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Abstract

Let S be a subset of the cyclic group Z,. The cyclic Haar graph H(Z,, S) is the
bipartite graph with color classes Z" and Z,,, and edges {z ",y }, where z,y € Z,, and
y —x € S. In this paper we give sufficient and necessary conditions for the isomorphism
of two connected cyclic Haar graphs of valency 4.
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1 Introduction

Let S be a subset of a finite group G. The Haar graph H(G, S) is the bipartite graph with
color classes identified with G and written as G* and G, and the edges are {zT,y~},
where z,y € G and yx~! € S. Haar graphs were introduced for abelian groups by
Hladnik, Marusi¢ and Pisanski [6], and were redefined under the name bi-Cayley graphs
in [17]. A Haar graph H (G, S) is called cyclic if G is a cyclic group. In this paper we
consider the problem of giving sufficient and necessary conditions for the isomorphism
of two cyclic Haar graphs. This is a natural continuation of the isomorphism problem of
circulant digraphs which has been solved by Muzychuk [12]. It appears in the context of
circulant matrices under the name bipartite Adam problem [16], and also in the context of
cyclic configurations [2, 6].

The symbol Z,, denotes the additive group of the ring Z/nZ of residue classes modulo
n, and Z denotes the multiplicative group of units in Z/nZ. Two Haar graphs H(Z,,, S)
and H(Z,,T) are called affinely equivalent, written as H(Z,,,S) Z.g H(Z,,T), if S
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can be mapped to 1" by an affine transformation, i.e., a.S + b = T for some a € Z} and
b € Z,. It is an easy exercise to show that two affinely equivalent cyclic Haar graphs
are isomorphic as usual graphs. The converse implication is not true in general, and this
makes the following definition interesting (see [17]): we say that a subset .S C Z,, is a BCI-
subset if foreach T C G, H(Z,,,S) = H(Z,,T) if and only if H(Z,,, S) =g H(Z,,T).
Wiedemann and Zieve proved in [16, Theorem 1.1] that any subset S of Z,, is a BCI-subset
if | S| < 3 (a special case was proved earlier in [3]). However, this is not true if | S| > 4 (see
[6, 16]), hence the first nontrivial case of the isomorphism problem occurs when |S| = 4.
In this paper we settle this case by proving the following theorem:

Theorem 1.1. Two connected Haar graphs H(Z,,,S) and H(Z,,,T) with |S| = |T| = 4
are isomorphic if and only if there exist a1, ay € Z}, and by, by € Zy, such that

(1) a1S+ by =T;or

(2) a1S + by = {0,u,v,v +m} and asT + be = {0, u + m,v,v + m}, where n = 2m,
Zp = (u,v), 2 | u,2u | mand u/2 #Z v+ m/(2u)(mod m/u).

Remark 1.2. A group G is called an m-BCI-group if every subset S of G with |S| < m
is a BCI-subset (see [7, 17]). In this context [16, Theorem 1.1] can be rephrased as Z,, is a
3-BCI-group for any number n; and Theorem 1.1 says that Z,, is not a 4-BCI-group if and
only if n is divisible by 8. This refines [16, Theorem 7.2] in which it is proved that, if Z,,
contains a non-BCl-subset of size k, k € {4, 5}, then n has a prime divisor less or equal to
2k(k —1).

Our approach towards Theorem 1.1 is group theoretical, we adopt the ideas of [1, 11].
In short terms the initial problem is transformed to a problem about the automorphism
group of the graphs in question. Theorem 1.1 is proven in two steps: first it is settled
for graphs H(Z,,, S) with S satisfying additional conditions (see Theorem 3.1); then it is
shown that, if S is not a BCI-subset, then it is affinely equivalent to a set satisfying the
conditions of Theorem 3.1 (see Theorem 4.1).

We conclude the introduction with the following modification of Theorem 1.1:

Theorem 1.3. Two connected Haar graphs H(Z,,,S) and H(Z,,,T) with |S| = |T| = 4
are isomorphic if and only if there exist a1, ay € Z}, and by, by € Zy, such that

(1) a1S+by =T, or

(2) a1S + by = {0,u,v,v +m} and asT + be = {0, u + m,v,v + m}, where n = 2m,
Ly = (u,v), 2| u, 2u | m.

Proof. In view of Theorem 1.1 it is sufficient to prove that H(Z,,, S) = H(Z,,T) if
a1S + by = {0,u,v,v +m} and asT + by = {0,u + m,v,v + m},

where n = 2m, Z,, = (u,v), 2 | u, 2u | m and u/2 = v + m/(2u)(mod m/u). In fact,

we are going to show below that there exist a € Z} and b € Z,, such that

a-{0,u,v,v+m}+b={0,u+m,v,v+m}.

Then (ay 'aa;) - S + a;y *(aby +b — by) = T, and so H(Z,,S) = H(Z,,T).
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Let us consider the following system of congruences:
ux = —u + m(mod n) and vx = —u + v(mod n). (1.1)

By the first congruence, using also that 2u | m, x may be written in the form = =
(n/u)y — 1 + m/u. Plugging this in the second one, we obtain (vn/u)y = 2v — u —
vm/u(mod n), which has an integer solution in y exactly when ged(vn/u,n) | (20 —u —
vm/u). Then ged(vn/u,n) = n/uged(u,v), and since Z,, = (u,v), n/u and ged(u, v)
are coprime. Since ged(u, v) is clearly a divisor of 2v — u — vm /u, a solution in y exists if
and only if n/u | (2v—u—vm/u),ie., u = 2v—vm/u(mod 2m/u) (recall that n = 2m).
On the other hand, one of the initial assumptions is /2 = v+ m/(2u)(mod m/u), and so
u = 2v + m/u(mod 2m/u). We conclude that (1.1) has an integer solution if —vm/u =
m/u(mod 2m/u). Now, the latter congruence holds because of the conditions 2 | u,
2 | n, and Z,, = (u,v). Let a be a solution of (1.1). It follows from the above argument
that gcd(a, m/u) = 1. Notice that, since 2u | m, 2 1 a. Let d = ged(a,u). By (1.1),
av = —u + v(mod n), implying that d | v, and so d = 1. We see that ged(a, 2m) = 1,
i.e., a € Z},. Choosing b = u + m, we finally getby (1.1),a-0+b=u+m,au+b =0,
av+b=wv+m,and a(v +m) + b = v, as required. O

Theorem 1.3 becomes especially interesting when we compare it with the solution of
the isomorphism problem of trivalent circulant digraphs. In fact, the same conditions can
be derived from Muzychuk’s general algorithm presented in [12]: two connected Cayley
digraphs Cay(Zy,, S) and Cay(Z,,T) with |S| = |T| = 3 are isomorphic if and only if
there exist a1, az € Z}, such that

e a;S=T;or

e a1S = {u,v,v+m} and axT = {u + m,v,v + m}, where n = 2m, Z,, = {(u,v),
2| u, and 2u | m.

The natural question arises whether this phenomenon holds also for graphs of larger valen-
cies.

2 A Babai type theorem

In this paper every group, graph and digraph is finite. For a (di)graph I, the symbols V (T"),
E(T) and Aut(T") denote the set of its vertices, (directed) edges and the full group of its
automorphisms, respectively. Regarding terminology and notation in permutation group
theory we follow [5].

Let S be a subset of a group G. The Cayley digraph Cay (G, S) is the digraph with ver-
tex set G, and its directed edges are (z,y), where x,y € G and yx~! € S. Two digraphs
Cay(G, S) and Cay(G,T) are called Cayley isomorphic, written as Cay(G,S) Zcay
Cay(G,T), if T = S¥ for some group automorphism ¢ € Aut(G). It is clear that such
an automorphism induces an isomorphism between Cay(G, S) and Cay(G,T), and thus
Cayley isomorphic digraphs are isomorphic as usual digraphs. It is also well-known that
the converse implication is not true, and this makes sense for the following definition (see
[1]): a subset S C G is a Cl-subset if for each T C G, Cay(G, S) = Cay(G,T) if and
only if Cay(G, S) Zcay Cay(G,T). The following equivalence was proved by Babai [1,
3.1 Lemma].

