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This document is the first part of an exploration examining when a deformed
Lie product can be an involution. The approach starts softly in a real three-
dimensional space, introducing basic notions like (i) the already well-known link
between involution and neutral element, (ii) the importance of some rules con-
cerning the indexes when a discussion is developed in a three-dimensional space,
(iil) a specific semantic for the diverse representations of the deforming matrices
(effective, normalized, associated six-pack). It gives then the formalism of the
matrices representing the repetition of the action of any deformed cross prod-
uct. It starts a systematization of the discussion and finally criterion precising
when a deformed cross product is an involution. It turns out that a classical
cross product cannot be an involution if the discussion is not involving vectors
with components in the set of complexofiumbers or of quaternions. (C)Thierry
PERIAT: Deformed Lie prq@ugts-and involution - first part: discussion in a
three-dimensional space.
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1 DEFORMED LIE PRODUCTS AND INVOLUTION IN A
THREE-DIMENSIONAL SPACE.

1 Deformed Lie products and involution in a three-
dimensional space.

1.1 Basics

Definition 1.1. Deformed cross product

The discussion involves vectors with three real components and Lie products
(see definition in [a]) which are deformed by anti-symmetric cubes with knots in
R, the set of real numbers. The space is denoted V3 — {E(3,R),A€ B (3,R)}.

Because of this anti-symmetry, the cubes contain no more 3% = 27 knots but
only at most 3 x 3 = 9 different non-necessarily vanishing positive real num-
bers. They can be regrouped inside an element [A] in M(3, R) which is a square
matrix. . ) 5
®4] = fﬁQ ﬁ52 jé? € M(3,R)
= 23 123 4123 )

Al Afy Al
Let suppose that V3 can be referred to a canonical basis Q (ej, ez, es); then,
per definition, the deformation is acting in the following manner:

3 3

VOaqr, Oaa € Va: [P, P aqoliy = Y. D1 A% (af 65 — a5 .4}) - e
d=1a<b=2

Proposition 1.1. Any deformed Lie product acting on pairs of elements in V3
is a deformation of the classical cross product involving these elements.

Proof. Effectively, any deformed Lie product acting on a pair (qi, q2) writes:

[a1, a2

3
AL (at b —a5 ) er+ A% (¢f 3—a5.q}) ea+ A (f B — 5. 4}) e
a<b=2

It can be represented in V*3, the dual space of V3s:

quan][A} >
3 Al
Za<b=2 ab * (q :

¢ b

3

Z§<b:2 Aéb’(‘ﬁ-qg - qé‘-qz) >
Za<b:2 Aab . (q% : 5 ql)

Aig-(t@-qg—qg %)+A (2 qg—qg §)+A (1 qg—qg-qi)
Ay (a1 -3 — @ -q1) + A3 (qf G — 44 a) + A5 (¢ QQ—QQ-Q1)
A3y (al. a3 — @3.ql) + A3, (2 G — @.q) + Al (l G — ¢ .qi)

2
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1.1 Basics

Simultaneously, one knows that:

A (q,q2) >= | —(af-43 — & -4})

- - G-q4 >
a6 - -4

and that:
t 01 0 A? A§2 A3, A%i)’ Agg A3,
P [Al= |00 —-1]. A%g Agg Agg = —1‘113 —1313 —f‘gfs
L0 0 Ay Afg Al Ay Aty Aty

or also:

It is then easy to state that:

lai, a2)ja) > = {[A]"-[J]} .| A (a1, q2) >

With:
0 0 1 01 0
Jj=11 0 0of|[Jf=]00 -1
0 -1 0 170 0

The last term on the right handside {r.1i’s.) is nothing but the classical cross
product (i.e.: the three-dimensional version of the wedge product). This first
and basic statement explains why that new product has been coined with the
label “deformed cross product”. O

Proposition 1.2. “A cross product is a Lie product deformed by the matriz [J]”.

Proof. Effectively, writing [A] = [J] in the definition of any deformed cross
product immediately yields:

[a1, Q2] = A1, 92)
O

Since, historically, the cross product can be considered as the “point zero” for
the definition of a Lie bracket/cross product (i.e.: as a non-deformed Lie product
acting in a three-dimensional space), the spontaneous terminology attributing
the deformation to the (3)[A] matrix may be a little bit confusing. This is
suggesting that one should either change it for convenience and harmonization
with the intuitive way of doing; or consider the presence of [J]| as a sign left
by the nature and containing a subliminal message related to some underlying
symmetry; for example: the Abel cyclic group C6.

0 0 1 0 0 1 0 -1 0
J?2=11 0 0 1 0 0l=]0 01
0 -1 0 0 -1 0 -1 0 0
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1 DEFORMED LIE PRODUCTS AND INVOLUTION IN A
THREE-DIMENSIONAL SPACE.

