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TWO-SIDED QUATERNIONIC POLYNOMIALS
AND COMPUTING ZEROS OF TWO-SIDED POLYNOMIALS
WITH COMPLEX COEFFICIENTS

FENG LIANGGUI AND ZHAO KAIMING

We improve the method of Janovska and Opfer for computing the zeros on
the surface of a given sphere for a quaternionic two-sided polynomial. We
classify the zeros of quaternionic two-sided polynomials into three types —
isolated, spherical and circular — and characterize each type. We provide a
method to find all quaternion zeros for two-sided polynomials with complex
coefficients. We also establish standard formulae for roots of a quadratic
two-sided polynomial with complex coefficients, which yields a simpler and
more efficient algorithm to produce all zeros in the quadratic case.

1. Introduction

In this paper we will treat two-sided quaternionic polynomials, those of the form

n
(1) p(x) ::Zajijj, x,aj,bjeH, a,b, #0,
j=0
where H is the skew field of quaternions. These polynomials include also all one-
sided polynomials, where all coefficients are located on the left side or the right
side of the powers. For a long time, it has been known that one-sided quaternionic
polynomials may have two classes of zeros: isolated zeros and spherical zeros
(see for instance [Pogorui and Shapiro 2004; Topuridze 2003]), while a method
to compute all zeros of such polynomials was developed in [Janovska and Opfer
2010b] and a more efficient means was found in [Feng and Zhao 2011].
A general quaternionic polynomial is a finite sum of terms of the form

(2) tA,-(x) =aqpj-x-ayj---aj—1,j-Xx-ajj, x,aoj,all,-,...,ajjeﬂ-ﬂ, jZO.
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Such a term is called a monomial of degree j. The polynomial p(z) in (1) is only a
very special type of a general quaternionic polynomial. There are relatively few
results on two-sided quaternionic polynomials; we list some that are relevant to our
study.

In [De Leo et al. 2006], the authors gave an example of a two-sided polynomial
and Opfer [2009] obtained that a general quaternionic polynomial of degree n has at
least one zero provided the polynomial has only one monomial of degree n. More
recently, for a quaternionic two-sided polynomial of type (1), Janovska and Opfer
[2010a] showed that there may be five classes of zeros according to the five possible
ranks of a certain real (4 x 4) matrix, and they provided a method to find the zeros
in a given equivalence class.

This paper is organized as follows. In Section 2, by improving the method
of [Janovska and Opfer 2010a], we classify the zeros of quaternionic two-sided
polynomials into three types — isolated zeros, spherical zeros and circular zeros —
and characterize each type of zero. In Section 3, we provide a method to compute all
quaternion zeros of a two-sided polynomial with complex coefficients. In Section 4,
for a quadratic two-sided polynomial with complex coefficients, we further establish
the standard formulae for roots, so that a simpler and more efficient algorithm is
given to produce all zeros for a quadratic two-sided polynomial with complex
coefficients.

We will now give a short introduction to the quaternionic algebra. By R, C we
denote the fields of real and complex numbers, respectively, and by N the set of
natural numbers. In the skew field H of quaternions, any element has the form

3) g=ap+aii +ayj+azk = (ap+aii)+ (ar+asi)j,
where i, j, k satisfy

the product is extended to H by R-bilinearity. We call ag the real part of the
quaternion ¢ in (3), also written fg, while ¢ —Rg = ai + a»j + ask is called the
imaginary part and denoted by Jg. The modulus |q| of q is

g1 = /a3 +a? +a3 + .

The conjugate of g, denoted by g, is defined by ¢ = ag — a1i —arj — ask.

Two quaternions qi, g» are called equivalent, denoted by g; ~ ¢», if there is
an h € H\{0} such that ¢; = hgoh~". The set [q] = {hgh~" : h € H\{0}} will be
called the equivalence class of q or, for short, the class of g. Indeed “~” defines
an equivalence relation on H. So each quaternion is located in one and only one
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equivalence class. It is well known that

Q~q = Nqi=NRq and |qi| =lql,

that is, [g] = {u € H : Hu = Nq, |u| = |gq|}, which can be regarded as the surface of
a ball in R? = Ri + Rj + Rk if ¢ is not real. It is easy to see that [¢q] = {q} if ¢
is real and [¢] contains infinitely many elements if ¢ is not real. In the case that
g is not real, the only two complex numbers contained in [¢] are £ and &, where
£ =Ng ++/Iq|*> — (Mq)?i. Here we are calling a quaternion complex if it is of the
form ag + a;i, with ag, a; € R.

There is a very useful tool to study the quaternion algebra, which is the so-called
derived matrix (appeared in [Feng 2010])

The derived mapping o : H™" — C?"*?" from the set of n x n quaternionic
matrices into the set of 2n x 2n complex matrices is defined by

4 A=Al+Arj A A A

) =Ai+arj o =| 22,

where Ay, Ay € C"*". This mapping is injective, and obviously preserves addition
and multiplication of matrices. We call o (A) the derived matrix of A (or, following
[Zhang 1997], the complex adjoint matrix of A). We will be interested in the case
where n = 1.

