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ABSTRACT In this paper we introduce the concept of metric Clifford alge-
bra C{(V, g) for an n-dimensional real vector space V endowed with a metric
extensor g whose signature is (p, ¢), with p + ¢ = n. The metric Clifford prod-
uct on CL(V,g) appears as a well-defined deformation (induced by g) of an
euclidean Clifford product on C4(V). Associated with the metric extensor g,
there is a gauge metric extensor A which codifies all the geometric information
just contained in g. The precise form of such h is here determined. Moreover,
we present and give a proof of the so-called golden formula, which is impor-
tant in many applications that naturally appear in our studies of multivector
functions, and differential geometry and theoretical physics.

1 Introduction

This is paper IV of a series of seven. Here, we introduce the concept of a metric
Clifford algebra for an n-dimensional real vector space V' endowed with a metric
extensor g of an arbitrary signature (p, q), with p+¢ = n. The novelty, regarding
previous presentations of the subject as, e.g., in ( [1]-[3]), is that a metric Clifford
product appears as a well-defined deformation of an euclidean Clifford product.
More important, we show that associated to any metric extensor g there is a
gauge metric extensor i (defined ‘modulus’ a gauge) such that g = hf oo h,
where 7 is a standard orthogonal metric extensor over V' with the same signature
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50 Metric Clifford Algebra

as g. This theorem for the decomposition of g (which is somewhat analogous to
Silvester’s theorem) will play a fundamental role in the intrinsic formulation of
the differential geometry on smooth manifolds. The paper ends with the proof
of the so-called golden formula, which will show worth to deserve that name.
We introduce also the concepts of standard and metric Hodge (star) operators,
and find a formula connecting them.

2 Metric Clifford Algebra of Multivectors

2.1 Metric Scalar Product

Let us consider A V endowed with the eulidean scalar product associated to any
fixed basis for V denoted by {b}, as in previous papers of this series ([4]-[5]),
i.e., the b-scalar product on A V.

Now, take a (1,1)-extensor over V, say g, adjoint symmetric (¢ = g') and
non-degenerate (det[g] # 0). It will be called a metric extensor over V.

We can define another scalar product of multivectors X, Y € AV by

XY =y(X) Y, (1)

where g is the extended of g. It will be called a metric scalar product generated
by g. Or, g-scalar product, for short.

As we can see, this scalar product is a well-defined scalar product on A V. It
is symmetric, satisfies the distributive laws, has the mixed associativity property
and is non-degenerate, i.e., X - Y =0 for all X, implies Y = 0.

g
All the properties just mentioned above are immediate consequences of the
corresponding ones for the b-scalar product. But, a g-scalar product is not
necessarily positive definite.
We present now some of the most important properties of the g-scalar prod-
uct of multivectors.

gl For any o, 5 € R

a - 8= af (real product). (2)
g

g2 For any X € NVand Y, e N'V

X; Y, =0, if j #k. (3)
g

g3 For any simple k-vectors vy A ... v € /\k Vand wy A ... wy € /\k 1%

V1 - W e U1 r Wk
g g
(vp A o) - (wr AL owy) = det , (4)

g Vp -Wp ... Vg - Wk
g g



V. V. Fernandez, A. M. Moya and W. A. Rodrigues Jr. 51

where (as before) by det {vp - wq} we denote the classical k x k determinant.
g

Egs.(2-4) follow without difficulties from the corresponding properties of the
b-scalar product, by taking into account that g(a) = a with a € R, the grade-
preserving property of the outermorphisms (i.e., of the extension operator [5]),
and that g(vy A...vk) = g(v1) A...g(vg) with vq,...,vp € V.

g4 For any X,Y e AV

)

<)

JY Y, (5)
Y .

X g
X (©)

>
~N

g g

The proof is immediate and left to the reader. Hint: take into account that

—
~ ~

g(X) = g(X) and g(X) = g(X) with X € A V.

2.2 Metric Reciprocal Bases

Let ({ex}, {eF}) be an arbitrary pair of b-reciprocal bases of V, i,e., ey - ! = §t.

Theorem 1 Take an invertible (1,1)-extensor over V, say f. We can construct
two bases for V, say {E} and {E*}, by the following formulas

By = f(ex), (7)
EY = g7lof*(e") for each k=1,...,n. (8)

These bases satisfy the metric scalar product conditions

E, - E'=6L. 9)
g

Reciprocally, given two arbitrary bases { E.} and {E*¥} which satisfy eq.(9), there
exists a unique invertible (1,1)-extensor f such that the egs.(7) and (8) hold.

