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Nomenclature

(1,0, 0%, 03, i,i0ti0?,io3) basis of Clz, page 48
(Do, D1, Da, D3) mobile basis, page 45

(@) (a)o =1 (a)1 = a, (@), = ala+1)...(a+n—1), see equa-
tion (C.58)

(r,0,¢) spherical coordinates, see equation (C.1)

(V1,Va,V3,Vy) canonical basis in My(C), see equation (1.5)

2

a = £ fine structure constant, see equation (C.21)
1c
8 Yvon-Takabayasi angle, see equation (1.89)
I3,  Christoffel symbols (from contravariance), see equation (4.76)

D Invariant derivative, see equation (4.98)

0= (09)% — (01)% — (92)? — (93)? D’Alembertian, see equation (A.47)
A = (01)% + (02)% + (05)? Laplacian operator, see equation (A.37)

€ = -~ reduced mass-energy, see equation (C.62)

n left wave, see equation (1.3)

n! left wave of the electron, page 54

nel+RL2+ kﬂmlﬁg + ™ £* Lagrangian density, page 118

km,

IS, Christoffel symbols (from covariance), see equation (4.18)

¥ = —y; = <£ —(f)fj> Dirac matrices (j = 1,2, 3), see equation (B.8)
j

Yo =9 = (? é) Dirac matrices (our choice), see equation (B.8)
I'y =iL4 , see equation (B.54)

I's = —iL5 , see equation (B.54)

I'n=L, 1=0,1,2,3, see equation (B.54)
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K constant (nonzero integer number), see equation (C.38)

A magnetic quantum number, see equation (C.44)

A, n=1,...,8 generator of the SU(3). group, see equation (3.45)
R field of real numbers, page 30

C field of complex numbers, page 30

A =, A" electromagnetic potential (in space-time algebra), see equation (B.15)

F
F= < 0 %) electromagnetic field (in space-time algebra), see equation (B.16)

i="0123 = Y0717273 = i¥5 , see equation (B.52)

1 left mass term, see equation (1.147)

m = <(1) S) matrix mass term, see equation (1.147)
n principal quantum number, page 64

n = || +n (n: degree of radial polynomial functions), page 65
r right mass term, see equation (1.147)

F(R* C) set of all ¢ (wave functions), page 24

F(R*,C*) set of all 1 (Dirac wave functions), page 25

g group of 2 x 2 complex matrices M such as | det(M)| = 1, see equa-
tion (1.39)
L Lagrangian density, see equation (1.133)

EE_ restricted Lorentz group, page 34

£q+; L, Lagrangian densities (quarks), see equation (3.133)
b; w7; h? potential space-time vectors, see equation (3.87)
Dy = J probability current, see equation (1.93)

D; = ¢o1¢' first new current, see equation (1.93)

Dy = ¢o2¢" second new current, see equation (1.93)

D3 = K second current, see equation (1.93)

D!} = L'L' left current, see equation (1.103)

D8 := L8L8 current of the left neutrino-monopole, page 91
D}{ = R'R! right current, page 44

D% := R8R® current of the right neutrino-monopole, page 91
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j electric current (space-time vector), see equation (A.58)
J = J#o, probability current, page 41
J# = 9py*) densities, components of J, page 41
k magnetic current (space-time vector), page 223
KH* = y*y51 components of the K current, see equation (1.87)
K; left minus right current, see equation (4.177)

1

v = J reduced velocity, see equation (1.164)

x = x"0,, general element in space-time, see equation (A.43)

V =8y — 0 first differential operator in space-time, see equation (A.46)
v = E/h frequency, see equation (1.205)

Q =r"(sinf) =S dilator, see equation (C.3)

Q1 = Y1) relativistic invariant, page 41

Qy = —ithy51) second relativistic invariant, see equation (1.88)

1 = 1ptyy Dirac conjugate, page 41

A = A" A bar, see equation (A.32)
19)

- partial derivative, see equation (1.10)
1 _ 1=
b=2 (5% 7771’1 > wave of the electron, page 38
1

¢p = —¢peo1 wave of the positron (in Cl3), page 61

0 = 70, Dirac differential operator, see equation (B.9)

0, = % = D#0,, Dirac operator, see equation (4.18)

U : ¢ ¢ wave with value: operator on Cls, see equation (2.1)

Y =Y(z,y,2,t) wave function (function of space and time with complex
value), see equation (1.1)

Uy, wave d(blue)+ u(blue), see equation (2.6)

v, wave d(green)+ u(green), see equation (2.6)

7, wave electron + neutrino-monopole, see equation (2.6)
Uy, =Wl + U8 left part of the lepton wave, page 104

Uy Dirac wave of the positron, see equation (1.140)

\I/q:< i, U+,

U, i, ) quark wave, see equation (3.3)

U, wave d(rot)+ u(rot), see equation (2.6)
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o main relativistic invariant, see equation (1.91)
12 generalization of p in the lepton case, see equation (2.26)
o Pauli matrices, see equation (1.4)

091 = 0907 is a 2-vector in Cl3, page 39

Ow Weinberg—Salam angle, see equation (2.201)

D gauge-invariant derivative, see equation (3.50)

J:= %DlL + %D}% barycentric current, see equation (1.302)

J (=030, + %0139 + ﬁag(%), see equation (C.3)

d= 33. O — 10, main differential operator in Cl3, see equation (A.35)
01+ 10y —03

d-a  divergence of @, see equation (A.39)

d x @ rotational of i, see equation (A.39)

S

-7 scalar product, see equation (A.2)

@ x ¢ vector product (or cross product), page 217

grad a=da gradient of the scalar a, see equation (A.39)

E electric field, page 221

H magnetic field, page 221

V= 9o + 8 second differential operator in space-time, see equation (A.46)
A= A; — Ay A hat, see equation (A.30)

L3tn = %3*'"1_% n = 2,3,4, see equation (3.8)

R3+n = q~53+”1+% n =2,3,4, see equation (3.8)

¢ right wave, see equation (1.3)

¢t right wave of the electron, page 54

A — A reversion, see equation (A.9)

A, B, C, D functions of r (radial variable), see equation (C.37)
At = (A*)! adjoint(conjugate transposed), see equation (A.29)
Ay = a+ iU even part of A = a+ @ + iV + ib, page 219

As =1 +ib odd part of A = a+ @+ 10 + ib, page 219

an,n =1,2,...,6 invariant densities, see equation (2.23)

B chiral potential (space-time vector), page 223
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Cy  curvature field, see equation (4.176)

Cls Clifford algebra of the Euclidean plane, page 215

Cls Clifford algebra of 3-dimensional space, page 216

Cls group of invertible elements in Cl3, page 30

Cly  even sub-algebra of Cl3 (quaternion field), page 217
Cli3 space-time algebra, see equation (B.3)

C’liﬁ3 even space-time subalgebra, see equation (B.6)

d:= I_T‘" mass difference, page 51

D* group of similitudes R, page 32

Dy : X — x = ¢X¢! induced similitude, see equation (1.279)

dl := —id,, + qA, + v, covariant derivative (left wave), see equation (1.198)
dff := —id, + qA, + rv,, covariant derivative (right wave), see equation (1.198)

f: M — R homomorphism: dilator — similitude, page 157
F=E+iH electromagnetic field, page 221

F., :=0,A, — 0,A, electromagnetic field, see equation (1.300)
Gy = 0uvy — 0,v,, gravitational field, see equation (1.300)
GL(2,C) = Cl3 group of endomorphisms on C?, page 35

H Hamiltonian, see equation (1.1)

i = 010903 is a 3-vector in Cl3, page 39

iy = 093 (i2 = —1), see equation (C.3)
is = 031 (i3 = —1), see equation (C.3)
i3 = 012 (i3 = —1), see equation (C.3)
J kinetic momentum number (J%¢ = j(j + 1)¢)), see equation (C.45)

J? = J? + J2 + J? kinetic momentum operator, see equation (C.43)
Js kinetic momentum operator, see equation (C.42)

Jy =DL + DI + D% + D? lepton current, see equation (2.20)

k = 1.140815(25) x 10~%%s%kg ™" (constant), see equation (1.344)

1
L' =12 (Z% 8) left part of the ¢ wave, page 38
2

L3 left wave of the neutrino-monopole, page 90

" — ¢n1*% n = 2,3,4, see equation (3.8)
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Ly= 0 L , see equation (B.51)
" 0

Ls = (O 1) , see equation (B.51)

L, = ($ 7()“) (b =0,1,2,3), see equation (B.51)
o

lo = 1.38068(3) x 1073%m absolute length, see equation (1.344)

= ™P€ my is the proper mass, see equation (1.2)

m
M dilator (general element in Cl3), page 31
My SL(2,C) part of the electron wave, see equation (1.157)

mg = 3T arithmetic mean , see equation (1.155)

m, = VIr geometric mean, see equation (1.180)
M, (C) set of n x n complex matrices
Maps = 1.85921(4) x 10~%kg absolute mass, see equation (1.344)

N =s+v+ B+ p, +ps general element in space-time algebra, see equa-
tion (B.3)

P:A— A parity transformation, see equation (A.30)

P: M — M main automorphism in Cl3 (parity), page 39
Py, P_ projectors, see equation (2.43)

P,, 1=0,1,2,3 projectors, see equation (2.47)
r ratio of the similitude R, page 31

R:x v x' = MxMT similitude, page 31

1
R =2 <§11 8) right part of the ¢ wave, page 38
2

R3 right wave of the neutrino-monopole, page 90

R" = qb"l'*'% n =2,3,4, see equation (3.8)

R real 4 X 4 matrix of the similitude R, page 32

S = e Tise 2% rotator, see equation (C.3)

SHY = jipyty¥ep electric-magnetic momentum densities, see equation (1.86)
So = ¢ood also equals to a; and to pe’®, see equation (1.101)

Ss = ¢o3¢ space-time 2-vector (6 densities), see equation (1.99)

S, = ¢o,é (20 densities: 8 old, 12 new), page 43
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SL(2,C) group of 2 x 2 M matrices such as det(M) = 1, page 30
SO(3) group of rotations in 3-dimensional space, page 30
SU(2) subgroup of unitary elements in SL(2,C), page 30

T; TN TRk Ti’;\r"” Tgﬁ"“ energy—momentum tensors (quarks), see equa-
tion (3.150)

T energy-momentum tensor density (Tetrode’s tensor), see equation (1.200)

to = 4.60545(10) x 10~*%s absolute duration, see equation (1.344)

U(1) x SU(2) electroweak gauge group, page 89

U,V  functions of 6, see equation (C.37)

1% non-interpreted tensor of O. Costa de Beauregard, page 118

X, non Lagrangian term, see equation (4.135)

Y, Lagrangian term, see equation (4.135)

VARRES % boson Z0, see equation (2.214)
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Introduction

During the last century, gravitation has been understood as space-time
curvature thanks to general relativity (GR), mainly developed by Einstein.
Quantum physics has been built as a theory of gauge invariant fields, known
as the Standard Model (SM) of quantum physics. However, the aim of all
theoretical physics, a true unification of these separated parts of physics,
the “Theory of Everything,” has not yet been achieved. This ToE is also the
end goal of our work.

Many attempts have been made in recent decades, usually beginning
with quantum physics and aiming to include gravitation. “Developing the
Theory of Everything” also starts from quantum mechanics, but in an en-
tirely new way using a fully relativistic formulation of quantum mechanics,
as explained in Chapter 1. This new approach allows us to understand
the true reason for the quantization of action, as well as the true nature
of light and the electromagnetic field, which turns out to be simply the
momentum—energy of the quantum wave. Novelties also arise here from
the same minimal mathematical tools used for both SM and GR: the Cls
algebra described in Appendix A and the End(Cl3) algebra in Appendix B.
The necessity for this tool in GR comes from Whitney’s theorem: space-time
being a 4-dimensional manifold, an 8-dimensional linear space is sufficient
to obtain an embedding, and moreover Cls is R® as linear space and as
topological space.

The use of these algebras in physics began as early as 1927 with the
Pauli algebra, which is Cl3, and then with the Dirac algebra in 1928 in
the frame of what is now known as “first quantization.” This step has
been followed by a second one, “field quantization” (electromagnetic field,
boson fields of electroweak and strong interactions). Half a century ago,
D. Hestenes rebuilt first quantization with the mathematical tool of space-
time algebra [73], [74, 75, [76] [78] [79]. We first began our research [12] in this
framework, but since then have introduced further developments: First, the
main novelty has been the use of an improved wave equation which Chapter
1 explains. Second, the natural geometric framework of Dirac theory is
not space-time algebra, but rather the Cl3 algebra. This was not thought
possible before our work [I5] [16], 18, 19} 20 21]. This algebra, first promoted
by W. Baylis [3], is isomorphic to the even part of Hestenes’ Cl; 5 algebra.

17



18 INTRODUCTION

This restricted framework allowed us to see the Dirac theory as incomplete:
many more tensor densities are available, respecting the relativistic link
between spinors and tensors. Third, it was necessary to understand the
Cl3 Lie group as the invariance group of all laws of electromagnetism, the
quantum wave of the electron included [I8] 20} 2T, 22| 23].

These three steps have allowed us to build a completely relativistic the-
ory of electroweak interactions, generalizing our improved Dirac equation.
This wave equation uses proper mass terms: we are able to do precisely what
was impossible in the first theory of weak interactions [107]. The improved
equation is generalized to a wave equation for all fermions and antifermions
of the first generation [25] 26] 28] 29| B0, 311, 32], B3], 34, [35] 36}, 37, [39, 45|
16, 47, 50]. Explaining our previous steps in [47] we obtained new results,
like the Lorentz force acting on the whole lepton wave (magnetic monopole
included). We also obtained an equation for the complete wave of colored
quarks. Our wave equations give a reduced velocity vector for the probabil-
ity current. This allows us to partially mask the crossing between right and
left spinors in proper mass terms. Consequently we were able to express the
wave equations in a recursive manner that gives the gauge field’s properties.
And above all we obtained the quantization of kinetic momentumﬂ
with the expected fi/2 value, both for the electron, the proton and the neu-
tron with their three colored quarks. We also explained the double logical
link between the Lagrangian density and the wave equation.

About quarks which make up protons and neutrons of the atomic nucleus
we must recall this: the charge of quarks (+2/3 of the positron charge for the
u quark and —1/3 of the positron charge for the d quark) is measured with
extraordinary precision. This is undoubtedly the best experimental result
in all physics: if there should be but a tiny departure from these values,
a non-ionized atom could not be neutral and electrostatic forces between
atoms should be much stronger than gravitational forces. Matter could not
then build stars and planets. It is thus very important to satisfy these
+2/3 and —1/3 values and this will be thoroughly explained in the book.
The Standard Model such as described here does not need to assign charge
values: these values are the mere consequence of constraints imposed by
relativistic and gauge invariance. About quarks, the Standard Model tells
us several properties that must be explained. First, there is the existence
of three and only three color states for each quark — we explain these three.
Second, fermions also exist in three “generations” that are very similar:
Here as well our explanation is simple, as these three also come from the
dimension of space. Thus we do not expect a fourth generation, except for
a fourth neutrino, and we explain why. This fourth neutrino may be stable
and identical to its antiparticle.

Numerous attempts at unification were made by extending the restricted

1. The use of the word "kinetic" when English language expects "angular" does not
come from an error of translation; it is the correction of an unfortunate linguistic defi-
ciency (explained in 1.1.2).
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framework of the Minkowski space-time and expressing the Dirac equation in
curved space-time. This is today considered a completely solved problem,
both via the older formalism with the Dirac matrices and via the space-
time algebra used by Hestenes and his Cliffordian school [5][6][9][I0]. But
all these attempts fundamentally confuse two Lie groups: We explain this
in Chapter 1. ToE needing absolute mathematical rigor, it is impossible
to build the theory on the quicksand of these previous undertakings. For
instance, we find that we certainly need a separate space-time manifold; we
also absolutely need the SU(2) group in nonrelativistic quantum mechanics
and the SL(2,C) group in relativistic quantum mechanics.

What we propose here follows many previous attempts. Weyl’s unified
theory was based on the notion of gauge that he introduced|I06]. This
attempt at a unified theory was equivalent to the use of a similitude group
as a local invariance group. Weyl’s theory was developed at a time when
neither the gauge invariance of the quantum wave nor the chirality of weak
interactions could be accounted for. Moreover, the one-parameter Lie group
generated by the ratio of similitude is the multiplicative group of positive
real numbers when a U(1) group is needed for the electric gauge invariance.

Another major attempt was Penrose’s theory of twistors [97][98]. Since
this theory also began from the Dirac equation and from left and right
spinors of the Dirac theory, there are numerous connections between twistor
theory and what we study here. Nevertheless, we start in a very different di-
rection: Penrose’s aim was the generalization of the quantum wave within a
mathematical framework vast enough to contain both nonrelativistic quan-
tum mechanics, Hermitian linear spaces, generalized probabilities, and the
gravitation of GR. In short his aim was the quantization of gravitation. For
our part, we do not start from the Hamiltonian form of nonrelativistic quan-
tum mechanics: we begin with only the fermionic part of the Lagrangian
density in the Standard Model. This is also due to the necessity for a total
logical coherence between the Standard Model and general relativity.

The most important attempts at unification were worked out by Einstein
from 1917 until his death [106]. He tried various possible paths to unify
electromagnetism, gravitation and quantum physics. It is one of his paths
that we develop here in Chapter 4, a space-time manifold with torsion. We
also explain why he could not fully develop this approach himself, when
quark properties and the importance of chiral waves were yet unknown.
Moreover, Einstein could not foresee the inclusion of the space-time manifold
as the self-adjoint part of the CI3 Lie group.

Many other attempts, which were very popular thirty years ago, were
based on the use of numerous supplementary dimensions of space-time, like
string and superstring theories. The starting point of these theories, aiming
for a theory of everything, is a greater gauge group: a simple one unifying
electromagnetism, weak interactions and strong interactions, like SU(5) or
SO(10). We do not follow this still-popular path. Such attempts at grand
unified theories have only led to false predictions, like the non-conservation
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of the baryonic quantum number or the existence of many new particles
never observed. This grand unification could not be our starting point: the
gauge group of the Standard Model is actually embedded in a smaller gauge
group, the SO(8) group which is the natural invariance group of Cl3, which
is 8-dimensional. And this restriction is useful: it gives the reason for the
difference between quarks and leptons which do not see strong interactions.

So our research path is new: supplementary degrees of freedom that
we use do not come from a greater space-time. The space-time of special
relativity (SR) and the tangent space-time used in general relativity are
the self-adjoint 4-dimensional part of Cls, which is an 8-dimensional lin-
ear space on R. Its multiplicative group CI3 which generalizes the SU(2)
group of quantum mechanics is also 8-dimensional: here we thus obtain two
supplementary dimensions in comparison with the Lorentz group, which is
6-dimensional. Moreover, the End(Cl3) group is a 64-dimensional group. It
is also a ring, containing Cl3 as subring, extensive enough to describe quan-
tum waves of all objects, particles and antiparticles, of each generation.
Moreover, multiplication in End(Cl3) is a generalization of multiplication
in Cl5 = End(C?).

This research path does not need new particles; we hence respect and
corroborate the Standard Model. The only possible objects that may be
added to the ones known are right-handed neutrino waves. We study these
complete neutrinos which may also be called magnetic monopoles.

The main reason why we are able to add gravitation to the three other
kinds of interactions, is that we use a nonlinear term of proper mass in all
wave equations. The Weinberg-Salam model could not obtain such mass
terms.

Chapter 1 is devoted to the electron in the Cl3 algebra framework. Most
of the novelties that we add to the Standard Model are presented there,
such as the true number of densities, improved wave equation, extended rel-
ativistic invariance, double energy-momentum tensor, and the link between
these tensors and electromagnetic field. That chapter is the only one which
does not seem to be concerned by “second quantization”. There we use the
notation of first quantization, with experimental results on energy levels
obtained in this framework. The main change from the first edition is that
we use a mass term for each left and right part of the fermionic wave.

Chapter 2 explains how passing from the Cl3 algebra to the End(Cl3)
algebra is equivalent to second quantization for the fermionic part of the
Standard Model. Through this algebra we satisfy the decomposition of
the full wave function into sixteen parts, eight left ones and eight right
ones. This second chapter also studies weak interactions mixing the elec-
tron with the electron neutrino. The neutrino wave is incorporated in the
wave function of a leptonic magnetic monopole: this is the only possibil-
ity of extending the fermionic wave function as allowed by the Standard
Model. We also fully explain the origin of the extremal principle and of the
quantization of action. The study is extended in Chapter 3 to weak and
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strong interactions of quarks. We generalize the form-invariant derivative.
This derivative simplifies the part of weak interactions for the quark wave
function.

Chapter 4 incorporates gravitation into quantum physics such as de-
scribed in the preceding chapters. The formulation of general relativity as
the equality between two tensors is extended to be an equality between
two connections of the space-time manifold. We explain whence come both
the Pauli exclusion principle and the equivalence principle at the basis of
general relativity. The global structure of space-time both accounts for the
EPR paradox and gives a cosmic expansion with the most recent estimate
of the beginning of the acceleration.

Afterwards we present our conclusions. That chapter includes many
items that we cannot elaborate further in this introduction. There we also
explain why we now change the title from “a” to “the” theory of everything.

The most technical parts are placed in four appendices. The presentation
of the tools of Clifford algebra comprises Appendices A and B. There we
show in a detailed and basic manner the algebras used in previous chapters.
The resolution of the Dirac equation for the hydrogen atom is thoroughly
worked out in Appendix C. Various calculations form Appendix D.
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INTRODUCTION



Chapter 1

The electron wave with spin
1/2

First we present the usual matrix framework, the quantum
wave of the electron and its wave equation. We study the wave
equation in the Clifford algebra of space and in the Clifford alge-
bra of space-time. We study tensor densities of the linear wave
equation (the Dirac equation). The form invariance of the wave
equation is extended to the multiplicative group of the Clifford
algebra of space. The relativistic invariance introduces left and
right parts of the wave. We simplify the Lagrangian density from
which the wave equation comes, and we study an improved wave
equation. A dual logical link exists between the wave equation and
Lagrangian density. The electric gauge invariance is not changed.
A second gauge invariance and a second conservative current ap-
pear. Gauge invariance and form invariance are compatible with
mass terms. We coherently set out the normalization of the wave,
the charge conjugation, the solutions for the hydrogen atom and
the Pauli principle. We study the recursion of the improved wave
equation and its consequences. We introduce the notions of nu-
meric dimension and double space-time. We study the energy—
momentum vector and the dynamics of two energy—momentum
tensors. This gives the Lorentz force for the electron. We identify
a direct link between the electromagnetic field and momentum—
energy tensors of the electron wave.

1.1 The wave equation of the electron

In 1926 two major breakthroughs were made about the electron: the
discovery of the electron spin, which means that the electron is a little

23
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magnet, even at rest, and the formulation of a wave equation by Erwin
Schrodinger. This equation reads in the notation of 1934 [54] as:

h OY
2mi Ot H®), (1)
where ¢ = ¢(x,y, z,t) is a complex number, for each value of z,y, 2, t, and
h is the Planck constant. The wave of the Schréodinger equation is then
a function with partial derivatives from R* into C. This wave equation
is linear. Functions that are solutions of the wave equation form a linear
subspace of the linear space F(R* C). Most of the concepts of quantum
physics so far have come from the study of the Hamiltonian H included
in the wave equation. Since we will not use this wave equation, we now
proceed with the rest of the story of quantum mechanics.

The electron is also a magnet; this is the origin of the properties of
permanent magnets that we use daily. So we must account for this magnet.
After Pauli’s first attempt to explain these magnetic properties, Dirac made
use of and carried forward Pauli’s attempt by coming up with another wave
equation, only a few months later: this wave equation was published as early
as 1928 [61), [62]. Ninety years later, we can present this wave equation (in
semi-modern notation, and with the usual Einstein summation convention)
as follows[l}

e h moc

s hi=—; m:= ——. (1.2)

0= [0, +iqAy,) +im]yY; q = = o -

The four A, are the components of the space-time vector called the exterior
electromagnetic potentialﬂ that is created by other charges; e is the charge
of the electron and my is the proper rnassﬂ. We must see the great difference
between the v of the Schrédinger equation and the ¢ of the Dirac equation

expressed as:
(&Y. e _ (&Y. ._(m

because now the &; = §;(x,t) and the n; = n;(x,t) play the same role as
functions of space and time coordinates with value in the complex field.
The Dirac wave is hence a function with derivatives from R* into C*.F] This

1. Most modern presentations use a system of “natural” units where ¢ =1 and h = 1.
We will see in why we cannot use the A = 1 convention.

2. We will see in Chapter 3 how this potential is not exterior, but dependent on the
wave.

3. The wave equation of the electron always includes a mass term and a charge term.
This equation is too often presented without its charge term, as if the electric interaction
could be removed and restored at will. No physical process allows us to change or omit
the charge since this electric charge is quantized.

4. We may also consider the Dirac wave as a set of four functions from R* into C.
Thus, even if the usual term for the wave of quantum mechanics is “wave function”, here
we use four functions and thus the general term “wave” seems more appropriate in the
Dirac theory.
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wave equation is also linear. The solutions are thus elements of a linear
subspace of the set of functions F(R*, C*). The Dirac equation needs to
choose four suitable v* matrices. Our choice is:

(0 1. (0 =\, (1 0\._ (0 o
1= 0)? 7 0) T o —1)0T T \—o; 0 )0

o-j = —aj = aj = —O'j, ] = 1,2,3, (14)

0 I —~ 1 0
0. 2 . _ _ 0 _ ~0_ =~ ._
Yo =7 = (—[2 0) ) IQ_UO_O- =0 =00 := (0 1>a

The o, matrices and their products generate an 8-dimensional algebra on
R which is 4-dimensional on C, named the Pauli algebra or the 2 x 2 matrix
algebra: My(C). The choice of the Pauli matrices is fixed by the intrinsic
basis (V1, Va, V3, Vy) of My(C) where the projectors V,, satisfy:

1 10 1 , 0 1
Vi = 5 (00 +03) = <0 0)? Vo = g(on +iog) = (o 0)’
1 , 00 1 0 0
‘/3 = 5(0’1 — ’LUQ) = (1 0) 5 V4 = 5(0-0 - 03) = (0 1) : (15)

With these usual matrices, £ is the right part and 7 is the left part of the
wave, because in the Dirac theory it is the -5 matrix that allows us the
definition of projectors on the right and left parts of the wave:ﬂ

. I, 0 1+ 1— 0
Y5 1= i172Y3%0 = (02 12); 2751#: (g); 2751&: <77> (1.6)

The Dirac matrices are not uniquely defined. The Dirac theory easily proves
that any other choice satisfies

7= My MY = My, (L7)

where M is a 4 x 4 fixed invertible matrix. This always allows us to come
back to our choice . This choice is convenient both for the resolution
of the wave equation in the case of the hydrogen atom [I4] [36] and for an
electron at high velocity. On the contrary, for the study of an electron with
low velocity and for deriving the Pauli equation, the initial choice of 'y;L
matrices was [12]:

_ 1
M=M":= ﬁ(% +95); Y0 = MyoM = 7s; v = My;M = —;, (1.8)

5. The meaning of the notation & is explained in

6. With the Pauli wave equation the usual terms are “left-handed” and “right-handed,”
because the Pauli wave is a mixing between the left — right and the up — down projectors.
“Left” and “right” are more appropriate in the Dirac theory, because these terms match
the column names of 2 x 2 Pauli matrices.
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for 7 =1,2,3. We then have:

1 &1+m
/ 1 g + ,'72 ( /> /
"= My = 2= — |52 ;X = )y we= 3. 1.9
v v 3 V2 & —m X 5 4 (L.9)
4 §2 =12
Using matrices (1.4]) the Dirac equation (1.2)) reads:
_ im ot (Ou +iqAu)\ (€. _ 9 0.
0= (3“(3# +igA,) im n) Oy = i ct. (1.10)
This is equivalent to the system:
0 = 0(8y + igAy)n + imé,
0 = 6" (9y, + iqA,)E + ima. (1.11)

The mass term of the wave equation for the £ part of the wave contains 7,
while the mass term of the wave equation for the n part of the wave contains
&. This crossing of terms forbids the use of either £ or 1 alone. Next, to get
the true Pauli equation it is necessary to break the space-time symmetry of
these equations by:

-,

0 = don + In + iq(Ag — Ay + imé;

— 0181+0282+U333,
0 = 0p€ — 5& +iq(Ap + A)E + imny;

=
14': A10'1+A20'2+A30'3. (112)
Multiplying by ¢ we get the Hamiltonian form

—idon = i0n — q(Ag — Ay —mé,
—iBo& = —idE — q(Ag + A)E — ma. (1.13)
But this Hamiltonian form does not have the true properties of the Hamil-

tonian operator of the Schrédinger or the Pauli wave equationsﬂ Adding
and subtracting both equations we get

-,

0 = (9o + iqAo + im)x + (9 — iqA) (1.14)
A

w?
0 = (8o + iqAo — im)w — (9 — iqA)y. (1.15)

7. This is why the first form of the Dirac wave, using a; and 3 matrices which are
indeed truly Hamiltonian, is another wave equation, which is not equivalent to the Dirac
equation used here and in the whole relativistic part of the Standard Model. There, one
goes from one equation to the other simply by multiplying on the left side by ~o, yet
forgetting to multiply also by v, ! on the right side. It is thus a different wave equation.
This may be seen, for instance, when the electromagnetic potential A does not commute
with ~p, which is the case if the magnetism of the electron or the weak interaction is not
negligible.
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The nonrelativistic approximation replaces ([1.15)) with another equation (De
Broglie considered this as totally incorrect [57]), without its time derivative:
i .
w=—(0—1iqA)x, 1.16
5 (0 —igA)x (1.16)

and next by substituting w in (1.14)) we arrive at the Pauli equation:

. . 1 .

(Do +iqAg +im)x = — (0 — igA)*x. (1.17)
2im

The substitution of w is justified by the Schréodinger equation where we have

in modern notation ihcdyyy = E1, and by the nonrelativistic approxima-

tion E ~ mgc®. Next we easily place the Pauli wave equation under the

Hamiltonian form of the Schrédinger equation (|1.1):

2

ihcdox = Hyx; Hyx = (eAg + moc?)x + L(gfiigfx. (1.18)

2my he
This is how quantum field theory (QFT) usually gets the “Hamiltonian of
the Dirac equation.” But the relativistic equation is not used, only the
approximation of this equation by the Pauli equation . Therefore here
we will only use the Dirac equation and the Lagrangian formalism, never
the approximation by the Pauli equation nor its Hamiltonian formalismﬂ
because we need to satisfy in their minutest details any implication of spe-
cial relativity (SR). Further, it is to be noted that the replacement of the
Dirac equation by the Pauli equation is not relativistic. This indeed takes
away nothing from the results that QFT has so far obtained, just as gen-
eral relativity (GR) does not suppress the results of Newtonian gravitation,
which is only slightly corrected in low gravitational fields. The replacement
by the Pauli wave works adequately so long as the quantum wave is reduced
to only one spinor wave, mostly a left wave. But logically corrections must
be made, so as to account for some “anomalies,” when it is necessary to
return to waves with both a left and a right part, or when two left waves
are in use.
Now with the usual summation of upper and lower indices, we let:

V = o"0; V= dlou; Ai=0"Ay; A= oA,
0 A 0 V
A—~lA = [ 9=ty = (2
="A, (A 0),8. Y0, ( O). (1.19)

These calculations actually operate in Clifford algebra, more precisely in
two algebras: the Pauli algebra which is also called Cl3 (as Clifford algebra
of R?), and the Clifford algebra of space-time Cly 3, which is the algebra

8. Moreover it is very difficult to obtain a Hamiltonian formalism in a truly relativistic
fashion. This is the aim of I. Kanatchikov [80] as it is a prerequisite step for a unification
of the different Hamiltonian formalisms of various parts of physical theory.
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used more particularly by Hestenes, Boudet and Casanova [9]. A detailed
introduction to Clifford algebra is presented in [22] 28 [36] and also in this
book, Appendix A. We then detail in Appendix B the properties of Cl; 3
which is isomorphic to a real subalgebra of the complex algebra My(C).
Actually Cly 3 is a left (and a right) modulus on the Cl3 ring. In the
calculations of the Dirac theory, this corresponds to the calculation by blocks
of 2 x 2 matrices for the 4 x 4 matrices. The system , equivalent to
the Dirac equation, is expressed as:

(g) B i (@ +0in Y +oiQA> (g) : (1.20)

This has the recursive functional form

%(3 LigA).  (1.21)

Y= FW) S0) = =9 (0 + g Ay =

This form is very useful in studying the second-order equation that we come
to now.

1.1.1 Second-order equation
By iteration of the functional f we get 1 = f[f(¢)] which means:
U= (@ +iqA)[ (0 + igA).
= —#[Dw +iqd(A) + iqAdY — ¢* A%y, (1.22)
O: =80 = 0y0y — 0101 — D202 — D305.
where O is the D’Alembertian. Multiplying by m? this is equivalent to:
0= (O+m? — ¢>A%) + iq[0(Av)) + AdY)]. (1.23)
And we have:

B(AY) = (DAY + 240, ) — AdY; (1.24)
F 0 0 V\/0 A VA 0
FZ(O ﬁ)zaA:(ﬁ o>(g o>=<o m)- (1.25)

Then the electromagnetic field (F in space-time algebra, F' = E +iH in
space algebra, where E is the electric field and H the magnetic field) allows
us to obtain at the second order:

0= (0+m? — ¢*A%)¢Y +ig[(BA) + 240, — A + Ad]y,

0= (O+m? — ®A%)Y +iq[F + 2410, ]¢. (1.26)
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We may remark that the classical electromagnetic field F comes with a field
of operators 24#0,, in accordance with quantum field theory, where the
electromagnetic field is a field of operators. We may also see two things that
seem strange in this wave equation: firstly the field of operators is a scalar
field, acting on £ and 7 in the same way while the classical part F is a wholly
bivector field, which is well established experimentally: this is linked to the
complete absence of longitudinal polarization in light. Secondly the squares
m?—q?A? are of opposite signs, while the energy-momentum of the electron
is the sum of a mechanical energy—momentum mv and an electromagnetic
energy—momentum qAEL instead of a difference between these two energy—
momentum vectors. We thus replace with an equality similar to the
Leibniz rule for the derivative of a product:

D(AY) = F(¥) + AdY; F(v) = D(Aw) — AdY. (1.27)
The second-order wave equation thus gives:

0= (O+m® - ¢*A?)¢ +iq[F () + 2A9¢)
= (O+m? — A + iq[F(y) — 2A(igA + im)]y (1.28)
= [0+ (m + qA)’JY + igF ().

This yields both the expected sign for the energy—momentum term and an
electromagnetic field that is actually a field of operators acting on .

1.1.2 The form invariance of the Dirac equation

Attention please: it will be necessary to explain and correct a mistake
made as early as the beginning of relativistic quantum physics, next used
in all books on electron physics. Attention again: this form-invariance is
very different from anything used in relativistic physics before quantum
mechanics. First, space-time is considered in practice as a subset of the Cls
algebra (that was named the Pauli algebra) because, with Greek indices at
0,1, 2,3 and

0

- oxH

X\ =ct; X=x'oy +x%00+x%03 ; Oy

(1.29)

quantum physics as early as 1927|E| wrote in the frame of Pauli’s wave

equation:
3 1_ .2
S X X" — X

9. This characterization of the energy—momentum of the electron as a sum is explicit
in the work of Hestenes (formula 6.22¢) in [76]).
10. All that must be known about Cl3 is included in Appendix A, with a minimal
level of mathematics. Thus an informed lecturer may skip this Appendix. Nevertheless
a review might be useful.
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This includes the whole physical space in the Cl3 algebra. It is necessary
because the SU(2) group, which replaces the SO(3) rotation group in the
Pauli theory, is a subgroup of the Cl} Lie group. And this was the starting
point to extend the previous inclusion, by adding oo = I to the o;. This is
linked to the representations of the Lorentz group [95][100]|E|

K04+ x3 xP—ix?
SR ST (L31)

X:XHUu:XO+§: <
And thus space-time is identified with the self-adjoint subset of the Pauli
algebra Cl3, which is the part of the M elements satisfying M = M7 (this
identification is the starting point of Chapter 4).

The algebraic structure of Cl3 is richer than the complex field. Instead
of a single conjugation we now have three: the P : M +— M transformation
is the main automorphism of this algebra. This P, called parity in quantum
mechanics, allows us to separate even and odd parts and satisfies AB = AB.
Next the antimorphism M — M = M T is the reversion which satisfies
AB = BA. These morphisms generate a third one, the product of the
previous conjugations: M — M = M Mt = tr(M) — M is an antimorphism
since AB = B A (more details in A.3.3). And we get

F=x=x"-%

: (1.32)

[[x[[* = det(x) =xx =x-x = (x")? = (})” = (x")? = (x')* = (x°)* = (=)*.

The square |[x||? of the pseudo-norm of any space-time vector x is thus
simply the determinant of this vector. Therefore the scalar product of two

11. After Rose’s book [99] explaining with modern terms the results exposed in de
Broglie’s book [54], all succeeding reports on this invariance introduced the Lorentz trans-
formation of the x* using first an infinitesimal Lorentz transformation. They actually
only use the mathematical tool of the Lie algebra of the SL(2,C) Lie group, which is the
set sl(2,C) of the 2 X 2 complex matrices with a null trace. And using a general result
about the SO(n) group, they suppose, without any proof, that this result is also true in
the SO(1,3) case! (They thus think that the Lie algebra of the SO(1,3) Lie group is
the same as the Lie algebra of the SL(2,C) Lie group). The algebraic calculations are
hence formally exact, but the strangeness of the situation is hidden into the exponential
functions (notice the plural) which are applications of a single algebra onto two different
groups. And these two different exponential functions are not presented as distinct, even
if one of them applies to 2 x 2 complex Pauli matrices while the other applies to 4 x 4
real matrices. And there are two different groups, the group of 2 X 2 complex matri-
ces with determinant 1 (where the unit is the unit matrix I2) and the group of Lorentz
transformations, where the unit is the identity transformation, id. It is nonsense to use
both exp(0) = Iz and exp(0) = id, which should imply I> = id. It is thus necessary to
distinguish two exponential functions: exp; applies the elements in the vicinity of 0 in
M>(C) to SL(2,C), while exp, applies the same elements to the Lorentz group, where
each element is one-to-one associated to a 4 X 4 real matrix. It may be correct that
exp;(0) = Iz and exp,(0) = I4, and false that Is = I4.

12. R is included in each Clifford algebra. Here this is equivalent to the identifica-
tion between numbers a and scalar matrices als. This simplifies many calculations.This
identification is often used in mathematics; for instance the R field is put into the C field.



1.1. THE WAVE EQUATION OF THE ELECTRON 31

space-time vectors x and y reads:
1, . 1.
Xy =5 (F +y%) = &y +79) =xy —xly! —y? —xy (1.33)

The parity transformation P : x ~ X is thus included in the geometric
structure of space-time (see Chapter 4). Let M be any nonzero element in
Cls (that means any fixed nonzero Pauli matrix) and let R be the trans-
formation of space-time into itself such that for any x is associated x” given

by [} o
X' =x" 4% = R(x) = MxM". (1.34)
We note, if det(M) # 0:
det(M) =re? | r=|det(M)|; M :=r"2M. (1.35)

Thus r is the modulus and 6 is an argument of the determinant of M.
Attention, please: r is not the determinant of M, it is only the modulus of
the determinant. We get:

(%)% = (x'1)2 = (x*)? = (¥°)? = det(x') = det(MxMT)
= ret? det(x)re ™ = r?[(x9)2 — (x1)2 - (x1)2 - (x*)?.  (1.36)
Therefore R multiplies any space-time distance by r and we call this trans-
formation “similitude with ratio r.” We refer to M as the dilator of the
similitude R. Even if, since 1928, most physicists confused similitude and

dilator, here we will use two distinct words because a similitude is not a
dilator. We now consider the R transformation such that:

X' = R(x) = MxM'. (1.37)
X =2 Mxr'2 Mt = rMxM' = rR(x); R=rR. (1.38)

Therefore R is the product, in any order, of R and of a homothety with
ratio r. And since we defined M such that:

|det(M)| =1, (1.39)

the set of the M is the Lie group G of the elements in GL(2,C) such that
| det(M)| = 1. We then have in place of (1.36):
(5/0)2 o (§/1)2 o (§/2)2 o (513)2 — det(g') — det(MXMT)

= |det(M)]* det(x) = (x°)* — (x')? — (x*)? — (x*)* (1.40)

Thus R is a Lorentz transformation. With the usual summation convention
of upper and lower indices, we let:

X't = RixY; x'F = RMxY. (1.41)

13. Only one other possibility exists: ¥/ = R(x) = MxM'/\/r. With N := {/rM we
have '/ = R(x) = NxNT, and we recover our simplest form.
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(RY) is the real 4 x 4 matrix of the R similitude and (RY) is the real 4 x 4
matrix of the Lorentz transformation R. We hence have the following (see

A.4.2)) for any dilator M = ((Z b) #0:

d

2R = |af® + [b* + |c” + |d]* > 0, (1.42)

and x’° then has the same sign as x° at the origin: the similitude R, and
hence also R, conserves the arrow of time. Moreover, for any dilator M in
Cl3, and even if the ratio is null, we obtain (detailed calculations in
the following simple and nontrivial equality:

det(RY) = . (1.43)

If r is nonzero then r* > 0: det(R) > 0. Thus R conserves the orientation of
space-time, and since the transformation conserves the orientation of time,
R also conserves the orientation of space. Moreover we get:

det(R") = 1. (1.44)

This concludes the demonstration that R is a transformation in the Lorentz
group (the transformation group conserving the space-time metric). But
this group is not the invariance group of the wave with spin 1/2. Only
the restricted Lorentz group is obtained from . The true Lorentz
group needs the use of the P and T transformations. And neither P nor
T is an exact symmetry of nature; both are violated in weak interactions.
Therefore we will only use the restricted Lorentz group. We consider again
the f function which associates to the dilator M the similitude R = f(M).
Let M’ be any other dilator, with:

det(M') =1 | R =f(M) ; x" =MxM". (1.45)
We then get :

X' = M5’ M'" = M (MxMYM'T = (M'M)x(M' M)
RoR=f(M')o f(M)= f(M'M), (1.46)

and with r # 0, f becomes a homomorphismlﬂ from the (CI%, x) group into
the (D*, o) group where D* is the set of all similitudes with nonzero ratio.
These two groups are Lie groups: (Cl3, X) is the 8-dimensional GL(2,C)
group. But (D*,0) is only a 7-dimensional Lie group: one dimension disap-
pears because the kernel of f is not reduced to the neutral element. Let 6
be any real number and let M be a dilator such that:

_ oz (€70 Y _ it
M = e = 0 ei02) det(M) = e, (1.47)

14. Most quantum physicists use the name “representation” in place of homomorphism.
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we then get: ‘ A
X' = MxM" = ¢/2xe7%/2 = x, (1.48)

f(M) is thus the neutral element and M belongs to the kernel of f. There-
fore the kernel is a one-parameter group and only seven parameters remain
in D*. Six of them define a proper Lorentz transformation and the seventh
is the ratio of the similitude r. For instance if the dilator is

M = et = ¢%[cosh(b) + sinh(b)o], (1.49)
thus the similitude R defined in (|1.34) satisfies

X' = MxM' = 71 (x% 4+ xlo) + X205 + x303)e 00

= 2?7 (x° + x'01) + X202 + x%03). (1.50)

We hence get:

X+ x'oy = e [ cosh(2b) + sinh(2b)o | (x° + x"01),
" = €22] cosh(2b)x” + sinh(20)x']; x'* = €22, (1.51)

X! =20 [sinh(2b)x" + cosh(2b)x']; X = e2ax3,

We can see that the similitude R is the product, in any order, of a proper

Lorentz transformation (boost) mixing the temporal component x% and the
spatial component x' by a homothety with ratio r = e2*. Next if:

M = e®Fbi91 — ¢%cos(b) + sin(b)io ], (1.52)
then the similitude R defined in (|1.34)) satisfies

x' = MxMT = e*t0o1(x0 4 x1g) + x%0y + xP03)ed Vi

Za[ 2io1 (x255 + x303)]. (1.53)

=e2?[x0 —l—xlal +e

We thus have:

X0y +x 03 = e**[ cos(2b) + 8111(21))101] (x202 +x303),

X7 = ¢? “[ cos(2b)x> + sin(2b)x 31, x/¥ = e29x0, (1.54)
/3

X" = e?*[ — sin(2b)x” + cos(2b)x°]; x’ e

And so R is the product of a rotation with axis Ox! and a 2b angle by the
same homothety with ratio » = e2%. Considering the distinction between
the dilator M and the similitude R is absolutely necessary. This distinction
was unfortunately never made prior to our work: the Dirac theory confused
M and R, so much so that the same name was given to these different
objects! Here we will absolutely avoid calling M a Lorentz transformation
since it is a very different object, even if each dilator M allows us to define a
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similitude. The Lie group of the dilators, Cl§ = GL(2,C), and the group D*
of the similitudes are very different. They do not have the same topology,
nor do they even have the same dimension. Thus they do not have the
same set of infinitesimal elements that is the same Lie algebra. Hence they
must not be confused, even in the neighborhood of the neutral element.
The previous calculations are simple because we start from the dilator M
to get the similitude R. The reverse calculation is impossible and it is
actually nonsense, because the similitude R is the image of the dilator M
by the function f, and this function is not invertible. No isomorphism can
exist between the 8-dimensional group of the dilators and the 7-dimensional
group of the similitudes.

Restricted Lorentz group

If we now add the condition |det(M)| = 1, we identify M and M. The
set of the dilators M is G, and (|1.36)) is reduced to:

)2 - ()2 - ()2 - ()2 = (x)2 - (x1)? - (x3)? - (*)%. (1.55)

The similitude R is then simply a Lorentz transformation and the set of
R is called the restricted Lorentz group, usually denoted 51. The time
orientation and space orientation are separately conserved. The determinant
satisfies:

1=1e" ; #eR. (1.56)

The 7-dimensional Lie algebra of G and the 6-dimensional Lie algebra of El
cannot be confused. The first one is the Lie algebra of a 7-dimensional real
Lie group, while the second is the Lie algebra of a 6-dimensional real Lie
group. What happens is not only that dilation and similitude are mixed
up, another mistake is to confuse det(M) = 1 (which defines SL(2,C)) with
|det(M)| = 1 (which defines G). The reason of these mistakes is easy to
understand: the Pauli wave equation induced a mixing up of the SO(3) and
SU(2) Lie groups, which have the same Lie algebra: the algebra su(2) of
the Hermitian matrix with a null trace. Since det[exp(M)] = exp(tr(M)],
the element exp(M), M € su(2) has a determinant 1.

The exponential function is general in Lie group theory. It is a function
from a neighborhood (which may be small) of the zero in the Lie algebra,
on a neighborhood of the unity in the Lie group. In the simple case of the
GL(n,C) Lie group, which has the algebra of n x n complex matrices as Lie
algebra, the exponential function is simply:

exp(M) = eM = Z

n=0

M

n!

(1.57)

Nonrelativistic quantum mechanics uses two simple properties of SU(2):
first, any element M in SU(2) satisfies:

M = exp(ia’o;), j =1,2,3, ’ € R. (1.58)
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Second, for any rotation R in SO(3), a M exists, defined up a sign, such
that R = f(M) where f is the homomorphism applying each dilator on the
associated similitude. We now consider M = —1 + o1 + 02, which is an
element of SL(2,C) since det(M) = 1. And M only satisfies:

(o1 +i02)* = 0; exp(oy +i02) = 1+ (01 +1i02) + 0,
M = —[1—- (01 +i02)]; M = —exp|— (o1 + i03)], (1.59)

M = exp(im — 01 — i03).

Hence the exponential function, in the SL(2,C) case has properties different
from the exponential in the SU(2) case. The lack of understanding of this
difference induced false theorems: Bacry [I] claimed (without proof!) that
any Lorentz transformation in El is the product LR of a boost L and a
rotation R, while Naimark [95] proved that any Lorentz transformation in
EL reads ub;v where u and v are rotations and b; is a one-parameter boost.
This also implies 7 = 3 + 1 4+ 3 parameters. And it is the restriction f of

f to the G group which an homomorphism from G into Cl, and with the
same kernel, the 1-dimensional U(1) group, thus f is not invertible : the
calculation of M from R is impossible. B

Nevertheless the G group contains as a subgroup the SU(2) group of
the 2 x 2 unitary matrices with determinant 1. The restriction of f to this
subgroup is a homomorphism from SU(2) into the SO(3) rotation group
in space. The kernel of this homomorphism is now reduced to {£1}. This
is the basis of all calculations using the spin of a system of electrons. Of
course all results of these calculations, like the 6j and 9j symbols, are exact
since they properly use theorems on Lie groups, and they are calculated not
by composing rotations but by actually multiplying unitary matrices.

1.2 Extended invariance

The first important change that we now propose is the removal of the
condition | det(M)| = 1 and its replacement with det(M) # 0 (this condition
is used only to obtain the structure of multiplicative group). That is to say,
we replace the 7-dimensional G Lie group by the 8-dimensional GL(2,C) =
C13 Lie group itself. This group is also the multiplicative group in Cl3, and
Cls is the Lie algebra of its subset Cl5. We may put forward four reasons:

1. This is possible (and very surprising) because the properties ,
and ([1.43)) are general and do not suppose that det(M) = 1 nor
|det(M)| = 1 [I8 20, 2I]. Nowhere do these restrictive equalities seem
necessary for the wave of the electron. To see this it is enough to never use
infinitesimal transformations, contrary to most course books, and simply to
directly calculate in the Lie groups.

2. This value of the determinant of the dilator has no geometric origin in
space-time, while gravitation is linked to the geometry of space-time. And
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Cl3 is obviously a geometric group since it is the multiplicative group of the
algebra including space-time.

3. The Russian physicist V. Fock [71] rebuilt general relativity from the
properties of electromagnetism and gravitation. His starting point was, as
it was for Einstein, the invariance of the speed of light regarding any frame
of reference, even in movement of translation. Since light is an electromag-
netic wave, Fock considered an electromagnetic wavefront. He then proved
that the transformation linking the coordinates of an event was necessarily
linear, and he afterwards proved that the R transformation was necessarily
a Lorentz similitude, which means the product of a Lorentz transforma-
tion and a homothety. But he was working from electromagnetism (thus
solely from the similitude R) and had no luck to introduce the dilator M
that comes only with the quantum wave. Of course Fock was a master of
quantum mechanics but he no more accounted for the difference between M
and R than did other physicists. Since he wanted to get only the Lorentz
transformations he claimed that the ratio of the homothety was necessarily
1. Even though the invariance group of electromagnetic laws was known to
be much larger than the Lorentz group and included the similitudes, Fock’s
error flooded all the Russian work in this domain of physics. Afterwards
the success of Landau’s books extended this error to the whole of QFT.

4. This extended invariance will allow us to understand the geometry
of the four kinds of interactions in physics (electromagnetism, weak inter-
actions, strong interactions and gravitation), the quantization of kinetic
momentum, the proper nature of the electromagnetic field, and more in the
next chapters. The power of this approach comes from the inclusion of parity
transformation in the geometry of space-time resulting from ||x||? = xP(x).

We now return to the Dirac equation and we look at how the wave with
spin 1/2 comes to be, without imposing the condition det(M) = 1. First
the right wave £ and the left wave 1 do not transform similarly:

¢ =¢(x) = M¢ = ME(x); i =1/ (x) = Mn = Mn(x). (1.60)

This is actually the origin of the existence of right waves and left waves:
they do not transform similarly in Lorentz transformations. The change is
caused by the boost (1.49) because we have

¢ = ea+b‘71§; n = ea—bmn. (1.61)

With transformations like 1) which are rotations, we have M=M ,
and so the right wave and left wave transform similarly. Consequently the
theory of weak interactions may only start from the Dirac wave equation,
which is relativistic, the only one able to distinguish between right waves
and left waves (in contrast to the Pauli theory which only knows left-handed
and right-handed parts of the wave). This is well known in the Standard
Model. To see how the system is changed (a system equivalent to the



1.2. EXTENDED INVARIANCE 37

Dirac equation), we need the following nontrivial relation (details in|A.4.4)):

V=MV'M; V' =0'd,; 9, = a%m. (1.62)
Hence we must separate the space-time vectors transforming like x which
we call contravariant vectors, from the vectors transforming like V which
we call covariant vectors. The two supplementary dimensions of the in-
variance group induce new constraints which are added to the constraints
of relativistic invariance: in tensor calculus we now have no possibility of
moving a tensor index up or down. We also cannot replace a contravari-
ant n vector with the covariant V like Lasenby did in [83]. The previous
constraints remain: for the transformations of the kind @D as well as for
those of the kind , when we have a 6 angle with the transformation
of & and 7, we get a double angle 20 with the transformation of x and V.
This too is well known in quantum physics. The system becomes, if
gA is transformed like V (which is necessary for the gauge invariance):

¢ = M¢ = M%(HV’J\//T +ig MA' M)n = MM%(V' +ig A,
o = Ny = M (M9'M + i MAM)E = MM (V' +ig )¢ (1.63)
And with det(M) = re'? we have:
MM =re®; MM =re= ™ M =re® M. (1.64)
The system can hence be expressed as:

& =re —(V +igd A)'; 0 = re*wi(ﬁl +ig A (1.65)

9’1:
m

In the particular case where M belongs to SL(2,C), this is reduced to
¢ = (V' +iqA);s o = (V' +igA)e’ (1.66)
m m

So we are right in saying that the form of the wave equation is unchangedE.

For a complete use of the extended invariance group we shall first change
the appearance of the wave equation, placing any calculation in the frame-
work of the same algebra. This means that all elements of the wave equation
— differential operators, potentials, addition and multiplication, values of
the wave, space and time — will be put into the same algebraic-geometrical
structure. Next we shall change the wave equation itself by simplifying the
Lagrangian density from whence the equation comes.

15. A lecturer in a hurry may not see what differs here from the conventional exposition
of quantum mechanics. In fact, there is no difference except for the distinction between
V acting on n and V acting on &, and the distinction between dilator and similitude.
But these distinctions (linked to parity) will prove essential for geometric properties of
the space-time manifold in Chapter 4.
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1.3 The Dirac equation in Clj

It is possible to use instead the initial formalism of Dirac matrices (a
16-dimensional linear space on C, and a 32-dimensional linear space on R)
Cly,3 (a 16-dimensional linear space on R) called space-time algebra. This
was done by Hestenes [74]-[78]. Here we present another formalism still
less costly in dimensions, using only the Cl3 algebra, a 8-dimensional linear
space on R.E The form used as early as 1928 for the relativistic invariance
that we just studied is the first reason for our choice. This invariance uses
only Cl3, the multiplicative group of Cl3. Second, the Dirac wave of the
electron has value only in Cl3, not in the full space-time algebra. Third,
which is the main reason, the use of Cl3 was discovered by one of the present
authors as sufficient for the description of the entire Dirac theory [I5} [16]. It
will allow us to obtain the link between left and right spinors in the simplest
way.

For the expression of the Dirac wave in Cl3, it is enough to replace
the column matrices ¢ and 7 by 2 x 2 matrices with a null column. This
changes nothing concerning the calculation because the product of matrices
is a row-to-column multiplication which operates separately on each row of
the left matrix and on each column of the right matrix in any product. For
an easier calculation of tensor densities we include a v/2 factor and let:

zﬂﬁ&i%,@;ﬁ@iﬁ,

2 0 nmy 0
= R4 LV = 2> ) =2 5% *77%* _ 1.67

We note that the complex conjugate of z is either Z, which is the usual
notation in mathematics, or z*, which is usual in the Dirac theory. We
have:

Y 1 _¢lx N

¢ﬁ(2§ ﬁi)ﬁ(nl 51),

1+03
2

o~

R =4 — VB o) T = ¢1+T”3 — V3(n' 0), (1.68)

The link between ¢, R' and L! is independent of the reference frame used
because transformations in (1.60) are equivalent['”] to:

¢ =¢' (@) = Mp = M(x); § =& (a') = Mp = Mg(z).  (1.69)

16. The use of Cl3 was first promoted by W. Baylis [3].

17. This equivalence is not trivial and comes from the fact that og is imaginary while
o1 and o3 are real matrices. The result is, for any ¢, that the P transformation M +— ]/\4\
exchanges ¢ and 7).
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The system (L.11) (equivalent to the Dirac equation) is then expressed as:

1 1

0= (V +igA)¢ ZU3+¢m¢ 203, (1.70)
1 1

0= (V+igA)dt78 L imd +2"3.

Applying P : M +— M to the second equation, we get the equivalent
system:

~l+o03 . 1+o03

0= (V+igA)¢ 5 +imao 5 (1.71)
0=(V —iqA)a1 _203 —iqul _203

This system is itself equivalent to the single equation via addition:
0= Vg/b\—l— qugiag + maoios, (1.72)

because each line of the system ((1.71)) is obtained by applying on (|1.72) a
projector on the right and left wave, that is, in the Pauli algebra the multi-

plication on the right side by (14 03)/2. We will finish the simplification of
the Dirac equation by multiplying the right side with —io3 = 091 = 0907
The Dirac equation is hence equivalent to:

0 = Voo + gAd + mao, (1.73)
and, using the parity transformation P, is equivalent to:
0 = Vo1 + gAd + mo. (1.74)

Once again and despite the very different look these equations are ex-
actly the Dirac equation. The gauge invariance now has the form:

g =¢e7; A A =A— %Va (1.75)

When quantum physics becomes relativistic, the multiplication by the non-
specific imaginary number i must then be replaced by the multiplication on
the right side by i3 = io3. This term is, from the geometrical point of view,
a bivector or 2-vector, which means an oriented area (a cross product). It
is thus different from the 3-vector i = o10903 which is an oriented volume.
This other 7 is the one used for instance in the expression for the electro-
magnetic field as a sum of an electric field and a magnetic field: F' = E+iH.

18. P is, from the mathematical point of view, the main automorphism in Cl3 changing
4 into —¢ and o3 into —o3. From the physical point of view P stands for “parity” which
exchanges right and left waves.
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For anyone used to a single i, this is a major change, yet absolutely neces-
sary from the geometric point of view: a 2-vector is an oriented area, while
a 3-vector is an oriented volume, and an area is not a volume.

All objects present in the wave equation are now in the same algebra.
Calculations using 2 x 2 matrices are much simpler than using 4 x 4 Dirac
matrices. Moreover we get supplementary properties linked to the minimal
dimension of the 2 x 2 matrices, such as the fact that comatrices giving an
inverse matrix are reduced to numbers.

1.3.1 Plane wave

This section uses the simplest case where the interaction with the ex-
terior electromagnetic field is negligibleﬁ. We then let A = 0. The Dirac
equation in the Cl3 algebra is thus reduced to

Vo1 +me = 0. (1.76)
We consider a plane wave with a phase ¢ such that:
¢ = poe??? 5 = mv,x". (1.77)
We use the space-time vector called the reduced velocity:
v =o"v,, (1.78)
and ¢ is a fixed term which gives
Vg/zgogl = oﬂau(%e*""ﬂ)am = —mvgg. (1.79)

Therefore the Dirac equation is equivalent to

¢ =vo. (1.80)
By using the P conjugation this is equivalent to
b =vo. (1.81)
Then combining the two previous equalities we have:
¢ =v(Vg) = (W)¢ = (v-v)¢. (1.82)
If ¢ is invertible we must then get:
l=v-v=v2-v?% (1.83)
v2i=147%; vo=+V1+72 (1.84)

19. We may be doubtful of the possibility of ignoring the charge of the electron. The
plane wave solutions are actually presented only in the interest of easier calculation. Yet
later, Fourier analysis allows us to extend the utility of this calculation much further.
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with a priori two possibilities for the sign. The minus sign implied a negative
energy for the particle — this was at the beginning a serious dissatisfaction for
Dirac. He hoped to get rid of the negative quantities, supposedly nonphys-
ical, that came from the Klein-Gordon equation which was the relativistic
version of the Schréodinger equation. And it was impossible to suppress
these negative energiesm. They were necessary for obtaining any wave as a
sum of plane waves from the Fourier transformation, or for getting a small
enough wave packet. Six years later the discovery of the positron, a particle
which had the same mass as the electron yet an opposite charge, completely
changed the problem: these plane waves with negative energies were associ-
ated to the positron. And this association was considered as the triumph of
the Dirac theory. Nevertheless these waves with negative energies induced
formidable problems when their effects on the emission or absorption of
light were calculated. Moreover positrons seemed to have the same proper
mass, not a mass opposite to the proper mass of the electron (we will see
this later).

The calculation that we present here is much simpler than the cal-
culation made in relativistic quantum physics books using complex 4 x 4
matrices. This is a sufficient reason, among many others, to prefer the Cls
algebra to the Dirac algebra.

1.3.2 Tensor densities without a derivative

The J = J#o,, current is one of the tensor quantities of the Dirac theory
such that the definition J* = ¥y*4) of the four components is made from the
spinor wave without a partial derivative. We may first remark with L. de
Broglie [54] about the strange character of these tensor densities which had
no true equivalent in physics before quantum theory. Several other similar
quantities were quickly noted [54], first a scalar one:

Y =y ; p=1ly= (771Jr flT)7 (1.85)
where M is the adjoint matrix (transposed conjugate). Next the six:
SH = iy Yy, (1.86)

are considered as the components of an antisymmetric tensor of rank two.

The four K“:

v , I, 0
Kf =iytysp s 5 = —ivonveys = <02 —Ig) , (1.87)

20. Plane waves, even if they are calculated here much more simply, are not the panacea
often presented. De Broglie warned us against the abuse made with these waves: a wave
unlimited in space or in time does not exist in nature. In an electronic microscope a train
of waves is always limited in space and in time. We saw in @ how Fock made use of an
electromagnetic wavefront. Moreover this calculation neglects the charge term, as if we
were able to remove or restore a charge at will. Hence plane waves are much too virtual
and unreal to be very interesting from the physical point of view.
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are considered the components of a pseudovector in space-time, theoretically
linked to an antisymmetric tensor of rank three, even if this link is never
used. Finally:

QQ = —iiﬁ’yy{/& (188)
is a relativistic invariant and allows us to define the main invariant p and
the Yvon-Takabayasi § angle:

O =pcosf; Qo =psinf; Qi +iQy = pe’. (1.89)
With the Weyl spinors (left and right waves) we get:
O =Myt 4 0tiet s Qy =iyt —p'Teh),
pe? = +iQp = 2'Tet =2l +1,°6), (1.90)
pe” P =0 —iQ = 261t = 2(i&L* + ma&y").

These tensor densities were intensively studied because physicists were very
eager to link these quantities to classical physics, where all studied quantities
are vectors and tensors (but they are not tensor densities). Actually these
16 tensor densities that we previously detailed know nothing of the phase
of the wave: they contain the product of ¥ = ¥~y by v and are then
gauge-invariant under the electric gauge@. Thus we cannot substitute the
dynamics of these densities for the dynamics of the 1) wave itself. Yet within
the Cl3 framework, €2y and Qs are very simple:

det(9) = ¢ = ¢ = O + iy = pe’”. (1.91)

So p is the modulus and the Yvon-Takabayasi § is an argument of the
determinant of ¢ = ¢(x); hence they depend on x. Moreover, ¢ is invertible
if and only if p # 0. The detailed calculation of J, and K, (see using
&' and n' gives

J=Jto, = ¢ogp' = ¢pp! ; K=K'o, = ¢asp’. (1.92)

We immediately see that these two space-time vectors, which were known to
be orthogonal and with opposite scalar squares, are now part of a (Dg, Dy,
Do, D3) list — attention, please, as this is a major change in the Dirac theory,
first obtained by D. Hestenes [75] — formed by four space-time vectors:

Dg:=J; Di:=¢oi¢'; Da:=¢os¢’; Dy:i=K.  (1.93)

21. It is the same for any quantity of the kind ), which are thus not general, despite
the opinion of many physicists [68]. The preferred argument, based on the dimension of
the linear space of Dirac matrices, with dimension 16 on the complex field, has no reason
to apply here since the tensor densities are real ones. This 16 is actually a difference
between triangular numbers (36—10—10, where 36 = 9x8/2, 10 = 5x4/2). The numerous
studies based only on these 16 densities [10][93][104] miss an essential point. Moreover,
the tensor densities without derivatives are not the only important densities in the Dirac
theory. Some others with derivatives are used, while others were still misunderstood [51].
Worse yet, the list of the tensor densities which exist from the electron wave is infinite
[I6]. Hence we cannot know everything about these tensor densities.
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The components of D; and D (since not gauge-invariant) cannot be linear
combinations of the 16 densities known through the old formalism of 4 x
4 complex matrices. We must then consider this formalism as seriously
incomplete, weak, misleading. On the contrary, and more helpful than just
the simplification of calculations, the shift to Cl3 allows us to discover new
quantities which will prove very useful in the next chapters.

For any similitude R defined by a dilator M, the four vectors D,, trans-
form similarly:

D, = ¢'o,¢" = (M@)o, (M¢)T = Mgo,'MT = MD,MT.  (1.94)

We recall that in relativistic physics the tensors are defined and classed by
the way that they transform in a Lorentz transformation. We then have no
reason to be concerned by Dy and D3, and no reason to deny the possibility
of the existence of D; and D». The four D, vectors transform like the space-
time vector x. We then say they are contravariant. They are also vectors
of the same length. Moreover, they are orthogonal to each other and form
a mobile basis of space-time with

2Du ‘D, = Duﬁu + Duﬁu = ¢UM¢T$3V$ + ¢OU¢T$/O-\M$
= ¢Uupeilﬂ&u$ + ¢%P€7w3u$ = peimé(au&u + Uuau)g = pe*iﬁ¢25uy$
= 28,,pe” P = 28,,pe P pe?; D, D, = 8,0 (1.95)

Of course since here we use the space-time of special relativity with the
choice of a + sign for time, we have

doo=1; 611 =022=033=—1; 0, =0, p#. (1.96)

Among these ten relations ((1.95)), only three were known from the old for-
malism:

J.J=p*; K-K=-p%; J-K=0. (1.97)
Now for the tensor densities S*”, we let:
Sy = S%Bo1 + S3oy + S205 + S0, + SPioy 4+ S0, (1.98)

And we proved (see details in that
Ss = ¢poso. (1.99)
We can see immediately that Ss is one of the four:
S, = o, p=0,1,2,3. (1.100)
So now we have met Sy, which will be called a4, since (see :

ar i= So = do0d = 6 = pei® = det(@). (1.101)
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With the four contravariant vectors D,, which each have four components,
together with Sy which has two, and the three S;, j = 1, 2, 3 which each have
six components, we count 36 tensor densities without a derivative. This is
much more than the 16 known from the old Dirac theory, and is evident
proof of the incomplete character of the old formalism. We may notice that
this 36 is, like 16, a square, but this is a numerical coincidence because 36
is actually a triangular number: in Clifford algebras the triangular numbers
n(n—1)/2 often appear. Since the right and left spinors forming the electron
wave are the fundamental quantities (and we will see this by the study of
weak interactions in the following chapter), the true counting is as follows:
with each spinor, the right one R' and the left one L' in , we obtain
4 x5/2 =10 =4+ 6 densities. Four of them form a space-time vector, the
6 = 3 x 4/2 others form a space-time bivector. With the right spinor, the
vector D}, and the bivector S} satisfy [29]:

DL .= R'RY; SL = R'oR . (1.102)

With the left spinor of the electron, the vector D} and the bivector S}
satisfy

D! = L' S! == L'o T (1.103)

In his theory of the magnetic monopole, G. Lochak was the first to notice the
fundamental role of the left and right currents [84} [85] 86, [87 [88], [89L 90, [9T].
These currents have a zero scalar square; they are on the light cone because:

0=R'E =R'R'=R'R' = R'R!,

0= LT =T = DD = DT
DL .DL =DLDL = RY(R'RHTR =0, (1.104)
D! .D! =D!D! = LYI'IHT = 0.

Hence in the wave with spin 1/2 some of the quantities always have prop-
erties of light, even at small velocity, and also for an electron at rest. For
this reason the approximation which suppresses the relativistic invari-
ance is nonsense from the point of view of high-energy physics. Moreover
a complex number, however small its modulus may be, may be written in
trigonometric form with an argument which can be the phase of a wave.
Only zero has no argument.

The J current and the K current are the sum and difference of the chiral
(right and left) currents, and the bivectors S; and Sy are also combinations
of S} and S}:

J=D¢ =Dk +D}; K=D3=Dj —Dj, (1.105)
Sy +iSy = 28L: Sy —iSy =28L; SL=R'e\R; SL =L'o,L'. (1.106)
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We derived in [50] the following relation, which will be generalized in the
subsequent chapters:

p® = ajaj = 2Dy - Dj. (1.107)
Because we have

J-J=(Dr+Dy)- (Dk +Dy)

=D} - Dk +2DL - D} + D} - D} = 2D} - D}, (1.108)
R =oi 0 DR = a7
and also
oD}, - D! =DLD! + DIDY = R'R'I'T + L'L'R'R (1.109)
_ Rla*{ 1 —20331 n Llcf{ 1-— Ugﬁl

— aT(lel + Llﬁl) =aja; = 0.

