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In this paper, we consider the n x n matrix whose (i, j)-th entry is ij (mod n) and
compute its rank and a basis for its kernel (viewed as a matrix over the real num-
bers) when # is prime. We also give a conjecture on the rank of this matrix when n
is not prime and give a set of vectors in its kernel, which is a basis if the conjecture
is true. Finally, we include an application of this problem to number theory.

1. Introduction

When learning modular arithmetic, it is a natural exercise to consider the multipli-
cation table modulo an integer n. This table can be seen as an n x n matrix whose
entries are positive integers. A question in linear algebra, which is interesting by
itself, is to determine the rank or, even better, a basis for the kernel, of this matrix
over the real numbers.

In this paper, we denote by C, the n x n matrix given by

Cll(l9.])=lj (mOdn)a i’j=17-"7na (1)

where C, (i, j) denotes the (7, j)-th entry of C,,.

Using techniques from matrix analysis and analytic number theory, we find the
rank and a basis for the kernel of C,, when n is prime. When 7 is composite, we
give a conjecture on the rank of C, and a set of vectors in the kernel of C, thatis a
basis of the kernel if the conjecture is true.

Since the last row and column of C, are both zero, the matrix H,,, obtained
from C, by deleting that row and that column, has the same rank as C,,. Moreover,
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it is easy to find a basis for the kernel of C,, from the kernel of H,. Therefore, most
of the paper will be focused on studying the kernel of H,.
As an example, for n = 5, we have

Hs =

AW N =
W = B~ N
N A=W
—_ N W A

The paper is organized as follows. In Section 2, we use a matrix theory approach
to study the (n — 1) x (n — 1) matrix H,. In particular, we give a block-diagonal
matrix similar to H, (Lemma 7) and use it to give a set of vectors in the kernel
of H,. This result allows us to obtain nontrivial lower and upper bounds for the
rank of H, for general n (Corollary 12). A conjecture for the exact value of this
rank is also presented (Conjecture 16). In Section 3, we obtain the main result of
the paper (Theorem 42) which describes the rank of the n x n matrix C,, when n is
prime and gives a basis for its kernel. The proof of the rank result is done using
techniques from character theory and analytic number theory. In Section 4, we
present an application to number theory that motivated our work.

2. The kernel of the matrix H,

We now present some properties of the matrix H, for general n and use them to
study the kernel of H,,. We first introduce some notation and recall some definitions.
We denote by M), ,, the set of n x m matrices with entries in R. We abbreviate
M, , to M,.
We denote by R the exchange matrix (also called the flip-transpose of the identity
matrix /) of appropriate size, that is,

R =

Note that RZ = 1.
Definition 1. Let A € M,,.

o The matrix A is called symmetric if A = AT.
o The matrix A is called persymmetric if A = RATR.
o The matrix A is called centrosymmetric if A = RAR.

o The matrix A is called bisymmetric (or symmetric centrosymmetric, or doubly
symmetric) if it is symmetric and centrosymmetric.
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Remark 2. If A € M, is persymmetric, then RA is symmetric. Also, if A is
symmetric and centrosymmetric (resp. persymmetric), then A is persymmetric
(resp. centrosymmetric).

Note that A € M,, is bisymmetric if
A, j)=A(,i) and A@G, j)=Am+1—i,n+1—j), i,j=1,...,n.

This means that being bisymmetric is equivalent to being symmetric with respect
to the main diagonal and being symmetric with respect to the antidiagonal. A look
at Hs shows that this matrix is bisymmetric.

Lemma 3. Let n € N. The matrix H, € M, _ is bisymmetric.

Proof. The matrix H, is symmetric since H, (i, j) =ij (modn) = H,(j,i). Addi-
tionally, H, is centrosymmetric since

(n—i)(n—j) (modn)=ij (modn),
which implies that H, (i, j) = H,(n — i, n — j). O

The following result follows from some well-known properties of bisymmetric
matrices [Cantoni and Butler 1976, Lemma 2].

Lemma 4. If n is odd, then H, has the form

A RBR
Hn = [B RAR] @

for some symmetric A € M(,_1))> and persymmetric B € M,_1)>.
If n is even, then H,, has the form

A x RBR
H,=|xT q xTR (3)
B Rx RAR

for some q € C, x € My_2)2,1, symmetric A € M, > and persymmetric
B e M(n_z)/z.

