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In this article, we study the structure of zeroes of power series with Clifford algebra-valued coefficients. Especially, if
it has paravector-valued coefficients, we obtain some sufficient and necessary conditions of power series that have
zeroes, as well as a method to compute the zeroes if exist. Copyright © 2011 John Wiley & Sons, Ltd.
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1. Introduction

There has been a continuing study on zeroes of polynomials in quaternions and octonions. Niven in [1, 2] first studied zeroes of
quaternionic polynomials. The fundamental theorem of algebra (FTA) for quaternionic polynomials was established by Eilenberg
and Niven in [3]. In the case of octonions, the FTA has been proved by Jou in [4]. Since then the theorem has been re-proved by
using a number of different methods. The topological proof of the FTA appeared in the classical book by Eilenberg and Steenrod
(see [5]). In [6], the authors introduce a regular multiplication to prove the FTA and also give factorization of regular functions.
Besides these, the multiplicity of zeroes for polynomials has been studied in a quite general setting in [7] by Bray and Whaples.
In the specific case of quaternions it can be found in the paper by Pereira and Vettori in [8]. In [9], the authors study zeroes of
quaternionic and octonionic Laurent series with real coefficients using a geometrical method. To the authors’ knowledge, in the
Clifford algebra setting for higher dimensions, there have been no so similar results. In [10], the authors independently study zeroes
of Clifford polynomials. Using a technical method, Yang and Qian [10] introduced a one-to-one correspondence between Clifford
polynomials of real coefficients with complex polynomials of real coefficients. They further extend the results to Laurent series with
real coefficients in [11]. Algorithms of zeroes are actually given in [10] and [11].

In [12, 13], the authors introduce slice monogenic functions that include polynomials and power series in the Clifford algebra
setting as particular cases. Fundamental properties of zeroes of Clifford power series on a special class of domains are studied.

By adopting the setting of slice monogenic functions, in this work, the structure of zeroes of slice monogenic functions is studied.
Some of the results overlap with the above-mentioned literature but with different methodologies for the proofs. As the main
contributions of this work we obtain sufficient and necessary conditions for slice monogenic functions with paravector-valued
coefficients to have zeroes, and we have practical methods to find the zeroes if they exist.

We first give some basic knowledge in relation to Clifford algebra [14, 15]. Let ej,...,em be basic elements satisfying eje; +eje; =
—26,-1-, where 6,-]:1 if i=j; and 6,-]:0 otherwise, i, j=1,2,..., m. Let

R"={x=x1e1+ - +Xmem:x;€Rj=1,2,...,m}
be identical with the usual Euclidean space R, and
RT ={x=x0ep+x:x0 R xcR™} where eg=1.

An element in R™ is called a vector, and an element in R is called a paravector. A paravector xeR{" consists of a scalar part and a
vector part. We use the denotions

X0 = Sc(x), x=Vec(x).

The real (or complex) Clifford algebra denoted by Ry (or ), is the associative algebra generated by e, e;, ..., ey over the real (or
complex) field R (or C). A general element in Ry, (or Cpy), therefore, is of the form x=} s xses, where es=e; e;,...e;,xscR (or Q),
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and S runs over all the ordered subsets of {1, 2,..., m}, namely
S={1<ii<ip<---<ij<m},  1<I<m.

We use [x]g to denote the scalar part of a Clifford number x € Rp.

We define the conjugation of e to be es=e;...e;;, €j=—e;. This induces the Clifford conjugate X=xo—x of a paravector
X=X +X.

The product between x and y in R{", denoted by xy, is split into three parts: a scalar part, a vector part and a bivector part, that is

xy = (xoyo +x-y)+ X0y +YyoX)+x Ay,

where
m
— 2 XY
m m
XA X:Z Z (xiyj —xjyileje;.
In particular
2_ L2 2
XX=X0" — Y_ X;j“+2Xox=2x0x — |x|*,
i=1
where

m
Ix|2 =xx= > x,~2.
i=0
It is easy to see that |x"|=|x|".
In Clifford analysis, the differential operator

called the Cauchy-Riemman operator is used to define monogenic functions (regular functions) in higher dimensions. In the Clifford
algebra setting, the fundamental tools such as Cauchy theorem, Cauchy integral formula, Taylor and Laurent series all exist. However,
some basic functions such as polynomials are not monogenic. In order to modify this, Leutwiler studied the modified quaternionic
analysis and its higher dimensional extensions in [16]. Another way is inspired by Cullen in [17]. Gentili and Struppa offered an
alternative definition for regular functions and then studied the theory in [18, 19]. It is now further extended to higher dimensions
by Colombo, Sabadini and Struppa. Under this new setting, a similar fundamental theory also exists. For details, please see [12, 13].

