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CYCLOTOMIC DIFFERENCE SETS IN FINITE FIELDS

BINZHOU XIA

ABSTRACT. The classical problem of whether mth-powers with or without zero
in a finite field F; form a difference set has been extensively studied, and is
related to many topics, such as flag transitive finite projective planes. In this
paper new necessary and sufficient conditions are established including those
via a system of polynomial equations on Gauss sums. The author thereby
solves the problem for even ¢ which is neglected in the literature, and extends
the nonexistence list for even m up to 22. Moreover, conjectures toward the
complete classification are posed.

1. INTRODUCTION

A subset D = {ay,...,ar} in a group F of order v is said to be a (v,k, \)-

difference set or simply a difference set if for each nonidentity a € F there are
exactly \ ordered pairs (as,a;) € D x D such that asa; ' = a. Given a (v,k, \)-
difference set, we obtain instantly by simple counting that
(1.1) E(k—1)=Av-1).
It is straightforward to check that any subset of a group F with size 0, 1, |F| — 1
or |F|is a (|F|, k, A)-difference set with k — A = 0 or 1. Conversely, if k — X\ =0 or
1, then (T)) implies £ =0, 1, v — 1 or v. For a (v, k, A)-difference set D, we call
the nonnegative integer n := k — A the order of D, and say D is trivial if n <1
and nontrivial if n > 1.

For comprehensive surveys on difference sets, the reader is referred to [7, 18 Part
VI] and [I6]. In this paper we focus on the case when F is the additive group of a
finite field and the nonzero elements in D form a multiplicative subgroup of F'\ {0}.

Notation 1.1. Let ¢ = mf + 1 be a power of a prime number p with m, f € Z~,.
Denote the set of nonzero mth-powers in F, by Hy , and My ., == Hy ., U {0}.

If H,m is a (g, f, A)-difference set in IE‘(‘]*‘, then it is called an mth-cyclotomic
difference set or mth-power residue difference set. If My , is a (q, f+1, A)-difference
set in IE‘(‘]*‘, then it is called a modified mth-cyclotomic difference set or modified
mth-power residue difference set. When not specifying the parameters, we will
simply call them cyclotomic difference set or modified cyclotomic difference set,
respectively. In view of (1), a necessary condition for the cyclotomic (g, f, \)-
difference set is

(1.2) f—1=2xm,
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while a necessary condition for the modified cyclotomic (g, f + 1, A)-difference set
is

(1.3) f+1=xm.

Research on cyclotomic and modified cyclotomic difference sets dates back to
Paley in the 1930s [I9] when he used the quadratic residues in a finite field to
construct Hadamard matrices. Essentially, he proved that H, 2 is a (g, f, (¢—3)/4)-
difference set under the condition ¢ = 3 (mod 4), which is no further restriction
than (L2)). Based on this result, it is clear to see that M, 2 is a (¢, f+1,(g+1)/4)-
difference set under the condition ¢ = 3 (mod 4), which is no further restriction
than (L3). About ten years after Paley’s construction, Chowla [5] discovered a
family of nontrivial quartic cyclotomic difference sets in F;, by showing that H, 4
is a difference set when p = 1 4 4¢2 for some odd integer ¢.

In 1953, Lehmer published a paper [I7] investigating cyclotomic and modified
cyclotomic difference sets in F,,, where she established necessary and sufficient con-
ditions for their existence via cyclotomic numbers and applied these to get fruitful
results (see [3| Chapter 2| for an introduction to cyclotomic numbers). She proved
that neither H, ,, nor M, ,, is a nontrivial difference set in IF, with odd m, and de-
termined all the nontrivial mth-cyclotomic and modified mth-cyclotomic difference
sets in I, for 4 < m < 8: they are

(1.4)
(1.5) H, g with p =1+ 8u? = 9 + 64v? for some integers u and v,
1.6)

(1.
(1.7) M, g with p =49 + 8u? = 441 + 64v? for some integers u and v.

H, 4 with p = 1 + 4t for some odd integer ¢,
M, 4 with p =9 + 4¢* for some odd integer ¢,

Note that the Pell equation u? — 8v? = 1 coming from (LF) forces u and v to be
odd in order that 1+ 8u? is prime ([I7, page 429]), while u is odd and v is even in
(=0 for a similar reason ([I'7, page 432]). On the other hand, it is not yet known
whether there exist infinitely many primes p as in (CH) or (7)), although Lehmer
noticed that they are quite rare by computation results.

Since Lehmer’s significant paper, cyclotomic numbers have been the main tool
for studying existence of cyclotomic and modified cyclotomic difference sets. The
criterion in terms of cyclotomic numbers established by Lehmer originally in F),
extends to general finite fields I, in the same form, and then it is shown that, if ¢
is odd, the general finite field case does not give more examples than (IL4)—(L7) for
m odd or 4 < m < 8 [14/20]. As for the case when ¢ = p, more nonexistence results
on mth-cyclotomic and modified cyclotomic difference sets have been proved. They
are now known to be nonexistent for m = 10 [25], 12 [26], 14 [18], 16 [9], 18 [2]
and 20 [I1I]. Although widely believed that for any larger even m neither H, ,,, nor
M, , forms a difference set, it has only been proved for some values of m under
extra condition: m = 6 (mod 8) with 4 € H,, ,,, [18], and m = 24 with 2 € H,, 3 or
3 € H, 4 [10]. One of the difficulties for higher powers is to evaluate the cyclotomic
numbers, and also the work is quite laborious when m grows.

In this paper, we alternate the approach by considering the relations that the
corresponding Gauss sums must satisfy, which leads to overdetermined systems of
polynomial equations. This enables us to determine mth-cyclotomic and modified
cyclotomic difference sets in Fy up to m = 22 including even ¢, and gives insight
for general m.
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There are definite links between difference sets and other structures (see for
example [I]). A remarkable one is that to finite projective planes, which we will
illustrate in Subsection [5.3l Physical applications of difference sets can be found in
the references listed in [4].

The layout of this paper is as follows. In Section 2] we will discuss preparing
results on multiplicative characters and Gauss and Jacobi sums as well as discrete
Fourier transform techniques which will be utilized in subsequent sections. In Sec-
tion Bl we establish new necessary and sufficient conditions for the existence of
cyclotomic and modified cyclotomic difference sets in finite fields via multiplicative
characters, Jacobi sums and Gauss sums, respectively. Based on these, we obtain
results on the existence problem of mth-cyclotomic and modified cyclotomic dif-
ference sets in Section @l It is proved that the only existing one for odd m is the
modified 3rd-cyclotomic difference set in F14 (see Theorem 1)), while the existence
for even m implies restrictions on the solutions of certain system of polynomial
equations. In the final section, we discuss the computation results for these sys-
tems, which yield the determination of existence up to m = 22 (see Theorem [5.])
and suggest conjectures toward the complete classification.

