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Major references. Many references have influenced my
understanding of both perspectives, particularly (in cronological
order) Chevalley-1946 [1], Riesz-1958 [2], Hestenes-1966 [3],
Porteous-1969 [4], Casanova-1976 [5], Hestenes-Sobczyk-1984 [6],
Hestenes-1986 [7], Hestenes-1999 [8], Hitzer-2003-ax [9],
Doran-Lasenby-2003 [10], Dorst-Fontijne-Mann-2007 [11]...

What follows is structured as a combination of both perspectives.

The caption: A set of mathematical footnotes to the GA part of the
excellent paper Hestenes-Li-Rockwood-2001 [12].

“[...] tools and methods to enrich cassical geometry by integrating it
more fully into the whole system.”

In next Index, points that may have some novelty are highlighted.
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Index Main points

AXIOMATICS

= Grassmann algebra. Grading and exterior product. Multivectors.
Blades. Functorialities. Involutions of AE.

= Metric Grassmann algebra. The Gram rule. Inner product.
Involutions of the inner product. Laplace rule. Inner product in
terms of the metric.

® The design approach. Basic axioms. The metric. Linear
generators. Uniqueness results. Existence of full GAs (Clifford
algebra). Existence and structure of folded GAs. The grading,
outer and inner products. Involutions. The fundamental formula.
Riesz' formulas. Grades of a geometric product. Alternative form
of the metric (agrees with Hestenes' natural scalar product). A
metric adjuntion formula.
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Index Main points

= Geometry with GA. Introduction. Axial symmetries and
reflections. Versors. Pinors and spinors. Rotors. Geometric
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Grassmann algebra
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Grassmann algebra Grading and exterior product

The exterior algebra associated to E, (/A\E, A\) is the direct sum of
the exterior powers \*E of E with the exterior (or outer) product
multiplication, A. Since AKE =0 for k > n, this is a finite sum:

NE=B_NE=R®GEONE®---&NE

It is a graded algebra, which means that x A y € A""°E when
x € N'E and y € N°E.

The exterior product is skewcommutative (or supercommutative): for
x € N'E and y € N°E,

xANy=(-1)"y A x.

O If er,--- , e, is a basis of E, the (]) products &, =, A--- A g;
(1<j1<...<j,<n)form a basis of AFE. In particular,
dim A"E = (Z) Hence dim AE = 2", O
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Grassmann algebra Multivectors

In general, the elements of AE are called multivectors.

If x € AE, x =), )\,€), we write x, € A\"E to denote the
component of x of degree r, x, = ZM:r Aje;. So
X = X9+ X1 + -+ + Xp, and this decomposition is unique.

Remark. Many authors, including our invited speakers, write (x),
instead of x,, and simply (x) for (x)o.

The multivectors of A"E are called r-vectores, or homogeneous
multivectors of grade r.

For r =0,1,2, n—1, n the r-vectors receive particular names: scalars,
vectors, bivectors, pseudovectors and pseudoscalars, respectively.

Since A°E = R, the scalars are real numbers. Similarly, the vectors
are the elements of A'E = E. Scalars and vectors will be denoted as
explained in SX1/32: Greek and bold italic letters, respectively.
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Grassmann algebra Multivectors

r Name dim A"

0 scalar 1

1 vector n

2 bivector (;’)

3 trivector (3)

n — 1 | pseudovector n

n pseudoscalar 1
Let xq,...,x, be vectors and set X = x; A --- A x,, which is an
r-vector. A fundamental property of the exterior algebra is that
X # 0 if and only if the vectors x1, ..., x, are linearly independent,

and in this case we say that X is an r-blade.

A general r-vector is not an r-blade (see the remark on page 12) and
E1l, page 85.
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Grassmann algebra Blades

If X is an r-blade, let [X] denote the class of X with respect to the
proportionality relation: [X] = [X'] if and only there exists a scalar A
such that X' = A\X.

QO There is natural bijection between the set S, E of vector subspaces
F of E of dimension r and the set B, of classes of r-blades.

[J The r-blades X = x; A--- A x, and X' =x] A--- A X/
corresponding to two bases xi,...,x, and xi,--- ,x/ of F are
proportional, because X’ = dX, where d is the determinant of the
second basis with respect to the first. In other words, [X] = [X'], and
this shows that the map S, — B,, F — [X] is well defined. This map
is clearly onto (or surjective) and it is one-to-one (or injective),
because

F={xe€E|xANX=0} O
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Grassmann algebra Blades

It is therefore natural to identify a subspace F of E of dimension r
with the class [X] of the r-blade X formed with any basis of F.

In doing so, we are allowed to write x € [X] as equivalent to x € F.
Note that x € [X] & x A X =0.

Each blade X such that F = [X] represents an amount of r-volume
of F. Any two such quantities are proportional, and we say that they
have the same (opposite) orientation if the proportionality factor is
positive (negative).

Remark. If X is an r-blade, [X] is a point in S1(A"E). So S,E ~ B,E
yields S,E — S;1(A"E), which turns out to be 1-to-1 (Pliicker embedding).
Moreover, the image is a smooth submanifold of S;(A"E) of dimension
(n—r)r. Since S1(A"E) has dimension () — 1, the B, is a set of measure
0 in the set of multivectors except for r = 1 (every l-vector is a 1-blade)
and r = n—1 (every (n — 1)-vector is an (n — 1)-blade). For n =4,

r = 2, the dimensions of 51(/\2E4) and S;E3 are 5 and 4, respectively.
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Grassmann algebra Blades

Blades in the space of
eiNea/Aes, where the
e; are vectors.

€3
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Grassmann algebra Functorialities

Let f € End(E). Then

@ There is a unique linear map f®k : TKE — T¥E such that
fk(er @@ e) = f(e) @--- @ f(ex). Adding up for all k
we get a linear map f® : TE — TE that is an algebra
endomorphism.

@ There is a unique linear map ¥ : A¥E — A¥E such that
fAk(er A+ Nek)=f(er) A+ A f(ex). Adding up for all k we
get a linear map " : AE — /AE which in fact is an algebra
endomorphism.

In practice there is no harm in using the same symbol f to denote f®
and £, which is just a form of overloading operators by using the

type of the argument to decide how to evaluate an expression. Thus,
for example, f(e® e') = f(e) ® f(e’) while f(e N e') = f(e) N f(€).
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Grassmann algebra  Involutions of AE

Parity involution. The involutive linear automorphism E — E,
X — —x, extends to an automorphism x — x® of AE. It is an
involutive algebra automorphism,

(x Ay)*=x*Ny"“.
It is clear that the restriction of o to A"E is given by
x = (—1)"x.

The parity involution « is also called main involution or grade
involution.

Let A"E = {x € AE|x®* =x}and A" E = {x € AE|x* = —x}. It
is clear that A" E = @20AYE, N E = @;50AYT'E, and

AE = AN"E @ A E as vector subspaces. Furthermore, A"E is a
subalgebra of AE (the even subalgebra).
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Grassmann algebra  Involutions of AE

Reversion. There is a unique linear automorphism AE — AE,
x — xT = x = x!, such that

(1A AX) =x A~ Axg (x1,...,x, €E, 0<r<n) (1)

Since x, A - -+ A xq is a multilinear alternating function of xq, ..., x,,
the claim is a consequence of the universal property of the exterior
algebra.

