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Abstract

We find the smallest degree of a graph with automorphism group isomorphic to the dicyclic group with 4n elements,
denoted «(Dic,). We also find the fewest edges a minimum-order graph with dicyclic automorphism group and a
minimal number of vertices can have. For n not a power of 2, the value of «(Dic,,) is significantly less than the best
previously known upper bound, 8n. Such an edge-minimized vertex-minimal graph is constructed and shown to have
automorphism group Dic,,. That the exhibited graph is minimal is verified using a combination of techniques similar
to those developed previously for Abelian groups and earlier results for the special case Dicgn.
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0 Definitions and Conventions

These basic definitions are presented for reference:

Definition 0.1. A graph is an ordered pair (V,E) where V is a nonempty set and the elements of E are pairs of
elements of V.. For a graph T', we adopt the notational convention that T' = (V(T), E(T)).

One may think of the elements of V' as a set of points or “vertices” in space, and an element e € E as representing
a curve or “edge” connecting the elements of e.

Definition 0.2. The automorphism group of a graph I', denoted Aut(T'), is the group of permutations ¢ of the
members of V(T') such that {p(v), p(w)} € E(T) if and only if {v,w} in E(T), with the group operation being function
composition.

In other words, the members of Aut(T") are those permutations of the vertices of I that map edges onto edges,
or “preserve” edges.

The next few definitions and notations pertain specifically to our problem and have been commonly used in the
literature:

Definition 0.3. For a group G, let
a(G) =min{|V|: T = (V, E) is a graph and Aut((V, E)) = G}.
Definition 0.4. For a group G and a positive integer n, let
e(G,n) =min{|E|: T = (V,E) is a graph, Aut((V,E)) =G, and |V| =n}
if it exists, or oo if the set is empty.

Definition 0.5. For an integer n > 2, the dicyclic group with 4n elements has the presentation

Dic,, = (o, 7|0*" =1t =1,0" = 72,07 =107 ).

Using this notation, we can more concisely write our goals as determining «(Dic,,) and e(Dic,, a(Dicy,)).
Usually, we write elements of Dic,, in the form o*7% where 0 < k < 2n and b € {0, 1}, with the exception that we
write 72 rather than o™.

Definition 0.6. Suppose ¢ : G — Sy is an injective homomorphism such that ¢(G) is the automorphism group of
some graph. Then we say ¢ is a realizable embedding of G on k wvertices.

When two groups G and H are isomorphic, we write G = H; we reserve the notation G = H for equal groups;
that is, where the two groups have the same elements and group operation. This distinction eliminates ambiguity in
the case where multiple permutation groups are isomorphic to Dic,, but differ in other respects of interest.

Definition 0.7. Suppose a group G acts on {1,2,...k}. Then for any a € {1,2,...k}, the orbit or vertex orbit
of a under G is Og{a} = {ga: g € G}.

In each case, the subscript G may be omitted when the group in question is clear. We also write O4{a} instead
of O<g> {a}

Definition 0.8. Suppose a group G acts on {1,2,...k}. Then for any {a,b} C {1,2,...k}, the edge orbit of {a,b}
under G is Og{a,b} = {{ga, gb} : g € G}.

Definition 0.9. Suppose a group G acts on a set X. For any Y C X, we define fixY = [ stab(y).
yey

Definition 0.10. Suppose I is a graph and G is a group acting on the vertices of I'. Then we define the group of
G respecting automorphisms of I' to be

AT, G) = {y € Aut(T) : yv € Og{v}Vv € V(T')}.



Using a somewhat unusual notation for the prime factorization of the parameter n in the definition of the dicyclic
group will simplify much of the following work, for reasons that will become apparent later. We adopt the convention

that
I J
n=2"1]p[]q"
i=1  j=1

where {p;} are the prime factors of n of multiplicity 1 which are greater than 5, {g;} are other odd prime factors of
n, and m; is the multiplicity of ¢; as a divisor of n. To make our structured factorization unique, we also demand
that p, < pp and ¢, < g, whenever a < b and both exist.
Suppose (x+1,24+2,2+3,...,2+k) is a cycle in the disjoint cycle decomposition of o. Then the vertex denoted
by x +1+risx+ 14 (r mod k); similarly, the vertex denoted by = + k —r is  + k — (r mod k).
If a sum or product has a fractional upper bound, the variable being summed over takes on every value less than
5

the bound. For example i 1=3.
k=0

1 Introduction

The first major result regarding the automorphism groups of graphs was obtained by Frucht, who showed that every
group was the automorphism group of some graph [3]. Subsequently, he further showed that T' could always be
chosen to be a 3-regular graph [2]. The search for a(G) began in earnest when Sabidussi, building on Frucht’s work,
showed [5] that a(G) = O(|G|log(log(|G|))). Babai improved this when he showed [1] that a(G) < 2|G] so long as G
is not Zs, Z4, or Zs; these special cases have been addressed elsewhere. The precise value of «(G) is known for a few
specific cases, most significantly for Abelian groups; Arlinghaus rederived previous unpublished work and extended
it to all Abelian groups [6]. The techniques in Arlinghaus are particular relevant to the present work, because many
details in Arlinghaus regarding the ways different graphs may be combined and regarding special cases involving
small prime numbers carry over to the case of dicyclic groups. For a more detailed summary of results on the values
of a(G) and e(G, k) for various G and k, refer to [4].

By 1990, progress had largely stopped. Many who were interested in the problem found it difficult to better
the bound Babai had set forth. Babai’s bound is sharp for many groups, and the techniques Babai and Sabidussi
employed in proving their bounds seem to have been optimized. Babai’s approach, in short, is to create two copies of
the Cayley graph of G and add edges connecting them in such a way as to ensure there are no automorphisms outside
of those given by applying the same element of G to each copy. The constructions he and Sabidussi employed rely on
obtaining an arbitrary minimal generating set of G, without paying particular attention to the relations between the
generators. In contrast, by using techniques designed for the specific groups under consideration, Graves, Graves,
and Lauderdale showed that a(Dicgm) = 2™+3 = 2| Dic,, |; in other words, they showed that in this case, Babai’s
bound is sharp [4]. We will extend their techniques to discover a(Dic,,) for all n.

2 Properties of Dicyclic Groups

If G is a group and I' = (V, F) is a graph with G = Aut(T"), the group action of G on the vertices of T' specifies
an injective homomorphism ¢ : G — Sy. More explicitly, ¢ is the composition of the isomorphism between G
and Aut(T") and the inclusion homomorphism from Aut(T') into Sy . On the other hand, although any group is, up
to isomorphism, the automorphism group of some graph (see [3]), it is not the case that any particular group of
permutations is a graph automorphism group. The minimal counterexample is Zs = ((123)). In order to determine
the minimum number of vertices of a graph I" with Aut(I") = Dic,,, we will proceed in two steps. First, we will examine
Dic,, algebraically and classify all injective homomorphisms, or embeddings, from Dic,, to Sy (where N € N). Then,
we will exploit our classification to identify those realizable embeddings ¢ : Dic,, — S for which N is minimal.

Aside from serving as an introduction to working with Dic,,, the following fact is of interest to us because it gives
an easy way to show that some group is not Dic,: find an order two element other than 72. With a few exceptions,
this will be our approach.

Lemma 2.1. Suppose Dic,, is defined as in Definition 0.5. Then o™ = 72 is the only element of order two, and
every element in the set Dic,, this is not in {c) has order four.

Proof. Elements in the set Dic,, \(c) have the form ¢*7 for some k € {0,1,...,2n — 1}. We know that |o*7| = 4

because (057)2 = o¥ro*t = oFo 772 = 72 and |72| = 2.



Because o has order 2n, we know that o™ = 72 is the only element of order two in (o). Since every element not
in (o) has order four, ™ = 72 is the only element of order two in all of Dic,,. O

To classify embeddings of Dic,, into Sy, we will first determine how Dic,, may act on a single point. It turns out
that the restriction of o and 7 to the orbit of a single vertex must take on one of three forms. These forms are the
foundation of our work and are referenced very frequently, so we will give them concise names.

Let g and 79 be the restriction of ¢ and 7 to O{1}. Then:

(e
—

Definition 2.2. Ifoy = (1,2,... k)(k+1,k+2,...2k) and 1o = (2,2k+1—2,2+ 5 2k+1— (2 + %)), then we

=1
say that O{1} is a twisted vertex orbit, and that the cycles (1,2,...k) and (k+1,k+2,...2k) are twisted together
by T.

8

k

Definition 2.3. If oy = (1,2,... k) and 79 = ﬁ (x,k+1—2x) or 79 = 09 H (z,k+1—x), then we say that O{1}
0

r= =0
is a self-reversed vertex orbit, and that the cycle (1,2,...k) is reversed onto itself or self-reversed by 7.

k
Definition 2.4. If og = (1,2,...k)(k+ 1,k +2,...2k) and 79 = ][] (z,2k + 1 — z), then we say that O{1} is a
=0

pair-reversed vertex orbit, and that the cycles (1,2,...k) and (k+ 1_,k +2,...2k) are reversed onto each other
or pair-reversed together by 7.

The following lemma verifies that these three forms describe all possible restrictions of o and 7 to a single vertex
orbit and determines what values the parameter k may possess.

Lemma 2.5. Suppose o and T are functions in Sy such that (o, 7) = Dic,,. Then the permutations o¢ and 7o take
one of the following forms, up to a renaming of the elements of O{1}:

1. O{1} is a twisted vertex orbit, and oq is the product of two k-cycles for some k which divides 2n but not n.
2. O{1} is a pair-reversed vertex orbit, and o is the product of two k-cycles for some k which divides n.

3. O{1} is a self-reversed vertex orbit, and oq is a k-cycle for some k which divides n.

Proof. Let k be the length of the cycle containing 1 in the disjoint cycle decomposition of o. Because |o| = 2n, we
know that k must be a divisor of 2n. We can also get something from the group presentation. Because o7 = 701,
for any z € {1,2,...k} we have o7(x) = 70~ }(z) = 7(z — 1) (modulo k). More generally, ¢"7(z) = 70~ "(z) =
7(x — 7). By iterated application of this identity, we can see that (7(k),7(k—1),7(k—2),...7(1)) is a k-cycle in the

decomposition of o. The individual cases are:

o(r(k)=7(k—-1
T(k —2)

Of course, the image of a cycle under 7 may just be the same cycle.
Suppose 7 maps {1,2, ...k} onto itself. Then some manipulations allow us to discover the order of 7y:

(k)=o0 7'()
(k r)=71(k) +
7(r) =71(k) —
T k— (k+r—7(k))

7_2

2

r

)

)
(r)
(r) =

72(r)
(r)
(r)

So in this case, |7o| = 2.



With this fact, we are ready to determine the potential forms of 7y in several cases. First, consider the case where
k is not also a divisor of n. Since k must divide 2n, we may write k = 2¢ where ¢ divides n. (Note that this means k
is even, so the product defined in Definition 2.2 is not degenerate.) Since ¢ is the greatest common divisor of n and
k, it follows that ¢ = an + bk for some a,b € Z. Because 2n is a multiple of k, we know a is odd (or else we would
have ¢ a multiple of k), and ¢ = n modulo k. Therefore off = of, and (as ¢ = %) we know that |of}| = 2. By our
group relations, o} = 73, so 73 is a product of 2-cycles, and 79 must be a product of 4-cycles. If |7p| = 4, then 7 must
map the elements of the cycle (1,2,...k) onto a different k-cycle in o, because otherwise (by the above) |7o| = 2. If
we arbitrarily denote this cycle (k + 1,k +2,...2k) and select 7(1) = 2k, then the fact that 73 (z) = od(z) =z +¢q
forces 1o to take the form given in Definition 2.2.

On the other hand, suppose k is a divisor of n. In the case where 7 maps (1,2, ... k) onto itself, the value of 7o(k)
and the fact that 79(r) = 79(k) — r determine the form of 7. If k is odd, a renaming of the vertices allows 7 to be
written as the first product given in Definition 2.3. If k is even and 7(k) is odd, the same product arises, but if 7(k)
is even, the second product given in Definition 2.3 arises instead. The only difference between these two maps is that
the former has no fixed points and the latter has two fixed points. As it will later turn out, these self-reversed cycles
of even length will not be of much importance to us, and if the length of the cycle is odd, the two products are the
same.

Finally, in the case where k is a divisor of n but 7 does not map (1,2, ... k) onto itself, we may again assume (up
to renaming) that 7(1) = 2k. From this assumption and the fact that 7 reverses the cycle, 7o must satisfy Definition
2.4. O

Given the last lemma and a list of factors of 2n, one may enumerate all possible forms of a single vertex orbit in
an embedding of Dic,,.

Now, we turn to the question of which combinations of vertex orbits generate all of Dic,,, rather than some strict
subgroup. We will arrive at a result weaker than the converse to Lemma 2.5 which gives the conditions under which
a combination of vertex orbits produces Dic,,. It turns out that these restrictions are not subtle; any combination
suffices, so long as |o| = 2n and |7]| are correct:

Theorem 2.6. Suppose o and T are elements of a symmetric group Sy such that |o| = 2n and the restrictions of o
and T to each vertex orbit are consistent with Lemma 2.5. Then (o, 7) = Dicy,.