Besides tensor densities coming from one of the two spinors, we have 16
densities that come from the two spinors, the right one and the left one.
This 16 = 2* was the (wrong) maximum number of tensor densities allowed
by the old Dirac formalism with complex matrices. Here comes the well
known 2% = 144 +6+4+1 of Pascal’s triangle. The 1-+1 of the extremities
gives a, the 444 gives the vectors D; and Do, and the 6 is the number of
components of Ss:

ay = So = lel + LIRI; 53 = lel - Llﬁl,

D1 + ZD2 = 2R10'1E1; D1 — ZDQ = 2L101E1. (1110)

The use of Cls is absolutely necessary because only the construction of the
tensor densities from Cl3 may be generalized, and we will do this in the next
chapter.m We will see the importance of the (Dg, Dy, Dy, D3) orthogonal
basis in Chapter 4. Many other densities may also be useful in the Dirac
theory, for instance the densities with first derivatives used in the study of
the energy—momentum.

1.3.3 Relativistic transformation of the densities

We already explained how the D,, vectors transform: they are contravari-
ant vectors (D' = M DMT). Moreover, these formulas of transformation are

22. Otherwise R. Boudet and D. Hestenes made too much use of the mobile orthonormal
basis (eg, e1, ez, e3) such as D, = pe;, [5] [(5]. Consequently they have not seen the
similarity between the four D, and the four Sj.
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automatically induced by the transformation of the ¢ wave. Next, in the
similitude R induced by any fixed dilator M, the four S,, quantities become

S, = §0,8 = Moo, Mg = Mo, d M = MS, . (1.111)

Since physics characterizes the tensors by their transformation under a
change of reference frame, we see no necessity in distinguishing the different
D,, vectors which transform similarly whether or not they are invariant in
the electric gauge. The same situation happens for the different S, quanti-
ties. For instance we get:

et = Sh = MSeM = Mpe'® M = pe® MP = peiPre®,
p=rp; B'=5+0. (1.112)

If we restrict the similitudes to only be Lorentz transformations then p is
invariant, not 5. Even in the case where det(M) = 1 we may have 8’ = S+

Numerous relations exist between the 36 tensor densities that are de-
pendent on the only eight real parameters of the ¢ wave (see . The
number 36 is also the result of restrictions for any other possibility: products
like R'R' or R' R' cannot transform relativistically, because the multiplica-
tion by MT on the right side is not available. And several products cancel,
for instance R'L'T.

The equalities in are entirely new in the physics of tensors,
completely different from the relations for the transformation of antisym-
metric tensors of rank 2, which should give: $'”” = R, R7S"”. Since R, is
quadratic in M and multiplies each space-time length by r, the presence of
two R factors implies a multiplication by 2, while is quadratic in M
and thus multiplies the lengths only by r. Moreover, the J and K currents
are perfectly similar since they are simply the sum and difference of the left
D} and right D}, currents. But the old formalism of 4 x 4 complex matrices
considers J as a space-time vector and K as a pseudovector in space-time,
which is wholly inconsistent: D} and D} have of course the same geometric
status, they are both contravariant vectors. J and K are also contravariant
vectors, necessarily. This is a sufficient reason to only use the framework of
the Clifford algebra Cls.

Hence the old and the new formalism — the former one with 4 x4 complex
matrices and ours using Clz — are not at all equivalent. Only the Cl3 algebra
is complete and we will use this framework as the true one from now on.

1.4 The invariant form of the Dirac equation

The form invariance of the wave equation of the electron uses the dif-
ferential operator V.= MV’'M. Since ¢/ = M¢ implies ¢’ = ¢ M, the
factor M on the left side indicates a possible multiplication of the wave
equation on the left side by ¢. When and where p # 0 (and only in this
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case), ¢ = ¢(x) is invertible. Hence by multiplying on the left side by ¢ the
Dirac equation is equivalent to

0= 6(VP)oa + dgAd + mee. (1.113)

We consider this equation as the true Dirac equation and we now explain
why this form is “the invariant form of the Dirac equation™ In a Lorentz
similitude R defined by a dilator M in Cl3 satisfying , we get
and , which imply that if we conserve the gauge invariance:

(Vo)oa1 = G(MV' Me)oa = 6'(V'd )01, (1.114)
GqA =G My AMp=4'd AG. (1.115)

The two left terms of (1.113)) are then form-invariant, and the mass term is
also invariant if we have

med =m' ¢'¢) =m' ¢ MM¢ = re'm/ ¢, (1.116)

which is equivalent to:
m =re'm/ (1.117)

Of course if we restrict M to det(M) = 1 we have m = m’. But we must take
caution that for the extended invariance the proper mass is no longer invari-
ant. This is an important change in our habits: it is well known that the
quantum wave is necessarily invariant under the Poincaré group formed by
all transformations of the complete Lorentz group, plus space-time transla-
tions. But the Dirac equation is form-invariant only under these translations
and transformations of the restricted Lorentz group. The similitude group
also does not change the orientation of space and the orientation of time.
Thus this group does not contain the totality of the Poincaré group, and
theorems based on properties of the Poincaré group cannot apply here. But
of course the proper mass remains invariant so long as the transformation
belongs to the Poincaré group (r = 1). Yet no longer is the proper mass
invariant when the transformation does not belong to this group (r # 1).
The mass term reads:

mod = mQy + imQa, (1.118)

and is hence the sum of a scalar and a pseudoscalar. The second term
of the invariant Dirac equation (1.113) shows another peculiarity: it is a
space-time vector that we have calculated in (B.32]):

$A) = A, DVt = Vo' V,, = A,DY, = A-D,. (1.119)

This gives also:
$0"h =Dl (1.120)
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Only the first term of (|1.113) is a general term in Cl3, but we can also
obtain some properties with

1

3(Vo) = 5[6(V0) + (3V)d] + 5 [6(V9) — (#V)9],  (1.121)
SIB(V8) + (3V)3] = 30,(50) = Lo, (Djo*) = (DD}
= %(V D)ot =v=wu0"; 20, =V-D,, (1.122)
%WV(E) — (@V)¢] = iw = iw,0", (1.123)
where v and w are two space-time vectors since vI = v and (iw)" = —iw.
This gives

a(V(ZS)Ugl = (U + iw)Ugl
= (vg + v1i0! + V202 4 v30° 4 dwg + wiic! + waic? + wsic®)(ic®)

= —w3 +v90t —v10% — w0 +i(v? +weot —wio? +weo?).  (1.124)

Hence the decomposition of the invariant form ((1.113f) of the Dirac equation
in the basis (1,0',02,03,4,i0',i02,i0%) of Clz yields this system of eight

real equations:

0 =—ws+qgA-Dg+ mQy, (1.125)
0:%V~D2+qA~D1, (1.126)
0:—%V-D1+qA~D27 (1.127)
0 = wy + gA - D3, (1.128)
0= %V-D3+m(22, (1.129)
0= —ws, (1.130)
0=uw, (1.131)
0= %V~D0. (1.132)

The first equation is exactly the equation of the Lagrangian density £ =0
because of the following (the detailed calculation is in [B.1.4):

L= S [ @ (i0u + aAw0) + (r* (i, + aA,)0) | +mid

We know that by varying the Lagrangian density £ we obtain the Dirac
wave equation. Moreover the fact that the Dirac equation is homogeneous@

23. Wave equations in quantum mechanics are linear. They are thus additive, which
means if ¢1 and ¢2 are two solutions of the wave equation then ¢1 + ¢2 is also a solution.
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implies that £ = 0 when the wave equation is satisfied. Here we have exactly
the reciprocal situation; the equation £ = 0 is one of the eight real equations
equivalent to the wave equation, and the Lagrangian formalism is an
automatic consequence of the wave equation.

Any law of movement, in classical mechanics and in electromagnetism,
may be obtained from a Lagrangian formalism. We now know that this
results from the Lagrangian form and the universality of quantum mechan-
ics. But where does it come from that quantum mechanics has a Lagrangian
form? Here we see that this is completely automatic because the Lagrangian
density is the scalar part of the wave equation, and because this Lagrangian
density yields anew the whole wave equation. We will detail in Chapter 2
how the single equation of the scalar part gives once again the seven other
real equations, not from a physical principle above the differential laws but
simply as a consequence of the algebraic structure due to the geometry of
space-time. Moreover the four real equations containing the symmetric part

v of $(V) are with the D, of (see :

0=V-Dy, (1.134)
0=V-Ds+ 2my, (1.135)
0=V-D; —2¢A- Dy, (1.136)
0=V-Dy+2¢A-Dy. (1.137)

The equation which is known as the law of conservation of the
probability current, is now exactly one of the eight real equations equivalent
to the Dirac equation. Next (T.135) is known as Uhlenbeck-Laporte relation.
The real equations (1.136) and (|1.137) show that the space-time vectors
D; and D5 are not gauge-invariant; the gauge transformation operates a
rotation in the plane of Dy Ds.

1.4.1 Charge conjugation

Many years after the discovery of the electron, the positron was also
discovered. The only difference between electron and positron is the charge
sign: negative for the electron, positive for the positron. From the Dirac
wave of the particle (where the wave of the electron is denoted as 1),
and the wave of the positron is denoted as 1/;,), quantum mechanics derives
the wave equation of the antiparticle as follows. The complex conjugation
is used on the Dirac equation:

0= /" (9, — igAy,) — im]y; (1.138)

And they are homogeneous, which means that if ¢ is a solution of the wave equation and
if z is any fixed number, then z¢ is also a solution of the wave equation. Beware! The
word “homogeneous” here has its usual meaning in mathematics and has nothing to do
with the consideration of dimensions in physics. Additivity and homogeneity together
make up the linearity of the wave equation.
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Since ([1.4) gives yoy** = —y*79, u = 0,1,2,3, by multiplying (1.138) by
i2 on the left side, we get

0= —[y"(9u — igA,) + im]irar;. (1.139)
Then up to an arbitrary phase, quantum mechanics supposes@:

Yy = iy, (1.140)

which gives
0= [v"(0u — iqA,) + im]iy. (1.141)

This equation is exactly the same as the equation of the electron up to the
change of the sign of the electric charge. We automatically obtain the equal-
ity between the mass of the particle and the mass of the antiparticle. Using
the decomposition of ¥ with left and right waves, and assigning e indices
for the electron and p indices for the positron, the link between the
electron wave and the positron wave reads:

1p 0 0 0 1 gl
f’j’; = 8 _01 Bl 8 f’if . (1.142)
Na2p 1 0 0 0/ \n,
This gives
§1p = Moes &2p = —Mei Mp = —E3e3 M2p = &l (1.143)

Now the same calculation in space algebra, and always with e indices for
the electron and p indices for the positron, uses:

P =2 (7716 _556) D by = V2 (771” _5510) : (1.144)

Me  &e 2 &ip
Then , which is equivalent to , is also equivalent to
bp = beo1; bp = — P01 (1.145)
Once again we must recall that the charge conjugation described here is

completely equivalent to the charge conjugation described by all textbooks
of quantum physics. Only the style of writing is changed.

24. Quantum mechanics uses 2 because it is the only Dirac matrix with imaginary
terms while the three other 7, matrices are real, given (L.4). Moreover the relation

(1.140) is, by (1.7), independent from the choice of the 7, matrices.
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1.5 Improved invariant equation

We now come to our main departure from the Dirac theory which un-
derlies all the relativistic components of the Standard Model. This change
is also the main difference from Hestenes’ work. He always used the linear
Dirac equation, and only changed the framework and the presentation of
this equation. Here we change the wave equation itself. It can be
seen from equations in that the invariant form of the Dirac equation
(1.113)) is given by

0= B(Vd)oa1 + G4 A + mpcos(B), (1.146)

The improvement that we introduced in [I2] was the elimination of cos(f)
and now we add the replacement of the scalar mass term m by a matrix
term m [43] [44]:

0= $(V)oa1 + pgAd + mp; m = (é S) (1.147)

where 1 is the left mass term and r is the right mass term. The existence
of two possibly different masses will be corroborated by their consequences.
This improved equation is equivalent to the system of real equations:

l+r

0= —ws+ qA-Dg+ mgp; mg := 5 (1.148)
1

0:§V-D2+QA~D1, (1.149)

1
1—

0=wy+qA -Ds+dp; d:= d (1.151)
1

0=V Ds, (1.152)

0= —w,, (1.153)

0= w, (1.154)
1

0=V Do (1.155)

This is actually a simplification since three of the eight equations equivalent
to the Dirac equation have been simplified: In the first line the invariant
m&y = mpcos(B) is simply replaced by m,p (where m, is the arithmetic
mean). The fourth equation now has a dp term and becomes very
similar to the first equation. This new and apparently slight modification to
the Dirac theory does not change five of the eight equations. Nevertheless
this slight simplification improves many things: the last change, in ,
means the existence of a second conservative current, the K = D3 current.
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Since J and K currents are now both conservative, their sum and difference
are also conservativelﬂ: the D}, and Dj chiral currents are conservative.
This will be generalized for the electroweak domain. Moreover the eight
equations come two by two. This is a mere consequence of the left—right
structure of the wave.

For a comparison between our new improved equation and the Dirac
equation it is enough to multiply by 5_1 on the left side, which
gives

0= Voa +qAd+ps 'm. (1.156)

We implicitly supposed, when multiplying on the left side by 5_1, that ¢
was invertible, which means p # 0. Then a unique element My exists in
SL(2,C) satisfying:

¢ = /pe* My; ¢ = \/pe'?/* My = \/pe'? > M. (1.157)
Actually M, is an element of SL(2,C), since we have

det ¢ = pe'® = ¢pp = \/peP2 M y\/pe'®/* M g = pe' MyM g,
1 =MyMy = det(My); My = M, " (1.158)

The existence of this M, element of SL(2,C) was obtained by G. Lochak
as early as 1956 [92] and was obtained independently by Hestenes ten years
later [73]. This My was also the starting point of the work of R. Boudet
[5][6]. None of these physicists saw the difference between the field of dilators
¢ (similar to M in 1.1.2) and the field of the induced similitudes (like R).
We also get

—iB/2

——1 e 1 . .
= My; pp = /pe B2 My = e P, (1.159)

75 Me VP 6
Then when we compare with the former Dirac equation, the improved equa-
tion appears not with a term less, but with an additional term e~*/:

0= ngagl + qA(E—F e*iﬁqﬁm. (1.160)

The usual Dirac equation (1.2) is thus the linear approximation of our im-
proved equation (|1.160) when the Yvon-Takabayasi 8 angle is null or neg-
ligible and when the difference d between left and right mass terms is null.

25. The conservation of the left and right currents was obtained as early as 1983 by
Lochak in his theory of the leptonic magnetic monopole [84]-[91], the theory from which
comes our mass term in a particular case, where the Dirac equation is the linear approx-
imation of our equation. Our equation is nevertheless another, distinct wave equation,
because we conserved the electric gauge term of the equation of the electron. This
gauge term is different from the gauge term of Lochak’s monopole. In his theory of the
monopole, the invariance of the electric gauge is only global (weaker) and it is the chiral
gauge that is local (stronger). On the contrary, for our improved equation the electric
gauge is local and the chiral gauge is only global. Since Noether’s theorem requires only
global invariance, our equation, like Lochak’s, has the same conserved currents.
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Henceforth in the succeeding chapters, only the improved equation will be
generalized. The properties of this improved equation are often simpler than
those of the usual Dirac equation, and are closer to physical reality. This is
what we explain now.

1.5.1 Uncrossed form of the wave equation
We incorporate in the left and right waves defined in :
0= V(L' + R")(—io3) + qA(L' + RY) + ¢ P(R' + LY)Ym  (1.161)
= (—iVL' 4+ qAL" +1e""#R') + (iVR' + qAR" +re "’ L").

In this last line, the left bracketed quantity is a matrix with two zeros in its
second column, while the second bracketed quantity is a matrix with two
zeros in its first column. This equation is hence equivalent to the system:

0= —iVL' +qAL' +1e "R,
0=iVR' + qAR" + re L' (1.162)
And we have:

J=¢¢=R'R" +L'L",

pe " =¢p=L'R' + R'L". (1.163)
We now consider the vector v such that:
1. 1, .~ ~
vi=-J=—(R'R' + L'LY). (1.164)
PP

We then get:

~ 1~ U P U B
vl' = ~(R'R'+ L'LYHYL' = -R'R'L* + ~L'L'L' = “R'R'L?,
p p p p

DIT1 & & m 0\ _ [a] 0) — B
RL —2(0 0)(772 0)_<O o) @ =rpe” (1.165)
1+o03

R'R'L' = R'a} =aiR,
) 1 1 .~ ~
le””R' = —a;R' = “R'R'L' = VL.
P p

Similarly, we have:

. 1~ — 1 e
vR' = —~(R'R'+ L'L")R' = ~L'L'R'
p p
o lLlcqlfTai” Y e A (1.166)
p p p

26. The notation for a vector in space-time is in Roman typeset when using Cl3 and
in bold letters when using Cl; 3.
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Thus the system ([1.162)) is equivalent to the uncrossed system:

0= —i(V +igA+ilv)L",
0= —i(V + igA + irv)R". (1.167)

In this last equation, we used the conjugation P : M — M. It is to be
noted that this system is not completely uncrossed because v is dependent
on both the left and right parts of the wave. If we write this term using the
Yvon-Takabayasi 3 angle and using the right spinor ¢! and the left spinor
n', then we get an equivalent form:

0=—i(V+igA)n' +1eP¢',
0= —i(V +iqA)E" +refnt. (1.168)

We can use either form since they are equivalent.

1.5.2 Gauge invariance

Since the differential term and the gauge term do not change when we
shift from the usual Dirac equation to the improved equation, and since the
mass term is gauge-invariant, the improved equation is also invariant under
the electric gauge. This gauge is expressed in the Cl3 algebra as:

. 1
(Z)'_> d)/ _ (bemcrs : A A = A— §Va (1169)

As with the usual Dirac equation, the conservative current linked to the
electric gauge invariance by Noether’s theorem is the J = Dy current. The
first difference introduced by our improved Dirac equation is the status of
this conservation law, which is now one of the eight real equations equiv-
alent to the wave equation in invariant form. The second difference is the
existence, among these eight equations, of another conservation law
for the K = D3 current. This current comes from Lochak’s theory of the
magnetic monopole [84]-[91], at the origin of our improved wave equation.
This second conservation law is linked to the global gauge invariance (chiral
gauge):

P ¢ =€p: b P =e“G; dua=0, (1.170)

which gives
pew _ 9255 — p’eiﬁ’ _ ¢/$/ _ €2ia¢$ _ pei(B—&-Qa),
p=p =p; B =B+ 2a. (1.171)

We name this invariance the “chiral gauge” since the generator of the gauge
group is the ¢ which orients spacem. We will encounter this chiral gauge

27. In Cls, for any orthonormal (u, v, w) basis, this basis is direct if and only if uvw = i,
and is inverse if and only if uvw = —i (see[A.3.1).
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again in the study of weak interactions. It is also the gauge of Lochak’s
magnetic monopole. Since the chiral gauge multiplies ¢ by e?®, therefore ¢
is multiplied by e~*®, the £ spinor that is the left column of ¢ is multiplied
by €%, and 7 which is the left column of ¢ is multiplied by e~ [86].

The improved equation has lost the linearity of the usual Dirac equa-
tion because p depends on ¢, and because the determinant which defines
p and f is not linear in ¢. The sum ¢; + ¢2 of two solutions of is
not necessarily a solution of . On the contrary, since the equation is
homogeneous and invariant on the chiral gauge, if ¢ is a solution and if 2
is any complex number then z¢ is also a solution of . This property,
common to the Schrédinger, Klein-Gordon and Pauli equations, is not true
for the Dirac equation with the ¢ which is a 3-vector in Cls. As we will
see with the Pauli principle, this completely obscures the nonlinearity of
the invariant wave equation, and then induces a false necessity for linearity
in relativistic quantum physics. Moreover, the calculation of interferences
with Young’s slits, for instance, are not made with a single relativistic elec-
tron (the slits should be much narrower). Thus we are in the case where
the approximation by the Pauli equation used by Gondran [94] is perfectly
legitimate. R

Indeed the Dirac equation in space algebra contains both ¢ and ¢. And if
we multiply by i we must not forget that = —i. The isomorphism existing
between Cl3 and M5 (C) is only an isomorphism of algebras on the real field,
not on the complex field. The multiplication by 4 in Cl3, a pseudoscalar
term, does not correspond to the multiplication by i into M3(C). On the
contrary, this multiplication by i corresponds in Cl3 to the multiplication
on the right side by io3, a term which is a 2-vector (an oriented area), not
a 3-vector (an oriented volume). Since Cls is isomorphic to leg this io3
becomes in space-time algebra the y1v2 2-vector used by Hestenes [74].

This restricted isomorphism is also the reason for the discordance be-
tween the earlier form of the Dirac equation, using ay and S matrices, and
the Dirac equation in Cl3. The Hamiltonian formalism that we get with
these matrices acts on a wave equation that is not relativistic, and moreover
that is indeed equivalent to the Dirac equation expressed in My(C) (with
the unique i of quantum mechanics), but it cannot be equivalent to the
Dirac equation expressed in Cl3 or Cl; 3, where the unique i is replaced by
a 2-vector. The unique i of the Dirac theory, commuting with everything,
is proof of the fact that the theory is expressed not in Cl; 3 or Cls; but in
M, (C) which is isomorphic with the Clifford algebras Cls 3 and Cly 1, thus
in a space-time with five dimensions. Hence it is the algebra of a space-time
with a non-physical supplementary dimension.

1.5.3 Plane wave

We take again (with the same reservations) the calculation made in m
for the usual Dirac equation. Our improved equation is now reduced, for
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A =0, to R ‘
Vé +e Popmory = 0. (1.172)
We consider the same plane wave with the ¢ phase satisfying
¢ = goe? 5 p=mgv,xt; v=0'vy,, (1.173)

where v is a fixed reduced velocity (v¥ = 1) and ¢y is also a constant factor,
and hence we get

Vo = a“@u(aoewzl) = —mgvaalg. (1.174)
Then ({1.160]) is equivalent to
0= (—mquAH- e~ Pém)oiy; dm = mgeiﬁva, (1.175)
Vom = mgeiﬁ?va = mgeiﬁfg, (1.176)
Conjugating we get R A
vom = mge” P, (1.177)
which implies
o= ewvggg; (;5: eﬂﬂ?qﬁﬂ. (1.178)
Mg Mg
We then have: R R
o= eiﬁv(e_wﬂég) m_ (bmrzn' (1.179)
mg/ my m?

Therefore if ¢g is invertible we must take:

mg = mm = (m + do3)(m — dos) = m? — d*> =1Ir,

my = Vlr. (1.180)

Thus the mass term m, is the geometric mean of the left and right mass

terms (m, < mg if 1 # r). Multiplying (1.176) by ¢ on the right side we
obtain:

Yome' = mye®pol, (1.181)
Y(ID} +rD}) = mye® pe=, (1.182)
J(DL + DY) = myp® = VIrlJ. (1.183)
Dividing by J this implies:
IDL + rD} = Vir(D} + D}), (1.184)
IDY + rDI° = VIr(D¥ + DI%) = Virpv°. (1.185)

Since DY = €12 + €3] > 0, DX = |} + 932 > 0, VIr > 0 and p > 0
we obtain:
1>0; r>0; v/ > 0. (1.186)
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We thus have, as in the case where 1 = r:
1=vw=( -9 +7) = (+v9) -+, (1.187)
VW= V142 (1.188)

Thus we solve here in the simplest manner the old problem of unphysical
negative energy: the plane wave of the electron may only have positive
energy and positive proper mass (we will see later the question of charge
conjugation). The improved wave equation is thus much better than
the linear Dirac equation: the non-existence of negative energies, never
observed in particle physics, does not need second quantization to find an
explanation.

1.5.4 Extended invariance

We start from the invariant form (1.147)). The similitude R induced by
the dilator M with ratio r = | det(M)| satisfies

x' = R(x) = MxM" | det(M) =re" | ¢/ = Mo,
V=DMV'M; qA=MqAM. (1.189)
We also have:
p'e? = det(¢) = det(M¢) = det(M) det(¢) = re? pe’® = rpe’P+0),
p=rp, B =B+06. (1.190)
And we obtain:
0 =6(V)on + ¢qAp + mp = 6 MV Mooy + ¢ Mq' A'M¢+mp
=0/ (V'¢)ou +0'q¢ A'¢ + mp. (1.191)

The improved equation is form-invariant under C13, which is the multiplica-
tive group of the invertible elements of Cl3, if and only if:

mp =m’'p’; mp =m'rp. (1.192)

We then obtain the form invariance of the wave equation under Cl; =
GL(2,C) if and only if:

m=m'r; 1=1r; v =r1'r; mqg =myr; mg=myr; d=d'r.  (1.193)
These equalities are simpler than the m = m’re’® that the usual Dirac
equation gives — and this is a powerful argument for our improved equation.
What is the meaning of these equalities for physics? If the true invari-
ance group of the electromagnetic laws is not only the Lorentz group, not
even its covering group, but the stronger Cl3 group, similar things must
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happen as when Galilean physics was replaced by relativistic physics, which
put together mass and momentum, electric field and magnetic field. The
proper mass mg and the density p = ||J|| are both invariant under Lorentz
transformations. Under the similitudes induced by any dilator M, we find
that m and p are no longer separately invariant, and only their product mp
remains invariant:

mp=m'rp=m’p,
dp=drp=dyp. (1.194)

Hence only the product of a reduced mass and a ratio of similitude is fully
invariant. And the reduced mass m = mgc/h is proportional to the in-
verse of length in space-time, which means a frequency. Let us consider
an analogy for better understanding: the fact that gravitational accelera-
tion is proportional to the acceleration due to inertia results in a constant
ratio between gravitational mass and inertial mass (and so this ratio may
be put equal to one). This is the starting point of Einstein’s gravitation.
Because when the scale parameter r changes arbitrarily, the ratio between
p and 1/m = h/mgc is constant, and this needs the existence of a constant,
which is the Planck constant. We may then say that the existence of
the Planck constant is a consequence of invariance under the CI;
group, which is a greater group than the local invariance group of either
special or general relativity. We will see in the next chapter how the quan-
tization of the action is linked to invariance under CI3, a greater group
than the invariance group of special relativity. From this point of view we
may also say this: the existence of the Planck constant has not been fully
understood. The consideration of a greater invariance group will allow us
to see things differently, and will later allow us in chapter 2 to understand
why the kinetic momentum is quantized with the value //2.

1.5.5 Normalization of the wave

We start from the improved wave equation with the system in (1.168)),
and we use:

J =D} + DL = pv; JT = p?; D" = nptfornt; DY = elfarel.  (1.195)
We may express the Lagrangian density of the improved wave equation as:
L= %LJL + %LR; L1 =R (—iV + gA + )nl], (1.196)
Ly =RET(—iV + gA +19)¢Y],
where k is a constant which is further explained, because we have:
%n”lvr]l + %5111@51 _ mefiﬁnl’rgl T mewf”nl

= %eiiﬁpew + %elﬂpe*w =mp. (1.197)
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With the covariant derivatives

df == —i0y + qAu + vy o dlf == —i0y + qA, + vy, (1.198)
we can express the Lagrangian density as:
_ (Tt L1, M o1t~y jRe1
L’—?R[—Z(Hn otd,n +H£ otd, ¢ )} (1.199)

The invariance of the Lagrangian density under the space-time translations,
like in the linear Dirac theory, implies the existence of a conservative energy—
momentum tensor density, Tétrode’s T'. Since the wave equation is homo-
geneous the Lagrangian density is null for any solution of the wave equation
and Tétrode’s tensor density is expressed as:

T =] —i(Tntordly! + e erdlie)] - ope
- 3%[ - i(%n”a”dfnl + gg”aﬂdfgl)]. (1.200)

For a wave with an energy F satisfying

‘ E , E
—idint = %771; —idftet = %51, (1.201)

we get

1§ = R| =i n'don’ + ' dog )|

kr
Erm gy 0 Mo J°
_Em m _ B 1.202
hc(kln Tt 5) he’ (1.202)
oM, M
J:= 5Dp+ D (1.203)

The condition for normalization of the wave function:

[[fal -1 (1201
E:///dvTOO. (1.205)

The left term of this sum is the total energy F of the electron, which de
Broglie conceived of as a very small clock with frequency E = hv, while the
right term is the sum of the local energy density of the electron. We will see
that this local density is linked to inertia through the Lorentz force. Hence
it is not because we must have a probability that the wave must
be normalized. The physical wave is normalized, always, because the
inertial mass-energy acted on by the exterior forces is equal to the absolute
value of the gravitational mass-energy. So this energy has a determined

is then equivalent to
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value, not an arbitrary one. The normalization of the electron wave that is
a law in quantum mechanics@ is thus the equivalence between gravitational
mass and inertial mass, the principle at the basis of general relativity. The
existence of a probability density, for any electron wave and in any possible
case, is not a principle on which any physical theory must be built: It
is simply the necessary equality between inertial mass and gravitational
mass. And this is the same whether for the usual Dirac equation, or for the
improved equation which the usual Dirac equation linearly approximates
[22].

Since T# must have the dimension of an energy density, M L2T~2/L3,
and since J has the dimension he/L3 = M/T?, kJ has dimension: dim (k)M /T?,
which is the dimension dim(¢$)2. Then ¢ is without physical dimension if
and only if k has dimension 72 /M. We therefore suppose from now on that
k has this dimension 72 /M.

Normalization obviously applies to the solutions for the hydrogen atom
that we study in Appendix Cﬁ. Moreover, since the |1|? of the Schrédinger
wave is a particular case of the approximation of the Dirac wave by a part
of its components, the need for normalizing the wave function of an elec-
tron — which is part of the principles of nonrelativistic quantum theory —
follows as in the relativistic case from the equivalence principle. This is
very important for the unification of all interactions, because until now the
existence of probabilities in quantum mechanics was thought of as a meta-
physical principle governing any present and future theory, while in fact this
is only the consequence of the equality between gravitational and inertial
mass. At the same time we understand better why Bohr was able to rebut
all of Einstein’s arguments against Born’s probabilistic interpretation: The
existence of a probability density comes from gravitation.

The probabilities that Einstein was thinking of derive from thermody-
namics, in which case there is not only one particle, but myriads of particles
moving in all directions. Furthermore we used the expression “probability
density” and we carefully avoided the expression “probability of presence.”
The first expression makes sense because the theory of probabilities, like in-
tegral calculus, was developed from the same mathematics, measure theory.
The second expression cannot make sense because any experimental veri-
fication of the probability of presence of the electron-particle, for instance
a probability of 0.1 in a domain D of space, supposes that we can attain

28. This normalization is so important that it was included among the postulates im-
posed on any quantum wave. In fact normalization is allowed by the wave equations but
is not deduced from them. It is the cause of great difficulties, like the collapse of the ¥ or
Schrédinger’s dead-living cat. The issue of normalization also precipitated the setback
of de Broglie’s pilot—wave and afterward Bohm'’s.

29. We must recall that the density JO is not equal to the relativistic invariant p, which
is the norm of another vector: JO # JO. It is the time component of a space-time vector.
We also recall that Tg is a component of a nonsymmetric tensor. It is well known that
the integration of the spin 1/2 into relativistic gravitation is only possible with a nonzero
torsion [89)] (see also Chapter 4).
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the convergence of statistical frequency at 0.1. And though it is possible to
obtain the statistics from the myriads of photons moving on a single light
wave, it is absolutely impossible to obtain statistics from the single electron
that can occupy an electron wave. It is possible to obtain statistics from
electrons only if we have a great number of them and each one necessarily
has its own particular wave. We can say that the probability of the domain
D is 0.1 if the sum over D of the probability density is 0.1, and this is all
that may be said about the wave of an electron. For a system of electrons
it is necessary to use the Pauli principle that we will study later. Now we
can see why any scientific discussion about probabilities in quantum physics
needs very careful phrasing. A general theoretical discussion about prob-
abilities has little meaning: properties of electrons, each one being alone
on its wave, are radically different from properties of photons which can
move on the same wave. For instance the violation of Bell’s inequalities
was experimentally observed only for photons. For electrons this remains
unproved. Entanglement needs at least two waves.

1.5.6 Charge conjugation

We again begin with ¢, = —¢.01, the link between the wave of the
particle and the wave of the antiparticle in relativistic quantum mechanics.
The improved wave equation ({1.160) reads for the particle:

Voo + qAde + e Pepom = 0. (1.206)
We also have ' B
P = 6.3, (1.207)
This then gives:
Peeiﬁe = ¢, = ¢p(*‘71)($p01>T = *Qspap = *Pp6i5p~ (1.208)
Therefore ([1.206)) takes the form:
Vé,01001 + qAdyo1 + (—e ) (—=¢po1m) = 0. (1.209)
Multiplying on the right side by o1, this is equivalent to
0= —V,001 + A, + e,
0= Vo,00 — qAd, — e Prg, m. (1.210)

Next, multiplying on the left side by ap, we get the invariant wave equation
of the antiparticle:

0 —apvapam + q@,A@, + mp,,
0 =¢,Vop021 — qd,Ad, — Mp, (1.211)
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The first equation means that the lone differential term of the wave equation
changes sign. This was the reason for Feynman [69] to interpret charge
conjugation as parity—time (PT) symmetry. The second equation means
that the charge term changes sign, and that the mass term is changed in
a way that the arithmetic average m = (r + 1)/2 changes sign while the
difference 1 — r remains unchanged, so we can say that the role of left and
right parts are exchanged. Next we are able to recast the previous equations
as:

0= Vo012 + qAd, + e Pr ¢, mm. (1.212)

Plane wave
The improved wave equation is reduced, if A = 0, to:
0=—Vo, + e Pro,mos. (1.213)
We consider a solution such as:
Op 1= Pe¥P2; ), 1= mgvp, Xt v, = V. (1.214)
We obtain the same results as in :
my = VIr; v0 = /14 . (1.215)

vp=—/1+ 72 (1.216)
Hence we again obtain plane wave solutions with a negative time coefficient,
necessary for Fourier transformation and for very small wave packets, but
with a positive mass-energy, in accordance with experiment. Created with
the same energy, the electron and positron are moving with opposite velocity
vectors, which is also in accordance with experiment.

Numeric equations

Multiplying on the left side by 51) we get the invariant wave equation:

- -7 - ~ ~ r 0
0=0,Vop012 + qd,Ad, + mp,; M = <O 1> . (1.217)

Nonrelativistic quantum mechanics, using a single i, could not truly under-
stand charge conjugation, which simply changes the sign of the 91 = 0907
term into o135 = o102 and the sign of the difference d. The first change
of sign is thus only a change of direction in the series of oy, which is also
a change of orientation, the left wave becoming right and conversely, and
changing also the sign of d. Instead of the system of the eight equations of
the particle, we now have the same system, albeit one where the components
of all 9, and d change sign:

0:w3+qA-Do+map, (1218)
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O:—%V-Dg—i—qA-Dl, (1.219)
0= +%V-D1 +gA - Dy, (1.220)
0= —wy+qA-Ds —dp, (1.221)
0= —%v - Ds, (1.222)
0 = ws, (1.223)
0=—w, (1.224)
0= —%V-DO. (1.225)

Charge conjugation changes the sign of the charge and the sign of chiral
masses, because we cannot change the arrow of time nor the orientation of
space [59]. Actually, only the differential terms of the wave equations and
d change sign. The electric gauge invariance is now obtained as:

Pp = By, = Gpe’ 7, (1.226)

1 1
A Al=A—=(-Va)=A- —Va.
q —-q
Thus the positron seems to have a charge opposite to that of the electron.
But in fact it is not g but J,a that changes sign. And so only 9, v,, w,
and d change sign. With the covariant derivatives

-R . —-L .
d, =10+ qA, +1vu; d, =00, + qA, + vy, (1.227)
we can express the Lagrangian density as:
- _ M g4 ~pmR 1 M50 e
L= %(an Gy + 16yl d, o 5p). (1.228)
The normalization of the wave is thus, always given a stationary state,

equivalent to:
// dvTy = —E. (1.229)

The positive mass-energy of the positron is exactly the opposite of the nega-
tive energy-coefficient of the stationary wave. The improved wave equa-
tion thus resolves the problem of the energy sign in a way that is
much easier to understand than second quantization: we have the
negative coefficients —|F| necessary to obtain the Fourier transformation,
and the true energy density is the 7§ component of the energy-momentum
that remains positive. Since the wave equation of the antiparticle is ob-
tained from that of the particle simply by changing 9, into —d,, and d into
—d, which also result from the PT transformation, the C' PT theorem of
quantum field theory is trivial. Therefore, charge conjugation is the purely
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quantum and purely relativistic phenomenon of a wave which in a sense sees
space-time upside down. This was the point of view of Feynman [69]. And
since the usual Dirac equation is the linear approximation of our improved
equation, we derive the Dirac equation of the positron from the improved
equation of the positron by changing the mass term: we must account for
the fact that 8, = 8. + 7 and that ;. = —{1,. The linear approximation
of the improved wave equation of the positron satisfies m = 1 = r, which
implies:

0= —,Vp021 + b, Ady, — My, (1.230)
0= —V$p021 + quAﬁp — m¢>p,
0 = Vo001 + (—q)Ady + ma,. (1.231)

This is precisely the Dirac equation of the positron, with the charge appear-
ing with a changed sign. We have, for the sign of E and of T, the same
results as with the improved equation: E is negative while T3 is positive.

1.5.7 The hydrogen atom

Early quantum mechanics obtained the quantization of the energy levels
by solving the Schrédinger equation in the case of the hydrogen atom, an
electron “revolving” around a proton. Obtaining the quantization was a
brilliant result. But the other results were not as good. For instance the
energy levels were not very precise. And the total number of quantum states
for the principal quantum number n was thought to be n? when the actual
number should be 2n? states.

The detailed calculation using our improved equation is presented in Ap-
pendix C. This calculation is quite different from the one used in the early
years of quantum mechanics. At that time the theory of proper values and
proper vectors in Hermitian spaces was developed mainly for application to
the angular momentum operators. Bohr understood the Mendeleev periodic
table by counting all possible values of the angular momentum of atomic
electron particles. This gave Bohr the expected energy levels k/n?, but not
the expected number of states. Next Sommerfeld looked into relativistic
dynamics of particles to obtain more states, as well as the fine structure
of atomic spectral lines. Quantum mechanics replaced this counting with
the calculation of solutions of the electron wave equation, which are proper
vectors of operators with the same algebraic properties as classical angular
momentum. Using the Schrédinger wave equation, only Bohr’s model was
reproduced. The relativistic Klein-Gordon equation was able to obtain the
second quantum number introduced by Sommerfeld, but not with the cor-
rect values, because integer numbers (0, 1, 2, ...), which are the only possible
values with angular momentum operators, must be replaced by half-integer
values (1/2, 3/2, 5/2, ...) to account for spectroscopic lines. This profound
divergence between theory and experiments on light led to the hypothesis
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of the spin of the electron, and thus the Pauli wave equation and finally
the Dirac equation. Only this relativistic equation was able to obtain the
true quantum numbers and energy levels in the case of the hydrogen atom.
The set of adequate solutions was obtained by C.G. Darwin immediately
after the discovery of the wave equation by Dirac, using kinetic momentum
operators that issued from the Pauli equation.

As for us, we use a completely different method obtained by H. Kriiger
[81], a marvelous classical one from the mathematical point of view, sepa-
rating the variables in spherical coordinates (r, 6, ¢). A new calculation is
made in Appendix C to account for left and right mass terms. The principal
quantum number n remains a sum: n = |&| + n (see [99));  is introduced
in the separation between the variables x = ¢t and ¢, from the variables ¢
and radial r. The study of functions of 8 relocates the normalization of the
wave to conditions governing x and n: k must be a nonzero integer num-
ber (positive or negative) and n is the degree of the polynomial functions
included in the series expansion of radial functions. It is the necessity of
normalizing the solution of the wave equation that allows us the existence
of a probability density, which gives the x and n integers, and thus the n
number. The last quantum number, here called A, is obtained from the sole
condition that the wave must be a well-defined function in space-time, with
unique value in Cl3. There is absolutely no need for operators of angular
momentum, even if the quantity j defined as j = || —1/2 and the quantum
number )\ have exactly the same algebraic properties as the [ number and
the n number obtained via spherical harmonics of nonrelativistic quantum
mechanics: it is possible to construct operators such that these j(j+ 1) and
A are proper values. But each A is a half-integer, never an integer. Let
us see how, without an integer angular momentum [, the various states are
obtained.m Consider for instance the case n = 5, where if £k > 0 we may
have:

1. n=4 and k =1, thus j = 1/2, and 2 states: A = —1/2 and A = 1/2.

2. n=3 and k = 2, thus j = 3/2, and 4 states: A = —3/2, —1/2, 1/2 and
3/2.

3. n=2and k = 3, thus j = 5/2, and 6 states: A = —5/2, —3/2, —1/2,
1/2, 3/2 and 5/2.

4. n =1 and k = 4, thus j = 7/2, and 8 states: A = —7/2, —5/2, —3/2,
~1/2,1/2, 3/2, 5/2 and 7/2.

5. n =0 and k = 5, thus j = 9/2, and 10 states: A = —9/2, —7/2, —5/2,
—3/2, —1/2,1/2, 3/2, 5/2, 7/2 and 9/2.

30. The angular momentum [ of nonrelativistic quantum mechanics cannot be a con-
stant of the movement in relativistic quantum mechanics. The classification of atoms
should hence never use the integer number [, which is nevertheless always used in course
books on chemistry for the sake of pretty “orbitals” that are far removed from true electron
physics!
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This gives 2+4+ 6 +8 + 10 = 30 = 5 x 6 (more generally n x (n + 1))
states, which are two by two orthogonal (as was already explained by L. de
Broglie in 1934 [54]). Since x may also be negative, we should get the same
set of quantum numbers, but if n = 0 the states with x < 0 are exactly the
same as those with £ > 0, and this gives:

6. n =4 and kK = —1, thus j = 1/2, and 2 states: A = —1/2 and A =1/2.

7. n=3and Kk = —2, thus j = 3/2, and 4 states: A = —3/2, —1/2, 1/2 and
3/2.

8. n=2and k = —3, thus j = 5/2, and 6 states: A = —5/2, =3/2, —1/2,
1/2, 3/2 and 5/2.

9. n=1and k = —4, thus j = 7/2, and 8 states: A\ = —7/2, —=5/2, —3/2,
-1/2,1/2,3/2,5/2 and 7/2.

This gives 2+ 4+ 6+ 8 = 20 = 5 x 4 (more generally n x (n — 1)) states,
two by two orthogonal and also orthogonal to each state with x > 0. In the
end, we actually obtain n x (n+ 1) +n x (n— 1) = 2n? states that are two
by two orthogonal. Therefore Pauli’s explanation of this number as the n?
from the Schrédinger equation multiplied by the “two values” of the spin,
is nowadays only a tale for children. Unhappily this tale is still a popular
one, because the theory of group representations, for systems of electrons,
uses SU(2) instead of SL(2,C), because this group has no finite-dimensional
unitary representation.

Our study of the solutions of the improved equation indicates that a
family of solutions exists. These solutions are labeled by the same quantum
numbers given by the usual Dirac equation. They are very near the solutions
of the linear equation such that the Yvon-Takabayasi angle is everywhere
defined and small. And if ¢; and ¢o are two solutions of this family, then
z1¢1 and za¢o are also solutions of the improved equation because it is
homogeneous and invariant under the chiral gauge. But the sum z; ¢1 +22¢2
has no reason to be a solution since the determinant which has the Yvon-
Takabayasi angle as argument is quadratic on the wave, and the angle has
no reason to be small and negligible. The solutions labeled by the quantum
numbers j, k, A and n thus give the only stationary states of the hydrogen
atom. This explains why an electron in a hydrogen atom is usually in one
of the labeled states, not in a linear combination of such states. This is
a well-known experimental fact that only the improved equation
explains in a simple way. This improved wave is thus closer to physical
reality than its linear approximation which is the Dirac equation. Our
improved equation is, as far as we know, the only nonlinear wave equation
such that quantized levels of energy may exist with exactly the true energy
levels.

It is well known that the Dirac equation was perfect for the electron,
yet nevertheless two properties were not obtained: the anomalous magnetic
moment and the Lamb shift. We examine now how this effect may be
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integrated to the solutions of our wave equation.

Lamb effect

This effect is a shift between the energy levels predicted as equal by
Sommerfeld’s formula and the Dirac theory, which are observed not equal:
for instance the shift between the 2s51/2 and 2pl/2 states. The biggest
shift is between the 1s1/2 calculated by the Dirac theory and the same
level calculated by quantum field theory [72]. And the improved equation is
actually able to calculate exactly the solutions integrating this effect: for the
1s51/2 states the important shift (8,2 GHz) between the level calculated by
Sommerfeld’s formula and the observed level is consistent with a value of v
very close to 1: 1+6.615x 10711, For the 2p1/2 states, whose energy level is
in accordance with Sommerfeld’s formula with n = 1, the value of v is much
nearer 1, the shift from 1 is only 10~'. To account for the shift between
that states and the 2s1/2, a little upper, the value of v obtained in C.3 is:
149.29 x 107'2. We may remark that the value of v verges on 1 when the
quantum number n increases. The shift between 1 and r is hence very small,
that explains why it was unknown. Even if very small, this shift between v
and 1, in the case of the ground state where it is maximal, could contribute
to explain the shift between the theoretical value of the anomalous magnetic
momentum with the observed momentum of the electron.

1.5.8 The Pauli principle

The main success of the usual Dirac equation is the calculation of the
electron states in atoms. This calculation alone does not give all that was
predicted by the atomic spectroscopy and by chemistry. There another
principle is used, the Pauli exclusion principle, which says: two electrons
cannot be in the same quantum state characterized by a set of quan-
tum numbers n, k, j, A, n. And two distinct solutions of the Dirac equation
for the hydrogen atom are not only normalized, they are moreover orthog-
onal for the Hermitian scalar product of quantum mechanics. This is also
true for the Euclidean scalar product characteristic of real Clifford algebras
(details of this orthonormalization are already in [54], in later books like
[99], and in our own works [14]). We now simply recall how the scalar prod-
uct and the associated norm are linked: the norm of ¢ or of ¢ is defined
by integrating the probability density over all space. This integration is
essential for obtaining the quantization of the energy levels:

ol =il = [[[ avias 3= 3o, =ost. 2w

Any norm on a linear space is associated with a scalar product and, con-
versely, any scalar product defines a norm. For any A and B vectors of the
considered linear space, and with the notation A - B for the scalar product,
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we have:
|Al| = VA- A; 4(A-B)=[|A+ B> - ||A- B|*. (1.233)

This is true for the solutions ¢ and ¢~ of the Dirac equation corresponding
to k > 0 and x < 0 respectively, for the same set of quantum numbers A
(magnetic quantum number), j (kinetic momentum of the electron) and n
(degree of the radial polynomial), which are approximations of the solutions
to the improved equation for the hydrogen atom, the functions

b1 = 5l %
are exactly those calculated by Darwin in 1928 [I1I][I4]. This property re-
sults from the resolution of the Dirac equation obtained from a set of Dirac
matrices 7, as in . We also recall that our set of v, matrices is the most
suitable set for weak interactions and high velocity, and also convenient to
find a simple connection between the Pauli algebra and space-time algebra.
We previously saw that for the single-column v matrix this is equivalent
to considering sums and differences multiplied by 1/4/2. The solutions are
normalizable and quantization results from imposing the normalization. So-
lutions indeed exist aside from these normalizable ones, which have all the
required properties. Therefore we can see that quantization of the energy
levels comes from the condition of normalizing the states, which means:

L=l = llo-1I. (1.235)

Since the M = % (70+75) matrix transforming the v, into the 'y;L is equal to

¢t H+¢7); oo = —=(¢7 —9¢7), (1.234)

its inverse, Darwin’s solutions are also sums and differences of our solutions:

+ 1 AT — 1

(b \/§(¢+ —+ (b*)v d) \/?
The direct and complete proof of the orthogonality of the solutions was
detailed in de Broglie’s first book on the Dirac equation [54]. This proof is
not at all trivial; it studies all cases and exploits the orthogonality of the
Legendre polynomials and Laguerre polynomials. The ¢, and ¢_ states
calculated by Darwin have a norm of one and are 2 x 2 orthogonal. The
states that are the linear approximations of the solutions of our improved
equation are the ¢ and ¢~ also with norm one and 2 x 2 orthogonal.
The orthogonality of these states is a consequence of the normalization
of Darwin’s states, and similarly the orthogonality of Darwin’s states is a
consequence of the normalization of our solutions. Hence we get:

46797 =[lo" + 7|1 — [loT — &7 = 2llo+|* — 2||¢-|]* = 0. (1.237)

Since the improved equation cannot have other stationary states than those
listed by n, k, j, A, n, only those states that are listed are possible. Since

(¢4 —¢-), (1.236)
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these states are 2 x 2 orthogonal, the Pauli principle may be so reformu-
lated: two electrons must occupy two orthogonal states for the scalar
product associated with the norm . Let now ¢1 and ¢- be solutions
of the Dirac equation corresponding to two electrons, with orthogonal and
normalized states with a respective mass-energy F; and F5. We denote as
J1 and Js the respective current associated with each solution, and 77 and
T5 the energy-momentum tensor densities associated with each electron.
We then have:

/// dv% =1 /// dvTig = —E1; ¢1-¢1 = 1, (1.238)
/// LO*l ///dvT?D:’EQ’ $2-¢2 =1, (1.239)
1°¢

2 =0. (1.240)

From the bilinearity of the scalar product we get:

(P1 + ¢2) - (¢1 + ¢2) ¢1~¢1+¢2-¢2:1+1=2 (1.241)
W fff i oo
JO =739+ J9; T10 + T, (1.243)

///dU(T1 +1)g :///d”TPOJF///dva?o = (B + Ez). (1.244)

The Pauli principle then implies that the mass-energy of an electron in
a system is additive, that it is the sum of the energies of the electrons
of this system. This additivity is essential for any theory integrating the
different interactions to gravitation: this allows us to link gravity to the
total mass of a star, both for Newtonian gravitation and for GR. From
E = hv, this also allows us to get a quantum wave with a frequency v
for any system of electrons. When only the electric phase of the wave is
important (low velocity, negligible spin effects), it is then possible to reduce
the quantum wave to a function with value in C. This addition of the
energies is translated into the addition of the phases, and hence into the
product of the corresponding complex numbers. This allows us to express
the Pauli principle as the anti-symmetrization of the product. But this
anti-symmetrization is not general; it is conditioned by the reduction of the
quantum wave to its nonrelativistic approximation.

If we agree that ¢J is space-time vector whose time component ¢J° is the
charge density and qj is the electric current density, the global condition
is sufficient to obtain the electrostatic laws: the electric charge of a
system of n electrons is ne.

We will now see how the anti-symmetrization that is nowadays the usual
presentation of the Pauli principle in quantum mechanics is linked to the
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condition . Since J is the sum of the right current and the left current
while the wave is also the sum of a right and a left wave, corresponding to
two columns of the same matrix, the additivity of the J current is equivalent
to the additivity of the D}, and D} currents in any point of space-time [31].
Now we detail the case of the right current DL: we denote the right currents
as D} and D}, linked respectively to each electron state. We have:

1 _ &t 0. p12 _ 12 0
RYM =v2 (31, s R¥2 =v2( 3, . (1.245)
2 0 2~ 0
We shall have R = R + R'? and DL = D}%l + D}%2 if and only if:
(Rll +R12)(R11 +R12)1‘ — RllRll'f' +R12R12T, (1246)
RMR12t — _gl2put (1.247)

%1 0 %2* %2* %2 0 %1* 211*
(0 %)@ (% G) e

which means if and only if the products are antisymmetric:

11 ¢£12% 12£11%, £11412% 12411%

51 51 = _51 51 ; 52 51 = _52 51

11¢12% 12411%, #11612% 12411%

167 =878 ; &G =678 . (1-249)

This anti-symmetrization, which induces the anti-symmetrization of non-
relativistic quantum mechanics, was here obtained as a consequence of the
additivity of the charge densities and of electric current densities. We may
now reverse the presentation: from the anti-symmetrization of the products
, which is the Pauli principle of anti-symmetrization, we obtain the
additivity of the right and left currents Dy et Dy, and thus also both the
additivity of the J current which gives the additivity of the electric cur-
rent, and the additivity of the J current which gives the additivity of the
mass-energy.

About probabilities

The wave equation of the electron is a wave equation for a single object:
the Pauli principle absolutely forbids placing more than one electron on an
electron wave. When physics needs the calculation of the probability of
emission or absorption (a function of time), this includes not only one elec-
tron but a vast number of different electrons, each with an electron wave. A
priori there is no connection between these probabilities and the probability
density J° (a function of space). If such a connection exists, this must be
proven from the theoretical point of view and validated experimentally by
statistics.
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1.5.9 [Iterative form of the improved equation

We calculate jgi) : R . o
Jo = ¢d¢ = gpe’”. (1.250)
Conjugating we then get

I = pe B, e P = %Zs. (1.251)

With (1.107)) and (1.108]), we define the unit vector:

2
oo d P B R G
v=vto, = v.v=vw=—5=—5=1 v=v .

p p

Similarly we obtain the mass term:

~ 1 0 r 0 o Ir 0 o 2
mm = (0 r> (0 1) = <O rl) =m; (1.253)

This allows us to express the improved wave equation as follows[50][46]:

(1.252)

~

6= (Voo + qAd)— (1.254)

mg'
Conjugating, this gives the recursive functional equation:

m

¢ = f(9);: f(9) = —v(Voa1 + ¢Ag)—. (1.255)

mg
We then get by iterating:
o= f(f(9)); &= f(f(f(2)),.. (1.256)
To get only multiplication by the left side, we use the uncrossed form (1.167)):
iVt = qAn' + vty iVt =pry'; pri=gA+ 1,
iVEL = qAE' +19¢Y; iVE = PRre'; Pr = qA + 1V, (1.257)
This gives at the second order:
iVVn' = V(prn'); iVVE = V(preh). (1.258)

Iterating the wave equation once, we obtain second derivatives, and we then
use the d’Alembert operator:

O0=VV=VV=08—8, — 03— 3. (1.259)
We indeed get:

Oyt = (Vpo)n' + 2p40,m" — PV,

i0¢! = (V(PR)EY) + 20%0,6" — prVEL. (1.260)
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We let:
F:=VA; F,:=Vpy; F, :=VDg. (1.261)
This gives
W0 —pr-pL)nt = Fingt + 2p/ dun’t, (1.262)
i(0—pr-pr)" = F.&" + 2p40,8" (1.263)

These equations are more similar on the left side, but this is only because the
d’Alembert operator suppresses the difference between VV and VV. Two
remarks: these equations are not the Klein-Gordon equations, as in the
linear Dirac equation case, which also gives the A*9,, term. (This fact is
rather well concealed in many books where the second-order wave equation
is given for an electron without interaction, and thus without real physical
existence.) Next, the electromagnetic field is introduced as two chiral fields
F; and F,.. We have:

~ J Pj Pj -1
Vv=V(=-)=V(=)=V(=)=V(p =G. 1.264
(p) (pQ) (JJ) 2 (1.264)
These fields satisfy
Fy=qF 4+1G; F, = qF 4+ rG. (1.265)

1.6 Three generations

Both the wave equation of the electron and the wave equation of
the positron contain a o, at the right side of the gradient operator.
This term is not unique but is also physically significant. This factor is
one of six similar o, = ook, j # k terms. First the charge conjugation
divides this number by two, because the wave equation with oy is used in
the wave equation of the antiparticle. This is the reason for the existence of
three wave equations; the interpretation that is now made is the existence
of three “generations” of fermions: besides electrons there also exist muons
and taus. These waves have very similar properties; in particular they see
the electromagnetic field in exactly the same way:

0 = Vooss + gAd + e Pom; 0= Vo003 + gAd, + e Pr,m.  (1.266)
0= Vq/i)\alg + qA<$—|— e Pom; 0= ngpagl + qA(E,, + e*wp(bpﬁl. (1.267)

The discovery of the muon is now well in the past, yet quantum field theory
still has no simple explanation for either the existence of the muon or of the
tau. No further explanation accounts for why there are only three genera-
tions. Besides, the muon is not an electron: their properties are different.
Meanwhile, we can stress the following point: the third direction with the



1.6. THREE GENERATIONS 73

Dirac wave is completely privileged — when the spin of the electron is mea-
sured, this is always made in the third direction. When the solutions for
the hydrogen atom are calculated, these solutions do not have the spherical
symmetry of the potential; they only have an axial symmetry around the
third direction. Of course with equation (|1.266]) the first direction becomes
the privileged one. And with equation he second direction becomes
the privileged one. But this is not the only thing that differs when the
generation changes. For instance as we used o7 to obtain the charge conju-
gation, then it will be necessary to replace this factor by oo for the second
generation and by o3 for the third generation.

Why has such a simple and evident explanation not come to light much
earlier? The main cause seems to come from nonrelativistic quantum me-
chanics: the ground level of electrons in atoms is viewed as a function with
spherical symmetry. The other states giving the orbitals used by chemistry,
replacing the orbits of Bohr’s atom, are obtained with spherical harmon-
ics. Globally, they have the symmetry of the sphere. Thus the image that
anyone finds in physics textbooks for the structure of an atom is depicted
as electrons revolving in any direction. These images are never presented
like a solar system with planets revolving in the same plane. We now make
three remarks: firstly, in the case of the hydrogen atom, the lowest energy
states for an electron following the Dirac equation do not have spherical
symmetry. For each state a flow of the probability current exists in the
plane orthogonal to the third direction. Secondly, the explanation of the
anomalous Zeeman effect, from the Dirac equation, allows us to exactly ob-
tain the shifting of the energy levels and the intensity of light rays, but only
if the magnetic field is exactly oriented in the third direction. Finally, we
must look at how the isotropy of space is re-established in the Dirac theory:
it is said that the privileged direction is corrected by the fact that this third
direction can be set in any direction of space by an appropriate rotation.
And if we consider a system of electrons such that for each electron the third
axis is set in a direction Ox and an M matrix such as M = €'*%, where a is
any real number and u is a unit space vector, then MosMT will be found in
any direction. But we will also get ¢’ = M ¢ for all electron states: they will
then have the same axis of symmetry and the whole system will continue
to have cylindrical symmetry, not spherical symmetry.

We now consider a wave following , with an axis of symmetry in
the first direction. After the rotation defined by M the wave also becomes
¢ = M ¢, and this axis of symmetry is still orthogonal to the axis of sym-
metry of the electron system. The physical consequence for a muon entering
into an electron system is that this muon is not governed by Pauli’s exclu-
sion principle. The muon does not see the wave of the other electrons — only
their charges. The muon wave is a function of space-time which belongs to
a linear subspace different from the subspace of the electron wave functions,
with an unconditional additivity of the currents (see the Pauli principle in
1.5.8).
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1.7 The numeric—dimension (dinum)

We define the numeric—dimension of a quantity as the power of the ratio
of similitude r in the R transformation of the quantity generated by the
dilator M in Cl3. We abbreviate this as “dinum.”

1. Since ¢ becomes ¢/ = M¢ and M = \/?e“’PLWhere P belongs to
SL(2,C), the dinum of ¢ is 1/2. The dinum of ¢, of ¢ and of ¢ is also 1/2.
The dinum of ¢! is —1/2.

2. Next, a contravariant vector such as x or J = Dy = ¢¢', which transforms
into J' = MJMT has a dinum +1.

3. A covariant vector like V = MV’ J\//? has a dinum —1.

4. Since we have m = m/r and p’ = rp, we may say that p has the dinum
1 and m has the dinum —1.

5. Since space and time vary in the same way, any velocity has a zero
dinum.

6. Since an acceleration is the derivative of a velocity its dinum is —1.

7. The electromagnetic potential A, in the second-order equation, is linked
to the J current in a scalar product. This vector must be, like J, a contravari-
ant vector. We may also use the fact that the electromagnetic potential is
linked to its sources, which are the particles having an electric charge (or
other charges: magnetic, strong and so on). Hence A must have a dinum
+1 and must satisfy

A= MAM'. (1.268)

8. So that the gauge invariance may be compatible with relativistic invari-
ance, ¢A must transform like a covariant vector while A is contravariant.
We thus have:
qA =DMq A'M =M MAMM = ¢'re’ Are " = r2¢ A,
q=q7% ¢ =g (1.269)
The dinum of ¢ is thus —2. We may remark that m and g do not have
the same dinum. This is an important difference between mass and charge

which have the same status in relativistic invariance but not in the extended
invariance under C13.

9. Next, we have:

g=—:qe=—=a=qg¢e; qge=qr’e=d¢. (1.270)
e =re. (1.271)
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An electric (or magnetic) charge thus has a dinum +2, which is also the
dinum of a surface.

10. We thus have:

2 2 4.2
a= % = % = Thlec : ehc = herte?. (1.272)
B = r*h. (1.273)

The “Planck constant” is thus a variable when the ratio of similitude is not
reduced to 1 and the dinum of the action is 4 — this is the dinum of a space-
time volume (this is convenient for relativistic thermodynamics). We also
remark that it is not consistent to give to J° a status of probability density,
but it is consistent for J°/he which has the expected dinum —3.

11. For a proper mass mg we have

moc ., myge moe  mye
o T T T Ay T ey (1.274)
And this gives
my = r3my. (1.275)

A proper mass thus has a dinum +3; this is the dinum of a volume. Both a
charge or a proper mass are no longer invariant, and this requires a change
in our habits. Among the bad habits needing a quick change is taking h = 1.
This is nonsense if 7 is variable, as shown in . All these variations
do not contradict relativistic invariance in the restricted sense, which is the
partlicg_Tllllar case where r = 1: the concept of dinum is not pertinent in this
casel>"].

12. Pressure, with dimension ML ™'T~2 thus has a null dinum.

13.  We now consider the classical part F = VA of the electromagnetic
field. We have:

F=MV'MA,
MFM™' = MMV' MAM ™" = re"® V' MAM ™ (1.276)
= V' MAre®M~' = V' MAMMM ' =V'A' = F'. (1.277)

31. The variation of r changing mg and h has no consequence on measurements of mass,
which are always measurements of the ratio between two masses. When physics passes
from classical mechanics into relativistic mechanics, where masses are no longer invariant,
there is no need to change the mass unit: any measurement of mass is obtained at zero
velocity in the laboratory. It is the same here, because any proper mass and any action
varies with the same ratio (r2 for a proper mass, r% for an action), in the laboratory at the
time when the measurement is made. The variation of A, which remains relativistically
invariant, is thus perfectly compatible with the replacement of the standard mass by a
standard action, more accurate and more stable than the previous International Prototype
Kilogram (IPK).
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Since M brings 1/r and since M ~! brings a 1/+/7 factor, the electromagnetic
field has a dinum 0 (and this is necessarily the same for the other gauge
fields). All these results are consistent with the laws of mechanics and of
electromagnetism: mass, energy and momentum have the same dinum +3.
A mechanical or electromagnetic force has a dinum 2: this is consistent with
the force exerted on a charge since the dinum of a charge is 2 and the dinum
of a field is 0.

The fact that the dinum of gauge fields is null, and the fact that they
transform following the F’ = M FM ! law is very important, as this implies
that an F} F5 product of two such fields again satisfies the same rule:

FlFy=ME M *MFE,M™ = MFyFo M~ (1.278)

This is why products of photon fields may be added together and may follow
Bose-Einstein statistics (actually found in the thesis of L. de Broglie [53]).
In the kind of fields acting as operators on the wave, this also allows us the
definition of creation and annihilation operators.

1.8 Invariant space-time

When we presented this double space-time in the book of the same name
[22], we implicitly worked with p on an equal footing with r. This is natural
since p' = rp. More generally there is no difference of structure between a
dilator M defining the similitude R, and ¢(x), which are both complex 2 x 2
matrices, which means two elements of the Cls algebra. More precisely ¢ is
a function of space-time with value in Cl3. Therefore ¢, like M, allows us
to define a similitude Dy, with ratio p = p(x), by:

Dy: X —x=0¢Xo. (1.279)

And the components D}, of the four vectors D, are the terms of the matrix
of this similitude D, because:

x=x'o, = $X"0,¢0' = X ¢o,6" = X'D, = X"Dlo, ; x'=DLX".
(1.280)
There is no difference between the M’ M product giving the composition
R’oR of the similitudes, and the product M ¢ which gives the transformation
of the wave under a similitude, and which then induces a composition of
the similitudes D’ RoDy:

X = MxM' = M¢X ¢t Mt = (M) X (Mo)t = ¢/ X ¢/ (1.281)

This implies that the X introduced in does not change when seen by
the observer at x or by the observer at x’. It is independent of the observer.
We may remark that the dinum of X is null, because the dinum of x is 1
while the dinum of ¢ and of ¢ are 1/2.

We may then name the manifold of X the invariant space-time.
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1.9 Energy—momentum, Lorentz force

The calculation of the Lorentz force may be done in space-time algebra;
this needs the use of the method of calculation explained in [79] and [83].
Since the wave of the electron only has value in the even subalgebra and
since this even subalgebra is isomorphic to the Cl3 algebra, we are able to
calculate the Lorentz force easier using Cls. First question: what energy—
momentum density may be attached to the Dirac wave? Quantum field
theory derives this density from the Lagrangian density, and the invariance
of the Lagrangian density under space-time translation allows us to define
a tensor density of energy—momentum from Noether’s theorem. But the
Lagrangian density is also a problem: several textbooks, old [2][I05] or new
like Wikipedia, give this Lagrangian density as:

L = iy — mip. (1.282)

Besides the error in sign, because they wrongly indicate a negative energy
density, these authors are apparently unaware of the complex character of
this Lagrangian density. Some other authors are more precise [96] and give
the Lagrangian density as:

L = R(—ipO) + mapp. (1.283)

This is the form that we previously used. We must recall that passing from
this form to the improved equation replaces 1) = pcos(f) with p. It is
interesting to see why the absence of rigor in this part of the theory has
no impact on the studies that came after and remains unnoticed. We have
obtained this Lagrangian density in as the real part of the wave
(because the real field is always included in real Clifford algebras). Since
we work in the Pauli algebra, this is the real part (in the complex field)
of the trace of the matrix. This trace also has an imaginary part which
gives the conservation of the probability current (9,J# = 0). This explains
why the Lagrangian density of the seemingly complex form is never-
theless correct, the imaginary part being automatically null. Moreover the
formula is shorter and more convenient for an introduction. The physical
reason explaining why the two formulas for £ give the same result is the
invariance under the electric gauge, associated with the conservation of the
probability current by Noether’s theorem. We may then begin all calcula-
tions from (1.283)), using complex variables to calculate densities which will
nevertheless all be real as a result of the electric gauge invariance.

Like the Lagrangian density, the tensor T is the sum of a left part de-
pending only on the left wave n and of a right part depending only on the
right wave £. We will again see in Chapter 2 this important partition be-
tween right and left waves, a partition which is invariant under C73, thus
relativistically invariant. The notion that these left and right waves are the
fundamental fields was obtained and used by G. Lochak [84]-[90] for his the-
ory of the magnetic monopole. This partition is actually important for all
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tensor densities that we obtain from the spinors. The existence of a energy—
momentum tensor T for the right waves and another tensor 17, for the left
waves implies the existence of two tensors of energy—momentum, the
tensor T = Tr + Ty, and the tensor V = T, — T noted by O. Costa de
Beauregard [51] as not yet classically interpreted. This tensor V is simply
the difference between the right and left tensorsP?]. The Tétrode tensor
becomes:

m m
e = Dpr M

v Ll Lv + k1 Rv»
T = % [— ntotd,n' + (61,77”)0”771} + (¢4, + lvl,)DlL“7 (1.284)

T = %[_ €lgra, €t 4 (3,5”)3%1] +(qA, +rv,)D¥.  (1.285)

In space-time algebra, the energy—momentum tensor T'(u) = T'(u, x) is inter-
preted by Hestenes [75] as the flux of energy—momentum through a hyper-
surface with normal vector u at the space-time point x. It is a vectorial
function of a vectorial variableP3}

T(u) = T(uu0") = w,T(c"). (1.286)
Thus the tensor is completely defined by the vectors
T" =T(c"), (1.287)
which satisfy
™" =Tko" ; T =T". 0,. (1.288)
We then get:
0,T" =(0,T})o", (1.289)

aquv :%3”[*77”0“(%771 + (81/77”)‘7#771] + 8#[(un + lvl,)DlL”L (1.290)
aMTgV :%aﬂ[_guauaugl + (al/fu)augl] + aﬂ[(qAV + rVV)D}?,ML (1'291)

where the partial derivatives commute and the J current is conservative.
We then get:

Oul(aAy +1v,)D1] = (48, Ay +18,v,)D} + (¢Ay +1v,)9, D}

= (g9, A, +19,v,)D}" (1.292)
9u(qA, +rv,)DY] = (g9, A, +1d,v,) D + (¢A, +1v,)d, D}
= (q0uA, + r0,v,) DY (1.293)

32. To derive the dynamics of the electron Hestenes started from a different tensor [75]
containing only the differential terms. Yet he added the electromagnetic part, his tensor
is thus identical to ours. Hestenes’ calculation is complicated by failing to distinguish the
right and left parts of the wave. It is only with a convenient choice of the 7, matrices
that we can easily see the tensors as sums of a left and a right part.