The automorphism 7 is clearly an involution and it can be
immediately checked that it is an antiautomorphism of N\E:

(xANy) =y" AX. (2)
If x € A"E, the alternating character of A implies that

where r//2 = | 7] is the integer quotient of r by 2.
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Grassmann algebra  Involutions of AE

Clifford conjugation. The composition K = a7 = T« is an
antiautomorphim of the exterior product and it is called Clifford
conjugation. Instead of x(x) we also write x”* or X. It is immediate to
check that the sign for grade r is (—1)+1)//2,

r mod 4
0(1]2]3
al+|— |+ |-
Ul I el el
K|+ |—]—|+
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Metric Grassmann algebra
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Metric Grassmann algebra The Gram rule

Assume that E is endowed with a metric g (cf. SX1). Then g induces
a metric on \E, which will be denoted with the same symbol q.1

With respect to this metric, A"E and A’E are orthogonal when
r # s, while for the r-blades X =x; A...Ax,and Y =y1 A... Ay,
we have, according to the usual mathematical prescription,

a(X,Y)=G(x1, .- X Y1, 5 Yr),s (3)
where G = G(xy,...,X,; y1,...,Y,) is the Gram determinant
q(xi,y1) - q(x,yr)
G=| : (4)
q(x,y1) - q(x,y)

LIf we regard q as a linear map q: E — E* (q(e)(e’) = q(e, e’)) then we
have a graded algebra map ¢" : AE — A(E*) = A(E)* and hence a metric
g™ (x,y) = g"(x)(y) for AE. As we will see (page 51), it agrees with Hestenes’

natural sca/ar product.
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Metric Grassmann algebra The Gram rule

In particular we have

q(X): G(X]_,...,Xr), (5)
where G(x1,...,x,) = G(x1,...,X,; X1, ..., X,) takes the form
q(X17X1) tee q(Xlaxr)
G(Xla . 7Xr) = (6)
q(xe, x1) -+ q(xr, x)

Example. If q is the Euclidean metric of E,, then
G(xe, ..., %) = V(x1,...,x)> (7)

where V(xi,...,x,) is the Euclidean r-volume of the parallelepiped
defined by x,...,x, (in E2, page 85, you can work out the details).
In particular we see that the induced metric on A\E, is again

Euclidean.
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Metric Grassmann algebra The Gram rule

In general, the signature of AE, s can be determined easily using the
formulas (3) and (5). Indeed, if ey, ..., e, is an orthonormal basis of
E, s, then the basis @, = e, A--- A g is an orthogonal basis of AE, s
and q(e)) = q(e;) - q(e;,) = (—1)"¥), where we set v(J) to denote
the number of negative terms in the sequence q(e;,), ..., q(e;), or,
in other words, the number of j; such that j; > r.

O If s > 0, the signature of AE, ¢ is (2771, 2771).

[J A positive @, contains an arbitrary selection of the first r vectors
(2" possibilities) and an arbitrary selection of an even number of the
last s vectors, which amounts to 2°/2 = 2571 possibilities if s > 0.
So 272571 = 271 is the number of positive terms. O

Remark. The signature of /\kEns can be obtained in a similar way. The
number of positive and negative e, of grade k (p and n) are given by:

P = ZO<2j<s(k—r2j) (251) n= ZO<2j<s—1<k—2rj—1) (2jj—1)'
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Metric Grassmann algebra Inner product

The inner product is a bilinear operation in /A\E that we denote x - y.
Bilinearity implies that we only need to define X - Y when x = X and
y =Y areblades, say X =x; A---AXx,, Y =y1 A--- A ye.

The basic case is for r =1 (X = x; = e € E), and is defined as the
(left) contraction with e:

0 if s=0

Zizl(—l)k_lq(e,yk)yk if s>0 (8)

e-Y:cSe(Y):{

where Y =yvi A AYe 1 AYka1 A A Ys.

The fundamental property of the operator d, (often denoted i) is
that it is a skew-derivation of grade —1 of the exterior product: if x
and y are multivectors, then (Leibnitz rule)

Je(Xx N y) =0e(x) Ay + x¥ A de(y) (9)
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Metric Grassmann algebra Inner product

The case s =1 (Y = y; = e) is defined in a similar way using the
right contraction of e with X, which is equivalent to (—1)te - X.

Note, in particular, that if x and y are vectors, then we get, either
way, X -y = q(x, y).

Thus, except for the case r = s = 0, we can assume that r,s > 2, in
which case the definition is given by the following recursive rules:

(X2 A= AXe—1) - (x- YY) ifr

<
(KA Ax )i AAye) = fr<
’ (X-y1) - (2 A Ays) if r>

In fact, it is easy to see, using the definition for s = 1 and induction,
that the case r < s is sufficient to evaluate any inner product because

XY =(~1)"Y . X, (11)

when r > s.
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Metric Grassmann algebra Inner product

In particular we see that the inner product is symmetric when r = s.
More generally: it is symmetric if and only if r and s have the same
parity or else when the least of the two grades is even. Otherwise it is
skew-symmetric.

Remark. For a vector e and a scalar A\, we have been led to the
relation e - A = 0 (hence also to A - e = 0). By the recursive rules, we
also get that x- A\ = 0 (hence also \-x = 0) for any r-vector x, r > 0.
So we have defined all cases except the inner product of two scalars,
which boils down to the definition of 1-1. We just take the simplest
possibility, namely 1 -1 = 0, as this will not ve used in what follows.
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Metric Grassmann algebra Inner product

Example. Given vectors xi, X2, ¥1, ¥,

(x1 AX2) - (Y1 A y2) = —G(x1, X2: y1, ¥2) = —q(x1 A X2, 1 A\ y2).

The proof is a straightfoward computation:
(x1AX2) - (1 AY2) =x1- (X2 (Y1 A Y2))
= x1 (q(x2, y1)y2 — q(x2, y2)y1)

= q(x2, ¥1)q(x1, ¥2) — q(x2, ¥2)q(x1, y1)
= —((x1 - y1)(x2- y2) = (x1 - y2)(x2 - y1))
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Metric Grassmann algebra Inner product

Example. If X =x; A xp and Y = y; A y> A y3, a similar
computation yields

XY ==G(X, Yaz)y1 + G(X, Yis)y2 — G(X, Y12)y3
= (X - Yaz)y1 — (X - Yi3)ya + (X - Yia)ys,

where Y = yi A\ y;.

Remark. These two examples are special cases of the formulas that
we establish in next slides.
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Metric Grassmann algebra Involutions of the inner product

{1 The involution « is an automorphism of the inner product:
(x-y)" = x" -y,
{2 The involution 7 is an antiautomorphism of the inner product:

(x-y) =y -x".
[] We can assume that x and y are homogeneous multivectors, say of
grades r and s, and then we can conclude by grade accounting.

The first is reduced to check that |r — s| and r + s have the same
parity (which is obvious).

The second is reduced to check that s//2+ r//2 + rs 4+ min(r, s)
and |r — s|//2 also have the same parity, which may be left as an
exercise. [l
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Metric Grassmann algebra Laplace rule

If r # s, the formula (11) tells us that it suffices to consider the case
r < s in order to find an expression for the inner product X - Y of
two blades of grades r and s.