[J? = —Ids
0 -1 0 0 -1 0 0 0 -1
J* = (J1)2] 0 0 1 0 0 1|=1]-10 0 |=-J
-1 0 O -1 0 0 0 1 0
P = [P
[J]® = Ids
1.2 Involution and neutral element
Definition 1.2. The function [a, ...[ 4).
Let consider a given element a in V3; the function [a,...] 4 is an element in

End(V3) such that:

Vx € V3 Ei:hﬂ%[a,th]E Vs

Proposition 1.3. If f = [a,...[[A] acts on a given element x in V3 like an
involution would do it, then there automatically exists an element [B([A], a)] in
M(3, R) such that a behaves like a neutral element on the left side of x for the
deformed cross product [..., ...[[B([A], a)]; concretely:

[a, [a, x][q]ja) = x = F[B([A], a)l-e P(3;, R) : [a,X](p(a),a) = X
N——
=X
Proof. Let consider the definition of any deformed cross product and let then
calculate:

a € EK3,RQ :[a, X hA
::E:izl)(v-ev
When:
X ::[a7XhA]
Because: 5
Vy =1,2,3: X7 = Z Agﬂ.(ao‘.xﬁ —a’ .z
a<f=2
This is:
{la, X]a}"

3
Z Agv.{a‘s.XAY —a’. X%
6<y=2

3 3 3
Z Ag’y.{a‘s. Z Azﬁ.(aa.xﬁ—xa.aﬂ)—av. Z Aiﬁ.(aa.:ﬁﬁ—xo‘.aﬁ)}
0<y=2 a<f=2 a<f=2

4

©Thierry PERIAT, Deformed cross products and involution - first part: the three-dimensional spaces, 9 June 2025.



1.2 Involution and neutral element

3 3
Z AL A Z (aé.AlB — aV.Aiﬁ).(aa.x’B — z%.d%)}

0<y=2 a<ff=2

5
= Ca“é

3 3
Z (Z Agv.ng).(aa.J:B — z%.d"%)

a<f=2 §<y=2

—RB"
7B0¢5

3
Z BZB.(aa.m'B — z%.dP)
a<f=2

With:
va?/ﬁﬁ,’?: 172’3

V(a, B)|a < B:
3
é
Bly = > A3,-Cob
d<y=2
o 1) 6
Cag = Agp.a’ — Alﬁ.a
Remark 1.1. Concerning the indexespinio three-dimensional space.

Due to the fact that for any’ given pair («, ) of non-repeated indexes:
e taken in Inds = {1, 2, 3} and
e such that o <

. can be replaced by the index missing in the pair at hand, let it for example
denote with the Greek letter e:

(OZ, /8) = (1, 2) == 3
(O[, /8) = (]., 3) == 2
(a, B) = (2,3) =e =1

This remark is also true for the pairs (9, v) which can be replaced by an index
denoted, e.g., p.

Hence, one must decode the cube B in starting with:
va?/B’,r}: 172’3

V(a, B)|a < Band¥ (8, 7) |6 < v
BZB
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1 DEFORMED LIE PRODUCTS AND INVOLUTION IN A
THREE-DIMENSIONAL SPACE.

3
n oy
Z AM : Caﬁ
6<y=2

2 23 13
Aly . Cop + Ay .C2% + Al . CL

3 1 2
A Cop + Al .Cop + A7 .Cap
In a second step, one must write:

B, = A7.C3, + A .Cly + A}.C%
By = A1.C3, + A1.C15 + A}.C%

Bj, = Al.C3; + Al .Coy + A}.C34
There relations are equivalent to:

Bl = A}.C3 + AY.Cy + A} .C3
B) =AL.Cy+ A].Cy + A}.C3

Bl = A]l.C} + Al.Ct + A}.Ct

At this stage, it becomes absolutely evident that the cube B and the hyper-
cube C are in fact respectively equivalent to an element [B] and to an element
|C] in M(3,R). It is obvious that the entries of |C| depend on the information
contained in the pair ([A],a) - nota bene: more details concerning this point
will be given later in this document.

Therefore, as claimed:

1. What gave the initial illusion to be a cube B is only a (3-3) matrix [B] in
M(3,R) depending on the information contained in the pair ([A], a).

2. When f is an involution, one can write:

[, [a, Xyl = [Pa, @x)po g, o = ©x

The formalism of this relation proves that the vector (¥)a acts like a neutral
clement on the left side of (3)x through the function |a, --|(B)- Ome can

also say that a repetition of the involutive action of [(3)a, -<]{a] on a given
vector (3)x modifies the deforming matrix but not this vector.