33. For GR this is an important point that comes from quantum physics: vectors are
the only useful tensors.
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T, :%[*(an)%nl —n'0,(Vn') + 0,(Vn")In' + oun'tvn']

+ (g8, A, +18,v,)D}", (1.294)
0uTh, %[—(651)* 8,6 — "o, (VeY) + 0,(VeHe! + 0,61V

+ (g8, A, +1d,v, )DL (1.295)

Next we use the wave equations of ' and &' which are equivalent to the
system:

V' = —i(gA+)n'; (V') =in'T(gA + 1v),
Ve = —i(gA + )¢l (VENT = ig'T(gA + 19). (1.296)

We thus obtain:

0, Th = [q(8,A, — D,A,) +1(8,v, — d,v,) D}, (1.297)

0,Th, = q(8, A, — 9, A,) +1(8,v, — d,v,)]D, (1.298)

kO, TH = q(8,A, — 9,A,) (%Dy + %D};) (v, — Byv,) I
(1.299)

The electromagnetic field F' et and the gravitational field G are defined as
Fu = 0,A, —0,A,; Gy =0,V — 0V, (1.300)

We hence obtain:

a,uT;lj = qF‘/u/J# + mG[LVJH7 (1301)
J:= ?Di + %D}%. (1.302)
If m =~ 1= r and with the total field
F:=F+ %G, (1.303)
we obtain: m
0, T+ ~ (FW n EGW)qJ“U” =F,,q)l0". (1.304)

We then obtain a Lorentz relation for a space-time vector j (i = p.: density
of charge; I density of electric current) under the relativistic form:

i=4qlJ; 0,T" =F,j"'o". (1.305)
Thus with:

F=FE+il

i=al=pe+j; f=1fo +1, (1.306)
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where E is the electric field, H is the magnetic field, p. is the electric
charge, Iis the density of electric current and f is the force density, 1D
is equivalent to:

f=pE+jxH; fg=E-J (1.307)
This is obviously very important to unify the laws of physics: except the
Lorentz force that we simply obtained as a consequence of the Dirac equation
or of our improved equation, only the gravitational field is able to yield the
gravitational force as a consequence of field equations. This means that the
Standard Model, in the fully relativistic manner used here, is as good as
general relativity to obtain the motion of field sources.

1.10 Electromagnetic field

We recall that the electric current j = ¢J is linked to the chiral cur-
rents Dy, = L'L'T, Dg = R'R't. Without the magnetic monopole, all of
Maxwell’s laws are reduced to (see|A.3.6):

F=VA; F=VA; VF =j, (1.308)
and thus at the second order:
SGA) = (VA= OA=—qd = < (™Dl 4 ™p
V(VA) = (VV)A=DA=j=qJ = — (leL + krDR). (1.309)

Since J is a linear combination of chiral currents, we study two fields:
Fp, :=VD}: Fg:=VDkL. (1.310)
The left field I, satisfies
Fy, = Ey, +iH;, = (8 — 0)(D}’ — D})

= 9,D}* — 9D} — IDI° +id x D} (1.311)

and we thus obtain:
0= a,Dl (1.312)
Ej = —0,D} — DY, H, = x DL. (1.313)

The right field Fr satisfies

Fp=—Ep+iHp = (0 + 0)(DY + D)

= 9,D}' + 9D} + DY +id x D} (1.314)
and we thus obtain:
0= aHD}%u (1.315)

Er = —0,D), — DY Hp = d x Dk, (1.316)
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We express the covariant derivatives in (1.198)) as:

Al = =0, + Lys Ly = qA, + vy,

df = =10, + 7y Ty i=qAL+ Vv, (1.317)
The wave equations for n' and ¢! can be expressed as:

ot oum' = —io"l,n", (1.318)
oo, = —iotr, &l (1.319)

Densities which are components of the energy—momentum tensor may be
separated into two parts:

T4, = 3 [0 (it + L) + (0 + )t

— % :_nﬂguaﬂf n (51,77”)0“?71} 4ttt (1.320)
T, = % €151 (—iD, € + €l + (10,67 + 1,5

= % :_ eYgro, et + (8,,5”)3“51} 4o ltEret, (1.321)

The equation of the left wave gives:
Aot + ot oint = 020ant + 03030t —i(ly + Lot + 1x0® + 1360, (1.322)
Multiplying on the left side by n'fe! we obtain:
ntoldont + nttont (1.323)
= —inYTa30umt + in'To20snt — in'T(loat + 1) + ic®ly — icl3)n".
Using the adjoint, and then adding, we obtain:
(@on' ") n" + (Bun'T)n* (1.324)
=i(9en' N o®nt —i(dsn' oyt +inT(a'ly + 1y — io3ly +ic%l3)n",
do(n'Totn') + o (n'Ton')
= —inYTo30unt +i(0en' NPt + 2lan oyt
+intTo?0snt — i(0sn' oyt — 2snTo?nt. (1.325)
We thus get:[]]
oD} + 1D}° = 2T}, — 217,
—E} =2(T3, — T?,). (1.326)

34. We must notice that this calculation is completely dependent on the number of
space dimensions: three. It is linked to the existence of the cross product and mixed
product, with the dimension 1+ 3 + 3 + 1 of the Cl3 algebra, which gives 10203 = i,
and so on.
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Circularly permuting indices, we have:
Bl = 2(Tfs — Tiy),
B} =2(T}, — Tis), (1.327)
E% = 2(T1142 - TE1)-
Now subtracting ([1.323])—(|1.324) we obtain:
ntoldnt — (Bontholnt + 2ilenttoln
+ntfe%ont — (O1n')ent + 2il1n o0t (1.328)
= —ida(n'To’n') +ids(n'To?n").
Next dividing by ¢ and permuting indices, we obtain:
Hp = =2(Tpo + T1y),
H} = =2(TF, +T7,), (1.329)
H} = =2(T}y + Tty).

The strong link obtained here between the electromagnetic field and the
energy—-momentum tensor of the electron wave is thus proper to three-
dimensional space.["]

The equation of right waves gives:

8051 + 018151 = 0'28251 + 0'38351 — Z'(T() +1r101 +1re0o2 + 7“30'3)51. (1330)
Multiplying on the left side by &'y we obtain:
E151006" + €115°01¢! = i€115°05¢" — i€ 1505
—irgDR —ir DY — roDE + 13D, (1.331)

Next using the adjoint and adding, this gives:

00D + 01DY = —2T3, + 2T3,, (1.332)
Bp = 2(~Ths + Tiy);
B}, = 2(~Tgy + Ths), (1.333)

Ep =2(~Tgy + Thy)
While by subtracting we obtain:
Hp, = 2(Tgo + Thy),
H}, = 2(Thy + Thy), (1.334)
H}y = 2(Thy + Thy)-

35. This is a sufficient reason to follow Baylis [2] and prefer Cl3 to Cl; 3, the space-time
algebra previously used by many physicists like Hestenes, Boudet and Lasenby. None of

them got relations ((1.329)).
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It is possible to gather together the left and right parts of the electromag-
netic field by using Costa de Beauregard’s tensor V' such that:
Vi =2T), —Th,). (1.335)

because we obtain:
E' =V -V H' = Vg = VY,
E*=VP -V H> = -V¢ -V, (1.336)
EP =V = VP HP = =V =V

The electromagnetic field is thus naturally the difference of two chiral fields,
and the polarization of light is the direct consequence of the structure of
the material wave of the electron. Moreover a difference exists between
the two parts, even in the second-order equation coming from Maxwell’s
laws. To obtain the D’Alembertian of the potentials, VVD[, is used on
the left part of the electromagnetic field, while VVDpg is used on the right
part. The electromagnetic field is a pure bivector field (F = E + iH) with
neither scalar nor pseudoscalar part: this comes from the nature of F' as
the gradient of a vector, without a pseudovector part (this will change in
the second chapter), and from the conservation of Dy, and Dg currents.

The potential A is not only a mathematical tool for the calculation of
the electromagnetic field, it has a kind of physical reality; this was claimed
by O. Costa de Beauregard [52], following L. de Broglie [55] [56]. Still more
important, the potential A is not exterior to the wave, but totally dependent
on the wave, which is necessary in any true theory of fields. We will explain
in the following chapter why A seems exterior.

The wave equation of the electron comes from a Lagrangian mechanism,
and we will explain in the next Chapter exactly how and why. And we do
not need a Lagrangian of the electromagnetic field. This field is entirely
incorporated into the quantum field of the electron. Maxwell’s laws and the
Lorentz force are necessary consequences of the improved wave equation, for
the densities of energy—momentum and of kinetic momentum,. The electro-
magnetic field does not need a Lagrangian density and its associated energy—
momentum, because the electromagnetic field itself is energy—momentum.
This is directly linked, in light, to the existence, claimed by Einstein [64],
of quanta of energy—momentum, nowadays called photons,.

1.11 Absolute length and time units

This study earlier introduced in a constant & which has dimension
T?/M. This constant may be linked to the gravitational constant G' with
the following definition of [,, using the fine structure constant a:

Ge? Gh 9

04 :04673 :O{lp7 (1337)

e? = ahe; 12 :=
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where [p is the Planck length. We name [, = y/alp the absolute length.
The inclusion of the constant « in the natural units of the Planck system
was introduced by one of us in [I02]. Thus ah/c which has dimension ML
may be set as mgl,, where m, is the absolute unit of mass, which gives:

h | e [ he
meg = CEE @ = \/a 6 = \/amp (1338)

where mp is the Planck mass. We may also use an absolute time unit ¢,
and an absolute constant k:
te _ & _la

la
t, ;= — =+atp; k:=—" = = , 1.339
c Vatp mg Mmgc?: B, ( )

naming F, the absolute unit of energy. As the main uncertainty of mea-
surement comes from G (G = 6.67430(15) x 10~ "'m3kg ™~ 's~2), we obtain:
lo = 1.38068(3) x 10~ 3%m, ( )

Maps = 1.85921(4) x 10~ kg, ( )

to = 4.60545(10) x 10~%5s, (1.342)

k = 1.140815(25) x 10~ %%s%kg ™, ( )

(1.344)

1
=8 76566(19) x 10"kgs 2.
Hence we obtain for the J current:

J 1 /m m a/m m
2o ("p —D):—(—D ™p ) 1.34
he khc(l Lt Pr) = Pet 08 (1.345)

Thus % has the dimension L3 of a probability density and the tensors

T have the dimension of energy densities. Hence it is the same with the
electromagnetic field.



Chapter 2

Weak Interactions
(Lepton case)

‘We use the Clifford algebra Cl3 3 for the waves of all fermions
and antifermions of the first generation. This includes a mag-
netic monopole that is also the complete neutrino, with both left
and right waves. We study the new tensor densities that come
from the extension of the electron wave. We transpose to Clifford
algebra the covariant derivative of the electroweak gauge group.
This covariant derivative is compatible with the mass term of the
improved wave equation. We generalize to the lepton wave the
Lagrangian density of the electron as well as its double link with
the gauge fields. The recursion of the wave equation allows us to
obtain the properties of the gauge fields. The lepton wave equa-
tion is form-invariant under Cl;. The gauge invariance group is
the U(1) x SU(2) group of the electroweak interactions. We also
obtain the value of each charge of particle and antiparticle. The
constraints imposed by this gauge group allow us to calculate the
gauge potentials and to simplify the wave equation. The partic-
ular case of the electron fixes the value of the Weinberg—Salam
angle to 30°. We study the energy—momentum tensor density. We
obtain the Lorentz force. We derive the dynamics of the magnetic
monopole. We study the kinetic momentum tensor density and
we derive the quantization of the kinetic momentum from the
form-invariance of the kinetic momentum under CI3.

85
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2.1 From the electron wave to the complete
wave

In the first chapter we ascribed a dinum of 1/2 to the wave of the elec-
tron, and we saw that the electromagnetic field had a dinum of 0. Thus
some quantities have a dinum while others do not. The origin of the con-
cept of a dinum is relativistic quantum physics. Since QFT replaces the
electromagnetic field with a field of creator and annihilator operators, we
thus postulate this fermion field as a field of operators:

U h s de, de = W(9); ¥ € End(Cls); x = ¢ X e (2.1)

where X belongs to the self-adjoint part of Cls, and ¢, is the wave of the
electron. This is the fourth major change that we introduce: space-time
is not a starting point, but the consequence of the fermion field
value. This will be essential to incorporating gravitation into the Theory
of Everything (see Chapter 4). The x = x*0,, € Cl3 is the general linear
element of space-time in special relativity, and the general element of any
tangent space-time in general relativity. Time is the fourth component:
x0 = ¢t. We do not need additional dimensions for the space-time manifold.

For the first generation of fundamental fermions the SM accounts for
16 fermions: eight particles and their corresponding antiparticles. We have
just studied the case of the electron and its antiparticle the positron. These
objects are not the only ones in the Standard Model. They are only exam-
ples of what are called fermions. In ordinary matter other fermions exist
within the atoms, whose nuclei are made of protons and neutrons that are
themselves composed of colored quarks. Besides an electron and its neu-
trino or their equivalent particles, this ordinary matter forms what is called
the “first generation.” Each generation includes two quarks with three color
states each. Thus we get eight waves similar to the electron wave ¢.. We
label these waves from one to eight. Each one of these eight waves so labeled
has a left part and a right part. Here we study the general case, while in
[28] we simplified the study by neglecting the right waves of the quarks. In
[47] we summarized the scene in the following picture:
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The quarks of the first generation are called the up (v) and down (d) quarks,
and the couple d — u is similar to n — e in electroweak interactions, but with
differences since the electric charge of the u quark will be %\e\, while the
charge of the d quark will be —% le]. For the lepton sector of each generation,
the charges of the antiparticles appear opposite to the charges of particles.
As we saw in Chapter 1, neither the charges nor the mass actually change.
But the wave equations change because all partial derivatives change sign,
and the right and left parts of the waves are exchanged. Without this
identity between the wave of the particle and the wave of the antiparticle
we should count not only 64 parameters but 128, and End(C!3) offers only
64 dimensions. The three “color charges” are called r, g, b (red, green,
blue). The lepton wave that we study in this chapter is the white one
at the center of the diagram. The quark waves are placed at the colored
perimeter of the diagram; we will study them in the next chapter. This
diagram indicates two symmetries that are both left-right symmetries: we
placed the left waves on the left side and the right waves on the right side.
We recall that the invariance group acts differently on right R™ and left L™
waves — this is precisely the source of the symmetry. The CI3 invariance
group is also the source of the second symmetry between the upper part of
the diagram, on which the action is a multiplication on the left side, while
the action on the lower part is a multiplication on the right sideE|. This
second symmetry exchanges, for instance, the four red cases: those of the
upper part containing the waves L? and R? of the d quark with color 7, and
those of the lower part containing the waves L® and R® of the u quark with
color r. This double symmetry is well known in the framework of Lie groups
and Lie algebras: the GL(n,C) groups have four kinds of representations.
In these symmetries quarks and leptons are highly similar.

We now see what differentiates those in the perimeter of the diagram
from those at the center. For each quarter of the diagram we have one
white box and three colored boxes; thus the whole wave of the first gen-
eration also comes from a mathematical object linked to Cl3 since it takes
value in the algebra of all endomorphisms on this linear space: End(Cl3).
It also happens that this ring is the Clifford algebra Cls 3 (we study this
algebra in. This algebra is a 64-dimensional linear space on the R field.
Therefore we will use the function ¥, with value in Cl3 3, as quantum wave
of second quantization. This algebra contains eight supplementary linear
spaces similar to Cls. So we will use these eight linear spaces to obtain
eight waves linearly similar to the wave of the electron in Chapter 1. With

(B.95) we have

U 4 i, \Ifr+\1:g) 22)

1. This symmetry that inverts the order of all products is called reversion in Clifford
algebra (see|A.1)).
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U, =P —ily; Pr = <‘% 5) s I = <(;n %T’> , (2.3)
U, = —iPy +Io; Py = (¢g i) LTy = <¢(ZT d’%f) : (2.4)
Uy = —iP3+Iy; Ps= (¢(‘jg 539) ) Iy = ((;Zg (%9) ; (2.5)
Uy = —iPy+Ly; Ps= (¢gb é;) Iy = (qﬁb q%b) : (2.6)

The ¥ term is then composed of two different kinds of terms: ¥; which is a
single term, and ¥,., ¥, and ¥;, which are three similar terms, all different
from W¥;. This means that we distinguish between a lepton part ¥; and a
quark part (¥,, ¥,, ¥;) directly from the definition of the whole quantum
wave.

In this chapter we study the ¥; wave, which is a function of space-time
in Cls1. And since 4 is the 3-vector term of Cl3, which commutes with
any term in Cls, when we restrict ¥; to its first row containing the 1 and
8 indices we may consider a function with value in Cl3; as a function in
Cls x Cls:

U= (¢ —igl) =(¢" ¢°7) € Cly x Cls. (2.7)

The ¥; wave is made of two similar waves, ¢, = ¢' which is, in the picture
of second quantization, the electron wave. The electron wave thus plays a
dual and special role, being included both in Cls and End(Cl3) by and
. So we may say that the electron is both an example of a fermion and
the quintessential fermion. The wave i¢,, = ¢° is the wave of the neutrino,
and also the wave of Lochak’s magnetic monopole when it has both a left
part and a right part. We previously placed the waves of antiparticles on
the second row of each matrix in to |46, [47]. With the charge
conjugation studied in the second row is determined by the first row
of the matrix, and we can use ad libitum the complete matrix element of
Clz,1 or the first row allowing us to work with Cl3 x Cl3. We shall thus
employ the convenience of these algebras previously used in [47].

We also saw this essential property of the electron wave: the wave is
double, with a right spinor and a left spinor (see (L.60)). The origin of
this dualism is the existence of two nonequivalent homomorphisms from the
SL(2,C) group into the proper Lorentz group [95]. We also know that not
only electrons exist: The [ radioactivity that emits electrons also emits
another particle nowadays called the electron antineutrino. The electron
neutrino and antineutrino induce the existence of another pair of spinors,
a left one and a right one. In a theory that unifies all interactions, and
since gravitation and the geometry of space-time are strongly linked, the
origin of this quartet of spinors which together constitute the lepton wave
is necessarily geometric. And the whole of electromagnetism, including the
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electron wave, is form-invariant under the greater geometric group CI3.
This group is isomorphic to the GL(2,C) group which includes SL(2,C)
as a subgroup. The GL(n,C) groups are well known to be the simplest
Lie groups, their Lie algebra being the matrix algebra M, (C). Also well
known are the four kinds (not only two) of nonequivalent homomorphisms.
Our hypothesis is: these four kinds of homomorphisms are the origin of the
existence of the four kinds of spinors forming the lepton wave. In the next
chapter we will extend this hypothesis to the quarks.

The Standard Model first considered a neutrino reduced to its left wave
only, and without proper mass. Modern experiments on neutrinos show that
they must have a proper mass, which is very small indeed yet nonetheless
still nonzero, and thus a right neutrino wave must also exist. The Standard
Model actually has no objection against the existence of this right wave;
it is simply considered useless. Yet the fact that the neutrino travels in
space with the speed of light, or in any case with a velocity extraordinarily
near light speed, justifies a null proper mass. With the Dirac wave equation
for the neutrino, there is thus a problem, which is derived from the mass
connection between left and right waves. We will see in this chapter how
the improved equation solves all these difficulties.

The starting point of this work was Lochak’s theory of the leptonic mag-
netic monopole [84]-[91], where the wave of the monopole is also a function
of space-time with value in Cl3. Whether for the electron—positron pair or
for the electron—neutrino pair or for the electron—-monopole pair we obtain
in each case four waves with a spinor value, with two left spinors and two
right spinors. Moreover, as a particular case, we must again end up with
only the electron or only the left electron neutrino. We saw in the first
chapter that the charge conjugation is simply the parity—time transforma-
tion; hence we will continue to use this in the case of the lepton wave. Thus
the two pairs of waves may account for both the electron and the complete
neutrino, or for the electron and the magnetic monopole. This leads us to
think that these two objects, the neutrino with proper mass and
the magnetic monopole, are the same thing.

An extension of the Dirac equation for the electroweak interactions [107]
was studied by Hestenes [77] and by Boudet [5] [6] in the framework of the
Cl, 3 algebra. The extension of the gauge invariance of the improved Dirac
equation necessarily leads to the gauge invariance under U(1) x SU(2),
also obtained in [I2]. This comes from the existence of four independent
generators with square —1 in the Cl3 algebra: i = 010903, 101, i02 and io3.
They are also the generators of the Lie algebra of U(1) x SU(2). Since the
form invariance is always governed by the Cl3 group, and since Cl3 x Cl3
is a Cl3 left modulus, we may express everything in Cls: all complex 4 x 4
matrices of the Dirac theory may be calculated by blocks made of 2 x 2
matrices.

Under the similitude D generated by any dilator M in C1 we recall that

we have: x — X' = D(x) = MxM', V = MV'M and det(M) = re, and
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also .
R'— R'=MRY; L' - L' = ML

The R® and L® waves use the two other homomorphisms with a reversion:
R®— R'® = RSM; R'® = MR®, (2.8)
I8 L8 = I80M; T'® = ML,

This gives another reason for the existence of two kinds of leptons in the first
generation: the electron and the neutrino. We will see in the next chapter
how it also justifies the existence of two quarks in the first generation, the «
and the d quarks. The duality between a charged lepton and another lepton
without electric charge is reproduced for each one of the three generations,
through the simple generalization of Section [1.6] For the four spinors we
use the following expressions:

n _ & Lo nt .on —T .o _E;L

= (d)or=Ch)or-(F) o= (&) 2
¢1:R1+L1:\/§(§1 ;7\1);R1:\/§(€1 O);lex/i(nl 0>7
58:1%%?:{2(58 ﬁ8>;f38:\/§(£8 0);18:\@(778 0).

We saw that the wave equations of the right and left parts of the electron
wave satisfy a first-order equation, with only two extra terms: a gauge term
and a mass term. The gauge term is from the geometric point of view a
covariant vector, and the mass term is the product of the reduced mass
m by a unitary vector v. This vector is the local reduced velocity of the
relativistic fluid. The dinum of the different terms allows us to understand
why no other term is possible in a first-order wave equation (see thus
we can only generalize these equations. We can then suppose a similar wave
equation for the four waves:

ivn' =1'n', (2.10)
Ve =7, (2.11)
iVn® = 158, (2.12)
iVES =788 (2.13)

In this chapter, the M in CI3 which allows us to get the form invariance of
the equations is constant. We have V = V and the four differential operators
are reduced to V and V. The [™ and r"™ are four covariant space-time vectors,
and we will see their connection with the potentials of the electroweak gauge
group, as well as with the reduced proper mass generalizing the proper mass
of the electron.

2. Here we use the usual notation for the complex conjugate.
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Let us first see how, when ¢® is zero, the two equations (2.10) (2.11))

may be the wave equations of the electron. Since n' is, when multiplied by
V/2, the left column of ¢! while &' is the right column, these equations when
multiplied by v/2 and using the P conjugation on (2.11) read as follows:

~1 1
VP B it
2 2
~1— ~ 1=
P v S R e ik (2.14)
2 2
Adding these equations we get
ll 1 __ ll _ el
iVelos = ;T o+ " B, (2.15)
If we have set
Pi=gA+1v; rl:=¢A +rv (2.16)
we have obtained the improved wave equation of the electronEI :
Vo'ora = gAg! + vo'lm, (2.17)

only if the vector v is equal to the J/p of Chapter 1, which we will see in
the next section.

2.1.1 New tensor densities

In the case of a single electron we used four currents D, = (i)oﬂdﬁ,
particularly the J = Do = ool This current is the sum of the chiral
currents DL = R'R' and D} = L'L'. Moreover these currents are now
similar to two other chiral currents:

D}, := R®R®; D := L8L5. (2.18)
And these currents, like those of the electron, have a null scalar square:
~ ~ 78 ~
D% - D% = DEDY, = R¥*(R®R)R® = 0,
DS . DS =DSD = L8(LSL°)L® =0, (2.19)

because the bracketed quantities are both zero. The natural generalization
of the probability current of the electron is the lepton current J; such that:

Jy =Dk + D} + D% +DS. (2.20)

This current indeed satisfies:
T =617 + 1612 + &1 + &1 + nil? + g + 1051 + 3% (2.21)
3. It is well known that the momentum of the electron is the sum of a matter momen-

tum and an electromagnetic momentum. This duality is again obtained here with the
densities.
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This probability density is the generalization of the density of the electron
that we studied in Chapter 1. The time component JZO is now one of 17 x
16/2 = 136 tensor densities that we may define without derivatives from our
four spinors with four real components each (16, thus (16 + 1)16 densities).
We are now far ahead of the mere 16 tensor densities coming from
the M,(C) algebra generated by the Dirac matrices, yet presented
in m%st course books as the only possible tensor densities! With we
have

Ji-Jy = JiJ; = (DL + D! + D%, + D8 (DL + DL 4+ D%, 4+ D%)

= DiDEL + DD} 4+ D%D% + DI D%

+DLD} + DID} + DED% + DEDE 4+ DLDY + DD},

+D}D% + DD} +DIDS + D§D} + DEDS + DS DY, (2.22)

=2(Dy - D} + Dk - D}, + D}, - D§ + D} - D% + D} - D} +D% - DY).
We saw that 2DL - DI = aja} where a1 = Q) + i€, a term formed from
the two relatwlbtlc invariants €; and €9 of the electron wave. With four

spinors we form 6 = 4 x 3/2 pairs, each giving a term similar to a;. Thus
we now have 12 invariant densities which give the 6 complex terms:

ay = 2(§m1 + &) = R'T + Llﬁly

az = 2(n$ns — nnt) = L'oy L8 — L0 LY,

as = 2(617 + &73) = R'L° + L*R',

as = 28571 + &57h) = RS I'+L RS, (2.23)
2(5152 5251) = RSU R RlUle
= 2&M} + &) = R°L* + L°R".

In a similitude D generated by any dilator M in Cl5 we have for j =
1,2,...,6:

aj = Ma;M = MMa; = re”aj, (2.24)

aja’; =re’a;re”al = r’ajal. (2.25)

We may then generalize the invariant p of the wave of the electron into p;
such that: o
pF = Za]—a;, (2.26)
j=1

4. Tt is thus surprising and disturbing that this significant mistake concerning the
number of tensor densities in the Dirac theory, pointed out since nearly thirty years ago
[I6] by one of the present authors, is not yet corrected. This means that the control of
errors by the same “community” which propagated these errors, is imperfect, inefficient
[38], and much too conservative.
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which satisfies as p previously:
2
L =125 pr=rp; m'p) = mpr. (2.27)

Both a; and p; thus have a dinum of 1 and m has a dinum of —1 (see .
In the domain of weak interactions the neutrino appears without a mass
term. It is necessary to add a mass term when physicists try to understand
the behaviour of neutrinos changing generation. And we may remark that
mypy is null when p; is null, and this happens in the case where the neutrino
only has a left wave. The currents thus satisfy J, = D§ and D} - D§ = 0,
and hence mp; = 0: the single left neutrino appears without mass.
The mass term again appears as soon as R® is not null and as soon as the
wave of the electron is not null. The behavior of this mass which appears
and disappears ad libitum is not so mysterious if we consider that we are
able to see a neutrino only when it interacts with a charged lepton or a
quark. For the electron we have (J)? = p* = ajaj = 2Dk - D1. Similarly
we obtain:

aia} = 2D} - D}, (2.28)
asai = 2D}, - D%, (2.29)

because we have
oD% - D§ = DLD% + D3,DL = R'R'R°R® + R*R*R'R,

R'RE = <0 _“5> . RSR! = <O “5> , (2.30)

0 0 0 O
2D}, - D} = R' (8 _35> R+ R (8 ao5> R
= (fisalﬁl — R'01R%)al = asal. (2.31)

We can likewise establish:

2D}, - DY = agzaj; 2D} - D% = aqaj,

2D} - DY = aqal; 2D% - DY = agay. (2.32)

We then derive from these equations and from (2.23), (2.24) and (2.26) that
we have:

Ji-Ji=pis 1] = pr. (2.33)
As for the single electron we may define a unitary vector v as
Ji ~ - ~ _
v:—lzvﬂaﬂ; W=vw=19v=v L (2.34)
Pl

We retain the same notation v as for the case of the electron because this
vector is exactly that of Chapter 1 when the wave of the neutrino is null.
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The natural generalization of the Lagrangian density of the electron is thus
able to contain the same mass terms, and the wave equation is able to
contain the same v in mass terms.

We must never forget that the previous tensors are only a small part of
the many tensor densities that we are able to construct from the spinor wave,
left and right. The differentiation of these tensors yields new ones, which
in turn give others by deriving again, ad infinitum — unhappily [16]. We
will also use some of these other tensor densities, for instance the energy—
momentum tensors.

2.1.2 The electroweak gauge invariance

We begin with the case of the electron following [67]. We modify nothing
to the wave of the electron which we denoted as ! in the usual Dirac
formalism and ¢! in Cls. The wave of the electron neutrino is denoted as
1% in the Dirac formalism and ¢® in Cl3. The wave of the positron is denoted
as ¢p in the Dirac formalism and the wave of the electron antineutrino is
denoted as v,. The link between the particle and antiparticle wave will
remain the previous link seen in Then we start with the particle
waves. The right spinors are ™ and the left spinors are n™:

o = (ni> P = (§Z>. (2.35)

We again use the notation of (2.9) which gives us

o =VI(E ) ¢ =2 (n &), (2:36)

51
P =V2(E& )i d =V2( @) (2.37)
With the link that the Standard Model makes between the particle and the
antiparticle wave, using Cl3 1 and the shortened notation of Clz x Cl3, we

have:
A ~
%—<W8@>—@1&) (2.38)

The Weinberg-Salam model uses ¢!, ', n® and supposes £8 to be null. We
will use the complete wave for Lochak’s magnetic monopole while the neu-
trino itself will have no right wave. So we consider the magnetic monopole
as a complete neutrino with a left and right wave and we consider the neu-
trino of the SM as a monopole in which the right wave is absent. For the
separation of ¢!, n' and 7® the Weinberg-Salam model uses the %(1 + )
projectors that can be presented as follows, with our choice (|1.4) of Dirac
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sa-mw=ve=(y 1) (5)=()): (230
o (90 oo

Thus for the particles the left waves are n waves and the right waves are £
waves. This is invariant under Cl3 and therefore relativistically invariant,
since under a similitude D generated by M such that D : x — x" = MxM t
we have : & =M¢ n' = Mn. So we use

matrices:

Rlz\/i<£1 0):\/5(51 ﬁl)
D =VE ) = VR

(1+03),

N = N =

)
ZA
S—

—~
"
I
Q
w
Nl

(2.41)

And we get similar formulas for R® and L8. We now define two projectors
P, and four operators Py, P, Py, P3 acting as follows on ¥ € Cl3 x Cl3:

Pi(\I/) = %(\IJ + 1\11721) 3 i= (’L O)7 Y21 = (0’12 O)7 (242)
Thus we get:
P(w) = (20 I8); P(w) = (R* RY). (2.43)

So Py is the projector on the left part of the wave and P_ is the projector
on the right part of the wave. We let:

Po() = Wy + (1 — )P (W)i + piP_ (V) (2.44)
Pi(¥) =iP; (V)37 (2.45)
Po(W) = 1P, (W)(~ins), (2.46)
Py() = Py (0)(—). (2.47)

We introduced here a number p which is linked to the charge of the magnetic
monopole and which acts only on the right wave of the neutrino, which
is unknown in the Standard Model. Noting P,P,(V) = P,[P,(¥)], they
satisfy:

P1P2:P3:—P2P1; P2P3:P1:—P3P2; P3P1:P2:—P1P3, (248)
P} =P} =P} =-Py; PPj=PjPy=—iP;, j=1, 2, 3.

The Weinberg-Salam model replaces the J,, derivatives with the covariant
derivatives:

.Y , ;
D,=0, - 191§BM —ig2T;W}, (2.49)
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with T; = 7;/2 for a doublet of left particles and T; = 0 for a singlet of
rightE| particles. Y is the weak hypercharge, with Y, = —1, Yz = —2 for
the electron. For transposing this to Cls x Cl3 we let:

D =0"Dy; B=0"B,; W/ =o'W], j=1,2,3, (2.50)
D =+"Dy; B=9"B,; W/ ='W}, j=1,2,3; 8 =1"8,.  (2.51)
We now replace (2.49) by:

D=0+ 2B+ Z(W P + WP, + WP). (2.52)
First we have
ov = (-vg' va'), (2.53)
DY, - (-Dg° Dy!). (2.54)
And we get:
Py(¥y) =i (2R1 L' 2pRS - E8) . (2.55)

From the form of these P, we may see that the Weinberg-Salam model of
weak interactions using only R!, L' and L® does not depend on the value
of p that may be any number. We will later see how this value is linked to
the charge of the magnetic monopole. We next obtain:

BPy(¥;) = (z’B(szS ~I% iB(-2R'+ El)) . (2.56)

Next we have

—iLl® 4Lt . _

Py (¥) = ( ’i%l —liL8> ;s WP () = (inLl —iwng), (2.57)
Zg ~L! 2 =~ —8

P(¥y) = oo W Py(¥;) = (W2L1 W2L ) (2.58)

We get for j = 3:

LY L8

PB(‘I'l) = < iZS Zzl> ; W3P3(\I/l) = (iW3f8 iwgil) . (2.59)

Therefore (2.52)) is equivalent to the system:
D§" = Vg —iTBpR —1%) —iZ (W' —iW?)L! + W L',

D' = V4! — z‘%B(zﬁl ~IY - i%[(Wl +iwHI® - WAL (2.60)

5. This preference for the left waves is presupposed and not explained in the Weinberg—
Salam model. We will explain the origin of this preference in @
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Since ¢! is the left column of R!, and &8 is the left column of R®, while n'

is the left column of El, and n® is the left column of ¢ (not forgetting a
V/2 factor), this system gives for the particles (electrons and neutrinos) and
using the main automorphism P : M — M for the right waves:

DR' = VR' +ig, BR,
DI' = VI +iﬂBil 92 2w+ WL — WL, (2.61)
DI =VI®+ %BL - %[(W — W)L+ WAL,
DR® =VR® + ipglﬁﬁg.
For the waves of the positron and the antineutrino we similarly obtain
=VL'—igBL",
DRI = ORT _ Zgl BRT _ zgz (W' — i) B + WPRT), (2.62)
DRS = VRS - i%éiﬁ - i%[(ﬁl +iW2) R — W3RF),
DI* = VL' — igipBT".
The system is equivalent to:

Dyt = 0,8 +igi Bug', (2.63)
Dyt =0t + z?Blm - z—[(W1 + 2W2)77 - I/V3 n'l, (2.64)
Dyn® = 0m® + ing n® - Z*[(Wl iWhn' +win®, (2.65)
D&% = 0,83 +igipB,&®, n=0,1,2,3, (2.66)

for the particle waves (2.62) is likewise equivalent to:

D,€5 = 9,65 — i%Bﬂﬁg - i%[(W; i) — WS, (2.67)
Dun® = 8,1° — igipBun®, (2.68)
Dyt = dm' —igiBun', n=0,1,2,3, (2.69)
D" = 8,6 - ig—;BﬂfT - i%[(Wﬁ —iW2)EE + Wi, (2.70)

8
for the antiparticles waves. For the doublet ¢ = (Zl) of weak isospin
Y = —1 the operators in and ( give
Y
Dpr =0 —igr—~ 3 B,y — i%2 WJTﬂ/Ju

T1L =% 5 T2 =123 ; T3 = 5. (2-71)
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Only the operator in is not accounted for the Weinberg—Salam model
because this model does not use the right wave of the electron neutrino.
We precisely arrive at this model if this right wave is null. The operator in
is interpreted as a singlet under SU(2): ¢g = ¢! with weak isospin
Y =-2

.Y
Du¢R = aMwR - ZgléBMwR‘ (272)

Finally we see here that all aspects of the weak interactions, with a doublet
of left waves, a right wave which is a singlet, a right neutrino unable to
interact, a charge conjugation exchanging right and left waves, are obtained
here from simple hypotheses:

1 - The wave of all components of the lepton sector (electron, positron,
electron neutrino and its antineutrino) is the function of space and
time with values in the Clifford algebra of space-time.

2 - Four operators Py, P;, P, and P; are defined in to (2.47).

3 - A covariant derivative is defined in .

For the antiparticles, in the case where the wave of the magnetic monopole
is reduced to the neutrino wave, we have a singulet of left wave and a doublet
of right waves. By letting:

_ 8
br =0t g = <§1> P T1=—70; T2 =123} T3 =5, (2.73)
we get
Y
Dytbp = Outr — ig1 5 Bt (2.74)

2

with a weak isospin Y = 2, in accordance with the usual rule changing
charge signs. For the doublet of right waves we get

Y . i
L Bug + z%zwgquﬁﬁ. (2.75)

Dy = 0udg — tn D)

The rule of the change of signs for all charges is equivalent to the change of
sign for g1 Y and go. But these rules are not sufficient; another change of sign
concerns 71 = —71. This calls for two remarks: First, the SU(2) gauge group
thought of by quantum theory as an “internal symmetry” is indeed a geomet-
rical invariance group. This is completely forgotten when in this exposition
we pass from (2.62)), where equations contain space-time vectors, to (2.63)-
(2.70) where equations only have components of tensors: these tensors are
no longer constrained by invariance under CI3 but only by invariance under
the Lorentz group. Indeed the two points of view are not equivalent: the
point of view of the Weinberg—Salam model is less constrained, less efficient
than the Clifford algebra. The result is that our equations are C13 invari-
ant, but not the Weinberg—Salam model that is in fact disconnected from
the relativistic invariance of the fermion field: The relativistic invariance
works classically for the gauge fields (where the Lorentz transformation R
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defines a 4 x 4 real matrix R¥ which changes x* into x'* = REx", and
where the electromagnetic field F),, changes into F,,, = ROR;F),,), and in
a quantum-mechanical manner for the spinor waves (where the dilator M
induces a similitude R which changes F into F’ = MFM ™!, which is not
at all the same transformation). The new connection that we establish here
between the fermionic wave of the electron and its neutrino and the tensors
that they allow us to construct, connects even more the fermion part and
the boson part of the Standard Model. This allows us to arrive at a uni-
fied synthesis between the different parts of relativistic physics, which was
impossible with the old tensor-based theory.

With charge conjugation simply acting like PT symmetry, space changes
orientation. Thus the three 7; rotate inversely from the 7;, as is shown by
the sign change of 7.

2.2 Retaining mass terms

The first improvement that Clz brings to quantum mechanics in the
Dirac matrix style is the possibility of also using the right R® spinor that
we associate with the magnetic monopole. A second and major improve-
ment: we no longer need to suppress mass terms in wave equations. This
suppression was necessary when using the usual Dirac equation, because
mass terms link the left and the right wave, while £ and 7 change in very
different ways under the gauge transformations of the electroweak group
[39] [40] [41] [44].

This suppression was also an acceptable lesser evil, from the experimen-
tal point of view, because proper massesﬂ of the electron and, still more,
proper masses of the electron neutrino are very small in comparison with
the mass-energy of the W and Z° bosons. Nevertheless this suppression is
necessarily an approximation since the electron has mass-energy, and since
the wave equation of the neutrino probably also has mass terms. Since it
was impossible to account for both proper mass and electroweak gauge, a
mechanism of spontaneous symmetry breaking was constructed. The Higgs
boson (which was thought of as able to reintroduce masses into wave equa-
tions) was finally observed at very high energy (a~ 126 GeV). However, this
still does not transform the electroweak gauge into a theory compatible with
mass and gravitation. In reality each proper mass is replaced by a coupling
coefficient with the Higgs boson. So the Higgs boson, even though it exists,
does not explain much. And the existence of such a scalar field with high
mass was suspected as early as de Broglie’s theory of the photon [55] 56].

What we now know how to do is very different and much more innovative
since we are able to restore the compatibility of the covariant electroweak
derivation that we just studied with equations to . We are able

6. The improved wave equation tolerates two different mass terms for the electron (see
Chapter 1).
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to restore this because the improved equation that we obtained as a wave
equation may be recast into a form that seems uncrossed and acting on only
one chiral spinor. And this is easily generalized. Maintaining mass terms
in the wave equation will allow us in Chapter 4 to directly put together
gravitation and other forces in the wave equations. It is thus an important
improvement towards the unification of all interactions. We are even able to
conserve the form of the mass term v¢'m of the improved wave equation:

0=—iDL' + L', 0= —iDR! + rvR",
0= —iDL" +mvL"; 0= —iDR® +m,vR®. (2.76)

We do not suppose that the 1, r, m; and m,. coefficients are all equal. The
unitary vector v remains defined from the four spinor waves by . We
simplify the following study by considering only the wave of the electron and
of the neutrino—monopole, as a beginning. We will derive the properties
of the positron and antineutrino-monopole by changing the sign of the
differential terms of the wave equation, and exchanging n and £ terms.
With the form obtained in for the derivation with gauge terms, the

wave equations (2.76]) become:

0= VR! +ig BR" + irvR", (2.77)
0=VL!'+ i%Bfl - z'%?[(wl +iWI® — WAL +ilvD',  (2.78)
0=VL"+ i%lBZS - z'%?[(wl — WL+ WAL + imvIT,  (2.79)
0=VR®+igpBR® + im,vR®. (2.80)

We may remark that the coefficients of B are the same only for L' and
L8. So left waves, turning in the same manner in the chiral gauge, can be
mixed in the SU(2) gauge group. Comparing with potentials we may see
that these equations are indeed wave equations with two different spinors.
We now see how it is possible to use the invariance of each wave equation.

2.3 Extended invariance
With the similitude induced by any dilator M in Cls:
D'L = R"R" = MR'MR' = MR'E'M = MDY M,

J = M, M; o =rp; m=m'r; (m=1Lr,m;,m,.), (2.81)

mlv/_ﬂﬁ_@MJlM_ M M -

= =m——vV—-: vM !
/ 0 —1i0 ’
T p rorp re re

Mm'v'L'"" = mvM 'ML' = mvL', (2.82)
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we simplify the wave equations (2.77))—(2.80|) with:
pl = %B+lv:b+lv; Wi = %Wj, j=1,2,3,
pr=giB+rv=2b+ry; p§ = %B+le:b+le, (2.83)
ph = g1pB + m,v = 2pb + m,v.

To obtain the relativistic invariance of the equation of L', for instance, we
must have for the gauge potentials the same variance as the dlfferentlal
term. And this term is covariant which means it satisfies V = MV’/M. Tt is
the same with p, b and for the w? which are also covariant vectors because
these vectors incorporate the g; and g charges. We have:

0= VR! +ipLR' = M[V'R" +ippR'""], (2.84)
0=VI'+ipl L' —i[(w! +iw?)I’® — w3L})]

— [VL” LT (w4 iw?) T w*i”ﬂ; (2.85)
0=VI +ipdL" —i[(w! —iw?)L' + wiI’));

- [vf’g Fap)T® — (Wt —iw?)I + W’SZS]}; (2.86)
0=VR®+ip}R® = M[V'R® +ipRR"]. (2.87)

This provides the form invariance of the wave equations, as in the case of
the lone electron that we studied in Chapter 1.

The gauge transformations are generated by Py, Py, P, and P5. This
gives to us a group with four parameters a°, a', a® and a®. We recall the

definition of the exponential function

oo

OP ) e 1P 2P 3P n
SCCENNERRCIEN S
n

n=0 n=0

(2.88)

Since these operators were defined in Cl3 x Cl3 and since they are different
for right and left waves we will study them with the Cl3 x Cl3 form (see

IB.1.2)) of these right and left spinors:
Uh=(RY 0); wh= (L1 0); W= (0 R); wi=(0 I*). (289)
With Py we have

Po(V%) = 2pWia1; exp(a’Po) (V) = W} exp[2pa’yail,
Py(Vk) = 2V 57215 exp(a’Po)(Vy) = P exp[2a®y21],  (2.90)
) =

Py(Vp) = U015 exp(a®Po) (V) = Uy explaya].
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Next we let:

s =0u=0(s1P; + s2Ps + s3Ps); u? = s? + s% + s% =1,
U=e'=e™, (2.91)

and we have:

A =UVL =0k U8 =UT8 =08,
L =0V =cos(0)V, + sin(0)u(Vy),
w(Wr) =51V y3i+ 50U y3 + 530 (—i), (2.92)
U, =U ') = cos(A)¥) —sin(h)u(¥h)
= cos(0)¥, — sin(0)[s1 W) v3i + s2W) v3 + 53 (—i)].

Since Py commutes with s we have:
exp(S) = exp(a’Py)e® = e exp(a’ Py); exp(—S) = exp(S) . (2.93)

The set of the exp(S) is a U(1) x SU(2) Lie group. The local gauge trans-
formation uses the derivative of the exponential function and satisfies

U’ = [exp(S)](¥) ; D=0¢"D, ; D' =0"D,, (2.94)

and so D,V is replaced by D; ¥ such that:

(0 DY = (0 V)W + G(¥) = exp(S)[(0 V) + G(¥)], (2.95)
(W) = exp(S)(X +Y); X = [0 V)lexp(~)]| (¥); ¥ = G(¥).
(2.96)

The transformation of the gauge potentials thus has two parts: a part that
comes from the derivative of the exponential function and another that
comes from the non-commutation of exp(S) with P;.

2.3.1 The U(1) gauge group generated by Fy

Since Py commutes with s, the relation between w® = b’ and w® = b is
reduced to only the part coming from the derivative, and we get:

0
b, =b, — dua’. (2.97)
The different space-time vectors that we may form from the wave with spin

1/2 to obtain the gauge potentials w/, where j = 0,1,2,3, in a similitude
must behave like J; which is the sum of D}, D%, D} and D$. In addition
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to these vectors we have:
Dk, =Dy = R'o1 L' + L'oyRY; dk;, = Dy = i(R'o1 L' — L'oy RY),
D18 =I'I8 + ’ESZL dlS _ i(L1L8 _ ESZ1)7
= R'o1L® + L% RY; di¥, = i(R'01L® — L0 RY), (2.98)
= R'R® + R®R'; di¥ = i(R'R® — R®R"),
W =R\ L' + L'oy RS, diy, = i(RSo L' + L'oy RY),
D%, = R%01 L% + L% R®; d%;, = i(R®0, L% — L%, R®).

All these D vectors transform in a similitude defined by M into D' = M DM,
like J;. With (2.90) we have:

8 = eia L8 RIS eQipa0§8; L't — —ia Ll R = 2m°Rl7 (2'99)
RB — emORg; 8 — 672ipaozg; RT — ¢ia’ g1 ; 1= 20 [T
This gives
R'o I = 9’ Rlo LY, R o118 = €% Rloy L8,
L'L® = ['L8; R0 L = e'(H2)a" R85 T, (2.100)
RIR® — e2i(1—p)a0R1R8; E/SUIL/S _ ei(1+2p)a0§80.1L8.
We also have
DA = R'R" = ¢?“"R'e %" R! = R'R' = D}, (2.101)
and similarly:
D% =D%; D} =Djp; DF =D}; D =D%; Ji=J; v/ =v.  (2.102)
We then get:
VR = V(2 RY) = ¢%"[2i(Va®) R* + VR!]
e29°12i(Va") R' — i(2b + mv)R]
= i[QeQi“U (Va® —b) — mve2@’|RY = —i(2b' + m¥)R"Y,  (2.103)

b =b—Va. (2.104)

The gauge invariance with Py of the other parts of the leptonic wave acts in
the same way; this is the case with (2.104)) as well as for %, or ¥}, or U7.

2.3.2 The SU(2) gauge group

This gauge group acts only on the left part of the waves in the lepton
case. Then we only need to think about ¥, = W} + U8, The gauge
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transformation reads:

L =UYL) =cos(0)¥y +sin(0)[s1V1y3 + 2V y3(—i) + s3¥ 1 (—1)].
(2.105)
The gauge invariance means that with
D=0 D)=8+G;8=(0 V); (0 D)=D"=8+G/, (2.106)
we must have
D'V, = U(DV,), (2.107)
which necessitates:
G'(¥) =UX)+UY); X =U (VL) Y =G(¥r) (2.108)
X = 8(cos0)V'; — [0(s1sin0)V 3 + O(s25in 0) V) v3(—1)
+ 9(s3sin )V’ (—i)].

We then get:
wl=(0 w); j=1,2,3, (2.109)
U(X) = —[5100 + S2C b 4 sin(0) (2055 — 55052)] W, 5
15200+ S0 b0 4 in?(0)(53051 — $1055)[ W s(—)  (2.110)
15300+ S0 bt in2(0)(51855 — $2051)] W, (—1).

U(Y) = cos(20)[w' U y3 + W2 y3(—i) + w7 (—i)] +sin(20) (2.111)
X [(s9W® — s3W?) W) y3i + (53w — 53W>) W y3(—i)
+ (s1w? — sow )W ()]
+ 25in%(0) (51w + sow? + s3w>)[51 0} 43 + 520 y3(—i) + 30 (—i)].
Hence we finally have
sin(26)

w't = —[5,00 + 051 + sin?(0) (52053 — 53055)]

+ cos(20)w! + sin(20)(saw> — s3w?) + 2sin?(0)s1 (51w + sow? + s3w?),

sin(26)

w2 = —[5000 + 05y + sin?(0) (53051 — 51053)] (2.112)

+ cos(20)w? + sin(20)(ssw! — s;w>) + 2sin?(0)s2(s1w! + sow? + s3w?),

sin(26)
2

w'? = —[5300 + 053 + sin?(0) (51052 — 52051)]

+ cos(20)w> + sin(20)(s;w? — sow!) + 2sin?(0)s3(s1w' + sow? + s3w?).

We may note the 3-order symmetry of these equalities: SU(2) is a 3-
dimensional Lie group. This symmetry is no longer an “internal” symmetry
but an invariance under a geometrical group emerging from the properties
of multiplication in the Cl3 algebra.
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Gauge generated by P;

We arrive at the one-parameter group generated by Ps; with a® = s; =
so =0 and s3 = 1. We thus get:
S=s= 9P3,
U’ = [exp(S)](¥) = P_(¥) + cos(0) Py (¥) + sin(0) P5(¥) (2.113)
— (Rl L0l RS 4 ewis) _

So we have:

R = Rl; EIS _ Rs; L' = e_le; Z/S _ ewis; J; =1J,

L/l — LT, ng — Eg’ R/T — efieRT; Elg — eieég. (2114)

0

We also have w}’ = Wg, which means b’ = b. The equations (2.112)) become

w'l = cos(20)w! — sin(20)w?,
w'? = cos(20)w? + sin(260)w!,
w3 = —iVl +w. (2.115)
And we have
D/E8 o ngs _ 2L/1L/8 _ 2€7i9L167i0L8 — 6727;9(]:)}18 _ ’Ld}ls)
= c0s(20)D}® — sin(260)d;® — i[sin(20)D}® + cos(20)d}%],
D® = cos(20)DE® — sin(260)d}®, (2.116)
d}® = sin(20)D}® + cos(26)d;®.
This is compatible with

W= k(DF); W2 = k() w' = Zk(D); w? = Zk(d}f),  (2.117)

where k is any linear operator. The go coefficient called the “coupling con-
stant” is necessary for transforming the contravariant vector W7 into the
covariant vector w; (see|L.7).

Gauge generated by P;

We now have a® = s5 = s3 =0 and s; = 1. We then have:
S=s= 9P1,
U = [exp(S)](¥) = P_(¥) + cos(0) Py (V) + sin(0) Py (V) (2.118)

— (B + cos(O)L" +isin(0)I®  B® + cos(6)L® +isin(6)L1) .
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So we get:
R/l — Rl. R/8 RS L/l Ll L/8 LS
L' = cos() L' + isin(0)L%; R = cos(§)R" + isin(6)R?, (2.119)

L'® = cos(0)L® + isin()L'; R = cos(9)R® + isin(0)R'.
Hence we have:
D} = LI = [cos(A) L' + i sin(0)L¥][cos(0) L' — isin(h)L¥]
= cos?(0)L'L" + isin(6) cos(0) (L L* — L*L®) + sin®(9) L3L®,
D® = L®L'® = [cos(0)L® + isin(0)L 1][cos( )L® —isin(0)L']  (2.120)
= sin?(0) L' L' — isin(0) cos(A) (LS L' — L'L®) + cos? () L3 LS.
We derive the following:

D} +DPF=D;+D}; Ji=J; pl=pi; vV =v. (2.121)

The mass term is thus invariant under the gauge transformation. We also
derive from ([2.120)):

D — D! = cos(20)(D} — D) + sin(20)d}®. (2.122)

Next we have:
201 L% = D —id}® (2.123)
= 2[cos(0) L' + i sin(6)L%][cos(A) L® — isin(h)L"]
= D1® — i[cos(20)d}® — sin(260)(D§ — D} )].
The equations become:
w'? = cos(20)w? — sin(260)w?,
w’ = cos(20)w® + sin(260)w?,
= -V + wh (2.124)
All this is then compatible with:
W3 =k(D% —D}). (2.125)

Gauge generated by P,

We now have a® = 51 = s3 = 0 and sy = 1. We then get:
vy = (L0 IF); Pa(Wy) = Wi = (I8 1Y), (2.126)
S=s5= QPQ’

V' = [exp()](¥) = P_ () + cos(0) Py () + sin(6)Po(¥)  (2.127)
= (Rl + cos(0) L + sin(9)L8 RS + cos(A)L® — sin(@)Ll) .
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Hence we have:
R'=R'; R®=R® Dj}=Dj; Di=D§; L'="L" L®=1LF,
L' = cos() L' + sin(A)L®; R'™ = cos(§)R' — sin(6) R, (2.128)

L'® = cos()L® —sin(9)L'; R'® = cos(0)R® + sin(0)R".

We may notice that the changes of sign when we pass from the wave of the
particle to the wave of the antiparticle are the origin of what we saw in
the charge conjugation changes the rotation of the matrix indices for
the doublet of right waves. We then get:

D/ = LI = [cos(A) L' + sin(0) L¥][cos(0) L' + sin(0)L®]
= cos?(0) L' L' + sin(f) cos() (L3 L' + L'L®) + sin?(0)

D' = L'®L"® = [cos(A)L® — sin(#) L'][cos(0)L® — sin(0)L"]
=sin?(0) L' L' — sin(6) cos(0)(L*L" 4+ L'L®) + cos? () L*L®.

L33,
(2.129)

We arrive at the following:

D} +DF =D +D§; Jj =17, (2.130)
We derive also from :
D — D} = cos(20)(D§ — D1) —sin(20)D18. (2.131)
Next we have:
20 L8 = D —id)f® (2.132)

= 2[cos(0) L' + sin(0) L¥][cos(0) L® — sin(0) L]
= —id}® + [cos(20)D}® + sin(20) (D} — D})].
The equations become:
w'? = cos(20)w?® — sin(20)w!,
w'l = cos(20)w! + sin(20)w?,
2= Vo +w (2.133)

This is compatible with (2.117)) and (2.125)).

The very short range of the weak interaction was thought to be linked to
a strong mass of the potential vectors. The expected wave equations were:

O+m*)W* =0; (O4+m?)z°=0. (2.134)

The link between potential A, field F' and electric current j is, in the elec-
tromagnetic case:

F=VA; VF=j OA=VVA=VF =]. (2.135)
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The relation between potential X and current D§ — D} may be:
0= (0+4+m?X; OX = -m?X = D% — D}; (2.136)

We then may use:

W3 =k(D§ —D}); W!'=k(D}®); W?=k(d}®). (2.137)
We may also introduce here a constant k = 1 since the constant gy is

already a factor of W/ in the wave equations. Hence the simplest form of
the previous relations is k = id:

W3 =D% —DI; W!=DI% W?=d? (2.138)

2.3.3 Simplification of the equations

Since W3 and B are, like J 1, linear combinations of the chiral currents
DL, D%, DI and D, and since L'L' = 0, we have with (2.137):

+ WL — WAL = i2L8L'T° — (L3L® — L'LYH LT
W+ iW) I — WAL = i[2L8L'L° — (L3L® — L'LY) L1
= i[L}L'T" - LTV (2.139)
And we have:
~1= 0 0 ng 0 0 0 01 — 109
L1L82< ><1 >< )a,
—n3 ni)\n3 0 —az 0 22

Lgil _ leg _ 0,201 — 109

= I'T°, (2.140)
W+ iW?)I® — W3L! = —3I8L8L! = 3D L!
L

= —3(D§ —DL)L!' = —3W3L".

And similarly we arrive at
(W' —iW?)L! + W3L® = 2L L' + (L3L8 — L'LYHI®
= 208D — L'T'T°) = —3L'I'L° = —3DLT° 2.141
L
= 3(I8L8 — L'INI® = swiT’.

Then the equations of the left waves can be expressed as follows, by simpli-
fying the three terms W7:

0= (V +ib+3iw® +ilv)L'; 0= (V +ib — 3iw’ +im;v) LS.  (2.142)
The four spinor wave equations become

iVt = (b + 3w + Iv)p'; iVE = (2b + r9)¢l, (2.143)

iV = (b — 3w + myv)n®; iVES = (2pb + msV)ES, (2.144)
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With the ™ and r™ in (2.10) until (2.13)), this corresponds to:

a' =b+3w% ' =a' +lv=b+ 3w’ +1v; 0= —iVy! +1'n', (2.145)

a2=2b; r' =a2+rv=2b+rv; 0= Ve +7LEL, (2.146)

a>=b—-3w? ®=a+myv=b-3w>+mv; 0=—iVn® 4 1595,
(2.147)

a' = 2pb; r® = a' + m,v = 2pb + m,v; 0= —iVES 4+ 78¢5, (2.148)

2.3.4 Double link with the Lagrangian density

From the left side we multiply (2.145) by n'f, m ) by £, (2.147) by
P and 118 by €

0=L"=—in""vyp' + 9"y}, (2.149)

0=L%=—igTve! +¢'frie, (2.150)

0=L3=—in8TVn® + 81188, (2.151)

0= L4 = g™V + 75, (2.152)
M1 M Hy T a3

O—L—klﬁ +kr£ +kml£ ( )

+ e

km,

From this construction the Lagrangian density £ is stationary, since it is
identically null at any point in space-time, and not only on average. No
physical principle is used to obtain this result: the Lagrangian density is
null as a sum of null terms. The principle of least action is no longer
a quasi-metaphysical principle. We will read each of the terms of this
Lagrangian density as the sum of a real part and an imaginary part. We
may first remark that we will repeat the same procedure four timesﬂ and
thus it is enough to completely work out the only £! part. We have:

1 1
L= 5(51 + L) + 5(,cl — L,

LY+ LM = —in'To (@un') + 0" 'n" +i(0m' ot n' + ' Ty}

= —in'To"(@un') + (@' Moty + 0" (11 + 1)yt (2.154)
£ =L = —in"te(@um") +n''n" —i(0um' oyt — 'yt

= —idu(n'Ta"n') + 0" (11 = ")’

7. When we pass from 7 to £ we replace o# with o/, and so we have only three signs
to change; otherwise all is similar.
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Each [™ and r™ is a sum of vectors, and space-time vectors form the self-
adjoint part of the space algebra. We then have:

1
5(11 - ZIT) = Oa

1 1 1 1 1 .
o1s +1M)y =" =10

1 1. . )
0= (£ + L) = S[=in'Ta"(@un') +i(un' o n'] + 01", (2.155)

1 1. . . ) i
0= 5(51 — L) = 5[—277”0‘ ((9“771) — z(@,m”)a”nl] = —iauDlL”.

This last relation means that the D} current is conservative. And since the
three other equations behave similarly, the D}%, D% and D% currents are
also conservative. Therefore the L™ terms which have a null imaginary part
are real, and thus equal to their real part:

0=L"=RL). (2.156)

Now we completely calculate this equation, arriving at real numbers with
the help of the following real matrix representation:

a —b
1 (a+ib) [b a
T = <c+id) I e (2.157)
d ¢
w_(a b ¢ dy .4 _(-b a —-d ¢
= <—b a —d c) P = <—a -b —c —d)’ (2.158)
0y — 03 0 —01 —0s
0 80 - 83 (92 _al
—
V=o 8u = _o, By B + O 0 , (2.159)
—0o -0 0 Oy + 03
llO _'_113 0 lll 112
0 llO + llS _ll2 lll
' = 11 12 J10 _ 13 0 : (2-160)
l12 lll 0 llO _ 113

The matrix of n! contains a, b, ¢, d once in each column, and it is the same for
each row in 7" and in —in't. There are only two — signs in the right column
of n. There are two — signs and two + signs in a row and either four + or
four — in the other row of ' and of —in't. For the 4 x 4 matrices, each row
and each column contains exactly once the d,, or the [**. We count exactly
eight + signs and eight — signs in the V matrix, and only four — signs in
the p; matrix, and these two matrices are symmetric. All this is obviously
not at random but emerges from the properties of multiplication in the
Cl3 algebra, which themselves come from the anticommutative property of
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orthogonal vectors. Thus the Lagrangian density £' satisfies:

0= L' =+ adyb + cdod + (aa + bb + cc + dd)1*°
+ bdyc + ddya + (ac + bd + ca + db)I* (2.161)
+ adyc + bdad + (ad — be — cb + da)l*?
+ bdsa + cdsd = (aa + bb — cc — dd)I*>.

where we use the notation:
ud,v = u(0,v) — (Ouu)v. (2.162)

We remark that all the differential terms in the Lagrangian density are §,
terms. Each variable a,b,c,d is present once and only once with each §,,.
And similarly each variable a, b, ¢, d is present once and only once with each
py. These are all the properties that are necessary and sufficient to allow us
to obtain the wave equations from the Lagrange equations, which is what
we see now. The Lagrange equation relative to the parameter a is:

oL oL
— = — 2.163
Oa . <8(8Ma) )’ ( )
which gives the wave equation:
ob — O1d 4 Oac — Dzb + 2(al™® + cI™ + dI'? + al'3)
= 0p(—b) + Ovd + 02(—c) + 0sb. (2.164)

The differential terms of the right part are exactly the opposites of the
differential terms of the left part because the Lagrangian density contains
only d,,. And there is exactly one term of each variable because each variable
is contained once and only once with each value of . The origin of these
properties is indeed the structure of the Cl3 algebra. The factor of 2 comes
from the fact that each variable is present twice as a factor of each {*#, for the
same reasons of structure and signs that result from the anticommutation.
As a result we can simplify this wave equation:

0 = 0ob — O1d + Dac — O3b + (al'® + el + dI'? + al'?). (2.165)

We can indeed use the same method to derive each Lagrange equation. For
the b variable we obtain:

— Opa + d1¢ + Ood + Oz3a + 2(b1*° 4 dI*t — cl'? 4 bI'?)
= 80((1) + 81(—0) + 82(—d) + 33(—0),
0 = —0pa + O1c + Dad + dza + (bI' + dI* — cl'? + bI'3). (2.166)

Next, these two wave equations may be combined into one by introducing
a+ib=ni and ¢+ id = n}:

0= (0o = ds)i + (=0 + 0y +i[(1" + 1) + (17 — il"?)my). (2.167)
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We continue the calculation with the Lagrange equations relative to the ¢
and d parameters. We simplify and group these equations and this gives:

0= (=01 — i) + (8o + Bz)nz +a[(I" + il )ny + (10 = 1F)n3]. (2.168)

Finally, we combine these two equations into one:

0— Oy — 03 —01 + 10 77% T e A R R 77%
T\ =01 — 10y 0o + 03 T]% ! R A A 17%
0=—iVp' +1'n" (2.169)

This calculation is often presented in a very concise manner, using ¢ — which
is a column matrix with four complex components — as if it could be a real
number. This ultra-concise calculation is nevertheless always correct, and
our complete and detailed calculation is sufficient proof: the equality 0 = £
is the necessary consequence of the wave equations of the four n', ¢!, n® and
€8, Next this real £ density, as a result of the anticommutation of the basis
vectors that is itself a result of the equality uu = w-u for any vector u, has as
many — signs as + signs. And these signs are distributed such that each real
equation is obtained automatically as a Lagrange equation from the only
equation 0 = £|§|. Moreover, when we vary the density with regard to one of
the spinors, we calculate as if the potentials do not depend on these spinors.
And indeed we will see that they depend on the spinors as in any true field
theory. We will also see that all terms (potentials and mass) present in
the Lagrangian density come down in fine to linear combinations of the
chiral currents D% and D7 . It happens that the calculation of the Lagrange
equations is nevertheless correct as a result of identities that suppress this
dependence. It is the reason why the gauge potentials seem exterior to the
wave even if they strictly depend on the spinors. To see this we consider
for instance the term: B,n'To#n! = n'TBny'. When we derive this term in
n', we suppose that this derivation does not affect B. Nevertheless this
potential B may include a term depending on D} = L!L!. In practice this
term gives no supplementary contribution to the Lagrange equation because

1y (0 -7 11 1
"L =2 (1 M) (0 77?) =v2(0 775 +7371) = 0. (2.170)

anDinl — anlelnl =0.

8. This double link between the wave equation and Lagrangian density is not a general
property of Clifford algebra. There are dimensions and signatures that ensure an auto-
matic derivation of wave equations from the only equation corresponding to the Clifford
real part, but other dimensions or signatures do not ensure the same. To explain this
it is enough to consider Cl1 4, the Clifford algebra of Kaluza’s space-time which has a
supplementary dimension of space. The reversion and consequently the multiplication
on the left side by ¥ does not satisfy the properties giving the double link between the
wave equation and Lagrangian density. Then there is no general principle behind the
automatic behaviour of the Lagrangian formalism in relativistic quantum physics: it is
only an inevitable consequence of the particular properties of space-time. These special
features come from the dimension of time and space that are always respectively one and
three in any tangent space to the space-time manifold of GR.
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These identities also hide the great similarity between the wave equations of
relativistic quantum physics and Einstein’s equations of gravitation, which
are highly nonlinear.

In Lagrangian physics, the Lagrange equation is obtained by neglecting
the term remaining after an integration by parts, which supposes that these
terms may be neglected. In fact the thing that is neglected is just the proof.
It was never really understood why Maxwell’s equations governing the elec-
tromagnetic field or Einstein’s equations governing the gravitational field
must necessarily be derived from a Lagrangian formalism. The Lagrange
equations are indeed used to obtain a part of laws of electromagnetism, the
part that links derivatives of fields to currents (details in [A.3.6). This cal-
culation is perfectly correct but laws linking fields to potentials do not come
from Lagrange equations. Moreover the propagation of the fields as far from
the sources as desired, is not accounted for. This propagation ad infinitum
without attenuation other than due to the distance from the source could
invalidate the cancellation of the terms remaining after integration by parts:
the increase of the volume exactly offsets the decrease in the magnitude of
the potential terms.

If this Lagrangian physics acts perfectly, if the terms which could not
disappear are fortunately suppressed, this does not come from a metaphys-
ical principle but rather results from the particular properties of the Cl3
algebra. The mechanism has a purely algebraic origin, and is always valid
for all interactions of physics, since it is directly linked to the dimension of
space and the signature of space-time geometry. The equivalence between
the usual form and the completely invariant form of the wave equations im-
plies the obtaining of the real equations forming the system of either linear
or improved Dirac equation. This necessary obtaining is called the Lagrange
equations.

Therefore we are always correct when we use Noether’s theorem to link
conservative quantities to the invariance of the Lagrangian density. We note
here that it is enough to change the dimension or the signature of space-
time to eventually lose the Lagrangian mechanism that is essential for the
functioning of matter dynamics.ﬂ

The detailed study that we carried out on the £! part of the Lagrangian
density may indeed be extended to the three other parts of the leptonic
wave and also to the antileptonic wave, which is the same wave simply with
the change of V into —V in the wave equation and the exchange of left and
right terms, and thus also in the Lagrangian density that is its real part.

