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Abstract

An orthogonal Latin square graph is a graph whose vertices are Latin
squares of the same order, adjacency being synonymous with orthogo-
nality. We are interested in the orthogonal Latin square graph in which
each square is orthogonal to the Cayley table M of a group G and is
obtained from M by permuting columns. The structure of this graph is
completely determined by the structure of Orth(G), the orthomorphism
graph of G. The structure of Orth(G), for G = Zs X Zy4, Dg, or Qs,
has been determined through computer searches only; we will present a
theoretical determination of these structures.

1 Introduction

A Latin square of order n is an n X n matrix in which each symbol from an n-element
set appears exactly once in each row and each column, and two Latin squares of the
same order are orthogonal if each ordered pair of symbols appears exactly once when
the squares are superimposed. A mutually orthogonal set of Latin squares (MOLS)
of order n is a set of Latin squares of order n, each pair of which is orthogonal,
and a set of MOLS is mazimal if it is not contained in a larger set of MOLS. An
orthogonal Latin square graph is a graph whose vertices are Latin squares of the
same order, adjacency being synonymous with orthogonality. For more information
on Latin squares see [6].

An orthomorphism of a group G is a bijection 6: G — G for which the mapping
x — z710(x) is also a bijection, and two orthomorphisms 6, ¢ of G are orthogonal,
written 6 L ¢, if the mapping = — 6(z) '¢(x) is a bijection: this relation is sym-
metric. For an orthomorphism 6 of G, the mapping 0,, defined by = — 6(x)a, is
also an orthomorphism of G and, if # and ¢ are orthomorphisms of G, then 6 L ¢
if and only if 6, L ¢, for a,b € G. Note that, if a = 6(1)~', then 6,(1) = 1: we
say that an orthomorphism 6 of G is normalized if 6(1) = 1. The orthomorphism
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graph of G, Orth(G), has as vertices the normalized orthomorphisms of GG, adjacency
being synonymous with orthogonality. An r-clique of Orth(G) is a set of r pairwise
orthogonal orthomorphisms in Orth(G), and the cligue number of Orth(G), denoted
w(@), is the largest r for which an r-clique of Orth(G) exists. A pairwise orthogonal
set of orthomorphisms in Orth(G) is mazimal if it cannot be extended to a larger
pairwise orthogonal set of orthomorphisms in Orth(G). For more information on
orthomorphisms of groups see [9].

For a group G = {g1,...,9n}, the Cayley table of G is the Latin square, M, of
order n, with ijth entry g;g;. For 0 a mapping G — G, let My denote the n x n
matrix with ¢jth entry ¢;60(g;). Then My is a Latin square if and only if 6 is a
bijection, and Mj is orthogonal to M if and only if € is an orthomorphism of G and,
if 0 and ¢ are orthomorphisms of G, then M; is orthogonal to M, if and only if
0 Lo Ifby,...,0,is an r-clique of Orth(G), then M, My,, ..., My, is a set of r + 1
MOLS: this r-clique is maximal if and only if the corresponding set of » + 1 MOLS
is maximal. We leave it to the reader to verify that the structure of the Latin square
graph whose vertices are Latin squares, obtained from M by permuting columns, is
completely determined by the structure of Orth(G).

In this paper, we are going to make extensive use of automorphisms and con-
gruences of Orth(G). A bijection A: Orth(G) — Orth(G) is an automorphism of
Orth(G) if A[0] L Alg] if and only if # L ¢. Known automorphisms are the transla-
tions, T,, g € G, defined by T,[0](z) = 0(xg)0(g)'; the homologies, Hy, f € Aut(G),
defined by H;[f] = fOf~'; and the reflection, R, defined by R[f](z) = z6(z~'). A
bijection C': Orth(G) — Orth(G) is a congruence of Orth(G) if the neighbourhood
of 6 is isomorphic to the neighbourhood of C[f]. A known congruence, that is not
an automorphism, is the inversion, I, defined by I[#] = 6=!. If § € Orth(G) and
b1, . . ., ¢r are the orthomorphisms in Orth(G) orthogonal to 6, then ¢,07, ... ¢,07"
are the orthomorphisms in Orth(G) orthogonal to I[], and ¢;6~" L ¢;6~" if and only
if ¢; L ¢;. Note that [? = R? = 1.

The structure of Orth(G) has been theoretically determined for groups of or-
der 7 or less and for two of the abelian groups of order 8 (see Chapter 13 in [9]).
The structures of the remaining groups of order 8, Orth(Zy x Z,), Ds, the dihedral
group of order 8; and ()g, the quaternion group of order 8, have yet to be explained
theoretically.

In 1961, Johnson, Dulmage, and Mendelsohn [10] showed, via a computer search,
that |Orth(Zy x Zy4)| = 48: they found that w(Zy x Zy) = 2. In 1964, through
exhaustive computation, Chang, Hsiang, and Tai [4] also found that w(Zy x Zy) = 2;
and in 1986, via a computer search, Jungnickel and Grams [11] found that the only
maximal cliques in Orth(Zy x Z4) are 2-cliques. The structure of Orth(Zy x Z4) was
determined by Evans and Perkel using Cayley (a forerunner of the computer algebra
system Magma [3]) and was reported in [7]: they found that Orth(Zs x Z4) consists of
twelve 4-cycles. In 1964, through exhaustive computation, Chang and Tai [5] found
that Dg and Qg both have 48 normalized orthomorphisms, and w(Ds) = w(Qs) =
1; and in 1986, via a computer search, Jungnickel and Grams [11] confirmed that
w(Dg) = w(Qs) = 1: this was further confirmed by Evans and Perkel using Cayley
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(see [7]).

The number of orthomorphisms of Zy x Z,, Dg, and (Jg, has been explained
theoretically. In 1991, Bedford [1] established a correspondence between the ortho-
morphisms of Zy X Zo X Zsy and Zsy X Z4, and also between the orthomorphisms of
Dg and Qg; and in 1999, Bedford and Whitaker [2] proved that all non-cyclic groups
of order eight have 48 normalized orthomorphisms.