Proof. We proceed similar to the previous proof. For each x in {1,2,...k}, define o,, to be the product of the cycles
in the disjoint cycle decomposition of ¢ which permute elements of O, ;){x}; define 7, analogously. Let R be a set
containing an single member of each orbit of vertices. Observe that o, commutes with o, and 7, whenever y ¢ O{x},
because they permute disjoint sets of symbols. Similarly, 7, commutes with o, and 7, if y ¢ O{xz}. Therefore, if the

group relations for Dic,, are satisfied by (o,, ;) for each z, they are satisfied by 0 = [[ 0,,7 = ][ 7= We know
TER TER
that |o| = 2n by hypothesis, so the lem of the lengths of the cycles in the disjoint cycle decomposition of o must

be 2n. By the above observation, as long as |o| = 2n, any ¢ and 7 permitted by Lemma 2.5 will satisfy the correct
group relations.

Now, we must show that no additional relations are satisfied. Call the lengths of the cycles in the decomposition
of o by the names {ki, ks, ...k, }. Because lem{ky, ko, ...k, } = 2n, there must be some j such that 2°+! divides k;.
But this means that k; does not divide n, so by the lemma two cycles of length k; must be twisted together by T,
meaning that |7| = 4 exactly. Since o and 7 satisfy the appropriate group relations, (o, 7) < Dic,, we may write
any element of (o, 7) in the form o*7%, and any additional relation may be written in the form 0”7 = o*7° where
(rya),(s,b) € Zon X Zyg,(k,a) # (r,b). An additional nontrivial relation of this form where a = b would mean that
|o| < 2n, contradicting our assumption. Therefore, our relation must be of the form 0”7 = ¢*, or by conjugation,
T = o* where k = s — r. Up to rotation, we may assume the two twisted cycles of length k; are written on the first
2k; symbols; so again, we find that 7(1) ¢ O,{1}, contradicting any relation of the form 7 = o*. Either way, we
have reached a contradiction. O

With Theorem 2.6 in hand, we may greatly simplify the statements and proofs of future results by establishing
a canonical way of labeling embeddings, or in other words, a way of choosing a particular embedding of Dic,, — S
from the many embeddings which differ only by an inner automorphism of Sj, which we view as merely relabeling
the vertices of corresponding graphs. Our scheme is as follows:

e The vertices of each cycle in o are to be consecutive and in ascending order. For example, we may have
oc=(1,2,3,4)(5,6,7,8), but not ¢ = (1,2,3,4)(6,7,8,9) or 0 = (1,2,3,4)(5,7,6,38).

e Vertex orbits should be ordered by the smallest prime factor of the length of a cycle in o. For example, a
pair-revered pair of 9-cycles come before a pair-revered pair of 5 cycles.



e Among vertex orbits with the same smallest prime factor, twisted vertex orbits come first, than pair-reversed,
then self-reversed.

e Vertex orbits with the same smallest prime factor and type should be ordered so that smaller orbits come
before larger ones.

As a first example, the embedding of Dicgy which has a twisted pair of 4-cycles, pair-reversed pairs of 3-cycles and
5-cycles, and a self-reversed 3-cycle may be written as follows:

o =(1,2,3,4)(5,6,7,8)(9,10,11)(12,13, 14)(15, 16, 17)(18, 19, 20, 21, 22)(23, 24, 25, 26, 27)
7 =(1,8,3,6)(2,7,4,5)(9,14)(10, 13)(11, 12)(15, 17)(18, 27)(19, 26)(20, 25) (21, 24) (22, 23)

3 Restrictions on Graphs with Dicyclic Automorphism Group

So far, we have classified all injective homomorphisms from Dic,, to Sy, including those defined by group actions of
graph automorphism groups. Now, we turn to the question of which ones correspond to graphs of minimal order.

Suppose we have some embedding ¢ : Dic,, — Sk, and we wish to know if it is realized by a graph I" on the
vertices {1,2,...k} with Aut(I') = ¢(Dic,,); that is, the automorphisms of I" are literally the same permutations, not
merely an isomorphic permutation group. Since a graph automorphism must preserve adjacency, it is immediate that
¢(Dic,,) < Aut(I') if and only if {a,b} € E(T) precisely when Oy pic,){a,b} C E(I'). Therefore, a graph ' = (V, E)
with Dic,, < Aut(T") is uniquely identified by the embedding ¢ : Dic,, — Sy and the set of edge orbits of V' under
¢(Dic,,) which are included in E. For ease of notation, we will often omit the embedding ¢ when there is only one
embedding being considered, and we will write O{a, b} where Op;c, {a, b} is intended, reserving the use of subscripts
for denoting edge orbits under other groups.

Using this method of describing graphs associated with a particular embedding, we will now obtain several results
concerning requirements that realizable embeddings must satisfy. Doing this serves two purposes. First, when we
later exhibit an edge-minimal graph corresponding to the smallest realizable embedding of Dic,,, the work of this
section will provide an intuitive explanation of much of the graph’s structure. Second, we will use these lemmas to
show which embedding of Dic,, is vertex-minimal by ruling out all smaller embeddings.

Our first result is the generalization of Lemma 7 from [4] to Dic,,.

Lemma 3.1. Embeddings of Dic,, into symmetric groups with less than two twisted vertex orbits are not realizable.

Proof. By Theorem 2.6, any embedding Dic,, must contain at least one twisted vertex orbit. So, suppose that I is
a graph corresponding to an embedding ¢ of Dic,, with only one twisted vertex orbit, made up of 2k vertices. We
claim that the permutation given by

) = 2(v) v eE O 1}
() {v v 0,1}

is a member of Aut(T") but not of Dic,; more concisely, we call v an extra automorphism.

Clearly, « preserves all edges between vertices not in O{1}, because all such vertices are left in place. For the
same reason, all edges between vertices in O,{¢ + 1} and vertices not in O{1} are preserved. Suppose v € O,{1}
and w ¢ O{1}. By Lemma 2.5, we know that all non-twisted vertex orbits have cycles of length a factor of n in o,
so 72 = o™ fixes all such vertices. Since 72 € Aut(T'), whenever {v,w} is an edge, 7%{v,w} = {7?(v),w} must also
be an edge. But v(v) = 72(v), so v{v,w} = 72{v,w} is an edge, and all edges between vertices in O{1} and the rest
of the graph are preserved be 7.

The only remaining edges are within O{1}. If both endpoints of an edge are in O,{1}, we know that v acts
the same as 72 on that edge, preserving it; similarly, v preserves edges between vertices in O, {¢ + 1}. This leaves
only edges with one vertex in O,{1} and one vertex in O,{k + 1}. If v € O,{1} then 7(v) € O,{k + 1}, so
for every edge between these two orbits under o is of the form {v,o*7(v)} for some k. But (0*7)2 = 72, so
orfr{v,o*r(v)} = {oF1(v), 7% (v)} = y({v, %7 (v)}, and v also preserves these edges.

Proofs that show that  preserves an edge e € E(I') by giving another edge f € E(I') and an automorphism
g € Dic,, where g(f) = 7(e) are common, so to abbreviate and clarify them, we write in charts. One summarizing
this proof is given below.

O{vy,v2} e € Ofvy,v2} ~(e) 7w € (o,7) : w(ex) = v(e)
{14+ z,1+k+2a} 2 {l+x,1+k+a} 2o {1+ x, 1+ k+2))
O{1, 1+ k} (20— 2,20 — (k + )} (20— 2,20 — (k + )} oh 2 — 2,20 (k+2)) | O
Atz l+1+k+z-0D} | {FP)+z,l+1+(k+x—1)} | o®ro F{1,0+1+ (k- 1)}
O+ TR rop 0 72(1) — (k + 2)) (20— 21— (k +2)} o-r=lab {20, 72(1) — k}




Before we continue, we will need a technical lemma that will be applied in proving many of the following results.
It is well known that a graph I' and its complement have the same automorphism group, because automorphisms
must preserve non-edges as well as edges in order to preserve adjacency in the graph. In the following lemma, we
will obtain an analogous but stronger result about the subgroup A(T', G) < Aut(T"), which is defined in Definition
0.10. Tt turns out that replacing all edges between a pair of vertex orbits with non-edges and vice versa does not
change A(T, G).

Lemma 3.2. Suppose G < Aut(T"). For any v,w € V(I'), define C(v,w) to be {{a,b} : a € Og{v},b € Og{w},a #
b}, and define I' = (V(I'), [E(T) \ C(v, w)]U[C(v,w) \ ET")]). Then Ag(l") = Ag(I”).

Proof. Suppose that ¢ is some automorphism in Ag(T"). Consider some arbitrary edge (nonedge) e = {a, b}. If O{e}
is not a subset of C(v,w), then e is an edge (nonedge) in both I" and I, so ¢ maps e to an edge (nonedge) in either
case. On the other hand, if O{e} C C(v,w), then O{¢(e)} C C(v,w), by the definition of Ag; that is Ag(T") leaves
C(v,w) invariant. Therefore, both e and ¢(e) are edges in C(v,w)[)E(T) (nonedges in C(v,w) \ E(T)), and by
definition of I, both are nonedges (edges) in I".

Since in every case, ¢ maps edges and nonedges of I to edges and nonedges respectively, ¢ € Ag(I"). Because
¢ was chosen arbitrarily, we have Ag(T") < A (IV); to prove that Ag(I") < Ag(T'), switch I' and I and apply the
above logic again. O

Arlinghaus previously obtained a slightly weaker form of this result; see Lemma 3.3 of [6]. As we will soon see,
this result has many applications to vertex minimization. Most of the remaining work will be based on a number
of lemmas giving conditions under which a graph I" has Aut(T") > Dic,,, which are proven by exhibiting an element
v € Aut(T') such that v ¢ Dic,. Without exception, it will be clear that v € A(T,Dic,), so Lemma 3.2 will
greatly broaden the sets of graphs that each lemma rules out. For example, if a result implies that a graph I'" with
Aut(T") = Dic,, must include k edge orbits between a pair of vertex orbits, Lemma 3.2 also allows us to demand that
least 2k such orbits exist.

Showing that self-reversed 1-cycles will not appear in the vertex minimal embedding of Dic,, is a relatively simple
application of the result we have just obtained.

Lemma 3.3. Suppose ¢ : Dic,, — Sk is an isomorphism such that the embedding ¢’ : Dic,, — Sk11 given by adding
the symbol k + 1 fized by o and T has a corresponding graph T7 with Aut(I”) = Dic,,. Let T be the induced subgraph
of T on the first k vertices. Then Apic, (I') = Dicy,.

Proof. Let I't be the graph formed by adding the vertex k-+1 to I', but no edges. By examination of the permutations
involved, we can see that Apic, (I'") = Apic, (). Any possible I'" can be formed by adding some edge orbits between
other vertices and k + 1 to I't. There is exactly one edge orbit between every other vertex orbit and {k + 1}, as
k + 1 is fixed by the members of ¢'(Dic,). Therefore, by Lemma 3.2, Apj., (I') = Apic, (I'") = Apic, (T). O

The next two restrictions on realizable embeddings we will obtain are the most useful in explaining the structure
of the vertex-minimal embedding of Dic,,, so after we have them, we will exhibit the minimal embedding.

The embedding of Dic,, with the fewest vertices simply includes a twisted vertex orbit of minimum size and a
self-reversed p™ cycle for each multiplicity m prime divisor p of n. However, if a self-reversed p™ cycle is the only
cycle with length a multiple of p in some embedding, the resulting embedding will not be realizable. The following
lemma gives a much more general result, albeit one that is harder to state.

Lemma 3.4. Suppose ¢ : Dic,, — Sy is an embedding where there exists a self-reversed £y-cycle of o such that
there is no sequence Ly, Ly, ... Ly of lengths of cycles where ged(bp—1,0x) > 1 whenever all 1 < k < m and £, is a
non-self-reversed cycle of o. Then ¢ is not realizable.

Proof. Let W be the set of all vertices of I' in cycles of ¢ in all sequences of cycles of lengths ¢, ¢1, ... £, with the
property that ged(€i—_1, fx) > 1 for all k. By hypothesis, all of these cycles are self-reversed cycles, and none of them
have length with a common factor with the length of a non-self reversed cycle. Counsider v : V(I') — V(T") given by

) tw) veWw
v(v){v g W

Clearly, v is an automorphism of induced by W and V(I") \ W; this leaves only the edges between W and V(I") \ W.
Let T be the graph formed by removing all edges between W and V(T') \ W; clearly, v € Aut(T"), and because ~y
is equal to some member of Dic,, at every point, we know that v € A(T”,Dic,). We also know that vertices of W
come from self-reversed cycles and lengths of cycles within W have no common factors with lengths of cycles within
V(T') \ W. Therefore, there is only one orbit of edges between O{w} and O{v} for any w € W, v € V(I') \ W. By
Lemma 3.2, this means that v € A(T", Dic,) < Aut(T") as well. O



The next few results combine to rule out embeddings of Dic,;, where p € {3,5} is coprime to k, and the only
cycles with length a multiple of p are two pair-reversed p-cycles. A result about what edge orbits must be included
in the graph is also obtained, which will be revisited later.

Lemma 3.5. Suppose i : Z, — {0,1} is some function with either |i=1(0)] < 2 or |i7'(1)| < 2 where p > 7 is a
prime. Then there exists © € Z,, such that the function v, (k) = = — k satisfies i(k) = i(v,(k)).