The result is what can be called Laplace rule:
O XY =3 (-1 X Y)Y = (-1 (X, Y)Y (12)

where the sum is extended to all multiindices J C {1,...,s} of grade
r,J ={1,...,s} —J and Y| is the exterior product of the factors of
Y with index in L. E3, page 85, gives a condition for X - Y = 0.

We have seen the case r =2 and s = 3 on page 26.

[J For r = 1, the formula agrees with (8) and for r > 1 we can use
the recursive rule (10) and induction. The details are interesting, but
a bit tedious, and are collected in the Appendix A, page 77. O]
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Metric Grassmann algebra Inner product in terms of the metric

Notice that in the case r = s, the inner product can be expressed
with the following metric formula:

x-y=q(Xy)=(-1)""q(x,y). (13)

This follows from the Laplace rule (for r-blades) and bilinearity. In
particular we get the following formula for the metric norm g(x) of
an r-vector x in terms of the inner product:

g(x)=x-x=(-1)""x-x. (14)

Example. Let ey,...,e, € E be an orthogonal basis and J, K two
multiindices of grade r and s, respectively. Assume that r < 's. Then
the Laplace rule gives

s s o if JZ K
T ) (1)U Rg(8))ek—,  otherwise.

Thus it has grade s — r or is 0.
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The design approach to GA
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The design approach to GA Basic axioms

A geometric algebra is a structure with the ingredients described in
A0 and satisfying the properties A1 and A2 below. We will also
assume the non-degeneration condition A3.

AOQ. Structure: An algebra A with a distinguished subspace E C A
not containing 1 = 14. This structure is denoted (A, E). The
elements of R C A are called scalars and those of E and A, vectors.

A1l. Contraction rule: x*> € R for any vector x (1).

A2. A is generated by E as a R-algebra (2).

Notation. If a = ay,...,a, is a sequence of elements of A and
J=j1,...,Js is a sequence of integers in {1,...,r}, then we will
write a; to denote the product a; -- - aj.

s

1 The magnitude |x| > 0 of x can defined by |x|?> = exx2, where ¢, is the
sign of x2 (and called signature of x). 2 If E’ C E is a vector subspace
and A’ C A the subalgebra generated by E’, then (A’, E’) is a GA.
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The design approach to GA The metric

O If x,y € E, let g(x,y) = 2(xy + yx). Then g(x,y) € R and
since it is symmetric and bilinear, it is a metric for E (Clifford metric
or just metric).

[] The algebra allows us to write
(x +y)? = x>+ xy +yx +y>.
Since x2,y?, (x + y)? € R, it follows that
xy + yx =2q(x,y) € R. O

This is Clifford’s relation. Setting y = x, we get g(x) = x2, which
means that the contraction rule and the Clifford relation are
equivalent.

Two vectors are ortogonal if and only if anticommute.

A3. Henceforth we will assume that g is non-degenerate. Its
signature will be denoted (r, s).
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The design approach to GA Linear generators

Let ey,..., e, € E be an orthonormal basis and set B = {e,},
JC N =/{1,...,n} a multiindex.

O B generates A as a vector space. Therefore dim A < 2".

[J The elements of the form ex = ey, --- e, K =ki,...., k€N,
generate A as a vector space (1). The ek with k; < -+ < kj also
generate A as a vector space (2) Now any repeated factors appear
together and can be symplified with the contraction rule. The result
will be a scalar multiple of some e, € B. O

1. Use A2 and the bilinearity of the product.

2. Since e e; = —e;jey, the product ek is equal to (—1)t(K)eR where K is
the result of sorting K in non-decreasing order.
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The design approach to GA Linear generators

Example. If we follow the procedures explained in the proof above to
evaluate e;ey, | and J multiindices, we get Artin’s rule:

ee; = (—1)t(”J)q(/ N J)e,AJ, (15)

where | A J is the (sorted) symmetric difference of / and J and
q(K) = q(ex,) - - - g(ex,) for any multiindex K.

In particular, €2 = (—1)"//2q(J), r = |J|. Hence any e, € B is
invertible and e, = (—1)"//2q(J)ey. If K is another multiindex,
e'KeJ_1 is, up to a sign, an element of B.

Example (A commutation formula). e;e; = (—1)°(—1)"eje,, where
r= 11, s=1J|, c = |I N J|. Indeed, there are rs pairs (ix,Ji)
(k=1,...,r,j=1,...,5). The number of pairs with i, > i is
t(1,J), the number of pairs with i, < iy is t(J, /), and there are ¢
pairs such that i, = j; (coincidences). Thus rs = t(/,J) + t(J,1) + ¢
and t(J,l) =rs+ c+t(l,J) mod 2. Now the claim is immediate,
fordnl=INnJandJAal=1nJ.
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The design approach to GA Linear generators

Q1 If nis even, the set B is linearly independent, and hence
dim A = 2".

[J Suppose we have a linear relation ), A e, = 0. To prove that all
Ay must vanish, it is sufficient to show that the coefficient Ay of

1 = ey must vanish. Indeed, multiplying the original relation by ejl
we get a similar relation in which the coefficient of 1 is A,. Now for
any index k, the original relation implies ), )\JekeJek_l = 0. Since
e, either commutes or anticommutes with e;, we derive the relation
>, Ase; = 0 where the sum only involves the e, that commute with
all ex. Since e, anticommutes with any of its factors when |J| is even
and non-zero, and anticommutes with any e, with k ¢ J when J is
odd (such k exist because n is even), it turns out that the relation
implies A\p = 0. O
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The design approach to GA Linear generators

Let BT be the set of the e, such that |J| is even.
Q2 The set BT is linearly independent.

[0 By Q1 we may assume that n is odd, and then it is immediate to
adapt the above argument to this case, for ey ¢ B*. n

Q3 If nis odd, say n =2m + 1, and the set B is linearly dependent,
then n//2 +s = m+ s is even, ey = &1 and dimA = 2"1.

[J In this case the argument used in the proof of {1 works just as
well: starting with a non-trivial linear relation ), A;e;, = 0, we can
get a similar relation in which Ay # 0 (multiply by any ejl for which
Ay # 0), but in this case we cannot get rid of N, because all e
commute with ey. So we obtain a non-trivial relation of the form

Ap + Anveny = 0. This implies that ey € R.

Let us work out the consequences of this.
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The design approach to GA Linear generators

First, e3 is a positive, but we also have e3, = (—1)™(—1)¢, and
hence m + s must be even and ey = +1. So for any J such that |J|
is odd, e; = ey, with J/ = N — J. Since ey € BT, we conclude
that Bt generates A linearly. To finish, use (2. O

Thus we have dim A = 2" unless n is odd (say 2m+ 1) and m + s is
even, in which case dim A = 2" if e} # +1 and dimA = 2"1
otherwise. Signatures with n odd and m + s even will be called
special, and regular otherwise. Here is a table of special signatures
upton=29:

n 3 5 7 9

ri2(0/5(3[1/6[{4]2|/0(9|7|5|3|1
s1/3(0]2(4|1(3|5|7|0(|2|4,6]|8

Note that the STA signature (1, 3) and the CGA signature (4,1) are
regular. The Euclidean signatures (n,0) and Lorentzian signatures
(1,n—1) are regular unless n=1+4m, m > 1.

S. Xambé (RSME-UIMP) AXIOMATICS 22-26 August, 2016 37 /94



The design approach to GA Uniqueness results

A geometric algebra A will be said to be full if dimA = 2" and
folded if dim A = 2"~ (or equivalently if the signature is special and
ey = £1 for any orthonormal basis).

