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The symmetries intrinsic to quaternions and biquaternions give
rise to a class of identical Julia sets, which does not exist in
the complex number case. In the case of quadratic mapping
Xit1 = eX,f + C (X, C are biquaternions of special case), these
symmetries mean that the shape of a fractal Julia set is completely
defined by just two numbers, Cy and |C|. The involutions defined
for the set of biquaternions allow us to investigate discrete
symmetries of the geometric images of sets. The introducing
of three special types of biquaternions provides a convenience
in studying the symmetry properties of these algorithms under
discrete transformations as well.

Introduction

Beautiful and unexpected fractal properties of Julia—
Fatou and Mandelbrot sets spawned by a simple
iteration rule

241 = Z]% + C, (1)

with z and a control parameter C' being complex
numbers, have been intensively studied by many authors
[1—3]. Iterations of an arbitrary starting point zp in
accordance with (1) ultimately result in the confinement
of all zx,k > Npax > 1, in a finite region, a basin of
attraction, of some z;. These z; are called attractors;
they are completely defined by the control parameter
C.

A key concept of fractal set research is the special
case of z = oo attractor. In fact, each C of (1) classifies
all points of the complex plane as belonging to either
runaway subset or prisoners one. If 2y belongs to a
runaway subset, then (1) leads to z = oco. In the other
case, ultimate cycles of zp will reside in a basin of some
finite attractor.

A fascinating boundary of the basin of attraction of
z = oo is called Julia set. All information about shapes
and topologies of these sets is encoded in C'. These sets
are mostly fractals.

Prisoners of
Cri1 = C; + Cy, (2)

(i.e. of quadratic mapping (1) with the starting point
2o = 0) form the famous Mandelbrot set. It classifies all
Julia sets as either connected or unconnected ones. The
latter are known as Cantor dust or Fatou sets.

There were many attempts to apply fractal sets to
various fields of physics (see [4, 5]). It was clear from the
very beginning that many attractive features of these
sets were due to remarkable properties of the algebra
of complex numbers. This suggests to generalize the
quadratic mapping (1) to different algebras and to study
their behavior.

In [6], such a generalization was undertaken for
double numbers, which differ from complex ones just
in definition of the imaginary unit e, ie. €2 = 1.
Replacement, of complex numbers by double numbers
actually means a transition from an Euclidean plane to
a pseudoeuclidean one, the latter being of special interest
for physics, in particular for relativistic kinematics.
Another example of validity of double numbers is
given by two-dimensional relativistic models, which are
prevalent in modern field theories. They also may be
successfully described in terms of double numbers [7].

Generally speaking, all hypercomplex algebras, i.e.
the algebra of double and dual numbers, of quaternions,
biquaternions, and octanions, have proved to be very
convenient in numerous physical applications. It may
be explained by their close relations with geometries of
Euclidean and pseudoeuclidean spaces and with spaces
of constant curvature [8].

In this paper, we focus on the quaternion algebra.
Really, the ’quaternion language’ seems to be especially
natural for the physics of our four-dimensional space-
time. It has been already successfully exploited in a
describing of rigid body motion [9], in searching for
instanton solutions of Yang—Mills equations [10], in the
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problem of supersymmetric oscillator [11], and many
others.

1. Quaternions and Biquaternions

Let us first briefly recall the fundamentals of the
quaternion algebra. The quaternion X is a set of 4 real
numbers xg, 1, T2, r3 with 3 imaginary units ey, es, €3,
and unit eg. The definition and commutation properties
are as follows:

X = eogwo + e1x1 + e2ws + e3ws, (3)
where

e% =: eg = eg =—eyg=—1;

€162 = —€2€1 = €3]

€361 = —€1€3 = €3]

€2€3 = —€3€3 = €1; (4)

Hence quaternions are non-commutative with respect
to multiplication, so that

X1 Xy # Xo - Xy (5)

In some applications, a representation of quaternion
(3) as a pair of complex numbers,

X = (zo + e1z1) + (x2 + e123)e2, (6)

may turn to be useful. The traditional notation of
arbitrary quaternion (3) as a combination of scalar zg
and three-dimensional vector x parts,

X =29 + X, (7)

may be very convenient in many problems. In terms of
(7), the operation of quaternion conjugation is simply

X =xy—x.