Problem 16.48 in [9] asks for a theoretical proof that w(Ds) = 1, and Problem
16.49 in [9] asks for a theoretical proof that w(Qs) = 1. Problem 16.70 in [9] asks
for a theoretical determination of the structure of Orth(Zs x Z,): it is suggested
there that ideas and methods used in this determination might yield insight into the
structure of Orth(Zsy x Zs) and, more generally, Orth(Z, x Z,), ¢ = 2". We will solve
these three problems from [9] in this paper. We will lay the ground work in Section 2.
In Section 3 we will classify the orthomorphisms in Orth(Z, x Z,4): this classification
will then be used to theoretically determine the structure of Orth(Zy x Z,). We
will use the same approach in Section 4 to theoretically determine the structure of
Orth(Dg), and in Section 5 to theoretically determine the structure of Orth(Qs).

2 Some general results

The groups Zs X Zy4, Dg, and (Jg can be given similar presentations with generators
p and ¢ as follows

Zo x Zy={p,q|p'=q*=1,pq=q),
Ds=(p,q|p"=¢*=1,pg=qp™"), and
Qs=pqlp'=1¢=p*pg=q ).

While the multiplicative group (p) is Z4, in what follows, we will use Z4 to denote
the additive group {0,1,2,3} with the operation addition modulo 4. For G one of
Zo X Ly, Dg, or QQg, any mapping 6: G — G can be written in the form:

pe@) if @ =pi i€ Ay,
pV"(’) if v =qp’, 1 € By,

qp’)  if x = qp, i € By,

for some partitions {Ag, Ay} and {By, By} of Z4 and some mappings ay: Ag — Za,
Bo: Ay — Zy, vo: By — Zy4, and 6p: By — Z,. We will call oy the 00-mapping for
0, By the 01-mapping for 6, vy the 10-mapping for 0, and &y the 11-mapping for 6.
We will call Ay the 00-set for 6, Aj the 01-set for 6, By the 10-set for 6, and By the
11-set for 6. A characterization of the 00-sets, 01-sets, 10-sets, 11-sets, 00-mappings,
01-mappings, 10-mappings, and 11-mappings that correspond to orthomorphisms of
G is given next: this characterization is adapted from a characterization in [8] of
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these sets and mappings that correspond to strong complete mappings of dihedral
and quaternion groups.

Lemma 2.1 Let G be one of Zy X Z4, Dg, or QQs. Let Ay be the 00-set, Aj the
01-set, By the 10-set, By the 11-set, oy the 00-mapping, By the 01-mapping, o the
10-mapping, and dy the 11-mapping for 6: G — G.

1. 0 is a bigection if and only if

(a) {cag(i) | i € Ag} and {y(i) | i € By} partition Z,, and
(b) {Bo(i) | i € Ap} and {d9(i) | i € By} partition Zy.
2. If 0 is a bijection and G = Zy X Zy, then 0 is an orthomorphism of G if and
only if the following hold.
(a) {ag(i) —i| i€ Ap} and {69(i) —i | i € By} partition Zy, and
(b) {Bo(i) —i| i€ Ay} and {ve(i) —i | i € By} partition Zy.
3. If 0 is a byjection and G = Dg, then 6 is an orthomorphism of G if and only if
the following hold.
(a) {ag(i) —i|i€ Ap} and {8y(i) —i | i € By} partition Zy, and
(b) {Bo(i) +1i|ie Ay} and {~y(i)+i| i € By} partition Zy.
4. If 8 1s a bijection and G = Qg, then 6 is an orthomorphism of G if and only if
the following hold.
(a) {ag(i) —i| i€ Ap} and {09(i) —i | i € By} partition Zy, and
(b) {Bo(i) +1i|ie Ay} and {v(i) +i+ 2| i € By} partition Zy.

Further, if 0 is an orthomorphism of G, then |Ag| = |A}| = |By| = | Bp| = 2.
Proof: This is a routine adaptation of the proof of Theorem 9 in [8]. O

We will find it useful to represent each orthomorphism of G = Zy X Zy4, Dg, or Qg
by an array of four tables, an a-table, a S-table, a v-table, and a d-table. A 2-element
subset, X = {x1, x5}, of Z, can be converted to a 2-vector in Z4 x Z4 by choosing an
ordering of the elements of X, and so X can be converted to either (xy, z2) or (z2,z1):
it should become clear that the choice of ordering is of no relevance. By an abuse
of notation we will use X to denote both the set and the vector that X is converted
into. We will call a 2-vector in Z, x Z, set-like if its components are distinct, and
we will call two set-like 2-vectors in Z4 x Z4 complementary if the union of their sets
of components is Z,. The array of tables representing a mapping 6: G — G is as
follows.
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Ay
G
Ey

By
Co
kg

Ap
Dy
Fy

By
Dy
Ey

120

In this array of tables, Cg = OZQ(AQ), Eg = Cg — Ag, Dg = ﬁg(Ale), Cé = ")/g(Bg),
Dy, = 6¢(By), and Ej, = Dy—By. If G = ZyxZy, then Fy = Dy—Aj and F) = C)— By.
If G = Dg, then Fy = Dy + Aj and F) = Cy + By. If G = Qs, then Fy = Dy + Aj
and Fj = C + By + 2, where 2 = (2,2). The table in the top-left is the a-table for
0, the table in the top-right is the [-table for 6, the table in the bottom-left is the
~v-table for 6, and the table in the bottom-right is the d-table for 6. It follows from
Lemma 2.1, that € is an orthomorphism of GG if and only if each vector in its array
of tables is set-like, and the pair {X, X'} is complementary for X = Ay, By, Cy, Dy,

Eg, and Fg.

For G = Zy X Z4, Ds, or Qs, there are two congruences of Orth(G) that we will use
in the construction of all elements of Orth(G); the inversion I; and the reflection R.
Their effects on 6§ € Orth(G) are easily described in the array of tables representation
for 6: the effects do depend on the choice of G.

If G = Zy x Zy, then for I[6]:

and for R[0]:

If G = Dg, then for I[¢]:

Ap
Gy
Ey

By
)
Fy

Ag
Co
Ey

By
)
Fy

Ap
Dy
Fy

By
Dy
2

Ap
Dy
Fy

By
Dy
2

Co c
Ay By
"B, _F]
Dy D,
Ay By
5
A A,
Eq Fy
Cy Dy
B,  -B,
Ey Fy
Dy Cy
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A AT e c
Ch Dy Ay By
By F —Ey F)
0 ~ = I[0] ~ :
By, B, Dy D}
Co Dy Ap By
| B B L B —Ey |
and for R[]:
Ag AL T Ay AT
Cy Dy Ey Fy
By Fy Co Dy
0 ~ = R[0] ~
By B, B, By
Co Dy Ly Fy
| K B | D, Ch |
If G = Qs, then for I[6)]:
A Al [ G Co
Chy Dy Ay By
"Ey  F —E, Fy+2
0 ~ = I[0] ~ :
B, B Dy D,
C, Dy, A Bj
| Fy Ey Fy+2 —-E; |
and for R[6]:
[ Ay Ay T [ 4 —Ay ]
Cg Dg E@ F9
Ey Fy Co Dy
0~ = R[] ~
By B, B)+2 By +2
C, D, E, F}
| B By | D Cy

These congruences will prove useful in classifying orthomorphisms as well as in
determining the structure of orthomorphism graphs. We will next consider orthogo-
nality.

