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Abstract

Spinors have been used in Particle Physics since the Dirac’s equation.
However their physical meaning is still obscure. In this paper we show
that Spinors, vectors of a 4 dimensional complex vector space, can be used
to represent the kinematic characteristics of particles,, encompassing both
their transversal and their rotational parts. The framework used is the
geometry of General Relativity, which is presented in a comprehensive and
consistent way, by the use of fiber bundles. Spinors can be can be used at
any scale, and the definition of a deformable solid body is introduced. The
gravitational field is treated as a gauge field, through a connection on a
fiber bundle. Using the spinor representation the action of the gravitation
field on a material body, with the covariant derivative, takes then a sim-
ple form. The propagation of the field is studied by a two form valued in
the Lie algebra, similar to the Riemann tensor. In this formulation, more
general but fully compatible with the more traditional approach starting
from the metric and the scalar curvature, , the structure of the gravita-
tional field can be explored, showing the existence of a rotational and a
transversal component, and quantized, the spin being similar to the usual
3 dimensional gravity.
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Mechanics is the mother of Physics : it states the rules linking the motion
of material bodies to the forces exercised by the fields. Material bodies oppose
a resistance in the change of their motion, their inertia is represented by the
momenta which combine the motion and characteristics of the material body
similar to mass. So they make the link between Geometry, where the motion of
material bodies are represented, and Particle Physics, in that particles are the
ultimate components of material bodies and provide the intrinsic characteristics
(independant from the motion) which are the other part of the momenta (mass
and spin). Kinematics is the part of Mechanics which deals with inertia, and
thus with momenta, and the purpose of this paper is to provide a comprehensive
and consistent formalism to kinematics.

To achieve this we need first a strong formalism of Geometry, to represent
the motion of material bodies. The first part of this paper is dedicated to
Geometry. Relativity has deeply changed the way we see the physical universe,
and is an unavoidable basis for a Physical Geometry. The issue is not to give a
picture of the whole Universe, which is the topic of Cosmology, but to provide
a theory which tells us how we can represent the location and the motion of
material bodies, what are the key variables which can be used and measured, and
how different observers can compare their measures. This last point is essential
because Relativity underlines the fact that each observer has his own window
to observe the world, and what they see through their window is different from
what see their neighbours. We will do it in the framework of General Relativity
(GR), because it is the most general, and also because, by compelling us to leave
the usual formalism of cartesian frames it helps to focus on understanding the
physical meaning of the concepts of location and velocity. General Relativity
encompasses both a theory of the Geometry of the Universe and a theory of
gravitation, which are linked but actually distinct. We will focus first only on
the Geometry. General Relativity is often seen as difficult to understand and
use, but this can be greatly alleviated by the use of the right mathematical
tools, which are fiber bundles. In this first part there will be not new results :
all the assumptions and the consequences which are drawn are in line with the
commonly accepted GR, the tetrad formalism is well proven and the use of fiber
bundles is standard in Gauge Theories. What is new is more the compact and
consistent framework which is presented.

This framework is necessary to introduce spinors. Momenta can be easily
understood and formalised for translational motion, or for rigid solids. But is-
sues appear when one considers rotation. Actually, even in the formalism of
Newtonian Mechanics there is a discrepancy between the way Physicists and
Mathematicians see a rotation : the latter have a clear and consistent represen-
tation, through orthonormal frames, Lie groups and algebras, but what matters
for the Physicists is the rotational momentum itself, which is a different quan-
tity. This discrepancy is not really acknowledged and has lead to a formalism
and computational rules which are, perhaps efficient, but not really consistent :
think about the generalised usage of cross-product or the definition of a torque.
The situation is worse when one considers particles which have no internal struc-
ture, for which geometric rotation cannot be defined, or the relativist geometry



: rotation in a 4 dimensional universe is totally dfferent from a rotation in a
3 dimensional one. The transposition of the usual computational practices has
lead to the introduction of new concepts, the spin of particles to represent the
impossible rotation of bodies without internal structure, and spinors to pro-
vide a variable which could represent the momentum in the relativist context.
Meanwhile a great emphasize has been given to the Poincaré group, which is
just the extension of the mathematicians point of view in the Minkovski space,
but without real physical meaning. We propose here a new point of view : ack-
owledging fully the need to define a quantity which can represent the momentum
of a particle, in the GR geometry, this quantity must be intrinsic : it represents
the inertia of a particle, it combines motion and physical characteristics which
are independant of the observer (motion is absolute in GR), but whose mea-
sure changes as a geometric quantity. The fiber bundle formalism leads to the
definition of this relativist momentum and its representation by a spinor : a
vector belonging to a 4 dimensional vector space E. This is fully similar to the
definition used in Quantum Theory of Fields, but we will introduce the vector
space E as a representation of a Clifford algebra. This mathematical structures
is not new, it provides many efficient tools to represent physical quantities such
as the motion of a material body, incorporating both the translational and the
rotational motion in a single object and the spin. The screening of E leads nat-
urally to the distinction between particles and antiparticles. In the formalism
of fiber bundles, matter fields are naturally represented as sections of a vector
bundle, and this leads to the definition of the spin, which can then be quantized.

The introduction of spinors will be done for particles, defined here as any
material body which, at the scale of the study, can be considered as occupying a
single point of the Universe, and without any internal structure (but for which
we will be able to define a spin). They are the equivalent of the material points
of classical Mechanics. However the issue of composite bodies stays : if particles
are the bricks of matter we must find a way to represent easily (that is other than
through tensor products and Fock spaces) solid bodies. The usual concept of
solid cannot be transposed in Relativity, however we wil introduce a consistent
definition, first of a material body (that is with a spatial extension larger than
a point) and then of a deformable solid through spinors, which enables to do
manageable computations in the GR framework, a solution which can be useful
in Astro-Physics.

The third part is dedicated to the gravitational field. The formalism intro-
duced previously leads naturally to treat the gravitational field as a gauge field,
with the introduction of a connection which is more general than the Levy-
Civita connection. Similarly the propagation of the field is studied through a 2
form valued in the Lie algebra, which is similar to the Riemann tensor, but more
general and easier to use. In this framework it is possible to study the struc-
ture of the gravitational field, with its transversal and rotational component, to
define its spin and proceed to its quantization.

This paper is actually part of a larger study. It uses many, well known and
some new, mathematical results whcih can be found in my book ”Mathematics



for Theoretical Physics” and will be referred to as (Maths.XXX). The quanti-
zation of spinors is done using theorems whch are proven in my book ” Quantum
Mechanics Revisited v.3” and will be refereed to as (QMR.XXX). The usage of
spinors in gauge fields theory, and notably with gravitation, is exposed in my
book ”Mathematics in Physics”. All are freely available.



1 GEOMETRY OF GENERAL RELATIVITY

Almost all, if not all, measures rely on measures of lengths and times. These
concepts are expressed in theories about the geometry of the universe, meaning
of the container in which live the objects of physics. The issue here is not a
model of the Universe, seen in its totality, which is the topic of Cosmology, but
a model which tells us how to measure lengths and times, and how to compare
measures done by different observers. Such a model is a prerequisite to any
physical theory. Geometry, as a branch of Mathematics, is the product of this
quest of a theory of the universe, and naturally a physical geometry is formalized
with the tools of Mathematical Geometry. There are several Geometries used
in Physics : Galilean Geometry, Special Relativity (SR) and General Relativity
(GR).

