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Abstract

The paper presents a unified model representing the gravitational, elec-
tromagnetic, weak and strong fields, fermions and bosons, in the Geome-
try of General Relativity. It is based on a group belonging to the Clifford
algebra C1(C,4), acting on the algebra itself. It uses an original real struc-
ture on the Clifford algebra, accounting for the physical specificities of the
geometry. An explicit expression of the group, its action and of the vector
states and charges of the known fermions is given. Bosons are represented
as discontinuities in the derivative of the potential of the force field. No
additional dimension, physical object or exotic property are required. The
model appears as the continuation and extension of the Spinor model of
Mechanics which holds at any scale.



The purpose of this paper is to propose a solution to one of the great prob-
lems of contemporary Physics : an unification theory. It seems a bit prepos-
terous to pretend to have a solution to a problem which has eluded so many
bright scientists. However I will not follow the usual path. Most of the previous
attempts, if not all, are based on the concepts and formal system of Quantum
Fields Theory, with virtual particles and bosons, and are focused on improving
the mathematical representation of the Standard Model, including gravitation,
with often the introduction of some new physical objects. Overall the goal is
to find a “Theory of Everything”, following the idea that, elementary particles
being the ultimate constituants of matter and fields, a theory which explains
their behavior should be the keystone for all Physics, if not of all Science.

I do not believe in the existence of a Theory of Everything, Science is or-
ganized in domains, with their own Theories which address efficiently the phe-
nomena they study. In Physics there are Mechanics, Thermodynamics, ... They
propose models and well proven laws, which can address their problems and are
the basis of all the technological feats of the last century. They accept shortcuts,
in that they do not pretend to account for everything, and they neglect, in full
knowledge, phenomena which have a small impact in the problem at hand. Rel-
ativity has not changed this picture : Special Relativity is necessary when high
spatial speeds are considered, and General Relativity when gravitation changes
significantly from one point to another. However these theories are based on
some common Principles and the recognition of basic physical objects, such as
material bodies and force fields, with specific properties, and common concepts
such as momentum, energy,.. They are stated or defined in a somewhat vague
way, flexible enough to be adjusted to the representations used in the differ-
ent theories. So it seems appropriate to base the search of a Great Unification
Theory (GUT) on this common ground.

The first section of the paper is dedicated to a review of the concepts of
measure, space-time, material body, force fields, and the implications of the
Principles of Relativity, Locality and Least Action. A GUT should be fully con-
sistent with these concepts and principles. But it is focused on the phenomena
which occur in a specific domain : Particles Physics, and the goal is to provide
a representation which helps to understand what happens and a model which
enables to do practical computations, and gives results which are in accordance
with the experimental facts. In building its theories Physics has proceeded
layers by layers, exploring, through increasingly complicated experiments, new
phenomena which require more sophisticated representations. I do not believe
in the common interpretation of Quantum Mechanics (QM) and the existence of
two Physics, with concepts and principles which would be different at the macro-
scopic and the atomic level. And, anyway, they would be contrary to the idea of
GUT. The “Axioms” of QM, like the Hilbert spaces, observables, eigen-values,...
are actually theorems, which can be proven, common to all mathematical models
sharing some well defined properties, and from the way variables are estimated
practically. These theorems, for the most part, validate the usual computations
which are done, but with 2 major additions : they provide precise conditions for



their validity, and they hold whatever the scale. There is no need for a “physi-
cal interpretation” of QM, with some bizarre properties which would hold only
at the atomic scale, because there is none to be found. But of course we can
use these theorems in a GUT, to explore what we can expect with a model of
elementary particles. The proper quantization of the properties of elementary
particles, following the path of the experiments, provides a new approach to the
problem : rather than postulate a mathematical model, I give the conditions
which should be met by the model, and in particular by the group, starting from
the characteristics of the particles as they appear in the successive layers given
by the experiments with the gravitational and electromagnetic (EM) fields, the
weak fields and the strong fields.

Keeping in mind that a Unified Theory should encompass all known facts,
whatever the scale, one cannot focus on the discontinuous processes. There
are actually 2 Physics : continuous and discontinuous processes require dif-
ferent mathematical tools, and our models must account for both, with some
adjustments. There are no totally discontinuous processes, there are continuous
processes in which a discontinuity appears. This transition (such as in change
of phase) is of course significant, and is usually the focus in the study of discon-
tinuous processes. But a physical theory must first account in a consistent way
for continuous processes in order to deal efficiently with discontinuities. The
key discontinuities in a GUT theory occur in the interaction particles / fields
and in the annihilation / creation of particles. So we must address these dis-
continuities for what they are, from a continuous representation. After all even
the Standard Model is based on continuous variables. And if we acknowledge
that there can be discontinuities in the life of a particle, we must acknowledge
that there can be discontinuities in force fields, and this is the genuine nature
of bosons.

This first section is completed by a short review of the experimental facts,
as they are explained in the Standard Model, which gives a basic picture of the
challenges.

The second section is dedicated to the core of the problem, the search for
a unified representation of particles and fields for elementary particles. The
results of the first section lead naturally to a solution based on a group defined
in the Clifford algebra CI(C,4) and acting on the same algebra. This path
has been attempted many times. I introduce several new ingredients : a real
structure on C1 (C, 4) based on the only structure which has a physical meaning,
the Clifford algebra C1(3,1) which is at the core of the representation of mo-
tion in General Relativity, and new mathematical theorems on Clifford algebras
such as the exponential and the extension of reflections to unitary maps. As
the reader may be not familiar with Clifford algebras this section is introduced
by a mathematical review of the concepts. I show that a 16 real dimensional
Lie group acting on CI(C,4) by the adjoint map gives a representation of the
known fermions. I give the format of the state vectors of these particles, the
value of their charges, the explicit matricial representation of the action and of
the lagrangian, which is quite simple. The concept of momentum can then be



extended to fermions, which enables to study efficiently the collision of particles
in the context of General Relativity. The study of composite particles and their
decay can then be done in the usual way, with the decomposition of representa-
tions. I give an explicit description of the Cartan algebra and the root vectors,
which are an essential tool in these endeavours.

The third section is dedicated to the propagation of the field. The idea
of a force field existing everywhere and propagating by self-interaction raises
several issues, which are more acute in the context of General Relativity. The
usual models based on the implementation of the Principle of Least Action
provide a set of differential equations, representing the conditions of the balance
of energy at equilibirum, which do not cover all the phenomena involved in
propagation. I introduce a new assumption, based on considerations which go
beyond particle physics : in its propagation the force field follows Killing curves.
It is consistent with the known facts, and is crucial in the representation of
bosons. The interactions particles / field can be at the origin of discontinuities
of the derivative of the potential, these discontinuities can be represented like
particles, the bosons. Their mathematical representation is given, and from
there their basic properties can be explained.

Many subjects of the first section are seen in more details in my book “The-
oretical Physics”. The Annex gives a short reminder of essential mathematical
results, which is also useful to fix the notations. More can be found in my book
“Advanced Mathematics for Theoretical Physics”.



1 THE MEANING OF A GREAT UNIFICA-
TION THEORY

1.1 Measure and standards

In a Theory we assume the existence of objects, characterized by properties,
that is phenomena which can be observed and measured. These properties
define the objects, and their measures are the signature of the object in the
theory, however they are deeply rooted in the representation which is used.

A measure is always an experiment in which a phenomenon is interpreted
with respect to another, similar, phenomena. The measure of the length of
an object is the comparison of some characteristics of one object, with similar
characteristics of another object. An object does not “have” a length, it behaves
similarly as another object in experiments which follow a precise protocol. A
law is deemed scientific if it can be checked : the experiment can be reproduced
and the results compared. The protocols used in the experiments must define
the conditions in which the data are collected and analyzed. To do this one uses
models, based on a formal representation of the phenomenon involved : to each
data which is collected is associated a mathematical object, a variable, which
precise the format of the data : scalars are not collected as vectors, and the data
are usually related to different events, in space and time, of the experiment.
Mathematically these features are defined in standards. They give the rules
which apply to adjust the data from one standard to another, to compare the
results between experiments, for instance in a change of units, or when the
experiment is done in another context, in space and time.

The Principle of Relativity states that the laws of nature do not depend on
the observer. The observer has free will, he can choose the standards inside
the procedure. The principle does not give the laws of nature, it tells only that
the data which are collected much follow some rules when one goes from one
standard to another.

The Principle of Locality states that a phenomenon at a given point, in space
and time, depends only on the value of the variables at this point. The Princi-
ple is the affirmation that there is no action at a distance. As a consequence it
should be possible, at least theoretically, to use different standards at different
points, or equivalently an experiment can be done by the aggregation of data
collected by different observers located at any point, using their own standards,
and exchanging their data at the end of the experiment. This requisite is nec-
essary because any practical experiment covers an extended area in space and
time. Mathematically it implies that the variables must be represented in fiber
bundles : their value is fixed with respect to a standard, given at each point.

The choice of the standard is arbitrary, but the rules according to which they
change are intimately linked to the mathematical object chosen to represent the
variable, and are a fundamental part of the model. Usually it is assumed that
the standards vary according to the rules given by a group, the choice of an
element of the group is arbitrary, but the group itself is part of the model.



Then the unity element corresponds to a "neutral state”, a state of reference of
the system, in which no phenomenon occurs. A standard located at each point
is represented by a principal bundle, and the quantities which are measured are
represented in associated fiber bundles.

In any scientific theory it is assumed that the objects are real physical enti-
ties, in the meaning that they have an existence independent of our measures.
In this picture of physical objects, with their intrinsic properties, Physics can
be seen as a Natural Science : the role of the Physicist would be discover new
facts, as the explorer who is looking for new worlds. Cosmology and the media
lead to this perception. But Physics has a higher goal, not only to measure but
to understand, and both proceed from the use of models, in which the physicist
assume that a quantity can, a priory, takes any value, and compute what it
would then happen, so that he can check the validity of his theories. And this
gives to models and standards their full meaning : as well as the standard “1”
corresponds to a state of reference, another value of the standard corresponds
to a change of the value of the variable.

1.2 Geometry

We have 3 objects : the Geometry, Particles, Force Fields. The Geometry of
the Universe is an object of Physics in itself. It deals with the measure of
location, lengths in time and space, and how they change from one observer to
the other. Material bodies have geometric properties, a position and a motion,
whose measure is done in a representation of the Geometry of the Universe.
They constitute the first layer of experiments which are done on material bodies.

1.2.1 Location and the manifold representation

Observational facts lead to assume that the Geometry can be represented by a
4 dimensional manifold M. Events are located in a chart ¢ : R* — M, specific
to each observer, which is arbitrary : the only purpose of a chart is to provide
a protocol to locate the event in space and time. The only requisite is that the
charts must be compatible : there are precise rules which tell how to compute
the coordinates of the same event in different charts. For instance the “cosmic
ladder” provides the location of events at increasing distances in Astrophysics.

One fundamental feature of the Geometry of the Universe is the “fundamen-
tal symmetry breakdown” : time has specific properties, it is not measured by
the same protocols and one cannot travel in time, it has a specific, given, ori-
entation imposed to any physical phenomenon. A chart, by definition, defines
the set of events which are simultaneous for an observer (the value of the coor-
dinate time is the same), it defines a foliation of the manifold in 3 dimensional
hypersurfaces, but this foliation is specific to each observer.

Any displacement in the universe is then represented by a 4 dimensional
vector in the tangent bundle T M to the manifold. There is an euclidean metric,
a 2 symmetric definite positive form, to measure the spatial distance between



simultaneous events. Using this metric any observer can define at a point a ba-
sis of the 3 dimensional space and physically check that it is orthonormal. One
proceeds to measures of length and rotation through orthonormal bases, which
provide the standards. On goes from one orthonormal basis to another by oper-
ations depending on a group which is SO(3) for 3 dimensional euclidean bases.
The freedom of observers is that they can proceed to a change of orthonormal
basis.

The Principle of Causality shows that the order of events itself does not
depend on the observer, and from this fact it is not difficult to deduce the
existence of a special metric in the universe, which is not euclidean : the time
coordinate is special, and the metric must have the signature (3,1) or (1,3).
Vectors V€ TM can be distinguished according to the value of the scalar
product (V,V),,, and vectors which represent non simultaneous events are
such that (V,V),,, < 0 (or > 0 with the signature 1,3). Moreover one can
distinguish future oriented vectors *. The metric is the physical part of the
Geometry. An event, by definition, is a point in the Universe, its location is
absolute, and similarly the metric : it is defined everywhere and it is given.

1.2.2 Position and motion of a material body

A material body occupies a definite location at any time, which is measured by
an observer through a set of coordinates in a chart. All material bodies, and it is
assumed that this is also true for particles, are characterized by an arrangement,
which can be represented by a 3 dimensional orthonormal basis attached to the
body, and measured by its rotation r € SO (3) with respect to the orthonormal
basis of an observer. Location + Arrangement, that we will call Position, are
static, they are defined at any time and measured by an observer with variables
depending on his time.

Material bodies are not immobile : they travel along world lines in the Uni-
verse, and the change of their position is their motion, which can be represented
and measured in two different ways.

The motion can be with respect to a given observer, this is the relative
motion, which is measured by the derivative, with respect to the time of the
observer, of the variables used to measure the position.

But one can also define an absolute motion, without any reference to an
external observer : it sums up to measure the variation of position with respect
to the position of the body itself. The world line along which travels a material
body is represented by a curve, the tangent to this curve is a geometric object,
a 4 vector V, the velocity of the body, whose existence does not depend on any
observer. The motion of the body is a map ¢ : R — M and there is a unique
(up to the choice of an origin) parameter 7 such that Z—Z = V. This parameter
is the proper time of the body, and this is the time measured by an observer on
his own clock. The world line has then for map : ¢ : R — M : ¢ (1) = Oy (1, )
where ®v is the flow of any vector field which supports V', and z the location

1This is no longer possible if there are more than one time dimension.



at 7 =0.

The change of arrangement can be measured with respect to an orthonormal
basis attached to the body itself : this is equivalent to measure the instantaneous
rotation by the quantity r’l% € s0(3) and one can check easily that this
quantity does not depend on the choice of an orthonormal basis (it does not
depend on the observer).

A basic assumption of Relativity is that the velocity of any material body is
a future oriented 4 vector whose length (V, V)., = —c? is constant (this is +c?
with the signature (1,3)). As the proper time of an observer is his “biological
time” this assumption is equivalent to say that the clocks of the observers “run”
at the same speed. The universal constant c¢ is just a number which enables to
go from the measures of time to the measures of length, and is not, a priory,
related to the speed of light.

From these assumptions one can easily prove the usual formulas to go from
the measures done in the orthonormal basis of an observer to the measures
done in the orthonormal basis of another observer located at the same point,
and these formula hold without the usual requisite of “inertial frame”.

With these assumptions we can build a comprehensive representation of the
motion.

1.2.3 Tetrads and the principal fiber bundle Py

An observer can choose a 3 dimensional orthonormal basis (aj)jf:l, from which
can be deduced a 4 dimensional basis, orthonormal for the metric : there is no
choice for the 4th vector £, which must be future oriented and in the direction
of his velocity. The set of 4 vectors (aj)jfzo is a tetrad. From his chart of the
manifold M the observer can deduce a local holonomic basis (8§Q)i:0 of TM
(they correspond to infinitesimal displacements along the axes, along the time
at the same location for 9¢y) and there is a relation between ¢; and 06, : €; =
[P]j‘ 0&, where [P] is a 4 x 4 matrix which has necessarily the format :

n=o @]

where [Q] gives the components of the spatial orthonormal basis in (8@1)2:1 .

The tetrad fixes the geometric standards for the observer. His freedom of
geometric gauge is expressed in the group by which one goes from one tetrad
to another. Because the 4th vector is imposed one considers that a change of
this vector corresponds to a change of observer (another observer, located at
the same point, but with a different velocity).

We assume that there is a tetrad similarly attached to any material body,
then the arrangement of the body with respect to the observer if measured by
the rotation necessary to go from one orthonormal basis to another, that is by
an element of the group of rotations.



1.2.4 The Clifford bundle

For a change of 3 dimensional orthonormal basis the group is SO (3), but it
raises an issue when considering rotational motions : the instantaneous rota-
tional motion is measured by r~* %, and we get the same result with a rotational
speed w and axis 7 and rotational speed —w and axis —7. This comes from
the fact that r‘l% belongs to the Lie algebra so (3). The Spin group Spin(3)
has the same Lie algebra so(3) and distinguishes the 2 rotations (the scalars +1
and —1 belong to Spin(3)), so we should actually consider Spin(3) to measure
rotations in Galilean Geometry. The same issue happens with the tetrad, the
right group is Spin (3,1) and not the Lorentz group SO (3,1). This is at the
origin of the - confusing - issue of the “spin” in Physics. It has nothing to do
with a “quantic phenomenon”, this is just a matter of choosing the right repre-
sentation. The choice between one or the other representation is linked to the
possibility to physically differentiate one or the other rotation. In the relativist
picture, with the tetrad, the choice is possible : the 4th vector is imposed, and
it suffices to say that it is in the direction of the axis of rotation (“spin up”)
then the sign of o, € Spin (3,1) identifies the rotational motion.

With the group Spin (3,1), which has a physical meaning, one can define
a principal bundle Pg (M, Spin (3,1),7g), that is the choice (arbitrary up to
the 4th vector) of the tetrad of an observer at each point. The map used to
go from one tetrad to another is the adjoint map, denoted Ad, defined in the
Clifford algebra by AdyZ = o - Z - 0~ "', which is similar to the same operation
on matrices. According to the Principle of Locality the measures must be done
at the location where the phenomenon occurs, so we must assume the existence
of a network of observers sharing (with a delay) their data, or equivalently of
a principal bundle Pg (M, Spin (3,1),7¢) which tells what is the tetrad chosen
by the observer at each point. The tetrad are then defined in the associated
vector bundle Pg [R4, Ad} .

The Spin group is built from a special mathematical object, the Clifford
algebra C1(3,1) which can be seen as the extension of the vector space spanned
by the tetrad to a 16 dimensional algebra. Using the principal bundle Pg
one can define, at each point, a Clifford bundle Pg; which is a vector bundle
Ps[C1(3,1), Ad] . There is a Clifford bundle located at each point, and a change
of tetrad implies a change of basis in the Clifford algebra, given by the adjoint
map with an element of Spin (3,1).

The principal bundle Pg can then be used to represent the position of any
material body : one assigns another tetrad to the material body and its relative
position is represented by an element of Spin (3,1) at its location.

The instantaneous rotational motion is measured by o, ! - d;[ which be-

longs to a sub Lie algebra of CI(3,1). And we can get similar relations for the

transversal motion. Let (ej)j?zo be the tetrad attached to a material body and

V = % its velocity with respect to the observer. By definition V = cegg + o
where ¥ is the spatial speed as measured by the observer (located at the same
point). And there is some o € Spin (3, 1) such that e; = Ad,¢;. Using the fact

that V' = cep and denoting U the velocity V' as measured by the observer in his



tetrad, a computation gives :

U= =, sz Adoso

ﬁ ~ [[]Cfi—‘; .dgiljf{} do . _—1

G = < ([F 07" U] e0) + [G 07", U]
do . 5=1 belongs to the Lie algebra T} Spin (3,1) C CI(3,1) and the bracket
] is the bracket in the Clifford algebra.

In a discontinuous motion Cé—‘; -0~ ! is replaced by do € Ty Spin (3,1).

In all cases do has a unique decomposition éo = do, + do,, where the first
component corresponds to a rotational motion (the usual spin) and the second
to a translational motion.

So the position and motion of a material body can be fully represented in
the Clifford bundle. For any motion, not necessarily continuous (for instance
if the velocity is not continuous as in a collision), the representation is in the
1st jet extension J'Pgy of Poy : j*Peo; = (q(t),0(t),d0 (t)) where do (t) €
T,Spin (3,1).

1.2.5 Motion of a deformable solid

A deformable solid (or a fluid) is represented by a set of material points moving
on integral curves of a common vector field V. This picture can immediately
be extended in General Relativity : the vector field defines the proper time 7
of the solid, the location of a material point is fixed by this parameter 7 and
the location z at some initial time through the flow @y : ¢ (1) = ®y (7,2). By
affecting a tetrad to each material point the deformation of the body can be
represented by a section o € X (Pg). A rigid solid is then a deformable solid
such that o = s(¢) - 0o (z) where o¢ does not depend on the time but on the
initial location x.

The same representation can be used for a set of particles following similar
trajectories (such as in a beam) : one defines a common section o : M — Pg
and then the position of a given particle is o (g (¢)) . Then the velocity V of a
given particle is given through the common section.

Symmetries in material bodies and their motion (such as periodic motion)
can be represented using the Clifford bundle. For instance the periodic motion
of a particle on a closed curve (such as the electronic shell around a nucleus)
can be easily represented in GR with 2 maps R — R3.

A common case is the constant instantaneous rotational motion of a material
body, such as a particle at the atomic level. The speed of rotation is fixed but
the axis can be changed. When, in the inversion of the axis, the particle “looks
the same”, this can be interpreted as the existence of a spatial symmetry. Then
the representation of the group involves integers and it is said that the particle
has a “spin n”, n € N, and conversely the particles without this symmetry are
labeled as having a “sping”.

The standards belong to the principal bundle Pg. All geometric measures
are done in a vector bundle associated to Pg. By itself Pg does not give the
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metric, only how the measures of length and time change with a change of
tetrad. This model, which implements fully the Geometry of General Relativity,
does not require any assumption about the speed of light or inertial frames.
Special Relativity adds an assumption : the metric is assumed to be constant,
so it enables to consider universal orthonormal frames and affine coordinates,
however they hold only for observers moving at a constant velocity.

1.3 Mechanics

The second layer of experiments involve forces, and lead to the introduction
of the concepts of momentum, kinetic energy, and additional characteristics of
material bodies.

1.3.1 Momentum and kinetic energy

Material bodies show a resistance to change their motion, both translational
and rotational, and this leads to the introduction in Newtonian Mechanics of the
concepts of translational ?:Mp7 and rotational momentum I' = R[J] R~! %,
with 2 characteristics of the material body : its inertial mass M,, and its rota-
tional inertial tensor [J]. Only the change of momentum can be measured and
it is the opposite of the force or the torque necessary to change the motion. The
kinetic energy, both translational and rotational are then defined by integration

over a trajectory, and only their change can be measured. Formally the change
of kinetic energy is related to the change dp of momentum (not necessarily con-
tinuous) by 0K = Mip <?, (5?) The translational momentum is a vector, but
the rotational momentum is not and its definition is more convoluted.

In the early days of Relativity the translational momentum has been defined
as M,V with the 4 velocity V, and the identity (V,V) = —c? has lead to
define a “mass at rest” and to the decomposition of M,V in a 3 dimensional
relativist momentum, the 4th component is assumed to represent the “energy”
of a particle (without proper definition). As all simplistic ideas it stuck, but it
has no physical ground. Meanwhile there is no clear definition of the rotational
momentum, and anyway Relativity did not acknowledge the existence of solids.

1.3.2 Spinors

Definition

Position and motion can be represented in the 1st jet extension J'Pgy, for
particles as well as deformable solids, so it is logical to look for a similar rep-
resentation of the momentum, which would be a differential operator. To have
a vectorial representation of the momentum we need a representation of the
Clifford algebra. They have faithful representations on matrices, however the
Clifford algebras C1(3,1),Cl(1,3) are not isomorphic and their representa-
tions are different. However there are morphisms C : C1(3,1) — CI(C,4),C" :
Cl(1,3) — CI(C,4) such that the images of the real Clifford algebras are real
subalgebras of the complex 4 dimensional Clifford algebra C1(C,4) (with a 2
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bilinear symmetric form with signature (+ + + +)). CI(C,4) has a faithful
representation v : Cl(C,4) — L(C,4) on 4 x 4 complex matrices, so that vC
or vC’ provide a representation of the real Clifford algebras. The matrices are
built from a set of 4 generators v; = 7 (g;), representing the vectors of a basis
(sj)?:(J of C*, which must meet the identities : viyk + V&v; = 20,5 14. The solu-
tion is not unique, equivalent representations are deduced by conjugation with
a fixed matrix. A convenient representation is with :
0 —iO’o

_ i = |0y
70_|:’L'O'0 O :|7.7_17273"7]_|:0,j O:|

where
101 o1l o —] 1 o
GO 1o 1 PP T 0’27 i 0|’ o -1

are the Dirac’s matrices, such that o; = a;; ook + 0,0 = 6ils.

Then the generators «y; are both Hermitian and unitary : j = 0..3 : 7; =
()" = (™"

Each element Z of the Clifford algebra gives, by sum or product of gener-
ators, a matrix v (Z) which acts on a 4 complex dimensional vector space E,
whose vectors are called spinors. With the representation above, spinors read

S = { g,R } with a right handed component Si and a left handed component
L

Sr, both 2 dimensional complex vectors. The decomposition comes from the
existence of a specific operator in Clifford algebras. The image of the real Clif-
ford algebras should lead to globally invariant subsets of E, which are such that
Sp = €Sk, e = 1.

There is a Spinor bundle Pg; [E,~vC] based on the Clifford bundle Pg;. The
main assumption is then, for any particle, the existence of a differential operator

J1PCl — J1PCl [E,’)/C] b

j1S = ((a(t),8(t),88)) = (q(t),7C (o (t)) So,vC (90) So)

The fixed vector Sy € E characterizes the kinematic properties of the parti-
cle, S(t) =~vC (o (t)) Sy its momentum, both translational and rotational, and
08 = vC (d0) Sy its change of momentum, in a continuous or discontinuous
motion. In a change of gauge Sy does not change, and for an observer attached
to the particle S (t) = So.

Forces and torques are represented by vectors of F, whose basis is arbitrary
and chosen in each context. They are actually identified through the motion
(represented by o and then measured in the tetrad) to which they are associated
which enables to distinguish a translational and rotational momentum.

Momentum and kinetic energy
There is a Hermitian scalar product, preserved by vC (0),0 € Spin(3,1)
given by the matrix vy :
(S,8") = (vC (0) S,7C (9) ") = [S] o] [5]
(vC () S0,7C (0) So) = (S0, So) = 2¢[Sr]" [Sr]
It is then logical to identify the mass to M, = \/2[Sg]" [Sg] then
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g, _ M '™ cos ag
B = V2| ele2ging
fixed by 4 real parameters.

By derivation along a trajectory :
4 (yC () S0,7C (0) So) = (¥C (42) So,7C (o) So)+{vC () S0,7C (22) Sp) =

} . The kinematic characteristics of a particle are

0

and, by analogy with Newtonian Mechanics, we can define the change of
total kinetic energy, translational and rotational, by :

0K = %1\% (vC (o) So,vC (d0) Sp) = %Mip (So,7C (Ady-160) So)

The computation of 0 K shows that 0K = —e%k% Re Ad,-160 where kg is
a fixed 3 dimensional real vector, which sums up the kinematic characteristics
of the particle. And two particles such that 1, = e'?1)y share the same vector
ks.

Collisions

It is usually said that the solution of the problem of the elastic collision (that
is without change of the total energy) of two material bodies is given by the
conservation of momentum Mpﬁ, generalized in Special Relativity. But this is
deceptive. Even in the simplest case it is easy to check that the equation in
the 3 dimensional Galilean space does not provide a solution : it is necessary to
involve, one way or another, the conservation of rotational momentum.