O
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1.3 A normalized formalism for the deforming matrices

1.3 A normalized formalism for the deforming matrices

Any anti-symmetric and real cube A can be condensed as an element [A] in
M(3,R)
A%Q A%2 Az{’2
®) [A] = A%s Ags Ag:s
Ay Afy Af

Due to the remark 1.1 concerning the indexes, this element can also be rewritten
as:

Ay A3 A
D] = | A} A7 A}
Ay A3 A3

This writing is not corresponding to the usual (line, row) convention because a
normalized writing of this matrix would be:

b
Al A2 A3

The normalized formalism of the deforming matrix can always be recovered in
introducing the matrix:

01 0
W)= | 0 0 L RS0 W] w) = Idy
1 00

Because it is easy to verify that:
[A] = {[A°]. W]} = [W]'. [A%)
A]" = [4°).[W]
[A°] = [A]. W] = {[(W].[A]}f

The transposed matrix [W] is one of the three matrices representing the tetra-
hedron group in a three dimensional space [01; annex J, pp. 653-655|. It is also
an element generating the cyclic group Z3 [02; p.18].

Per convention:
e The matrix [A] is the deforming matriz,

e The matrix [A].[]] is the effective deforming matriz appearing in propo-
sition 1.1 proving that a deformed Lie product acting on elements in V3
is a deformation of the cross product involving these elements and

e The matrix [A°| is the normalized deforming matriz; note that the effective
deforming matrix is related to the normalized one through the relation:

(A 7] = [4°]. [W]. [J]
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1 DEFORMED LIE PRODUCTS AND INVOLUTION IN A
THREE-DIMENSIONAL SPACE.

Note also by the way that:

010 0 0 1 1 0 0
W].[J]=10 01 1 0 =10 -1 0
| 100 0 -1 0 | 0 0 1|
i 0 1 01 0] 1 0 0 7
J].[W]=1]1 0 0 00 1|l=]010
0 -1 0 10 0| L0 0 —1 |
And that:
1 0 0 0 —a* a2 0 —a® a?
WI].[J].(g®(@) =0 =1 0 a? 0 —a' | =1|-a> 0 d
0 0 1 —a? a! 0 —a? a0
0 —a®> a2 01 0 a? 0 a?
@@ .= ¢ 0 —a' |. |00 -1|=]-a" & 0
—a? ! 0 10 0 0 —a® —a!

These results will be useful later in this document.

1.4 An alternative representation for any matrix in M(3,R)

Any element in M(3, R), for example [A],7cdn be understood as a set of six
intricate elements in E(3, R).

Proof. Fach (3-3) matrix contains implicitly six vectors because, as a matter of

facts: ) ) X
Ay Afy Ay

(3)[14} = A%3 A%s A§3

Aly Af A

can always be decoded as the juxtaposition of three columns:
4] = [la1 >, ag >, |ag >]
with:

A,
la, >= | A3, );n=1,23.
Al

and as a superposition of three lines:

lal >
[A] = | |a% >
la3 >

Each of these six vectors has three components in R. Each of them is simulta-
neously a component of another vector in that six-pack. O
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1.5 Characterizing the deforming matrix 3 [B((®)[A], (®)a)]

Definition 1.3. Siz-pack

A “six-pack” is a set of six elements in E(3,R) such that their components
allow the reconstruction of an element in M(3, R). Per convention, the element
in M(3, R) is the mother of a six-pack.

Note that:

e any element in M(3, R) is systematically equivalent to a six-pack; but, the
converse is falgse.

e any six-pack contains two subsets of each three vectors: three rows and
three lines. The subset containing the three lines can be crossed with the
subset containing the three rows and the maneuver generates a set of nine
classical cross products. Each of these products can be deformed by an el-
ement chosen in M(3, R); eventually, they can be simultaneously deformed
by only one element, for example [X]. Exceptionally, the deforming matrix
[X] can coincide with the mother [A] of the six-pack.

1.5 Characterizing the deforming matrix ®)[B(®[A], ®)a)]

Coming back to the main topic of this document, one now looks for more in-
formation concerning the formalism of the generic deforming matrix [B((3)[A],
(3)a)] which is obtained when the action of [a, .14y 18 repeated. This subsection
gives four important characteristics fof-thig matrix:

e It is the simplest decomposition for some cross product which is deformed
by a cube D in B(3,R): |a,...]p; proposition 1.4.

e It is a specific and degenerated representation in M(3,R) of a repetition
of the action of f = [a, ...]{4}; proposition 1.5.

e [t is a weighted sum of Pythagorean tables which are built with the vectors
implicitly contained in the deforming matrix (*)[A]; proposition 1.6.

o Its determinant is null; proposition 1.7.