9. This is a sufficient reason for the general failure of theories with a great number of
dimensions to obtain a realistic picture of the Standard Model of quantum physics. It is
the same for any theory based on Riemannian manifolds, and using only an indeterminate
n dimension.
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2.3.5 Iteration and equations of gauge fields

For the leptonic wave the Lagrangian density of the Standard Model is
made of two parts: a part describing the quantum wave of the electron and
its neutrino and another part describing the gauge bosons. This means B
and W/, which are necessary for the gauge invariance. We automatically
obtained the lepton part of the Lagrangian density from the equation of
the wave with spin 1/2. It is not at all the same for the boson part that
is not relativistically linked to spinors. We saw in the first chapter that
the classical link between potentials and fields is not the true one since the
electromagnetic field is a field of operators. The existence of a Lagrangian
density for the boson part is questionable. We have nevertheless the possi-
bility of completely avoiding this not-fully-justified part of the Lagrangian
density by the use of the fully-justified part and only this part. This part of
the Lagrangian density comes from the fermionic wave equations which we
will use with a functional recursive form. We again use the decomposition
of U, into its four chiral parts. We let:

pri=1% poi=rl p3:=1% pyi=1r% pt = p;ﬁﬁ“. (2.171)
With (2.145) to (2.148]) we get
n' =ip; 'Vnl; Vil = —ipim, (2.172)
¢ = ipy Ve Ve = —ipye?, (2.173)
n® = ipglﬁr]g; %778 = —ips3n®, (2.174)
¥ = ip; 'VEY; VE© = —ipag®, (2.175)

We then get by iterating these equations:

' =ip; lwzpl 'n') = ipy 'Viipy 'V (ipy VY] (2.176)
¢ =i, 'V(ip, Ve = glwpglvu 7 Ve, (2.177)
n® = ips 'V (ip3 ' Vi) = ip5 ' V[ips 'V (ipy ' Vn®), (2.178)
5 IV(zp4 Vgs) iDy 1V[zp4 1V(ZP4 st)] (2.179)

These equations are not optional; they are an obligatory consequence of the
wave equation of each spinor. Wave equations, iterated once, allow us to
define gauge fields from potential and mass terms included in the p,!. The
Standard Model has problems with the Yang—Mills fields, and we can now
see one reason for these difficulties: Yang—Mills fields are not independent
from the quantum wave since they are defined from wave equations. And
there are four kinds of definitions following the four kinds of representations
of Cl5. We now replace the column-spinors £ and 7 by the corresponding
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elements in Cls. We get:

(2.180)

VR' = —ipoRY; V(VRY) = —iV(poRY), (2.181)
(2.182)

(2.183)

~

VL' = —ip; L'; V(VL') = —iV(p1LY),
L

Vf8 = —ipgfsg V(V 8) = —i@(pgfg),

(
VR® = —ipyRS; V(VR®) = —iV(p4R®).

We now define the gauge fields F' as:

V(piL') = F}(LY) + 1 VLY, (2.184)
V(BaR') = FR(R') + p2VR', (2.185)
V(psL') = FS(L") + D5 VL', (2.186)
V(BsR®) = FR(R®) + paVR®. (2.187)

In any physical theory of fields, the link between potential terms and field
terms cannot be arbitrary. For instance, the gravitational potential of the
sun is not postulated but calculated from the equations of the gravitational
field. The main novelty of the previous relations is that the gauge
fields are different with left waves and with right waves. And we
must recall that a photon is always a purely left or purely right wave. Since:

OL' = ~i[F}(LY) + B1VL'] = ~iFL(LY) - Bu(—ip DY), (2.188)

and with:
pEL = Pn *Pn = pnﬁn = ﬁan (2189)

The second-order wave equations read:

0= (O+p?+iFL) (LY, (2.190)
0= (O+p3 +iFL)(RY), (2.191)
0= (O+p2+iF3(I), (2.192)
0= (0 +p3 +iF5)(R®). (2.193)
We then have:
FL(LY) = i@+ p)(LY), (2.194)
FR(R'") =i(0+p3)(RY), (2.195)
F}(L°) = i@+ p3) (), (2.196)
Fp(R®) = i(0+p3)(R®). (2.197)
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2.3.6 Weinberg—Salam angle

This parameter of the Standard Model is an angle which measures the
mixing between the photon and the other gauge bosons of the U(1) x SU(2)
group. This Ay angle satisfies:

q q €

= ; = = — 2.198

o cos(Ow) ’ 92 sin(fy ) 1= he ( )
2q

—-q1B W3=4/g2+¢272°= —~__7° 2.199

gl + 92 gl +92 SID(QHW) ( )

B = cos(fw)A —sin(0w)Z° ; W3 = sin(Oyw)A + cos(0w ) Z° (2.200)
B+iW? =€ (A+iZ%; A+iZ° =" (B+iW?). (2.201)

With the equations (2.139)) and (2.140)), grouping together the three terms
W7, we replace 3W?3 by W, and in the place of the previous equations we
then let:

q e

q
_ g — - ° 2.202
an cos(Bw) ’ 92 sin(fy) 1= he (2:202)
A = cos(0w)B + sin(0w)W; Z° = —sin(fw)B + cos(fw )W,  (2.203)
B = cos(fw)A —sin(Ow)Z° ; W = sin(0w)A + cos(Ow ) Z° (2.204)

B+ iW =" (A4iz%; A+iZ°=e "W (B+iW). (2.205)
The system of wave equations of the electron is now expressed as:
0=(V+ i%lB + i%zW +ilv) L
0= (V—igB—irv)R". (2.206)
And with the previous definitions this is equivalent to
0= [V —i(gA +rv) + igT Z°]R*; T = tan(0w),
0=V +ilgA+1) +id (-7 + 1)7L" (2.207)
Since there is only one way to express the X and Y terms as sum and

difference: X = 1/2(X+Y)+1/2(X-Y)andY =1/2(X+Y)-1/2(X-Y),
we recast this system in the form:

— v el 0, 4.1 o] pt
of[v ilgA +1v] — i (- — 3T)Z +z4(T+T)Z]R,
_ : ALy g0, 4L o] 71
Of{V+z[qA+lv]+z4(T 3T)Z]+z4(T+T)Z}L. (2.208)

We obtain the wave equation of the electron (1.147)) only if the Z° terms
have only one sign, positive, thus only if 37" — 1/T is cancelled. And this is
just the case if 6y = 30°, which we obtained in [32] via another reasoning,
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independent of the previous one. Moreover this result was also obtained
by Stoica in a completely different manner [103], which supports this result
and gives

1-1_
V3 T

We then have:

1
T = \/§:3T;3T—T:0;

(T + %) = %. (2.209)

LS

v - 4 o] p1
0—[V z(qAJrrv)Jrz\/gZ}R,

. -4 0|71
0 [V+z(qA+lv) HigeZ ]L . (2.210)
The rotation of 30° that the Weinberg—Salam angle makes, is thus shown to
be the simple rewriting of the gauge terms as sum and difference of terms
that apply to the left spinor and the right spinor of the electron. Moreover
it turns out that the calculation of this angle from the experimental data
through the approximation method of quantum field theory gives a value
near 30° and which gets closer for the data with low energy-momentum.

2.3.7 Consequence for the neutrino—monopole

The Weinberg—Salam angle links several properties: the Z° boson has
a proper mass greater than that of W™ bosons. The experimental ratio of
masses is in the vicinity of the 2/v/3 ratio resulting from the 30° value of
the Weinberg—Salam angle. Other properties are the null electric charge of
the neutrino and the null proper mass of the photon. The equations of the
left and right waves of the neutrino-monopole are now:

0= (—iV +b— 3w +mv)L, (2.211)
0=V +2pb+mv)R . (2.212)

With the 30° value of the angle, this becomes:

0=[-iv+ Ta=-2" - L4+ 2%+ m|T, (2.213)

0
0=[iV+pgA—2")+ mrv]ﬁ8; 7" = % (2.214)

. . . —8 ..
The potential A cancels out in the wave equation of L, and this is the reason
for the neutrino being neutral, which means without electric interaction. We
recall that this system is equivalent to the single equation summing the two

. -8 —8 .
equations of the system, because L and R are two independent columns
—8
of ¢ :

0= V5 (—ios) — 2¢Z"L° + pgAR" — pgZ"°R> +myvL° +mvR® (2.215)
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If p = —2, a value that we will also explain in Chapter 4, we can put together
the two terms containing the Z° boson:

my

0=V oo + qA$8(1 —03) — AT R (Tgl 0 ) ; (2.216)

0=V 021 + A (1 = 03) — 2070 05 + v m®; m® := (ml . ) :

0 m,

2.4 Energy—momentum tensor

The Dirac equation uses a unique Lagrangian density but in fact several
different Lagrangian densities are possible, all stationary because identically

null. In (2.153) we let

=1 Mpay M oaz T g
O—E—klﬁ +kr£ +km1£ +km,.£'

We encountered in Chapter 1 the other density that may be formed from
the single electron wave. These two densities are generalized as:

m m m . m
O=Lt=—L'+—L>+—L3+—r*=C 2.217
kl + kr + kmy + km, ’ ( )
_p—_M M 5 M 3 My
0=L = klﬁ krﬁ + kmlL —kmrﬁ .

The existence of several other Lagrangian densities is obtained by assigning
the two minus signs differently. Each of these Lagrangian densities (2.153))
is invariant under C13 and also invariant under translation. To each of these
invariances is associated a conservative current (Noether’s theorem). The
energy—momentum tensor is the tensor associated with invariance under
translation. Tetrode’s tensor 7' is the tensor associated with £*. The
tensor associated with £~ generalizes the non-interpreted tensor V' of Costa
de Beauregard["V] [51]. They satisfy

Ty = %[(%n”a“dbnl + %ﬁlTﬁ“d}aél

m m —~
+ k—mn%“diws n k—wgsfa#d%gfﬂ)], (2.218)

10. In this note Costa de Beauregard pointed out that the V;; tensor is non-interpreted,
which means it is without equivalent in classical physics. We may see that this tensor
is obtained |22] by replacing o with 73 in the definition of Tetrode’s tensor. This
replacement also changes the J current into the K current and is equivalent to the passing
from £7F into £~. This induces the astonishing idea that two energy—momentum tensors
exist in the wave of the electron. The existence of two Lagrangian densities and of two
energy-momentum tensors was first encountered in de Broglie’s theory of the photon
[55][56] .
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m m 14~
Vi = %{ - (Hn”a”dbnl - Hf”"“d}m\fl

m ~
+ oo 5| (2.219)
where the operators d) are defined as:
dint = (—i0y + 3)n', (2.220)
dmfl (=i +73)E", (2.221)
— (—idx + )0, (2.222)
AsS (—idx + ). (2.223)

The energy—momentum tensor 7' is thus the sum of four tensors, one for
each spinor of the leptonic wave:

m m m
T="011 T1 — T84 78 2.224

T\ = %(anU“dlel) (2.225)

We obtain the three other parts simply by replacing n' with &', n® and €8,
and by the replacement of the o* with o# whenever we replace n by £. It
is thus enough to study 7} and then to apply this procedure to the others.
What we carry out here is the generalization of the study in Chapter 1.
And so we may then again use the same method of calculation which, with

(1.285)), gives:
0, TH" = 0, Tt\o* = R[0u[n' Tt (—idn + 13)n']] o
- 8‘%[8”[7177”0“3,\771 + 13D o™ (2.226)
Next we use the wave equation of n', and this gives
V' = —il'nt; 9,D;" =0, (2.227)
0T = R[[—i(Vnh)Toan' — in*Tor(Vn') — D}0,15]] o™
= R[—i(in'T1")orn" — in'Tor(—il'n") + (9,13)D}" o™
= (0ul) — OaI},)D o™, (2.228)

Similarly, with the right wave of the electron, we have:

0,TE" = (Dur} — Oxrl)Di o™, (2.229)
0, TE" = (0,15 — OxI5)DJ o™, (2.230)
0T = (91§ — orrd DY o™, (2.231)

The complete electromagnetic field F' with magnetic monopoles is the sum
of a purely electric field that we denote as F¢, and of a purely magnetic
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field that we denote as F™. They satisfy the following:

A" = 0; 8,LZ0“ =0, (2.232)
F=F¢+F™ F°=VA= E iH: E:—aOA OAg; H=9x A
F™ = ViZ0 = E™ +if™; ™ =8 x 20, H™ = 8,7° + 070. (2.233)
We thus have:
Ffy = 0,Ax — O3Ay; iF) = 0,2 — aAZ[?, (2.234)

m po,m W m Iz M A
auT“zﬁauTi Jr—a,iT}2 +%0MT§ + LT = 0,T o™,

0T} = %%Ti c') S o 9, T8+ TZ 9, T8, (2.235)
T
And we have:

ll:b+3w3+lv:%(A—Z’O)—i—g(A—f—Z’O)—i—lv

=q(A+2"7) +1v, (2.236)
' =2b+rv=q(A— 27 +rv, (2.237)
B =b— 3w’ +my = J(A=2°) = L(A+32") + my

= —2¢7" + myv, (2.238)
8 = 2pb 4+ m,v = pg(A — Z'°) + m,v. (2.239)

With the left wave of the electron we obtain:
T = (Oul} — OAL,)DY
= [0(0uAx — O\Ay) + (0, 7' — OZ'0) +1(Duvx — Oav,) | DY
= (qF{\ +iqF;} +1G,0)D}" (2.240)
Gux = 0uva — Orvy, (2.241)

where G is a bivector similar to the electromagnetic field. With the right
wave of the electron we obtain:

0,1l = (9,r} — Orrl)DY
= [¢(8,Ax — O\A,) — (D, Z’O - aAZ'fL) +1(0,va — Oav,) DY
= (qFS\ — igF}} +1Gux) DY (2.242)
With the left wave of the neutrino-monopole we obtain:
DT = (9,13 — rI5)DY
= (00, Ax — O\Ay) — 20(8,2'% — O2Z")) + mu(8va — Drv,) DG
— (0F, = 2iqF5 + miGn ) DI (2.243)
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With the right wave of the neutrino-monopole we obtain:

auTz%\ = (@ﬂ"?\ - 8>\7”2)D?%“
= [pa(8,Ax — OA,) — pa(8, 23 — ONZ')) +mp(Dv — Oav,,)| DY
= (pgF, — ipgF,5\ + erM)D}%’L. (2.244)

Adding, we get:

qd e (M1 m_1 mp .8
0T = i Fia (7D + TDH + "D )
4 m (T N1 m_1 m g m g
+ Z% ) (TDL# — ?DRM — 2EDL# 7pm7TDRp‘> (2245)

m 1 1 8u 8
+ ?GM(DL“ +Dg'+ D} +D3).

This gives:
0uT" = [aF, (3" + ;Zj: D) (2.246)
copm (Ml Moot o M8 T 8 | T TAY P
+iaFj3 (D - 5D S pkaDR)+ F Cmdt)]

We see that the Di“ term is missing in the first line: this results from the
neutrality of the left wave of the neutrino which does not see the electric
interaction (hence the name "neutrino"). When the electron is alone, when
weak interactions are not at play, nor the G field, it remains:

0T = qFip (1D} + %D}%‘)oA, (2.247)

kl k

This gives the Lorentz force (1.305) acting on the electric current j. =
e(#Dy + 2D} ) of the electron.

2.4.1 Probability density

The component T of the energy-momentum tensor satisfies:
[m m
1§ = ®| —i( g0 dion’ + € ke

M o8ta8 8 MM .8t 8 (8
o’ + et | (2.248)

For a solution to the wave equation with an energy F that is the same for
the whole wave, we have:

) E . . E 5.
_Zd}?,ofl = %fl(x); —Zd%()gS = %fs(x),
F

. E . .
—idzon' = =0 (%) —idjon® = —n*(%). (2.249)
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We then have:

70 — 1l 4 mo1taq m 8’[8 81 ¢8
0 h(k:l " k£§+kml ‘55)
E/rm m
= T pyo 4 M pso DSO) =230 (22
hc (kl O+ BT km, + km, B hcll’ (2.250)

It is the J; current which is a generalization of the J current in Chapter 1.
The reason of the existence of a probability current in physics is the same:
the equivalence between inertial mass and gravitational mass which implies:

E = ///dng; ///vaO : (2.251)

2.5 Quantization of the kinetic momentum

Noether’s theorem derives the conservation of energy-momentum from
the invariance of the Lagrangian density under translation. In the same
way this same theorem derives the conservation of the kinetic momen-
tum from the invariance of the Lagrangian density under space-time ro-
tations. Relativistic mechanics replaced the group of spatial rotations with
the Lorentz group, but quantum theory also replaced this group with the
SL(2,C) group. And we extended this invariance using the greater group
GL(2,C) = Cl}. We thus start from the real Lagrangian density £~ and
from the energy—momentum corresponding to this Lagrangian:

/m . M 1y
Vi = %[ - Z(HU”U/ dpan' — HﬁlTU/ dpa&

m m ~
T k—mn%#diwg . k—mrfgfal‘d%ggﬂ. (2.252)

We note two possible methods for the demonstration of Noether’s theorem.
However that of Lasenby [83] in the Clifford algebra does not specify in detail
what comes with a wave with spin 1/2. Thus we will take the method usual
in quantum field theory and we will follow Bailin [2]. We consider a general
transformation of the form:

M=14+= (&u +6wloy 4+ 6w?oy + dwdos + dwhioy + dwdicy + dwlios 4 dw’i)
(2.253)

where the eight Jw™ are infinitely small. We have
Mt=1+ 2(5w + dwloy + dw?os + dwios — dwioy
— dwioy — dwlios — dwi)

X' =x"o, = MxM' = x + 6xto,; oxM = XI'ow (2.254)
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This gives

5X0

= x"0w? + x'ow! + x?0w? + x30w?,

oxt = x%w! 4+ x1ow? + x26w’ — x35w®,

0x? = x"0w? — x10w’ + x%6w’ + x30w?,

ox3
The only non-null X!

Xg =
Xg =
X3 =
X§ =

= x%6w? + x16w® — x20w* + x36u0.

are then

XO; X:? :Xl; Xg :X2; X?? :x3,
Xl' Xl _XO' Xl _ —X3' Xl _X2
bl 1 — ) 5 — 9 6 — 9
X2 X2=x% X?2=—x' X?=%x°
) 2 ’ 6 — b 4 — 9
XS; Xg :XO; X;I’ = —X2; Xg’ :X17

123

(2.255)

(2.256)

Bailin denotes the different fields ¢, and their variations are denoted as

dpg = qb?éwi.

(2.257)

Since we may use the adjoint to obtain the real part, we can opt to consider

only four spinor fields:

or=n" p2=¢" @3 =n% @1 =&

And we have

(2.258)

n'+on' = My € 456" = M¢s 0P+ on® = My; €8 4565 = MP,

— 1
M:1+§(5w0—6w1

+ (5&)47;0'1

This gives

o1 — dw?cy — dwios

+ 6wiioy + dwlios — dwi).

2061 = 0wVt + dwlo €l + dw?oaf! 4 dwiose?

+ dwtio1 €' + dwPioat! + dwlioge! + dwTig?,

20mt = 6w'nt — dwloint — dw?oent — dwosnt

+ dwhioint + dwlioont + dwliosnt — dwTint.

(2.259)

(2.260)

(2.261)
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And we obtain two similar formulas for €% and 78. With the numbering in

(12.258) we get:

1

1
1_ 1 77 1_
¢0_27¢1 7¢2 0-227¢ 0-325
o5 = io LA "1 - n 2.262
4 — 1 2 9 ¢5 =102 9 ; ¢6 ZO_S ; ¢7 2 ( . )
1 1 1 1
¢2_§ ; ¢1 1573 ¢2 2%7 ¢3_U3§2
1 1 1 1
# =i ¢5_ZU2%, G =ioss di=i, (2:263)
8 8
n® n® 1
QS:S:?; Qﬁ’:_("l?; (;5:3: 27 (bg__a?)?v
8 8 8
93 = i011§ ¢3 = iaz%; b5 = iog%; ¢ = —i%, (2.264)
8 8 8 8
=5 =l di=0t s=ad,
& 58 58 &8
iifwl LBl =ion dh =o' of = +i5 (2.265)

Since the £™ and n’ ™ are also solutions of the wave equations, the Lagrangian
density always satisfies 0 = £'~; thus Noether’s theorem associates to each
of the eight parameters w® a conservative current:

oL~ oL~
o — ) v
jl—(iaw —£5>X-—7
! a(a;ﬁpa)( v a) v ! 8(8M<pa)
In comparison with this general formula we obtain a simplification because
our equations are homogeneous, and this is associated to a Lagrangian den-
sity that is exactly null. Thus the currents satisfy:

L. (2.266)

oL~ oL~
= (0upa) | X} — ———— 7. 2.267
3t = (5,57 0) a@%)@i’ (2:267)
With (2.149) to ( m ) the Lagrangian density (2.217) gives:
oL~ oL~ 1t i, oL~ oL~ 14
= = = — +7 "
T~ T~ " e~ A
(2.268)
oL~ _ oL~ _ im 8t . oL~ _ oL~ 4 im eSton

00ups) 00w 2kmi | T 9Oupa) 00,65 | 2kmy

Before, quantum theory only used quantities j}' to j§'. These six space-time
vectors join two other vectors, and it is precisely one of these new vectors,
j7, that we will use now. We have

it = ((%(Zm(ay%)))(? -

oL~

. 2.269
a(au%)% (2.269)
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The only X} that are not null are listed in , and this list contains
no X%. This comes from the commutative property: the generator ¢ of the
chiral gauge U(1) belongs to the kernel of the homomorphism f : M — R
from C% into the D* group of similitudes (see and . We then have:

oL~
o a
jE = ———07. 2.270
7 a(aﬂwa) 7 ( )
With equations (2.262)) to (2.265) and (2.268)), and since the adjoint of a
real is likewise real, we get

e 1 g1 77 L gu 51

m &8
2 pStgh 8tk (i) 2.271
+ 25 Pton(—) L 2Wasa<+z>2, (2:271)

which means:

1/m m m 1
= —(Zpty Mp s ) — -0, 2.272
7 Q(kl LY G DR T o DL G PR) T g (2.272)

With (2.251)), the proper kinetic momentum, usually called spin, satisfies :

JIJ it = [ et =5 22

We recall that this equality is obtained from the equivalence principle: the
total energy of the electron is equal to the sum over all space of the energy
density T3. We may then say that both quantization and general relativity
result from the same equivalence principle between inertial mass-energy and
gravitational mass-energy. This quantization of the spin from properties of
the wave equation was not obtained previously for two reasons: first, nobody
suspected the presence of a form invariance group more binding than the
Lorentz groupE. Second reason, nobody except the wise O. Costa de
Beauregard [51], saw the existence of the strange V' tensor in the wave of
the electron.

This quantization of spin concerns the complete lepton, with the two
parts that are the electron and the neutrino—monopole. It is the temporal
component of a space-time vector which is quantized, and this temporal
component is obtained by summing a tensorial quantity over the whole
space. This is both very close to what we know from the experi-
mental point of view, with the true value %/2, and very far from
current quantum theory since this does not come from the proper
value of a Hermitian operator.

11. This could be seen as early as 1928 but was obscured by the use of infinitesimal
transformations which masked the non-equality between SL(2,C) and the Lorentz group.
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2.6 Dynamics of the neutrino—monopole

The magnetic monopole may be viewed from three different perspectives
because it may be dotted of a right wave, or a left wave or both. The
magnetic monopole without a right wave is called a neutrino in today’s
physics. The j,, = gD% is thus null, and afterwards the k,, current is
reduced to the left current. The force acting on the neutrino is:

2
0T = FT ikl o Ly, = _ch DS, (2.274)
7 e mi. 7 rrm rrm T~ om
0, T = +f; 3 kb ot =Ky, - H™ + k), H™ — Ky, x E™, (2.275)
he 0 7m 7 om m ~m . rrm
?f:ka — Ky x E™; F™ = E™ +iH™. (2.276)

A second possibility which was not yet employed by the Standard Model
is that the neutrino—-monopole might only have a right wave. In this case
it interacts both with particles with electric charge and with particles with
magnetic charge, and (2.246|) is reduced to

pm _pm

hed, T = Fyjth o™ + FI3ikl o™ ky, = e D% jm = - D%. (2.277)

where g is the magnetic charge. We remark that the two currents linked to
this right wave are opposite. We must thus expect to get a different result
for the force acting on this wave depending on whether an electric charge
or a magnetic charge is at play.

The interaction between an electric charge and a magnetic charge (mag-
netic monopole) was previously described in a complicated way by writing
the electromagnetic field of the monopole as if it were of an electric origin:
F = VW instead F' = ViWW. Similarly the interaction between a magnetic
charge and an electric charge was described by Lochak [84] [85] using the
electromagnetic field created by the electron as if it were of a magnetic ori-
gin: F' = ViA instead F' = VA. But these calculations are correct because
we indeed have:

Fe\jt, = VAjl, = VikigDl,. (2.278)

We may then refer to these works [84] [85] for the demonstration of Dirac’s
formula eg/hc = 1/2. Since we just explained how the quantization of the
kinetic momentum follows from the equivalence principle, since the quanti-
zation of the electric charge and of the magnetic charge follows from Dirac’s
formula, we see how the quantization of charges also follows from the equiv-
alence principle and from the extended invariance.



Chapter 3

Electroweak and strong
interactions

We study the subspace of the Cl3 3 algebra corresponding to
the quark part of the fermionic wave (first generation). In the
framework of this algebra we study weak interactions of d and
u quarks. We present in the same framework the SU(3) group
of chromodynamics. We generalize the mass term of the leptonic
wave and we obtain the wave equations of quarks with mass term.
These wave equations are form-invariant and gauge-invariant pre-
cisely under the gauge group of the Standard Model. The wave
equations come from Lagrangian equations, solely derived from
algebraic properties of the geometric algebra. The dynamics of
the quark wave gives the forces acting on the charged and colored
fluid. This implies the quantization of the kinetic momentum of
the proton and the neutron as well as the confinement of the
quarks. The inclusion of Ci} into End(Cl3) fixes the orientation of
space. We explain the preference for the left waves.

3.1 The quark sector

We now study the ¥, part of the fermionic wave (2.2)

U0 v, U, 4 U
Yam ¥ <ol \Ifz) - <‘Ifrl—b‘1’g —j‘l’b g) ’ )
i i 2 ot
vevte (G ) (f}" i@) ’ 2
T3 _i(bd ¢Tu _ ¢3 ¢6T
U, =00 = < 5ugg _Z.g’;g) = <¢6 “a) (3.3)

127
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_ i 4 4Tt
U, = Ut = “iPap Q%p = ?7 ¢A4 . (3.4)
b —1Pab ¢ —9
So we replace the index of color r, g, b by an upper numeric index:
AR S ) N A
\Ilq = <\I/2 — 3 4 ; vr = a3+n —an . (35)

We use the identity in Cl3 between the adjoint o' and the reverse 25 Next
the P : ¢ — ¢ transformation is the main automorphism in Cl3 (parity).
We may identify W™ with its first row:

v (7)), 30

easing calculations with Cl3 x Cl3. The two supplementary dimensions of
time that should allow us to pass from Cl; 3 to Cl3 3 do not have physical
reality. This Cl3 3 is interesting only because Cl3 3 = End(Cls3). The six R™
and the six L™ are the only mathematical objects that are really important
in this chapter:

1—|-O'3 1—03
2 7 ¢ 2
D3+n e n1+03 T34+n e n1_03

R3+ :¢3+ 5 ;L3+ :¢3+ 5 (38)

R" = ¢" i n =234, (3.7)

As previously, electroweak interactions (and further strong interactions) are
obtained by replacing partial derivatives with gauge-invariant derivatives.
We always use the notation of [B:2] We indicate in which algebra we are
calculating as follows: The same vectors of space-time are underlined when
we express them in Cl3 3. They are in bold when we express them in Cl; 3
and will be in ordinary or in Roman when we express them in Cl3. In this
chapter we will use the index 0 for the time component of space-time vectors,
indices 4 and 5 being those of the two fictitious supplementary dimensions.
We let:

W9 =T“Wi, j=1,2,3; D=T"D, ; I°=Ty; I¥ = —T; i =Tous,

¥ 0 Wi o0

_ (0 D) H_ w_ (0 DY ,H_ iz
D—(D 0>,D—DM7 _(ﬁ 0 i D=D,o".

" ) . 0o wi . ;
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The derivation for the electroweak gauge now reads as:

D(¥) = () + LB Py(¥) + LW P (v),

We use two projectors P satisfying
1 . n 1 n : n
B:I:(\I]q) == 5(\11(] j:;\I/ngl); Pi(\I/ ) = 5(\11 +iv 721), (311)
P (™) =97, P_(I") = U}, (3.12)

And we define P;j(V"), j =1,2,3, n=1,2,3,4 (we recall that ¥; = U!):

Py (V) = Lo123 P4 (¥)I'35, (3.13)
Py (V) = To123 P (¥)['5012, (3.14)
Py(V) = Pr(¥)(—To123), (3.15)

P (0) =

=—j

L (P +iP;(TY)  Py(T2) + P(VP)\
2 <Pj(\1;l2) — P;(U3)  Pj(¥)) — Z-Pj@z;)) ,J=0,1,2,3.

The three operators P;, j = 1,2,3 act on the quark sector as they do on
the lepton sector:

PL(U"™) = 1P (¥")y375, (3.16)
Py(W") = iP (¥")(—ivs), (3.17)
P3(U") = P (") (). (3.18)

On the contrary the fourth operator acts differently on the wave of leptons
and on the quark sector (we will explain this difference at the end of this
section). Here we again use the operator Py defined in . The operators
acting on the waves of quarks have a similar yet nevertheless different form:

Po(\I/l) = \I/l")/Ql -+ (1 7p)P_(\I/l)i +piP_(\I/l),

1 .
Po(\I/n) = —gll’n’}/21 + P_ (‘I’n)l (319)

1 1
= —g‘l’n'}?l + 5(\Pni — i\pn’}/og), n = 2, 3, 4.
Even if p was null and thus there could not exist any magnetic monopole,
an important difference should subsist between (2.44)) and (3.19)), since the
coefficient of Wy, is 1 while the coefficient of each of the three U™~y is
—1/3. We remark that since the quarks have color in triplicates, the sum
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of the coefficient is 1+ 3(—1/3) = 0, which indeed is not at randomﬂ Next
forn =1,2,3,4 we let:

o _ (& 77’2’>.R”_<§? 0). n_(g;z)w_<ng>
ﬁ_<£§‘ ) Vv2 o \& 0 &= )= , (3.20)

while for n = 5,6,7,8:

P (gm0 (@) (o
\/§_<§£‘ n?)’ \/§_<§g 0)75 —(Q),n _<n?>' (3.21)

We then get for n = 1,2, 3, 4:

o (m &N Lm0\ (Y e (G

and for n = 5,6,7,8:

ﬂ_ n' —fg _i_ o0\ . (P a _g;%
\/§_<n3 Z?) \/§_<773 0)’77 —(ng)wf —(5?)(3.23)

P, is the projector on left waves and P_ on right waves. For n = 2, 3,4 we

have:
R™ E3+n " E?)Jrn
PUM=(_"3.,. "~ | P =(_5 T~ |, 3.24
(") (R3+ Rn) (07 <L3+ Ln) (3:24)

where we recall that the waves numbered 2, 3,4 are the states of color r, g,
b of the d quark, while the waves numbered 5,6, 7 are the states of color r,
g, b of the u quark. We have the same for the lepton part of the wave with
the upper indices 1 and 8 instead of n and 3+n. We then get for n = 2,3, 4:

1 .
Py(I™) = —g\l’n’}m + P_(¥M)i

i 2R™ + g _4E3+71 + E3+n
=5 —=3+n —=34+n = = ’ (325)
3 \4R - L 2R™ + L™
{ —=3+n —3+n =, =~
LBR (@) =bR(V") = £ (baR™" ~T*) bR + 1))

Since P;, P, and P; remain unchanged when we move on to the quark

sector, on the model of (2.57) and (2.59)) we have:

I3+n " _I3+n L"
P U™ =i~ _ain | Po(07) =42 - —3an | - 3.26
(o) z(_Ln ﬁ*) (") =i ( - L3+> (3.26)

1. This cancellation is very useful in the Standard Model to suppress the “anomalies”
linked to the chiral behavior of weak interactions. This played an important role in the
discovery of quarks and their three color charges.
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For j =3 we get:

] _In z3+n
P3(\I/n) =1 <_L3+n _En> . (327)
We then get:
TP (UMY = [ _il(wl — iw2)Tn 33N 1 o T 37n
WPJ(‘I/)—(—Z[( —aw?) L +wiL ] if(wt +iw?)L —WL])-
(3.28)
Now (3.10)) yields:
DU" = §u" + %BPO(\II") + %Wij(\IJ")
=QU" + bPy(¥™) + w’ P; (™). (3.29)
This gives for the right waves
Fay = 20, ~ —3+n —3+n 41 —3+n
DR" = VR" - ébR”; DR = VR 4+ gbR3+ . (3.30)
And for the left waves we get:
Tn Tn i Tn . 1 N 3Tn
DL" =VL" — gbL —i[(w" +iw )L —w>L"], (3.31)
DL = v - %bf“” —i(wt —iw) D" +wI T (3.32)

Since the operators P;, P, and P act exactly in the same way in the sector
of leptons and in the sector of quarks, the gauge invariance that we studied
in 2.3 works similarly. This allows us to obtain the gauge field’s values. And
instead of (2.116)) and (2.137)) we have:

DrLL, 3+n ’Ldz’ 34+n _ 2LnL3+n; Dz _ Lnin’ Di—&-n _ E3+nL3+n’
W, =Dp?™ Wi =dp ™ Wi =D — DY (3.33)
We add an index n to the W7: even if they have the same properties, the W}
change with the color or when we pass from leptons to quarks. The gauge

invariance is similar to that of the lepton wave. The result, as with the
lepton part, is a simplification of the covariant derivatives which become:

~ ~ 21 ~
DR" = VR" — gsz",

DL" = V" - 2bL" + 3iwiL"s w), = 2w, (3.34)
_ Caim 4i —sin
DR = VR 4+ ShR,

DL = VI - %bf”” — 3w3T (3.35)
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By using a Weinberg—Salam angle of 30° in the lepton case we have:

b=dA— L 70 33 = qA+ q\f (3.36)

2 2V3

We thus have for the d quark:

DR" = (V —qu—|—2722)R ,

= .q . 5q o
DL" = V—l—zfA—Fz—Zn L", 3.37
(V+ifA+i020) (3.37)
Do =V + LAgro, +i—LZ0(R™ + 5L7).
3 3V3
This matches well what we expect: The electric charge of the d quark is
exactly a third of the charge of the electron (negative). For the u quark we
have:

~ 2q
DR¥™ = (V4 i — =L 70)R3+n
3 \f n
~ 4q
DL = (V — —A —2_Z03+n 3.38
(V—igA-iz=Z) (3.38)

2 - R
D" = VG — ZIAG " o1s — 1'73\‘1/322(233” + 415,

Here we also obtain the expected result since the charge of the u quark
is positive and equal to —2 times the charge of the d quark. What we
obtained in the first chapter for the charge conjugation is indeed conserved:
the antiquark of d seems to have a charge equal to half of that of the
quark, and the antiquark of v seems to have a charge double that of the d
quark. We also recall that the charge conjugation is not only an apparent
change of sign of the electric charges: the right and left waves are exchanged.
Here we have an important result which reduces the number of
free parameters in the Standard Model: the simple replacement of
the coefficient 1 of W91 by —1/3 in P, is enough to obtain the two values
of the electric charge of the two kinds of quarks. Thus we have only one
free parameter instead two.

3.2 Chromodynamics

The Standard Model considers strong interactions as resulting also from
a gauge invariance under a SU(3) color group, from whence comes the word
“chromodynamics.” We transpose this group to Clifford algebra in a manner
similar to that used for weak interactions. We now define I'j, in a manner
similar to P; of the previous section. We know the i) generators of the
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SU(3) group of chromodynamics:

0 i 0 0 1 0 i 0 0
iM=1i 0 0], id=[-1 0 0],ixa=(0 —i 0],
000 0 0 0 0 0 0
00 i 0 0 1 00 0
iM=[0 0 0],ixs=0 0 0f,ixg=[0 0 |, (3.39
i 00 -1 0 0 0 i 0
0 0 0 ;{100
=0 0 1],id=—]0 1 0
0 -1 0 V3o 0 —2

Simplifying the notations, we use I, r, g, b instead of ¥, ¥, = U2 ¥, = ¥3,
U, = U, So we have

C(l+ib r4g
\I/_<r_g l_ib). (3.40)

The unique i of nonrelativistic quantum mechanics must not be confused
with the ¢ of the above relation, which is responsible for the orientation of
Cls. Thus in Cl3 x Cl3 we must instead use i = 7g123, which does not
commute. Therefore gives:

r ig r g r ir
i\ gl = ir R iAo gl=1-1, i3 gl = _ig ,
b 0 b 0 b 0
r ib r b r 0
b ir b —r b ig
r 0 r 1 ir
ixlgl=1(b],ix|g]|=——=]| ig
b g b) V3 \ o
The Ay corresponding to the i\, acting on ¥ are:
1
Ay (V) = —§(F45‘I’ +T01230S); S =To12345, (3.42)
1
Ao(¥) = —§(F4‘I’F01235 + Lo1235WTy), (3.43)
1
As(V) = §(F5‘1’F01235 — To1234¥Ty), (3.44)
1
Ay(V) = - (To1239Ty — To1234 ), (3.45)

2



134 CHAPTER 3. ELECTROWEAK AND STRONG INTERACTIONS

1
As(¥) = —i(S‘I’F01235 + 12350 5) (3.46)
1
Ag(T) = §(F01234\I/S —Tys0Ty), (3.47)
1
A7(¥) = 5 (To1235 ¥ — UT01255), (3.48)
1
Ag(U) = — — (203450 + Ts Ul1955 + Co1oss UTy). 3.49
s(¥) 2\/3( 45 0123 01234 ¥T) (3.49)

All A, project the ¥ wave onto the quark sector ¥,. Thus the lepton part
of the wave does not see color forces.

We extend to strong interactions the gauge-invariant derivative of the
electroweak interactions (3.10) by letting:

D(¥) = )W) + LB Po(¥) + ZWIP,(0) + LG A(Y), (350

where g3 is another constant and the G* are eight potential vectors called
gluons. Since I, commutes with any element in Cl; 3 and since P;(i¥;,q) =
iPj(¥;pnq) for j = 0,1,2,3 and ind = 1,7, g, b, we find that each operator il'y
commutes with all operators P;. Now we use twelve reals: a,al, j=1,2,3,
bE, k=1,2,....8, and we let:

7j=3 k=8
So=a’Py; S1 =Y a'Py; Sy =3 WAy B=5+5+5, (351)
j=1 k=1

and by using the exponential function we get:

exp(X) = exp(Sp) exp(S1) exp(Sz) = exp(S1) exp(Sy) exp(S2)
= exp(Sp) exp(S2) exp(S1) = ... (3.52)

in any order, thanks to the commutation of P, with P;, j = 1,2,3 as
well as the commutation of P;, j = 0,1,2,3 with Ag, k =1,...,8. The
set of exp(S) operators is a U(1) x SU(2) x SU(3) Lie group. The only
difference from the Standard Model is: we do not need to postulate this
structure since it results from the calculation of commutators. The
invariance under Cl3 (and consequently the relativistic invariance) of this
gauge-invariant derivation is similar to that obtained in 2.2.3. The gauge
invariance [36][50][45] can be expressed as:

U’ = [exp(a’Py + S1 + S2)|(V) ; D=A*D, ; D'=A"D;,, (3.53)
D, V' =exp(a’Py + 51 + $2)D, ¥, (3.54)
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2
B, =B, — ;auao, (3.55)
1
. ) 2
WP, = [exp(S1)WiP, - gau[exp(Sl)]} exp(—S)), (3.56)
2
G/l = [exp(S2)GEA - g—g@u[exp(SQ)]} exp(—Sa). (3.57)

The SU(3) group of chromodynamics generated by the Ay operators only
acts on the quark sector. By letting:

: 1 v, 0
diag(¥) = 1(\I/ + SUS + Ty Uy —Toi235VT01235) = ( Ol ‘I/l> ; (3.58)

we have:

diag([exp(bkAk)](\I/)) — diag (). (3.59)

This comes from the fact that we begin with operators that do not at all act
on V¥,;. For the contrary case to be possible it would be necessary to consider
some operators similar to Ay coupling the wave of ¥; with one of the three
" waves. This cannot exist because these operators project the right waves
onto right waves and the left waves onto left waves, and because the right
waves and the left waves of the lepton part, in weak interactions, transform
differently compared to the waves of the colored part of the whole wave.
We then get a U(1) x SU(2) x SU(3) gauge group for a wave incorporating
all the fermions of the first generationlﬂ This is certainly well established
experimentally. The novelty here is simply that this emerges directly from
the structure of the quantum wave. Since it is independent of the scale of
energies we can understand why the grand unified theories (GUTs) had no
success: it is impossible to have a greater group. Thus it is impossible that
a quark may be transformed into a lepton. This implies the conservation of
a quantity that QFT calls the baryonic number. Moreover this conservation
was experimentally supported by neutrino observatories like Kamioka. We
may say that our transposition of the Standard Model into Clifford
algebra automatically satisfies this law of conservation. This is a
reinforcement of the Standard Model by concordance with experiment.

3.2.1 Three generations, four neutrinos

The purpose of physical theory is the understanding of experimental
facts. Nowadays we must both justify why there are only three kinds of
leptons and quarks, and also why there is a fourth neutrino, very different
from the three others. Experiments show the existence of only three kinds
of light leptons from studying the disintegration of Z°, and experiments also

2. Later we will see how this group acts on the lepton sector only via the U(1) x SU(2)
part. The physical interpretation is: the leptons are incapable of strong interactions.
They interact only via electromagnetic and weak interactions.



136 CHAPTER 3. ELECTROWEAK AND STRONG INTERACTIONS

suggest the possibility of the existence of a fourth neutrino. We justified the
existence of three kinds of leptons in the previous chapter. This is easily
generalized to the three generations of the Standard Model. The two other
generations are obtained by replacing the o3 of the Dirac equation by o
or o9 everywhere this direction is in use. Moreover, the passing from one
generation to the other must be seen as a circular permutation of the indices
1—2—3+—1lorl+— 3+ 2~ 1 for the other generation. For instance,
the o3 used for the projector defining the right wave and the left wave must
be replaced by o7 or o2. And the oy that links the wave of the particle and
the antiparticle must be replaced by o5 or o3. These changes force us to
treat each generation separately, and this explains the separate treatment of
each generation in the Standard Model. Yet for a fourth generation a similar
case is not possible, because the Cl3 algebra is the algebra of ordinary 3-
dimensional space. There it is impossible to get a fourth set of operators
similar to the P,,.

But the existence of a fourth neutrino [27] is possible because Cl3 con-
tains four independent terms with square —1. The wave equation of the
electron uses one of these four terms: o3 = o15. Further, the equalities
101 = 093 and i09 = 037 explain why two other kinds of leptons exist. We
can also build a form-invariant wave equation with the fourth generator
1= 0123: L

&(Vo)oiaz +mp = 0. (3.60)

Multiplying on the left side by ¢ - we obtain using p = e~ #$¢ the equiv-
alent equation:

Voi+me Pp=0; Vo=ime Po. (3.61)
We may extend the gauge invariance to a local one:
0= Vi+ g1 Bo +me o (3.62)
This is equivalent to
0 = iVn + g1 By + me P¢, (3.63)
0 = iVE + g1 BE + me 7. (3.64)

Contrary to our improved wave equation for the electron which has the
Dirac equation as its linear approximation, this wave equation cannot come
from the linear quantum theory: no linear approximation exists because the
angle 8 is no longer small. This angle is now the phase of the wave. We
nevertheless may obtain the plane waves. We search for solutions satisfying

p=e"py; p=muat; v=octv, (3.65)
where v is a fixed reduced velocity and ¢ is also a fixed term. We get

Vo = a”&u(ewao) = imve?¢y. (3.66)
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And we have

b = e Phoe Py = e P . (3.67)
Then if we let B ‘
b0y = poe'™, (3.68)
we end up with:
B=PBo—2p; e B =e o020 gmivg — o=ilBo—e) g (3.69)
Hence (3.66)) is equivalent to
imve'? gy = ime"Po—) g (3.70)
v(go = e Pog; ePovgdy = do- (3.71)
By conjugating we get . R
e~ BoBpg = ¢o. (3.72)
Therefore we have
do = ePovgy = ePoyle=PoBg] = vigy. (3.73)
Then if ¢g # 0 we get:
1 =0, (3.74)

which gives 10 = /1 + @2 or v° = —/1 + ©2 and since (3.71)) implies:
do = ve'™dg; Do = dodo = ve’® Pogy = ve'P pe 0 = vpy,
DY = v%p0; v° > 0; v° = /1 + 2. (3.75)

Therefore no plane waves can exist with a sign of energy opposite to the
sign of the mass. This wave equation may have a gauge term and may be
expressed in an invariant manner of the form:

0= 3(Vd)i+ dgBd + mp. (3.76)
Using the reversion we get
0= —i(gV)(E—l— qBo + mp. (3.77)
Given to we have:
(V) = %(v D)ot + iwoh, (3.78)
B¢ = (B-D,)o". (3.79)
Adding and subtracting and we get:
0=V-D,, pn=0,1,2,3, (3.80)
0= —wo + B Dy + mp, (3.81)

0=—-w;+B-Dy, j=1,2,3. (3.82)
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The four equations (3.80) are the laws of conservation of the D, currents.

Hence the probability current density is conserved. Multiplying by 571 on
the left side (3.76)) is equivalent to (3.62)). This is equivalent to the system:

0 =1iVn+ ¢Bn+ mvn, (3.83)
0 = iVE + ¢BE + mvé. (3.84)

Thus with v the wave equation is:
0= (V)i + qBd+ mve. (3.85)

Since ¢ commutes with o7, the multiplication by ¢ on the right side of this
equation changes nothing: the fourth neutrino-monopole is its own
antiparticle.

3.3 Preserving the mass term

Similar to the previous section, and the previous chapter, a generaliza-
tion of the mass term is possible for the improved equation. To see this we
begin with the simplification of the part of the gauge-invariant derivative of
chromodynamics: we consider equally the three SU(2) subgroups of SU(3)
by using the potentials:

hl gs Gl h2 g3 G2 h3 h3 g3 ( a3 _ GS)
2 V37’
936, 12 _ 93 ~7. 13 3_93(m3 G*
by = 265 03 = L6 g - = £ (e - \/g)
93 ~a. 1.2 93 5. 1313 _ 98 (G
3= 500 2 78T g ( \/3) (3.87)

These potentials introduce no supplementary dimension into the gauge
group because the sum of hf —h3, h3 —h? and h3 —h3 is null. Next we note:

n=n mod3; 3=3;4=1; 5=2. (3.88)

For the gauge-invariant derivative some supplementary terms appear con-
taining the gauge potentials G* or h? :
93 1k _ [ S(¥?) = S(¥?) S —iS(v?)
3 & Ak(Y) = (5(\1/1) S S(U?) + S(Ty) ) (3.89)
S(¥y) =0, (3.90)
1
S(W?) = %3 [(G1 ~ G%)ivP — GHU? 1 (G — GBH)ivt — ﬁiegqﬂ}
= (h] — hi1)iv?® — h$i¥? + (h} + h3i)iv* + h3iv?, (3.91)
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S(U3) = %3 [(Gl + G21)iv? + G + (G® — GTH)iT* —

= (h} — h21)iv* — h3iv? + (hi + h?i)iv?
S(U4) = %3 [(G4 + G + (GS + GTi)iTs +

= (h} — hZi)iv? + h3iv* + (hi + h3i)iv?

139
1

—G3?
ekl

+ hiiv? (3.92)

2

——G8iv!

vekadl

+ h3iv?, (3.93)

The cancellation in (3.90) means that leptons do not experience strong
interactions. Next the use of the modulo 3 indices allows us to express the

general formula as:

S(¥") = (hy,_,—h} i

We have with (3.50)):

D(W) = Dv2 —-DV? DV! —iDY?
= “\DVY, +:D¥* DU2+4+DU3 )’

DV, — 87, + %BPO(\IH) + %Win(\Iﬁ)
" — 9 + %BPO(\P”) +
= QU™ + bPy (V") + w’ P; (") + S(T™).

We also have with the notations in [B.1.2}

(hy_y —hy_i)iwnt = (—(h1 1+ ihZ 1)¢3+L+1
bt =i (1,3 ).
We next have:
n . —3+n+2
(h1+1 + hn+1 iwst2 — ( (h}LJrl zhn+1)¢ —=
0" =i (8 " b0t
Then if we let ,
n —34+n Tn
s = (s@*) s@m),
we get:
—3+n . 3+n+1
S(@" ") = —i(h}_y +ih;_y)p
—3+n+2
(h}l+1 Zhn+1)¢ -
o —3+n+1
S(¢") = —i(hy_y +ihi_1)¢" — +
(h}z—&-l Zhiiﬁﬁ”” — ih?

g j n n
5 WP (1) + 5(¥7)

DUt —hii0"+ (b, +hy DIV 4R 0T,

(3.94)

=0V, + bPy () + w’ P;(¥)),

(3.95)

(b b2 )3
(3.96)
~(Bhy — b3 )PmE2)
(3.97)
(3.98)
1¢3+n
h3+1¢ (3.99)
’Lh3 1¢n
Lo (3.100)
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For the part contamlng the derivative and the electroweak interactions we

use equations (|3 to . And

right waves, Wthh allows us to get

we use the conjugation M > M on the
for the gauge-invariant derivative:

—iDR" = —iVR" + %BR” +(hh_y —ih?_)R™L 4 (b}, +ih2,,)R™2
- (ﬁiq n+1)Rn (3.101)
—iDR¥" = —iVR*" — %BE“” + (b}, —ih2 )R (3.102)
+ (h1+1 + Zthrl)R?’JrnJr2 (h3_, hi+1)R3+n
iDL™ = iVL" + gin +wh +iw?) I - w3 (3.103)
+(h) 4 +ih? )L™+ (h}wl Z]f1n+1)L"+2 — (b, h2+1>in7
iDL = iVIT 4 §L3+” (W) —iw2)I" +wiI™™"]  (3.104)
() + b2 Il i )T - )"

For making this gauge-invariant derivative compatible with the mass term

(and we recall that the mass term

allows us a direct link with inertia and

gravitation), we derive this in a manner completely analogous to that used
in for the lepton part of the wave. The mv¢gois form of the mass term
of the improved equation of the electron is conserved. The only thing that
changes is the definition of the unitary vector v. We now have indeed twelve

chiral currents:

D3+n _

E?)-i-nL?)-i-n7
(3.105)

D3+n p3+n. 3+n __
R¥*n R3tn, DItn =

for n = 2,3,4. The J; current that replaces J; is the sum of these twelve

chiral currents:

n=4

Jy= 3 [Df + D" + D+ DE: o

n=2

2

o (3.106)

q

(Jq)2 = quq; Vg =

q

Since the J, current is the sum of twelve currents the calculation of the
squared scalar product of this vector has twelve squares, all null since each

chiral current is on the light cone.

products of two distinct currents.
relativistically invariant terms:

And there are 66 = 12 x 11/2 scalar
Hence the pg term is the sum of 66

Zd d; + Zqu shay*

n=R'L"+ L"R" = 2"f¢" =

n,p,4

TL ’I’L

(3.107)
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where in the sP?, n = 2,3,4,5, and pq is one of the 15 possible pairs that

n
may be formed with two different numbers taken among 2,3,4,5,6,7:

qu — anTﬁq = —anT’l/’ip = Dlz . D%,
sh? = 2n91¢P = D}, - DY ; 547 = 29PT¢4 = DY - DY, (3.108)
P4 = 2ePter = _gguter — D? . D%,

The equations with mass term for the quarks are obtained exactly like the
equations of the lepton part (2.76) [45] [50]:

0=DL" + Q1qun012; 0= DR" + @2VgR" 012,
0= ngJrn + q;),qungnO'lQ; 0= l’jéS-&-n + Q4{7\qé3+n012, (3109)

and always for n = 2,3,4. We have four equations in triplicates; thus we
consider four proper masses hcq;, j = 1,2,3,4. As in 2.2 the mass term
mVU¥™ accounts for the separation of the U™ wave into four parts:

ar = (L*0); Wi, = <0 E3+n) ;
in=(R" 0); ip=(0 R%") (3.110)
m(U") = Vi + Vg 4¢3, + Vg (3.111)
= (CJlL” + @R gL+ q4}~33+”) .
And we gather these four equations together into:
0=DU" +vem(V")y1; vg= (0 vg); vi =1 (3.112)

Next letting:

vg[m(¥?) —m(¥3)]  vm(¥!) - ivqm(‘l’4)> . (3.113)

M(¥) = (Vm(\Ill) + Z‘vqm(\p4) vq[m(\Ifz) +m(¥3)]

The wave equation that generalizes the improved equation of the electron
is then expressed as
0=DUT g2 + M(P)T, (3.114)

while the equation invariant under Cl3 (we recall that this invariance auto-
matically implies relativistic invariance) is obtained simply by multiplying
on the left side by the reverse:

0= UDUTg5 + UM (V)T. (3.115)

It is the strict link between the reversion in Cl3 3 and the reversion in Cl; 3
which enables the complete separation of the mass term of the lepton part
from the quark part. This strict link is nontrivial and is established in [B.2].
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Moreover except in a very particular case, ¥(x) is invertible. We may thus
derive the invariant form (3.115)) from (]3 114) by multiplying on the left
side by ¥. And multiplying the left side of (3.115) by - 1 we can derive
the usual m form. We recall that this justifies, for all lepton waves,
that we are able to derive the wave equations from the Lagrangian density.
Then the same behavior is observed for the quark waves.

3.4 Invariance

The invariance of the (3.109)) equations is similar to that of the leptonic
wave studied in 2.3l For the form invariance that includes relativistic in-
variance, it is enough to add to (2.81) and (2.82)), and to the covariance of
the b and w/ potentials that of the gsG* or h™ that are derived from (3.87)):

W' =MW M; g, =rd,; r=|det(M)]. (3.116)
We derive:

OZD,E/ +q1V L 012; O—DR’”—l—q A/R/ 019,

0=DT"" 4 ¢! T 010, 0= D'R*™ + ¢ 7, R* 015, (3.117)

which implies the form invariance of the wave equations.
The gauge invariance under the U(1) group generated by P, results from

the equalities (2.93)—(2.94) in which it is enough to replace Py by P, with
the ¥ in (3.1). What changes from the lepton case comes only with P,
which gives:

Egi; ggggi;) ; Po(U") = —%‘I’"%l + %(‘I’nl + 10" y30),

(rr—r B o) b (R —Ree)
ignog in _dipste | §E3+n) =234 (3.118)
We then have:
U = [exp(a® P))(0") = (R™ 4 m RS 4 D)),
R™ = 2SR, [ = (i’ L, (3.119)
R3+n — 674m°/3§3+n; I/3+n _ gid® /3340

All left waves turn with the same angle a°/3, and only the left waves have
this property. This is how they come to be invariant under the SU(2) gauge
group mixing the different left waves. We get:

DITI; _ R/nﬁ/n _ e2ia0/3Rne—2ia0/3én _ Rnﬁn _ D% (3120)
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And similarly we have:
D'y =Dy; DT =D DR =D I = Jgs v = v, (3121)

and so the mass terms of the wave equations are invariant under the U(1)
gauge group. As in the case of the leptonic wave all left waves transform in
the same manner: this is what is responsible for the commutation between
the P, operator and the three P, j = 1,2,3. To study the other parts of

the gauge group we start from (3.95]), so that for n = 2 and with (3.91) we
have

U2 = 9U? + bPy(V?) + w! P;(¥?) + S(¥?)
=9V + bPy(V?) + w! P;(¥?) (3.122)
+ (h} — h2)iv* — h3i¥3 + (h! + h2D)iv? 4+ h3iv?,

With (3.1)) to (3.18) the previous equation is equivalent to the system:

iD§ =iVe —b(=R + L) +[(wh — iw?) L2 + wiL’]

iD$? =iVp® +b R2+ L5) (Wl +iwd)T° — wil?]

(
+[<h1+zh2> —hiw +[(h} —ih3)d +13s ), (3.123)
+[(h + zh2>¢3 h”] [(h} — ih3)¢* + h3e?,

There are two other equations when using the matrix representation of
Cly 3, which are equivalent to the two previous ones and result from the

main automorphism P : M — M. Next, by using this automorphism for
the right waves we get the equivalent system:
. , b .
DI = IV + 2+ (v} — i e
+[(hy +ih7)n® — hin’] + [(hg — i)y + hin?],
b
iD= iVn® + 2n’ + [(wh + iwg)n® — win’]
+[(h + ahi)n® = hin®] + [(hg — ih3)n" + hin?], (3.124)
~ ~ 9~ ~ ~ ~
~iDE* = —iVE + The® + [(by — ih)¢® — hie®] + [(b] + ihf)g* + b€,
— o5 Aos o g o o | gt L
—iDE” = =iV — 2be” + [(h — ih})e® — 03] + [(hg + ih)E" + h3e”).

Next we have two other systems with the same structure which are obtained
by circularly permuting the indices 2,3,4 and 5,6, 7 (corresponding to the
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r,g,b colors of the quarks) everywhere these indices are present:

. . b .
iDn® =ivn® + 5776 + [(wz —iw3)n® + win’]
+ [(hj + ih3)n" —h3n°] 4 [(hy — ¢hT)n° + hin’),

) ) b )
iDn® =iV’ + o0’ + [(wy + awg)n® — win’]

+[(hg +ih3)n" —h3n®] + [(by — shi)n? + hir’), (3.125)
~ ~ 9~ ~ ~ ~ —~ ~ ~
—iDE = —iVE¥ 4 b + [(hy — ih3)¢" —h5¢"] + [(hy +ihD)€” + hie?],
A B T S AP S s o
—iDE" = —iVe® — obe® + [(hy — ih3)¢" — h3e®] + [(hy + ihi)E” + higf].

D =90+ o+ [(vh — )+ wi

+ [(h} + ih3)n® — hin"] + [(hy — ih3)n°® + hin’],
iDnp* = iVn* + gn“ +[(wi +awi)n" — win']

+ [(hg + ih3)n® — h3n'] + [(hy — ih3)n® + hin'],

= Ses | 20 S~ ~ ~ s ~
—iD¢H = —iVE! 4 2bet + [(hy —ih3)e* —h3e’] + [(hg +ih3)e® + hie’],

PN o An S~ ~ S ~
—iDE" = =iV = 2b¢" + [(hg — ih3)E” —h3¢"] + [(hy +ih)€” +h3eT).

The invariance under the SU(2) group is the same as what we saw for the
leptonic wave. This invariance actually results from:

DrLL, 3+n Zdz’ 34n _ 2LnL3+n; DrLL _ ann, D%—HL _ E3+TLL3+TL,
wl = %DZ’ n w2 = g??d? Bn. B = %(Di’g" —D?),  (3.126)
which are enough to obtain the gauge invariance, as we saw in And
this gives the U(1) x SU(2) structure of the electroweak gauge group. The
only difference from the Standard Model is that we do not need to postulate
this result: we derive the structure from the operators themselves.
For the SU(2) part of the electroweak gauge group, and since the invari-

ance has exactly the same form as in [2.3.2], we obtain the following, using
the same identities as (2.140) and (2.141)) (a detailed calculation is in [D.3]):

(WE+ W2 L — WBEr = —3L3+n[3+nLn = —3D¥"In — _3WiLn,
(W —iWw)In + WL = —3L" LT " = —3D7 1" = 3w
(3.127)

In the case of the quarks we have moreover the same formula of transforma-
tion for n = 2, 3, 4; this gives the commutation between the P, and the A*
operators of the group of chromodynamics, which act only on the n index,
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thus giving rise to the U(1) x SU(2) x SU(3) structure of the gauge group
of the Standard Model. The gauge invariance under the SU(3) group gives
a simplification of the wave equations with proper mass (see . Our
improved equations have the form:

0=DL"+ quvq ; 0= DR" + igaVyR™,

0=DL"" + iqquL3+n; 0= DR 4 iqyv, R, (3.128)
N - b N
DL = om0, +i( - 3w, = 30, + 30, ) |27 (3.129)
. %,
DR" =3[0, + 2(7 + 30,40, — 308, )| B (3.130)
_3tn b P
DL = o [0, +i( - 3w, — 30, + 3hE, L)
(3.131)
A3+ n _ ~ul . 4b,, u3 S34n
DR =5 _8H+z<—7+3hRn+1u shi, )| B (3132)

Here the w potentials depend on color and moreover the h potentials have
a double dependence: their two indices with value 2,3,4 come from the
generators of the SU(3) group, while their indices L, R and d, u are linked
with the spinors on which they act. Then the wave equations that are used
to obtain the Lagrangian density are the equations governing right and left
waves.

3.5 Wayve equation — Lagrangian density

We multiply the wave equations of n™ by —imn™'/q, the wave
equations of £” by —imé&™T /qq, the wave equations of 734" by —imn3t"1 /g3
and finally the wave equations of £3+" by —im&3+T /gy, always by the left
side. For the lepton part we saw in Chapter 2 how the Lagrangian density
of the electron wave is generalized for several Lagrangian densities coming
from the different wave equations. Among these densities, E;‘ is obtained
as the sum of the different real parts, and £, is obtained as the difference
between the real parts coming from the left waves and the right waves. Since

the p, density is calculated like p; we will get similar results. We let:

= X[, e ) S0,
q —~ +k,’ZLL3 n3+nTUu( ,La + d3 ) + ﬁ§3+"Ta“(—iau 4 dfw) )
(3.133)
where we may set:
b,
d}; = _é + 3“’?@ 3th+1u +3h$, 1p T @Vau,
2b,,
2 =28 3hRn+1M 3h%, 1+ ©Vaus (3.134)

" 3
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b
diy = =" = 3Wp, = 3hh 1+ 30E 1+ dsVau,
4b
diy = =35 + 301 = W1 + daVap, (3:135)

The Lagrangian densities E;r and L satisfy:

o [B(=inot O™ + DY) + 2 (—ig" 5 9,E" + i DF')
m ; n n 3+n
0=kLf=>" 2 (i trien gt 4 df;D?i " 7
n=2 +qm4(_i£3+nfguaﬂ§3+n + dﬁDR nu)

(3.136)

[ g £ DR + B (€50, + DR
0=kLy = Z 3 (it ot 9Pt + DY)
n=2 I +qm4(—i§3+’”3“3p€3+”—|—dﬁD§;”“)

(3.137)

The fact that these Lagrangian densities are null at each point of space-
time is due to their construction from (3.129) to (3.132)). Moreover these
tensor densities are real because their imaginary part is null. We see this
for instance in which for n = 2 gives:

0 =n*To"[=id, — b,/3 + 3wj, — 3h7%, + 3h{%, + qivu]n®,  (3.138)
0 = [i0un* o¥n® + 1°1(—b,./3 + 3w3, — 3h{%, + 3h%3, + q1v)In”.

Then subtracting we get:
0= —i(n*te"d,n? + > otn?) = —id,(n* o"n?); 0=09,D3*. (3.139)

The left current D? is thus conservative. It is the same for the different
currents: all the left or right currents are conservative and on the light
cone. We now calculate the mass term of the E; density. We get:

4
3+ 3+
m Z(DZ” + D+ D+ DR )vg, = mIbvg, = mpgve = mp,.
n=2

(3.140)
As with the lepton case we may consider the d* vectors in (3.134) as a sum
of a part gﬁ coming from the gauge terms and a part g;v, resulting from
inertia. We then replace d* by:

d¥ = gF + quvg; DE, = 0, +i(gh, + arvu); ad),b = a(DF,b) — (DE*a)b.
(3.141)
And we have:

b 2b
g711 = _g + 3W:731 - 3h%§zi1 + 3h%3n—1; gi = ? + 3h%3n7+1 - 3h?%3n—17
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s b ab

gn=—§—3w —3h 41 + 30T, 5 gn = - g—i-ShRn+1 3 .
(3.142)
4 f o~
1 m o) " + RETGR €
F=c a1 i q2 np
k‘ﬁ =3 g l:+mn3+nTo-u53 34n 4 2:53+”T3“5;11M§3+n:| ) (3.143)
4
-1 —myiohsl t + BEnigrss ¢
kL = 22{ m 3+nfgu53 3+n+ m£3+nfo.p54 g3+n (3.144)

The Lagrangian density Ef{ is a sum of twelve terms, with the same
structure as the four terms that we had in Chapter 2 for the leptonic wave.
We may thus replicate what we detailed in Since there we used
only the algebraic properties of multiplication in Cl3, we can easily redo
with n” what we proved with n'. Moreover, £" acts like £, 3™ acts like
n® and &3*" acts like €8, Thus the wave equations allow us to arrive at
0= £q , and moreover the Lagrange equations, without any supplementary
condition, allow us to obtain for each spinor the real equations equivalent to
the wave equation expressed in Cl3. When we vary the Lagrangian density
in relation to the variables contained in n?, the gauge potentials introduce
no supplementary term. This comes from the mechanism described in 2:3.4]
for the b potential, as well as for the other potentials, because w3 acts on 7>
only by the term D3 . This is the same for the potentials of chromodynamics.
The h?, potential acts on n? only by the D? term, and h?, acts on the n?
term only by the D} term.

About the antiparticles we may also use without any change what we
said about the electron in Chapter 1 and about the lepton wave in Chapter
2. The only change in this passing to the “anti-world” is the replacement of
the 9, by —d,, and the exchange of n and {. The double link between the
wave equation and the Lagrangian density is totally conserved.

3.6 Energy-momentum tensors

Here as well we again obtain what we learned from the Dirac equation
and from its extension to the lepton wave: the existence of not only one
Lagrangian density and one energy-momentum tensor associated to the
invariance under translation, but at least two tensors that we must study.

With the g¥ in (3.142)) and with the mass term (3.140) we may read the
Lagrangian density E;r in (3.143) as:

m%(—in”TU“a n" ) + m gnunnTaunn
4 n n ny= n
BR(E510,67) + B €T
)
)+

kL =
Eq mp, + 7;2 qmgé}%( Zn3+nfo_ﬂa 773+n + gn#nSJrnTUp,nSjLn
q% ( Z€3+n’r0u8 £3+n g%H£3+nT&ﬂ§3+’n

(3.145)
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This Lagrangian density is the sum of twelve terms.

momentum is associated, the sum of twelve densities:

_Z( Ty + - TR+—T3+”+

It is invariant un-
der space-time translations; thus a conservative tensor density of energy—

m -
3+n
Dy )

kas kqa

Tik = RGETGHONE") — giaeM o e,
Tg;\‘rnu 3+nt 3+n)

' on* ) — go Pt oty

TTh = §)‘ﬁ(m”*cr"aw ) — gnw’”o“n",
R(
R(in

R(

3+nu
TR)\

In particular, for the T component we have:

4
m m
70 — Z ( n0 T M h34n0
0 kg M " kqa kCIS o ¥ kqs 1

n=2
T”O = R(in""00n"™) — gnon™ ",
= R(i€" 0E™) — gno€™'E",
T3+n0 %(2n3+n’raon3+n) _ 920773+HT773+na
T3+n0 (Z£3+n’ra gB—O—n) gillo€3+nT€3+n.

Zf3+nTA“8)\§3+n) _ gill/\€3+nT/U\;L§3+n.

3+nt _pn,.34+n
)

T3+n0>

)

3.152
3.153
3.154

(
(
(
(3.155

)
)
)
)

For a solution to the wave equation with an energy E of the whole wave,

we have:

—id, = —i0, + gy,

. n_En—', . 3+n_£3+n—»
Zdof — hcé- (Z‘), Zdof — th (ZL'),
B . E 5. . .
—idon" = =" (%); —idon® " = =01 (7).
We then have:
E 4
_TO _ [ nt, n + nfen 3+n1‘ 3+n
0 hcz i 5 S L e
EF m m m m
_ = 75@ 75(1 —gQu gy JO
hc(kq L+kq2 R+kq3 L+kq4 i)’ = hie™

4 4
St = Z’?"T oS = e sp =)ttt sy =
n=2

n=2

(3.156)

£§3+nfé:3+n}

(3.157)

4

Z £3+TLT £3+n 7

n=2

naming J the weighted current with the relative weights m/kg;. Asin Chap-
ter 2, this weighted current replaces the probability current of Chapter 1.
The reason for the existence of a probability current in quantum mechanics



3.6. ENERGY-MOMENTUM TENSORS 149

is still the equivalence between inertial mass and gravitational mass, which

implies:
0
0:E+// dvTy; ///%dv:l. (3.158)

As for the lone electron or for the lepton wave we have two useful tensors
of energy-momentum instead of only one. The second tensor is the V' of
Costa de Beauregard [5I] that is obtained from the invariance under the
translations of the Lagrangian density £ . This V' reads:

4
m m m m
W =3 (B1p - g4 2 - Zrgen), 3.159
;Q1LQ2RQ3L g " ( )

The dynamics of the quarks comes from the variations of the energy-—
momentum tensor. The calculation is similar to that for the lepton wave.
We have:

k0, TH = né (%aﬂTg“ + q%au:r;“ + q%auT?”“ + gaﬂﬁﬁn“). (3.160)
For the first of these four terms we obtain:
9, T/ = 8HT£§\LO')\ =0, [in" oo™ — g,ll/\Dzﬂ]a/\
= [{(V™")Torn"™ + i TON(V") = (0ugnr)DL" — gnr0uD7 0. (3.161)
And we have with and with and :

V" = —i(g, + aven", (3.162)
0D} = (D)o n™ + 0"t (0un™)
=" (g} + qive)n™ — in™ (g} + q1ve)n™ = 0. (3.163)
This gives:
iV o™ + i ox (V™) (3.164)
= =" (g + @vg)Oan™ + 1" [(Oaga)n™ + @1 (Oavg)n™ + (g5 + q1vg)On"]
= (Oxghy + ©10Avq,)DY". (3.165)

And we then get
0,7 = [(8#0971»\ - aAgrlm) + ‘IIaAVqM]DTLWU)\- (3.166)
Similarly we next obtain:
-0, Tg" = [(augrzm - axgiu) + QQakvqu]D?%HU)\a (3.167)
_aMTS-HW = [(aug?z/\ - 8)\9;9;“) + an)\un]D?;_nNU)\’ (3.168)
~0, Ty = [(0ugty — Oagit,) + @aOrvau]DE ™o, (3.169)
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With

m
i " > gk Jg=) (D +D}), (3.170)

we get:

_ [ (09 — 0agl)ST" + (0,93 — rg2)SH | a hoA
k'au,T = l:_i_(a#gi N 8}\;/?;)5}1:# + (aug;{ _ 3A5ﬁ)5}§“ g -‘rm(aAun)JqU .

