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Abstract. In this work we use a commutative generalization of complex numbers, called bicomplex numbers,
to introduce a holomorphic Riemann zeta function of two complex variables satisfying the complexified Cauchy-
Riemann equations. Furthermore, we establish a bicomplex Riemann hypothesis equivalent to the complex Riemann
hypothesis of one variable and we obtain a bicomplex Euler Product.

1. Introduction

There exist several ways to generalize complex numbers into a real algebra of dimension
four. However, it seems that perhaps only quaternions ([2], [4], [5], [12], [13]) and bicomplex
numbers ([7], [9], [11]) enable us to well define analysis with such kind of generalizations. In
fact, by the famous Frobenius theorem, we know that quaternions are the only possible four
dimensional algebra without zero divisors (the same theorem says that there are no algebras
without zero divisors in R3). However, quaternions are not commutative instead of bicomplex
numbers which are commutative but with zero divisors.

Now, it is well known that the Riemann’s Conjecture for the zeta function is presently
one the most important conjecture in the whole mathematics. In that context, it is natural
to look for a Riemann zeta function for such kind of hypercomplex numbers. In the case of
quaternions, it is not obvious to generalize the Riemann zeta function because quaternions are
not commutative. However, there exist a definition of a quaternionic Riemann zeta function
using the Dirichlet series (see [16]).

In this article, we introduce a Riemann zeta function for bicomplex numbers. More
precisely, we obtain a holomorphic Riemann zeta function of two complex variables satis-
fying the complexified Cauchy-Riemann equations. Furthermore, we establish a bicomplex
Riemann hypothesis equivalent to the complex Riemann hypothesis of one variable and we
obtain a bicomplex Euler Product. Finally, as corollary, we treat our results for the specific
case of hyperbolic numbers ([3], [17]).
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2. Preliminaries

Here we introduce some of the basic results of the theory of bicomplex numbers. In
1892, in search for special algebras, Corrado Segre (1860—1924) published a paper [14] in
which he treated an infinite family of algebras whose elements are called bicomplex numbers,
tricomplex numbers,- - -, n-complex numbers. We define bicomplex numbers (also called
tetranumbers) as follows:

T:={a+bii+cip+dj | =3 =1, =1
and
i2j = jip = —iy, iyj =jit = —iz, iy = i1l = j}

where a, b, ¢, d € R. The topology used on T is the topology of R* induced by the Euclidean
norm (also noted | |).

We remark that we can write a bicomplex number a + biy 4 ciz + dj as (a + biy) + (¢ +
dip)ip = z1 + z2ip where z1, 22 € C(iy) := {x + yi1 | i1> = —1}. Thus, T can be viewed as a
kind of “duplication” of C(iy). In particular, a bicomplex number can be seen as an element
of C? « C?(iy). It is easy to see [7] that T is a commutative unitary ring with the following
characterization for the non-invertible elements:

PROPOSITION 1. Letw = a+ biy+cip+dj € T. Then w is non-invertible if and only
if
(@a=—-d and b=c) or (a=d and b= —c).
It is also possible to define differentiability of a function at a point of 7" [7]:
DEFINITION 1. Let U be an open set of T and wg € U. Then, f : U C T — T is said

to be T-differentiable at wg with derivative equal to f'(wog) € T if

i Jf(w) = fwo) _
m —_— =

w—wo w — wo
(w—wq inv.)

1 (wo) .

We also say that the function f is T-holomorphic on an open set U if and only if f is
T-differentiable at each point of U.

As we saw, a bicomplex number can be seen as an element of C?, so a function
f(zit+z2i2) = fi(z1, 22)+ f2(21, 22)iz of T can be seen as a mapping f(z1, z2) = (f1(z1, 22),
f2(z1, z2)) of C%. Here we have a characterization of such mappings:

THEOREM 1. Let U be an open set and f : U € T — T such that f € C'(U). Let
also f(z1 + z2i2) = f1(z1, 22) + f2(z1, z22)12. Then f is T-holomorphic on U if and only if:

f1 and f> are holomorphic in 71 and z»
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and,

O _0h L 0 0h

= = onU.
971 9022 071 022

Moreover, [ = 4 miz and f’(w) is invertible if and only if det Jy(w) # 0.