Proposition 1.4. The (non-normalized) formalism of the deforming matriz
B)[B] is a trivial one.

Proof. Let recall the result which has been obtained during the demonstration
of proposition 1.3:
n=123a<pf:

Bly = Aly (Ahg.a® = Alg.a' )+ Ay (Ahp.a° — A5 . a®) + Al (Alg . a® — Adg . a')
The relation can be reorganized as:
Bos

— (A, A2+ ATy Abg) . at + (A A3 — AT, Alg) . a® + (Al AZ5+ ATy ALg) .d®
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DEFORMED LIE PRODUCTS AND INVOLUTION IN A

1
THREE-DIMENSIONAL SPACE.

They can then be condensed:

3
_ . . n _ 7 A
n=123;a<p8:Bl, = ; DY -0
=1

With:

n=123;a<p:Dj,= (A} Al + Aly. ALp)

The pairs (o, ) take only three values: (1, 2), (2, 3) and (1, 3). Due to the
fact that the discussion is developed in a three-dimensional space, these pairs
can be replaced by a unique subscript, for example €, the value of which is the

missing one in the set {1, 2, 3}:

n,e=1,23: D] = —(A}.A? + A].A?)
=1,2,3: D] = (A]. A% — A7 . AD)
=1,2,3: D] = (A].A? + A]. A})

n, €
n, €
Hence:

3
n,e =123 Bl DI .o
=1

or, more concisely and as it"was claimed, the non-normalized writing of |B| has
the same formalism than the simplest decomposition for some deformed cross

product of the [a,...]p type:
[B([A],a)] = p®(a)

At this stage, one don’t know if the cube D owns symmetries or not. The three

matrices »[D] (for A = 1, 2, 3) composing it are:

pl, D}, D} AY A2 oAl A3 Al AZ 4 oAl A Al AZ 4 oA
1[D] = [D?] = — | bt p¥ pE | = | all4 1 Adad a34E i a3 a3 Al A%iA
€ o}, oY D% abia o a3lad BB aflad adlad il

e
0] = o3 = [ B ] -

10
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1.5 Characterizing the deforming matrix ) [B(®)[A], ®a)]

Proposition 1.5. The matriz [B] is a specific and degenerated representation
in M(3,R) of a repetition of the action of f = [a, ... 4}

Proof. First of all, let recall the description of the entries of the matrix [B|
(remark 1.1) in re-ordering them to get a normalized formalism; one obtains:

e For the first row:
Bl = AL.C} + Aj.Cf + A}.CF
B = A3.C} + A.Cl + A3 .C

B} = A3.C} + A3.Cl + A3.0%

e For the second row:

By = A}.C3 + A} .Cy + AY.C3
Bl = A2.C3 + A?.C) + A3.C%

B = A3.CIHATCy + AS.C3

e For the third row:

By = A3.C5 + A].C3 + A} .C5

B = A3.C5 + A1.C3 + A3.C5

B = A3.C3 + A3.C3 + A3.0%

This simple action gives the opportunity to get a product of normalized matrices:

3
Bl = ) A}.Cl «— [B°] = [A%].[C°]
pn=1

Furthermore, with the conventions which have been introduced in remark 1.1:

p=1:C%3 =l = A2.¢° — A3 .42

p=2:C03 =02 =A.a* - A2 .d
pw=3: 06(1’2) = C’S’ = Ai.a2 —Az.a1

11
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1 DEFORMED LIE PRODUCTS AND INVOLUTION IN A
THREE-DIMENSIONAL SPACE.

One can write:
n
B€

Al.cl + A].C% + AY.C?

Al (A2 6% — A% a®) + A) (Al a® — A% o) + AD. (Al a* — AZ.dY)
This writing allows the construction of the normalized version of matrix [C]:
Cl =A% 6% — A3 .a%;C) = A3.a® — A3 .a%;C) = A2.a® — A3 .d°
C? = —(A3.a' —A].a%); 05 = —(A3.a' — AL .a®); O3 = —(A3.a' — AL . d%)
C3 = Al.a®> — A2.a'; 0 = AL .a® — A3.4"; C3 = AL .a® — A%.d!

With an attentive observation, one recognizes that this normalized version is a
product of two matrices. The first one can be identified with the help of results
which have been obtained at the end of subsection 1.3 whilst the second simply
is the normalized formulation of the deforming matrix [A]:

@)
0 a_ —a2 Al AL AL
ad(C0 > —al | .| A2 A3 A2
a? —at 0 A3 A3 A3

—OW]. O] () . B[4
At the end, one gets the relation:
OB = O] OW]. O] 1 8(Pa). O [4°)

There is a non-normalized formulation for it:

[B]
{®[B°]. W)}t
— {O1A]. O] ADI]. 0 (- D)} D[4 W]}

— (O WY A ®(Pa) . 1) {4 W]

= [A] {on®(Pa). [} [4]

The product:

a? 0 a’
w®(@a). )] = | ' & 0
0 —a? —a!