To conclude this introduction, we mention that it was Niven [1941; 1942] who
made first steps in generalizing the fundamental theorem of algebra to the quater-
nionic situation. Since then many attempts have been made to compute roots of a
quaternionic polynomial [Serodio et al. 2001; Serddio and Siu 2001; Pumpliin and
Walcher 2002; De Leo et al. 2006; Gentili and Stoppato 2008; Gentili and Struppa
2008; Gentili et al. 2008], most of which have focused on one-sided polynomials. In
[Lam 2001, Section 16] and [Wang et al. 2009b] there are several general results on
polynomials (of the one-sided type) over division rings. There are also a lot of recent
studies on quaternionic matrices, for example [Farid et al. 2011; Wang et al. 2009a].
A large bibliography on quaternions can be found in [Gsponer and Hurni 2008].

2. Classifying zeros of two-sided quaternionic polynomials

To investigate the zeros of the polynomial in (1), we can assume (by left and right
division, respectively) that a, = 1 and b, = 1, that is, the polynomial is monic:

5) px):=x" +ap 1 X" oy 14 +aixby +ay, x,a, b;j € H.

Let £ be a fixed complex number. In this section, we shall give a classification
of the zeros of p(x), which improves the results in [Janovskd and Opfer 2010a].
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Furthermore, we give a clear description of the structure of each class of zeros for
a polynomial p(x) whose coefficients are complex.

From [Pogorui and Shapiro 2004], we know that all powers xk keN, of a
quaternion x have the form x* = agx + Br, where ok, B are real numbers. In order
to determine the numbers oy, By, Janovskd and Opfer [2010b] gave two approaches.
One is via the iteration

=0, po=1,
(6) aj+1=2§7txaj+,3j,
Bj+1=—IxPa;, j=0,1,....
The other one relies on the formula
{ajzts(u{)/ x> — (ix)2,

(7 .
Bo=1, Bj+1=—IxlPa;, j=0,1,...,

where u; is the complex solution of u% —2(%x)u + |x|> = 0 with positive imaginary
part. Formula (7) for «; is of course easier to program than the iteration (6).
However, since a power is involved, an economic use of (7) would also require
an iteration.

For convenience of later use, we will first give a self-closed formula for o and
Br to improve the above formulas, that is, we give the following lemma, by which
we can determine the real numbers oy, Sy directly.

Lemma 2.1. Suppose 7 is a quaternion, k is a natural number. Let
£ =Nz +V|z|2 — M2)?i.

Then 7¥ = apz + Bi, where

k _ Fk Fk—1 _ gk—1
o¢k=s ? eR, ﬁk=|g|2-iew
§—§ §—§
Remark 2.2. In this lemma, we set
k_ Fk Fh—1 _ gk—1
d é =1 and i =0
§—¢§ §—§
for k =1, while
gk _ gk gk—l _ Sk_l

> :Sk—l_i_sk—Zg_{_' . '+§k_1, =—(§k_2+§k_3g+‘ X ._i_%_-k—Z)

£§-¢ £§-¢
for k > 1 if £ is real. Actually & is a complex number contained in [z].

Proof. Since 9z = NE and |z| = |§|, we see that z € [§]. Let

gy =t"—(E+Et + £
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Then g(¢) is a polynomial with real coefficients, that annihilates each element of [£].
Note that the polynomial ¥ can be expressed as X = h(t)g(t) + axt + Br, where
oy and By are real constants, h(¢t) € R[¢]. Consequently, we have

{Olké' + Br = £,
aré + B = -

If £ — £ =0, then & is a real number and z = £. A straightforward verification
shows the statement of the lemma for this case. Now suppose £ — & # 0. By (8),

k_Fk £k Esk Fhk—1 _ gk—1
e A e S e
§—§ §—§ §—¢§

Since ¢* =h(q)g(q) +arg + By = arg + P for all ¢ € [£], the proof is complete. [

®)

Uk

With Lemma 2.1 in hand, we now introduce the method to find all zeros in the
sphere [£] for p(x) where & is a fixed complex (so RHE is fixed).

Now for the fixed complex number &, and for any z € [£], p(z) can be repre-
sented by

p(2) = (apz+ Bn) +an—1(atp_12+ Bn—1)bp—1+---+ai(aiz+ B1)b1 +ao
= (tpz +an_10y12by_1 + - - +ara1zby) + (B + - - - +a1f1b1 +ao)

= A(2) + B,
where
AQ@) =apz+ap—1ay-12by—1 + - - - +a1a12b1,
B =B+ Bu1an_1bp—1+---+aip1by +ag € H.
It is clear that the coefficients «j, 8; (j =1, ..., n) are given in Lemma 2.1. So,

solving the equation p(z) = 0 in [£] is equivalent to finding the solutions in the
sphere surface [£] of the following equation:

(©)) A(z) =—B.