In this first section we will see how such a geometry can be built, from simple
observations. We will go directly to the General Relativity model. This is the
one which is the most general and will be used in the rest of the paper. It is
said to be difficult, but actually these difficulties can be overcome with the right
formalism. Moreover it forces us to leave usual representations, which are often
deceptive.



1.1 Manifold structure
1.1.1 The Universe has the structure of a manifold

The first question is how do we measure a location ?

For the spatial location one can use a chart, meaning any procedure which
relates a point to a system of coordinates. We need three scalar coordinates.
There are many maps which are in use : on Earth the geographic coordinates
with longitude, latitude and elevation, in Astronomy the celestial coordinates
system, and in an experiment in the laboratory the position with respect to a
trajectory. Of course a system of Cartesian coordinates, which measures dis-
tances with respect to a point (which itself must be located) provides a system
of coordinates, even if it is rarely used.

For the temporal location one uses the coincidence with any agreed upon
event. For millennia men used the position of celestial bodies for this purpose.
Say ”See you at Stonehenge at the spring’s equinox” and you will be understood.
Of course one can use a clock, but the purpose of a clock is to measure elapsed
time, so one needs a clock and a starting point, which are agreed upon, to locate
an event in time.

When necessary, one can use several charts to cover an area. The key point
is that the charts are compatible : there are mathematical functions, transitions
maps, which relate the coordinates of the same point in different charts.

A collection of compatible charts, each defined in an open subset of a vector
space and valued in a given set M, is an atlas. A collection of compatible atlas
over a set M defines the structure of a manifold.

1.1.2 What is a manifold ?

Let M be a set, E a topological vector space, an atlas, denoted A = (O;, ¢, E)cr
is a collection of :
subsets (O;),c; of M such that U;erO; = M (this is a cover of M)
maps (¢;);c; called charts, such that :

1) ¢; : O; = U; :: £ = ¢; (m) is bijective and & are the coordinates of M in
the chart

ii) U; is an open subset of E

i) Vi,j€eI:0;N0; #2:

©; (0;N0O;),¢; (0O;NO;) are open subsets of E, and there is a bijective,
continuous map, called a transition map :

wij 1 i (0iN0;) = ¢ (0; N O;)

Notice that no mathematical structure of any kind is required on M. A
topological structure can be imported on M, by telling that all the charts are
continuous, and conversely if there is a topological structure on M the charts
must be compatible with it.

Two atlas A = (Os, 04, E);c;, A = (O;7S037E)jej of M are said to be
compatible if their union is still an atlas. Which implies that :

Viel,je J:OiﬁOg +O: HQpij L i (OlﬁOg) — gD; (OlﬁOg) which is a
homeomorphism
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The relation A, A’are compatible atlas of M, is a relation of equivalence. A
class of equivalence is a structure of manifold on the set M.

The key points are :

- there can be different structures of manifold on the same set. On R* there
are unaccountably many non equivalent structures of smooth manifolds (this is
special to R*: on R™,n # 4 all the smooth structures are equivalent !).

- all the interesting properties on M come from E : the dimension of M
is the dimension of E (possibly infinite); if E is a Fréchet space we have a
Fréchet manifold, if E is a Banach space we have a Banach manifold and then
we can have differentials, if E is a Hilbert space we have a Hilbert manifold, but
these additional properties require that the transition maps ¢;; meet additional
properties.

- for many sets several charts are required (a sphere requires at least two
charts) but an atlas can have only one chart, then the manifold structure is
understood as the same point M will be defined by a set of compatible charts.

The charts define over M a topology, deduced from the vector space. The
manifold is differentiable (resp. smooth) if the transition maps are differentiable
(resp.smooth) (Maths.15.1.1).

1.1.3 The manifold structure of the Universe

So, at least in a vast area which is accessible to our observations, that we will
denote by 2, where there is no singularity such as black hole, we can say that
the physical universe can be represented as a manifold, that we will denote M.

Proposition 1 The Universe can be represented as a four dimensional real

manifold M

In Galilean Geometry the manifold is the product of R with a 3 dimensional
affine space, and in SR this is a 4 dimensional affine space (affine spaces have a
manifold structure).

We will limit ourselves to an area 2 of the universe, which can be large, so
that one can assume that one chart suffices. We will represent such a chart as
a map :

oM RY 5 Qo oM (50,51,52,53) =m

which is assumed to be bijective and smooth, where & = (50,51,52,53) are
the coordinates of m in the chart ¢j,.

We will assume that €2 is a relatively compact open in M, so that the manifold
structure on M is the same as on €2, and {2 is bounded.

A change of chart is represented by a bijective smooth map (the transition
map) :

X: R4 — R4 - n% = x® (50751752753)

such that the new map @ and the initial map ¢ locate the same point :

SZJW (Xa (50751752753) ;a=0, 3) =¥M (50751752753)

Notice that there is no algebraic structure on M : am + bm’ has no meaning.
This is illuminating in GR, but still holds in SR or Galilean Geometry. There
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is a clear distinction between coordinates, which are scalars depending on the
choice of a chart, and the point they locate on the manifold (affine space or
not).

The idea that the Universe could be 4 dimensional is not new. R.Penrose
remarked in his book “The road to reality” that Galileo considered this pos-
sibility. The true revolution of Relativity has been to acknowledge that, if the
physical universe is 4 dimensional, it becomes necessary to dissociate the ab-
stract representation of the world, the picture given by a mathematical model,
from the actual representation of the world as it can be seen through measures.
And this dissociation goes through the introduction of a new object in Physics
: the observer. Indeed, if the physical Universe is 4 dimensional, the location of
a point is absolute : there is a unique material body, in space and time, which
can occupy a location. Then, does that mean that past and future exist together
? Can we say that this apple, which is falling, is somewhere in the Universe,
still on the tree ? To avoid the conundrum and all the paradoxes that it en-
tails, the solution is to acknowledge that, if there is a unique reality, actually
the reality which is scientifically accessible, because it enables experiments and
measures, is specific : it depends on the observer. This does not mean that it
would be wrong to represent the reality in its entirety, as it can be done with
charts, frames or other abstract mathematical objects. They are necessary to
give a consistent picture, and more bluntly, to give a picture that is accessible
to our mind. But we cannot identify this abstract representation, common to
everybody, with the world as it is, because the one in which I can move, act and
measure, is my world. This is one of the reasons that motivate the introduction
of Geometry in this paper through GR : it is common to introduce subtle con-
cepts such as location and velocity through a frame, which is evoked in passing,
as if it was obvious, standing somewhere at the disposition of the public. There
is nothing like this. I can build my frame, my charts, and from there conceive
that it can be extended, and compared to what other Physicists have done. But
comparison requires first dissociation, and this is more easily done in a context
to which we are less used to, by years of schematic representations.

1.2 The tangent vector space

At each point of a smooth manifold M one can define a set which has the
structure of a vector space, with the same dimension as M. The best way to see
it is to differentiate the map ¢ps with respect to the coordinates (this is close
to the mathematical construct). To any vector u € R* is associated the vector
Uy = Zi:o u“datprr (£°0,€1, €2, €%) which is denoted u,, = Zi:o u*0&,.

The basis (6&1)2:0 associated to a chart, called a holonomic basis, de-
pends on the chart, but the vector space at m denoted T;,M does not depend
on the chart. With this vector space structure one can define a dual space
T, M* and holonomic dual bases denoted d§* with : d{ (0§g) = 45, and any
other tensorial structure (see Math.16).

