] JOY MORRIS AND PABLO SPIGA

Proof. We claim that a vertex of Cay(G,S) is an outneighbour of at least 2¥ — 4k — 4
vertices of S if and only if it is an element of Bx2.

Let bz? be an arbitrary element of Bz2. Then, for any ¢ € (B\ T)\ {1}, we have bc € B,
so (bez)(cx) = bx? is an outneighbour of cz unless be € T'U {1}; that is, unless ¢ € b(T U {1}).
Since there are 2k + 2 elements in b(T U 1), there are at most 2k + 2 vertices in (Bz \ Tx) \ {z}
that are not inneighbours of bz2. This means that there are at least 2¥ — 4k — 4 vertices in S
that are inneighbours of bz2.

On the other hand, if we take a vertex v that is not in Bx? and it is an outneighbour of
at least 2% — 4k — 4 vertices of S, then since 2 — 4k — 4 > 17, v must be an outneighbour of
some vertex bx € Bx N S. As we observed above, outneighbours of vertices of Bx via elements
of SN Bz are in Bz?, so v ¢ Bax? implies that v is an outneighbour of at most 17 vertices that
are in Bx. Therefore, v is an outneighbour of at most 34 vertices of S (at most 17 in Bz and
at most 17 in X). Since 2F — 4k — 4 > 34, this completes the proof of our claim.

Let ¢ € Aut(Cay(G, S));. The previous paragraph shows that (Bz?)¥ = Bx?. Since Bz is
the set of vertices of Cay (G, S) such that all but at most 17 of their outneighbours lie in Bx?,
we also have (Bxz)? = Bx. Thus (SN Bx)¥ = SN Bx = (Bx\Tz) \ {z}.

Applying Corollaryto our graph, we see that ¥ = x, and so (T'z)? = Tz. Since T is the
connection set for a GRR on B and x is fixed, this implies that Bz is fixed pointwise, which
means that (using Lemma B is fixed pointwise. ]

We will be using this proposition for most groups G arising from Theorem [2.3] that contain
an elementary abelian subgroup of low index. As long as G is sufficiently large, the elementary
abelian subgroup will have high enough rank to allow us to apply this result. For small orders
of G, we will make use of computations in magma to complete the proof.

4. The groups in Theorem (i)

In this section we deal with the groups arising from Theorem (ii). First, we give a result
that finds an ORR for all but three specific families of groups.

PRrROPOSITION 4.1. Let G be a 2-group with an abelian subgroup A, with a normal subgroup
N and with two elements g € G\ N and n € N \ A such that

A<N<G,|G:N|=|N:A=2,¢°=1,n =n"", anda? =a™ ', for each a € A.

Then one of the following holds:

(a) G has an ORR;

(b) ¢ and k are non-negative integers, V' is an elementary abelian 2-group of rank 2¢ + k with
generating set

{Ulawla"'avf7w€7€1a" '7€f€}7

and G = (V,z), where v} = w;, wf =wv; fori e {1,...,£} and ef =¢; forie {1,...,Kk};
and
(i) 22 =1; or
(i) x> 1 and 2% = ey;
(c) G contains a maximal subgroup D isomorphic to Dy x C§ for some { € N (D, is the
dihedral group of order 8); or
(d) G is generalised dihedral.

Proof. We assume that conclusion (d) does not hold, that is, G is not generalised dihedral.
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Suppose that A has exponent 2. Then V := (A, g) is a maximal subgroup of G and is
elementary abelian. Now, V' is a Z(n)-module. Therefore, from the structure theorem of finitely
generated Z(n)-modules, we may write V = Ay X Ay X -+ X Apyy, where A; := (v;) is a non-

identity non-trivial cyclic Z(n)-module for each i € {1,...,¢}, and Ay, := (e;) is a non-identity
trivial (and hence cyclic) Z{n)-module for each i € {1,...,x}. For each i € {1,...,¢}, write
w; == v As n? € A centralises V, vy, w1, v, Wa, ..., Vg, We,€1,...,6, is a basis of V (as a

vector space over the field of cardinality 2) and |V| = 22¢*~.
Now the action of n on V' is encoded in the pair (¢, k). Thus, to determine the isomorphism

!

. . . € €
class of G it suffices to determine n?. Write n? =vf'w;'---v; w,’e" ---¢el*, for some
€1,87,. .. ,5g,52,771, ...,nx € {0,1}. Since n centralizes n? and v = w;, w =v;, we deduce

that ; = ¢ forevery i € {1,...,0}. Let I := {i € {1,...,£} | &; = 1} and write n' := n ][, v;.
Now, n and n’ induce the same action by conjugation on V and (n’)? = e]* - - - <. In particular,
replacing n by n' if necessary, we may assume that ; = 0 for each i € {1,...,¢}.

Ify; =+ =mn, =0, then n? = 1 and G splits over V. Taking z := n, this is conclusion (b)(i).

If n; # 0 for some i € {1,...,k}, then n? # 1 and ey,...,e;_1,n% €;41,...,e, are linearly
independent and span (eq,...,e.). Therefore, up to a change of basis in (eq,...,e;), we may
assume that n? = e;. This is conclusion (b)(ii).