Let z =M€ + x1i + x2j + x3k, x1, x2, x3 € R. Regard z as the vector

and regard the surface of the sphere [£] as

X1
Y= {()Cz) XT3 Fxd = 6P — (RE)?, xp, x0, x3 ERY L
X3
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Unfolding the left side of (9) leads to the following linear system consisting of four
equations in three variables,

X1 e
(10) Mlx]=]|"],
e
X3

where M is a known real 4 x 3 matrix, eg, e;, ¢z, and ez are known real numbers.
Suppose S is the solution set of the linear system (10). Then the set of zeros of

p(x) contained in [£] is
{@?)mesmz}

If (10) has no solution, that is, S = &, then [£] contains no zero of p(x).

When (10) has a solution, its solution set can be represented by N + X, where
N'is the solution space of the system of homogeneous linear equations M X = 0,
while X is a particular solution of (10). Now we analyze the set N+ X as follows.

If dim N' = 0, then (10) has only one solution Xy, so [§] contains at most one
zero of p(x).

If dim N =1, then S becomes a straight line in the three-dimensional {x, x, x3}-
space. So [£] contains no zero of p(x) when S is separated from the sphere [£], [£]
contains only one zero when § is tangent to the sphere [£], and [£] contains two
zeros if the straight line S pierces the sphere [£].

If dim N =2, § is a plane in the three-dimensional {x;, x, x3}-space, there are
three possible position relationships between the plane and the sphere: separated,
tangent and intersected. Then [£] contains no zero of p(x) for the separated situation,
contains only one zeros for the tangent situation. With respect to the intersected
situation, the intersection of the plane and the sphere is a circular curve, so the zeros
of p(x) contained in [£] form a circle in the three-dimensional {x, x,, x3}-space.

Finally, if dim N' = 3, then S = R3, and each point in [£] is a zero of p(x).

To sum up the above arguments, we have obtained:

Theorem 2.3. Let p(x) be as in (5), and let § be a complex number. If Zjg(p) is
the set of zeros of p(x) contained in [§] and | Zig)(p)| is its cardinality, we have the
following possibilities:

* | Zis(p)l =2
e Zig)(p) is a circle on the surface of the sphere [§].
* Zig(p) =[]

Definition 2.4. Let p(x) be as in (5), and let zg be a zero of p(x). If zg is not real
and Z,,1(p) = [zo], we say that zo generates a spherical zero, or simply that it is a
spherical zero. If zq is real or |Z[,,;;(p)| < 2, it is called an isolated zero. If z is
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not real and has the property that Z,,;(p) is a circle on the sphere [z0], we say that
Z0 generates a circular zero, or is a circular zero.

Thus Theorem 2.3 classifies the zeros of quaternionic two-sided polynomials
into three types: isolated zeros, spherical zeros and circular zeros.
Now we apply Theorem 2.3 to two-sided polynomials with complex coefficients.

Theorem 2.5. Let p(x) :=x" +a,_1x"'by_1 + - - - + a1xby + ag, where all the
a;j,b; i=0,1,...,n—1) are complex numbers. Let & be a complex number with
Zig1(p) # . We have the following possibilities:

« Zig(p) {6, E)
» Zigy(p) ={z14+22j : 21 € Cfixed, 22 € C, 22> = |§]> — |z1|* > O}.
s Zig)(p) = [§].
Proof. If all a;, b; are complex, in (9) we set
Pn =0y, ppn-1=0cy_1ap—1, ..., PpP1=01dj,
QH:17 anl:bnfls ey QI:bl, QOZ—B
Then all p;, g; are known complex numbers. Writing the point z in [£] as
z=z1+22J, z1,22€C,

and using the derived mapping, we can write (9) as

() C 0 (D))
Pn) \—22 71 dn Pi) \-22 21 q1 q0/)°
which is equivalent to
n n _
(11) (Z piqz')m = qo, (Z pi%‘>22:0-
i=1 i=1

Since Z¢)(p) # &, (11) is consistent.
If Z?:l piqgi =0 and Z?:l piqi # 0, then

q0
Z?:] Diqi ’

2

2 2
71 = and [z2]” =[§]7 -

‘ q0
Z?:] Diqi
When

2

&2 — >0,

‘ q0
2?21 Piqi

the zeros of p(x) contained in [£] are circular zeros, and

2
q0 . 2 2 q0

=i +t22j :22€C, 22" = |§] —'— }

2?21 Piqi Z?zl Pidi

Zig)(p) = {
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Otherwise,
q0

22;1 Piqi
IfY ", pigi=0and Y _, piqi =0, then go = 0 and each point in [§] is a zero
of p(x). So it is a spherical zero, that is, Zj¢(p) = [£].
Finally, if 7, piqi #0, then zp =0 and z = z; + 22 j = z;, which has at most
two values in [£]: £ and &. O

Z[s](p)={ }E{S,g}-

Janovsk4 and Opfer [2010a] classified the zeros of quaternionic two-sided poly-
nomials p(x) into five classes according to the five possible ranks of a real (4 x 4)
matrix obtained from the coefficients of p(x). In their notation, type 0 and type 1
solutions are isolated solutions, a type 2 solution can be an isolated solution or
a circular solution, a type 3 solution is a circular solution or a spherical solution,
while a type 4 solution is a spherical solution.