As one can see in the definition of the holonomic basis, the tangent space is
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generated by small displacements along one coordinate, around a point m. So,
physically, locally the manifold is close to an affine space with a chosen origin
m, and locally GR and SR look the same. This is similar to what we see on
Earth : locally it looks flat.

So there are essential distinctions between :

- a point on the manifold, which is a geometric object (it does not depend on
coordinates, even if it can be represented by coordinates in a chart) but has no
vectorial structure attached (the linear combination of points has no meaning);

- a vector in the tangent bundle, which is also a geometric quantity (it exists
independently of its measure by components in a basis) but has an algebraic
structure : the linear combination of vectors is well defined.

Some physical properties of objects can be represented by vectors, others
cannot, and the distinction comes from the fundamental assumptions of the
theory. It is enshrined in the theory itself.

The vector spaces T,,, M depend on m, and there is no canonical (meaning
independent of the choice of a specific tool) procedure to compare vectors be-
longing to the tangent spaces at two different points. These vectors u,, can be
considered as a couple of a location m and a vector u,which can be defined in
a holonomic basis or not, and all together they constitute the tangent bundle
TM.

However because the manifolds are actually affine spaces, in SR and Galilean
Geometry the tangent spaces at different points share the same structure (which
is the underlying tangent vector space), and only in these cases they can be as-
similated to R%. This is the origin of much confusion on the subject, and the
motivation to start in the GR context where the concepts are clearly differenti-
ated.

1.3 Vector fields

A vector fieldon Misamap: V: M —TM :: V(m) = Zi:o v (m) 9, which
associates to any point m a vector of the tangent space T}, M. The vector does
not depend on the choice of a basis or a chart, so its components change in a
change of chart as (Math.16.1.2) :
o ~a 3 «
v (m) = 0% (m) = 375, [J (m)]5 v (m)
where [J (m)] = {% (m)} is the 4x4 matrix called the jacobian

Similarly a one formon Misamapw : M — TM* :: w(m) = Ei:o we (M) d€
and the components change as :

@a (M) = Ta (m) = 35 [K (m)]5 g (m) and [K (m)] = [J (m)]~"

The sets of vector fields, denoted X (T'M) ,and of one forms, denoted X (T'M*)
or A; (M;R) are infinite dimensional vector spaces (with pointwise operations).

A curve on a manifold is a one dimensional submanifold : this is a geometric
structure, and there is a vector space associated to each point of the curve, which
is a one dimensional vector subspace of T, M.

A path on a manifold is amap : p: R = M = m = p(r) where p is a
differentiable map such that p’ (7) # 0. Its image is a curve L,, and p defines
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a bijection between R (or any interval of R) and the curve (this is a chart of
the curve), the curve is a 1 dimensional submanifold embedded in M. The same
curve can be defined by different paths. The tangent is the map : p’ (¢t) : R —
TyyM = % € TyryLp . In a change of parameter in the path : 7 = f(7)
(which is a change of chart) for the same point : m =p(7) = p(f (7)) the new

tangent is proportional to the previous one : ‘Z—T = g—gg—f ‘fl—? = %‘Z—T

For any smooth vector field there is a collection of smooth paths (the inte-
grals of the field) such that the tangent at any point of the curve is the vector
field. There is a unique integral line which goes through a given point. The
flow of a vector field V is the map (Math.14.3.5):

Oy :Rx M — M :: Py (7,a) such that Py (,,a) : R = M ::m = Py (1,a)

is the integral path going through a :

VO CR: a%‘l’v (1.) lr—s = V (B (6, a)) (1)

and @y (.,a) is a local diffeomorphism

Vi, 7' €R: @y (14 7',a) = Oy (1,Py (77, a)) (2)
Dy (0,a) =a (3)
Vr eR: ®y (-7, Py (1,a0)) =a (4)

For a given vector field, the parameter 7 is defined up to a constant, so it is
uniquely defined with the condition ®y (0,a) = a.

In general the flow is defined only for an interval of the parameter, but this
restriction does not exist if €2 is relatively compact.

A map f:C — F from a curve to a Banach vector space E can be extended
to a map F': Q — E (Maths.1467). So any smooth path can be considered as
the integral of some vector field (not uniquely defined), and it is convenient to
express a path as the flow of a vector field.

1.4 Fundamental symmetry breakdown

The four coordinates to locate a point in the physical Universe are not equivalent
: the measure of the time £° cannot be done with the same procedures as the
other coordinates, and one cannot move along in time. This is the fundamental
symmetry breakdown.

One assumes that a given observer can tell if two events A, B occur in his
present time (they are simultaneous), and that the relation “two events are
simultaneous” is a relation of equivalence between events. Then the observer
can label each class of equivalence of events by the time of his clock. Which can
be expressed by telling that for each observer, there is a function : f, : M — R ::
fo (m) = t which assigns a time t, with respect to the clock of the observer, at any
point of the universe (or at least 2). The points : Q (t) = {m = f, (t),m € Q}
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correspond to the present of the observer. No assumption is made about the
clock, and different clocks can be used, with the condition that, as for any chart,
it is possible for a given observer to convert the time given by a clock to the
time given by another clock.

In Galilean Geometry instantaneous communication is possible, so it is pos-
sible to define a universal time, to which any observer can refer to locate his
position, and the present does not depend on the observer. The manifold M
can be assimilated to the product R x R3. The usual representation of mate-
rial bodies moving in the same affine space is a bit misleading, actually one
should say that this affine space R3 (t) changes continuously, in the same way,
for everybody. Told this way we see that Galilean Geometry relies on a huge
assumption about the physical universe.

In Relativist Geometry instantaneous communication is impossible, so it is
impossible to synchronize all the clocks. However a given observer can syn-
chronize the clocks which correspond to his present, this is the meaning of the
function f,. Different procedures have been proposed for this purpose, the sim-
plest uses electromagnetic signals which are bounced by the target. But this
process is specific to each observer, and there is a priori no way to compare
the time of clocks synchronized to two different observers, and located at two
different spatial locations. We will see how this can be done.

Whenever there is, on a manifold, a map such that f,, with f’(m) # 0,
it defines on M a folliation : there is a collection of hypersurfaces (3 dimen-
sional submanifolds) Q3 (¢) ,and the vectors u of the tangent spaces on Q3 (t)
are such that f!(m)u = 0, meanwhile the vectors which are transversal to Q3 (t)
(corresponding to paths which cross the hypersurface only once) are such that
fl(m)u > 0 for any path with ¢ increasing. So there are two faces on Qg (¢) :
one for the incoming paths, and the other one for the outgoing paths. The hy-
persurfaces Q3 (t) are diffeomorphic : they can be deduced from each other by
a differentiable bijection, which is the flow of a vector field. Conversely if there
is such a folliation one can define a unique function f, with these properties
(Maths.1502). The successions of present “spaces” for any observer is such a
folliation, so our representation is consistent. And we state :

Proposition 2 For any observer there is a function

Jfo: M =R f,(m) =t with f.(m) #0 (5)
which defines in the area Q0 of the Universe a folliation by hypersurfaces
Q3 (t)={m=f,(t),m e Q} (6)

which represents the location of the events occurring at a given time t on his
clock.