Suppose that A= Cy x Cf, for some £ €N. Now D := (A, g) is generalised dihedral
isomorphic to Dy x C%. This is conclusion (c).

For the rest of the proof, we may assume that A is neither elementary abelian nor
isomorphic to A = Cy x C%, for some ¢ € N. By Lemma there exists T'C A with |T'| > 2
such that Cay(A,T) is an ORR and such that the induced subgraph of Cay(A4,T) on T
is weakly connected. As G/A is elementary abelian of order 4 and G is not generalised
dihedral, by Lemma applied to the normal subgroup A, there exist a;,a2 € G\ N with
G = (a1,a2,N), o(a1) > 2 and o(az) > 2. Since G\ A =nAUgAUngA and every element of
gA is an involution, the set {a;,az} consists of one element of nA and one of ngA. Since G/A is
elementary abelian and A is abelian, a? and a3 are in A and both centralise A. Now ajas € gA
and no element of gA centralises A, because A does not have exponent 2. Thus, the second
hypothesis of Lemma holds, and we deduce that G admits an ORR; that is, conclusion (a)
holds. |

We break the rest of this section into subsections, each dealing with one of the three families
of groups described in this proposition that are not generalised dihedral, but have not yet been
shown to admit ORRs.

4.1. The groups of Proposition [4.1)(b)(i).

Let G be a group that arises in Proposition [£.1{b)(i). Then we have G =V x (z), where
V = (v1,w1,...,V,W, €1, ..,e,) is an elementary abelian 2-group, 22 = 1, el = e; for every
i1€{l,...,k}, and vf = w; for every i € {1,...,/¢}.

We begin by observing that, if £ < 1, then G is a generalised dihedral group.

LEMMA 4.2. Let G be a group that arises in Proposition [£.1|b)(i). If £ <1, then G is
generalised dihedral.

Proof. 1If ¢ =0, then G is elementary abelian, which is a special form of generalised dihedral.
If /=1, then V' = (viz,€1,...,6e,) is an abelian group having index 2 in G (since (v;7)? =
viwy ). Also, the action of wy by conjugation inverts every element of V. Thus, G is a generalised
dihedral group over V. O
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We now show that there is an ORR for any remaining sufficiently large group of this type.

LEMMA 4.3. Let G be a group that arises in Proposition[f.1|b)(i). If ¢ > 2 and 2( + k > 8,
then G has an ORR.

Proof. We will use two different generating sets, according to whether or not x > 2, or
k € {0,1}.
If k > 2, then let

Vii=(va,...,00,Wa, ..., We,€1,...,Ex)

and let 77 be the Imrich generating set for V3 with respect to this generating tuple (this exists
because the rank of V; is 2(¢ — 1) + k > 6). If k € {0, 1}, then 2¢ 4 x > 8 implies £ > 4. In this
case, let

Vo i= (U2, VgWy, U3, VoW, Vg, VoW3, Vs, - - ., Vg, €1, - -, €45)

and let T» be the Imrich generating set for Vo with respect to this generating tuple (this exists
because the rank of V5 is at least 6 since the first 6 elements are always in the tuple).
Let

S = [(Vi\T) \ {1} iz U {vaz},

where i = 1if kK > 2 and i =2 if K € {0,1}.

Observe that the product of any two elements of S has the form vvyzv'viz = vy (v')%w; €
Viviwy (where v,v" € V), or vuyzvaz = vviwy € Vivy (where v € V;), or vazvviz = vav™w; €
Viw;y (where v € V;), or (v2x)? = vaws. Since none of these can be 1, S is the connection set
for an oriented digraph.

CLAIM: voz is the only vertex of S for which all of its outneighbours have no other inneighbour
from S.

Proof of the Claim: Observe that the outneighbours of vex are all in Viv; UV, while the
outneighbours of any vertex of Vviz are in Vivyw; U Viw;. Thus every outneighbour of vox
has a unique inneighbour from S. It remains to prove the uniqueness.

Let vvix € S be arbitrary, so that v € V; but v ¢ T; U {1}.If i = 1, then let f; := e; and f5 :=
eg; if i = 2, then let f1 := vowy and f2 := vzws. We claim that v ¢ (T; U {1}) f1 N (T; U {1}) fa.
Otherwise, v = tf; =t'fo for some t,t' € T; U {1} implies tt' = f; fo. Due to the structure of
Ty, this has no solutions if ¢ = 2. When i = 1, the only solutions are {t,t'} = {1,e1es} or
{t,t'} = {e1,e2}. Thus v € (e1,e3) C Ty U {1}, a contradiction that completes the proof of the
claim.