In order to give the definition of slice monogenic function, we use S~ to denote the (m— 1)-dimensional unit sphere in R™.
That is, S"~1={/eR™,2=—1}. Denote

Ly={o+pleR], 0, feR,1eST T}
and
Re[o+ 1 =a, Im[o+ = p.

Definition 1.1 (Colombo et al. [13])
Let UQRT be an open set and f:U— Ry, be a real differentiable function. Let 1e$™1 and f be the restriction of f to the complex
plane L;=R+I/R. We say that f is a left slice monogenic function (in short slice monogenic function) if for every lesm—1

1 (6 +l£)f/(U+IV)=O.
ou “ov) -

Note 1.1. Similarly, we can define right slice monogenic functions if fi(u—f—lv)%((@/@u)+[(6/6v)):0.

1(0 0
5 <_+!6V> (U+V/)

Hence, x" is slice monogenic. Similarly, polynomials and power series in its convergent set are also slice monogenic.
For slice monogenic functions, a notion of derivative of f has been introduced.

Since for all [eS™~ 1, we have

]
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Definition 1.2 (Colombo et al. [13])
Let UgRﬁ” be an open set in R’{’ and f be a left slice monogenic function in U. It slice monogenic derivative is defined by

f
?—(x):@,f(x), x=u+lv, v#0 or 0yf(u, ueR
[0).4 -

where 0;=1/2((0/ du)—1(8/ ov)).

Theorem 1.1 (Colombo et al. [13])
Let f:B(0,R) — Ry be a slice monogenic function. It can be represented in power series

o 1 f
f=Y x"——
x) ngox Py aun( )

converging on B(0,R).

In the following the so-called Clifford—Heaviside functions

will play an important role (see [20, 21]). Introducing spherical coordinates in R™, we have x=rl, r=|x| €10, ), 1S 1. Thus
PE(D=3(1 i),
They are self-adjoint mutually orthogonal primitive idempotents:
PEO+P~ =1, PTOPT =P~ WPT()=0, (PED)*=P*().

Furthermore, we have Pi([)(xo +r[):Pi([)(x0:|:ir).

2. Structure of the zeroes of slice monogenic functions

In this section, we will consider the zeroes of slice monogenic function

o
f)=> x"an, aneRm.
n=0

In [10], we computed that if x=xg+x R, then
X"=An(X)X+Bn(x), n=1,2,...,
where A, and By, are real-valued functions of x defined by the recursive formulas
An+1 () = 2X0An() = X1 Ap -1 (),
Bn100 = —IxI*An(x),

where we set

Alx) =1,
Az (x) = 2xq,
B1(x) =0,
B2 () = —|x|?
and add Ag(x)=0,Bg(x)=1. Then we have
o
fx) = ) [An()x+Bn(x)lan
n=0
o o
=x| 2 Anlan |+ Bn(x)an
n=0 n=0
= XA(X) + B(x).
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Note 2.1. As known in [10], given any x € R, A;(x) and B;(x) can be expressed as functions of its scalar part xg and the modulus of

its vector part |x|. Thus, we have

Proposition 2.1
Let wi =o+ 1 and wy =a+ fl> be two different paravectors on the same sphere, then Aj(w1)=A;(w3), Bj(wq)=B;(w;) and hence

A(W1)=A(W2),_B(W1)=B(W2). Paﬁticularly, we have A(w)=A(Ww), B(w)=B(w).

Definition 2.1 (Yang and Qian [10])
Let wy =a+fBh and wy =0+ fl; be two different paravectors on the same sphere, then they are said to be a spherical conjugate
to each other.

Let

o0
fx)= Y x"an(an €Rm) M

n=0

be a slice monogenic function converging in B(0, R). Using Proposition 2.1, we can obtain the following result that has been proved
in [12] by a different way.