2. PRELIMINARIES
First of all, we set up some notation.

Notation 2.1. Let S' = {2z € C | |2| = 1} be the unit cycle on the complex plane.
Denote ¢, = €2™/7 for any r € Z~q. For a field F, let F* = F\ {0} be the set of
nonzero elements in F', which constitutes a group under multiplication of the field.

2.1. Multiplicative characters. Let x be a character of the multiplicative group
[F;, i.e., a group homomorphism from Fj to C*. For any s € Z, the map x* from
Fy to C* defined by x*(a) = (x(«))® for a € Fy is also a character of F;. Extend

the domain of x to F, by setting

1, if x is trivial,
x(0) = L o
0, if x is nontrivial,

and call x a multiplicative character on F,. For any s € Z, the character x* of F} is
also extended to a multiplicative character on F,, and by x*(a) we mean the image
of a € Fy under x® rather than (x(c))°. Note that the equality x°(o) = (x(a))®
may not hold after x* is extended to a multiplicative character on F,. For example,
if x is nontrivial and s is a positive integer such that x° is trivial, then x*(0) =1 #
0= (x(0))*.

Through this section, we will evaluate some multiplicative character sums, which
turns out to play a central role in the subsequent section. For any nontrivial
multiplicative character x on Fg, it is well known (see for example [3, Page 9]) that

(2.1) 3 x(@) =0
a€lFy
Lemma 2.2. Let x be a multiplicative character of order m onFy and s € Z. Then

Yo xXB-nN=1 Y xX(l-a.

BYEHg,m a€Hg m
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YoXB-n=>Y, > x(-81

B:YEHg,m BEHg,m YE€EHq,m
= E E l—a)=f E (1 - a) O
BEHg m aqu,m a€Hg m

Notation 2.3. For any multiplicative character x of order m on F, and v € F7, let

A={a€ Hym|x(1-a)=x("}, Bym~y =1{(a,8) € Hym X Hym | = =7}
and Cymy = {(a,8) € Mgm X Mgm | — B =7}

The following lemma is apparent.

Lemma 2.4. Let x be a multiplicative character of order m on F, and v € Fy.
Then the following statements hold.

a) (a,B) — a~ 18 is a bijection from By~ to Ay . In particular, |A =
a,m,y XY XY

[ Bg.m.~ |-

(b) 1Camnl = [Bamal +1Comay N (Hgm X {0})] + |Cqmy N ({0} X Hgm)-

We express the multiplicative character sum in the next lemma in terms of |4, 5.

Lemma 2.5. Let x be a multiplicative character of order m on F, and v € Fy.
Then

m—1
X)) Y X —a)=mlAy 4|+ 1.
s=0 a€Hg m
Proof. We have
m—1
X Y, x(1-a)
s=0 aqu)m/
m—1
= X (X (1—a)
(XEHq m =0
m—1 m—1
= > D XA —a)+ Y x T ()x0)
a€Hgy,m\{1} s=0 s=0
m—1 m—1 1 —a s m—1
- ¥ Y ¥ Y (MFY) s X vewo
a€Hg m\{1} s=0 a€Hg m\{1} s=0 s=0
x(1—a)=x(v) x(1—a)#x(v)
For any o € Hy ,, \ {1} such that x(1 — a) # x(v),
m— x(1—a) m _
Lz:l(x(l—a))s_(x(v)> 1_ 1-1 —0
T x(-a) _ T ox(-o) 4
5=0 x() x(7) 1 x(7) 1
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Hence it follows that

m—1

m—1 m—1
DX Y. X¥—a)= > Y+ X (x°(0)
s=0 a€Hy m a€Hg m\{1} s=0 s=0

x(1—a)=x(7)

= > m+xX"()x°0)
a€Hg,m\{1}
x(1—a)=x(v)

= Z m+1=m|A, |+ 1 O
acHg m

X(1—a)=x(v)

2.2. Gauss and Jacobi sums. For a multiplicative character x on Iy, the Gauss
sum Gq4(x) is defined by

Ga(x) = D> x(@)¢ir),

a€l,

where tr is the trace map from F, to F,. For multiplicative characters x, 1 on Fy,
the Jacobi sum J,(x, ) is defined by

Jo061) = > x(@)p(1—a).
a€l,

It is immediate from the definition that J, (1, x) = J4(x, ¥)-

We only list here some basic facts about Gauss and Jacobi sums which will be
used in the sequel, and refer to [3, Chapters 1 and 2] for their proof and more
properties of Gauss and Jacobi sums.

Proposition 2.6. Let x be a multiplicative character of order m on F,, and s,t €
Z. Then the following statements hold.

(a)

s q, ifs#£0 (modm),
Gy = Y8 TR0
0, ifs=0 (modm).
(b) If s £ 0 (mod m), then
Gy(X*)Gq(x ) = x*(=1g-
(¢) If s#0 (mod m) ort #0 (mod m), then
To0c ) = Gy(X)G(X")/Gq(x*™"), if s+t#0 (mod m),
—x*(=1), ifs+t=0 (mod m).
(d) If m is even and s Z 0 (mod m), then
X* (@) (¢, x°) = Jo (¢ ™).
The following lemma evaluates sums of Jacobi sums with one character fixed.

Lemma 2.7. Let x be a multiplicative character of order m on F,. If s # 0
(mod m), then

m—1
Z‘]‘JX XH=1+m Z (1 - a).
t=1

a€Hy m
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Proof. Note that

m—1 m—
Ja (X, x Z Z )
t=1 t=1 BeF,
m—1
=) XB) Y K-
BEF, t=1
m—1
= D XBm-D+ D> XB D x1-5)
1-BE€Hq,m 1 BE]F;\qu t=1
m—1
= Y x®m-n+ Y B Y x5
1-BEHq,m 1-BEF\Hq,m t=0

- BNa-A).