QO Let A and A’ be geometric algebras with the same signature and
E and E’ the corresponding vector spaces. Let f : E — E’ be an
isometry. If A is full, then there is a unique algebra homomorphism
fi. A — A that agrees with f on E, and ¥ is onto.

If A’ is also full, then f* is an isomorphism.

[J Let e = ey, ..., e, be an orthonormal basis of E. Let € =
ey,...,e,, with e, = f(ey). Since f is an isometry, €' is an
orthonormal basis of E’. Then B = {e,} is linear basis of A and

B’ = {e)} is a linearly generating set for A’. If f* exists, f*(e,) = €/,
and hence f* is uniquely determined as a linear map, and is onto.
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The design approach to GA Uniqueness results

To see that f* is an algebra homomorphism, it is enough to show
that (e, ex) = e'jej for any multiindices J and K.

But this is an immediate consequence of Artin's rule, for if
L=J A K, then e;ex = ee, and e’ej, = ce| (the same sign ¢).

Finally, in case A’ is also full, B’ is a linear basis of A’ and so f* is a
linear isomorphism, hence an algebra isomorphism. O
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The design approach to GA  Existence of full GAs (Clifford algebra)

Let (E, q) be a regular metric vector space of finite dimension n. Let
C,E be the quotient algebra TE/I,E, where I,E is the ideal
generated by the tensors of the form e @ e — g(e) (C,E is called the
Clifford algebra of (E, q)). Since non-zero vectors cannot belong to
I,E, the restriction of the quotient map to E = TLE is one-to-one,
and hence we will identify E to its image in C4E. It is also immediate
that 1 € E.

QO (G4E, E) is a full geometric algebra with metric g.
[J We just checked the conditions AO.

The fact that e ® e — g(e) maps to 0 in C,E shows that e? = g(e)
in C4E, which is the contraction rule Al. This also shows that the
metric of E defined by C4E is g and in particular that A3 is satisfied
as well.

Since TE is generated by E as an R-algebra, C,E has the same
property. This shows that A2 is also satisfied.
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The design approach to GA  Existence of full GAs (Clifford algebra)

To end the proof, we have to show that C,E is full. Since this is true
for n even, we can assume that n is odd.

For this we will use the parity involution o : TE — TE, uniquely
determined by the rule

e® e () ?((—e)=(-e® e,
Observe that I;E is invariant by «, for
(e®e—qg(e)*=e®e—q(e),

and hence « induces an involutory algebra automorphism of C,E
uniquely determined by the rule

e e (—1)ke - e,.

Now if e;,..., e, is any basisof E, (e;...€,)* = —ey...€,
(because n is odd). Hence e;...e, & R and we know that this
implies that C4E is full. n
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The design approach to GA Existence and structure of folded GAs

Although it is not clear what is their role in the realm of GA, for
completeness we include a proof (appendix B, page 80) that folded
GAs exist, and that there is only one, up to a canonical isomorphism,
for each special signature. Moreover, we show how to contruct this
algebra as an explicit quotient of the full algebra for the same
signature.

Here lets return to the mainstream.
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The design approach to GA The grading, outer and inner products

For each signature (r, s) there is a unique full geometric algebra, up
to a canonical isomorphism. We will denote it G = G, ;. Its product
will be called geometric product.

Recall that we let B = {e,} denote the linear basis of G associated

to an orthonormal basis ey, ..., e, of E. We will also write
B" = {es}J=r-
Consider the map alt : E” — G given by
X1, X alt(x, . x) = 530 (1) Wk - xg
where the sum is extended to all permutations J = [, ..., Jj,] of
{1,...,r}. This map is multilinear and alternating, and hence there

is a unique linear map alt : A"E — G such that

Xy Ao A X = alt(xg, .., X))

S. Xambé (RSME-UIMP) AXIOMATICS 22-26 August, 2016 43 / 94



The design approach to GA The grading, outer and inner products

{ The map alt : A"E — G is one-to-one and its image is the space
G" spanned by B". In particular, G" is independent of the
orthonormal basis e and dimG" = ().

(1 If the vectors x1, ..., X, are pair-wise orthogonal, they
anticommute, and this implies that alt(x; A -+ A Xx,) = X3 -+ X,. In
particular alt(e;) = e, for any J such that |J| = r. O

So we have a canonical linear grading G = G° ®G' @ --- ®G" and a
canonical graded linear isomorphism alt : AE — G. This
isomorphism allows us to define the exterior (outer) product and the
interior product in G by grafting the exterior and interior products of
AE via this map. Thus, by definition, alt(x) A alt(y) = alt(x A y)
and alt(x) - alt(y) = alt(x - y).

The notions of multivector, r-vector and r-blade are also transferred
to G: they are respectively the elements of G, of G, and the
non-zero r-vectors of the form x;y A---AXx,, xy AN--- A x, € E.
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The design approach to GA The grading, outer and inner products
Q If x is an r-vector and y an s-vector,
XAy =(xy)rts and x-y = (xy)r—s|- (16)

[1 It is enough to check these relations for x = e, y = ek.

From the definitions, it follows that e; A ex = alt(e; A ex) and
e;-ex = aIt(EJ . EK)

Thus e; A ek is zero if JN K # () and is e ex otherwise, which
agrees with (ejek),+s in both cases.

For the interior product, assume r < s. In this case

ejex = (—1)Kqg(L)e;, with L = J A K (the sorted symmetric
difference), has grade r +s —2|L| > r+ s —2r = s — r, with equality
if an only if J C K. Thus (ejex)s—, =0if J Z K and

= (—1)"*)g(J)ex_, otherwise. And these values agree with e, - ex
(use the example on page 29). The case r > s is analyzed in a similar

way and is left as an exercise. O]
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The design approach to GA Involutions

The involutions o and 7 can also be transported to G via alt.

The main involution @ of AE becomes the involution o of G defined
on page 41, for on r-vectors both agree with multiplication by the
sign (—1)". It is immediate to check that it is an involutive
automorphism of the geometric product:

()" = xye.
The reversion on r-vectors is the multiplication by the sign

(—1)(5) = (=1)"//2. Since for products of orthogonal vectors this is
the sign produced by reversing the order of the factors, this holds in
general: (e;---e,)” =e,---e;. From this relation it follows that 7 is
also an involutive anti-automorphism of the geometric product:

(Xy)T — yTXT_

The Clifford involution k = Ta = a7 is also an involutive
anti-automorphism of the geometric product: (xy)" = y"x".
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The design approach to GA The fundamental formula

O Letec Eanx e G. Then

ex=e-x+eAx. (17)

[ Since both sides are bilinear expressions of e and x, it is enough to
check the relation for e = e, and x = e, k € N and J a multiindex.
|fk€../, e.re;=0and ee;=e Ne;. If ke J thene, Ne; =0
and e.e; = (—1)t(k’J)q(ek)eJ_{k} = € - ey. L]

We also have the formula

xe=x-e+xAe. (18)

[0 Instead of proceeding as in the proof above, we can apply (17) to
x™ and then apply 7 to the result:

xe=(ex") =(e-x"+eAX") =x-e+xANe. O
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The design approach to GA Riesz’ formulas

