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Abstract: This note concerns a product of equilateral hyperbolas induced by the quaternionic product
considered in a projective manner. Several properties of this composition law are derived and, in this
way, we arrive at some special numbers as roots or powers of unit. Using the algebra of octonions,
we extend this product to oriented equilateral hyperbolas and to pairs of equilateral hyperbolas.
Using an inversion we extend this product to Bernoulli lemniscates and g-lemniscates. Finally,
we extend this product to a set of conics. Three applications of the given products are proposed.
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1. Introduction

The aim of this paper is to introduce some products of the set of equilateral hyperbolas and give
some extensions of them. For our hyperbolas considered in a projective way we use the well-known
product of quaternions to define a first product, denoted ©,. Since the c-square of the unit hyperbola
H(1) : x2 —y?> — 1 = 0 is the degenerate hyperbola H(0) : x> — > = 0 we introduce a second product,
denoted ©pc. A detailed study of both of these products is the content of Section 2. By looking at
examples, as well as to roots/powers of the unit 1 € R, we obtain some remarkable numbers, some of
them algebraic but other of difficult nature.

Starting from the above results, some interesting extensions are obtained. In Section 3, using an inversion,
we extend the above products from the set of equilateral hyperbolas to the sets of Bernoulli lemniscates
and g-lemniscates. A strong motivation for this extension is that equilateral hyperbolas share with Bernoulli
lemniscates the property of having rational chord-length parametrization, as in pointed out in Reference [1]
(p. 210).

In Section 4 we give another extension of the products of equilateral hyperbolas to a larger set
of conics Qr, and we prove that ©. is a commutative and associative law and has a neutral element,
thus the triple (Qr,, &, ®) is a field isomorphic to the field of complex numbers. For some particular
values of the parameters, we obtain the product of equilateral hyperbolas considered in the first section.

Using also an inversion, in Section 5 we extend the product on conics from Qr, to other curves.

Inspired by the expression of an octonion as a pair of quaternions, we introduce in Section 6
an octonionic product of pairs of equilateral hyperbolas. For this new composition law we compute
the square of a fixed pair and several products involving the unit hyperbola H(1). We note that the
products of the first section are commutative while the considered product of pairs of equilateral
hyperbolas is not.
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In the last section, we propose three applications of the given products. The first two of them are
regarding hyperbolic objects, namely the reduced equilateral hyperbola H, : xy = 1 and hyperbolic
matrices, but, in general, concerns with multi-valued maps. The last possible application returns to
the Euclidean plane geometry and defines a chain of labels for a given polygon. This application can
be put in correspondence with the recent studies on the moduli space of polygons, studies based on
Reference [2].

We note that the present study is the hyperbolic counter-part of a similar work concerning circles
in Reference [3] while a more general Clifford product for EPH-cycles is introduced in Reference
[4]. In fact, the present paper is a natural continuation of Reference [3] due to the Lambert’s and
Riccati’s analogies between the circle and the equilateral hyperbola as are exposed in Reference [5],
also published as Reference [6].

2. Quaternionic Product of Hyperbolas and Quaternionic Product of Oriented Hyperbolas

The starting point of this paper is the identification of a given equilateral hyperbola H in the
Euclidean plane with coordinates (x,y):

H:x*>—y*+ax+by+c=0 (1)

with a quaternion:
q(H) =c+ai+bj+k=(cab,1)cR: )

The quaternion g(H) is pure imaginary if and only if the origin O(0, 0) belongs to H. Let us point out
that the given hyperbola is expressed in a projective manner since the coefficient of the quadratic part is
chosen as being 1. Hence the set of equilateral hyperbolas is a 3-dimensional projective subspace of
the 5-dimensional projective space of conics. Our study will be a mix of elements from Euclidean and
projective geometry.

From the real algebra structure of the quaternions it follows a product of equilateral hyperbolas:

Hy Oc Hy := g~ (q(Hy) - q(Hy)), 3

where the dot of the right-hand side denotes the product of quaternions. For H;, i = 1,2 given by
(a;, bj, c;) we derive immediately:

q(Hy ©c Hy) = (a1by — agby 4+ c1 + o)k + (b1 — by + ar1cx + apcq)i + (az — a1 + bicp + bacr)j+
+ (c160 =1 —ayap — bby), 4)

which gives non-commutative expressions for the coefficients of i, j and k and commutative expression
for the free term.

Due to the chosen projective setting we restrict our study to equilateral hyperbolas H(r) already
centered in O; hence their set is a 1-dimensional projective subspace of the projective spaces considered
above. For such a hyperbola we have:

H(r):x*—y*—r=0, (ab,c)=(0,0—1) (5)
and hence the Equation (4) yields:

g(H(r1) ©c H(rp)) = (c1 + c2)k+ (c1c20 — 1) = —(r1 + )k + (rira — 1). (6)
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From the properties of quaternionic product we have that the above product can be also expressed in
matrix product manner:

—r 0 0 1
0 -n 1 0
(=7,0,0,1) - 0 -1 -r 0 = (r1r2—1,0,0, —(r1 +12)). (7)
-1 0 0 —n
We derive the product law:
riro — 1
H H(r;) = H(R), R:=—"F"—.
() ©c Hir) = H(R), Ri= 22— ®