Proof. Suppose without loss of generality that [i=1(0)| < 2. Consider the case [i71(0)| = 2. We may assume without
loss of generality that |i~1(0)] = {0,7}. Then we may choose z = r. In the case [i"1(0)] = 1, we may assume
i~1(0) = {0}, in which case we choose x = 0. In the case |i~1(0)|, we may choose any z. O

Lemma 3.6. Suppose p is a prime, with k coprime to p, and ¢ : Dicpr, — Sy is an embedding containing a pair
of pair-reversed p cycles on the vertices {x + 1,z + 2,...x + 2p}. Let T be a corresponding graph with no edge
orbits between O{x + 1} and other vertex orbits with size not coprime to p. If I' does not contain edge orbits of the
form {z + 1,2 + p+ 1+ r} where the partition {{r},Z, \ {r}} forms an asymmetric 2-coloring of a p-cycle, then
Aut(F) > Dicpk.

Proof. Any orbit of edges between O{z + 1} and another vertex orbit is of the form O{z + 1,v}. Since all vertex
orbits other than O{z + 1} with vertices adjacent to O{x + 1} have size coprime to O{z + 1}, the orbit O{z + 1, v}
contains all edges between vertices of O,{x + 1} and vertices of O,{v}, as well as all edges between O,{x + 2p} and
Os{7(v)}. Consequently, any permutation of vertices v that preserves orbits under o will preserve edges between
O{x 4+ 1} and the rest of the graph.

Let R={r:O0{z+1l,z4+p+1+7r} CEM)}. Let i:Z, — {0,1} be given by

i(r):{lifreR

0 otherwise

By assumption, ¢ does not give an asymmetric 2-coloring of a p-cycle. Let z be the element of Z, corresponding to ¢
given by Lemma 3.5. Let 7, reverse the p cycles onto themselves; explicitly,

vifv ¢ Of{x+ 1}
T,(v)=<Sax+p—Fkwherev=ao+1+ke O, {x+1}
x+2p—kwherev=ax+p+14+keO{x+p+1}

We claim that the function
v v ¢ O{z+1}
y(v) = < 7-(v) veOy{zx+1}
o*m.(v) veO{x+p+1}

is an order two member of Aut(T') other than 2.

Routine calculations show that v is of order 2. Because v(v) € O,{v} for all v, the above reasoning holds, and
we immediately know that v preserves all edges involving vertices outside of O{x + 1}. The calculations exhibited
in the following chart show that ~ preserves the remaining edges. For each edge e in the remaining orbits, we give
another edge ¢’ and an automorphism g € Dicpy, such that vy(e) = g(e’). Since g is an automorphism and €’ is an
edge, v(e) must be an edge, as desired.

As shown in the following chart, v sends O{z + 1,z +p+1+7r} to O{z+ 1,z +p+1++.(r)} where v, is defined
as in Lemma 3.5, permuting the orbits of the form O{x 4+ 1,+p + 1 + r} amongst themselves.

Ofel e ~(e) g(e’)
{z+1+kaz+1+r+k} {e+p—ka+p—(r+k)} o F{z+ L,z +1+7)) |
Olet b4t i It haodpt Ltrtk) | {et2p—hteot2p—(rth)+2) | o ({atp+latprlsrtk))
Ole+l,z+p+1+r}| {e+1+kao+p+1+r+k} {e+p—kao+2p—(r+k)+z} o FF (o4 Lo+ 1+i(r)})

Corollary 3.7. Suppose that p € {3,5}, that k is coprime to p, and ¢ : Dicp, — Sn is an embedding containing a
pair of pair-reversed p cycles on the vertices {x + 1,2 + 2,...x + 2p}. Let T’ be a corresponding graph with no edge
orbits between O{x + 1} and other vertex orbits with size not coprime to p. Then Aut(I') > Dicyy.

Proof. There are p < 2-3 orbits of edges of the form O{z + 1,2+ p+ 1+ r}. If fewer than 3 edge orbits of the form
O{z+ 1,2+ p+ 1+ r} were included in E(T'), the previous lemma tells us that Aut(I") > Dic,. Otherwise, fewer
than 3 edge orbits of the form O{xz + 1,2+ p+ 1 + r} were excluded. By applying Lemma 3.2, we know that I has
the same automorphism group as some graph I including only the edge orbits between vertices of O{x + 1} that T’
excluded, and hence Aut(I') > Dic,, again. O



4 An Edge-Minimal Vertex-Minimal Graph with Dicyclic Automor-
phism Group

We will now exhibit an edge-minimal graph I" with Aut(I") = Dic,, and |V(T")| = a(Dic,,), and verify that it has the
correct automorphism group. We will only consider n not a power of 2, because the case n = 2° has been previously
addressed. [4]

It will be useful to determine the stabilizers of different vertex orbits and vertices. The following lemma summa-
rizes the calculations.

Lemma 4.1. Suppose I' is a graph with Aut(Dic,,), with v € V(T') and k = |O,{v}|. Then for some r € Zy, the
values given in the following chart are correct:

Type of O{v} | fix(O{v}) stab(v)
Twisted <Uk> <Uk>

Pair-reversed (%) (o)

Self-reversed <0k> <Uk> Yo't + <‘7k>

Proof. No matter what type of vertex orbit O{wv} is, each cycle in o on the vertices of O{v} has length k, so in
each case o* fixes all the vertices of O{v}. Because |o| = 2n, the size of (0¥) is 2%. For twisted and pair-reversed

O{v}, there are 2k vertices in O{v}, and by the orbit-stabilizer theorem, |stabv| = |‘gi{cg}| = 3¢ = 2* meaning
that (o*) is all of stabv. On the other hand, suppose O{v} is self-reversed. Then there are only k vertices in O{v},
so |stabv| = 2. 22 twice the size of (0¥). Because 7(v) € O,{v}, there exists an r such that ¢"7(v) = v, so
o"T + {o¥) C stabv. Combined, these two cosets have the required 2 - 2” elements. In general, we see that
v=o0"7(v)

o*(v) =" 7(v)

o (v) = " 105 (v),
meaning that 0”257 4 (o*) fixes o*(v). Since this coset depends on s, its elements are not in fix(O{v}). O

In the graph we will show, there are no edge orbits between vertex orbits with coprime odd lengths, and with
one exception, cycles will only have prime power length. The graph may be constructed by taking a particular
configuration of edge orbits and vertex orbits, or ‘chunk’, corresponding to each maximal prime power divisor of 2n,
or 15 in the special case where 3 and 5 are maximal prime power divisors of n, and connecting all other chunks to the
chunk corresponding to 2°*! in a certain way. That the graph has the correct automorphism group will essentially
follow from the fact that the subgraphs induced by the the chunk corresponding to 2°! 4+ 1 and any other chunk
have the correct automorphism group, and that powers of different primes are coprime. The next 8 lemmas exhibit
the minimal graph under for certain classes of n with few prime factors; the constructions they use will then be
combined to give the result in general.

While the following lemma is stated for any odd number z, we will make use of two special cases: z = p™ where
m > 1orp € {3,5}, and (p,z) = (3,15). These are the cases in which the graph given in the lemma is vertex
minimal. The techniques used in proving the lemma are essentially borrowed from Graves et all (see [4] Theorem
18).

Lemma 4.2. Suppose n = 2%z, where b > 0 and z > 1 is odd, is a positive even integer; let p be a prime factor of
z. Consider the embedding of ¢ : Dic,, — Sy where o contains 4 2°+1-cycles twisted by T, 2 p-cycles pair-reversed
together by T, and a single z-cycle self-reversed by . Then the graph T' on 2°13 + 2p + 2 vertices with edges orbits
generated by {{1,25%1 +1}, {1,252 + 1}, {1,2°%2 + 2} {1,3-2b+1 -1}, {1,203 + 1}, {2043 + 1,263 4 p+ 1}, {2043 +
1,2043 4 2p + 2}, {2943 4 2p + 1,2°%3 4 2p + 2}} under the action of ¢(Dic,) has Aut(T') = Dic,,.

Proof. The techniques used in proving this lemma will be illustrative of future proofs. First, we prove that Aut(I') =
A(T", Dic,,); that is, that the orbit of a vertex under Aut(T") is the same as its orbit under ¢(Dic,,). Equivalently, this
means that any automorphism v € Aut(T") is, at any particular vertex, the restriction of an element of Dic,. Then
we will only need to show that - is the restriction of the same element of Dic,, at all vertices; or in other words, that
different vertices ‘agree’ about the identity of ~.



For similarity with future proofs, let = 2**3. There are four orbits of vertices in I': O{1}, O{2b+2 + 1},
Of{z+1}, and O{z +2p+ 1}. Examination of the orbits comprising I" shows that the degrees of vertices in different
orbits are as follows:

O{v} deg(v)
O{1} 5+p
O{2"72 4+ 1} 3
Ofw+1}) [T 41+2
O{z+2p+1} 4

Since 2°*1 > 2 and p > 2, it is clear that only vertices in O{z + 2p + 1} have degree 4; therefore, this vertex orbit is
invariant under Aut(T"). Since the only neighbors of O{x+2p+1} outside of that orbit are the members of O{z+1},
that orbit is also invariant under Aut(I"). The two remaining twisted vertex orbits have vertices of different degree,
so their vertices may not be interchanged, and they are also invariant under Aut(I'). Hence Aut(I') = A(T", Dicy,).

Let v be a member of Aut(I"). We claim that there is a unique element g in Dic, such that v{1,2 + 2p + 2} =
g{1,z + 2p+ 2}. First, consider the case that y(1) € O,{1}, say v(1) = 0*(1). Since O{x + 2p + 2} is self-reversed,
Y(z+2p+2) = ob(z+2p+2) for some b. Then, any element g of 0 =" +stab O{z +2p+2} (o~ % +stab O{1} is equal
to v~ at both 1 and z + 2p+ 2. By Lemma 4.1, stabO{1} = (¢2""") and stab O{z + 2p + 1} = (%), and because z
and 2011 are coprime, the intersection is nonempty, so such a ¢ exists. Since 2°*1z = n, the intersection has precisely
one element, and g is unique. On the other hand, if y(1) = ¢%7(1), we know that vy(x + 2p + 2) = o’7(x + 2p + 2)
for some b, and we may obtain the desired g similarly.

Let o = g~ 'v. If we can show that « is the identity, then we will know that v = ¢, and hence v € Dic,. We
already know that « fixes 1 and z + 2p + 2, so we will argue that an automorphism that fixes these two vertices must
fix all of V/(T).

From the two vertices that « is known to fix and the fact that Aut(T") = A(T, Dic,, ), we may sequentially deduce
that:

o o leaves O,{x + 1} invariant, because these vertices are the neighbors of 1 in O{z + 1}.
e Similarly, « leaves O,{x + p + 1}, the non-neighbors of 1 in O{z + 1}, invariant.

e « also leaves O, {1} and O, {2**! 4 1} invariant, as the former is the set of neighbors of O,{x + 1} in O{1},
and the latter is the set of non-neighbors.

e Finally, a leaves O, {2°%2 + 1} and O,{3 -2+ 4 1} invariant, because the members of the former orbit have
2 neighbors in O, {1} while the latter only have 1 such neighbor.

e « fixes x + 1, the only common neighbor of fixed vertices 1 and x + 2p + 2.

e « fixes z + p + 3, the only unfixed neighbor of = + 2p + 2 in O{z + 1}.

e « fixes z + 3, the only common neighbor of fixed vertices 1 and = + p + 3.

e « fixes 2°%2 + 2, the only neighbor of 1 in O,{2°+2 + 1} that is not adjacent to another neighbor of 1.
e o fixes 2°*1 + 2, the remaining neighbor of 1 in O, {2°+2 + 1}.

e « fixes the remaining neighbors of 1, because they are the only neighbors of 1 in the invariant orbits O, {2°+1+1}
and O, {3 -20+1 +1}.

e o fixes 2, the only neighbor of 2°%2 + 2 in O, {1}.

Notice that the edges of O{x + 2p + 1,z + 2p + 2} form a z-cycle; since the edges of this cycle are the only edges
between vertices in O{x + 2p + 1}, a set of vertices left invariant by Aut(I'), this z-cycle must be preserved by a.
Because « fixes one of the vertices of the cycle, namely x + 2p + 2, we know that « either fixes all the vertices of
Of{x+2p+1} or else flips the cycle about =+ 2p+ 2. Suppose that « indeed flips the z-cycle about x + 2p+ 2. There
is only one orbit of edges connecting O{z + 1} and O{z + 2p + 1}, namely O{z + 1,z + 2p + 2}, so a would also
have to reverse the order of O,{z + 1}. However, we already know that two vertices of O,{x + 1} are fixed, namely
x4+ 1 and x + 3, and that |O,{x + 1}| = p is odd, so a does not reverse the order of O,{x + 1}, a contradiction.
Hence « fixes every vertex in O{z + 2p + 1}. Since each vertex in O{x + 2p + 1} has one neighbor in O,{z + 1}, all
members of O,{x + 1} are also fixed; the same goes for the members of O,{x + p + 1}.

To see that the remainder of the graph is fixed, recall that every neighbor of 1 is fixed, and that 2 = o(1) and
x+2p+3=o0c(x+2p+2). Applying the arguments we have just used and replacing each vertex v with o(v) suffices



to show that every neighbor of 2 is fixed, as well as 3 and z + 2p + 4. By induction, every vertex in O,{1} is fixed,
as are all their neighbors, which include all the vertices of O{1} and O{2°+2 + 1}. Therefore, « fixes every vertex of
T', as desired. O

When z is prime, the orbit of edges between the vertices of the self-reversed p-cycle are not needed, as shown
below.