(3.171)
We are thus able to separate the forces acting on the wave into a part acting
on the d quark and a part acting on the uw quark, because the only term
shared by the two parts is null. We indeed have:

T4 = povaus TEONVa = ELoA(vauvl) = BLoA(1) = 0. (3.172)
We then have for the d quark:

—kOuTY = [(Dug) — 0rg,) ST + (0ug3 — Org)SH)o™. (3.173)
And similarly for the wu:

kO, TY = (0,63 — OngH)SE + (Dugh — Oagh) S (3.174)
And we obtain:

—E + 3w3 — 3h%3 4 3043

m m ; 5
g'=—(92+95+91) = — | -2 +3wj — 3h3 + 30}
n N | =D 4 3wh — 308 + 30

3
=2 [-2p+2(D; -} +D§ -D} +DL-DY)]  (3.17)
q1
_m[_Gip., 392 qu_ g
_ql[ LB+ 22(st - 51)]-

Between the first and the second line the potentials of chromodynamics
completely disappear. This implies that there are no strong forces for a
wave of quarks that equally contains the three color states. And this is well
known in nuclear physics where there are no stable states formed by three
d quarks or three u quarks with color r, g and b.

This result is very important because this explains why we cannot place
in the same wave the quarks composing a proton and a neutron. Above all
this means that the proton or the neutron is a unique wave containing the
three colored quarks. We now see that it is this wave of the proton or the
neutron which has a quantized kinetic momentum, not a lone quark.
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3.7 Quantization of the kinetic momentum

We may again use what we have shown in Chapter 2 for the lepton wave.
First we have instead of (2.249):

nT B menfsp g, gn
V;Zm{ Gy ot =, E7 01T (3.176)

m 3+mLo_ud)\773+n _ m£3+n]‘0ud)\§3+n)

We have twelve fields of spinors, six left and six right ones instead of lepton
wave’s four, but with very similar properties. Now we let:

on=n" Yean=E&", n=23,...,7T. (3.177)
Next, as in (2.257)) and (2.259)) :
= o’
0"+ 6" = My €7+ 56" = ME™, (3.178)
We then obtain as in ([2.262)) to ([2.265)):
" nn N nn " ,'771
by = 7§ o1 = —Ul 5 (152 = —0233 o5 = —037;
n.n"n.n”n.n"n.n”
o 210133 ¢ :'“727§ (of 22037§ o7 = _l7a (3.179)
n_ & n " n " n "
8+ = ?; ?+ = 01?; §+ = 02?§ §+ = 03?>
n n 6+n n
6 oy 5 o9~y g8t i gt i (3180

Hence we always have (2.266|) to (2.270)), without changes other than the
replacement of the Lagrangian densities from the lepton wave by those from
the waves of quarks. We then now have:

» oL~
Jr = "33
9(Ouspa)

4 . .
e [ZE nTO#(j) n _Z-E nTau(f) n
7 ; o 7 ) =i € ()¢

¢2 (3.181)

3+nt ot 24+n E 34+ntap E 34+n 182
+zq3n ( . )n i (2)5 ] (3.182)
With (3.157)) we then have:
. 1rm d ].
== =-J. 1
ja z{kqls +k25R+k S+ o SR} 51 (3.183)

And thus (3.158)) gives:

///dvlgzhc; ///dv‘jf:;c///dwg:;. (3.184)
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This gives the quantization of kinetic momentum of the proton or the neu-
tron. This satisfies all known properties of these two kinds of particles. The
quantization of kinetic momentum is thus for the electrons and also for the
protons and neutrons, a direct consequence of the wave equations of these
particles and of the invariance under the extended group CI3.

This quantization of kinetic momentum, not of each of the quarks sep-
arately but of the proton and the neutron with their three colored quarks,
has a very well-known experimental consequence: it is impossible to move a
lone quark outside a proton or a neutron. In spite of the fact that they are
made of several waves, only the protons and the neutrons have a possible
individuality. This corresponds to the existence of a proper kinetic momen-
tum that is always an odd integer multiple of /2. The only objects that
we may see in an individual manner in any experiment of physics are those
with a kinetic momentum multiple of /2. This kinetic momentum may
be a multiple of / in the case of bosons. We may encounter 3%/2 for some
hadrons or for states with five quarks. But the kinetic momentum cannot
be smaller than 7/2 because all the objects that we can test in any physics
experiment cannot have a kinetic momentum smaller than f/2.

We recall that the quantization of kinetic momentum is at the origin
of Heisenberg’s inequalities (see [568]). These inequalities thus apply to any
proton or neutron. The fact that quantum mechanics works similarly for
an electron, a proton or a neutron gives the same “fundamental particle”
character to these objects, and seems to question the quark model which is
at the core of the Standard Model. Nevertheless it is the wave of a quark
that is similar to the wave of an electron, not the wave of a proton or
neutron. Once again, this supports the Standard Model.

3.7.1 Case of the lone proton or the lone neutron

The proton is made of two u quarks and one d quark. Since the color
of the different nucleons does not add, the Standard Model says the proton
(or the neutron) is color neutral. We may then suppose, for instance, that
a proton is at a given instant made of a u, quark, a uy, quark and a dp
quark. From our previous calculations the proton is then composed of only
six non-null spinor waves: L*, L?, L5 and R*, R®, RS, all other spinor waves
being exactly null. The J, and J currents are thus the sum of only six
spinor currents instead of the twelve possible currents:

J, = D} + D} + D¢ + D}, + D}, + DS,. (3.185)
The Lagrangian density of the proton hence comes from ((3.136)):
0=L" =2 (—in'Tord,n" + d\DI) + = (~ig1540,* + d2DI')
Q1 q2

3 m . n n 3+n
+ 3 | e |
+ 2 (=i TMGY, 5 + d D)

n=2

(3.186)
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where d¥ is taken from , in which we replace n by 4 for the calculation
of d' and d?, and we consider only n = 2 and n = 3 for the calculation of d*
and d*. The same restrictions on the indices must be done in the calculation
of the energy—momentum tensors and the kinetic momentum tensors, as
well as in the calculation of the forces of inertia. The only part of the
calculation that changes is in where the square brackets include
only one line instead of three. And the u quark uses two of the three lines
of the square brackets. And it is the sum of the three lines that disappears,
this comes from dimension 8 and not 9 of the group of chromodynamics.
Strong interactions do not then disappear for a lone proton.

The case is similar for a neutron made of a u quark and two d quarks.
There are also only six non-null spinor waves, for instance L%, L3, L7 and
R?,R3, R". The quantization of kinetic momentum applies to both proton
and neutron — this is in accordance with particle physics. Protons and
neutrons were discovered many years before the hypothesis that they are
made of three quarks linked together by the forces of chromodynamics.
The main problem of this hypothesis is the confinement of the quarks, the
practical impossibility to bring a quark out of the bags that are mesons and
baryons.

The previous calculation explains this confinement: the quantum of ki-
netic momentum exists for a proton made of three quarks or for a neutron,
not for an isolated quark. This quantum of kinetic momentum exists also
for a lone electron, a lone neutrino, or for an electron—neutrino pair. If a
lone quark was able to get a quantum of kinetic momentum it should be
possible to push this quark out of the bag, but there is no kinetic momen-
tum lower than h/2. Particles accelerators use electrons and protons which
each have one quantum of kinetic momentum. The only objects that the
collisions can produce also have a kinetic momentum n#/2, where n is an
integer that may be null if the object (a meson) contains two opposite f,/2
spins. Actually this quantum of kinetic momentum also explains another re-
striction: we never observe a left neutrino alone just as we never see a quark
alone. We see a left neutrino only with a charged particle when and where
they interact, or with a right neutrino, or with both a right neutrino and
an electron or another particle with an electric charge. But the complete
neutrino, which we may also call the magnetic monopole, has a quantum
of kinetic momentum and can then be considered as an observable particle.
And there is already some evidence of its being observed [36], 48|, 49| 82].

3.8 Preference for left waves

Since the P transformation P : M + M is an automorphism of Cl3, the
ring End(Cl3) = Cls3 3 contains the subring Diag[End(Cls)] of all:

(e O, _ (0 O
\I/e<0 we),we(o $e>' (3.187)
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This subring may be considered as Cl3 (because the P conjugation is the
main automorphism), so Cl3 is a subring of End(Cl3) and the operations
of the Cl3 ring are a particular case of the operations on End(Cls). The
result is an identification between the wave of first quantization ¢. and the
wave of second quantization (an operator) W.. Now Cl3 is also the set
of the P; = a + A + (i of , which is the even subalgebra Clf; of
Cly 3. We detailed this isomorphism in . With A =3a+ ib we have
Pi=a+a+ib+ (i whose self-adjoint part is a + a. Quantum mechanics
included space-time in this framework by setting x = x*o, (see (1.31),
which gives

det(x) = (x")? — (x")? — (x})? — (x*)% (3.188)

This automatically introduces the + — — — signature for space-time. It
is the main reason for preferring Cl; 3 to Cls ;. This other algebra could
be still more important since Cl3 1 = M4(R) is the Majorana algebra. And
End(Cl3) = Ms(R), each 8x8 real matrix comprising four 4x4 real matrices.
Starting from the four ,, of which generate Cl; 3, the four iy, generate
Cl3,1. The even subalgebra Cl3)1 is thus the set of all

Pr=a—A+(i=a—a—ib+(i (3.189)

Hence for space-time as the self-adjoint part of Cls, the passing from the
Cl1+,3 version of Cl3 to the Cl;;l version of the same Cl3 induces a transfor-
mation from « + & to a — &, which is the P (parity) transformation. It is
the use of leg and the non-use of C’l;ﬁ'_1 in Chapter 1 and Chapter 2 that
fixes the preference for one of the two possible orientations of space, by the
identification:

¢e € Cls = 1) € Clf 3 = ¥, € Diag[End(Cl3)]. (3.190)

This identification explains why second quantization may use all the results
of first quantization in the electron case. The use of Clj 3 both for the
electron wave and for space-time, as required by the determinant, leads to
the use of V.. And the left wave is the left column of ¢.. Next there are two
gauge invariances, the electric gauge generated by the 2-vector o901 = —io3
and the chiral gauge generated by the 3-vector i. Under the electric gauge
the left wave L. rotates like ¢., the right wave R. rotates like ¢., and
because i3 = iog then R, rotates like L.. Since L(—io3) = —iL then L.
rotates with opposite angles under the electric gauge and the chiral gauge.
This results in the equalities of the coefficients of B for the left waves, seen
in [2.2] in the lepton case and in |3.4] in the quark case. Next the value
sin(fw) = 1/2 in comes from the fact that A is the electric gauge
potential. And this implies in the suppression of the only term

—8 =8 . .. . .
gAL . The term ¢qAR is not suppressed. This is the origin of the “maximal
parity violation” in weak interactions.



Chapter 4

Gravitation

The space-time manifold of general relativity is a submanifold
in Cl3. The connection of this manifold is calculated both from
the quantum wave (gravitation) and from the invariance group
(inertia). Equations of the gravitational field are as in general
relativity an equivalence between inertia and gravitation. The
i which defines the orientation of space belongs both to the in-
variance group and to the gauge group. We generalize the form-
invariant derivative. This derivative simplifies the weak interac-
tions part for quark waves. We study the double link between
wave equations in the usual form and form-invariant equations,
its consequences on the conservation of currents, and the homo-
thety ratio. We show the compatibility between gravitation and
our results for the energy—momentum and kinetic momentum ten-
sor densities. We revisit the link between the Pauli principle
and gravitation. Instead of propagating in a linear configuration
space, the fermion wave propagates in the space-time manifold.
The whole space-time accounts for the possible resolution of the
EPR problem. The duality of the Lie group versus Lie algebra
explains the arrow of time and the expansion of the universe.

The space-time manifold of general relativity has naturally been thought
of as a Riemannian manifold based on properties of the space-time metric.
With our choice (|1.4) of matrices we have:

x =xMry, = (SOE B{) ; x =x"0,. (4.1)
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The similitude R defined by the dilator M satisfies with (1.34):

, (0 x\ (M 0\[0 x\ (M o0

X‘(sz' 0)‘(0 M)\zx o/\o mt) (42)
- M 0\ < (M 0

/_ . = —_ . =

x' = NxN; N = (o ) N (0 MT>' (4.3)

The electron, in the tangent space-time at each point of the space-time
manifold, has a wave following the improved Dirac equation described in
Chapter 1. The set of N is the even subalgebra Cl ;, isomorphic to Clj.
The Dirac theory restricts M to SL(2,C), which implies:

det(M)=1; M~ = M, (4.4)
v L AN As—L _par art—1a T a1 _purgt—-1lprag T

Vo =0"0,¢ =MV'Mp=M""o"0, M'"'0/,6 = Mo M "' R},0,¢

o’ =M ~'o"R (M) 0" Rl = Mo"M'; 4*Rl, = Ny*N.  (4.5)

This calculation is valid as soon as M is a fixed term. But the last relations
(one relation for each value of v), are carelessly used even in the case of a
variable M. Moreover the N matrix is generally supposed to satisfy:

ab 1
N=) " o= 5 (%% = W), 0 €R. (4.6)
a<b

But in the previous calculations the similitude R is not the dilator M. Even
if M belongs to SL(2,C) the Lorentz transformation R is not the Pauli
matrix M. And unhappily (4.6) may be false: with M = —1 4 01 + ioy we
obtain:

M = —exp[— (01 +iog)] = '™~ 7071 T3, (4.7)
N = T001023+001+013 _ eﬂ(1+27€)0‘010‘23+0‘01+0‘13, ke, (48)

Thus any calculation based on may be false: we must adopt another
approach, which we now develop.

The quantum wave studied in previous chapters introduces a major
change with the inclusion of space-time into Cl3, first realized by
Pauli nearly a century ago. This inclusion allows us to obtain the metric
by:

|[x]|? = det(x) = xX = xP(x). (4.9)

where P is the parity transformation. This is indeed very different from the
approach of Riemannian geometry: first the norm ||x|| is not a true norm
since det(x) may be positive, zero or negative. Next a determinant is not
a symmetric bilinear form but an antisymmetric one. Moreover the parity
transformation is directly associated to geometry by . We encountered
in the first chapter another important relation @ :

Dy: X —x=0¢Xo!
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defining the general element X of what we termed “invariant space-time”.
Since det(AB) = det(A) det(B) and since the My element of SL(2,C) was
defined in (1.157) as ¢ = \/ﬁeiﬁ/zM¢7 we have:

det(x) = pdet(X). (4.10)

We saw that for each important solution used in the Dirac theory, p = p(x)
is nonzero everywhere. And since no observer can travel on the light cone,
x satisfies det(x) # 0, we will then make the hypothesis that det(X) # 0.
This means that X belongs to the Lie group C!; and the set of X is the
self-adjoint part of Cl3, satisfying X = XT. The determinant of a product
is the product of determinants; thus the relation between X and x implies
that x also has a nonzero determinant: this means that the set of x, which
is the space-time manifold, is itself the self-adjoint part of the Lie group
Cl3. Whitney’s theorem indicates that any 4-dimensional manifold may be
included in R®, and Cl3 is precisely 8-dimensional on R. Therefore space-
time geometry does not need Clj itself (isomorphic to R® as a manifold) but
geometry needs the Lie group Cl3 itself, which is an 8-dimensional separate
manifold having Cls as its Lie algebra. Since it is a Lie group, each point
is locally identical to the unity point x = 1. This unity point, as any one,
means an event: “I am here, now”. At this point-event, a tangent space-
time exists, where this event “I am here, now” becomes the zero point of
the Lie algebra C'l3 of the Cl3 Lie group. Since distances are given by the
determinant and since this determinant is not null, by definition of Cl, the
light cone of each point-event is only a subset of the tangent space-time at
the considered point-event. This tangent space-time must be distinguished
from space-time itself, because the tangent space-time is itself a flat space.

We saw in [[.1.2] and [I.2] that the invariance group G generalizing to
the relativistic case the invariance group SU(2) of nonrelativistic quan-
tum physics for the particles with spin 1/2, may be, without any difficulty,
extended to the GL(2,C) group, which is the group of all 2 x 2 complex
invertible matrices. This group is isomorphic to the Cl3 group, consisting of
all invertible elements in the C'l3 algebra. This algebra contains the group of
its invertible elements, and moreover it is the Lie algebra of this Lie group.
In the previous chapters, we studied the first consequences of this general-
ization of relativistic invariance. The difference between the dilator M and
the similitude R generated by a dilator is the same as in the particular case
of Lorentz transformation: the dilator group is a 8-dimensional Lie group
while the similitude group is only a 7-dimensional group. The kernel of the
homomorphism f : M + R is the 1-dimensional group made of M = '@,
where x is any real number. The f function cannot be invertible: no way
exists to define M from R. It is the true reason explaining why Cl3 is the
most important linear space and why C'!3 is the most important invariance
group used in this Chapter. It is so because it is impossible otherwise: the
isomorphism between G L(n,C) and Cl3, as Lie groups, exists only if n = 2
and p = 3.
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4.1 Differential geometry

4.1.1 Gravitation from the quantum wave

All differential operators that we used in previous chapters are built from
the V = 0#0,, operator of the Cl3 algebra. The operator 8 = "0, used by
Hestenes depends on V since we have (see [B.1.2):

d=(0 V). (4.11)

Thus Hestenes’ space-time algebra is only a possible help in calculations, but
has no real necessity: we hence use here only the Cl3 algebra. We go from
the operator V that operates in the neighborhood of the event x = x*0,, to
the operator V' that operates in the neighborhood of the event x’ = x'*g,,
by:

X' = R(x) = MxM'; V =MV'M; V' = 0"9,. (4.12)

We recall that o, is exactly the same in writing either x or x’, and likewise
for V and V’ E| We explained in how the ¢ wave of the electron defines
a similitude:

Dy: X = Xto, = x=¢X¢' =¢X"0,6" = XD, (4.13)
D, = D!, = ¢a,¢'. (4.14)

So the ¢ function enables an immersion of the space-time manifold into the
8-dimensional manifold, seen from our immersed manifold. The function ¢
is all that may be seen from our manifold.

We saw in that the D, vectors form an orthogonal basis of space-
time (but not an orthonormal basis), at each point. To this variable basis
is thus associated an affine connection. This also allows us to use Cartan’s
(Do, D1,D4,D3) mobile basis. These vectors are calculated in We
recall that we have:

pe' = pp = det(¢); pe™ = ¢, (4.15)
D,-D, =0, u+#v, (4.16)
p?=Dy-Dyg=-D;-D; =—-Dy-Dy=—Ds3-Ds. (4.17)

This connection was first studied in [22]. We let:

)
9, =
oxv
dD, =T% ,dX"Dg.

= D*,,; dx = dX"D,, (4.18)

1. The fixedness of the o# comes from the fact that the four matrices (1 £ 03)/2 and
(01+i02)/2 constitute the canonical basis of M3 (C) and are thus intrinsic in the GL(2, C)

group.
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If p # 0 this gives:
dx = dx"o, = DYo,dX" = D,dX",
D, = ¢0,¢' =Dlo, ; o, =(D"")Ds. (4.19)
Now we use the similitude D such that
D(x) = ¢xo. (4.20)
We have
D o D(x) = D[D(x)] = ¢xaps’ = pexpe™? = p*x,
Do (5 D)(x) = x,
D }(x) = p*D(x) (4.21)
And we get:
dD,, = 8,(D,)dX" = 8,(D,0¢)dX" = 8,(D})ocdX"
=8,(DS)(D 1), DpdX” =T%,DgdX". (4.22)
Therefore the connection coefficients are
re, =0,D5)Dd 1, 8,=Do,. (4.23)
By using the D similitude we get
_ =B ,
I, =p28,(D5)D; ; 9, =Do-. (4.24)
Since Dy = DY and ﬁ? = —D}, we have:
Since D, = —DY and ﬁ? = DJ, we have:
Ly, =19, j=1 23 (4.26)
Iy, =-T% , j=1,23, k=1,23, k#j (4.27)
A complete calculation of the connection needs the following quantities:
Sy = ¢poyo, (4.28)
vS;
S Sy = ——— 4.29
(k) T 2O det(0)1 (4.29)
AS]
. / _ k
1~ ~
T= 5[(V¢>)¢T — 068,91, (4.31)
T+iT = — (4.32)

det(p)t
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The tensor 7 is Durand’s spin density [16, 51]. Using our improved wave
equation of the electron, we obtain in [D.4]:

I9, =D, - [Sa) — 2¢A)] + 2mpéd?, (4.33)
I9, =D, - [S@) + 2¢Aq)] — 2mps)., (4.34)
I3, =D, Ss), (4.35)
I3, = =Dy - [S(y + 2¢A(o)] — 2dpd), (4.36)
I3, = =Dy - [S(y) + 2¢Ay)] + 2dpd;, (4.37)
I3, = =Dy - [S(3) + 2¢A] — 2mpd;, + 2dp6;, (4.38)
[0, = Dy - [-2T + 2 Al (4.39)

where 60 = 1, (5;-' = -1, =1,2,3 and §;; = 0,x # v. The particular role
of the index 3 in the Dirac equation of the electron is still very visible in
these relations. For the second or the third generation it is enough to make
a circular permutation of indices. So a particular index, 1 or 2, is thus also
visible. The connection is not torsion-free, and the proper mass is linked to
this torsion: this is the reason to think of this connection as yielding grav-
itation. Moreover, the mass term mp, and thus also Christoffel’s symbols,
have the physical dimension L' of a radius of curvature. We may thus con-
sider that the link between mass-energy and geometry is not made
with the curvature tensor, but directly with the affine connection
and the torsion of the space-time manifold. This is a generalization
of Einstein’s attempt at a space-time manifold without curvature and with
torsion to account for both gravitation and electromagnetism [65].
With the plane wave we obtained in [I.5.3}

O =¢oe ¥ p=mgvat; v=otv,, my= VIr. (4.40)

where the reduced velocity v and ¢ are fixed terms. We obtain:

¢ = 0”0, (doe”¥712) = —myvdos. (4.41)
This gives N
¢ = emvag, (4.42)
Mg
which implies that
¢ = eiﬁv(e—iﬂvqsﬂ) M _ we. (4.43)
Mg/ Mg

Therefore if ¢¢ is invertible we must take

l=vww=v-v=v2—-7¥? (4.44)
vEe=147%; vo=+V1+72 (4.45)
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which is the relativistic relation for the velocity of the particle. We also get:

pe? = det(¢) = det(¢po) det(e™) = det (o). (4.46)
Therefore p and 3 are fixed. It is the same for
Do = ¢od) i Ds = poossh. (4.47)
D; and Ds, on the contrary, are variable. We let
di = ¢oo19l 5 dz = do02d), (4.48)

which gives:

D1 = cos(2¢)d;y + sin(2¢)ds,
Dy = —sin(2¢)d; + cos(2¢)ds. (4.49)

As Dy and D3 are fixed we get:
d,(D§) =8,(D5) =0 (4.50)
Iy =18 =o. (4.51)

With D; and Dy we obtain:

0-(D) = 9, [cos(2¢)d] + sin(2p)d5] = 2myv,D3,
0-(D§) = 0-[—sin(2p)d; + cos(2¢)d3] = —2m,v,Df,
d,(D%) = D70, (D) = 2m,D7v,.D§ = 2my(D,, - v)DS, (4.52)
d,(D5) = D79, (D5) = —2m — gD7v,. DS = —2m, (D, - v)DS.  (4.53)
Next we get:
D, -v= %D,, Do = pol. (4.54)
Therefore we have:
F% = F% = F% = Fg1 = FQBQ = Fg3 =0. (4-55>
And we get:
% = Q%Dgﬁf . T, = —%Dﬁﬁf , (4.56)

which gives:

2m —2  2m —2 —2 —2 — 9

I} = TngDg = Tg(DgDo + D3D; + D3D; + D3D3)
_ ng _DODO DlDl D2D2 D3D3
_7p( 2D5 + D3D5 + D3D3 + D3Dy)

2
= %(—D2 - Dy) = 2myp. (4.57)
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We also have:

Y = 2%(]32 Do) =0,
Yy = 2%(—1)2 -D3) =0,
Iy = 2%(—D2 -Dy) =0. (4.58)
Similarly for the I‘go we get
Do = —2mgp ; Ty =13 =T5 = 0. (4.59)

To resume, among the 64 ng terms, 62 terms are zero. Two terms are not
Z€ro:

I3, = T3, = 2myp. (4.60)
Therefore the torsion has two fixed components:
Lo 2
§(F10 —I'G1) = myp, (4.61)
1
§(F%0 — Do) = —mgp. (4.62)

As the nonvanishing ng terms are fixed, the curvature tensor cancels out.
We thus see that, for the improved equation, the manifold linked to a plane
wave is without curvature but with a fixed torsion, and the mass term is
proportional to this torsion.

4.1.2 Inertia from the invariance group

We now have four kinds of spinors which vary in four different transfor-
mations: the Cl§ = GL(2,C) group has four kinds of representations. So
in addition to the invariance of what do not change such as the Lagrangian
density, we get no less than six kinds of variance: the contravariance of
vectors transforming like x, the covariance of vectors transforming like V,
and four kinds of spinors that we encountered in previous chapters:

X' = MxM'; v = MV'M =Mo" M, (4.63)
R™=MR"; L' = ML", n=1,2,3,4, (4.64)
R4tn = RY0L DA = TR, n=1,2,3, 4. (4.65)

Differential geometry studies what happens in the neighborhood of a given
point-event. This is equivalent to considering in the neighborhood of x a
dilator M which differs from unity only by an infinitesimal. We thus let:

M = 1+dx“(a2+alltal +ai02+ai03+aﬁial +aii02+aﬁi03+a2i), (4.66)
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where the aj;, for p =1,2,3,4 and n = 0,1,...,7 are 32 smooth enough
real functlons of x, and dx* are increments of x at this point-event in the
relevant local basis. This gives:

MF=1 —l—dx”(a +al 101 +a o9 —|—a o3 — a4wl — aswg —a6wg — a; ),
M=1+dx" (ag—alal —a202—a 03—|—a zal+a 100 +a wg—a;z),
M=1+ dx”(aﬁ — aial — aiog — aiog — aﬁwl — aiwg —abi ui03 + aZz)

(4.67)
We also have:
7 _ _ R ¢
MM = det(M) =1+ 2dx"(a,, +ia,,), (4.68)
det(M ') =1 — 2dx"(aj, + iaj,), (4.69)

M= Mdet(M™), (4.70)
=1+ dX“(—ag + aial + aiag + aiag + aﬁial + aiiag + aﬁiag — aZi),
M- =01t (4.71)

_ Wi 0 1 2 3 4. 5. g 7
=1+ dx"( a, +a,01 +a,02 + a,03 — a,ioc1 — a,icy auwg—i—auz).

The similitude R defined by M which changes x into x’, such that x' =
R(x) + a = MxMT + a, where a is the vector a = ato,, of a translation,
gives the following:

/0

X :x0+dx0+2(a2x +ayx' +ax" + apx®)dx", (4.72)
X' =x' +dx! + 2(a,x” + alx' + afx® — adx®)dx", (4.73)
X =x2 +d + 2(a2x’ — afx' +a)x® + a x3)dxH, (4.74)
X =x3 +d® + 2(aix + a5X1 a x4+ a x3)dxt. (4.75)

Since Christoffel symbols ng are defined as
X' =x"+dx* + T x"dx", (4.76)

we thus have:

ry, =T}, =T3, =T%, =2a), (4.77)
ry, = 1“?“ 2a),; T5,=T9,=2d%; Tj, =T9, =2a], (4.78)
3, =-T3,=2d,; I, =-T3,=2d,; Ty, =-T7,=2d. (4.79)

First remark, the connection of 1"%7 symbols depends only on 28 of the 32

real functions contained in the dilator M in (4.66). The four a/, are neces-

sarily absent in the connection, because they are factors of the i generator
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of the chiral gauge [22][24]. Differential geometry cannot perceive these a’,!
Einstein thought that something was lacking in the physical theory for the
integration of quantum physics into classical physics. The four parameters
that are lacking in the geometric part of the connection are not lacking
in the spinor part of differential geometry. Thus something was actually
lacking, only not where it was expected.ﬂ

Second remark, the equalities (4.77) to (4.79)) are identical to the equal-
ities between I'g in ) and |D The identity between these two

connections is also another WayE| to identify inertia with gravitation, with
the 64 equalities:

o, =T3,. (4.80)

There are actually only 7 = 28/4 independent equations:

2a, =TV, = Dy, - [S(1) — 2¢A2)] + 2mgp67,, (4.81)
2a;, = T9, = Dy [Se2) + 2aA)] = 2my i, (4.82)
2a} =T3, = D, - S), (4.83)
2a;, = T3, = =D, - [S() — 2¢A3)), (4.84)
2(12 = F?,u =-Dy- [862) + 2(144/(1)]7 (4.85)
2a, =T, = =Dy, - [S(s) + 2qA] — 2m,pd,, (4.86)
2a2 = Fgu =D, -[-2T + 2qA'(3)]. (4.87)
We again see clearly seven a”, n = 0,1,...,6 vectors, with a’ lacking.

These vectors will be called inertial potentials. These 7 equations may be
considered the gravitational field equations.

Vectors transforming like (4.76]) are called contravariant. On the other
hand, covariant vectors transform like V :

V = 0", = Mo" M, (4.88)

with always the same o#. These relations, demonstrated in [A714] do not
place the 8L operators behind M but before, because M is taken to be
constant. Nevertheless for a variable M, it is that is proved in
because the proof only uses algebraic properties of partial derivatives. This

2. This number, 28 = 8 7/2, is also the dimension of the SO(8) group of the rotations
in Cl3. 36 = 64 — 28 = 8 x 9/2 is the number of densities that can be constructed from
the electron wave [17].

3. We are accustomed to the formulation of general relativity as the equality between
the Ricci tensor and the energy—momentum tensor of the other forces. But Einstein also
studied a theory of the space-time manifold with torsion [I06] that was very close to our
approach, which is necessary if we begin with the Standard Model, and also necessary if
we want that both inertia and gravitation may be defined from the unitary field that is
for us the quantum wave. Since the equivalence principle identifies two connections, the
tensors of torsion and curvature are also unified.
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gives:
Vo = aﬂaﬁ = MU#M@LQE
= Mo*[0,,(M) — (9, M)d]. (4.89)
And we have:

(@, M)M "+ M(@,M ") =0, (MM~') =,(1) =0,
oM = —M(9,M~")M. (4.90)

If we define the derivative D as

o~ 1 e e
¢D¢ = ¢[V — §(VM‘1)M}¢, (4.91)
we necessarily have
— — 1 — —~T ~
SDG =3 |V - (VI H|d, (4:92)
M =M1, (4.93)
—_ N = 1 —~ ~
IDY = [v’ - §(V’M)M*1} & (4.94)

We therefore get:

-~

6 Mo | (&), M)6 + M(9},6)

F(D9) =3[V — L(VIN ] = 5 Mo [3,(33) ~ 1 (2],11)d]
1
2

@ ﬁ)a} (4.95)

w

] S D
ot [M&L(b + 5(a,;M)gzs} = 6(Mo"10,6) - 56(Mo¥ M, M) Mo

2

9V - 5(VAI)H]G = (D3,

We may then say that D is form-invariant. In a shortened form we name
D the invariant derivative. Using the reversion and the M +— M conjugation
we have:

Do =[V— %(ﬁM—l)M]qs, (4.96)
3D = (3V) — %5 WAV, (4.97)
3D = (5%) — %&\7(1\7—16). (4.98)

The quantum wave in a non-null gravitational field follows exactly
the same invariant wave equations as in a null field. The only
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difference: the differential operator V is replaced by the invariant
D. This uses the eight space-time vectors a™ in (4.66]):

a" = a'ay, (4.99)
. 1 e e
Do = {v — 5 (VMM G (4.100)
1 ~
= {V — §(a0 —a'oy — d’oy — aPoy + atioy + aPioy + alios — a7i) 0.

Here we must consider all 32 functions, including the four that are not
implied in the calculation of the tensors of general relativity.
Under a similitude that comes from a fixed dilator N such that:

x=NxN'; V=NVUN, (4.101)
we must have with the covariance of V and of the gauge terms:
D = NDN; VM~ ! = NY(MN~1)~'. (4.102)
Thus with PR PN
M=MN"Y M=MN"' M=MN, (4.103)
we have:
(VM-Y)M =N(M )M =NEM )NN, (4.104)
D - NVN - %[N(yﬂ_l)ﬂﬁ] — NDN, (4.105)
D=V (VM )i (4.106)

We also recall that with any M transforming x into x' = MxMT we have
¢’ = M ¢, and with the X of the invariant space-time in (1.279)):

x' = MxM" = M(¢X¢p")MT = (M¢p)X (M¢)" = ¢/ X¢'T. (4.107)

Thus the general element X is independent of ¢, and thus the set of X may
still be called the invariant space-time.

4.2 Invariant wave equations

In the invariant derivative there are two terms containing i: b and a7,
because this ¢ which governs the orientation of space commutes with any
element of the Cl3 algebra (reason: ordinary space has an odd number of
dimensions). Thus we have no reason to distinguish a gauge transformation
acting by multiplication on the right side, from a transformation acting by
multiplication on the left side. We must therefore identify these two trans-
formations with each other and use a single gauge potential. We suppose:

0=a"+b (4.108)
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This unification makes use of the incorporation of charges into potentials
advocated by Socroun [I02]. We may also say: when these constants are
integrated into potentials, gravitation is completely at equality with gauge
forces. We will obtain wave equations in curved space or with gravitation
(it is the same thing) via replacing partial derivatives by derivatives com-
pleted with gauge potentials and connection terms. Since the wave equa-
tions studied in previous chapters may be considered as approximations of
the complete equations when the gravitational field is negligible, we must
obtain these equations simply by suppressing a™, n = 0,1,...,6 which are
connection terms. For the lepton wave and become:

a0 i a3+7
0= [V—? ( )Uj—l-z (b-+ 3w’ +1v)| LY, (4.109)
~ Y aj 3+]
0= [v- & ( ) 2b+rv)}Rl, (4.110)
(IO aj 3+7 8
O:[Vf?Jroj(?Jrz 5 ) i(b — 3w erlv)}L, (4.111)
~ a% _sal @3t PN =8
0= V=5 +5,(5 —i%5—) —i(2pb +mo¥)| B, (4.112)
Hence this comes from:
a® b al  adts 3
of[v73715+(571 > >0J+2<§b+3w +1w)|2, (@113)
~ @ b o @HN\. 5~ N\,
0=[V-S+iz+ (5 +i%5 ) —i(5b+19) R, (4.114)
a® b al a3t 3 —8
0_[V—?+z§+aj(5+z 5 )+z(§b—3w +miv) |2, (@115)
~ @ b @ @M dp—1~ \1=g
O—[V—?—Z§+0j(§—z 5 ) —i( 5 b—i—mgv)}R. (4.116)

For the wave equation of quarks we obtain the following in place of (3.128|)

o (3.132) and for n = 2,3, 4:

2 2
b ~
+Z(—§+3 3 3th+1+3th 1—|—qlvq)]Ln,
N 3 o .aBJrj N
0= [V——+(5+ZT>€U

~

2b N\ on
( 3 + 3hRn+1 3h3123n—1 + qQVQ):|R ) (4117)
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0 J 3+j
0= 72 1oy (% +i27)

2 2
3 b —34+n
+z(f§f3w —3hy3 ) + 30y, 1+q3vq)}L . (4.118)
~ a0 N al _a3+j
0= [V_?J’Uj(?_z 2 )
b~ -, N\~
+ z( -5+ 3hi, 1 — 3hi%,_y + q4vq)] Rt
This is equivalent to:
O b 1<, ,
D::V—%—i§+52(a3—ia3+])oj, (4.119)
=1
- ) b .
0= D+z(g+3w — 30, + 30, 1+q1vq)}L , (4.120)
. b , N
0= [D+ z(g +30%, , — 308, + qqu)]R", (4.121)
r~ 5b —3+4n
0=[D+ z( — 22— 3wl = 3hyh,, +3hF L, + qqu)}L3+ . (4.122)
ESY 5B Tu3 -~ D34+n
0= D+ z( 23,y - 30y 4 q4vq)]R . (4.123)

We can notice some similarities and differences in comparison with the lep-
ton wave equations: terms coming from inertial potentials are the same,
and gravitation works in the same manner on any material wave: gravi-
tation is universal. The quark sector has more gauge terms: this comes
from the fact that chromodynamics acts only on quarks, as leptons are not
sensitive to strong interactions. The quark sector seems more simple
and more regular than the lepton sector: mass terms all have the
same sign whereas signs are different for right or left waves in the lepton
case. The gauge terms of the U(1) group are also more simplified by the
invariant differential term linked to gravitation: in the quark sector, only
two coefficients remain as factors of the chiral potential b: 1/6 and —5/6.

4.2.1 Quantization of charges

The Standard Model employs renormalization prior to comparison be-
tween theoretical calculations and experimental values. In the case of weak
interactions the success of this process requires the cancellation of “anoma-
lies” related to chirality. This cancellation comes from the fact that the
sum of all the different charges of particles in each generation is zero. Since
these charges come from weak charges we will obtain this suppression of
anomalies by imposing, as it is done in the Standard Model, that the sum
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of all coefficients of the gauge potential b is null:
3 -5 1 4p-1 1 1 -5 =5
=4 —+ - - -+ -+ —4+—)=-2p—4
0=5t5 "3 73 +3(6+6+6+6) P
p= -2 (4.124)

We remark that should imply, in the absence of quarks, that the
sum is null only if p = 0, which means only in the case without magnetic
monopoles. Thus the magnetic monopole exists only because quarks
exist. We now have in the lepton sector:

0= {D + i(%b + 3w 4+ 1v)]21, (4.125)
0= [Dﬂ'(gbﬂv)]ﬁl, (4.126)
0= [f) + i(%b —3wd 4 mlv)}fg, (4.127)
0= {f)+i(—gb+mgv)}ﬁs. (4.128)

The sum of coefficients of the chiral potential is:

3 5 1 -9
stotyts =0 (4.129)
Then (4.124]) and (4.129)) imply the value e/3 for the sum of charges of the
u and d quarks, and thus only with the choice of the coefficient —1/3 in the
definition of Py, which implies that the choice made there is not arbitrary,
but constrained by its consequence. We may also remark in (4.120) to
that the coefficients of the potential b are the same for both left and
right waves of each quark. This is also a consequence of the choice —1/3 in
the operator F.
From the interaction between electron and magnetic monopole Dirac
found a formula relating electric charges e and magnetic charges g to the
Planck constant:

eg 1
= = 4.130
he 2’ ( )

We also have:

e e%g e
- J — g = — 4.131
9 fic g9; 9 20’ ( )

where « is the fine structure constant. This formula, the only equality ex-
plaining the quantification of charges, has been obtained via many ways
[67][86]. The smartest, from the point of view of quantum physics, was
Lochak’s. He used the property that, with an 1/r electric potential, a sup-
plementary symmetry exists aside from rotation invariance, which trans-
forms this invariance into SO(4) invariance. The continuity of the magnetic
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monopole wave under the SO(4) group then allowed Lochak to obtain the
formula [84] [85] [86].

The various ways [67] of obtaining the Dirac formula, including Lochak’s,
are all based on the same presupposition: they suppose that an electric
central charge acts by a potential like B on a magnetic monopole, or that
a magnetic central charge acts by a potential like A on an electric charge.
The problem is: potential terms are not pure tools for calculation, they
are embedded in the quantum field. And Maxwell’s laws indicate clearly
that an electric current creates an electric potential, not a magnetic one,
and conversely. There could not be any interaction between electric and
magnetic charge if an electric charge was not able to create a magnetic
potential or if a magnetic charge was not able to create an A potential.
Moreover only the potentials are present in the wave equations, fields are
not. A magnetic monopole acts only by the potential B issued of its kind of
gauge invariance. And since it does not have an electric charge, he cannot
act via the potential A created by electric charges. The problem is solved
because we have at hand the Weinberg-Salam angle which rotates in the
complex plane (A, Z°) of A 4+4iZ0 = e7 W (B 4+ iW). Tt results
that a potential AY = e/r created by an electric charge e satisfies:

/
_ 7\2[26 =S o= ?e. (4.132)

Thus we obtain instead the Dirac relation

BY = cos(fy)A°

1 eg 1 eg € ng_

. = . - — = 4.133
2 ke 3 ke’ V3 he a9 ( )
where « is the fine structure constant. By squaring we get:
2 2
e 9 9 e @ he
3 =g’ = g—he = She; g 35 e = Vahe (4.134)

4.3 Double link with the Lagrangian density

To be able to obtain the same properties as in flat space-time, it is
necessary to replace everywhere the partial derivatives used in the first
chapters by new derivatives accounting for the covariance, or contravariance,
or invariance of the objects on which the partial derivatives act. Similarly
the form invariance of the wave equations needs the replacement of the V
operator by the invariant D in , with:

0, 1, .2, 3 4, 5, 6
Xo=ayg+a;+a3+a3; Yo =aj+ay+as,
1, 0, 5_ 6 4, 3 _ 2
X1 =ag+aj+a3—ay; Y1 =ay+a; —as,
2, 0, 6_ 4 5, .1_ 3
Xo =ag + ay + a7 —as; Yo = ay + a3 — ay, (4.135)

3,0, 4 _ 5 6, .2 1
Xo =ag+as+a; —aj; Ys=ag+aj —as.
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For the left wave L! = ¢(1 — 03)/2 and the right wave R! = ¢(1 + 03)/2 of
the electron, the form-invariant equation (1.147) becomes :

0=L' (DLYoo + L' (% +3w3 + 1v) L', (4.136)
0=R' (DRY)oy + R (% + rv) R, (4.137)
These equations read:
0= [T (V+ X +iY)n* + (b + 3w + v)n'] (01 —ioa),  (4.138)
0= i€ (V + X +iY)E" + £ (2b + rv)EY) (a1 + io). (4.139)
They are equivalent, if X = 0, to:
0= —in*"(Vn") + (Y + b + 3w> + Iv)n*, (4.140)
0 =ig'(VEY) + (=Y + 2b + rv)el. (4.141)
These equations obviously come from the wave equations with the form:
0=—iVn' + (Y + b +3w® + Iv)p', (4.142)
0=4iVE + (=Y +2b + rv)El. (4.143)

On the contrary, if X # 0, these equations with the usual form do not come
from equations with the invariant form (4.140) and (4.141]), via the Lagrange
equations: if we indeed consider second sides of the invariant equations as
Lagrangian densities, these densities are no longer with real value, but with
complex value; this comes from DT # D. Henceforth with X = 0 and:

' := o (Y, + by + 3w5 + 1vy,), (4.144)
the left wave equation of the electron reads:
0= (—iV+1')nt. (4.145)
Using the adjoint, we obtain:
0=i(Vph)T + 91t (4.146)

If X is zero we are back in the case of the Lagrangian formalism studied in
Chapter 2. Conserving the definition of the Lagrangian density, we have:

0= Ly =—in'T(Vn') + 1D}, (4.147)

with a Lagrangian density which is complex, not only real. The real part,
which is the Lagrangian density as before, satisfies:

2R(LY) = —in'Tot(9m') +i(8un' oty + 21D} (4.148)
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The double logical link between wave equations and the real Lagrangian
density remains, because the X, terms are missing in the real Lagrangian
density and the wave equation that is obtained by the use of the Lagrange
equations, from the real Lagrangian density, is a complete invariant wave
equation. The change from the flat space-time only comes from the imagi-
nary part :X, the left current D} is conserved.

Fifteen similar equations exist, for the fifteen other chiral spinors of the
Standard Model. From one equation to the other the X,, + ¢Y), terms are
constant (universality of gravitation), and the n™, V, o* and D}" must be
replaced by some £7, @, o, ]3%” when left waves are replaced by right
waves. After this change the double logical link between wave equation
and Lagrangian density is conserved, as soon as X, are zero. Lagrange’s
equations allow us, as previously, to go from Lagrangian density to wave
equation in ordinary form, while the multiplication on the left side by 7"
or En allows us to obtain the wave equations in the completely invariant
form. The Lagrangian mechanism thus remains a purely algebraic process
and acts with any gravitational field such that X, = 0.

With the seven other left waves it is enough to replace the 1' vector by
the appropriate 1" vector:

1B=Y +b— 3w’ +myv, (4.149)
b

"=Y — 3+ 3wy, — 3h5, 1 + 30,y +myvy, (4.150)
b

for n = 2,3,4. We thus obtain:

0 =—in™ (Vn™) +i(Vn")n™ + 20D}, (4.152)
0=—i0,D}", (4.153)
0=vVn"+il"y", n=1,2,...,8. (4.154)
Next, for the right waves we simply replace L™ with R™, " with R

for n =1,2,3,4, and ™ with " for n = 1,...,8, and more we have a sign
change of Y And we use the parity conjugatlon P: M~ M which is the
main automorphism in Cl3. We now let, for n =2,3,4 :

:—Y+2b+rv r® =Y —4b + m,v, (4.155)
T=-Y+ b+3hRn+1 3h, 1 +mavy, (4.156)

4
3t =Y — —b+ 3hRn+1 30 1 4+ mav,. (4.157)

3
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And we obtain:

0= —ig"(Ve™) +i(Vem)ten + 2rnDyY, (4.158)
0= —id, DI, (4.159)
0=V +it¢", n=1,...,8. (4.160)

We see a total likeness between the left wave equations and those of right
waves. They differ only by gauge terms, and the replacement of o# with o#,
and by an unexpected sign change for Y. The Lagrangian density relative
to L! conserves exactly the form used in . Lagrange’s equations thus
show how the (2.165) and (2.166) equations are equivalent to the equation
of L'. To the very old question: why does a Lagrangian mechanism
exist? Does such an “extremal principle” exist, above physical laws? The
answer is no, because what happens is very simple: since ¢ = R' + L! is
invertible,[!| and if the X, are zero, the wave equation of L' in the usual
form 2.169: is equivalent to the invariant form of the wave equation of L',
where the real Cliffordian part satisfies the equation 0 = £!. The usual
form (2.169) of the wave equation is equivalent to the four real numerical
equat and following, which are exactly the Lagrange equations
relative to the four real variables in L'. This is possible for each spinor wave
L™ and R". Consequently the Lagrangian mechanism is the automatic way
to go from the Lagrangian equation to each wave equation in the usual
form. This works without any supplementary justification coming from
an integration by parts and the cancellation of terms at the boundary of
the domain of integration. It is the simple consequence of the Clifford
algebra structure, a purely algebraic property which depends only on the
dimension and the signature of the space-time metric, and thus on the space-
time geometry. The space-time manifold inherits the Lagrangian mechanism
for the electron (but only in the X = 0 case) from the special relativity
framework, because each tangent space-time to the space-time manifold, at
any point-event, has same dimension and same signature as the space-time
of special relativity.

4.4 Energy—momentum and kinetic momentum

Conservation properties of energy—momentum and of kinetic momentum
come from the invariance of the Lagrangian density under the additive trans-
lations group and under the multiplicative C1% group generalizing SU(2).

4. The existence of the inverse is not general since the wave has value in a ring, which
has zero divisors, not in a field. But the invertibility property is satisfied in any point for
all calculated solutions of the improved wave equation. This property is strong, because
the determinant of ¢(x) is a modulus of complex number; its square is the sum of two
squares, which is zero only if each of the two terms (the invariant Q1 and the invariant
Q2) is zero. Moreover, the determinant being a continuous function, if it is nonzero at
one point, it is necessarily nonzero in the neighborhood of this point.
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Wave equations being form-invariant under both kinds of transformations,
we have only a few things to change in comparison with previous chapters.
In the case of the leptonic wave the T and V tensors remain defined by
(2.218]) and (2.219). The change is the replacement of the covariant deriva-
tives. We thus have:

m__q m,_ 4 m s pm s

=t Tt TmlTLi e, T (4.161)
m,_1 m 1 m 8 pm s

V= T~ g T g 1A g, T (4.162)

The energy—momentum 7" is hence always the sum of four terms, one for
each spinor of the leptonic wave (and the sum of twelve terms in the case
of the quarks). It is enough to calculate one term and to transpose the
procedure to the others. We calculate the left term of the electron, and the
invariance of the Lagrangian density under translations implies:

Ly = R[—in'Te" (Oun" +ilin")], (4.163)
Tih = R—in ot (' + ilinY)] + o4Lh
= R[—in'Ta"(Ozn' +ilin)]. (4.164)
We thus have:
—ir]lT(an) = —in”(—illnl) _ —UlTltaﬂnl — _liLDle7 (4.165)
2Tk = —inttatannt +i(anh)otnt + 215D (4.166)

Next we use the wave equation of 7', which gives:

V' = —il'n'; 9,D}" = —X, D}, (4.167)
20,174 = —i(Vn")foan' —in'fox(Vn')
+i0x(Vn') ' +i(0an'T) V' + (9,13)Dy (4.168)

We thus obtain:

0uTih = (.13 — daL,)DY, (4.169)
0Ty = (9,15 — Oal;)D o™, (4.170)

Similarly, we obtain for the other parts of the lepton wave:

0T = [(ur) — Oar))D )0, (4.171)
0uTp" = (9,13 — OAL5)D}] 0™, (4.172)

0uTR" = [(9r — Oary)Df o™, (4.173)
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Adding the four parts of the lepton wave, we obtain:

8,TH = %[(%li a\l},)DM o + [(aﬂrA or,)DElo™  (4.174)
m pm L
+ Tml[@“lg ox15)DY o o [(a r} — oars Do
_ M1 ™Mo 8 -
= (0uY) = 0\Y), )<le R T kmy D kaD )
+ [0u(bx +3w3) — Ox (b + 3w})] lel“
+[0,(2by) — 8,\(2bu)]HD}§ (4.175)
+ [0(bx — 3w3) — Oa(b, — 3wh)] — p— DS“

+ [0(—4b2) = Oz (~4b,)] D3

m
+ 2 Oy = d\v,) (D + Dy + DY + D).
Only one term more appears, compared with what we have obtained in
Chapter 2: the first term, with a curvature field:
Cuv = 0,Y\ — O\Y,. (4.176)

This field is not linked to the probability current, but to a similar current,
distinguishing the role of right and left waves:

m m m m
E . = L+ p— D — - DS, (4.177)

We thus get, on the place of ([2.246)):

Kl =

01" = [aFia (3 )+ Cnk! (4.178)

m.1 m .1 8
+i ( D”——D“—Q—D“—
T \j ke Tkm b P,
If the electron is lone, if weak interactions are not at play, and neither C
nor G fields, it remains:

) o

e m
01" = aFi (1 ZD} + D)o, (4.179)

This gives the Lorentz force (1.305) acting on the electric current j. =

e(%D}12 + %Di) of the electron. We truly obtain classical electromag-
netism at the limit of low gravitational field.

4.4.1 Probability density
The T{ component of the energy—momentum tensor satisfies:
KT§ = R —i(T0'Don’ + € Dogt + —778TD 4 = gsTD &)
(4.180)
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For a solution of the wave equation with energy E of the complete wave,
such as:

E E
— 1 Zely. 5 8 _ 8
iDo& hcf (x); —iDo§ hcé (x), (4.181)
E E
—3 1_ Tig) —j 8 _ 8
iDon e (x); —iDgn 1l (x). (4.182)

We then have, like in Chapter 2:

E/mm m m m
1§ = — (Tnttnt + Togel 4 iyt 4 T gstet)

Tic \kl el
E/m m m m 0 E

=—(=D! + =DL+ —D3 D% ) =—=J° 4.183
hc(kl Lt kr B + km, T + km, R) he™’ ( )

noting always the weighted currents J with relative weights 73, £, 77~ and

7m—- The reason of the existence of a probability in quantum mechanics re-

mains thus the equivalence between inertial and gravitationnal mass, which

implies:
0 7’
E= dvly ; ﬁdv =1 (4.184)

We will note that, if the X, terms are no longer negligible, which make the
wave equations go out of the Lagrangian case, neither energy—momentum
nor currents remain conservative. These X, terms may be at play with the
strong gravitational field around black holes. Even in the case of a weak
field, the fact that the C field acts on a difference between left and right
currents may have been important for the preference of weak interactions
for left waves.

4.4.2 Quantization of the kinetic momentum

The approach is exactly that of section 2.5] The invariance under the
Cl3 group of the energy-momentum tensor V, together with the normal-
ization of the probability current, leads to the quantization of the kinetic
momentum with the value /2, in conformity with what we know since 1926.

We saw in Chapter 3 how we may extend this quantization to the quarks.
To account for gravitation it is enough to replace d,, with D,, in . The
energy—momentum tensors and the quantization of the kinetic momentum
do not change with respect to Chapter 3.

4.5 The Pauli Principle

We will here supplement what we discussed in and in [31].

We recall that the Pauli principle was formulated even before the discov-
ery of wave equations in quantum mechanics. In the framework of Bohr’s
model, the principal quantum number and the integer angular momentum
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due to rotational invariance were not enough to characterize the electron
states. Afterwards, the relativistic model of a particle revolving around the
nucleus gave rise to Sommerfeld’s relativistic energy levels formula (??). To
obtain rays of light as differences between these energy levels requires the
use of a “total kinetic momentum” that is not an integer (always half an odd
integer). Therein lies a contradiction between the mathematical certainties
of group theory, which implies integer numbers for the rotation group, and
well-established experimental results concerning the emission and absorp-
tion of light. This contradiction is easy to detect in a popular encyclopedia
like Wikipedia (most serious course books are unhappily not much better).
We now cite and translate the French version of Wikipedia: “In 1925 Pauli
proposed a principle saying that several electrons cannot simultaneously be
in the same quantum state. Afterwards this principle was generalized to
any fermion or particle with a half-integer spin.” The same encyclopedia, in
its English version, tells a much more explicit but actually alternative story:
“In the case of electrons in atoms, it can be stated as follows: it is impossi-
ble for two electrons of a poly-electron atom to have the same values of the
four quantum numbers: n, the principal quantum number, [, the angular
momentum quantum number, m;, the magnetic quantum number, and mg,
the spin quantum number. For example, if two electrons reside in the same
orbital, and if their n, [, and m; values are the same, then their ms must
be different, and thus the electrons must have opposite half-integer spin
projections of 1/2 and —1/2”. We now explain how these versions differ.

The Pauli principle was expressed in the framework of the Bohr atom
where the electron was a corpuscle following particular orbits determined by
these quantum numbers. This model allowed Bohr not only to understand
the possible states, but he was also able to calculate energy levels corre-
sponding to each trajectory. For instance an atom with Z protons ionized
Z — 1 times had the following energy levels:

Z2
E = -=513.6eV, (4.185)
n

where n is the principal quantum number. This result was obtained by
equating the mechanical and electrical forces that act on an electron re-
volving around a nucleus with an atomic number Z. The Bohr model was
afterwards explained in a completely different manner by the matrix quan-
tum mechanics of Heisenberg (his results were fully compatible with this
formula), and then by the wave mechanics of de Broglie and Schrédinger.
The Schrédinger equation had some difficulties concerning this lone electron
around a nucleus. The formula of the energy levels was not in Z2 but gave
instead:

Z
E=—"13.6eV. (4.186)
n

As a result of divergences between theory and experiments like the one
above, the quantum wave had serious difficulties in matching Heisenberg’s
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matrix mechanics. To describe systems of electrons the wave mechanics
of Schrédinger used the Pauli principle along with a perturbation method.
The wave function of a system of two electrons without interaction is anti-
symmetricﬂ

P = %[w(ﬂvl,yl,zl,t)1/1(ﬂc2,y2,ZQ,t)—w(mg,y2722,t)¢(x17y1,21,t)], (4'187)

where t is time, (z1, y1, 21) are coordinates of the position of the first electron
and (z2,ys, 22) are coordinates of the position of the second electron. The
result of Schrédinger’s approach is: the wave propagates not in space-time
but in a configuration space with 3n+1 dimensions if n electrons are at play.
The wave is then reduced to a pure tool for the calculation of probabilities.

But the orbital moment and the spin quantum number mg in the spin-
up, spin-down version of the Pauli principle (the previous English version
of Wikipedia) are purely fictitious, nonphysical. The only quantum
numbers which are measurable (this has a precise and definite meaning
in quantum physics) are: the n number which is the degree of the radial
polynomial functions, j = |k| — 1/2 because j(j + 1) is a proper vector of
the J? operator of kinetic momentum, and the magnetic quantum number
which was formerly denoted as m and that we relabel as A in Appendix C,
so as to differentiate it from mass. This quantum number X is the proper
value of the J3 kinetic momentum operator (see . This proper value
has not only two values but 25 + 1 values: —j, —j +1,...,7 — 1,j. There
are actually two kinds of states with the Dirac equation, linear or improved
(see , but they are not spin up — spin down states, but rather states
with positive k (there are n(n+ 1) such states) or with negative x (there are
n(n — 1) such states) (more details in [I.5.7). These states have two-to-two
correspondence, but not from one sign of k to the other: they have two-to-
two correspondence by opposite values of )\.ﬁ The true exclusion principle
can use only true quantum numbers of a given scenario. For electrons in an
atom this corresponds to the orthogonalization of states: we saw in
how for two electrons around a nucleus this corresponds to the addition of
energies and of currents, to obtain a solution near the sum or difference
of solutions corresponding to each electron. It is thus the same for the
kinetic momentum which adds or subtracts. We explained in why the
Pauli principle, for electron states in atoms, may be reformulated as such:

5. The method of perturbations starts with what happens for electrons that do not
interact, thus initially considered without electric charge, and only afterwards is the
value of the charge reintroduced. But absolutely no physical means exists to remove or
to modify the charge of an electron even a little, hence the situation from which the
calculation starts is purely theoretical, nonphysical.

6. So the sentence “several electrons cannot be simultaneously in the same quantum
state” is true, not the sentence containing an integer angular momentum ! which is
only available with the nonrelativistic approximation of the Dirac equation by the Pauli
equation: Pauli’s spin-up, spin-down idea, even though very popular in course books for
chemistry, is only a pretty tale.
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two electron states must occupy orthogonal states for the Euclidean norm
[[[ dvd®/Tic, where J°/hc is the probability density. The existence of this
probability means that the normalization of the electron wave is derived in
[[.5.5] from the equivalence principle between inertial and gravitational mass.
Now if we consider the relation existing between the energy—-momentum
tensor and the current:

E Jo
he™
The orthogonality of the states gives, for the sum over space of J° /hc, the
value 2. We should say that the occupation number is two electrons. They
are indistinguishable: we do not know which one is on each wave, because
only one wave exists, not two. In a general way, for an atom with a system
of electrons of total charge ne, the total energy of these n electrons is, to
a good approximation, n mgc?: thus in Sommerfeld’s energy levels formula,
the proper mass must be multiplied by n. Since the electric potential term is
also multiplied by n in the case of a neutral atom, the gap between levels is
multiplied by n2. This explains the Z2 factor in energy levels in . The
energy levels of an atom with several electrons do not allow us to allocate
some energy to each electron separately. Moreover, the ionization energy
for one electron to be displaced is calculated by the difference between the
total energy of a system of n electrons and that of a system with n — 1
electrons.

The Dirac equation, which is the linear equation approximating our im-
proved equation, has two kinds of solutions: the ones calculated by Darwin
in 1928 and that calculated by one of the present authors [I3][14], which
have a Yvon-Takabayasi angle everywhere defined and small. The orthogo-
nality of the Darwin’s solutions gives the normalization of Daviau’s solutions
and vice-versa.[1

9 = — (4.188)

4.5.1 Two versions of the exclusion principle

Despite the fact that the improved wave equation is nonlinear, every-
thing is as if the only possible waves for each electron of a two-electron
system are the sum or difference of two electronic states. Therefore the
wave equation for an electron of a two-electron atom is the same equa-
tion for an identical kind of wave, except that the environment, thus gauge
terms and mass terms, are changed — this is essential to be able to unify all
interactions.

The spin-statistics conjecture afterwards transformed the Pauli principle
into another statement: the wave of a system of fermions is the antisym-
metric product of these fermion waves. This is a statement on the local

7. With a Euclidean norm we indeed have for any vector:

1
u-v= Z(IIU+VH2— [lu—v|*)
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value at a point of space-time when the condition of orthonormalization
acts on the whole wave. These two statements are not equivalent. The lo-
cal statement of the principle is stricter than the global statement, because
the sum over all space of a null function is certainly null. But the statement
with a local condition, for the Pauli principle, changes the nature of the
wave, which is no longer a function of space-time in C*, but the difference
between two products of such functions. It is the same with the nonrela-
tivistic approximation of the Dirac equation by the Pauli wave equation,
where the space of values of the wave function becomes C?2, not the C field.
As this space of values is not endowed with an internal product, quantum
mechanics supposes the existence of a "tensor product ”E| This transforms
the electron wave (a function of the 4-dimensional space-time into C?), for a
two-electron system, into a function of a 7-dimensional space with value in
C*, and for the electron of an n-electron system, into a function of a (3n+1)-
dimensional space into a C2". This is totally unacceptable in a theory of
gravitational field which cannot change the nature of this field following the
number of objects with a mass. On the contrary, with a fermionic wave with
value in End(Cl3), and with an internal product which is the composition
of endomorphisms we may adopt, without any mathematical difficulty, the
stricter sentence: The wave of a fermion system is the antisymmetric
product of the fermion waves.

1. Because it is compatible with the normalization of the electron waves,
as a result of the equivalence principle at the basis of general relativity.

2. An electron neither changes its wave nor the type of its wave when it
enters an electron system or when it exits. Only interaction terms (gauge
terms and mass terms) change with the context.

3. This is possible for the spinor wave only, since orthogonality as a
consequence of the normalization is usable only because the Dirac matrices
are not uniquely defined. From this non-uniqueness the sum and difference
of normalized orthogonal solutions obtained from one set of v* matrices are
normalized as well as orthogonal solutions for another set of v# matrices
[13].

4. We have seen in that with the orthonormalization the sum or
difference of solutions allows us to get for the sum of the local energy density
the sum of the global energies of two electrons. A consequence of the Pauli
principle is then: the energy—momentum of a system of two electrons is the
sum of the momentum-energies of two electrons separately considered. We
may see the “normalization” part of this reasoning as firmly justified by the

8. The definition of such a product is not at all trivial, because quantum field the-
ory supposes here, without any mathematical proof, that the properties of the tensor
product (well established only for the finite-dimensional linear spaces used in classical
mechanics) can account for the tensorial densities or spinor waves of relativistic quantum
mechanics, and thus are supposedly able to account for the spin of a particle system
(infinite-dimensional linear spaces). Moreover with (4.187) not only the set of images is
changed, but also the set of departure, which is a (3n + 1)-dimensional space. Perhaps
still worse, the starting point is the nonrelativistic tale of the spin-up/spin-down theory.
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equivalence principle.

5. As first pointed out by de Broglie, the local version of the exclusion
principle (the anti-symmetrizing of the wave functions) gives the symmetriz-
ing of bosonic waves as soon as a bosonic wave is built from an even number
of fermionic waves [55].

The global statement is sufficient from the point of view of electrostatics,
because this is enough to get the value ne for the total charge of a system of
n electrons. Moreover since the scalar product employs a summation over
the whole space, this justifies the existence in quantum physics of a natural
nonlocality for such a sum taken at all points.

What we discuss comes from properties of the electron wave and of the J
current. This may be easily transposed to the J, current, and thus to a sys-
tem of protons, or to a system of neutrons, or to an atomic nucleus. On the
contrary, binding forces are strong enough such that the mere summation
of masses is there simply a bad approximation.

4.5.2 The equivalence principle

About the extremal principle which up to now has guided the whole
of mechanics and optics, we explained in [2:3.4] how this principle is not
above physical laws, and that this principle simply emerges from the Clifford
algebraic structure. We now see how the equivalence principle is also a
consequence of properties of the wave with spin 1/2.

In the previous discussion of the Pauli principle we saw that the mass
term of the wave equation is variable, in accordance with the number of
particles at play. And the energy of photons emitted or absorbed is the dif-
ference between the energy levels of the system (atom, molecule, ...) before
or after emission or absorption. Denoting by m; the mass of the system
considered before and m, the mass of the transformed system, we neces-
sarily consider the Lagrangian density as a difference. We have two other
reasons for this difference: the potential b is —a” and the differential term is
also easily expressed as a difference. We recall that the Lagrangian density,
in the lepton case, is the sum of four terms, and in the quark case the sum
of twelve terms. For the left wave of the electron, with (4.119) and (4.125)
and supposing the cancellation of the X, we have:

3 al, 1
0=kL = —intfoH {awl + i(ib“ + 3wa + 7” + §YM + lvu)}n1
= —kLj + kL, (4.189)
i 14 (/3
L= %anvnl — it <§b +3w® — mav>n1, (4.190)
i 1 1
E; = 5(8#77”)0”7)1 + it (5(1’7‘ + §Y“0M + mbv)m, (4.191)

1=my —mq; L} =L, (4.192)
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We may notice that we did not group together the two terms containing
b = —a” on only one side. The fact that this potential belongs to each one
of the two parts comes from this property: the multiplication by ¢ works
in the same manner whether from the right side or from the left. Thus the
potential is naturally present both in the £} part that allows us to get the
forces acting on the electron, and in the L; part that holds the a™ giving
the Christoffel symbols. To these two parts of the Lagrangian density are
attached two tensors of energy—momentum, equal from their definition:

i 3
Tyl = gn'to(0an") —n'fo" (§b)\ + 3w} — mavA)nH (4.193)
i 1, 1
Trgy = 5(0xn' ot n" +n'fot (§a§ + 5+ mm)nl, (4.194)
1 1 1
0=—Tp\ + Tpgn; Toiy = TLIZ,\ (4.195)

Since this may be generalized for all parts of the Lagrangian density we
obtain in a very general manner an equality between the inertial tensor T;
and the gravitational tensor Ty: this is the equivalence principle.

4.5.3 Mossbauer effect

A photon may be absorbed or emitted without any recoil of the nucleus,
exactly as if it was emitted or absorbed by the whole crystal containing
the atom and its nucleus, in spite of the fact that the frequency of the
photon corresponds to a difference between energy levels of one nucleus.
The understanding of this effect induces us to admit that not only is the
energy—momentum tensor a difference, but also the proper mass at play in
the definition of the quantum wave:

Mg = M, My = MgT, (4.196)

where mr is the total mass (eventually that of the whole universe if it is
necessary) and mgr the mass of the subtotal, which is the previous sum
minus that of the system that is emitting or receiving. It is well known
that a frame of reference usable in quantum mechanics must be neither too
massive, if we want to sidestep gravitation, nor too light because it is then
impossible to neglect phenomena of recoil due to the momentum of emitted
or absorbed photons[7]. It is always possible to take as the total mass that
of the reference frame in which the measurements are made. Since only a
difference is useful there is no problem with the immensity of masses, even
if we must include stars and galaxies.

If we study a particular electron, the mass at play is the proper mass
of this single electron. If the electron belongs to a system of two electrons,
the mass used in the double equality F = mc?> = hv is the mass of the
system. It is the same for the protons or the neutrons in a nucleus, or even
for a crystal. This explains why the properties of a nucleus are different
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according to whether the nucleus is surrounded by an electron cloud or not,
particularly for the probability of radioactive decay [70].

We then see that it is possible to analyze all particles and systems of
relativistic quantum mechanics with physical waves propagating in a space-
time whose properties are determined by these physical waves. It remains
for physics indeed to go from theory to practice.