In conclusion, on the set M = (0, +o0) we define a non-internal law of composition:

rro — 1 .
71 Octp 1= 1’112T72 < min{ry, 7} 9)

and the rest of this section concerns with several of its properties.
Remark 1.1 We have:
H(r) ©c H(r2) = H(ry ©c 12). (10)

Property 1.1 The product ©, is commutative and associative but does not have a neutral element:

rirars — (11 +rp+13) 3 r —3r 1
= ’ < = A a7 Ry 11
O e = e —1 o1 7 V3 ()
Property 1.2 With r; = tan ¢; we get:
tan @1 O, tan @y := — cot(@1 + ¢2). (12)
Property 1.3 Concerning the unit hyperbola H(1) : 2 — > = 1 we have:
rocl = 1 < min{1,r}, rETJr ©:1) =1 (13)

In particular, the unit hyperbola is the square root of the degenerate hyperbola, H(1) ®. H(1) = H(0) :
x?> —y? = 0;in fact [(H(1))]?> = (k — 1)2 = —2k. With a rational r = %:

x—y 1 1
7 "~ 1:_7
x+y 2®C 3

x

v GOcl= . (14)

For example, two remarkable positive numbers are provided by the radius involved in the well-known

Hopf fibration as the Riemannian submersion S3(1) — S?(3) and hence we compute: 1.2 = 1.

Also, the eccentricity of an equilateral hyperbola is V2and 1 OF V2=3-— 2ﬁ, ﬁéc = ﬁ
Property 1.4 Concerning the squares we have:

, rr-1 r2—2r—1

r®c = T <7, (tan q))é‘c = —COt(Zqo), (T’éc) ®c¢ 1= m (15)

and the first relation (15) means that © is a “shrinking” composition. The ©.-square root of 1 is
the number:

{fl::l+f2:2.4142135...:tan%”, (V1)2-2v1-1=0 (16)
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while the ®.-square root of /1 is the number:

V1i=1+vV2+\/4+2v2=5027339..., (¥V1)2, =V1. (17)

Let us remark that v/1 is exactly the silver ratio ¥ := 1 + /2 and we point out that ¥ is a quadratic
Pisot-Vijayaraghavan number considered as solution of:

x> —2x—-1=0. (18)
The conjugate of ¥ with respect to this algebraic equation is:
Y l=1-V2=-044.... (19)

Let us point out that from the point of view of endomorphisms on smooth manifolds the silver mean
is treated in Reference [7] (p. 16) and a fourth order square root of unit is called almost electromagnetic
structure in Reference [8] (p. 721). The continuous fraction of these remarkable numbers are easy to
compute with Mathematica; we use the standard expression for these continuous fractions:

V1=1[22, V1=15361,1,21,216,...]. (20)
The usual inverses of \”ﬁ is:
1 3
=+2—-1=0414235... = cot —. 21
V1 8 (21)

Property 1.5 Recall that the quaternion (2) has an Euclidean norm:
lgH) > =1+a®> +*+ 2 =1+r*>1 (22)
and then the given square (15) is:

2 _ llaH@)|? -2 (23)

2/ lgHE)P -1

Property 1.6 We extend the previous products from hyperbolas to oriented hyperbolas
that is, pairs H := (H, e := £1) with e € {£1}. Then we introduce:

H1 O Ho := (Hy ©c Hp, €1 - €2). (24)
Remark 1.2 We can avoid the degeneration (H(1))% = H(0) by considering the para-complex

algebra R[X]/(X? — 1) instead of the complex algebra. Since in this new algebra the square of k is +1
we arrive at a new product ®,c on R = (0, +00):

The product ©p is commutative with x ©,c 1 = 1 and:

) x?+1 _oxyz+x4y+z cos(@a — ¢1)

= , = , t t = — .
Jpe 2x ¥ Opey Ope 2 xy+yz+zx+1 NP1 Ope tan ¢ sin(¢1 + ¢2)

(26)
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3. The Extension via Inversion of the Quaternionic Product to Bernoulli Lemniscates and
Q-Lemniscates

In Reference [9] it is proved, using purely geometrical means, that the image of an equilateral
hyperbola with foci F; and F, by an inversion I, with respect to the circle centered in O and with radius
r = |OF;| = |OF,| is a Bernoulli lemniscate with the same foci F; and F,. We start this section with
a complex approach in order to achieve easier the extension to the quaternionic approach.

Thus, we will prove the above assertion using complex numbers. Firstly, we associate to every
point (x,y) in the Euclidean plane the complex number z = x + iy € C. Asz' = [,(z) = az with

2 2
a € R% and |I,(z)| - |z| = r* we have |az| - |z| = 1%, s0 0 = "= T and therefore the equation of
+ 2> z-Z
the inversion I, is:
2
7 =1L(z) = % (27)
The equation:
H(a?) : x* — y* = a2, (28)
22 +2*
of the equilateral hyperbola with foci (ia\/i, 0) , taking into account that x*> — y? = Re (2%) = i
can be written as:
H(a?) : 2> + 2% = 24°. (29)

The image of the above equilateral hyperbola by the inversion I, has the equation
(22 +22) * = 242 (22). Taking into account that z - 7 = x* + y? we obtain (x? + y?)° = ;—2 (x2 —1?)
which is the equation of a Bernoulli lemniscate with foci (:I:uizﬁl 0) .