Proof. Since {e;} and {e*} are bases for V and, f and g are invertible (1,1)-
extensors over V, it follows that the n vectors E1,..., E, € V and the n vectors
E',...,E™ € V must also determine two well-defined bases for V.

Now, a straightforward calculation gives

By B'=gof() g o () =en- flogog o () —en-e =4,

and the first statement follows.

Now, {ex} and {e*} are bases for V, and {E}} and {E*} are supposed to be
also bases for V. Then, there must exist exactly two invertible (1, 1)-extensors
over V, say f; and fs, such that

B = filer),
E* = fo(e¥) foreach k=1,...,n.
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It is easy to check that f; and f5 are given by
filv) = (e’ v)E;,
fa(v) = (es-v)E’.

But, using eq.(9) we have
f1<ek>éf2<el> =6l =en-flogofa(e) =0k = flogo fa(eh) = ¢,

foreach [ =1,...,n. Thus, f{r ogo fo=1iy.
Then, choosing fi = f and fo = ¢~ ! o f*, the second statement follows. m
Two bases {Ej} and {E*} satisfying Ey, - E! = 4. are said to be a pair of
g

metric reciprocal bases, and we say that {E*} is the metric reciprocal basis of

{Ex}.
We end this section presenting two interesting and useful formulas for the
expansion of multivectors in terms of a g-scalar product.

Proposition 2 Let ({E.},{E*}) be any pair of metric reciprocal bases for V,

ie., By - B! = 52' We have the following two expansion formulas. For all
7
XeAV
X:X.1+Zn:lX-(EJ’lA...EJ’k)(E- A...Ej;) (10)
g P k! g J1 Ik
and
n
X:X-1+ZLX-(E4 A E ) (B AL BT, (11)
g kg 7 I

The proof is left to the reader. (Hint: use eq.(1), eq.(7), eq.(8) and some of
the properties of extension operator, and take also into account the expansion
formula for multivectors in the euclidean Clifford algebra as defined in [4] (paper
I of this series) .

2.3 Metric Interior Algebras

We define now the metric left and right contracted products of multivectors X,
Y € AV, denoted respectively by s and .,
g g

XY = g(X), (12)
XY = Xig(Y) (13)

When no confusion arises we call J and L the g-contracted products, for short.
g g

These g-contracted products J and L are internal laws on A V. Both of them
g

g
satisfy the distributive laws (on the left and on the right) but they are not
associative products.
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The vector space A\ V endowed with the g-contracted product either J or

9 g
is a non-associative algebra. They are called metric interior algebras of multi-
vectors. Or, g-interior algebras, for short.

We present now some of the basic properties of the metric interior algebras.

mil For any o, e Rand X € AV
ai = o f =apf (real product), (14)
g g

asX = Xia=aX (multiplication by scalars). (15)
g g

mi2 For any X; € AV and Y}, € AV with j < k

X;0Y, = (1) * Dy X;. (16)
g g

mi3 For any X, € NV and v, € /\kV
XY = 0>k, (17)
XpYe = 0 ifj<k (18)

mi4 For any X;,Y; € /\k 1%

XpaVi = XYy = Xp, - Vi = X - Vo (19)
g g g

g

mi5 For any v € V and X, Y € AV
V(X AY)=(vaX)AY + X A (viY). (20)
g g g
All these properties easily follow from the corresponding properties of the

euclidean interior algebras, once we take into account the properties of extension
operator [4].

Proposition 3 For all X,Y,Z € \'V it holds

(X2y). 7 = Y(-]()?/\Z), (21)
(X.Y):Z = Xs}(Z/\f/). (22)

These properties are completely equivalent to the definitions of the right
and left contracted products given in eqs.(12-13), and can be proved without
difficulties by using the properties of extension operator [4].

Proposition 4 For all X,Y,Z € AV it holds
Xu(Y.Z) = (XAY).Z, (23)
9 9 g
(X.Y)Z = X (YANZ). (24)
9 g g
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Proof. We prove only the first statement. Take X,Y, Z € A V. Using the mul-
tivector identity AL(BiC) = (A A B)JC and a property of extension operator,
we have

XAVu7) = g(X)g(¥)12) = (g(X) A g(¥))7

= g(XAY)Z=(XAY).Z =
- g

2.4 Metric Clifford Algebra

We define a metric Clifford product of X, Y € AV associated to g by the
following axioms:

AlForallaeRand X e AV

a X = X« equals multiplication of multivector X by scalar a.
g

A2ForallveVand X e AV

v X=vuX+vAXand X v=Xv+ X Aw.
g g g g

A3Forall X,Y,Ze \V

X (Y 2)=(XY)Z

g g9

This metric Clifford product is an internal law on A V. It is associative

(by the axiom A3) and satisfies the distributive laws (on the left and on the
right) which follow from the corresponding distributive laws of the euclidean
contracted and exterior products [4].