Lemma 4.3. Suppose n = 2°p, where b > 0 and p is an odd prime. Consider the embedding of ¢ : Dic,, — Sy
where o contains 4 2T -cycles twisted by T, 2 p-cycles pair-reversed together by T, and a single p-cycle self-reversed
by 7. Then the graph T on 2°%3 + 3p vertices with edges orbits generated by {{1,20%1 + 1}, {1,2072 + 1}, {1,2042
2}, {1,320 1 1}, {1,2043 1 1}, {203 41,2073 4 p + 1}, {2543 + 11,2543 + 2p + 2} } under the action of ¢(Dic,,) has
Aut(T") = Dic,,.

Proof. We proceed as in the previous proof. Let z = 2°*3. Calculation determines that vertices in the given orbits
have the following degrees:

O{v} deg(v)
o{1} 5+p
O{2"72 4+ 1} 3
O{fe+1} [T 41+2
O{z+2p+1} 2

A similar argument to the one given in Lemma 4.2 shows that each vertex orbit is invariant under Aut(T).

Define 7, g, and p as in the previous proof.

All of the bulleted deductions in the previous proof still hold, so we know that x4 3 is fixed by p. Hence x+2p+3,
the unique neighbor of z 4+ 3 in O{z + 2p + 1}, is also fixed. By the Chinese remainder theorem, there exists some k
such that o is equal to 02 on the vertices of O{z + 1} and O{z + 2p + 1} and equal to the identity on vertices of
O{1} and O{2*2 4+ 1}. By applying the argument previously given with each vertex v replaced with o*(v), we may
show that all vertices in O{x + 1} are fixed. This means that all vertices in O{x + 2p+ 1} are fixed as well, because
each has a unique neighbor in O,{z + 1}. We may show that the remainder of the graph is fixed in the same way
as in the previous lemma. O

If a prime factor p is sufficiently large and has multiplicity 1, the self-reversed p-cycle can be omitted entirely.

Lemma 4.4. Suppose n = 2°p where b > 0 and p > T is a prime number. Let ¢ : Dic,, — Sx be the embedding where
o contains 4 20T -cycles twisted by T and 2 p-cycles pair reversed by 7. Then the graph T on 2°13 4 2p vertices with
edges orbits generated by {{1,2°%1 + 1}, {1,272 4+ 1}, {1,20%2 -2}, {1,3 - 20+ - 1}, {1,20+3 1} {2b+3 4 1 20+3 4
p+ 1} {2843 + 11,2843 4 p 4 3}, {20F3 4 1,253 4 p + 4}} under the action of ¢p(Dic,,) has Aut(T) = Dic,,.

Proof. We proceed as in the previous proof. Let z = 2°*3. Calculation determines that vertices in the given orbits
have the following degrees:

O{v} deg(v)
O{1} 5+p
O{2°¥2 + 1} 3
Of{z+1} |21 43

Observe that vertices in O{1} and O{x + 1} have degree greater than 3, so O{2°+2 + 1} is invariant. As for the
remaining orbits, vertices in O{1} have even degree (since p is odd), while those in O{x + 1} have odd degree, so
O{1} and O{x + 1} are also invariant. Therefore, Aut(I') = A(T", Dic,,).

Let v be a member of Aut(y). By the same reasoning as in Lemma 4.2, there exists g € Dic,, such that g(1) = v(1)
and g(x + 1) = y(x + 1). Define a = g~1v, and we will again show that « is the identity.

From the two vertices that « is known to fix and the fact that Aut(I") = A(T', Dic,, ), we may sequentially deduce
that:

e « fixes x + p + 5, because = + p + 5 is a common neighbor of the other two neighbors of x + 1, which are not
adjacent to each other.

e «leaves {x+p+2,2+p+4} invariant, because these two vertices are the remaining unfixed neighbors of = + 1.

e « fixes x 4 3, the only unfixed common neighbor of z + p 4+ 2 and = + p + 4.

10



Observe that © +3 = o%(z +1). With o + 3 is fixed, we may apply the above argument replacing each vertex v with
02(v), and by induction, all of O,2{z + 1} is fixed. But since stabO{x + 1} = (0P) and p is coprime to 2, we know
that O,2{z+1} = O,{x+1}. This also means that the vertices of O,{z+p+ 1} are fixed, since each has a different
set of three neighbors in O,{z + 1}. Therefore, all of O{x + 1} is fixed. From here, the same reasoning used in the
proof of Lemma 4.2 will show that the remaining vertices of I" are fixed. O

In the special case p = 7, the above construction can be used if an extra orbit of edges is included.

Lemma 4.5. Suppose n = 2°p where b > 0 and p > T is a prime number. Let ¢ : Dic,, — Sx be the embedding where
o contains 4 2T -cycles twisted by T and 2 p-cycles pair reversed by 7. Then the graph T' on 2013 4 2p wertices with
edges orbits generated by {{1,2°71 + 1}, {1,2542 4 1}, {1,2+2 + 2} {1,3 - 2¥F1 + 1}, {1,2003 + 1}, {20F3 41,2043 ¢
2}, {2643 41,2043 4 p 4 1}, {2543 41,2043 4 p 4 3}, {2813 + 1,2%%3 + p + 4}} under the action of ¢(Dic,) has
Aut(T) = Dic,,.

Proof. We proceed as in the previous proof. Let z = 2°%3. Calculation determines that vertices in the given orbits
have the following degrees:

O{v} deg(v)
o{1} 5+p
O{2"+2 11} 3
Of{xr+1} [2¥1+5

Again, observe that vertices in O{1} and O{z + 1} have degree greater than 3, so O{2°+2 + 1} is invariant. As for
the remaining orbits, vertices in O{1} have even degree because p is odd, while those in O{x + 1} have odd degree,
so O{1} and O{x + 1} are also invariant. Therefore, Aut(I') = A(T, Dicy,).

Let v, g, and « be defined as in Lemma 4.4. As in the proof of Lemma 4.2, we note that the sets O,{z + 1} and
Os{x 4+ p + 1} are invariant under o because they are the sets of neighbors and non-neighbors (respectively) of 1,
a vertex fixed by «. The edges connecting the vertices of O,{z + 1} form a p-cycle which must be preserved by «;
the same goes for O,{z + p + 1}. Because x + 1 is fixed, v must either fix the p-cycle of the vertices of O {x + 1}
or flip it about = + 1. Therefore,

e « leaves {x + p,x + 2} invariant, because they are the neighbors of 4+ 1 in O,{z + 1}.

a leaves {x + p + 3,2 + p + 4} invariant, because they are the neighbors of z + 1 in O,{x 4+ p + 1} which are
adjacent to members of {z + p,x + 2}.

« fixes 4+ p + 1, the remaining neighbor of © + 1 in O,{z +p+ 1}.

« either fixes O,{x + p + 1} or flips it about = + p + 1, because x + p + 1 is fixed and « must preserve the
p-cycle of edges between the vertices of O,{x +p + 1}.

a fixes O, {x + p+ 1}, because flipping it about  + p + 1 does not leave {x +p + 3,z + p + 4} invariant.
e o fixes O {x + 1}, because each vertex has a different set of neighbors in O,{z + p + 1}.
From here, the same reasoning used in the proof of Lemma 4.2 will show that the remaining vertices of I are fixed. [

When n is odd similar constructions may be used as for even n, with some modification to take into the account
the fact that there are less potential orbits of edges between the 8 vertices of the twisted cycles.

Lemma 4.6. Suppose n > 1, is a positive odd integer, and let p be a prime factor of n. Consider the embedding of
¢ : Dic,, = Sy where o contains 4 2-cycles twisted by T, 2 p-cycles pair-reversed together by 7, and a single n cycle
self-reversed by 7. Then the graph T' on 8 +2p+n vertices with edges orbits generated by {{1,3},{1,5},{1,7},{1,8+
1},{5,8+1},{8+1,8+p+1},{8+1,8+2p+2}, {8+2p+1,8+2p+2}} under the action of $(Dicy,) has Aut(I") = Dic,,.

Proof. Again, let x = 8. The degrees of vertices in I' are as follows:

Ofv} deg(v)
o{1} 44p
o{5} 2+0p

O{z +1} 5+ 7
Of{z+2p+1} 4

11



Similar to previous proofs, we can see that only vertices in O{x +2p+ 1} have degree 4, so O{x+2p+ 1} is invariant
under Aut(I"). The orbit O{z + 1} is also invariant under Aut(I'), because they are the only vertices adjacent to
O{z + 2p + 1}. The remaining two orbits have vertices of different degree, so they are also invariant under Aut(T").
Therefore, Aut(T") = A(T, Dic,,).

Define v, g, and « as in the proof of Lemma 4.2, so that « fixes 1 and = + 2p + 2. From the two vertices that «
is known to fix and the fact that Aut(I') = A(T, Dic,,), we may sequentially deduce that:

e o leaves O, {x + 1} invariant, because these vertices are the neighbors of 1 in O{z + 1}.

e Similarly, a leaves O,{z + p + 1}, the non-neighbors of 1 in O{z + 1}, invariant.

a also leaves O, {1} and O,{3} invariant, as the former is the set of neighbors of O,{z + 1} in O{1}, and the
latter is the set of non-neighbors.

Similarly, « leaves O,{5} and O,{7} invariant, as the former is the set of neighbors of O,{z + 1} in O{5},
and the latter is the set of non-neighbors.

a fixes x + 1, the only common neighbor of fixed vertices 1 and = + 2p + 2.

e « fixes z + p + 3, the only unfixed neighbor of = + 2p + 2 in O{z + 1}.

a fixes x + 3, the only common neighbor of fixed vertices 1 and x + p + 3.

e « fixes 2, the only member of O,{1} other than 1.

e « fixes 5, the only neighbor of 1 in O,{5}, and 6, the only neighbor of 2 in O,{5}.
e « fixes 7 and 8 analogously.

e « fixes 3, the only neighbor of 6 in O,{3}, and 4, the last unfixed vertex in O{1}.

The argument given in the proof of Lemma 4.2 shows that the remaining vertices of O{x + 1} and O{x + 2p + 1}
are fixed by «, so « fixes all of the vertices of T'. O

Lemma 4.7. Suppose n > 1, is a positive odd integer, and let p be a prime factor of n. Consider the embedding of
¢ : Dic,, = Sy where o contains 4 2-cycles twisted by T, 2 p-cycles pair-reversed together by T, and a single n cycle
self-reversed by 7. Then the graph T' on 8+ 2p+n vertices with edges orbits generated by {{1,2},{1,5},{1,7},{1,8+
1},{5,84+ 1}, {8+ 1,8+ p+ 1}, {8+ 1,8+ 2p+ 2}} under the action of ¢(Dic,) has Aut(T") = Dic,.

Proof. We proceed as in the previous proof. Let z = 2°*3. Calculation determines that vertices in the given orbits
have the following degrees:

O{v} deg(v)
O{1} 3+p
o{5} 2+p

O{z+1} 5+2
O{z+2p+1} 2
A similar argument to the one given in Lemma 4.6 shows that each vertex orbit is invariant under Aut(T").

Define 7, g, and p as in the previous proof.
A similar argument to the one given in the previous Lemma and in Lemma 4.3 suffices. O

Lemma 4.8. Suppose n = p where p > 7 is a prime number. Let ¢ : Dic,, — Sy be the embedding where o contains
4 2-cycles twisted by T and 2 p-cycles pair reversed by T. Then the graph T’ on 8 4+ 2p wertices with edges orbits
generated by {{1,2},{1,5},{1,7},{1,8+1},{5,8+1},{8+1,8+p+1},{8+1,8+p+3},{8+1,84+p+4}} under
the action of ¢(Dicy,) has Aut(T) = Dic,,.

Proof. Let & = 203, Calculation determines that vertices in the given orbits have the following degrees:

Ofv} deg(v)

o{1} 3+p

O{2*F2+1} [ 2+p
Of{z+1} 7

Since p > 5, all vertex orbits in " have vertices of different degrees. The remainder of the proof is very similar to the
proofs of Lemma 4.4 and Lemma 4.6, and is therefore omitted. O
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Lemma 4.9. Suppose n = p where p > 7 is a prime number. Let ¢ : Dic,, — Sy be the embedding where o contains 4
2-cycles twisted by T and 2 p-cycles pair reversed by 7. Then the graph T' on 8+ 2p vertices with edges orbits generated
by {{1,2},{1,5},{1,7},{1,84+1},{5,8+ 1}, {8+ 1,8+ 2}, {8+ 1,8+ p+1},{8+1,8+p+3},{8+1,8+p+4}}
under the action of ¢(Dic,,) has Aut(I') = Dic,,.

Proof. Let x = 203, Calculation determines that vertices in the given orbits have the following degrees:

Ofv} | deg(v)

o{1} 3+0p

o{5} 2+p
O{z+1} 9

If p > 7, all vertex orbits in I" have vertices of different degrees. On the other hand, in the case p = 7, a more careful
analysis is required. In this case, vertices of O{1} have degree 11 while other vertices have degree 9, so O{1} is
invariant under Aut(T"). Vertices in O{5} have two neighbors in O{1}, while vertices in O{z+ 1} have four neighbors
in O{1}, so O{5} and O{x + 1} are also invariant under Aut(T").