1_ﬁ6F;\Hq,m
For any (3 € F, such that 1 — 8 € F; \ Hy m, as x(1 — 3) # 1, we have

—1

3

gy xd=g)m-1_ 1-1
=a)= WI-B) -1 xa-g-1_ "

t

It follows that

I
=)

m—1
DL A= > X¥Bm-1)- > x¥BN1-5)
t=1 1-B€H, m 1-BEF:\Hy,m
=(m-1) > XB)- Y X0
1-BE€H m 1-BEF\Hq,m
=m-1) Y X(1-a)- Y x(1-aq
a€Hg m aEIF(’;\Hq,m
=m Z (1 -a) sz(l—a)
a€Hy m a€cl}
=m > x'(l-a)= > x*(1-a)+x(1)
a€Hy m ack,
=l+m Z *(1-a) (]
acHg m

2.3. Discrete Fourier transform. For a complex-valued function X on Z/rZ,

the discrete Fourier transform (DFT) of X, denoted by X , is the complex-valued
function on Z/rZ defined by

r—1
=Y GX(#), s=0,...,r—1
t=0

Here are two basic formulae for DFT, the convolution formula and the inverse
formula, see for example [21], page 36] for a proof.



CYCLOTOMIC DIFFERENCE SETS IN FINITE FIELDS 2467

Proposition 2.8. The following statements hold.
(a) If W, X and Y are complex-valued functions on Z/rZ with

W(s)ziX(t)Y(s—t), $s=0,...,r—1,
t=0

then W (s) = X (s)Y (s) for all s € Z./r7.

(b) If X is a complez-valued function on Z/rZ, then X (s) = X(—s)/r for all
s € Z/rZ. In particular, DFT is an isomorphism on the complex vector
space of complex-valued functions on Z/rZ.

We note that since complex-valued functions on Z/rZ are determined by their
values on the r points 0,...,7 — 1, Proposition [Z8 can be translated into the
language of r-dimensional complex vectors. This will be more convenient to apply
in cases.

3. NECESSARY AND SUFFICIENT CONDITIONS

3.1. Cyclotomic difference sets. Before we give the existence criterions for cy-
clotomic difference sets, recall the necessary condition (2) for cyclotomic (g, f, A)-
difference sets.

Theorem 3.1. Suppose f—1 = Am and let x be a multiplicative character of order
m onF,. Then Hy,, is a (q, f, \)-difference set in Fy if and only if

(3.1) Y X(1-a)=0, s=1,....m-1.

a€Hg m

Proof. First suppose that Hy ., is a (g, f, A)-difference set. In view of (Z.I]) we then
have for s =1,...,m — 1 that

Yo XB-m= DY XB-1)=2)_ x(a)=0.

ﬁa’YEHq,m ﬁv’YEHq,Tn OCG]F?;
B#Y

This leads to () by Lemma 2.2
Next suppose that (B]) holds. Let v be an arbitrary element in F;. Then

m—1

X Y X-a)= > X(-a) =1

s= a€Hy m a€Hy m

It follows that |A, ~| = (f—1)/m = X by Lemmal[2Z3] and so | By, ~| = A according
to Lemma [2.4)(a). By the definition of difference sets, this completes the proof. O

Combining Lemma 2.7 and Theorem B.I] we obtain a necessary and sufficient
condition of cyclotomic difference sets via Jacobi sums.

Theorem 3.2. Suppose f —1 = Am, and let x be a multiplicative character of
order m on Fq. Then Hy,, is a (g, f, \)-difference set in Fy if and only if

m—1
(3.2) J, 0 x) =1, s=1,....m—1.
t=1

In light of Proposition 2:6lc), (B:2) can be rewritten by Gauss sums.
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Theorem 3.3. Suppose f —1 = Am, and let x be a multiplicative character of
order m on Fy. Then Hy . is a (q, f, \)-difference set in Fy if and only if

m—1
(33) D X'(=DG(NG (™) = (1 +X°(-1)Gy(x*), s=1,...,m—1.
iZs
Proof. Utilizing Proposition [Z0] we reformulate (8:2)) to
m—1
Gy (x%)Gq(xt s

t=1 q (Xs+t)
s+t#m

s=1,...,m—1,

which is equivalent to

m—1 4. t m—s—t
3 XEDGONGWT) g egy 51, m— 1.
t=1

Gy(x™?)

t#??L*S

After multiplying both sides by G,(x™*) and replacing s by m — s, this turns out
to be (B3). Hence the theorem follows by Theorem O

3.2. Modified cyclotomic difference sets. Parallel with cyclotomic difference
sets we can establish existence criterions for modified cyclotomic difference sets. Re-
call the necessary condition (3] for the modified cyclotomic (g, f + 1, A)-difference
sets.

Theorem 3.4. Suppose f +1 = Am, and let x be a multiplicative character of
order m on Fq. Then My, is a (¢, f + 1, X)-difference set in Fy if and only if

(3.4) Y o Xl-a)=-1-x*(-1), s=1,...,m—1
a€Hg m

Proof. First suppose that M, ., is a (¢, f + 1, A)-difference set. Then for s =

1,....m—1,
Yo XB-m= Y xXB-m=r> x(x=0

BAYEMg m BAEMg m a€cl?
B#Y

On the other hand,

SXB-N= D XB-N+ D X*B)+ Y. x(=)

BAEMy m B,vEHy m BEH,m YEHgm
= Y XB-N++IXD.
BYEHgm
Hence

D XB=)=—f1+x(-1), s=1,...,m—1,
ByEHqm
and thus we get ([3.4) by virtue of Lemma
Now suppose conversely that ([B4]) holds. Let v be an arbitrary element in F7.
Then

m—1 m—1

X)) Y, X(l—a)=f= x4 x*(-1)).

s=| aqu’m s=1
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We thereby deduce from Lemmas [2.4] and that

m—1

(3.5) M|Bymayl +1=f=Y_ x (A +x*(-1)).

Recall that Cy .~y = {(a,8) € Mgm X My | « — 5 = 7} It suffices to show
|Cq.m~| = A by the definition of difference set. Observe that x(y) # 1 implies
(o O (Hyn x {01)] = 0 while x(7) # x(—1) implies [Cy . (({0}  Hy )] = 0.
The cases for x(v) are divided into the following four.

Case 1. x(v) # 1 or x(—1). In this case

m—1

DX+ X(-1) = -2,

s=1
whence B3) gives |Bg m | = A. We then conclude |Cy .| = [Bgm.~
Lemma 24(b).