With this remark the model of elastic collisions in General Relativity comes
naturally from the conservation of the sum of the spinors, which account for
the rotational motion. The collision occurring, by definition, at a point, the
standards are identical for the 2 bodies and the sum is well defined. We must
consider separately the two components in do = do,. + do,, and the equations
read :

2 op=1,27C (60mp) Sop =31 2 7C (007,) Sop
szl.,z YC (00wp) Sop = szl,z 7C (604010) Sop

Deformable solids

The great interest of this representation is that it can be easily extended to de-
formable solids with a common vector field V' (this can be useful in Astrophysics
where General Relativity is required). A deformable solid is represented by a sec-
tion of J! Py [E,vC], the vector Sy is associated to its elementary components.
One can introduce a density function p : M — R giving the number of compo-
nents present at a point m. An elementary computation gives then the conser-
vation law : % + pudivV = 0. A spinor Sp for the solid can be computed by in-

tegration, and for a rigid solid Sg = yC (s (t)) vC (fwg(o) S0 () p (x) ws (x)) So
where the integral is computed over a 3 dimensional spatial hypersurface at

t = 0. Which gives a generalization of common formulas of mechanics. The
representation gives also the stress tensor of the solid.
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Elementary particles

So far the word “particle” has been used in the usual meaning of Mechanics,
as material point. But several features of this representation are of interest
for elementary particles. The fact that the spinor has two components, whose
definition is chiral. The relation S; = €Sk between these components. The
definition of the energy 2¢[Sg]" [Sr] which can give a positive or a negative
result. Because the choice of the basis of E is arbitrary, in the usual cases
€ does not matter, but it can be interpreted as differentiating particles and
antiparticles.

The model has several similarities with the usual spinors of the standard
model (they are basically the same objects, with a different signature and choice
of v matrices). The vector kg corresponds to the Dirac’s current.

So we have a clear representation of material bodies and of Mechanics, con-
sistent at any scale, from electrons to galaxies, in the Geometry of General
Relativity, based on standards defined through the principal bundle Pg.

1.4 Force fields

The third layer of experiments introduce the third object of Physics : the force
fields, which have the properties to be defined everywhere, to interact with par-
ticles and to propagate in the vacuum by interacting with themselves. They
have been introduced at the end of the XIX° century to explain electromag-
netism, and the model has been extended to the gravitational field. Relativity,
then the phenomenon discovered at the level of elementary particles, have lead
to a profound revision of the model. Its main architecture appears to be robust
enough to be used as a basis for a GUT. So I will give here a general description
of what could be the model of a GUT, and a presentation of the main tools
which could be used.

1.4.1 Elementary particles

The spinor model accounts for the motion and the kinematic characteristics of
particles. With force fields new characteristics appear, the charges, which are
constant and tell how the fields interact with them.

In a GUT there should be, for each elementary particle, a variable ¢ that we
can assume to belong to a vector space F', which sums up all the measures which
can be done on the particle at any point m € M. These measures are done with
respect to some standard, given locally by a principal bundle Py (M, U, ) with
a group U. A state of reference v, corresponding to u = 1, is defined and one
goes from 1y to 1) (m) by an action 9 of the group U, so there is a representation
(V, 1) of U and 1 itself is represented by ¢ (m) = 9 (u (m)) ¢y in an associated
vector bundle Py [V, 9] .

On its trajectory, in a continuous or discontinuous process, the state ¢ of a
particle and its change 61 are represented in the 1st jet extension : J Py [V, 9] =

(m, ¥, 6¢).
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In a continuous process 1) = ¥ (u) tho = 0t = (92) 4=, (6u) by and

(%) lumug (Ou) = (%) lu=1 (L;gﬂto) (6u) with the derivative L;gﬂLo of the
translation on U.

(42) |,=1 = ¥’ (1) is a linear map YU — L (V;V)

ou and (L;gluo) (6u) belongs to the Lie algebra T1U of the group U.

Any change, continuous or discontinuous (as long as the fundamental state
1o stays the same) can then be written :

o =1 (1) (X) ¢ with X € THU

The adjoint representation (T1U, Ad) gives the adjoint bundle Py [T1U, Ad)
and the 1st jet extension of Py can be written :

J1Py = (m,u elU X e TlU)

The idea that the state of the particle changes according to the change of u
and its own characteristics (its charges) represented in ¥y can be summed up
in the existence of a linear differential operator :

J1 Py [VY, 19] — J1PU [V, 19] i (m, ’Q/J, 6’(/1) = (m, 9 (’U,) ’lﬂo, ¥ (1) (X) ’lﬁo)

The change of the state of the particle is attributed to the action ¢ (1) (X)) ¢y
of a force field represented by X € T1U.

This is the extension of the representation by ¢ and Pg [Cl(3,1), Ad] with
the group Spin (3,1), and the vector v is the generalization of the spinor Sp.

The state 1 should account for the motion, and so encompasses o, and,
in a unified theory, accounts also for the charges and the specific features of
elementary particles. Charges are measured by comparing the behavior of par-
ticles under the action of a known force field, so the standard given by U are
closely related to the definition of the fields. The value u = 1 corresponds to
the absence of field and gives the value ¥ = ¥ (1) ¢ = .

1.4.2 Interactions particles / fields

A particle is never immobile in the 4 dimensional Universe, the value of the field
changes along its trajectory, and this entails a change of its state ¢, notably
of its motion, depending both of the characteristics of the particle and of the
change §A in the value of the field. And the simplest assumption is that the
infinitesimal change 0% is linearly linked to the change SA. This is the basic
idea of gauge fields theories.

The value of the fields is measured in experiments where the field interacts
with known particles. So the standards come from the common structure Py .
The value unity of U corresponds to a state of reference, which is, by definition,
the absence of field.

Let us consider a particle moving on its trajectory ¢ : R — M the state
of a particle which is measured is given by : (p (¢ (¢)),% (t)) where p(q(t)) =
wu (q(t),u) € Py is the gauge used by the observer. It is arbitrary, and its
physical meaning is only given by the protocol for the measure. However one
can see the picture the other way around : by changing the standard one can
come back to a state where there is no field.
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In the absence of field, assimilated to u = 1, with the standard gauge p =
oy (m, 1), by definition ) (t) = 1g. Because

(Ps%o) ~ (P u”h D (u) 7/10) = (<PU (q (t) ﬂfl) 29 (u) 7/10) = (SDU (q (t) 7“71) Y (t))

it is equivalent to say that the measured value of the state is 9 (u (t)) vo with
some u (t) € U. This is the generalized principle of equivalence.

The quantity which is measured is ¢ (¢ (¢)) = ¢ (u (g (¢¥))) Po.

Its change d¢ = ¥ (1) (X)) is imputed to a change X € T1U in the value
of the force field, along the trajectory. So, to the curve on M given by the
trajectory with tangent V is associated a unique vector on the tangent space
TPy to the principal bundle. At any point p € Py a vector of the tangent
bundle T Py reads :

Vi = @ () V 4 (X) ()

where ¢ : T'U — V Py is a map, depending on the fiber bundle, from the
Lie algebra to the vertical bundle V Py = ker 7y,

The curve on M is lifted as a unique curve on Py. The vector Vi associated
to V must have a precise decomposition in its components V € T,, M, X € T1U.
There is no such canonical decomposition (that is which does not depend on
the choice of a trivialization). The vertical space V, Py, is uniquely defined
independently on the trivialization, and is isomorphic to the Lie algebra of
U. A connection ® is a projection ® : TP; — V Py from the tangent space
TpPy to the vertical space V,Py . This is a tensor on the tangent bundle
TPy. The lift should not depend on the gauge, in the meaning that, in a
global change of gauge by the observer, the result should be adjusted similarly
to account for the change of gauge : the connection on P5; must be equivariant.
This is a principal connection. It is expressed through a map, the potential
A € Ay (M;TyU) such that at p = oy (m,u) : ® (@}, (m,w) v, + ¢ (u) (p)) =

¢ (u + Adg—lA (m) vm) (p)

In a change of gauge p = v (m,g) = p = ¢uv (M, g) = pu (77%9 : %(m)il)
the potential follows an affine law :

A(m) = Ad,, (A (m) — L;,lx(%’))

A principal connection defines a linear connection on any associated bundle
PU [E, 19] :

B (g) (v, 9) = 390+ 0, (1) (A (m) v ) ¥ € Vi B

So the natural representation of the force fields is by a principal connection.
This is a tensor, and the potential is a 1-form, valued in the Lie algebra T1U,
acting on vectors tangent to M, which is necessary because the Universe is not
isotropic and the change in the value of the field is measured along the trajectory
of the particle.

The linear differential operator which represents the action of the fields on
the particle, represented by a section ¢ on Py [F, 4], in a continuous process, is
then the covariant derivative : R

V:X(Py[F,9¥]) = AL (TM; Py [F,9)]) :: Vip = ¢p*®

Vot =& (g) (W'0) = 7, (1) (A(m)v) ¥+ (m)v e F
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Notice that the covariant derivative involves a vector field V' : (Vo)) 5
are just the components of the 1 form. We need V to get a vector Vy vy € F.
The explicit introduction of V' is essential in the determination of the trajectory
of the particle under the action of the field. There is no need for a “coupling
constant” or the imaginary .

For a given principal bundle Py, for any curve ¢(t) there is a unique curve
(1) lifted to V, corresponding to the condition V¢ = 0. However it is not diffi-
cult to see that this condition is usually not compatible with the other condition
P (t) =9 (g (g (t)))1po. The physical reason is that the particle interacts with the
field, at its location, and this interaction is represented in a more complicated
way through the Principle of Least Action.

Particles of the same type k, in a given environment, have similar behaviors.
If there is no collision their trajectories can be represented as integral curves of a
common vector field V4, and one can introduce a section ¢, € X (Py [F,¥]), then
the state of a given particle j is represented by ¥y (¢; (¢)) , where the trajectory
g; (t) is actually defined by the initial conditions. The state of each particle is
then represented by the value of v, at the location of the particle. This can be
seen as replacing the individual particles by a “field” (in the common meaning)
of particles represented by 1y, which is nothing more than a general solution of
the problem.

1.4.3 Propagation of the fields

Conversely the particle changes the value of the field. The change of the value
of the field, occurring at the point where the particle is located, is smeared out
by propagation. To model the propagation of the field one needs a derivative
of the connection. Because this is a tensor, its computation needs a special
approach, using the Lie derivative, and the result is a 2 form on M valued in
the Lie algebra, the strength of the field F:

F =30 Y s Fopde NP @ R

a

Fiy = 0a A — 9548 + [, Ag]

with ordered indices «, 8 = 0..3, vectors ?a of the Lie algebra T1U and the
bracket [] on T1U.

In a change of gauge F transforms linearly with the adjoint map on T U :
Fap — Fap = AdyFap so it can be seen as a section of the adjoint bundle
Py [ThU, Ad)]

The interaction particle / field is not a symmetric process. Meanwhile the
particle carries away the change of its momentum, the impact of the interaction
on the field is carried away by propagation, which is not an instantaneous phe-
nomenon. The effect can be measured directly in some experiments, such that
the Bremstrahlung, but the main variable is the energy exchanged between the
field and the particle. In a collider, the energy necessary locally to increase the
kinetic energy of a particle is borrowed from the field and compensated through
its propagation, which is at a finite speed. This is why the acceleration becomes
more difficult when the speed is close to ¢. The concept of particles localized
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at a point introduces a discontinuity in the field, which can be smeared out if
the exchange of energy is small, but can manifest itself as a discontinuity which
propagates, and this gives a boson. We will see how they can be introduced in
the model.

So the architecture of the model is based on a group U, a vector space F
and a representation (F, ), a principal bundle Py (M, U, 7y) and the associated
bundles Py [F, 9], Py [T1U, Ad] . We need a motor to animate this representation
and provide equations, and it is given by the Principle of Least Action.

1.4.4 The Principle of Least Action

Lagrangian

The Principle of Least Action is an essential tool in Physics, in that it provides
the most general equations linking the different parts of a system. It is in some
way a dynamic version of the Principle of Conservation of Energy. It expresses
that, for a given system and over the domain which it covers in space and time,
the energy exchanged between the objects of the system must be balanced.

For any system represented in a model by variables Z = (zi)?zl over an area
Q) C M, it postulates the existence of a real function L (zi, z}l) , the Lagrangian,
such that, at equilibrium, the action fQ L (zi, zé) wo is stationary. wq is a vol-
ume form, given by the metric, and (2%, 2,) are the coordinates of a section of
a 1lst jet bundle (the Lagrangian can be at an order higher thanl, but this is
not necessary here because only the first derivatives are involved). The Prin-
ciple gives only the necessary conditions for an equilibrium, which is dynamic
because it encompasses an area ) of the space-time. It provides equations relat-
ing the coordinates (zi, z}l) . In continuous processes the solution is the 1st jet
extension of a section, and the quantities 2}, are replaced by the partial deriva-
tives. The Lagrangian is real valued, usually involves complex variables, but is
not necessarily itself holomorphic. The Principle of Least Action does not give
the specification of the Lagrangian, which sums up most of the Physics of the
model. It is the only general law which models the interactions fields / fields
and particles / fields.

For a system of particles and fields interacting the Lagrangian splits in a
part related to the fields (which is the only one containing ]—'gﬁ) and a part
related to the particles (which is the only one containing 1):

Z;\Ll fOT Lpdt where each particle is represented by a map ; defined on
some interval [0, 7] C R and valued in Py [F, 9], with velocities V.

fQ Lpwy where the density wy is related to the metric, and €2 is some com-
pact area of M.

The fact that the two integrals have not the same dimension (over the time
period [0, 7] and ) raises mathematical and physical problems, which are not
solved by the naive method of introducing Dirac’s function. A rigorous solution
can be found, in the most general case, by the method of variational derivatives,
which can be extended to fiber bundles. But the solutions are “distributions”
(or “generalized functions”), which are well defined and have a physical meaning
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: whenever an experiment is done, with known fields defined over an arbitrary
compact area w C €2, the distribution v gives the “right” value, and similarly
for the potential. One retrieves the common interpretation of Quantum Physics
by operators acting on families of functions.

The state of the particle is represented only in the second integral, thus the
condition is that fOT Lpdt is stationary with the value of the field accounting
for the interaction with the particle.

The equilibrium itself does not depend on the observer, so the Lagrangian
must be invariant in a change of standards. This imposes conditions on the
specification : the potential cannot appear explicitly in the Lagrangian. The
Lagrangian has necessarily the form Lp = L (¢ (m), Vy ¢ (m), gag) for the

particles and Lp = L (fgﬂ (m) ,gag) for the fields, including the metric g

evaluated at each point. V stays an independent variable, related to the motion,
which must be itself represented in the state i through a section .

Charges
Let us consider a particle with trajectory [0,7] — Q :: ¢ (¢). Assuming that
P (t) = 9 (u(t)) o then the variable becomes u (t) € U which is a Lie group,
thus a manifold with a chart : ¢ : R™ — U : ¢ ((1,.Ca---Cm) = u, and its
derivative can be expressed in its Lie algebra T U.
The covariant derivative V¢ reads :

Vi =, (1) (A ) V) ¥ (1) + %
= 0, (1) (A(a () V) 0 (u () 0+ (1)) (%) o

Using the derivatives L/ _,u, R, 1 of the translations and the adjoint map
Ad,, we have the identities (Maths 1882)
¥ (u) =9 ()R, _yu=9u)? (1)L _,u
Thus :
7, (1 >( (a(H) V) 9 (u (8)) w0 + 9" (u (1) (%¢) o
9 () (1) Ly (RL1) (Al @) V) + (%)
(1/1 (q(7)), Vv (q(r))
= Ly (9 (u) o9 w0 (), w ((R1) (AV) + (%)) o)
—LP(1/)0;19/ 1“(( u ( ) ( t)
= Lp (o, 7' (1 )(Adufl (AV) + 1, (%)
The quantity X (t) = Ad,-1 (AV) +L (L ) Vg p (u) is the covariant

derivative of the section m — p (u (m)) € PU along the curve in Py. It is valued
in T1U. The field exists everywhere, we can then assume the existence of a
section U € X (Py) which gives the value of u at each point m, that is of a
map M — U :: u(m) which is differentiable. The quantity X (¢) can then be
expressed as Zi:o T, (m) V™ € Th'U with a 1 form A; (M;T1U) which takes
the place of the potential. The Lagrangian then reads :
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L (0,9 (1) (o0 T (a () V) (0)

In a change of gauge T' changes with an affine map as the potential.

The partial derivative Q (¢g) = %ﬁf is a linear map from 71U to R, that is
an element of the dual 73U and Q : V — T1U* gives the charges of the particles,
in the meaning that for a variation § X of the force fields the energy exchanged
with the particle is @ (tbo) (0X).

If the Lagrangian is expressed as a scalar product then Ly, (1,9 (1) (X) %o) =
Q(X) =", QuX* with a basis (kq).-, of TyU. The charges @, are scalars,
invariant in a change of gauge, and there are as many charges as the dimension
of T1U. A particle such that @, = 0 is insensitive to the field represented by the
component a.

In a given environment the Principle of Least Action tells that the action is
stationary. 1 appears only in the second integral and the condition is just that
the trajectories are such that fOT Ly, (10,9 (1) (X)4o) dt is stationary.

In a system composed of particles, without collisions, one can associate a
section ¢y, € X (Py [F,¥]) to represent each type of particles, and the velocity
belongs to a common vector field Vj such that the trajectories are the integral
curves of Vi. The action for the particles reads :

> fOT Ly, (Yor, 9" (1) (Xg (pr (t))) (Yor)) dt with the variables X : M —
TlU : Xk (qk (t)) .

The variation of vy, is given by the vector field T (gx (t)), common to the
particles of the same type, and are such that L, is the same for each type
of particles, and constant on the trajectories. At equilibrium in continuous
processes the trajectories correspond to constant energy for the different types
of particles.

1.5 The challenges of a GUT
1.5.1 The representation of the motion

The classification of particles, that is their identification, is first done through
their trajectories : particles of the same type must have similar trajectories.
Because the motion, and thus their trajectories, are represented with standards
given by the principal bundle Pg it should be involved in the definition of Py .
In a GUT the group U should account for the group Spin (3,1), which provides
the standards for the motion.

1.5.2 Family of particles and charges

In a unified theory of fields, all the components of the fields act simultaneously,
however we start from experiments in which families of particles are distin-
guished by their behavior under some components of the fields, and these char-
acteristics are represented by charges. The challenge of a GUT is to provide
a unified representation which accounts for the specificities of these force fields
on one hand, and distinguish families of particles according to their behavior
under the action of these different fields, on the other hand. The force fields are
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represented through groups, so each type of field should be a subgroup U; of
U. Their action is represented through connections, valued in the Lie algebras.
The vector space which is associated to the force fields is the Lie algebra T1U,
and each type of field is associated to a Lie subalgebras T1U; C T1U. Each ele-
mentary particle is identified by a fundamental vector ¢y € V, but each family k&
of particle, associated to the same values of the charges, and then with the same
behavior under the action of a type of field, is identified by a vector subspace
Fj, C F. Under the action of a field j the states of particles of a family k stay in
the orbit {9 (u) o, u € U;} C Fj. If the particles of a family k& have the same
behavior under a field j, then the fundamental vectors o, must belong to a
vector subspace which is globally invariant by the action of U;, and the vector
subspaces must be disconnected (except for 0) for j # j'.

1.5.3 The gravitational field

The interaction particle / field is usually interpreted as a force (or a torque)
F exercised on the particle, depending on the charge g of the particle, which
changes the momentum p of the particle F = dp. The momentum and the
kinetic energy are represented through to the inertial mass M,. In Classical
Physics gravitation is a force field as the others. So there there should be a
gravitational charge 1, however experiments show that the gravitational charge
is equal to the inertial mass : M, = p.

To solve the conundrum Einstein proposed in his theory of gravitation to for-
get both the gravitational field and the gravitational charge : the gravitational
forces are nothing more than the inertial forces appearing in a curved trajectory.
It requires 2 assumptions : that these trajectories are geodesics (we need to ex-
plain why the trajectories are not straight lines), defined from the metric, and a
law, involving only the inertial charges, explaining how the metric changes from
one point to another, and this is done through the scalar curvature.

The difficulties to explain the motion of stars in the Galaxy with this theory
show that it is difficult to get rid of the gravitational field. In a model of great
unification, including the gravitational field, this is the inertial mass which must
disappear. To keep the concepts of momentum and kinetic energy we must
acknowledge that the spinor S represents both the inertial and gravitational
characteristics of the particle. In particular the kinetic energy should depend
on S only. The spinor is then represented in a vector subspace E of F, globally
invariant by the action of Spin (3, 1), and the other characteristics of elementary
particles are represented in another vector subspace of F' on which act the other
force fields represented by a group U. This is the genuine interpretation of
the Principle of Equivalence : a change of observer (an “accelerated frame”) is
similar to the action of a gravitational field. This is not a return to Einstein’s
theory of gravitation : the metric does not play any role in the picture and we
will assume that its value is given in each environment (how the metric changes
with matter and fields is another problem).
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1.6 Quantization
1.6.1 Quantum Mechanics

The universal use of mathematical models in Physics makes necessary to investi-
gate the properties of these models, and this can be done with a common method
: models are mathematical constructs, which can be studied using Mathematics.
And one can prove that they have properties of their own.

The “Axioms” of Quantum Mechanics (Hilbert space, eigen values, oper-
ators, Heisenberg law,...) are actually mathematical theorems, which can be
proven as such, and apply to models which have some precise characteristics.

The models considered must involve only vectorial variables X1, ..., X col-
lectively denoted X, belonging to an open subset of a vector space V which
must be infinitely dimensional, separable and be a Fréchet space. These con-
ditions are usually met whenever the variables are differentiable and such that
the integral of their norm is bounded. Usually X are maps, defined over the
time or some spatial area, they represent the state of a system over this area.
There is no assumption about the laws followed by the variables : we stay at
the level of the description of the system.

Then :

1. There is a separable Hilbert space H and a linear isometry Y : V — H
which associates to each state represented by X a vector ¢ belonging to an
open subset of H containing 0. For any basis (e;),c; of V there are unique
families (£;);c;, (¢i);c; of linearly independent vectors of H such that : &; =
Y (ei), Y(X) =2 e (b, Y (X)) yei,Vi,jel:(pi,ej)y =0.

2. If two similar systems, represented by the variables X, X'  interact, it is
possible to represent the total system by the tensorial product Y = X ® X', then
the corresponding Hilbert space is the tensorial product H ® H'. The tensors
are decomposable if there is no interaction.

3. Because the vector space is infinite dimensional, the value of X is esti-
mated from a batch of data using a simplified definition ® (X) of X, an observ-
able, valued in a finite dimensional vector space. The simplest solution is to
take a primary observable Y; (X) = >, ., X ie; where J is a finite subset of I.
Y (X) provides an optimal estimator of X, to any primary observable is asso-
ciated uniquely a self-adjoint compact, trace-class, operator i}J on H such that

the measure Y (X) = > ., <¢i,i}J (T (X))>Hei. The value Y; (X) which is

measured is an eigen vector of Y; and the probability that the measure is equal

S 2
to Yy (X) if the system is in the state X is : Pr (Y, (X)|X) = %
H

4. If a system can be represented by the variables X € V)Y € V meeting
the conditions above, such that Y = ¢ (g) (X) where ¢ is the action of a group
G (meaning that X and Y represent the same state) then :

i) (H, 3) is a unitary representation of the group G, with 9 ="Tov (g)ox—1

ii) For any observable ® € L (V;W) the vector space W C V is globally

N

invariant by G and (Hq>,19) with Hy = U (g) 0o ® o ﬁ(g’l) (W) is a finite
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dimensional unitary representation of G

iii) If there is an additional variable Z, defined by a fixed map Z = f (X)
then it defines a relation of equivalence between the states represented by X, X/
X ~ X' f(X)=f(X'). To each class of equivalence is associated a class
of equivalence in H with the relation : ¢ ~ ¢’ & g € G : ¢’ = g(g) 1. Each
class of equivalence in H is globally invariant by J.

5. Evolution of a system : the model meets the additional conditions : X
is a map X : R — F from an open subset of R to a normed vector space F;
Vt € R the evaluation map £ (t) : V. — F is continuous ; two states X, X’ of
the system are deemed equivalent if the set w = {t: X (¢t) = X' (¢)} has a null
Lebesgue measure. Then there is a map © : R — L (F; F) such that © (¢) is
unitary, X (t) = © (t) X (0), for each ¢ there is an isometry € (t) € £ (H;F)
such that € (t) (T (X)) = X (1).

There are other theorems but we will not use them here.

1.6.2 Observable of the type of a particle

We will proceed by steps.

The assumptions are :

i) The state of a particle is measured in a finite dimensional, normed, vector
space F

ii) Over its trajectory in a given environment the state of a particle follows
a continuous map : : ¢ : [0,T] = F

iii) With a norm on F' the maps 9 (t) are such that :

Iy mase (11 (0)], || 242 ) e < oo.

dat
iv) Two particles with maps ¢, are deemed belonging to the same type if
the set {t € [0,T] : ¢ (t) = ¢’ (¢)} has a non null Lebesgue measure.

The set S of maps v : [0,T] — F which meet the condition iv) is an infinite
dimensional, separable, Fréchet space. Moreover the evaluation map : £ (t) :
S =V i E(t)Y = (t) is then continuous.

§ is isomorphic to an open of a Hilbert space H with an isometry : T:8 —
H X () =0

There is a map © : R — L (F; F) such that ¢ (t) = © (t) ¢ (0) and © (t) is
unitary

Practically particles are submitted to different environments represented by
© (t), and from the set of data {¢ (t) € F,t € [0,T]} which is collected, one
estimates a vector ¢o with a linear model [¢ (¢)] = [O (¢)] [¢o] - Each type k of
particle is characterized by a single vector ¥, € F, which does not depend on
the environment and represents its fundamental state. The map : II: S =V
IT (¢)) = 1o is an observable.

We add now the assumption :

v) The state of the particle is measured with respect to standards following
the rules of a group U, that is in a vector bundle Py [F,¥] associated to a
principal bundle with Lie group U.
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Then the map O (¢) can be expressed as ¥ (u (t)) where u : [0,T] — U is a
map which depends on the environment. And ¢ (¢t) = ¢ (u (¢)) Yok.-
The space S is invariant by the global action ¥ of U on F, (S,9) is a

representation of U. We can implement the theorem 4 : (H , 5) is a unitary

representation of U, with J9=TYoWoY L Tisan isometry, which induces an
inner product on the space & which is itself a unitary representation of U . A
unitary representation is the sum of irreducible, orthogonal, unitary representa-

tions : (H, 3) = Py, (Hk, 1%) and similarly : (S,9) = @y (Sk, k) isomorphic to

(Hk, ﬁk) by Y. Each type of particle generates, by {9 (u) ¥ox,u € U} a vector

space, invariant by U, which belongs necessarily to one of the finite dimen-
sional irreducible representations of U. These representations can be expressed
as tensorial products of fundamental representations. Composite particles are
associated to tensorial products of representations, and elementary particles are
represented by vectors of the standard (or spin) representation of the group U
and its contravariant.

vi) A key feature measured in the experiments is the kinetic energy, linked
directly to the motion. In the model above, representing the measures done on
a particle along its trajectory, if we add the measure of the kinetic energy K of
the particle, the model is no longer strictly linear : the kinetic energy is a scalar
function depending non linearly on the state ¥. So the general theorem for a
change of standard does not apply, but we can implement the theorem 4.iii) : to
each irreducible representation is associated a given value of the kinetic energy.
We have generations of particles, differentiated by their mass (or gravitational
charge) and behaving similarly with respect to the other fields.