An observer can then define a chart of M, by taking the time on his clock,
and the coordinates of a point z in the 3 dimensional hypersurfaces Qs (t).
However we need a way to build consistently these spatial coordinates (how
they are related from one hypersurface Q3 (t) to another Qs (¢')).
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1.5 Trajectories of material bodies

The Universe is a container where physical objects live, and the manifold pro-
vides a way to measure a location. This is a 4 dimensional manifold which
includes the time, but that does not mean that everything is frozen on the
manifold : the universe does not change, but its content changes. As bodies
move in the universe, their representation are paths on the manifold. And the
fundamental symmetry breakdown gives a special meaning to the coordinate
with respect to which the changes are measured. Time is not only a parameter
to locate an event, it is also a variable which defines the rates of change in the
present of an observer.

1.5.1 Material bodies and particles

The common definition of a material body in Physics is that of a set of material
points which are related. A material point is assumed to have a location
corresponding to a point of the manifold. According to the relations between
material points of the same body we have rigid solids (the distance between two
points is constant), deformable solids (the deformation tensor is locally given by
the matrix of the transformation of a frame), fluids (the speed of material points
are given by a vector field). These relations are formulated by phenomenological
laws, they are essential in practical applications, but not in a theoretical study.
So we will consider material bodies which have no internal structures, or whose
internal structure can be neglected at the scale of the study, that we will call
particles. A particle then can be an electron, a nucleus, a molecule, or even a
star system, according to the scale of the study. As in Mechanics a particle is a
material point, and its location can be assimilated to a point from a geometrical
point of view. We will see later how one can extend the concept of solid bodies
to the relativist context.

1.5.2 World line and proper time

As required in any scientific theory a particle must be defined by its properties,
and the first is that it occupies a precise location at any time. The successive
locations of the material body define a curve and the particle travels on this
curve according to a specific path called its world line. Any path can be defined
by the flow of a vector such that the derivative with respect to the parameter
is the tangent to the curve. The parameter called the proper time is then
defined uniquely, up to the choice of an origin. The derivative with respect to
the proper time is called the velocity. By definition this is a vector, defined
at each point of the curve, and belonging to the tangent space to M. So the
velocity has a definition which is independent of any basis.

Remark : For brevity I will call velocity the 4-vector, also usually called
4-velocity, and spatial speed the common 3 vector.

Observers are assumed to have similarly a world line and a proper time (they
have other properties, notably they define a basis).

To sum up :
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Definition 3 Any particle or observer travels in the universe on a curve accord-
ing to a specific path , p : R — M :: m = p (1) called the world line, parametrized
by the proper time T, defined uniquely up to an origin. The derivative of the
world line with respect to the proper time is a vector, the velocity, u. So that :

u(®)= Pl € Ty M (7)
p (1) = P, (1,a) with a =, (0,a) =p(0) (8)

Observers are assumed to have clocks, that they use to measure their tem-
poral location with respect to some starting point. The basic assumption is the
following :

Proposition 4 For any observer his proper time is the time on his clock.

So the proper time of a particle can be seen formally as the time on the clock
of an observer who would be attached to the particle.

We will strive to denote ¢ the time of an observer (specific to an observer)
and 7 any other proper time. So for a given observer :

t=r1

Do:R = M:m=np,(t)

u (0) = PLli—p € Tyo)M

Do (t) = @, (7,a) with a = &, (0,a) = p(0)

The observer uses the time on his clock to locate temporally any event : this
is the purpose of the function f, and of the folliation Q3 (¢). The curve on which
any particle travels meets only once each hypersurface Q3 (t) : it is seen only
once. This happens at a time ¢ :

fo (p (T)) =t=/f ((I)u (7—7 a))

So there is some relation between t and the proper time 7. It is specific,
both to the observer and to the particle. It is bijective and both increases
simultaneously, so that : % > 0.

The travel of the particle on the curve can be represented by the time of an
observer. We will call then this path a trajectory.

A clock measures the elapsed time. It seems legitimate to assume that, in
the procedure, one chooses clocks which run at the same rate. But, to do this,
one needs some way to compare this rate. The most natural is to use a scalar
measure of the velocity <Lp, (7), and to assume that it is the same : material
bodies would travel along their world lines at the same speed. But, as velocities
are 4 dimensional vectors, one needs a special scalar product.

1.6 Metric on the manifold
1.6.1 Lorentz metric

A scalar product is defined by a bilinear symmetric form g acting on vectors of
the tangent space, at each point of the manifold, thus by a tensor field called a
metric. In a holonomic basis g reads :
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3
g(m) =" gap (m)de® @ d&” with gas = gpa 9)
af=0

The matrix of g is symmetric and invertible, if we assume that the scalar
product is not degenerate. It is diagonalizable, and its eigen values are real. One
wants to account for the symmetry breakdown, so these eigen values cannot have
all the same sign (a direction is privileged). One knows that the hypersurface
Q3 (t) are Riemannian : there is a definite positive scalar product (acting on
the 3 dimensional vector space tangent to Qg3 (t)), and that transversal vectors
correspond to the velocities of material bodies. So there are only two solutions
for the signs of the eigen values of [g (m)] : either (-,+,+,+) or (+,-,-,-) which
provides both a Lorentz metric. The scalar product, in an orthonormal basis
(Ez‘)?:o at m reads :

signature (3, 1) : (u,v) = u'vt +u?v? + v?v® — u%° (10)

signature (1,3) : (u,v) = —u'v? —u?v? — w303 + u0° (11)

Such a scalar product defines by restriction on each hypersurface Q3 (t) a
positive or a negative definite metric, which applies to spatial vectors (tangent
to Q3 (t)) and provides, up to sign, the usual euclidean metric. So that both
signatures are acceptable.

Which leads to :

Proposition 5 The manifold M representing the Universe is endowed with a
non degenerate metric, called the Lorentz metric, with signature either (3,1)
of (1,3) defined at each point.

This reasoning is a legitimate assumption, which is consistent with all the
other concepts and assumptions, this is not the proof of the existence of such
a metric. Such a proof comes from the formula in a change of frames between
observers, which can be checked experimentally.

Notice that on a finite dimensional, connected, Hausdorff manifold, there is
always a definite positive metric (Maths.1385). There is no relation between
this metric and a Lorentz metric. Not all manifolds can have a Lorentz metric,
the conditions are technical (see Giachetta p.224 for more) but one can safely
assume that they are met in a limited region (2.

1.6.2 Gauge group

The existence of a metric implies that, at any point, there are orthonormal bases
(Ei)fzo with the property :

Definition 6 (g;,&;) = n;; for the signature (3,1) and (g;,e;) = —n;; for the
signature (1,3)

18



with the matrix :

-1 0 0 0
Notation 7 [n] = 8 (1) (1) 8
0 0 01

so that the vector ¢ is the time vector.

An orthonormal basis, at each point, is a gauge. The choice of an orthonor-
mal basis depends on the observer : he has freedom of gauge. One goes from
one gauge to another by a linear map x which preserves the scalar product.
They constitute a group, called the gauge group. In any basis these maps are
represented by a matrix [x] such that :

X" [ ] = ] (12)

The group denoted equivalently O(3,1) or O(1,3), does not depend on the
signature (replace [n] by -[n]).