{ (Riesz formulas). Taking into account that x - e = (—1)""le - x
and x A e = (—1)"e A x, we can write

xe = (—1)(—e-x+ e Ax). (19)
Together with (17), it is immediate to get the expressions

2e Nx = ex + (—1)"xe, 2e - x = ex — (—1)'xe. (20)

Q For any vector e, the operator d, is an antiderivation of the
geometric product: de(xy) = (dex)y + x*(dey). E4, page 85. O

Given a vector e, we define e : G — G by pe(x) = e A x. Then
formula (17) can be written as

ex = (Je + f1e)(x). (21)
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The design approach to GA Grades of a geometric product

QOletxe g, yegs. If ke{0,1,...,n} and (xy)x # 0, then
k = |r—s|+2i with i > 0 and k < r+s. Moreover, if r;s > 0, then

(Xy)r-i-s =XNY, (Xy)|,75| =Xy (22)

[ Since (xy)x depends linearly of x, we do not loose generality if we
assume that x is a non-zero r-blade, say X = x; A --- A X,.
Moreover, we may assume that x;,--- , X, is an orthogonal basis of
[X], in which case X = x; - - - x, and, using (21),

Xy = (,ux1 + 5x1) T (Mx, + 5Xr)(y)'

If we choose i times the summand p, and hence r — i times §, we get
a homogeneous multivector of grade s+ /i — (r — i) =s — r + 2i.
The maximum grade we can form in this way is r + s (with i = r),
and the corresponding term is x A y (in agreement with (16)). Now if
s > r, the minimum grade we can get is s — r (with / = 0), and we
know that the corresponding term is x - y (by (16)).
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The design approach to GA Grades of a geometric product

If r > s, the minimum grade in xy is the minimum grade appearing in
(xy)” = y"x", namely r — s, and the corresponding term is
((yTXT)r_s)T — (yT . XT)T = x - y D
Examples. Let e € E,; and b € GZ,. Then eb — be = 2e - b, which
is a vector. This property also happens for b = xy, x,y € E:

exy — xye =2e - (xy) =2(e- x)y — 2(ey)x.

With the same notations, we have eb + be — 2e A b, a trivector.
But for b= xy, exy + xye =2(x -y)e+2e Ax Ay.

Example. For any r-blade X, X? € R. Indeed, we may assume that
X is the product of orthogonal vectors, X = x; - - - x,, and

X% = (=1)"/2XX = (=1)"//2q(X) € R. In particular we see that if
X is non-nul (meaning X2 # 0), then X is invertible, with

X1 =(-1)72X/q(X).

Exercises: Eb, page 86 and E6, page 86.
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The design approach to GA Alternative form of the metric

O q(x,¥) = (x"y)o. In particular, g(x) = (x"x)o.

[J Since both expressions are bilinear, we may assume that x and y
are homogeneous, say of grade r and s, respectively. Then (16) tells
us that (x7y)o = 0 if r # s, which agrees with g(x, y) as this also
vanishes. So we may assume that r = s, and in this case (16) again
tells us that (x"y)o = x” - y and then formula (13) allows us to
conclude that x™ - y = q(x, y). O

Remark. This form of the metric is called natural scalar product in
Hestenes-Li-Rockwook-2001.
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The design approach to GA A metric adjuntion formula

Q Let x € G"and y € G* and z € G™, where m = |s — r| (the grade
of x - y). Then

qly,xNz) if r<
q(x-y,z) = .
gix,zANy) if r>

Olfr>s x-y=(-1)"%%y.x, while
qgix,zAy) = (=1)™q(x,y A z) = (=1))5q(x,y A z).

This shows that the second case is reduced to the first and so we
may assume that r < s.

Since the two sides of the claimed equality are linear in x, y, and z, it
suffices to prove it for three basis elements: x = e, € G,
y=ex€G’, z=e. € G " (m=s—rin this case). The value of
e, - ek follows directly from the Laplace formula (12):
(—1)tUK=gx_,if J C K and 0 otherwise.
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The design approach to GA A metric adjuntion formula

Therefore (e, - ex, e ) = (—1)! K Ngx_,if JC K and

L= K — J, 0 in any other case. On the other hand g(ex, e; A e;)
can only be non-zero if L and J are disjoint and K = J U L, which is
the same thing as saying that J C K and L = K — J, and in this case
the result is also, taking into account the reordering of

e;Ne =e; \ek_y, (—1)t(J’K’J)qK_J. []
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Geometry with GA
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Geometry with GA Introduction

Let G = G, s denote the full geometric algebra of signature (r, s),
which is endowed with the exterior, interior and geometric products.
The even subalgebra is denoted G .

The group of multivectors that are invertible with respect to the
geometric product will be denoted G*. Note that R® = R — {0} is a
subgroup of G” and that it contains the set E:s of invertible vectors
(are the non-null, or non-isotropic vectors). The exercise E5, page
86, gives sufficient (and necessary) conditions for a blade to be
invertible.

As we see it, one of the fundamental reasons to study G is that it
provides an effective general way to work with the group O, s of
isometries of E, s, and to investigate the problems (geometrical or
physical) in which such groups are essential. Important instances:
the isometries of the Euclidean space E, (orthogonal group O,), of
the Minkowski space E; 3 (Lorentz group) and of E,; (conformal
group of E3).
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Geometry with GA  Axial symmetries and reflections

Q If u is a non-isotropic vector, then the map s, : E, s — E, ,
x — uxu~! is the axial symmetry with respect to the line (axis) (u).

O Since uu™t =1, s,(u) = u. If x € u*, then u and x
anticommute and hence s,(x) = uxu™! = —xuu™' = —x. Thus s,
is indeed the linear map that leaves u fixed and is —Id on u™, in

agreement with the definition of axial symmetry. O]

Corollary. If u is a non-isotropic vector, then the map
my: E s — E ¢, x — —uxu~! (thus m, = —s,) is the (mirror)
reflection across the hyperplane u™.

[J Indeed, m,, is the identity on u* and maps u to —u. O

Remark. For non-zero A\, u and A\u define the same axial symmetry
(reflection). Therefore we can always assume that the vector u used
to specify an axial symmetry (reflexion) is a unit vector (that is,

q(u) = £1).
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Geometry with GA  Versors

A versor is an element v € G that can be expressed as a product of
non-null vectors: v = uy--- uy. The set of versors V, ; = V(E, )
forms a subgroup of G* (1).

1

O Given a versor v, the map v(x) = v*xv~ " is an isometry of E, ;.

UJ Indeed, we have

vixv Tt = (=1)*uy - mxurt -y

1

1

_ Uk(' .. (—U1XU1) e )u;
= (- (0 (3)) ) = (= ) ()

and hence v = my, - - - my,, which is an isometry.

1. It is clear that the product of two versors is a versor, that 1 is a
versor (actually any non-zero scalar \ is a versor, as A = (Au)u~? for
any invertible vector u) and that the inverse of versor v is

vii=ut - ut Since vv = q(v) = u? - u? # 0, we can also
write vt =v/q(v).
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Geometry with GA  Versors

Let V, s = V(E, ;) be the group of versors and O, s = O(E, ;) the
group of isometries of E, s (orthogonal group).

O Themap p: V,s — O, given by v — v (adjoint map) is an onto
homomorphism and its kernel is R (the multiplicative group of
non-zero real numbers).

