A QUATERNIONIC PRODUCT OF PLANES IN E?
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ABSTRACT. This note introduces a product of Euclidean planes inspired by the product of
quaternions. A technical condition is necessary for the existence of this product and some
examples (squares of planes, the coordinates planes, involutions) are discussed.
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1. THE QUATERNIONIC PRODUCT OF DISTINGUSIHED PLANES

Fix the set of all planes in the Euclidean 3-dimensional space i.e.:
P:={rn:Ax+By+Cz+D=0;A*> + B>+ C? > 0},

then a plane 7 is given by 7 = 7(D, N)) with the normal vector N = (A,B,C) € R3\ {ﬁ} and
D € R. The aim of this work is to introduce a product in P and hence the starting point of this
paper is the identification of the given plane 7 = 7(D, Nz) € R*\ {(0,0,0, D); D € R} with the
quaternion 4n a projective manner:

q(m) =D+ Ai+ Bj+Ck = (D,A,B,C) € H=R" (1.1)
Here i, j and k are the usual complex units of the quaternionic algebra i.e.:

i=(0,1,0,0), ,j=(0,0,1,0), k=(0,0,0,1).

Since:

D = distgs (0,7) - | Nllgs, | Nlgs > 0 (1.2)
the quaternion ¢() is pure imaginary if and only if the origin O € 7; such a plane 7 belongs to
the Grassmannian manifold Gr(2;3) = O(3)/(0(2) x O(1)) of 2-dimensional subspaces of R3.
We point out that although there are alternative ways to associate a quaternion to a given plane

we choose the expression (1.1) according to our previous studies, namely (in the chronological
order) [4], [2], [3] and [5]; remark that in all these previous studies the coefficient of k is 1.

From the real algebra structure of the quaternions ([6, p. 89]) it follows the product of two
associated quaternions:

q(ﬂ'l) . q(ﬂ'g) = (DlDQ — A1Ay — B1By — 0102) + (A1D2 + Ay Dy + B1Cy — BQCl)g"‘
—|—(BlD2+BQD1 +01A2—CQA1)3+(01D2+02D1 —|—A132—A2B1)]_€ =: f)—l—AE—l—B}—l—C% (13)

and hence we suggest the following definition:



Definition 1.1. The given pair of planes is called g-distinguished if:

A+ B+ C* = |q(m1) - q(m2)? = D* = Jg(m1)Plg(m2)* — D* > 0. (1.4)
Example 1.2. For a fixed plane w(A, B,C, D) we have the square:

q(m) - q(m) = (D* — A* — B> — C*) + (2AD)i + (2BD)j + (2CD)k. (1.5)

Then the technical condition (1.4) is satisfied if and only if O ¢ 7 and then the pair (m,7) is

g-distinguished; also ¢(7) - ¢(7) € R* is a purely imaginary quaternion only for Dy = || N||gs.
O

Let now P2(q) be the set of g-distinguished pairs of planes; it follows a quaternionic product
in P?(q):
™ Og T2 =g~ (g(m) - g(m2)) = (A, B,C, D). (1.6)
An important tool of the quaternionic theory is that of conjugate, which for our quaternion
(1.1) means:

¢(x) =D — Ai— Bj — Ck = (D,—A,—B,—C) = —¢(—D, N) (1.7)

and the same projective way of thinking allows the definition of the conjugate plane: T™ =
(A, B,C,—D); obviously the conjugation is an involution map. The pair of parallel planes
(m,7) is not g-distinguished. The real part D of the quaternion (1.1) is the Euclidean scalar
product in E* of the vectors ¢(m;) and ¢(my).

2. CONCRETE EXAMPLES

In the following we study this new product introduced in (1.6) through four large examples.