Theorem 2.1 (Colombo et al. [12])
Let f(x) be a slice monogenic as given in (1). Assume that w; =o¢+ﬂl_1 and w2=oc+/ﬂ£ are two different zeroes of f(x), where

Ii,lzesm_1 and o2 + %2 <R2. Then any paravector w=a+ fi for all /e ST~ being a spherical conjugate to wy is also a zero of it.

Proof
If f(w1)=0 and f(w3)=0, then we have

f(w1)=w1A(w1)+B(wq)=0 2)
and
f(wa) =waA(w;)+B(wp) =0 3)
using Proposition 2.1, we have A(wq)=A(w3), B(w1)=B(ws3). Using (2) and (3), we have
(w1 —w2)Aw1) =Bl —2)Awq)=0
thus A(wq)=0 and then B(wq)=0.

For any w=u+ I, using Proposition 2.1, we have A(w)=A(w1), B(w)=B(w1).
Therefore, f(w) =wA(w)+B(w) =wA(w1)+B(wq) =0. This completes the proof. O

Definition 2.2
Let f(x) be a slice monogenic as given in (1), then any of its zeroes generating a family of zeroes that are spherical conjugate to
each other is called a spherical zero.

From Theorem 2.1, we know that

Corollary 2.1
Let f(x) be a slice monogenic as given in (1). Then o+ fil is a spherical zero of f(x) if and only if «+ I, f#0 are zeroes of it.

Theorem 2.2
Let f(x) be a slice monogenic as given in (1) and I, I, be two different units. If ap €L, n=0,1,..., and a+ pl(#0) is a zero of
f(x). Then a+ f3l is a spherical zero of it.

Proof
For f(x) =xA(x)+B(x), we have

fla+Blp) = (a4 ph)Ala+ Bl) +Bla+filo)
= [0A(a+ Bl2) +Blo+ Bl + [BloA(o+ Blo)].

Noting that apely,, n=0, 1,..., we have

o0
Ax) = Z An(X)an GLILI

n=0

o0
Bx)= )" Bn(x)anely,.
n=0 -
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Letting
Alo+Bla) = x1 +y1h,
Bla+pl) = x2+y2l1
we have
fla+Blp) = [0A(a+ Bla) +Bla+ L)1+ [BLAle+ Blp)]
= [oxq +x2+By1l2 -1 1+loyr h +Bxala+yali 1+ Byrla nlp
=0
implying

ox1+x2+By1la-11 =0,
a1l +pxila+y2h =0,
By1la Al =0.

Since f#£0, it is easy to obtain y; =0. Then y, =0, x; =0 and x =0. Hence, A(a+fil) =B(a+ ffl2) =0.
For all 1eS™~1, we have

flo+ B = (o4 BDA(+ D +Blo+ BI)
= (o+ BDA(+ Bl) +Bla+ flp)
=0.
This completes the proof. O

Corollary 2.2

Let f(x) be a slice monogenic as given in (1). If ap=un+vpl1 €Ly, n=0, 1,..., and f has non-spherical and non-real zeroes, then the
zeroes must belong to L. Furthermore, there exists a one-to-one correspondence between the zero a+pBh of f(x) and the zero
a+ip of f1(z), where N

Proof
The first assertion is concluded from Theorem 2.2. To prove the second part, for x=u+ 1, using the properties of PE, we have

fla+pl) =0 <= [P (1) +P~ (1)f e+ Bl) =0
& PT(1)A +iB)+P (A (+ip)=0
< P (1) (+if)=0 and P~ (I1)f; (a+if)=0
< f1(a+ip)=0.
Theorem 2.3

Let f(x) be a slice monogenic function as given in (1). If f(L;,) SL), and f(L,) SL,, where |y, Qesm_1 are two different units, then
the coefficients of f(x) are real valued.

Proof
According to Theorem 1.1, for x=u+v/, we have

o
)= x"ap,
n=0

where
_1df
" nloun

an
If f(L;,) SLy,, then 8"/ 0u")(0) €. Hence, ap €/h. Similarly, if f(L;,) CL},, then an €lp. While Iy #13, we have ap €R. This completes
the proof. o a

. _______________________________________________________________________________________________________________|
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In [11], we discussed the zeroes of Laurent series with real coefficients and we obtained a one-to-one correspondence relationship
between the zeroes of f(x) and those of f(z). That is:

Theorem 2.4 (Yang and Qian [11])
Let f(x)=) > _ o, anx"(r<|x|<R) be a Laurent series with real coefficients. Then there is a one-to-one correspondence between the
zeroes of axip of f(z) and the spherical zero a+ fl of f(x)

Particularly, if f has paravector-valued coefficients, we have the isolated zero principle:

Theorem 2.5
Let f(x):B(0,R) — Rpy be a slice monogenic function with paravector-valued coefficients. If f has an accumulation zero point in B(0, R),
then f=0 in B(O,R).