0(3,1) is a 6 dimensional Lie group with Lie algebra o(3, 1) whose matrices
[h] are such that : [h]" [] + [7] [h] = 0.(Maths.24.5.3). The Lie algebra is a
vector space and we will use the basis :

00 0 O 0 0 0 O 00 0 O
[ia] = 000 O [a] = 0 0 01 (5] = 0 0 -1 0
0 0 0 —1|° 0O 0 0 0}’ 01 0 O
00 1 0 0 -1 0 O 00 0 O
0 1. 0 0 0010 000 1
[104] = 1 0 0 O [s] = 0 0 0O lis] = 0 00O
Yoo 0 o™ Tt 0 0 o™ lo 000
0 0 0 0 0 0 0O 1 0 0 O
so that any matrix of 0(3,1) can be written :
[k] = [J ()] + [K (w)] with two vectors 7, w of R?
0 0 0 0 0 w1 W2 w3
0 0 —Tr3 T2 w1 0 0 0
TOI=1g o o PE@I=1L 0 o o
0 —T9 T1 0 w3 0 0 0

The exponential of these matrices read (Maths.493) :
exp [K (w)] = Iy + SYww fe () 4 cosh Vrw—1 ¢ () K (w)

Vwtw
t t sinh Vwtw
exp [K (w)] = cosh Vwlw W
wsinh Vwtw I + cosh \/wtw—lwwt
Vwiw 3 wiw

i ¢ —cos Vrtr 1 0
exp ()] = i+ 54 1(r) 4 2= (1)) = [
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where R a 3x3 matrix of O(3).

The group O(3) has two connected components : the subgroup SO(3) with
determinant = 1, and the subset O; (3) with determinant -1.

O(3,1) has four connected components which can be distinguished according
to the sign of the determinant and their projection under the compact subgroup
SO(3) x {I}.

Any matrix of SO(3, 1) can be written as the product : [x] = exp [K (w)]exp [J (1)]
(or equivalently exp [J ()] exp [K (w')]). So we have the 4 cases :

- SO (3,1) : with determinant 1: [x] = exp K (w) X {(1) Ig}

- S0 (3,1) : with determinant 1: [x] = exp K (w) X

- SO (3,1) with determinant = -1: [x] = exp K (w) X {_01 Ig
- SO3 (3,1) with determinant = -1: [x] = exp K (w) X {(1) _OR

where R a 3x3 matrix of SO(3), so that —R € O (3)
SO (3,1),k = 1,2, 3 are generated by the product of any element of SO (3, 1)
by either :

the time reversal matrix : T = -1 0
0 I3

or the space reversal matrix : S = 10
0 —1Is

1.6.3 Orientation

Is the universe orientable 7 In a universe where all observers have the same
time, the simple existence of stereoisomers which do not have the same chemi-
cal properties suffices to answer positively. In a space-time universe one needs
a process with an outcome which discriminates an orientation. All chemical
reactions starting with a balanced mix of stereoisomers produce an equally bal-
anced mix (stereoisomers have the same level of energy). However there are
experiments involving the weak interactions which show the required property.
So we can state that the 4 dimensional universe is orientable, and then we can
distinguish orientation preserving gauge transformations. The right group to
consider is SO(3,1).

The relativist universe is no longer isotropic : all directions at not equivalent.
At any point m one can discriminate the vectors v € T,, M according to the
value of the scalar product (v, v).

Definition 8 Time like vectors are vectors v such that (v,v) < 0 with the
signature (3,1) and (v,v) > 0 with the signature (1,3)

Space like vectors are vectors v such that (v,v) > 0 with the signature (8,1)
and (v,v) < 0 with the signature (1,3)
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Moreover the subset of time like vectors has two disconnected components
(this is no longer true in universes with more than one “time component”
(Maths.307)). This has two important consequences.

A change of gauge, physically, implies some transport of the frame (one does
not jump from one point to another) : we have a map : x : I — SO(3,1) such
that at each point of the path p, : I — M defined on a interval I of R, x (¢) is
an isometry. The path which is followed matters. In particular it is connected.
The frame (si)f’zo is transported by : & (1) = x (t) & (0). So {[x (7)].t € I},
image of the connected interval I by a continuous map is a connected subset
of SO(3,1), and because x(0) = Id it must be the component of the identity.
So the right group to consider is the connected component of the identity
SO (3,1).

Because the subset of time like vectors has two disconnected components
one can discriminate these components and, in accordance with the assumptions
about the velocity of material bodies, it is logical to consider that their velocity
is future oriented. And one can distinguish gauge transformations which
preserve this time orientation.

Definition 9 We will assume that the future orientation is given in a gauge by
the vector €g. So a vector u is time like and future oriented if :

(u,u) < 0,{u,e0) <0 with the signature (8,1)

(u,u) >0, {u,e0) > 0 with the signature (1,5)

A matrix [x] of SOy(3,1) preserves the time orientation iff [x]g > 0 and this
will always happen if [x] = exp [K (w)] exp [J (r)] that is if [x] € SO0 (3,1).

A gauge transformation which preserves both the time orientation, and the
global orientation must preserve also the spatial orientation.

1.7 Velocities have a constant Lorentz norm

The velocity d(ft" is a vector which is defined independently of any basis, for

any observer it is transversal to Qg (t). It is legitimate to say that it is future
oriented, and so it must be time-like. One of the basic assumptions of Relativity
is that it has a constant length, as measured by the metric, identical for all
observers. So it is possible to use the norm of the velocity to define a standard
rate at which the clocks run.

Because the proper time of any material body can be defined as the time on
the clock of an observer attached to the body this proposition is extended to
any particle.

The time is not measured with the same unit as the lengths, used for the
spatial components of the velocity. The ratio £/t has the dimension of a spatial
speed. So we make the general assumption that for any observer or particle the

velocity is such that <%, %> = —c? where 7 is the proper time. Notice that ¢

is a constant, with no specific value.
And we sum up :

21



Proposition 10 The wvelocity % of any particle or observer is a time like,
future oriented vector with Lorentz norm

dp dp 2

L2y 13

<d7’7 d7'> ¢ (13)

(with signature (3,1) or ¢ with signature (1,3)) where c is a fundamental
constant.

1.8 Standard chart of an observer

As a consequence :

Theorem 11 For any observer there is a vector field eg € X (T M) which is
future oriented, with length (g9 (m),e0 (m)) = —1, normal to Q3 (t) and such
that : o (po (t)) = %dé" where dﬂ" is the velocity of the observer at each point
of his world line.

Proof. For an observer the function f :  — R has for derivative a one form

f'(m) # 0 such that Vv € T,,Q3 (¢) : f' (m)v = 0. Using the metric, it is possible

to associate to f’ (m) a vector : o (m) = gradf : (g9 (m),v) = f'(m)v. Thus

o (m) is normal to Q3 (¢). Along the world line of the observer gy (m) is in the

direction of the velocity of the observer. And it is always possible to choose

o (m) such that it is future oriented and with length (g (m),e0(m)) = —1 m
As a consequence :

Theorem 12 Qg3 (t) are space like hypersurfaces, with unitary normal g9 €
X(TM)

Using the vector field €g, and any any chart ¢q of Q (0) there is a standard
chart associated to an observer.