Next we give an explicit expression for the number ¢ and the vector x in the
block representation of H, given in Lemma 4 when # is even.

Lemma 5. If n is even, then the number q in (3) is given by
0 ifn=0 (mod4),
if n 20 (mod 4).

SE]

Proof. We have

non non
Q—Hn(§,§> =53 (mod n).
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If n =0 (mod 4), then n = 4k for some positive integer k. Thus,

g : g (mod 1) = kn (mod n) = 0.

If n #0 (mod 4), then, since n is even, we know that n = 4k + 2 for some positive
integer k, and

5% (modn) =kn+2k+1 (modn) =2k+1=7. O
Lemma 6. Ifn is even, then the column vector x in (3) is given by
= ifiisodd, _
x(i)=1{2 i:1,2,...,”22,

0 ifiiseven,
where x (i) denotes the i-th component of x.
Proof. Note that x is located in the (n/2)-th column of H,.. Thus, x(i) = H,,(i, n/2)
fori=1,2,...,(n—2)/2. If i =2k for some positive integer k, then

H, (i, %) = kn (mod n) =0.
Now, if i = 2k 4 1 for some positive integer k, then

Hy(i,5) =kn+ 5 (modm) =1, 0

Taking into account Lemma 4, we next obtain a symmetric block-diagonal matrix
similar to H,, for all n. This result also follows from [Cantoni and Butler 1976,
Lemma 3]. Observe that A — RB and A + RB, where A and B are as in Lemma 4,

are symmetric matrices since RB is symmetric by Remark 2.
Lemma 7. (1) Suppose that n is odd and let H,, be expressed as in (2). Then,

A—RB 0 I —R
_] _ _
KH,K [ 0 A—i—RB] ,  where K [1 R] ‘

(2) Suppose that n is even and let H,, be expressed as in (3). Then,

A—RB 0 0 I 0 —R
KH,K™' = 0O A+RB V2x|, where K=|1 0 R
0 VaxT g 0v2 0

As a consequence of the previous result, the study of the kernel of the bisymmetric
matrix H, can be reduced to the study of the kernel of the diagonal blocks of the
block-diagonal matrix similar to H, given in Lemma 7. In fact, when n is odd, if
{u1,...,u;}is abasis for the kernel of A —RB and {1, ..., u;«} is a basis for
the kernel of A+ RB, then {K‘lwl, R K‘le+k} is a basis for the kernel of H,,
where w; = [u; 0]7 € M,_y; fori < j,and w; =[0 w1’ e M,_q1; fori > j.
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Analogously, when n is even, if {uy, ..., u;} is a basis for the kernel of A — RB
and {u 41, ..., ujq} is a basis for the kernel of
A+ RB /2x @
VT g |7
then {K 'w;, ..., K_le'_;_k} is a basis for the kernel of H, where each w; is

defined as before. Note that, if n = 2, the matrix A — RB is empty.
In what follows, we denote by A + RB the symmetric matrix A + RB if n is
odd and

[A + RB Zx] )

2xT 2¢q

if n is even. Clearly, A + RB € M|, /2). Note that v is in the kernel of the matrix (4)

if and only if
Ipw-22 O y
0 V2,2

is in the kernel of the matrix (5). In particular, the matrices (4) and (5) have the
same rank.
Next we give an explicit expression for the symmetric matrix A + RB.

Lemma 8. The matrix A +RB € M\, 2, is given by

0 if ndividesij, . .
e+ REy G, =0 Tty G,
n otherwise, 2

Proof. Recall that A, B € M|(,—1y/2). Suppose that 1 <i, j < [(n—1)/2]. We have

A(i, j) = H,(, J)

and

RB(, j):B(L"“ZLIJ —i,j> — Hy(n—1i, ).