Let j € {1,2} be such that v ¢ (T; U{1})f;. Then vf; ¢ T, U{1}, so vfjviz € S and
(vfjle)z =viwivv”® is an outneighbour of vfjviz. It is also an outneighbour of vviz since
(vv12)? = viwVV®. m

Let ¢ € Aut(Cay(G, S));. From the previous claim, ¢ fixes voz. This implies that V;oyz NS
is fixed setwise by ¢. Now we can apply Corollary to see that ¢ fixes vyx. This also implies
that (T;v12)%? = T;v12z, and our choice of T; as the generating set for a GRR on V; implies that
Viv1x is fixed pointwise by ¢, and therefore so is V;. Thus ¢ fixes pointwise the generating set

{vex,v12} UV; of G. By Lemma[2.6] Cay(G, S) is an ORR. O

This shows that every group that arises in Proposition [4.1(b)(i) with ¢ > 2 that has order
at least 22 has an ORR.
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4.2. The groups of Proposition [4.1(b)(ii).

Let G be a group that arises in Proposition [£.I|b)(ii). Then we have G = (V, ), where
V = (v1,w1,..., 05w, e€1,. .., €,) is an elementary abelian 2-group, x? = ey, e = ¢; for every
ie{l,...,k}, and vf = w; for every i € {1,...,¢}.

LEMMA 4.4. Let G be a group that arises in Proposition [L.1[b)(i7). If 20 4+ £ > 7, then G
has an ORR.

Proof. Let (v1,...,vp,w1,...,We,e€2,...€;) be a generating tuple for
!
V= (v1,.. ., 0p,w1, ..., wp, €9, .. .64) <V,

and let T be the Imrich generating set for V'’ with respect to this generating tuple (this exists
because V' has rank 20 4+ k — 1 > 6). Let

S :=TxU{z}.

As the product of any two elements of S is not 1 (since it will be in V’e;), Cay(G, S) is an
oriented Cayley digraph.

By Lemma [3.1) x is the unique vertex of S that has at least three mutual inneighbours
with every other vertex of S. Since any automorphism ¢ € Aut(Cay(G, S)); fixes S setwise,
we must have z¥ = x. Furthermore (Tx)? = Tz and since T is the generating set for a GRR on
V', any automorphism that fixes z and fixes Tz setwise must actually fix (TYx = V'z pointwise.
Since ¢ fixes every point of {z,V'z} and (z,V'z) = G, by Lemmawe have ¢ = 1 and this
completes the proof. |

This shows that every group that arises in Proposition (b) (i) that has order at least 28
has an ORR.

4.3. The groups of Proposition [4.1](c).

NoOTATION 4.5. Let G be a group that arises in Proposition ¢). Then G has a maximal
subgroup D isomorphic to Dy x C4 for some ¢ € N. Studying the initial description of the
groups in Proposition we see that we may assume that G = (A, g,n), where A = Cy x
C} is generated by ai,...,ar+1 with o(a;) =4 and o(a;) =2 for i € {2,...,k+1}, and g
acts by conjugation on A inverting every a;, g2 =1, n9 = n~!, n normalises A and n? € A.
Furthermore, if n centralises A, then N := (A, n) is abelian and G = (N, g) is generalised
dihedral. Thus, if we assume that G is not generalised dihedral, n does not centralise A.

LEMMA 4.6. Let G be as in Notation[L5] If G is not generalised dihedral, then there exists
a € A such that o(a) > 2 and a is not centralised by n.

Proof. Assume that G is not generalised dihedral. Therefore n must not centralise A. Also,
there is some a1 € A with o(a;) > 2. If a; is not centralised by n then taking a := a; we are
done, so we may assume that n centralises every element of A of order greater than 2. Since n
does not centralise A, there is some b € A such that b is not centralised by n. Thus o(b) = 2.
Let ¢ := b", so ¢ # b has order 2. Now, a;b has order o(ay) > 2, and (a1b)™ = a1b"™ = a1¢ # a1 b,
so taking a := a1 b satisfies our conclusion. |
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LEMMA 4.7. Let G be as in Notation If o(n) =2 and G is not generalised dihedral,
then there is some element a € A such that o(a) > 2 and a is not inverted by n.

Proof. Assume o(n) = 2. Let a; be an element of A with o(a;) > 2. If ay is not inverted
by n then taking a := a; we are done, so we may assume that n inverts every element of A of
order greater than 2. Consider a1b for any b of order 2 in A. As o(a1b) = o(ay) > 2, we have
a;'b = (a1b)™! = (a1b)" = aPb™ = a; 'b", and b™ = b. Thus n centralises every element of order
2, and this implies that every element in A is inverted by n. Hence ng centralises A and (A, ng)
is abelian. Since the action of g by conjugation inverts ng (because (ng)? = n%g =n"tg = ng)
and each element of A, we deduce that G is a generalised dihedral group over (A, ng), a
contradiction. |

We now have the key points for dealing with these groups. Our final lemma in this section
shows that all sufficiently large groups that arise in Proposition |4.1c) are either generalised
dihedral or have ORRs.

LEMMA 4.8. Let G be as in Notation[d.5] with k > 6. Then either G is generalised dihedral,
or G admits an ORR.