We can understand Theorem 2.3 from the view of point of geometry as follows.
The set of isolated zeros in [£] is of dimension O, the set of circular zeros in [£] is
of dimension 1 because they form a circular line, and the set of spherical zeros in
[£] is of dimension 2 because these zeros form a surface of a ball.

Remark 2.6. (a) Since one-sided polynomials, as in (5), belong to the class we
are considering, isolated zeros and spherical zeros in fact occur (actually these two
types are the only solutions; see [Feng and Zhao 2011; Janovskd and Opfer 2010b]).
From the study of the quadratic case in Section 4 of this paper, we shall see that
the polynomial p(x) = x? +ixi + 2 has circular zeros and two conjugate isolated
ZEros.

(b) From Theorem 2.5 we see that, for a two-sided polynomial p(x) with complex
coefficients, an isolated zero (if exists) of p(x) should be a complex number, and
the equivalence class [z] for an arbitrary circular zero z (if it exists) should contain
no complex roots of p(x). These facts will be used in the sequel.

3. Finding all zeros of quaternionic two-sided polynomials
with complex coefficients
Consider a quaternionic two-sided polynomial with complex coefficients:

(12)  px):=x"+ap_1x"'by_1+---4+aixb; +ay, xeH, a, bjeC.
We will find a method to compute all the zeros of p(x). We introduce the notation
P(x) :=x"+ap_1by_1 X" -+ aibix + ay,

PO == x" 4y 1byr X"+ 4 arbyx + a,

(17(x) = x" 4 ay_1bp_ 1 x" "+ +a1b1x + ap.
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Theorem 3.1 (characterization of spherical zeros). Let & be a complex number.
Then each point of [§] is a zero of p(x) if and only if

P& =pE) =0 and pE)=pE).

Proof. For any z € [£], we can write 7 as z = g&q~! for some ¢ = 7| + z2j with
71,22 € C, and |z1|> 4+ |z2/> = 1. Then p(z) = 0 is equivalent to

gE"q "+ an_1gE" g by + -+ a1qEq by +ag =0.

By the derived mapping, we get
21 22\ (§" 1 —22
-2 21 §") \z2 =1
an—1 21 22 (&7 ) (Zl —Zz) (bn—l )
+ _ e _ N - RN
( dnl) (—Zz Z1>< 1)\ o by
() (B2 C)E D) (a)=0
ay) \—22 21 §)\z2 1 by ap

which is equivalent to the system of the following two equations:

(13) 121 2(F(§) — o) + |22 (P(€) — a0) +a0 = 0,
(14) 2122(P ) = P (§) =0.
The above argument will be also used in later proofs.

=>) Suppose each point of [£] is a zero of p(x). Then (13) and (14) hold for any
21, 20 € C with |72 + |Z%| = 1. Note that (13) can also be written as

(15) lz112(p(€) — pE)) + p(&) =0.

The equalities (15) and (14) hold for arbitrary complex z1, z with |z; 1>+ 22> =1,
yielding that p(€) — p(§) =0, p(§) =0, and P (§) — 9 (€) = 0. The rest follow
easily for this direction.

<) Obvious. O

Theorem 3.2 (characterization of isolated zeros). Let T be the set of nonreal,
isolated zeros of p(x). Then

T={(cC:pE) =0 D& #PENU{EC:pE) =0,5(E) #0);
the set of all isolated zeros of p(x) is {the real roots of p(x)}UT.

Proof. By Remark 2.6, we see that the set of isolated zeros of p(x) is contained in
{€ € C: p(€) = 0}. Let & be a nonreal complex root of 5. If p (§) = P (€) and
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P(&) =0, then £ becomes a spherical zero from Theorem 3.1. Hence,

T={cC:pE) =09 #PENUEC:PE)=0,5E) #0),
and the set of all isolated zeros of p(x) is {the real roots of p}UT. O

Theorem 3.3 (characterization of circular zeros). Let & be a given complex number.
Then [&] contains a circular zero of p(x) if and only if

(16) PEPE) <0 and P (&) =D &)

Moreover, if |€] contains a circular zero of p(x), then

(35)2<1 _P@+ ;z@))z o

FE) - B
and the set of circular zeros in €] is

{msﬁ(?)*m) _ﬁ(§)+5($)>2}.