The product of two arbitrary elements of the
quaternion algebra (i.e. of two four-dimensional vectors)
in the traditional notations reads:

XX =xoz) — (x-x') + zox’ + z(ix + [xx]. (8)

Consequently, the square of any quaternion X looks
like

X? = XX = a2 — |x|* 4+ 2z0x. (9)
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It should be noted that the operation of division
by a nonzero element (¢ # 0) is well defined for
quaternions.

The set of quaternions forms a group with respect to
the operations of addition and multiplication. However,
in the following, we consider in parallel the biquaternion
case as well.

Besides a) the complex numbers z = =z +
ey with e2 = —1, one may discuss b) the
double numbers (sometimes they are referred to as
hyperbolic complex numbers) with 2 = 1 and c)
the dual numbers with ¢ = 0 [12]. Now, an
arbitrary biquaternion may be defined as a linear
combination of the four basis elements (4) with
coefficients being either complex or double or dual
numbers. Moreover, to obtain the object with only
four components, we restrict our consideration to the
special case of biquaternions; they may be derived from
general biquaternions by application of the following
condition:

X* =X, (10)

where the star-operation denotes the corresponding
conjugation in a) — c¢) coefficient systems, and
the bar-operation denotes quaternion conjugation.
The introduced biquaternions have the following
structure:

X =exg —x,

(11)

where
-1 a)
g2 = 1 b) (12)
0 c)

The biquaternions of case a) in (11) are four
dimensional vectors of the Minkowski space. There are
at least three reasons to introduce biquaternions of the
above three types:

1) these biquaternions have

applications;

interesting physical

2) the algebraic and transformation properties of the
biquaternions defined by (10),(11) are closed with
respect to quadratic iterations analogical to (1)
and allow to discuss the algorithms analogical to
the Julia—Fatou ones;

3) the introducing of these three types of biquaternions
provides a convenience in studying the symmetry
properties of these algorithms under discrete
transformations.
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2. Quaternionic Analogs of Fractal Sets

The above-mentioned  algebraic  properties  of
quaternions permit us to introduce a quaternionic analog
of the original complex number Julia—Fatou algorithm
(1). Namely,

X1 = X7 +C, (13)

with X and the control parameter C' being quaternions.
This iteration rule maps the four-dimensional Fuclidean
space on itself. Direct computer experiments justify that
(13) classifies again all quaternions with respect to X =
oo as belonging to either prisoner or runaway subsets.
The border of these subsets is the quaternionic analog of
a Julia set; it is fully defined by coefficients of a mapping
rule, e.g. C in case of (13). However, in contrast to
complex and double numbers, these fractal sets are four-
dimensional.

The first treatment of this problem was given in [13],
where some aspects of quadratic mappings

X1 =AX? +B (14)

with A, B and X being quaternions were discussed. It
was noted that the general case of the problem is very
difficult both for discussion and for representation of
results.

To simplify the problem, the consideration of [13]
was restricted to a special case of coefficients A and
B belonging to the complex number subalgebra of
quaternions. It was argued that this choice allowed one
to reduce the dimensions of the resulting Julia sets.
However, no good arguments were proposed to support
this statement.

A particular attention of [13] had been paid to the
analysis of topological properties of quaternionic Julia
sets. It was noted that, due to noncommutativity of
quaternions, there actually exist three different non-
equivalent generalizations of (1). Besides (14), one is also
to discuss

XL AX, + B,
XA+ B.

Xit1 =

Xpp1 = (15)

The main goal of our research is to provide an
instrument for establishing the common features and
differences of fractal sets realized by algorithms (13)—
(15) from the algebraic, theoretical group point of view.

Let us consider the transformations connected
with multiplications and additions of quaternions as
transformations of the group of motion of a four-
dimensional Euclidean space [8, 15]. It is easy to
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check that (13)—(15) are invariant under the following
transformations:

X, = QXiQ, A =QAQ,

B = QBQ,C =QCQ, (16)
where a quaternion () satisfies the condition

QQ =1, (17)
ie.Q=0Q .

Note that, due to commutativity of complex and
double numbers, the analogous transformations q = e*®
mean just a trivial rotation by an angle ¢ of the whole
plane.

Transformations (16) are inner automorphisms of the
division ring of quaternions. They are isomorphic to
the transformations of the group of three-dimensional
rotations SO(3.R). Note that xo and |x| stay invariant
under such transformations.