[1 It is a homomorphism because if v and w are versors, then
wyv(x) = (wv)x(wv)™! = wovexvtw™! = w(v(x)), which shows
that wv = wv.

That it is onto is a direct consequence of the Cartan-Dieudonné
theorem, which asserts that any isometry is a product of at most n
reflections.

Since A(x) = AxA™! = x for A € R”, it is clear that R is contained
in the kernel of V, s — O, . So it remains to prove that any element
of the kernel is in fact a scalar.
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Geometry with GA  Versors

To show the inclusion ker(p) € R™, suppose that v € V, is an
element of ker(p). Then viev ! = e, or v¥e = ev, for all e € E s.
But the Riesz formulas tell us that this relation is equivalent to say
that e- v = (ev — v®e)/2 =0 for all e € E, ; (1), and this implies
that v must be a scalar (2). O

(1) vve=(-1)ve=(-1)v-e+(-1)vAe=—e-v+eAv,
ev—=e-v+eAv,soev—vie=2e-v.

(2) For any grade r, e - x, = 0 for all e. So it is enough to see that
e - x, = 0 for all vectors e and r > 0 imply x, = 0. Use an orthogonal
basis ey, ..., e, and write x, = ZMZ, Ayey. Since e; - x, = 0, and
e -e;=q(e)e, 1 if 1 € Jand 0 otherwise, we get A\; = 0 if

1 € J. So e; does not appear in the above expansion. Arguing in a
similar way using e», ..., e,, we get that no e, appears in the
expansion, and so x, = 0.
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Geometry with GA Pinors and spinors

Let Pin, s be the subgroup of V, ; of unit versors, that is, versors v
such that g(v) = %1 or, equivalently, vv = £1. The elements of
Pin,  are called pinors.

Q The group Pin, s coincides with the subgroup of V, s whose
elements are products of unit vectors.

[J Since it is clear that a product of unit vectors is a pinor, what
remains is to see that any pinor is a product of unit vectors. Let then
V = U -ty be a pinor. Since g(v) = vv = £1, we have that
q(uk)---q(u) = £1. Let ¢; = +£1 and A; > 0 be such that

q(u;) = jA7. Then

j:]_:gl...gk)\%...)\i7

which implies that A; - - - Ay = 1. Therefore v = v, - - - uj, with
uj = u;/);, and uj is a unit vector, for g(u}) = q(u;)/\} = <. O
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Geometry with GA Pinors and spinors

¢ The homomorphism Pin, s — O, ,, v — v, is onto and its kernel is
{£1}.

[ It is surjective because any reflexion has the form m, with u a unit
vector. The kernel consists of scalars A such that g(\) =\ =1. [J

Consider the subgroup V:s of V, s formed by the even elements of
V,s. Forany v € V", v is the product of an even number of
reflections and hence it belongs to SO, s (special orthogonal group).
The map V:s — SO, s is onto (again by the Cartan-Dieudonné
theorem) and its kernel is R™.

The group Spin,  is the subgroup of even elements of Pin, g, that is,
pinors that are the product of an even number of unit vectors
(spinors). The same reasoning as in the previous paragraph shows
that we have an onto map Spin, ; — SO, s and that its kernel is

{1},

S. Xambé (RSME-UIMP) AXIOMATICS 22-26 August, 2016 61 / 94



Geometry with GA Rotors

Sirlce spinors R are unit versors, in general we have RR = +1. If
RR =1, the spinor is called a rotor. In the Euclidean case, all
spinors are rotors, but this is not so in general.

Rotors form a normal subgroup, which we will denote Spin+ of

r,s?
Spin, ;. In fact, the map Spin, ; — {£1}, S+ 5SS, isa
homomorphism and its kernel is the rotor group.

As we will see in next lecture (with the exception of (r,s) = (1,1))
the group Spin::S is path connected to 1 and its image by the adjoin
map is the SO,

group). This gives a 2:1 cover SpinzS — SO:s which is the universal
cover.

the connected component of 1 of SO, ¢ (rotation
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Geometry with GA Geometric covariance theorem

O Letv e V:s. Then v : G — G is an automorphism of the
geometric algebra (that is, a linear automorphism that preserves
grades and which is an automorphism of the geometric, exterior and
interior products).

[J Indeed, v is linear and is a homomorphism of the geometric
product. Since it maps vectors to vectors, it follows that it preserves
grades. The fact that it is also an homomorphism of the exterior and
interior products follows from the preservation of grades and the
characterization of those operations given by the formulas (16). [
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Geometry with GA A quote from Feynman (1963)

“The most remarkable formula in mathematics is:
e’ = cosf + isinf

This is our jewel. We may relate the geometry to the algebra by
representing complex numbers in a plane

x + iy = re
This is the unification of algebra and geometry.”
R. Feynman, Lecture Notes in Physics, Volume |, Section 22-6.

Comment. Emphasis not in the original. We also note, from the
introduction of chapter 22: “So, ultimately, in order to understand
nature it may be necessary to have a deeper understanding of
mathematical relationships”.

Let us see what GA has to say about that jewel!
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Geometry with GA  An archetypal example

So far in this section we have shown the value of versors (or of
pinors) for representing isometries and of even versors (or of spinors)
for representing proper isometries. But this value is more theoretical
than practical, because it hardly gives any clue about the detailed
properties of an isometry in terms of the versor producing it.

Example. Let u and v be linearly independent unit vectors in the
Euclidean space E, and consider the rotor R = vu. This generates
the rotation R(x) = RxR™'. Fine, but what is its axis and amplitude
in terms of u and v?
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Geometry with GA  An archetypal example

To find out, let § € (0, 7) be the Euclidean angle between u and v:
cost) =u-v.

Let i be the unit area in the oriented plane P = (u,v). So i = uju,
for any positive orthonormal basis uy, u, of P. We have i2 = —1.
Note also that x — xi is the anticlockwise rotation by /2, for

i = up and wpi = —uy). In particular u and wi is a positive
orthonormal basis of P and hence v = ucosf + uisinf.

A .
ui ¢
fou(u)

v
20
sin 6
0
cosf Cu
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Geometry with GA  An archetypal example

It follows that u A v = u A uisin@ = uuisin@ = isin0. Therefore
R=vu=v-u+vAu=cosh—isinf=e". (23)

Thus we have what may be called Euler’s spinor formula:

O R(x) = e xef.

And this formula allows us to read directly the geometric elements of
the rotation:

O The rotation is in the plane P and its amplitude is 26.

[J If x is orthogonal to P, it anticommutes with u and v, hence it
commutes with i, and e ?xe® = x. If x lies in P, it anticommutes
with i and hence e ?xe'? = xe%?, which is the rotation of x by 26
in the positive direction of P. O
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Geometry with GA  An archetypal example

Example. Let u and v be two linearly independent vectors of the
Euclidean space such that u? = v2. Let R = v(u+v) = (u+ v)u.
Then R maps u to v. Indeed,

R(u)=RuR*=v(u+v)uuHu+v)?t=v.

Example. Suppose that n = 3. If n is the unit normal vector of the
oriented plane P, the unit volume of Ez isi = in. So i = in and the
rotation f, , about the axis n of amplitude « is given by the formula

foa(X) = e7in/2xeina/2,
Note that

iZ = inin = i? = —1,
for n commutes with /.