AV endowed with this metric Clifford product is an associative algebra. It

will be called a metric Clifford algebra of multivectors generated by g, or simply,
g-Clifford algebra. Tt will be denoted by CL(V, g).

We present now some of the most basic properties which hold in C4(V g).
clgl Foranyv € Vand X e AV

(X v ug)?), (25)

DN | =

1 ~
vX = —(vX—-Xov)and Xiv=
g 2 g g g

1 S 1 o
vAX = (v X+Xv)and X Av=-(X v+v X). (26)
2% g g 2% g g

clg2 For any X, Y € AV

XY= <)~(gy> = <Xg17> : (27)
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clgd For XY, Z e AV

(xXY) 7 = Yé()?gZ):X.(Zg?), (28)

X (Y 7) = (?qX)-Zz(XqZ).Y. (29)

g

clgd For any X, Y € AV

XYy = XY, (30)
g g
XYy = Y X. (31)
g g
clgh Let I € \"V, then for any v € V and X € AV
I (vAX)=(-1D)""1ui(I X). (32)
g g g

Eq.(32) will be called the metric duality identity, or g-duality identity, for short.

3 Eigenvalues and Eigenvectors

Let t be a (1,1)-extensor over V. A scalar A € R and a non-zero vector v € V
are said to be an eigenvalue and an eigenvector of ¢, respectively, if and only if

t(v) = Av. (33)

We say that A\ and v are naturally to be associated to each other. This
means that, if A € R is an eigenvalue of ¢, then there is some non-zero v € V
(the associated eigenvector of t) such that eq.(33) holds, and if a non-zerov € V'
is an eigenvector of ¢, then there is some A € R (the associated eigenvalue of t)
such that eq.(33) is satisfied.

A scalar A € R is an eigenvalue of ¢ if and only if it satisfies the following
algebraic equation of degree n

det[Niy — ] = 0, (34)
where iy, € ext(V) is the known identity (1, 1)-extensor over V.

Theorem 5 For any adjoint symmetric (1,1)-estensor s, i.e., s = s', there
exists a set of n eigenvectors of s which is a b-orthonormal basis for V. This
means that there are exactly n linearly independent non-zero vectors vy, ...,v, €
V and n scalars A1, ..., A\, € R such that

s(vg) = Mgy, foreachk=1,...,n
and {vi} is a basis for V' which satisfies vj - vi, = d;p.

Corollary 6 All eigenvalues of a metric extensor g (i.e., g € ext}(V), g = g'
and detlg] # 0) are non-zero real numbers.
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Proof. We first calculate det[g] by using {v;}, taking into account the eigen-
value equation of g and recalling that, in this case, the euclidean reciprocal

vectors v* are equal to the vectors vy,
detlg] = (g(vi)A...g(vn)) - (W' A...0")
= ()\1U1/\...)\n’l)n)'(’Ul/\...vl)
= )\1...)\n(’01/\...’l}1)'(’l}1/\...'Ul)
detl[g] = A... A (35)
Since det[g] # 0, all Aq,..., )\, must be non-zero real numbers. m

The integer number s = p — ¢, where p, ¢ are non negative integer numbers,
respectively the numbers of positive and negative eigenvalues of ¢ and p+¢q = n,
is called the signature of . We already have used (and will continue to do so)
the usual convention of physicists and denote the signature of g by the pair

(P, q)-

4 Gauge Metric Extensor

Lemma 7 Any b-orthogonal symmetric (1,1)-extensor over V, say o, (i.e., 0 =
o* and o = o' ) can only have eigenvalues +1.

Proof. If A € R is an eigenvalue of o, there is an non-zero v € V, the associated
eigenvector of o, such that o(v) = Av. And, the orthogonality and symmetry of
o yield 0% = iy.