Theorem 2.1. The following are equivalent for every Cayley digraph Cay(G, S).



218 Ars Math. Contemp. 7 (2014) 215-235

(1) S is a Cl-subset.

(2) Every two regular subgroups of Aut(Cay(G,S)) isomorphic to G are conjugate in
Aut(Cay(G, 9)).

Theorem 2.1 essentially says that the CI-property of a given subset .S depends entirely on
the automorphism group Aut(Cay (G, S)). In this section we prove analogous results for
cyclic Haar graphs.

LetV = V(H(Z,,S)) be the vertex set of the Haar Graph H(Z,,, S). Throughout this
paper c and d denote the permutations of V defined by

—z)” ife=+,

—x)t  ife=—, 1

c:xer—>(x+1)€andd:x5r—>{En
n

where © € Z,, ande € {+, —}. It follows immediately that both ¢ and d are automorphisms
of any Haar graph H(Z,, S). Denote by C the group generated by ¢, and by D the group
generated by c and d. The group D acts regularly on V, and D is isomorphic to Ds,,. Thus
H(Z,,S) is isomorphic to a Cayley graph over D, and so Theorem 2.1 can be applied.
The following corollary is obtained.

Corollary 2.2. The implication (1) < (2) holds for every Haar graph H (Z,,, S).
(1) S is a BCI-subset.

(2) Every two regular subgroups of Aut(H(Z,,S)) isomorphic to D are conjugate in
Aut( H(Z,, S)).

However, we do not have equivalence in Corollary 2.2 as it is shown in the following
example.

Example 2.3. Let I' = H(Z0,{0,1,3,4}). Using the computer package MAGMA [4]
we compute that " is edge-transitive and its automorphism group Aut(I") = Doy X Zy.
Furthermore, Aut(T") contains a regular subgroup X which is isomorphic to Dyg but X #
Dy, hence (2) in Corollary 2.2 does not hold.

On the other hand, we find that for every subset T C Zjo with 0 € T and |T| = 4,
the corresponding Haar graph H(Zj9,T) = T exactly when H(Z1,T) . I'. Thus
{0,1, 3,4} is a BCI-subset, so (1) in Corollary 2.2 holds. O

Example 2.3 shows that the isomorphism problem of cyclic Haar graphs is not a partic-
ular case of the isomorphism problem of Cayley graphs over dihedral groups. We remark
that the latter problem is still unsolved, for partial solutions, see [1, 13, 14]. Nonetheless,
the idea of Babai works well if instead of the regular subgroup D we consider its index 2
cyclic subgroup C'.

We say that a permutation group G < Sym(Z; UZ; ) is bicyclic if G is a cyclic group
which has two orbits: Z;} and Z_ . By a bicyclic group of a Haar graph T = H(Z,,, S) we
simply mean a bicyclic subgroup X < Aut(T'). Obviously, C is a bicyclic group of any
cyclic Haar graph, and being so it will be referred to as the canonical bicyclic group.

Let Iso(I") denote the set of all isomorphisms from I" to any other Haar graph H(Z,,,
T),1ie.,

Iso(T) = {f € Sym(V) : I/ = H(Z,, T) for some T C Z,,}.
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And let Ciso (T") denote the isomorphism class of cyclic Haar graphs which contains T, i.e.,

Ciso(T) = {I' : f € Iso(I")}.

Lemma 2.4. LetT' = H(Z,, S) be a connected Haar graph and f be in Sym(V'). Then
f €Iso(T) ifand only if fCf~" is a bicyclic group of T.

Proof. Let f € Iso(T). Then fC = < Aut(T"). Clearly, fC f~! is a cyclic group. Since
the sets Z; and Z,, are the color classes of the connected bipartite graph T', f preserves
these color classes, implying that Orb(fCf~1, V) = {Z},Z. }. The group fCf~lisa
bicyclic group of T'.

Conversely, suppose that fC f ! is a bicyclic group of I'. Then C' = f~1(fCf~1)f <
Aut(T'7). Because that Orb(fCf~', V) = {ZF, 7}, the graph I'/ is connected and
bipartite with color classes Z} and Z;. We conclude that I'f = H(Z,,T) for some
T C Zyp,so f € Iso(T"). The lemma is proved. O

Lemma 2.4 shows that the normalizer Ngyy,(v)(C) C Iso(H(Zy,,S)). The group
Ngym(v)(C) is known to consist of the following permutations:

(re+s)t  ife=+, (re+s)”  ife =+,
st LT > st L XS 2.2
Prat {(rert) ife =—, Yris.t (re+t)t  ife=—, 2

where r € Z} and s,t € Z,. Note that, two Haar graphs H(Z,,, S) and H(Z,,T) are
from the same orbit under Ngym(v)(C) exactly when H(Zy,S) =.g H(Z,,T). Let
Cag(T) denote the affine equivalence class of cyclic Haar graphs which contains the graph
I'= H(Zy,S),ie., Cag(T') = {T'? : © € Ngym(v)(C)}. Itis clear that the isomorphism
class Ciso(T") splits into affine equivalence classes:

Ciso(T) = Cagg(T1) U - -+ UCag(T)".

Our next goal is to describe the above decomposition with the aid of bicyclic groups.
Let X be a bicyclic group of a connected graph I' = H(Z,,,S). Then g~ Xg is also a
bicyclic group for every g € Aut(T"), hence the full set of bicyclic groups of T is the union
of Aut(T")-conjugacy classes. We say that a subset E C Iso(T") is a bicyclic base of T if
the subgroups ECE~1, € € =, form a complete set of representatives of the corresponding
conjugacy classes. Thus every bicyclic group X can be expressed as

X = g€C(g€)~! for a unique £ € Zand g € Aut(T).

Remark 2.5. Our definition of a bicyclic base copies in a sense the definition of a cyclic
base introduced by Muzychuk [11, Definition, page 591].

Theorem 2.6. LetT" = H(Z,,S) be a connected Haar graph with a bicyclic base E. Then
Ciso(r) = UgeECaﬁ (F5>
Proof. 1t follows immediately that,

Ciso(T) 2 | Carr(T). 2.3)

¢es

"Here we mean that Ciso(I') = Cog (1) U -++ U Cagr(Tk) and Cogr(Ts) N Cagr(Tj) = 0 for every
i, €{1,...,k}, i #j.
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We prove that equality holds in (2.3). Pick ¥ € Ciso(T'). Then ¥ = TI'/ for some f €
Iso(T). By Lemma 2.4, fC f~! is a bicyclic group of T, hence

fCFH=g€C(ge)™", € € B, € Aut(D).

Thus f~g¢ = h, where h € Ngym(v)(C). Then

S =1/ =roh = (ré)"
This shows that 3 € Cog(T'¢), and so
Ciso(r) g U Caff(]-—‘g)'
EEE

In view of (2.3) the two sides are equal.
Moreover, if Cog(I'$1) N Cogr(T'€2) # 0 for &,& € Z, then 'St = T'2" for some
h € Ngym(v)(C). Hence fghffl = g for some g € Aut(I'), and so

GO = g7 6hCh e g = g1 (606 )g.

The bicyclic subgroups 51051_1 and 52052_1 are conjugate in Aut(T"), hence & = &
follows from the definition of the bicyclic base =. We obtain that Cag (151 ) N Cogr (T'52) = ()
whenever £1,& € E, & # &, and 50 Ciso(T) = Uéeacaﬂ‘(FE). The theorem is proved.