Lemma 2.2 Let G = Zy X Zy4, Ds, or Qs, and let 0, ¢ € Orth(G).
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1. If G =7y X Zy, then 0 L ¢ if and only if

(a) {op(i) = ap(i) [ 7 € Ag N Ay},
{Bo(1) = Boi) [ 1 € A N A},
(i) —vo(i) | i € By By}, and
{04(i) — 09(7) | i € By N By} partition Zy; and
(b) {Bs(i) — ag(i) | i € Ag N A},
{ag(i) — Bp(i) | i € AgN Ay},
{04(1) —v0(7) | i € By N B¢>} and
{76(7) — 0g(7) | i € By N By} partition Zy.

2. If G = Dg, then 0 L ¢ if and only if
(a) {op(i) — (i) [ 7 € Ag N Ay},
) — Bo(i) | i € Ay N ALY,
{76(0) =0(0) i € Ba N By}, and
)

( (i) | i € Ag N AL},
{og(6) + Goli) | 1 € A) 11 Aq),
{5¢(2 +(i) | i € BN By}, and
i) i€ Byn B¢} partition Zy.

3. If G = Qs, then 8 L ¢ if and only if

(a) {agl) — (i) | i € Ag 1 Ay},
{Bo(i) — Boli) | 1 € A N A},
{76(1) = 70(2) | i € By N B¢>} and
{04(i) — 0o(7) | i € By N By} partition Zy; and
+ag(i) | i€ AgN ALY,

(b) {8 (i) + cxa(
{a(i) + Bo(d) + 2| i € Ay N Ay},
{04(1) +70(i) | i € ByN B}, and
{76(?) + 0g(i) + 2 | © € By N By} partition Z,.

Proof: Routine derivation from the possible values of 6(z) 1o (z).

The orders of the intersections Ay N Ay, etc., will prove to be important.

Lemma 2.3 Let G = Zy X Zy, Ds, or Qs, and let 6, ¢ € Orth(G), 6 L ¢.

If k =|AgN Ayl, then k=1 or 2, and

|Ag N Ayl = |Ay N A}| = |By N By| = | By N By| =k,

and

|[Ag N A}l = |Ay N Ay| = | By N By| = |By N Bj| =2 — k.

122
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P’I"OOf.' ASOEA@QA¢, k?Z 1. As |A9ﬁA¢|+|A9ﬁA;5| :2, |A9ﬂA;§| =2—k.

Similarly [Ap N A} = [Ag N Ag| = k, and |4y N Ay| = [Ag N AY| = 2 — k; and, for
some u, | By N By| = |By N By| = u, and [By N By| = |By N Bj| = 2 — w.

Now [Ag N Ag| 4 [AG N AL +[By N By| + | By N By| = 4. 1t follows that 2k + 2u = 4.
Hence ©w = 2 — k and the result follows. L]

For G = Zy X Zy, Ds, or Qs, if 0, ¢ € Orth(G), 6 L ¢, and k = |AgN Ay|, we will
say that @ is k-orthogonal to ¢, written 6 1, ¢. The congruences R, and [ preserve
k-orthogonality.

Lemma 2.4 Let G = Zy X Zy4, Ds, or Qs. If 0, ¢ € Orth(G), then

1. 0 Ly ¢ if and only if R[0] Ly R[¢], and
2. 0 Ly, ¢ if and only if I1]0] L ¢~

Proof: Let 0,¢ € Orth(G), 8 L ¢. If ' = R[f], then Ay = —Ay. It follows that
0 1y ¢ if and only if R[0] L R[¢)].

If 0 1y ¢, then I[0] L ¢0~" and Ajg = Cyp = Ago-1, and so I[0] Ly ¢, If
I[6] Ly 667", then I[0](¢0) " Ly I[¢8 1], ie., ¢~ Ly 6. Then I[¢p~] Ly 0610,
i.e., » Lo 0. Hence 0 Ly ¢ if and only if I[0] Ly ¢6~1. As no pair of orthomorphisms
can be both 2-orthogonal and 1-orthogonal, @ L, ¢ if and only if I]0] 1, ¢6~1. O

In determining the structure of orthomorphism graphs, 1-orthogonalities and 2-
orthogonalities will be dealt with separately.

3 The structure of Orth(Zs x Zy)

In this section we will derive a classsification of orthomorphisms in Orth(Zy x Z,).
We will then use this classification to determine the structure of Orth(Zs X Zy).

Theorem 3.1 If 0 is a mapping Zo X Ly — Ly X Ly, then 6 € Orth(Zy X Zy) if and
only if 6 can be obtained from one of the orthomorphisms 0, and 0y below, using the
congruences I, and/or R. Here a = £1 and b € Z,.

1. 91~

0 a b b+a
0 —a b—a b+2

a—b —a—>b b b+2
2 —a b+2 b—a
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2. Oy ~

0 2 a —a
b b—a
0 —a b—a b

o

-b 2—-0b b+a b—a
2 —a b+2 b+a
b+2 b+a a 2

Proof: 1t is easy to check that the array of tables representations of 8; and 6, satisfy
the conditions of Lemma 2.1, and so, 0y, 65 € Orth(Zy x Z,).

Let 6 € Orth(Zy x Z4) and let the a-table for 6 be

0 x

0 vy |,
0 z

where z = y — x. Note that z,y, z # 0. If x,y, 2z are distinct, then exactly one of =,
y, or z equals 2. If z,y, z are not distinct, then, as none of x, y, or z can be 0, x # y
and y # 2z, and so x = z # 0 and y = 2¢ = 0 or 2 and, as y # 0, it must be that
y = 2. Using I, and R we will ensure that x = 2 and y = a via a two-step algorithm.

Step 1. If y = 2, then I[0] has a-table

0 2
0 T
0 —z

0 —=x
0o 2|,
0 vy

and we can apply Step 1.