4.6 The whole space-time manifold

4.6.1 Local and global structure of space-time

By writing x = x*0,,, quantum mechanics actually includes the set of x,
which is the space-time manifold, in Cl3. Moreover, the space-time length
is given by det(x) = xX = x - x. This equality implies that multiplication
is the single operation to be considered. Thus we must also consider the
physics point-of-view about length and use [42]:

X = %; x € Cl3. (4.197)
The first difference with classical geometry is that the origin of the measure
of time and space is at x = 1, not 0. Second, Cl3 is the Lie algebra of
the C15 multiplicative group. This means that the neighborhood of any
point O is isomorphic to Cls. This set is a linear space which contains
two subsets: Cl3, which is the set of x satisfying det(x) # 0, and the light
cone, which is the set of x satisfying det(x) = 0. Third, these conditions
exclude themselves, therefore the light cone is included in each (local) Lie
algebra, not in the (global) Lie group Cl}. Fourth, the only link between
each Lie algebra and the whole Lie group is the exponential function, which
we calculate as follows:

X =a+bu; u=zxlo) +2%0y + 2303; (21)? + (2%)2 + (2%)% =1,

X" = 2 [(@ 5" (1w + (=) (1~ w) (4.198)
exp(x) = Z );—T = % [e‘”b(l +u) +er 01 - u)} = e%[cosh(b) + sinh(b)u].
i (4.199)

Moreover, we have
det[exp(x)] = exp[tr(x)] = e*. (4.200)

Thus, with exp(x) = A+ Bu = A+ B(x'oy + 2209 + 2303) we obtain:

¢** = det[exp(x)] = (A + Bu)(A — Bu) = A — B? (4.201)
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which implies that the light cone (A? = B?) is the boundary of the space-
time manifold and that nothing exists outside this boundary, since e?* > 0.
From this sign we may see the purely theoretical and local character of the
Schwarzschild solution in general relativity. Consequently we obtain:

A+ Bu
e® = /A% — B2; cosh(b) + sinh(b)u = ———u—.
(b) =+ sinhib)u = Zor =5
a=In(\/A? — B2) =

In(A+ B) +1n(A — B)], (4.202)

DN =

st B _ L (A —
b = sinh {m} = S[In(A+ B) ~In(A - B)],
a+b=In(A+ B); A+ B ="t (4.203)

4.6.2 The EPR paradox

Two photons are emitted at point-event O. We suppose, simplifying the
calculation, that they are emitted in two orthogonal directions, 1 and o,
of the tangent space-time at O. They are absorbed at the same time y > 0,
also to simplify the calculation. The photon emitted in the direction o is
absorbed at the point-event:

X, =ay +bug = (a+vy) + (ba! +y)oy + b(z20s + 2303),
a1 =a+y; w =xioy +rioy +avos; (21)? + (1) 4 (23)* =1,
(z' +y/b)* + (2®)* + (2°)® = 1+ 22"y /b + (y/b)?, (4.204)
(x' +y/b)oy + 2209 + 2303
V14 22ly/b+ (y/b)?

The photon emitted in the direction o9 is absorbed at the point-event:

by = by/1+ 2x1y/b+ (y/b)%; vy =

Xy = ag + botz = (a +y) + bxtoy + (ba? + y)oo + brdos. (4.205)
And we also have:

az = a+y; Uy = 1501 + 302 + 2303; (5)° + (23)° + (25)* = 1,
(@')? + (2® + y/b)* + (%) = 1+ 222y /b + (y/b)*, (4.206)
rloy + (22 + y/b)oy + 2303

V1+222y/b+ (y/b)2

On the space-time manifold, the point event O is at X = O/l, = A+ Bu =
exp(x) while the photon emitted in the direction oy is absorbed at the
point-event Xy = M/l, = exp(x1). The photon emitted in the direction oo
is absorbed at the point-event Xy = P/l, = exp(x2). The position of the
point event P, seen from 1, is:

by = b\/l +2x2y/b+ (y/b)?; ug =

x5 = [exp(x)] /% exp(x2) [exp(x)] /2. (4.207)
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The position of the point event P, seen from M, is:

1

b = [exp ()] Y2 [exp(x)] /2 exp(xo)fexp ()] [exp(x1)] % (4.208)

The position of the point event M, seen from 1, is:

x(l) = [exp(x)]_1/2 eXp(Xl)[exp(X)}_lﬂ. (4.209)

The position of the point event M, seen from P, is:

—1/2

2
X1

= [exp(XQ)]l/z[eXp(X)] eXp(Xl)[eXp(X)]_l/Q‘ eXp[(Xg)]l/Q. (4.210)
And we have, since the determinant of a product is the product of the

determinants:
det(x%) = @a+ye—ae2(a+y)e—aea+y _ 62((1-|-y.1,.y)7

det(x?) = e¥tVe 2@ty gmapaty — o2(atyty), (4.211)

Therefore at each point-event, when a photon is absorbed at the local time
a + y, each observer sees the absorption of his photon as preceding, with
the same length of time y, the arrival of the photon for the other observer:
the absorption of the other photon is in the future of each observer, not
at the moment of arrival. This strange result seems very similar to the
fact that each observer sees any length shorter for a moving object: an
observer in the moving object also sees the other observer as moving, thus
with shorter length. The paradox is that a measurement made on either of
the particles apparently collapses the state of the entire entangled system
and does so instantaneously, before any information about the measurement
result could have been communicated to the other particle [4]. Our previous
calculation shows the key to this paradox: the instantaneous character of the
measurement is simply false, the “collapse” only results from the supposition
that this situation may be described by a tensor product of Hilbert spaces
whose elements are not defined in the mathematical sense of the word.
Look out! We don’t deny quantum entanglement. We say that the paradox
is only in the interpretation of this situation by a nonrelativistic Hermitian
theory, whereas physics must account for the fact that each "fixed" observer
is journeying in time on the space-time manifold, even if he does not travel
in space.

The understanding of the true geometry of space-time simply requires
the use of the space-time manifold itself, not merely the use of the flat
tangent space-time at the particular point-event O.

Einstein, Podolsky and Rosen said [66]: “From this follows that either (1)
the quantum-mechanical description of reality given by the wave function
is not complete or (2) when the operators corresponding to two physical
quantities do not commute the two quantities cannot have simultaneous
reality. For if both of them had simultaneous reality — and thus definite



186 CHAPTER 4. GRAVITATION

values — these values would enter into the complete description, according
to the condition of completeness.”

Experiments with the polarization of two photons simultaneously emit-
ted (very fine indeed and meriting the Nobel prize for Aspect) can neither
prove (1) nor (2) because the absorption of these photons cannot be simul-
taneous at the points where each absorption is effective. The quantum wave
used here, with value in End(Cl3), and not just in C, is enough to prove
that (1) was true in 1935, independently of what we now think about (2).
More generally no contradiction can exist between general relativity and
quantum mechanics. Any apparent contradiction results from bad
approximations of relativistic laws.

4.6.3 The arrow of time, the expansion of the universe

Any point of the space-time manifold is at a position:
X =l,expla+bu) =1,(A+ Bu); A=e%cosh(b); B = e®sinh(b). (4.212)

Thus the time position I,e® cosh(b) is the product of positive real numbers:
time is an oriented quantity, the arrow of time has a geometric root.
The time variable goes from 0 to +oco.

Now we consider a photon received at this position X, coming from a
distant galaxy, for instance along the oy direction. It was emitted at the
position:

loexpla —y + (ba' —y)oy 4+ b(x209 + 2%03)] = g exp(a; + byuy), (4.213)
with[]
ay =a—y; w = zioy +2ioy +aioy; (21)% + (27)® + (¢F)® = 1,
(z' —y/b)® + (2®)® + (2%)? = 1 — 22"y /b + (y/b)?, (4.214)
(2t —y/b)oy + 2209 + 2303
VI=2aly/o+ (y/b)?

by =by/1—22ly/b+ (y/b)% uy =

The photon was emitted at
Ze = lg €**[cosh(by) + sinh (b )uy]. (4.215)

At this point-event the local time was t. = [,e% cosh(b;) = [,e® 701 /2.
The same photon is absorbed at the point-event X, then at the local time
t, = lae® cosh(b) ~ 1,eT? /2. The only constant object of this geometry is
the Lie algebra: each local tangent space, in each point of the manifold, is
isomorphic to the Lie algebra of the group. We will then suppose that

de _ dh,

d((l1+b1) :d((l<Fb)7 7 :

(4.216)

9. Since we now look at past, a1 < a.
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And we have
v, dt,

—=—. 4.217
Ve dt, ( )
In the first approximation, b; &~ b, we obtain:
1 vg _ dte _ dllge® cosh(by)]
1+z v dt,  d[lue®cosh(b)]
_ladae®¥cosh(b) 1 1 (4.218)

1o da e cosh(b) eV 14y

This means that the redshift due to the expansion of the universe, previously
interpreted as a Doppler effect, is a direct effect of the geometry of space-
time, and the z parameter, defined as (ve — v,)/v,, is almost equal to y.
But this is true only as a crude approximation, or as a false velocity. When
y is small this redshift seems proportional to y. The Hubble parameter
(73.3+1.4km/s/Mpc) gives for the distance 1 Mpc the value z = 0.0002443,
thus giving R = I, e*t?/2 ~ 6.3 x 10*°m.

Using the geometric condition (4.216]), which results from the Lie algebra
as the only fixed framework, independent from the space-time position on
the manifold, we may calculate more precisely the ratio dt./dt, in the case
where y is small. We have:

d[lae® cosh(by)]  dle*"Ycosh(b1)] e Ycosh(by) 1
dll,e®cosh(b)] ~  d[e*cosh(b)] ~  cosh(b)  f(y) (4219)
fly) = eyccoosshh((bbl)) ~ f(0) +yf'(0) + y2f 2(0) +.. (4.220)

b= by(y) = V57— 2aTby + o <y>=\/1—2l'y+<y>a

b b
al 1 (ah)? 5 2l[l-(2h)?] 5
~1—— - R 4.221
9(y) p Yt o Y TER ( )
And we obtain:
b
€ a
fly) ~ eyeTl — o) (4.222)
1—(z')? a1 = (21)?] .
_ by 1y, 2 3
ay)=y+b—br=(1+z)y Y oTE ¥+
1— 1 1 1— 1
f/(y) ~ a/(y)ea(y) _ (1 +I1)[1 B b-x y — 3x (2b2 x )y2 4. ']ea(y).
(4.223)

From the values of the Hubble parameter and of [, we obtain a + b ~ 142.
We only know that a > b > 0. The ratio a/b is unknown. If our position
in the manifold is anywhere, for instance is (a + b)/a ~ a/b, we could have
a =~ 88 and b ~ 54. This should give a ratio B/A very close to 1. We now
look at the acceleration or deceleration of the expansion.
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4.6.4 Beginning of the acceleration

Defining h such that h(y) := f(y)/y the redshift seems accelerated if
and only if h is increasing, hence if A/(y) > 0. We obtain:

vh (y) = yf' (y) — fly) =~ [yd (y) — 1]e"¥) (4.224)

1— () yz_?w [12;2(1‘)]

=[-1+(1+2")y - Y2+ ]etW),

For instance if b = 40 and z! = 0.6 we have:
y2h (y) = [-1 4 1.6y — 0.01652 — 0.00036y> + . . .]e*W) (4.225)
Thus, in this case, h'(y) > 0 if and only if
Yy > Yo, Yo ~ 0.63. (4.226)

Moreover, the sign of the coefficient of 3 indicates a sign change for large
y, but the method of calculation used here does not give the value of this
new change of sign.

Hence the acceleration of the expansion seems to begin near yo, with
possible differences depending on the direction of observation with regard
to the whole space-time manifold. And the expansion seems to decelerate
for very large z. Thus there is no need for either dark matterm or repulsive
gravity to explain all modern observations of cosmological redshifts. What
we obtain here is completely different from the cosmology developed since
Einstein’s works on relativistic gravitation. We think that it is much more
satisfactory, because we do not need to suppose a homogeneous distribution
of matter, never observed at small or very large scales; neither is there need
for a gigantic amount of unknown matter, nor for an ad hoc cosmological
constant, nor for an adjustment in the parameters to explain the recent
acceleration of the expansion. Furthermore we have obtained two results
that Einstein should have very much liked: first, a space-time which, as a
whole manifold, is invariant (for a given cosmological time ¢, space is not
an hypersphere S? with growing radius, it is a R? unlimited and globally
invariant. Only the elements of the whole manifold are variable. Second,
the geometry of the cosmos, globally, is independent of matter, integrating
to the geometry both inertia and gravitation.

10. The movement of stars in galaxies and the movement of galaxies in galaxy clusters
is another question. Indeed the absence of necessity for the cosmology of dark matter
does not prove its non-existence. The simple name “black hole” is enough to prove that
some objects may exist and be unable to directly send light.



Chapter 5

Why?

Thousands of years ago, physics began with the questions of our ances-
tors: why the regular return of the Sun, why the phases of the Moon? Why
the wind, the rain, why the rainbow after a thunderstorm? When physics
started to progress more and more quickly, understanding the motion of the
planets, linking together all these “whys” into a theory of gravitation, of
electricity and of light, gave rise to many other whys.

Take the instance of light. Physicists began by understanding some of
its properties, like the fact that it originated in the Sun before coming
to the retina of our eyes, and not the reverse, as was long believed. Go-
ing a little further they understood some laws governing these properties,
for instance the law of refraction when light passes from one medium to
another with a different refractive index. These laws are described with
mathematical tools, such as sines of angles of refraction. Next these laws
depend on principles which are, in a sense, laws governing laws. Con-
cerning light, Pierre Fermat understood that the law of refraction comes
from the following physical principle: light automatically chooses the path
of shortest duration. We previously did not only study properties of quan-
tum waves (they are functions of space-time with values in CI%), we have
studied laws: partial differential equations for the wave, also the orthonor-
malization of the electron wave and the existence of a probability density.
We also obtained the laws of motion for a charged fluid. We have even
explained how these laws come from principles: the wave equations arise
through the Lagrangian mechanism from an extremal principle resulting
from a Lagrangian density. The orthonormalization of the wave comes from
the principle of equivalence between inertial mass and gravitational mass.
What is newest here: to end up with a causal loop, by the deduction of
these principles from the properties of matter waves themselves. We have
completely dissected how the extremal principle is, for quantum waves, a
consequence of properties of the quantum wave as a function with value in
a particular Clifford algebra. These properties are linked to the structure of

189
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space-time, the fact that time is 1-dimensional and space is 3-dimensional.
We have also explained how the equivalence principle comes from the prop-
erties of all densities of energy—momentum.

What we have continued here is proper to the building up of science: to
search for laws from properties of physical objects, and not beyond these
objects. The causal loop that we have just described is hence a success-
ful realization of the scientific process for this field of science that studies
matter, called physics. And as a loop closes on itself this rounds out the
process, even if a loop may indeed be extended, doubled or integrated into
other similar loops.

The double equality E = mc? = hv is an essential component to these
parts of our causal loop which have been progressively improved over time.
The equality E = mc? comes from the electrodynamics of matter in mo-
tion, obtained by Albert Einstein in 1905. Straight after sending his article
for publication he accounted for this: if all matter has an electromagnetic
origin, then F = mc?. This equality is extremely well established by experi-
ment, but as a consequence the if-then nature of the statement is somewhat
forgotten. Physicists no longer asked: why does all matter have an electro-
magnetic origin? Here we have carried our knowledge on this point a little
further: all fundamental objects of physics are fermions obeying the same
laws; thus saying that all matter has the same origin is equivalent to this:
any mass-energy in the universe comes from fermions. Hence if any boson
seems to have a proper mass, it is composed of fermions that possess this
mass.

After his discovery of the electrodynamic laws of matter in motion,
Einstein reconsidered gravitation, starting from the identity between in-
ertial mass and gravitational mass. This identity implies that the gravita-
tional field is an acceleration field, not a force field, unlike electromagnetic
forces. He thus understood that gravitation was a completely geometric
phenomenon, linked to the structure of space-time itself, its curvature. But
then why was gravitation this way? Why the equivalence between inertial
mass and gravitational mass? We have also advanced a little further here by
showing that Lagrangian densities of fermions may naturally be interpreted
as a null difference between gravitational terms and inertial terms. We have
even further advanced the next question, “Why is this the case?” The dif-
ferent terms of the wave equations are the only possible ones, able to exist
in a manner compatible with the form invariance of the wave equations.
Furthermore these wave equations are form-invariant due to the properties
of the structure of waves themselves. This causal loop goes through the
Lagrangian mechanism that we have dissected and which contains no meta-
physical principle. Everything arises from the algebraic structure automat-
ically associated to the geometric structure of space-time. This structure
is itself linked to the quantum wave, which has value on the C1; manifold
that includes this space-time.

The second equality of the pair, F = hv, was first obtained by Max
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Planck in his studies of the laws of the radiation issuing from a material
heated at a high temperature. The equality contains a constant which is
rightfully named after its discoverer. This was extended twice, first by
Albert Einstein who introduced the wave-particle dualism for light as early
as 1905, then by Louis de Broglie who a century ago extended this dualism to
all matter[53]. Between then and now, multiple discoveries of this quantum
world have taken place. They are nowadays described by the Standard
Model of quantum physics.

5.1 Einstein was right

Despite his discoveries, both of wave-particle dualism and of gravitation
as geometry of space-time, Einstein ended up being isolated from the scien-
tific community: A quantum physics was developed in a very different way
from the physics of gravitation. Einstein continued to search for a unify-
ing synthesis aiming to encompass electromagnetism and quantum physics
along with the physics of gravitation. He was seeking after what was so
characteristic of his theory of gravitation: a completely relativistic physics,
with a field following a partial differential equation, deterministic, and able
to yield the laws of motion of field sources.

This is exactly what comprises the set of partial differential equations
that we have obtained for the fermionic waves: they are completely deter-
ministic and they allow us to derive the laws of motion of these sources of
gauge fields, which fermions actually are. Einstein was thus right to attempt
such a synthesis, as our previous chapters show it to be workable.

Why has Einstein not been understood? The first reason was the novelty
of his understanding of the nature of space and time, particularly his re-
jection of an absolute time. Schrodinger, who himself perfectly understood
the relative time of Einstein’s gravitation, first found a nonrelativistic wave
equation for de Broglie’s wave. This wave equation, plus Pauli’s exclusion
principle, resulted in a wave which does not have direct physical reality.
This wave does not propagate in space-time but in an absolute time and in
configuration space, whose geometrical properties Einstein himself was the
first to use.

From 1917 until his death Einstein made many attempts to reconcile
gravitation, electromagnetism and quantum physics. He tried for instance
a manifold with torsion, in a manner very close to our calculations. But his
starting point was not the chiral right and left waves issuing from the dis-
covery, just after his death, of maximal parity violation in weak interactions.
Moreover, nonlocal properties of quantum waves (he first conceived of their
existence) were not yet understood. Einstein was indeed not truly happy
with his theory of gravitation. He had serious doubts about the longevity
of his theory, notably because the left side of his equation, which is purely
geometric, is much stronger than the right side, which was not uniquely
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defined, which may or may not include a cosmological constant. Einstein
was not fortunate with his view of the whole of space-time as necessar-
ily invariant and steady-state, while astronomers discovered the immensity
of the cosmos that appeared to be expanding. There also it was Einstein’s
view which was right, since the space-time manifold, invariant in its totality,
is perfectly compatible with the redshift of distant galaxies, and moreover
with a recent acceleration of this redshift, an acceleration measured today
by astronomers, and which can be explained as a purely global geometric
effect (see 4.7.3).

5.1.1 “There is no alternative”

Certainly there is no way to escape the double equality E = hv = mc?,

and it should be stupid to claim the opposite. Certainly, it is impossible to
avoid Heisenberg’s inequalities since the kinetic momentum of all fermions
is quantized. We agree all the more since we know why. But for many other
things an alternative exists, and the proof is precisely our work: we have
worked out laws of nonrelativistic quantum mechanics and obtained better
results. A common opinion still believes the Dirac equation as “a kind of
Schrédinger equation.” This is false! This error persists only because of
the well-hidden “sleight of hand” changing the Dirac equation into another
nonrelativistic equation before the presentation of the Hamiltonian density.
The electromagnetic interaction is part of a gauge interaction described by
a noncommutative U(1) x SU(2) gauge group: it is therefore impossible to
dissociate this interaction from other electroweak interactions.

Quantum field theory was developed from a wave with only one phase.
But the electron always has two phases. Certainly the second phase, which
appears in magnetic phenomena and in electroweak interactions, is very
difficult to see in many situations: Only then does quantum electrodynamics
work perfectly, even with its most surprising predictions.

In physics the universe is what it is. We have changed the title of this
work from “Developing a Theory of Everything” in the first edition to “Devel-
oping the Theory of Everything”; it is another way of saying that there is no
alternative. Time must be ordered, thus time is necessarily unidimensional.
Space is 3-dimensional, thus the algebra of space is Cl3. The rotational in-
variance of the laws of mechanics (there is no privileged direction in space)
has been replaced in quantum mechanics by the invariance under the SU(2)
Lie group. This leads one to consider (since nearly a century ago!) space-
time as included in the part of Cl3 containing SU(2), which can only be
the whole multiplicative group Cl3: the space-time of general relativity is
a four-dimensional manifold, and CI} is just big enough (Whitney’s theo-
rem), with its eight dimensions, to include any four-dimensional manifold.
The pseudometric of space-time comes from the determinant, and thus the
signature of space-time is +, —, —, —. C!3 is a Lie group, each Lie group is
associated to a unique Lie algebra, and the Lie algebra of Cl3 is Cl3: there
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is no alternative. A Lie group is a manifold and the tangent space at any
point of the Lie group is isomorphic to the tangent space at the neutral
element of the group, which is the Lie algebra: no alternative!

5.1.2 After this work

When we state why the Weinberg—Salam angle 0y exactly satisfies the
equality sin(fy ) = 1/2, or why the charge of the d quark is exactly a third
of the charge of the electron, the precision is certainly above eleven signif-
icant digits since it is exact. The advantages of a correct understanding
concern not only the precision of predictions: Understanding why two col-
ored quarks exist in each generation, why leptons are insensitive to strong
interactions, why a Lagrangian mechanism exists, how the electromagnetic
field is directly linked to the energy—momentum of the quantum wave — these
are definitive advancements. The same predictive power must be expected
for any proposed alternative. If such an attempt obtains, for instance, bet-
ter predictive power from a Lagrangian with both an independent fermion
part and a boson part, the existence of the Lagrangian itself will need to be
accounted for. Indeed we gave an explanation for the existence of Lagrange
equations in the fermion wave case: Thus any attempt to build a ToE will
be asked to do the same. We arrived at a simple origin of light polariza-
tion: Any further ToE attempt will be asked for its ability to derive the link
between the electromagnetic field and energy—momentum of the fermion
wave. We also understood the geometric reason for the time arrow, and the
redshift of light coming from very distant stars, including the recent acceler-
ation of this redshift, all from the very structure of the space-time manifold:
any further ToE attempt will be asked for such a simple explanation of this
“expansion”.

The most important and novel understanding brought by the present
work is the quantization of the kinetic momenta of the electron, neutrino,
proton and neutron with the same %/2 value. From this quantization of the
kinetic momentum come both Heisenberg’s inequalities and the quantiza-
tion of the electric charge. Any attempt to build a ToE will also be expected
to obtain this quantization and with the true value, fully established exper-
imentally.

5.2 de Broglie was right

Einstein and de Broglie were right, because the quantum wave is funda-
mentally relativistic. With the electron wave, whether in the case of low or
of high velocity, the D and Dy, currents, formed respectively by the right
and left parts of the quantum wave, are on the light cone. These currents
indeed have a sum which is the probability current, linked to the invariance
of the electric gauge. This J current is the only one visible in the version
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of quantum mechanics at the basis of QFT. But the Dr and Dy, currents
also have a difference which is the second K current. This current is also
present in the wave equation. It is also linked to the chiral gauge, and thus
linked to magnetism and to weak interactions. The dependence of tensor
densities on the wave chirality concerns not only currents; it is also extended
to densities of energy—momentum and of kinetic momentum, and thus to
the electromagnetic field. By accounting for this dependence, we obtained
in [2.5] and B.7] the quantization of kinetic momentum. Since the quantum
wave is fundamentally relativistic, the replacement of the Dirac equation
by the Pauli equation is untenable; thus the integration of the electron into
Hamiltonian physics does not work out well. This is why difficulties arise
in all QFT calculations, such as the infinite quantities that must be gotten
around, renormalization and anomalies that must be tamed. And all this
turns out to be impossible for gravitation, and justly, because gravitation
is completely relativistic.

In his time Einstein could not elaborate a better theory, as he could
not know discoveries made after his death, discoveries that later allowed
the building of the Standard Model. The most important discovery of the
second half of the last century (according to Lochak) was the violation
of parity in weak interactions. The different roles of right and left waves
is important as well for the Standard Model which carefully accounts for
this difference, as for general relativity. This is due to the orientation of
space, placed again at the center of physics. This orientation of “space” is
a convenient shorthand; it is actually the orientation of space-time and the
arrow of time which are conserved, and therefore the orientation of space.

De Broglie was very much aware of the defects of quantum theory that
stems from nonrelativistic wave equations. He thoroughly studied relativis-
tic Dirac theory twice, and published two books [54, [57]. He also used the
Dirac wave as the starting point for his theory of light [55] [56]. These works
were not understood; they were too far ahead of his time. And de Broglie
could not know the existence of quarks and their chromodynamics. The
present work was mainly developed by two persons who met in the sem-
inar organized by de Broglie himself in the “Fondation Louis de Broglie”
created in Paris to continue his scientific work. The director of this private
foundation was G. Lochak who discovered the leptonic magnetic monopole
[84, [85]. His monopole wave equation was the starting point of our work.

De Broglie not only bequeathed us his very deep knowledge of the various
domains of classical and quantum physics, but also advised us to exercise
our freedom in critiquing the fashions of a system where everyone takes too
many unsound habits for granted.
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5.3 Bohr was also (partly) right

During the early development of quantum mechanics, the universality of
Heisenberg’s inequalities and the implied limits of our knowledge were not
at all evident. Einstein, who had encountered nothing similar to his theory
of gravitation, entered into a great debate with Bohr, but Bohr’s arguments
prevailed, and justly because it was he who made use of the universality of
Einstein’s relativistic physics. The generalization of relativistic invariance
to the Cl} group again takes up this universality and allows us to obtain,
as a consequence of the properties of fermion waves, the quantization of the
kinetic momentum with a value of /i/2 (see 2.5 and [3.7).

In his second book on the Dirac theory (see [57] 2.6), from the quan-
tization of the kinetic momentum, de Broglie deduced the precise form of
the uncertainty relations for two quantities A and B canonically conjugated
(like x and p,): o4 -op = h/2. Before this book, de Broglie had studied
Heisenberg’s inequalities in an earlier work written in 1950-1951 but edited
only thirty years later [58] thanks to Lochak. The derivation of the quan-
tization of kinetic momentum allows us to obtain the fourth uncertainty
relation in the form proved by de Broglie: o -0 > h/2, where o; is the un-
certainty in the temporal coordinate of an event and og is the uncertainty
of the energy at work in this event.

5.4 Intrinsic or statistically random?

Einstein was the first to understand Brownian motion as the random
movement of a particle constantly colliding with molecules, and obviously
had nothing against probabilities. What he questioned was the intrinsic
randomness attributed to the quantum wave.

When physicists can afford to suppress the “small components” of the
Dirac wave, just because electron velocity is low and because two of the
complex components then have a small modulus in comparison with the
other two, they not only completely destroy the relativistic invariance of
the wave equation, but also return to the Hamiltonian pattern inhabited by
the Schréodinger and Pauli equations. In that case time plays a different role
in comparison with space, and the equation takes the Hamiltonian form of
the Schrodinger equation iidy) = H(v). The wave equation obtained by
this suppression is seldom presented as merely a Pauli equation. In the end,
everyone believes that the Dirac equation is “a kind of Schréodinger equa-
tion.” This reduces the Dirac wave to the general probabilistic schema of
nonrelativistic quantum theory: the only things we may calculate are prob-
abilities. And since there is no physical reality beyond what is measurable,
the research of other ideas — the understanding of what actually happens —
are considered useless, and even harmful.

Have we in the present work moved outside this probabilistic schema?
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At first it may seem not, since the quantum wave with spin 1/2 is always
associated with a probability: by dividing the local energy density by the
total energy we naturally arrive at a density whose summation over the
whole space takes the value one. It is thus a probability density. In the
case of several indistinguishable fermions we also obtain a measure which
gives the number of these fermions. But certainly the answer is yes, we
have gone outside the purely probabilistic schema because the wave does
not give only probabilities. In the wave we can find the origin of all the
so-called “quantum numbers” such as the baryon number, lepton number,
weak hypercharge and so on. We are now able to understand the value
of each elementary charge. We are also able to derive the Lorentz law of
motion for the density of electric charge and for other currents. We are able
to understand how electrons essentially differ from neutrinos and quarks.
Thus in the wave with spin 1/2 there are some elements of physical reality
rather than mere probabilities. The quantum wave is not reduced to mere
amplitude and phase.

Certainly a large part of quantum mechanics is reduced to these, that
part in which the phase (thought to be single), which always means the
angle of the electric gauge associated to the probability current, is dominant
and overrides all other currents.

Even in this case — meaning in the realm of QFT, which is indeed vast be-
cause most fermions have an electric charge, but which does not encompass
all physics — the quantum wave follows an equation with partial derivatives
just as deterministic and relativistic as Einstein’s gravitational equations. It
is the extended relativistic invariance which gives the quantization of kinetic
momentum and this explains Heisenberg’s inequalities, which means the lim-
itation of our knowledge about position—energy-momentum (in space-time).
Moreover, among principles that may be consequently derived from proper-
ties of quantum waves is the exclusion principle expounded by Pauli. This
principle states that the occupation number of an electron wave can only be
either 0 or 1. The “probability of presence” concept is thus non-verifiable:
the experimental validation of any probabilistic law is necessarily made via
the convergence of statistical frequencies onto the probability law. And
statistics is impossible with only one object. Statistics based on n electrons
also includes n electron waves. The probability that in a domain of space D
the “electron—particle” is present in D and nowhere else is always calculable
but not statistically verifiable from the wave of this lone electron. The sit-
uation is absolutely different for a photon because an electromagnetic wave
may accommodate myriads of photons. The spatial density of these pho-
tons on the wave is proportional to the magnitude of the electric field; this
is statistically verifiable.

The concept of probability has two kinds of justifications, a priori or a
posteriori. The concept of probability a priori, theorized by Kolmogorov’s
axioms, defines probability as an additive measure on a family of sets such
that the probability of the whole is 1. It is this kind of probability that we
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encounter in the present book. On the contrary, the concept of a posterior:
probability is based on randomness, which means an intervention of causes
of which we know nothing: For instance a uranium-238 atom exists since its
creation, billions of years ago, but suddenly a nucleus of helium is ejected
and the nucleus transforms into a thorium-234 nucleus. We do not know
what happens, how this process begins, or how it evolves. We only know the
end of the process, when the two nuclei separate. Statistics that physicists
carry out on an enormous number of uranium-238 atoms allows them to
establish probabilistic laws. The probability of decay is constant in time.
Its half-life, the duration such that only half of the uranium remains, is
4.4688 billion years. Can this probability be linked to the wave of the
protons, neutrons and electrons of this kind of atom? We do not know.
And QFT does not know either, despite attempts to causally relate the
temporal probability of decay to the nonzero spatial probability of presence
beyond the potential barrier. QFT must obviously justify how a spatial
probability can yield a temporal probability. This has been discussed by
many physicists [101].

Astonishing implications of these probabilities, such as entanglement,
Bell’s inequalities and Aspect’s experiment, are always interpreted with
the idea of a quantum wave following Hamiltonian relativistic dynamics.
This is in the framework of a theory which replaces the necessary definition
of mathematical objects by a set of postulates supposedly universal. But
these postulates are not universal, because waves of different fermions of the
Standard Model have left and right waves. And never was it proved that
these left and right waves would obey the postulates of quantum theory.
What we introduce here, using a wave function of space-time with value in
End(Cl3), can be used to support the mathematical foundations of second
quantization. But problems of Hamiltonian dynamics will remain entirely.

Why were we entitled to doubt the possibility of a Hamiltonian rela-
tivistic dynamics from the spinor wave of the electron? The problem comes
from time, which is revertible in Hamiltonian dynamics and which is not
revertible for the invariance under Cl3. Since QFT admits the universal
validity of CPT symmetry along with the violation of P-symmetry and
of CP-symmetry, this is equivalent to the violation of T-symmetry. It is
thus logical to think that the dynamics of fermions in the Standard Model
cannot be Hamiltonian. Moreover, we have explained in Chapter 1 how
the first Hamiltonian form of the Dirac equation is both nonrelativistic and
nonequivalent to the second form of the Dirac equation, which is relativistic.
It is thus false to consider two nonequivalent wave equations as describing
the same particle!

We now have a much stronger reason, knowing that ordinary time is
expressed through the exponential function which applies the Lie algebra
Cl3 on the CI} group, particularly R onto RT*: time is oriented by the
structure of the whole space-time. The measurements of space and time
used in the interpretation of Aspect’s experiment and of Bell’s inequalities
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are made in the frame of the space-time of special relativity. All these
measurements should account for the inclusion of space-time in the true
space-time manifold. We explain in[4.6.2Jhow events which seem to coincide,
as observed in a particular frame, in fact may be in the future of each final
observer.

In the previous discussion of the decay of a uranium atom, and with the
emission of a photon as well, it is essential to understand the all-or-nothing
character of quantum phenomena that is the main feature of quantization.
Surely, for any quantum phenomenon the kinetic momentum comes in in-
teger multiples of /2. Yet making use of ergodic properties, it is perfectly
possible to link temporal probabilities of seemingly random events, to a
continuous distribution of spatial probabilities. This is of course something
to elaborate on, to account for probabilities used by Einstein for his physics
of light.

5.5 The nearly forgotten Dirac equation

We built upon two parts of Einstein’s scientific work. The first part
of his work was interpreted as the replacement of the invariance group of
Newtonian physics laws by another invariance group called the Poincaré
group, which is 10-dimensional. Relativistic quantum mechanics has re-
placed the restricted Lorentz group by the SL(2,C) group. And this group,
6-dimensional, was extended by us to the GL(2,C) = CI§ group. This
extension is justified by the spin 1/2 of all the fundamental objects of quan-
tum physics: fermions. These are named after Fermi who worked out the
statistics indicated by Pauli’s exclusion principle. Regarding the exclusion
principle, we also went further since it is now linked to the additivity of the
fermion mass-energy, through the orthonormalization of the fermion waves.
This additivity is not an exact law and is only due to the extremely tiny
masses of particles, which makes the nonlinearity of gravitation negligible.

Why was quantum mechanics essentially built from the Schrodinger
equation, when only a few months after this first discovery the Dirac equa-
tion was also available? De Broglie explained how after the 1927 Solvay
Conference, having been appointed professor at the Sorbonne, and aware of
the obstacles to his idea of the wave guiding the particle, he began teaching
the works of the other quantum physicists, not his own theory. He returned
to the ideas of his youth only many years later. Yet a long time prior to
this change, he was already interested in the Dirac equation because the
equation was relativistic, like his initial concept of a wave associated to the
movement of any material particle [53]. But by the time he changed his
mind about the explanatory power of quantum mechanics, the Dirac equa-
tion was already considered outdated, seldom taught. This area of quantum
physics was slowly disappearing from the physics curricula of universities.

Among the reasons for this decline is the great difference introduced by
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the spin 1/2, between what is called a physical quantity in classical physics
and what is called a physical quantity in quantum mechanics. In classical
mechanics the quantities are numbers, for instance a temperature of 302
Kelvin. Other quantities are components of vectors like velocity or force,
where the components are real numbers. Others, slightly more difficult
to understand, are tensors such as the inertia tensor or the electromagnetic
tensor. Still, all these quantities are real numbers. The wave equation found
by Schrédinger, that of Pauli and more so the Dirac equation, all introduced
a deep change: quantum states have no direct link with the quantities of
classical physics. To each classical quantity is associated, everywhere in
quantum mechanics, an operator acting on the linear space of states; and it
is the proper value of this operator which gives the real number of classical
physics. According to this line of reasoning, the ultimate physical reality
of the electromagnetic field comes from creation and annihilation operators
which add or subtract a unity to the number of photons present in the
electromagnetic wave.

On the contrary, we explain in Appendix C how all quantum numbers
of solutions in the hydrogen case are obtained with only the condition of
the normalization of the wave. This does not contradict quantum mechan-
ics, because we may show adequate operators such that each solution is
automatically a proper vector of these operators. Nevertheless, the general
theory of Hermitian operators is simply useless.

De Broglie remarked early on [54] that with the Dirac wave equation it
was still different: certainly the idea of classical numbers as proper values
of operators is conserved, but it is not these quantities that have true rel-
ativistic variance; it is the tensor densities which transform following the
law established for relativistic physics. Several arguments were brought up
against the Dirac wave, one of which is that the matrices used in the wave
equation are only defined up to an arbitrary matrix factor. It is thus diffi-
cult to consider the wave as having any element of physical reality, and the
wave appears to be merely a tool for calculations, nonphysical. We resolved
this difficulty by defining the Dirac matrices from the Pauli matrices in a
unique manner, from the canonical basis of GL(2,C). They are the same for
two observers in relative motion, and thus the wave with spin 1/2 may have
the status of physical reality, in the same way as for instance an electric
field. Some other difficulties are only historical; they were resolved when
the study of the tensors in the theory was improved: Hestenes introduced
new methods of calculation, much more efficient. They allowed him to prove
that the densities of electric charge and of electric current nearly follow the
Lorentz force lawﬂ Only one other theory derived the laws of motion from
field equations: general relativity. This strongly impressed de Broglie when
Einstein managed to prove the derivation (de Broglie needed this nonlinear-
ity to link his particle to its wave). And we may say that the improved wave

1. Our improved equation gives the Lorentz force exactly, see 1.9.
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equation is even stronger than Einstein’s gravitation equations, which gives
the law of the movement only for a singularity of the field, while the wave
equation of the electron gives the Lorentz force for any solution
of the wave equation.

Another reason for theoretical physics to discountenance the spin 1/2
wave is that the Dirac equation is only a linear equation. Thus its worth
is much less than that of general relativity, which is nonlinear. It is also
only a theory for a single electron, and in an exterior potential which is
nonsense in a field theory. Yet this criticism applies to the Dirac equation
as formulated in 1928, not to our work: the improved equation obtained
in Chapter 1 and its subsequent generalizations in the next chapters are
nonlinear, both in mass terms and in gauge terms where potentials are
dependent on the wave. Algebraic identities suppress the effect of each
chiral current on itself. This eliminates the self-effect, without destroying
the effect. It is seen only if we consider the entire wave altogether and
not merely the different pieces. Furthermore the more useful form of the
fermion wave equation is its invariant form, which is not at all linear. The
wave is a well-defined function of space-time (not configuration space) with
value onto a set of operators acting on themselves. This is the only possible
justification for second quantization.

With Lorentz’ electron-particle model, the mass-energy is the sum over
all space of the energy density of the electromagnetic field. If the electron
should be exactly a point, this energy would be infinite. It the electron
should be extended, the repulsive force due to the electric field of the charge
would be necessarily compensated by other unknown forces. This led us to
separately consider the exterior field created by the other charges. In the
previous chapters the energy density of the electron was no longer the energy
density of the electric field; it was the temporal component of the energy—
momentum density linked to the Lagrangian density of the electron. It was
previously known that the energy density linked to the electromagnetic field
W = %(E2 + H?) was problematic: the mass of this energy depends on how
energy is defined from the mechanical point of view [8]. We see in Chapter
1 that it is the electromagnetic field itself which is the energy—-momentum
tensor. The mass-energy of the electron is exactly the sum of the energy
density of the electron wave. The tensor density of energy—momentum in
quantum physics is linked by Noether’s theorem to the invariance of the
Lagrangian density under space-time translations. Since we only needed
the fermion part of the Lagrangian density of the Standard Model, and
since wave equations of bosons were derived from those of fermions by the
recursion on wave equations, we conclude that we need only the fermion
part of the Lagrangian density.

This part of the Lagrangian density is derived from the wave equations,
and the wave equations are derived from the Lagrangian density. This
suggests that gauge fields have no proper energy. Phenomena where gauge
fields seem to own a proper energy are phenomena where it is always possible
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to reallocate this energy to the fermions that give or receive this energy.

This leads to a first prediction: As strong as a magnetic field may
be around a star (including neutron stars and black holes) or a
galaxy, this field, despite its bipolar and multi-polar structure,
has absolutely zero effect on the geometry of the gravitational
field which can remain perfectly spherical.

5.6 Why those wave equations and not others?

The global wave equation for all fermions of the first generation separates
into 16 equations corresponding to 16 spinors, eight left and eight right,
making up the wave. This splitting is what allows us to distinguish each of
these objects from others. But the separation is only partial: wave equations
are all constructed in the same manner, with a differential part (the only
part of the equation that totally distinguishes parts of the wave), a mass
term and a gauge term. The mass term and the gauge term contain space-
time vectors that are themselves functions of left and right spinors. This
dependence of the gauge and mass terms on spinors reveals that the wave
equation is highly nonlinear.

We again look at the three parts of our wave equation: The whole equa-
tion is constrained by the invariance under the C1; group that governs the
whole of the Standard Model and gravitation. We consider the homothety
ratio in terms of the dinum (see that we use to distinguish contravari-
ance from covariance.

1. Spinors have a dinum 1/2. Partial derivatives acting on them give
terms with dinum —1/2.

2. Thus the other terms must have the same —1/2 dinum. And they
contain a multiplication by the spinor wave function, with +1/2 dinum.
Thus the other factors must together bring a —1 dinum. Therefore a single
spinor factor is inconvenient, and it is impossible to have quadratic terms
with regard to spinors; only cubic terms are possible. These cubic terms
bring a supplementary dinum of +1, not —1, and thus we have a difference
of 42 to compensate.

3. This may be done in only two ways, either bringing a —2 dinum or
bringing two —1 dinums. The first possibility is what the gauge term brings,
where the lone charge (actually g1, g2 and g3 constants) brings a —2 dinum.

4. The second possibility, —2 = —1 — 1 is actually what m/p brings
to the mass term because m brings a —1 dinum and 1/p also brings a —1
dinum. All in all, there are two, and only two, possible terms in addition to
the differential term because there are exactly two possibilities to express 2
as an ordered sum of integers: 04 2 and 1+ 1. Moreover this justifies the
difference between mass and charge, which certainly give both potentials
in 1/r. They are different only from the point of view of the extended
invariance.
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Why do we not obtain derivatives of higher order? This is because
the wave equation Dirac envisioned must have similar partial derivatives
for time and space coordinates: this is required by special relativity. And
it is necessary to only have first-order derivatives so as to obtain a con-
servative probability density. First-order derivatives are also the terms of
the first approximation. In the study of manifolds, by distinguishing the
variation of points and the variation of a mobile basis, it is possible to
avoid the writing of differential terms with higher degrees. It is similar to
the systems of first-order equations that are obtained in mechanics (where
second-order derivatives are natural) when velocities are used as auxiliary
variables. Hence the use of only first-order derivatives does not restrict the
generality of our wave equations. Furthermore the recursion takes place in
the wave equations. Second-order derivatives allow us the definition of the
gauge bosons. And similarly, terms of higher order are included in the rela-
tions linking gauge fields to potentials, and currents to gauge fields. Lastly
the system is closed for another reason: the null dinum of all gauge fields.
Consequently, by multiplying operators acting on these gauge fields we still
obtain such an operator.

The quantum wave gives two connections on the space-time manifold:
a connection linked to the currents of the quantum wave (inertia) and an-
other linked to its invariance group (geometry)(see chapter 4). The identity
of these connections is exactly the equivalence principle between inertia and
gravitation. And the reason for this identity is: the space-time manifold is
a hypersurface of dimension four itself included in the 8-dimensional C13
Lie group, which is also a manifold.lﬂ Since the identity directly concerns
the Lagrangian density, it also concerns the energy—momentum. The proper
mass of quantum wave equations is thus a difference between inertial and
gravitational mass, though not noticeable because Avogadro’s number is too
high. This mass is not defined by the particle alone; it is proper to the parti-
cle interacting with a material system great enough to allow measurements.

5.7 Treasure hunt

In the vast “treasure hunt” that is scientific research, it is very easy to
let oneself be rerouted by coincidences, the main reason for believing we
are following the right track when actually the track is already lost. And
there have been several coincidences throughout the history of physics. For
instance the wave equation of the electron was discovered at just the same
time as the spin 1/2, and at the time, there was yet no direct relation.
Another coincidence concerns mathematical tools: the Clifford algebra of
3-dimensional space is also the algebra of complex 2 x 2 matrices (but only
as algebras on the real field!). This serves to justify the habit of quantum

2. The equivalence between the identity of the two connections to the equivalence
principle is a true logical equivalence, with double logical implications.
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mechanics to only use functions with value in the complex field. A third
coincidence: the Lie group of rotations in 3-dimensional space has the same
Lie algebra as the group of the 2 x 2 unitary complex matrices, denoted
as SU(2) (but the groups themselves are different!). This gives an addi-
tional justification to the sole use of functions with complex values, and the
primacy of unitary transformations that conserve the probability. These
coincidences, which are accidental from the mathematical point of view, are
reasons that led physicists to consider the theory of operators on quantum
states as a tool that is all at once necessary, sufficient, and impregnable —
but all the while: a false track!

The human spirit always tries to reduce novelties down to what is already
known: it’s our nature. There still are some people today who persist in
restraining the study of electromagnetism to absolute time, which is only
time as perceived by our internal biological clock. In the same manner
the concept of spinors was systematically reinterpreted, distorted, in order
to reduce the new concept to something previously known: tensor physics.
Therefore the novelty of the situation was not received, like the infinite kinds
of tensor densities that may be constructed from spinor waves. Similarly,
only tensor densities which are invariant under the electric gauge have been
considered, as if the electron could not also be affected by weak interactions.

5.8 Physics and mathematics

Mathematics and physics are closely related sciences, both concerned
with quantifying data and integrating them into an orderly body of knowl-
edge. But these two sciences, both extensively developed, are nowadays so
vast that it is impossible for a young scientist to master the whole of physics
or the whole of mathematics and even more to master both domains fully.

Galileo pointed out that the language of physics was mathematics, and
since then, the connection between physics and mathematics has grown
ever closer. But misunderstandings have significantly gotten worse since
the beginning of quantum physics. These misunderstandings, as is often
the case, can in part be ascribed to both parties. The evolution of mathe-
matics towards greater abstraction and generality is natural but ill-adapted
to physicists’ needs: the theory of linear spaces is naturally made with a
general n-dimensional space, but what is interesting for physics is the just
3-dimensional space and the 3 + 1-dimensional space-time. Only with three
dimensions does a cross-product exist, which is so useful in physics. Prop-
erties specific to a 3-dimensional space (scalar and cross products, curl, and
also the electromagnetic field as a field of energy-momentum densities) do
not interest most mathematicians. The particular properties of the algebra
of the 2 x 2 Pauli matrices, like the fact that the co-matrices are complex
numbers, act only if n = 2. Hence the use of general n-dimensional linear
spaces, so natural in mathematics, is in practice detrimental for physics.
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Physicists are also partly responsible for these misunderstandings. It
is impossible to take advantage of the strength of mathematical results
when their constraints are disregarded: for instance, the necessary definition
of mathematical objects for which the reasoning can be applied, and the
importance of theorems of existence and of impossibility.ﬂ So it is the Pauli
algebra, 8-dimensional on R, which is important, while anything else seems
to lead the Dirac theory to resort to the use of M4(C) or the subalgebras
Cly 3 and Cls ;. It is also necessary to distinguish similar yet nevertheless
different concepts such as a Lie group and a Lie algebra. Quantum theory
was built on the basis of mathematics of the century that preceded its
beginnings. For instance the concept of function was purely computational,
and the questions of limit, of topology and even mere concern for the set of
departure and the set of values, or the usefulness of Clifford algebras: all
this was misunderstood by physicists who were old enough, despite their
remarkable youth, to know only the mathematics of the nineteenth century.
Physicists were even misled by the power of distribution theory, which has
made the use of Fourier and Laplace transformations much more efficient.
Thus when QFT was introduced, most people were quite sure that the
needed theorems would necessarily be soon demonstrated. But the expected
proofs never came: physicists had too much confidence in the power of
mathematics.

5.9 Understanding and predicting

Among the ideas that we now understand better, several were known
for a long time. The existence of Planck’s constant in physics is more
than a century old, and the quantization of kinetic momentum arises from
there. Here we also explain how this constant ratio between energy and
frequency comes from the invariance of quantum laws under CI5. This
invariance emerges from the mathematical structure of the fermionic waves.
And the mathematical structure of the fermion waves in turn comes from
this invarianceﬂ This is manifested in the equivalence between two forms
of the wave equations, due to the invertible character of each value of the
wave function. Furthermore this equivalence gives rise to the Lagrangian
mechanism. It is an extremal principle: Noether’s theorem associates the

3. In his second book on the Dirac theory ([57] Chapter II, section 2) de Broglie
clearly explained the following impossibility: if we consider three operators mgs, my and
m satisfying anti-commutation relations of 3-dimensional rotations, all possible proper
values of m, are —j, —j+1,...,5 — 1,5 where j(j + 1) is proper value of m2 +m§ +m2,
and all possible values of j are 0,1/2,1,3/2,2,5/2.... But if mgz, my and m. are
angular momentum operators (my, = i(y— — za—) and so on), the only possible values

z

0
of j are 0,1,2,3,.... Consequently the operators of the Dirac theory, with values j =
1/2,3/2,5/2,... are not angular momentum operators! (Thus we named these operators
as “kinetic momentum” operators).
4. This looping causality is the only reason explaining why metaphysics is unnecessary.
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translational invariance of wave equations to the existence of conservative
densities of energy—momentum. This theorem also associates a conservative
kinetic momentum tensor to the invariance under Cl5. We consequently
obtain the quantization of kinetic momentum with the expected value h/2.
And since the kinetic momentum is quantized, the Planck constant appears
fixed. The orthonormalization of the wave and the resulting quantization of
the kinetic momentum justify the use of kinetic momentum operators that
give the different states of electrons in atoms.

Pauli’s exclusion principle has also been known for nearly a century. We
relate this principle to the necessary orthonormalization of states in the case
of the electron in an atom. This orthonormalization is itself related to the
additivity of the mass-energy, and hence to the properties of gravitational
sources, since masses of microphysical objects are very small in comparison
with the masses necessary to reveal the nonlinear character of gravitation.
So the energies of the various electrons in an atom are additive. This addi-
tivity of the energy is itself related to the additivity of the gauge potentials.
It is enough to justify that the gravity around a star is proportional to the
total mass of the star, the sum of the masses of all its components. This
is only a linear approximation, legitimate in the case of a low gravitational
field.

We also linked the equivalence principle to this weak-field approxima-
tion, through Lagrangian densities that may be written as the difference
of an inertial part and a gravitational part. Noether’s theorem hence gives
two equal energy—momentum tensors, which thus have the same temporal
component. By integrating over space we thus obtain the equality between
inertial mass and gravitational mass. This was the starting point of Ein-
stein’s general relativity.

The inclusion of the space-time manifold into the Lie group C13 explains
the homogeneity and isotropy of our space-time: in a Lie group, the vicinity
of any element of the group is similar to the vicinity of the neutral element.
This is largely established from the experimental point of view, where the
cosmic background radiation is still today very close to homogeneity (one
part in 10%). Moreover the geometry of the physical space naturally tends
to infinity (like that of R?) if the relative manifold of the x is linked to the
invariant manifold of X by x = ¢ X ¢'.

5.10 Falsifiability

Any scientific theory must be falsifiable: it should be possible to prove
that the theory is false. Conversely it is impossible to prove definitively that
the theory is true. Hence this can only humble the authors of this work.
Will the best theory someday completely do without the Dirac equation
in understanding the properties of electrons, neutrinos, quarks and other
“particles”™ Even if the Dirac equation gives all known results for electrons
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in atoms, we proved that it is possible to get the same results from another
point of departure [34].

From Fermat’s principle through to Lagrangian mechanics and up to
the Standard Model, the whole of physical theory has been developed from
an extremal principle. Is this principle fundamental in physics? The an-
swer that we gave in [2.34] is clearly: No! We detailed how the algebraic
structure of Cl3 gives the double logical link between the wave equation
and Lagrangian density. Thus the extremal principle is not fundamental,
though it is very efficient because the invariance of a Lagrangian density
gives, through Noether’s theorem, conservative quantities. And that which
conserves, which is stable, is much easier to understand than that which is
furtive, unstable, changing, unpredictable. Furthermore the extremal prin-
ciple is the reason for the unity of all matter-energy, because each fermion
contributes to this energy—momentum tensor, whose temporal component
gives the energy of matter. In addition, the electromagnetic field itself is
this energy—momentum. Moreover only fermions contribute; photons only
transport the energy—-momentum between two fermions. Nevertheless in a
regime dominated by gravitation there is no longer a Lagrangian formalism
(see and thus no laws of conservation.

The great debate of quantum physics was around the question: what is
the quantum object? A particle? (A very small object, even an infinitely
small point?) A wave? A wave and a particle, as de Broglie thought?
Any phenomenon in quantum physics that is adequately described with
particles can also be adequately described with waves, and conversely. And
it is also possible to describe the same phenomenon with objects that are
both waves and particles [94]. Here we began from the Dirac wave. And
we even claimed: an electron is an orthonormalized quantum wave. Is the
electron also a point object? Nothing forbids this! It is possible that our
orthonormalized quantum waves may include singularities, or even must
include singularities. To ascertain this it will be necessary to solve the wave
equations, study the solutions carefully, and understand in particular the
emission and absorption of photons and of the other bosons. Note also
that the solutions calculated, among which are our solutions for an electron
in a hydrogen atom, may be qualified as “solitons™ the appearance of the
radial functions means that these solutions are similar to solitons. Their
linear approximations are completely stable, definitely. Their “loneliness” is
simply less visible because these waves are not separated in ordinary space,
but orthogonal for a scalar product concerning the C'l5 manifold where our
space-time is only a 4-dimensional submanifold.

The great debate began at a time when only one elementary particle
was really known: the electron. Moreover the wave of the electron is not
elementary but double, made of a left and a right wave. Other particles
known in the early years of nuclear physics — protons and neutrons — are no
longer considered elementary since they are made of three quarks.

We are very far from a complete exploration of all the consequences
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of the extension of the invariance group. Consider once more a common
phenomenon like the transition of an electron of the solar photosphere from
one energy state to another, followed by the travel of a photon to our eye
and its absorption by an electron in our retina. We interpret this chain of
events by attributing an electromagnetic wave to the photon. This allows
us to neglect both the emitting electron and the receiving electron during
the transport. But the duration of this transport, from the point of view of
the photon, is exactly null. We might as well describe the event as follows:
the electron wave in the photosphere produces a energy—momentum tensor
which is also the electromagnetic field that propagates towards an electron
in our retina, giving a direct interaction of two fermion waves, that of an
electron in the Sun and that of an electron in the retina.

A great number of things remain to be understood. To give the wave
equations of the quarks is only a first step. It will also be necessary to know
how to calculate magnetic moments of the proton and the neutron, and to
study what new equations would allow nuclear physicists to understand.
And it may happen that many other consequences exist which we did not
even think of.

What we already obtained fully justifies the extension of the invariance
group from SL(2,C) into Cl5. Without this extension there is nei-
ther quantization of the kinetic momentum, nor the double pres-
ence of the chiral invariance both in the gauge symmetries and in
the geometry of gravitation. Without this extension physics can
understand neither the reason for the existence of the neutrino—
monopole, nor the values for the electric charge of leptons and
quarks of each generation of the Standard Model, nor the speci-
ficity of gauge fields: their dinum is null, they are sensible only to the part
containing Lorentz transformations of the similitude group. The products
of such fields also have a null dinum, and themselves behave as gauge fields:
this makes possible the construction of creation and annihilation operators.

In metrology, physicists are nowadays working to replace the old Stan-
dard Kilogram by this standard of action which is the Planck constant.
This is perfectly compatible with the extended invariance: when a simili-
tude multiplies all lengths by r, the length of all standard meters are also
multiplied by r. Thus the physicist who always locally measures only the
ratio between the length of the measured object and the length of the stan-
dard meter cannot see the homothety. We may say the same thing for
proper masses or for actions, replacing only r with 73 and r* respectively.
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Epilogue

Thank you for your patience! This book is the result of thirty years of
hard work. We present the following as a recap of the most salient features
of this work. We introduced five novelties:

1. The natural mathematical framework of the quantum wave is the Cl3
algebra (instead of space-time algebra); it is enough to describe both the
quantum wave and the space-time manifold.

2. The invariance group (form invariance which in quantum physics replaces
the Lorentz group of special relativity), is extended from SL(2,C) to the
GL(2,C) = CI} group.

3. The linear Dirac equation is replaced by our improved (and nonlinear)
wave equation, obtained by simplifying the mass term of the Lagrangian
density.

4. Space-time is not the starting point, but it is a consequence of the field
of values of the fermion waves.

5. The space-time manifold is included in CI3 (invariance group of all
physical laws) as its auto-adjoint part.

The calculations with Cl3 are much simpler than those with 4 x4 complex
matrices. The first yield of these simplifications is a better understanding;:

1. Why there is an extremal principle in quantum mechanics.
2. Why there is an equivalence principle in general relativity.

3. Why there is the double equality E = mc? = hv (Einstein’s relation and
existence of the quantum of action).

4. Why there is the quantization of electric charges and action.
5. Why there is the maximal violation of parity in weak interactions.

6. Why there is the spin 1/2 and not integer values for angular momentum
operators.

7. Where the exclusion principle comes from.

209
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8. Why this kind of wave equations and how these equations can be linked
to the geometry of space-time.

9. What charge conjugation is and how the puzzle of the negative energies
is solved.

10. How the fermion part and the boson part of the standard model are
connected.

11. Why the baryonic number is conserved.
12. Why all leptons are insensitive to strong interactions.

All these results are obtained without any metaphysical principle. By en-
larging the linear space of values of the quantum wave to Cl3 3, the fermion
wave integrates most of the novelties introduced by the Standard Model:

1. The existence of exactly two quarks with three color states, for each
generation.

2. The linked existence of three generations and of charge conjugation.

3. The gauge invariance under the U(1) x SU(2) x SU(3) group of the
Standard Model, and the impossibility of a greater gauge group.

4. The distinction between leptons insensitive to strong interactions and
quarks linked by strong interactions with color. For the lepton sector the
existence of one particle with an electric charge and of one magnetic charge,
the magnetic-monopole—neutrino with a total of four waves linked to the
four kinds of representations of the Cl3 group. The neutrino with a right
and a left wave, and Lochak’s magnetic monopole are the same object.

5. For quarks the existence of twelve elementary waves, three for each of
the four kinds of representations of Cl3, with six of these waves, three left
and three right, forming the three quarks of a proton or of a neutron.

6. The quantization of kinetic momentum with the value %/2 for each ele-
mentary particle (it is precisely for this reason that they may be considered
particles), namely: the proton, neutron, electron and neutrino. This ex-
plains the confinement of the quarks in protons and neutrons.

7. The magnitude of the electric charges of all particles (electrons, neutrinos,
quarks...) and of their antiparticles.

8. The origin of the preference for left waves (see|3.8)). The inclusion of Cl3
into End(Cl3) also explains why the electron wave in second quantization
can account for all results given by its wave of first quantization.

9. About the geometry of space-time, we also resolve the ambiguity of the
signature of space-time in special relativity. Since the quadratic form giving
the space-time metric comes from the determinant in 7 the signature
is necessarily + — — —.
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10. The equivalence between wave equations in the usual form and wave
equations in the completely invariant form requires the cancellation of the

X term in @31

11. The existence in the electromagnetic field of quanta of energy—momentum
(photons), because the electromagnetic field is made of components of the
energy—momentum densities of the fermion field.

12. The existence in quantum physics of a probability density and the
necessity to normalize the quantum wave. This results from the equivalence
principle between gravitation and inertia.

The inclusion of the space-time manifold into the C'l3 Lie group brings:
1. The geometric origin of the arrow of time.
2. A better understanding of non-simultaneity in optics.

3. A mainly geometric origin for the expansion of the universe, and its
recent acceleration.

All this work could not have even begun without the creation, by Louis
de Broglie himself, of a free foundation with the aim of continuing his physics
research. The head of this “Fondation Louis de Broglie” was Georges Lochak
(1931-2021), who discovered the leptonic magnetic monopole, which is the
starting point of our work.

If you have questions or comments you may use our email addresses.

The path is arduous, but Louis de Broglie declared the necessity of both
freedom and imagination "Pour ’avenir."
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Appendix A

Clifford algebras

We present what a Clifford algebra is. We study the algebra
of the Euclidean plane and the algebra of 3-dimensional space.
This algebra is also generated by Pauli matrices. We include here
space-time and relativistic invariance. We study different tensor
densities of the electron wave. We prove identities necessary to
obtain the form invariance. We study left and right currents,
potential vectors and the electromagnetic field.

Clifford algebra is a useful tool: the physics of light, of gravitation,
and quantum physics need waves; thus they need trigonometric functions.
Trigonometry is highly simplified with the use of the exponential function.
This exponential function needs a product. The addition of vectors is not
enough, a multiplication is necessary: we must be able to use both addition
and multiplication of vectors. Mathematics provides the structure of alge-
bra. Here we present this algebra at a level of minimal difficulty. As this
is a presentation for physics needs, we expect our pedagogical decision to
be met with some criticism from mathematicians. For instance we choose
to speak only about real Clifford algebras, though algebras on the complex
field also exist. We might think that they ought to be essential in quantum
physics since the most frequently used Clifford algebra is also a complex
algebra. But it is actually its structure as a real algebra which is useful in
quantum physicsE]. We may also consider that it is not the algebra which is
important but only the ring structure, and even only the multiplicative Lie
group structure. The presentation here is intentionally made for beginners,
not for theorists of Lie groups.

1. A real Clifford algebra has vectors whose components are real numbers and which
are never multiplied by i. A complex Clifford algebra has vectors whose components are
complex numbers which may be multiplied by . You can also refer to Doran and Lasenby
[63], which is more oriented towards space-time algebra.
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A.1 What is a Clifford algebra?

1. It is an algebra [9][23], and there are two operations: an addition
denoted by A + B and a multiplication denoted by AB, such that for any
A, B, C:

A+(B+C)=(A+B)+C ; A+B=B+A,
A+0=A ; A+(-A)=0, (A1)
A(B+C)=AB+AC ; (A+ B)C = AC + BC,

A(BC) = (AB)C.

This last equality (associativity of multiplication) allows us to suppress
parentheses. The product is thus simply denoted as ABC.

2. The algebra contains a set of vectors, denoted with arrows, in which
a scalar product exists and the Clifford multiplication uv is supposed to
satisfy for any vector ¢ the identity:

@i = @i - . (A.2)

where 1 - ¥ points out the scalar productEI of these vectors. This implies,
since u - ¢ is a real number, that the algebra which contains the vectors also
contains the real numbers.

3. Real numbers commute with any member of the algebra: if a is a real
number and if A is any element in the algebra:

aA = Aa, (A.6)
14 = A. (A7)

These algebras exist for any finite-dimensional linear space. The smallest
algebra is unique, up to an isomorphism.

Relations and imply that the algebra is also a linear space
which must be distinguished from the initial linear space. If we start from
an n-dimensional linear space the dimension of the algebra is 2. We will
see for instance in that the algebra of the usual space, 3-dimensional,
is an 8-dimensional linear space.

It is useless to distinguish left and right linear spaces, because real num-
bers commute with anything. It is also needless to consider the multiplica-
tion by a real number as a third operation since it is a particular case of
the Clifford multiplication.

—

2. The scalar product satisfies, for any vectors 4, ¥, @ and any real number a:

i-T=7-1, (A.3)
(ail) - ¥ = ali - ¥), (A.4)
(@+7) @ = (T D) + (T D). (A.5)

We recall also that the scalar product of two vectors is the product of the lengths of these
vectors by the cosine of the angle that they form.
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If @ and ¢ are two orthogonal vectors (this means if @-¢ = 0) the equality
(@+7) - (d+0) = (€+ ¥)(d + V) implies

L
L
+
=l

O AT T = GE GO+ T

=1

DAETE ST

thus we have:
0=uv+vud ; Uu=—uv. (A.8)

This is the major difference compared to usual rules of calculation with
numbers: the multiplication is not commutative and anyone must be as
cautious as for matrix calculus. It is moreover always possible to perform
all calculations using an algebra of squared matrices. The addition is defined
in the whole algebra, which contains both numbers and vectors. Then we
will get sums of numbers and vectors: 3 + 5i is authorized. This may
perhaps seem strange or disturbing, but it is not any different from 34-5¢ and
everyone using complex numbers finally gets used to it. The two following
definitions are important and general:

Even subalgebra: The even subalgebra is the subalgebra generated by
all products of an even number of vectors: : 4, €1€2€3€4, and so on.

Reversion: The reversion A — A changes the order of products. Re-
version does not change numbers a nor vectors: a = a, 4 = 4, and we get,
for any « and ¥, or A and B:

— — —_~

U=7i; AB=BA; A+B=A+B. (A.9)

A.2 Clifford algebra of a Euclidean plane

The algebra of the Euclidean plane Cls contains all real numbers and all
vectors of an Euclidean plane, @ = z€; + yées, where €1 and €5 form a direct
orthonormal basis of the plane: this means that they are two vectors with
length 1, orthogonal to each other; they satisfy: €2 = @2 =1, & -é = 0.
Usually we let: i := €1€5. The general element of the algebra of the plane
is expressed as:

A=a+zxe; + yéé +be 1€y = a+ x€; + yég + b, (AlO)

where a, x, y and b are real numbers. This is enough because:

€11 = €1(€162) = (€1€1)€r = ey = éa,
427; = 751 y 'LHQ = 51 ) Zgl = 7527
i? =i = i(E18) = (i€))Ey = —Esy = —1. (A.11)

We have two remarks:
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1. The even subalgebra CI; is the set formed by all a4 ib; thus it is the
complex field. This subalgebra is commutative. We can say that complex
numbers are underlying as soon as the dimension of the linear space is
greater than one.

2. Here the reversion is the complex conjugate 1= €16y = E9e) = —i

We thus obtain, for any @ and any ¥/ in the plane: 40’ = @ ¥+ i det(, ¥)
where det (@, U) is the determinant of two vectors in the (€7, €) basis.

To establish that (@- )2 + [det(#, 7)]? = @72, it is possible to use @7
which may be calculated in two ways, and we recall that U7 is a real number,
which thus commutes with anything in the algebra.

A.3 Clifford algebra of 3-dimensional space

The dimension 3 of the usual space is the main reason for the signifi-
cance of this algebra. We explain in Chapter 1 why other reasons exist for
preferring this framework for quantum physics.

The algebra, denoted as Cl3, contains [3] all real numbers and all vectors
of the geometry of space which read:

i =az'e) + 2?6 + adey = ale;, (A.12)
where !, 22, 23 are real numbers and €}, €, €3 form an orthonormal basis.

The second equality is the usual Einstein summation convention, with Latin
indices from 1 to 3. The scalar product satisfies:

Bl Gr=8 B3=8-6=0; & =&’ =&"=1 (A.13)
We let:
i1 = €2€3 ; 12 =€3€] ; i3 =€1€y ; 1= €1€2€3. (A.14)
This gives:
it =3 =13 =14>=—1, (A.15)
=1 ; ig=1i;,j=1,2, 3. (A.16)

In the calculation of squares we may use the method of . To obtain the
commutation of ¢ with all vectors we may begin to prove that i commutes
with each €. General element in Cls is: A = a + 4 + 10 + ib. For Cl3 this
gives 1 + 3 + 3+ 1 = 8 = 23 dimensions. We have five remarks:

1. The center of Cl3 is the set of the a + ib terms. They are the only
elements commuting with all the others in the algebra. It is the complex
field: C. This is the main reason for the important role of complex numbers
in quantum physics. If n is even, the center of a real Clifford algebra is only
the real field. The larger center, in Cls, has many consequences.
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2. The even subalgebra CI is the set of a + i¥ which is isomorphic to
the quaternion field. Using the quaternion field we automatically use the
Cl3 algebra which is sometimes called algebra of the biquaternions.

3. A= a+u—ivU—ib: The reversion is the conjugation for the complex
field and also for quaternions in C’l;.

4. The ¥ term is usually called an axial vector or pseudovector, while
4 is the true vector or (in short) vector. It is well known that this situation
is proper to the dimension 3.

5. Four different and independent terms with square —1 exist: four
different ways to get complex numbers. Nonrelativistic quantum theory
which always uses a unique term with square —1, is analogous to plane
geometry (2D software). What physics actually needs is 3-dimensional space
and thus Cl3 algebra (3D software).