Case 2. x(v) =1 # x(—1). Then B3) gives m|Bym~|+1=f—(m—1-1),ie,
|Bg,m.v| = A — 1. Moreover,

(3.6) Comay N (Hgm x {0}) = {(7,0)},
80 |Cqm~| = |Bgm,y| +1= A by Lemma 2.4|(b).

= )\ viewing

Case 3. x(v) = x(—1) # 1. In this case, B5) leads to |Bgm~| = A — 1, and it
follows by Lemma 2.4(b) that |Cy m | = |Bgm,y| +1 = A since
(3.7) Camy N ({0} X Hym) = {(0, =)}

Case 4. x(v) =1 = x(—1). In this case, (B5) leads to |Bgm,y| = A — 2, and it
follows by Lemma 24(b) that [Cy m | = [Bg,m,y| + 2 = A since we have both (B.0)
and ([B.71).

O

Combination of Lemma 2.7 and Theorem [3.4] leads to a necessary and sufficient
condition of modified cyclotomic difference sets via Jacobi sums.

Theorem 3.5. Suppose f+ 1 = Am, and let x be a multiplicative character of
order m on F,. Then My, is a (¢, f + 1, X)-difference set in F, if and only if

m—1

(3.8) ZJq(XS,Xt):l—m—mxs(—l)7 s=1,...,m— 1.
t=1

Along the same lines as Theorem B3] we can reformulate ([B:8]) by Gauss sums
as follows.
Theorem 3.6. Suppose f +1 = Am, and let x be a multiplicative character of
order m onF,. Then My, is a (¢, f + 1, X)-difference set in F, if and only if

-1
(39) Y X (-DG,0NE ) = A-m) A+ (-1)C, (), s=1Lo...,m-1.

3

o
I
W=
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4. EXISTENCE CONDITIONS VIA POLYNOMIAL EQUATIONS

4.1. System on g-level. We investigate the existence problem for cyclotomic and
modified cyclotomic difference sets based on the criterions obtained in the previous
section.

First we embark on the case when m is odd. It is already known in this case that
neither H, ,, nor M, ,, form a nontrivial difference set in Fy if ¢ is odd [20, Chapter
1, Part 1]. However, the parity argument for cyclotomic numbers used to prove this
fact does not appeal to even ¢’s. In Theorem [4.1] below, we deal with the case when
m is odd in a uniform way for both even and odd ¢’s. It turns out that the only
existent one is Mg 3, which is not mentioned in the literature.

Theorem 4.1. Suppose that m is odd. Then the following statements hold.
(a) Hgm is never a nontrivial difference set in F,.

(b) Mym is a nontrivial difference set in Fy if and only if (¢,m) = (16, 3).

Proof. Suppose that Hy ,, or My, is a nontrivial difference set. As a consequence,
both m and f are greater than 1. Let y be a multiplicative character of order m
on F,. Define a function g on Z/mZ by

g(S):Gq(XS)/\/a, 521,...,777,—17
and
(0) = —1/y/q, if Hyp, is a nontrivial difference set,
9= (m—1)/\/q, if My is a nontrivial difference set.
Noticing x(—1) = 1 as m is odd, we have

m—1

(4.1) > gt)g(s—t)=0, s=1,....,m—1
t=0

by Theorems [3.3] and 3.6 and
(4.2) g(s)g(=s)=1, s=1,....m—1
by Proposition 2:6{(b). Define a complex-valued function W on Z/mZ by

m—1
W(s) = g(t)g(s—t), se.
t=0
It follows that W(1) =--- =W (m —1) =0 and
W) = 907+ Y g(t)g(—t) = 9(0)* +m — 1

Relying on Proposition 2.8 we have
m—1
98 =W(s) = D GW () =W(0) = g(0)> +m—1, s€Z,
t=0

(4.3)

m—1 m—1

DoGrar) > Gt =

r=0 t=0

(=s)g(s) = m2g(s)g(—s) =m?, s=1,...,m—1

Q>
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and
(4.4) 3 4(s) = §(0) = mg(0).
s=0

Therefore, §(s) = £(s)y/g(0)%2 + m — 1 with £(s) = %1 for s € Z, and substituting

this into (£3)) and (@4]) we get

m—1 m—1
m2

(4.5) ;) Cre(r) ; Coote(t) = SO T 1,...,m—1

and

m—1

mg(0
(4.6) Z g(s) = ﬁ.

Note that Z::OI e(s) is an odd integer as m is odd. We proceed according to the
three cases below.

Case 1. Hy,y, is a nontrivial difference set. We deduce from (&6]) that

mg0)  \"_,
902 +m—1) ~

i.e., g(0)2 > 1/(m + 1). This yields ¢ < m + 1, which violates the condition f > 1.

Case 2. p > 2 and M, is a nontrivial difference set. In this case,

2
m?(m—1) _ mg(0)
m—1+¢q g9(0)2+m—1
is an odd integer by (A6l). However, this is a contradiction as m — 1 is even and
m — 1+ ¢ is odd.

Case 3. p = 2 and M, ,,, is a nontrivial difference set. Suppose M ,,, is a (g, f+1, A)-
difference set. Then ¢ = mf + 1= Am? —m + 1 by (L3J). In view of (@35,
q m’
A(m—1)  g(0)2+m—1

is an algebraic integer, and thus an integer as it is rational. On the other hand,
(m—1)/A =m?(m—1)/(m—1+¢q) is an odd integer as shown in the previous case.
We thereby conclude that A = m — 1 is a power of 2, whence ¢ = Am? —m +1 =
(m —1)2(m + 1). This implies that m + 1 is also a power of 2, so we have m = 3.
Thus A =2 and ¢ = 16.

Conversely, consider Fyg as the splitting field of 2* + x + 1 over Fy. Let w be a
root of 24 + x4+ 1 = 0 in Fi¢ and x be a multiplicative character on Fyg such that
x(w) = (3. Tt is easy to check that 1 —w? = w'* 1 —wb = w!? 1 - w? = W™ and
1 —w!? =w!l. Now for s =1,2

4
YooX(-a)=) X(1-w*) =G +E+E+E =2
acHie,3 t=0

Thus Mg 3 is a (16, 6, 2)-difference set by Theorem B4
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During the proof of Theorem [4.1] it is the relations of Gauss sums, with no need
to evaluate them, from B3] and ([B9) as well as Proposition 2.8 that rule out the
possibility of cyclotomic and modified cyclotomic difference sets. This suggests us
to approach the case when m is even in the same vein, namely studying the relations
that Gauss sums necessarily satisfy.