.. is an isomorphic representation of a in M(3,R).

12
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1.5 Characterizing the deforming matrix ) [B(®)[A], ®a)]

Definition 1.4. The isomorphic function Os.

The isomorphic function ® is such that:
v@a e V3 % O3(a) = (3)[J}q)((3)a)'[=]]t

Definition 1.5. The function £ = fo f.
The function f? = f o f is such that:

V(®[A], Pa) € M3, R) x V3 L€ M(3, R)
f2((3) [A], (3)a) = [4]. (3)U]¢.((3)a) ) [A]
Remark 1.2. The determinant of [B].
It is known that:

e The determinant of the simplest decomposition of any classical cross prod-
uct is null.

|[J]<I>((3)a)| = —a®. (—a®.d") —d®.(=a®. —a') =0
e The determinant of any product of matrices is equal to the product of
their respective determinants.

Therefore, the determinant of [B] is ohligatorily null too:

PB] = 0,V (P[4], @a)

And, as claimed:

Lemma 1.1. The malriz [B] is a specific and degenerated representation in
M(3,R) of a repetition of the action of f = [a, ... ).

Proposition 1.6. The matriz [B°] is the sum of siz kernels of class II (see [a]
for the definition and the theory concerning the kernels in a three-dimensional
space).

Proof. Since (recall previous proposition):

B

€

Al.cl + A}.C? + AY.C?

AT (A2 6% — A% a?) + AD (Al a® — A% o) + AD. (Al a® — A% dY)

—a' (A A2 + AT A% + @ (A] AL + AT A3 4 oL (A] A2 - AT AL

13
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1 DEFORMED LIE PRODUCTS AND INVOLUTION IN A
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One can now alternatively write the matrix [B°| as a weighted sum:
[B°]

_al : {T2(®)(a<2>7a<>3) + T2(®)(a§7a02)}
+a® {Ty(®)(a3,a%) — Tr(®)(af,a*)}
+a3 . {T2(®)(a<1>7 302) + T2(®)(a<2>7 a<>1)}

This is a sum of six Pythagorean tables which is weighted by the components
of vector a. These tables are built with the six-pack implicitly contained in the
normalized deforming matrix [A°].

It has been explained in [a] that each Pythagorean table might be a kernel
of class II for the non-trivial decomposition of some deformed cross product
when this decomposition is associated with a polynomial of which the Hessian
is degenerated. O

Proposition 1.7. The matriz [B°] is associated with a degenerated linear sys-
tem:
|B°] =0

Proof. This proposition is though as a basi¢ éxercise confirming the statement
which has already been done-at tle’entt of proposition 1.5. Let consider any
pair (ug, up) in V23 = V3% V3'and a second pair (w1, ws) in V23 too. Let build
the Pythagorean tables T9(®)(u1, uz) and Ty(®)(w,ws). The determinant of
each of them is null. Now, let ask the question: "What is the determinant of the
sum of these tables?" Basic knowledge in linear algebra gives the well known
answer: zero.

One can verify this affirmation in making all calculations in details:

To(®)(u1,u2) + To(®) (W1, wa)|

u%.u%+w}.w% u%.u%+w%.w% u‘f.u%—l—wl.wQ
uj.uj + wiowi oudoud + wiowd udoud + owdowd
u%.u§+w}.w§ u%.u%+w%.w§ u‘f.u%’—l—w:f.wg

2 2 2 2 3 3 3 3 2 3 2 3 3 2 3 2
.{(Ul.U2+wl.ZU2).(u1.U2+'UJ1.WQ)—(ul.u2+w1.w2>.(ul.u2+w1.w2)}
—(uf . uy + wi.wy)

1 2 1 2 3 3 3 3 1 3 1 3 3 2 3 2
.{(ul.U2+w1.UJ2).(U1.U2+'LU1.UJQ)—(ul.U2+w1.WQ).(Ul.U2+w1.w2)}

A(uf . ud 4 wiowd) . (Wl ud 4+ wdwd) — (uhoud Fwlwd) . (ud ol wdwd)}

14
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1.6 Starting a systematization of the discussion

2 3 3 .2
(u3 . wy — uy.w3)

Al ud + wlwd) . (W wd — udw?)