Thus, we may assume that § € Orth(Zy x Z,) has a-table

0 2
0 a
0 —a
The (-table for # must then be
a —a
b c |,

b—a c+a
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for some b,c € Zy. As ¢ # b,b+ 2, there are two cases to consider, ¢ = b + a and
c=b—a.

Case 1. c=0b+a.
The §-table for 6 is

b b+a |,
b—a b+2

and the y-table for 0 is

z Y
2 —a
2—xr —a—y

)

for some z,y € Zy. Now (2—2,—a—y) = (b,b+a) or (b+a,b). If (2—z,—a—y) =
(b,b+a), then x = 2 —b = y which is not possible. Hence (2 -z, —a—y) = (b+a,b)
and the y-table for 0 is

a—b —a-—->
2 —a
b+a b

Similarly, we can show that the d-table for 6 is

b b+2
b+2 b—a
2 a

This yields the array of tables representation for 6.

Case 2. c=b —a.

The derivation of the array of tables representation for 5 is similar to the derivation
in Case 1. 0J

Reversing the algorithm in the proof of Theorem 3.1 yields all orthomorphisms
in Orth(Zy x Z4) and gives us a classification of orthomorphisms in Orth(Zy x Zy).
In this classification every orthomorphism will belong to one of three classes, class
1, class 2, or class 3; will be of one of two types, type s, or type ¢; and will have
parameters (a,b), where a = £1 and b € Z,. The orthomorphisms, #; and 6, in
Theorem 3.1, are in class 1; #; is of type s, and 6, is of type ¢; and both have
parameters (a,b). The complete classification follows.

Theorem 3.2 (The classification of orthomorphisms in Orth(Z, x Z4)) Let
0 € Orth(Zy x Z4) have parameters (a,b), a = £1, b € Zy4. Then 6 is one of
the following.
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Class 1, type s

0 2 a —a
0 a b b+a
0 —a b—a b+2
leN
a—b —a-—0> b b+2
2 —a b+2 b—a
b+ a b 2 a |
Class 1, type ¢
i 0 2 a —a
0 a b b—a
0 —a b—a b
01 ~
—-b 2-0b b+a b—a
2 —a b+2 b+a
b+2 b+a a 2 |
Class 2, type s
i 0 a 2  —a |
0 2 b b+2
0 a b+2 b—a
025’\"
2—b a-—0» —b —a-0»
—a a —a—b a-0
b+ a b —a 2 ]
Class 2, type t
[ 0 a 2  —a |
0 2 b b+2
0 a b+2 b—a
Oat ~

-b —a-0b 2—b a—>
a —a a—b —a-—>
b+a b —a 2




A.B. EVANS / AUSTRALAS. J. COMBIN. 80 (1) (2021), 116-142 127

Class 3, type s

0 a —a 2
0 -a b b+a
0 2 b+a b—a
038N
b—a b+2 b b+a
a 2 b—a b+ 2
| 20 —b —a a |
Class 3, type ¢
[ 0 a —a 2 ]
0 -a b b+a
0 2 b+a b—a
O3 ~

b+a b b+2 b—a
a 2 b—a b+2
-b 2—-9b a —a

Proof: Let 6, and 05 be as in Theorem 3.1. It is clear that 6,, = 6, and 0,; = 6,

Now 6, can be obtained from I[0;,] by replacing b by a — b; 05, can be obtained from
I[61¢] by replacing b by —b; s, can be obtained from R[] by replacing a by —a,
and then b by b — a; and 03, can be obtained from R[fy] by replacing a by —a, and
then b by b — a. 0

We obtain the following as a corollary.
Corollary 3.1 |Orth(Zy x Zy)| = 48.

Proof: It is routine to check the orthomorphisms in Theorem 3.2 are all distinct.
The result then follows from the fact that 8 € Orth(Zy x Z,4) is in one of 3 classes,
is of one of 2 types, and has one of 8 parameter pairs. O

In each of the arrays of tables in Theorem 3.2, five entries are shown in bold.
In each array, two entries in the second column of the a-table, and two entries in
the first column of the -table are shown in bold: these entries determine the class
and parameters of an orthomorphism. The fifth entry shown in bold distinguishes
between types.

If @ € Orth(Zy x Zy4), then we will write 8 = zy(a,b), whenever 6 is in class x, of

type y, and has parameters (a,b). The actions of I and R are easily described with
the classification of the elements of Orth(Zy x Z4) given in Theorem 3.2.
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Lemma 3.1 For elements of Orth(Zy x Z4) in class x, of type y, with parameters
(a,b), the following hold.

1. R[ly(a,b)] = 1y(—a,b—a),
2. R[2y(a,b)] = 3y(—a,b—a),

3. R[3y(a,b)] = 2y(—a,b—a),
2 —b -
4. I[1y(a,b)] = {;éjib) | Zz = :
1s(a,a—b) iy=s
5. I[2y(a,b)] = {1t((a7—b) | nyy :1;
_J3s(=a,b—a) ify=s,
6 ][39((1, b)] - {315(_@’ a + b) ny =
Proof: Routine. D

We see that I, and R are all type-preserving, while the precise action of I does
depend on the type.

We will next determine all orthogonalities in Orth(Zs x Z,). We will begin by
determining the orthogonalities within class 1.

Lemma 3.2 Let 6,¢ € Orth(Zy x Zy4) be in class 1. Then 6 L ¢ if and only if
0 Lo ¢, if and only if, without loss of generality, 6 = 1s(a,b) and ¢ = 1t(—a, —b) for
some a = £1 and some b € Z,.

Proof: Let 0, ¢ € Orth(Zs x Z4) be in class 1. Clearly 6 L ¢ if and only if 6 Lo ¢.
Suppose that the parameters for 6 are (a,b), for some a = +1 and some b € Zyg:
then, as 0(0,2) # ¢(0,2), the parameters for ¢ must be (—a, c), for some ¢ € Z,.

If 8 and ¢ are of the same type, then

fla) = Bla) = c —=d = b= f(—a) = B(~-a),

where d = a if the type is s and d = —a if the type is £. Hence, by Lemma 2.2, 6
and ¢ cannot be orthogonal.