Definition 13 The standard chart on M of any observer is defined as :
0o 1 RY = Q o, (50,51,52,53) =, (ct,x)
0 =ct, pq (£4,€2,€%) =z in any chart of Q(0)

¢ is required in ®., (ct, z) so that :

O =ct (14)

which makes all the coordinates homogeneous in units [Length].
The holonomic basis associated to this chart is such that :

Opo __ —
9 = o8 = %%fbso (ct,z) =€g

€0 (m) = 0% (15)
For any point m = ¢, (50, £ g2, 53) ., (ct,x) the point z is the point where
the integral curve of € passing by m crosses 23 (0) .
So the main characteristic of an observer can be summed in the vector field
o (which is equivalently deduced from the function f,).
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1.9 Trajectory and speed of a particle

A particle follows a world line ¢ (7), parametrized by its proper time. Any ob-
server sees only one instance of the particle, located at the point where the
world line crosses the hypersurface Q3 (t) so we have a relation between 7 and t.
This relation identifies the respective location of the observer and the particle
on their own world lines. With the standard chart of the observer it is possible
to measure the velocity of the particle at any location, and of course at the
location where it belongs to Q3 (¢) .

The trajectory (parametrized by t) of any particle in the standard chart of
an observer is :

a(t) = @, (ct.x (1) = o (ct,€1 () . € (1), 6° (1)

By differentiation with respect to ¢ :

99— o (q (1) + 2 e, (cty (1)) 22

D&, (ct,a(t) 22 =52 Lape, € T,,Q5 (t) so is orthogonal to £ (¢ (t))
Definition 14 The spatial speed of a particle on its trajectory with respect to
an observer is the vector of Ty;)23 (t) :

T 3 «
T =20, (ctx(t) L2 =30 %o,

Thus for any particle in the standard chart of an observer :

V) =2 ey (g 1) + 7 (16)

For the observer in the standard chart we had :
% =ceo(po(t) & ¥ =0

Notice that the velocity, and the spatial speed, are measured in the chart of
the observer at the point q(t) where is the particle. Because we have defined a
standard chart it is possible to measure the speed of a particle located at a point
q (t) which is different from the location of the observer. And we can express

the relation between 7 and t.

Theorem 15 The proper time T of any particle and the corresponding time of
any observer t are related by :

2
ar_ |17
dt c?

(17)

where U is the spatial speed of the particle, with respect to the observer and
measured in his standard chart.
The velocity of the particle is :

p 1

dr 2
VAR

23
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Proof. i) Let be a particle A with world line :
p:R=>M:m=p(r)=,(r,a) with a = &, (0,a) = p(0)
In the standard chart @, (ct,z) of the observer O its trajectory is :
qg:R—=>M:m=q(t) = (ct,x(t))
So there is a relation between ¢, 7 :
m=p (1) =Py (7,a) = q(t) = P, (ct, x (1))
By differentiation with respect to t :
Lq(t)=ceo(pa(t) + 7

dg _

T = U + ceo (m)
dq _ dp dr

dt — dr dt

dp dp\ _ _ 2
dr’ dr

[d

dr Ldr _
and because >0 5 =1/1 =

C

ii) The velocity of the particle is :
dp _dadt _ 1 __ (Y 4 cgp(m)) m

d dt dr
T T 1/1_IIT'II2
c2

As a consequence :

IV <e (19)

V() = % is the measure of the motion of the particle with respect to the
observer : it can be seen as the relative velocity of the particle with respect to the
observer. It involves ¥ which has the same meaning as usual, but we see that in

Relativity one goes from the 4 velocity u = % (which has an absolute meaning)

. . 7)?
to the relative velocity V' (t) = % = %% =u\/l—- I c2|| by a scalar. If we have

two particles A,B, with their path g4 (74),¢p (78) can we define their relative
motion, for instance of B relative to A 7 The simplest way to do it in relativity is

1— H73

2
to consider A as an observer, then Vg 4 (14) = ’;q—B =up %” which

TA
is defined in the chart associated to the observer A.
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1.10 Fiber bundles

As said before, the location of a particle is absolute : this is the point in the
physical Universe that it occupies at some time. But the measure of this location
is relative to the observer, starting with the time at which the particle is at a
given place. Similarly the velocity of a particle or an observer is absolute : in
its definition there is no reference to a chart or a frame. This is an essential
point in Relativity. State that the velocity of a particle is absolute confers to
the variable a specific status : it is a geometric vector. The status - vector or
not - of a variable is not arbitrary : it is part of the assumptions of the theory.
Velocity is an intrinsic property of material bodies and particles, the measure
of this velocity depends on the observer : it is relative.

This remark extends to all measures. A physical measure in itself has no
meaning if one does not know how it has been done. The label “done by the
observer O” is necessary. So we cannot contend ourselves with maps X : M —
E. We need a way to attach a tag, identifying the way the measure has been
done, to the value of the variable. The mathematical tool to achieve that is
the fiber bundle formalism. This is more than a sophisticated mathematical
theory, it embodies the relation between measure (the value) and conditions of
the measure (the gauge).

(see Math.Part VI)

1.10.1 General fiber bundle

A fiber bundle, denoted P(M, F,7p), is a manifold P, which is locally the prod-
uct of two manifolds, the base M and the standard fiber F, with a projection
: mp : P — M which is a surjective submersion. The subset of P : 75" (m)
is the fiber over m. It is usually defined over a collection of open subsets of
M, patched together, but we will assume that on the area ) there is only one
component (the fiber bundles are assumed to be trivial). A trivialization is a
map :

wp: M xF — P:p=ypp(m,v)

and any element of P is projected on M : Vv € F : p (¢p (m,v)) = m.So it
is similar to a chart, but the arguments are points of the manifolds.

A section p on P is defined by amap : v: M — F and p =¢p (m,v(m)).
The set of sections is denoted X (P).

A fiber bundle can be defined by different trivializations. In a change of
trivialization the same element p is defined by a different map ¢p : this is
very similar to the charts for manifold.

p=pp(m,v) =¢p(m,v)

and there is a necessary relation between v and ¥ (m stays always the same)
depending on the kind of fiber bundle.

1.10.2 Principal bundle

If F = G is a Lie group then P is a principal bundle : its elements are a
value g(m) of G localized at a point m. There is a right action of G on P :
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p=wpp(m,g) —>p-g9 =pp(m,g.g)

p will usually define the basis used to measure vectors, so p is commonly
called a gauge. There is a special gauge which can be defined at any point (it
will usually be the gauge of the observer) : the standard gauge, the element
of the fiber bundle such that : p(m) = ¢p(m,1) where 1 denotes the unit
element of G.

A change of trivialization is induced by a map : x : M — G that is by a
section x € X (P) and :

p=p(m,g) =op(m,x(m)-g)=¢p(m,g) < g=x(m) g (x(m) acts
on the left)

X (m) can be identical over M (the change is said to be global) or depends
on m (the change is local).

The expression of the elements of a section changes as :

o€ X(P) 0 =pp(m,o(m) = Fr (M, (m) & & (m) = x (m) - o (m)

o (m) = ¢p (m,o (m)) = @p (m,x (m) - o (m)) (20)
A change of trivialization induces a change of standard gauge :
p (m) = pp (m,1) = ¢p (m, x (m))
=B (m) = &r (m,1) = &p (m,x (m) - x (m) ") =p(m) - x (m)

1.10.3 Vector bundle

If FF =1V is a vector space then P is a vector bundle and it has at each point
the structure of a vector space :

wm = pp (M, w) aw;n =pp(m,w'), o, ER:

oWy, + Bwl, = @p (m, cw + Pw’)

A holonomic basis is defined by a basis (£;),.; of Vand : ; (m) = ¢p (m,&;) .

Usually vector bundles are defined as associated vector bundles. The princi-
pal bundle defines locally a standard with respect to which the measure is done.
The result belong to a fixed set, but its value is labeled by the standard which
is used and related to a point of a manifold.