—(u? . ul + wiowd) . (ul . wd — udw))

—I—(ui{’u% + wi’w%)(u%w% — u%w})}

2 3 3 2
(UQ.'LUQ — UQ.WQ).O

0

Since |B?®] is a linear combination of sums involving pairs of Pythagorean tables,
its determinant vanishes and this matrix can be associated with a degenerated
linear system. This fact is confirming what has already been obtained in propo-

sition 1.5.
TBAP[A], Pa)| = 0

1.6 Starting a systematization of the discussion

Remark 1.3. The reiteration of the action of f = [a, ... 4).

Let now calculate:

[a, [a, [a, X]jq)](a]]ia) = -
—
=Y
This is also:
[ Yl = D AL, (@Y —a YY) ey
A<p

With:
Y = Z Béﬁ.(aa.xﬁ — z%.d"%
a<f

In the language of components, that is in the dual space V*3 (summations have
been omitted because the rules governing them here are clear):

{la, Y] "
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Aqfu.(a/\.Bg‘ﬁ.(aa.xﬁ — z%.d’%) — a“.Biﬁ.(ao‘.xﬁ — 2%.d%)

Aqfu.(a’\.Bgﬁ — a".B)g). (a®.a" — a®.a")

One recognizes a pattern similar to the one which has been observed in calculat-
ing [a, X]4]. Hence, in starting with the pair ([A], a) representing the function
f = [a,...](4) acting on ..., and calculating f o f, one gets the pair ([B], a). In
continuing with the latter representing the function f o f = [a, ...| 5] acting on
..., and calculating f o (f o f), one gets a cube E such that:
Yo pY A A
Eog = 4y, (a .BZB — a".Bjg)

The cube E inherits from the anti-symmetry of cube B. Hence, as the cubes A
and B, it can be condensed inside an element [E| in M(3,R). This maneuver
can be repeated as meany times as desired and it would always bring the same

type of formal result. Therefore, at this stage, one can start a systematization
of the discussion.

The function f andits reiteration ——— Representationsin Vs

@, g = a A . (]} . Ja A o>
——
=1Ids
[a, ][4 {loAl". [T} la A o>
&, [a, - Jpalpa = [ -y ——— LA U]} Ja A >

etc. etc.

With the correspondences:

4] = [B] = [0A]. [oC], [oC] = [a* . (0A)hg — @ . (0A)ag]
A] = [E] = [0A].LC], iC] = [a*. (1A)hg — a*. (14))]
etc.

Al = [0A] . [p-1C], [p-1C] = [a)\-(p—lA)gﬁ - au-(p—lA)é\zﬁ]

The deforming matriz changes with the number p of iterations.

16
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1.6 Starting a systematization of the discussion

Remark 1.4. The effective deforming matrices.

In continuing the calculations, one gets:

A'll/)Q . (B(iﬂ . CL2 — Biﬁ . al) _'_A'l;?) . (BZB . (13 — Biﬁ . CL2) _|_A’l1b3 . (Bé,ﬂ . (13 — Bgﬁ . (Il)

(A;g.a2+A1f3.a3).B;ﬂ+(—A§g.a1+A33.a3) 5~ (Af;.a' + A, .a%). B2,

ZZAG/\ a

With:
Bg

Ady (Alg.a®—AZg . a')+ Ay (A2s.a° — ASg.a®) + Aly. (Alg.a® — A2 ")

(A, .a® + A5 . a®) CAlg+ (—A3y . a' + AYy 5a’) AL — (A . a' + A2 . a?) LAY,

D QA% a"). AL
o iy
Here too, one recognizes a pattern:
[B°] = a®(a).[A°] = (a®(a).[0A°] = [14°]
[B°] = a®(a).[B°] = ja®(a).[14°] = (a®?(a).[0A°] = [2A°]
Ete.

[pA°] = a®"(a) . [0A°]
If one prefers, this relation can be written with non-normalized matrices:
{W]. LAY = 0a®P(a) {[W].[A]} <= [W].[A] = [W].[oA]. {,a®"(a)}'
And one gets in general:

Al = [oA]. {,a®"(a)}!

Hence, the effective deforming matriz for the pt” iteration is:

A" [J] = (a®”(a) . {[oA]" - [J]}

17
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Example 1.1. The case p = 1 and the involution of f.