As the equilateral hyperbola has the foci (:I:a V2, O) while the Bernoulli lemniscate has the foci

2 2
(ir,O) the foci are preserved by the inversion I, if and only if av/2 = L that is, r = av/2.
av2 av2

2
) that has the foci (%7, 0)

r
2
is the Bernoulli lemniscate L(r) with the same foci, having the equation (x? + y2)2 =2r2 (x2 — ).

Remark 2.1 Let L(r) be the Bernoulli lemniscate with parameter r > 0; more precisely 2r is the
distance between the foci of L(r). Then we can introduce the products of Bernoulli lemniscates L(r7)
and L(r;) in the same manner as the products of equilateral hyperbolas:

More exactly, the image by the inversion I, of the equilateral hyperbola H (

L(T’l) ®¢ L(Tz) = L(T’l ®¢ 1’2), L(Tl) GPC L(T’z) = L(?’] QPC 1’2).

All the properties proved for quaternionic products of equilateral hyperbolas are also true for
quaternionic products of Bernoulli lemniscates.
Returning now to the initial equilateral hyperbola its Equation (28) is expressed as:

|| MF;| — |[MF;|| = 2a = const. (30)

This property could be proved using pure geometric or analytic geometry means but we give a proof
using complex numbers. Indeed, since x2— yz = 42, the foci are F (—a\ﬁ, 0), B(+a V2, 0), the vertices
are V1(—a,0), Va(+a,0), thus for M of affix z, we have:

2

IMEy| — |ME|? = ‘\/(z—l—a\/i) (z+av2) - \/(z—a\/i) (z-av2)

277 4 4a® — 2\/(22 —242) (2% — 2a2)

2240 -2y (2 +av2) (+v2) (- av2) (2 0v2) | -
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277 4 4a® — 2\/(zz)2 —2a2(22 4+ 7%) + 4at| = |22Z + 4a* — 2\/(zz)2 — 242 - 242 + 4a*| = 4a°.

In the same order of ideas, a well known property of a current point M on a Bernoulli lemniscate,
given by the equation:

2
(xz +y2) — 2 (xz _yz) (31)
is:
112
|MF1||MF2|:|OF]|‘OF2|:E:C0nSt (32)

5

it (- 2) (5 - 3) (- )

= <22 — az) <22 — a;) =7272 — 42 242 + ' = ij, because z222 = u2¥ is (31) written
in a complex form.

Recall that the inversion I, with r = a1/2 preserves the foci F; 5. In this case, a current point M
on the equilateral hyperbola H (1’22

), with foci F , (7) and vertices V; » (i\%) , has the property

||MF;| — |MF,|| = rv/2 = const. and a current point M on its image by this inversion I, the Bernoulli
lemniscate L(r) given by the equation (x> + y2)2 = 2r? (x2 — y?), with the same foci, has the property
|MF,| - |[ME,| = |OF;| - |OF,| = r* = const.

We are going to extend these constructions in a quaternionic setting. First we recall that
M (x,y,z,w) € R* has the quaternionic affix § = x + yi + zj + wk. We say that the hyperquadric
in R* defined by the equation:

Hy(a?) :x* —y* — 2% —w? = a? (33)
is a g-equilateral hyperboloid. We can define its foci as the points (iaﬁ, 0,0, 0) .

Also we say that:

2

Ly(a?) : (xz + 2+ 22 +w2) = a? (x2 —yr -2 —w2>

is the Bernoulli g-lemniscate with the points (iz, 0,0, 0) as foci.

In the following we will show that the names g-equilateral hyperboloid and Bernoulli g-lemniscate
are fully justified because the main properties of equilateral hyperbola and Bernoulli lemniscate stated
above in complex context are also preserved in quaternionic context.

Proposition 1. The relation (30), specific to a hyperbola, holds also true for a g-equilateral hyperboloid.

Proof. We proceed in a similar way as for equilateral hyperbola:

2

|| MFy| — |ME,|[2 = ’\/(qﬂx/ﬁ) (7+av2) - \/<qfa\/§) (7-av2)

= '2qﬁ+4a2 - 2\/(q + a\ﬁ) (ﬁ—&- a\f2> (q - aﬁ) (ﬁ— uﬁ) ‘ = ‘2qﬁ+4a2 - 2\/(512 —2a2) (g% — 2a2)

= ‘Zqﬁ—&- 4a* — 2\/(@)2 —2a2(q2 +7?) + 4a* = 44°.

= ‘2qﬁ+4a2 - 2\/(@)2 — 242 - 202 4 4a*
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Remark 2.2 In a similar way with the quaternionic products on equilateral hyperbolas we can
introduce the quaternionic products of g-equilateral hyperboloids H, (1) and Hy(r2):

Hg(r1) ©c Hy(r2) = Hq(r1 ©cr2),  Hg(r1) ©pe Hy(r2) = Hq(r1 Opc 12).