1.10.4 Associated fiber bundle

Whenever there is a manifold F, a left action A of G on F, one can built an
associated fiber bundle denoted P [F, \] comprised of couples :

(p,v) € P x F with the equivalence relation : (p,v) ~ (p “g, A (g’l,v))

It is convenient to define these couples by using the standard gauge on P:

(p (m) 7”) = ((PP (m7 1) 7U) ~ (QPP (mvg) A (g_lvv)) (23)
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A standard gauge is nothing more than the use of an arbitrary standard,
represented by 1, with respect to which the measure is done. This is not a section
: the standard gauge is the embodiment of the free will of the observer, who
can choose the way he proceeds to the measure, and is not fixed by any physical
law. A change of standard gauge p (m) = pp (m,1) = p (m) = p (m) - x (m) "
in the principal bundle impacts all associated fiber bundles (this is similar to
the change of units) :

vp = (P (m),v) = (p(m)-x (m) " A (x (m) ) (24)
Similarly for the components of a section :
veX(PV.A) v (m) = (p(m),v(m) = (p(m)-x(m) " A(x(m),v))

If F is a vector space V and [V, p] a representation of the group G then we
have an associated vector bundle P [V, p] which has locally the structure of
a vector space. It is convenient to define a holonomic basis (¢; (m));_, from
a basis (g;);_, of V by : g; (m) = (p (m) ,&;) then any vector of P [V, p| reads :

U = (p (m),v) = <p (m),zvia) =) v'ei(m) (25)

=1 =1

A change of standard gauge p (m) = ¢p (m,1) = p(m) = p(m)-x (m)~"

in the principal bundle impacts all associated vector bundles.
The holonomic basis of a vector bundle changes as :

i (m) = (b (m) 1) —

& (m) = (B (m) &) = (p(m) - x (m) " 1)

~ (P ) xm) ™) xm)p (x (m) ) &)
= (P (x(m) 1) ) = (x(m) ") & (m)

p (m) = ¢p (m,1) = B (m) =p(m) - x(m) " : (26)
ei (m) = (p(m) &) = & (m) = p(x (m)) " & (m) (27)
so that the components of a vector in the holonomic basis change as :

v = Yy vl (m) = 30 08 (m) = 30, 0o (x (m) e (m)

=0 =32, [p (x (m))]; v

p(m) = @p (m,1) = B (m) = p(m)-x(m) " : (28)
V=0 = o (x (m)]; v (29)

The set of sections on P [V, p] , denoted X (P [V, p]) , is an infinite dimensional
vector space. In a change of standard gauge the components of a section change
as :
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vEX(PV,p]) v (m) =370 vt (m)ei (m) = 357, 0" (m) & (m)

&0 m) =5, [p (x(m)™")] v (m)

so that (X (P [V, p]), p) is an infinite dimensional representations of the group
G.

I have given with great precision the rules in a change of gauge, as they will
be used quite often (and are a source of constant mistakes !). They are necessary
to ensure that a quantity is intrinsic : if it is geometric, its measure must change
according to the rules. And conversely if it changes according to the rules, then
one can say that it is intrinsic (this is similar to tensors). Because this is a
source of confusion, I will try to stick to these precise terms :

- a section = a point of a fiber bundle whose value is defined for each m € M,
this is a geometric object

- a gauge = a point of the principal bundle of P, this is a geometric object,
which does not depend on a trivialization

- a standard gauge = a specific element of P, whose definition depends of
the trivialization. This is not a section.

- a change of trivialization does not change the points of P, the gauge or the
sections, but change the standard gauge and the way the points of P are defined
with respect to the standard gauge

- it is equivalent to define a change of trivialization by the change of maps
wp — @p or by the change of standard gauge : p(m) = pp (m,1) = p(m) =
@P (ma 1)

Notice that the elements of a section stay the same, but their definition
changes, meanwhile the holonomic bases are defined by different elements. This
is very similar to what we have in any vector space in a change of basis :
the vectors of the basis change, the other vectors stay the same, but their
components change.

1.10.5 Scalar product and norm

Whenever there is a scalar product (bilinear symmetric of Hermitian two form)
() on a vector space V, so that (V, p) is a unitary representation of the group G :
(p(g)v,p(g)v) = (v,0), the scalar product can be extended on the associated
vector bundle P [V, p] :

((p(m),v),(p(m) 77/)>P[V,p] = (v, UI>W (30)

If this scalar product is definite positive, with any measure p on the manifold
M (usually the Lebesgue measure associated to a volume form as in the relativist
context), one can define the spaces of integrable sections L (M, u, P [V, p]) of
PV, p] (by taking the integral of the norm pointwise). For q = 2 they are Hilbert
spaces, and unitary representation of the group G. Notice that the signature of
the scalar product is that of the product defined on P [V, p], the metric on M
1s not involved.
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If there is a norm on V, that is a map :

M-V —=Ry

such that :

[ X >0

IX[|=0<X=0

KX = X

1 X+ X7 < [ X+ (X7

which does not depend on p :

Vg e G:llp(g) XI = [IX]|

then one can define a norm pointwise on P [V, p] :
1(p (m), v)[| = [|v]| )

(p(m),v) ~ (p(m)p(9~").p(g)v)
[(pm)p(g71),p(9)0)| = llp(9) vl = Il

and the space of integrable maps :

LY X (PV.p])) ={X € X(P[V,p]), Jo IIX[lp < oo}
is a separable Fréchet space if 2 is a compact subset.

We have several fiber bundles in the Geometry of the Universe that we have
defined. The simplest is the usual tangent bundle TM over M, which is a vector
bundle associated to the choice of an invertible map at each point (the gauge
group is SL(R,4)). But we have another one through the standard chart of an
observer ;

Definition 16 For any observer there is a fiber bundle structure M, (R, 2 (0),m)
on M with base R and :

projection : m, (m) = fo (m)

trivialization : O, : R x Q(0) = Q :: O, (ct,z) =m

1.11 Standard gauges associated to an observer

Following the Principle of Locality any physical map, used to measure the com-
ponents of a vector at a point m in M, must be done at m, that is in a local
frame. One property of the observers is that they have freedom of gauge : along
their travel on their world line p, (t) they can choose a gauge, by choosing 4
orthogonal vectors.

For the time vector the observer has actually no choice : this is necessarily
the vector ¢ in the direction of his velocity dlft". And this vector has been
extended as the vector field € orthogonal to Q3 (t). The 3 other vectors of an
orthonormal basis, corresponding to the space, belong to the space tangent at
Qs (t), they are orthogonal to €9 and we assume that the observer can define
these 3 vectors at any point of his present Q3 (¢). This can be achieved by a
system of communication (not instantaneous) between observers who would be
located at each point.

This is equivalent to assume that, for each observer, there is a principal bun-
dle P, (M,S0q (3,1),m,), a gauge p (m) = ¢p (m,1) and an associated vector
bundle P, [R‘l,z} where (R4,z) is the standard representation of SOy(3,1). It
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defines at each point an holonomic orthonormal basis : ¢; (m) = (p (m), ;) .To
sum up :

Proposition 17 For each observer there is :

a principal fiber bundle structure P, (M,SOq (3,1),m,) on M with fiber
the connected component of unity SOq (3,1), which defines at each point a stan-
dard gauge : p(m) = ¢p (m,1)

an associated vector bundle structure P, [R*,1] where (R*,1) is the stan-
dard representation of SOg(3,1), which defines at any point m € Q the stan-
dard basis £; (m) = (p (m),&;),i=0..3 where g9 (m) is orthogonal to the hyper-
surfaces Q3 (t) to which m belongs.