O

As a direct consequence of Theorem 2.6 we obtain the following corollary, analog of
Theorem 2.1.

Corollary 2.7. The following are equivalent for every connected Haar graph H(Z,,, S).
(1) S is a BCI-subset.
(2) Any two bicyclic groups of H(Zy,, S) are conjugate in Aut(H(Z,, S)).

In our last proposition we connect the BCI-property with the CI-property. For a® € V,
in what follows Aut(H (Z,,, S)).- denotes the vertex stabilizer of a® in Aut(H (Z,, S)).

Proposition 2.8. Suppose that T = H(Z,,S) is a connected Haar graph such that for
some a € Ly, Aut(T)g+ = Aut(T'),-. Then the following are equivalent.

(1) S is a BCI-subset.
(2) S—a={s—a:seS}isaCl-subset.

Proof. For sake of simplicity we put A = Aut(I') and G = Aut(I') 5+, i.e., the setwise
stabilizer of the color class Z;" in Aut(T"). Obviously, X < G for every bicyclic group
X of T'. Since A = G x (d) and d normalizes C, it follows that the conjugacy class of
subgroups of A containing C'is equal to the conjugacy class of subgroups of G containing
C. Using this and Theorem 2.6, we obtain that S is a BCI-subset if and only if every
bicyclic group is conjugate to C' in G.
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Let W = {0%,a”} and consider the setwise stabilizer Ayyy. Since Agr = A,-,
Ag+ < A{W}. By [5, Theorem 1.5A], the orbit of 0T under A{W} is a block of im-
primitivity (for short a block) for A. Denote this block by A and the induced system of
blocks by d (i.e., d = {A9 : g € G}). Consider the element g = dc® from D. We see that g
switches 0F and a~, hence Ay = Ag+(g). Therefore, A = (0F)Atw) = (0F)A0+(9) =
(07){9 = W, and so

§={{z",(z+a) }:2€Z,}.

Define the mapping ¢ : 6 — Z,, by ¢ : {z™, (z + a)~} = x, x € Z,. Now, an action
of A on Z,, can be defined by letting g € A act as

—1
9 =x% 9% x€l,.

For g € A we write g for the image of ¢ under the corresponding permutation representa-
tion, and for a subgroup X < A welet X = {Z : z € X}. In this action of A the subgroup
G < A is faithful. Also notice that, a subgroup X < G is a bicyclic group of I if and only
if X is a regular cyclic subgroup of G. In particular, for the canonical bicyclic group C,
C = (Zy,)right, Where (Zy,)rigns denotes the group generated by the affine transformation
r—=x+1,x €7y,

Pick g € G and (z,2 + s — a) € Zy,, X Z,, where s € S. Then g maps the directed
edge (z, (x + s)7) to a directed edge (y*, (y + q) ™) for some y € Z,, and ¢ € S. Since
§ is a system of blocks for G, g maps (z + s — a)™ to (y + ¢ — a)*, and so g maps the
pair (z,z + s — a) to the pair (y,y + ¢ — a). We have just proved that g leaves the set
{(z,z+s—a):x €Ly s €S} setwise fixed. As the latter set is the set of all directed
edges of the digraph Cay(Z,,,S — a), G < Aut(Cay(Z,,S — a)). For an automorphism
h of Cay(Z,, S — a), define the permutation g of V' by

() * ife =+,
HE A S €Ly, € €{+,—}.
o {<<xa)h+a> te=—, " t+ -

The reader is invited to check that the above permutation g is an automorphism of I". It is
clear that g € G and g = h; we conclude that G = Aut(Cay(Z,, S — a)).
Now, the proposition follows along the following equivalences:

(1) <= Every bicyclic group of I is conjugate to C' in G
<= Every regular cyclic subgroup of G is conjugate to C'in G
= (2).

The last equivalence is Theorem 2.1. O

Remark 2.9. Let us remark that the equality Aut(I')g+ = Aut(I'),- does not hold in
general. For example, take I' as the incidence graph of the projective space PG(d, q)
where d > 2 and q is a prime power (i.e., I' is the bipartite graph whose color classes
are identified by the set of points and the set of hyperplanes, respectively, and the edges
are defined by the incidence relation of the space). It is well-known that PG(d, ¢) admits
a cyclic group of automorphisms (called a Singer subgroup) acting regularly on both the
points and the hyperplanes. This shows that I" is isomorphic to a cyclic Haar graph, and
we may identify the set of points with Z.", and the set of hyperplanes with Z, , where

n
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n = (¢ —1)/(q — 1). The automorphism group Aut(T") = PTL(d + 1,¢) x Zs; and as
PT'L(d + 1, q) acts inequivalently on the points and the hyperplanes, Aut(T")y+ cannot be
equal to Aut(T"),- for any a € Z,,.

3 Haar graphs H(Zs,,, {0, u,v,v + m})

In this section we prove Theorem 1.1 for Haar graphs H(Z,,, S) satisfying certain addi-
tional conditions.

Theorem 3.1. Let n = 2m and S = {0, u,v,v + m} such that

(a) Z,, = (u,v);

(b) 1 <u<m,u|m;

(c) Auwt(H(Zy, S))o+ leaves the set {0~ ,u~ } setwise fixed.

Then H(Z,,S) = H(Z,,T) if and only if there exist a € Z., and b € Z,, such that

(1) aT +b=S;or

(2) aT +b={0,u+m,v,v+m},and 2 | u, 2u | m,u/2 £ v+ m/(2u)(mod m/u).

By (b) of Theorem 3.1 we have 2u < m. We prove the extremal case, when 2u = m,
separately. Notice that, in this case the conditions in (2) of Theorem 3.1 that 2 | u, 2u | m
and u/2 # v + m/(2u)(mod m/u) can be replaced by one condition: u = 2(mod 4).

Lemma 3.2. Let S be the set defined in Theorem 3.1. If 2u = m, then H(Z,,S) =
H(Zy,T) if and only if there exist a € Z}, and b € Z,, such that

(1) aT +b=S;or
(2) aT +b={0,u+m,v,v+m} and u = 2(mod 4).

Proof. Let d = ged(n,v). Because of (u,v) = Z, we have that ged(u,v,n) = 1, ie.,
ged(n/4,v) = 1, and this gives that d € {1,2,4}. Note that, if d # 1, then necessarily
21 u. Let us write v = v;d, where ged(vy,n) = 1. Let v * denote the inverse of v, in the
group Z . Then the following hold in Z,, (here we use that u = n/4):

vitv=d, vy (v+m)=d+m and v; u € {u,3u}.

We conclude that S is affinely equivalent to one of the sets S;(d), ¢ € {1,2} and d €
{1,2,4}, where

S1(d) ={0,u,d,d + 2u} or So(d) = {0, 3u,d,d + 2u}.
The lemma follows from the following claims:
() H(Zn,51(1)) = H(Zn, S5(1))-
(i) H(Zy,S1(1)) Zug H(Zp, S1(d)) for d € {2,4};
(i) H(Zy,S1(d)) Zug H(Zy, S2(d)) < d € {2,4} or (d =1 and u # 2(mod 4));
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Figure 1: Haar graphs H(Z,, S1(1)) and H(Z,, S2(1)).

(1): Define the mapping f : V — V by

PP x° ifz6{O,l,....u—1}U{2u,....3u—1},
(x 4+ 2u)® otherwise.

We leave for the reader to verify that f is in fact an isomorphism from H(Z,, S1(1)) to
H(Z,,S>(1)) (compare the graphs in Figure 1; here the white vertices represent the color
class Z;, while the black ones represent the color class Z,, ).