In that case:
{[BI".[71} = LA]". [J] = ca®(a). {[oA]". [J]}
It follows that:

e The matrix:
0a®(a) . {[oA]". [J]}. ;1 ®(a)

. is the simplest representation of f2 — f o f (equivalently: of a unique
iteration of the action of f);

e The function f is an involution when:
0A®(a) . {[oA]" . [J]} . a®(a) = Ids

For example, when the cube gA is equivalent to the matrix [A| = [J], the
function f = [a, ...] 4 is an involution when:

[J](I)Z(a) = T2(®)(a, a)— <a,a>jg, Ads = Ids

Is it possible? When? This condition means that the matrix T2(®)(a, a) -
(1 + <a,a>143) . Ids is degenerated; equivalently, that its determinant is
null:

|Th(®)ta,a) — (14+ <a,a>r4,).Idz| =0

An involution can only be envisaged when the components of vector a are
not free. With different words, the involution f exists only when there is a
specific constraint on the components of a. Since the determinant of any
Pythagorean table is null, it is easy to identify this constraint:

1+ <a,a>p,=0

This constraint cannot be realized with a vector a in E(3, R), but it can
when this vector has components in C or, only for the pedagogy, when
this vector has components in H, e.g.:

1 1 2_ia3:£
V3 V3
.. with:
IP=J =K = -1

This constraint will be confirmed later in this document; please see remark
1.7 and lemma 1.2 below.

18
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1.6 Starting a systematization of the discussion

Definition 1.6. The weighting and the weighted vectors.

Let consider any element a in E(3, R) acting as projectile inside a deformed
cross product [a, ...|J[a]. Per convention, this vector is also called a weighting
vector. Any pair ([A], a) generates a set of seven vectors: the weighting vector a
plus the six-pack associated with the deforming matrix [A]. These seven vectors
can always be organized to form a weighted vector Sx([A], a) which is the sum
of all mixed cross products that can be built with the six-pack when these cross
products are simultaneously deformed by some element [X] in M(3R); precisely:

Six)([4], a)

—a' . (Jaz, a°]x) + [a3, a’]jx))
+d” . ([ay, ag][X] — [as, al][X])
+a® . ([ai, 32][)(} + [az, al][X])

Example 1.2. The classical Euclidean cross product.

Let suppose that [A] = [J] because this eventuality may concern our own
three-dimensional Euclidean space E(3, R); in that case:

0 0 .1
[A] = [J] =p W, 50470
0 -1 0
J
Al =0 A =0 Al =1
la; >= A%:1>;\a2>z A%ZO >;|a3>E A§:0>
A3 =0 A3 = -1 A3 =0
and:
0 0 1
[J]=11 0 0
0 -1 0
1
A} =0 A} =1 A3 =0
lal >= A%:O>;\a2>z A%:O>;]a3>z A%:—1>
Al =1 A2 =0 A3 =0
This is implying:
a1:—a3;a2:—a1;a3:a2
0
\al/\a2>:|a1/\a3>: 0>=—|ag>
1
-1
|a2/\a3>:—|a2/\a1>: 0 >:—|a3>
0
19
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0
lag Aal >= —Jlag Aag>= | —1 > = —|a; >
0

and:

0 0 0
la; A a® >= 0>;|ag/\a2>: 0>;\a2/\a1>: O>; (1)
0 0 0

A first immediate consequence is the possibility to calculate the weighted vector
in that special space:

Si((J]; a)

—a'. [ag,ag]m + a?. [ag,al][,]} + a. [al,az]m

—a'.(ay Na®) + a®. (a3 Aal) + a3 (a; Aa?)

al.ag — a2.a1 — a3.a2

Since there is a simple correspondence between the vectors composing [A] = [J]
and the canonical basis Q of E(3, R), preciselyx

ey 5 “dz e = ag ey = ay;
it becomes obvious that:
Va : S[J]([J],a):al.el —a?.ey + a’.e3

One state that:

1 0 O al
W].[J]. 1Sy ([J],a)>= | 0 =1 0 |.| —a® | =|a>
0 0 1 as

1.7 Deformed cross product and its non-trivial decomposition
in case of involution

Question: "What happens when f = |[a, ...][4) (i) is an involution and (ii) owns
at least one non-trivial decomposition?"

Remark 1.5. First try
When f is an involution (recall):

(®)a (3)

) [(3)37 (3)x](3)[A}](3)[A} = [(3)37(3) X](S)[B(w)[A},(S)a)] =
Or, equivalently (recall the basic result of proposition 1.1):

{(DBOAL, D). (7). Pa A Ox >= (Ox >

20
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1.7 Deformed cross product and its non-trivial decomposition in case of
involution

When there exists at least one non-trivial decomposition denoted ([K], z)!:
{DBW1A], Da)'. [J]} AIK].|Px > +|Pz >} = |Ox >
This situation forces to work with:
{DB@[A], @a)’. [J].[K] - Ids}.|Px>= —|Pz >
As consequence of proposition 1.5 and remark 1.2, one must recall that:
DB(A), Pa)’ . [J].[K] # Id;

... because, whatever the decomposition of |a A x> is (i.e.: simple or not) the
determinant of [B] is null whilst the determinant of the identity matrix is of
course equal to 1g.