Theorem 4.2. Suppose m is even. If Hy , or My, is a difference set in [y, then
the system of equations

2s m—1
Z (_1)tgt9257t + Z (_1)tgtgm+257t = 0, s = 17 ey % _ 17
t=0 t=2s+1
(4~7) 9sdm—s = (—1)57 § = 1,...,%,
hgsgm s = g2sgm, s=1,...,%9 —1,
h? =1

in the unknowns go, g1, ---,gm—1,h has a solution in R x (SH)™ with gy = -1/\/q
or (m —1)/,/q, respectively.

Proof. Let x be a multiplicative character of order m on Iy,
9s = Go(X*) /e, s=1,....m—1,

) =1/y/q, if Hyyy, is a difference set,
90 = (m—=1)/\/q, if Mgy, is a difference set,

and h = x(4). Since m is even, we derive from (L2 and ([[3)) that f is odd, and
thus x(—1) = —1. Tt follows from Theorems [3.3] and that

s m—1
(_1)tgtgs—t+ Z (—1)tgtgm+s_t =0, s=1,....m—1.
t=0 t=s+1

In particular, taking even s gives the first line of (7). By Proposition we have
1] =+ = lgm-al =1,

gsgmfs:(_l)s, s=1,....m—1
and
(4.8) ps 9295 —gsg%, 5= 1,...,T — 1.

92s Q%Jrs 2

Hence the second line of ([@7)) holds, and (8] implies the third line of {@.7)). Finally,
h = x%(2) satisfies h/2 = 1 and |h| = 1. This completes the proof. O

For an even m, we call (1) the system of order m on g-level. Note that if we
count the subscript of ¢ modulo m in the system of order m on g-level, then the
first line of (A1) can be written more concisely as

[

m—

(—1)'gtgos—+ =0, s=1,...,— —1.
0

m
2
t=

Notation 4.3. Denote the affine variety consisting of solutions (go, g1, - - - gm-1, )
€ C™*! to the system of order m on g-level by L,,.

Here are some observations on L,,.
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Proposition 4.4. Suppose that m is even.

(a) If (907915 <o 9m—1, h) € Lmi then (_QOa —g15---5s =9m-1, h) € LWL'
(b) If (90,91, - s Gm—1,h) € Ly, then for any integer r,

(QOa C:ngh ey r(nmil)rghm—la h) S Lm
(¢) If (90, 915 - - -y Gm—1,h) € Ly, then for any integer r which is coprime to m,
(90, 9rs -+ > Gem—1)r> h) with subscripts modulo m lies in Ly,.
(d) There exists (9o, g1, --->Gm—1,h) € Ly such that go = m/2 —1; if m+ 1
is a prime power then there exists (go,g1,---,9m—1,R) € Lm such that

g8 =1/(m+1). In particular, Ly, is nonempty.

Proof. Parts (a)—(c) are straightforward. We only need to prove (d). If m = 0
(mod 4), then take go = m/2 — 1,

(571)2(372) s

gs:(_l) m, s=1,...m—1
and h = —1. If m =2 (mod 4), then take gy = (—1)(m+6)(m=6)/32(pp, /9 _ 1),
go = (_1) (4s+m+2c)‘$é4s+m72) Czsm7 s=1...m—1

and h = 1. One verifies directly that (go,g1,-..,9m—1,h) is a solution of (1)
with go = +(m/2 — 1). Thus by part (a) we conclude that (A7) has a solution
with go = m/2 — 1. Now suppose that m + 1 is a prime power. Then {1} is an
mth-cyclotomic (m + 1,1, 0)-difference set in Fy,41. By Theorem [42] (1) has a
solution (go, g1, - - -, gm—1, ) with g2 = 1/(m +1). O

Theorem 4.5. Suppose that m is even.
(a) If each (9o, g1, .-y Gm—1,h) € Ly N (R* x (SH™) satisfies g2 > 1/(m + 1),
then Hy ., is not a nontrivial difference set in F,.
(b) If each (go,g1,-- -5 Gm—1,h) € Ly N (R* x (S1)™) satisfies either g2 > 1 or
gs = 1/(m+1), then neither Hy, nor My, is a nontrivial difference set
in IFy.

Proof. First we prove part (a). Suppose that H,,, is a nontrivial difference set
in F,. Then as Theorem asserts, (L) has a solution (go,g1,--.,9m-1,h) €
R x (S')™ such that go = —1/,/q. However, g§ > 1/(m + 1), whence ¢ = m + 1.
It follows that f = 1 and thus H ., is a trivial difference set. This contradiction
shows that (a) is true.

Now we turn to the proof for part (b). Under the assumption in (b), since we can
deduce that g3 > 1/(m + 1), Hy, is not a nontrivial difference set in F,. Suppose
that M, ,,, is a nontrivial (g, f +1, A)-difference set in F,. By Theorem 2] [@.7) has
a solution (go,g1,--.,9m_1,h) € R x (S)™ such that gy = (m — 1)/4/q. Viewing
(T3], we then have

(m—-1? (m-1?%_  (m-1) (m —1)? (m—1)?

gg: =

q mf+1 mAm—-1)+1 dm2-m+1 m2-2m+1

Hence the assumption in (b) forces g3 = 1/(m + 1), ie.,, ¢ = (m — 1)%(m + 1).
This implies that m — 1 and m + 1 are both powers of p. If m > 2, then p = 2
since 2 = (m + 1) — (m — 1) is divisible by p, but this results in a contradiction
that m is odd as m divides ¢ — 1. When m = 2, however, we get ¢ = 3 and
|Mgm| = 2, contrary to the assumption that M, ., is a nontrivial difference set.
Thus (b) holds. O
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4.2. System on (g, 0)-level. Assume that m is even for the rest of the section. In
this subsection, we apply DFT to the system on g-level, which will lead to equivalent
systems. Given an integer 6, we introduce the system of equations

m—1 2
ngsg%-‘rs: <tzo gt) —|—T)’L2(7n—1)7 s:()’_”’%_l,
m—1 m—1 2
(4.9) mZQt§s+t—<Z Qt) -m?, s=0,...,2 -1,
t=0 t=0
m—1 L . . m— R
> (—1)'Gtg2s 20—t = (gs —i—g%H) S (=1)tg, s=0,..., mo_1,
t=0 t=0
in the unknowns gg, g1, - - -, Gm—1, Where subscripts of §’s are counted modulo m,

and call it the system of order m on (g,0)-level.