Thus, we actually deal with a class of equivalent
iteration rules [7]
X1 = A'(Xp)? + B, (18)
which with (14) satisfy relations (16)—(17). Applying
these transformations to mapping (13) we obtain the
equivalent rules
X1 = (Xp)? +C". (19)

To illustrate a manifestation of this symmetry,
let us show that there is a freedom in orientation
of the vector C’ (remember that C) = Co,|C'| =
|C|). These transformations are analogous to the plane
transformations of the Lorentz group found in [16]. For
the vector parts of quaternions C and C’, the plane
transformed quaternion @Q and its conjugate Q are

. Cc+C C
“T VGrop vor .
o= C c+C

- V/=C% \/—(C+C)

__Cc+cC c (21)

V(@ OF J-o*

It may be convenient to rotate a vector C so that to
orient a vector C’ along, say, a vector i:

C' = Cy+|CJi. (22)

297



A.A. BOGUSH, A.Z. GAZIZOV, YU.A. KUROCHKIN, V.T.STOSUI

If all starting points Xy of (14) lie in this complex
plane, the following points X will also lie in this plane.
Thus, one obtains a complex number Julia set which is
a subset of the full quaternionic one.

The most important example of a benefit from (16)
in studies of quaternionic Julia set symmetries is given
by the transformations that leave the control parameter
C intact, i.e.
C'=QCQ=C, QQ=1 (23)
It is straightforward to check that the proper quaternion
is (see [8]):

1+ ntg

Ty :congrnsing,
2

\/1+tg*%

where n = C/|C]|.

These transformations form the O(2) group. They are
similar to the gauge symmetries of field theories. One can
consider the resulting Julia set as a projective space and
bundle manifold. The invariance of fractal sets under
transformation (24) means that projections of these sets
on a three-dimensional subspace are axisymmetric.

These symmetries does not change the zero
quaternion component. They do exist for each Cp, but
the corresponding two-dimensional Julia subsets are
different even for the same |C|. It fact, quaternionic
symmetries mean that one needs just two numbers, Cjy
and |C|, to describe all possible shapes of quaternionic
Julia sets.

It may be interesting to mention that the special
choice of parameters A and B in [13] as complex numbers
was not obligatory. Symmetries (16) imply that it would
suffice just to orient the vector parts of both quaternions
in the same direction. The resulting Julia sets would be
obtained by rotation of an arbitrary plane Julia subset
around the axis oriented along the direction of their
vector parts. The transverse cross-sections of these Julia
sets consist of concentric circles.

Q= (24)

3. Biquaternion Analogs of Fractal Sets and
Their Symmetries

The above-mentioned  algebraic  properties  of
biquaternions allow us to introduce a biquaternionic
analog of the original complex number Julia—Fatou
algorithm (1). Namely,

Xpp1 — eXp +C, (25)
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with X and the control parameter C being
biquaternions. This iteration rule maps the four-
dimensional Euclidean space (¢2 = 1), Minkowski space
(e? = —1), and four-dimensional Galilei—Newton space
(2 = 0) on itself. In contrast to complex and double
numbers, these fractal sets are four-dimensional. The
symmetry properties of the quaternion set defined
by algorithm (14) analogous to (1) under continuous
transformations of the SO(3.R) group have been set
up above. Evidently, the symmetry properties of the
biquaternion set defined by algorithm (25) under
continuous transformations of the SO (3.R) group are
the same.

Now we investigate the symmetry properties of
sets generated by algorithm (25) under discrete
transformations. The operation of discrete symmetries
is connected in our approach with involutions defined
for biquaternions of the considered types. Together with
algorithm (25), we introduce the algorithms

—Xp — —eX? - C, (26)
X, —eX?2+C, (27)
X; — —eX*] +C¥, (28)
—Xj — —eX2 -0, (29)
X;— —eX?+C". (30)

Algorithm (28), due to condition (10), coincides with
algorithm (29), and algorithm (30) coincides with (26).
Algorithms (25), (26), and (27), (29) generate equivalent
but different sets which do not cross in the general case.
Unification of the sets generating by (25), (26) and (27),
(30) leads to the set which is invariant under a reflection
defined by a quaternion conjugation (three-dimensional
space reflection) and a full reflection.