The remainder of the proof proceeds as in Lemma 4.5 and Lemma 4.6. O

With these base cases in hand, we are finally able to exhibit our minimal graph.
Theorem 4.10. Suppose n is not a power of 2. Let ¢ : Dic,, — Sy be the embedding where o contains
o Four 2't1 cycles twisted by T.
e If3 and 5 are both multiplicity 1 factors of n, two 3-cycles pair-reversed by T and a 15-cycle self-reversed by 7.

e For each j from 1 to J, two q; cycles pair-reversed by T and a q;"j cycle self-reversed by T, unless q; € {3,5}
and 3 and 5 are both multiplicity 1 factors of n.

e For each i from 1 to I, two p; cycles pair-reversed by .

Let
I J

N/:2b+3+22pi+22q]'+q;nj;

i=1 j=1
let N =N'—3if3 and 5 are both multiplicity 1 factors of n, and N = N’ otherwise. Define

i—1

T; = 2b+3 =+ Z 2pk
k=1

Define y; similarly, so that y; is the first vertex in the pair-reversed vertex orbit of size 2q;. Explicitly: define
Y1 =2r41- If 3 and 5 are both multiplicity 1 factors of n, define ys as y1 + 21 and

yi=vy2+ Y k=32 +q"

for j > 3. Otherwise, define
Y = Y1 +Zk = 13712qj +q;nj.

Let f be min2°*1 p1, q1; define

0 f:2b+1
s=qr1 f=pm
n f=aq

Then the graph T' on N vertices with edges generated by
e Ifb>1, the members of {{1,2°71 + 1}, {1,242 + 1}, {1,2%%2 + 2} {1,3 - 20F! + 1}}.
o Ifb=0, the members of {{1,5},{1,7}}.
e Ifb=0 and n is a prime power, {1,2}.

o {1,s+1}
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{s,z;i +1} and {s+ 1,y; + 1} for each i and j where the two vertices are distinct.

If b= 0, the edge {5,s + 1}.

For each i, the members of {{x; + 1,x; +p; + 1}, {a; + L, z; + p; + 3}, {zi + 1,2, + p; + 4} }.

If p; =7, the edge {z; + 1,2; + 2}.

e For each j, the members of {{y; + 1,y; +p; + 1}, {y; + 1,y; + 2¢; + 2}}.

e For each j where |O{y; + 2q; + 1}| is not prime, {y; + 2¢; + 1, y; + 2q; + 2}.
under the action of ¢(Dic,,) has Aut(I') = Dic,,.

Proof. As in the proofs of the lemmas, we begin by showing that Aut(T") = A(T, Dic,). We begin by considering the
vertices in O{y; + 1} and O{y; +2¢; + 1} for each j. Calculation shows that the vertices of O{y; + 2q; + 1} for each
7 are the only vertices of degree 2 or 4, so the union of these orbits must be left invariant under «. Notice that the
only edges between vertices of degree 2 or 4 are generated by the edges {{y; +2¢; + 1,y; +2¢; +2} : 1 < j < J}, so
the edges between vertices of degree 4 always form a q;nj -cycle or a 15-cycle for each orbit. All of these cycles are of
different length, so they cannot be mapped onto each other by members of Aut(I"), so O{y; + 2¢; + 1} is invariant
under Aut(T') for each j. As in previous proofs, this means that O{y; + 1}, which contains all the other neighbors
of vertices in O{y; + 2¢; + 1}, must be invariant for each j.

Now we intend to show that the vertices of O{1} are invariant. If b > 0, then because vertices in O{5} have
different degree than those in O{1} and no neighbors outside of O{5} and O{1}, we know that O{1} must be
invariant. If b = 0, the fact that 2 is the smallest prime number ensures that s = 0. If we also have J > 0, we
observe that the vertices of O{1} are the only external neighbors of O{y; + 1} U O{y1 + 2¢1 + 1}, and so they must
be invariant. If b = J = 0, calculation reveals that vertices of O{1} have greater degree than all other vertices, and
so they must be invariant.

Next, we show that O{5} is invariant. If b > 0, then vertices in O{5} have degree 3, while those in O{z;+1} have
larger degree, so they may not be exchanged. If b = 0 and ¢; is the least prime factor of n, then the only external
neighbors of vertices in O{5} are in invariant orbits O{1} and O{y; + 1}, so O{5} is invariant. On the other hand,
if b =0 and p; is the least prime factor of n, things are slightly more complicated. Under these circumstances, the
degree of a vertex in O{5} is 2 + p1, while the degree of a vertex in O{xy + 1} is 7if p; # 7 and 9 if p; = 7, and the
degree of a vertex in O{x; + 1} is 5 for each ¢ > 2. This means that the vertices in O{5} have different degree from
those in every other orbit that is not already known to be invariant unless p; = 7, in which case vertices in O{5} and
O{z1 + 1} both have degree 9. In this special case, we will have to use other means to show that vertices of O{5}
and O{x; + 1} may not be interchanged by a. If « interchanged a vertex v in O{5} with a vertex w in O{x; + 1},
it would have to map the neighborhood of v onto the neighborhood of w. Calculation shows that w has a neighbor
adjacent to no other neighbors of w (for w = z1 + 1, the neighbor is x; + p; + 1), and that no neighbor of v has this
property, so a cannot map the neighborhood of v onto the neighborhood of w.

It is clear that O{s + 1} is invariant: O{1} is invariant, and either s +1 = 1 or O{s + 1} is the only orbit of
vertices adjacent to O{1} that has not yet been shown to be invariant.

Finally, we show that the remaining orbits, {O{xz; + 1} : 1 < i < I,x; # s}, are invariant. For each i except
1 if 1 = s, the subgraph of I induced by the vertices of O{z; 4+ 1} is connected, but there are no edges between
vertices in O{z, + 1} and O{x, + 1} whenever a # b. Since Aut(I') leaves all orbits not of the form O{z; + 1}
invariant, this means that o must map each orbit O{z, + 1} onto a unique O{x;, + 1}. But whenever a # b, we have
|O{xq+1}| # |O{xp+ 1}, so we know that every orbit O{z, + 1} is mapped onto itself. Hence Aut(T") = A(T, Dic,,).

The remainder of the proof is essentially applying the relevant combination of Lemmas 4.2 through 4.9 to subgraph
of I' induced by the vertices of O{1}{J O{2"! +1}|J O{x; + 1} for each i and to O{1}|JO{2"T + 1} Y O{y; + 1}
for each j simultaneously. To see that for any v in Aut(I") there exists a g € Dic,, such that v agrees with g on 1
and y; + 2¢; + 2 or z; + 1 (as appropriate), simply observe that the g given by the six lemmas must exist and agree
by the values of the stabilizers of vertex orbits given in Lemma 4.1 and the Chinese Remainder Theorem. Therefore,
we may define a = vg~! as before.

Applying the foregoing lemmas to the various induced subgraphs is straightforward, because these induced sub-
graphs match the graphs in the hypotheses of the lemmas, except in three details. First, the edge orbits O{1,z;}
and O{1,y;} are replaced by O{s,z;}, O{s,y;}, and O{1,s}. The subgraph involving the vertex s + 1 has the
same form as is considered in one of the above lemmas, so we may show that its vertices are fixed by «. As for the
remaining subgraphs, notice that the only use of the connection between 1 and the vertices of non-twisted cycles was
to point out that, since O, {1} and O, {2°*1} are invariant, so are the neighbors of O,{1}; since we already know
that « fixes the vertices of O{s + 1}, this is equally true of O,{s + 1} and O,{s + f + 1}, so a similar argument is
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possible. Second, when b = 0 and p; or g; is not the minimal prime factor of n, the induced subgraph of I' leaves
out the edges of O{5,p; + 1} or O{5,¢; + 1}. Examination of the relevant arguments shows that these edges were
only needed to demonstrate that O,{5} and O, {7} are invariant under the action of «, which is still true in I" since
either O{5, 21 + 1} or O{5,y; + 1} was included. Third, when b = 0 and n has multiple prime factors, the induced
subgraph of I" leaves out O{1,2}. Note that the only reason these edges were needed for the proofs of the lemmas
was to show that vertices of O{1} have different degree from those in O{5}; if n has multiple multiple prime factors,
this is true without the edges of O{1,2}. O

5 Showing Our Embedding Is Vertex Minimal

Now we have a realized embedding Dic,, — Sj, which we assert is vertex minimal. To show it is vertex minimal, we
will first prove several lemmas showing certain embeddings are not realizable. Then we will exhibit an enumeration
of all embeddings not ruled out be these lemmas, which we will use to show that all except finitely many (for a given
n) have more vertices than our previously exhibited embedding. We will prove these few are not realizable more
directly.

The next two lemmas show that two more classes of embeddings of Dic, are not realizable. These classes
of embeddings were not dealt with previously because they only use fewer vertices than the minimal realizable
embedding under specific conditions.

Lemma 5.1. Suppose ¢ : Dic,, = S, is an embedding such that ¢(o) contains a self-reversed cycle of length 21 where
1 is coprime to the length of every other cycle in ¢(c). Then ¢ is not realizable.

Proof. Write the 2k-cycle in question (v+1,v+2,...v+2k), and suppose an arbitrary graph T with ¢(Dic,) C Aut(T).
If Aut(T") # Apic, (T'), it follows directly that Aut(I") # Dic,. Otherwise, we claim the extra automorphism
o= or(x) xze€Of{v+1}
= x ¢ O{v+1}
is an involution in Aut(I") other than ¢(72), showing that Aut(T") # ¢(Dic,,).
Because ¢ agrees with o7 on O{v + 1}, we know that ¢ preserves edges in I'[O{v + 1}]. Similarly, ¢ fixes
V(T) \ O{v + 1}, and so preserves edges there as well. This leaves only the question of edges between a vertex in
O{v + 1} and a vertex not in O{v + 1}.

Suppose that the self-reverse of the 2k-cycle has odd parity. From the definition of self-reverse, we may calculate
that

oct(w+1+r)=0c(w+2k—7r)
ot(v+1+r)=v+2k—r+1
ot(v+1+r)=v+r+1+2(k—7)
or(w+1+7)=c? " (y4r+1)

Consequently, all we need to do is show that there is an element of Dic,, restricting to 0? on O{v+ 1} and stabilizing
V() \ O{v+1}.

Let 7 : Dic, — Sofut1} be the restriction homomorphism. By assumption, |7(o)| = 2k. Hence |T(a?/k)| =
|7 (o8ed(2k:2n/R))| = [ and we have 7(02) = m(02"/¥?) for some d € Z+. But 02/* must fix V(I')\ O{v+1}, because
(by hypothesis) no cycle in o other than O{v + 1} has length with a common factor with k.

Therefore, 1 leaves orbits of edges between O{v+1} and V(I')\O{v+1} invariant. Explicitly, for any w ¢ O{v+1}
we have ¥ ({w,v + 1 +7}) = 02¥/k({w,v 4+ 1 + r}. This means that ¢ € Aut(T'), as desired.

In the case where the self-reverse has even parity, we instead restrict o27. The calculations that result are the
same. O

Note that only the parity of the power of ¢ is important; in the even case, we could have restricted defined ¢ as
a combination of the identity and 7, with slightly different calculations later on.

Finally, we rule out embeddings of Dicsg where k is coprime to 6 and the only vertex orbit with size a multiple
of 3 is twisted.

Lemma 5.2. Suppose k is coprime to 6. Then any embedding ¢ : Dicgy, — Sy in which o has 2 2-cycles twisted by
T, 2 6-cycles twisted by T, and some other non-twisted cycles with length a divisor of k is not realizable.
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Proof. For the reader who is willing to read ahead, a later result, Lemma 6.12, is a more enlightening and general
variant on this one. We will give a direct proof here regardless.

First, consider the special case k = 1. Without loss of generality, assume o = (1,2)(3,4)(5,6,7,8,9,10)(11,12,13, 14,15, 16).
Direct calculation shows that the permutation v = (1,2)(3,4)(5,10)(6,9)(7,8)(11,16)(12,15)(13,14) is a member of
Aut(T") but not ¢(Dicsy). We claim that « is still an extra automorphism regardless of the value of k. Let I'; denote
the subgraph induced by the vertices of the twisted cycles of ¢(Dicsk), and let I'y denote the subgraph induced by
all other vertices. Note that v € A(T, Dicg). We already know that  preserves adjacency within I'y, and v clearly
preserves adjacency within I's, because 7y leaves all vertices of I'y fixed. This leaves only edges between vertices of
T"; and vertices of I's, so let w be a vertex of I's. If w is in a self-reversed cycle with length coprime to 3, there is
only one orbit of edges between O{w} and O{1}, so those adjacencies must be preserved; the same goes for edges
between O{w} and O{5}. On the other hand, if w is in a pair-reversed pair of cycles with length coprime to 3, then
there are two orbits of edges between O{w} and O{1}, namely the orbit of all edges between O,{1} and O{w} and
those between O,{3} and O{w}. Since v(v) € O,{v} for all vertices v, these orbits are also preserved; the same
goes for the two orbits of edges between O{5} and O{w}. O

We have now discovered enough restrictions on realizable embeddings of Dic,, to rule out all embeddings on fewer
vertices than the graph exhibited in Theorem 4.10. However, the structure of the set of all possible embeddings of
Dic,, is complicated, making the proof somewhat technical.