So quantization gives a picture which is consistent with what has been as-
sumed previously. N

Moreover we can precise the definition of the observable 1y of the fun-
damental state of a particle. The Physicist proceeds to an experiment in
which he submits the particle to different, known, values of the force fields,
say u, € U,n = 1...N and measures the states X,, € F,n = 1...N of the par-
ticle. With the previous hypotheses F' is a normed vector space. The map :
e(X) = 25:1 |9 (un) (X) — Xn|| is continuous, bounded from below, it has a
minimum in F and ¢ = X for which ¢ (X) is minimum.

However it raises several issues, which are common in quantization.

Let us consider experiments in which one tries to identify a particle. In
the theory there are p particles, identified by their known fundamental state
(¢Yr)%_; - The experiment can be summed up to submit the particle to known
forces fields, that is a set u, € U of N values of u, and to collect the values
X, € F of the state of the unknown particle under w,,. One can compute the
quantities : e = 25:1 [|IXr — 9 (un) | and the particle will be identified
to the family k& such that e; is minimum. The procedure provides always an
answer. The quality of the experiment depends on N, but also crucially on p
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: by increasing the number of families of particles, one increases the assumed
efficiency of the experiment. To see this, we could improve the experiment by
checking the two hypotheses :

Hy : the particle is new

against H; : the particle belongs actually to one of the known families.

Under Hy we can estimate the value 1y of the fundamental state of the new

particle and we accept Hy if g9 = 25:1 HXn — 9 (un) 1ZOH < g for k= 1...p.

But by construct Vi) € F': g < 25:1 1X7n — O (un) ¥|| = €0 < e

This is the classic delusion of Quantum Physics, which claims that its com-
putations are always checked with great accuracy. It always provides a result,
but we do not know if this is all the story.

The classification depends on the choice of the vector space F' and the group
U. One guesses that more sophisticated experiments, in exotic conditions, lead
to account for new phenomena, which is done by enlarging F' and U. It has been
the path followed by Particles Physics. The classification becomes more com-
plicated, new particles as well as new force fields are introduced. But this raises
some issues. The only force fields of which we have a sensible knowledge are
the EM and the gravitational fields, which are at the foundation of the concept
and of the theory of fields. Enlarge the group U to account for experimental
facts and pretend that the extension is the manifestation of “new” force fields is
an assumption consistent with the gauge theory, but is not the evidence of the
existence of separate, distinct, force fields. Actually the idea of a unified theory
of fields leads to the contrary. So we need to clarify the physical meaning of
the enlargement of the mathematical representation, which leads to look at the
idea of symmetry.

1.7 Symmetries

Symmetries are essential in Particles Physics, and their study requires a consis-
tent mathematical background.

1.7.1 Orbits and classes of conjugacy

Let x € F be a variable representing some physical property of an object. The
value of = is measured with respect to a gauge given by a group G : there is an
action ¥ of G on E and ¥ (g) : F — E is a map which follows the usual rules.
The measure X of a variable x € E changes with the gauge g as: X =9 (g) (z) .

The orbit of € E is the set O (z) = {¥(g) (z),g € G} . The relation of
equivalenceon £ : X ~Y & 3ge€ G:Y =9(9) (X) ©Y € O(X) defines
a partition of F denoted E/G. In a gauge theory the orbits define the physical
objects which can be distinguished : the orbits of two distinct physical objects
must be disjointed.

We say that there is a symmetry at z = a if, for some values g € S C
G : ¥ (g) (a) = a. Obviously the set S is a subgroup of G, called the isotropy
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subgroup of G with respect to a : G(a) = {g € G:9(g) (a) = a}. It contains
at least g = 1 so it is never an empty set.

If x,y € E belong to the same orbit, that isif 3g € G : y = 9 (g) (z) , it is easy
to check that the isotropy subgroups of z,y are related : G (y) =g -G (x)-g~ L.
Conjugation is the operationon G : J : G — G :: J (9) (h) = g-h-g~ !, it defines
a partition of G in classes of conjugacy, denoted G/J. The classes of conjugacy
are an essential characteristic of the structure of a group.

From the result above : O(z) = O(y) = G(y) = J(G(z)) : if z,y € E
belong to the same orbit in F, then G (z),G (y) belong to the same class of
conjugacy in G. There is a bijection between the orbits, that is the sets E/G -
which define the physical objects which can be distinguished - and the classes
of conjugacy G/J of the gauge group. The power of discrimination of the
representation depends on the gauge group.

One useful tool to study the classes of conjugacy is the character. The
character of a geometric representation (F, f) of the group G is the map : G —
C:x(9) =Tr(f(g9)). The character depends only on the class of conjugacy of
g:x(9)=x(h-g-h™').If (E1, f1),(E2, f2) are unitary representations of G
then the character of the sum of the representations is the sum of the characters,
and the character of the tensorial product of the representations is the product
of the characters.

1.7.2 Symmetries for elementary particles

In our model elementary particles and force fields are represented through a
gauge group U acting on a vector space F' by .

Mathematics tell us that the Lie algebra T1U is the direct sum of finite
dimensional Lie subalgebras (T3 U )é‘):o which are also ideals. The first Lie algebra
Uy corresponds to the radical, which can possibly be null, and the others are
ideals which, by the exponential, give normal subgroups U; of U and U is the
product U = Uy x Uy x Us... x U,. The decomposition is unique, but there is no
simple rule to find it, and moreover, this mathematical feature by itself does not
imply that these subgroups U; correspond to physical symmetries. Indeed the
group U is defined by the observer, adjusted to fit the experimental results, but
is somewhat arbitrary and the mathematical decomposition does not necessarily
corresponds to a significant physical feature.

In Physics a symmetry is always related to a change of standard : if one goes
from 1 to ¥ (g) one gets the same result. In the model above, the observable
is ¢ and there is a symmetry if 9 (u) 19 = 10, which occurs for some types of
particles and for some values of u. This feature is, strangely, called a “symmetry
breakdown” in Quantum Physics. The set U (1) = {v € U : 9 (u) o = o} is
the isotropy subgroup with respect to 1y, and it does not necessarily coincides
with one of the subgroups U;. The Lie algebra of U (10) is a Lie subalgebra
of ThU, and the action of T € ThU (o) is null : ¢ (1) (T)1po = 0 which is
equivalent to say that the charge of the particles with fundamental state g is
null with respect to the force fields represented by U (). The orbits O (1g)
are, from an experimental point of view, at the foundation of the classification
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of particles. The orbits are not vector spaces and, by definition, the orbits of
two distinct types of particles are disjointed sets : if Ju, v’ € U : 9 (u) ¢y, =
(W)Y = Y =9 (v u) ¢ = O (¢r) = O (¥y). The orbits are in bijective
correspondence with the classes of conjugacy of U. So, for a given representation
(F,9) of U the possible families of elementary particles are in correspondence
with the classes of conjugacy of U, and with the values of the character x (g).
However the mathematical possibilities do not correspond necessarily to physical
realizations (usually there is an infinite number of classes of conjugacy), even if
this leads some enthusiast Physicists to predict the existence of new particles.

The values of the charges depend on the units. In a GUT there should
be a unified set of units, and the charges are scalars defined up to a fixed
quantity. Each particle is characterized by a set of charges g, ...¢g,, different for
two distinct types of particles. Some particles share the same value g; for some
type j of charge, this feature leads to define families of particles, and further to
distinguish specific force fields. Two particles with fundamental states ¥y, 1; are
deemed identical with respect to a field represented by a group S if ¢, ¥; belong
to the same orbit : g € S : oy = ¥ (g9)¥r < W € Og () : their behavior is
the same under the action of u € S, they have the same charge and belong to
the same family. Conversely the values u € S can be seen as specific to a force
field, and the existence of different families as the evidence of the existence of
different force fields, which act independently on particles. Force fields are then
organized along the families of particles, that is the partition F/S. We could
expect that the partition F//S corresponding to the families of particles with
the same charges with respect to S, is coarser than F'/U, but actually we have
the opposite :

Os (vo) = {9 (u) Yo, u € S} C Ou (o) = {V (u) tho,u € U}

the partition given by S is finer than the partition given by U.

The issue comes from the difference between a GUT, where it is assumed
that the group U and the space F' are known from the beginning, and the
experimental path which proceeds by enlarging step by step the group and the
vector space : at each step n one specifies a group U,, and a vector space F;, with
respect to which the fields v and the states i are estimated. Then a sensible
representation accounting for all the fields would be U = U; X ... x U, and
F=F®&..3F,. But it would be unified in name only, and the difference has
a physical meaning : the force fields in the product U; x ... x U, appear to be
independent, as if it was possible to produce the field U,, without U;, which is
contrary to the experiments done.

To conciliate the assumption of the existence of a unified field, represented
by a group U acting on a unique vector space F', and the experimental evidences
of the existence of families of particles which have a similar behavior under some
value of the field, it is necessary to adjust the model. This can be done, in the
general framework, as follows.

We keep the representation of the state of each elementary particle by a
single vector 1 belonging to a unique vector space F', with the action ¥ of a
group U. The representation is unitary, there is a Hermitian scalar product on
F, and for each u € U, the matrix [ (u)] is unitary, then it is diagonalizable :

27



[0 (w)] = [P ()] [D (w)] [P ()] " with [P (u)] ™" = [P (u)]"

Let us denote :

(Ak (u))r_; the eigen values with their order of multiplicity my.

By, (u) the matrix deduced from [D (u)] by subtituting the eigen values Ay
by 1, and by 0 the other terms

Ey. (u) = [P (w)] [By (u)] [P (w)]

then :

16/ (u)] = Yo M (u) [Bx ()]

(Ex] [E1] = Okl 3 [Ex] =1

9 (u) is the sum of the orthogonal projections on the eigen subspaces S, (u).

If for some family the particles have the same behavior with respect to a field
represented by a subgroup Uy one can say that the state 1y of these particles
belong to a vector space Sk (u) common to the subgroup Uy. Or, equivalently,
9 is the sum of orthogonal projections on vector subspaces which are associated
to a type of charge and a type of field.

Which leads to the following assumptions :

i) There are N types of charges, which can be seen as corresponding to N
types of force fields.

ii) Each charge i = 1..i,, of the type n is represented by a vector ¢!, € F, the
null charge is represented by ¢in = 0

iii) For each particle v = Ef:’:l ¢l with a combination ( L OR, L)
specific for each particle

iv) F,, = Span (qﬁ%)i:lmin. and the vector spaces F;, are orthogonal to each
other : Vp,q =1...N : I}, LF,; so that, with the orthogonal projection m, : F' —
F, the state of each particle is projected for the field n as : m, (¢) = ¢

v) The representation of the field of type n is (F,,",) with the action
U (w) () = 9 (u) Ty, (1) , which gives an apparent action of the field

9 (1) (T) 7o () = 9 (1) (T) (652)

9 () (V) = Xy O () (¥) = Sy 9 () T () = 30 9 () ()

The elements of U for which F;, is globally invariant by ¥} constitute a sub-
group U, of U, so we can say equivalently that the field of type n is represented
by the group U,. To be more precise :

The group U acts unitarily on F, it transforms, by ¥ (u) orthonormal basis
of F into orthonormal basis. So we can assume that SU (m) C U. If dim F =
p,dim F,, = ¢, we take an orthonormal basis (e;){_, of F,, completed by p — ¢
vectors to give an orthonormal basis (e;)!_, of F. There is a unique matrix
J C SU (m) which transforms by ¢ the initial basis (g;)!_, into (e;)7_; : its
columns are just the components of the vectors e;.

The matrices which keep invariant (¢;)7_ g+1 and transform the basis (e)h_,

in another orthonormal basis are of the form :
(M) = N 0
10 I

with any matrix N € SU (q). So the matrices [ (u)] = [J]~' [M][J] which
leave globally invariant F,, constitute a subgroup of U, isomorphic to SU (q).
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The vector spaces F;, are not invariant under the action of the whole of U,
the representation (F, ) is irreducible, as it was assumed.

Each apparent force fields corresponds to a “layer” of features, measured in
a set of experiments, and associated on one hand to a projection from F' to a
vector subspace, according to the symmetries and the charges, and on the other
hand to the subgroup of U which preserves these symmetries.

The key to a GUT is then, not to try to find the “right” subgroups by
a pure mathematical analysis of a group U, but, starting from a group which
seems adequate and large enough, to define subgroups, isomorphic to the groups
usually associated to the different force fields, from the symmetries found with
the charges of the particles. This process is simpler, and actually closer to the
physical facts.

1.7.3 The radical and the EM field

In a group G the center is the set, which can be empty, of elements of G which
commute with all the elements of G. They belong to all the classes of conjugacy
S0, in a physical gauge theory, they do not enable us to distinguish different
objects if this is done in the same representation, that is with the same vector
space F' and action 9.

In a model based on a representation (F,v) of U this is the radical 73Uy of
T1U , which can possibly be null, which has a special role. ThYU = T1Uy & T1U
and only ThU = ThU/T1Uy is a semi simple Lie algebra, to which the general
results about root spaces decomposition hold. The radical has specific properties
: this is a subalgebra and an ideal such that some of its power (by the map ad) is
abelian - and the corresponding group is commutative. We will limit ourselves
to the case where T} Uj is itself abelian, because it is the most common?. Then
the group Uy is commutative. There is a comprehensive theory of commutative
groups and their representations (Maths.1821,1911).

The exponential map : exp : T1Uy — Uy is onto and its kernel is a discrete
subgroup of Ug. There are p < dim T3 Uj linearly independent vectors T} of T1Uq
such that ker exp = {T = E§:1 2T,z € Z} so that 9 (expT) ¢ = 1. Because
T1Uy is an ideal Vg € U can be written g = ug-u = expT -u with T' € T Uy, u €
U. An experiment which differentiates the particles according to Uy keeps u = 1
and varies T = T, ..., Ty, the measures are then v, = ¥ (expT;,) ¢9. The states
of the particles show a periodic distribution.

The irreducible finite dimensional representations of an abelian group are
necessarily unidimensional : ¥ (u)¥ = A (u)¢ with a fixed vector ¢, and a
scalar function A (u) = exp (i (u)) with s : Uy — (RP,+) a morphism. If p =1
then Uy =U (1).

We cannot, in a unique representation, account for the fields which are rep-
resented by a commutative group such as U(1). However, for U(1), there are 3
possible, distinct, unitary irreducible representations :

2Notice that a Cartan algebra is abelian, but not an ideal, which implies that VX € Lg,Y €
L:[X,Y]€ Lo
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the standard representation : 1y, = e‘T1)o;, which gives the action ¢’ (1) (T) 1or =

Ty

the contragredient representation : v = e~ "1/, which gives the action

V(1) (T) thor, = —iT ¢y

the trivial representation : 1, = 1o which gives the action ¥’ (1) (T) thor, = 0
So the solution is practically to keep a single vector space F, associate U(1)

to the action U1 (eiT) (Yor) = €' Topgp with g = +1,—1, or 0, which represents
the charge of the particle. There are only 3 possible values for the charge, and
the neutral particles are not sensitive to the field.

We get back the usual representation of the EM field by the group U(1)

and the scalars are the electric charges. In this model the electric charge is
a universal constant. For composite particles the total charge is an integer
multiple of the elementary charge.

1.8 The Standard model

The Standard Model is only a part, but an important one, of Quantum Theory
of Fields. It is built in a common interpretation of Quantum Physics, but its
main features are in line with the picture that we have given previously, and
must be integrated in a GUT.

In the Standard Model there are 4 force fields which interact with particles

(the gravitational field is not included) :

- the electromagnetic field (EM)

- the weak interactions

- the strong interactions

- the Higgs field

and two classes of elementary particles, fermions and bosons, in distinct

families.

1.8.1 Geometry

The Standard Model is based on the Geometry of Special Relativity, and the
usual presentations are with the signature (1,3). For some strange reason Par-
ticle Physicists measure lengths in space with a definite negative metric. Thus
the metric is assumed to be constant. The standard for the observation of the
motion is an “inertial frame”, and a change of standard is given by the Poincaré
group. The Principle of Relativity imposes that the variables are equivariant
under the action of this group. The Poincaré group is a semi-group, which
entails complications in the computation of derivatives, and the Lorentz group
SO (1,3) cannot fully account for the rotational motion, which requires the
introduction of the spin as an extra variable.

These limitations in the representation of the changes in the motion, which is

essential in the concept of force and momentum, seem alleviated in the common
picture of QM : particles have no precise location, any measure of a physical
quantity is given by an operator acting on a wave function. But the result
of the measure is an eigen value, meaning that it corresponds to a “constant”
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instantaneous motion. From a physical point of view the model cannot account
explicitly for the acceleration. These limitations are not crucial as the model is
used essentially to represent discontinuous processes, but they are in view of a
GUT.

1.8.2 Fermions

Generations
The matter particles, called fermions, are organized in 3 generations with, for

each one, 2 leptons and 2 quarks :

- First generation : quarks up and down; leptons : electron, neutrino.

- Second generation : quarks charm and strange; leptons : muon, muon
neutrino

- Third generation : quarks top and bottom; leptons : tau and tau neutrino

Their stability decreases with each generation, the first generation consti-
tutes the usual matter. Each type of particle is called a flavor.

Generation I II I
Quarks

u up ¢ charm t top
mass (Mev/c?) 2.44 1.275 172.44
charge 2/3 2/3 2/3

d down s strange b bottom
mass (Mev/c?) 4.8 95 4.18
charge -1/3 -1/3 -1/3
Leptons

e electron A muon T tau
mass (Mev/c?) 0.511 105.67 1.7768
charge -1 -1 -1

Ve electron nutrino v, muon neutrino v, tau neutrino
mass (Mev/c?) <2.2.1076 <1.7 <15.5

| charge 0 0 0

Fermions interact with the force fields, according to their charge, which are

- color (strong interactions) : each type of quark can have one of 3 different
colors (blue, green, red) and they are the only fermions which interact with the
strong field

- hypercharge (electroweak interaction) : all fermions have an hypercharge
(-2,-1,0,1,2) and interact with the weak field

- electric charge (electromagnetic interactions) : except the neutrinos all
fermions have an electric charge and interact with the electromagnetic field.
However the electric charge for the quarks is somewhat conventional because it
is built up from the electroweak charge and they cannot be observed directly.
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Each fermion (as it seems also true for the neutrinos) has a mass and interacts
also with the gravitational field.

Each fermion has an associated antiparticle, which is represented by conju-
gation of the particle. In the process the charge changes (color becomes anticolor
which are different, hypercharge takes the opposite sign), left handed spinors
are exchanged with right handed spinors, but the mass is the same.

Fermions of the same type in different generations differ only by their mass,
all the other features, such as the charges, involving the interactions with the
fields, are identical.

Over all we have 24 elementary particles, and 24 antiparticles :

3 generations of pairs of leptons : e, v; leptons of the same flavor have the
same electroweak charge ;

3 generations of 6 quarks, differentiated by the flavor (u,d) and the color
(r,g,b). Quarks of the same color, flavor and generation have the same mass;
quarks of the same flavor have the same electroweak charge.

Spinor part

The spinor comes from the Dirac’s equation, which is still a key component
of the Standard Model. At the early stages of Relativity Physicists extended
simply the definition of the momentum to a 4 dimensional vector : P = mU
with the 4 dimensional velocity : U = ——L— (U + cgo) where ¢ is the time

EE
V1=

vector associated to the observer. When
lo| <c:E= chﬁ ~ Lm |[o|> + me?
1- Iy~
it was then postulated that F represents the “energy” of the particle, mc
its “energy at rest”. With these conventions the 4 dimensional relativist mo-

mentum P = ﬁm? + £eg is composed of a “relativist momentum”
v

2

-t

Dr = @

In common QM a particle has no precise location, and its state is measured
through a wave function 1. In a relativist picture v would follow some equa-
tion derived from E? = ¢? H7T|\2 + m?2ct. Tts “Quantization”, that is applying
the “minimal substitution rule”, the operation where mathematical symbols
are substituted to other symbols, £ — ih%;pm — —ihd, gives the Klein-
Gordon equation : (D + m2) 1 = 0 which provides wrong results. Dirac pro-
posed another equation, assuming that : £ = A.p,. + Bm the substitution gives
: ih%—f = (AihV + Bm) . But one can check that this is possible only if ¢ is
a vectorial quantity (and no longer a scalar function). Moreover to be Lorentz
equivariant A, B must be 4 x 4 complex matrices, built from a set of matrices
v = ('Vj)j:o..s meeting the relation : v;7y; +v;v; = 21;; 14 where [n] is the matrix
of the metric. The wave function ¢ (¢, &1, €2, €3) is then a vector, called spinor, be-
longing to a 4 dimensional complex vector space E. The Dirac’s equation reads :

i%—‘f =— Zi:l Wa%ﬁ—m%z/}. It is usually written : (z Zi:o YO, — m) =0

m7 and its 4th component is the energy.
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with v# = n"* [vo] [v,], [70]2 = 1 and can be seen as a propagation equation for
1 or as a substitute for the Schrodinger equation. Its eigen values correspond
to the energy. Its eigen vectors, which provide a basis for observable quantities,
correspond to “plane waves”. The existence of solutions with negative energy
leads to antiparticles. The proof of their existence has not closed the issue of
the interpretation of these solutions, the most common being that antiparticles
are “holes” in a sea of virtual particles, and that they moved backwards in time.

The spin is represented by a quantum number (spin up or down) which is
added to the representation.

p=1(t,z) 9 (t,x) gives the probability to find the particle at (¢,z). Then
the Dirac’s currents j¢ = Et%w gives the probability to find the particle in
&% a = 1,2,3 and the solutions of the Dirac’s equation meet the continuity
equation : % +3° % =0

By itself the spinor does not involve any motion of a particle, or of its
momentum. As all other observables these quantities are operators, which are
obtained from the fields equations by Fourier decomposition or path integrals
of the Spinor functions.

It happens that an algebra of 4 x 4 complex matrices generated by 4 matrices
(7j)3:0 meeting v;v; + v = 21:;14 is a representation of the Clifford algebra
Cl(1,3), through its complexified C® C1(1,3). The matrices - usually chosen,
with the signature (1,3), are :

o g0 0 o 0 gj

Yo = 0 —oy a7j_|:_0.j 0

with the Dirac’s matrices. Spinors are then vectors of a 4 dimensional com-
plex vector space F, such that (F,~) is a complex representation of the Clifford
algebra C1(3,1). Spinors are equivariant under the action of Spin(3,1), and
then of the Lorentz group, but the group itself does not play any further role
in the model. From a mathematical point of view spinors belong to a vectorial
bundle on the Minkovski space.

Each elementary particle is associated to a different spinor v, which are
4 x 1 matrices of complex valued functions defined on the Minkovski space.

The spinors do not represent the inertial mass, which are independent vari-
ables, with which the spinor should be multiplied.

There is a scalar product on the vector space E, given by the matrix o,
which is invariant by Spin(1,3).

] for 7=1,2,3

Antiparticles
According to the CPT conservation principle in a “time inversion” particles
transform in anti-particles, and as a consequence the spinors 1)}, of antiparticles

are related to the spinor of the particle ¥y by : ¥ = —iye ((z/%))

Chirality
Elementary particles have a feature called “chirality” : they can be left handed
or right handed. In the Clifford algebra CI(C,4) there is an element w such
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that [ ( )} o.))]2 = I, and it induces a decomposition of any spinor in a
left and right part

PR = l T W+ (w) ), v* = (¢ —v(w)y) called Dirac’s chiral spinors
(which are 4 x 1 matrices)

E=FEradFL

It appears that the weak field acts only on the left part of the spinors, so that
actually in the Standard Model the state of particles are represented through
YT, 4", which are 4 x 1 matrices.

Multiplets
Fermions are regrouped in “multiplets”, which are sub-families of particles
whose behavior is similar in discontinuous processes. Inside the same gener-
ation, electrons and neutrinos can change in each other in weak interactions,
meanwhile the quarks (u,d) of different colors stay together in strong interac-
tions. So leptons (e, ) counstitute a doublet, and the quarks u (red,blue,green),
d (red,blue,green) constitute 2 triplets. Accounting for chirality, the correspond-
ing mathematical objects (one object for each generation) are :
Singlets :
[wR} Ax1 [wR} 11 » Tepresenting the right part of the electron and neutrino

[1/)3}4X3 , Wdh 5 representing the right part of the quarks u and d
double‘r

zL , with [1/) hxl , [1/1L]4X1 representing the left part of the electron

L Yv lgx1
and the neutrino
triplets :

1/}L
L 1/’11 J12x3
u and d

, with [wﬂ Ax3 [zﬁﬁhxg representing the left part of the quarks

1.8.3 Action of the force fields

The force fields act on the state of particles, that is the spinor, through a
connection, and the field is represented by the potential. In the Standard Model
potentials are bosons, but from a mathematical point of view this does not
matter. The group is U = U (1) x SU (2) x SU (3), with U (1) associated to
the electromagnetic field, U (1) x SU (2) associated to the electroweak field, and
SU (3) to the strong field. The EM field acts on all particles, the electro-weak
field acts on doublets of left handed leptons and quarks, the strong field acts on
triplets of quarks. However there are several issues, theoretical and practical. If
the model is based on a gauge field, there is no principal bundle associated to the
groups, (E,~) is a representation of CI(C,4) and has no explicit relation with
U. The fundamental representations of U (1), SU (2), SU (3) which are involved
are the standard representations : to each vector of the basis of the Lie algebras
is associated a matrix, proportional to the 3 2 x 2 Dirac’s matrices for SU(2) and
8 3x 3 Gell Mann matrices for SU (3), which act as such on column matrices. So
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an adjustment in the dimensions is necessary, done through Kronecker products
and cross diagonal matrices.

Moreover there are coupling constant, which are necessary for mathematical
reasons (the matrices used are Hermitian and not skew Hermitian as they should
be), historical reasons, and also because of the mix EM / weak fields.

The Dirac’s operator
The Standard Model does not acknowledge trajectories so the covariant deriva-

tive Vy 4 is replaced by the Dirac’s operator, which is a differential operator
which can be defined in a general mathematical context (Th.Ph.p.260). It sums
to take the average value of the covariant derivative along the 4 directions 0" :

Dy =300y (d€) [V )]

The interactions term are then (1, D) = [1]" [yo] [D¢] with the adjustments
necessary to account for the splitting of the vectors in multiplets.

1.8.4 Bosons

The potentials are assumed to behave like particles, and possibly have a mass
and a charge, but there is no term to account for them, other than the interaction
with the fermions, their propagation, and the Higgs mechanism.

There are :

- 8 gluons linked to the strong interactions : they have no electric charge
but each of them carries a color and an anticolor, and are massless. They are
their own antiparticles.

- 3 bosons W7 linked with the electroweak field, which carry weak hyper-
charge and have a mass.

- 1 boson B, specific to the electromagnetic field, which carries a hypercharge
and a mass.

- 1 Higgs boson, which has two bonded components, is its own antiparticle
and has a mass but no charge or color

The bosons W, B combine to give the photon, the neutral boson Z and
the charged bosons W=. The photon and Z are their antiparticle, W+ are the
antiparticle of each other. So in the Standard Model photons are not elementary
particles (at least when electroweak interactions are considered).

The propagation of the fields is modeled through the strengtgl of the fields,
defined as indicated previously : F 5 = 8a}1% — 8;—;/\13 + [Aa, Aﬁ] , all variables
being valued in the Lie algebras, with coupling constants. There is a scalar
product, for 2 forms valued in the Lie algebras, and in the Lagrangian the
terms for the propagation of the fields are just (F,F).

So, meanwhile the boson can be seen as the value of the potential at the
location of the particle, the propagation is actually treated in a classic manner,
with continuous variables Ag defined everywhere.
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1.8.5 Masses and the Higgs mechanism

Because of the introduction of multiplets and the combination of the EM and
weak field, the masses of fermions do not appear as multipliers of the spinors
as could be expected, but in separate terms of the Lagrangian, modeling the
action of the Higgs field, in a complicated way, with additional parameters.