Conclusions

Quaternion and biquaternion algebras provides non-
trivial generalizations of usual Julia sets. Although
these sets are much more complicated, the intrinsic
quaternionic symmetries allow one to simplify the
problem. It turns out that, in case of quadratic mapping
(13), (25), all essentially different quaternionic analogs
of Julia sets may be enumerated by just two numbers,
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Cop and |C|. Due to the O(2) symmetry, the three-
dimensional part of quaternionic Julia sets may be
restored by a rotation of some arbitrary two-dimensional
(e.g., a complex number) Julia subset around the
axis n = C/|C| which lies in this plane. Three types
of biquaternions defined by conditions (10) provide a
convenience in studying the symmetry properties of
these algorithms under discrete transformations.
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CUMETPIVHI BJIACTUBOCTI KBATEPHIOHHUX
I BIKBATEPHIOHHUX AHAJIOI'IB MHO>KIH J2KVJIIA

A.A. Boeyw, A.3. T'asizos, I0.A. Kypoukin, B.T. Cmocyi
Pesmowme

CuMeTpil, BHYTPIillIHI IO BiTHOIIEHHIO A0 KBAaTEPHiOHIB i GHikBaTep-
HIOHIB, IPUBOASATH 0 KJIACY TOTOXKHIX MHOXXUH JIKyJiisi, siki He
iCHYIOTb y BHMNAAKY KOMILIEKCHUX YHCEI. Y BHIAAKY KBAaIPATHU-
HOrO BijoOpaskenns Xp 1 = aX,% + C (X, C — bikarepnionn cue-
jaJpHOrO BHAY) ui cuMerpii BKa3yrorh Ha Te, mo dopma dpax-
TaJTbHUX MHOXKHUH JIKYJIis IITKOM BH3HAYAETHCSA JBOMA UHCIAMU
Co i |C|. IaBomonii, BusHaveni ayist MEHOXKuHK GiKBaTEPHIOHIB, KO-
3BOJIIIOTh JOCTIAUTHA JUCKPETHI CHUMETpil reoMeTpuIHuX 0Opa3siB
MHOXKWH. BBeJIeHHsI TPbOX CreljiajibHuX TUlliB OiKBaTEpHIOHIB Ta-
KOXK 3abe3rnedye JesgKy 3py4HICTb Y BUBUYEHHI CHMETPIHHHUX Bjac-
THBOCTEH AJITOPUTMIB 1pHu Ail JUCKPETHUX E€PETBOPEHb.

CUMMETPUMHBIE CBOMCTBA KBATEPHUOHHBIX
1 BUKBATEPHMOHHBIX AHAJIOT'OB
MHO>KECTB JI2KVJIUA

A.A. Boeyw, A.3. I'a3usos, I0.A. Kypoukun, B.T. Cmocyu
Peszmowme

BuyTpeHHHEE 10 OTHONIEHUIO K KBATEPHUOHAM U OMKBATEPHUOHAM
CAMMETPHHU IPUBOJAT K KJIACCY TOXKJIECTBEHHBIX MHOXKeCTB JXKy-
JIMs, HECYHIECTBYIONIUX B CIydYae KOMIUJIEKCHBIX 4duces. B ciaydae
KB3IPATHIHOrO OTOOpakeHusa X1 = eXg + C (X,C — buksa-
TEPHUOHBI CIIEIUAJIBHOIO Bn,aa) 39T CUMMETPUH yKa3bIBAIOT Ha TO,
4T0 (hopMa DPAKTAIBHBIX MHOXKECTB JI2KyJINs IOJTHOCTHIO OILIpeie-
nserca aymsa uyuciaamu Co u |C|. MHBoOMONMH, ONpeIeIeHHbIe IS
MHOKECTBa OMKBATEPHMOHOB, MO3BOJISIIOT WCCJIEI0BAThH JUCKPET-
Hble CHMMETDUU IeOMeTpUUeCKHX O0pa30B MHOXKeCTB. BBeneHue
TpexX CIenuaJIbHBIX THUIIOB 6I/IKBa,T€pHI/IOHOB TaK>Ke O6eCHe‘{I/IBaeT
HEKOTOPOe yJI0OCTBO B HM3YYEHHH CHMMETPHIHBIX CBOUCTB aJIro-
PHATMOB mpu AefiCTBAU JUCKPETHBIX Ipeobpa3oBaHmii.
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