Recall that the equilateral hyperbola (28) can be written in a complex form as (29) and,
in an analogous way, the g-equilateral hyperboloid (33) can be written in a quaternionic form as:

Hy(a?) : ¢* + §* = 2a%. (34)

Analogously to the usual inversion (27) we can define a quaternionic inversion on R*\ {0}:

= T

q =1I(q) = (35)

and it is easy to see that Ir2 := I, o I, = id thus, as in the case of the planar inversion, I, is an involution.

Proposition 2. The image of the q-equilateral hyperboloid (34) by the inversion I, is a Bernoulli g-lemniscate.

4 4

24 (7)* =24%or ;_—2 + ;—2 = 242, thus:

Proof. We have (g)

4 24 72
~2_ gt tq
(@9)" = 53—

Using the coordinates in R* the above equation has the form:
(xz—i— 2+z2+w2)2:ﬁ<x2— 2—zz—w2) (36)
Yy 72 Yy ’
which is the equation of the Bernoulli g-lemniscate with foci ( i 0,0, O) O
a

Remark 2.3 Since the g-equilateral hyperboloid has the foci (:I:a v2,0,0, 0) while its image by
2

a2’

that is, r = a1/2. More exactly, the image by the inversion I,

the inversion I, is the Bernoulli g-lemniscate with the foci ( ,0,0, O) the foci are preserved by

2
.
the inversion I, if and only if av/2 = ——,
r y p \/E
of the q equilateral hyperboloid that has the foci (+£7, 0,0, 0), that is, having the equation x> — y? — z% —

w2

2r? (x2 —y? — 22 —w?).

r— is the Bernoulli g-lemniscate with the same foci, having the equation (x? + y* +z* + w )

Proposition 3. The relation (32), specific to a Bernoulli lemniscate, holds also true for a Bernoulli g-lemniscate.

Proof. We proceed in a similar way as previously for the Bernoulli lemniscate but now in a quaternionic
setting. We have:

- (1) 00 5) (- 5) -5 -

2 2 2 =2 4 4
(2 TN\ (2_ N _ 2220 tq @
_<”’ 2)(”’ 2) e

N
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29+

since %7 = a is the Equation (36) in quaternionic form. Thus, since |[MF;| |MF,| = 24> =

|OF; | |OF;| the conclusion follows. [J

Remark 2.4 In a similar way with the quaternionic products of Bernoulli lemniscates we can
introduce two quaternionic products of Bernoulli g-lemniscates:

Ly(r1) ©c Ly(r2) = Lg(r1 ©c12),  Lyg(r1) ©pe Lg(r2) = Ly(r1 Ope 12).

4. The Extension of the Quaternionic Product on Conics

Let us consider a pure imaginary quaternion gy = ai + bj 4+ dk and the set:
Qqo = {c+ago;c,x € R}.

If go # 0 then we can identify Q,, with R? and even with C, as we see below.
Let us consider g1 = c¢1 +a1q0 and g2 = c2 + a2q0 € Qyy- It follows, by a straightforward
computation, that:
q1 - 42 = €3 + &340,

where:
C3 = (C1Cp — 0610(2(512 + b2 + dZ) = c102 — a0, with Ny = 112 + bz + dZ, N3 = K102 + XpC7. (37)

Remark 3.1 Taking into account the skew-symmetry of the multiplication of quaternionic units
i,j,k they do not appear in the expression of g3: 42 = (ai + bj +dk)> = —Ay € R. Therefore, if q;,
72 € Qqo with g1 = c1 + a1g0 and g2 = ¢ + apqo then we have g1 4 g2 = (c1 + ¢2) + (a1 + a2)g0 € Qy
and q1- g2 € Qq,, thus Qg is stable at the sum and multiplication defined this way.

Moreover, the quaternionic product induces on Qp = Qg0 \{0} a group structure isomorphic
with the multiplicative group on C*. Since Q,, C Q is a vector subspace, generated by {1, 70}, we can
consider also the additive group structure on Q.. Thus, using these two operations, Qy, is a field
isomorphic with the field C.

Remark 3.2 The isomorphism is given by f : Qz, — C with f(c + agg) = c + a+/Agi for every
g = c+aqo € Qq,- Note that g9 = ai + bj + dk is arbitrarily chosen, but fixed, therefore a, b and d
are fixed, thus Ay is fixed. Taking into account these considerations, every q = ¢ + aqo € Qy, can be
written as the pair 4 = (¢, «) and hence f can be written more simple as f(c, ) = ¢ + a\/Agi.

Let I be a conic in the Euclidean plane given by:

T:x?+dy? +ax+by+c=0.

We associate to I the quaternion q(T') = ¢ + ai + bj + dk = (c,a,b,d) € R4.
Considering two conics:

Iy:x%+ (xldyz +ajax +a1by+c1 =0, TIy: 2+ txzdyz + agax 4+ axby 4+ ¢4 =0,

where a, b, d,c1,c2, 21,22 € R we can associate a conic I'; = I'y ©:I'; corresponding to the product
and a conic I'y = I'1 @TI'; corresponding to the sum of the corresponding quaternions q; = q(I'1) and

72 = q(I2):

I3=T10:Ty =q 1 (q(T1) - q(T2)) : X2 + azdy? + azax + azby + c3 = 0,
T[,=T10T,=q1(q(T1) +q(T2)) : ¥* + aydy® + agax + azby +c4 = 0,

where ¢3 and a3 are given by formulas (37) and ay = a1 + a2, ¢4 =1 + 2.
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Thus, we can consider now the conic Iy : x> +dy*> + ax + by = 0 and also the set of
associated conics:
or, = {F : x4+ ady? + aax + aby +c = 0;c,a € R}.