A.3.1 Vector product, orientation

Reminder: Given vectors @ and v, the vector product @ x ¥ is the vector
orthogonal to « and to ¢, with a length equal to the product of the lengths
of @ and ¥ by the sine of their angle, and such that the basis (@, ¥, @ X 7)
is direct. Using coordinates in the basis (€1, €, €3), it is easy to prove, for
any u and

W =1u-U+1UXx, (A.17)
(@-0)* + (@ x )% = @5 (A.18)
From (A.17)) we deduce:
N S  JEuV
u~v:§(u + 7 );uxv:?(u — ). (A.19)
i

Dividing (A.18)) by the right term, and taking 6 to be a measure of the angle
(1, 7), we get:

(@ - 7)? (@ x 7)? 5 UXU \2
1= +— Z cos®(0) + = = ,
(raflira > = drall a2 (HUH ||v||>
T
—————— = /1 — cos?(f) = |sin(6)|, (A.20)
lal il
[axad|=[a| 7] |sin@) (A.21)

Next det(u, U, W) refers to the determinant whose columns contain the co-
ordinates of the vectors i, ¥, , in the basis (€1, €, €3). Using these coor-
dinates again it is possible to prove, for any u, ¥, w:

i@ (7 x @) = det (i, 0, 0), (A.22)
@ x (U x @) = (@ - @)0 — (i - V), (A.23)
GO = i det (i, U, @) + (7 %)@ — (@ - §)T + (@ - 7). (A.24)
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to ¥. The determinant (| gives the orientation. We recall that a basis
(i, T, W) is said to be direct (to have the same orientation as (€1, s, €3)) if
det (@, ¥, W) > 0, and is said to be inverse (to have the contrary orientation)
if det(, ¥, @) < 0. The rule allows us to establish that, B = (i, U, W)
being any orthonormal basis, then ##w = 4 if and only if B is direct, and

From the mixed product (A.22]) we deduce that @ x ¥ is orthogonal to @ and
A5))

uvw = —1 if and only if B is inverse. In the case where oW = i we also
have:
W=UXV; U=7TXW; ¥=1uX . (A.25)
On the contrary, with the other orientation where @i = —i, we have:
W=UXU; U=uXT; U=1 X . (A.26)

Therefore 4 is fully linked to the orientation of space. Changing ¢ into —i is
equivalent to changing the space orientation. The fact that i determines the
space orientation plays an essential role in the physics of magnetism and of
weak interactions.

All calculations in Cl3 result from the sum (where we add numbers
to numbers, vectors to vectors and so on) and the product (product of
two numbers, product of a number and a vector, product of two or three
vectors), through the scalar product, the vector product and the mixed
product, all well known to physicists and engineers. In Cl3 algebra there
are no mysteries nor undue complications. This should be taught in any
technical university.

A.3.2 Pauli algebra

This algebra, introduced in physics as early as 1926 to account for the
spin 1/2 of the electron, is the algebra M3(C) formed by 2 x 2 complex
matrices. It is equal — isomorphic, to be precise — to Cl3, but only as an
algebra on the real ﬁeldE|. Identifying the complex numbers with the scalar
matrices, and the basis vectors e; with the Pauli matrices o; is enough to
determine this identiﬁcationEI. And it is fully compatible with our previous
calculations because:

7

010903 = (é 0> == i, (AQ?)

0109 =103 ; 0903 =107 ; 0301 = i09. (A.28)

3. Pauli algebra has a dimensionality of 8 on the real field, and only 4 on the complex
field.

4. The identifying process may be considered a lack of rigor, but in fact it is frequent
in mathematics. The same process allows us to include integer numbers into relative
numbers, or real numbers into complex numbers. To do without this process results in
very complicated notations. This process considers (o1, o2, 03) as a direct basis in the
usual space.
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Consequently the reverse is identical to the adjoint (transposed conjugate
matrix):

A=A = (4t (A.29)
We will thus refer to this algebra as either Cl3 or the Pauli algebra. Some
Cliffordians who did not understand the concept of isomorphism refuse to
use matrix calculus. As for physicists, who have the habit of using Pauli
algebra with complicated older notations, the full use of Cl3 simply brings
simplifications to their calculations, without changing their results.

A.3.3 Three conjugations are useful

A = a+u@+iv+ib is the sum of the even element A; = a+i¢ (quaternion)
and of the odd part A = @+ib. We define the P conjugation (called “parity”
in quantum physics) such that:

P:A— A A=A — Ay =a— @+ iv—ib. (A.30)
For any elements A and B in Cls this conjugation satisfies:
A+B=A+B ; AB=AB. (A.31)

P is the main automorphism of the algebra. Any Clifford algebra possesses
a similar involutive (meaning: PP is the identity) automorphism. From
this conjugation and from the reversion, we can define a third conjugation:

A=A'=aq—iG—iv+ib : A+B=A+B ; AB=BA. (A32)

The composition, in any order, of two among these three conjugations gives
the third one. Only P conserves the order of the products, while A — A
and A — AT inverse the order of the factors. Now a, b, ¢, d being any
complex numbers and @ = a* the conjugate complexlﬂ of a, we can prove

a b
that for any A = (c d

T a4 fa" N\ o _(d =\ = _(d b

A-ai= (5 g) s A=(5 ) ca=(4 D).
(A.33)
t

AA="AA=det(A) =ad—bc; AAT = ATA = [det(A)]"; A+ A = tr(A).
If det(A) # 0 we then get:

) of the Pauli algebraH we have:

1
0

5. The notation @ for the conjugate is today the only notation used in mathematics,
though the notation a* was commonly used in course books for quantum physics. Thus
we allow ourselves the use of either notation when it is clear that there can be no confusion
due to A = AT,

6. The equality AA = AA is general in Clz. The equality AA = det(A) uses the
identification between real numbers and scalar matrices, which means the inclusion of
the real numbers in the Clifford algebra.

[det(A)]'AA =1 = ( ?) ; A7 = [det(A)] A (A.34)
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A.3.4 Gradient, divergence and curl

In Cl3 we use the differential operator:

3 = @101 + @0y + &35 = <81 _‘?32-82 81__5282> , (A.35)
with[7]: 9
T =zxte, + 226 + z3¢e; 0; = e (A.36)
The Laplacian is simply the square of d:
A = (01)% 4 (02) + (85)% = 0. (A.37)

When applied to a scalar, da is the gradient of a, and when applied to a
vector @ we get both the divergence and the curl:

da = grad a = (0ha)oy + (Ora)o2 + (O3a)0s, (A.38)

—

di=0-1+id x @ 00 =divi = dyu' + dpu? + O5u®, (A.39)
X il = curl(i@) = (0ou® — Ozu?)oy + (O3u' — O1u?)og + (01u? — Oout)os.

Thus, for any function with a scalar value a = (%) and for any function
with a vector value ¥ = ¥(&) we have:

3(0a) = (99)a = Aa; I(90) = (90)T = AT, (A.40)
- (OxT)=0; Jx (5):0, (A.41)
I x (I x7)=08(d-7) — Av. (A.42)

A.3.5 Space-time in the Pauli algebra

This surprising inclusion was made as soon as Dirac derived his wave
equation (1928):
0 3 1 :.2
X_X'U’O”_(Xl X XO ZX3>; oo=0"=1; X" = ct, (A.43)

X +’LX2 X —X

where c¢ is the speed of light and ¢ is time. Any element M of the Pauli
algebra is sum of a vector v and of the product of a second vector w by :

1
M:v+iw;v:§(M+MT); vl =v (A.44)

1
iw = (M~ MY wh =w. (A.45)

7. This operator Jis usually denoted in quantum mechanics as a scalar product, for
instance & - V. From there results much confusion. Simple notations are very useful for
optimizing calculations.
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These two space-time vectors v and w are unique. Since x = x', space-time
is the set of M = v + iw such that w = 0. We call this set the self-adjoint
part of Cl3. In this framework we need two differential operators:

V=08y—-09 ; V=08y+0. (A.46)
They allow us to calculate the D’Alembertian:
VV = UV = (8)2 — (81)2 — (82)% — (83)% =: 0. (A.47)

The main reason for the use of Cl3 is in these equations, which means
that the D’Alembertian includes the P transformation M — M. (We see
its implications in Chapter 1). Let A and B be two space-time vectors:
A= A%+ A, B= B®+ B. The scalar product in space-time A - B is:

A-B= %(AE + BA) = %(/TB + BA). (A.48)
We indeed have:
AB + BA = (A’ + A)(B° — B) + (B + B)(A° — A)
= A°B° — A°B + B°A — AB + A°B° + A°B — B°A — BA

=2(A°B° - A-B) =24 B, (A.49)
AB+BA=AB+BA=24-B=2A-B. (A.50)

A.3.6 Laws of electromagnetism with Cl3

The simplest framework to express the complicated laws of electromag-
netism is also Cls: We call A = AT a space-time vector “potential” and we
calculate, with the Dirac operator V = 049, = V', as well as A = A% + /T,
the electromagnetic field F = E + iH associated to this potential. It is
purely a 2-vector in space-time, the sum of the electric field E and the
magnetic field iH , an axial vector. The derivation of the potential A gives:

E+iH=F=VA= (9 —0)(A° — A) = 9yA° — 8yA — JA° + JA
= (80A° + 8- A) + (—9y A — JA°) +id x A,

—

E=—-00A—0A% H=0x A (A.51)

Thus we have obtained a bivector F', sum of only a vector E and of a
pseudovector iH, if and only if the Lorentz gauge condition 0 = 9y A°+9- A
is satisfied. We also have:

F = (A% + 8- A) — (—0yA — JA®) —id x A,
F—TF =2[(—=00A — JA%) +id x Al = 2(E +iH) = 2F. (A.52)
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We thus let:
Fi=FE+iH = %(vﬁ—ﬁ) = %(WT-AW). (A.53)
This implies:
F=—-F'= _E+if = %(%A — AV). (A.54)
VE = %(vm _VAV) = %(DA _Vav), (A.55)
0:=VV = (8y — 9)(8o + ) = gy — DD
= 890y — 0101 — 0205 — D303 = VV. (A.56)
Moreover, we obtain:
VEF =V(VA) = (VV)A = 0A = AL, (A57)

~ 1~ -~ 1 -
(VF)F = F(VVA - VAV)T = (04— VAV)
1 ~ 1 ~ ~
= §(AD —VAV) = Q(DA —VAV)=VF. (A.58)
Therefore j = VF is also a space-time covariant vector, called a “current”.

We also have:

P —J=VF = (0 — 0)(—E +iH) (A.59)
J-E+ (—0E+dx H)+i(0H+J x E)—id-H. (A.60)

]

Separating the scalar, vector, pseudovector and pseudoscalar part, we obtain
Maxwell’s equations:

jo=0-E, (A.61)
j=0E-dxH, (A.62)
0=00H +09 x E, (A.63)
0=09-H. (A.64)
We also have:
—VAV = (E +iH)(~8 + 9)
=§-E+(—00E+dx H)—i(0H+dxE)+id-H
=§-E—(0E—-Jx H)=j=VF =0A. (A.65)

Another form of electromagnetism exists when A = AT (space-time vec-
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tor) is replaced by iB = —iB' (space-time pseudovector):

E,, +iH,, = F, = ViB = —iVB
= —i[(0o — 0)(B° — B)] = —i[0,B" — 8B — dB° + OB]
= —i(0B°+ 8- B) —i(—0,B — dB°) + d x B
H,, = 8B+ 0B’ E,, =8 x B. (A.66)
Thus we have alsg obtained a bivector Fj,, the sum of a vector Em _a}n(i of
a pseudovector iH,,, if and only if the gauge condition 0 = 9yB° + 9 - B is
satisfied. We also have:
—iBY = F,, = —i(0yB° + 8- B) + i(—9,B — dB°) — d x B
Fp — Fpy = 2[i(00B + B°) + 8 x B] = 2(E,, + iH,,) = 2F,,.  (A.67)

We thus let:
Py o= By + i, = %(v@ _ViB) = %(fvé +BIY).  (A68)

This implies:
F,,=—F! = —E, +iH,, = %(63 — BV). (A.69)
VE, = g(vﬁB _VBY) = %(DB _VBV). (A.70)

Moreover, we obtain:

VE, =iV(VB) = i(VV)B = i0B = iB0, (A.71)
(VE,)' = (BO) = —iOB = —VE,,. (A.72)

Therefore ik = Vﬁm is also a covariant space-time pseudovector, called the
“magnetic current”. We also have (with unusual signs):

ik = —ik® + ik = VE,, = (9y — 0)(—E,, +iH,,) (A.73)
=0 B+ (—00En + 9 x Hy) +i(0gHpy + 3 x Ep) —id - Hy,.

Separating the scalar, vector, pseudovector and pseudoscalar part, we obtain
Maxwell’s magnetic equations:

- -

0=5.E,,
02—80Em+5>< ﬁm,
K= OgHy + 3 x Ep,,

—

ko =0 - Hyp.
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We also have:

—iVBY = (B, + iH,,) (30 — ) (A.78)
=—0-Ep+ (80En — 9 x Hy) +i(00Hpm + 0 x En) — iV - Hy,
= —i0 - Hy, +i(0oHy + 0 x Ep) = —iko + ik = VF,, = 0iB.

The full electromagnetism, with both electric charges and magnetic monopoles,
has thus the simple rules:

F=VA+iB; j+ik=VEF; OA+iB)=j+ik. (A.79)

A.4 Tensor densities

We use the electron wave as:

o=vae =va(g ). (A50)

which gives
5=val H=va (1 &), (A1)
oall) al)-alt 5 e

A.4.1 Calculation of 2; and (2,, and the determinant

We have with Dirac matrices:

O =9y = (nt &) (f]) =nle + M =ni& +niéa + Em + Ema,

0 =T-nes =€) (0 ) (§) = -lerien s
Q4+ = 20T& O —iQ = 26Ty Qo = i(—nf& — & + Em + Eng).
And with the Pauli algebra we obtain:
$b = b = det(p) = 2(&1n} + &amy) = 2916 = Oy + iy, (A.84)
6o = 016 = det()" = 2(m&F +m&) =2Tn =0 =i (A85)
We also obtain, for any ¢ € Cls:
¢p = ¢p¢ = det(¢), (A.86)
¢ldet(¢) "¢l =1; ¢~ = det(¢) "o (A.87)
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The second reason of our interest in C'l3 comes from the subset Cl3 of the
invertible elements, which satisfy det(M) # 0 and form a multiplicative Lie
group. Moreover this Lie group has the Cls algebra as Lie algebra. This
multiplicative Lie group is the invariance group used throughout this book.
Most of the progress brought about by Clifford algebra in quantum physics
comes from the use of this multiplication, which was not computable in the
Dirac theory.

A.4.2  Calculation of Dy

This calculation also gives the R}, of It is enough to replace ¢
by M, and this means v/2 <2 _777%;) by LCZ fl) We first calculate the
components of the vector Dy = J. With the Dirac matrices we have

Df = J* = gytp = (nt &F) (aou J;) (g) =n'otn+¢ore. (A88)

Ui
We see here that the J current is the sum of the Dy and Dy, currents:
D} = J* = D!y + Di; D = £167¢; DY =iy, (A.89)

This comes from:

o ltos o (&G -3\ (1 0 (& &) _, (&6 &&
Dri=¢ 2 ol =2 (52 ny ) (0 O) (772 771) =2 (fffz 5552)
=61+ 03) + &6 (1 — 03) + &1 (01 +io2) + £ & (01 — io2)

=&+ (oséos + (1018)01 + (E1028) 02 = (£15¢)0,.. (A.90)

Similarly we have:

l—o3 &1 -m3\ (0 0\ /& & N2 —NaM
D = T — 2 2 1 2 — 2 2 2
L= 050 (52 ni ) \0 1) \=m m —ninz  mim

=mom2(1+03) + nim (1l — o3) —nani(or +ioe) — ninz(o1 — ioz)

=n'n+ (n'o’nos + (nto'n)or + (n'o’n)or = (nfo*n)o,. (A.91)
And we have:
1+o0 l1—0
DR+DL=¢< 5 3+T3)¢T=¢¢T=D0=J, (A.92)
1+o l1—0
Dp—Dy =o(~—7 =~ %ol = gosel =Dy =K. (A.93)
2 2
This gives:
DY = J° = ¢loof + nlogn = &1 + && +mn; +nen3, (A.94)
Dy =J' =&'o1& —nlown = &€ + & —mns — nani, (A.95)
Dj = J? = £T098 —nloan = i(6165 — && —mms +mani),  (A.96)
D3 =3 = ¢lo3¢ —nlogn = L& — && — mn +men3. (A.97)
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Now beginning with the tensors known in the formalism of Dirac matrices,

we use (more details in [B.1.1)):
0 I\ (I 0 0 —I
s = (I O) (0 —I) = (I 0 ) . (A.98)
i 0 —0; I 0 0 o
j JE— ] o j .
775(%» ())(o -4)(@ o)vJL%3, (A.99)

K =K*0, = (£16"¢)o, — (n'o#n)o, =Dr — Dy =D3.  (A.100)
We thus obtain:

DY = &&5 + && — mni — mens, (
D3 = &€ — &8 +mnt — n2ms, (
D3 = &85 + &5 + mms + nani, (A.103
D3 = i(&1&5 — &£ + mns — nany). (

For the calculation of components of Dy and Do, which are unknown in
the formalism of Dirac matrices, we directly use the Pauli algebra:

Dy + iDy = ¢(0oy +i02)¢"
& -3 & _a(—m& mé&
(fz Ul ) ( ) ( 72 ) <—772§2 77152) (A-105)
=2[—m2&1(1 + 03) + m&a(l — 03) + m&i(o1 +io2) — n2&a(01 — i02)]
=2[["¢ + (03803 + (018 o1 + (7 028) o
Dy +iDy = 2(776"€)oy; 0 = (—na m). (A.106)

Similarly we obtain:

D1 — iDQ = ¢(0‘1 — iUg)d)T
& —m3\ (0 0\ (& &\ _ , (& &
(52 nt ) (2 0) <—772 771) =4 ( gur gt ) (4.107)
2[=&ims(1+03) + &1 (1 —03) — Ema (01 +ioa) + §5m7 (01 — i02)]
=2[¢"7 + (Tosn)os + (ETo1m)or + (€T oa7) o
D; —iDy = 2(676"7)0,.. (A.108)

Thus by adding and subtracting we get:

==& — &ma + &3 + S, (A.109)
D} = —&ins — &ama — E3m7 — Eam, (A.110)
=&t — &me — &nz +&m, (A.111)
D} = i(—&inf + Som — E3m3 + Gam). (A.112)
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Dy = i(—=&im5 + &z + &5 — Eam), (A.113)
D3 =i(=&ms + Eime — &7 + Eam), (A.114)
Dj = i(&in} + &ame — E5m5 — &im), (A.115)
D5 = &} + ama + E5m5 + S (A.116)

A.4.3 Calculation of S

For the calculation of S = S3, the formalism of Dirac matrices gives with
SHY = iyt e _
E3 = 53 = iy v (A.117)

And we have:

. 1.2 . 0 —01 0 —02)\ (03 0
vyt =1 (01 0 ) (UQ 0 ) = (O U3>’ (A.118)

and similarly we have:

.93 (o 0\ .34 (o2 O
wv—(o Ul>,wv—(0 02)- (A.119)

We then get:

E3:=83"= (" &) (%3 0) (2) =n'osé + Elosn (A.120)

g3
=n1é1 — m22 +Em — &5
And similarly:
E} =83 =gl + om=ni& + 36+ Emo + Em, (A.121)
E3 = S3' =nlosd + oon = i(—ni& +n3ér — Eme + Em). (A122)

Next we have:

1.0 __ 0 —01 0 I [ —01 0
Rt (al O>(I 0)(0 01)’ (A123)

which gives:

A 0 —Z'Jl 0 6 o . .
I_IS1 = S?} = (WT gT) ( 0 ’i01> ("7) = 7277T01£+Z§T0'177 (A.124)
=i(—niée —n3&1 + &2 +Em).
Similarly we have:
H3 =830 = —inloo +illogn = —ni& — m3& + Eme — E&m,  (A125)
H$ = 830 = —inlos + osn = i(—ni& + m3le + Em — &), (A126)
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We derive that:

537 +1i95° = 2n'os€ = 2(Sunt — &am), (A.127)
§3% +i83° = 2nton€ = 2(&anf — &am), ( )
S5t +1i83° = 2l on = 2i(—&amf + E1m3), (A.129)
S5° +1iS3° +iS3 — 83° = déany, (A.130)
833 44830 — iS4+ 529 = 4&yn;. ( )

And we have:

23 31 12 10,; 20,; 30 ;
S3°01 + 85 02 + 53703 + 537101 + S5 109 + S5 o3

_ S3? 4 iS5° 533 +1i53° —iS3! + 53°
—\S5? +1830 +4S5t — 530 —(83% +1i53°)
_ 5 <£mi‘ — &3 26173 )
2627 —(&nt — &n3)
_o& —m\ (L 0N (m m
& m )\0 —1)\-& &
= ¢o3p = S = 83, (A.132)

For the calculation of the components of S; and Ss, which are unknown in
the formalism of Dirac matrices, we start directly from the Pauli algebra.
We also need:

_gltos & 0y . _  1—o3 0 —n3
Ri=¢— —\/§<£2 0),L._¢ 5 _ﬁ(o i)
1 1 — _
Sk = 5(51 + ZSQ) = ¢§(O’1 + iUg)(b = R§(O’1 + iO’Q)R, (A133)
1 . 1 L= 1 L=
SL = 5(51 — 7/S2) = ¢§(O’1 - 7,0'2)¢) = L§(01 - ZO’Q)L. (A134)
We let:

Sk = ER+iﬁR; ER Z:E%Uj; ﬁR Z:H%CO']‘, ( )
Eg =S¥, E% = S3¥; E} = Si Hf% = Sf%o, (A.136)
S, = Ep JriﬁL; Ep ::Eiaj; Hy ::Hioj, ( )

( )

1. @23, ;2 . @3l. ;3 ._ Ql2. i ._ @io
EL.— L’EL.—SL7EL.—SL,HL.—SL.
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This gives:

Bh=3@-G+8-8) Hh=1(-8+8+8-8), (A1)

i 1 }
Eh =5 +8-§-8) Hr=5(E+&+§+8), (A.140)
EY = —&& — &&; HY =i(6169 — £16), (A.141)
1 L i o
Ep =i =3+ —m3); Hy = 50f =03 =77 +753), (A.142)
i L 1 L
Ef = gi+ms—nf —i3); HE = g(=ni —m3 =i —3),  (A.143)
E} = —mna — mie; H} =i(—mn2 + M). (A.144)

The link with S; and S is:
Sy = Ey +iH, = Sg+ Sy, = Er+iHg + Ep, +iHp,

E1:ER+EL; ﬁliﬁRJrﬁL, (A.145)
Sy = Ey +iHy = —iSp+iS, = —i(Eg + iHpg) +i(EL +iHp),
EQZﬁR—ﬁL; ﬁQZEL—ER. (A146>

We then obtain:

S1? = —&1& —mn2 — €& — nin3, (A.147)
SY0 = i(&1€2 — mm2 — £1&5 + i), (A.148)
P =@ -G - - ), (A1)
SO =BG B -G P ), (A150)
SO = @G- - ), (A5)
S =L@ G- - o) (A1)
Similarly we have:
S3% = i(&1& + mm2 — E1&5 — in3), (A.153)
830 = &€ — mma + E1&5 — nin3, (A.154)
P =G E AR ), (A159)
SR =BG - ), (A156)
P = (G- GHm B G ), (A5

1 * * * *
Syt =@+ G i+ + TG+ +sY), (A.158)
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We also obtain the number of 36 densities by remarking that there are 8
squares and 28 = 8 x 7/2 pairs.

Calculation of ﬁ;

Let ¢ be an invertible element in C13, with determinant pe®. Let D
and D be the similitudes satisfying:

D:x—x =Dkx)=¢x¢! ; D:xsx =D(x)= axa (A.159)
Let P such that:
¢ = /pe'? P, (A.160)
and let Lo and Lo the similitudes such that:
Lo:x—x' =Lo(x) = PxP"; Lo:x~x' =To(x) = PxP. (A.161)
We have:
pe'? = det(¢) = ¢ = \/pe' T P\/pe'? P = pe'’ PP, (A.162)

then we get:
PP=1; P=P'; To=Lo" (A.163)

P is thus an element in SL(2,C) and Lo is a Lorentz transformation. We
know that, for such a transformation, if we denote by (Lo) the matrix of Lo
in an orthonormal basis and g the signature-matrix:

1 0 0 0
g= 8 _01 _01 8 : (A.164)
0o 0 0 -1
we have the following, M? being the transposed matrixﬂ of M:
(Lo)™" = g(Lo)'g ; (Lo)g = g(Lo)". (A.165)

And we also have:
D(x) = ¢x¢' = \/,Belgl—_’x\/ﬁeﬂgPJr = pPxP" = pLo(x), (A.166)

then:
D =pLo; (D)= p(Lo). (A.167)

b
d

(Z ;) We have, for any matrices A and B, (AB)! = Bt A? and det(A?) = det(A).

8. The transposition exchanges the rows and columns: if M = (OCL ) then: Mt =
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Similarly we have:

D(x) xM = \/ﬁeigﬁx\/ﬁe*i%ﬁ = pPxP = pLo(x),
D =pLo; (D)= p(Lo).

Multiplying (A.165) by p, we get:
(D)g =g(D)" ; (D) =g(D)'yg.
This gives, for j =1, 2, 3and k=1, 2, 3:

Dy=D); Dy=-D; D, =-Dj; D, =D}

231

(A.168)
(A.169)

(A.170)

(A.171)

The result is: rows, like columns, of the matrix (DZ), are orthogonal, be-

cause we have for D and D:

D,= quHqST = DZO’V ; 5“ = 50,@1)\ = EZJV,

D,-D,=D,-D,=6,p"

A.4.4 Proofof V= MV’]\/Z

(A.172)

(A.173)

Since ¢ has the same structure as M, we will use same notation:

m=vae p=va(g ).

and this gives:

M =V2(n E)Z\/i(Z; 52)

1

MT:\@(if §§‘>;M:\/§<n1‘ WS)_

—n2 M & &

_ Py * * a/ _ a/ 78/ + Za/ ,’7 75*
MV M=o ™M 'k 0703 1 2 1 2\ _
v (—52 fl) (‘31 —idy O+ 04 ) (772 3 ) (

(A.174)

(A.175)

(A.176)

A B
C D

(A.177)
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The R, are obtained by (A.94) to (A.104) giving the Dy, we have:

A =2[(mny + n2m3)0 + (=mns — 12m7) 0,
+i(n2ny — mn3)0 + (—mni + 12n3)05]
= (Ry — R3)d) + (Rg — R3)0; + (Rg — R3)0% + (R§ — R3)0;
= RED, — RLD, = Dy — Ds.
C = 2[(&m2 — &m)0h + (—&im + &am2) 0y
—i(&1m + E2m2) 5 + (Eam2 + a1 ) O3]

(A.178)

= (=RY = iR3)0 + (— Ry — iR3)0] + (=R} — iR3)0; + (— R} — iR3)04

= —R['0), —iRYD, = =01 — i0y.
B =2[(&n5 — &my)d + (=&imy +&5m5)0,
+ &5y + &513)05 + (E1m5 + E5m7) 5]

(A.179)

= (=R +iR3)9) + (—R} +iR3)0, + (—R? +iR3)d, + (—R3 + iR3)0%

= RYO, + iRLD, = 0y + iy,
D = 2[(&1&7 + £265)9) + (§165 + &61)9
+ (8185 — E287)05 + (§167 — £265)05]
= (Rg + R3), + (Ry + R3)0; + (RS + R3)05 + (Rj + R3)04
= RS‘@L + Rf{@; = 0y + 03.

So we get:
——5 (A B\ [ 0—03 —01+1i02\ _
MVM—<C D)_<—81—i82 Do + 03 )‘V

A.4.5 Proof of det(R;) =r*

We let:
yoya) (X4 xt—ix®\ (vl ovh\ x0" 4+ x3'
ys wa) T\l i x0—x3 )\l oh) T\ i
n 10 0 1\ /x°
1Y _ 0 1 — 0 X1 o
Y=l o1 & o] =N%
Ya 1 0 0 -1 x3
Y, 10 0 1Y\ /x
’ . 1/
; |yl 10 1 —2 O X o ,
e A e P W R e
Yy 10 0 -1/ \y

(A.180)

(A.181)

(A.182)

(A.184)
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We then have:
X=N1'Y; X'=N"1'Y". (A.185)
We also let:
Y'=PY: X =DX. (A.186)
We get:
PNX=PY =Y'=NX'=NDX:; PN=ND; D=N"'PN,

(A.187)
which implies:

det(RY,) = det(N~"PN) = det(N ") det(P) det(N) = det(P). (A.188)

We have:

! / _ * * * *
<y} y?) =x = MxMf =2 <§1 77*2) (yl 92) < & 52) (A.189)
Y3 Ya & m Ys Ya) \—m2 m

&y —m38Tys S8y — 3833
—&imaye + M3n2ys 1My — N3 Ya

S8y +miéTys &8y +E3mTYs
—&am2y2 — Mineys  +E&amy2 + Nimys

which gives:

§i&7 —&me —&ins mens

§67 —&m2  &ni —mni ( )

£& Sm &t omng

The calculation of the determinant of P thus gives:

det(P) = 16(£7&1%nint? + €162 mamy> + 67 nins” + 36 ;"
+ 26065 E mn e + 461E5 oS5 mn e
+ 2652 Eonint iy + 266635 + 261656 mnans”)
= 16(&.&imnt + &&mine + & &emns + &2&5m2m3)?
= 16[(&n; + Eomz) (E1m + &)™, (A.191)

Thus we get:

det(R};) = [2(6an + &2m3)2(E5m + &5 m2)]
= [rere ) = (r*)? =, (A.192)
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A.4.6 Relations between tensors
‘We have:

D,D, = ¢0,6'00,61 = ¢0,665,4' (A.193)
= ¢0, (1 — iQ)7,¢0 = (U — iQ2)¢0,5, 6. (A.194)

For j =1, 2, 3 this gives:

DoD; = (4 — i€2)$6;6 = —(Q — iQ)S;, (A.195)

D;Do = ( — iQ)¢0;¢ = (2 — i)S;, (A.196)

DDy = (R — i0)¢01526 = (4 — i) p(—i)o3d = —(Q + i21) S5,
(A.197)

Dgﬁl = (Ql — ng)gﬁagElE = (Ql - ZQQ)QﬁZO’gg = (Qg + ZQl)Sg (A198)
And similarly we get:

DyDs = —D3Dy = —(Q2 +i621)S), (A.199)
D3Dy = —D1Dg = —(Qy + i) Ss. (A.200)

For j =1, 2, 3 and for k=1, 2, 3, we have:
D; Sk = ¢0;0Tdporkd = ¢o;0Tdordt = —(Q — iQ)doj06t,  (A.201)
S;Dy = dpojppord! = (U +iQ2)¢aok0". (A.202)
Thus for j =1, 2, 3 we get:

D;S; = —(Q) —iQ)pd" = (= + i) Dy, (A.203)
S;D; = (U +i)pd" = (Q1 +iQ2)Do. (A.204)

And for k # j we have:

D1§2 = 77;(91 — ZQQ)¢0—3¢T = 7(92 + ZQl)Dg = 7D2§1, (A205)

SlDQ = Z(Ql + ZQQ)¢03¢T = (_QQ + in)D3, = —SQDl, (A206)
D2§3 = —i(Ql - i92)¢01¢T = —(Qg + ZQI)DI = —D3§2, (A207)
SoD3 = i(Q 4 iQ2)po16T = (—Q 4+ iQ1)Dy, = —S3Ds, (A.208)

D3§1 = 711(91 - ZQQ)¢02¢T = 7(92 + ZQl)DQ = 7D1§3, (A209)
Sng = Z(Ql + ZQQ)¢02¢T = (_QQ + ZQl)DQ = —SQDl. (A210)
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For j =1, 2, 3, we also have:

DoS; = 661 60,6 = 661 35,61 = (— + i) o'
= (= +i)D;, (A.211)
S;Do = ¢0;pdd" = (U + i) po;¢" = (Q + iQ)D;. (A.212)

Finally we have for j =1, 2, 3 and for k=1, 2, 3:

SjSk = ¢0j$¢0k$ = (Ql + ’L.Qg)gi)JjO'ka, (A213)
SpSj = ( +1iQ2)¢d = (1 + i), (A.214)

While for k # j, we get:
S152 = _5251 == (—QQ + in)Sg, (A215)

S9S3 = —5355 = (=2 +i21) 54, (A.216)
S351 = —5153 = (—Q2 +i€1)5s. (A217)
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Appendix B

Other Clifford algebras

We present the space-time algebra and the Dirac matrices.
We study its link with the Pauli algebra and the link between the
invariant wave equation and the Lagrangian density. We study
the same with space-time algebra. We calculate Tétrode’s tensor.
Then we present the Clifford algebra Cl3 3 = End(Cl3) that we need
for the study of weak and strong interactions and gravitation.

B.1 Clifford algebra of space-time

The Clifford algebra of space-time Cl; 3 contains the real numbers and
the vectors of space-time x such that:

x = x99 + x'71 + P92 + x93 = ¥y (B.1)
The four ~, form an orthonormal basis of space-time:

(0)?=1; MmP’=Mm)’=0)’=-1; %-nw=0,pu#v. (B2

Proponents of Clifford algebra can generally be divided into two camps:
those who put a + sign for time (Hestenes [73][78]), and those who put
a — sign for time (Deheuvels [60]). We will see in that these two
signatures give two subalgebras of Cls 3. Here we use a + sign for time,
which corresponds to the choice of Hestenes. It is necessary because the
metric of space-time is given by the determinant . The general term
of Cl; 3 is a sum:

N=s+v+B+p,+ps (B.3)

where s is a real number, v is a vector in space-time, B is a 2-vector, p, is a 3-
vector (or pseudovector) and p; is a pseudoscalar. There are 1+4+6+4+1 =
16 = 2* dimensions on the real field because: There are 6 independent 2-

vectors Yo1 = Y01, Y02, Y03, Y12, Y23 and 731, where v;; = —v;;, J # i, and

237
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4 3-vectors vo12, Y023, Yo31 and 123 and one pseudoscalar:

Ps = bYo123 5 o123 = Yoy17Y2Y3 = i = 475, (B.4)

where b is a real number.

The even part of N is s + B + ps, while the odd part is v + p,. The
main automorphism satisfies N — N = s — v+ B — p, + ps. The reversion
satisfies: N

N—N=s+v—B—p, +Dps. (B.5)

Among the 16 generators of Cly 3, 10 = 5 x 4/2 have a square of —1 and
6 = 4 x 3/2 have a square of 1:

12 = 9012 = 7022 = 03° = 70° = 7123° = 1, (B.6)
712 = 722 = 732 = 7122 = 7232 = 7312
_ 2 _ 2 _ 2 _ 2 _
= 012" = Yo23° = V031" =0123° = —1.

Two remarks:

1 - If we use a + sign for space then we get 6 generators whose square
is 1 and 10 whose square is —1. The two Clifford algebras Cl; 3 and Cl3
are hence not equal.

2 - The even subalgebra C’li't37 formed by all even elements N = s+b+ps
is 8-dimensional and is isomorphic to Cl3. We will see this in detail in the
next section using the Dirac matrices. The even subalgebra of Cl3 ; is also
isomorphic to Cls.

The privileged differential operator in Cl; 3 is:

d=70, ; Y=v%; ¥Y=—v,j=12 3. (B.7)

It satisfies:

00 =0 = (09)* — (01)* — (92)* — (93)%. (B.8)

B.1.1 Dirac matrices, electromagnetism

Most physicists do not directly use the Clifford algebra of space-time,
but use instead the matrix algebra My(C), an algebra on the complex field.
This algebra is 16-dimensional on the complex field, and thus 32-dimensional
on the real field. Therefore M4(C) # Cl; 3. The Dirac matrices are not
uniquely defined. The easiest way to link Cl; 3 to Cl3 makes use ofE|,
which we recall here:

B U A O O Y BV B U/ N
70_7_(,[ 0 7I_ 0 1 y = = oj 0 a.]_17273'

1. This choice of Dirac matrices is not the same one used in Dirac theory to calculate
the solutions for the hydrogen atom. But it is the choice made for high velocities and
when special relativity is required. It is also the choice of electroweak theory. We will see
in Appendix C that this choice also allows us to solve the equation in the case of the H
atom by separation of variables in spherical coordinates. This also proves that the early
choice of Dirac matrices was not necessary, only sufficient, for the H atom.
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We then have:

0 Vv
0=~"0, = (6 0) (B.9)
It is easy to show that:
o —O'j O X o —iJl O
=0 o) T 0 —ioy
. il 0
1= Y0123 = <0 —iI> . (B.10)

Isomorphism between C’lf3 and Cl3 : let N be any even element. With:

N=a+ B+ps ; B=uivio+ u2y20 + u3y3o + v1y32 + v2713 + v3721,

ps = byo123 = Ui, (B.11)
M=a+U+iU+1ib; @ =uio1+ usos + usos,
¥ = V101 + V2092 + V303. (B12)

B is a bivector and py is a pseudoscalar in space-time. With the choice of
(1.4), for the Dirac matrices we have:

N:(Ag[ A%) : N= (1\04 1\2*)' (B.13)

Since the P : M — M conjugation is compatible with the addition and the
multiplication, the algebra of M is isomorphic to the algebra of N. Since
N contains both M and M, the Dirac matrices use the two nonequivalent
representations of C3 (this is well known in Lie group theory [1]).

The Dirac operator is:

0 -0 0 Vv
a - “3L - ~ - < . B14
T (60 +d 0 ) (V 0) (B.14)
Similarly, the electromagnetic potential is the vector:
0 A"+ A 0 A
A=~ AP — N = =~ . B.1
T <AUA 0 > (A 0> (B.15)
The electromagnetic field is the bivector:
F:=0NA=0A—-Ad (B.16)

(z )G 0)-G o6 )

_(VA- AV 0 _(F 0
- 0 vA—-av) \o F)°

The electric current satisfies:

j=OF = 00A = OA = <§OF VOF> - (9 J). (B.17)
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B.1.2 (l,3 as Cartesian product Cl3 x Cl3

We can shorten the calculations in Cl; 3 by considering only the first row
of the Dirac matrices. This is possible because the second row is obtained
from the first one by using the P automorphism on Cl3. The general element
of Cl; 3 may thus be expressed as a couple of elements of Cls:

M=(A B); N=(C D); M+N =(A+C B+ D),

(B.18)

MN = (AC +BD AD + BC) (B.19)
=0 o); x=xtv,=(0 x)=(0 x*o,), (B.20)
d=+"9,=(0 V)=(0 0"d,); (A B)= (VB VA). (B21)

With these notations, and for any u and v in space-time, we have:
uv+vu=(0 w)(0 v)4+ (0 v)(0 u)=(uv+vu 0). (B.22)
Identifying A and (A 0), we then have:
uv + vu = uv + vii = u'v? — ulv! — u?v? — udvi. (B.23)
This identification allows us to consider Cl; 3 as a Clz-module:
X(A B)=(X 0)(A B)=(XA XB), (B.24)

for any X, A and B in Clz. This is what allows us the use in Cl; 3 of
the complex field, which is the center of Cl3, nevertheless the fact that the
center of Cly 3 is only the real field.

B.1.3 Proof of Ry = Ny“N
Using the aforementioned notation we have:
N=M 0); N=(M 0); =0 o), (B.25)
the equality REyY = N "N is equivalent to:

(0 Reo)=(0 MoriI). (B.26)
And the equality proved in .V =MV'M , can also be expressed as:
O,0” = M@LJ”M\, (B.27)

which means L
RLD, 0" = Ma" MO, (B.28)

And we thus have:

R'o” = Mo"M; Ri'v” = Ny"N. (B.29)
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B.1.4 Invariant equation and Lagrangian density

We will now prove that the Lagrangian density of the Dirac theory is
the real part, in the sense of Clifford algebra, of the wave equation in its
invariant form (1.113)). Then noting (M),, the n-vector part of M, we must
prove that:

L = (3(V$)oa + pqAd + maps)o. (B.30)
But we have:
j=3 j=3
$Ap = A"go,d = AyDo — Y A;D; = Ag(Dyo,) — Y A;j(Dfoy)
Jj=1 j=1
0 Jj=3 j=3 k=3
= 40Dy +Y_Dhoy) — 3. 4;(D; + > Djon). (B.31)
Jj=1 Jj=1 k=1

We established with the calculation of the similitude D (A.171) that gives:

Jj=3 j=3 k=3
GAp = Ag(DY — 3" DY) = 3" A;(—Dj+ > Dioy) = A,Dliot.
J=1 Jj=1 k=1
(B.32)
The scalar part is then
(6AG)o = Dy A, = A, 3" = A"y, (B.33)
We next have ¢¢ = Qp + €5, then:
(mog)o = m = mynp. (B.34)

We next get:
S (=000,8) + (B9 (~)0,0)1] = 5(~T" 0,6 + o) (B.35)
= —216/TE) ~ (D) + ' (V) — (4 V).

With Cl3 we have:

S1B(Y8) — (3V)3lom = — 5 [6(Vos) — (3V)or] (B.36)
_ (T =V (V) + (g V)E

V)~ V) —E(VE) +(EV)E)’
(518(Y8) ~ @V)Alondo = 510" (Vn) — (V) ~ E1(VE) + (V)]



242 APPENDIX B. OTHER CLIFFORD ALGEBRAS

And we have:

—E1(VE) + (E'V)E = (£1V)E — ¢t
=¢(Ve) — (6TV)e. (B.37)
We thus have:

£ = S (~9)2u8) + B (~D)0,0)] + ¢, T + m
<$(V¢)021 +pqAd + me@)o. (B.38)

B.1.5 Calculation of Tétrode’s tensor
The calculation with the Dirac matrices gives:
_ _ 0,
V0,0 — (0,97 = (§7 7T) (@f,) — (0,1 oa,nt) (f])
= £10,8) = (DENE+ 01 (0m) — (Dun')n.  (B.39)
We thus have:
h — — h
250[1/}7081/7[} - (auw)PyOw] = Zic[{r(auf) - (anT)g + 77T (aun) - (aunT)n]'
(B.40)
For the v/ matrices, with j = 1, 2,3 we have:

@'Yjaﬂ/) - (3ﬂ)7jw

-0 (g ) (@) et 2 (0 0) ()
= &10(0,€) = (0,6") 056 = n'o;(Dum) + (Do), (B.41)
This gives for j = 1:
Uy — (09)7' ) = €101(0,€) — (8,€N)01€ = 0o (D) + (Bun')orn
= &0061 + 10,8 — a0y — T10un2 — (8,62)61 — (9,162
+ (0vT2)m + (0ui1 )2 (B.42)

Similarly we have for j = 2:

@’726/(/} - (&@)721# = gTO'Q(auf) - (8,,§T)02§ - UT02(5VTI) + (&WT)UW
= Z.EQaufl - 5181/52 - ﬁzaunl + ﬁlay772 - (8VE2)£1 + (augl)é.Z
+ (0uT9)m — (0,77 )12)- (B.43)

And for j = 3 we get:

@73&/1& ( VE)'sz = fTUB( 9,€) — ( l/gT)03£ - UTUB(aun) + (avnT)J?)'W
= 5181151 628 52 771 ﬂh + 772611772 (augl)gl + (61/52)52
+ (0u1)m — (OuT2) 2. (B.44)
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We make now the same calculation with space-time algebra. We have:

=~ (0 O 0 o3\ (¢ O
o= (5 ) (4 DY 0w

_( 0 10,9030\ _ (A 0w —Hw> . (B.46)
10,0030 0 v — 1w 0
The vectorial part is then:
~ 0 v "
VvV = <6V\I/’Y()21\I/>1 = i}\ 0 = ’Y#. (B47)
This gives:

v+ iw = i&,gbagg; v—iw= (v+iw) = —i¢038y$,

v=vto, = H@umd—om0,d) = (W 1. W) (Bas)
(0v61)€1 — (DuT2)m2 (0u€1)Es + (BuT2)m
| —6(00&1) +72(0m2) —&1(0u€2) — M2(Gum)
=1
(0v&€2)€1 + (0u771)m2 (00€2)€5 — (Bu71)m
—&(0,61) — M (9um2) —§2(0,€5) + 11 (9um)
We then get:
0 + 0% =i[(8,£)& — (BuTi)n2 — &1(0,€1) + T2 (Buma)],
00— 0 = i[(0,€)E — (871)m — &2(0.€5) + T, (um)], (B.49)
vt +iv? = i[(0,62)E + (D )02 — €2(00€1) — T (Dun2)),
vt —iv® = i[(8,61)E + (OuTa)m — &1(0,E5) — Ta(Bum)).

By adding and subtracting, this gives:
) ~
o = 31610,€ — (9,6NE + A — @ In) = - (O, Vo P,
v = %[fTag&,f — (0,M 03¢ — nfo30,m2(0,m ) osn] =42 - (8, U021 T)1,

o' = S161010,€ = (9,6N01& = nlorm2Am o] = 7' (9, Wr0m D),
(B.50)

v? = %[6*02&/5 — (0,026 — nTa280,m2(8,n")o2n] = 42 - (0, U021 P)1.

B.2 General and reverse terms in Cl; 5 and Cls 3

We previously used the Clifford algebra C!; 5 as a natural generalization
of Cly 3, the space-time algebra of Hestenes’ works [73]-[78]. We may link
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the Cl; 3 algebra to this greater algebra by using, with © =0,1,2,3:

_ (0w, _ (0 —Ii) | _ (0 i
(R ) () o

where I4 is the unit 4 x 4 matrix and where:

. . 1 0

i=10123 =Y07M17278 = 1755 [ = (0 1> : (B.52)
We use (|1.4)) and we recall:

L
0 — - 3 - 'l — s 15 — )
I 0 i=\e; 0 0 -1

where the o; are the Pauli matrices. The Cl3 3 algebra is isomorphic to the
Mg (R) algebra, and thus to the algebra of the endomorphisms in Cl3. This
End(Cl3) algebra is linked to Cl; 3 and Cly 5 by:

FH = LH = ( 0 P)(lju‘> y M= O’ la 2737 (B53)
Y
_ _ 0 —i[4 . . _ 0 Y5
F4 = ’LL4 = (ZI4 0 ) ; F5 = ZL5 = (75 0) ; (B54>

The indices u, v, p... are 0,1,2,3 and the indices a, b, c,d,e are 0,1, 2, 3,4, 5.
We have:

Yuv 0
', =L,=L,L,=[" , B.55
. a g < 0 ’YW> ( )
0 v

Cywwp=Lywp =Ly L, = (7 %6 p) 7 (B.56)

uvp

Yo123 0 i 0
T = Lotor = Lot Loa — = . ], B.57
0123 0123 o01L23 ( 0 70123> (0 1) ( )
1 O

Py = Las = LaLs = < 01 i) ) (B.58)

I 0
12345 = Lo123as = Lo123las = <61 7 ) . (B.59)

4

We also get:
i 0 0 i 0 -1

Lo1235 = Lo123Ls = (0 1) (1 0) = (14 04> ) (B.60)

A 0 (i O
Ly = (0 _'Yu> - s = < 0 W‘), (B.61)

0 —Yuv 0 P)/,uui

L,U.V4 (’y;,”/ 0 > 3 L/LV5 <’7'u,1/i 0 ) (B62)
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Similarly we get:

0 i — Y 0

Lu45 = (_,yui ’YS > N Lp,u45 = < /}E)H' ’yuyi) R (B64)
0 vpl 0 —i

L,qu45 = (_'Yuypi '7#0;7 ) 3 L01234 = <i 0 ) . (B.65)

The general term in Cl; 5 can be expressed as:

5 1,5 1,5 1,5 1,5 1,5 1,5 1,5
\Ill") — \:[107 + \:[117 + \:[127 + \1137 + \114, + \115, + \I](S’ , (B66)
a=>5
1,5 1,5 b 1,5 b
0P = Z NL,, Uy° = Z N®Ly, 3% = Z NL e,
a=0 0<a<b<5 0<a<b<e<s
1,5 bed 1,5 bed
\114 = Z Nave Labcd7 \I/E, = Z Noe eLabcdea
0<a<b<e<d<h 0<a<b<e<d<esh
1,5 . 15 _
Uo" =sls,s € Ry Ug” =pLoigsas, p €R. (B.67)

where N? are real numbers. The general term in Cl3 3 is expressed as:

3,3 3,3 3,3 3,3 3,3 3,3 3,3
\11373 = \I]O’ + ‘Ill, + \DQ, + \Ilg, + \IJ47 + \115’ + \1167 5 <B68>
a=5
3,3 3,3 b 3,3 b
UPP =3 N, U3 = > Ny, 03P = > NT,,
a=0 0<a<b<5 0<a<b<c<b
3,3 bed 3,3 bed
\114 = Z Nave Fabcd7 \115 = Z Nave erabcde7
0<a<b<e<d<h 0<a<b<ce<d<e<h
3,3 . 3,3 _ _
Uy” =slg,s € R; U™ = ploi23as = pLoi2sas, p € R. (B.69)

With Cl3 3 we have:
Tinda = tLinda4; Tinas = —iLinas; Tind4s = Lindas. (B.70)

The scalar and pseudoscalar terms have the following form in both algebras:

I 0

alg + wLoi2345 = ((a —I—Ow) * (o — w)I4> ) (B.71)
7  ((a—w)ly 0

alg — wloi2345 = ( 0 (@ +w)) (B.72)

For the calculation of the 1-vector term:
N®L, = N*Ly+ N°Ls + N*L,,

we let:
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This gives:
ols — 0 —pIly+di+a
L 7 \pl4+éi+a 0 ’
33 — 0 —iffly, —idi+a
L7 \4Bly —idi+a 0 ’

For the calculation of the 2-vector term:

N®Lay = N*Lys + N* L,y + N*L,5 + N L,,,

we let:
€:N45§ b:NIA'Y;t; CZN#S'Y;L; A:N#V'Yuu.
This gives:
g5 — —ei+b—ic+ A 0
2 0 d—b—ict+A)’
W33 — —ei +ib 4 tic+ A 0
2 0 el —ib+iic+ A/

For the calculation of the 3-vector term:

NabCLabc = NM45L[L45 + NNV4L;W4 + NMVSL/J,VE) + NMUPL;va

we let:

(B.74)

(B.75)

(B.76)

(B.77)

(B.78)

d =Ny, ; B=N",,; C=N",, ; ie=N"y,, (B.79)

This gives:
@1,5: 0 di — B +1iC +ie
3 id+ B +iC +ie 0 ’
\113’3 _ 0 di — B —iiC + ie
3 id +iB — iiC +ie 0 ’

For the calculation of the 4-vector term:

(B.80)

(B.81)

bed 45 4 5 0123
Nove Lapeqd = NH L;,LV45 + NHvP Luup4 + NHvP LuupS + N L01237

we let:

D= NHV457/,LV ; if = Nuyp4'7uup ;g = Nuyp57uup ; (= NO1Z,

This gives:
\111,57 —iD +if + g + (i 0
47 0 iD-if+g+¢i)’
o33 _ —iD +if —ig + (i 0
4 0 iD —dif —ig+ (i)~

(B.82)

(B.83)

(B.84)
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For the calculation of the 5-vector term:

abcde vp45 01234 01235
N Lapede = NP Ly pas + N Loi2za + N Lo1235,

we let:
ih = Nu,l/p45,yl“,p D= N01234 : 0= N01235. (B85)
This gives:
15 0 h—ni-01I,
¥s = (—h i — 01, ! (B-86)
3,3 0 h — Zni + 2914
V5T = <—h+ini+i914 : (B.87)
We then get:
yhd = @; ii) (B.88)

U =(a+w)+(b+g)+(A—iD)+i(—c+f)+ ((— o),

Uy =—(B+6)+(a+h)+(-B+iC) +i(—d+e)+ (6 — n)i,
Us=(B—0)+(a—h)+ (B+iC)+i(d+e)+ (6 +7)i,  (B.89)
Uy =(a—w)+(-b+g)+ (A+iD)+i(—c—f)+ (¢ +¢)i.

Thus we have:

1

5(\111—1-\114):731 +7;, Pr=a+ A+ Iy =g —ic, (B.90)
%(@1 W) =Py + Ty Pi=w—iD —ei; Ty = b + if, (B.91)
%(\Ilg—k\llg):??g +Zo; Po=—0+iC+6i; I, = a+ie, (B.92)
%(—\Pg—i—\llg) =Py —Ts; Ps=LB+B+ni; Ty =h—id. (B.93)

The general term in Cls 3 is:

(B.94)

g _ (Wil U 4T,
U, -0, U —il,)’

Uy +i0y = a+ A+ (i—i(g —ic) + w — iD — i +i(b + if),

U, —i¥,=a+A+(i—i(g—ic) — [w—1iD —ei+i(b +if)], (B.95)
U, + Wy =—i(—0+iC+ i) +a+ie—i(f+B+mni)+h—id,

U, — Uy = —i(—0 +iC + 6i) + a +ie +i(8 + B +ni) — (h —id).
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This gives:
. ¢e O .
\IIZ:Pl—le; P1: 0 (Z :OZ+A+C1, (B96)
0 n .
I, = (q% d;) ) =g —ic, (B.97)
U — . . _ ¢dr 0 _ . .
r=—iPa+1Iy; Py = 0 du) —0 +iC + i, (B.98)
dr
0 Qur .
= -~ = B.
= (qﬁw 0 ) arie (B.99)
U — . . o ¢dg 0 - .
g = —iP3 4+ 13; P3 = ~ —5+B—|—’I71, (B.IOO)
0 (bdg
I3 = (AO Pug) _ h —id, (B.101)
ug 0
0
Uy = —iPy+Lu; Py = <¢db ~ ) =w—iD —, (B.102)
0 da
0 (bub .
=~ = ) B.1
Iy ((bu’) 0 ) b + if (B.103)

Here ¥; is alone while ¥, ¥, and U3, have exactly the same structure: this
is the origin of the difference between lepton and quark waves.

In Cly 3 the reverse of A = Ay + A1 + Aa + A3+ Ay is A= Ao+ A —
As — A3z + A4, we must change the sign of the bivectors A, B, iC, iD, and
the 3-vectors ic, id, ie, if and we then get:

U, =P, —ily; Py = (4(’) dg) =a— A+, (B.104)
~ i
T, = (d? n ) =g +ic, (B.105)
\I’ _ D T . D ad'r 0
r= ZPQ +I27 PQ T —iC + 61 (B106>
0 ¢dr
T 0 Qbur _
Iy = ((ﬁw 0 > = (B.107)
G o iP T B [P O
g=—1P3+13; P3= + =B —B +ni, (B.108)
0 &y
I = (0 Pu 9) =h+id, (B.109)
ug
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Ejb = —2734 —|—f4, ,i)"4 == ((bdb 0-‘_ ) =w + iD - Ei, (Bll())
0 ¢db
- 0 ¢ub) p
Iy= |- =b —if. B.111
= (5 % (B11)

Now the reverse in Cl3 3 of
A=Ag+ A1+ Ay + A3 + Ay + As + Ag,

is
A=A+ Ay — Ay — Az + Ay + A5 — Ag.

The only terms that change signs are the ¢ and w scalars, the b, c, d, e
vectors and the A, B, C bivectors. These changes of sign are not the same
in Cl3 3 and in Cl; 3. The differences are compensated for by the swapping
made in Cl3 3 between the positions of the ¥; and ¥} terms. Hence the P,
are transformed into 7371 and the Z,, are transformed into i’n forn =1,2,3.
On the other hand P, is changed into —Py, and Z, is changed into —Z,. We
thus get:

geo = (Uil VetV (B.112)
v, — \I/g U, + W,
With:
o b =i\ .z [ . —idl
= (—wn Pe > = <—i¢n oL )’ —
_i(bdc (buc ) T (_i(bdc d)T )
U, = ~ ) U= T ), e=rg,b. (B.114
( Duc _Z¢dc d)uc _Z¢(];c I ( )

Since P; = a+ A + (i is the general element of either Cl1+,3 or Cl?tp since
7, = g — ic is the general odd element of Cl; 3 while —iZ; is the general
odd element of Cl3 1, thus ¥; = Py — 71, is the general element of Cl3 ;.
Moreover iV, = Py 411y, i¥, = Ps+ils and i¥; = P4 +iZ, imply that the
three 1W, are general elements of Cl3 ;. It is noticeable that the three ¥, do
not have the properties of ¥;, which is similar to the three :¥., ¢ = r, g, b.
The well-known equalities Cl3 1 = My(R) and Clz 3 = Mg(R) lead us to
calculate the general element of Cl3 3 from four blocks in C'l3; but here we
get:

M= (Z/cl* %3) JA,B,C,D € Cly,. (B.115)
This does not change the calculations with blocks, since ¢ commutes with
the four blocks.



250 APPENDIX B. OTHER CLIFFORD ALGEBRAS



Appendix C

The Hydrogen Atom

We present the resolution of our improved equation for the
hydrogen atom. Owur resolution uses a method separating the
variables in spherical coordinates. Angular functions use Gegen-
bauer’s polynomial functions previously used in linear Dirac the-
ory. Here we study new solutions, for an electron with both elec-
tric charge and left and right masses.

The hydrogen atom is the jewel of Dirac theory. The first solutions cal-
culated by C. G. Darwin [11], which we may also find in newer reports [99],
are proper values of an ad hoc operator, obtained from the nonrelativistic
theory, which is not the total angular momentum operator. These solutions
give the expected number of states, the true formula for the energy levels,
and have the expected nonrelativistic approximations. This was considered
very satisfactory. But most of Darwin’s solutions suffer the disadvantage
that they have a Yvon—Takabayasi angle that is not everywhere defined and
small. Therefore they cannot be linear approximations of the solutions to
our improved equation.

We previously obtained [I4] new solutions in the linear case which have a
Yvon—Takabayasi angle everywhere defined and small, and so those may be
the linear approximations of the solutions for our nonlinear wave equation.
Here we do not use these approximations: we study the actual solutions of
our improved nonlinear equation.

C.1 Separating variables

To solve the Dirac equation or the improved equation in the case of
the hydrogen atom, two methods exist. Here we shall use, not the initial
method based on the nonrelativistic wave equations, but the new method
invented more recently by H. Kriiger [81], a very fine classic method from
the mathematical point of view for a partial differential equation, separating

251
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the variables in spherical coordinates:

' =:rsinfcosp ; 2?=:rsinfsing ; x> =:rcosf. (C.1)

We use the following notationsﬂ

il = 093 :— iO'1 3 i2=0’31 = iO’Q y i32012 = iUg, (02)
Si=e Fem3 Q=0 = ril(sin9)*%S, (C.3)
=, 1
8/ = 0'337- + *0’160 + . O'Qap.

r rsin 6

H. Kriiger obtained the remarkable identity:

d=000"1, (C.4)
which with:
I _ & _ 9 _ 1 1 )
V= - = 8 (ogar + ~0100 + Tsinaagag,), (C.5)
also yields:
Qlv=val (C.6)

Here we solve the improved wave equation in its form taken with a left wave
and a right wave. The equations that we have to resolve are thus:

0= Voo +qAd +vém; ¢ =v2(n' &),

0= (—iV+qA+1Iv)n'; 0= (—iV + qA)n' +le ¢t

0= (iV + gA+rv)&; 0= (iV + gA)& +re Pyl (C.7)
For the Dirac equation or the improved equation, with the goal of separating

the temporal variable z° := ¢t and the angular variable ¢ from the radial
variable r and the other angular variable 6, we let:

¢ = QXN B +0is, x —: (¢ ), (C.8)

where X is a function, with value in the Pauli algebra, of only r and 6, icE
is the energy of the electron, and ¢ is an arbitrary phase that plays no role
here because the wave equations are electric gauge-invariant. A is a real
constant which will be interpreted as the magnetic quantum number. We
then have:

Qfld) — Xe(AgofEazoJré)ig

Q_lé\: Xe(kga—Ezo—i-é)ig (Cg)
_ (ei(Acp—Emo+5)n e—i(Agp—EmO—i-é)g). (ClO)

1. S has nothing to do with the tensor S3, and € must not be confused with the
relativistic invariants 1 and Q9 studied in Chapter 1.
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We also have:

pe = det(¢) = det(Q) det(X) det[ere— B’ +9)is),
det(Q) = r2(sinf) "' ; det[e()‘“’_ExO""s)iS] =1,
, det( )
B _ 11
pe r2sinf’ (C.11)
Thus if we let: 4
pxeP* =: det(X), (C.12)
we get:
__PX . 5
p7T2SiH9 ’ /B*BX (013)

Hence with the form of the wave, the Yvon-Takabayasi angle depends
neither on time nor on the ¢ angle. It depends only on r and 6. It is why
the separation of variables can begin similarly for either the Dirac equation
or the improved equation. We have:

V'Q ¢ = (8 — 030, — %olag - 5020 )[X Qe Ea"+0)is] - (C 14)
B[ Xere—E=’+0)is] — _ pXi, eW’ Ba®+8)is (C.15)
aT[Xe(A<p Ex +5)’L3] _ (BTX) p—E2°+8)i3 (C.16)
Dp[ X e~ Be 0] = (9p X )eAo=Ba’+0)ia (C.17)
0, [X e B H0)ia] = ) Xjge(ho—Be+0)ia (C.18)

We thus get:

~ . -1 . .
Vo = Q(—EXig—Jg@TX—;JlagX— 02X¢3) (Ae=Ba"+0)ia ((1.19)

rsinf

This equality splits into one part for a right wave and another for a left
wave:

. 1 i\
an = el(Mp*EIOJ”S) |:Q( —1En — 030,m — —010gn — Z- 0277)} )
r sm9

1
Vf =Bz’ +9) [ (ZE§ — 03&5 — ;01395 + agﬁﬂ (C.20)
For the hydrogen atom we have:EI
2
U N SN PO
gA = qA® = G i R TTE (C.21)

2. For the Schrédinger equation the same potential is used. But the motion is supposed
to be around the center of gravity of the hydrogen atom. A simple correction is made,
using quantum mechanics for the motion around the center of gravity. This gives a tiny
correction between energy levels in the hydrogen case and in the case of deuterium. No
such correction is made with the relativistic equation, where the center of gravity does
not have the same properties. We thus suppose, as anyone, that the potential has an
exact spherical symmetry.
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where « is the fine structure constant. We have:
qA(/gO'lQ = —ggg’tg = —EQ)?B(ASo—EID—F(s)iSi?,
r T
_ Q( - g)?ig)e(*@*m‘)”)%. (C.22)
r

Also the (C.7) system becomes:

~ ~ 1 ~ A ~ ~ )
—EXi3—030,X —~010pX — 902X13—3Xi3+e*2ﬁXmi3 =0, (C.23)
T T

T sin

and this means:

02 Xis = ¢ ¥ Xmig, (C.24)

~ ~ 1 -~ A
(E n g)Xz'?, + 030, X + ~0105X +
r r rsin 6

while the Dirac equation gives:

~ ~ 1 N A 5
(E + g)Xi?, + 030, X + —010p X + o2 Xiz = mXis. (C.25)
r r rsin

Now we let:
a —b* P
X = ( > ) — (€ 7). (C.26)
where a, b, ¢, d are functions with complex values of the real variables r
and 6. We get:
~ d —c* R
X= (b a*.> =(v ) (C.27)
We thus get:
—if ~ - . _ip . _ip la rb*
e (1€ rn)iz =ie” ¥ Xmog = ie e —rd* ) (C.28)

S d -—-c* i 0 id ic*
X“’_(b a*><0 z) (ib —ia*)’ (C29)

s 1 0 od —0,.c* —0,c
mot= (5 O) (0 Y (%8 a) oy
T 0 1 89d —aac 89b aga
UlagX_ (1 0) ((%b 69a ) < —(%C)’ (0'31)
wsmms (4 ) E)6 %)= (5 2)
(C.32)

Therefore the improved equation gives:
id ic* od —0.c* 1 (Ogb  Opa*
(+3) (zb —ia*) * (—&b —&a*) e <89d —69C*>

A b —a"\ . _;z(la rb"
+ g (—d —c*) = ie (lc —rd*> . (C.33)




C.1. SEPARATING VARIABLES 255

Conjugating the equations containing the * we get the system:

<E+ %)d+ard+ %(({99 + sii@)b = ile "a,

—z'(E n %)c — e+ %(ag - sii@)a = —ire'’b, (C.34)
i(EJr %)b —9b+ %(ag - Siie>d _ ile—c,

71<E+ %)a+ dra+ %(89 + sii@)c = —ire’’d

Moreover we have:
det(X) ad*+cb*

i3 _ — =
pe det(¢) r2sin @ r2sin 6 (C.35)

We thus obtain: d* 4+ cb*
if = 2 T .36
¢ lad* + cb*|’ (C.36)

In the equations (C.34)), only two angular operators are present, and so we

let:
a:=AU; b:=BV; ¢:=CV; d:=DU, (C.37)

where A, B, C et D are functions of r» while U and V are functions of 6.

The (C.34) system becomes:

z’(E—i— %)DU+D’U+ ! (V’+

,
1 .
—i(B+S)ev-cv+ (U - - U) — _iré®BYV,  (C.38)
r r
1
z(E + 3)3V _BV4+- (U' U)D — e POV,
r r sin @
A .
—z’(E—i— 3)AU+A’U+ f(v'+ V)c — _iré® DU
r T sin 0
Then if a s constant exists such as:
;A ;A
U—-—U=—-kV; V+—V =xU, (C.39)
sin 0 sin 0

the (C.38)) system becomes:

i(E—f— ND4+ D +EB=ilei BA,
T
—i C—C' - "A=_ireB, (C.40)
T

B-B - D=,
T

& & ™

+ + 4+
S| |90 3|
A A S N

.
N 7N 7N

A+ A+ 50 = —ire®D.
T

|
~.
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To get the system equivalent to the Dirac equation, it is enough to suppress
the angle 8 and to assume the equality 1 = r = m. This does not change the

angular system ((C.39)), while in the place of (C.40) we obtain the following

system:

i(E+ %>D+D’ + gB — imA,
fi(E + %)c — - gA — —imB, (C.41)
z‘(EJr %)B B - SD — imC,

—z’(E+ %)A+A’+ gc — _imD.

C.2 Kinetic momentum operators

We established in [I5] the form that the operators of kinetic momentum
have in space-time. With the Pauli algebra we have (a detailed calculation
is in [23] A.3):

1 . cos
Jigp = (dl + 5023)@721 ; dy=12%03 — %0y = —singp 9y — ﬁ ”
1 sin
Jop = (dg + 50’31)@170’21 3 dy = 33381 — .13183 =cosp Oy — ﬁap,
1 1 2
J3¢ = (d3 + 5012)¢0’21 ; dy =120y — 2701 = 0. (C.42)
We indeed also have:
J2=JF+J3+ J3 (C.43)
From (C.42)) we obtain:
Jsp = Ap <= ¢ = ¢(2°, r, §)e*?s. (C.44)

Hence the ¢ wave satisfying (C.8) is a proper vector of J3 and A is the
magnetic quantum number. And for a wave ¢ satisfying (C.8]), we have:
T2 =j(+1)e, (C.45)
if and only if:
12 A2 cos
BoX +[(i+5) — =g | X = Ay
o0 Iy sin? 6 sin? 6
At the second order (C.39) implies:
2

O’12X0'12 =0. (046)

9
0=0U"+ (K2 - U+ 2%y C.A47
+ (H sin? 9) + sin? 6 ( )
2
9
0=V"+ (K2 - V22l C.48
(R sin? 9> sin® 6 ( )

2 cosf

sin? 9> B )\sinz 9012X012’ (C-49)

0=02,X + (;-;2 -
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and therefore ¢ is a proper vector of J2, with the proper value j(j + 1), if
and only if:

12 1 1
= (i+3) s IWl=i+5: i=Ikl-5 (C.50)

With the definition of S in and with we can see that the change
of ¢ into ¢ + 27 conserves the same value for the wave if and only if A has
a half-integer value. Only in this case is the wave correctly defined. The
general results for the angular momentum operators then imply:

3 5
PR K:i1> i2, ig?v )‘:_ja _j+1?.7_17 .]

1
]_2a 27 2) 9
(C.51)

To solve the angular system we let, if A > 0 and with C = C(0):

U:sin’\ﬁ{sin (g)C” - (n+ % —>\> cos (g)C’},

L Y (T B T S A

While if A < 0 we let:
U:sinf)‘e[cos (g)C'—l—(m—i—Q—&—)\) sm(e)C} ©53)
.53

V:sin*)‘e[—sin (g)c’+ (m—i— +A) cos( }

The angular system (C.39) is therefore equivalent [12] to the differential
equation:

2|A| 142
_ ! - _)\2
0=C"+ 225 +[(/@+2) A}C. (C.54)
The change of variable:
z=-cosl; f(z)=Cl0(z)], (C.55)
then gives the differential equation of the Gegenbauer polynomialsﬁ
1427 (k+3)* =N
Y/ o ! 2
0= "(s) ~ gt (o) 4 2 p)(C6)

And we get, as the only integrable function:

() i |/\‘—/€_*)n(|/\|+’%+%)” Gin?n (9), (C.57)

C(0) 5+ [AD)nn! 2

3. When we solve the Dirac equation with Darwin’s method, meaning with the ad
hoc operators, we obtain some Legendre polynomials and spherical harmonics. Here,
working with ¢, which is equivalent to employing the Weyl spinors £ and 7, we obtain
the Gegenbauer polynomials, and it is the degree of these polynomials that gives the
needed quantum number.
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with:
(a)o=1 (a); = a, (a)p =ala+1)...(a+n—1). (C.58)

The C(0) term is a factor of U and V, its argument may be absorbed by
the ¢ of (C.7)), and its modulus may be transferred to the radial functions.
We can then let C'(0) = 1, which gives:

o~ (A =6 = S A+ 5+ F)n . o, (0
c(9) = HZ:O T+ A sin <§> . (C.59)

Since we have the ((C.50]) conditions on A and &, an integer n always exists

such that:

1
A +n = |n+§|, (C.60)

and this constrains the (C.59) series to be a finite sum, thus U and V are
integrable. And since U and V have real values, we have:

s AD'U* 4+ CB*V?