(ii): Since d € {2,4}, u is an odd number. For d € {2,4} define r4 € Z as follows:

)2+u iqul(mod4),r _J44u  ifu=3(mod 4),
2T 124 3u if u = 3(mod 4), YT 4+ 3u if u = 1(mod 4).

It can be directly checked that 1451 (1) +u = S1(d), so H(Zp, S1(1)) Zag H(Zy, S1(d))
ford € {2,4}.

(iii): If wis odd, then (2u+1)S;(d) = S2(d), hence H(Zy,, S1(d)) Zag H(Zy, S2(d)).
Since w is odd whenever d € {2,4}, we are left with the case that d = 1 and u is even.
If also u = 0(mod 4), then (u + 1)S1(1) + 3u = S2(1), and again H(Z,, S1(1)) Zag
H(Z,, 55(1).

Suppose that d = 1 and « = 2(mod 4). We finish the proof by showing that in this case
H(Zy,51(1)) 2ag H(Zp, S2(1)). Suppose that, there is an affine transformation ¢ : « —
rz+s,r € 2 and s € Z,,, which maps the set S (1) to S;(2). Then 1¥ — (1+2u)¥ = 2u
in Z,,. This implies that {1, 1 + 2u}¥ = {1,1 + 2u} and {0,u}¥ = {0, 3u}, and hence

r+se{l,1+42u}and r{0,u} + s = {0, 3u}.

A direct analysis shows that the above equations cannot hold if v = 2(mod 4). Thus
H(Zy,,51(1)) Pagg H(Zy,, S2(1)), this completes the proof of (iii). O

Now, we turn to the case when 2u # m. Recall that the canonical bicyclic group C'
is generated by the permutation ¢ defined in (1). For a divisor £ | n, C* will denote the
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Figure 2: The Haar graph H(Z,,, S)

subgroup of C' generated by c. It will be convenient to denote by &, the partition of V" into
the orbits of C¥, i.e., 6, = Orb(C[ , V). Furthermore, we set 7,, ; for the homomorphism
MNn,e : Loy, — Zy defined by 1’]”75(1) =1.

Observe that, if d; is, in addition, a system of blocks for the group A = Aut(H(Z,,
S)), then an action of A can be defined on H(Zg, 1, ¢(S)) by letting g € A act as for
x € Zg and fore, e’ € {+,—},

(%)Y = ye/ — {z:E A= ngé(x)}g {z 1z € 77nZ y)} 3.1

We denote by A(s,) the corresponding kernel, and by g°¢ the image of an element g € G.
Note that, if X is a bicyclic group of H(Z,, S), then X% = {x% : x € X} is a bicyclic
group of H (Zg¢, nn¢(5)).

Let S = {0,u,v,v + m} be the subset of Z,, defined in Theorem 3.1. Let § be the
partition of V' defined by

§={XUX¥Y00: X eOrb(C"V)}, (3.2)
where 1 o is defined in (2.2). We write 6 = {V;, ..., V,_1}, where
Vi = {(iv+ju)*, (iv+ju)” : j €{0,1,...,(n/u) — 1}}.

A part of H(Z,,, S) is drawn in Figure 2 using the partition 6. White and black colors
represent again the color classes Z;7 and Z,, , respectively. Fori € {0,1,...,u — 1}, lete;
be the involution of V' defined by

N (x+m)s ifa® eV,
i o otherwise.

It is clear that each e; € Aut(H (Zy,S)), and also that e;e; = eje; forall ¢, j € {0,1,...,
u—1} Let E = (eg,e1,...,ey—1). Thus E < Aut(H(Z,,S)) and E = ZY. For a subset
I'C{0,1,...,u— 1} letes be the element in £ defined by e; = [[;.; e:

The following lemma about imprimitivity systems of blocks (systems of blocks for
short) will be used throughout the paper.
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Lemma 3.3. Let ' = H(Z,, R) be a Haar graph and suppose that R. C R such that the
point stabilizer Aut(T)q+ fixes setwise R, and let d = |(R. — R.)|, where R, — R, =
{r1 —rqa : r1,79 € Ry}. Then the partition 7 of V defined by

T={XUX¥r—: X € Orb(C™V)}, wherer € R.,
is a system of blocks for Aut(T").?
Proof. For short we set A = Aut(T"). Since R, is fixed setwise by Ag+, we may write

R.=R1U---URy,

where R is an Ag+-orbit for every i € {1,2,...,k}. Choose an arc (0", ;") of I' where
we fix an element r; € R; forevery ¢ € {1,...,k}. We claim that, the orbital graph of A
containing (0,7, ) is self-paired, and in fact it is equal to the Haar graph H (Z,,, R;) (for

a definition of an orbital graph, see [5]). -
~ Define A as the color preserving subgroup of A. Then A = A x (1)_1 ). Also,
A = Ay+C, as C is transitive on Z,}. Then the orbit of the arc (0", ;) under A is

(0+7r;)A =

7 )A0+C<w—1,o,o> _ {(0+ /7) '7"' c R.}CW/—LO,O)
( 1) 7) i 7h € Ry, j € Ly } V100
(g, ri)T) i1, € Riyj € Ln} U
(=) (=j =) ) iri € Riyj € L},
G (G +ri) ") € Riyj € Zp} U
( Y, iT) vl € Ri,j € Ly},

(0*
{6+
{G* G+
{((=4)"
{

{((G+ri

which is clearly equal to the set of arcs of H(Z,,, R;). The claim is proved.

Since H(Zy, R;) is an orbital graph, A < Aut(H(Z,, R;)). Combining this with
H(Zy,R.) = U*_ H(Zy, R;), we have that A < Aut(H(Zy,, R.). Let ¥ be the con-
nected component of H(Z,, R,) which contains 0T. Obviously, the set W of vertices
contained in X is a block for A. It is easy to verify that W = X U X¥1.~~" where X is the
orbit of 0 under C™/¢. The lemma follows. O

Lemma 3.4. Let S be the set defined in Theorem 3.1. If 2u # m, then the stabilizer
Aut(H(Zy, S))o+ is given as follows.

(1) If u # 2v(mod m/u), then Aut(H (Zn, S))o+ = Eg+.

(2) If u = 2v(mod m/u), then Aut(H (Z,,S))o+ = Eog+ X F for a subgroup F <
Aut(H(Zn, S))o+, | F| = 2.

Proof. For short we setI' = H(Z,,,S) and A = Aut(I"). Consider the partition § defined
in (3.2). Applying Lemma 3.3 with R = S, R, = {0,u} and » = 0, we obtain that § is
a system of blocks for A. The quotient graph I'/¢ is a u-circuit if u > 2 and a 2-path if
u = 2. Let g € Ay+. Then g fixes the directed edge (Vp, V1) of I'/4, hence it must fix all
sets V;. Thus Ag+ < A(s), where A s) is the kernel of the action of A on 4.