Example 2.1. Revisiting the example 1.2 (recall that D # 0) we have immediately the square
of a plane 7 not containing O:

D? — A2 — B2 - (C?
w%q:A:z:+By+C’z+ 5D

=0— Wéq #, Féq | 7. (2.1)

The expression above suggests as remarkable example the case of a cuboid O : D? = A24B24C?,
which gives the associated planes:

{W(D,+)Ax+By+CZ+ A2+B2+02207 A>O7 B>O7 C>07 (23)

(7r(57+))%q Az + By+ Cz=0.
We note that the quaternion associated to the cuboid can be expressed in the form suggested
in [7, p. 138]:
D) =1+p, peS?cR?
and hence, p is a solution in H of the equation ¢> = —1 € R. Here, S? is the unit %?here of the
3-dimensional Euclidean space E3 and p is the quaternionic version of the vector N:
1

= Ai+ Bj + Ck).
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A particular case of cuboid O is provided by the case when (A, B,C, D) is a Pythagorean
quadruple i.e. these are natural (strictly positive) numbers and hence we know its parametriza-
tion (provided exactly by the quaternion algebra):

A:=m?+n?—p?—¢% B:=2(mq+np),C :=2(ng —mp), D :=m?+n? +p?> + ¢,
{ 0<m,n,p,qg €N, 1=ged(m,n,p,q), m-+n+p+q=odd.
(2.4)
For a concrete example we choose the minimal Pythagorean quadruple (A=1,B=C =2,D =
3,m=mn=q=1,p=0) with the associated planes:

{ m(minimal) : x + 2y + 22+ 3 =0, (ﬂ(minimal))%q cx+2y+22=0, (2.5)

ﬁ(mim’mal} =1(1,2,2) € S

A trigonometrical generalization of w(minimal) uses two angles (p,6) € [0,27) x [-3, 7] as
usual parameters for S2:

m(p,0) : (cospcosh)x + (cospsinf)y + (singp)z + 1 = 0. (2.6)
O

Example 2.2. In this example we will perform the quaternionic product of two different g-
distinguished planes. The coordinates planes are so since:

¢(z0y) =k, q(yOz) =i, q(z0z)=j (2.7)

and then we have:
20y ©qyOz = yOz ©4 v0y = 20z,
YO0z ©O¢ 20x = 207 ©4 yOz = 20y, (2.8)
20x ©q 20y = 20y ©4 20z = yOz.

although, generally speaking, the quaternionic product is not commutative (see the following
example); we have only Re(q(m1) - g(m2)) = Re(q(m2) - q(m1)). O

Example 2.3. The previous example suggests the case of two distinct planes intersecting
through a line containing O. The intersection condition:

Ar B1 Cir\ _
rang ( Ay By O > =2 (2.9)
means exactly the condition (1.4). Hence, (71, 72) is a q-distinguished pair with:
q(7r1) . q(’iTg) = —<N}1, ﬁQ)ES + (Bng — BQCl)% + (ClAQ — CgAl)j =+ (AlBg — AgBl)]_ﬁ. (2.10)

In particular, if the planes are orthogonal then ¢(71) - ¢(m2) is a pure quaternion.

As concrete example let us consider the bisectrix line [ : © = y = z which is the intersection
of the planes 71 : ¢ —y =0, my : * — z = 0. Since:

q(m1)-q(m) = (i—j)(i—k) = =1+j+k+i, q(m)-q(m) = (i—k)(i—j) = —1—j—k—i (2.11)

it results:

MOgm:rc+y+2z—1=0, mMmO;m:z+y+2z+1=0, mm Oym ||mOm =0. (2.12)
O



Example 2.4. A main result of the paper [7] is that the real algebra H admits an infinite
number of involutions. Apart from the conjugation map, discussed in the first section, there are
another three remarkable involutions discussed in the cited paper and which in our setting gives
three associated planes to the initial one 7:

a(m): Ax — By —Cz+ D =0,
pB(r): —Ax+ By —Cz+ D =0, (2.13)
vy(m): —Az — By +Cz+ D = 0.