The decomposition ([K],z) depends on the nature of a polynomial A(a) de-
scribing the behavior of the components of a. For more technical details, please
see [a] and [b]. Any way, as usual, (i) when:

B[4, @) [J].[K] — Ids| # 0

. and (ii) if the decomposition ([K],z) is known, then one can always find a
vector x on which a given function [a, ...] 4] acts likg-an involution... even if the
calculations are tedious.

Remark 1.6. Second try

One could make a logical objection concerning the approach exposed in pre-
vious remark. More precisely: "Why should the cross product a A x have a
non-trivial decomposition and not f(x) = [a,x](4;? And if the latter has effec-
tively a non-trivial decomposition, how does it impact £2(x) = [a, [a,x]{aj][4]?"

In accordance with the results which have been obtained in |a] and [b], one
can envisage the existence of a non-trivial decomposition for the image of f(x)
in V*3:

(%) >= [[a, x]ja >= {[A]". [J]} AIK] . [x > +]|z >}
Therefore, one can also envisage to calculate the image of f2(x) in V*3:

(%) >

|[aa [av X} [A]][A] >

{[A]- (71} A[K] - l[a, x]pa) > + ]z >}

"Where [K| is the kernel -also called main part- and where z is the residual part of the
decomposition.
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{14 (71} ALK AMA] - [} AK] x> +]z2>) + |2 >}

{14 (1} (K] ALY (1} - (K- e > +{[A) - [J1} - {Tds + [K] A{[A]" - []}} - |2 >

As consequence, when 2 is an involution, one can write:
{IA] . (71} (K] A[A] - (]} - [K] = Tds}. |x >

—{[A]". [} A{Zds + [K]-{[A]". [J]}}- |z >

This relation represents a very classical linear system containing three equations
depending on the three components of x. One can treat it as usual when the
deforming matrix [A] and the polynomial A(a) are known through the local
physical circumstances.

1.8 The classical cross product and the involution

The classical cross product, as already mentioned in proposition 1.2, is a de-
formed Lie product acting in a three-dimengional space which has been deformed
by the matrix [A] = [J|. Hence~ if #heapproach which is promoted in this docu-
ment s plausible- to knowif arid when this cross product acts like an involution,
one should consider the system:

{11 K] A) - (1} - (K] = Tds} o [x >

1" [}y ATLds + (K] ALI]" [T} - |2 >
And this system is equivalent to:
{[K)]? = Id3}.|x>= —[K].|z >

Where [K]| is the kernel of a given non-trivial decomposition whilst z is its
residual part.

Remark 1.7. Confrontation with the classical approach within a three-dimensional
Euclidean context.

Before going further and eventually before making unnecessary calculations,
let consider what happens in calculating a repeated cross product (a A ...)
within a three-dimensional Euclidean context; as usual:

aN(anx) =<a x>, .a—<aa>py, . .X
—_——

=|lall?

22
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1.8 The classical cross product and the involution

Proposition 1.8. The classical cross product is an involution when il is plau-
sible to write:

aA(aAx) =<a x>, .a—|a*x=x
This is impossible as long as the discussion is developed with elements in E(3,R).
Proof. There are two arguments justifying this affirmation:

e The condition representing the involution contains the information that x
must be proportional to a; in that case, the cross product (a A x) vanishes
and asking if it is an involution becomes totally meaningless.

e FEnvisaging the sub-case for which x is orthogonal to a would avoid the
dependence between both vectors and the first obstruction, but the real-
ization of the involution would impose a negative Euclidean norm: this is
not allowed within a discussion with elements in E(3, R).

O
In opposition:

Lemma 1.2. The involution of a classical cross product can be envisaged in
developing the mathematical discussion in a three-dimensional space where the
vectors have components in C. The existence of-an involution imposes four
necessary conditions:

e The definition of what i§-called the scalar product between two vectors, here
between a and x, is similar to the definition which is used with elements
in E(3,R), but the result is now in C. Therefore this scalar product can
no more be involved in the definition of a classical Fuclidean norm and
the misleading notation [/...][ will be up to now discarded. The existence
of an involution will be written:

aN(aNx)=<a x>, .a— <aa>y .X =X
With:
1

<a, x>, =<a,X>,=a at + a2+ a2t eC

e The vector a must not vanish and it must be different from the vector x
on which it is acting:

Vze C—{0c}:a#z.x
e The vector a must act on a vector x which is "orthogonal” to it:
alx < <a x>p,=0c
e The vector a must be chosen to respect the relation:

<a,a>p, +1 = 0c
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2 BIBLIOGRAPHY

1.9 Conclusion

There is much more to say about the involution in three-dimensional spaces,
especially if vectors have representations in C? or in H3. But the topic deserves
an entire chapter and it will be developed later elsewhere. This document was
only though as a pedagogical introduction and warm up to make students want
to study the subject in more depth.
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