The introduction of the Higgs mechanism, interpreted as a 5th field and
the “polarization of the vacuum”, is primarily motivated by the mathemati-
cal inconsistencies coming from the formulation of the Lagrangian. To respect
equivariance the potentials (whatever their denomination) should “factor” in
the covariant derivatives. Because it is replaced by the Dirac’s operator they
are left alone (in the bosons), and the equivariance is broken if the bosons have
a mass. Because the spinors are expressed in multiplets, to be equivariant, the
masses of the fermions of each multiplet should be equal.

1.8.6 Composite particles

Elementary particles can be combined together to give other particles, which
have mass, spin, charge,... and behave as a single particle. Quarks cannot be
observed individually and group together to form hadrons : a meson (a quark
and an anti-quark with opposite color) or a baryon (3 quarks) : a proton is
composed of 3 quarks udd and a neutron of 3 quarks wud. A particle can
transform itself into another one, it can also disintegrate in other particles, and
conversely particles can be created in discontinuous processes, notably through
collisions. The weak interaction is the only field which can change the flavor in a
spontaneous, discontinuous, process, and is responsible for natural radioactivity.
The decays of particles can then be studied through the equivalence of tensorial
representations into some of simpler representations.

1.8.7 Requirements and assumptions of the GUT model

A GUT model must account for the experimental facts as they appear in the
Standard Model. They lead to the following assumptions.

1) We have a n dimensional complex vector space F' endowed with a Her-
mitian scalar product and a unitary representation (F, ) of the m dimensional
Lie group U

(Ka)l"_, a basis of THU

a Hermitian scalar product on F', which is preserved by ¥ : (9 (u) ¢1,9 (u) ) =
(¥1,2)

= (0 () (T) ¢, ¥) = — (¥, 9 (1) (T) 4, ) : we take as Lagrangian

L, = 1 (9 (1) (T) )

The charges are then : Q, (¢¥) = + (¢,9' (1) (ka) () =
implies that the charges are real

=

[¥]" [¥a] [)] which

2) Antiparticles are represented in the contragredient representation (F , @) .

The conjugate () of the map ¢ is defined by (¥) (u) () = (¥ (u)) (¢) so this
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is equivalent to represent the state ¢ of the antiparticle associated to ¢ by its
conjugate. Then :

_ N\t

Qu (¥°) = 1 [ue]” Wa] (0] = L[] W] 0] = (3 []' W] T0]) = 2 10" [9a]' [0] =
_71' [1/}]* [ﬁa] W)] = —Ya (1/})

because [¥,] is skew-symmetric.

3) The force fields associated to commutative groups must be treated in a
distinct representation. The only identified case is the EM field associated to
U(1), the electric charge is a distinct feature, and we have seen above how to
deal with it.

4) So, in the core of the model we are concerned only with particles, distin-
guished by the apparent action of the gravitational, weak and strong fields in 3
layers, along which are organized the known fermions.

In the standard model left and right parts are represented by distinct spinors.

We have in one generation a = 1,2,3 :

2 electrons right and left :e%, e}

2 neutrinos right and left : v%, v§

6 quarks u right and left : (u‘}%, Uk u‘}%r) , (u“Lb, ug g0 u“LT)

6 quarks d right and left : (daRb, Ay d‘}%r) , (daLb, df g d‘ir)

4a) The gravitational field leads to a first projection for a = 1,2,3
TG (e}) = ma (ef) = e
Ta (Vi) = ma (V) = v°
e (ufy) = e (uhy) = 76 (uh,) = 76 (ugy) = 76 (ul,) = 76 (uf,) = u
76 (dfy) = me (d%,) = 7e (dh,) = e (d},) = 7e (d},) = n (df,) = d*
that is 12 distinct vectors, upon which acts u by ¥ (u) 7g (¥) and this action
is equivalent to Spin (3, 1) acting on the vector subspace Fg = Span {e*, v*, u*, d*, a = 1,2,3}

4b) The weak field leads to a second projection

The vectors e, Vg, upy, Uk, Uk, ARy, ARy, A, are invariant by a subgroup
UW of U

Moreover (u‘ib,u%g, u‘ir)
are projected as a vector dr,

The subgroup Uy of U isomorphic to SU (2) acts on the vectors e}, v¢, ur, dy,

We can assume that there is a projection :

™W (e(]l%) s TW (Vj‘l%) y TW (u(]l%b) y TW (u(}l%g) y TW (u(}l?,r) s TW (daRb) , TW (d(}l%q) s TW (d(}l%r) =

3

3 .
_ . are projected as a vector ur, (d‘zb, Tgs “Lr)ail

a=1

mw (uf,) = 7w (uf,) = 7w (uf,) = ur

mw (diy) = 7w (di,) = mw (df,) = d
The action of ¥ (u) mw is equivalent at SU (2)

4c) The strong field leads to a third projection.

The vectors e%, e}, vy, Vi are invariant by a subgroup Us of U

The vectors uky,, u%,, u%h, are projected as a vector ugy,the vectors u}%g, u%g, u?j%g
are projected as a vector upgg, the vectors uk,,u%,.,u%, are projected as a
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vector ug,, the vectors uib,u%b,u%b are projected as a vector urp,the vectors
uig, u%g,u%g are projected as a vector ury, the vectors u} ,u%  ju?  are pro-
jected as a vector up,,
1 g2 73 ; 1 g2 3

The vectors dg,,, dg,,, dy, are projected as a vector dgy,the vectors g, dg,, dp,
are projected as a vector dggy, the vectors dj,.,d%,,d%, are projected as a
vector dg,, the vectors dlLb,d%b,d%b are projected as a vector drj,the vectors
dig,d%g,d%g are projected as a vector dr4, the vectors dt ,d3 ,d3  are pro-
jected as a vector dp,,.

We can assume that there is a projection mg which accounts for these results.
The action of ¥ (u) 7g is equivalent at SU (3)

5) All together the states of the 48 particles are defined by :

12 vectors (e®, v, u®,d*) such that

g (%) = e g (V) = v, g (u®) = u®, my (d*) = d*

mw (e*) = mw (v*) = w (u®) = T (d*) =0

s (%) =g (1) = 7wg (u*) = g (d*) =0

4 vectors (er, v, ur, dr) such that

YiYe (eL) =€L,Tqg (VL) =VL,TTGq (UL) =Uur,Tw (dL) = dL

T™W (eL) = Tw (VL) = TTw (UL) = TTw (dL) =0

s (GL) =Tg (I/L) =Tgs (’U,L) =Tgs (dL) =0

4 vectors (eg, VR, ur,dgr) such that

Y (GR) =Tqg (I/R) =TG (’U,R) = Tw (dR) =0

™W (GR) = TTw (VR) = Tw (UR) = Tw (dR) =0

s (eR) =Tg (VR) =Tgs (UR) =Tg (dR) =0

3 vectors (g, qv, ¢-) such that

me (@) = 76 (q9) = 7c (¢r) =0

mw (@) = mw (q4) = Tw (¢-) =0

Ts (@) = ab, 75 (4g) = 49,7 (¢r) = Gr

With orthogonal projections :

7wV — Span (F¢, v* u®, d*) = Fg,

mw : V — Span (Fr,vy,ur,dr) = FI,

ms V. — Span (qr, @, ¢r) = Fy

FR = Spcm (FR, VR,UR, dR)

FelF, FolF, Fr1F, FrlFqg, FrlFr, FrLlF,

The Left and right hand part, defined in an even dimensional Clifford algebra
are orthogonal, so Fr LFy.

(Fa,9 o7g) is equivalent to an irreducible representation of Spin(3,1)

(Fw, 9 o mw) is equivalent to an irreducible representation of SU(2)

(Fg,¥omg) is equivalent to an irreducible representation of SU(3)
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2 THE GROUP U

The specification of the group U is of course essential. From the previous results
we have some hints.

1) The first, and main features are linked to the motion and kinetic energy.
We have already a strong model, based on spinors and the Spin group, which
come both from the Clifford algebra CI(3,1). In the Standard Model Spinors -
even if this is not explicit - come from a representation of C1(1,3). The tetrad
at each point defines a copy of the Clifford algebra so, as a standard, it has a
physical ground.

2) The groups U (1), SU (2), SU (3) involve a complex structure. Any prac-
tical Lagrangian is based on a Hermitian product. The representation is unitary.
All these elements lead to consider a complex structure, and any real Clifford
algebra can be complexified.

3) The action of the weak field depends on the chirality, which is a specific
feature defined through the Clifford algebra C1(C,4).

4) Clifford algebras are rich mathematical structures, which contain them-
selves many subgroups : indeed C!(C,4) incorporates obviously U (1) and
SU (2) ~ Spin (3), as well as Spin(3,1). A, non exhaustive, list of groups
in a Clifford algebra can be found in Shirokov.

5) The groups are a necessary component of the representation, however the
fields are themselves valued in the Lie algebra. It is natural to want that, at each
point m, the groups and their Lie algebras are defined in the same mathematical
object. The Lie algebras of groups defined from a Clifford Algebra belong to
the Clifford Algebra : we have a single structure, with many properties, which
contains everything.

So our leading assumption is that the force fields can be represented as a
group defined on C1(C,4) acting itself on C1(C,4).

Clifford algebras have become common with their use in engineering and the
conception of software but it is useful to remind their basic properties, and I
will introduce some results which are new in Mathematics.

2.1 General properties of Clifford algebras

A Clifford algebra is defined by introducing, in a n dimensional vector space
F on a field K = R,C, endowed with a bilinear symmetric form (), a new
operation : the product between vectors, denoted -, with a specific property :

Vu,v € F:u-v4v-u=2(u,v)

A Clifford algebra is 2" dimensional, it contains the scalars K, the vectors
of F, the product of vectors of F' (called homogeneous elements) and the sum
of homogeneous elements.

All real Clifford algebras with a form with the same signature (p,q) are
isomorphic. All complex Clifford algebras of the same dimension are isomorphic.

Cl1(C,4) corresponds to C* with the form
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(X,Y) =30, XaYe & (ej,60) = G

C1(3,1) corresponds to R* with the form

X,Y) = 22:0 XY — XoYo © (gj,€k) = Njk, Moo = —1

CI1(1,3) corresponds to R* with the form

X,Y) = XoYo — 30 _o XuYe & (g5,68) = jk, 00 = +1,mj; = —1
C1(3,1),Cl(1,3) are not isomorphic.

o~ N~

2.1.1 Basis

A Clifford algebra is a 2™ dimensional vector space, and it is convenient to use
bases defined by the ordered product of vectors €; of an orthonormal basis of F'

E, = i1...ip = Eiy '81‘2...61'p,l‘1 < i9... < ip

with the vector Ey = 1 to account for the scalars, so that :

7 =A+ Z Zil...ipEil...ip

The scalar component A is denoted (Z) = A

A Clifford algebra is a finite dimensional Banach vector space, and the prod-

uct - can be expressed as a bilinear map.
It is convenient to use in the algebras Cl(C,4),Cl(3,1),Cl(1,3) the basis

Z = a+ vgeg + V1€1 + V2Eg + V3E3 + WiEQ - €1 + WaEQ - €9 + W3EQ - €3
+7ri€3-€9 +T9€1 - €3+ T3 - €7

+x0c1 - €0 - €3 + X16g - E3 €9 + Tagg €1 €3+ T3Eg €2 €1+ beg 1 €0 €3
and to represent a vector by the notations :

Z = (a,vo,v,w,r, 0, 2,b) in Cl(C,4)

Z = la,vo,v,w,r,xg,2,b] in CL(3,1),Cl(1,3)

with the 4 scalars a,vg, o, b and the 4 vectors v, w,r,x € C3 or R3.

2.1.2 Product

From the basic property of the product, for any orthogonal vectors of F': u-v+
v-u = 0 but the antisymmetry does not hold for other vectors of the Clifford
algebra. For the vectors of the orthonormal basis of F :

gj ek +ex €5 =2(ej,€k) = 20k

with the matrix ] of the symmetric form on F.

As a consequence the product of 2 vectors of an orthonormal basis of the
Clifford algebra is : E, - Eg = €(«a, ) E, where E, is another vector of the
basis, and € (a, ) = +1 depends on both «a, § and their order (it is usually not
antisymmetric).

Z=X-Y=Y,;XaVsE0 Es =Y, (Za,ﬁ ¢ (a, B) XaYB) E,

In a Clifford algebras some elements are invertible for the internal product.

The set GCI of invertible elements is a Lie group.
To each element of the Clifford algebra is associated a linear map :
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7L :Cl—= LCLCY =m (X)YV)=X-Y

and in an orthonormal basis 7w, (X) is represented by a 2" x 2™ matrix :

mp (X) [V] = [X Y] = 50 [m (X)) [V]” Eo

The matrices 7r, (X) are such that each line is a different permutation of the
components of X, with a sign +1, and similarly for the columns.

The map 7y, is an algebra isomorphism : 7z, : Cl — L (Cl; Cl)

(X Y)=n, (X)om, (V)7 (X)) =g (X)) iwp (1) = Ign

Similarly we have :

mr:Cl— L(CLCH) =mp(YV)(X)=X"Y

7 (Y) [X] = [X - Y]

7TR(Y~Z) :TFR(Z;TFR

Y);nr (Yﬁl) =TR (Y)71
T (X) omr (X) (Z) = 7R

(X)om, (X)(Z2)=X-Z-X

The product is then in CI(C,4) :

(a,vo,v,w, 1, Tg,2,b) - (a’,v), v, w7 xp, 2", V) = (4, Vo, V,W, R, X9, X, B)

A = ad + vov) + v —wtw' —rtr’ — xjzg — xta’ + bb

Vo = avly + voa' — v'w' + whv' — rta’ — xlr’ 4 xeb’ — by

V = av' 4+ a'v + vow' — vjw + xpr + zor’ + bz — b’ + 5 (v)r +5(r)v —
J(w)a'+j (z)w'

W = aw' + d'w + vov' — vju + b'r + br' + x{xz — zox’ — j (v) 2" + j(w) 7 +
J )l + @)

R = ar' 4+ da'r — xjv — zov" + b'w + bw' + vjx + vor’ — j (v) v + j (w)w' +
)7+ (@)

Xo = azfy + a'xo + vob’ — bvj — v’ —rtv’ +wha’ — ztw’

X =ar' +dz+bv—b' —axjw+ xow + ver’ + vjr + 5 (v)w —j(w)v' +
e+ @)

B =al' + a'b+ voz{, — vjzo + vz’ — z'v —whr’ — rtuw’

with the operator j : C* — L (C,3) :

t t

0 —2Z3 Z9
i) =1 = 0 -z
—Z9 z1 0

which has many algebraic properties and is very convenient in computations.
In particular :

j@y=-jy=

[ @) = [ (~2)]

j(x)j(y) =ya' —y'x
2.1.3 Involutions

Homogeneous elements are elements which can be written as the product of
vectors of the underlying vector space Z = X - X...- X;,. On these elements we
have 2 operations, which are extended by linearity to the sum of homogeneous
elements, that is to the whole of the Clifford algebra..

41



Graded involution

The principal involution ¢ : C1 — C1 is the extension to the Clifford algebra of
the operation on F' : €; = —¢;, so that the homogeneous elements of rank even
do not change sign, and the homogeneous elements of rank odd change sign.
The principal involution is an algebra automorphism (2 (X - Y) =2 (X) - (Y)),
it leads to distinguish 2 vector subspaces 1+ (Z) = £Z and any Clifford algebra
is the sum Cl = Cly & Cl; of a Clifford subalgebra Clj such that + (Z) = Z and
a vector subspace Cly :1(Z) = —Z.

In CI(C,4) :

1 (G,UO,’U,’LU,’I", o, T, b) = (a/u —%vo, —0V, W, T, =T, —T, b)

Cly = {(a,0,0,w,r,0,0,b)}
Oll = {(07’007’070507$07$70)}

Transposition
Transposition is the operation which reverses the order of the product : Z¢ =
Xy Xpoqo X1 = (—1)2PPV X X, X,
It is not an automorphism.
In CI(C,4) :

(CL, Vo, U, W, T, X0, T, b)t = (CL, Vo, U, =W, =T, =0, — T, b)

The symmetric elements are Cls = (a,vg,v,0,0,0,0,b), and the antisym-
metric Clg = (0,0,0,w,r, zg, z,0)

Transposition acts by a diagonal matrix Dy on the components : [Z!] =
[Dr][Z], from which one deduces a relation between the matrices 7r,, g :

[nr (V)] = [Dr] [7z (Y*)] [D7]

A homogeneous element Z is invertible iff its scalar product (Z, Z) # 0. Its
inverse is then :Z~! = <le> A

Using these 2 involutions one can decompose any Clifford algebra in sub-
spaces of quaternionic type :

[C1*] = Br—s(mod 1) {z (Z) = (-1)° Z;(2)" = (-1)z*¢~Y) z} s=0.4

Chirality
The ordered product of all the vectors of a basis of F': Z = €1 - €3...6,, does
not depend on the choice of a basis and has specific properties. On CI(C,4)
W =e€p-€1-E2-€3 is such that w? = 1, w = w?. It decomposes the Clifford algebra
in a right and left part Cl = Clg & Cly, :
Cle{Zz%(Z—i—w-Z)}:{Z:w-Z:Z}
Cle{Zz%(Z—w-Z)}z{Z:w-Zz—Z}
Clg is a sub Clifford algebra and an ideal : VZ € Clg; Z' € Cl : Z- 7' € Clgr
[Clg,Clg] C Clg,[Cly,ClL] C Clg
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But Z € Clg,Cly, are never invertible : w-g=eg e w-g-g '=c=w
In CI(C,4) :

Clg =1{Z : (a,vp,v,w,w, —vg, —v,a)};Cly, ={Z : (a, vy, v, w, —w, vy, v, —a)}

2.1.4 Scalar product

There is a scalar product on the Clifford algebra defined by extension from
homogeneous elements :

(X1 X0 Xp, Y1 - Y. Yy) = 6,0 (X1, V1) ... (X, V)

such that a basis is orthonormal.

In an orthonormal basis :

Z=A+>Z; i, B 4,

<Z, Z’> = AA" + Z Zil-nipZz{l...ip <Ei1...ipa Eil...ip>
In CI(C,4) :

(Z,Z") = aa’ + vovl + v +wiw' +r'r’ + xoxl + 2tx + bb
In CI(1,3):

(Z,2") = aa’ +vovy — v'' +w'w' —r'’ — xoxly + xtx + bb’

For homogeneous elements : (Z-Z',7Z - 7'y = {(Z,Z){Z', Z")
The scalar component of the product Z - Z’' is related to the the scalar
product (Z,Z') . In any Clifford algebra :

(X,Y)=(X"Y)
AS a consequence :
(Ba, Eg) = (EL - Eg) = [n]3
VXY, Z (X -Y,Z2)=(Y,X"-2),(Y-X,Z)= (Y, Z-X!)

Transpose and the graded involution preserve the scalar product.
(XLY) = (X,Y);: (X)) 2 (Y)) = (X,Y)

2.1.5 Transpose of matrices

From these results we have a useful relation between the matrix |7y, (X)] and
its transpose :

[ (X1)] = [n] [mz (X)]' [7]
[rr (X)) = ] [7r (X9 [}
[mr (X)] = [Dr] [n] [wr (X)]" [0] [Dr]

where [n)] is the diagonal matrix of the scalar product.

s
s
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Proof. [X-Y] = Y., [r (X)]3 Y]’ Ea - [X-EB] = Y. [ (X)]S Ea =

[rz (X)) = Il [
[m2 (X2 = [ Do (X, g - Ea)
E, - Eg = ¢(a, B) Ey with a unique v and € (o, ) = £1

(Ea ' Eﬁ)t = BBl = e(a, ) B = [Dr]} [Dr]; Es-Ea = [Dr]] (v, ) By =

EBE —[DT] (D7 [Dr]] Ea-Ep = € (B, @) ’y—[DT] [Dr]g, [Dr]] € (o, B) B,
€(8,a) =[D ] [Dr]g, [Dr]] € (o, B)

[ (X)]5 = [0l [DT] (D7)} [Dr]2 [Dr]] (X, Eq - Eg)
= [n]§ [D1) [Dr)5 [Dr]2 (D)2 ] [Dr) [ (X))5
= [l )} D7) [me (X))
s (X1 = b3 [Dr) (X, Ba - Ba) = [l [Drl (X, (Ea - Ep)')

= ()3 [D2)3 (X, [D1]] Ea - Es ) using (X',Y7) = (X,Y)

[m (X915 = (% [D2] [Dr)] (X, Eo - Eg) = [Dr]] [m1 (X)]5
= )% ] [ (X))

that we can write : [r, (X*)] = [] [xz (X)]" [1] )

[ (X)] = [Dr] [z, (X4)] [Dr] = [Dr] ] frz, (X)]' ] [Dr]
s (X)) = [Dr] [n] [z (X)) [1] [Dr] = [n] [D

=
=)
h
e
>l
=l
=
[
=
3
=
gl

In CI(C,4) :
[ (2Y)] = 7. (2))'; [7R (2')] = 7R (2))'

2.1.6 Morphisms

Definition

A morphism between 2 sets endowed with the same algebraic structure is
a map ® which preserves all the operations. For two algebras this is a linear
map such that ® (X -Y) =@ (X)-®(Y). For Clifford algebras, because of the
additional relation 2 (u,v) = u-v + v -« morphisms (that we will called Clifford
morphisms) require additional properties. We have 3 main theorems :

i) An algebra morphism between the Clifford algebras Cl (F1, ()) , Cl (F, ()5)
on the same field is a Clifford morphism iff it preserves the scalar product :
(@(2),9(2)), = (2.2,

ii) Any linear map ¢ : Fi — F5 between vector spaces on the same field
which preserves the scalar product can be extended to a Clifford morphism
¢ Cl (Fla <>1) — Cl (F27 <>2)
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iii) If a linear map : ¢ : Fy — CIl(F>,(),) is such that Yu,v € Fy : ¢ (u) -
o) + o) e = 2(p(u),e(v)), then there is a unique morphism @ :
Cl(F1,();) = Cl(Fz,(),) such that ¢ = ® o1 where 2 : F; — Cl(Fy,(),) is the
canonical injection.

These results show that all the Clifford algebras, on a vector space of same
dimension and same field, endowed with a scalar product of same signature, are
isomorphic.

Consider a change of orthonormal basis defined by a linear map ¢ on a
Clifford algebra CI(F,()), considered as a vector space : ¢ (E,) = Eq. It will
preserve the scalar product : VZ,Z" € Cl : (¢ (Z),¢(Z')) = (Z,Z') . However
we will not have necessarily :

Vu,v € F o (u) ¢ (v)+¢ ()¢ ) =2(p(u),¢ ) =2(u,v) =uvtvu
@ is not an automorphism. The new basis E, does not have all the usual
properties. It will happen only if ¢ (Z) - ¢ (Z') = ¢(Z-Z') and for this it
suffices that ¢ maps vectors of F' on vectors of F. Moreover it must maps 1 to
1 (because ¢ (1)" = np (1) = ¢ (1)). Which gives a special importance to linear
maps which preserve both the scalar product and F. They come in particular

from the adjoint map.

Adjoint map
The adjoint map :
Ad:GCl— GL(CLCl) = AdyZ =g-Z -g~*

defines a linear action of the group GCI of invertible elements :

Adg.g/ = Adg o Adg/;Adl =1d

and is such that :

Ady (X -Y) = AdyX - AdyY

In any basis E,, of the Clifford algebra :

[Ady] (Ea) = [Ady) (55, - - €5,) = [Ady] (2},) - .- [Adg] (<5,

the map Ad, is fully defined by its value for the vectors €; of F', that is by
its value on F. Moreover Ad,1 = 1.

This is a projective map, in the meaning : Vk # 0 € K : Adiy = Ad,

(C1, Ad) is a representation of the group GCI. So for any group G of a
Clifford algebra, by restriction (Cl, Ad) is a representation of G on the Clifford
algebra.

Its matrix in an orthonormal basis is :

[Adg] = [mL (9)] [7r (97")] = [7r (¢7")] [7L (9)]

and using the previous result :

[Ady]" = [n] [Ady] [1]
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Orthogonal group
In a Clifford algebra the adjoint map preserves the scalar product if :
(AdyX, Ad,Y) = (X,Y)
(Ady X, Ad,Y) = [Ad, X' [1] [Ad,Y] = [X]' [1][V]  [Ad,]’ [] [Ady] = 1]
thus if [Ady] = [Ady—1] < g'-g€R
The orthogonal group of a Clifford algebra is the group :

OCl)y={geCl:g"-g=1}

Then the matrix [Ad,] belongs to the orthogonal group O (27).

The Lie algebra of the orthogonal group is given by :

TiO(Cl)={T:T"+T =0}

gt - g = 1 provides relations between the components.

If the adjoint map preserves also the vector space F' then, as the adjoint map
is defined by its value on F', the group is, up to a complex scalar, isomorphic to

SO(n).

Reflection
The adjoint map for the orthogonal group preserves the scalar product, and
its matrix is orthogonal and belongs to SO (2™) , however it does not necessarily
preserves the vector space For is isomorphic to SO (n). This feature requires
additional properties.
In any n dimensional real vector space endowed with a non degenerate scalar
product (not necessarily definite positive) a reflection of vector u, (u,u) # 0 is

the map : R(u)v=v—2 <<ZZ§u Its unique eigen vector is u with eigen value
—1 and det R(u) = (—1)". It preserves the scalar product and, conversely, any
orthogonal map can be written as the product of at most n reflections.

In a real Clifford algebra based on a vector space F' of dimension n the
reflection of vector u € F,(u,u) # 0 can be written, using v -v +v-u =

2 (u,v) ,u"t = Yomm)
R(u)v:v—2<u’”>u:v—(u~v+v~u)-u71 = —Ad,v < Adyv = —R(u)v

The matrix of t<hé iestriction of Ad,, to F has for determinant : det [Ad, |, =
(—=1)" det [R (u)] = 1. The map Ad,, can be extended to the Clifford algebra, it
preserves the scalar product on C1, thus it is orthogonal and defines an auto-
morphism. More generally Ad,, ..., defines an automorphism.

Conversely a Clifford automorphism 9 € £ (Cl; Cl) must preserve both the
scalar product and be globally invariant on F. Its restriction to F' is expressed
as the product of p < n reflections, that is [Ady], = (=1)" [R (u1)] ... [R (up)] =
[Adul,,,up] . As the map Ad, is fully defined by its value on F', any automorphism
on a Clifford algebra can be expressed as Ad, where g is the product of at most
n vectors of F'. If g is the product of at most p vectors, then its components in
the basis are at most of order p, and the corresponding Lie algebra is deduced
from ThO (Cl) = {T:T'+ T =0} by discarding the components T of order
higher than p.
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Spin group
A set whose elements are the product of an odd number of vectors of F' cannot

be a group, as we can see with the graded involution :

v(ur e ugpyr) = —ur o ugprr =g g) =0(g) e (g) =g 9

A set whose elements are the product of an even number of vectors of F' is
a group. When each vector is such that (ug,u;) = 1 we have the Spin group.
The Spin group is a subgroup of the orthogonal group, Ad, preserves the scalar
product and maps vectors of I on vectors of F. det Ady = 1.

Vg e Spin(Cl): gt -g=1

This relation gives necessary identities between the components.

The groups Spin (p, q) , Spin (g, p) are isomorphic.