Consider the action of Ag+ on V4. The corresponding kernel is Ay, the pointwise
stabilizer of V) in A, and the corresponding image is a subgroup of Aut(T'[Vj]), where

2Notice that, 7 does not depend of the choice of the element r € R.
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I'[Vo] is the subgraph of I" induced by V. Using that 2u # m, we show next that Ay, =
Eo+. Ttis clear that Agy,y > Eop+. We are going to prove that A(y,) < Ey+ also holds.
Let g € A(y,). Then for a suitable element e € (e1), the product ge fixes pointwise V; and
fix the vertex v~ from block V; (see Figure 2). Thus ge acts on V; as the identity or the
unique reflection of the circuit I'[V;] that fixes v~ . If this action is not the identity, then ge
switches v* and (v +n — u)™, and so it must switch (v + u)~ and (v +n — u)~. On
the other hand, since (v + u)~ is connected to u™ € Vj, it follows that (v + u)~ can only
be mapped to (v +u + m)~,and so (v+n —u)” = (v+ u+ m)~, contradicting that
2u # m. We conclude that ge acts as the identity also on V3. Continuing in this way, we
find that ge’ is the identity with a suitable choice of ¢’ € Fy+, hence g = ¢’
The equality A(y,) = Ey+ together with Aut(T'[Vp]) = Dy, imply that [Ag+ : Eg+| <
2. Moreover, |Ag+ : Fg+| = 2 holds exactly when Ag+ contains an involution g for which
g : 07 + u. In the latter case Ag+ = Fg+ X (g) as g centralizes E (to see this, observe
that g is in the kernel A s, and acts on every block V; as an element of Dy, /,, whereas
E acts on V; as the center Z(D,,,/,).) We settle the lemma by proving the following
equivalence :
Ao+ = Eg+ X Zy <= u = 2v(mod m/u). (3.3)

Suppose first that Ag+ = Eg+ x (g), where g € Ag+ and g : 0~ < u~. By (c) of
Theorem 3.1, {v~, (v +m)~ }*o+ = {v~, (v+m)~}. Applying Lemma 3.3 with R = S,
R, = {v,v+m} and r = v, we obtain that the set B = {0t,m*,v™, (v +m) }isa
block for A. The induced graph I'[ B] is a 4-circuit (again, see Figure 2). Denote by Ay py
the setwise stabilizer of B in A, and by A?B} the permutation group of B induced by

Apy. As T[B] is a 4-cireuit, Az, < Ds. This gives that {0, m™} is a block for Afy,,
and therefore it is also a block for A. We conclude that 6,,, = {X : X € Orb(C™,V)}
is a system of blocks for A. Consider the action of A on H(Zy,, Mn,m(S)) defined in
(3.1). Then E < Ags,.), while g ¢ Ags,.). This implies that g% is an automorphism of
H(Zn, . (S)) which normalizes its canonical bicyclic group. This means that g% =
©r.s¢ for some 7 € Z%, and s,t € Zy,. Using that g°= : 0% — 0% and 0~ — 7, (u) ™,
we find that s = 0 and ¢ = 7, (), and so

Aém = <D6ma <)07‘,0,7771,7,1 (u)> (34)
AISO, gém : n"7m(u)_ = 0_ and 77717771(1])_ = 77717771(1])_) hence Tnn,m(u) = _nn,m(u)
and 71y, (V) = Mp,m(v — ) hold in Z,,. From these r = —1(mod m/u) and rv =

v — u(mod m/u), i.e., u = 2v(mod m/u). The implication “="in (3.3) is now proved.

Suppose next that u = 2v(mod m/u). Define the permutation g of V' by

g:(iv+ju)gw{(?v_(?+‘7:)u>+ ) %f&‘:‘h
(iv—(i+j—1)u) ife =—,
where i € {0,1,...,u — 1} and j € {0,1,...,n/u — 1}. We complete the proof by
verifying that g € Ag+. Since 0t Y = 0% and g : 0~ <» w™, this will imply that Ay =
Eo+ x (g). Thus part “<=” of (3.3) is also proved.

Choose an arbitrary vertex w € Z;} such that w = (v + ju)*,i € {0,1,...,u — 1}
and j € {0,1,...,n/u — 1}, and suppose for the moment that ¢ < u — 1. Then w has the
following neighbors:

(iv + ju) ", (v + (G + Du) ™, (( + Do+ 5u) 7, (G + Do+ (5 +m/u)u) ",
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where v +1 € {0,1,...,u — 1},and j + 1 and j + m/u are from {0,1,... ,n/u — 1}.
Thus these vertices are mapped by g to

(v—(+j—Du)", (w—(+H)u) ", (E+1)v—_(>i+75)u)", (((+D)v—(Gi+j+m/u)u)".

A direct check shows that these are just the neighbors of w9 = (iv — (i + j)u)™. Let
i = u — 1. Then the neighbors of w are:

(iv + ju) ™, (iv + (G + Du) ™, (G +0)u) ™, (G + v+ m/u)u)”,

where j + v and j + v + m/u are from {0, ...,n/u — 1}. Then these vertices are mapped
by g to

(lv—(i+j—1u)",(v—>G+Hu) ", (—G+v—Du)", (-G +v+m/u—1)u)".

The first two are clearly connected with w9 = (iv — (i + j)u)™; whereas the rest two are
connected with w? if and only if the following equality holds in Z,,:

{iv—(i+jutv,iv—(i+jutv+m}={-G+v—Du,—([+v+m/u—1)u}.

Using that v = u — 1, this reduces to {—(u — v)u, —(u — v)u + m} = {—vu, —vu +
m}. Finally, observe that this equality holds if (v — v)u = vu(mod m), and the latter
congruence follows from the initial assumption that © = 2v(mod m/u). O

Lemma 3.5. Let S be the set defined in Theorem 3.1. If 2u # m, then for the normalizer
NAut(H(Zn,S))(C) of Cin Aut(H(Zn, S)),

272 if2 | wand (u # 2v(mod m/u) or
| Aut(H(Zy, S)) : Naws((z,,5)(C)| = u/2 = v(mod m/u)),

2u=l  otherwise.
(3.5)

Proof. For short we set A = Aut(H(Z,,S)) and N = N4(C). Since A = DAy+ and
D<N,N=D(NN Ag ). The cases (1) and (2) in Lemma 3.4 are considered separately.

CASE 1. u # 2v(mod m/u).

In this case, from Lemma 3.4, Ag+ = Ey+, hence |A| = 2%n. Let g € N N AJ. Since
g € Eg+, it follows quickly that g = 14 or 2 | w and g = ejes - - - €,,—1. Combining this
with N = D(N N G{) we find that [N| = 4n if 2 | u, and |[N| = 2n if 2 { u. Formula
(3.5) follows.

CASE 2. u = 2v(mod m/u).

From Lemma 3.4, Ag+ = Ey+ x F for a subgroup F' < Ay+, |F| = 2, hence |A| =
2utly 1t follows from the proof of Lemma 3.4 that, there exists » € Z}, such that the
following hold:

Tnn,m(u) = _nn,m(u) and rnn,m(v) = 77n,m<v - u)
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Let s € Z; such that 1, ,,(s) = r. Then
su € {—u,—u+m}and sv € {v—u,v —u+m}. (3.6)

Suppose that 2 t u. Then we get as before that N N Ey+ is trivial. Notice also that,
u = 2v + m/u(mod n/u), which follows from the assumption that v = 2v(mod m/u)
and that 2 { u. Thus 2  m and 2 | (u + m), implying that in (3.6) we have su = —u. We
obtain that , , 0 € N N (Ag+ \ Ep+),and so |[N N Ag+| = 2.

Suppose next that 2 | . Then |N N Ey+| = 2. It is easily seen that [N N Ap+| = 4 if
and only if there exists r € Z;, such that ru = —u and rv = v — u hold in Z,,. Consider
the following system of linear congruences:

zu = u(mod n), xv = v — u(mod n). 3.7)

From the first congruence we can write x in the form x = yn/u — 1. Substitute this into
the second congruence. We obtain that yvn/u = 2v — u(mod n). This has a solution if
and only if gcd(vn/u,n) | (2v — u). Suppose that gcd(v, n) # 1. Using that (u,v) = Z,
and that 2 | u, we obtain that ged(v, m/u) # 1. However, then from the assumption that
u = 2v(mod m/u) it follows that also ged(v, u) # 1, which contradicts that {(u, v) = Z,.
Hence ged(v,n) = 1, ged(vn/u,n) = n/u, and so (3.7) has a solution if and only if u =
2v(mod n/u), or equivalently, u/2 = v(mod m/u) (recall that 2 | w and « | m). It is not
hard to show that any solution to (3.7) is necessarily prime to n, hence is in Z,. The above
arguments can be summarized as follows: |N| = 8nif 2 | v and u/2 = v(mod m/u), and
|N| = 4n otherwise. This is consistent with (3.5). The lemma is proved.