Theorem 5.3. Suppose n > 1 is an integer, and let

s t
=0 7=0

If 3 and 5 are multiplicity 1 divisors of n, then let N = N’ — 3; otherwise, N = N'. Then «(Dic,) = N. Moreover,
the embedding shown to be realizable in Theorem 4.10 is the unique embedding with N vertices.

Proof. In Theorem 4.10, we exhibited a graph with automorphism group Dic,, corresponding to an embedding on N
vertices. Therefore, we only need to show that no other embedding on at most IV vertices exists.

So far, we have discovered several constraints that realizable embeddings of Dic, must satisfy. In particular, if
(0, T) 2 Dic, is realizable, we know that:

e o must contain at least two twisted vertex orbits (Lemma 3.1). These twisted vertex orbits must have length
a multiple of 2°*1, according to Lemma 2.5.

e ¢ must have some cycle with length a multiple of p; for each 7, and some cycle with length a multiple of q;nj
for each j, since p; and q;-nj divide |o| = 2n.

e For each prime power divisor d of n (i.e., let d equal either p; or q;nj ), there must be some sequence Iy, ... 1,
of lengths of cycles in o such that d divides ly, some cycle of length [,,, is not self-reversed, and ged(lg, lg+1) > 1
whenever 0 < k < m (Lemma 3.4).

Call any embedding of Dic,, satisfying these three constraints potentially realizable. As the name suggests, we know
that all realizable embeddings are potentially realizable. We will show that all potentially realizable embeddings of
Dic,, other than the embedding given in Theorem 4.10 that are not ruled out by Lemmas 5.1 and 5.2 use at least
N + 1 vertices.

In order to demonstrate that all potentially realizable embeddings have the stated number of vertices, we will
first specify a non-deterministic procedure for generating realizable embeddings. (By non-deterministic, we mean
that the procedure will generate a different embedding depending on which of several options are arbitrarily chosen
at certain steps.) Then, we will prove that all potentially realizable embeddings may be generated by this procedure.
Finally, we will prove that all embeddings generated by this procedure, except those excluded above, have at least
N + 1 vertices.

1. Arbitrarily totally order the prime divisors of n other than 2, calling them fi, fo ... f, with respective multi-
plicities my,ma, ... M.

2. Define the embedding eg of Dicys so that o and 7 have t > 2 pairs of twisted cycles of length 201, and for each
k such that 1 < k < b, 0 and 7 have any chosen number of 2% cycles, self reversed or pair reversed as desired.
Note that all three constraints above are satisfied, so eg is a potentially realizable embedding.
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3. Produce e, from e;_1 by any combination of the following changes, such that the listed constraints are satisfied
mi+1,

and no cycle has length a multiple of f,
e Multiply the lengths of existing cycles in o by some power of fi, preserving the behavior of 7 (whether
twist, pair-reverse, or self-reverse).

e Add new cycles to o with length a power of fi, pair-reversed or self-reversed by 7 as desired.

Since the listed constraints are still satisfied and no cycle has length divided by too high a power of f, e is a
k
potentially realizable embedding of Dic,,, where nj, = 2° ] /™.
i=0

4. Repeat step 3 until e, a potentially realizable embedding of Dic,,, has been obtained.

5. Produce e,; by adding a chosen number of 1-cycles to o, pair-reversed or self-reversed as desired. Since
1-cycles have nothing to do with our three constraints, e,;1 is a potentially realizable embedding of Dic,,.

First, we must show that any potentially realizable embedding of Dic,, can appear as e,11, depending on what
choices were made during the procedure. Since step 5 allowed us to add any configuration of 1-cycles, we may more
simply show that any potentially realizable embedding of Dic,, without 1-cycles can appear as e,.. By Theorem 2.6
and Lemma 3.1, all potentially realizable embeddings of Dicys may occur as eg whenever b > 0.

The special case b = 0 demands some attention. The group Dic; is, for our purposes, a degenerate case. Applying
the presentation given in Definition 0.5, we may see that Dic; = Zs X Zs, the Klein 4-group. In the case b = 0,
the embedding eq is not actually an embedding of Dicy, but the constraints are satisfied nonetheless. The theorems
referenced in defining potentially realizable only discuss the case n > 1, but we can still verify the rest of their
hypotheses. Since we are not considering Dic; in this paper, we will adopt the lexical convention that embeddings
satisfying our above constraints for n = 1 are potentially realizable embeddings of Dicy;. Therefore, our procedure
does in fact generate all potentially realizable embeddings for n a power of 2, and in particular (bearing in mind
our convention regarding potentially realizable embeddings of Dici;) when n = 1. This means we can proceed by
induction.

Suppose that n is not a power of 2, and that for all m < n, our procedure generates all realizable embeddings
of Dic,,, and let e, denote some embedding of Dic,, without 1-cycles; we will now attempt to construct an e,_;
from which we may produce e,. Picking any total ordering of the odd prime factors of n, we might work backwards,
constructing e, removing all factors of f, from the lengths of cycles in ¢ in our embedding e,., and removing any
resulting 1-cycles entirely. Since e, is assumed to be a working embedding, step 3 of our procedure will allow us
to restore the missing factors and cycles. The only trouble is in showing that the resulting e,._; is a potentially
realizable embedding.

Since f. # 2 and e, has at least two pairs of twisted cycles, so does e,_;. Since no factors besides those of f,
were removed, o still has a cycle with length a multiple of f;* for all k& < r, regardless of the choice of f.. However,
it is possible that in some sequence demanded by applying Lemma 3.4 to e,, we have ged(lx, lx+1) equal to a power
of f,, meaning that e,_; no longer satisfies Lemma 3.4. We will show that there is always some choice of f,, and
hence some ordering of the prime factors of n which may be chosen in step 1, which avoids this difficulty.

Using the embedding e,, define the graph X to have vertices {2} [J{fx}, and edges

{(2, fx) : fr divides the length of a non-self-reversed cycle in o} LJ{(p7 q) : pq divides the length of some cycle in o}.

Every path in X from some fj to 2 corresponds to a sequence of cycle lengths satisfying Lemma 3.4, and vice versa.
If we are given the path fi,g1,92,...2 in X, each non-final edge (gx, gr+1) implies the existence of a cycle with
length a multiple of grgr+1, so the three consecutive vertices gx—1, gk, gr+1 imply the existence of cycles of lengths
gk—19r and gx11gk, with common factor gi. Let X’ be the corresponding graph for e,._;. The graph X’ can be
obtained from X by simply removing the vertex f, and all adjacent edges, so if f, is not a cut-vertex, e,_; will
satisfy the restriction imposed by Lemma 3.4. Since X is a connected graph with at least two vertices, it has at least
two non-cut vertices (take two leaves in an arbitrary spanning tree of X), and one of them is not 2; we choose this
vertex as f;.

Now, it remains to show that every embedding produced by our procedure besides the one given in Theorem
4.10 is either non-realizable or has at least N + 1 vertices. In an embedding ey, some cycle of o must have length a
multiple of f""*, but no cycle in e,_; has length a multiple of f,. Therefore, when producing ey, from e;_; in step 3
of our procedure, we must either add a new cycle (or cycles) with length f,"* or multiply the lengths of some existing
cycle (or cycles) by fr. These cycles may be twisted, pair-reversed, or self-reversed. If some of these cycles are not
self-reversed, or they are preexisting self-reversed cycles, then e, will immediately satisfy the conclusion of Lemma
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3.4, because the cycle will give rise to an edge in X between f; and some other vertex. If all of these cycles are new
self-reversed cycles, then the Lemma requires that a factor of fi be added to some existing cycle or cycles.

In total, depending on whether new cycles are added or existing cycles are enlarged and where the factor of f;**
is added, there are eight minimal choices (in the sense that whatever we do, we must add at least the cycles specified
by one of these choices, and may add more). This allows for a case-by-case analysis of the number of vertices added.
For readability, let p = fr and m = my. Then the eight minimal possibilities are:

1. Change a pair of twisted cycles of length [ to length Ip™, adding 2I(p™ — 1) vertices.
. Change a pair of pair-reversed cycles of length [ to length Ip™, adding 2I(p™ — 1) vertices.
. Add a pair of pair-reversed cycles of length p™, adding 2p™ vertices.

. Change a self-reversed cycle of length [ to length Ip™, adding I(p™ — 1) vertices.

[ R S V)

. Add a self-reversed cycle of length p™ and change a pair of twisted cycles of length I to length Ip, adding
p™ + 2l(p — 1) vertices.

6. Add a self-reversed cycle of length p™ and change a pair of pair-reversed cycles of length [ to length Ip, adding
p™ + 2l(p — 1) vertices.

7. Add a self-reversed cycle of length p™ and change a self-reversed cycle of length [ to length Ip, adding p™+I(p—1)
vertices.

8. Add a self-reversed cycle of length p”™ and a pair of pair-reversed cycles of length p, adding p™ + 2p vertices.

The embedding we have realized on N vertices results from using two twists, ordering the prime divisors of n in
ascending order, always making choice 8 when m > 1 or p € {3,5} and choice 3 otherwise, and never adding any
extra cycles, except that when p = 5 we apply choice 4 to change a self-reversed 3 cycle to a 15 cycle if possible.
The calculations below show that for most e;_1, choice 8 leads to the smallest possible corresponding ey, if m > 1,
and choice 3 leads to the smallest possible corresponding e otherwise. For some e;_; where this is not the case,
we will dismiss the possible e; that are at least as small as our claimed bound by showing that they are non-
realizable. For the rest, e;_; will contain 2 or 4 cycles other than twists (which may be removed without making the
embedding unrealizable), meaning that the smallest ej corresponding to that ex_; will contain more vertices than
some e}, resulting from an alternative ej,_,; creating e will add fewer vertices, but to a larger preexisting embedding.
Because choices 3 and 8 add entirely new cycles, the number of additional vertices does not depend on what cycles
are already present in e;_;, meaning that the smallest possible e, must arise from the smallest possible e;_;. By
induction, the smallest possible ej will result from making choice 8 or 3 (as determined by my) at each step. The
case where, p = 5, and m = 1 is the lone exception to this rule, since the use of choice 4 depends on the existence of
a self-reversed 3-cycle in ep_;. However, the fact that this case can only ever arise once during the algorithm allows
us to handle it separately.

Recall that in all cases, p > 3 and [ > 2 (because 1 cycles are not added until the final step).

1. In case m > 1, this choice adds more vertices than choice 8, as demonstrated by the inequalities

dp >4
6p—4>2p
3p™ —4>2p

4p™ —4>p™ +2p

Ap™ —1) >p™ +2p

2™ —=1)>p™ +2p

In the case m = 1, we examine three subcases:
e If p # 3, we have
p>4
3p—3>2p
3p™—1)>2p™
2™ - 1) > 2p™

Therefore, this choice adds more vertices than choice 3.
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e If [ > 2, we have

p>2

2p >4
dp—4>2p
20p—1) > 2p

2™ —1) > 2p™

Again, this choice adds more vertices than choice 3.
e If p =3 and [ = 2, we discover that this choice adds 2I(p™ — 1) = 8 vertices, 1 less than choice 8 would.
However, the resulting graph is not realizable, as shown in Lemma 5.2.

2. This case adds the same number of vertices as the previous case, so the same calculations hold. However, in
the case where m = 1, p = 3, and [ = 2, we must rule out the resulting embedding in a different way. Since
[ =2, we know that e,_; contains a pair of pair-reversed 2-cycles; let €/ _; be the embedding that results from
removing these 2-cycles, and apply choice 3 to form e!.. Since this choice only adds one fewer vertex than choice
3, while e/ _; has 4 fewer vertices than e,_;, we know that e]. has fewer vertices than e,, so this choice does
not really produce the smallest vertex minimal embedding.

3. If m = 1, this choice is minimal (but if p € {3,5}, Lemma 3.7 says it is not realizable). If m > 1, calculation
shows that
"> p?
p™>2p
2p™ > p™" +2p
Therefore, choice 8 adds fewer vertices than choice 3 when m > 1.

4. This choice always adds more vertices than choice 8. In the case m > 1, we apply the inequalities

p>2
(p—2)p>2
p? > 2p+2
p"t > 2p+2
pr—1>2p+1
=™ -1)>2p+1
Ipm™—=1)>p™+2p

In the special case m = 1, we must examine a few subcases.
e If [ = 2, the resulting embedding adds two fewer vertices than choice 3:
I(p™ —1) =2(p™ - 1)
I(p™ —1)=1[2p"] -2

Similar to the reasoning seen in our treatment of choice 2, the fact that [ = 2 implies the presence of a
2 cycle, so the e resulting from this choice can have, at best, exactly as many vertices as our existing
vertex minimal embedding. By Lemma 5.1, this e is not realizable.

e If p>T7and [ > 2, choice 3 uses fewer vertices:

(I-2)(p™—1)>2
l(p™ —1) > 2p™
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e If p=3and ! > 2, we additionally know that [ > 4; since we are currently adding factors of 3 to cycle
lengths, no 3-cycles already exist. If I = 4, we observe that this choice adds I(p™ — 1) = 8 vertices
compared to 9 from choice 8. Since [ = 4 implies a preexisting self-reversed 4-cycle, we may dismiss this
case along with the previous one.

e On the other hand, if [ > 4, choice 8 uses fewer vertices, because

10>9
20 > 3p
Ipm—=1)>p™+2p

e In the case where p =5 and [ > 4, we find that choice 8 uses fewer vertices, because

p>4
dp—4 > 3p
Ilp—1)>3p

Ipm—=1)>p™+2p

e The only remaining case is where p = 5 and I = 3. In this case, we discover that this choice adds
I(p™ — 1) = 12 vertices, while choice 8 adds 15 vertices. Assuming that a self-reversed 3-cycle exists
and is not superfluous (such as when it was produced due to taking choice 8 when adding factors of 3),
choice 4 indeed produces the minimal embedding. Because this is the only scenario in which the minimal
embedding depends on the order primes are added, the minimal embedding over all orderings of the prime
factors of n occurs when factors of 3 are added before factors of 5, allowing this case to arise.