Proof. Suppose that G is not generalised dihedral; let B := (ag, ..., ar+1), and let T be the
Imrich generating set for B with respect to some generating tuple. By Lemma [4.6] there exists
a € A with o(a) > 2 and a™ # a. Let

[(Ba\Ta)\ {a}]U{n=t an"tg,an} when a" #n=2a~! and o(n) # 2;
S := ¢ [(Ba\Ta)\{a}]U{an"tg,an} when a” # a1 and o(n) = 2;
[(Ba\Ta)\ {a}]U{an"tg,n} when (a/)" = n=2(a’)~! for every a’ € A with o(a’) = 4.

Observe that the three cases above do not cover all possibilies: in the remaining case every
element a’ of order 4 in A is either centralised by n, or has (a’)” = n=%(a’) !, and they are
not all in the second category. In the next paragraph, we study this latter possibility.

So there is a € A as in Lemma and a” = n~2a"!. Notice that a # a™ = n~2a~! implies
that n? # a2 in this case.

CLAIM: There exist three elements by, b, b3 € B such that aby, abibs, abibs are distinct and
centralised by n.

Proof of claim: Since not all elements of order 4 of A are in the second category, there exists
an element of order 4 centralised by n. As A = (a) X B, we may assume that this element is of
the form aby, for some by € B\ {1}. If |Cp(n)| > 2, then we may choose two distinct elements
by, b3 € Cp(n) \ {1}, and now n centralises the three distinct elements aby, aby ba, ab1bs. Assume
Can)] <2

Now, By := (a?, B) is characteristic in A because it consists of all elements of order 2
of A, and hence By is n-invariant. Clearly, |Cp,(n)| < 2|Cp(n)| < 4. As n? € A centralises
A, the mapping f: By — Cp,(n) defined by z+ xz™ is a homomorphism with kernel
Cp, (n). Therefore, from the first homomorphism theorem, |By/Cp,(n)| < |Cp,(n)| and | By| <
|Cg,(n)|? = 16. However, |By| = 2F+1 > 261 a contradiction. g

Let b1, bs,b3 € B be as in the previous claim and let
S :=[(Ba\Ta)\ {a}] U{an""g, abin, abibyn, abybsn}.

We claim that, in all four cases, I' := Cay(G, S) is an ORR for G. First we show that S
is asymmetric and all of its elements have order greater than 2. Certainly in every case the
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elements of SN A have order 4 and do not contain any inverse-closed pair. Any products
that are not in A will clearly not be 1. The remaining pairwise products are n~tan = a™ # 1,
ann~' =a #1; n=2 or n? (notice that, if o(n) =2, then Lemma implies that n ¢ S);
(an~tg)? = a(a™)~! # 1 by our choice of a; (an)? = aa™n? # 1 by our choice of a in the cases
where an € S; and for every b;,b; € {1,b1,bs,b3}, we have abibinabibjn = a?b;bjn* # 1 since
n? # a®b;b;. Thus I is an oriented digraph.

Let ¢ € Aut(T");. By Proposition a® = a and ¢ fixes every element of B pointwise.
Therefore ¢ fixes every element of (a, B) = A pointwise.

Now if S has the first of the four possible forms, then an~'g is the only vertex of
{an~tg,an,n~1} that has only one outneighbour (via these three elements) in A, so (an~'g)¥ =
an~1'g. The outneighbours of n=! via {n=!,an} are n=2 and a, while the outneighbours of an
are a” and aa™n?. We know that a™ # a, and a” = n~2 implies n=2? = a, but then a" = a,
a contradiction. Thus an is unique in having a” as an outneighbour, so (an)? = an. This
completes the proof since ¢ fixes every element of the generating set {an~1g,an} U A of G.

If S has the second of the four possible forms, then n? = 1 and the outneighbours of an~'g
via an~'g and an are a(a™)~! and anan~'g = aa™g, while the outneighbours of an are aa™
and an~tgan = a(a™)~1g. Thus an is the only one of these vertices that has a(a™) € A as an
outneighbour, so (an)¥ = an and (an~'g)¥ = an~'g. This completes the proof since ¢ fixes
every element of the generating set {an,an"1g} U A of G.

If S has the third of the four possible forms, then (a’)” =n=2(a’)~! for every a’ of order
4 in A. The pairwise products of {an~tg,n} are a(a™)™! = a(n=2a=1)~t = n2%a?, an=2g, n?,
and a"g. Since a? # 1, an~!g and n do not have the same outneighbours, so n¥ =n and
(an~1g)¥ = an~'g. This completes the proof since ¢ fixes every element of the generating set
{n,an"tg} U A of G.

Finally, if S has the fourth of the four possible forms, then an~'g is the only vertex of
S\ Ba that has only one outneighbour in A, so (an~'g)? = an~'g. Of the remaining three
vertices of S\ Ba, abin is the only one that has both a’byn? and abszn? as outneighbours,
so (abin)? = abyn. This completes the proof since ¢ fixes every element of the generating set
{an~tg,abin} U A of G. O

This shows that every group that arises in Proposition c) that has order at least 2!° has
an ORR.