Lemma 3.6. Letr € Z},r # 1 and s € Z,, such that the permutation ;¢ s is of order
2. Then the group (D, @, ¢ s) contains a bicyclic subgroup different from C' if and only if
8|n,r=n/2+1,and s =0o0rs=n/2.

Proof. Suppose that (D, ¢, ) contains a bicyclic subgroup X such that X # C. Then
X is generated by a permutation in the form ¢, o . Since 7 , = idy, r* = 1in Zy,
and we calculate that (c’¢, o 5)* sends 2T to (x + r(r + 1)i) * for every z € Z,. That
Z} is an orbit of X is equivalent to the condition that ged(n,r + 1) = 2. Using this and
that 7> — 1 = (r — 1)(r + 1) = 0(mod n), we find that n/2 divides r — 1, sor = 1 or
r =n/2+ 1. Since r # 1, we have thatr = n/2 + 1 and 8 | n. Then (¢, ,5)? sends 2~
to (x + (n/2 +2)s) ~. Since (¢r0.5)? = idy, we obtain that s = 0 or s = n/2.

On the other hand, it can be directly checked that, if 8 | n, » = n/2 + 1 and s €
{0,n/2}, then the permutation cyp, ¢ s generates a bicyclic subgroup of (D, ¢, o s). Obvi-
ously, this bicyclic subgroup cannot be C'. The lemma is proved. [

Everything is prepared to prove the main result of the section.

Proof of Theorem 3.1. The case that 2u = m is settled already in Lemma 3.2, hence
let 2u # m. We consider the action of A = Aut(H(Z,,S)) on the system of blocks
0, defined in (3.1). We claim that the corresponding image A% has a unique bicyclic
subgroup (which is, of course, C‘;m).

This is easy to see if Ag+ = Ey+, because in this case A’ = (DAgy)om = Do,

Let Ag+ # Eg+. Then Ag+ = Ey+ x F for some subgroup F, |F| = 2. By (3.4),
A% = (D% 00 (). Also, 7 = —1(mod m/u), hence r # 1 in Zy,. By Lemma
3.5, A% contains more than one bicyclic subgroup if and only if 8 | m, r = m/2 + 1 and
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Mn,m (u) € {0,m/2}. In the latter case v € {m,m/2}, which is impossible as u < m/2.
Hence A% contains indeed a unique bicyclic subgroup.

We calculate next the number of bicyclic groups of H(Z,,,S); we denote this number
by B. In fact, we are going to derive the following formula:

u—2 1
. {2 if 2 | wand 21 (m/u), (3.8)

2u=l  otherwise.

Let g € G such that (g) is a bicyclic group of H(Z,,, S). Since G = D Ay+, g can be
written as ¢ = zy with x € D and y € Ay+. Since (g) is a bicyclic group, g fixes the
color classes setwise, implying that z € C. The image (g)°™ is also a bicyclic subgroup
of A% hence by the previous paragraph, (g)°~ = C°=. Now, since x € C, y°~ € C°n,
from which y°» = ids, . We conclude that z = ¢! € C for some i € {1,...,n — 1} with
ged(i,m) = 1,and y € Ey+, and soy = ey forasubset I C {1,...,u — 1}. Obviously,
the product ¢(n)B calculates the number of elements g € G such that (g) is a bicyclic
group of H(Z,,S), where ¢ denotes the Euler’s totient function. Therefore, ¢(n)B is
equal to the number of elements in the form c'ey thati € {1,...,n — 1},ged(i,m) = 1,
I C{l,...,u—1},and (ce) is a bicyclic group of H(Z,, S).

Let us pick c'er withi € {1,...,n —1},ged(i,m) = 1,and I C {1,...,u — 1}. Itis
easily seen that e;c’ = cley,;, where I +i = {x + i : x € I}, here the addition is taken
modulo «. Using this and induction on w, it follows that

(Ciel)u — CUie[€I+i el (u—1)i-
Since ged(i,m) = 1 and u | m, ged(i,u) = 1, from which
erersi ery(u_1yi = (eoer - - ey_1)l = ™l

Thus (c'e;)* = ¢35 D, This and ged(i,u) = 1 show that (c'e;) is a semiregular
group. Therefore, (c'e;) is a bicyclic group if and only if c’e; is of order n, or equivalently,

.oom 2m
ged (z + 2], 7) — 1. 3.9)

Notice that, since ged(i,m) = 1, the greatest common divisor above is always equal to 1
or 2. Suppose at first that 2 | (m /). Then 2 | m and 7 is odd. Hence (3.9) always holds.
We obtain that the number of elements in A which generate a bicyclic group is ¢(n)2% 1,
and so B = 2“1 as claimed in (3.8). Suppose next that 2 { (m/u). Now, if 2 | u, then
2 | m, hence 2 1 ¢, and so (3.9) holds if and only if |I] is even. We deduce from this that
B = 2¥2, as claimed in (3.8). Finally, if 2 1 u, then 2 4 m, and in this case (3.9) holds if
and only if gcd(é,n) = 1 and |I] is even, or ged(¢,n) = 2 and |I] is odd. We calculate that
B = 2%~ and this completes the proof of (3.8).

Let = be a bicyclic base of H(Z,,, S). By (3.5) and (3.8) we obtain that, |=| > 1 if and
only if
|A: Na(C)|=2""2and B =2""".

This happens exactly when

(2] wand (u # 2v(mod m/u) or u/2 = v(mod m/u)) ) and (2 { u or 2u | m).
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After some simplification,
Z] >1 < 2| u, 2u|mandu/2# v+ m/(2u)(mod m/u).

Suppose that |=| > 1. Then A contains exactly 2"~ bicyclic subgroups, 2" =2 of which
are conjugate to C'. These 2"~ ! subgroups are enumerated as: (ces), I C {1,...,u — 1}.
Fori € {1,...,u — 2}, e;ce; = ceyq;i+1)- We can conclude that the bicyclic subgroups
split into two conjugacy classes:

{{cer): T C{1,...,u—1},[I|iseven } and {{ce;) : I C {1,...,u—1},|I|isodd }.
In particular, |=| = 2. Choose £ from Sym(V") which satisfies
&t =cepand€: 07— 0T, 07— 0.

Then = can be chosen as = = {idy,£}. Also, {v=, (v +m)~} = {v=, (v +m)"},
and since (cep )" ™™ = ¢*, (u™)s = (07)()" "€ = (07)5"™" = (u + m)~. Thus
H(Zy,,S)¢ = H(Zy,{0,u+m,v,v+ m}). The theorem follows from Theorem 2.6. [

4 Proof of Theorem 1.1
Theorem 1.1 follows from Theorem 3.1 and the following theorem.

Theorem 4.1. Let H(Z,,,S) be a connected Haar graph such that |S| = 4 and S is not
a BCI-subset. Then n = 2m, and there exist a € Z, and b € Z,, such that aS + b =
{0, u,v,v + m} and the conditions (a)-(c) in Theorem 3.1 hold.

Before we prove Theorem 4.1 it is necessary to give three preparatory lemmas. For an
element ¢ € Z,,, we denote by |i| the order of i viewed as an element of the additive group
Z,,. Thus we have |i| = n/ ged(n, 7).

Lemma 4.2. If R = {i,n — i,j} is a generating subset of Z,, with |i| odd, then R is a
Cl-subset.