5. The following inequalities demonstrate that this choice always adds more vertices than choice 8:

p>2

2p >4

dp —4 > 2p
20p—1) > 2p

pm+2(p—1)>p"+2p

6. This argument for this choice is the same as in the previous case.

7. In case m = 1, this choice adds more vertices than choice 3, as demonstrated by the inequalities

(I-Dpp-1)>1
I+D)(p-1)+1>2(p—1)+2
p+ilp—1)>2p
p"+ilp—1)>2p

In the case m > 1, we must examine several subcases:

e If | = 2, we find that this choice adds 2 fewer vertices than choice 8, but the fact that [ = 2 implies
the existence of a self-reversed 2-cycle in e;_1; we dismiss this case the same as we did when considering
choice 4.

e If [ > 2 and p # 3, we find that this choice uses more vertices than choice 8:

p>3

p—1>2

(I-2)(p—1)>2
llp—1)>2p

p" +llp—1)>p" +2p
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e Finally, if [ > 2 and p = 3, we again exploit the fact that p does not divide [, so | > 4:

p—1=2
(i-2)(p—1)>2
llp—1)>2p

P +llp—=1)>p" +2p
8. If m > 1, this choice is generally minimal. If m = 1, calculation shows that

p"=p
2p™ = 2p
2p™ < p™ +2p

Therefore, choice 3 adds fewer vertices than choice 8 when m = 1.

6 Edge Minimization

Our final task is to show that the vertex-minimal graph I' given in Theorem 4.10 is also edge-minimal, and thereby
determine e(Dic,, a(Dic,)). For ease of notation, let G,, = Dic,, be the automorphism group of a graph on «(Dic,,)
vertices. By the uniqueness result in Theorem 5.3, we know the precise permutations that make up G, up to
exchanging the names of vertices.

Orbits of edges included in the previously exhibited graph fall into two broad categories: those that are necessary
to restrict the motion of the vertices of twisted vertex orbits, and those that restrict the rest of the graph. We begin
by showing that the orbits in the latter category included in the graph exhibited by Theorem 4.10 are necessary.
This is by far the easier of the two tasks, because many pairs of vertex orbits have only one or two orbits of edges
between them.

Unlike in previous (and future) proofs, the extra automorphism exhibited in proving the following lemma will
not have order 2; this departure allows for a simpler and more intuitive argument.

Lemma 6.1. IfT' is a graph with G,, < Aut(T') and no edge orbit of the form O{y; + 2¢; + 1,y; +2¢; + 1 + k}
(where 0 < k < g;) for some j : mj; > 1, then Aut(l') > G,,.

ot (z)ifwe{y+2¢+1+kqg:0<k< q;njfl}
x otherwise

Proof. Consider the map ¢(z) = We claim that ¢ € Aut(T")

but ¢ ¢ (o,7). For suppose the contrary, that ¢ € Dic,,. Since ¢ agrees with 0% on some vertices, it must be
equal to some element of the coset 0% stab(y; + 2¢; + 1 + ¢;k) for each 0 < k < q?fl. Lemma 4.1 tells us that
stab(y; +2¢; + 1 +7) = (c% ’ 62" 17), and the intersection of the stabilizers for k = 0 and k = 1 is just (% ).

Therefore ¢ € 0% (0% ’ ), and ¢ = g% ’ on O{y; +2¢; + 1}. But g% 7 does not fix any element of O{y; + 2¢; + 1},
a contradiction. O

The next lemma is stated for the case where m; > 1, because in the special case where m; = 1 (and hence
g; € {3,5}), we in fact do not need the given orbit.

Lemma 6.2. IfT' is a graph with G,, < Aut(I') and no edge orbit of the form O{y; + 1,y; + 2¢q; + 1 + k} (where
0 <k <gqj) for some j € [1,J], then Aut(T') > G,.

Proof. By Lemma 3.2, we may assume there are no edges between O{y; + 2¢; + 1} and the rest of I'. Therefore,
the restriction of 7 to O{y; + 2¢; + 1} is an involution in Aut(I') not equal to 72, and therefore not in the subgroup
(o,7) < Aut(T). O

The following lemma gives two options: connect the two pair-reversed cycles of length ¢; or add a second orbit
of edges between them and the self-reversed cycle of length q}nj; the latter always uses at least as many edges as the
former, more when m; > 1, allowing us to ignore it. In fact, it is possible to avoid connecting the two pair-reversed
cycles of length ¢;, but only by including three edge orbits between O{y; +1} and O{y; +2¢; + 1}, in a configuration
similar to the one introduced in Lemma 4.4.
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Lemma 6.3. IfT" is a graph with G,, < Aut(I') and no edge orbit of the form O{y; + 1,y; + q¢; + 1 +r} and only
one orbit of the form O{y; + 1,y; + 2q; + 1 + k}, then Aut(T') > G,,.

Proof. Define 7, to be the permutation reversing the o-cycles of O{g; + 1} onto themselves, as in Lemma 3.6. Let
~ be given by

v v ¢ O{y; + 11U O{y; +2¢; + 1}
() = o 1. (v) ve O {y;+1}

o?*r.(v)  veO{y;+qi+1}

7(v) ve Ofy; +2¢; + 1}

Clearly, |y| = 2, yet v # 72. We will show that v € Aut(T).

Since y preserves orbits under o, all edges between the vertices in O{y; + 1} JO{y; + 2¢; + 1} and the rest
of the graph are preserved by -y; since vy is the identity outside these two orbits, all edges outside these two orbits
are preserved. Since v = 7 on O{y; + 2¢; + 1}, edges between vertices in that orbit are preserved. Therefore, the
only remaining orbits of edges are those between vertices in O{y; + 1} not of the form excluded by hypothesis and
O{y; +1,y; +2¢q; + 1 + k}. The chart below shows that these edges are also preserved.

Ofvi,v2} e € Ofur,v2} () m € {o,7) s m(ex) = v(e)
Ofy; + 1y, +1+7) {yj+1+z,y; +1+7r+a} oy +q -7y +q— (r+a)} oy 4+ Ly, + L+
S (v +20 2y, +2¢ — (r+a)y | oy +gi+1+ay+g+1+rtay | o or{y, 41y 4140}
i+1+z,y;+2¢ +1+k+z} {y; +q; — 2k —z,yj11 — (k+2)} o wly + 1,y +2¢; + 1+ k}
a1y 4920 14k {y; + Y5 j Y j yYi+ ] Yj Y j
Ol ¥ Ly #2654 VR | 0 429, oy — (k4 a)) | fyy b+ 142kt oy +20, 4k ta) | o™ oH0r(y, + 1oy, + 20, +1+ k)
As noted above, v may be thought of as reversing the {O{y; + 1,3, +2¢; + 1} : k € Z,, } onto itself. O

The next two lemmas essentially demand that the graph have only one component; because the automorphism
group of a graph with several components is the direct product of the automorphism groups of the subgraphs induced
by each component, this result is not very surprising. Notice that all self-reversed cycles have length coprime to
the size of every other vertex orbit except for one pair-reversed vertex orbit, and hence there is only one orbit of
edges between a self-reversed vertex orbit and any vertex orbit other than the corresponding pair-reversed vertex
orbit. Lemma 3.2 shows that these single edge orbits will not be of any use when it comes to connecting the different
pieces of the graph, so instead, edge orbits connecting pair-reversed and twisted vertex orbits to each other must be
included.

Lemma 6.4. IfT is a graph with G,, < Aut(T') and no edge orbit of the form O{1,y;+1+k} or O{2°24+1,y;+1+k}
(where 0 < k < q;) for any j, then Aut(T') > Dic,,.

Proof. By Lemma 3.2, we may additionally assume there are no edges between O{1} and O{y; + 2¢; + 1} or
0{2*2 41} and O{y;+2q; +1}. Therefore, the restriction of 7 to the union of all the O{y; +1} and O{y; +2¢; +1}
is an extra involution. O

In other words, there must be a connection between the twisted cycles and the chunks for each of the high-
multiplicity primes g;. For any given chunk, however, there are two possibilities: a direct connection from the twists
to O{y; +1} as in the above proof, or a connection between O{y; + 1} and O{y; + 1} where ¢ # j. Both possibilities
suffice, so we must compare the sizes of the needed edge orbits. An orbit of edges between O{1} and O{y; + 1} has
2Y+2¢; edges, while an orbit between O{y; + 1} and O{y; + 1} has 2¢;q; edges. A similar argument explains why
edges connecting vertices in O{1}, O{z; + 1}, and O{y; + 1} with the vertices of a particular non self-reversed orbit
are included.

Lemma 6.5. IfT is a graph with G, < Aut(T') and no edge orbit between some orbit of the form O{1}, O{x; + 1}
or O{y; + 1} and any other non-self-reversed orbit of vertices, then Aut(I') = Dic,,.

Proof. The proof is similar to that of 6.4. O

The next lemma prepares us to verify that the edge orbits included by the structure first shown in Lemma 4.4
are needed.

Lemma 6.6. If T is a graph with G, = Auwt(T'), then for each j, T contains either have 3 orbits of the form
O{y; +1,y; +2q; + 1+ 1} and q; & {3,5} or an orbit of the form O{y; +1,y; + q¢; + 1 + k}.

Proof. In the vertex minimal embedding of Dic,,, the only vertex orbits with size a multiple of ¢; are O{y; + 1} and
O{y; +2q; + 1}. Orbits of edges between these two vertex are of the form O{y; + 1,y; + 2¢; + 1 + k}; if no such
orbits are included, then more than two orbits of the form O{y; + 1,y; + ¢; + 1 + r} must be included by Lemma
3.6. O
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Recall that when exhibiting the vertex minimal graph of Theorem 4.10, we included an edge orbit of the form
O{z; + 1,2; + 1 + a} precisely when p; = 7. This special case was introduced in Lemma 4.5. The following lemma
shows that this edge orbit was necessary.

Lemma 6.7. If T is a graph with G,, < Aut(T') where 7 is a multiplicity 1 divisor of n, so that (without loss of
generality) p1 = 7, and T includes no edge orbit of the form O{x1 + 1,21 + 1+ a}, then Aut(T") > G,,.

Proof. For ease of reading, let £ = 1. Assume the contrary, that I includes no orbit of the form O{z+ 1,z + 1+ a}
and yet Aut(I') = Dic,,. By Lemma 3.6, we know that I must include the edge orbits in some {O{z+1,2+7+1+a} :
a € A} such that the members of A form an asymmetric 2-coloring of the 7-gon. A simple exhaustive search reveals
that, up to rotation of the names of vertices in O{z+1} and exchanging switching edges and non-edges in accordance
with Lemma 3.2, there are only two choices for what set of orbits to take: either A = {0,2,3} or A = {0,1,3}. In
either case, we claim the same extra automorphism: v = (z+1,2+2)(x+5,24+7)(x+7+1, 2+74+2)(x+7+3, 2+7+5).
Note that this automorphism preserves orbits under the action of 0. Whenever there are two orbits between chunks,
the difference between them is which pairs of o-orbits are connected, and either all edges or none between a pair of
o-orbits are included (because the lengths of the cycles in each chunk are coprime). Therefore, all orbits of edges
between O{x + 1} and the rest of the graph are preserved. Orbits of edges with neither vertex in O{z + 1} are also
preserved, since v = e on those vertices. Since we have assumed the absence of orbits of edges within each o-orbit in
O{z+1}, the only edges we have to worry about are those between O,{z+1} and O,{z+p+1}. We know precisely
which 21 edges of this form have been included: the members of U O{z+ 1,z + 8+ a}. Calculation reveals that

acA
preserves these edges as well, regardless of the identity of A. O

At this point, we have dealt with all the edge orbits that are required to restrict the motion of vertices in self-
reversed and pair-reversed vertex orbits. Therefore, we turn to the question of the edge orbits that restrict the motion
of the twisted vertex orbits. The minimal configuration when n is even is largely similar to that of the edge-minimal
graph when n is a power of 2 (exhibited in [4]), and many of our results amount to showing that lemmas from that
paper generalize. On the other hand, when n is odd and the length of a cycle in a twisted vertex orbit is only 2, a
number of special cases arise. As a result, the special case b = 0 must often be handled separately.

Let T = {1,2,...2°73} denote the set of vertices of the twisted cycles of o.

This following observation is made now in order to avoid giving repetitive arguments to the same effect.

Lemma 6.8. Suppose I is a graph with with G,, < Aut(T) and let T’ be the subgraph of T' induced by the vertices in
T. If g € Aut(IV) \ Goo and ¢(v) € Oy{v} for allv € T, then Aut(T') > G,,.