&) —p&) p&) —p&)

Proof. =) Suppose [£] contains a circular zero of p(x). By Theorem 2.5, the
circular zeros in [£] contain no complex zeros of p. Using the first part of the
proof in Theorem 3.1, we know that there exist z;, zo € C with z1zp # 0 and
|z1]? +1z2/1> = 1, such that z = (z1 + 22j)&(z1 + z24) ! is a zero of p(x). So (13)
and (14) hold for this z, which yield |z; 25 (&) + |z2|?B(E) =0 and P (&) = P (8).
From |z1|*p(§) + |z2/*p(§) = 0, we have

1PPE)PE) =~ PEPE) = —|2l[pE) <0,
that is p(£)p(£) < 0, as desired.
<) Note that p(£)p(€) < 0 implies J& # 0 and |p(£)]> — p(E)p(§) > 0. Let
21, 22 € C be given by
2= — (&) .
P> —pE)pE&)

Then z1z2 # 0, |z1]> + |z2/> = 1 and it is easy to verify that (13) and (14) hold
simultaneously. So (z1 +z2j)&(z1 +22j) ! is a zero of p(x). From

Séi+22j:22€C, |n* = (35)2(1

(17) |21 1221 =1—|z1|%.

(21 +22)E 1 +225) 7 = |21 %8 + 2278 —221203& j

(18) 5 . :
=N + 2lz11” = DRE)i — 2212236 7,

we see that [£] contains a noncomplex zero of p(x). The inequality p(& )P(E) <0
also implies p(&) # 0, so from Theorem 3.1 we know [£] contains no spherical
zeros of p(x). Now combining with Theorem 2.5 we see [£] contains a circular
zero of p(x). The proof of this direction is completed.
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Finally, if [£] contains a circular zero, let z; and z, be defined by (17). Then

212112 = DI :M: ,
Gl =D =56 e
PO+ 25 255

PO -pE)  PEO-PE (P - PENFE)
Therefore,
~EN |~ 2
ri= (35)2(1 _PE+PE) ﬂ:@)) >0
(&) —p&)
and by Theorem 2.5 and (18), the set of circular zeros in [£] is
{mg n §(§)+§(%‘)
p&)—p©)
From Theorems 3.1 and 3.2 we have actually given a method to find all isolated

zeros and spherical zeros:
Let the complex solution set of p(x) =0 be

?séi+zj:z€@,|z|2=r}. O

{sl’ ""Ss’nl""’nk’ é‘l’El"“’é‘l’ El’ §l+175[+1""’§tvé_‘t}7

where &1, ..., & are distinct real numbers, 1y, ..., n, {1, - . ., {; are distinct nonreal
complex numbers (each 7; is no longer a root of p(x)), ?({,-) =+~ <;7(5,-) fori =
1,...,0l and ?7(;“,-) = ?(Ei) fori =141, ..., t. Then the set of all spherical zeros
of p(x) is

(G4 ]U--- UL,

and the set of all isolated zeros of p(x) is

{Slﬂ"'75557]17"'?ﬁk7§]72]9"'5€l9gl}'

Next we consider how to find all circular zeros of p(x). From Theorem 3.3 we
need only to find all complex numbers & with [£] containing a circular zero of p(x).
First we give a necessary condition for p(x) to have a circular zero.

Proposition 3.4. Let p(x) be a two-sided polynomial of the form of (12). If p(x)
has a circular zero, then

1 1 1
an—1bn—1 an—1by—1 an—1bn—1 .
aib ab arb

that is, p(x) cannot be essentially written as a one-sided polynomial.
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Proof. Suppose contrarily

1 1
an—1bn—1 _ an—1bn—1
a1b1 61151

Then p(x) = <p_(x). Let £ be a complex number and [£] contain a circular zero of
p(x). Then by Theorem 3.3 we have

PO=DE=pE=pE and PEPFE =pEE) =pEF =0,
a contradiction to p(£)p(&) < 0. The proof for the other inequality is similar. [J
Lemma 3.5 [Zhang 1998, Theorem 3.16]. Let f =a,(x)y"+---+aj(x)y+ao(x)
and g = by, (xX)y" + -+ b1(x)y + bo(x) € Clx, y|, where a;(x), bj(x) € C[x]
i=0,...,n,j=0,1,...,m)witha,(x)b,(x) #0. Let R(f, g; x) be the resultant
of f and g of order m + n, given by

a,(x) a,_1(x) ap(x)
a,(x) a,—1(x) ... ap(x)
a,(x) a,—1(x) cee oooap(x)
b (x) by_1(x) . ... bo(x)
bu(x) bu_1(x) ... ... bo(x)
by (x) bp_1(x) ... ... bp(x)
where a,(x), ..., a1(x), ag(x) are located in the first m rows, and the coefficients
b (x),...,b1(x), bo(x) are located in the lower n rows. Then a complex xq is a
zero of R(f, g; x) if and only if the system
{f(xo, y)=0
g(x0,y) =0
has a solution yy € C or the system
{an(XO) =0
b (XO) =0
holds.