5. The groups in Theorem (iii)

We discuss in some detail the work in [7] and establish some notation that we use for the
rest of this section. Let G, N, g and ng be as in Theorem [2.3| (iii). Thus |G : N| =2, g =1,
N = HUnoH where H :={n € N |n? =n"'} (note that H is a set and not necessarily a
group), |H| = |N|/2 and N has no automorphisms inverting more than half of its elements
(according to Theorem N is a group described in the Hegarty and MacHale paper, and
hence N admits an automorphism inverting precisely half of its elements, namely conjugation
via g, and no automorphisms inverting more than half of its elements). We observe that our
assumption about the existence and properties of ng is not amongst the assumptions of Hegarty
and MacHale, and we will be able to use this assumption to eliminate some of the groups in
their classification.

The classification of Hegarty and MacHale is very satisfactory, but not very easy to use in
our application. These groups fall into ten isoclinism classes and, for each class, the authors
give a very explicit description of a stem group in the class. (We denote by X’ the derived
subgroup and by Z(X) the centre of the group X.) We recall that the groups X and Y are
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isoclinic if there exist two group automorphisms ¢ : X’ — Y’ and ¢ : X/Z(X) — Y/Z(Y) with
[21Z(X), 22Z(X)]? = [(21Z(X))Y, (22Z(X))], for every 1,22 € X.

For instance, the dihedral group of order 8 and the quaternion group of order 8 are isoclinic.
Being isoclinic is an equivalence relation coarser than the equivalence relation determined by
the notion of group isomorphism. This means that finite groups are subdivided into isoclinism
classes. Two groups in the same isoclinism class may not have the same order, for instance, X
and X x Z are isoclinic for every finite group X and for every abelian group Z. It is well-known
and also easy to prove that, for every group X, in the isoclinism class of X there exists a group
Y with Z(Y) <Y’. A group satisfying Z(Y) <Y’ is said to be stem group. The definition of
isoclinism yields that the stem groups are precisely the groups of smallest possible order within
their isoclinism class. It is quite unfortunate that two stem groups may be isoclinic but not
necessarily isomorphic: consider again the example of the dihedral and the quaternion group
of order 8.

We can now explain in some detail the work of Hegarty and MacHale. (Just for this
paragraph, we say that X is half-inverting, if X has an automorphism inverting half of its
elements and no automorphisms inverting more than half of its elements.) As a by-product
of their main theorem, they prove that if X and Y are isoclinic and X is half-inverting, then
Y is half-inverting. Moreover, Hegarty and MacHale prove that half-inverting groups fall into
10 distinct isoclinism classes. To describe these 10 isoclinism classes, Hegarty and MacHale
exhibit 10 (non-isoclinic) stem groups: two of order 32, six of order 64 and two of order 128.
We emphasise once again that this does not mean that there are only two stem groups of order
128 that are half-inverting. (A computation with the computer algebra system magma [3| shows
that there are 5, 55 and 251 half-inverting stem groups of order 32, 64 and 128, respectively,
up to isomorphism.)

Now that we have explained some details required for understanding the classification of
Hegarty and MacHale, we can proceed to deal with the groups that arise in our context.

PROPOSITION 5.1. Let G be a group that arises in Theorem (iii). Then G admits
an ORR except possibly if N has an abelian subgroup A with |N : A| =4, and A is either
isomorphic to Cy x C% for some ¢ < 5, or A is elementary abelian of rank at most 7.

Proof. By Theorem (iii), G is a 2-group with a normal subgroup N, |G : N| =2, and
elements g € G\ N and ng € N with g2 = 1; the action of g by conjugation on N inverts
precisely half of the elements of N; and N = H UnoH, where H := {n € N | nY =n~1}, and
[H| = |N|/2.

From |7, Lemma 1] and its proof (see also the last paragraph of |7, page 132]), N has
an abelian subgroup A with |N : A| =4 and with a9 =a~! for each a € A. Some more
information on the interaction between A and g and N is available by reading the proof
of Lemma 1 in [7] (again, see also the last paragraph of page 132 in [7]). Let 1,29, 23,24 be
left coset representatives for A in N; thus N = AUx3AUxz3AU x4 A. According to Hegarty
and MacHale, there are only two cases:

CASE I: g inverts some element in each coset of A in N;

CASE II: g inverts some element in the cosets A, x3A and z4A, and ¢ inverts no elements in
the coset x5 A.

For the benefit of the reader, we have used the same subdivision into cases here, as the
subdivision used in [7]. Replacing o, z3, x4 by suitable coset representatives we may assume
that g inverts z3 and x4 and that g also inverts x5 in CASE I. Let x € {22, 23,24} in CASE
I and x € {x3,74} in CASE II. Let y € H Nz A. Then, y = za for some a € A and a 127! =
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1

(ra) ' =y ! =99 = (wa)? = 29a9 = 27!

a~1. This shows that za = az. Therefore
- AUxoCy(z2) UxsCy(xs) UxsCy(zy) in CASE I,
 JAu 23Ca(z3) Uz4Ca(z4) in Cask II.

Theorem (iii) gives us information about the element ng in addition to the structure that
was studied by Hegarty and MacHale, and we have not used this in our analysis yet. We do so
now. Recall that N = H UnoH, and H NngH = () because H has cardinality |N|/2.