Thus, we have that v = A?v. Since v # 0, it follows that 1 — A% = 0, i.e.,
A=+1l.m

Lemma 8 Let {by} be the fiducial basis for V (i.e., b, l-)bk = ). We can

construct a fiducial b-orthogonal metric extensor over V, say n € exti(V), (i.e.,
n =mn* and n = n', det[n] # 0) with signature (p,q) and which b-orthonormal
basis of V, made of the eigenvectors of n, is exactly {by}.

Such a (1,1)-extensor over V is given by

p p+q
n() =) (v-b)bj— Y (v-by)b;. (36)
j=1 j=p+1
Proof. We first shall prove that n has p eigenvalues 4+1 with associated eigenvec-
tors by, ..., b, and g eigenvalues —1 with associated eigenvectors b1, ..., bpyq.
Take by, with k =1,...,p we have
4 p+q P p+q
n(bk) =D (br-bj)bj— Y (bk-bj)bj =Y Skibj— > 0bj = by,
=1 j=p+1 =1 j=p+1

and, for by with k =p+1,...,p+ q, it yields

p+q pt+q

p
n(bk) =Y (k- bj)bj— Y (b -by)b; =Y 0bj— > Gxsb; = —by.
: =

j=1 Jj=p+1 Jj=p+1

iS]
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Then, we have
bk k=1,... P
b — ) ) )
n(be) { ~by, k=p+1,...p+q
Now, we shall prove that n as defined above is a metric extensor over V/ i.e.,
n=n' and det[n] # 0.
Take v,w € V then

(37)

p+q

) -w = vepw)=v- O (w-bj)bj— Y (w-b;)by)
i=1 i=pt1
pt+q
(v-bj)(w-bj)— > (v-bs)(w-by)
j=p+1
p+q
(0-b)bi— > (v-by)by) - w =n(v) - w,

1 j=p+1

|
M=

J

=

'tvjﬁ I

J

ie, n' =n.

We calculate the determinant of n by using the fundamental formula with
{bx}, i.e., det[n] = n(by) A...n(b,) - (b' A...b"). Recall that, in this case, the
b-reciprocal basis vectors b* coincide with by for k =1,...,n.

det[n]
M) A on(bp) An(bpr1) Ao on(bpig)) - (b1 Ao bp Abpra AL bpyg)
(Dr A by A(=1)Tbppr A e bpig) - (D1 AL by Abppr AL bptg),
ie., det[n] = (-1)%.
Next, we shall prove that n? = iy, i.e., n~! = 1.
Take v € V' then

n

non(v) = Y (v-be)non(be)

k=1

n

;(” k){—n(bk) k=p+1,....p+q
= Z(’U-bk)bkzv,

k=1

ie,n?=iy.m

This lemma allows us to construct, associated to the fiducial basis {by}, a
fiducial b-orthogonal metric extensor n € exti(V) with signature (p,q). Such
a (1, 1)-extensor over V has p eigenvalues +1 and ¢ eigenvalues —1, and their
corresponding associated eigenvectors are the vectors of {by}.

Theorem 9 For any metric extensor g € exti(V) whose signature is (p,q),
there exists an invertible extensor h € ext} (V') such that

g=nhlonoh, (38)
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where n € ext}(V) is just the fiducial b-orthogonal metric extensor with signature

(p,q), as considered in eq.(36).

Such a (1,

where A1, ...

1)-extensor over V is given by

RVEVICR

An € R are the eigenvalues of g and vy, ...,

sponding associated eigenvectors of g.

Metric Clifford Algebra

Proof. First we need to calculate the adjoint extensor of h.

Take a,b € V' then

hi(a)-b

i.e., hi(a) :ijl VINl(a

:(i

Jj=1

M(a'bj)

j=1

bj)’l)j.

Uj) . b,

znjﬁb vj)b;)

Now, let a € V. A straightforward calculation yields

ht oo h(a)

ZZ \/ 1A Ak(n(b;

jlkl

ZZ \/ 1A Ak(n(b;

j=1lk=1

p ptq
2 D0 /I
Jj=1lk=p+1

p+q p
+ 20 20 Al
Jj=p+1k=1

p+q ptgq

S SRV

Jj=p+1lk=p+1

) - bi(a-vj)vk

) - bi(a-vj)vk

“bg(a - vj)vk

bka ’U]) L

“bg(a - vj)vg,

v, € V are the corre-
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and, by taking into account eq.(37) we have

p P
ZZ \/ ‘)\j)\k‘(sjk(a . ’Uj)'Uk +0

j=1k=1
p+a  ptq

Z Z |)\ /\kéjka ’U]) k

Jj=p+1lk=p+1

htono h(a)

p p+q
= > lav)v— > Nla-v);
j=1 j=p+1
p p+q n
= Z)\J (a-vj)vj+ Z Aj(a-vj)v Z)\j(a~vj)vj.
Jj=1 Jj=p+1 Jj=1

On the last step we have used that the signature of g is (p,q), i.e., g has p
positive eigenvalues and ¢ negative eigenvalues.