Now suppose [£] contains a circular zero of p(x), where & is a given complex
number. Then by Theorem 3.3 we have ?(é )= ?7(5 )y and p(£)p(€) < 0. The
later inequality implies the imaginary part of p(£)p (&) is 0.
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Set ag = co + dpi, where ¢y, dy are the real part and imaginary part of ag,
respectively. Also set (£, "1, ... €2 &) =+ i and

1
an—lbn—l .
=U+Vi,
a1 by
where «, B are both real row vectors (real 1 x n matrices), U and V are both real

column vectors (real n x 1 matrices). It is easy to see the first component of U is 1
while the first component of V is 0. From ?(5 )= ?(5 ) we get

1
an—1by—1
19) B . =0.
61151
And note that the imaginary part of p(£)p(£) is 0, so we get
(20) BUaU +BVaV +copU +dypV =0.
Let £ = u + yi with u, y € R. Remark 2.6(b) ensures that y % 0. Then
§ ="+ Cuu" T (D) -+ O (i) T+ ()"
When 7 is even, we have
RE" =u" — C2u""2y2 4. 4 y"(=1)3,
Sé-n — Céunfly ot C:;zfluynfl(_l)%’
and when 7 is odd we have
NE" = u" — C2u" 2y 44 Oy (=)'
3= Cput Ty Y (DT (=D

For convenience we take n to be an odd number, n = 2k + 1 since it is similar for
the case that n is even. In this case (19) becomes

QD) (Clu" Ty 4+ CHEY )T Y (=D)LL Y)
1

anfll;nfl
=0.

arby
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Since y # 0, we can write this as

22) (Clu" '+ O 1)y (=TT

It is easy to see that (22) can be rewritten as
(23) FHdi T+ die Wz + di(u) =0,

where z = y?, k = ”T_l, di(u), ..., dy(u) € Clul, degdy(u) = 2k (implying
that dy (u) # 0).

We treat (20) in a similar manner. Note that y 7 0, the first component of U is 1
and the first component of V is 0, then we obtain from (20) the following equation:

(24) i)z +hy)z* '+ 4 hy(u) =0,

where z :=y%, k = %, hi(u), ..., hy(u) € Clu], degh, (u) =2n — 1.
Up to now, we have shown that, if [£] contains a circular zero of p(x), then the
real part and imaginary part of & must satisfy (23) and (24). Let

fi=+di) A di W)z di(u),
g = hi @z +ha@) 2 4+ hy ).
We denote by R, the resultant of f and g. Then

1 dim ... ... ... di(w)
1 diw) ... ... .. di(w)
1 diw)y ... ... ... di(w)
R, = hi(u) hotw) ... ... h,(n) ,
hi(u) hotu) ... ... hy(u)
hi() ho(w) ... ... hy(u)
which is a polynomial in the variable u with complex coefficients. Let x, ..., x;

be the real roots of R, (if R, has no real root, then p(x) has no circular zero, by
Lemma 3.5). Then substitute x; for u in (23) to get corresponding nonzero solutions
for y. In this way we get at most finitely many complex numbers x; + y;;i, where
yij is the real solution of
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OO+ di ) 4 di ()Y 4 di(x) = 0,

I=1,...,s,j=1,...,n. (If such a y;; does not exist, this also shows p(x) has
no circular zeros.) Now if [£] contains a circular zero, then from Lemma 3.5 we
know & must be equal to some x; + y;;i. Therefore, for the finitely many complex
numbers x; +y;i ({=1,...,s, j=1,...,n), using Theorem 3.3 we can find all
circular zeros of p(x).

This method for finding circular zeros will be valid so long as the resultant R,
is not the zero polynomial. Since we have excluded the cases

1 1 1 1
an—1bn—1 an—1bn—1 an—1bn—1 an—1bn—1
= . and . =
a1b1 a1151 611[;1 6_11[;1

(Proposition 3.4 ensures that p(x) has no circular zeros under such circumstances),
generally speaking the resultant R, obtained at the moment cannot vanish. We
have done a lot of tests, and have never discovered a two-sided polynomial p(x) of
form (12) with the conditions in Proposition 3.4 such that R, = 0.

Example 3.6. Find all zeros of p(z) =z> —iz%i —izi + 1 in H.

Solution. p(z) =72+ 72>+ z7+1, ?(z) =73 — 722 — z+ 1. The complex roots of
p(z) are —1,1i, —i. <]7(i) =2-2i, ?7(17) =2+ 2i. Thus, p has no spherical zero,
and the set of isolated zeros is {—1, i, —i}.