Remark 3.3 With a straightforward computation one can prove that ©, is a commutative and
associative law and has a neutral element; namely the element corresponding toc = 1, « = 0,
therefore it is the (imaginary) conic x? + 1 = 0.

Remark 3.4 As we note before gg can be arbitrarily chosen, but then it is fixed, therefore a, b and
d are fixed. But once qq is fixed, the family is unique; so with this hypothesis, for a conicI" € Qr,,
the corresponding c and « are unique. Of course, a given conic can be seen as belonging to several
families, but once the conical family is fixed, the corresponding ¢ and & are unique; therefore the above
operations on an arbitrary, but fixed family Qr, are well defined, as they are defined on this given
family (as for example for the case of a natural number, which can be seen as belonging to several
classes of congruence modulo k where k can be chosen arbitrarily, but fixed, and operations are defined
on this given congruence class). This approach has an important advantage because any conic can
be considered.

Property. The triple (Qr,, ®, ©.) is a field isomorphic to the field of complex numbers.

Remark 3.5 Let us look more on the product defined above, considering (c, «) as parameters
in Qg, or Qr,. We have that the product of (c1,a1) and (cp,a7) corresponds to the parameters
(c100 — wyapNg, w10y + wpcq), where Ag = —q(z). It is easy to see that the product factorizes to the
projective space P! that is, we can define

[c1, a1] O, [c2,&2] = [c102 — a1a2Ap, a1c2 + ey ] .

The corresponding group structure is isomorphic with the multiplicative circular group S*.
Remark 3.6 The neutral element for © 4, is (1,0).
Remark 3.7 Let us consider aqcy + axcq, a1, #» # 0. Thus we obtain that the

C Co
product of [c1,a1] = L{l,l} and [cp, 4] = [a,l} corresponds to [c1cy — a1a2A0, a1¢p + tpc1] =
1 2
€1 C2
— A —— =
€102 — &1&280 _ | x142 1
wq1cy + ey a2
ar a2

Therefore the product ©. defined in the first section comes from the product ©.; when restricted
to the classes {[r, 1] ;7 > 0}.

Remark 3.8 If Ay = 1 then we can consider restrictions of the product ®. from P! = P} U P}
to P! or P}, where P! = {[r,1];7 € R} and P} = {[1,7];r € R}. We have to note that the products
restricted to P} and P] are partial. Indeed, for example, if ¥ € R, then [r,1] ©¢1 [-1,1] = [-1? — 1,0] =
[1,0] € P;. One can explain now why ® does not have a neutral element when it is restricted to the
classes {[r,1];r > 0} or even to P}, since the neutral element [1,0] € Pl does not belong to these sets.
Notice also that the sum of parameters do not factorize to an additive law in the projective space P2.

Remark 3.9 More particulary, for 0y = ap = 1,4 = b = 0 and d = —1, we obtain the composition
law associated to the family of equilateral hyperbolas considered also in first section.

Remark 3.10 Let us consider the determinants:

1 0 %
|1 0| _ ba | _ 1 1o 252
0= Ml‘lxd, A= ad > f—za(btx—élcd—f—adrx).
o ba
2 2

associated to a conic in a family Qr,. It is easy to see that the family does not always have only one
type of conic. For example, in the casea = b =0,d = —1, wehave § = a and A = —c. If ac # 0 then
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all the conics are non-degenerated with the center in origin; for @ > 0 all the conics are hyperbolas;
for a < 0 all the conics are ellipses; they are all real for ¢ < 0 and all imaginary for ¢ > 0.

Remark 3.11 For x = (c,a,b,a) € R* we associate the quaternion g (x) = ¢ + (aa)i + (ab) j and
the conic Py : x> + aax + aby +c = 0.

For (a,b) € R? we consider Qu; = {q(x)=c+ (aa)i+(ab)j:c,a € R} and
P(a,b) ={Py:c,a € R} Ifx; = (c1,a,b,a1), X2 = (c2,4,b,02) € R* then:

q(x1)-q(x2) = (c1+ (w1a) i+ (arb) j) (c2 + (a2a) i + (w1]) j) =

= (clcz — w10 (az + bz)) +a(arcp +apcr) i+ b (wqcp +apcr) j = g (x3)

where:
X3 = (ClCZ — app (612 + bz) ,a,b, 0105 + 06201) p

thus the quaternionic product is a composition law that is internal on Q, ). It induces also an internal
composition law on P, ).

Remark 3.12 We have Py, ©p Py, = Py, where A = a% +b? and Py,, Pyy, Py, € P(a,b).

Property. The quaternionic product on Q,;) and the induced composition law on P(, ;) are
commutative, associative, but has not always neutral elements.