Thus, for 1 <i,j < |(n—1)/2],

A+RB)(, j) = Ho (i, j)+ Ho(n— 1, j)
=ij (modn)+ (n—1i)j (modn)
=ij (modn)+ (—ij) (mod n),

which implies the claim for the entry in position (i, j). If n is odd, the proof is
complete. Now suppose that n is even. By Lemma 5,

0 ifn=0 (mod4),

n n _ _
(AJFRB)(E’ E) =2= {n if n £ 0 (mod 4).
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Since n divides (n/2)? if and only if n =0 (mod 4), the result follows for (i, j) =
(n/2,n/2).
Now we consider the case j =n/2, where 1 <i <n/2—1. By Lemma 6,
if i is odd
A+RB)(i, 5) =2¢@) ={" 102"
2 0 ifiiseven.
Since n divides in/2 if and only if i is even, the result follows for the entries in
positions (i, n/2). Taking into account that A + RB is symmetric, the result also
follows for the entries in positions (n/2, j), where 1 < j <n/2 —1. O

Next we compute the rank of A + RB in terms of the proper divisors of n. We
call a proper divisor of n, where n is a positive integer, a positive divisor of n
different from n. Note that any proper divisor of 7 is less than or equal to [n/2].

Lemma 9. Let n be a positive integer and k be the number of proper divisors of n.
Then, rank(A 4+ RB) = k.

Proof. Leti e {1, ..., |n/2]}. If gcd(i, n) = 1, then n is not a divisor of ij for all
j=1,...,[n/2]. By Lemma 8, (A+RB)(i, j)=nforall j=1,2,..., [n/2].
If ged(i, n) # 1 and i has order m in Z,, (that is, m is the smallest possible integer
such that mi = 0 (mod n)), then, by Lemma 8, (A + RB)(i, j) = 0 if and only if
Jj = ms for some positive integer s. Moreover, the nonzero entries in the i-th row
are equal to n. Thus, from the comments above, we conclude that there are at most
k distinct rows in A 4+ RB, corresponding to the k proper divisors of n. Moreover,
one of these rows has all entries equal to n, while the remaining have the first zero
entry in distinct columns and have all the nonzero entries equal to n. Note that
distinct proper divisors have distinct orders. By elementary row operations, it can
be seen that these k rows are linearly independent, which proves the result. (|

Remark 10. When 7 is prime, Lemma 9 implies that rank(A 4+ RB) = 1.
Another immediate consequence of Lemma 9 is given in the next corollary.

Corollary 11. Let n be a positive integer and k be the number of proper divisors
of n. Then,

dim(ker(A + RB)) = L%J —k.

Since, from Lemma 7,

rank(H,) =rank(A — RB) +rank(A +RB) and rank(A — RB) < L”; 1 J’

from Lemma 9 we get the next result.

Corollary 12. Let n be a positive integer and let k be the number of proper divisors

of n. Then,
n—1

k <rank(H,) < L J +k.
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Next we compute a basis for the kernel of A + RB when n > 2. Note that when
n = 2, the kernel of A + RB only contains the zero vector by Corollary 11. We
start with a technical lemma.

Lemma 13. Let n be a positive integer. For each j € {1,2,...,|n/2]},letd; =
gcd(j, n). Then, for 1 <i < |n/2], we have (A+RB)(, j) = 0 if and only if
A+RB) (i, d;) =0.

Proof. Note that, from Lemma 8, the statement (A + RB) (i, j) = 0 if and only if

(A+RB)(i, d;) =0 is equivalent to n divides ij if and only if n divides id.
Suppose that n divides i j. Then, there exists a positive integer k such that nk =ij.

Since ged(j, n) =d;, we have d; = jx +ny for some x, y € Z, x #0. Thus,

d: —
I’lkzl( J ny)’
X

which implies n(xk +iy) = id; and, therefore, n divides id;.
Suppose now that n divides id;. Since d; divides j, we have id; divides ij and,
therefore, n divides ij. U

We denote by e; the vector of appropriate size whose entries are 0 except the
entry in position i which is 1.

Theorem 14. Let n > 2. The set of vectors uj = ej — ed; € Mnsa1, with
Jell, ..., n/2]}, where j is not a divisor of n and d; = gcd(j, n), forms a
basis for ker(A + RB).

Proof. First we show that the vectors u ; are in the kernel of A + RB. Note that, by
the definition of u, the i-th entry of the vector (A + RB)u; is (A +RB)(, j) —
(A+RB)(i,d;). By Lemma 8, each entry of A+ RB is either n or 0 and, by
Lemma 13, (A+RB)(i, j) = 0 if and only if (A + RB)(i, d;) = 0. This implies
that (A +RB)u; = 0 for all u;, as desired.