Assume that CASE I holds. Now ngA C ngH and hence ngH contains a whole left coset of
A in N. Since H contains elements from each left coset of A in N, we get noH N H # 0, a
contradiction. Therefore 2-groups in CASE I do not arise in Theorem (iii).

For the rest of the proof, we assume that CASE II holds. From [7] line 11 from the bottom of
page 134], we have A << N and N/A is elementary abelian of order 4; therefore, A <t G because
g also normalises A.

As

214 = [N|/2 = [H| = |A] + [Ca(ws)| + [Ca(za)],

we deduce |A: Ca(zs)| =|A: Ca(zyg)| = 2. Clearly, ng € z2A, otherwise, arguing as in the
previous paragraph, we get noH N H # (). Replacing x2 if necessary, we may assume that
ng = Ta. Thus

’I’LoH = Z‘QA U .2323330,4(1‘3) U .2323340,4(334).

It is important to observe that since A is normal in N and N/A is elementary abelian, we
have zox3A = (v2A)(x3A) = x4 A and 2924 A = (x2A)(24A) = x3A; therefore xox3C4(x3) is
contained in the coset x4 A and xox4C 4(x4) is contained in the coset x3A. Now, the condition
N = HUngH yields 234 = 23C4(23) U zox4C 4(24). This implies that A is the union of a
coset of C4(z4) with a coset of C4(z3), and since each of these subgroups of A has cardinality
|A]/2, this can happen only when C4(z3) = Ca(z4). Since N = (A, x3,24), we have

Z(N) = Ca(ws) N Ca(zs) = Calzs) < A;

hence, |N : Z(N)| = 8. Finally we observe that G/A is elementary abelian of order 8 because
g acts by conjugation inverting x3 and x4 and hence fixes the cosets x3A4 and z4A.

Suppose now that A is neither elementary abelian nor isomorphic to Cy x C%, for some £ € N.
From Lemma there exists a subset T of A of cardinality at least 2 with Cay(A,T) an ORR
and such that the subgraph induced by Cay(A,T) on T is weakly connected.

We claim that A = Cg(A), that is, no element of G \ A centralises A. Observe that

G\ A=x3AUzsAUx304AUgrsAU gry AU gaszgA.

From [7, Lemma 1], N has no abelian subgroup of index less then four. Therefore no element
in the cosets x3A4, x4A and z3z4A centralises A and, moreover,

Z(N) = CA(J??,) = CA($4) = CA($3334).

Observe now that Z(N) is not elementary abelian because A has no elementary abelian
subgroup of index 2. Since g acts by conjugation inverting each element of Z(N), we deduce
that no element in the cosets gA, grsA, grsA and grsxsA centralises Z(N) < A. Thus our
claim is proved.

By Lemma since |G : A| =8, there are generators aq,as,as for G modulo A none of
which is an involution. Furthermore, since G/A is elementary abelian and A is abelian, a?
centralises A for every i € {1,2,3}. From the previous paragraph, a;a; does not centralise A,
for every 4,5 € {1,2,3} with ¢ # j. In particular, the second hypothesis of Lemma holds,
and we deduce that G admits an ORR.
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Suppose now that A is either elementary abelian or isomorphic to Cy x C§ for some ¢ € N.
We deal with the two possible structures for A individually.

Suppose first that A is isomorphic to Cy x C%. By ignoring the exceptions from our statement,
we may assume that ¢ > 6. Let ap € A\ Z(N) with o(ag) =4 (observe that this is possible
because Z(N) < N cannot contain all the elements of order 4 of A). Let B be an elementary
abelian subgroup of rank ¢ in A that does not include the non-identity square element of A,
and let T be the Imrich generating set for B with respect to some generating tuple. Let

X := {gz3a0, gr3aob, grsaod’, grsagd”},

where b, b', and b are chosen from B so that (b,’,b”) has order 8 and none of the pairwise
products from {1,b,b',b"} is (ag )" ag: the rank of B is easily large enough that such choices
are possible. Let

/
Y= {ga:4a0,gx4aoc, graapc },

where ¢ and ¢’ are chosen from B so that (¢, ¢’) has order 4 and none of the pairwise products
from {1,¢,¢'} is (ag')®ao (again, this is possible because B has rank at least 6). Let

S :=[(Bag \ Tao) \ {ao}] UX UY U {gr324}.

The elements of SN Bay have order 4 and none is the inverse of another since a3 ¢ B. The
pairwise products of the elements of S that are not in A cannot yield the identity. Furthermore,
observe that, for every z,2’ € {1,b,0',b"}, we have

(gr3a02)(gr3apz’) = (ag ') apzz’ # 1

by our choice of b, ¥’ and b” and the fact that ag ¢ Z(N) = Ca(x3). Similarly, for every
z,2 € {1,¢,c'}, we have

(graa0z)(graapz’) = (ag ') apzz’ # 1
by our choice of ¢ and ¢’ and the fact that ag ¢ Z(N) = C4(x4). Finally,
(gz3x4)2 = gr3T4gT3Ty = ThriT374 = I51$21I3I4 #1,

where in the third equality we have used x3,24 € H={n € N |nY =n~'}, and in the last
inequality we used the fact that x3 and x4 do not commute because zzxy ¢ H and

1 g __ 1 1

173_1 = (z324) ! # (w374)7 = 22 = 23 2"
This proves that S NS~ = @) and Cay(G, S) is an oriented graph.