2.1.7 Lie algebras

Lie algebra
As any algebra a Clifford algebra is a Lie algebra with the bracket

z,2=2-2'-27"-Z
[Zt, Z/t] — _ [27 Z/]t
(12, 2') = [1(2) ;2 (2")]
A Clifford algebra is the Lie algebra of its invertible elements : Cl = T1GCI.
The map ad (Z) : Cl = Cl :: ad (Z)(Z') = |Z, Z'] is linear and represented
in matrix by

lad(Z)] = 71, (%) — 7R (Z)

The radical is the center Z¢;, composed of the scalars if n is even, of the
scalars and the multiple of the volume element w if n is odd. The quotient
Cl/Z¢y is then a semi-simple Lie algebra.

In CI(C, 4) :

[Za Z/] = (Av‘/OaVaVVvRaXO;X;B)

A=0

%Vg = —vtw’ + w' + zob’ — bx},

?V =vow' —vjw + bz —bx' +j(v)r' +j(r)v

%W = vov' — Vv + zjr — o’ + j (W)’ 4+ (r)w’
ER = —j (o) +j (w)w +j () + (2)o

5Xo = vob’ — bvj) + w'a’ — zlw’

iX =bv—b' —xjw+zow +j(r)a’ +j(x)r

%B = voz(, — vhTo + vz’ — v’

Lie subalgebras
In C1(C,4),Cl(3,1) : are Lie subalgebras
The Lie algebra : {0,0,0,W,R,0,0,0} =+(Z) = Z; (Z)t =—-7
The Lie algebra : {4,0,0,W, R,0,0, B}
The Lie algebra : {0,0,0, W, R, Xy, X, 0}
The Lie algebra : {(4,Vp, V, W, W, -V,, =V, A)}
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See more in Shirokov.

Left invariant vector fields
The tangent vector space to the Clifford algebra, as a manifold, is C1 itself.

The tangent T'(7) € Cl to apath: Z : [0,00] = Cl = Z (1) is T () = %|,_¢. It
is left invariant if 7' (1) = L1 (T'(0)) = Z (7) - T (0) which gives the differential
equation :

L — 7(r)-T(0).Z(0) =T (0)

Equivalently if T': Cl — CI is a vector field, the integral curve going from 1
to a point Z (1) = ®p (7, 1) is given by :

w7 (1,1) |r=0 = T (Z ()

and the vector field is left invariant if T (Z (0)) = Z (0) - T (1)

A Clifford algebra is a Lie algebra, and its left invariant vector fields are
then characterized by the differential equation :

az
E:Z(T)'T;Z(T):l

which holds whatever the element T

Exponential map
The map 7y, is an algebra morphism so the exponential in the Clifford algebra

has for image the exponential in the algebra of linear maps on a Banach vector
space :

71 (expT) = expry (T) [y (exp T)] = 2y & [ (1) = o, (S5 277)

Sexpl = E;o:o ﬁTp

The exponential is well defined for any element of the Clifford algebra.

The exponential map is the map : exp : Cl — Cl :: expT = &7 (1, 1) which
represents the integral curve of a left invariant vector field T

az
Z(T):eXpTT©?:Z(T)'T
T
Z (1) is the solution of the differential equation, which reads in coordinates

(] =12 T)=[rr(T)[Z(1)]; Z(0) =1

with a fixed matrix [rg (T')] so the solution is given by the exponential of a
matrix :

(2] = [exp [wr (T)]] [1] = [exp [Dr] [rr, (T")] [Dr]] [1] = [1 - expT] = [expT]

The exponential map is then defined over all the Clifford algebra and :

— 1
exp:Cl—>Cl::Z=expT=Z—'Tp
:p.

LexprT =exprT-T < (exp 7T)" " (exp7T) = T the left invariant vector
fields are given by Z (1) = exp7T.
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The map T — exp T is smooth, with derivative % exp T'|r—, = expu con-
sidered as a linear map from w to exp u, that is :

[ exp Tlr—y] = [z, (expu)

det [mp, (expu)] = expTr (7, (u))

Tr (mp, (u)) = X, [ (u)]2 = 27 (T)

det [rp, (expu)] = exp2™ (T) #0

thus, according to the constant rank theorem (Maths.1452) exp is a local
diffeomorphism on the Clifford algebra (Maths.1452).

The map : Z (1) = exp (77") defines a one parameter group with infinitesimal
generator T : Z(t1+7)=Z(r)-Z(r')and Z (7)"' = Z (—7).

The inverse map (exp)_1 , similar to a logarithm, has for derivative

e (exp)] ™ = [m ((expu) ™) = [re (exp (—u))].

The set GCl = {exp Z,Z € Cl} is the group of invertible elements of the
Clifford algebra, with the Clifford algebra itself as Lie algebra.

Not all elements of a Clifford algebra can be written as an exponential. Ex
: Z € Clg have no inverse because :

Yn > 0:2Z" e Clg but 1 ¢ Clg so there is an exponential but exp Z ¢ Clg.

From the definition :

exp (T)" = (expT)" ;2 (expT) = exp (+(T))

The exponential has well known general properties (Maths.1751) in partic-
ular :

VT € Cl:exp(ad(T)) = AdexpT

g-expT - g~ = AdgexpT = exp (Ad,T)

For Z (1) = Adexp -7 X with fixed T, X

d

E (Adexp TTX) = Adexp T [T7 X]

Special values of the exponential map

In particular if Z- Z =X#0€ C:
expT =370 1" = Zpo mn L7 + T oo mrmn L
_ o) 1 0 1
- szo W)‘p +T- szo 2p+1)! AP
Let us denote A = p? with any square root u of A

) 1 1 00 1 1 3

expT =37 Wuzp +T 5305 W)\QPH = cosh i+ & (sinhp) T
Let us denote : Ay = cosh p, ur = i (sinh p)
Np =gt =1= N —pz (T-T)
that we can write :

1
T.T €C=expT =coshu+ — (sinhp)T;p> =TT
u
cosh p, % (sinh ) are always real.

IfAxeR:
)\>O:epo:cosh\/X+\/$X (sinh\/X)Z

A<0:expZ =cosvV—A+ \/L_—)\ (sin\/—)\) Z
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A=0:expZ=1+7
(expT) ' = exp (—=T) = cosh i + % (sinhp) T

Killing form
The Killing form is the bilinear map

B(Z,Z"Y=Tr(ad(Z)oad(Z"))

It is preserved by all automorphisms on the Lie algebra.
Moreover :

B(Xa [KZ]) = B([X,Y] aZ)

The Killing form is degenerate : it is null on the radical, and non degenerate
on Cl/rad.
In CI(C,4) :

B(Z,Z') = 32 (vov} + v'v" — wiw' — rir’ — zozf, — zta’ + bb') =32 ((Z4,Z') — ad’)

2.1.8 Representation of Clifford algebras

Like any Lie algebra a Clifford algebra has the geometric representation on itself
with the adjoint map : (Cl,ad).

Like any finite dimensional Lie algebra, Clifford algebras can be represented
on algebras of matrices. Their dimension and field depend on the field, signature
and dimension of the underlying vector space F'. A fundamental representation
(A,v) of a Clifford algebra is then defined by a set of generators v; = v (&)
which are invertible and meet the conditions :

Ve + Y = 25, €)1

For any element Z of the Clifford algebra +(Z) is then deduced by linear
combinations and products of the generators.

Each set of generators defines a faithful irreducible representation. Any set
of matrices deduced by conjugation with a fixed matrix defines an equivalent
representation. So that all the equivalent representations are given by a change
of basis on the Clifford algebra :

g € Spin:e; = &; = Adye;

Eo — E, = AdyE,,

~ -1

Vi =% =7(9)%7(9)

v(2) = F(2) =7(9)7(£)7 (9)”"

Complex Clifford algebras are represented on algebras of complex matrices :

Cl(C,2n) on L (C,2™)

Cl(C,2n+1)on L(C,2")x L(C,2") oron L ((C, 2”*1) with 2 blocs 2™ x 2™
matrices in diagonal.

Cl1(C,4) is represented on the algebra L (C,4) of 4 x 4 matrices.

Real Clifford algebras are represented on algebras of complex, real or quater-
nionic matrices depending on the size and signature : . C1(3,1) is represented
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on 4 x 4 real matrices,C1(1,3) is represented on pairs of 2 X 2 quaternionc
matrices.

An algebraic representation (A, ) defines a geometric representation (E,9)
on any vector space F on the same field, with the adequate dimension : with
any basis of F, the matrices 7 (Z) represent endomorphisms 9 (g).

If v; is a set of generators, the conjugates 7; or the transpose 7§ define
another set of generators, and the contragredient representation (A,~*) which
is usually not equivalent to (A,7).

Equivalence with the adjoint representation of SL(C,n)

C1(C,2n) has a faithful representation on the algebra L (C, 2™) of 2" x 2™ com-
plex matrices, which is itself the Lie algebra of the complex invertible matrices
GL(C,2™). L(C,2™) is not semi-simple, its radical Z, is the scalar matrices
and sl (C,2") = L(C,2™) /Zy, is the semi simple Lie algebra of invertible ma-
trices with determinant 1, it has the dimension 22" — 1 and the rank 2” — 1. So
C1(C,2n) /C is a semi simple Lie algebra of rank 2" — 1.

Let us consider the representation (771G, Ad) of a group G belonging to the
Clifford algebra C1(C,2n) on the Clifford algebra itself with the adjoint map.
The Lie algebra TG € C1(C, 2n)

Let us consider the action :

©:G— L(L(C,2™);L(C,2")) =0 =

O(g-g) (M) =[y(g- g M][y(g-9)] " =©(9) 00 (¢) (M)

V[M] e L(C,2™),3Z € L(C,2"):[M]

O(9)(1(2) = I (9] = [v(9-2-97")] = [1(4d,2)] &
©(g)oy=v70Ad; & 0O (g)=v0Adyo~y~

We have the commuting diagram :

Cl(C,2n) Ad, Cl(C,2n)
Z - = = Ady (2)
1 3
Y v
} +
vZ) = s = e ((2)
L(C,2™) O (g) L(C,2m)

The representation (Cl(C,2n), Ad) of G is equivalent to the representation
(L(C,2"),0) of G by ©(g9) = vo Ad, oy~! and the morphism is an isomor-
phism because 7 is bijective. The action © is just the adjoint action on matrices
and the representation (L (C,2"),©) of G is a subrepresentation of the adjoint
representation (L (C,2"),0) of GL (C,2n), as (Cl(C,2n), Ad) is a subrepre-
sentation of the group GCI(C, 2n) of invertible elements of C1(C,2n).

The 2™ matrices v (F,) are linearly independent because E, are indepen-
dent, thus they constitute a basis of L (C,2™). In this basis the matrix of © (g)
is the same as Ad, in the orthonormal basis of C1(C, 2n) :

O (9) (M) =0 (9) (o 6% [ (Ea)]) = S0 651 (9] [y (Ba)] [y (9)]
= S0 5 [ (Ady (Ea))) = S0 v [ (25 [4dy) Es )|
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= 35 [Ady)E Koy (Bp)

Whenever the group G is defined by a condition on the matrix Ad, the same
condition applies on the representation (L (C,2"),0).

The map v depends on a choice of generators but it is faithful. To each
2" x 2™ matrix representing [© (g)] corresponds a unique matrix Ad, and thus
a unique g, up to the product by a constant.

Cartan algebras
These results are useful to find the Cartan algebras of a Clifford algebra.

Cl(C,2n) /Z¢ is a semi simple, complex Lie algebra. A Cartan algebra can
be obtained through the equivalence of the representations (Ci(C,2n), Ad) of
GCI(C,2n) and (L (C,2™),0) of SL(C,2"), whose derivative is the adjoint
representation (sl (C,2"),ad) of sl (C,2m).

The root spaces decomposition of the representation (sl (C,2"), ad) is based
on the Cartan algebra of diagonal matrices, and the Cartan algebra of Cl (C, 2n)
is given by the 2™ —1 elements F,, of the basis which are represented by diagonal
matrices.

2.2 Identification of the group U

The basic assumption is that the group U belongs to CI(C,4) and acts on
Cl(C,4) in a representation (Cl(C,4), Ad). The only mathematical structure
which has a physical meaning is the tetrad, and from there the Clifford algebra
C1(3,1), and we need to define a way to go from C1(3,1) to Cl(C,4) which
has also a physical meaning. By doing this we will define a real structure on
Cl(C,4), different from the usual one, and from there a Hermitian scalar prod-
uct. The group U is then the real part of the unitary group acting by the adjoint
map on C1 (C,4). The main tool to identify the group is by looking at the struc-
tures given by the set of vectors (e®, v*, u®,d*), (er,vr,ur,dL), (er, Vr, UR,dR) ,
(gr, gb, qq) , that is invariant vector spaces and orthogonal projections.

2.2.1 Morphism from CI(3,1) to CI(C,4)

One of the main features of C1(3,1) is the special role of the time vector £¢.. In
Cl(C,4) all the vectors (Ej)?:o are on the same footing. In order to keep this
physical feature in C1(C,4) we define a morphism, based on &g.

Definition

The map C, from a real 4 dimensional vector space F' endowed with a bilinear
form of signature (3,1) to C* endowed with its canonical bilinear form, defined
by :
C:F—C*: C(Eo) =1c0,j = 1,2,3!0(6]‘) =¢&j
can be extended to a Clifford morphism (injective but not onto) :

C:Cl(3,1) = CI(C,4) :: C([a, vy, v, w,r, 20, z,b]) = (a,ivy, v, iw,r, g, 1T, ib)
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On the left hand side the components® [a, vo, v, w, 7, To, T, b] which are nec-
essarily real, are in the orthonormal basis of C1(3,1), and on the right hand
side the components (a, vy, v, iw, T, Zo, ix, ib) are expressed in the orthonormal
basis of C1(C,4) and are either real or pure imaginary.

There is a similar procedure for the signature (1,3): C' : F — C* :: C (g9) =
Eo,j = 1,2,3 : C(Ej) = iEj

The proof, based on the universal property of Clifford algebras, holds for
any dimension or signature, and can be found in Maths.750.

The image

Clr = {(a,ivy, v,iw, T, T9, 17, b) , @, vo, v, w, T, Tg, v, b € R} C Cl(C,4)

is a real Clifford subalgebra of CI (C,4), Clifford isomorphic to C1 (3,1) and
C is a real Clifford morphism :

Vo,B eR:C(aZ+ BZ'")=aC (Z)+ BC(Z')
C(z-z2)=C(Z2)-C(Z)
C (X, Y]) = [C(X),C (V)]
C(expZ) =expC (Z)

As a consequence, if L C C1(3,1) is a Lie algebra, then C (L) is a real Lie
algebra in C1(C,4), and if G C C1(3,1) is a group then C (G) is a group in
Cl(C,4).

C commutes with transposition :

C(z) =c (2"

C preserves the scalar product in the meaning :

(C(2),C (Z/)>Cl((C,4) =(Z, Z/>Cl(3,l)

The matrix of the map C' : Cl(3,1) — CI(C,4) == [C(2)] = [C]]Z] is a
diagonal 16 x 16 matrix which is a “square root” of the matrix [r] of the scalar

product on C1(3,1) : [0]2 =[n],[C][C] =1,[C] = [n][C]

Real structure on CI(C,4)
The Clifford algebra C1(C,4) splits, as a vector space, in two real vector

subspaces :

Cl(C,4) =Clr®iClgr with Clgr = C (C1(3,1))

which are isomorphic to Cl(3,1). Clr @ iClg is a real form of C1(C,4).

The 16 dimensional complex vector space Cl (C,4) becomes a 32 real dimen-
sional vector space. From a mathematical point of view this is a real structure,
different but similar to the usual one based on the components in a basis.

3We stick to the notation used previoulsy : [| denotes components in C1(3,1) and () denotes
components in C1(C,4), with the same conventions for a,v,w,...
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Any element of CI(C,4) has a unique decomposition in a real and an imag-
inary part, in accordance with the specificities of the physical geometry : Z =
Re Z + ¢ Im Z where

Re(a,vp,v,w,r, g, z,b) = (Rea,iImvg, Rev,iImw, Rer,Rexq,iImz, i Im b)
Im (a, vo, v, w, r, xg, x,b) = (Ima, —i Re vy, Imv, —i Rew, Im r, Im 29, —i Rex, —i Re b)

are vectors of CI(C,4) with complex components with respect to the or-
thonormal basis of Cl(C,4).

Complex conjugate
A real structure in a complex vector space defines a complex conjugation. The
new complex structure defines a new complex conjugation, denoted CC (Z) , and
we will keep m to denote the usual conjugation, based on the components.
The real and imaginary part of a vector Z € CI(C,4) in the real structure
built from C' are then denoted and defined by :

ReZ =3 (1214 7)) m 2 = o (12) - 1] 7))
We have a real bijective map :
F:C1(3,1) xClL(3,1) = Cl(C,4) =3 (X,Y)=C(X)+iC(Y)
371 CU(C,4) = ClL(3,1)xC1(3,1) : 71 (Z) = (C"' (Re Z),C™ (Im Z))
With this new real structure we can define a complex conjugation in C1 (C, 4) :

CC:Cl(C,4) = Cl(C,4):CC(Z)=ReZ —ilmZ

The operation is antilinear and CC (CC (Z)) = Z. This is an involution on
the vector space and it commutes with transposition and the graded involution.

Cl(3,1),={Z€Cl(C,4)=CC(2Z2) =7}

CC(Z-Z=CC((zZ)-cC(Z)

The relation with the usual complex conjugation is : CC (Z) = [n] [Z] with
the matrix [n] of the scalar product in C1(3,1).

ce (av Vo, VU, W, T, Lo, T, b) = (@7 —(U—o, T)a _7)7 T)v x—o), _m’ _m)

The adjoint is then defined as : Z* = CC (Z")

~

(av Vo, vV, W, T, To, T, b)* = (@7 _Wv @7 (77 _(77 _@7 7)7 _6)

Real map
The complex conjugate of the linear map F € L(CI1(C,4);CIl(C,4)) is the
map :

CC (F) € L(CL(C,4);CL(C,4)) : CC (F)(Z) = CC (F (CC (2)))
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The map is real if CC (F) = F : it maps real vectors to real vectors,and
imaginary vectors to imaginary vectors. If CC (F) = —F then it inverses the
structures. With F' = Adg, g € C1(C,4) :

CC (Ady) (Z)=CC (Ad,CC (Z)) =CC (g -CC(Z) ~g*1)

=CC (g) -Z-CC (gil) = AdCC(g)Z

The map Ad, is real if g € Clg or g € iClg, with Adcc(g)Z = Ad_cc(g)Z-

Hermitian scalar product
We define the Hermitian form in C1 (C,4) :

(X,Y) g =(CC(X),Y) ey = (CC (X))

It is linear in the second argument and antilinear in the first, it is Hermitian.
! ! / / / /! /! /
<(G/,’UQ,’U,’U},T,(E0,(E,b),(G , Vg U, W, T, T, 7b)>H

= (@)a’ ~ (oo)uy+ (0] o = (w) 0/ + (1) v + wo)ay — () o/ — O}V

Because C' is a Clifford algebra morphism we still have :

Yu,v € F = Spcm(aj)gzo (2w, v) g = 2(CC(u),v) = CC(u) - v+v-
CC(u)=0CCu') - v+v-CCut)=u*-v+v- u*

(X1 X0..Xp, Y1 - Y5..Yg) g = (CC (X1)-CC(X2)..0C(Xp) ,Y1-Y2..Yy) o, =
8pg (CC(X1) Y1)y oo (CCK, Vo) g = G (X1, Y1)y oo (X Vi) g

But: Vu e F:u-u* = ((u,u)p,,0,0,2iIm (vov) ,j (Rev) Imwv) so we have
u-u* = (u,u)y only if u € Clg or u € iClg.

The matrix of the form in the usual orthonormal basis is [n)] :

-t -

(X, V) = [CCX)]' Y] = [ X]| V] =TXT [n] Y]

(X,Y) has the signature (8;8).

(X, V) = ReX —ilmX,ReY +iImY) 5y c 4

= (Re X,Re Y>cz(<c,4)+<1m X, Im Y>Cl(<c,4) —i(Im X, Re Y>Cl((C,4)+i (Re X, Im Y>CZ(C14)

(X,Y) isreal on C1(3,1),iCl(3,1) .

The usual basis (Ea)(lfzo is orthonormal : (Ey, Eg) = 1ap = £1.

The Hermitian product is preserved by the graded involution and by trans-
pose. It is preserved by a map F' if :

(X,Y)g = (F(X) . F (V) = (OC (F (X)), F (V) yen

= (CCF (CC (X)), F (Y))eye,ay = [CO(X)]' [COF] [F][Y] = [CC (X)) [V]

[CCF]'[F] =1

With F = Ad, if [CC (Ad,))' [Ady) = [Adccy)] [Ady) = [Adooy] [Ady) =
[AdCC(gf)»g] =1 CC (gt) -geC

In particular it will happen if g = C (s) or if g = iC (s) with s' - s € R.

We have an extension of the theorem about reflections.

2.2.2 Reflections

On a n dimensional complex vector space F', endowed with a bilinear symmetric
form and a real structure, one can define a Hermitian product. A linear map
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which preserves the Hermitian product is represented by a unitary matrix, with
the appropriate signature. Such a map is also an orthogonal map on the 2n
dimensional real vector space. Indeed U (n,p,q) C O (2n,p,q) N GL(C,n).
Then it can be expressed as the product of at most 2n real reflections.

On CI(C,4) a real reflection is a map :

R(u):Clg = Clg: R(u)z =2—2 <u’z1>§l u where u, z are vectors of the real

(u,

part of F' = Span (Ei)§:0
Writing uw = C (u1),2 = C(21) :

C(u1),C(21) (u1,21)
Rz = C (1) = HeGyatnerC () = C(a) = 22 (w) =

C (Zl _9 (u1,21) 0y(3.1) 1) _ C(R (Ul)zl)

(u1 ﬂh)cz(’g 1)
and :

R (’U,l) Z1 = —Adulzl

R(u)z = —C(Ady,21) = —Adc(u,)C (21)

As Ad;y ~ Ad, the vectors u can belong to Re (F) or i Re (F).

Then Adul...up preserves the Hermitian product :

<AdulmupZ, Adul___upZ’>H = <AdulmupC’C (Z2), AdulmupZ’>

=(CC(2), Z/>CZ(C,4) = (Z, Z/>H

Any map on F' can be extended over the Clifford algebra by

[Ady] (Ea) = [Ady] (2}, - o -€5,) = [Ady] (2},) - .- [Ady] (<5,)

So any map which preserves both the Hermitian product and the vector
space F' is necessarily of the form Adul,,,up where u; are at most 8 vectors of
Re (F) or iRe (F).

Then it preserves the vector subspace :

(0,0,0,w,r,0,0,0) :

Z = wi€q - €1 + WaEp - €2 + W3EQ - €3 + T1E3 - €9 + T - €3 + T3E0 - €1

because

Adg (’w180 c€1 +WoEqg €2 +Ws3EQ €3 +T1E3 €2+ 1261 - E3 +T3E9 - 81)

= Adg&'o . Adq (’w1€1 + woeo + ’LU3€3) + T‘1Adg<€3 . Adg&'g + T‘zAd_qu . Adg&'g +
TgAdgEQ . Adgffl

= S5 [Adg Tz - (g (w1 Ay} + w2 [Ady]§ + ws [Ady]5 ) &)

CI(C,4)

+ ij 0 (Tl [Ad, ]j [Ad, ]k t 72 [Adg]l [Adg]g + 73 [Adg]z [Ad9]1) €j ¢k
= S hugolwn ([AdyJ] [Ady)} — [Ad,F] [Ad,]5 ) +ws ([Ady}) [Ad, ]} — [Ad,]§ [Ad,)3)+
ws (1A4d, 1] [A4d, 5 — [Adylg [Ad, })

ri ([AdyJ] [AdyJ5 — [Ady]} [Ady)} ) + ra ([Ady)] [AdyJ5 — [Ad,J5 [Ady)]) +
o ([Ady)] [Ad,)} — [Ady]} [Ad]}) e, -
= W160 - €1+ WQE() g + W360 g3 + R1€3 - €2 + RQEl - €3+ R362 €1
2.2.3 Unitary group

The sets G of vectors of Cl(C,4) which can be written as the product of p
vectors of F' = Span (EJ)B take the form :
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- for p = 1 they constitute a group only if

G = {)\ (0,v0,v,0,0,0,0,0,0,0),\ € C,v2 +vlv = 0} with a fixed vector

-forp=3G = {(0,v0,v,0,0,z9,2,0) ,v§ + v'v + 23 + 2’z = 1, vomo + viz =0}
but they never constitute a group if p is odd as can be checked with the graded
involution.

- for p even we have a group, which is different from the Spin group Spin (C, 4),
for which the vectors must be such that (u,u)., = 1.

Definition

Forany g € C1(C,4) : (9,9)y = (CC(9).9)cuc,a) = (CC (¢") - 9) = CC(g")-
g and we define the unitary group by :

U={geCl(C,4):CC(¢") - g=1(9,9) €C}

It can equivalently be defined as the direct product : U = C x Uy where Uy
is the Lie group :

U=CxUy:Uy={geCl(C,4):CC(g")-g=1}
whose Lie algebra is :

TWUy = {T € C1(C,4): CC (T") + T = 0}

TyUy = {(i4, Vp,iV,iW, R, Xo,iX,B), A, V,,V,W, R, X0, X, B € R}

Uy is a 16 real dimensional Lie group and U is a 18 real dimensional Lie group
whose Lie algebra is the direct product C x ThU with bracket : [2.T,z-T'] =
[[z,2]- [T, T"] = 0.

Properties

Its adjoint map preserves the Hermitian product.
The inverse reads :

geU g7 =CC (g") /(9,90 = (@) ~To0), (), (w), =), ~(w0). (@), =) / {9 9) s

The computation of CC (g') - g give necessary relations between the compo-
nents :
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U ={g9=(a,vo,v,w,7,20,2,b) € CL(C,4) : CC (¢") -9 ={(9,9) 5}

Im (avg + bz + viw + 2tr) = 0

Im (azg + bvg + vir + ztw) =0

Im (ab + vozo + viz + wir) =0

Im (zov + bw + ar + vox) + j (Rev) Imv — j (Rew) Imw + j (Rer) Imr — j (Rex) Ima =0
Re (av + vow — xor —br + j () w — j (v

Re (vov 4+ aw — br — xox + j (r)w — j (v

~Re(=bv+zow —vor +az +j(v)w—j(x)r)=0

a(a) — vo(vo) +v'(v) — w'(w) + r'(r) + wo(wo) — z'(2) ~

~

~
8 =3

The only additional condition for Up is (g,9); = 1.