And, by using the eigenvalues equation of g, i.e., g(v;) = Aju; for each
j=1,...,n, we have

n n
Bt onoh(a :Z a- Uj Uj =g Z a- UJ Uj = g(a),
j=1 Jj=1

ie.,hfonoh=g.
Finally, since

det[g] = det[hl o 5 o h] = det[h!] det[n] det[h] =

det[n] det? [h] = (=1)7 det? [h],

and det[g] # 0, then det[h] # 0, and so h is an invertible (1, 1)-extensor. m

It should be noted that h satisfying eq.(38) is not unique. If there is some
h € ext}(V) which satisfies eq.(38), then h’ = A o h, where A is a n-orthogonal
(1,1)-extensor over V (i.e., AT oo A =n)!, also satisfies eq.(38).

Indeed, we have h/Tonoh/ = (Aoh)TonoAoh = hfoAtonoAoh = hfonoh = g.

In general, an invertible extensor h € exti (V) which satisfies eq.(38) will be
said to be a gauge metric extensor for the metric extensor g.

4.1 Gauge Metric Bases

Let {er} and {e*} be two b-reciprocal bases to each other for the vector space
V,ie., ey e = 62. Since h, a gauge metric extensor over V, is non-degenerate,
i.e., det[h] # 0, it follows that the n vectors h(ei),...,h(e,) € V and the n
vectors h*(el),..., h*(e™) € V will be also well-defined bases for V.

LAs the reader can prove without difficulties, a n-orthogonal (1,1)-extensor A preserves
the n-scalar products, i.e., for all v,w € V : A(v) - A(w) =v - w.
n n
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As the reader can easily prove ({h(ex)}, {h*(e*)}) is also a pair of b-reciprocal
bases of V, i.e.,

h(er) - h*(e') = 6L. (40)

Two other remarkable properties of these bases are:
h(e;) ; hler) = g(e;) ex = gjn, (41)
W) - pH(ek) = gTl(el)- e =gt (42)

n

These bases {h(ex)} and {h*(e*)} will be said to be a pair of gauge metric
bases for V.

Theorem 10 Given n non-zero real mumbers pi,...,pn and a b-orthogonal
(1,1)-extensor I over V (i.e., I = 1*), we can construct an invertible (1,1)-
extensor h over V' using the following formula

h(v) :Z pi(L(v) - b;)b;. (43)

Then, the (1,1)-extensor g over V defined by
g=hTonoh, (44)

where n € ext} (V) is just the fiducial b-orthogonal metric extensor over V with
signature (p,q), as considered in eq.(36).

The p positive real numbers p%,...,pf) are the eigenvalues of g with the
associated eigenvectors I1(by),...,l1(b,) of g, and the g negative real numbers
_pz22+1""’_pz2>+q are the eigenvalues of g with the associated eigenvectors
ZT(bp+1)7 e 7”(bp+q) of g.

The set of n non-zero vectors {I7(b1),...,1T(by), IT(bps1),.. ., 1T (bpiq)} is a
b-orthonormal basis of V, made of the eigenvectors of g.

The signature of g is also (p, q).

Proof. We first must check that g is symmetric and non-degenerate. Using
eq.(44) we have
g"=htonto (N =nTonon =g,
thus, g = ¢, i.e., g is symmetric.
We now calculate det]g],
det[g] = det[hT] det[n] det[h] = det[h] det[n] det[h] = (—1)7 det? [A].

But, it is possible to calculate det[h] by using a trick. We shall evaluate
det[h o ['] in two different ways.
First, using eq.(43) and the b-orthogonality of [, i.e., [=* = I, we have

holl(v) =" pjla-b;)b;.
j=1
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Sencondly, using the fundamental formula for the determinant of a (1,1)-
extensor (see [5]) we have,

detfholl] = (holT(b1)A...holl(b,))- (B* A...0")
= (p1b1/\...pnbn)~(b1/\...bn)

Now, taking into account that det[l] = £1 and property (d1) of the deter-
minant (see [5]) we get,

det[h o 1] = det[h] det[IT] = det[h] det[l] = + det[h].