Notation 4.6. For any 6 € Z, denote the affine variety consisting of solutions

(Go, 415 -+ gm—1) € C™ to the system of order m on (g, 0)-level by Ly, ¢.
The following proposition holds readily.

Proposition 4.7. Let 6 and 6’ be integers.
(a) If0' =0 (mod m/2), then Ly = L.

(b) If (go: g1+ - -+ Gm—1) € Lo, then (=05 =015+ s —Gm—1) € Lim.g-
(¢) If (G0, G1, - - - s Gm—1) € Lo and r is an integer which is coprime to m, then
(G0, Grs - -+ > G(m—1)r) with subscripts modulo m lies in IA/m,ré"

Theorem 4.8. The map given by

1 m—1
(4.10) gs=— > Citgr, s=01,...,m—1
m
t=0

and h = Cfn/Z is a bijection from Uzn:/g_l Lim.g t0 Lp,.

Proof. First of all, we note that [@I0) gives a one-to-one correspondence between
the pOiI’ltS (907 gi, - .- ,gmfl) and (g()a glv s ,gmfl) in C™.

Suppose (9o, g1, - - - gm—1,1) € Ly, Then h = Cfn/Q for some 0 € {0,1,...,m/2—
1} since h™/? = 1, and ([@I0) determines a point (jo, 1, - -, gm_1) € C™. Define a
function g on Z/mZ by letting g(s) = g+ whenever s =t (mod m),t=0,...,m—1.
According to Proposition Z8(b) and [{@I0) we get that §(s) = §: whenever s =t
(mod m), t=0,...,m — 1. For each s € Z, let

m—1
W(s) =Y (-1)'g(t)g(s — t).
t=0
One readily sees that W is a function on Z/mZ, and W (s) = 0 when s is odd. It
then follows by (1) that W(1) =---=W(m —1) =0 and
m—1
W(0) =g(0)* + Y _ (~1)'g(t)g(~t) = g(0)* + m — 1.
t=1

In light of Proposition 2.8 we have

m—1
9(s)9 (% + s) —W(s) = 3 GIW () = W(0) = g(0) +m—1, seZ
t=0
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and

H

1m
§0) = —
m

9(0) = —-5(0)

~+

:O

whence
m2g(s)g (% + s) = ( . g(t)) +m2(m—1), s€Z

Moreover, direct calculation leads to

m—1 2
G035 + 1) = mg(0)? - g(t)) —m?, s #2 (mod m)

t=0

3
T 3
|
= -
3[\.'7
Il
/7

and

—
)_.

3

m—

(~1)'9(0g(25 =20 = 1) = (3(s) +9 (5 +5)) sez.

t t:O

Hence (g07g17 o 7.@771—1) = (g(o)vg(1)7 s ag(m - 1)) satisfies (m)v i-e-7

(G051 -+ Gm—1) € Lin.o-

Il
o

Conversely, suppose (Jo, J1,---,0m—1) € [A/mﬂ for some 0 € {0,1,...,m/2 — 1}
and (9o, g1, - -»9m—1,h) € C™*1is given by [@I0) and h = Cfn/Z' We aim to show
that (go,1,---,9m-1,h) € L. The equation h™/? = 1 is clearly satisfied. Since
Z;ZBI g+ = myo, one derives from (@3] that

gsg%JrS:g(%"_m_lv SEZ,

m—1

t;) GtGs4t =mgd —m, s# 2 (modm),

mil o . A m—1 X

Zo (=1)"Ggas—20—1 = (gs +g%+s) Zo (=D)'g:, se€Z,
t= t=

where subscripts of § are counted modulo m. If we also count the subscripts of g
modulo m, then for s =1,...,m/2 —1

m—1 1 m—1 m—1
_ trA (25— t)j
gtg2s t —m Z Z Z C
t=0 t=0 r=0
1 m—1m—1 m—
LSS i, S g
r=0 j=0 t=0
1 m—1
= G2 G Gy
r=0

m—
O § 257‘
r=0
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Thus the first line of (1) holds. For s =1,...,m/2,

1 m—1 m—1
P B S
r=0 t=0

m—1m—1

= D) DY

r=0 t=0
1 m—1 m—1
=3 DG G
§=0 t=0
mas —m =y, (CD5S
= o+ Jtgm 1t
2 m 2 2
m §=0 AL ——
jm/2
2 2
mgy —m go+m—1
= MOy BEMT ()

:(_1)37
which proves the second line of (7). Similarly, one can show that

m/2—1 m—1

s 1 sr (A ~ ~
Wgsgmes = —5 > G (@ +9340) Y (1)'G = 92093
r=0 t=0
for s = 1,...,m/2 — 1, and so the third line of (@7 is satisfied. This completes
our proof. O

Theorem A8 roughly says that the system of order m on g-level decomposes into
m/2 systems on (g, 6)-level of the same order. This helps to reduce computation
in the next section when m gets large. In fact, we avoid the high degree equation
h™/2 =1 in the the system of order m on g-level and instead solve 7(m/2) systems
of order m on (g, #)-level, where 7 is the number-of-divisors function. To illustrate
it in more detail, we need the following number-theoretic result.

Lemma 4.9. Let 6 be an integer. Then there exists a prime number r > m such

that r0 = ged(6,m/2) (mod m/2).

Proof. Let £ = m/2, d = ged(0,4), 8 = 0/d and €y = ¢/d. Then ged(bo, o) = 1,
and so there exists an integer s such that sy = 1 (mod ¢y). As ged(s, fy) = 1,
by Dirichlet’s theorem on arithmetic progressions, there are infinitely many prime
numbers congruent to s modulo £y. In particular, there is a prime number r > m
such that r = s (mod ¢y). It follows that 78y = 1 (mod £y). Consequently, rfyd =
d (mod ¢opd), which turns out to be 6 = d (mod ¢), as desired. O

Combining Lemma with parts (a) and (c) of Proposition 7] we see that,
among the systems of order m on (g, 6)-level for all integers 0, it suffices to solve for
6 being the divisors of m/2. By computation in this 7(m/2) systems on (g, 8)-level,
we get all the information for the system of order m on g-level via Theorem H.8l
This is carried out in the next section up to m = 22.

5. COMPUTATION RESULTS AND CONJECTURES

5.1. Results for m < 22. One of the main tools for solving systems of polynomial
equations is the Grdbner basis computation. Generally speaking, a Grobner basis
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is a particular kind of generating set of an ideal in a polynomial ring. (The reader
is referred to [] for the explicit definition and an introduction to this topic.) Once
a Grobner basis is computed, it is easy to know many important properties of the
ideal and the associated algebraic variety, such as the dimension [8, §3 Chapter 9].