Next, we show that the vectors u; form a linearly independent set. Let U be
the matrix whose columns are the vectors u; and let J be the set of integers in
{1,..., |n/2]} that are not divisors of n. Notice thatif ji, j> € J, then j; #d, since,
if j1 =dj, = gcd(jo, n), then j; would divide n. This implies that the submatrix
of U formed by the rows indexed by J is a row permutation of the identity matrix
of size |J|, which shows that U has full rank.

We have obtained a set of |J| linearly independent vectors in the kernel of
A+ RB. Since the largest proper divisor of n is less than or equal to |n/2], we
have |J| = |n/2] —k, where k is the number of proper divisors of n. By Corollary 11,
the result follows. U

Example 15. Let n = 24. Then dim(ker(A + RB)) = 5 and the set J defined in
the proof of Theorem 14 is given by {5, 7,9, 10, 11}. A basis for ker(A + RB) is
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given by the vectors

~17 [=1 0 07 -1
0 0 o] |-1 0
0 ol |-1 0 0
0 0 0 0 0
1 0 0 0 0
0 0 0 0 0
of>| 1{°| of"| of'| o
0 0 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1

o] L o] Lo] [ o] [ o]

Though we could not find appropriate techniques from matrix theory to show it,
numerical experiments in Matlab, in which the rank of H, was computed for any n
from 2 to 1000, suggest the following conjecture. Recall that rank(C,) = rank(H,,),
where C,, is the matrix defined in (1).

Conjecture 16. Let n be a positive integer and let k be the number of proper

divisors of n. Then,

n—1
2
Clearly, the conjecture holds when n = 2. In the next section we prove the

conjecture when 7 is prime. The result when # is not prime remains open.

rank(C,) = rank(H,) = { J k.

Remark 17. Because of Lemmas 7 and 9, it follows that, if Conjecture 16 is true
and n > 2, then A — RB is a nonsingular matrix. Note that, if n = 2, the matrix
A — RB is empty and A 4+ RB is nonsingular as well.

3. The rank of the matrix H, when n is prime

In this section we compute the rank of the matrix H,, when n is prime, using
techniques from character theory and analytic number theory.

We start with some basic concepts and lemmas that will be used to obtain the
main result.

Definition 18 (character [Apostol 1976, Section 6.5]). Let G be a group and let C
denote the set of complex numbers. A function f : G — C s called a character of G if

(i) f is a group homomorphism of G, that is, f(g1g2) = f(g1)f(g2) for all
81,82 € G; and

(i) f(g) # 0 for some g € G.
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The set of characters of a finite group G is also a group with respect to the group
operation of pointwise multiplication defined by (f1- f2)(g) = f1(g) f2(g) [Apostol
1976, Section 6.6]. This group is denoted by G. The identity element of G is the
character f; given by f;(g) = 1 for all g € G. The inverse of a character f is f
given by f(g) = f(g) for all g € G, where f(g) is the complex conjugate of f(g).
The identity element of G is called the principal character of G, while the other
characters are called nonprincipal characters of G. Note that any character of G
maps the identity element of G to 1.

According to the next result, if f is a character of a finite group G, the range of
a character of G lies on the unit circle. We recall that if G is a finite group with
identity element e, then the exponent of G is the least positive integer k such that
gf=eforall g eG.

Proposition 19 [Apostol 1976, Theorem 6.7]. Let G be a finite group with identity
element e and let f € G. Then, f(e) = 1 and each function value f(g) is an m-th
root of unity, where m is the exponent of G.

One may think that the set of characters of a group could potentially contain
many functions. The next theorem gives the exact number of characters when the
group is finite and abelian.

Proposition 20 [Apostol 1976, Theorem 6.8]. If G is a finite abelian group, then
G| =1Gl.

In particular, if G is a finite cyclic group of order n (in which case the exponent
of G equals the order of G) and g is a generator of G, then the n characters of G
are determined by sending g to the different n-th roots of unity in C.

Example 21. Let G be the additive group Z4. Then, there exist four characters
f1, f2, f3, fa of G and each character value is in the set {1, —1, i, —i}, the 4th roots
of unity. Suppose that fi is the principal character and f>, f3, fa are defined by
HA)=—-1, f3(1) =i and f4(1) = —i. Note that, since 1 is a generator of G
and characters are group homomorphisms, f>, f3, fa are well-defined. We give the
range of the characters of G through a 4 x 4 matrix A whose entry A(i, j) is given

by fi(gj), where g1 =0, g2 =1, g3 =2, and g4 =3:

1 1 1 1
1 -1 1 -1
A= 1 i -1 —i
1 —i -1 i

The following concept will be key in the proof of our main results.