Thus we may assume, without loss of generality, that 6 = 1s(a, b) and ¢ = 1t(—a, c).
In this case, we have

By ={b,b+2} =By ={—c,2—c}.
Therefore c =2 — b or —b. If c =2 — b, then

() —86(b) = —a—b=(b+2) —5(b+2).
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Hence, by Lemma 2.2, 6 and ¢ cannot be orthogonal.
It follows that, if @ L ¢, then ¢ = 1t(—a, —b): in this case
{as(i) —ap(i) [ i € Ag = A} U{Bs(i) — (i) | i € Ay = Ay}
={0,2} U{a —2b,—a — 2b} = Zy4,

and
{76(i) = d9(i) | i € By = BL} U {04(i) — 70(i) | i € By = By}
— {h2- U a—ba—b} = Z,
from which it follows, by Lemma 2.2, that 6 L ¢. n

Using Lemma 3.2 and the actions of congruences, we can determine all the 2-
orthogonalities in Orth(Zy x Zy).

Theorem 3.3 Let a = +1. The 2-orthogonalities in Orth(Zq X Zy) are the following.

1. 1s(a,b)
2s(a,b) L

Ly 1t(—a, —b) if b € Zy;

9 3s(a,b+a) ifb=0,2

2s(a,b) Ly 3t(a,b+ a) if b = +a;

2t(a,b) Lo 3t(a,b+a) if b=0,2; and
Lo

(a,b) L
5. 2t(a,b) Lo 3s(a, b+ a) if b = +a.

Proof: Tt follows from Lemmas 3.1 and 3.2 that each orthomorphism in Orth(Zg X Zy)
is 2-orthogonal to exactly one orthomorphism in Orth(Z, x Z,). By lemma 3.2,
1s(a,b) Ly 1t(—a, —b).

Applying Lemma 3.1,

3s(a,2 —b) if b= =+a,

I[1s(a,b)] = 2s(a,a — b) Ly 1t(—a, —b)1s(a,b)™ " = {St(a 2-0) ifb=0,2.

Substituting a — b for b, and noting that, if ¥ € {*a £ b}, then V' € {a,—a} if
be{0,2} and ¥/ € {0,2} if b € {a, —a}, we obtain
2s(a,b) Ly 3s(a,b+a)if b=0,2,

and
2s(a,b) Ly 3t(a,b+ a) if b = +a.

Now

R[2s(a,b)] = 3s(—a,b—a) Ly R[3s(a,b+ a)] = 2s(—a,b) if b= 10,2,
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and
R[2s(a,b)] = 3s(—a,b—a) Ly R3t(a,b+ a)] = 2t(—a,b) if b = +a.
Substituting —a for a yields

2s(a,b) Ly 3s(a,b+a)if b=0,2,

and
2t(a,b) Lo 3s(a,b+ a) if b = +a.

The last 2-orthogonality can be obtained similarly, starting with 1¢(a, b) Lo 1s(—a,—b).
U

We will next determine all the 1-orthogonalities in Orth(G).

Theorem 3.4 Let a = +1. The 1-orthogonalities in Orth(Ze X Zy) are the following.

1. 2z(a,b) Ly 3x(—a,—a —b) for b=0,2 and x = s,t,
2. 2s(a,b) L1 1s(a,b+2) for b = +a,
3. 2t(a,b) Ly 1t(—a,b—a) for b = +a,
4. 3s(a,b) Ly 1s(a,b+2) for b=0,2, and
5. 3t(a,b) Ly 1t(—a,b—a) for b=0,2.
Proof: Let 0, ¢ € Orth(ZyxZ,) be in the union of class 2 and class 3. As [ApNA}| = 1,

we may assume 6 to have parameters (a, b) and ¢ to have parameters (—a, c¢) for some
a = £1 and some b, ¢ € Zy4.

If 6 and ¢ are both in class 2, then (4(2) — Bp(2) = ¢ — b, and so ¢ # b. Now
{—b,—a — b} N{—c,a —c}| = 1. We see that —c # —b and —c¢ # —a — b as then
a—c=—b. Thus, a — c= —b or —a —b. Further a — ¢ # —b as then —c = —a — b.
Hence, a — ¢ = —a — b, and so ¢ = b+ 2. But then

0(p*) 'o(p™) = qp** £ qp P = 0(p~ ) o(p™?),
from which it follows that b = 0, 2. Therefore
{0 (") | i € Za} = {1, q, p*}.

Ase, f € {£a,2+a} implies that e — f € {0, 2}, inspection of the potential ~-tables
and d-tables for # and ¢ shows that

0(qp®) " o(qp®) € {1,0% ¢, qp°},

and so # and ¢ cannot be 1-orthogonal.
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If 6 and ¢ are both in class 3 and 6§ L, ¢, then R[f] L, R[¢]. As R[f] and R[¢] are

both in class 2, this is not possible, and so # and ¢ cannot be 1-orthogonal.

Thus, we may assume that 6 is in class 2 and ¢ is in class 3. Now ¢(0,2) —6(0,2) =
(0,c —a—"b), and so ¢ # b+ a. Now |[{—b,—a — b} N {c,c —a}| = 1. We see that
c# —basthenc—a=—a—>b,and ¢c —a # —a — b as then ¢ = —b. If c —a = —b,
then ¢ =a — b and

O~ ) o(p™) = ap™ ™" = 0(p") " o (p").
It follows that ¢ — a # —b and, hence ¢ = —a — b # b+ a, and so 2b # 2, which
implies that b = 0, 2.

Thus 6 = 2z(a,b) and ¢ = 3y(—a,—a — b) for some z,y = s,t, some a = +1,
and some b = 0,2. If x = s and y = ¢, then 0(¢> ) *é(gp*®) = 1, which is not
possible. Hence 6 and ¢ cannot be 1-orthogonal. As R[2t(a,b)] = 3t(—a,b— a) and
R[3s(—a, —a—b)] = 2s(a, —b), we can conclude that 6 and ¢ cannot be 1-orthogonal
if # =t and y = s. Therefore x = y. The proof that 2s(a,b) L; 3s(—a,—a — b),
for b = 0,2, follows from Table 1, and the proof that 2¢t(a,b) L, 3t(—a, —a —b), for
b= 0,2, follows from Table 2. These are the only 1-orthogonalities within the union
of class 2 and class 3: other l-orthogonalities can be obtained from these by using
congruences.