= . .61
[AD*U? + CB*V?] (C.61)
C.3 Resolution of the radial system
We change the radial variable as follows:
r=mr; €= % i a(z) =A(r) = A(%), (C.62)
b(x) = B(r); c(z)=C(r); dx)=D(r)
The (C.41) system becomes:
( j)dJrzd’ +ng+e ' %a, (C.63)
( a>c+zc +zfa+e“3 b, (C.64)
x x
( a)bfzb’ —zﬁdJre*Zﬂic, (C.65)
x T m
0= —(e—l— 7>a—m'—ifc+ei5£d. (C.66)
x x m

To obtain a probability current we use radial functions, as in the angular
system, and for the same reason: they are polynomial functions and not
infinite series. We thus let:

a: 7Azxs

—was

(
(
—Ax s(
(

ao+ a1z + -+ apa™),
bo + b1z + -+ + bya”), (C.67)
)

cot x4+ -+ ey

)

d:=e M3 (dy+ dix + - - + dpz™).
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Equation (C.66) is equivalent to:

0=—€( +apz+---
—a(ag+ a1z + -
HiN +apT+ -
—is(ag + arx + - -+
—i( +a@t-

—ik(co + 1z + -+

+eB( tdgz+ -
m

+ ap_ 12" + apz™t)

+ a,z™)
+ap_12" + anx
+ apz™)

+ na,z™)

+ cpz™)

n+1)

+dp_12" + dnx"H).

Similarly equation (C.65) is equivalent to:

0=—¢( +box+---
—a(bg + by + - --
+iA( +bor+ -
—is(bg + biz + - -
—i( 4 bt
—ik(dy + drz + - -

1
+—e B 4ozt
m

+ by 2™ + byt
+ b,2"™)

+bp_12™ + bnm"H)
+ bpz™)

+ nbpz™)

+ dpz™)

4+ cp_12" + cpx

Then equation (C.64)) is equivalent to:

0=—e( +cox+---
—afeg+crx+---
—iA( +coz+---
+is(co+crx+ -
i +ewte
+ik(ag + a1z + - - -
+%ei5( +box + - - -

And equation is equivalent to:
0=—e( +dox+---

—a(dy +diz+---

—iA( +doz+---

+is(do + dix + -

+i( +dix+---

+ir(by + bix + - - -

1
+—eB( +apz+---
m

+ Ccp12" + ezt

+ cpa™)

+ cn_12" + cpx
+ cpa™)

+ nepx™)

+ apa™)

n+1)

+ by 12" + byt

+dp_12™ 4 dpz™ )
+ dyz™)

+dp_12" + dn:c”H)
+dpz™)

+ nd,x™)

+ bpz™)

+ ayp_12" + anx

n+1)

n+1)
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(C.68)

(C.69)

(C.70)

(C.71)
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We thus obtain three kinds of systems: with index 0, with index between 0
and n, and with index n. With the null index the system depends only on
a, Kk and s:

0= (—a—is)ag —ikcy; 0= (—a—1is)by —irdy,
0 =1ikrap + (—a+is)co ; 0=r1ikrby + (—a +is)dp. (C.72)

This system is exactly the same as with the linear Dirac equation. It is
constituted by two subsystems. We obtain a nonzero solution only if the
determinant of each subsystem is null, and thus only if s is such that:

2 2

0= (—a—is)(—a+is) — K% K% = s> +a? s= /K>

— a2 (C.73)
The condition & # 0 comes from here. System (C.72)) is then reduced to:

o — S o — S
co = ———ag; do =
K

bo. (C.74)
With the n index we have the following system :
, 1
0= (—e+iN)a, + Le"Bdn; 0= (—e+iA)b, + —e Pe,;
m m
, 1
0= (—€—iA)cn + —ePbp; 0= (—€ —iN)dy + —e Pa,.  (C.75)
m m

This system forms two similar subsystems, with same determinant D. A
nonzero solution exists only if the determinant is null, which gives:

_ _ —6+ZA %eiﬂ 2 2 Ir
O—D— Le*iﬁ 7677:/\—6 +A —W,
1
0=De — =+ A% (C.76)
m

To solve the linear Dirac equation we used to let €2 + A2 = 1. This should
be the case if there would be equality between 1 and r. System (C.75)) is
equivalent to:

1
d, = B (e — iA ns .
—e (e —iM)a (C.77)
— X LiBle _iA
o= —e (e — iA)by,. (C.78)

With the n = 0 case, that is the case of radial polynomials reduced to
constant terms, the radial system is reduced to (C.74)), (C.77) and (C.79),
and we thus have:

do = LB — ih)ag = 2254y, (C.79)
m K

co = ieiﬁ(e —iA)by = - Sao. (C.80)
m K
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This gives the following system:

o — S

| ,
Ee—zﬁ(e —iN)ag — by = 0, (C.81)

o — S

ap + Leiﬂ(e —iA)by = 0.
m

This system has a nonzero solution only if its determinant is null, which
gives:

Ir ) 5 —ia)?
O = W(E - ZA)2 — %7 (082)
Vlir ) s —iq

The separation of this equation into real and imaginary parts allows us only
the + sign, because s, o, € and A are positive. That is how the Dirac theory
obtains the true number 2n? for the energy levels with principal quantum
number n := || + n [54] (explained in[L.5.7). That gives:

A= yg; €= uf; ae = sA, (C.84)
K K
20’ E(s?+a?) k2
U2 — 62 + A2 — 62 + 52 — 82 = 52 R (C85>
2
S P ©56)
K K o2
140 &
* (n+s)?

We hence obtain Sommerfeld’s formula (C.86)) with n = 0 and v instead of
1 in the numerator. To account for the Lamb effect, which increases the
energy of 1s1/2 states by 8.2 GHz, it is enough to take, for k = 1:

v=1+6.615x 10", (C.87)

With n > 0 the system with index between 0 and n is:

0= (—e+iN)an—1 — [a+i(s +n)]a, — ikcy, + %ewdn_l, (C.88)
1 .
0= (—€e+iN)b,_1 — [+ i(s +n)]b, — ird, + Ee*lﬂcn_l, (C.89)
0=(—e—iN)ch—1 + [—a+i(s+n)lc, + ika, + iezﬂbn,l, (C.90)
m

1 .
0=(—e—iN)dp—1+ [-a+i(s+n)|d, + ixb, + Ee_zﬂan,h . (C.91)

Hence we multiply l) by ie_w , likewise li by € —iA, and we add



262 APPENDIX C. THE HYDROGEN ATOM

the products. This suppresses terms with index n — 1, and yields:
1 .
0=—[a+i(s+n)]—e Pa, +ir(e —iA)b,
m
1 .
—ik—e Pe, +[—a+i(s+n)|(e —iN)d, (C.92)
m

Using (C.77) and (C.78)) this gives:

o[- 2t

+ik {% - %} e e, (C.93)

+ [—a+i(s+n)](e —iA)|d,

This reveals a relation between d,, and ¢,,. We may obtain another relation

by multiplying (C.89) by iem, likewise 1’ by € — ¢A, and then adding

the products, which gives:

0 =ik(e —iMN)a, — [a +i(s+ n)]ie’ﬂbn
m

+ (e —iA)[—a+i(s +n)lc, — m%emdn. (C.94)

Using again (C.77) and ((C.78) we obtain another equation with only d,, and
Cnt

0= m(% - L)ei’Baln + 2[A(s 4+ n) — a€ley. (C.95)
m

We thus consider the following system:
0_{_ [a+i(s +n)]
N €—1iA
1 _
+ik {@ - —} e ey, (C.96)
r m

+ [—a+i(s+n)](e —iA)|d,

m. T\
0 :m(— - —)ezﬁdn + 2[A(s + n) — a€lc,.

1 m
The necessity of normalizing the wave implies that the series we used must
be polynomial functions. Hence an integer n must exist such that a, ...d,

are all zero. The determinant of the (C.96) system must thus be null:

Ir ‘ , ‘ 2
0= W[— [a+i(s+mn)]+ [—a—i—z(s—i—n)](e—zA)z}
+ K% (e —iA)2(1 — €2 — A?)2 (C.97)
Hence, dividing by v = 15 = €2 + A% we obtain:

0= [~ fatils+m)] +[-a+i(s+ml(e—ir)?]

(e~ in) (v - %)2 (C.98)
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To simplify the calculation, we let:

K 1
s+n=:aS; T.:%Q/—;), (C.99)
which gives:
2 g 1712
0=|-(1+iS)+ (—1+15)(e—m)2} - [a(AH‘e)(V— ;)} . (C.100)

This equation is simplified if a unique mass term exists, which means v = 1.
We then have:
0=—(1+1iS) + (—1+1iS)(e — iA)*. (C.101)

Separating the real and imaginary parts, we obtain:

0=—1—¢e+ A%+ 2SeA, (C.102)
0=—S+S(e? — A?) 4 2€A. (C.103)

This last equation gives:

_ 5 2 2 S
EA—W,O—*];*E +(1*€)+2Sm,
S? (s+n)? 1
2 _ _ L= ) .104
CT1yse oz2—+-(s—|—n)2’6 o2 (C.104)
ICEL

This is Sommerfeld’s formula obtained with the Dirac equation. We know
that this formula cannot account for the Lamb effect.

If we don’t suppose v = 1, (C.100) may be read as:
(A+iB)? = (C+iD)* A= —1—€>4+A2+28eA; C =2Ar,

B =—S+2eA+ S(e* — A?); D = 2er. (C.105)

There are two possibilities: either A = C and B = D, or A = —C and

B = —D. The first possibility gives us:

—1— €+ A? +2SeA = 2AT, (C.106)
—S5 4 2eA + S(€* — A?) = 2er. (C.107)
We use with (C.106)), the relation A? = v — €2, which gives:
2(Se —T)A =1+ — (V2 — €2). (C.108)
Thus we have:

_262—‘,-1—1/2

A= S (C.109)
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Next we use (C.107)):
2eA = S(1 4 v — 2€%) + 2er, (C.110)
2¢? + 1 — 12 9 9
26m —S(1+V —26 )+2€T, (Cl].].)
263 + (1 — v*)e = (Se — 7)[S(1 + v/* — 26%) + 2er1]. (C.112)

This gives the cubic equation:

s 25T 5, 1—-1v24+2r2-8S%(1+v?%) ST(1+1?)

=€ — . A1
0= -1 et 21+ 52 “toarsy s (C1Y)
To simplify the calculation, we use:
0=¢—ae? —be+c, (C.114)
28T k(s+n)(v—1/v)
= = C.115
R s 2[(s +n)2 +a?)]’ ( )
1402 =272 + 5%(1 + v?)
b:= C.116
2(1+452) ’ ( )
ST(1+ 1?) 1+ 2
= 30199 =a— (C.117)
Next we search for a solution such as:
e=2 b utu, (C.118)

3
where u and v are two quantities to be determined, and u and v must satisfy:

2 3

(e —a/3)® = (u+v) & —ae® + %e — 3—7 = u® + 3u?v + 3uv? + v,
2 3
63—a62zbe—c:—%e+%+u3+v3+3uv(e—§), (C.119)
a? ad
b+ 3" 3uv)e = c+ 77 +u® +v* — auw. (C.120)
This equality is satisfied by:
b a® 5 4 ab  2a?
_b_ a ey W, 2 C.121
i T ( )

This sufficient solution gives:
1412 =272+ 5%(1 4 1?) n 48272
uv =
6(1 + 52) 9(1 + S52)2’
P o— i — —14v2 =272 + S%(1 +v?) n 48272 }3
6(1+ S?) 9(1+ 52)2

. (C.122)
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3 2ST[-1+ v? =272 + S%(1 +v?)]
6(1+ 52)2
2(287)3 St(1+v?)
[B(1+ 52))3 - 21+ 5?)

S:=ud+v

(C.123)

That allows us to reduce the calculation to the resolution of the following
equation:

0=22—-Sz+P,

A =S%—4P. (C.124)

The rest depends on the sign of A. For instance, for 2s1/2 and 2p1/2 states,
in the first case, we suppose:

v=1+9.29x 10712, (C.125)
which gives;

n=1 k=1 s=1-a2=~0.999973374,
v—1/v 185798 x 10~!; S ~ 274.06834955145, (C.126)
7~ 1.273051 x 107%; a ~ 9.2899 x 102
b ~ 0.999986686993; ¢ ~ 4.64495 x 102,
uv ~ 0.333328895664; S ~ —1.548358 x 1012
P ~ 0.037035557834; A ~ —0.14814223134.

The quadratic equation thus has two conjugate solutions:

s S+iV/-S2+4P , S—i/S?—4P
uE 3=

- 12
5 ;v 5 (C.127)
[ud| = [S? + (—S% +4P)]/2/2 = VP. (C.128)
We thus let: 4
u? = VP, (C.129)
that gives:
V=821 4P
tan(30) = %; 30 ~ —1.570796326791, (C.130)
4P 2m
_ -1 ~
6= stan! (1) g5 —1)mod " ~ —0.523598775597,
u=Pse? y=u=Pse ",
=24 utv=2 4 2P cos(d) ~ 0.9999933434784. (C.131)

3 3

That gives Sommerfeld’s formula, including the Lamb shift.
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For 2p1/2 states, supposing v = 1 + 107, we have:

n=1; k=—1; s =/1— a2 ~ 0.999973374,
v—1/v~2x107M; 7~ —1.369264 x 10712

a~—10"1; b~ 0.999986686984,

e~ —5x 10715 ww ~ 0.333328895661, (C.132)
S ~ 1.666 x 10~ 1°; P ~ 0.037035557833,

A ~ —0.14814223133; 36 ~ 1.570796326795,

8 ~ 0.523598775598; € ~ 0.99999334346992.

To obtain ((C.100)) the second possibility is such that:

—1— >+ A? +25eA = —2Ar, (C.133)
—S +2eA + S(e® — A?) = —2e7. (C.134)

We use in (C.133)) the relation A2 = %2 — €2, which gives:

208e+T)A =1+ — (V2 —€2). (C.135)
That gives:
2¢2 +1 12

== - C.136
2(Se+1) ( )

Then we use (C.134)):
2eA = S(1 4 v — 2€%) — 2er, (C.137)

2¢? + 1 — 12 9 9

EW —S(1+V —26 )—267—, (C138)
26 + (1 —v?)e = (Se + 7)[S(1 + v? — 2€%) — 2e7]. (C.139)

This leads to the cubic equation:

25T 1—v?+272 — S2(1 +1?) ST(1+ 1?)
_ 3 2 - . 14
0=+ gt 2(1+ 52) ‘" Sarsy (MY

And this equation is what we obtain from (C.113) by changing the sign of
x and thus 7. We thus obtain the same results.

C.4 Tensor densities

The wave function ¢ is not the only object of Dirac theory. Tensor den-
sities, with or without partial derivatives of ¢, are also important quantities
to investigate: this is the aim of this section. We encountered in Chapter
1 four space-time vectors: D = ¢0#¢T7 and four other quantities without
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derivatives of ¢, which are (bcr“a. Moreover, we obtain two kinds of currents,
the J = Dy = ¢¢! current, and also the J current defined in (1.203)), which
is proportional to J only if 1 = r. We have:

J= %LlL” + gRlR”, (C.141)
| I
= ol e
=9 (rol 101> ol = om ol (C.142)

Using (C.8) and (C.26) we obtain:

J= mQXe()\LprXQ+5)i3I’flflef()\gafEXOths)igXTQT
-k

- %QXﬁle*QT = %QJQT, (C.143)
aa” n bb* ac* db*
— Y lyT —
— +
r 1 r
Using (C.37)) we obtain, as the probability density:

m m AA*  DD* cCc* BB*
=l gt (4 B (S 2]
1= rzsngl\ 7 T )V )V

(C.145)
We also have:
D# _ ¢O_#¢T _ QXG(/\Aprx0+6)i3U#ef(Aaprxo+6)i3X1‘QT7
Sy = (;50#@ = QXe()‘W_EXO+6)i3Uue_()“P_EXO+6)i3YQT.
If £ =0 or = 3, we obtain:
Dy = QX X0 Dy = QXo3 XTQF, (C.146)
So = QXXQ S5 = QXo3 XQF. (C.147)

We also have:

a —-b* a* c*

c d* -b d

aa* +bb* ac* —db*\ [(di+d} d}—id3 (C.148)
ca* —bd" cc*+dd* ) \d} +idd dY—d} '

+_(a —=b*\ /1 0 a* c*
XogX' = <c - ) (0 ~-1)\-b 4
(aa* —bb" ac* + db*> <dg +di  d}—id?

ca* + bd* cc*—dd* ) \d} +id} dI— dg) . (C.149)
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This gives:
2d) = aa* + bb* + cc* + dd* =
2d} = aa* + bb* — cc* —dd* =
2dy = ca* +ac* —bd* — db* =
2id3 = ca* — ac* —bd"* +db* =

AA* + DD*)U? 4+ (BB* + CC*)V?,
AA* — DD*)U? + (BB* — CC*)V?
CA* + AC* — BD* — DB*)UV,
CA* — AC* — BD* + DB*)UV.
(C.150)

(
(
(
(

2d = aa* — bb* + cc* —dd* = (AA* — DD*)U? 4+ (—=BB* + CC*)V?,
2d3 = aa* — bb* — cc* +dd* = (AA* + DD*)U? — (BB* + CC*)V?,

2d} = ca* +ac” + bd* +db* = (CA* + AC* + BD* + DB*)UV,
(

2id3 = ca* —ac* + bd* —db* = (CA* — AC* + BD* — DB*)UV.
(C.151)
We also have:
1 ) ) ) , 1
Do =D¥o, = 67(p13/2€7012/2dl/0' 6922/264,07,3/2
0 0 r/sin 0 o rv/sin 0
1

= 5 5¢ /20 4 BRoy + (dioy 4 dios)e?2]e¥is/? (C.152)

dd + (d} cos § cos p — d3 sin ¢ + d3 sin 0 cos p) oy
= ——— | +(d}cosfsinp + d3cosy + d} sin O sin p)oy

5
rsing +(—dj sin 0 + dj cos 0)o3
4 1 —pis/2,—0i2/2 Jv 0ia/2 @iz /2 1
D =Djo, = e e R o et e
1 3 . .
=3 Sinoe_maﬁ[dg + d%g’z + (d30-1 + d3(73) azg]ewg/z (C.153)
1 dd + (d cos b cos o — d3 sin ¢ + d3 sin § cos p)oy
T Zsind +(d3 cos Osin ¢ + d5 cos ¢ + di sin fsin p) oo

+(—d} sin@ + dj cos 0) o3

Similarly with S, quantities we have:

=)&)
c d —Cc a
_ (ad" +cb” ab" —ab”
“ \led® —cd® cb® +ad”

- a —b* 1 0 d* b*
XopX = (c d* ) (0 1) (c a)
_ [ad® —cb* ab” + ab”
~ \ed* +cd* cb® —ad”
= (ad™ — cb™)o3 + ab”™ (01 + i02) + cd* (01 — i02). (C.155)

) = ad” + cb”, (C.154)
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C.4.1 Low value cases

If k=1 and A =1/2, we obtain:

c() = z:% ((11)):53)” sin2" g —1— 2sin? (g) — cos, (C.156)

0 0
C'(0) = —sinf; U = —V/sinf cos (§>, V = —Vsinfsin (5) (C.157)
We then have:
XX = AD*U? + CB*V? = CB*V?
sin 6

= T[AD* + CB* 4 cos(AD* — CB")], (C.158)

s XX _ AD* 4+ CB* + cos(AD* — CB)

e — = . .1
|XX| [|AD* 4 CB* +cos§(AD* — CB*)| (C.159)

Thus the Yvon-Takabayasi angle is a function of both the radial parameter
r and of the 6 angle. Then, if x =1 and A = —1/2, we obtain:

C(0) = cos; C'(0) = —sinb, (C.160)
— . (0 - 0
U = —Vsinfsin (5), V = Vsin#f cos (5) (C.161)

We thus have:
XX = AD*U? + CB*V?
sin 0 . . . .
= [AD* 4+ CB* — cos§(AD* — CB")], (C.162)
_ XX _ AD* +CB* —cos(AD* — CB*)
~ |XX| |AD*+ CB* —cos(AD* — CB*)|’

eiﬁ

(C.163)

We recall that if K = 1 we have j = || —1/2 = 1/2, the only possible values
for A are 1/2 and —1/2. Thus as soon as k¥ = 1 we only have two kinds of
states: first if A =1/2:

¢ = QX (5 —Ex")is

1 @ 0 AU -B*V z 9)i
_ o= Fia g iz ’ (5 —Ex)is C.164
r/sin 0 (OV DU ) (10

We let:
A:=r%e NP Poi=ag+air + - + anr”, ( )
B =% AP Pi=by 4+ bir + - + byr™, (C.166)
C:=r%¢ MNP P.i=co+cir+ -+ cur”, ( )
D= T‘Se_AmTPd; Pd = d0+d17“+ +dn7”'n ( )
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And since U = —v/ sin@cosg and V = —+/sinfsin %, we obtain:
_ s5—=1_—Amr _—%4 Lis —Ex%
p=1r"""e e 2% Mez"e 3,
P.—P, _ Py+P. Pi+Py
M— ( 5 5= cost 5+ sind

e pPr—p:  pr4p:
—LQPL sin 0 bt —7*’; < cos 6

(C.169)

We then have:

M Lol 0 _ (cosf —sind Lt 0
- 0 LQPJ sinf  cosf 0 L;PJ

=M_—e VM, (C.170)
]. + 03 « « ]. — 03
M_::(Pcfpa) 4 +(Pbipd) 4 ’ (C171)
]. + 03 * « ]. — 03
M+2:(Pc+Pa) +(Pb+Pd) 4 (0172)
That gives:
¢ = oL Amr (M_ - 503M+)6*EX°2’3, (C.173)
¢ =rsle A (]\//.7, - §03]\//.7+>6_Exoi3. (C.174)
T
With kK =1 and A = —1/2 we have:
¢ — ’I"S_le—Amre_%iS(—ig)Me%wiae_Exois,
M= LEP" + L’;PC cosf —L’*;P; sin 0
B L’J{PL‘ sin 0 L;P; + L’*;P‘; cos 6
¢ = oL Amr { — oM. — Zo M, |emBx"is, (C.175)
r
If k=—1and A\ = 1/2 we obtain:
Oo(l+1_l)n(l_l+l)n. 0
C(0) = : 2= 27" sin?"(2)
nZ:o (2 +1)n! 2
- W05y (0 _
= Z ! sin (2) =1, (C.176)
n=0
0 0
C'0)=0, U= \/sin9[0 — (=1)cos 5} = Vsin 6 cos 2 (C.177)
0 0
V= \/sine[o +(~1)sin 5} = —VsinBsin . (C.178)
2 _ 20 o ool
U* = sinf cos 5 V*“ =sinfsin 3
U?+4+V?=sinf; U?—V? =sinfcosh; 2UV = —sin?0, (C.179)

0
2dy = (AA* + DD*) sin 0 cos? g + (BB* + CC*) sin fsin® T (C.180)
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JO — 0 — d8
07 r2gin6
= 1 {(AA* + DD*) cos® 0 + (BB* + CC*)sin? Q} (C.181)
2r2 2 20 .
Jo = m [(IAA* +rDD") cos? Q + (rBB* 4+ 1CC*) sin® Q} (C.182)
2kr? 2 2

We have also:

7] * i O

¢ _ rs—le—/\mre—%ige—%iz P, cos 2 Pb Sll’l% e(%—EXO)ig,
o —P.sin? Prcos?

c 2 d 2

— ,rs—le—Amre—%ig (M+ _ e_gizM,)e(%_Exo)ig

—

_ T‘S_le_AmT(M+ _ ;GSMi)e—EXOi{ (C183)

Similarly if k = —1 and A = —1/2 we again have C = 1 and C' = 0, and
thus (C.53)) gives:

U= m[O + (—1)sin g} =— sm@smg, (C.184)
V= m[O—f—(—l)cos g} = — sm@cosg. (C.185)
That implies:
U? = sin 6 sin? g; V2 = sin 6 cos? g
U?+V? =sinf; U? -~ V? = —sinfcosh; 2UV = sin? 0. (C.186)

0 6
2d) = (AA* + DD*)sin 6 sin® 3t (BB* + CC*)sin § cos? 3

1 0 9
0 __ * * 27 * * 27
’= (44" 4+ DD*)sin 5 + (BB +CC*)cos 2], (C.187)
0 __ m * * -2 Q * * 2 Q
J' = By [(IAA +rDD")sin 5 + (rBB* 4+ 1CC*) cos 2]
These values are those of np; /5 states (n =n—1,n>0, k= -1, j =1/2).

The ¢ wave satsfies, with A = —1/2:

i 6 * [
¢ _ rsflefAmrefgige*%iz <_Pa s o Pb Cos 29) e(*%*EXO)ZB
s .
—P.cosg —Pjsing
. _ _g, _ . _f_ 0y -
=S 16 Amre 213(M+—|—€ Ongi)e( & —Ex")i3

= s lemAmr o ML+ galM,)e*Ex%S. (C.188)
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Appendix D

Miscellaneous

D.1 Gauge invariance SU(2) of the quarks

D.1.1 Group generated by P,

We have in this case

Uy =P (V); P(Vy)=To123¥ L35 C =cos(f); S =sin(d), (D.1)

W'y = [exp(0P,)](¥r) = CUL + STo123¥ T35,

1 1 2
W= W= 0,0,

This gives:

L/n z/3+n " EBJrn Z'EBJrn
en S =0 S, T s e,
Pt _pm It _In —ir*"

(D.4)
L™ =COL" +iSL*m, (D-5)
L3+ = CL3H" 4+ iSL™. (D.6)
We now let:
QLML = DRATT g 3tn, (D.7)
We deduce for the left currents:
DRdEn — Rt g [3tn e gt — e st g, (D.8)

2D = D} + D™ + cos(20) (D} — D3t™) — sin(20)d} 31", (D.9)
2D"3%" = DT 4+ D3 — cos(20)(DY} — D3 +sin(20)d; 3. (D.10)

273
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Adding and subtracting these equations we get:

DZ’L +D’5+n — DE +Di+n’ (D].].)
D — D = cos(20)(DE" = Dp) +sin@0)dp ", (D12)

From these equations, we obtain the conservation of the total current Jg,
and also the difference between the left currents and the right currents. By
bringing together these equations and we may see that they are
compatible with:

W? =43t WP = D3t - Dy, (D.13)

D.1.2 Groups generated by P, and P,

The calculation is completely similar to the previous section. In both
cases we obtain the value of W' as only additional result. And as before,
this value depends on the integer n. Also we are going to use a double
system of indices: we will denote as W the potentials previously denoted
as W7 acting on L™. We will then have:

W, = Dp>m W2 =di >t Wi = Dp — Dy, (D.14)

As in the previous section the sum of the left currents and the sum of
the rights currents are invariant, which implies the conservation of the J,
current, and thus of mv,. This makes the system formed by the twelve wave
equations (6 right and 6 left) invariant under the SU(2) group.

D.2 Gauge invariance under SU(3)

We use the following transformation:

U’ = [exp(0A1)] (),
U2 = CV? + Siv3; C = cos(f); S = sin(6), (D.15)
U3 = CV® + Siv?; v =Tl vt = gt (D.16)

Here we can forget about W' and ¥* which do not vary. The gauge invari-
ance means that the system:

3\112 = —%Gli\llg + qu\IJZ’le,
oUs = —%3(;11\1/2 + mv, UPys. (D.17)
must be equivalent to the system:
ov"? = —%G’lilll’g’ +mv, U2y,

ov’3 = —%G}'lillll2 +mv, Uy, (D.18)
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Using (D.15) and (D.16) the system (D.17) is equivalent to (D.18]) if and

only if:

G'=G'- g%ae; hi = hl— 6. (D.19)
The equality is equivalent to the following system:
L? = CL?+iSL? L = CL® +iSL°, (D.20)
R? = CR*+iSR® R =CR®+iSRS. (D.21)
Meanwhile the equality is equivalent to the system:
L® = CL? +iSL? L'® = CL® +iSL°, (D.22)
R"® = CR® +iSR?; R'® = CR® +iSR’. (D.23)

These systems may be brought together: we obtain four systems with the
same structure:

L? =CL?+iSL? L = CL® +4SL?, (D.24)
R? =CR?*+iSR* R®=CR®+iSR?, (D.25)
L5 = CL® 4+iSL% L'® = CL® +iSL°, (D.26)
R'® = CRS +iSR° R = CR®+iSR’. (D.27)

These systems have the same form as those of the left waves for the weak
interaction. We can hence carry out similar calculations as in For
the left waves of the d quark with color 7 or g, we consider the currents:

D? = [’L? D} = [’L?% D?® —id2® = 2L°L°, (D.28)
D33 4id2® = 2L°L?% D?® = L2L° + L°L? d2° =iLL° —iL*L>.
(D.29)
We then get:
D?? = D3% DP+Df = Di + Dj, (D.30)
d?3 = cos(20)d2? — sin(20)(D3 — D?), (D.31)
D} — D7 = cos(20)(D? — D?) + sin(26)d23. (D.32)

A comparison with the rotation made on the potentials by the gauge trans-
formation indicates that we can have:

g3 g3 g3
h! = 51)%3; h? = gd%S; h? = E(D% — D3). (D.33)
For the right waves of the d quark with color r or g we consider the currents:
D% = R’R?; D% = R°R®; D%® —id%* = 2R*R®, (D.34)

D%? +id% = 2R*R* D%’ = R’R® + R°R?; d%’ = iR*R® — iR*R>.
(D.35)
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We thus get :
DR® = D% D+ Di = D}, + Dy, (D.36)
d3? = cos(20)d%® — sin(20) (D3, — D%), (D.37)
D7 — D = cos(20) (D%, — D%) +sin(20)d%>. (D.38)

A comparison with the rotation made on the potentials by the gauge trans-
formation indicates that we can have:

g3 g3 g3
hl = ED%?’; hi = ?d%ﬁ; h = E(D% — D3). (D.39)

Hence, here we again see the dependence of the potentials on the wave which
they are acting on. We thus note:

1 g3 2 gs 3 gs
W)= Spph ngl = Lt ongl = Ly -}, (Do)
M= S0 = B gl Bl (D
For the left wave of the u quark with color r or g we consider the currents:
D} = L°L% D§ = ISL%; D}% —id}® = 2L°L°, (D.42)

D36 4 id35 = 2L0L7; D36 = L°LS + LOL5; d3b = iL°LS — iLSLP.
(D.43)
We thus obtain:

DP°® = D:°% DY+ DY = Dj + DY, (D.44)
dP% = cos(20)d3° — sin(20)(D$ — D3), (D.45)
D — DP = cos(20)(D% — D3) + sin(26)d3°. (D.46)

A comparison with the rotation made on the potentials by the gauge trans-
formation indicates that we can have:

hj; = 2D3% by} = £di% i} = (0§ - D). (D.47)
For the right wave of the u quark with color 7 or g we consider the currents:
D% = R°R®; D% = RORS; D35 —id%’ = 2R°RS, (D.48)

DS +id3® = 2R°R®; D}’ = R°R° + R°R; djf = iR°R® —iR°R’.
(D.49)

We then get:

DRR° = Dy’ DR + Dg = Dy + Dj, (D.50)
dp% = cos(20)dy’ — sin(20)(D%, — D), (D.51)
D'§ — D§ = cos(20)(D% — D) + sin(20)d%’. (D.52)

Finally, a comparison with the rotation made on the potentials by the gauge
transformation indicates that we can have:

! = %D?{j; 2 = ggd;% hy? = %(Dg — D%). (D.53)
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D.3 Simplification of the wave equations

With and (D.14)) we have:

(WE+ W)L = (Dr3n a3 = ol#nEn T (Du54)

~,=3+n 0 0\ [t 0) ( 0 0)
"L =9 L - . . .
(—n? 71{’) (né”* 0 2(=ngni ™"+ 3t 0

And given that:

2( n;zn?Jrn + 7 n3+n> _ QUNLTn3+n _ §3+nn7 (D.55)
3+n 0 Fotn 0 0 nnT
I3+t tn =2 Q§+n ainn _ §g+ L3+no_1
0 m 55 0

We also have:

ngn _ (D3+n o Dn)zn _ Z3+nL3+nzn o ann/L\n — Z3+nL3+nin’

(D.56)
LHnEn = D =gyt L2 P e P
WALn = L3np3nln = _[3nInT> ", (D.57)
Thus we obtain:
(W +iw) " - wi3Ln = o3+ " — (I3 LTt
=30 LD = 3wiLr. (D.58)
Furthermore:
(W —iWHL" = (D> —idy ") L" = 20" L3 L™, (D.59)
[3egn = e = It
(W) —iw2)Ln = 20™(—L"T>") = —2." T = —2Dn T, (D.60)
w3L" = (D3t — p ™" = —prT,
(W —iw2)Lm + WAL = —3Dp T = 3BT (D.61)

For the gauge group of chromodynamics we have the same sort of simpli-
fication, we will see this in detail for one of the four cases, that of the left
wave of the d quark. With the gauge transformation generated by I'; and
with an angle § we have:
372 _ 93 -
(0 +ih¢ )L® — hg L2 5 L(DE +id7")L* — (D} — D})L?],  (D.62)
2 — CL? +iSL? C =cos(d); S =sin(h), (D.63)

B = CL? +iSL2. (D.64)
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Only the indices change in comparison with and , where for
n = 2 we have the same relations with indices 2 and 5 instead of the current
indices 2 and 3. And so we can employ the same procedure that carried out
for the weak interactions. We finally have:

hcﬁ _ g23D23 th g3d23 hdS %S(Di — D2), (D.65)
~ 3 -

(g} + i )EP — w2 = —3h%i’L2 = -3 DLl (D-66)
~ ~ ~ 3 -

(W%} —ih¢ )12 + he L% = 3hd L = —%Diﬁ (D.67)

We obtain similar equations for the other indices, for the right waves and
for the u quark, this allows us to simplify the wave equations.

D.3.1 Gauge terms of the Lagrangian density

We consider the S part of the Lagrangian density £* that gives the
gauge terms acting on the waves of the quarks:

{ —ifn ot (igy, 0™ — 12 EMEH (igr )€ ]
(3

S = ) . ; g
_ q%n3+m‘a.,u(zgi“)n3+n _ qu4£3+m‘o.,u(zgilm)§3+n

(D.68)

‘M- 1

{ Bgna oty + Rgn €riGHen ]
+2 gnw””%“n‘”’*" + B gn LTt

We thus have:

S=5"4+5%4+5 4 5% 5= Zgw "

4 4
m 2 np, Q3 3 3+nu 4 _ 4 3+nu
I TR S R DO
n=2 n=2
(D.69)
With ([3.142)) the S! term becomes:

b
Bgr_ ( — 21 4 3w, — 30, + 3hL1M)Di" (D.70)

m 3

b
(=24 3w, - 30, + 30g3, ) DY

b
+ ( -5+ 3w, — 3h%5, + 3hL3u)Di”~
Grouping together similar terms we get:

1
%51 = —3b- (D} + D} + D) +8(w} - D} + w}- D} +w}-D}) (D.71)
—3(hi} - Di +hii- D} +hih - Dp)+3(hi} - D} +hid - Di +hi}- D).
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And with (3.126)) we have:
3(wi- D2 +ws D} +wi-Dj}) (D.72)
92
= E[(DL - D})- D} + (D} — D3)- D} + (D, — Dz) - D
2(D} - D} + D - D} + D - DY),
and since the chiral currents are on the light cone, their space-time length
is null. Next with (D.40) we have, h? | = 2 D23 1d? — 92423 and he ) =
(D} — D?). We thus get:
3(h - D +hi} - D} +hi - Dj)
g3
=35 (D} = D}) - Di + (D - D})- D+ (Dj = D) - D] (D.73)
= 3%3(1)% D24+ D! . D3 4 D2.DY).
Similarly we have:
= 3(hf3 - DF +hi] - Dj +hi} - D)
g3
= =35 (DL = D1)- D} +(Di, = D})- Dp + (D = Di) - D] (D.74)
= 35(1)4 D} + D - D} + D} - D7)

= 35(1)3 D} + D} - D} + D} - D}).

And if we use the sums of currents:

Si* = Di+ Di; S’ = Di + Dy; Si' = Dy + Df,

S¢ = D? + D} + D3, (D.75)
we have:
(S2)* = (D})* + (D7)* + 2D} - Dy = 2D7 - D}, (D.76)
(51)* = (D1)* + (D})* + (D1)* + 2D} - D +2Dj - Dy, +2Dj, - D
=2(D? . D3 + D3 . D} + D} - D). (D.77)

And we thus get:

51— 2= D+ LSE + (ST + (SEP] + B2, (078)

Next for the right waves of the d quark we have:

2
%252 = 3b- (Dh + D} + D) (D.79)

+3(h%y - DR + b - DY + 0%y - DR) — 3(hf) - DR + hiy - D% + hih - D).
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We now use the sum of the right currents:

S} = D% + D}, + Dj,, (D.80)
And we get:
2= B[op. gd 393 gdy] (D.81)
g2L3 2

The calculation of the terms corresponding to the u quark is totally resem-
blant, and the same sums are introduced:

SY =D} + DS + DI; S% = D%+ D% + Dg. (D.82)
For the left waves we have:

0= B[ D g sy 4 (P4 (5P + (55 + 2L (sp?]. (089)
a3

And we obtain for the right waves of the u quark:

4_mr 29 393 (quy2
S 7q4{ LB sk - 3% (sh) ] (D.84)
This gives:
m 3g
== GBS+ LT + (SE + (517 + (517
mrg 393
+$[§B st sty 05)
m 39
b | =GB SE TS + (51 + (SE)) + (s
m 291 393 uN2
+q:[ — B Sk - 9 —=(Sk) }

D.4 Calculation of 17,

D.4.1 Calculation of Sy and Ay
The S are bivectors in Cl3. So they read:

¢Uk$ =S = Ek + iﬁk, (D.86)
Ek = E,ial + Eﬁag + Egag,
ﬁk = H]ial + H,fog + H]:;’O'g.
We thus have:
Ef=8%; B2=5%; E}=51%; H =5 (D.87)
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Next we obtain:
VS| = (8 — 8)(E), —iHy)
= —5-Ek+(aoﬁk—5x ﬁk)+z(—5>< Ek—aoﬁk)+i5-ﬁk

= i +idh = 30+ Ji +idk + i, (D.88)

with
jV:=—8-Ep; Jju:=00Er— 0 x Hy, (D.89)
70 =8 -Hy; ji = —00H, — 8 x Ey. (D.90)

With the electromagnetic potential A we have:
AS] = (A° + A)(Ey — iHy)
:Eﬁk+(AOEk+gX ﬁ@—i—z(ﬁx E'k—AOﬁk)—Z/_fﬁk

= vp + iV}, = V) + T + i + v}, (D.91)

with
'Ug = A’E_"k ; U 1= AOE’k-%-/TX I‘._ik, (D92)
11'2 = —A - H, Coup = —AHy, + A x Ey. (D.93)

Similarly with v and Sj we have:
= p[\_;- Ek + (VOE_:IC + vV x ﬁk) + Z(\_f X Ek — Voﬁk> — V- ﬁk}
= 06 (601.0)" = 90" poro! = ppe P o6t = e P poie’ = (1 — i)Dy
= DY 4 Q. Dy, — iQ2Dy, — i2,DY (D.94)
Thus we obtain:

O

—D% = Vﬁk ; 7]3k = VOEk + vV x Hk, (D95)
p p

Q P o o o

DY =¢-Hy; 2Dy =vH, — ¥ x Ey. (D.96)
p p

With the definition (4.29) we have:

VS Qi

= p 2 [Qujk — Qajr. + i(Qjr + Qagir)], (D.97)
P>S(y = Qujix — Qo (D.98)

P°S(ky = Qi + Q2ji (D.99)
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Similarly we have :

AS] Qi

Ay iAo = Gooh = 2 e i)
= p 2 [ Qg — Qovj, + (o), + Qovk)], (D.100)
p* Ay = Qavg — Qauy, (D.101)
P Al = Qv + Qavy. (D.102)

D.4.2 Calculation of I,
We start from the definition of Durand’s spin density (4.31f), which gives:

r = S[(V8)8' — 0"50,5),

21 = (Vo)p! — Voo, (D.103)
where the dots indicate that which we derive. And we have:
V(90') = (VO)o' + Voo, (D-104)
Hence by adding we get:
27 + V(Q — i) = 2(Ve)o'. (D.105)
With our improved wave equation we have:
(VO)o! = qAdom ot + e Pomon o, (D.106)
¢mog 6" = —i(IDg —rDy), (D.107)
(V)oT = —igAS] — 2(% - i%)(lDR —1Dy). (D.108)

We now let:
) 1 t . 1 "
T=T7 +im; 7'125(7'—1—7'); 17225(7—7'). (D.109)
With (D.105)) and (D.108)) we obtain:
R

Q
VO — iV = —2(r + i1s) — 2igAS] — 2(72 + 17)(11)3 —tDy)
. . . QQ .Ql
= —2(m +im2) — 2iq(vs + ivs) — 2(7 + z7>(lDR —rDy). (D.110)
This gives:
/ 2
VQ, = —2T1+2q7)3—2f(1DR—I‘DL), (D.lll)
P

Q
VQy = 27 + 2qus + 271(11)R —rDy). (D.112)
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Since p? = QF + O3, we have:
pVp=Q1VQ + 2V, (D.113>
With our improved wave equation and with (D.111)) and (D.112)) we get:

Q
pVp = Q[—271 + 2qu} — 272(1DR —rDy)]

Q
+ 92[27'2 + 2qus + 2m71(1DR - I'DL)]

= 2(—917’1 + QQTQ) + QQ(Ql’Ué + QQ’Ug). (D114)
And with (D.102)) we have:
pVp = 2(=0mi + Qo) + 29p° Al (D.115)

With (4.32)) we get:

p2(T+ZT/) = (T1+i72)(91+i92) = (TlQl77292)+i(7192+7—291). (D116)

Dividing (D.115) by p? we finally have:

V(inp) = =27 + 2.Al). (D.117)
With (4.25)) we have:
Iy, = DL, (Inp) = D, - V(lnp) (D.118)
=D, - (2T +2¢Ay)), (D.119)
which is (4.39)).

D.4.3 Calculation of I, and T, j =1, 2, 3

We start from:

3
_ —0 _ —0 —0
19, =p2(8,D!)D, = p~2((8,D)Dy + Y (8, D¥)Dy]
k=1

w

[(8,D9)DF — Y (D, (D.120)
k=1
and similarly:

4, = p~2(8,D6)D,, = p~*[(8,D0) Dy + Y _(8,D5) D]
k=1

3
= p?[=(8, D)D) + Y (8, D§)Dj]. (D.121)
k=1
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We thus have:

3
F?u - F(J)u - piz[aV(DgD?) - ZaV(Dng)] - p728U(D0 : DJ) = Oa

k=1
1%, =rj,. (D.122)
We also get:
DJ(DYdy + D0y + D202 + D303)(DY)
o _ -2 —D§(DYd + D0y + D20y + D303)(D5)
w =P | —D2(D%y + DLo, + D28, + D3ds)(D?)
—D8(D880 + Di(% + D?,(r“)z + D§83)(D§)

DY(D33, DY — DA D} — D3y D? — D3, D?)
o | +DL(DYOD? — D§oL D} — D30, D? — D§o,D?)
— | +D2(D§9,D? — D{d. Dt — D38, D% — D3, D?)
+D3(D3ds DY — Dgds D} — Dds D} — D3 D)

= p °DH(DY0, D} — D30, Dj — D30, D} — D30, D}).  (D.123)

Next we obtain:

F?u = PizDzlf[au(DgD?) - au(D(l)Dgl') - 8#(D(2)D32') - QAD%D?)]

+ p 2DE[-DY9, Dy + D}8,D§ + D30, D§ + D30, Dj] (D.124)
= ,0_2D,’j[8#(D0 -Dj) - D?BHDS + D}-@HD& + DJQ-(‘?MD?] + D?auDg]
= p °Di[-DY9,D{ + D;9,Dj + D39, Dj + D39, Dj). (D.125)
We let:
9, =p ?DEX;,, (D.126)
X;, = —D}9,D{ + D;9,D§ + D39, D5 + D39,Dj. (D.127)

D.4.4 Calculation of T,

We start from:
Y, = p~?Di Xy, (D.128)
X1, = —-DY9, D) + D{9,D} + D30,D3 + D39, Dj. (D.129)
We have:

Xip = —(=&m3 — & + En7 + §2m1)0u (6167 + §265 +muny + m2n3)
+ (&) — &amo — Em5 + E1m1)0u (6165 + §267 — mns — many)
+i(=&im + &ame — &ams + §1m1)0,i (165 — §267 — mmz + m2my)

+ (=&ima — &ime — &am1 — Eam)0u (617 — €285 — muny + m2m3)-
(D.130)
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%
This gives:

—&(m& +1283)0,&1 + E1(méT +1283)0,82
Fn2(&amy + §2m5) O — mu(§umi + €23)Ouna

" =& (&mt + &am3) 0,7 + 5 (Eant + &2m3) 0,65 ( )
+05 (m&T + 1283)0umi — ni (m&7 + 1263)0um3

and with (A.84) we get:

—&£(Q1 —i92)0,&1 + & (1 —i922)0,0

+772(Q1 + ng)aﬂm -m (Ql + iﬂg)aﬂﬁg

=& (S +1022)0,87 + &7 (1 +i922)0,63
( ) i( )

15 (@1 — iQ2)0unT — 17 (1 — i€2) 03

Xy, = (D.132)

We can thus express it as follows:

X1, = Y, + 02, (D.133)
Y, = 10,82 — £20,61 — m0un2 + 120,m
+ &810u&5 — 0,81 — N1 Ouns + 120um7, (D.134)
Zy = —§10u& + £20,81 — mOun2 + 120,m
+ &1 0u€3 — £30u&1 + M 0unz — 130,17 - (D.135)

Our improved wave equation is equivalent to the system:

0= (V+ia)y; a:=qA+1lv,
0= (V+ib)& bi=gA+rv. (D.136)

This is equivalent to the system of partial differential equations:

0 = 0om1 — O1m2 + i0ama — O3m1 + i(agm — a1ne + tagne — asny),

0 = Jone — O1m1 — 1021y + 032 + i(agne — a1m1 — iasmy + asnz), (D.137)
0= 0oé1 + &2 — 10282 + 0381 + i (boé1 + b1&2 — ibada + b3&1),

0 = 0oz + 01&1 + 10281 — 03€a +i(bo&a + b1&1 + ib2&1 — bs&o).

Given these systems of equations, after simplification we get:

Yy = —0192 — 0,831 — 95512
+2byH, + 202 HE, + 2b3 Hy, — 2a, Hf — 2a9H7 — 2a3H;}
=3 B +2qA+1¥) - Hy — 2(qA+1¥) - Hy,
=3 E) +2qA - Ey +2m¥ - By — 24v - Hy

2 2d
= Jji +2quy + 7m91D8 - ?Q2D(1)- (D.138)
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Similarly we have:
Zy = i0151° + 10957 +i0553°
+ 2i(b EL + boBE% + b3 EY) — 2i(a1 L + aoE? + azEY)
—i(§-Hy+2b-Ep—2i-Ep) (D.139)
—i[d- Hy — 2qA - Hy — 2m¥ - Hy — 2d7 - Ey].
= i[j"° + 202 — 277"92133 _ %dQlD‘f]. (D.140)

We hence obtain:

XlO = 91Y0 + iQQZO

, Q 2d e
=0 (5Y — 2qv) — meDg + ?QgD(l)) + i (i) — 2iqu’y

Q 2d
+2im=—DJ — =, DY)
p p

URAL

. .0 0
= Q150 — Qa') + 2q(— Q109 + Q2v'3) — 2 DY

= p*(S() — 2¢Aly)) — 2mpD3.
Again using (D.137)) and simplifying, we get:
Y = 00573 + 0053 — 0357° + 2q(AoF3 — AsH3 + A3H3)
+2m(voEy — voHs + v3H3) — 2d(voHi + vo E} — v3E?)
Q Q
= —ji +2qu3 + 2m71D§ - 2d72D}. (D.141)
Similarly, after simplification (D.137)) gives:
Z1 = i[0oH| + 0o F} — 03FF — 2q(A°Hy — A*E3 + A*E3)
—2m(voHy — v?Es +v3E32) — 2d(voE} +v?H} —v3H})
Q Q
—i| - 71+ 20y — 2m=2D} — 24—+
P P
With (D.133) and (D.137) we have:
X1 =WY: +iQ2;

D}]. (D.142)

Qy

Q
= Oy (—j} + 2qui + 2m—LD} — 2d=2D?)
p p
Q Q
— Qo(—j'1 +2qv'y — 2m—2D} — 2d=1D})
p p
. . QF + Q3
= —Mji + ng’i +2¢(Q vy — QQUI;) +2m———2p]

= p* (=81 + 2¢A(y) + 2mpD;. (D.143)
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Again using (D.137) and simplifying we have:
Yo = —0pS3 + 0351° — 015" + 2q(AgF3 — AsHj + Ay H3)
+2m(voEs — v3HY +viH3) — 2d(voH? + v3E] — v E?)

Q Q
= —j? 4+ 203 + 2m—LD3 — 2d—2D?. (D.144)
p p

Similarly, after simplification (D.137) gives:

Zy = i[0gH? + 03E1 — 01 F} — 2q(AYH3 — A'ES + AE;)
—2m(voH3 — V3 EY +Vv'E3) — 2d(voE} + v H] — v H})

Q Q
—i[—j3 4+ 2qv5 — 2m72D§ - 2d71D§]. (D.145)

With (D.133)) and (D.137)) we have:

Xi2 = Ys + Q275
Q Q)
= Oy (=47 + 2qv? 4+ 2m=2 D32 — 2d—2D?)
p p

Q Q
— Qy(—j2 4 2qv'% — 2m=—2D2 — 2d-2D?)
p p

; ; 07 + 93
— 0152 + Qoj' + 2q(202 — Q'3) + 2m- =2 D2

= p* (=S} + 2 Ay) + 2mpD3. (D.146)
Again using (D.137)), and simplifying we have:

Y3 = —0p51% + 01510 — 9,810 + 2q(AgES — AL HZ + Ay H))
+2m(voE3 — viH3 +voHy) — 2d(voH} +viE} — voEY)

Q Q
= —j% 4+ 2qv} + 2m—-D3 — 24==D3. (D.147)
p p

Similarly, and after simplification, (D.137)) gives:

Z3 = i[0gH} + 01 E? — 02 B — 2q(AYH3 — A’E} + A'E2)
—2m(voHy —v'E3 +v?Ey) — 2d(voE} + v HY — v?HY)

Q 0
= i[5+ 2qvd — 2m72D§ - 2d71D?]~ (D.148)
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With (D.133]) and (D.137)) we have:
X3 = MYz + 1073

Q Q
= Qy (=43 + 2qv5 + 2m71D§ - zdeﬁ)

O PN
~2D} 24D
P) 2 P) 1)

. 43 3
= =157 + Qoj’y + 2¢(Q1v3 — Qov'y) + 2

— QQ(*]’/? + quu'g —2m

0F + 93
m———2Dj3

= p* (=8 + 2qAy) + 2mpD3. (D.149)

And we thus get:

3
Y, = p *Di X1, = p 2 [Dy X1 + Z D} X]
k=1
= p 2[DY(p?S{y) — 209 Alyy — 2mpDY)

3
+ > DE(=p*Sh) + 209> Afy) + 2mpD5)]
k=1

m
Dy - (Say —29A@) — 2;D2)

Dy, - (Sqy = 20A) + 2mpdy, (D.150)
which is (4.33])

D.4.5 Calculation of ng

We start from:
19, = p 2Dl X, (D.151)
Xy, = —D30, Dy + D30, D§ + D30,,D3 + D30, D3. (D.152)

We have:

KXoy = —i(=&m3 + &umz + §5m7 — Eam )0, (6167 + &285 + mny + nan3)
+a(&m + Eama — &5 — §1m1) 0 (€185 + §287 — mns — many)
+ (&1 + &n2 + &0y + &m)0ui(§€5 — 67 — mnz + m2ny)
+i(=&ns + §ima — Eamy + E2m1) 0, (§1€7 — §265 — mny + m2m3),

(D.153)
which with gives:
§2(1Q1 + Q2)0,61 — §1(i + 22)9,.&2
Xop = -2 (1 — Q2)0,m + 11 (i1 — Q2)0um2 (D.154)

=& (12 — Q2)0,87 + &7 (i — 22)0,83
+05 (121 + Q2)0unt — 17 (1921 + Q2)0,m5
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We may then express it as:
=i L, + Q2 M,
= 610,60 + & Mfl +m0Oun2 — 20,m
+§1 0u€s — &0u&7 — M10un3 + n30u11
= —£10,82 + 20,61 — mOun2 + 120,m
_51 0u&s + E30,E1 — M1 Oums + 30y -
Again with and after simplification we get:

Lo = i[81E21 + OE3} + 033 —2b- Ep —2d-Ey,

—i[d- By —2(qA+17) - Eg — 2(qA+ I¥) - B,

Qy

N
=i(—73 — 2qv) — 2m —DO —2d—= p DY).

After simplification the equation (D.157] D.15 ) yields:

My = —8:HY — 9,H2 — 93H3 +2b- Hp +2a - Hy,
= 8- Hy+2(qA+19)- Hp +2qA+1v) - Hy,

Q Q
=79 —2qv") + 2m =2 DY — 2d-"2 DY).
p p

With (D.155)) and (D.158)) we obtain:

X20 = inLO + QQMO

ol 0

= =0y (—59 — 2qv? — 2m=2 DY — 24=2 DY)
p p
0, 0

+ Qy(—j —2qv1+2m 2 DY — 2d-2 DY)
p

= (79 — Quj'y) + 2q<91v? — Q'Y) +2m

= p?(S(yy + 2¢AYy) + 2mpDt.
As usual with (D.137) and after simplification we have:
Ly =ildy(Hp — Hp) + 02(ER, — E}) — 03(Ef, — E7)

03 +92D0
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(D.155)
(D.156)

(D.157)

(D.158)

(D.159)

(D.160)

+ 2boE% 4 2a0E} — 2by Hy — 2a9 H} + 2b3H% + 2a3H?]

Q Q
- z'(j; +2qut + 2mL D! + 2d—2D2>
p
With (D.137) and after simplification we get:
= 00(ER — Br) + 02(—Hjy + H}) + 05(Hf; — HE)

(D.161)

+2(=boHp — by E% + b3F3) + 2(—agH} — a2 E3 + a3E?)

Q Q
= j's 4 2qv'] — 2m-2D} + 2d—L D}
p p

(D.162)
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With (D.155), (D.161) and (D.162) we have:

X21 = inLl + QQMl

)

P
Q Q

+Q0(5'5 + 2qv'1 — meDi + 2d71D§)

Q
=~ (ja + 2qvi + 2m71Di +2d—2D})

. i Q2 + QQ
= —Quj} + Do’y + 2q(— Qo] + Qu'y) — leTzD%

= p*(=S{y) — 2¢Aly) + 2mpD]. (D.163)
Again with (D.137)) and after simplification we obtain:

Ly = i[0o(H}, — HY) + 03(ER, — EL) — 01(E}, — E})
+ 2b0E12;i + 2a0E% - 2b3H11% - 2a3H£ + 2b1H13% + 2a1H%]

Q Q
=i(j3 + 2quvi + 2m71Df + 2d72D§). (D.164)

Similarly with (D.137) and simplifying we get:

My = 0o(E, — E) + 03(=Hp + Hy) + 01(Hf, — H})
+2(=boH% — b3ER, + b1 E3) +2(—agH? — a3E} + a1 E3)

Q
=2 4 oqv? — 2m—2D2. (D.165)
p

With (D.155), (D.164) and (D.165) we have:

Xog = i1 Lo + QoM

2

Q Q
O, (j’§ +2qv'? - 2m721)§ + 2d71D§>

Q
-0 (j§ +2qu? + 2m71Df +2d

. . 02 + 02
= —0j3 + Qoj's + 2¢(—00? + Qv']) - 2mL 2

= p* (=Sl — 2¢A)) + 2mpD3. (D.166)
Again with (D.137)) and after simplification we get:

Ly = il0o(Hp — H}) + 02(ER — E7) — 02(ER — Ep)
+2b0E} + 2a0 B} — 20y Hy, — 2a1 H7 + 2boy Hp, + 2a2H] |

Q Q
= i(jS’ +2qu7 + 2m71D§ + 2d72D§’). (D.167)
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Similarly with (D.137) and simplifying we have:
M; = 0y(E} — E}) + 0 (—Hp + H}) + 02(Hp — H})
+2(=bgH}, — by D% + by Eg) + 2(—agH} — ay E? + a3 FL)

Q
=5 +2qu'? — 2m—2D3. (D.168)
p

With (D.155)), (D.167)) and (D.168]) we obtain:

Xog = 101 Lz + Qs M3

0 0
=~ (5 + 200} + 2m71D% + 2d72D§)

Q 0 .
+ (j'§ +oqu'd - 2m721)ff + ZdﬁDg)

) . 02 +02 .
— 013 4 Qi 4 29(—00P 4 QoY) — 2m ; 2 s
= p*(=8}y) — 20A%,) + 2mpD3. (D.169)
And we thus have:
3
I9, = p 2DFXy, = p2 [DSXQO + ZD’;X%}
k=1
= P_Q[DB(PQS&) + 2qp2A((J1) + 2mpDY)
3
+ Z DE(_PZSZB) - 2q,02v4?1) - 2mpD’f)]
k=1
=D, - (3(2) +2qAq) + 2%D1)
=D, - (Si2) + 2¢A1)) — 2mpd,, (D.170)
which is (4.34]),
D.4.6 Calculation of 'Y,
We begin with:
I3, = p Dl Xay, (D.171)
X, = —D30,D) + D30, D§ + D30, D¢ + D30, Dj. (D.172)

We have:

Xap = —(&1&] + 6285 —mny — m2n3) 0, (6167 + €265 + muny + m2m3)
+ (6165 + &&1 +mmz +12m)0u (665 + &80 — mns — n2n1)
+ (&85 — &85 +mns — n2ny)0ui(&&3 — &6 — mns + n2ny)
+ (187 — &85 +mnt —n2m3)0u (6187 — §265 — mmy +m2n3), (D.173)



292 APPENDIX D. MISCELLANEOUS

which by (A.84) gives:

m; (0 — iQ2)0,61 + 15 (1 — i€22)0,60
=& (1 +iQ2)0um — &5 (1 + 1Q2)0un2
+7]1 (Ql -+ ZQQ 8H§f + 7]2(91 -+ 292)8#55

)

X3M = )
—&1( — iQ2)0uny — E2( — 1Q2)0,m5

(D.174)

We let:

X3 = N, + i P, (D.175)
N, = 771“59”51 + 775(%52 - €ik<9u771 - f;alﬂh
+ mOu&T + 120,85 — §10um7 — §20um3, (D.176)
Py =—ni0u& — 130,82 — E10um — 0,2
+ MmOuEl + n20u83 + &10unT + E20um5. (D.177)

With (D.137) and after simplification we get:

Ny = —81E§ — 32E32 — 33E§’ + (bo + ao)Qg
+ (by — a1)H3 + (by — ag)H2 + (bs — as)H3

d
=39+ 20, (qAO +mv® + ;D%). (D.178)
Again with (D.137)) and after simplification we get:

Py = 61(ZH§) + 82(1H32) + 63(ZH§) + Z(bo + ao)Ql
+i(by — a1)E3 +i(by — as)E2 + i(bs — a3)Es

- Z-[j'g o0, (qu + mvo + %Dg)} . (D.179)

In light of (D.175)), (D.178)) and (D.179) taken together we get:

X30 = QlNO + QgiPO

d d
o [jg 20, (qu +mv® + ;Dg)] 0 [j’g 120, (qu +mvo + ;DQ)]
= 2§ - Qajs
= p*Sly- (D.180)
As always with (D.137) and after simplification we get:
Ny = —0oE} + 0. H3 — 03H3
+ (b1 + a1)Qa2 + (bo — ag) Hy + (by — a2) E5 + (bs — a3)(—E3)

d
= —j3 — 2022 (g4’ + 2D} + °D}). (D.181)
p 0 p
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With (D.137) and after simplification we get:
P1 = z(@ng + (92E§) - 33E§ + (b1 + al)Eé

+ (b() — ao)E§ — (bg — QQ)H33 + (bg — CL3)H§

- i[fj'é — 20 (qu + %Dé + gD?{)].

With (D.175)), (D.181) and (D.182) we get:
X1 =Ny + Qi

d
= [ - j3 - 20 (gA' + 20§ + S}
p p
d
— [ - 5 204 (g4 + 2D} + S} )|
P P
= —j} + Qoj'’s = —p°Sly)-
Again with (D.137)) we get:
NQ = —80E§ - 81H§’ + 83H§ + (bg + GQ)QQ
+ (bo - Cl())H32 + (b3 — a3)E§ — (bl - &1)E§
d
= =53 205 (g4 + %D% + ;D%).

As usual with (D.137) we obtain:
P, = 2(80H§ + 83E§ — 81E§ + (bg + CQ)E%
+ (bo — ao)E3 — (b3 — ag)H3 + (by — a1)Hj

d
=i - 7% - 201 (a2 + T'0F + 3.

With (D.175), (D.184) and (D.185) we have:

X32 = QlNQ + inpg

= [~ 55— 20 (a4 + 2D} + %Dgﬂ

— | — 55 — 200 (44 + %Dg + %Dg)]
= — 013 + Qaj's = —p2SY).
Always with we get:
N3 = —0oFE3 — 0o H3 + 01 H3 + (b3 + a3)
+ (bo — ag)H3 + (by — a1)E3 — (b2 — a2)Ej

. m d
= —j3 — 20, (qA3 + ;Df’; + ;Dg).
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(D.182)

(D.183)

(D.184)

(D.185)

(D.186)

(D.187)
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With (D.137)) and after simplification we have:

P; = z(&ng + 81E§ — 82E§ + (b3 + ag)Eg’
—+ (bo — ao)Eg — (b1 — CLl)Hg -+ (b2 — CLQ)H;

d
it (ent e Tog e o) s

Hence with (D.175)), (D.187) and (D.188) we get:

X33 = QN3 + Qi P3

= | - i — 20 (a4 + %Dg + %Dgﬂ

. m d
— QQ |: — jlg — 291 (qA3 + ;Dg + ;Dg)}
= —ji + Qof’s = —p2SY). (D.189)

And we thus have:

3
IS, = p 2D X3, = p > [DSXso + D’;ng}
k=1

3
=p? [DS (P25?3) + Z Dlj(*PQS(k:a)))]
k=1
=D, - S), (D.190)

which is (4.35]).

D.4.7 Calculation of Ff,,

We must calculate these symbols for k=1, 2, 3;1=1, 2, 3and | # k.
We start from:

_ —=k
rf, = p%(8,D/)D,
3
_ —k p—
= p2[(8.D)Dy + Y (8, D) D,
n=1

3
=0 [(BVD?)(*Dg) + Z(auDz")D};‘}, (D.191)

n=1
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and similarly:
_ =l
Féﬂ/ = p Q(BVDII:)DM

3
=7 |(0.DR)Dy + Y (8, DD,
3
= p2 [(aVDg)(—D?) + Z(aypg)pf] (D.192)

n=1

We thus get:

3
Ffu—’—rgcu = p_2 _aV(DngO) + ZBV(DZDZL):L
n=1

=-—p28,(D,-D;)=0 (D.193)
rt, =-1y. (D.194)

The calculation of T} , T'3, and '}, is thus sufficient. Moreover we have:

—DY(D%y + D10y + D28, + D333)(DY)
+DL(DY%9 4+ D18y + D2, + D3ds)(D})
+D2(D%3 + DLo, + D28, + D385)(D?)
+D} (D% + DLoy + D20 + D3d5)(D})

DY(—DY%,yD? + DLdyD} + D39y D} + D3y D)
+DL(~=DY0\ D} + Di-0, D} + D30, D} + Do D})
+D2(=DY0, D} + D9, D} + D30, D} + D0, D})
+D3(—DY0DY + D}0s D} + D95D} + D}03D})

— D¥(=DY9, DY + DL, D} — D39, D? + D}d,D}).  (D.195)

P, =

Calculation of T},

Given that:

PQF%V = Dﬁ(iWu)7
iW, = —D%9,D3 + D1{9,D3 — D39, D3 + D30, D (D.196)
= —(=&ins — & + &y + Lam)O0ui(—€ns + &in2 + E3n7 — &am)
+ (EIn1 — &am2 — &3m5 + Em)0ui(€inT + &am — E3m5 — &)
+ (=&t + Samz — &35 + Em)Ou(EinT + Eamz + E5m5 + &)
+ (=& — &m2 — &y — Em)Oui(=&ims + &ime — &7 + em)-
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We thus have:

%Wu = (0,€1) (=n7)(1m265 +mé&7) + (0nub2)(—n3) (&7 + n283)
+ (O ) (=€) (§2m5 + &any) + (Oum2) (—€3) (§1m7 + &ams)
+ (0u&1)m (&ams + &any) + (9u€3)n2 (&t + &am3)
+ (0un1)61(m2€5 + m&) + (9umz)Ea(m&T + n283), (D.197)

which gives with equations (D.176|) and(D.177) calculating IV, and P,:

iW,, = 0iP, — QaN,. (D.198)

We may thus use the results of [D.4.6] and we directly obtain:
d
p°l3, = Dg{ (3) —2p° (qAO + EDg + *Dg)}

d

ri, =-p,- (5(3) +2qA) — 2mpd? + 2dp5§. (D.199)

v

which gives (4.38).

Calculation of '},

Similarly we have:

PQFgﬂ/ = DﬁRuv
R, = —D30,DY + D30,D} + D39,,D3 + D30, D3 (D.200)
= —i(=&my + & + E3m7 — E2m1) 0 (6167 + §265 — mmy — m2n3)
+i(&imy +&ne — &5 — §m)0u (&85 + 87 +mns + n2ny)
+ (&7 + Samz + &m3 + §um)0,i (6165 — 287 + mmz — n2ny)
+i(=&ns + &ina — Eamy + §2m1) 0 (167 — §265 + mumy — m2ns).

(D.201)
Using always we have:
£2(8,61) (= i€22) = &1(u&2) (h — ifda)
m= | T, <+ S 1o | 02
13 (0umi) (1 — iQ) + 17 (Gumz ) (1 — i)

With equations (D.134)) and (D.135) calculating Y, and Z,, we deduce:

R, = —OY, + iZ,. (D.203)



D.4. CALCULATION OF I'f, 297

We may then use the results in [D.4.4 and we directly obtain:

p°T3, = DU (i + Qe — 20(Qvh + Qv'h)
_ QmMDg Qz + 03 LTy
P P
I3, =-D, (8'q) + 294 (2)) — 2dps),. (D.204)
This is (4.36).

Calculation of ',

We finally have:

p°T3, = DE(Qu),
Q, = —D%9,D} + D39,D] + D30,D} + D30,D3 (D.205)
—(&1&1 + &8 —mny — nen3)0u(—&ins — &im2 + §5m7 + Sam)
+ (&63 + L& +mns + n2n1)0u (&0t — Lame — §3m5 + &)
+i%(&85 — L& +mns — 1an])0u (=&t + Eaome — E3m5 + E1m1)

+ (&7 — &85 +mny — m2n3)0, ( §1ne — & — &amy — Sam)-
(D.206)

We get with (D.156) and (D.157)) calculating L, and M,:
Qu = MM, — QL. (D.207)
We may thus use the results of [D.4.5 and we directly get:

o 0
P23 = D0y (—49 — 2qv? — 2m=2D? — 2d=2DY)
p p

Ql

Q,
+ (=49 = 2qu'Y + 2m —D0—2dp N

3

o)
+) " DE[Q( jg+2qv1+2m LDk 4 2d
k=1

Q
2D’;) (D.208)

LN

92
+Ql(32+2qv1—2m Dk+2d D5H))].

This gives:
%, =D, - (=8 (2) — 2¢4' (1)) + 2dpsz, (D.209)

which is (4.37)), end of this long and tedious calculation.
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