Definition 22 (group matrix [Chan et al. 1998]). Let G be a finite group of order n.
Fix an enumeration {g, ..., g,} of the elements of G. For every complex-valued
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function o on G, the matrix A, given by A,(i, j) = oz(gl.gj*l) is called a group
matrix associated to «.

Example 23. Let G be the additive group Z4 and let f, be the character defined in
Example 21. Then, the following matrix is a group matrix associated to f5:

1 —i Q-1
1 1 =i i
An=1y o1
—i i -1 1

In what follows, we let p denote a prime number. Next we show that the rank
of H, can be computed by finding the rank of a group matrix. In particular, the next
lemma states that the matrix H,, can be obtained by permuting some columns of a
group matrix associated with a real-valued function on the multiplicative group Z;
consisting of the units of Z,,.

Lemma 24. Let p be a prime number. Let o : Z; — N be given by a(m) = m,
where m denotes the equivalence class mod p of m € {1,2, ..., p—1}. Then, H,
is a column permutation of the group matrix A, associated to o.

Proof. First recall that, since p is a prime number, the group Z is a cyclic group
under multiplication. Let g, where g € {1, 2, ..., p— 1}, be a generator for Z; and

consider the enumeration of Z given by {go(1), g°@, ..., go(P=D} where o is a
permutation of {1,2, ..., p — 1} such that g°%) =i. Then,

Ao, j) =a(g®Dg=o()y =ij~" (mod p).

Let r be the permutation of {1,2,..., p—1} such that 7(j) = j~!. Now consider
the matrix A, obtained from Ay by permutmg its columns as follows: column j
of Ay is column 7(j) = j~! of A,. Then, Ay = H), is obtained by permuting the
columns of A, and the result follows. |

The previous lemma implies that rank(H,) = rank(A).

We next characterize the eigenvalues of a group matrix of a finite abelian group, as-
sociated to an injective function, and show that it is diagonalizable, implying that its
rank is the number of its nonzero eigenvalues. For this purpose, we present the next
lemma which gives the spectrum of a group matrix associated to an integer-valued
injective function in terms of the values of the characters of G at an element of the
group ring Z[G], when G is a finite abelian group. Note that any character in the char-
acter group of G can be extended by linearity to a complex-valued function on Z[G].

Lemma 25 [Chan et al. 1998; Jungnickel 1993, Theorem 7.7.4]. Let G be a finite
abelian group and o an injective function from G toN. Leta = 2cc(8)g € Z[G].
Then, the group matrix A, associated to « is diagonalizable and its spectrum is the

set {f(a): f €G).
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Since A, is diagonalizable, we can compute the rank of A, by counting the
number of eigenvalues distinct from zero. Thus, rank(Ay) = [{f € G : f(a) # 0}].

Remark 26. Taking into account Lemmas 24 and 25, in order to compute rank(H ),
it is enough to determine the number of characters f in the character group of Z;

such that Y7~ if (i) #0.

Here, it becomes convenient to work with the so-called Dirichlet characters
whose definition we give below.

Definition 27 (Dirichlet character [Apostol 1976, Section 6.8]). Let n € N and f
be any character of Z,¢. The function x : N — C given by

f(@m) if n and m are relatively prime,

x(m)={

0 if n and m are not relatively prime

is called the Dirichlet character modulo n induced by f. The Dirichlet character
induced by the principal character is called the principal Dirichlet character mod-
ulo n. A Dirichlet character modulo 7 that is not the principal character is called
nonprincipal.

It is easy to see that Dirichlet characters modulo n are completely multiplicative
and periodic with period n [Apostol 1976, Theorem 6.15]; that is, if x is a Dirichlet
character, then

e x(x+n)=yx(x) forall x e N;
o x(xy)=x(x)x(y) forall x, y e N.

Note that the number of Dirichlet characters modulo n equals the order of Z;
since, by Proposition 20, the number of characters of a finite abelian group equals
its cardinality.