It is a good moment to take a bit of homework: E7, page 87.
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Geometry with GA  An archetypal example

We can use Euler’s spinor formula as many times as we want to
produce rotations of the Euclidean space E,. In parciular we can
choose area units iy, ..., i in pairwise orthogonal planes, and angles
ai,...,ak € [0,27) (not necessarily distinct), and construct the
rotation fr with

R = exp(—ikay/2) - - - exp(—ian/2).

Then the basic classification of Euclidean isometries insures that any
element of SO(E,) can be obtained in this way.

If u a unit vector orthogonal to the unit-area planes, then —uR is a
reflection (an element of O, — SO,), and all reflections can be
obtained in this way.

Remark. Since the area units i commute, R = e~ F, where
F = (hay + -+ + k) /2 € G2, This amounts to a simple and
effective proof in the Euclidean case of a remarkable theorem or Riesz

that we state and comment next.
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Geometry with GA  On a theorem of Riesz

Let E=E  n=r+s,and L€ SO:CS (this is the connected
component of the identity of SO, ).

Q1 If (r,s) is of one of the forms (n,0), (0,n), (1,n—1) or
(n—1,1), there exists a bivector F € G? such that

Lx = e Fxef. (24)
This result is false for any other signature.

O2 If F'is another bivector such that e F xef’ = e Fxef for all
vectors x, then ef = +ef.

[] See Riesz-1958, §4.12. We will delve into the proof and
significance of this result in tomorrow’s lecture. Here let us just
notice that it is not effective in the sense that it does not provide
clues about how to relate the specific geometric properties of L to
the algebraic properties of F. Note also that these ‘specifics’ are
dealt with in detail in other lectures for signatures such as (1, 3)

(STA) and (4,1) (CGA). O

S. Xambé (RSME-UIMP) AXIOMATICS 22-26 August, 2016 70 / 94



Duality
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Duality Pseudoscalars

Let e = ey,..., e, be an orthonormal basis of E, s and define
ie=e N---Ne,c G

We will say that it is the pseudoscalar (or also chiral element)
associated to e.

Note that by the metric formula we have:

q(ie) = q(e1) -~ q(ey) = (=1)*.

/

| is another orthonormal basis of E, then

!/ !/
Ife'=ef,....e€

ie’ = diEJ

where d = dete(€’) is the determinant of the matrix of the vectors €’

with respect to the basis e. Taking the metric norm, we conclude
that d2 = 1 and hence d = 1. This means that the there is a
unique pseudocalar, up to sign. The distinction of one of the
pseudoscalars is equivalent to choose an orientation of the space.

S. Xambé (RSME-UIMP) AXIOMATICS 22-26 August, 2016 72 /94



Duality Properties of a pseudoscalar. Hodge duality
Let 1 € G" be a pseudoscalar. Then we have:

OLic G, it = (=15 = (=1)5(=1)"/2, i? = (—=1)"/?(-1)".

02 (Hodge duality) For any x € G", we have ix,xi € G"~" and the
maps x — ix and x — xi are linear isomorphisms G" — G"~".
The inverse maps are x — i~!x and x — xi~!, respectively.

O3 If nis odd, i commutes with all elements of G. This is also
expressed by saying that / belongs to the center of G.

O4 If nis even, I commutes with even multivectors and
anticommutes with odd multivectors.

05 If (i) = 1, then the Hodge duality are isometries. If q(i) = —1,
they are antiisometries.

If you have not seen it, it is enlightening to work out the case n = 3
in detail. See E10, page 90.
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Duality Properties of a pseudoscalar. Hodge duality
[J1 Since (—1)° = q(i) = i"i, we see that i € G~ and that i~ is
given by the stated formula. The value of i? follows readily from this.

[J2 Since i = ey, for any multiindex J of order r we conclude that
eyi,ie; € G" " using Artin's formula.

[13&4 We can use the formula in the second example on page 34:
eji = ejey = (—1)”+1eNej = (—1)”+1iej,

so i commutes (anticommutes) with all vectors for odd n (for n
even).

[J5 Let us compute g(xi,yi), for x,y € G", using the alternative
definition of the metric:

q(xi, yi) = ((xi)(yi)")o = (xi i"y")o = (xq(i)y")o = q(i)q(x, y).
That q(ix, iy) = q(i)q(x, y) is proved similarly, using that
(ix)Tiy = x"i"iy = x"q(i)y = q(i)x"y. O

S. Xambé (RSME-UIMP) AXIOMATICS 22-26 August, 2016 74 / 94



Duality Properties of a pseudoscalar. Hodge duality

The following table lists the value of i% for 1 < n < 4:

n| 1 2 3 4
rl1jof2]1]of[3[2]1]0[4][3][2]1]0
s|oJ1]of1|2]0o|1][2][3]0|1]2[3]4
Pl -+ +]-1F]+][-]F]-]+

Notice that from the formula giving i? it follows that its value is
(=1)*if n=0,1 mod 4 and —(—1)° otherwise.

Example. Let i be a pseudoscalar and define, for any multivector x,
x* = xi (Hodge dual of x). If X is a non-nul r-blade, then

[X*] = [X]* (the orthogonal of [X]). Indeed, by taking an
orthonormal basis of [X], and completing it to an orthonormal basis
of E with the same orientation as i, we can assume that X = ey, for
some J, and then X* = +ey,, J/ =N — J.
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Appendix A Proof of Laplace formula

The arguments that follow make up a proof of formula (12).

We will proceed by induction with respect to r. Since we already
observed that the statement is true for r = 1, we can assume that
r > 1 and that the formula is correct for r — 1 (induction
hypothesis). Then, setting X’ = x; A -+ A x,_1 and using the
recursive rules, we can write

X-Y=X"(x-Y)
= X" (i (D)l yi) Yie)
=2 (1) alxe yi) X' Yo,
with k' = {1,...,s} — {k}. But now we have, by the induction
hypothesis,
X' Yie =30 (1) DX (Vi) Vit

where L runs over the size r — 1 multiindices contained in k’
(equivalent to say that L does not contain k).
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Appendix A Proof of Laplace formula

Now there is a one-to-one correspondence between the set of
multiindices L of order r — 1 not containing k and the set of
multiindices J of order r containing k: L = J — {k}, or

J = ({k} U L)~ (the reordering of {k} U L in increasing order). Using
this correspondence we have (Y ), =Y. =Y,y and k' — L=
and consequently

XY = 3 (1) a0, yi) 32, (-1) T IXT Y)Y
This sum can be rearranged as follows:
S et (Ses- D MDD gy ) (X Yicg)) Yoo ()

The number of inversions t(J — {k},J’) is equal to t(J,J') — h,
where h is the number of inversions in the sequence (k, J'). If

J=p<--<ja<k=j<jm<--<Jn,

it is clear that h = (k — 1) — (/ — 1) = k — | and hence that
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Appendix A Proof of Laplace formula

t(J—{k}pS)=t(J,J)—k+1
So in the expression (x) we can use
(_1)k—1(_1)t(J—{k},J’) _ (_1)t(J,J’)(_1)/—1

and get

XY =3 5e, (1) (L (1) gl yi) (X Yagy) Yo

Finally,
Zyzl(_l)lilq(xhyjl)(xl ) YJ—{J'/}) =X-Y),

by the recursive rule. O]
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Appendix B Existence and structure of folded geometric algebras

The problem is the following. If we have a special signature
(n=2m+1, m+ s even), we want to find out whether there are
folded geometric algebras A’ (ey = ¢, ¢ = £1) of that signature and
if they exist, how many non-isomorphic can we find.