Proof. Define

;o) veT
¢_{v vegT

Clearly, ¢’ preserves adjacency between members of T and between members of V(I') \ T. Let {v,w} be an edge
(equivalently, non-edge) of I' with v € T and w € V(I') \ T. Then |O,{v}| = 2**! is coprime to |O,{w}|, so no
matter what ¢(v) is, there is some k such that o*{v, w} = ¢{v, w}. O

For even n, the only edge orbits of the graph given in Theorem 4.10 that we have not shown to be necessary
are between vertices of the twisted vertex orbits. Helpfully, edge orbits between the twisted cycles only take on two
sizes: O{1,72(1)} and O{2°2 + 1,72(2°%2 + 1)} have 2°*! edges, and all other orbits have 2°72 edges. The extra
automorphisms we will find here do not depend on edges between the twisted vertex orbits and the rest of the graph,
so comparing the numbers of edges in different configurations of edge orbits will be simple. We will first show that
two edge orbits between the two twisted vertex orbits are required, and then show that no single additional edge
orbit will suffice, and neither will a pair of edge orbits where one or both contains 2°*1 edges. Hence, our selection
of four edge orbits of size 272 will be minimal.

Lemma 6.9. A graph T' with Aut(T') = G,, must have at least one edge-orbit of the form O{1,3-2*1 + 1+ a} and
one edge-orbit of the form O{1,2°%% +1 +a}.

Proof. If either of the required orbits is not included, an extra automorphism outside of Dic,, permuting the vertices
of the twisted cycles is exhibited in Lemma 20 from [4]. In each case, this automorphism is the restriction of 72 at
some vertices and e at others. Since all vertices of non-twisted cycles are fixed by 72, this automorphism preserves
those edges as well, as pointed out in Lemma 6.8. Note that the numbering may not be revision safe.
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Suppose that no edge orbit of the form O{1,3-2**! + 1 + a} is included in . Then the extra automorphism is
given by

v otherwise

() = {72(1;) ve 01} U0, {22 + 1}

As in previous cases, to see that « is an automorphism, consult the following chart.

Ofvy,va} e € O{vy, v} ~(e) m € (o,7) : w(ex) = v(e)
O{L,1+k) b{l+m,1—}:k+x} T?{1+x,1‘+k+m} 22{1+x,1+k+z}
{2042 — 2, 2542 (K +2)} {2042 — 3, 2042 — (k +2)} o t{l+x,1+k+a}
O{L,1+k} {22 414+ 2,22 4 1+ k + 2} TP 4 142, 22T 4 14k +a} {2 AT+ 2, 2+ T+ k +a)
) {2b+3 _ 172b+3 —(k+ x)} {2b+3 _ 17264—3 —(k+ .z:)} g—zT{2b+2 +1 +x,2b+2 14 k+ x}
O(1,21 41+ 4} {142,277 +1+k +a} {1 +2), 27 +1+k +a} oFFIFE 1 20T ¢+ e}
’ {2642 — g, 25+ — (k4 2)} {2642 — o, 7225 — (kK +2)} oo {1,211 + k}
O[22 41,321 41 4 k) 272414+ 2,3- 227 1+ k+a) || {72222+ 14 2),3 - 227+ 1+ k + 2} oFFIFE (202 1 1.3 20F L 4 k)
’ {263 — 2,321 — (k +2)} {243 — 2, 72(3 - 20! — (k + =)} o?r{2"2 4+ 1,3 201 4k}
O(1,252 41+ 4} (1+2,2"7 +1+k+a} {1+, 2577 + 14k +a} 72qf{1,2”+2+1+k-}
' {2042 — 2, 2543 — (k4 2)} {2642 — g, 2543 — (k4 2)} Too{1,2%2 + 1 + k}

Orbits of the form O{1, 14k} may be written as O{1,o*(1)}; similarly, those of the form O{2°724+1,2¥2 41+ &}
may be written as O{2°%2 + 1,0%(2°%2 + 1)}. Considering these forms for these edge orbits may make the effect of
~ on their members more clear. O

We have just shown that at least two edge orbits between twisted cycles are present; over the next several lemmas,
we will see that adding any single additional orbit leaves some extra automorphism.

Lemma 6.10. Let I' be a graph with G,, < Aut(I") (on a(Dicy,) vertices) such that the only orbits of edges between
the first 2273 wertices are O{1,3-2b1 + 147}, O{1,2°72 + 1+ s}, and any number of orbits of the form O{1,1+k}
or O{2%%2 + 1,272 + 1 + k}. Then Aut(l') > G,,.

Proof. Let 7* be the permutation reversing the four 2°*! cycles of T, as if they were self-reversed cycles. (That is,
T = (1,2001)(2,200 — 1) (200D 41, 20F2) (20 4 2 9042 1) (202 1,3 26T (202 9,3 2bF — 1) ... (3.
9b+1 +1, 2b+3)(3 . 9b+1 +2, 2b+3 _ 1) L. )

We assert that an member of Aut(I") \ G,, is given by

7*(v) 1< o< 2btl
_ 0_2(T+S)7_* (’U) 2b+1 +1 <v< 2b+2
"}/(’U) - o2 (’U) 9b+2 +1<v<3- 9b+1
a7 (v) 3.20H 41 <p < 20F3

By Lemma 6.8, we know that if v preserves adjacency within the twisted vertex-orbits, then v also preserves
all other edges. That v preserves adjacency between the vertices of the twisted-vertex orbits is shown below, as in
previous proofs:

O{v1,v2} e € O{vy,va} y(e) 7w € (o,7) : w(ex) = v(e)
O{L1+ k) {1+z,1+k+a} {2071 — g, 25+ — (K +2)} o~ FR2 T e 1+ k +a})
’ {202 — 2,202 — (k + )} {2 o 42(r+5), 2 +k+2+2(r+5)} oft2et2(rto) fobt2 _ g 2042 — (k + )}
Of20+2 4 1,252 11 4 k) 22+ 142,22+ 1+ k+a} {8-2" — 2w 420,322 — (k4 2) +2r} oA TAr o2 L] 4, 25F2 L1 4 k4 2}
, {2043 g 2948 (k4 )} {3-2%1 414+ 2 425,3-2071 4 14k + 2+ 25} ol 2o 425 (obH3 g ObH3 (k4 1)}
O{1,242 4147} {1+2,22+1+7r+a} {227 — 3251 — g+ v} o {1,252 + 1+ 7}
5 r {2b+2 —z, 2b+3 _ (T + 1)} {2b+1 +14+x+ 2(7“ + 5)73 . 2b+1 +l+r+a+ 23} o.;c+2('r+s){2b+2’ 2b+3 o ’I“}
Of1,3 2+ + 1+ 5} 523 2% 1 1+s+a) T =3, 27 — 1 5} Ui;n{1’3_221+1+1+s}
’ ’ {2642 — 2, 3. 221 — (s + 1)} {2641 1+ 2+ 2(r +5),2°72 + s+ 2+ 2r} P H2rte) (9642 3 9b+1 _ g1
0

Lemma 6.11. Let T’ be a graph with G,, < Aut(I') (on a(Dic,) vertices) such that the only orbits between the
first 2°%3 wertices are O{1,3 - 2Y*1 + 1 + 7}, O{1,2°72 + 1 + s}, any orbits of the forms O{1,2°%! + 1 + x} or
O{2%2 11,3 - 2Y*1 + 1 + 2}, and any combination of orbits in {O{1,72(1)}, O{2°+2 + 1,72(2"*2 + 1)}}. Then
Aut(T) > G,,.

Proof. Define
v = (1, 72(1) (25T 14+ (r4s), T2 (25T 14+ (r+9)) 202+ 14, 72 (252 1 1 47)) (3. 20T p 145, 72(3- 28T+ 1 4-5)).
We will show that v is a member of Aut(T") \ G,,. Again, we apply Lemma 6.8 to show that we need only worry

about edge orbits between the first 2043 vertices.
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Because 7 is the restriction of 72, an involution, y leaves the edge orbits O{1,72(1)} and O{2**2 +1,72(2"*2 +1)}
invariant, switching the endpoints of two edges in each and fixing all other vertices. Note that the orbit O{1, 20! +1+
r} = 0{1,2"%2 — (—2)} may be written O{1,0*7(1)}. But since (¢¥7)2 = 72 for all k, we have o~ '7{1,0727(1)} =
{r2(1),07%7(1)}, and 7 again leaves orbits of the form O{1,2°*1 + 1 + z} invariant, switching the endpoints of two
edges and leaving other vertices fixed. A symmetric argument holds for orbits of the form O{204241,3-20F1 41+ 2}.
For the remaining orbits, first note that since (o, 7) acts the same on each twisted vertex orbit, each vertex is incident
to one edge in O{1,3 - 21 + 1 + 7} and one edge in O{1,2°%2 + 1 + s}. Also note that 7> € Z(Dic,). A simple
calculation shows that the eight vertices permuted by v form a component of the graph induced by the edges in these
two orbits, and that « is the restriction of 72 to the vertices of this component. O

Lemma 6.12. Let T be a graph with G,, < Aut(T") (on a(Dic,) vertices) such that the only orbits between the first
2043 wertices are three members of {O{1,2°72 + 147 :r € Z}}U{O{1,3-2° 1 + 1+ 5 : s € Z}} and any combination
of orbits in {O{1,72(1)}, O{2b+2 +1,72(2*2 +- 1)}}. Then Aut(T') > G,,.

Proof. If all the neighbors of 1 in the orbits of size 2°7! are in the same cycle in o, Lemma 6.9 applies. Otherwise, an
extra automorphism of the restriction of I' to T is given in Lemma 23 or Lemma 24 of [4], which remains in Aut(T)
by Lemma 6.8.

O

Now, we turn to the structure of edge orbits when b = 0; that is, when n is odd. In this case, Lemma 6.9 still
holds, so we already know two edge orbits that are required. The other two edge orbits whose inclusion are O{5,x1}
or Of5,y1}, whichever was included, and the O{1,2} in the case that n was an odd prime power.

We begin by showing that the orbit of edges between O{5} and a pair-reversed vertex orbit is required.

Lemma 6.13. Let I' be a graph with G,, < Aut(I") (on a(Dic,) vertices) such that there is no orbit of the form
O{5,2; + 1} or O{5,y; + 1}. Then Aut(T) > G,,.

Proof. Consider the permutation given by

m(v)  wve{l2}
v ve{3,4}
v(v) = 7(v) v € {5,6}
) wve{78}

v v ¢ O{13UO{5}

Calculation shows that all edge orbits between vertices of the twisted vertex orbits are preserved. Since the only
members of twisted vertex orbits adjacent to members of non-twisted vertex orbits are in O{1} and y(v) € O,{v}
for every v € O{1}, we may apply Lemma 6.8 to show that - preserves the remaining edges. O

Since O{1,2} is of the minimum possible size, for an additional orbit, we need only show that some additional
orbit is necessary in the case where n is a prime power.

Lemma 6.14. Suppose n = p™ is an odd prime power. Let T be a graph with G,, < Aut(T') (on «(Dic,) vertices)
such that the only orbits of edges involving vertices of twisted vertex orbits are O{1,5+ r}, O{1,7+ s}, O{1,9} or
0{1,9+ p}, and O{5,9} or O{1,9+p}. Then Aut(l') > G,,.

Proof. Notice that under the above hypotheses, the relationship of O{1} to O{5} is symmetric. In fact, we can
give an extra automorphism which switches O{1} and O{5}. If 1 and 5 have a common neighbor in O{9}, then let
v = (1,5)(2,6)(3,8)(4,7). Clearly, v is an order two permutation different from 72 = . Since O, {1} is switched
with O,{5}, edges between the twisted cycles and O{9} are preserved. Calculation shows that, regardless of the
values of 7 and s, the edges between the twisted vertex orbits are also preserved.

If instead 1 and 7 share a common neighbor in O{9}, we let v = (1,7)(2,8)(3,5)(4, 6); the proof is symmetric. O

Theorem 6.15. The graph I with Aut(T') = Dic,, ezhibited in Theorem 4.10 has e(Dic,, a(Dicy,)) edges.

Proof. This proof is largely a matter of combining the lemmas we have previously shown in this section.

First, note that the orbits of edges between vertices of O{y; +2¢; +1} when m; > 1 must be included by Lemma
6.1. The orbits between O{y; 4+ 1} and O{y; +2¢; + 1} must be included by Lemma 6.2. The orbits between vertices
of O{y, + 1} are required by Lemmas 6.6, 6.7, and 6.3. By Lemma 6.6, all orbits of edges between O,{z; + 1} and
Ou,{z; + p; + 1} are necessary. A simple calculation shows that the orbits of edges included between the smallest of
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O{1}, O{x1 + 1}, or O{y1 + 1}, whichever is the smallest, and all other orbits of the forms O{1}, O{z; + 1} and
O{y; + 1} are the edge-minimal fulfillment of the requirements of Lemmas 6.4 and 6.5.

If n is even, the orbits of edges between O{1} and ©{2°*2 + 1} included in T' are required by Lemma 6.9. By
Lemmas 6.11, 6.10, and 6.12, no third edge orbit of edges amongst the vertices of O{1} and O{2°+2 + 1} will suffice,
nor will any trio of edge orbits amongst those vertices combined with an edge orbit of size 2°*!. Hence T, with 4
edge orbits of size 2°72 amongst the vertices of O{1} and O{2**2 + 1}, has the minimum possible number of edges.
If n is odd, a similar argument, aided by Lemmas 6.13 and 6.14 suffices. O
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