Thus, we have det[h] = £p;...p,. And, therefore det[g] = (—1)9p?...p2.
Since p1, ..., pn are non-zero real numbers, det[g] # 0, i.e., g is non-degenerate.

The proof of the first statement is then complete.

In order to prove the second statement, related to the eigenvalues and eigen-
vectors of g, we shall use the following equations: h o If(by) = prbs (just used
above), hi(by) = prlf(by) (obtained from eq.(43)) and the eigenvalue equation

b, k=1,....p

of 1, Le., n(br) = by, k=p+1,...,p+¢q
We have
go lT(bk) = hto noho lT(bk) =hto n(prbr) = pkhT on(by)

_ { pkhT(bk), k:].,...,p
7pkh1'(bk)7 k:p+1avp+q

21 (b),  k=1,...,p
ZT ) — Py k)s ) )
golles) {pi”(bk% k=p+1,....p+q

This establishes the second statement.

From the euclidean b-orthogonality of [ it follows easily that the eigenvectors
of g, are b-orthonormal. It is also obvious that the signature of g is also (p, q).
Thus, the third and fourth statement are proved. m

5 The Golden Formula

Proposition 11 Let h be any gauge operator for g, i.e., g = ht onoh, and let

x mean either A\ (exterior product), - (g-scalar product), s (g-contracted prod-
9 g 99

Qcts) or (g-Clifford product), and.analogously for x. The g-metric products
9 n
x and the n-metric products * are related by the following remarkable formula.
n

g
For adll XY e AV

B(X 1Y) = B(X) £ B(Y), (45)

where h denotes the extended of h. Eq.(45) will be called the golden formula
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Proof.

By recalling the fundamental properties for the outermorphism of an opera-
tor: t{(XAY) = t(X)At(Y) and t(«) = o, we have that the multivector identity
above holds for the exterior product, i.e.,

XAY =07 (X)) AR(Y)] (46)
and for the g-scalar product and the n-scalar product, i.e.,
XY =h7A(X) - h(Y)]. (47)
g n
By using the multivector identities for an invertible operator: t'(X).Y =
t7 X t(Y)] and X0 tT (V) = ¢t t(X)LY], and the gauge equation g = hfonoh

we can easily prove that the multivector identity above holds for the g-contracted
product and the n-contracted product, i.e.,

Xy = Q_I[Q(X)#h(Y)] (48)
XY = b7 [A(X)ch(Y)] (49)

To prove eq.(48) see that we can write

XY = bl oy h(X)1¥ = b~ [go h(X)h(Y)] = b~ [b(X) (V)]

— n
where the definitions of 4 and 1 have been used. The proof of eq.(49) is com-
g n
pletely analogous, the definitions of L and L should be used.

g n
In order to prove that the multivector identity above holds for the g-Clifford
product and the n-Clifford product, i.e.,

XY= BTHA(X) B(Y)], (50)

n
we first must prove four particular cases of it.
Take @ € R and X € A V. By using the axioms of the g and 7 Clifford

products: a X =X a=aX and a X = X a = aX, we can write
9 9 n n

a X =aX =hah(X)] = b o K(X)],

g n

ie.,

a X =h""[h(a) (X)) (51)

Analogously, we have
X a=h""A(X) ()], (52)
g n
Take v € V and X € A V. By using the axioms of the g and 7 Clifford

products: v X =v X +vAX and v X =vaX +v A X, and egs.(48) and (46)
9 g n n
we can write

v X =vX+onX = ﬁ’l[h(v)#ﬁ(X)} + b HA(v) A B(X)),
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ie.,

v X = b h(v) A(X). (53)

From the axioms of the g and n Clifford products: X v = Xiv+ X A v and
9 g
X v=Xv+ X Av, and eqs.(49) and (46) we get
n n

X v=h"(X) h(v)]. (54)

Take v1,va,...,v; € V. By using k — 1 times eq.(53) we have indeed

'Ulg'UQ'é'Uk = ﬁ_l[h(vl)nﬁ(UQ'!‘]'Uk)]
= hil[h(vl)nh(vz)'k'h(vk)],
”Ulg’UQ'é"Uk = h_l[h(vl)nh(’l)g)';]'h(vk)]. (55)

Take vi,ve,...,05 € V and X € AV. By using k — 1 times eq.(53) and
eq.(55) we have indeed