971 971
This theorem can be obtained from results in [7] and [10]. Moreover, by the Hartogs
theorem [15], it is possible to show that “f € C!(U)” can be dropped from the hypotheses.
Hence, it is natural to define the corresponding class of mappings for C2:

DEFINITION 2. The class of T-holomorphic mappings on a open set U C C? is defined
as follows:
0 afr o 0
TH(U)::{f:U§C2—>C2|feH(U) ana L _0%2 02 _ oh o U}.
dz1  0z2 0dz1 022
It is the subclass of holomorphic mappings of C* satisfying the complexified Cauchy-
Riemann equations.

We remark that f € TH(U) in terms of C? if and only if f is T-differentiable on U. It
is also important to know that every bicomplex number z; + z2iz has the following unique
idempotent representation:

z1 + 20l = (21 — z22i1)e1 + (21 + z22i1)es

where e; = % and e; = %

This representation is very useful because: addition, multiplication and division can be
done term-by-term. Also, an element will be non-invertible if and only if z; — z2i; = 0 or
71 + 2201 = 0.

The notion of holomorphicity can also be seen with this kind of notation. For this we
need to define the projections Py, P> : T — C(iy) as P1(z1 + z2i2) = z1 — z2i1 and Pa(z1 +
z2i2) = z1 + 22i1. Also, we need the following definition:

DEFINITION 3. We say that X C T is a T-cartesian set determined by X and X, if
X=X xe Xo:={z1 + 2202 € T: 21 + 2202 = wieg + waey, (wy, w2) € X1 x Xo}.

In [7] it is shown that if X| and X, are domains of C(ij) then X| x, X is also a domain
of T. Now, it is possible to state the following striking theorems [7]:

THEOREM 2. If fo1 : X1 — C(i1) and fep : Xo — C(i1) are holomorphic functions
of C(iy) on the domains X1 and X» respectively, then the function f : X1 X, Xo — T defined
as

f(z1 + 22i2) = fe1(z1 — z2ip)er + fe2(z1 + 22ip)ez, Vz1 + 2202 € X1 xe X2
is T-holomorphic on the domain X1 x, X> and

fl(@1 + 2202) = f)1(z1 — z2in)er + f),(z1 + z2i1)ez
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Vz1 + 22 € X1 X0 X5.

THEOREM 3. Let X be adomaininT, andlet f : X — T be a T-holomorphic function
on X. Then there exist holomorphic functions f.1 : X1 — C(i1) and f. : Xo — C(i1) with
X1 = Pi1(X) and Xo = P>(X), such that:

fz1 + 2202) = fe1(z1 — 22in)er + fea(z1 + 22i1)e2 Vi +2nieX.

We note here that X1 and X, will also be domains of C(iy).

3. Bicomplex Riemann zeta function

In this section we want to give a meaning of an expression of the form ), , niw where w
is a bicomplex number. For this, we need to define what we mean by an integer to a bicomplex
power.

DEFINITION 4. Letn € N\{0} and w = z1 + z2ip € T. We define

w . ew-ln(n)

where
etz .= U Lol gnd ¥R .= cos(z0) + ip sin(z2) .
Hence,

pi1E2l = g2 eo5(25 - In(n)) + iz sin(za - In(n))]

REMARK (see [7] and [10]).

o cWItW2 — Wi . W2 ¥y yy € T

e ¢¥ is invertible Vw € T

o et — (pli—2ll)ey 4 (eF1F2iYey V7 + 1oip € T
We are now able to define a bicomplex Riemann zeta function.

DEFINITION 5. Let w = z1 4 z2ip € T with Re(z;) > 1 and |Im(z2)| < Re(z1) — 1.
We define a bicomplex Riemann zeta function ¢ (w) by the following convergent series:

X1
¢<W>=;,,—w-

The last definition can be well justified by the following theorem.

THEOREM 4. Let w = z1 + 720 € T with Re(z1 — z2i1) > 1 and Re(z1 + z2i1) > 1.
Then Y o2 | & converges and
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1 1 — 1

n=1 n=1 n=1
Moreover,
{weT|Re(z;y —z2i1) > 1 and Re(z; + z22i1) > 1}
={weT|Re(z;) >1 and |Im(z2)| < Re(z;) — 1}.
PROOF.  From the last remarks, we obtain
piitaiz _ o, @-niDert(zi+aide;
— (@1—z2iDer+(z1+22i1)e2) In(n)
— @1—22iD) In(mer+(z1+22i1) In(n)ez

— e(ZI*ZZil)ln(n)el + e(Zl+Z2i1)1ﬂ(n)e2
= nf17 %l 4 pfit2le, (invertible) .