Now we seek the circular zeros. We have

1

U= , V=0, c¢=1, dy=0,

1
1
a=x=3x% x2 =y x), B=(0Cxly—y 2y, ),

In this case, (24) and (23) become

(25) Bx+ 12— (10x3+10x24+6x4+2)1 + (Bx5+5x* +6x3 +6x2+3x+1) = 0,
(26) t+(=3x*4+2x+1)=0,

where ¢ := y2. The resultant R, is

1 —3x24+2x+1 0
R,=| 0 1 —3x242x +1
3x+1 —(10x3 + 10x2 +6x +2) 3x +5x* +6x3 +6x24+3x+1
= —32x* +32x% +20x + 4.

The real roots of R, are (from MATLAB)
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x1 = —0.500000000000000, x; = 1.255773570847266,
and from (26) we get the positive roots
vy, = 0.866025403784440, y,, = 1.104243923243840

and their opposites We investigate the complex numbers
E=xityni, S =&, G=xat+yyi, &=5&.

For &, we have p(§1) = 1, p(§)p(&) =1 > 0. So, [£] (= [£]) contains no
circular zeros of p.

Since p(3) =7.7552i, p(€:)P(€) < 0, and P (63) = P (&), then [&] (= [&4])
contains a circular zero of p, and the set of circular zeros of p is

T = {1.255773570847266 + zj : z € C, |z|* = (1.104243923243840)?}.

Hence the zero set of pis {—1,i, —i}UTY.

4. Formulae of zeros for quadratic two-sided polynomials
with complex coefficients

In this section we concentrate on the case where p is quadratic with complex
coefficients. We establish formulae for finding its spherical, circular and isolated
zeros, and spell out a simple and efficient algorithm to find all zeros. So let

(27) p(x) :=x>+ (a+bi)x(c+di) + (e + fi),

where a, b, ¢, d, e, f are real numbers. In the notation introduced at the beginning
of Section 3, we then have

p(x) ::x2+(a+bi)(c+di)x+(e+fi),
D (x) 1= x2+ (a+bi)(c —di)x + (e + fi),

Recall that a complex £ is said to be a spherical zero of p(x) if £ is nonreal and
each point of [£] is a zero of p(x).

Theorem 4.1 (existence of spherical zeros). The polynomial p(x) in (27) has a
spherical zero if and only if one of the following conditions is met:

eb=d=f=0 and (ac)? < de.
ca=b=f=0 and e>0.
ec=d=f=0 and ¢> 0.

Furthermore, in this case the set of all zeros of p(x) is

|:—ac +/4e — (ac)? ii|

(28) >
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Proof. <) When one of the conditions is met, p(x) becomes x%+axc + e, which
is a real polynomial. So each nonreal zero of p(x) is a spherical zero. In this case
the complex roots of p are

—ac+/4e —(ac)?i  —ac—J4e — (ac)?i
2 ’ 2 '

By the method provided in Section 3 to find all spherical zeros and isolated zeros,
we conclude that the set of all zeros of p(x) is given by (28).

=) Suppose the complex £ is a spherical zero of p(x). Then by Theorem 3.1 we
have p(€) = p(€) =0and D (&) = D (§). Consequently, 5 should be a polynomial
with real coefficients, from which we get

(29) f=0, ad=—bc,

and p(x) = x2 + (ac — bd)x + e. This forces £ to equal one of the two conjugate

numbers
(bd —ac) £ /4e — (ac — bd)?i

where (ac — bd)?* < 4e. We may assume that

(30) £ (bd — ac) +/4e — (ac — bd)? i.

Since }7(5) = ?7(5), we have

%+ ((ac + bd) + (bc — ad)i)& = &% + ((ac + bd) + (bc — ad)i ).
Substituting (30), simplifying and comparing real and imaginary parts, we obtain
((bd —ac)+ (ac+bd))v/4e — (ac —bd)> =0, (bc—ad)\/4e — (ac —bd)* =0,
which yields
31) bd =0, bc=ad.

From (29) and (31)itiseasytoseea=b= f =0,orc=d=f=0,orb=d = f =0.
Ifa=b=f=0o0rc=d= f =0, then from (ac — bd)* < 4e we find e > 0. If
b=d = f =0, then by (ac — bd)? < 4e we get (ac)’ < 4de. O

Corollary 4.2. Let p(x) be a polynomial of the form in (27). Then p(x) has a
spherical zero if and only if p(x) can be written as p(x) = x> +rx +s, where r, s
are real numbers with r> —4s < 0. Moreover, in this case, the set of zeros of p(x) is

|:—r+\/mi:|
— S |
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Theorem 4.3 (existence of circular zeros). The polynomial p(x) in (27) has a
circular zero if and only if bd # 0, ad = bc, and

f—(ac+ bd)bc)2

3 2 2 2, 2
(32) 2 ((@e)* +2(be)” + (bd)*) + e - f> ( i

Moreover, in this case the set of all circular zeros of p(x) is

(33)
ac+bd f—(ac+bd)bc . ) f—(ac+bd)bc 2
— : () =A—|—F7—""—
{ 5 + 2bd i+zj:z€C,|z] b ,
where

A= 3((ac)* +2(be)* + (bd)*) +e— 4 f.