Here we apply a state-of-the-art algorithm of Faugere [12] called F/ to compute
Grobner bases of the systems of order m on (g, 6)-level with m = 6, 10, 12, 14, 16,
18, 20 and 22 performed in MAPLE 14. For each m, we only compute for 6 being
a divisor of m/2 (when 6 = m/2 it is equivalent to put § = 0). It turns out that in
these computed cases, im,,, is a finite set, and thus each (Jo, g1, - - -, gm—1) satisfies

m—1
1
Fons (— 5 gt) o
m =0
for some univariate polynomiall Fp,0(z) listed in Tables BIHR (F)y, 9(x) = 1 indi-
cates that f/m,a is empty). Now for m = 6, 10, 12, 14, 16, 18, 20 and 22, Theorem

in conjunction with Lemma 4.9 and parts (a) and (c) of Proposition .7 implies
that each (go, g1,--.,gm—1,h) satisfies F,,(go) = 0, where

F(z) =[] Fono ().

0|n
We list F), () for these values of m in Table .

TABLE 1. Fgg(x)

0 0 1
Fop(z) | (x—2)(z+2) [ 7T2® -1

TABLE 2. Figg(x)

[ 0 1
Fiog(z) [ 2(x —4)(x +4) [ 1122 -1

TABLE 3. Figg(x)

0 0 1 2 3
Fiop(x) [1][1322 =1 [ 1] (2 =3)(z+3)(z = 5)(x +5)(5x — 7)(5x + 7)

TABLE 4. Figg(x)

0 0 1
Fiap(x) | (z —6)(x + 6)(42® + 3)

1One can find them by the command Groebner[UnivariatePolynomial] in MAPLE 14.

2To find Fp,(z), one may also compute directly in the system of order m on g-level. However,
the author’s PC failed to compute a Grobner basis for the system on g-level when m = 22 as it is
too memory-consuming.
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TABLE 5. Figg(x)

0 0 1 2 4
Figo(x) | (Tz —17) Tz +17) [ 1 [ 1722 =1 | (z = T)(z +7)

TABLE 6. Figg(x)

0 0 1
Figo(r) | 2(x—8)(x+8) [ 1922 -1 |1

TABLE 7. Fyg(x)

0 012 5
Fyp(x) [ 1|11 1] (x=7)(z+T7)(x—9)(z+9)(9z —31)
(92 + 31)(13z — 67)(13z + 67)

TABLE 8. Fy ()

0 0 1
Faop(x) | (x —10)(z + 10)(42* — 6022 + 243) | 2322 — 1

)

TABLE 9. F,,(z)

m F,.(x)

6 (x —2)(z +2)(72% - 1)

10 z(z —4)(z +4)(112% — 1)

12 (x—3)(z+3)(xz —5)(x+5)(5x — 7)(5x + 7)(13z% — 1)

14 (z — 6)(z + 6)(422 + 3)

16 (=T (x+T7) (T2 —17) (T + 17) (1722 — 1)

18 z(z — 8)(z + 8)(192% — 1)

20 | (x = 7)(x+T7)(x —9)(x+9)(92 — 31)(9z + 31)(13x — 67)(13z + 67)
22 (r — 10)(w + 10) (42T — 6022 + 243) (2322 — 1)

Due to the these computation results we have the following theorem.

Theorem 5.1. If m < 22 is an even integer other than 2, 4 or 8, then neither
Hy m nor My, forms a nontrivial difference set in F,.

Proof. Let (90,91, ---,9m—1,h) be any point in L,, N (R* x C™). Then F,,(go) =0
with F,(z) lying in Table[@ Note that 4z* — 6022 + 243 = 0 has no solution in R.
We infer from Table [d that either g2 > 1 or g2 = 1/(m + 1). Accordingly, neither
H, ,, nor M, ,, forms a nontrivial difference set in F, by Theorem .5|(b). O

5.2. Conjectural classification. Let us summarize what has been known so far
about the existence of nontrivial mth-cyclotomic and modified cyclotomic difference
sets in Fy. First, the case when m is odd is dealt with in Theorem Tt only Mg 3
arises as a difference set. Second, for even values of m up to 8, all the nontrivial
mth-cyclotomic and modified cyclotomic difference sets in IF, have been determined
due to Paley [19], Hall [14] and Storer [20]: they are the quadratic case with ¢ = 3
(mod 4) and quartic and octic case with ¢ = p as in (L4)—(L7). For even values of
m from 10 to 22, H, ,, and M, ,, do not form nontrivial difference sets any more
as shown in Theorem [5.J] Now we pose a conjectural classification.
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Conjecture 5.2. H,,, is a nontrivial difference set in I, if and only if one of the
following appears:

(a) m =2 and ¢ =3 (mod 4);

(b) m =4 and ¢ = p = 1 + 4¢? for some odd integer ¢;

(c) m=8and ¢=p=1+8u? =9+ 64v? for some odd integers u and v.
My m is a nontrivial difference set in F, if and only if one of the following appears:

(a’) m =2 and ¢ =3 (mod 4);

(b’) m =3 and ¢ = 16;
(c’) m=4and ¢ =p =9+ 4t? for some odd integer ¢;
(d) m =8 and q = p = 49 + 8u? = 441 + 64v? for some odd integer u and even

integer v.

We have seen that Conjecture is true for odd m and even m < 22. In fact,
our verification for even values of m up to 22 other than 2, 4 or 8 builds on the
computation results that the assumptions of both (a) and (b) in Theorem 5] hold
for these m’s. Viewing this, we address the following conjecture, whose latter part
obviously implies the former.

Conjecture 5.3. Suppose that m is even and m # 2, 4 or 8.
(a) Each (90,91, --,9m—1,h) € Ly N (R* x (S1)™) satisfies g3 > 1/(m + 1).
(b) Each (g0,91,---,9m—1,h) € Ly N (R* x (S')™) satisfies either g3 > 1 or
g8 =1/(m+1).

By the benefit of Theorem [£3] it provides a possible way to tackle Conjecture
for higher powers by verifying Conjecture 53] for larger m: if Conjecture 5.3(b)
is true, then Conjecture 5.2]is true; if part (a) of Conjecture[B.3lis true then at least
the statement about Hy ,, in Conjecture holds. From the author’s viewpoint,
it is quite possible that, like the computation results in the previous subsection,
each (go, g1, .-, 9m—1,h) € L, satisfies the inequalities in Conjecture In other
words, it would probably suffice to compute the Grébner basis for (@) or (£9) for
even m > 24.