Real part
The elements of U have a real and an imaginary part. Only the real part is
a subgroup.
g€ReU CClr,g=ks,keC,s €Uy CC(g9) =CC (k)CC (s)
either : k € R, s € Re (Up) or k € iR, s € Im (Up) but only Re (Up) is a group
so Re U can be equivalently defined as the product of the groups R x Re (Uy) .
The real part of g € U reads :

ReU = {g = (a,ivo, v, iw, 7, z0,iz,ib) € Clg : CC(9) = 9.9" - 9 =(9,9) y }
avy + bxg + vitw + xtr =0
ab 4+ voxg + vl +whr =0
av —vow — zor + bz — j(x)w—j(v)r=0
a? — v + v'lv — whw + rir + zozo — 2tz — b2 = (9,9) iy = (9. 9) ey

Adjoint map
Using the identity CC (¢*) / (9,9) y = g~ one can compute the adjoint map.
For g € Clg < g = (a, ivo, v, iw, T, x0,i7,1b) , a,vo, Tg,b € R,v,w,r,x € R3
the adjoint map reads :

g:<g,g>HA—|—2(av+vow—xor—bx—j(r)v—j(x)w)tv
%z(a2—vg—Utv—i—wtw—i—rtr—x%—xtx—i—bz)%

+2i (Vv + aw + br + 2oz — j () v — j (1) w)" V42 (azo + bvg + w'z + vir) B

V = 2i (vov + aw + br + xox + j (w) 7 + () v) Vot (a® + 02 + vtv + whw + rir + 2F + 2tz + 5%) V
+2 (z0j (v) = bj (w) +aj (r) —wvoj () +35(r)j(r) +j () j(v) =j(x)j(z)—j(w)j(w)V

+2i (bv + xow + vor + ax + j (w)v+ 5 (r)z) B
Wz(a2+v(2)—Utv—wtw+rtr—x(2)+xt:t—b2)W

+2 (=05 (v) +bj (w) + aj (r) —voj (x) + 5 (r)j (r) +j (w) j
+2i (voj (v) + aj (w) +bj (1) + xoj (x) +j () 7 (v) + (T)J(
+2i (bv + xow + vor + ax + j (w) v+ j (r) x) Xo

)j(v) =) j ()W

)—J(v
(w)j(r)+j)jx)R

(w
w) +j
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—2{axo + bvg + w'x 4+ r'v + aj (v) 4+ voj (w) + w07 (1) + bj (x) + 7 () j (w)

+j (w)j () +5(v)j(r)+35(r)j()}X

R = 2i(voj (v) +aj (w) +bj (r) +zoj (x) +j (w)j (r) +j(r)j(w) +j(z)j(v) +j(v)j () W
+(9,9) g B+2 (x0j (v) + bj (w) +aj (r) +voj (x) + 7 (v) j (v) + 7 (w)j(w)+5(r)i(r)+i(z)i(z)R
+2 (rag —va + xb —wvg + j (v) r — 7 (x) w) Xo

+2i (bj (v) + z0j (w) + voj (r) + aj () + 7 (v) j (w) +j (w) j (v) +j (x) j (r) + 5 (r) j (x)) X
Xo = 2i (bv + zow + vor + azx — j (x) 7 — j (V) w)  WH2 (zor — av + vow — bz — j (v) 7 — j () w)' R
+ (a2 4+ v + vt + whw + rtr + 2 + otz + b%) Xo+2i (vov + aw + br + zox — j () w — j (v) 2)" X

X = 2{awg +bvo +z'w +v'r +aj (v) +voj (w) +xoj (1) +bj (z) + 35 (w) j (2)

+5 () (w) + 35 (v) j (r) +35(r)j (0)}W

+2i (bj (v) + @0 (w) + voj (r) + aj () + j (w) j (v) + 7 (v) j (w) +j (@) j(r) +j(r)j(z)) R
+2i (vov + aw + br + 2oz + j (r) w + j (v) x) Xo+
—I—(CLQ—Ug—vtv—|—wtw—|—rtr—x%—xt:ﬂ—|—b2)X

12 (=0 (0) — bj (1) + af (r) + v0g (&) — 5 (1) § (w) —  (v) § () +3 (&) (2) + 4 (1) 5 () X
B =2 (—axg + bvg + xtw — vir) Vo+2i (ax + bv + zow + vor + j (v) w — 5 ( K
+(a2+v§—vtv—wtw+rtr—x(2)+xt:1:—b2)B

8
S~—

=
S~—~"

<

Ad, maps the vector subspaces :
(4,0,0,0,0,0,0,B) — (4,V5, 7,0,0,0,0, B)

(0,Vo,V,0,0,0,0,0) — (Z,%,V,o,o,o,o,é)
(0,0,0, W, R, 0,0,0) — (0,0,0,W, é,)?g,)?,o)
(0,0,0,0,0, Xo, X,0) — (0,0,0,W,E,)Z),)?,O)

Subgroups of U
The elements of the group such that the adjoint map preserves both the

Hermitian product and the vector space F' can be written as the product of an
even number of vectors of Re F' or i Re F. With the graded involution we have
necessarily 2 (¢g) = g which implies : g = (a,0,0,w,7,0,0,b). They belong to U
and meet the general conditions :

Im (ab + wir) =0

Im (bw + ar) — j (Rew)Imw + j (Rer)Imr =0

Re(aw —br+j (r)w) =0

which sum sup, for g = (a,0,0,iw,r,0,0,ib) € Clg, to ab+ wtr = 0.

So the elements of CI(C,4) which read

Uz = {g = (a,0,0,iw,7,0,0,ib) ,ab+ w'r = 0,a,b € R,w,r € RB}
constitute a 7 real dimensional Lie subgroup U; of U.
(9,901 = (9, 9)cy = a® — w'w +r'r — b?

The matrix [Ady] of the adjoint map, expressed in the orthonormal basis
with our usual notation takes the form :
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1 0 0 0 0
0 [N (vo,v)] 0 0 0
[Adyl,6506 = | O 0 [M (w,r)] 0 0
0 0 0 [N (z9,2)] O
0 0 0 0 1

where [N (vg,v)], [N (zo, )], [M (w,r)] are the matrices :
[N (v0,0)]404 = [N (20,%)] 40y = W{(GQ + whw + rir 4+ b%) Iy
[ 1 (aw—i—br— (r) w)" }}
i(aw +br+j (w)r) =bj(w)+aj(r) —j(w)j(w)+j(r)ir)
[M (wvr)]ﬁxﬁ = (g%{ 6
+2[ bj (w) +aj (r) +j (r)j(r) +j (w)j(w) ilaj(w)+bj(r)+7(r)i(w)+j(w)ir)) }}
i(aj (w) +0j(r) + 4 (w)j(r)+5(r)j(w)  bj(w)+aj(r)+jw)j(w)+j(r)ir)

It maps the vector subspaces

(0,Vo,V,0,0,0,0,0) — (0,175,17,0,0,0,0,0) ,(0,0,0,0,0, Xo, X,0) — (0,0,0,0,0,3{},)?,0
with the same matrix, and maps

(4,0,0,0,0,0,0, B) — (2,0,0,0,0,0,0,1?)

(0,0,0, W, R,0,0,0) — (0,0,0,W, é,o,o,o)

Zﬁ

Group Spin(C,4)
The group Spin (C,4) has for Lie algebra :

Ty Spin (C,4) = {T = (0,0,0,W, R,0,0,0),W,R € C*} = T*+ T = 0 and
9'-g=1

Its elements read : g = (a,0,0,w,7,0,0,b) and g~ = g* = (a,0,0, —w, —7r,0,0,b).
From the equation g' - g = 1 we get the relations between the components :

wir = —ab

a® + b +wtw+rir=1

They can also be computed through the exponential.

Ty Spin (C,3) = {T; = (0,0,0,0, R,0,0,0), R € C?} is the Lie algebra of the
Lie group Spm ((C 3)

T, - T, = —R'R thus the elements of the group read :

exp T, = cosh i, + SBU (T,) with pi? = —~R'R =T, - T,

The vector space {Tw =(0,0,0,W,0,0,0,0),W € (C3} is not a Lie algebra
but :

Ty Ty =—-WW

exp T,y = cosh i, + S8 (T,,) with p2, = —W'W =T, - T,

One can define as chart of the manifold Spin (C,4) the map :

Spin (C,3) x Ty, — Spin (C,4) : g =s-expTy, = expT, - exp Ty,

then, using T, - T = (0,0,0,5 (W) R,0,0,0, —W'R) one gets :

a = cosh i, cosh i,

w = Smh S0 P (cosh Ly — Sm;’ Siie (R)) w

r= cosh Hhaw
b= — sinh p,, sinh p, (WtR>

Hw Hor

sinh p,
Hr R
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g t=(a,0,0,—w,—r,0,0,b)

g= (Re a,0,0,iImw,Rer,0,0,iImb)+i (Ima, 0,0, —i Rew,Imr,0,0, —i Reb)
ew)' Rer — (Imw)’ Imr = Im (a) Im (b) — Re (a) Re (b)
ew) Imr + (Imw)' Rer = —Im (a) Re (b) — Im (b) Re (a)
—Im? (a)—Im? (b)+Re? (a)+Re? (b)+(Re w)’ Re w—(Im w)t Imw+(Rer)' Rer—

r=1
21m (a) Re (a)+2Im (b) Re (b) + (Rew)' Im w + (Im w)’ Rew + (Re )’ Im r+
r=0

The matrix [Ady], for g € Spin (C,4), expressed in the orthonormal basis,
takes a form similar as above for U;. It leaves globally invariant and acts with
the same matrix on the vector spaces (0, V5, V,0,0,0,0,0),(0,0,0,0,0, Xy, X,0)
and leaves globally invariant (0,0,0, W, R,0,0,0).

The group Spin (C,4) has a real and imaginary parts, which are copies of
Spin (3,1) :

Spin (C,4) = C (Spin (3,1)) @iC (Spin (3,1))

= (a,0,0,iw,r,0,0,4b) & (ia’,0,0,w’,ir',0,0,b")

C (Spin (3,1)) is a real form of Spin (C,4). C (T1Spin (3,1)) is a subalgebra
of T1Spin (C,4) and C (Spin (3,1)) is a subgroup of Spin (C,4).

Because for g € Re Spin (C,4) : ¢ - g =1=1(9,9)¢,.CC (9) =

= g € ReUy = Re Spin (C,4) C ReUy C ReU

In CI(3,1) the Spin group has for Lie algebra :

TySpin (3,1) = {T =[0,0,0,W, R,0,0,0], W, R € R3}

It is 6 real dlmenswnal and isomorphic to Spin(1,3) and to SL(C,2). The

et: {T'=1[0,0,0,0,R,0,0,0], W, R € R?} is the Lie algebra of the compact Lie
group Spin(3), isomorphic to SU(2), as well as its image C (Spin (3)) .

2.3 Gravitational Field

The gravitational field is characterized by its action on vectors (e®, v, u®,d*) ,a =
1,2, 3 (the index a corresponds to the generations) bearing the kinematic char-
acteristics of elementary particles. It leaves globally invariant

Eg = Span (e*,v*, u*, d*) . Its action on Eg is equivalent to the action by
a group isomorphic to Spin(3,1).

From the previous results we understand better the importance and signifi-
cance of the Spin group. The motion of a particle, its most significant feature,
is not measured in the tetrad, but in the Clifford algebra C17(3,1). The group is
then the group which defines the change of basis, and this group is necessarily
the Spin group, to respect the specificities of the basis of a Clifford algebra.

In the experimental process of revealing the characteristics of matter and
fields, the first layer is the interpretation of the trajectories, and the first, and
most common, representation is by spinors, using the Clifford algebra C1 (3,1)
with Spin (3,1). The adjoint map with the Spin group maps vectors of the
tetrad to vectors of the tetrad, so the vectors (e, v%, u®, d*) corresponding to
the kinetic characteristics of the particles should be found in the vectors of its
underlying vector space F' of the Clifford algebra, and in CI(C,4) in Re (F).
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Moreover C (Spin (3,1)) maps real vectors to real vectors and imaginary vectors
to imaginary vectors.
We can then make the following assumptions :

Proposition 1 The kinematic characteristics of the particles are defined by 12
vectors Y& = (e, v, u®, d*),_, 4 5 belonging to Re (F) :

Y& = ivieo + vie + vies + vies = wgeo + v%,v§ € R,0" € R?
Proposition 2 The gravitational field is defined by the subgroup of ReU :

Ug = C (Spin(3,1)) = {g = (a,0,0,iw,7,0,0,ib) ,a,b € R,w,r € R?}
T\Ug = {(0,0,0,iW, R,0,0,0), W, R € R3}

with
= Wtw, uf =—R'R

My
a = coshvW'W cosVRIR

w = bmjwiv ( sVRIR - sy E j(R)) W
_ s1n\/ﬁ
r = coshvW VR R
_ sinh vVW*!*W sin VR!'R t
b= \/W'W \/R_ (W'R)
g+ =1(a,0,0,—iw, —r,0,0,id)
and :
wir = —ab

a? —b? —ww+rtr=1

The action of the gravitational field is :

Yo = U (g) (Vg) = Adgp

with [Adg] = (a® + b + r'r + wlw) Iy

1 i(aw —br+j(w)r)

i(—aw+br+j(w)r) aj(r)+bj(w)+j(r)jr)+jw)j(w)
and it preserves the Hermitian scalar product.

t
+2

2.4 Weak field
2.4.1 Characteristics

It involves chirality, which is defined in even dimensional complex Clifford al-
gebras by a volume element. This is in CI(C,4) : w = g - €1 - €2 - €3. It splits
Cl(C,4) in two subsets
Clh={Z=35Z+w-2)}={Z:w-Z=2}={Z: (a,v0,v,w,w,—vg, —v,a)}

Clt={Z=5Z-w-2)}={Z:w-Z=-Z}y={Z: (a,v0,v,w,—w,vp,v,—a)}

Clfis a 8 d1mens1ona1 Lie subalgebra.

The subspaces CI#, Cl¥ are orthogonal for (),

Let us denote

Vi, = Spanc (er,vr,ur,dr) C CI¥, Vg = Spanc (er, VR, ur,dr) C CIT
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V1, is globally invariant by the action of a group Uw isomorphic to SU (2).

Vg is invariant by the action of a group isomorphic to SU (2).

We assume that e, vy, ur,dr are linearly independent, and Vi is a 4 di-
mensional vector space.

2.4.2 Identification of the Group

The scalars are invariant in any action, thus if Vy is globally invariant then
{V1, 1} is globally invariant and one can find a basis such that the scalar compo-
nent of the vectors is null. Let (ej)jzl be an orthonormal basis of V,, completed

by (ej)]lil to have an orthonormal basis (for the Hermitian scalar product) of

C1(C,4). The vectors e; have for components Hf' in the basis (Ea)}f:l SO :
16 1ra

€j = Za:l Hj Ea

(egsery = min = (S0l Hy Eay S HY By ) = Y00, (H3) (HE) o

[H]" [n] [H] = [n]

There is always an endomorphism J such that : J(e;) = Ej : its matrix is
such that

16 « 16 (e a
) [es] = Xoala J§H) Ba = By & Yoy J§H] = 6
and it suffices to take : Jg‘ = (Hj‘?‘)n(m.

We can assume that the scalar component of (ej)j.zl
j =1..4: J(ej) = Ejfl.

V1, is mapped to F' = Span (Ej)?:o .

If Vi, is globally invariant by Ad,,g € Uw then J o Ad, leaves invariant
F = Span (sj)j.’zo . And conversely for any map ¥ : F — F the map J lodoJ
leaves invariant V7. Then, using the previous result, J ! o® o J must take the
form Ad.y, ...u,, where (uj)iil are vectors of ReF' or i Re F. We assume that
Uw C Clg then it is necessarily a subgroup of U7. Using the matrix form given
previously it is easy to check that for U; the adjoint map preserves both the
right handed and left handed parts CI*, CI*.

Uw is isomorphic to SU (2) and C (Spin (3)) is isomorphic to SU (2) and is
a subgroup of U;.

So we make the assumption :

is null. So that for

Proposition 3 The weak field can be represented by the subgroup C (Spin (3))
of ReU :

Uw = {gz(a,O,O,O,T,O,O,ib)ECl((C,4),ab=O,a2—b2zl—rtr,a,bER,reR?’}

2.4.3 The vector spaces Vi, Vg

The vectors (er, vy, ur,dr) must be of the form : (a, vy, v, w,—w,vy,v,—a).
The basis of the vector space representing the states v is arbitrary. For the
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gravitational field we have seen that ¢¢ € F' = Span (Ej)jzon3 As Y =Yg +
Yw + g it is logical to take the same basis, which sums up to assume that
J = Id. With the assumption that the 4 vectors are linearly independent and
belong to «Clg the simplest solution is :

Proposition 4 The vectors (er, v, ur,dr) defining the characteristics of the
left handed particles with respect to the weak field have the format :

er, = (0,v§,iv%,0,0,v5,iv°,0) ,v§ € R,v° € R3

(0,v§,iv",0,0,v8,iv”,0) ,v§ € R,v” € R?
ur, = (0,v¢,iv%,0,0,v¥,iv*, 0), vy € R,0" € R3
dr, = (O,vg,ivd,0,0,vg,ivd,O) ,’Ug eR,v? e R3

vy =

The group Uy acts on these vectors with the same matrix for the components
(vo,v), (zg, x) :

1 —ibrt
_ 2
Mirlea = CH2VIH2 | 0y 45005 0)
The vectors (er, Vg, ur, dr) must be of the form : (a,vo, v, w,w, —vy, —v, a)
and be invariant under the action of Uy . It will happen only if g = (a,0,0,0,0,0,0,a).
If Y € iClRy all the charges are null, so the only solution is :

Proposition 5 The vectors (er,Vr,ur,dr) defining the characteristics of the
right handed particles with respect to the weak field are :

er =a®" +a%eg-€1-€2-€3,a" €R
vp=a"" 4+ a""ey- €1 €2 -€3,a" €R
up =a*" +a""eg-€1-€2-€3,a"" €R
dr = adr+adr50_51 + €9 'Eg,adr eR

2.5 Strong Field

We have 3 vectors (gr, qp, g-) . We assume that the 3 vectors are linearly inde-
pendent, belong to iClr and span a 3 real dimensional vector space Fy. The
challenge is to find a subgroup U, of Re U, isomorphic to SU (3) for which the
adjoint map keeps E; globally invariant.

2.5.1 Identification of the group

Let (ej)gzl be an orthonormal basis of Es and assume that (ej,e;), = 1.
Because Es C iClg then (ej,e;),; = (ej,ej), = 1. The restriction, that we
will denote by h, to E; of the scalar product on C1 (C, 4) can be defined through
the orthonormal basis (ej)gzl and is definite positive.
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The Clifford algebra C1(3) is a sub Clifford algebra of C1 (3,1), generated by
the vectors (sj)?zl , with the bilinear symmetric form of signature (4; +;+) . Its
image C' (C1(3)) = Re CI(C, 3) is generated by the vectors (sj)j.’zl of C1(C,4)
and is a real Clifford subalgebra.

Define the linear map : f: E; — ReCl(C,3) :: f(ej) =¢;.

Then for any vectors u,v € F :

J ) S @)+ @) f ) = 1 (S wie) 1 (S vies) +1 (S vies )
f (Z?:1 Ujej)
(S8 ) (S + (Shavs) (£ )

=2 <E?:1 ule;, 30, UJ€j>Cl =2 <Z?:1 ule;, 0, Ujej>E

By the universal property of Clifford algebras, there is a usnique Clifford
algebra morphism ¢ : Cl(Es,h) — Re Cl(C,3) such that f = ¢ o3 where j is
the canonical injection j: Eg — Cl(Es,h).

The adjoint map Ad, preserves globally E, and then Cl (Es, h) which is a 8
real dimensional Clifford algebra. Its value is fully defined by its value on FEj,
that is by a 3 x 3 matrix, which is necessarily unitary because U,, C U. So U,
is isomorphic to SU (3).

The reasoning can be understood more intuitively by noticing that, because
for the 3 vectors e; : (ej,e;);; = 1, their components must be null for the vectors
E,, of the basis of CI (C, 4) whose product comprises £¢. It sums up to eliminate
go and indeed the vector subspace of T1Uy, when g is eliminated, reads :

TyUs ={T € CI(C,3): CC(TH+T =0}

={(i4,0,iV,0, R, X(,0,0), A, V., R, Xy € R}

It is a 8 real dimensional Lie subalgebra, of the subgroup of Re U :

Us ={g=(a,0,v,0,7,20,0,0) € Clg : CC(9) = g9,9" - 9= (9. 9) i }

The condition : ab+wvozg+viz +w'r = 0 is removed, because it comes from
the last component (B) of the product g - CC (g)" = 1, so the 8 components
a,v,r, o are not related.

Proposition 6 The strong field can be represented by the subgroup U, of ReU
whose elements read in Cl(C,4) :

Uw ={9=(a,0,v,0,7,20,0,0) € Clr}

2.5.2 Identification of the vectors (¢, ¢, ¢;)

From the previous results their components must be null for the vectors F, of
the basis of C1(C,4) whose product comprises €y. As for the gravitational and
the weak fields we can assume that (g,, q, ¢,) are multiple of some vectors of
the basis (Fy) .
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Proposition 7 The vectors (g, qv, qy) defining the characteristics of the quarks
with respect to the strong field have the format :

Qr =i7r71€3 - €2 + 1THEL - €3 + ir5€n - €1 +1T(EL €2 1 €3, T, T, T, T € R

q = irbes -eo +irSer - g3 +irfes -1 +irder -2 ez, ab, 18 rh b €R
_ 9 ;g .3 . g 9 .9 .9 .9

Qg = iT€3 - €2 +iryer - €3 + g€ - €1 +IX(EL * €2 €3, T, T, T, T3 € R

2.6 Definition of the group U and its action
2.6.1 Definition of U

For the gravitational, weak and strong fields this is the real part of U which is
involved. We have seen previously that the representation of the EM field by
the group U (1) can be done through the action ¥ (¢, U) ¢ = (expi¢) Adgrp. It

~

preserves the Hermitian product. Then the group U, representing all the fields,
could be defined as U = U (1) x ReU. But there is the issue of the Lie algebra.
Because Re U can be defined equivalently as the product R x Re (Up) we could
consider T1Uy. However T1Uy = (4, Vp,iV,iW, R, Xy, X, B) has a real and an
imaginary part :

T,Up = (0,0,0,iW, R, Xo,iX,0) & (14, V},iV,0,0,0,0, B)

and, as we can see for the strong field, we need both parts : 71Uy is a real
8 dimensional Lie algebra, which does not belong to the real part of ThUj.

T1Uy is a Lie algebra and gives the group by the exponential. The compu-
tation of the coefficients of g = (a,vo,v,w,r, zg,x,b) € Uy can be done from T
by the exponential using the decomposition :

Uy = (i4,0,0,0,0,0,0,0)9(0,0,0,i{W, R,0,0,0)4(0,0,0,0,0, Xq,iX,0)d
(0,V,iV,0,0,0,0, B)

i) The center of T1Uy gives the abelian group U (1) = {(expiA4,0,0,0,0,0,0,0)}

ii) (0,0,0,iW, R,0,0,0) is the Lie algebra of the Real part of Spin (C,4) and
we have seen that its elements can be written :

s = (a,0,0,iw,r,0,0,ib) with

expT, = exp(0,0,0,0,R,0,0,0) = cosp, + SIE% (T,.) with u? = R'R =
=TT,

exp T, = exp (0,0,0,i17,0,0,0,0) = cosh pr,,+22Hee (T,,) with p2, = W'W =
Ty Ty

a = cosh iy, cos i,

w= —Si“;w“w (cos ey — —Si;’:rj (R)) w

r = cosh pu, = =R

b= — Sl s (J)ER)

Then a chart of Re Spin (C,4) is :

(0,0,0,iW, R,0,0,0) = Re Spin (C,4) :: g = expT; - exp Ty

iii) (0,0,0,i{W, R,0,0,0) ¢ (0,0,0,0,0, X(,iX,0) is the real part of 71Uy,
this is a Lie algebra. The exponential on the vector space TyUy/T1Spin (3,1) =
{T, =(0,0,0,0,0, Xo,iX,0)} is well defined.
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T, T, = (—X3+X'X,0,0,0,0,0,0,0)

thus : expT, = coshpu, + %Tm with p2 = —X& — X'X and one can
check that (expT,)" - expT, = 1

iv) The exponential on the vector space (0, V5,1V, 0,0,0,0, B) = T1Uy/ (T U (1) + Re Ty Uy)
reads :

T,-T, = (0,V5,iV,0,0,0,0, B)-(0, Vo, iV;0,0,0,0, B) = (V2 — V'V + B2,0,0,0,0,0,0,0) €
Cl(3,1)p

exp T, = cosh pu, + %T with 2 =T, -T, = V@ — V'V + B2

If p2 = Vi = V'V + B? > 0 then exp T,, = cosh i, + 2T,

If u2 = V@ — V'V + B2 < 0 then exp T, = cos i, + Siz%Tv

and in both cases cosh p,, % eR.

And we can check that expTy € Up.

Because T, = iC([0,—V,,V,0,0,0,0,—B]) € iCl(3,1), the exponential
expT, has a real and an imaginary part.

v) And a chart of Uy is :

g= (a7 Vo, V, W, T, X0, T, b)
= €' (cosh pt,, cos iy, 0, 0, zsmi’—“w (cos Ly — S"Eﬁj (R)) W, cosh uws.lzﬁR, 0,0,
_jsinh i sinpe (prtRyy (cosh 11,0,0,0, 0, S8hats ) sinhis x 0)

Hw P
. (cosh Ly + %Tv)
A full computation shows that g = e*4 (a, vy, v, w, , To, x, b) where a, vo, v, w, r, 2, z, b
are complex, but do not depend on A. So that g-¢’ = ei(4+4") (a,vo, v, w,r, xo,x,b)-
(@', v, v, w' vz, 2, b') . As the EM field must be part of the unitary field we
need to keep the whole of T7Uj.

Proposition 8 The force fields have the unified representation with the real 16
real dimensional Lie group U whose Lie algebra is :

U = {T € CI(C,4): CC (T*) + T = 0}
Proposition 9 Proposition 10
7,0 = {(iA,VO,iV,iVV, R, X0,iX,B), A, Vy,Xo,BER, VW, R, X € R3}
Then the elements of the group read :
U={geCl(C4):CC(¢") - g=1}
= {eiA (a,vo,v,w, 1, T, 2,b) , A, a,vg,20,b € C,v,w,r,x € (C3}

Proposition 11 The state of elementary particles are represented in the Clif-
ford algebra C1(C,4) and the action of U on Cl(C,4) is :

0:U — L(CL(C,4);CL(C,4)) :: 9 (9) ¢ = " Adyy)
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2.6.2 Fiber bundles

The present model is slightly different from the general picture, it brings mostly
simplifications. The physical principal bundle is Pg (M, Spin (3,1),7g) : the
observer chooses a spatial orthonormal basis, which is completed for the time
vector €9 by the direction of his velocity, and altogether we have a tetrad
(53’)3:07 which defines the gauge. A change of tetrad is given by the action of
Spin (3,1). The Clifford bundle is built from the tetrad and is a vector bundle
P;[C1(3,1), Ad] . The morphism C, which can be defined with any orthonormal
basis, provides a copy of Cl(C,4) at each point, which changes in a change of
gauge by the adjoint map with Spin (3,1). This is equivalent to define a vector
bundle Py = Pg [C1(C,4), Ad]. A point p of Pg; is a basis of Cl(C, 4) located
at me M. N N

There is no principal bundle with group U : an element g € U located
at m is just a vector of the vector bundle Pg;, which changes as such in a
change of gauge given by Spin (3,1). The force field is measured with respect
to the standard p (m) = 1 by a value g € U and changes in a change of gauge
as C1(C,4) by the adjoint action of Spin (3,1). The field has a value at each
point of a given area 2 of the universe represented by the manifold M. This is
equivalent to assume that there is a section U € X (P¢y) :

U:Q— Poy=U(m)=g=3"% g(m)*E,(m)

In a given environment, to each type of elementary particle one can associate
a section ¢ € X (Pry) -

Y Q= Popp(m) =9 (g(m)) o

then the state of the particle along its trajectory ¢ (¢) is given by % (¢) =

¥ (q (1))
The value of the field varies from one point to another. Its variation along
a curve with tangent V is % = Ei:o V%0qg. The variation is measured with

respect to its starting value, that is by g’l% which belongs to the Lie algebra

Tlﬁ. So one assumes that there is, at each point m, a map

16 3
T:TM—TU =Y Y T§E. ®dg’
a=1 =0

which gives the value of g~ ! g—i along any direction.