Example 28. The following table displays the Dirichlet characters for n = 5. We
obtain four functions since Zs contains 4 units. We only give the values of the

functions on the set {1, ..., 5} since these Dirichlet characters are periodic functions
of period 5:
X 1 2 3 4 5
x1(x) 1 1 1 1 0
xx) 1 —1 -1 1 0
x3(x) 1 i —i -1 0
xa(x) 1 —i i —1 0

Definition 29 (primitive Dirichlet character [Apostol 1976, Section 8.7]). If x is a
Dirichlet character modulo n, we say that x is primitive if for every proper divisor d
of n, there exists an integer a such thata =1 (mod d), ged(a,n) =1, and x (a) # 1.
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Example 30. Consider the Dirichlet characters modulo 5, given in Example 28.
The only proper divisor of 5 is 1. Note that x; is not primitive since x;(a) =1
whenever gcd(a, n) = 1. However, the rest of the Dirichlet characters are primitive
since x;(2) # 1 fori =2,3,4.

The observations in the previous example can be generalized as follows.

Lemma 31 [Apostol 1976, Theorems 8.13 and 8.14]. The principal Dirichlet
character modulo n is not primitive. Moreover, if n is prime, all nonprincipal
Dirichlet characters modulo n are primitive.

Definition 32 (admissible Dirichlet character). Let y be a Dirichlet character mod-
ulo n. We say that x is admissible if

n—1
D_ix(@#0.
i=1

Note, the principal Dirichlet character modulo p is admissible since Zf:ll i #0.
Taking into account Remark 26, we obtain the following.

Remark 33. If p is prime, the rank of H), is equal to the number of admissible
Dirichlet characters modulo p.

In order to see which Dirichlet characters are admissible, we need some well-
known results from the theory of Dirichlet L-functions.
Definition 34 (Dirichlet L-function [Apostol 1976, Sections 11 and 12]). Let x
be a Dirichlet character modulo n and s € C with real part greater than 1. The
associated Dirichlet L-series is the absolutely convergent series given by

o0

L(S’X):Z X(l)'

l'S
i=1

If x is nonprincipal, L(s, x) is a complex-valued function in s that can be analyti-
cally extended to an entire function on the whole complex plane [Apostol 1976,
Theorem 12.5]. This function is called a Dirichlet L-function and is also denoted
by L(s, x).

The following is a well-known result in analytic number theory.

Lemma 35 [Apostol 1976, Thm. 12.20]. If x is a nonprincipal Dirichlet character

modulo n, then
n—1

1 .o
LO.x) =~ szm.
1=
Remark 36. The admissible Dirichlet characters modulo p, where p is prime, are
exactly the principal Dirichlet character and the nonprincipal Dirichlet characters
such that L(0, x) #0.
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In order to determine when L (0, x) # 0, we introduce the functional equation
for Dirichlet L-functions.
Let x denote the complex conjugate of the Dirichlet character x.

Lemma 37 (functional equation [Apostol 1976, Theorem 12.11]). Let x be a

primitive Dirichlet character modulo n. Then, for all s € C, we have

n*~1T(s)
(27-[)&‘

where T'(s) is the Gamma function and G(1, x) = Zle x (e is the Gauss

sum associated with x.

L(l—s,x) = (e7™ 2 4 x (=)™ )G (1, x)L(s. 3.

The following are well-known results in analytic number theory.

Lemma 38 [Apostol 1976, Theorem 8.15]. Let x be a primitive Dirichlet character
modulo n. Then, G(1, x) # 0.

Lemma 39 [Apostol 1976, Section 7.3]. Let x be a nonprincipal Dirichlet charac-
ter modulo n. Then, L(1, x) is finite and nonzero.

The next result gives necessary and sufficient conditions for a Dirichlet character
modulo p to be admissible.

Lemma 40. Let p > 2 be a prime number and consider the primitive (p—1)-th
root of unity w = e**/(P=D_ Let g be a generator of Z,; and let fi be the character
of Z,, defined by fi(g) := w withk =1,...,p—1. Let X1y -5 Xp—1 be
the Dirichlet characters modulo p induced by f1, ..., fi, respectively. Then, for
k=2,...,p—1,we have xy is admissible if and only if k is even.

Proof. Since g is a generator of Z;, we have g”~'=1 (mod p) and g* # 1 (mod p)
fors=1,..., p—2. Thus, g(P_l)/zz—l (mod p). So, fork=2,..., p—1, we
have xi(—1) = xx (g P~ D/2) = (wP~V/2)k=1 = (—1)*~1. Therefore, x;(—1) = —1
if k is even and xx(—1) =1 if k is odd. Since p is prime and y; is nonprincipal,
Xk 1s primitive by Lemma 31. By Lemma 37,

L(O, x0) = 5(=i + xu(= DG, XL 7).