By Proposition any automorphism ¢ € Aut(Cay(G, S)); fixes B and ag pointwise, so
fixes (ag, B) = A pointwise.

Observe that, for any of the elements of X, its outneighbours via elements of X UY U
{gx3x4} have four outneighbours in A and four not in A; the elements of Y each have
three outneighbours via X UY U{gzsz4} in A and five not in A; and gz3zzy4 has only one
outneighbour via X UY U {gzsx4} that is in A. Thus X¥ =X, Y? =Y, and (gasx4)? =
g3y, for every ¢ € Aut(Cay(G, S));. Furthermore, in X, since (b,b’,b”) has order 8, gzsag
is the only vertex that does not have either (ag')®agbb’ or (ag*)%agbb” as an outneighbour.
Therefore gxsag is fixed by Aut(Cay(G, S));. Similarly, in Y, since (¢, ¢) has order 4, gx4ag is
the only vertex that does not have (ag 1)w4aocc/ as an outneighbour. Therefore grsag is fixed
by Aut(Cay(G,S));. Thus Aut(Cay(G, S)); fixes the generating set {gxsz4, gr3a0, greao} U A
for G pointwise, so by Lemma [2.6] Aut(Cay(G, S)); = 1 and Cay(G, S) is an ORR.

Suppose now that A is elementary abelian, that is, A = C% for some ¢ € N. By ignoring the
exceptions from our statement, we may assume that £ > 8. As x3 and x4 do not commute,

the commutator d := z; 'x3 ‘2423 # 1. Recall that N/Z(N) is elementary abelian and hence
the commutator subgroup N’ is contained in Z(N). Thus d € Z(N). Let d,b1,...,by_2 be an

Ty
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irredundant generating set for Z(N) 2= C5~*, and let B := (by,...,by_3). So B is elementary
abelian of rank ¢ —2 > 6. Let T be the Imrich generating set for B with respect to some
generating tuple.

Let ap € A\ Z(N) and observe that (Z(N), g, x3a0, Z4a0) is a subgroup of G having index
2. Since G is not generalised dihedral, there exists v € G \ (Z(N), g, z3a0, x4a0) with o(v) > 2.
Let

X = {gxsa9, gr3aob, grzagh’, grzacd”},

where b, o', and b” are chosen from B so that (b,’,b"”) has order 8 and none of the pairwise
products from {1,b,b,b"} is (ag')®ap: the rank of B is easily large enough that such choices
are possible. Let

— /
Y= {gm4a0,gx4aoc, graapc },

where ¢ and ¢’ are chosen from B so that (¢, ¢’) has order 4 and none of the pairwise products
from {1,¢,c'} is (ay*)**ao (again, this is possible because B has rank at least 6). Let

S = grszy[(B\T)\ {1}JUX UY U {v} U {gasxsd}.
For any z, 2 € B, we have
(9r3142)(gr3242’) = 23wy ' wswazs’ = dz2’ # 1,

because d ¢ B. The argument that no two elements of X or Y are inverses of one another is
exactly as in the previous case. Notice also that v is not in (S \ {v}), so o(v) > 2 implies that
v~ ¢ S. Now, observe that, for any b € B\ {1}, we have

gr3rabgrsrsd = d**bd = dbd =b # 1

since d € Z(N) which is elementary abelian. Finally, (gr3z4d)? = d # 1. Thus SNS~! = () and
Cay(G, S) is an oriented Cayley graph.

Observe that (gw3z4)? = d implies o(grszy) = 4, and since Z(N) is elementary abelian we
have B < Z(N) = Z(G), so grszy centralises B. Thus Proposition applies to show that
Aut(Cay(G, S)); fixes B and gxsx4 pointwise. Thus the cosets of B are blocks of imprimitivity
for Aut(Cay(G, S));. Since the four vertices of X lie in one coset of B, the three vertices of Y’
lie in a different coset, and the vertices v and gzsz4d each lie in a different coset of B, we have
X?=Xand Y? =Y, for every ¢ € Aut(Cay(G, S)):. The same argument as in the previous
case again shows that gxsag and gxsag are fixed by Aut(Cay(G,S));.

Let ¢ € Aut(Cay(G,S));. Since d € Z(N) has order 2, we see that gazzsd has 2 —
2¢ — 2 outneighbours in B, but v has at most one outneighbour in B. Thus v? =wv
and (grszad)? = grzzed. We now see that ¢ fixes every point of the generating set
{gz3a0, gx4a0,v, gr324, gr324d} U B for G. Since ¢ was arbitrary, Lemma gives that
Cay(G, S) is an ORR. O

6. Proof of Theorem [L.2]

We are now ready to prove our main theorem, Theorem |1.2

Proof of Theorem If |G| = 2, then Cay(G,0) is an ORR for G. We henceforth assume
that G is not generalised dihedral.