Hence,

1 1 1

- —€ —€
niitz2iz ni1—22i1 1+ piital 2

Now, from the theory of the Riemann zeta function of one complex variable, it is well
known that the series

nS
n=1

converges in the half-plane Re(s) > 1. Therefore, ) /7, ﬁ and ) 07 nzllzzil converge,

respectively, for Re(z1 — z2i1) > 1 and Re(z1 + z2i1) > 1. Hence,

n=1 n=1 n=1
on {w € T|Re(z; — z2i1) > 1 and Re(z; + z2i1) > 1}. Moreover, let w = z; + z2ip =
a + biy + ciy +dj (i.e. z1 = a + bij and z2 = ¢ + di1). Then, Re(z1) = a, Im(z2) = d,
Re(z1 — z2i1) = a + d and Re(z1 + 22i1) = a —d. Now, {w € T|Re(z| — 22i1) >
1and Re(z; + 22i1) > 1} = {w € T| Re(z1) > 1 and |Im(z2)| < Re(z1) — 1} since

a+d>1 and a—d>1<=a>1 and |dl<a—-1. O
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We will now determine the whole domain of existence of our bicomplex Riemann zeta
function. In fact, if O, denotes the set of non-invertible elements in T, we extend ¢ (w) as
follows:

¢(w) == ¢(z1 — z2ip)er + ¢ (z1 + z22i1)e2
on the set T\ {1 + O»}.

REMARK.
ol =1le;+ ley
ewel+Or & z1—nit=1orz; + 2201 =1

The next theorems of this section will help us to better understand why we choose T\ {1+
0»} to define our analytic continuation of ¢ (w).

THEOREM 5. The set T\{1 + O,} is open and connected in C>.

PROOF. It is easy to show that T\{1 + O;} = (C(ip)\{1}) x. (C(i1)\{1}). Hence,
T\{1 4+ ©,} must be a domain in C? because C(iy)\{1} is a domain in the complex plane. O

THEOREM 6. The bicomplex Riemann zeta function ¢ (w) is T-holomorphic on T\{1 +
0»}.

PROOF. Let fe1(z1 — z2i1) = {(z1 — z2i1) and fe2(z1 + 2201) = ¢ (z1 + z2i1) on X =
X, = C(ip)\{1}. Now, by analytic continuation, the Riemann zeta function is holomorphic on
C(ip)\{1} and, by Theorem 2, ¢ (w) = fe1(z1 — z211)e1+ fe2(z1 + z2i1)ez is a T-holomorphic
mappings on the domain X| x, X2 = (C(iy)\{1}) x. (C(ip)\{1}) = T\{1 + O3}. Therefore,
¢(w) € TH(T\{1 + O2)). O

THEOREM 7. The analytic continuation of {(w) = > oo !

n=1 pw

PROOF. From Theorems 5 and 6, ¢ (w) := {(z1 — z2i1)e1 + ¢ (21 + z2iq)ez is, in par-
ticular, holomorphic on the open and connected set 7\{1 + O;}. Hence, by the identity
theorem of C? (see [8]), the analytic continuation of > ,%u from the nonempty open set
{fw e T|Re(z;) > 1 and |Im(z2)] < Re(zy) — 1} to T\{1 + O>} must be unique. In
particular, ¢ (w) := ¢(z1 — z2i1)e1 + ¢ (z1 + z2i1)e; is the only one possible T-holomorphic
continuation. O

on T\{1 + O,} is unique.

Finally, the following theorem will confirm that the domain 7'\{1 + O} is the best pos-
sible.