Proof. For short we set A = Aut(Cay(Z,,, R)) and denote by Ag the stabilizer of 0 € Z,
in A. Clearly, Ag leaves R setwise fixed. If Ag acts on R trivially, then A = Z,,, and the
lemma follows by Theorem 2.1. If Aj acts on R transitively, then Cay(Z,,, R) is edge-
transitive. This condition forces that R is a CI-subset (see [10, page 320]).

We are left with the case that R consists of two orbits under Ag. These orbits must be
{i,n — i} and {j}. Itis clear that Ay leaves the subgroups (i) and (j) fixed; moreover, the
latter set is fixed pointwise, and since |i| is odd, (i) consists of (|¢| — 1)/2 orbits under Ay,
each of length 2, and one orbit of length 1. We conclude that Z,, = (i) x (5), and also that A
is permutation isomorphic to the permutation direct product ((Z\il Jright X <7r>) X (Zyj))right-
For ¢ € {|i|,|7|}, (Z¢)right is generated by the affine transformation x +— x + 1, and 7 is
the affine transformation z — —x. We leave for the reader to verify that the above group
has a unique regular cyclic subgroup. The lemma follows by Theorem 2.1. O

Lemma 4.3. Letn = 2mand R = {i,n — i,j,j + m} be a subset of Z,, such that
(a) R generates L,

(b) |i| is odd;
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(c) the stabilizer Aut(Cay(Z,, R))o leaves the set {i,n — i} setwise fixed.
Then R is a Cl-subset.

Proof. For short we set A = Aut(Cay(Z,, R)). Let T be a subset of Z, such that
Cay(Z,, R) = Cay(Z,,T) and let f be an isomorphism from Cay(Z,,, R) to Cay(Z,,T)
such that f(0) = 0. Let us consider the subgraphs

Iy = Cay(Zy,{i,n —i}) and 'y = Cay(Z,, {j,j + m}).

By condition (c), the group A preserves both of these subgraphs, that is, A < Aut(T'y)
for ¢ € {1,2}. As f is an isomorphism between two Cayley graphs, f(Zy)rignhtf ™' <
A. Then f(Zn)rigntf™ ' < A < Aut(Ty), implying that f maps I'y to a Cayley graph
Cay(Z,,,T;) for both ¢ € {1,2}. Clearly, T = Ty U T5. It was proved by Sun [15]
(see also [10]) that every subset of Z,, of size 2 is a CI-set. Using this, it follows from
Cay(Zy,{i,n —i}) = Cay(Z,,T1) that Ty = a{i,n — i} for some a € Z}. Letting
t1 = ai, we have T} = {t1,n—t; } such that || = |t;|. In the same way, T5 = a'{j,j+m}
for some a’ € Z*, and letting to = a'j, we have Ty = {to,t2 + m} with |t2| = |j|. Since
f(0) =0, f maps {i,n —i}to Ty = {t1,n —t1} and {j,j + m} to To = {t2,t3 + m}.

We claim that the partition of Z,, into the cosets of (m) is a system of blocks for
Aut(T'), hence also for the group A < Aut(I'z). Let us put A = Aut(I'z). Then Ay
leaves the set 7' = {j, j +m} setwise fixed. Thus the setwise stabilizer fi{T} of the set T"in
4 can be written as A{T} = A{T} NA= A{T} N A(](Zn)right = A()(A{T} N (Zn)right) =
Ao(Muight). Here (Zy)righe is generated by the affine transformation z +— z + 1, and
Myight is the permutation @ +— x + m for every z € Z,,. Thus Ag(myign:) is a subgroup
of A which clearly contains Ay. By [5, Theorem 1.5A], the orbit of 0 under the group
A (m”vght> is a block for A. Now, the required statement follows as the latter orbit is equal
to 0A0<ml'ight> — ()(mm:ght> — <m>

Since the partition of Z,, into the cosets of (m) is a system of blocks for A, the iso-
morphism f induces an isomorphism from Cay(Z,, 1. m (R)) to Cay(Zy,, n,m(T)), we
denote this isomorphism by f. Note that, f(0) = 0 for the identity element 0 € Z,,.

The set 1, (R) satisfies the conditions (a)-(c) of Lemma 4.2, hence it is a CI-subset.
This means that f is equal to a permutation x + rz for some r € Z%,. Let s € Z* such
that 7,1, (s) = r. Then 9y, (51) = Mm(8)Mn,m(8) = Mn.m(t1), and so the following
holds in Z,,:

st =ty or st =t1 + m. “.1)

The order [¢1| = |i| is odd by (b), implying that |¢;| # |t1 + m/|, and so si = ¢; holds in
(4.1). We conclude that sR = T', so R is a Cl-subset. The lemma is proved. O

Lemma 4.4. Let n = 2m and S = {0, u,v,v + m} such that
(a) S generates Z,;

(b) 1 <u<mn,u|nbututm,

(¢) Aut(H(Zy, S))o+ leaves the set {0~ ,u~ } setwise fixed.

Then S is a BCI-subset.
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Proof. Let § be the partition of V' defined in (3.2). Applying Lemma 3.3 with R = S,
R, = {0,u} and = 0, we obtain that ¢ is a system of blocks for A = Aut(H(Z,,S)).
Thus the stabilizer Ay+ leaves the set V[ setwise fixed, and we may consider the action of
Ag+ on Vj. The subgraph of H(Z,,S) induced by the set V} is a circuit of length 2n/u,
thus A+ fixes also the vertex on this circuit antipodal to 0*. We find that this antipodal
vertex is (u/2 + m)~. Therefore, Ag+ = A(p4u/2)-, and thus S is a BCI-subset if and
only if S — u/2 + m is a CI-subset of Z,,, see Proposition 2.8. The latter set is

S—u/24+m={u/24m,—u/24+mv—u/2,v—u/2+m}.

Since u { m, u is even and the order |u/2 + m| is odd. Lemma 4.3 is applicable to the set
S —u/2+ m (choose i = u/2 +mand j = v — u/2), it gives us that S — u/2 + mis a
CI-subset. This completes the proof. O

Proof of Theorem 4.1. Let S be the subset of Z,, given in Theorem 4.1. We deal first with
the case when the canonical bicyclic group C is normal in A = Aut(H (Z,, 5)).

CASE 1. C < A.

By Theorem 2.6, there is a bicyclic group X of H(Z,,, S) such that X # C. Since C' <
A, X is generated by a permutation in the form c'¢,.o s, 7 € Z%, s € Zy,, and ord(¢p, 0. 5) >
2. The permutation ¢, ¢ s acts on both Z;} and Z,, as an affine transformation. This fact
together with the connectedness of H(Z,,, .S) imply that, ¢, ¢ s acts faithfully on S~. Thus
ord(pr0,5) < 4.

Suppose that ord(¢, o ) = 4. We may assume without loss of generality that S~ can
be obtained as S~ = { (07)¥ros : j € {0,1,2,3} }, and so S = {0, s, (r + 1)s, (% +
r+1)s}and (r® + 7% +r + 1)s = 0. Since H(Z,, S) is connected, ged(s,n) = 1, and
(r+1)(r*+1) = 0. We find that (c’¢,. 0 s)* sends 2t to (z+r(r+1)(r? + 1)i) * = 2.
Since X = <ci(pr70,s> is bicyclic, n = 4, and so H(Z,,S) = K, 4. This, however,
contradicts that C' < A.

Now, suppose that ord(¢;.0,s) = 3. If Ag+ is transitive on S, then it must be regular
[9, Theorem 4.3]. This implies that S~ splits into two orbits under Ay+ with length 1
and 3, respectively. Let s € S such that {s™} is an orbit under Ay+. Then Ayp+ = A,-,
and by Proposition 2.8, S — s is not a Cl-subset of Z,,. However, in this case the graph
Cay(Zy,, S — s) is edge-transitive, and thus S — a is a CI-subset (see [10, page 320]), which
is a contradiction.