By Theorem G admits an ORR unless G is as in Theorem (ii), Theorem (iii),
or G=Qg,C%, or C3 x C3. The final three possibilities are in our list of exceptions in the
statement of Theorem Suppose now that G is as in Theorem [2.3] (ii). By Proposition
either G admits an ORR, or one of the following possibilities holds:
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(1) ¢ and k are non-negative integers, V is an elementary abelian 2-group of rank 2¢ + x with
generating set {vy,ws,...,ve,we, €1,...,64}, and G = (V,x), where v¥ = w;, w¥ =v;
forie {1,...,¢} and e =e¢; for i € {1,...,k}; and

(i) 22 =1;0r
(i) k> 1 and 22 = ey; or

(2) (A, g) is isomorphic to Dy x C% for some ¢ € N.

If (1)(i) holds, then by Lemma we have ¢ > 2. Now by Lemma G admits an ORR
as long as 2/ + k > 8; equivalently, as long as |G| > 2°. If (1)(ii) holds, then by Lemma
G admits an ORR as long as 2/ + k > 7; equivalently, as long as |G| > 28. If (2) holds, then
by Lemma G admits an ORR as long as £ > 6; equivalently, as long as |G| > 2. On the
other hand, if G is as in Theorem (iii), then by Proposition G admits an ORR when
|G| > 2.

It remains to check 2-groups of order at most 2° that are not generalised dihedral and that
satisfy Theorem (ii) and the 2-groups of order at most 2!° that satisfy Proposition
These were all checked with the aid of magma, and the only groups that do not admit an ORR
are those listed. |

References

1. L. BaBal, ‘Finite digraphs with given regular automorphism groups’, Periodica Mathematica Hungarica
11 (1980), 257-270.
2. L. BaBal and W. IMRICH, ‘Tournaments with given regular group’, Aequationes Mathematicae 19 (1979),
232-244.
3. W. BosMmA, J. CANNON and C. PLAYOUST, ‘The Magma algebra system. I. The user language’, J. Symbolic
Comput. 24 (1997), 235-265.
4. M. CONDER, T. TUCKER, and M. WATKINS, ‘Graphical Frobenius Representations with even complements’,
https://www.math.auckland.ac.nz/ dleemans/SCD0O2016/SCDO-TALKS/Monday/Tucker.pdf
5. E. DoBsoN, P. Spica, and G. VERRET, ‘Cayley graphs on abelian groups’, Combinatorica 36 (2016),
371-393.
6. C. D. GobsiL, ‘GRRs for nonsolvable groups’, Algebraic Methods in Graph Theory, (Szeged, 1978), 221—
239, Colloq. Math. Soc. Jdnos Bolyai 25, North-Holland, Amsterdam-New York, 1981.
7. P. HEGARTY and D. MACHALE, ‘Two-groups in which an automorphism inverts precisely half of the
elements’, Bull. London Math. Soc. 30 (1998), 129-135.
8. D. HETZEL, ‘Uber reguldre graphische Darstellung von auflésbaren Gruppen’, Technische Universitét,
Berlin, 1976.
9. W. IMRICH, ‘Graphs with transitive abelian automorphism group’, Combinat. Theory (Proc. Collog.,
Balatonfiired, 1969), Budapest, 1970, 651-656.
10. L. A. Nowitz and M. E. WATKINS, ‘Graphical regular representations of non-abelian groups. I’, Canad.
J. Math. 24 (1972), 993-1008.
11. J. Morris, P. SpicAa and G. VERRET, ‘Automorphisms of Cayley graphs on generalised dicyclic groups’,
European Journal of Combinatorics 43 (2015), 68-81.
12. J. MoRRIs and P. Sriga, ‘Every Finite Non-Solvable Group admits an Oriented Regular Representation’,
Journal of Combinatorial Theory Series B, to appear.
13. P. Srica, ‘Finite groups admitting an oriented regular representation’, Journal of Combinatorial Theory
Series A, to appear.
14. P. Spica, ‘Cubic graphical regular representations of finite non-abelian simple groups’, submitted.
15. S. J. Xu, X. G. FANG, J. WANG and M. XU, ‘On cubic s-arc transitive Cayley graphs of finite simple
groups’, European J. Combin. 26 (2005), 133-143.

Joy Morris Pablo Spiga

Department of Mathematics and Computer  Dipartimento di Matematica e Applicazioni
Science University of Milano-Bicocca

University of Lethbridge Via Cozzi 55, 20125 Milano, Italy

Lethbridge, AB. T1K 3M4. Canada

joy.morris@Quleth.ca

pablo.spiga@unimib.it


https://www.math.auckland.ac.nz/~dleemans/SCDO2016/SCDO-TALKS/Monday/Tucker.pdf

	Introduction
	Earlier work and preliminaries
	Constructing ORRs in groups that have low-index elementary abelian subgroups
	The groups in Theorem 2.3 (ii)
	The groups in Theorem 2.3 (iii)
	Proof of Theorem 1.2
	References