5.3. Flag-transitive projective planes. A finite projective plane of order n,
where n € Z~1, is a point-line incidence structure satisfying:

(i) each line contains exactly n+1 points and each point is contained in exactly
n + 1 lines;

(ii) any two distinct lines intersect in exactly one point and any two distinct
points are contained in exactly one line.

The incident point-line pairs are called flags. A permutation on the point set
preserving the lines and flags is called a collineation or automorphism. If the
collineation group of a finite projective plane acts 2-transitively on the points,
then it is said to be 2-transitive. If the collineation group of a finite projective
plane acts transitively on the flags, then it is said to be flag-transitive. Note that
2-transitive finite projective planes are always flag-transitive because two distinct
points determine a line.

From the definition of difference sets one sees that each (v, k, 1)-difference set D
in an abelian group F' gives rise to a finite projective plane once we call elements of F'
points and {D+a | a € F} lines. For such consideration, (v, k, 1)-difference sets are
also called planar difference sets. A finite projective plane coordinatized by a finite
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field is said to be Desarguesian since Moufang revealed its equivalence to a certain
configurational property named in honor of G. Desargues (see for example [15]). An
elegant and celebrated theorem of Wagner [24] asserts that every finite 2-transitive
projective plane is Desarguesian, which actually classifies the 2-transitive projective
planes. Toward a generalization of Wagner’s theorem, a conjecture was made that
every finite flag-transitive projective plane is Desarguesian. This conjecture has
received attention of wide scope and is still open as it is attributed to the existence
problem of related planar difference sets by Proposition 5.4l below. For more about
the history of this longstanding conjecture including Proposition B4} see [22123].

Proposition 5.4. If there exists a finite non-Desarguesian flag-transitive projective
plane of order m with v points, then v = m? +m + 1 is prime and Hy,,, is a
(v,m + 1,1)-difference set in F, with m > 8.

An important concept in the theory of difference sets is the so-called multiplier.
Its idea stems from Hall [I3] when investigating the special case of planar difference
sets in cyclic groups, and has been generalized to difference sets in an arbitrary
group with a lot of outcomes (see the survey [16] for example). Nevertheless,
we will focus on the abelian group case for our purposes, where a (numerical)
multiplier of a difference set D in an abelian group F is defined to be an integer ¢
with ged(¢, |F|) = 1 such that tD = D + a for some a € F. The following result is
due to Chowla and Ryser [0].

Proposition 5.5. Let D be a (v, k, \)-difference set in an abelian group. If t is a
prime divisor of k — A with ged(t,v) =1 and t > X, then t is a multiplier of D.

In [I7, THEOREM IV], Lehmer proved that the set of multipliers of a nontrivial
cyclotomic difference set in F, is the difference set itself. We note that this result
can be extended to F, along the the same lines of proof. Now suppose that m is
even and Hy ,, is a planar difference set. It follows that f is odd by (L2), and thus
the order f — 1 is even. As Proposition implies that 2 is a multiplier of H ,,,
we then have 2 € H ,,, and so x(4) = 1 for any multiplicative character x of order
m on F,. This allows us to add the equation h = 1 to (7)) in order that H,,, is a
planar difference set in IF,. Hence the following theorem holds as a consequence of

(C2) and Proposition (.4

Theorem 5.6. If H, ,,, is a planar difference set in Fy, then ¢ = m2+m + 1 with
m even and the system of order m on g-level has a solution (go, g1, .-, Gm—1,h) in
R x (SY)™ with g9 = —1/\/q and h = 1. In particular, if there does not exist an
even integer m > 8 such that v = m? +m + 1 is prime and the system of order m
on g-level has a solution (go, g1, --,Gm—1,h) in R x (SH)™ with go = —1/y/v and
h =1, then every finite flag-transitive projective plane is Desarguesian.

5.4. Other problems on the systems of equations. Computation results shows
that L,, is a finite set when m < 22 is even and m # 2, 4 or 8. We thus make
another conjecture below. Its affirmative solution for each fixed m will result in
a conclusion by Theorem that there exist at most finitely many ¢’s such that
g =1 (mod m) and either Hy ., or My, is a difference set in F, for this m.

Conjecture 5.7. L,, is a finite set for m > 24 even.

Studying whether there exists (go, g1, - - - s gm—1, ) € Ly, with go = 01is of interest
and importance as well. One of the reasons is that it also has connection with
finiteness results by the next theorem.
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Theorem 5.8. Suppose that m is even. If Ly, N ({0} x (S1)™) is empty, then there
exist at most finitely many q’s such that ¢ =1 (mod m) and either Hy , or My,
is a difference set in F,.

Proof. Let @ be the set of prime powers g such that ¢ =1 (mod m) and H,, is a
difference set in F,. For each ¢ € Q, there exists a (g0(q), 91(q), - - -, gm-1(q), h(q)) €
Ly, N (R x (SY)™) such that go(q) = —1/,/g by Theorem Suppose @ to be
infinite. Then there exists an infinite increasing sequence (g,)5%; in Q. As (S!)™ is
bounded and closed, it is compact by the Heine-Borel theorem. Hence the sequence

((91(an). - -+ gm—1(an). 7(gn)))7Zy in (S')™ has a subsequence
((gl(an), cee 7gm—1(QHk)v h(%m)))l?;l
which has a limit point, say (g1, ..., gm_1,h) € (S')™. Since

=0

g0 = klggo 90(an.) = kli)n;o N
and (9o(qny ) 91(@ny,)s - - > gm—1(any ), h(an,)) satisfies (L) for every integer k > 1,
taking the limit ¥ — oo in each polynomial equation of ([@7)) we deduce that
(90,91, - -+, 9gm—1,h) satisfies [@7). This shows that (go,g1,..-,9m-1,n) € Ly N
({0} x (SY)™), contrary to the assumption of the theorem. Consequently, @ is
finite. Along similar lines one can prove the finiteness of the set of prime powers ¢
such that ¢ =1 (mod m) and M, ,, is a difference set in F,. Thus the theorem is
true. ]

For the values of m in Table[ L,, N ({0} x C™) is nonempty only when m = 10
or 18. Hence we would like to ask the following.

Question 5.9. For which even m’s is L,, N ({0} x C™) nonempty?
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