Note that if y; is a nonprincipal Dirichlet character, then x is also nonprincipal.
Taking into account Lemmas 38 and 39, it follows that, if k is even, L(0, xx) # 0;
if k is odd, L(0, xz) = 0. Now the result follows from Remark 36. [l

We can now give the rank of the matrix H, when p > 2 is a prime number.
Lemma 41. Let p > 2 be a prime number. Then, rank(H,) = (p +1)/2.

Proof. By Lemma 40, we have that the nonprincipal Dirichlet characters modulo p
X2, X4, - - -, Xp—1 are admissible, while x3, xs, ..., xp—2 are not admissible. Since,
by Remark 36, x; is admissible, the result follows taking into account Remark 33. [J
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Observe that, by Lemma 41, we have that Conjecture 16 is true when n > 2 is
prime. Then, by Remark 17, Lemma 7, and Theorem 14, we can obtain a basis
for the kernel of H), when p > 2 is prime (note that when p = 2, the kernel of H),
is {0}). From this basis for the kernel of H,, we can easily obtain a basis for the
kernel of C),, the p x p matrix whose (i, j)-th entry is ij (mod p).

Theorem 42. Let p > 2 be a prime number and C, € M, be defined by C, (i, j) =
ij (mod p). Let K be as in Lemma 7. Letu; :=e; —e; € M,_1)/2,1 and w; =
[0p—1)/2, uj, 017 e My, with j =2,...,(p—1)/2. Then, the set of vectors
(K ws, ..., K*Iw(p_l)/z, ey} is a basis for the kernel of Cp. In particular,
rank(Cp) = (p+1)/2.

4. Application

We now present a number theoretic application of the problem we have considered
in this paper. This application, which motivated our work, appears in the context of
the study of Stickelberger relations on class groups of group rings.

Let G be a finite abelian group and let n be the order of G. Fix a primitive n-th
root of unity z. Then, for each g € G and f € G, there is a unique integer r, with
1 <r <n,such that f(g) =z". We therefore can define the function

(+,):GxG—>Q/Z

@ ={x}.

where {r/n} denotes the fractional part of r / n.

Note that the group rlngs Q[G] and Q[G] are Q-vector spaces with dimension
|G| = |G| and G and G are bases for Q[G] and @[G] respectively. Thus, we may
extend the function above via linearity to

given by

(-,-):Q[G] x Q[G] — @
defined by

<chg’ 2 Cff> =2 > cuer(g ),

geG fEG geG feé

where ¢, ¢y € Q. Now consider the function A: @[G] — Q[G] given by
h(a)= (g.a)g foranyaecQ[G]. (6)
geG

We may view & as a linear map between two Q-vector spaces of dimension |G]|.
An interesting problem, which motivated our work, is the study of the kernel of #.
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When the group G is cyclic (and, therefore, isomorphic to Z,, for some n), we can
determine explicitly the matrix representation of / as the following lemma states.

Lemma 43. Let G be the additive group 7, and g be a generator of G. Let
G= {ft, for ..o\ fu), where fi(g) =7~ and z is a primitive n-th root of unity.
Then, the matrix representation R, of h in the bases b1 = { f2, f3, ..., fa, f1} and
Br=1{g, g% ..., g" !, e} is given by

Rn(i,j):{%}:@, ii=1,2....n

Proof. Fori,j=1,...,n—1,since fj11(g") = 7", the (i, j)-th entry of R, is

given by
iy = Q} _ ij (modn)
(& frn) =14 ol
Since fi(e)=1= 7%, we have (e, fj)=0for j =1,...,n, which implies that the
last row of R, is zero. Since f; (gi) =1=2° we have (gi, fiy=0fori=1,...,n,
and, then, the last column of R, is zero. Thus, the claim follows. |
Note that
1. 1(H, 0
Rn_ncn_n [0 Oi|'

Finally, we observe that, although the function % given in (6) is defined be-
tween (QQ-vector spaces, the determination of the kernel and rank of the matrix
representation of /4 can be done by considering it as a matrix over the real numbers.
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