Suppose A’ is an folded geometric algebra and let A be the full
geometric algebra of the same signature as A’. Then there is a
unique homomorphism of algebras f : A — A’, which is onto. It
follows that A" ~ A/J, where J = ker(f). This ideal contains 1 — eey
(if ey, = €) and its dimension must be dim A) — dim(A’) = 2771,

Remark. We can assume that ¢ = 1 if we use that the pseudoscalar is
defined up to sign. With ¢ = 1, we have some orientation, and with
e = —1, we have the reversed orientation.
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Appendix B Existence and structure of folded geometric algebras

O Let A be the full geometric algebra of a special signature (r, s).
Let ey be the pseudoscalar associated to an orthonormal basis. Then
the ideal J of A generated by 1 — ey has dimension 2771 and the
quotient algebra A" = A/J is a restricted geometric algebra of
signature (r, s).

[J Since ey commutes with any element, the ideal generated by
1 — ey is linearly spanned by the elements
fi=e; —ejen = e, — (—1)Mg(J)ey,

where J = ji,...,jk is any multiindex and J' = N — J. There are
271 such elements for k = |J| even, and these elements are linearly
independent because the corresponding J' are odd.

The above 2" ! elements form a linear basis of J because, as we will
see now, f = %f;. Indeed, applying the formula to odd J/, we get
the element
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Appendix B Existence and structure of folded geometric algebras

fr=ey—epey=ey—(—1)"Ng(J)e,
= —(-1)*"Mq(J) (eJ - (—1)t(J/’N’q(J’)le> .
Now we will establish the equality of signs
(1) Mg(s) = (-1)"UMq(J),
or, equivalently, that
(—1)1MNg(N)g(S) = 1.

But this follows from q(J)q(J') = q(N) = (—-1)°,
(_1)t(J,N)+t(J’,N) — (_1)ZJ—k+ZJ/—(n—k) — (_1)(n+1)//2+n — (_1)m

and the fact that m + s is even by hypothesis.
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Appendix B Existence and structure of folded geometric algebras

QO The construction above using the orientations ey and —ey leads
to isomorphic algebras.

[1 Indeed, the map defined by e;,...,e,+— —e;,€,...,€,is an
isometry that extends to an automorphism of the full algebra, and
this automorphism maps the ideal generated by 1 — ey to the ideal
generated by 1 + ey, thus yielding an isomorphism of the quotient
algebras. O]
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Exercises

E1l. Construct a bivector of E, that is not a blade.

E2. The formula (7) is true for r = 1, for the 1-volume of x; is |xi|
and |x1]2 = q(x1, x1). Now use induction on r to show that for r > 1

the formula is true if x, is orthogonal to (xy,...,x,_1). Finally show
that the formula is true in general by decomposing x, as a sum
x! 4+ x! with x! € (x1,...,%x_1) and x" € (x1,...,x,_1)".

E3. Let X be an r-blade and Y and s-blade, r < s. Show that
X - Y =0 if one of the factors of X is orthogonal to all the factors
of Y.

E4. Given a vector e € E = E, 5, let ) be the unique antiderivation
of the tensor algebra TE such that d.(e’) = g(e, ') for any vector
e’. With the notations used in the proof of the existence of the
geometric product, show that d, vanishes on the generators of the
ideal /I;E and hence that d./,E C I;E. Therefore d, induces an
antiderivation of C4E and a fortiori of the geometric product.
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Exercises

E5. Letwy,...,u, € E, 5. Set U=uy A--- A u,. Show that if [U]
is non-singular (this means that the restriction of g to [U] is
non-degenerate) then U is invertible. Is the converse true? Hint:
First settle the case in which the u; are pair-wise orthogonal.

E6. Let uy,...,u, € E, be linearly independent vectors and set
U= u N... N\ u,. Show that for any vector x € E, the expressions

(x-U)Utand (x A U)U?

yield the orthogonal projections of x on [U] and on [U]* (the latter
is often called the rejection of x by [U]). Hints: Both expressions
are linear in x. The first vanishes for x € [U]* and coincides with
(xU)U™! = x for x € [U]. The second vanishes for x € [U] and
coincides with (xU)U~! = x for x € [U]*.
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Exercises

E7. Olinde Rodrigues formulas. Let n,n’ € E; be unit vectors and
a,a’ € R. Show that the amplitude o and the axis n” of the
composition fy o fn o is given by the formulas:

cos % =cos2cos % — (n-n)sin2sin %

CY// o

2

7 a o / aoin o N eim & cin @
n’ sin nsin 5 cos 5 + n'cos § sin & — (n x n')sin § sin 5.
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Exercises  Tables

E8. Let G> be the geometric algebra of the Euclidean plane E; and
G, of the anti-Euclidean plane E; (its metric is § = —q, g the metric

of E2)

Let e1, e be an orthonormal basis E;. The corresponding linear basis
of G, (and G,) is 1, ey, e, €1p = i (the unit area). The tables for the

geometric product, however, are quite different:

G| ee e i Golee e i
eq 1 i ()] e | —1 i —&y
e —i 1 —e e | — i -1 e
i —6e € -1 i (2} —e1 -1

Hint. For the computation of product tables, use the formulas
introduced in the examples on page 34.
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Exercises  Tables

E9. §; is the geometric algebra of the Euclidean space E3 (Pauli
algebra). Let ey, 2, e3 be an orthonormal basis and i = e123 = e1ez€3
(unit volume). Note that ie; = eyes, ie; = eze;, ie3 = ey e, is a basis of
G?. The multiplication table of the geometric product using this basis is
as follows:

Q3 e (2] es i91 ie2 ie3 i
e 1 i63 —i62 i —e3 (=) ie1
e — i63 1 ie1 es i —er i62
e3 | iep —ig 1 —e er i ies
ie1 i —e3 € -1 — i63 i62 —e
i62 €3 i —e; i63 -1 — ie1 —e
i63 —e €1 i — i62 ie1 -1 —e3
i ie1 i62 i63 —e —en —e3 -1

We see that (1,i) ~ C is the center of G3. We also see that the even
subalgebra ¢ = (1, ie, iey, ie3) is isomorphic to the quaternion field
H = (1,1,J,K), via the linear map given by
1, iel, I.eg, iE3 — 1,1, J K.
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Exercises  Tables

E10. With the same notations as in E9, and using what we have
learned in the section Playing with the pseudoscalar (page 73), we
get that i> = —1, that i commutes with any element of G, that the
map E3 = G! — G2 x + ix = xi, is an isometry. These are
particular features of 3D and can be proved directly with no difficulty.

For any vectors x and y, show that the vector —i(x A y) is equal to
the cross product x x y: Hint: If jkl is a cyclic permutation of 123,
then —i(e; N ey) = e = e; X e.

Show that x x y = —(ix) -y =y - (ix). Hint: The second equality is
clearand y - (ix) = (y - i)x —i(y - x) = iyx —i(y - x) = i(y A x),
fory-i=yi—yANi=yi=Iy.

If z is a third vector, (x X y) -z = det(x,y, z) (mixed product).

(x xy)xz=(x-2z)y —(y-z)x (double cross product).
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