We will prove it in the following section.

Corollary 2.5
Let f(x), g(x):B(0,R) — Ry, be slice monogenic functions with paravector-valued coefficients. If there exists a subset T € B(0, R) having
an accumulation point such that f=g on T, then f=g in B(0,R).

Remark
In [13], the identity principle of slice monogenic functions with Clifford algebra-valued coefficients has been given. But it needs
extra conditions.

3. Computation of the zeroes of f(x)

In this section, we mainly discuss how to solve the zeroes of slice monogenic function f(x):Zf,ozox”an with paravector-valued
coefficients.
First, we introduce the function:

) =Ff(x)= § anx"
@)=Y anx".
n=0

Definition 3.1
Define

F(x)=f(x)xf(x Zx cn

where cn=)"}_, axan_ for all n.
Lemma 3.1
(I) Let f(x)=xA(x)+B(x), then f¢(x) =A(X)x+ B(x) = A(X)x + B(x).
() F(x) is a slice monogenic function with real coefficients.
() F(x) s € (x) =F(x) % £ ().
(IV) F(2)=f(2)f(2), while F(x)# f(x)f¢(x)
We have F(z) =f(2)f(2) by a direct calculation. On the other hand
F(z) = f(2)f(2)
= [zA2)+B(2)][A2)z+B(2)]
= |A@)I’2 +1A2)B@)+BAD)z+ B@)I.
Thus, another form of F(x) is
F() = A0 X+ [AX)BO) + BOAR) X+ [BO) .
While
fOOFC(x) = [XAG) +BX)IAG)X + B(X)]
= A0)1%X? + [XA()BO) + BAG)X] + [BX)I .
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Therefore
F(x) = F(x)f¢ (x) <= XA(x)B(x) = A(X)B(x)x. @)
For f(x)=)_p20x"an, an R and x=xg+ x|/, we have
PEDFOFCP(D) = PH(DF (xo F il (xo Filx P ()
= PEOF o FilxDPH(D.
Therefore
f(x) =0 = P (PF() =0
= PEOFxoFilx)PE(D=0
= F(z)=0.
Note 3.1. Note that F(z)=0 is an equation of real coefficients. It, therefore, has complex conjugate roots.
From the above discussion, we can obtain the conclusion as follows:

Proposition 3.1
If a+ I, >0, is a zero (spherical zero or non-real zero) of f(x), then a%if are solutions of F(z)=0.

Proof of Theorem 2.5

Suppose xp+ynlp (n1=1,2,...) are a sequence of non-spherical conjugate zeroes of f(x) and they have an accumulation point x+yl.
Then xp +iy, are a sequence of conjugate zeroes of F(z) which have an accumulation point x£iy. By the isolate zero principle, we
know that F(z)=0. Then the coefficients Cn=22=1 anan_y of F to vanish. This induces the coefficients a, of f to vanish. Hence,
f=0. This completes the proof. g

Remark

In the above discussion, if f(x):Z,fO:ox"an, dn €Rpm, then from f(xg+|x|))=0 we cannot obtain F(xgFi|x|)=0. We only obtain
[F(xo Fi|x|)]lo =0 which is an equation of real coefficients. Thus, if f(x) has non-spherical conjugate zeroes which have an accumulation
zero, then [F(z)lp has an accumulation point. Thus, [F(z)]gp=0. But from [F(z)]g=0, we cannot derive f(x)=0.

Next, we will discuss the relationship between the zeroes of F(z) and those of f(x). First, we need a Lemma.

Lemma 3.2
Let f(x) be a slice monogenic function as given in (1). Then the zeroes of f(x) is in one-to-one correspondence with those of f¢(x).