Proof. =) Let [£] contain a circular zero of p(x), where & is a complex number.
Then [£] contains no complex zeros of p(x) (see Remark 2.6), and & satisfies (17).
From Proposition 3.4 we see that bd # 0.

Let £ = u + yi where u, y € R with y # 0. From the second equation in (17) we
deduce that u = —(ac + bd)/2 and ad = bc.

Now from Theorem 3.3 we may assume p(x) has a solution x = u + wi +vj
with u, w, v € R and v # 0. Substitute x in p(x) with u + wi + vj. Then we get

(34) u? — w? —v? +acu — bcw — bdu — adw + e =0,
(35) 2uw + bcu +acw +adu —bdw+ f =0.

From (34) it follows that u? + (ac — bd)u — w? — 2bcw + e = v?> > 0. So,
(36) u? + (ac — bd)u — 2bcw + e > w>.

From (35) we have w = (f — (ac + bd)bc)/2bd. Substituting this value in (36)
yields (32). And in this case it’s easy to see by Theorem 2.5 that the set of circular
zeros in [£] is as given in (33), since

_ac+bd w f — (ac+bd)bc

2 7 2bd ’
f —(ac+ bd)bc)2

2 2 2
v u”+ (ac Ju—w cw+e ( bd

and x = u + wi + vj is a circular zero of p.

<) When the conditions bd # 0, ad = bc, and (32) are satisfied, we can verify
directly that each element of the set in (33) is a zero of p(x). Note that (33) has
infinitely many elements, and Theorem 4.1 implies that p(x) has no spherical zeros,
since bd # 0. Again by Theorem 2.5 we know that p(x) has a circular zero. [

Next we give a consequence of Theorems 4.1 and 4.3.
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Corollary 4.4. (1) The polynomial x> +r(t +i)x(t +i) + e, where r,t, e € R,
has a circular zero if and only if r # 0 and 4e/r> +t* +5t> +3 — 1% > 0.

(2) No quadratic polynomial with two-sided complex coefficients can have a spher-
ical zero and a circular zero simultaneously.

From Theorem 2.5 we know that the set of isolated zeros of p(x) is contained
in the nonempty set {z : z € C, p(z) = 0} in this case. Using Theorem 4.1 and
Theorem 4.3 we have:

Theorem 4.5. The polynomial p(x) in (27) has an isolated zero if and only if it
either has a circular zero, or has no circular zero or spherical zero. In either case,
the set of isolated zeros of p(x) is {z : z € C, p(z) = 0}, where p is regarded as a
complex polynomial (so the classical formula can be used).

Corollary 4.6. The zeros of p(x) are distributed in at most 3 equivalence classes,
and p(x) has finitely many zeros if and only if p(x) has neither circular zeros nor
spherical zeros.

Summary of the algorithm to find all zeros of a quadratic two-sided quaternionic
polynomial with complex coefficients. Given a polynomial arx*by +ayxby + ag,
with x € H, a;, b; € C, axby # 0, first divide it by a, and b,, so as to reduce it to
the form

p(x):= X2+ (a+bix(c+di)+e+ fi.

Step 1. Test the three conditions of Theorem 4.1. If any of them is met, the set of
zeros of p is

—ac++/4e — (ac)?i
5 )

Otherwise, go to the next step.

Step 2. Compute the (real and complex) zeros of the polynomial

P(x):=x>+ (a+bi)(c+di)x+e+ fi.

Denote them by z; and z,. Test the three conditions of Theorem 4.3. If they are
all met, the set of zeros of ¢ is the union of {z1, zo} with the set (33) of the same
theorem. Otherwise, the set of zeros of ¢ (x) is {z1, z2}.

Example 4.7. For the polynomial p(x) := x2 4 ixi + 2, none of the conditions in
Theorem 4.1 is met, so there are no spherical zeros. In Step 2 we get two (conjugate)
isolated zeros and a circular zero. The complete set of zeros is

1++/7i 1=+/T7i
2 2

}U{—%+zfrze@,|zlz=%}-

The zeros fall into two equivalence classes.
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Example 4.8. For p(x) := x>+ (1 +i)x(1+i)+1, again there are no spherical
zeros. The algorithm (or Corollary 4.4) gives a circular zero, and two (nonconjugate)
isolated zeros, so the set of zeros is

[(V2=1)i, =(V2+ )i} u|{-1—i+zj:z€C, |z]>=3).
The zeros fall into three equivalence classes.

Example 4.9. The polynomial x> 4 1 has a spherical zero; hence (by Step 1 or
Corollary 4.2) its set of zeros is [i] = {a1i +arj +azk : a% —i—a% —i—a% = 1}, forming
a single equivalence class.
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