A particle is not immobile and along its world line with a velocity

Zi:o V*9¢, € TM its state changes as :

3

2= Lo(gm)ve = 0 (%) = v (9 (ThooVPTs)) = 9 (9-T) =
?(g) -9 (1)(T)

using the identities : 1’ (%) =9(g)0' (1) Ly—1g (%) =9 (g) (1)g~t-
W@ =10(9) 09 (1)(T)

dt
We get back the general model of a connection acting on the state of a

particle along its trajectory. In this picture the potential of the field is the
quantity T' € A4 (M;Tlﬁ) .

68



The variation of the field or of the state are not necessarily continuous,
the general mathematical representatlon is through the 1st jet bundle J' Py =
{m,g,00Z,a =0...3} where §,Z = Z §ZPE, € Cl1(C,4). In a continuous
process 0,72 = 0,7 is the partial derlvatlve of Z in the direction a = 0...3. The
possible variation of the field is then dg = (m, g, d,T, @ = 0...3) and the possible
variation of the state is 6¢) = (m, ¥, do1), @ = 0...3).

All the quantities measured in CI(C,4) change in a change of gauge, that is
of tetrad, for instance when one goes from an observer to another at the same
location, by a change of basis (sj) . The potential changes with an affine law.

So a unique principal bundle, with a clear physical and geometric meaning,
is necessary in the model.

2.7 Characteristics of elementary particles
2.7.1 State vectors of the elementary particles

The fundamental state vectors are the sum of the gravitational, weak and strong
components.

For each generation a = 1,2,3:

Left handed Leptons :

er = (0,v§ +iv§e, w® +v*¢,0,0,v§,w°,0) = (0,iv§°,v*,0,0,v§,5v°%,0) @
(0,v§,4v°,0,0,0,0,0)

vy = (0,v§ + iv§”,v* +iv”,0,0,vf,v",0)

Right handed Leptons :

er = (a°", g%, v%,0,0,0,0,a°") = (a*", iv§°,v*¢,0,0,0,0,0)%(0,0,0,0,0,0,0, a"")

vr = (a"",iv§",v",0,0,0,0,a"")

Left handed Quarks :

urr = (0,0 + g™, v* 4 ", 0, ir", vy + ixf, ", 0) = (0, ™, v®*, 0,0, vy, ", 0)®
(0, vg, iv", 0,4r",izf,0,0)
= (0,v§ + tv§*, v +iv™,0,ir9, vf + ixg, iv*, 0)
(O vy + g, v™ 9", 0, irb, vy + i:vg, ", 0)

(O vg + ivgd, v+ 0¢ 0,07, vg + iz, v, 0)

dLg (0,08 + iwg?, v +iv?,0,ir9, vd + izf,v?,0)
dry = (O vd +ivdd, v + v, 0, ir, vd + ixd, v, O)
Right handed quarks :
uRT a“’” “’0 , 070,47, 4xg, 0,a%") = (a¥7, tvg*, v, 0,0,0,0,0)®(0,0,0,0,ir", iz, 0,a™")
a" ivg", v, 0,9, ixg, 0, a ")

h

(

(

(a wo , ““,O,irb,ixg,iv“,a”)
(

(

= (a”

ULb

adr wo , “d,O,irT,ixS,ivd,adT)
adr wo 00,09 iz ivd, ar)

a “d “d, 0, irb, i:vg, ivd, adr)
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2.7.2 Antiparticles

The distinction particles / antiparticles is equivalent to the choice of a rep-
resentation or its contragredient. The Lie algebra of the field, as well as the
fundamental vectors 1y have both a real and an imaginary part. The con-
tragredient representation sums up to swap the real and the imaginary parts
: Y = Imey 4+ iReyp = iCC (1)) . As we can see from the previous table no
fermion is its own antiparticle.

In the process C’ replace C' and in the Hermitian form —7 replace 7. Or, in
other words :

Proposition 12 The distinction between particles / antiparticles is equivalent
to the choice of a signature (3,1) or (1,3) for the metric.

2.7.3 Lagrangian

Along the trajectory ¢ (t) of an elementary particle the Hermitian product is
constant :

(W (g (), v (q®)y = (I(g(q®))) o,V (g9(q(t))vo) g = (Yo,%0)

and by derivation along the trajectory :

(FY (a ()¢ (a(®))) W (g (1), F¥ (@ (1) =0= (¥ (a(t), F¥ (a(1)) €

9 (g (m)) o, 9 () o) = (9 (9) Yo, 9 (9) 09 (1) (T) (¥0))

= (Y0, (1) (T) o) o

where T' = ZZ:O VB T} involves the velocity of the particle and the potential
of the field.

Then we can take for the Lagrangian representing the interactions fields /
particles

=2 (o, (1) (T) (¥0))
( ) (T) (vo) = iAo + ad (T') (1o)

1
L,= - (Yo,1A%g + ad (T') (Vo)) g
2.7.4 Charges

Denoting ¥g = (a, vg, v, w, r, xg, x,b) with complex components,
T = (iA4,V,iV,iW, R, X, X, B) the computation gives :

Ly = & (o, (1) (T) () = QaA+QuVork Q4 V4Qly WHQRRHQx, Xot Qi X +Q1 B

with the charges, which are represented by a vector @ of Cl(C,4) :
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Qa= <7/JO,1/JO>H

Qv, = 41Im (viw + bxo)

Qv =4Re (vow — bx + j (r)v)

Qw = 4Re (—vov + oz + j (1) w)
Qr=4(—j(Rev)Imv + j(Rew)Imw — j (Rer)Imr + j (Rez) Imz)

Qx, = 4Im (bvg + z'w)

Qx =4Re(bv —xow+j(x)7)
Qp = 4Im (vozo + viw)

The use of the opposite signature sums up to change n — —n and the
Hermitian product takes the opposite sign. As we can see all the charges take
the opposite value for the corresponding antiparticle.

Using the value of v for the elementary particles we get :

Left handed leptons :

er:Qa= ( ae)t (,Uae)_( ae)2 Qv, =0,Qv =0,Qw = 4(08606 _ vevae) Qr =
4,]( e) aerXO — 0 QX — 0 QB =4 (,Ugeve _|_( ae)t e)

Right handed Leptons :

cr s Qa = (") 0™ — (v§9)*, Qv = 0,Qv = 0,Qw = 0,Qr = 0,Qx, =
4a€7‘ 116 QX J— 40167‘ ae QB — O

Left handed Quarks :

ure s Qa = (V™) v (") 1" (2p) — (v§")?, Qvy = 0,Qv = 4j (v*) 1", Quw =
4 (o™ — o™ — afo"),Qr = 45 (v*) v*,Qx, =0,

Qx =45 (") 0", Q = 4 (v +vgog + () o)

Right handed Quarks :

P Qa = (™) 0™ + (M) 4 (25)” = (16"),Qu, = 44", Qu =

0, QW —0 Qr=0,Qx, =4a""v5", Qx = 4a""v"",Qp =0

and similar values for the other particles.

The EM charge is the same for right handed and left handed particles as it
should be expected.

2.7.5 Momentum and energy

The motion of a particle is part of its state, and is represented through the
component of Spin (3,1) in g, and its variation then belongs to Ty Spin (3,1).
It has a translational (corresponding to W) and a rotational (corresponding to
R) component. In a representation based on Spin (3,1) the usual “spin” (spin
up or down) is directly accounted for in the component R, because Spin (3,1)
distinguishes the two rotations at the difference with SO (3,1).

Outside Particles Physics the momentum can be represented by a spinor,
using the representation of CI(C,4) on 4 x 4 complex matrices, and then the
spinor is a 4 complex dimensional vector, which has a right and a left handed
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part, usually related. This representation is very convenient as it can be easily
extended to deformable solids in the RG context. The dynamic part of the La-
grangian can then be expressed through a 3 dimensional vector which, with the
mass, sums up the kinematic characteristics of the body. This is the equivalent
of a “charge vector”.

In a GUT all the components of the fields are assumed to act simultaneously,
so there is no need for a specific concept of momentum. It is replaced by a tensor

M= 50 W VPE, ® 08 € Poy @ TM

and there is a differential operator :

Poy®@TM = Poy @ TM = M (¥ @ V) =0 (u) (1ho) ® Y5_o VP Eo ® 0€s

The difference in the strength of the fields should be reflected in the value
of the charges. The inertial features are accounted for in the gravitational
charges. The gravitational field involves the components W and R of the Lie
algebra T1U. Qw = 0 for the right handed particles and the component W is
not involved in the other fields, but the rotational component R is, and this
raises some intriguing questions. We can assume that elementary particles have
a rotational motion, which is represented by the component R in Ty Spin (3,1).
At the atomic scale the only assumption that we can make is that the rotational
motion is at a constant speed (its change entails a variation of kinetic energy)
and the component R of the field acts on the axis of rotation. Qg = 0 for the
right handed particles, as could be expected, but non null for the left handed
particles. We know actually little about the gravitational field, which is weak
and varies very slowly in space and time. But it could be involved in the only
genuine known random process, that is the spontaneous decay with the weak
field.

For the same reasons in a GUT the inertial concepts are replaced by the
gravitational features, so there is no longer a specific concept of kinetic en-
ergy, which is replaced by the energy of the particle with respect to the fields,
and more precisely with respect to its motion in the field, represented by the
Lagrangian L.

Collisions

The generalization to a GUT model is then immediate : this is the sum of
the momenta Mj; + My which is conserved; for each component of . If the
fundamental states do not change the charges are constant, and the potential
has the same value for each particle, then the sum of energies L,, is conserved.

2.7.6 Composite particles

Whenever several particles are associated to form a system, they constitute
a system and, according to the theorems of quantization, their state can be
represented by the tonsorial product of the individual states. Several processes
are then at play.
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Symmetries
In a system where several components are identical (elementary particles of

the same type) they are indistinguishable and the tensor of the system must
be either symmetric or antisymmetric (for the corresponding components). Be-
cause the states are valued in CI(C,4) we have convenient tools to study the
possible configurations, with the involutions. They commute with the tensorial
product so that we have for instance :

(Y1 ® 1)’ = ¥t @ vh, 0 (Y1 @) =2 (1) ® 2 (¥2),

CC (Y1 ®@¢2) = CC (1) ® CC (Y2)

Decay

Composite particles can broke down in other composite or elementary parti-
cles, and this process is at the core of most experiments in Particle Physics. Its
modelization is based on the decomposition of tensorial representations.

The orbit of a given elementary particle j is a vector subspace V; of Cl (C, 4)
globally invariant by U , and a composite particle is then represented in the ten-
sorial product of representations (V;, ). Such tensorial products are equivalent
to the sum of representations (Vj, 1) and the mathematical operation represents
the decay. The study of all the possible cases is the bread and butter of Parti-
cles Physicists, and in this endeavour an essential tool is the knowledge of the
fundamental weights.

In the present picture the operation is simpler : all the vectors subspaces
belong to CI(C,4), there is a unique group and the derivative of the represen-
tation is nothing more than a representation of Tlﬁ on itself through ad. The
Cartan algebra of C1(C,4) is 4 complex dimensional, given by the vectors :

lez{A+W180-81+R183'82+B<€0-81'62-83,A,W1,R1,BE(C}

We have a similar result by selgcting the components ws, ro or ws, r3.
Thus the Cartan algebra of T1U is

{ZA-"- iWieg-e1+ Riez-eo+ Beg -e1 €9 -e3, A, W1,R1,B € R}

The 12 root vectors :

{i(c0) + €11 (e1) +i€12 (€1 - €2 -€3) + €r1€12 (€0 - €3 - €2)}, €5 = £1
{i(c0-€2) + €31 (c0-€3) + i€z (1 -€3) +€s1€32 (62 - €1)}, €5 = £1
{i(e2) + €21 (€3) + i€ (€0 - €1 -€3) + €21€22 (€0 - €2 - €1)}, €5 = £1

Y1 (€11, €12) =
Y3 (€31, €32) =
Y (€21, €22) =

[N SIER SR

are orthogonal (for the Hermitian product) and, with 71%, span CI(C,4).
The value of the adjoint map for any vector T" of 71T is given by :

d(T) (Ys (€31,€32)) = i (Riez1 + Wieziesz) Ys (€31, €32)

ad (T') (Y1 (e11,€12)) = — (iWierr + Bei2) Y (€11, €12)
a (Y3
ad (T) (Ya (€21, €22)) = (iR1€21 — Beaa) Ya (€21, €22)
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To any vector subspace V; it is then possible to associate a fundamental
weight T';, and if (V4,9), (Va,?) are the representations associated to the par-
ticles 1,2 the tensorial product (Vi3 ® Vo, 9 x ) of a composite particle is an
irreducible representation with the weight I'; +I's. And conversely the compos-
ite particle can decay in two elementary particles.

Of course the decay occurs only if the balance of energy is favorable, which
can involve an supply from the fields.
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3 THE PROPAGATION OF THE FIELD AND
THE BOSONS

3.1 The implementation of the Principle of Least Action

The force field propagates in the vacuum (that is where there is no particle)
by interacting with itself. This phenomenon is modeled by implementing the
Principle of Least Action and involves a special derivative of the potential, the
strength of the field F. It is useful to remind its definition as it is at the core
of the representation of bosons.

3.1.1 The strength of the field

The potential is a tensor T : TM — TyU = Y00, Y25 (TS Eo ® d¢P which
is a one form on M valued in the vector bundle Pg;. Its derivative is com-
puted through a Lie derivative, along a curve ¢ : R — M :: ¢(7) with tan-
gent V. The basic idea is to define the derivative at ¢ (7) as the limit of
+ (T (q(r+h)) =T (r —h)) when h — 0. Because the referential are not the
same at ¢ (7 + h) and T (7 — h), to compute the difference it is necessary to
“transport” the tensor along the curve, using its flow ®y, by two operations
called “push-forward” ®y (¢ (7 — h),h)" T (q(7 — h)) and “pull-back”

@y (q(t+h),—h)" T (q(7 + h)) which provide two “copies” of the tensor
located at the same point ¢ (7), expressed in the same referential, so that the
quantity

LAT = 1 (v (q (7 +h) . —h) T (q (v + ) — Dy (q(r — h) ,h)* T (q (r — b))

can be computed. Then the derivative, called the Lie derivative, is just
LyvT = limy 0 %AT. There are some complications because the curve is actu-
ally on a vector bundle, but the principle is the same (see Th.Physics p.216,334).
The result is a 2 form on M valued in the vector bundle

F = Yl py=0 onet Fagde® N deP @ E, € Mg (M; Per)

which has the property that, in a change of gauge, it transforms by the
linear map Ady, g € Spin (3,1) and not by an affine map as the potential. As a
consequence it can figure explicitly in a Lagrangian.

‘7:;,8 = 8QT/;)Y — 8[5T(;Y + [Ta,Tﬁ]’y

The bracket comes from the fact that % =g-T.

For the scalar component representing the EM field one gets back a scalar 2
form.

In the procedure above it is possible that the quantity AT does not converge
to 0 when 7 — 0. Then we have a discontinuity.

3.1.2 The model of particles and field interacting

It requires the definition of a Lagrangian for the field, which takes the form of
a scalar product (F, F). This is done in 2 steps.

75



i) On a manifold endowed with a metric there is a scalar product of scalar
valued 2 forms : (F,K) = >, 5 FPKqp where the indices are raised with
the metric.

ii) On the Lie algebra one can use the Killing form, which is preserved by the
adjoint map with Spin (3,1), but here it is better to use the Hermitian product
because it accounts for the scalar component.

Then the scalar product is :

(F.K) = Ypasy (F7 Kag)

For a system with N particles one can define a section ¥ € X (P¢;) for
each type of particles, then the full Lagrangian over an area ) followed by the
observer from t =t to t = t9 is :

L= [o(F.F)wo+ 3 fiF 2500 QT2 (a5 (1) Vi (g5 (£) dt

with the velocity V; (which is a variable), the charge vector Q; € CI(C,4)
of each particle and a volume density wy computed from the metric.

The condition for an equilibrium is that L is stationary. A rigorous solution
can be found by using the method of variational derivatives (see Maths.7.6.1)
which can be extended to fiber bundles. The equations introduce the currents
for the field ¢ = 22,620 [}'O‘ﬁ, Tg] 0, € TM ® Pg; and for the particles J =
V®QeTM® Pc; and the equations sum up to : J = ¢ and d (xF) = 0 with
the Hodge dual xF.

The model assumes that there is no collision, and we have seen how to deal
with them.

When there are particles the solution for the field are actually “distributions”
: they are maps T acting on sections ¢ € X, (P¢;) with compact support such
that they give the expected result. So they can be seen as operators acting
on a Hilbert space as it is usual in QTF, but the result comes from a rigorous
implementation of mathematical theorems, and not from a physical assumption
on the nature of fields.

However the model does not answer all the questions.

i) The Principle of Least Action is based on the balance of energy, at equi-
librium, between the components of the system. It provides - complicated -
partial differential equations with initial conditions which should be known on
a spatial hypersurface, which is generally impossible. Anyway the purpose of
the Physicist is not to know the value of the field as it can emanate from far
away sources, but to forecast the interactions between definite components.

ii) It is obvious that the interactions between a field, assumed to exist every-
where and continuous, and point-wise particles, introduce discontinuities. The
state of the particles changes, usually continuously, and they carry this change
over their trajectory. For the field this is more complicated : the change must
be smeared out by propagation, which is not an instantaneous process.

And this leads to the next subsection.

3.2 The propagation of the field in the vacuum

The Principle of Least Action provides a single equation d (xF) = 0 (or equiva-
lent in any theory such as the Maxwell’s equations) for the propagation of the
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field in the vacuum. Because the equations are complicated usually one uses
special solutions such as “plane waves”, but an attentive look at the case of the
EM field, the only one for which we can proceed to reliable experiments, tells
us that this not all the story.

3.2.1 The speed of light

One of the strongest result of Physics is that “light propagates a constant spatial
speed ¢”’. But on what experiments is it based ?

Their principle is that a small variation of the field (a signal) occurs at some
point, it is detected at different points with some delay, from which one can
compute an apparent spatial speed. The conclusion comes from the facts :

i) the signal can be acknowledged : it can be attenuated, or distorted (by
the Doppler effect for instance), but it is recognizable.

ii) the signal reaches different points, so it follows different 4 dimensional
curves, whose spatial length can be computed.

iii) there is a constant relation between the spatial length and the time delay,
even when the observers are in motion : the velocity V = Z—Z of the propagation
of the signal on the curve is such that the Lorentz scalar product is null :
(V,V)=0.

These results are not at all obvious, and they are certainly not a consequence
of the previous model. There should be a unique value of the field at a given
point, and there is no reason why it should keep the “memory*“ of some signal
in the past. A far away star does not give us any favor in dispensing its energy,
but we can precisely guess its EM field. Many readers will jump to the classic
answer : these results come from the propagation of a photon. But this is to
answer the question by a riddle as we do not know what a photon is. When Bob
calls Alice on her mobile phone, they do not exchange photons between their
mobiles, but a signal whose propagation has been engineered using well known
fields equations. And the First Principle of Optics says that “light propagates in
straight lines”. In General Relativity it is usually assumed that light propagates
along geodesics, that is curves such that the covariant derivative of its tangent,
using the connection of the gravitational field, is null. This is seen as the
generalization of the idea that “light propagates along curves of shortest length”,
but this holds only if the connection is special (the Levy-Civita connection), and
anyway in a GUT there is no reason to privilege the gravitational field.

3.2.2 The lines of propagation of the field

The physical part of the Geometry of the Universe is the metric. It is assumed
to be defined everywhere and change with the location. But, for any manifold
endowed with a metric, there are special curves of tangent V' along which the
metric g is transported by their flow : the Lie derivative £y ¢ = 0. Through any
point there are infinitely many such curves, which are integral curves of special
vector fields, Killing vector fields, which have many properties (they preserve
the scalar product of vectors, then the tetrads, and the volume form). They are
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the infinitesimal generators of isometries (maps whose derivative preserve the
metric) which themselves constitute a Lie group, representing the physical sym-
metries of the Universe, which are, locally, at most 12. Because the standards
are fixed through the principal bundle Pg and the tetrad, they are naturally
preserved along a Killing curve, that is in the propagation of the field.

So, my assumption is the following :

Proposition 13 The force field propagates along Killing curves.

It has some important practical consequences. Any chart that we can con-
ceive to locate a point (such as in Astrophysics) is based on the propagation
of light. The fact that the spatial axes are also Killing curves gives a special
form to the metric expressed in the chart, from which we have differential equa-
tions for the metric. And in common models, such as the study of the field in
the environment of a particle or a material body, we can assume a rotational
symmetry, the propagation lines are radial, as well as the Killing curves.

In a full model encompassing the metric, it appears that the metric itself
depends only on the value of field at each point, which makes sense as they are
the only quantities defined everywhere. This supports the proposition above.

The proposition does not answer the question of the speed of propagation.
The condition for Killing curves £y g = 0 provides, for a given metric, 10 linear
PDE, the condition for a speed ¢ provides an additional equation (V,V) = 0,
with 20 parameters for the initial conditions, there is still plenty of room for
the definition of lines of propagation. The propagation of the EM field can be a
special case. It is generally assumed that the gravitational field propagates also
at ¢ (this is essential in cosmological models), so it seems sensible to extend the
conclusion to a GUT.

Because there are infinitely many lines of propagation going through a point,
the propagation of a signal occurs on a 4 dimensional cone, future oriented, with
apex the source, and the energy is dissipated on 2 dimensional surfaces. As a
consequence it decreases as the inverse of the square to the spatial distance from
the source, as it is well known for the EM and the gravitational fields. The weak
and strong fields seem to follow very different laws but they do not come from
experimental measures. They appear in some experiments, and in a GUT the
density of energy, which should, over all, stay constant on a propagation line, is
a complicated mix of all the components of F in T1U. So this issue is open.

3.3 Bosons

An analogy will help to understand the model : shock waves in a continuous
medium. They can be easily modeled in General Relativity. A continuous
medium is represented by material points traveling on integral curves of a com-
mon vector field V, their location is given by the value of the parameter 7 on
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the curve and their initial position . Some process, such as a vibration, occurs
at each material point and is represented by a quantity Y () in some vector
bundle. A shock wave is a discontinuity in the derivative %. Its propagation
can be modelled by a function ¥ (z) = 7 which gives, for each material point,
the time at which it has been reached by the shock wave. It is then located at
the points w (¢) : t = ¥ (x), that is on a 3 dimensional hypersurface Q3 (¢). The
discontinuity appears as a quantity which is added to the regular derivative,

and is located on 23 (¢), that is by a “Dirac’s function”.

3.3.1 Definition of a boson

When the field interacts with a particle a discontinuity appears. It is usually
smeared out, and anyway it is in part artificial, a consequence of a model with
point-wise particles. The possibility to detect the discontinuity depends on the
scale of the observation, on its magnitude and on the speed of propagation,
but one can expect that in some cases it is “too big to be smeared out”. This
happens notably when the interaction itself involves a significant amount of
energy, such as in the photo-voltaic effect (an electron is extracted from its
shell) or the break down of a particle. In a continuous medium, built around
a vector field, a shock wave propagates on a 3 dimensional hypersurface. For
a force field, defined everywhere, the propagation occurs on one dimensional
lines. And we can assume naturally that they are the same as the usual lines
of propagation of the field. They behave similarly to particles : they are the
bosons.

Their representation comes from the definition of F: the field is continuous
but its derivative is not, and the discontinuity is represented by some AT €
TM*®T,U propagating along a Killing curve and which is added to the regular
derivative F. At any point there is a unique Killing curve with a given tangent
V', V is part of the definition of the boson, which is a one form at the difference
of F. The attenuation of a signal is due to its propagation on 3 dimensional
hypersurfaces, we have nothing similar for bosons, which propagate without
attenuation : the boson is transported along the curve with the law £y AT = 0.

Proposition 14 Bosons are discontinuities in the derivative of the field. They
can be represented as one form AT € A4 (M; Ty (7) with support a Killing curve,

and they propagate along this curve at the same speed as the field, by transport
such that £ AT = 0.

3.3.2 Characteristics of bosons

As a consequence of the law £y AT = 0 the quantity

Br =32 ATPVeEz € TWU

is constant, this is a vector of Py which is similar to the fundamental state
o of a particle.

Bosons can be quantized in a way similar to particles. The observable is Bp.
In a change of gauge in Po; with Spin (3, 1) it transforms as a vector of Cl (C, 4)
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by a linear map, and not an affine map as the potential, because it is defined
by a difference. So this is an element of Py, belonging at each point m to the
Lie algebra T1U. At a difference with particles, it is not assumed that there
is an action of U on the fundamental state Br. However the different types of
particles and fields appear, layer after layer, in experiments which involve parts
of the unified field U. Similarly bosons manifest themselves when these parts of
the fields are involved, so one can associate bosons to each type of field, such
that Br belongs to the corresponding subalgebra of ThU.

Bosons are discontinuities of the derivative F of the potential, so we can
define the energy of a boson in a similar way :

AT =300 30 (ATSdEP @ B,

We compute first the Lorentz scalar product of the one form with the metric

for a = 1..16: (Y5, ATdg?, Y5 o ATgde”) =325 ( ATSAT™?

then the scalar product with the Hermitian form on CI(C,4) :

(2,2)y with Z = S0, (S5, AT§AT?) E, € CI(C,4)

Because the boson propagates on a Killing curve, on which the Lorentz
scalar product is constant, the first result is constant. Then the second scalar
product, with the fixed Hermitian form, is also constant : the energy of a boson
is constant, as was expected. In the quantization, the bosons which are observed
correspond to definite levels of energy.

Because bosons appear with a definite level of energy, and the quantity
Br € Cl(C,4) is constant, one could assign charges to a boson, by taking each
component of By. But this is just by similarity to particles. Bosons are not
sources of the field. They interact with particles, but in a more complicated
way, because they have a precise trajectory : their interaction is more similar
to a collision between particles.

One can assign a momentum to a boson : Mp = Br®V. Then its interaction
with a particle is modelled as a collision : there is conservation of the total
momentum and energy. Usually the particle keeps its fundamental state, and
the boson disappears, as in the photo-electric effect. But the boson can survive,
as in the Comton effect, then its fundamental state and its energy are modified.
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4 CONCLUSION

In the model several choices have been made, somewhat arbitrary. Within
the same framework other solutions could be proposed. It is still necessary to
confront the results, expressed here in a general format, with the precise data
available for the fermions. The rules for the process of decay are known, it
manifests itself in a great variety of cases, which can be explored using the tools
given here, and this opens a large field of research which is necessary for the
validation of the model.

Some issues have a beginning of an answer, but claim a specific attention.

The propagation of the weak and strong fields is still not clear. One interest
of a GUT is that it opens the possibility to explore the interactions between
the components of the field. It is of paramount importance, practically and
theoretically, to know if the gravitational field interacts in some way with the
other components.

A full model incorporating the metric can be built using the proposed rep-
resentation. It will be similar to the ones that I have presented in my book.
The variation of the metric through the tetrad, using the relations given by
the propagation along Killing vector fields, provides equations from which the
metric can be computed from the field, without differential equations.

The concept of a boson as discontinuity in the field is robust. It provides the
only sensible explanation which do not involve a new physical object. The model
should be adjusted to the different known bosons. It is clear that the Higgs
mechanism has no place here, but it could be useful to check what phenomenon
its “discovery” means.

Overall the model presented helps to understand better the mechanisms
involved at the level of elementary particles, it is relatively simple and compu-
tations are possible without additional hypotheses, from this point of view it
is a great improvement from the Standard Model. This comes from the fact
that the model is the extension of models, such the spinor and the Geometry of
General Relativity, which work at any scale : the GUT is a nice prolongation
of well proven theories. It is not a dramatic rupture with known concepts and
Principles. But we must never forget that this is just a model, not the Reality
itself.