As 2s(a,b) Lq 3s(—a,—a —b) for b= 10,2,

1s(a,a —b) = I[2s(a,b)] L, 35(—a, —a — b)2s(a,b) " = 2s(a, —a — b),
for b = 0,2. Substituting —a — b for b yields 2s(a,b) 1y 1s(a,b+ 2) for b = +a.
As 2t(a,b) 14 3t(—a, —a —b) for b= 0,2,

1t(a, —b) = I[2t(a,b)] L, 3t(—a, —a — b)2t(a,b)"' = 2t(—a, —a — b),

for b = 0,2. Substituting —a—b for b and then —a for a yields 2t(a,b) Ly 1t(—a,b—a)
for b = +a.

As 2s(a,b) Ly 1s(a,b+ 2) for b = *+a,
3s(—a,b—a) = R[2s(a,b)] L1 R[1s(a,b+ 2)] = 1s(—a,b+ a),

for b = fa. Substituting —b+a for b and then —a for a yields 3s(a,b) L, 1s(a,b+2)
for b =0, 2.

As 2t(a,b) Ly 1t(—a,b — a) for b = =+a,
3t(—a,b —a) = R[2t(a,b)] L1 R[1t(—a,b— a)] = 1t(a,b),

for b = £a. Substituting b+ a for b and then —a for a yields 3t(a,b) Ly 1t(—a,b—a)
for b =0, 2.

We will next show that there are no other 1-orthogonalities in Orth(Zy x Zy). As
all 1-orthogonalities within the union of class 2 and class 3 have been determined,
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and as there can be no 1l-orthogonalities within class 1, any excess 1-orthogonality
must be between an orthomorphism in class 1 and an orthomorphism in the union
of class 2 and class 3. Let 6y,...,60: be the orthomorphisms in class 1, and set
¢i = 1[0;] and ¢; = I[¢;] for i = 1,...,16. In the subgraph I' of Orth(Zy x Zyj)
whose edges correspond to l-orthogonalities, degree(6;) = degree(¢;) = degree(e;)
for i = 1,...,16, from which it follows that the average degree of a vertex of I' in
class 1 is equal to the average degree of a vertex of I' in the union of class 2 and
class 3. Let e be the number of edges in I' corresponding to excess 1-orthogonalities.
Then the average degree of a vertex in class 1 is 1 + (e/16) and the average degree
of a vertex in the union of class 2 and class 3 is 1 + (¢/32). Hence, e = 0 and the
result follows. OJ

Table 1: Proof that 2s(a,b) 1, 3s(—a,—a —b),a=+1,b=0,2

o(x) | O(x) |o(x) —0(x)
1 1 1 1
p—a pa qpb+2 qp—a—b

7 I qp*"

P |l @ p°
a | p " g ap”
qpafb p2 pa pa

ap | qp® | g p°
qp2 b qpa—b p—a qp2—b

ox) | O(x) | o(x) —0(x)
1 1 1 1
p—a pa qpb+2 qp—a—b
pr agpet | p? qp "
P || @ p°
qp27b pfa qpafb qpb+2
qpfafb p2 pfa pfa
™ | qp® |qp P
™’ | @ | p° qp?

The structure of Orth(Zy x Z4) is shown in Figure 1: the 2-orthogonalities are
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represented by horizontal lines, and the 1-orthogonalities are represented by vertical
lines.

1t(—a,b—a) 1s(a,a —b) 1s(a,b+2) 1t(—a,b+2)
2 2
1 1 1 1
2 2
3t(a,b) 2s(a,b—a) 3s(a,b) 2t(a,b — a)
2s(a,b) 3s(a,b+ a) 2t(a,b) 3t(a,b+a)
2 2
1 1 1 1
2 2

3s(—a,—a —0b) 2s(—a,—b) 3t(—a,—a —b) 2t(—a,—b)

Figure 1: The structure of Orth(Zy x Z4), a = £1, b= 10,2

From the structure of Orth(Zy x Z,), shown in Figure 1, we can easily determine
w(Zy x Z4) and the maximal cliques in Orth(Zg x Zy).

Corollary 3.2 The mazximal cliques in Orth(Zq X Zy4) are all 2-cliques, and w(Zg X
Z4) = 2

4 The structure of Orth(Ds)

In this section we will construct and classify the orthomorphisms in Orth(Dg) and
use this classification to prove that w(Dg) = 1.

Analogous to the classification of orthomorphisms in Orth(Zy x Z4), we will give
a complete classification of orthomorphisms in Orth(Dsg). In this classification, just
as in the classification of orthomorphisms in Orth(Z, x Z4), every orthomorphism
will belong to one of three classes, class 1, class 2, or class 3; will be of one of two
types, type s, or type t; and will have parameters (a,b), where a = £1 and b € Z,.
We will write 6 = zy(a,b), whenever 6 is in class x, of type y, and has parameters

(a,b).

Theorem 4.1 (The classification of orthomorphisms in Orth(Dy))
Let 0 € Orth(Dg) have parameters (a,b), a = £1, b € Z4. Then 0 is one of the
following.
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Class 1, type s

0 2 a —a
0 a b b+a
0 —a b+ a b
1s(a,b) ~
b—a b+a b b+2
—a 2 b+2 b—a
b+2 b—a 2 a |
Class 1, type ¢
[ 0 2 a —a ]
0 a b b—a
0 —a b+a b+2
1t(a,b) ~
b+ 2 b b—a b+a
2 —a b+a b+2
i b b—a 2 a |
Class 2, type s
[ 0 a 2  —a |
0 2 b b+2
0 a b+2 b+a
2s(a, b) ~
b—a b b+a b+2
a —a b—a b+a
i b b—a 2 —a |
Class 2, type t
[ 0 a 2  —a
0 2 b b+2
0 a b+2 b+a
2t(a,b) ~

b+a b+2 b b—a

b b—a —a 2
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Class 3, type s

0 a —a 2
0 -—-a b b—a
0 2 b—a b+a

3s(a, b) ~
b—a b b+a b+2
a 2 b+2 b+a
i b b+2 a —a

Class 3, type t

[ 0 a —a 2
0 -a b b—a
0 2 b—a b+a

3t(a,b) ~
b+a b+2 b—a b
a 2 b+2 b+a
b+2 b —a a

Proof: Similar to the proof of Theorems 3.1 and 3.2.

135

O

As in the classification of orthomorphisms in Orth(Zsy x Z,), in each of the arrays
of tables in Theorem 3.2, five entries are shown in bold. In each array, two entries
in the second column of the a-table, and two entries in the first column of the -
table are shown in bold: these entries determine the class and parameters of an

orthomorphism. The fifth entry shown in bold distinguishes between types.