(Ulgv2'£'7'vk)gX = ﬁfl[h(vl)n@(gvg-;vng)]
= Q‘l[h(vl)nh(vg)'7~]~h(vk)nh(X)],
(vlgvg-é-vk)gX = ﬁfl[h(vlgvgg-vk)nﬁ()()]. (56)

We now can prove the general case of eq.(50). We shall use an expansion
n

1 _ .
formula for multivectors: X = X%+ kzl jXJl“']’Cejl'é-ejk, where {e;} is a
basis of V, eq.(51) and eq.(56). We can write

_ 0 1---Jk e
XgY = X gY+ ,;:1 HXJ Tk (€5, : e]k)gY
n 1 ) )
= A 'R(X%) AW+ AT =X dk (e - eg,) WY
IO, OV 4 7S G0 e es) V)
B "1
= h I[Q(XOJ'_ E EXJlm]kejl'é'ejk)nh(y)]a
k=1
XY = h7'(X) h(Y)].
g n

Hence, eq.(46), eq.(47), eqs.(48) and (49), and eq.(50) have set the golden
formula. m
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6 Metric Adjoint Operators

Let g be a metric operator on V, i.e., g € exti (V) such that g = g/ and det[g] #
< <&

0. To each t € 1-ext(A\ V; A V). We define the metric adjoint operator t7(9) € 1-
12

<o <o
ext(AV; \V) by
2 1
t19) = g lotlog. (57)

<o

&
As we can easily see, t(9) is the unique extensor from AV to AV which
2 1

<o <&
satisfies the following property: for any X € AV andY € AV
1 2
X -ty =¢(Xx) - v. (58)
g g

This is the ‘metric version’ of the fundamental property given by the formula
tT(X)-Y = X - t(Y) in the paper II of this series.
Finally, we notice the very important formula that

det[tT9] = det[t] = det]t]. (59)

7 Standard Hodge Extensor

Let ({e;}, {€’}) be a pair of b-reciprocal bases to each other for V i.e., e; l-)ek =

5;“. Associated to them we define a non-zero pseudoscalar

T=/er ene’ (60)

where ex = e; A...Ae, € N"V and e = et A...Ae™ € A" V. Note that
en - en > 0, since the scalar product is positive definite. It will be called a
standard volume pseudoscalar for V. It has the fundamental property

ToT=T,T=7T =1, (61)

it follows from the equation e, - e = 1.
From eq.(61), we can get an expansion formula for pseudoscalars

I=({I-7)r (62)
The extensor x € ext(V) which is defined by x: AV — AV such that
*X = X=X, (63)

will be called a standard Hodge extensor on V.
It should be noticed that if X € A"V, then xX € A" ? V. It means that *
can be also defined as a (p,n — p)-extensor over V.
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The extensor over V, x~1 : AV — AV such that
X =X =7X (64)

is the inverse extensor of .

Indeed, take X € A V. Eq.(61) gives x L oxX = 77X = X, and xox 1 X =
X7 = X, ie, x Lox =%ox1 =iVy, where iVy € ext(V) is the so-called
identity function for A\ V.

Let us take X, Y € A V. Using the multivector identity (XA)-Y = X - (Y A)
and eq.(61) we get

xX)-*Y)=X Y. (65)

It means that the standard Hodge extensor preserves the euclidean scalar prod-
uct.

Let us take X,Y € AP V. By using eq.(62) together with the multivector
identity (X AY)-Z =Y - (X.Z), and eq.(65) we get

XAG(Y) = (X-Y)r. (66)

This identity is completely equivalent to the definition of standard Hodge ex-
tensor given by eq.(63).

Take X € A’V and Y € A" ? V. By using the multivector identity (X _Y)-
Z=Y (X AZ)and eq.(62) we get

(xX)-Y)r =X AY. (67)

8 Metric Hodge Extensor

Let g be a metric extensor over V of signature (p,q), i.e., g € ext}(V) such
that ¢ = g’ and det[g] # 0. It has p positive and ¢ negative eigenvalues.
Associated to a pair ({e;}, {€’}) of b-reciprocal bases we can define another
non-zero pseudoscalar

Ty =1/ |en ée/\ e’ = /|det|g]|T. (68)

It will be called a metric volume pseudoscalar for V. It has the fundamental
property
Tg

g1 Tg = quﬂfy = qu_fg = (-1)% (69)

It follows from eq.(61) by taking into account the definition of determinant of
a linear operator on V, and recalling that sgn(det[g]) = (—1)7.