5. Using the Inversion to Extend the Quaternionic Product on Qr, to Other Curves

Let us consider a more general case, that is, the following equation x?> +dy?> +¢c = 0, ¢ # 0.
As above, to every point (x,y) in the Euclidean plane we associate z = x + iy € C. The inversion I,

with respect to the circle centered in O and with radius r is given by 2/ = I,(z) = = we analyze now
two different cases. :

oIfd < 0 then we have d = —¢2, so the equation x? — ((5}/)2 + ¢ = 01is the equation of a hyperbola
and can be written as (z 4+ z)* + 62 (z — Z)? + 4c = 0. Therefore, the image of this hyperbola by the
inversion I, has the equation:

2 2N\2 2 2\2 )2 _52 4
oD} 22(2 20 yac=0 = (Ziz) +52(z 72) FE 0 =
Z oz Z oz 7272 7272 r

(22 +2%)(1+6%) +222(1 - 6%) + %zzzz =0 —
2
22— )1+ 8) +2(2 +2) (1= 8) + 5 (P +y2) =0, (39)

4
For 6 = £1 the Equation (38) is (x> — y?) + r£4 (x? +y2)2 =0 < (x? +y2)2 = %c (x2—y?),

which is the equation of a Bernoulli lemniscate. Let us note that for ¢ < 0 we have an usual equation
4

. . r . . 2
of a Bernoulli lemniscate because — > 0; for ¢ > 0 the equation can be written as (y* + x?)” =

4 4
r r . . .
— (y2 — xz) where — > 0, therefore, with a change of coordinates, we have also an equation of

a Bernoulli lemniscate.

For 6 # 41 the Equation (38) is (x> — 6%y?) + r£4 (x? +y2)2 =0 <« (a2 +y2)2 =

4

i—c (x? — 6%y?) which is (with the above discussion for ¢ < 0, but also for ¢ > 0) the equation of
a generalized lemniscate.

Thus, if d < 0 for every type of above lemniscates L1, L, and L3, taking into account ®
introduced in the previous section, we have L; ®,a L 2 = L3, where A = 54,

Remark 4.1 For a1 = ap = 1 and § = +£1 the above product has the same form as the product ©
on the family of Bernoulli lemniscates, considered in Section 3.
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oIf d > 0 then we have d = 62, so the equation is x2 + (8y)* + ¢ = 0, which is the equation of
an ellipse when & # 41 or of a circle when § = 41 and can be written as (z + 2)* — 62 (z — Z)* + 4c = 0.
Therefore, the image of this curve (ellipse or circle) by the inversion I, has the equation:

2 2\ 2 2 2\ 2
<r+r) —52(2—VZ> +4c=0 —

Z Z
(z+2)° (z-2)°  4c _ 2 2 2 - N
2 - 2 +r—4f0<:> (z +z)(1—5)+222(1+5)+r—42z =0 <
4c 2
22 =) (1= ) +2(? +y7)(1+ %) + (x2 +y2) =0. (39)

4

For 6 = =1 the Equation (39) is (x2 + y2) + r% (+17)" =0 = (2+17) = 42 £0,
which is the equation of a real circle (for ¢ < 0) or an imaginary circle (for ¢ > 0); for x> + y? = 0 the
circle is degenerated in a point (the origin). Therefore, the image of the circle by the inversion I, is also
a circle.

Using ©, 4 introduced in previous section, we have C; ©;a C 2 = C3, where A = o*and Cy, G,
and Cj are circles.

Remark 4.2 For a; = ap = 1 and 6 = £1 we obtain the composition law associated to the above
family of circles (see Reference [3]).

4

For 6 # =1 the Equation (39) is (x> + y2)2 = r—c (x2 + 62y?), which is: - for ¢ < 0, it is the
equation of a Booth lemniscate (an oval of Booth with 0 as an isolated point, for § # 0, or a pair
of externally tangent circles for 6 = 0) or, — for ¢ > 0, it is the equation of a curve degenerated in
a double point.

Therefore for 6 # +1, the image of the ellipse by the inversion I, is a Booth lemniscate or a curve
degenerated in a point.

We have L1 O, L 2 = L3, where A = 6% and Ly, L, and L3 are lemniscates as above.

Remark 4.3 If d = 0 then the equation x? + ax + by + ¢ = 0 of parabolic type form can be written
as: (z+2)% +2a(z + %) — 2b(z — Z)i 4 4c = 0. Therefore, the image of this curve by the inversion I,
has the equation:

N
N
N

2

(f+f) 2o 2P )

Zoz2) L,EZ 0 E 4y E 2l e (z+2)°  arf(z+7) bt (z-3)
4 2

j =0 <—
2 4272 227 2z L TC

2
(242?222 (2 +7) ar® — 222 (2 — 2) brPi +4c2°22 = 0 <= r*x% + 12 (ax + by) <x2 + y2> +c (x2 + yz) =0.
For a = ¢ = 0 corresponding to the canonic form of the parabolic type form equation we have:
2,2 2

—rox 2 o —r 2
e =2( = )22
T ) =2 ()
which is the equation of a cissoid of Diocles. We have D1 ®a D 2 = D3, where A = b?>and Dy, D 5, D3
are cissoids of Diocles.