THEOREM 8. Let wg € 1 + O then

lim [¢(w)| =o00.
w—wo
(wgl+07)

PROOF. Letw = (z1 — z2i1)e1 + (21 + 22i1)ez and wo = (20 — 20ip)e + (20 + i ez

By hypothesis, wg € 1 + O,. Hence, z(l) — zgil = 1lor z(l) + zgil = 1. Without loss of
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generality, let us suppose that z(l) — zgil = 1. Now, from this identity (see [7])

lz1 — z2i1)? + |21 + 22012
2

1/
|z1 + 2202] = < ) Vzi+z2i2 €T
it follows that w — wo = z1 — z2i1 — 1 and z1 + z2i1 — z(l) + zgil.
Moreover, as shown by Riemann, ¢ (s) extends to C as a meromorphic function with only
a simple pole at s = 1. Therefore,
lim [¢(z1 — z2201)] = 0.
21 7z211—>]
Then,
lim [C(w)] = lim [¢(z1 — z2i)er + ¢ (21 + 22i)er]
w—wo w—w
(wgl+0y) (wgl+0y)

lim
w—wo
(wg1+0y)

<|;<z1 — i) + (¢ (21 +Zzi1)|2)1/2
2

4. Zeros of ¢ (w)

Let w = z1 + z22i3 € T\{1 + O3}. Then,
(w)=0<=¢(z1 —22i1) =0 and ¢(z1+ z2i1) =0.

Hence, from the trivial zeros of the complex Riemann zeta function we can obtain trivial
zeros for ¢ (w). More specifically:

THEOREM 9. Letw = z1 +z2ip € T\{1+ O,}. Then z; — z2i1 and z| + z2iy are trivial
zeros of the complex Riemann zeta function if and only if 71 +z2iy = (—n1—n2)+(—n1+ny)j,
where n1, ny € N\{0}.

PROOF. The complex Riemann zeta function has zero at the negative even integers and
one refers to them as the trivial zeros. Now, z; — z2i) = —2n; and 71 + 221 = —2n»
where ny, n; € N\{0} if and only if z; = =222 = —(n + ny) and zp = “2UF2L

(—n1 +no)iy, that is z; + z22ip = (—n1 —n2) + (—n1 +n)itizy = (—n1 —n2) + (—n; +n2)j.
O

The definition of trivial zeros for the bicomplex Riemann zeta function follows from the
last theorem.

DEFINITION 6. The set z; + z2ip € T such that
21 +2dy = (=ny —n2) + (=n1 +n2) j,

where ny, no € N\{0}, will be defined as the set of the trivial zeros for the bicomplex Riemann
zeta function.
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5. Bicomplex Riemann hypothesis

Let us recall the Riemann hypothesis.

Riemann hypothesis:

The nontrivial zeros of ¢ (s) have real part equal to %

In this section, we will establish a bicomplex Riemann hypothesis for ¢ (w) equivalent to
the Riemann hypothesis for ¢ (s).

CONJECTURE 1. Letw = z1 4 z2ip € T\{1 4+ O3}. If w is a nontrivial zeros of the
bicomplex Riemann zeta function then:

1
(Re(z1), Im(z22)) = <§, 0)

or

(Re(z1), Im(z2)) = (% —n, i(% + n)) where n € N\{0}.

THEOREM 10. The Conjecture 1 is equivalent to the Riemann hypothesis.

PROOF.  If we supposed that all nontrivial zeros of ¢ (s) have real part equal to % then
the bicomplex Riemann zeta function has nontrivial zeros if and only if

1
71 — z20i1 = —2n1, nyp € N\{0} and z;+ 2201 = E +yiit, y1eR (1)

or
. 1 . .
Z1 — 2211 =§+y211, vy €R and 1z + 7201 = —2n2, np € N\{0} (2)
or
. 1 . . 1 .
71 — 2201 = E—i—yzll, 2 €R and zi+z2i1 = §+y111, y1 €R 3)
Now, from (1) we obtain that z; = %(—an + (% + yiiy)) = —n; + % + %‘il and
22 = $(=2m—=(GG+yiiN)iy = —nii —$+4. Hence, 214221 = (—ni+5+ L)+ (—niig—

B 2ip= (3 —n)+(Pir+ Pz —G+nj. e Re(z1), Im(z2)) = (—n1, —(§+n1)).
In the same way, from (2) we obtain that z; + z2i2=(% + Bip —n2) + (iZ‘ — 2 + nipiz
=(; —n) + ()i — (Piz + (§ +m)j . ie. (Re(z1),Im(22)) = (§ — n2, § +n2). Finally,
from (3) we obtain that z; +z2i=3 + Wil + wiz +0j ie. (Re(z1), Im(z2)) = (1, 0).