It follows immediately:

Proposition 2.5. The conditions of q-distinguished pair are as follows:
i) for (m,a(r)): A#0 and B>+ C? + D? > 0,

i) for (m,3(m)): B # 0 and C? + A%2 + D? > 0,

i) for (m,y(n)): C # 0 and A% + B2 + D? > 0.

Proof. We compute the quaternionic product for each pair: -
i) q() - g(a(m)) = (D* — A% + B? + C?) + (2AD)i + (2AC)j + ( 2AB)k,
)Jj

ii) q(7) - q(a(m)) = (D? + A2 — B2+ C?) + (—2BC)i + (2BD)j + (2AB)k,
i) q(7) - g(a(m)) = (D* + A% + B2 — C?) + (2BC)i + (—2AC)j + (20 D)k. O
Hence:

a) if the condition 7) holds then there exists the plane (not containing O):
a(r):Bx+Cy+Dz+A=0
b) if the condition i) is satisfied then there exists the plane (not containing O):
B(m):Cx+Ay+Dz+ B =0
c) if the condition i) holds then there exists the plane (not containing O):
F(m): Ax+By+ Dz+C =0
O

3. A MATRIX APPROACH TO THE QUATERNIONIC PRODUCT

In this section we use the tools of matrices in our study by following the method of [8].
Namely, the quaternion (1.1) is replace with a 2 x 2 complex matrix:

M(m) := ( fl_) 2 ) € My(C), a:=D+ Ai, b:=C+ Di. (3.1)
The motivation for this choice is the expression of ¢ € H as ¢ := a + bj as well as the equalities:
det M(m) = |q(m)]2, M(7) := ( Z ‘ab ) . (3.2)

Moreover, the quaternionic product is expressed by the product of associated matrices and the
eigenvalues of M () are:

Ap(m) = D + | N |gsi. (3.3)

For our framework the condition (1.4) says the fact that the eigenvalues of the product
M (1) - M (mg) are not reducible to real numbers; this means also Ay # A_.



Example 3.1. We treat now the case of the minimal plane from the example 2.1:

2 2
m(minimal) : iy Z =0 (3.4)
3 3 3
Its associated matrix as well as the corresponding diagonal form are:

i 2 i , ' —2i

poara(30) s= (102
(3.5)

Also, the trace and the determinant are equal: TrM (minimal) = 2 = det M (minimal). We
point out also the eigenvectors:

|

w

1
AM=1—i—uv_ = (2(1+i),1), Ap=1+i—vp=(1-41) (3.6)

which are chosen in that form in order to be orthogonal with respect to the Hermitian inner
product of C2:

(zyw)ee = 2twl + 22w?, 2= (21,22 eC? w=(ww?) eC2 (3.7)

A direct computation yields the square:

(M (minimal))? = % < _2(1i_¢) 2L+ > (3.8)

and the first line of this matrix recast the square (Tr(minimal))%q tx+ 2y + 2z = 0 from the

relation (2.5).

Returning to the matrix M (minimal) since its determinant is 2 it results that the following
matrix (though as a homothetic transformation of M (minimal)) is special unitary with the trace

V2
A (minimal) = L (- 1FE 50+
\/iM(mzmmal) =7 < 20y e SU(2),

. . (3.9)
M=t —e T 5y =(=14+14,2), X\

The element (1, 1) in the matrix above can be written in the exponential-trigonometric form:

1 i\ V5o 3 1
E <1 =+ 3> = ?6 y COS'(/J = \/T>O, Sll’ld} = \/T>O (310)

In fact, ¢ = 18.43°.

Recently, we use the adjoint representation of the Lie group SU(2) to produces a special class
of conics in [1]. O
Example 3.2. In the very recent paper [3] we associate to the plane line | : ax + by +c¢ =0
(with obviously a? + b? > 0) the quaternion ¢(I) := k + ai + bj + c¢. Hence, the minimal plane
gives the quaternion ¢(minimal) = k + % +k+ % which in turn yields the line:

l(minimal) : z + 2y + 3 = 0. (3.11)
O
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