Px2+by (24y?) =0 < y=

6. An Extension to Octonionic Product for Pairs of Hyperbolas

Recall that an octonion 0 € O can be thought as a pair of quaternions 0 := (q1,42) and their
non-associative product is:

01-02 = (p1,p2) - (91,92) = (P191 — ©2P2,92P1 + P21) (40)
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with bar for the usual conjugation of quaternions. It follows that a pair of hyperbolas P = (Hj, Hy)
can be considered as an octonion o(P) := (q(Hj),q(Hz)) and we define the product:

P1©o P2 =0(Py) - 0(P2). (41)

If H; = H(r;), 1 <i < 4 then a long but straightforward computation yields:

r1¥r3 — 1a¥y — 2 r1¥4 + 1213
r1,12) O (13,74) := , 42
(r1,72) ©o (r3,74) <r1+r2+73_r4 r1+r3+r4—r2> (42)
with the conditions:
1yt Fry, 1113t F 10 (43)

Remark 5.1 (i) The quaternionic product is not commutative but the product ©, is commutative.
The octonionic product ©, is also non-commutative.
(if) Having the model of the first section we can introduce an octonionic product on pairs of oriented
hyperbolas with (e1¢€3, £2¢4) on the second slot.

Examples 5.1 (i) Considering the unit hyperbola on the first pair it results:

r3— 14 —2

(1,1) ®o (7’3, 7’4) = (7’3+7’4+2/

1>, r3+rs+2#0. (44)

(ii) Considering the unit hyperbola in the second pair we have:

ri—1ry—2 r1+r
1 2 1 2
r+1 ’7’1—7’24—2

(r1,12) © (1,1) = < ) , it #F0r—r# -2 (45)

(iii) The squares are given by:
r2—y2_2
(7’1, r2)2®0 = (121’21/ 1 7 7’1 7& 0 (46)

For example (2,1)2 = (1, 1).

(iii) If the unit hyperbola is distributed in both factors we have:

-3
e = (12221), nenzo, @)

r+713

—1ry—1 r+24r1y
1/ 1/ - 7 2 - :I:Z . 48
(L,72) ®o (1,74) (rz—r4+2 74_r2+2> rp —ry & {£2} (48)
The last products with H(1) are:
(r1,1) ©o (1,14) = 2:2;; ?:it;) , T =14 F 2,11 +r4 #0, @9)
(1,m2) ® (r3,1) = rar;izrng ,ffijfz) , Tra+r3£0,r3+2# 1.

From (47) it results the squares:

2 _
(r,1)2, = (r o 3,1), r 0. (50)
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7. Applications

In this section we consider three applications of the given product.
Application 6.1 We define a 2-valued composition law on the main sheet of the reduced
equilateral hyperbola:
He:xy=1, x,y€ (0,+00). (51)

For a point P € H, let:
max (P) := max{xp,yp} > 1. (52)

We define a product on H, \ {E(1,1)}:
Py ®. P, ={A,B € H,; x4 = max(P;) ®. max(P,) = yp}. (53)

This product is available only for P; # P, and its form is:

PO P = {A <max(P1) ©c max(P,), 1 ) ,B < 1 ,max(P;) O max(Pz)) } . (54)

max (P )©cmax(P;) max(Py)©cmax(P;)

When x4 = max(P;) = r; and xg = max(P,) = r, then the product has the explicit form:

1 1 riro—1 ri+n ri+r rirp—1
P b, = ,— ,— | =< A , ,B , . 55
10c B2 (1’1 rl> ©e (rz rz) { (rl +1ry 1 —1 riry—1" r+nmn (55)

1 1 1 1 1 1 1 1
For example, (2,2> ®¢ <3,3) = (2,2> ®¢ <3,3) = (2,2> ®¢ <3,3> = <2,2) ®c (3,3> =

{E(1,1)}, hence the point E(1,1) € H, belongs to the image of this composition law; more general, E is

+1
AT
the pair of points is not unique.

Remark 6.1 We can define another 2-valued composition law on the main sheet of H,,
in an analogous way, by replacing the product ®.with the product ©p..

Application 6.2 Another multi-valued product can be introduced on the set of hyperbolic matrices
following the approach of Section 5 from Reference [3]. A matrix v € SLy(R) is called hyperbolic if its
eigenvalues are real and distinct; let us denotes SLY (RR) their set. Since the characteristic polynomial

obtained for r, = , when r; = max(P;) and r, = max(P;), but, as it can be seen in this example,

of arbitrary v is:
fo(x) = 2% — tr(y)x + det(y) = x* — tr(y)x + 1 (56)

it follows that ¢ € SLY(R) if and only if |tr(7)| > 2 and then its eigenvalues are reciprocal numbers.
Let e(7y) be the eigenvalue whose absolute value is larger than 1 and define the norm of vy as:

N(7) == e(y)* (57)

We introduce a product on SLI (R):

T Oc Y2 = {7 € SLY(R);e(v) = e(71) ®c6(vz)}- (58)

From (9) the norm of an arbitrary y € 71 ©¢ 72 is:

2
N(Y) = N(n ©c7a) = (elm 0012)F = (L1202 1) )

e(r1)?e(r2)* +1—=2e(y1)e(v2) — N(y1)N(72) +1-2y/N(11)N(72)

e(71)? +e(72)? +2e(71)e(72) N(71) + N(12) + 2¢/N(11)N(72) -
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For example fix v € SLE (R) of diagonal form:
. 1

v = v(R) = diag (R, R) , R>1. (60)