Conversely, we want to prove that if Conjecture 1 is true then the Riemann hypothesis
must be true. For that, we will suppose that there exist a nontrival zero for ¢ (s) with real part

different from % and we will find a contadiction with Conjecture 1. Let s* be a nontrivial zero

for ¢(s) with Re(s*) = a # % Hence, w* = z] + z3iz := s¥eq + s*e; must be a nontrival
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zero for ¢ (w). However, w* = s* = Re(s*) 4+ Im(s*)iy + Oip + 0j = (a + Im(s*)iy) + (0)is.
Then, Re(z}) = a # 1 and Im(z%) = 0 # £(4 + n) ¥n € N\{0}. Therefore,

1
(Re(z}), Im(z3)) # <§, 0)

and

(Re(z7), Im(z3)) # G —n, ﬂ:(% + n)) Vn € N\{0}. O

6. Bicomplex Euler product

In the complex plane, an infinite product is said to converge if and only if at most a
finite number of the factors are zero, and if the partial products formed by the nonvanishing
factors tend to a finite limit which is different from zero. In the bicomplex case we have to
pay attention to the divisors of zero.

DEFINITION 7. A bicomplex infinite product is said to converge if and only if at most
a finite number of the factors are non-invertible, and if the partial products formed by the
invertible factors tend to a finite limit which is invertible.

The following lemma establishes a connection between the bicomplex infinite product
and the complex infinite product for sequences.

LEMMA 1. Let wy, = z1.4 + 22.4d2 € T\O3 be a sequence of invertible bicomplex

numbers. Then, H;’; (wy, converges if and only if

00 00
l_[(zl,n - Z2,ﬂi1) and l_[(zl,n + Z2,ﬂi1) converge.

n=I1 n=1

Moreover, in case of convergence, we obtain:

oo oo oo
[Jwn =]]G1n—z2aier+ [ [Gra + z24i0)e2.

n=1 n=1 n=1

PROOF. By definition, l_[:O:I wy=limy, s oo HZ:I wr=lim,, s oo HZ=1(Zl,k+Z2,ki2)=
lim,— oo [ [ [(z1,6 — z24i0)€1 + (z1.k + z2.401)€2] where zix — z24di1 # 0 and z1 % +
22.4i1 # 0 Vk > 1. Moreover, the idempotent representation implies that ]_[Zzl[(z 1Lk —
224d0)er + (z1x + z2dDe2] = [T @ik — z24di0]ler + [T @ik + 22.4i1)]1e2 Vo > 1.
This complete the proof because a sequence of bicomplex numbers {s,} = {s1 €1 + 52.,€2}
converges to a point s = siej + syez whenever n — oo if and only if {s;,} and {52}
converge respectively to 51 and s in the complex plane (see [7]). O
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Using this last result, we are able to establish a bicomplex Euler product:

THEOREM 11. Let w = z1 + z0ip € T with Re(z1) > 1 and |Im(z2)| < Re(z1) — 1.
Then

c =35 =11,

Where p1, p2,- -+, Pn, - - - is the ascending sequence of prime numbers.

w
T

PROOF. From Theorem 4, we know that the bicomplex Riemann zeta function will
converges at w and

1 1 — 1
n=

n=1 n=1

Moreover, it is well known (see [1]) that Riemann has extended Euler’s formula to a complex
variable. In fact, in the complex plane we have:

[e¢) 1 (e.¢]
t(s) = —S
n=1 n=1 pll
for every complex number s with Re(s) > 1. Therefore,
= 1 = 1
N | B, B,
n=1"" pil2l n=1" " piITal

Hence, by Lemma 1,

7. Hyperbolic Riemann zeta function

It has been proven (see [3]) that there exist essentially three possible ways to “naturally”
generalize real numbers into real algebras of dimension two. In fact, each possible system can
be reduced to one of the following:

1. numbers a + bi with i = —1 (the complex numbers);

2. numbers a + bj with j?> = 1 (the hyperbolic numbers);

3. numbers a + bk with k? = 0 (the dual numbers).

Now, from the definition of bicomplex numbers, we remark that the complex num-
bers and the hyperbolic numbers (also called duplex numbers) are included in T as subrings.
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Hence, it is also possible to define a Riemann zeta function for the specific sub-case of hy-
perbolic numbers. In fact, most of the properties will come directly from the properties of the
bicomplex Riemann zeta function.