An expansion formula for the pseudoscalars can be obtained from eq.(69),
ie.,

I= (=111 - 74)7. (70)
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The extensor x € ext(V) which is defined by x: AV — AV such that
g g

X =X 4 Tg=X T4, (71)
g g1

-1

g9

will be called a metric Hodge extensor on V. It should be noticed that the
definition of x needs the use of both the g and g~! metric Clifford algebras, a

9
non trivial fact.
It is clear that if X € A"V, then xX € A" " V.
9

The extensor over V, x~1: AV — AV such that
9

X = (=), L X = (=177, X, (72)
g gt gt
is the inverse extensor of *.
g
Indeed, take X € AV. By using eq.(69), we verify that x~! o xX =
g g

(-1)7, 7, X=X,andxox'X=(-1)9X 7 7,=X, le,xlox=
g-1 g1 9 9 gt Tg7! 9

xox" b =4V,
9 9 N
Take X,Y € AV. The identity (X _A) - Y =X - (Y A)and eq.(69)
g7t g 97t g
yield
*X) - *xY)=(-1)X - Y (73)
9 gt 9 97!
Take X, Y € A" V. Eq.(70), the identity (X AY) - Z=Y - (X . Z)and
9- g7 g
eq.(73) allow us to get
XAFY)=(X - Y)7,. (74)
g g-

This remarkable property is completely equivalent to the definition of the metric
Hodge extensor.

Take X € A’V and Y € A" "V. The use of identity (X 1Y) - Z =
g~ g-
Y - (X AZ) and eq.(70) yield

g—l

Y)r, = (~1)IX A Y. (75)

It might as well be asked what is the relationship between the standard and
metric Hodge extensors as defined above.

Take X € AV. By using eq.(68), the multivector identity for an invertible
(1,1)-extensor t~1(X).Y = ¢tT(Xt*(Y)) and the definition of determinant of a
(1,1)-extensor, we have

KX = g (X)/|detlg]lr = /Idetlg]lg(X g~ (7))

|detlg]l & _ sgn(detlg])

= Wg( aT) = otlg] go*(X),
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.9 (_1)q gO*
Vldet[g]|™

Eq.(76) is the formula which relates? x with *.
9

We recall that for any metric operator g € ext{(V) there exists a non-
degenerate operator h € exti (V) such that

* =
g

(76)

g="hlonoh, (77)

where 1) € ext}(V) is an orthogonal metric operator with the same signature as
g. Such a h is called a gauge operator for g.

The g and g~! metric contracted products J and 4 are related to the
g g

n-metric contracted product L (recall that 7 = n~!) by the following formulas
n

h(X 33/)

I
=
>
E
=

(78)

Il
=

*
—~
b
=

*
—
S

A" (X _|1Y) (79)
o
We can also get a noticeable formula which relates a g-metric Hodge extensor
with a n-metric Hodge extensor.
Now, take X € A V. By using eq.(79), eq.(68), the definition of determinant
of a (1, 1)-extensor, eq.(77) and the equation 7,, = 7, we have

#X = al(B"(X) 0" (7)) = V/[det[g]|a (" (X)) det[h"]7)

—_~—

= |det[h]| det[h*]n] (Q*(X)%) = sgn(det[h])A' o *o L (X),
o x= sgn(det[h])A' o %0 h*. (80)

Eq. (80) is the formula which relates x with *.
g 7

9 Conclusions

We showed that any metric Clifford product on C¢(V, g) can be considered as
deformation of the euclidean Clifford product on C¢(V'), induced by the metric
extensor g. We also proved that any metric extensor g is decomposable in terms
of a gauge metric extensor h and a fiducial b-orthogonal extensor n which has
the same signature as ¢g. Although h is not unique, since two h's satisfying that
property differ only by a composition with a general transformation A which
is a m-orthogonal (1, 1)-extensor. For the case that V is 4-dimensional and 7

21t is a very important formula and good use of it will be done in our theory of the
gravitational field to be presented in another series of papers.
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is a Lorentzian metric extensor (i.e., with signature (1,3)), A is just a general
Lorentz transformation. The paper contains a proof of the non trivial golden
formula, which as the future papers will show, really deserves its name. Indeed,
the formula is a key in our theory of the intrinsic formulation of differential
geometry on arbitrary manifolds that we will present in future papers, and
also find applications in some some problems of Theoretical Physics as, e.g., in
geometric theories of gravitation and Lagrangian formulation of the theory of
multivector and extensor fields.
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