R? —

We have to note that 72, = {’yl € SLE(R);e(v') = e(y) O e(’y)} #+ O = 7R
R > 1+ /2. The first relation (14) yields the norm of an arbitrary 'y/ € fy(R)%DC, when R > 1+ v/2:

1
> 1 that is,

2 2
N() = el = (e(r(R)) @celr (RN = (S50 ) < R = Ny (R). 6)

Notice that for R € (1,1 + /2) the set 7%, = @, thus we can not consider N (7).
Remark 6.2 We introduce here a matrix intermezzo in relationship with the matrix product (7).
We associate a 2 x 2 matrix to the hyperbola H(R) through:

m(H(R)) := < :11{ _1R ) = —RI + ( _01 (1) ) = —RIp + m(k) (62)
and then, as is expected:
— (R1 + Rp)m(H(Ry ©¢ R)) = m(H(Rq)) - m(H(Rz)). (63)
The elements of this correspondence are:
tr(m(H(R))) = —2R, det(m(H(R))) = R*+1, fumr)(x) = (x+R)*+1. (64)

Remark 6.3 We can make in an analogous way all the above constructions, replacing ®. product
by ®c product.

Remark 6.4 The relations (64) and the analogues ones for the product ©,. are useful to
obtain expressions for ©¢ and for ©p respectively in terms of trace and/or determinant of the
corresponding matrices.

Application 6.3 In this application we associate a p-label to each vertex of a polygon P = P;...P,
with p € {c, pc}. We denote the length I; = ||P;P;11]| € M = (0,+0) and then the p-number of the
vertex P; is defined as:

pi=1i10pl;. (65)
For example, let the right triangle AABC with legs ||AB|| = 3 and ||AC|| = 4. Then
cp = lHCAH ®¢ ZHABH =406:.3= = Cg = 7 cc = 9 and the c-chain of AABC is:
11 7 19
C(AABC) T (CA/ CB, CC) - (7/ Z/ 9) 7 (66)
13 7 . .
pea =ljca| ©peljap| =4 Opc3 = - P = 2, pcc = 3 and the pc-chain of AABC is:
13 7

pc(AABC) := (pca, pep, pec) = <7,2,3> . (67)

Also, a (regular) polygon with sides of length 1, as ¢; = 1 ©.1 = 0,7 = 1,5, has a vanishing
c-chain and, as pc; = 1 ©pc 1 = 1,i = 1,1, a constant pc-chain (1,...,1) .

Remark 6.5 Conversely, knowing the c-chain or the pc-chain of a polygon P we can deduce the
length of some of its sides.
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If the c-chain of AABC is (0,0,0) we have l1l; = bls =311 =1 = | =l =13 =1and AABC
is equilateral with sides of length 1.
If a quadrilateral ABCD has a vanishing c-chain we have 1], = hls = 3ly = ls) =1 =

1
Lh=gh=landl, =1y = 7 therefore ABCD is a parallelogram with opposite sides of equal length,

1
I 'and ~ respectively.

If a polygon P has n = 2k + 1 sides and a vanishing c-chain we have [1]; = Iz = ... = Iilpp 1 =
brt1h =1 = Iy =, = ... = Ihy = 1, therefore P is a polygon with all sides of length 1.

we have l]lz = 1213 = ... = leflle = lell =1 = ll = l3 = ... = le*l = | and
h=lh=...=l= %, therefore P is a polygon with odd sides of length I and even sides of length %

If the pc-chain of a polygon P is a constant pc-chain (1,...,1), wehave ljlj ;1 +1=1;+1;11 <=
(ll - 1) (ll+l - 1) — 0, l — 1,11, l}’l+1 = l] <

hLh-1)(h-1) = ... = (lz1-1)(x—-1) = (I,—1)(l;—1) = 0. We deduce the
following properties.
If the pc-chain of AABC is (1,1,1), we have (h1—1)(Ib—1) = (L-1)(I3—1) =

(I3—1)(1 —1) =0;ifI; # 1, thenl; = I3 = 1 and if ; = 1, then at least one of I; or I3 has the
length equal to 1, thus AABC is isosceles with two sides of length 1.

If a quadrilateral ABCD has a constant pc-chain (1,1,1,1), we have (I; —1)(l,—1) =
(Lh—-1)(3—1)=(z3—1)(I4—1) = (I4—1)(I1—1) = 0;if I; # 1, then atleastl = I4 = 1 and
if [; = 1, then at least two of [, I3 or 4 have the length equal to 1, therefore ABCD is a quadrilateral
with two opposite sides of length 1.

If a polygon P has a constant pc-chain (1,...,1) and n = 2k + 1 sides, then, in the same way,
we deduce that P has at least k + 1 sides of length 1 and if P has n = 2k sides, then P has at least k
sides of length 1. Thus, if a polygon P has 1 sides and a constant pc-chain (1,...,1), then P has at

1
least {n—;] sides of length 1.

Thus, it is useful to know the c-chain or the pc-chain of a polygon P because we can deduce
relations involving the length of its sides.
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