We obtain the following as corollaries.

Corollary 4.1 |Orth(Dg)| = 48.

Proof: This is the same as the proof of Corollary 3.1.

0

Corollary 4.2 Let S;, denote the set of orthomorphisms in Orth(Dyg), in class x
and of type y. Fory = s,t, I is a bijection Sy, — Sy, and R is a bijection Sa, — Ss,.

Proof: Routine.

Using the classification in Theorem 4.1 we can determine w(Ds).

Theorem 4.2 w(Dg) = 1.

O
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Proof: We will first show that there are no 2-orthogonalities in Orth(Ds).

Let 6 and ¢ be in class 1, and let § L ¢. Then 6 1, ¢, and § = 1z(a,b) and
¢ = ly(—a,c) for some z,y € {s,t}, some a = 1, and some b,c € Zy. If x =y = s,
then

Bsla) = Pola) = ¢ —a—b = Ps(—a) — Bo(—a)

and so f and ¢ are not 2-orthogonal by Lemma 2.2. If x =y = ¢, then

Bsla) = Pola) = c+a—b= Fy(—a) — Bs(—a)
and so 6 and ¢ are not 2-orthogonal by Lemma 2.2. Hence, x # y. Without loss of

generality 0 = 1s(a,b) and ¢ = 1t(—a,c). Now By = {b,b+ 2} = {c,c+ 2} = B,.
Therefore ¢ = b, b+ 2. If ¢ = b, then

dg(b+a)+7(b+a) =b+a=0d4b—a)+(b—a)
and so # and ¢ are not 2-orthogonal. If ¢ = b+ 2, then
Yo(b) + 00(b) = b= v4(b+2) + dg(b+ 2)
and so 6 and ¢ are not 2-orthogonal by Lemma 2.2. It follows from Lemma 2.4 that

there are no 2-orthogonalities in Orth(Ds).

We will next show that there are no 1-orthogonalities in Orth(Dsg) within the union
of class 2 and class 3.

Let 0, ¢ be in the union of class 2 and class 3, § 1; ¢. Then we may assume that
0 has parameters (a,b) and ¢ has parameters (—a,c), a = £1, b,c € Z4. Now
{b,b —a} N{c,c+a}| =1. Asc=0b—aif and only if ¢ + a = b, it must be that
c=bor b+ 2.
If 8,¢ are both in class 3, then B4(2) — fp(2) = c—b+2 # 0 and so ¢ = b. If
xr =1y = s, then

V6(b) = 76(b) = 0 = g(0) — ap(0)

and so, by Lemma 2.2, 6 and ¢ are not 1-orthogonal. If x = y = ¢, then
Vo(b+2) = 79(b+2) = 0 = a4(0) — ay(0)

and so, by Lemma 2.2, 6 and ¢ are not l-orthogonal. Hence x # y. Without loss of
generality 0 = 3s(a,b) and ¢ = 3t(—a,b). Then

Yo(b—a) —v9(b—a) =2 = 5,(2) — By(2)
and so, by Lemma 2.2, # and ¢ are not 1-orthogonal.

If 0, ¢ are both in class 2, then R[] and R[¢] are both in class 3, and so R[f] and
R][¢] are not 1-orthogonal and, hence, by Lemma 2.2, § and ¢ are not 1-orthogonal.

Thus we may assume without loss of generality that § = 2z(a,b) and ¢ = 3y(—a, c)
for some x,y = s,t, some a = +1, and some b,c € Zy. If x =1t, y = s and ¢ = b,
then

2o+ ) = 20(b+ a) = 0 = (0 — 1g(0)
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and so, by Lemma 2.2, # and ¢ are not 1-orthogonal. If z =t¢, y = s and ¢ = b + 2,
then

Bs(a) + agla) = b=4(b—a) + dp(b - a)
and so, by Lemma 2.2, # and ¢ are not 1-orthogonal. If z = s and y = ¢, then R][d]
and R[¢] are not 1-orthogonal, and so € and ¢ are not 1-orthogonal by Lemma 2.4.

Hence x =y. If x =y = s and ¢ = b, then
Yo(b+a) +dg(b+a) =b+ 2= P4(a) + ag(a)

and so, by Lemma 2.2, ¢ and ¢ are not 1-orthogonal.

If =y =sand c=b+2, then
Yo(b+2) + 0p(b+2) =b—a = ag(—a) + Ba(—a)

and so, by Lemma 2.2, ¢ and ¢ are not 1-orthogonal.

If =y =1tand c=b, then
04 (b) = d9(b) = 0 = ay(0) — ap(0)

and so, by Lemma 2.2, 6§ and ¢ are not 1-orthogonal.
Ifx=y=tand c=0b+ 2, then

Y60+ a) = (b +a) = 0= ay(0) — ay(0)

and so, by Lemma 2.2, 6§ and ¢ are not 1-orthogonal.

The proof that there are no other 1-orthogonalities in Orth(Dsg) is the same as the
proof in Theorem 3.2 that there are no excess 1-orthogonalities between orthomor-

phisms in the union of class 2 and class 3, and orthomorphisms in class 1. The result
follows. O

5 The structure of Orth(Qs)

In this section we will construct and classify the orthomorphisms in Orth(Qg) and
use this classification to prove that w(Qs) = 1.

Analogous to the classification of orthomorphisms in Orth(Z, x Z,) and the clas-
sification of orthomorphisms in Orth(Dg), we will give a complete classification of
orthomorphisms in Orth(Qs). In this classification, just as in the classification of
orthomorphisms in Orth(Zs x Z,), every orthomorphism will belong to one of three
classes, class 1, class 2, or class 3; will be of one of two types, type s, or type t; and
will have parameters (a,b), where a = £1 and b € Zy. We will write 0 = zy(a,b),
whenever 6 is in class z, of type y, and has parameters (a,b).