Finally, suppose that ord(y,,s) = 2. If r = 1, then 2 | n and s = m, where n = 2m.
This implies that S~ is a union of two orbits of C™, we may write S = {0, m, s, s + m}.
The graph H(Z,, S) is then isomorphic to the lexicographical product C,,[K$] of an n-
circuit C,, with the graph K, see Figure 3. It is easily seen that then A+ is not faithful on
the set S, which is a contradiction.

Let 7 # 1. By Lemma 3.6, 8 | n,r = m + 1 and s € {0,m}, where n = 2m.
We consider only the case when s = 0 (the case when s = m can be treated in the same
manner). Then Z_; splits into the following orbits under ¢, ¢ 4:

{20)7}, {(2e+1)7,(2i+ 14+ m)"}, wherei € {0,1,...,m — 1}.

Since H(Zy, S) is connected and cannot be the union C"™-orbits (see above), S~ contains
one orbit under ¢, o s of length 2, and two orbits of length 1. Let S; denote the orbit of
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length 2 and let S = S\ Sy. Then we may write S; = {s,s + m}, and S = {s',s"},
where both s’ and s” are even. Let u = ged(s’ — s”,n). Then u is a divisor of n and
also 2 | u. There exist a € Z¥ such that a(s’ — s") = u(mod n). Choosing b = —as”
(all arithmetic is done in Z,,), we find that aSs + b = {u,0}. Now, letting v = as + b,
we get aS7 + b = {v,v + m}. We finish the proof of this case by showing that the set
R =aS +b={0,u,v,v + m} satisfies the conditions (a)-(c) of Theorem 3.1.

(a): As H(Zy,S) is connected, H(Zj,, R) is also connected. This implies that {u, v}
is a generating set of Z,,.

(¢): Since C <4 A, C < Aut(H(Z,, R)). To the contrary assume that the stabilizer
Aut(H(Zy, R))o+ does not leave {0, v~ } setwise fixed. Thus there exists some g € Ag+
which maps v~ into {0~,u~ }. Letting w; = (v™)% and wy = ((v+m)~)9, we find that
w1 — wy = m, and from this that u = m. However, then H(Z,,, R) = C,,[K§], which we
have already excluded above. Thus Aut(H (Z,,, R))o+ fixes setwise {0~, u "~ }.

(b): We have already showed (see previous paragraph) that w # m and 1 < w. Since S
is not a BCI-subset, R is also a not a BCI-subset. This also implies that u | by Lemma
4.4, and we conclude that 1 < v < m and u | m, as required.

CASE2. C 4 A.

Let Ag+ act transitively on S~. This gives that H(Z,,, S) is edge-transitive. Since C' 4
A, D 4 A, in other words, H(Z,,, S) is non-normal as a Cayley graph over the dihedral
group D. We apply [8, Theorem 1.2], and obtain that H(Z,, S) is either isomorphic to
K,[KS], or to one of 5 graphs of orders 10, 14, 26, 28 and 30, respectively. Suppose that
the former case holds. Then n = 2m, and we obtain quickly that S’ consists of two C"*-
orbits. Then S can be mapped by an affine transformation to a set {0, m, v, v + m}, where
(m,v) = Z,. Then v or v + m is a generating element of Z,,, and so .S can actually be
mapped by an affine transformation to {0, m, 1,1 + m}. Now, the same holds for any set
T with H(Z,,T) = H(Zy, S) = K,[K5], contradicting that .S is not a BCI-subset. In the
latter case, a direct computation by the computer package MAGMA [4] shows that none of
these graphs is possible (in fact, in each case the corresponding subset S is a BCI-subset).

The set S~ cannot split into two orbits under Ag+ of size 1 and 3, respectively (see the
argument above). We are left with the case that S = S; U S, |S1| = |S2|, and Ag+ leaves
both sets S; and S5 setwise fixed. For i € {1,2}, let n; = [(S; — S;)|, n1 < na, where
S,»—S,»z{a—b : a,bESi}.

We claim that n; = 2. To the contrary assume that n; > 2. We prove first that
C™/™ < A. Applying Lemma 3.3 with R = S, R, = S; and 7 = s, € S;, we obtain that
the partition

§={XUXV-u: X € Orh(C™™ V)},
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is a system of blocks for A. Let us consider the action of A sy (the kernel of A acting on §)
on the block of § which contains 0. Denote this block by A, and by A’ the block which
contains s~ for some s € Sy. Notice that, the subgraph of H(Z,,, S) induced by any block
of ¢ is a circuit of length 2n, and when deleting these circuits, the rest splits into pairwise
disjoint circuits of length 2ns. Let ¥ denote the unique (2n2)-circuit through s~. Now,
suppose that g € A5y which fixes A pointwise. If V/(X) N A = {07}, then g must fix the
edge {0",s7}, and so fixes also s7. If V/(X) N A # {07}, then |V(X) N A] = ng > 2.
This implies that g fixes every vertex on 3, in particular, also s~. The block A’ has at least
ny vertices having a neighbor in A, hence by the previous argument we find that all are
fixed by g. Since ny > 2, A’ is fixed pointwise by g. It follows, using the connectedness of
H(Zn,S), that g = idy, hence that A4 is faithful on A. Thus C™/™ is a characteristic
subgroup of A((;), and since A(,;) <A, cn/m g A,

Let G be the unique normal subgroup of A that fixes the color classes Z;" and Z,, . We
consider N = G N C4(C™™). Then C < N and N < A. Pick g € Ny+ such that g acts
non-trivially on S—. Since N centralizes C™/™1, ¢ fixes pointwise the orbit of 0 under
C™/™ | and hence also A. Then g fixes S~ pointwise, and so also A’. We conclude that
g% = idy, and that either N = C, or N = C x (g). The case N = C'is impossible because
C A A Let N =C x(g). Then (S;)? = S; (for both ¢ € {1,2}), hence S, is a union of
orbits of g. As g normalizes C and fixes 07, g = ¢, s. Recall that ord(g) = 2. If r # 1,
then by Lemma 3.6, either C is the unique cyclic subgroup of N, or 8 | n,r =n/2+ 1 and
s = 0ors = n/2. In the former case C is characteristic in N, and since N < A, C < A,
a contradiction. Therefore, we are left with the case that » = 1 (and so s = n/2), or 8 | n,
r=n/2+ 1and s = 0 or s = n/2. Then every orbit of g is of length 1 or 2, and if it is of
length 2, then is in the form {j, (j + m)¢} as we proved in Case 1. Since n; > 2, we see
that S;” must be fixed pointwise by g for both ¢ € {1,2}. This, however, contradicts that g
was assumed to act non-trivially on S7; and so n; = 2.

This means that 2 | n, say n = 2m, and the group generated by the set S — S; =
{z —y:xz,y € S1}isequal to {0,m}. Then we can write S; = {s,s + m}. It can be
proved as before that there exist a € Z;, and b € Z,, such that aS; + b = {0, u} for some
divisor u of n. Then, letting v = as + b, we get aS; +b = {v,v+m}. We finish the proof
of this case by showing that the set R = aS + b = {0, u, v, v + m} satisfies the conditions
(a)-(c) of Theorem 3.1.

(a): As H(Zy, S) is connected, H(Z,,, R) is also connected. This implies that {u, v}
is a generating set of Z,,.

(c): Since S; and Sy are left fixed setwise by A, Aut(H(Z,, R))o+ leaves the set
{07, u~} setwise fixed.

(b): If u = 1, then Aut(H(Zy,{0,u})) < Dyyp. But then C < A, which is a contra-
diction. We conclude that 1 < w, and by Lemma 4.4, u | m also holds, i.e., 1 < u < m
and u | m, as required. O
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