LetD :={c+dj:c,de R,j2 = 1}. Using Definition 4, we obtain

n" = "M yp e P,

where
ec-‘,—dj — €. edj

¢ pWiDiz
= e - [cos(diy) + iy sin(diy)]
= ¢° - [cosh(d) + iz (iy sinh(d))]
= ¢ - [cosh(d) + jsinh(d)] .

Therefore, by Theorems 4 and 11, if ¢ > 1 and |d| < ¢ — 1 then

=1 ad 1
;(c+dj)=znc+dj =1_[1_ ; converge,
n=1 n=1 PR
where p1, p2, -+, pn, - - - is the ascending sequence of prime numbers. It is also possible to

define differentiability of a function at a point of D as follows:

DEFINITION 8. Let U be an open setof D and hg € U. Then, f : U € D — D is said
to be D-differentiable at ho with derivative equal to f’(ho) € D if
h) — f(h
fm SO SG0
h—hy h— hy
(h—hq inv.)
We will also say that the function f is D-holomorphic on an open set U if and only if f
is D-differentiable at each point of U.
In particular, from Theorems 6 and 8, ¢ (c + dj) can be D-holomorphically “extended”

on D\{D N {1+ O2}} =D\{(1 +¢) +dj : |c| = |d|}=D\{1 + O} as follows:
¢(c+dj) :=¢(c+der+(c—d)e
with
lim |¢(h)| =00 whenever hoe 1+ O

—hg
(h¢1+0))

where O; ;=D N Os.
However, such kind of hyperbolic extension is not unique. For example, let us consider:

o {{(xl), ifx>1,xeR

I ifx<1,x€R.
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Let, T (c +dj) := T (c+d)e1 + T(c —d)ez. Hence,if ¢ > 1 and |d| < ¢ — 1, then
Y(c+dj) = "2 L Moreover, T (c + dj) is D-holomorphic on D\{1 + O1}. In fact,

n=1 yct+dj"

. Y (c+dj) — T (co + doj)
lim

c+dj—cotdoj (¢ +dj) — (co + doj)
[(C+dj)*(('()+d0j) inv.]

. [ Y (c+d) — Y (co+ dp) T(c—d)— 7T (co—dpy) j|
= lim el e
c+dj—>cot+doj | (¢ —co) + (d — do) (¢ —co) — (d —dp)

[(e+di)—(co+dpi) inv.]

_ im [T (c+d) — T (co+ do) Y(c—d)—T(co—dop) }

€1
ct+dj—>co+doj | (¢ +d) — (co+ do) (¢ —d) — (co—do)
[(c+d)—(co+dp)) inv.]

. -T(C+d)—T(Co+d0):|
= lim 1

ctdj—>cotdoj L (¢ +d) — (co+ do)
[(c+dj)—(co+dpj) inv.]

+ lim
c+dj—co+dpj
[(cfdj)f(('ofdoj) inv.]

= T'(co+do)er1+ Y (co — do)ez

[T(c —d)— T(co— do)]
c—d)—(co—do) |

because c+dj — co+dpj < c+d — co+dpand c —d — co—dp ((c +dj) — (co + doj) is
invertible if and only if ¢ +d # co +do and ¢ — d # co — dp), and co + doj € D\{1 + O} &
co+do # 1 and co — dp # 1. Finally, we can see that
lim [T (c +dj)] =00 whenever c¢o+dojel+ O
c+dj—co+doj
(c+djg1+01)
since |{ (x)| — oo and | — ﬁ| — 00 whenever x — 1.

Hence, the bicomplex Riemann zeta function enable us to give a “natural” definition
of the Riemann zeta function for the hyperbolic case. Moreover, the trivial zeros for our
hyperbolic Riemann zeta function are exactly the same than for the bicomplex Riemann zeta
function, i.e.

{(=n1 —n2) + (=n1 +n2)j:n1,n2 € N\{0}} € D.
However, in this case, it is not possible to obtain a Riemann hypothesis:
THEOREM 12. Every zeros of the hyperbolic Riemann zeta function are trivial.

PROOF. By definition ¢ (¢ + dj) := {(c +d)ey + ¢ (c — d)ey Ve + dj € D\{1 + O1}.
We note that ¢ 4+ d and ¢ — d are real. Moreover, on the real line, ¢ (0) = 0 <& 0 = —2n with
n € N\{0} (see [6]). Therefore, ((c +dj) =0 < c+dj € {(—n1 — n2) + (—n1 + n2)j :
ni, ny € N\{0}}. O
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