81



5 BIBLIOGRAPHY

H.Araki Mathematical theory of quantum fields Oxford Science Publications
(2000)

M.Le Bellac Physique quantique CNRS (2003)

A Berlinet, C.Thomas-Agnan Reproducing kernel, Hilbert spaces in probabil-
ity and statistics Springer (2004)

J.D.Bjorken,S.D.Drell Relativistic quantum fields Mc Graw Hill (1965)

N.Bogolubov,A.A.Logunov, A.I.Ossak, I.T.Todorov General principles of
quantum fields theory Kluwer (1990)

O.Bratelli, D.W.Robinson Operators algebras and quantum statistical me-
chanics Springer (2002)

R.Coquereaux Clifford algebra, spinors and fundamental interactions : twenty
years after arXiv:math-ph/0509040v1 (16 sep 2005)

W.N.Cottingham and D.A.Greenwood An introduction to the standard model
of particles physics 2nd edition (2007) Cambridge University Press

P.Dechant Clifford algebra is the matural framework for roots systems and
Coxeter groups arXiv:math-ph/1602-06003v1 (18 feb 2016)

P.A.M.Dirac The principles of Quantum Mechanics Oxford Science Publi-
cations (1958)

J.C.Dutailly Mathematics for theoretical physics (2016) Amazon E-book

J.C.Dutailly Theoretical Physics 2nd Edition (2017) Amazon book

R.P.Feynman, A.R.Hibbs Quantum Mechanics and Path Integrals Dover
(2005)

Francis C.E.H A construction of full QED using finite dimensional Hilbert
space EJTP 10 N°28 (2013)

Francis C.E.H The Hilbert space of conditional clauses arXiv:1205-4607 (2013)

G.Giachetta,L.Mangiarotti, G.Sardanashvily Advanced classical field theory
World Scientific (2009)

M.Guidry Gauge fields theories Wiley (1991)

H.Halvorson Algebraic quantum fields theory arXiv:math-ph/0602036v1 14
feb 2006

S.S.Horuzhy Introduction to algebraic quantum field theory Riedel (1989)

J.M.Jauch Foundations of Quantum Mechanics AddisonWesley (1968)

O.Jefimenko Causality, Electromagnetic Induction, and Gravitation Electret
Scientific, Star City, (2000)

AW . Knapp Lie groups beyond an introduction Birkhduser (2005)

I.LKolar, P.Michor, J.Slovak Natural operations in differential geometry Springer-
Verlag (1991)

S.Kopeikin, B.Mashloon Gravitomagnetic effects in the propagation of elec-
tromagnetic waves in variable gravitational fields of arbitrary moving and spin-
ning bodies arXiv / gr-qc / 0110101 v2 (25 oct 2001)

F.Laloé Comprenons-nous vraiment la mécanique quantique ? CNRS Edi-
tions (2011)

82



A.Garrett Lisi An explicit embedding of gravity and the standard model
arXiv: gr-qc 1006498v1 (25 june 2010)

A.Garrett Lisi An exceptionnaly simple theory of everything arXiv:0711.0770v1
[hep-th] (6 nov 2007)

A.Garrett Lisi Clifford bundle formulation of BF gravity generalized to the
standard model arXiv:gr-qc 0511120v2 (21 nov 2005)

R.Haag Local quantum physics 2nd Ed.Springer (1991)

G.Mackey The mathematical fundations of Quantum Mechanics W.A.Benjamin
(1963)

M.A.Naimark Linear representations of the Lorentz group Pergamon (1964)

E.Negut On intrinsic properties of relativistic motions Revue Roumaine des
Sciences Techniques (1990).

J.von Neumann Mathematical Foundations of Quantum Mechanics, Beyer,
R. T., trans., Princeton Univ. Press. (1996 edition)

L.Nielsen A Mazwell Analog Gravitation Theory Niels Bohr Institute, Copen-
hagen, Gamma No. 9 (1972).

Y.Ohnuki Unitary representations of the Poincaré group and relativistic
wave equations World Scientific (1988)

R.Omnes The interpretation of quantum mechanics Princeton (1994)

P.J.E.Peebles Principles of physical cosmology Princeton series in Physics
(1993)

E.Poisson An introduction to the Lorentz-Dirac equation arXiv:gr-qc/ 9912045v1
(10 dec 1999)

S.Pokorski Gauge fields theories Cambridge (2000)

K.Popper Quantum theory and the schism in physics Routledge (1982)

R.Pottgen Search for dark matter with Atlas (2016) Springer Theses

T.C.Quinn Aziomatic approach to the radiation reaction of scalar point par-
ticles in curved space-time arXiv:gr-qc/0005030v1/ (10 may 2000)

G.Ropke Non equilibrium statistical physics Wiley-vch (2013)

[.Schnaid Wawve function perturbations propagation in multi particles system
arXiv 1307.2510v1 [physics-gen.ph] (9 july 2013)

T.Schiicker Forces from Conne’s geometry arXiv:hep/th/0111236v3 (26 march
2007)

Mesgun Sehbatu The standard model and beyond (1992)

D.S.Shirokov On some Lie groups containing spin groups in Clifford algebras
arXiv:math-ph:1607-07363v2 (19 Aug 2017)

A.Smola, A.Gretton, L.Song, B.Scholkop A Hilbert Space Embedding for
Distributions

G.Svetlichny Preparation for gauge theories arXiv:math-ph 9902027 v3 (12
Mar 1999)

M.Tajmar, C.J. de Matos Coupling of Gravitation and Electromagnetism in
the Weak Field Approzimation arXiv:gr-qc/0003011 (2003)

H.Torunczyk Characterizing Hilbert spaces topology Fundamental mathe-
matica (1981)

R.M.Wald General Relativity University of Chicago (1984)

S.Weinberg The quantum theory of fields Cambridge University Press (1995)

83



S.Weinberg Dreams of a Final Theory Pantheon Books (1992)
H.Weyl The theory of groups and quantum mechanics Dover (1931 / 1950)

84



6 ANNEX

Particles Physics relies heavily on mathematical concepts which are very tech-
nical, and rendered more difficult by the use of non conventional notations and
definitions. So it is useful to remind some mathematical results.

6.1 Lie algebra and Lie groups

see Maths.5 for more.

6.1.1 Lie algebra

A Lie algebra is a vector space L endowed with a bilinear, antisymmetric,
map, the bracket [ : L — L which satisfies the Jacobi identity : [X,[Y, Z]] +
Y,[Z,X]]+[Z,[X,Y]] = 0. From which one defines the map ad : L — L (L; L) ::
ad (X)(Y) =[X,Y].

adix y) = [adX, adY]

A Lie algebra is abelian if [X,Y] = 0.

A Lie subalgebra L is a vector subspace which is also a Lie algebra : the
bracket is closed : VX,Y € Lo, [X,Y] € Lo.

An ideal is a subalgebra Ly such that : VX € L)Y € Lo, [X,Y] € Lg. The
center Z of L is the ideal : VX € Z,VY € L: [X,Y] =0.

The set [L,L] = Span{[X,Y],X,Y € L} is a Lie algebra and an ideal.
For any subalgebra S the set S* = Span {[X,Y],X,Y € S¥71} defined by
recursion, is a Lie subalgebra. It is said to be solvable if there is k such that
Sk = 0. In any Lie algebra L there is an ideal, possibly null, which contains all
the solvable ideals and the center of L, called the radical of L.

The Killing form is the 2 symmetric form K (X,Y) = Tr (ad (X) o ad (Y)).
It is preserved by any automorphism.

If (L1,[]), (L2, [],) are 2 Lie algebras, the sum (L1 & Lo, [];,,) is the Lie
algebra defined as the vector space L @ Lo endowed with the bracket :

[Xl + XQ,Yl + }/2]1+2 = [Xh}/l]l + [XQ,}/Q]2 and then Ll,LQ are ideals in
(L1 ® Lo, [}, +2). As a consequence, whenever a Lie algebra is a direct sum
L = @;L;, as vector space, and L; are subalgebras of L with the common
bracket, then L = @©;L; as Lie algebra.

If Lo is an ideal then L/Ly is a subalgebra.

Any Lie algebra can be uniquely decomposed as the sum L = Lo ® L1 &
Ls... ® L,, of subalgebras which are also ideal. Lg, is the radical. The quotient
space L/Lg = L1 ® Ls... ® L,, is a semi simple algebra. More generally a Lie
algebra is semi-simple if its Killing form is non degenerate.

6.1.2 Lie group

A Lie group is a set which is a manifold, endowed with a continuous operation
- for which it has the algebraic structure of a group. All finite dimensional Lie
groups are smooth, and most of them (at least those encountered in Physics)
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are isomorphic to a group of matrices (but this is not a rule, at the difference
with Lie algebras).

As any manifold a Lie group G has a tangent space T'G and vector fields :
T : G — TG. The product defines a left and a right translation : Ly : G —
G:Ly(z)=g-z,Ry:G— G Ry(x) =x-g. and their derivatives which are
linear map on T'G.

A vector field X : G — TG is left invariant if X (g) = L} (1)(X (1)) &
X(g) = L,(1)(T);T € ThG. The set of left invariant vector fields has the
structure of a Lie algebra : any left invariant vector field can be defined from
its value in the tangent space T1G at g = 1 (which justifies our notation T1G
for the Lie algebra of a Lie group) and [X, Y] (g) = L; (1) [X (1),Y (1)]

The adjoint map is the automorphism on the Lie algebra :

Ad: G — L(TG;ThG) =

AdyT =L (g7Y) o R, (1) (T) = R, (g) o L}, (1) (T)

and any continuous automorphism on the Lie algebra is of this type. It
preserves the bracket on the Lie algebra.

6.1.3 Exponential

As for any manifold one can define on a Lie group the flow of a vector field, this
is the family of maps :

Py iR x G — G :: @y (1,2) such that : L&y (7,2) |,—p =V (Dv (0,2))

The exponential map on a Lie group is the flow of a left invariant vector
field :

exp: RxT1G — G:exptT = Px (1,1)

thus : L exprT|r=g = Ll pr ()T = Rl or ()T = 4= exp7T|rmg =T

The exponential is a diffeormorphism in the connected component of the
identity, and the generator of one parameter groups. It is such that :

exp0T =1

exp(1+7)T =exprT -exp7'T = (exp7T)  =exp(—-7)T

but exp (T'+T") = expT - expT”’ only if [T, T’] = 0.

exp Ad,T = g-expT -g~!

AdcxpT = exp ad (T) eL (TlG; TlG)

If f is a morphism between the groups G, H, then f’(1) is a Lie algebra
morphism between T1G, T1 H and VT € T1G : f (expe T') = expy (f' (1) T)

The set generated by exp is the connected component of G. Conversely any
Lie algebra is the Lie algebra of some Lie group. More generally, a Lie group is
a manifold, thus it has charts. Let G be a connected Lie group such that ;

TWG=T1HaeV

where H is the Lie algebra of a subgroup H of G, and V' any vector subspace
of T1G. Then the map :

w:HxV —=G:@(hv)=h-expv

is a smooth chart of G and a local diffeomorphism (Kolar p.45). expwv is
understood as the restriction of exp : T1G — G to the vector space V. The
set G/H is a group if H is normal, and if not it is a submanifold called a
homogeneous space.

-1
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6.1.4 Casimir operators

Casimir operators are actually elements of second order of the universal envelop-
ing algebra of a Lie algebra, they are defined on the tensorial product of a Lie
algebra. Their image in any representation (E, f) is given by a polynomial of
f (k;), they commute with f (X),VX € L and acts on E by a scalar, which de-
pends only of the dimension of E. So they can be used to label the fundamental
representations.

6.2 Representations of groups and algebras
6.2.1 Definition

An algebraic representation of a Lie algebra L is a couple (A4, f) of an algebra
A and a smooth morphism f: L — A such that :

FIX YD) =fX)f(Y) = f(Y) f(X)

An algebraic representation of a Lie group G is a couple (A, F') of an algebra
A and a smooth morphism F': G — A such that :

F(X-Y)=F(X)F(Y)

If the algebra is an algebra of matrices, necessarily finite dimensional, then
this is a matricial representation. Any Lie algebra has a representation on an
algebra of matrices, this is not true for Lie groups.

A geometric representation on a vector space F is a representation where
the algebra is the set of linear maps L (E; F).

A finite dimensional n representation on a set of matrices gives a geometric
representation on R™ or C™ where the matrices act on column vectors the usual
way. For Lie algebra or groups of matrices this is the standard representation.
Conversely a geometric representation on a finite dimensional vector space E
gives a matricial representation by fixing a basis.

A geometric representation (E, f) gives the contragredient representation
(E*, f _1) on the dual, and usually the two representations are not equivalent.
Similarly with the conjugate transpose for complex structures.

A functional representation is a representation on an algebra of functions,
where the Lie algebra or group acts on the arguments. It is finite dimensional
on an algebra of polynomials.

Any Lie algebra has its adjoint representation (L, ad) on itself. Any Lie
group has its adjoint representation (771G, Ad) on its Lie algebra.

Any representation (A, f) of a Lie algebra gives a representation (A, fr,) of
a Lie subalgebra L by restriction of f to Lg. Similarly for the representation
of a subgroup.

Two representations (Ai, f1), (Az, f2) are equivalent if there is an isomor-
phism ¢ : Ay — As such that ¢po f1 = fo0¢.

A representation (A, f), (A, F) is irreducible if the only subsets globally
invariant by the action are 0 and A.

Any representation (A, F) of a Lie group gives a representation (A, F' (1))
of its Lie algebra, conversely a representation (A, f) of a Lie algebra gives a

87



representation of a universal cover of the Lie group through the exponential by
F(expT)=exp f(T).

6.2.2 Principal bundle

Any principal bundle Py (M, U, 7y) gives, with the geometric representation
(E,¥) of the Lie group U an associated vector bundle, denoted Py [E, ] whose
elements are a couple (p(m),V) of a gauge at the point m and a vector V of
E, with the equivalence relation in a change of gauge

p(m) = B(m) = p(m) - 3¢ (m) " = (p(m), V) ~ (5 (m) 9 (3 (m)) V)

In particular for any principal bundle we have the adjoint bundle Py [ThU, Ad) .

6.2.3 Sum and product of representations

The sum of geometric representations (F;, F;) of a Lie group is given by the
action on @ _, By

(Fi @ F) (9) (ui + u;) = Fi (wi) + Fj (uy)

Practically the sum of matricial representations [M;] is given by taking the
[M;] 0

0 [M;
representation is reducible if the matrices [M] are similar to matrices of this
form : [N] = [Q] [Niy,] [Q]" with a fixed matrix [Q)].

The tensorial product of geometric representations (F;, F;) of a Lie group is
given by linear extension of the action on decomposable tensors of @ _, Ey, :

(0] (gl, ---gk) (Ul XK. Q ’U,k) =F (ul) ® ... F} (’U,k)

and then it is convenient to use the Kronecker product of matrices : [F}] ®
... ® [Fg] (Maths.2.5.1) with dimensions the product of the dimensions.

Sum and tensorial products of representations of a Lie algebra are defined
similarly by derivation of the action. The matrix of the representation of the
tensorial product of Lie algebras representations is given by the Kronecker sum
1@ 5] = i) @ Lawn g, + Laim 12 @ 1)

So representations are far from being unique.

An algebraic representation (A4, f), (A, F) of a Lie algebra or Lie group is
said to be reducible if it is the sum of irreducible representations. In Quantum
Physics it is common to say then that the representation degenerates and to
call multiplets the components of the sum. All finite dimensional representa-
tions of complex semi-simple Lie algebras can be expressed as the sum of finite
dimensional irreducible representations. Representations of Lie groups are in
correspondence with the representations of their Lie algebras. So all representa-
tions are defined through irreducible representations of Lie algebras, which are
the elementary bricks. One issue is then to identify and label the irreducible
representations, and this is where the Cartan algebras are useful.

block diagonal matrix : [N;1;] = l ] . And conversely a matricial
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6.3 Root space decomposition of a Lie algebra
6.3.1 Cartan algebra

As any vector space a Lie algebra has a basis : X = ), X“?a, and the
components of the brackets, called structure coefficients Cf.., are expressed as

(X, Y] =20 Ce X YK ,. Due to the Jacobi identity, they are related,
but not linearly. In other words the elements of a Lie algebra can be expressed
as a linear combinations of specific vectors, called generators, or their brackets.
Their identification is done by a procedure called a root space decomposition and
the existence, in any semi-simple complex Lie algebra, of a Cartan subalgebra
H which has the following properties (more on this topic in Maths.5.1.3) :

i) H is abelian : Yh,h' € H : [h,h'] = 0.

ii) There is a set (t;)7 "™ of linearly independent vectors, which are
common eigen vectors of ad (h), the corresponding eigen spaces T}, are unidi-
mensional, and the eigen values are linear functions ay, (h) of h :

Vk=1..m —dimH,he H: ad(h) ty = [h,tk] = Qy (h) ti

The functions «y € H*, called the roots, do not depend on the choice of ¢, -
the eigen spaces T}, are unidimensional - and it is customary to label the eigen
spaces Ty, by « itself, and denote A (L) = {&e € H*} . Then the vectors t,, called
the root vectors, are the dual of «, defined for instance through the Killing form
K of L (which is non degenerate because L is semi simple) : K (t,, X) = a(X).

iV) [TavTﬁ] =Ta+p

iii) L = H & Span {nea)Ta}

The set A (L) of roots is somewhat redundant, they are not necessarily inde-
pendent, and complicated, but one shows (Maths.1714) that it can be ordered
and reduced to a set of 1 simple roots IT (L) = {Olk};:l such that :

II(L) is a basis of H*

Vg e A(L),3In, € N:

either 5 = Zﬁc:l niay and one says that 8 € AL (L)

or 8= — 22:1 ngay and one says that 8 € A_ (L)

BeA (L)=-BeA (L)

AL)y=Ar (L) A_(L)

By taking a basis (hi)izl of H and a set of root vectors

{toapst—an,ax € II(L), K (ta,, X) = ai (X)} one gets a set of generators of
L.

All Cartan algebras of a given Lie algebra L have the same dimension [,
called the rank of L, and are isomorphic, so the procedure can be implemented
with any one of them.

There are only 9 possible systems of roots :

- 4 of them correspond to families of algebras of matrices :

st(n+1,C),s0(2n+1,C),sp(2n,C),s0(2n,C) n > 1 . Their rank is then

- 5 to exceptional cases corresponding to unique Lie algebra.
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They are tabulated (see Knapp) and the simple roots are expressed as linear
combinations such as {e; — e;} where the vectors e; € R" figure as an orthonor-
mal basis (with the Killing form) of the dual h*.

If the complex, finite dimensional Lie algebra L is not semi-simple, it is the
sum of its radical and a semi-simple Lie algebra. The radical is represented on
itself by a set of triangular matrices, so the results still hold.

Actually the generators have little utility by themselves : it is by far easier to
identify an element of a Lie algebra by its components in a basis, as any vector,
than by the generators, which leads quickly to intractable computations. The
interest of these results lies in the representation of Lie groups.

6.3.2 Fundamental representations of a Lie group

The construct with Cartan algebra is just a particular representation (L, ad)
of L on itself. Its properties can be extended to any geometric representation
(E,f)of L:

i) Yh € H, f (h) acts diagonally on E. There are 1 forms A € H* , called
weights, and vector subspaces E called weight spaces, such that : Vh € H,Vv €
Ey: f(h)v=X(h)v. The weights A, which belongs to H* as the roots «, are
real valued for any real linear combination of vectors of H. The set of weights A
is denoted A (E). Meanwhile the eigen spaces T, C L are unidimensional, the
weight spaces Ey C FE can have any dimension, called the multiplicity of the
weight.

ii) F is the direct sum of the weight spaces : E = @®xcaFE.

iii) VA € A(E),Ya € A(L) : f (ta) Ex C Exyq with the root vector ¢, € L
associated to the root a: ad (h) (to) = a (h) ta

As a consequence F itself can be generated by successive applications of
f(ta) : one gets increasing vector subspaces. For this, one needs a starting
point, given by a special vector.

There is a unique, up to multiplication by a scalar, vector V € E with the
properties :

VheH:f(h)V=pnh)VVeE,

dmFE, =1

Va € AJ,_ (L),ta S AJ’_ (L)* : f(ta)V = O,

all the weights are smaller than p : VA € A(E) : 3np, € N: A = pu—
> ok Mk, ap € II(L) thus g is called the highest weight, and it depends only
on the root system A (L).

The weights of the contragredient representation of a given representation
are the opposite w; — —w; (Knapp p.339).

So the classification of all irreducible representations of a complex, semi-
simple Lie algebra is based on the following procedure :

- compute the roots A (L) and choose a simple system of roots II (L) =
{ak}ﬁgzl such that A(L)=A4 (L) A_ (L)

- associate to each simple root a root vector ty, € Ty, C L : [hytx] = ai (h) tg

- the fundamental weights (wi)ézl are normalized versions of the simple
roots, by : K* (wi,aj) = 16 K* (o, 05) ,j = 1...l where K* is the dual of the
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Killing form K on L (it is defined by the same coefficients as K) so that (wi)li:1

is an orthogonal basis of the dual H*.

- any combination of [ integers (n1, .ng..,n;) ,nk € N,ng > ng.. > n; defines
a highest weight W = 22:1 nrwg. Then the other weights of the representation
are w = Zlizl msw;, m; < n; € N.

- for any (n1,.ng..,n;) there is a unique, up to isomorphism, irreducible
representation.

- and the contragredient representation comes by taking the opposite com-
bination (—nq,. — ng.., —n;)

The procedure to built the representation associated to W is not automatic,
there are several methods, and the dimension of F is fixed by the choice of
W (it increases with W). One computes simultaneously the matrix of f and
a basis ; of E, starting from a vector £; taken as the vector V of highest
weight W to which one applies successively f (tx),k < j. For each application
one gets a vector belonging to a different vector subspace Ew _,, . And E =
Span {f (t2) ..f (tx) V)

The fundamental weights are tabulated with the roots for the 9 types of
complex semi-simple Lie algebra, they are expressed as linear combination of
the vectors e; as the roots.

The [ representations associated to the highest weight W = w; are called
the fundamental representations®. The other weights of the representation are
then : wy,..wg, ...wj—1. For the classical algebras of matrices the fundamental
representations are alternate tensor products of the standard representation,
with the exception of some representations of so (n,C) which involve the spin
group (Maths.5.4). The representations associated to a set (ni,...,n;) are de-
fined by tensorial product of the fundamental representations, which can be on
the alternate tensor products A;E or on the symmetric tensor products ©;E.
All other representations of L are defined by sum or tensorial products of the
fundamental representations. So, for classical algebras, the basic bricks are the
standard representation or, for the orthogonal group, the spin representation,
and their associated contragredient representation.

The tensorial product of irreducible representations is itself irreducible if the
representations are unitary, but otherwise it can be reducible, that is equivalent
to the sum of representations, and this is crucial in processes with composite
particles, whose states are represented by tensorial products. If (E1, f1), (F2, f2)
are irreducible representations of the same Lie algebra, with highest weight
W1, Wa, the tensorial product (F1 ® Fa, f1 X fa) is an irreducible representation
with the weight Wy + Ws.

One goes from the representation of the Lie algebra to the representation
of the group by the exponential. The adjoint representation (771G, Ad) is irre-
ducible iff there is no normal subgroup other than 1, then its dimension is the
dimension of the Lie algebra, that is the dimension of the group itself, which
can be different from the standard representation for group of matrices.

4In Particle Physics Fundamental representations = standard representations in Mathe-
matics
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The most important examples are sl (n + 1,C) :

roots : n+1 related vectors ey + ... +e,41 =0

Ay ={e;—e;,i<j},II=(e1—ea,..6n —€ny1)

U)j 261—|—€2+...+€j—%+1(61+..+6n+1)

The fundamental representations are on A;C"*! that is alternate tensor

products of the standard representation.
The Casimir operator is (%f (k1)? + f (k1) + 2f (k3) f (Iig)) and acts as

In(n-1)
’ The complexified of su (n) is sl (n,C) so the representations of SU (n) are
defined by restriction of the representations of SL (n,C).

SL(2,C) has a unique (up to isomorphism) representation of dimension n
for each n, which is an alternate power of the standard representation, and no
finite dimensional unitary representation.

Spin (3, 1) is isomorphic to SL (C,2) and has the same representations.

Spin (3) is isomorphic to SU (2) and is the double cover of SO (R, 3), so the
representations of SO (R, 3) are part of the representations of SL (C,2) and of
Spin (3) (Clifford algebras representations).

More on this topic in Maths.5.4.

6.3.3 Compact real Lie groups

The previous results hold only for complex semi simple Lie algebras. There are
similar results for real Lie groups, but they apply only when they are compact
(see Knapp p.251 for more). A Lie group is compact if, as a manifold, it is
compact. Any compact Lie group is isomorphic to a group of matrices. An
abelian compact Lie group is called a torus. A compact, connected complex Lie
group is necessarily a torus. In a compact Lie group GG the exponential is onto,
the Killing form is negative semi definite on 717G and its kernel is the center Z of
the group, then the Lie algebra T1 G /T Z is compact, semi-simple, and its Killing
form is definite negative. The complexification (by allowing complex numbers)
of a real Lie algebra TG gives a complex Lie algebra (T1G), = T1G @ iT1G.
If the group G is compact then, by the exponential, one gets a unique complex
Lie group G¢ which has (T1G), for Lie algebra and G is a subgroup of G¢.
The group G is said to be a real form of G¢, and conversely any semi simple
complex Lie group has a compact real form.

In any group G the map J : G — G :: J (h) (g) = h-g-h~! called conjugation
defines an action of G on itself. It defines a relation of equivalence on G :
g~g < 3heG:g =J(h)(g) =h-g-h~! and the classes of conjugacy define
a partition of G.

In any compact real Lie group there is a maximal abelian subalgebra (it
is not contained in another abelian algebra) T7T'. By the exponential it gives
a maximal torus I', which contains the center of G. If G is connected then :
Vg € G,3y € T,h € G:g = h-v-h~'. Such tori are not unique, they are
conjugate from each others. The complexified (T1I'), is also abelian : Vt,t" €
TiT'c @ [t,t'] = 0. and is a Cartan algebra of the Lie algebra (T1G). . By the
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exponential (71I") gives an abelian subgroup I'c of G¢. The adjoint map Ad :
G = L((ThG) ; (T1G) ) is the exponential of the map ad on (T1G), . Because
the group is abelian the matrices [Ad,] = [Adexp:| commutant, so they have a
common set of eigen vectors. There is a set (X¢) of linearly independent vectors
of (T1G), which are common vectors of the matrices [Ad,]| with eigen values
£(y) : VyeTlo: Ady (X¢) = € (7) Xe such that (T1G) = Til'c @ Span (X¢) .

Each map £ (v) : T'c — Cis a morphism £ : £ (v-v') =& (7) £ (V).

V’}/ S Fc,t/ e hle = Ad.y (t/) =t

The maps & () are not linear, and cannot be constant = 1 but there can be
v, X¢ such that Ad,y (Xg) = Xe.

Letbege G,3yel,heG:g=h-~-h7':

I' is a subgroup of I'c, it acts on (T1G) by the adjoint map and Vy € T :
Ady (Xe) = & () Xe, Ady (1) =/

Adg (Adth) = Adg.th = AdhAd,YXg = g (’y) Adth

Adgy (Adpt') = Adg.pt’ = AdpAdt' = Adpt’

The vectors AdpXe¢, Adpt’ are linearly independent and span (71G). , they
are the only eigen vectors of Ad, with eigen values & (), 1.
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