Proof

(@) If w=a+pl is a spherical zero of f(x), then we have f(w)=wA(w)+B(w)=0. According to Corollary 2.1, we also have f(w)=
WA(W)+B(w) =0. Noting A(w)=A(w), B(w)=B(w), we have A(w)=B(w)=0.
Hence, f<(w)=A(w)w+B(w)=0.
(b) If wi=a+pli (B can be zero) is a zero of f(x), then f(w;)=wiA(w1)+Bw1)=0. Hence, f¢(wy)=A(w1)w7+B(w;)=

w1A(wq)+B(wq)=0. This completes the proof.

O

Next, we will discuss the following cases:
Case I. If F(o)=0, x€R, then

Fo) =F(o)f (o) = F()F (@) = F()F (o) = |F(2)]| 2 =O.

Hence, f(o)=0.
Case II. If a=if are zeroes of F(z), according to Theorem 2.4, we have F(a+ ) =0 for all 1€ S™=". If a+ I satisfies (4), that is

(c+ BDA(+ BDBloc+ ) = Aloe+ DB+ BI) (o + BI)

we have F1(oc+ﬁ[)=f(oc+[3[)fc(oc+ﬁl)=0. Therefore, f(a+ B =0 or f¢(a+ fl)=0. Adding to Lemma 3.2 we obtain that f(x+ /) =0 for
all lesm—1,

On the other hand, if f(«+ ) =0 for all |€ ™1, then f(a+ BNF<(e+ ) =0=F(o+ BI). Hence, u+ I satisfies (4).

Case lll. If o %if are zeroes of F(z), and for I; € ST, o+ fil; satisfies (4), then we have F(o+ 1) =f(o+ Bl1)f<(e+ Bl1) =0. Therefore,
f(ee+ Bl1)=0 or f<(a+ Bl;)=0. Adding to Lemma 3.2 we obtain that f(a+ 1) =0 or f(a— fl;)=0. - -

On the other hand, if f(ox+f11)=0 or f(au—Bl1)=0, then o+ fl; satisfies (4). B

Case IV. If axif are zeroes of F(z) and for all [eSm*1, o+ Sl does not satisfy (4), then f(x) has no non-real zeroes.

In all, we have

. _______________________________________________________________________________________________________________|
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Theorem 3.1
Let f(xX)=Y_p2 ox"an, an €RY" be a slice monogenic function in B(0,R). Then a set of sufficient and necessary conditions for f to
have a zero o+ fl (f can be zero) is that a£if (i is the imaginary unit in the complex plane) are zeroes of F(z) and o+ fil satisfies (4).

Note 3.2. If A(a+ BNB(o.+ ) R, then we can choose I1 parallel to Vec[A(x+ BB(x+ D] (denoted by Iy || Vec[A(a+ p)Blo+ BN]1) such
that «+ /4 satisfies (4). According to Case Ill, we have f(x+fl1)=0 or f(x— 1) =0.

Theorem 3.2
Assume that f(x)=>"72 1 x"an, an €RY, is a slice monogenic function in B(0,R) and a=if are two conjugate zeroes of F(2). If

Ao+ BDB(o+ B €RY
then o+ flh or a— Iy is a zero of f(x), where I || Vec[A(o+ BDB(o+ SD].

Note 3.3. In the quaternionic space H, it is paravector-valued algebra. For any polynomial P(q)=q"an+q"'ap_1+---+qgaj +ag, an €

H, F(z) =P(2)P¢(z) always has zeroes and A(q)B(q) € H. Therefore, any polynomials P(g) always have zeroes. In [6], they use the similar
methods to prove the fundamental theorem for quaternions.
Noting that A(x)=aj+Ax(x)ay+---+Anp(X)an+---, Bx)=agp+Ba(x)az+---+Bn(x)an+---, we have:

Corollary 3.1
Assume that f(x)=3"5° 1 x"an, a, €RT", is a slice monogenic function in B(0, R) and «.=if are two conjugate zeroes of F(2). If ag € R
and ay,ay,...€R, then a+ By or a—fly is a zero of f(x), where I || Vec(ao).

Corollary 3.2
Assume that f(x) =Zg‘;0x”an, an € an, is a slice monogenic function in B(0, R) and a+if are two conjugate zeroes of F(z). If aj € R’1”
and dg, d2,as,...€R, then a+ply or a— Iy is a zero of f(x), where I || Vec(ay).
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