Theorem 5.1 (The classification of orthomorphisms in Orth(Qg)) Let 6 €
Orth(Qs) have parameters (a,b), a = £1, b € Zy. Then 0 is one of the follow-
mg.
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Class 1, type s

0 2 a —a
0 a b b+a
0 —a b+a b
1s(a,b) ~
b+a b—a b b+2
—a 2 b+2 b—a
b+2 b—a 2 a |
Class 1, type ¢
i 0 2 a —a ]
0 a b b—a
0 —a b+a b+2
1t(a,b) ~
b b+ 2 b+a b—a
2 —a b+2 b+a
i b b—a a 2 |
Class 2, type s
[ 0 a 2  —a |
0 2 b b+2
0 a b+2 b+a
2s(a, b) ~
b+a b+ 2 b—a b
a —a b+a b—a
i b b—a 2 —a |
Class 2, type t
[ 0 a 2 —a |
0 2 b b+2
0 a b+2 b+a
2t(a,b) ~

b b—a b+2 b+a
a —a b+a b—a
b—a b —a 2
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Class 3, type s

3s(a, b) ~

Class 3, type t

3t(a,b) ~

Proof: Similar to the proofs of Theorems 3.1 and 3.2.

0 a —a 2
0 —a b b—a
0 2 b—a b+a
b b—a b+2 b+a
2 a b+a b+2
b b+2 —a a
0 a —a 2
0 —a b b—a
0 2 b—a b+a
b+a b+2 b b—a
a 2 b+a b+2
b b+2 a —a
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As in the classification of orthomorphisms in Orth(Zy x Z4) and Orth(Dsg), in each
of the arrays of tables in Theorem 3.2, five entries are shown in bold. In each array,
two entries in the second column of the a-table, and two entries in the first column
of the p-table are shown in bold: these entries determine the class and parameters
of an orthomorphism. The fifth entry shown in bold distinguishes between types.

We obtain the following as corollaries.

Corollary 5.1 |Orth(Qg)| = 48.

Proof: This is the same as the proof of Corollary 3.1.

O

Corollary 5.2 Let S;, denote the set of orthomorphisms in Orth(Dyg), in class x
and of type y. Fory = s,t, I is a bijection Sy, — Sy, and R is a bijection Sa, — Ss,.

Proof: Routine.

Using the classification in Theorem 5.1 we can determine w(Qs).

Theorem 5.2 w(Qg) = 1.

O
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Proof: We will first show that there are no 2-orthogonalities in Orth(Qs).

Let # and ¢ be in class 1, and let & L ¢. Then 6 1y ¢, and 6 = 1z(a,b) and
¢ = ly(—a,c) for some z,y € {s,t}, some a = +1, and some b,c € Zy. If x =y = s,
then

Bola) — Bola) = c —a—b= fy(—a) — fo(—a)

and so € and ¢ are not 2-orthogonal by Lemma 2.2. If x =y = t, then

Bs(a) = Bola) = c+a—b= B4s(—a) — Bp(—a)

and so 6 and ¢ are not 2-orthogonal by Lemma 2.2. Hence, x # y. Without loss of
generality 0 = 1s(a,b) and ¢ = 1t(—a,c). Now By = {b,b+ 2} = {c,c+ 2} = B,.
Therefore ¢ = b,b+ 2. If ¢ = b, then

do(b+a) +7(b+a) =b+2=r4b) + dg(b) + 2

and so 0 and ¢ are not 2-orthogonal. If ¢ = b+ 2, then

Fs(a) = Pola) = —a = fy(—a) — Po(—a)

and so 6 and ¢ are not 2-orthogonal by Lemma 2.2. It follows from Lemma 2.4 that
there are no 2-orthogonalities in Orth(Qs).

We will next show that there are no 1-orthogonalities in Orth(Qs) within the union
of class 2 and class 3.

Let 0, ¢ be in the union of class 2 and class 3, § 1, ¢. Then we may assume that
0 has parameters (a,b) and ¢ has parameters (—a,c), a = £1, b,c € Z4. Now
{b,b —a} N{c,c+a}| =1. Asc=0b—aif and only if ¢ + a = b, it must be that
c=bor b+ 2.

If 6,¢ are both in class 2, then G4(2) — fp(2) = ¢ —b # 0 and so ¢ = b+ 2. If
xr =1y =s, then

5¢(b — a) - (59([) - CL) =0= Oé¢(0) - 049(0)
and so, by Lemma 2.2, 6§ and ¢ are not 1-orthogonal. If x = y = ¢, then
Yo(b—a) —yo(b—a) =2 = B4(2) — Bo(2)

and so, by Lemma 2.2, § and ¢ are not 1l-orthogonal. If x # y, then, without loss of
generality, 0 = 2s(a,b) and ¢ = 2t(—a,b+2). As

Y60 +2) = 7(b +2) = 0 = ay(0) — ap(0)

and so, by Lemma 2.2, ¢ and ¢ are not 1-orthogonal.

If 0, ¢ are both in class 3, then R[] and R[¢], then R[] and R[¢] are both in class
2, and so R[0] and R[¢] are not 1-orthogonal and, hence, by Lemma 2.4, § and ¢ are
not 1-orthogonal.
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Thus we may assume without loss of generality that 6 = 2x(a,b) and ¢ = 3y(—a, )
for some z,y = s,t, some a = £1, and some b,c € Zy. If xt =t, y = s and ¢ = b,
then

Bs(2) — Ba(2) = a = 74(b) — 7(b)
and so, by Lemma 2.2, # and ¢ are not 1-orthogonal. If z =t¢, y = s and ¢ = b + 2,
then

V(b —a) = 79(b—a) = 0 = as(0) — ae(0)
and so, by Lemma 2.2, § and ¢ are not 1-orthogonal. If z = s and y = ¢, then R][f]
and R[¢] are not 1-orthogonal, and so § and ¢ are not 1-orthogonal by Lemma 2.4.

Hence x =y. If x =y = s and ¢ = b, then
dp(b—a) —0g(b—a) = a = [s(2) — Bp(2)
and so, by Lemma 2.2, ¢ and ¢ are not 1-orthogonal.
Ifxr=y=sand c=b+ 2, then
Vo(b+2) —79(b+2) = —a = By(2) — Bo(2)
and so, by Lemma 2.2, 6 and ¢ are not 1-orthogonal.
If 2 =y =1tand c=b, then
V(b —a) = 7(b—a) = 0 = as(0) — ay(0)
and so, by Lemma 2.2, 6 and ¢ are not 1-orthogonal.
Ifxr=y=tand c=0b+ 2, then
Jp(b+2) —0p(b+2) =0 = ay(0) — ap(0)

and so, by Lemma 2.2, ¢ and ¢ are not 1-orthogonal.

The proof that there are no other 1-orthogonalities in Orth(Qsg) is the same as the
proof in Theorem 3.2 that there are no excess 1-orthogonalities between orthomor-

phisms in the union of class 2 and class 3, and orthomorphisms in class 1. The result
follows. O
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