Notice that these structures depend on the observer. Starting with the
principal bundle P,, a change of gauge can be defined at any point by a section
X € X (P,) as seen above, with an impact on any associated bundle.

A standard basis is such that its time vector is ¢ (m), so at the location
of the observer it is in the direction of his velocity. Standard bases are not
unique : their time vector is the same, but their space vectors can be rotated
in Qg (t) . Because they constitute an euclidean orthonormal basis the rotation
is given by a matrix of SO(3).

1.12 Formulas for a change of observer

Theorem 18 For any two observers O,A the components of the vectors of the
standard orthonormal basis of A, expressed in the standard basis of O are ex-
pressed by the matriz of SOq (3,1), where T is the instantaneous spatial speed
of A with respect to O and R a matriz of SO(3) :

1-Lof” 1-1of” 10
_ . . 31
g S-S RS NS SR () {O R} (81)
vz 3 o] vl
1-1)” 1- 1y

Proof. Let be :

O be an observer (this will be main observer) with associated vector field g
, proper time ¢t and world line p, (t)

A Dbe another observer with associated vector field €, , proper time 7

Both observers use their standard chart ¢,, ¢4 and their standard orthonor-
mal basis, whose time vector is in the direction of their velocity. The location
of A on his world line is the point m such that A belongs to the hypersurface
Q3 (¢)

The velocity of A at m :

4 — cef) (m) by definition of the standard basis of A

dpa _ 1 (
dr 171
1- 15

c

U + ce (m))as measured in the standard basis of O



The matrix [x] to go from the orthonormal basis (g; (m));_, to (&} (m))?:o
belongs to SOy(3,1). It reads :

(e cosh Vwlw wt 75“1}’7' :f:w [1 O]
X - wsinhw\/tvfutw Is + cosh w\/zi;;wfl ww? 0 R

for some w € R3, R € SO (3)
The elements of the first column of [y (¢)] are the components of (, (m) , that

is of ldgi expressed in the basis of O :
C T

coshVwlw = ———

1- v}
wsinh vwlw _ o 1
wtw c /1_W
t 2 2
w=kV = whw =k ||7||
which leads to the classic formula with

|7 =
w—ﬁargtanh"%”_%ﬁln( +| ||) N%Lln(1+2¥>N% .

T\ ol

Some key points to understand these formulas :

- They hold for any observers O, A, who use their standard orthonormal
basis (the time vector is oriented in the direction of their velocity). There is no
condition such as inertial frames.

- The points of M where O and A are located can be different, but they
belong both to the same hypersurface Q3 (t). The spatial speed T is a vector
belonging to the space tangent at 23 (t) at the location m of A (and not at the
location of O at t).

- The formulas are related to the standard orthonormal bases (e; (m))fzo of
O and (¢} (m))?zolocated at the point m of Q3 (t) where A is located.

- These formulas apply to the components of vectors in the standard or-
thonormal bases.

These formulas have been verified with a great accuracy, and the experiments
show that c is the speed of light. This is an example of a theory which is checked
by the consequences that can be drawn from its basic assumptions.

We will see below how these formulas apply in Special Relativity.

1 0
ik
The Galilean Geometry is an approximation of SR when the speeds are small
with respect to c¢. Then the velocities are dg—;‘ = (U + cgo) with a common
vector €g.

If we take £ — 0 we get [x] = [ that is a rotation of the usual space.

1.13 The Tetrad
1.13.1 The principal fiber bundle

So far we have defined a chart ¢, and a fiber bundle structure P, for an observer
: the construct is based on the motion of the observer, and his capability to
extend his frame over the hypersurfaces Q3 (t) . With the formulas above we see
how one can go from one observer to another, and thus relate the different fiber
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bundles P,. The computations in a change of frame can be done with measures
done by the observers, and have been checked experimentally. So it is legitimate
to assume that there is a more general structure of principal bundle, denoted
Pe (M,S500(3,1),7g) ,over M. In this representation the bases used by any
observer is just a choice of specific trivialization, or equivalently of standard
gauge, and one goes from one trivialization to another with the matrix [x] .

If it is easy to define such a mathematical structure, it is necessary to un-
derstand its physical meaning. There is no way to relate an element p € Pg at
a point m of M to a physical phenomenon : a trivialization is, like a chart, ar-
bitrary, but the relations in a change of trivialization can be measured by their
consequences on the bases of associated bundle (as can be checked the rela-
tions between components in a change of chart). In particular a gauge, denoted
e (m, 1) is arbitrary, but it will be convenient to keep the notation in this paper,
and to precise its meaning : we state that the standard gauge p (m) = g (m, 1)
is the gauge such that the associated basis €; (m) = (p (m),e;) is the standard
basis chosen by an observer. So the standard gauge is actually defined by the
standard basis. Such a basis, for any observer, is orthonormal and its time vec-
tor is time like, future oriented, and defined by the velocity of the observer. Any
observer can choose another orthonormal basis, which is deduced by an action
of SOy (3,1), and thus by an element of Pg. So a change of trivialization, or
standard gauge, is equivalent to a change of standard basis. If the change of
basis involves a change of the time vector g (m) we assume that this is a change
of observer.

Proposition 19 There is a unique structure of principal bundle

Pg (M,S500(3,1),mg) with base M, standard fiber SO (3,1). A change of
observer is given by a change of trivialization on Pg.

The standard gauge p (m) = g (m, 1) is, for any observer, associated to his
standard basis €; (m) = (p (m),&;)..

As a consequence the change of observer is a change of gauge, given by a
section x (global or not) of Pg, the vectors of the standard basis transform
according to the matrix [y]. The transformation holds at any point. Moreover
the operation is associative : the combination of relative motions is represented
by the product of the matrices. This is convenient, and a big change with what
is done in SR with Cartesian frames as we will see.

1.13.2 Tetrad

The vectors of a standard basis (the tetrad) can be expressed in the holonomic
basis of any chart (of an observer or not).

3 3
gi(m) = P (m)0n & 06 = > _ Pl (m)e; (m) (32)
a=0 =0
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where [P] is a real invertible matrix (which has no other specific property,
it does not belong to SO (3,1)) and we denote

Notation 20 [P'] = [P]_l = [ng] .

The dual of (8§a)i:0 is (dfo‘)izo with the defining relation :
g™ (0€p) = 0f.-

The dual (&' (m))fzo is

3 3
e (m) = Plde™ < d&™ = P’ (m) (33)
i=0 =0

gl (m) (g5 (m)) = Y00 5o PUPPde™ (9€5) = Y0 _o PL PR = 6t

Notice that, if it is usual to associate to a vector v € T,,M a covector :
ut =35 JapuldE®, then u* (v) = (u,v) so that (g;)" # €' : &} (v) = nv' #
et (v) = v

In the fiber bundle representation the vectors of the tetrad are variables
which are vectors g; € X (T M) or covectors et € X (T'M*). The quantities
(P~ (m))?zl (called vierbein) and (PY (m))?zl are the components of the vectors
gi (m) or the covectors €’ (m) in any chart. They can be measured, if one has a
chart. They depend on the observer, change with the location m and in a change
of chart as the components of a vector or a covector. The quantities ¢; (m) are
geometric quantities. They are one of the variables in any model in GR : as
such they replace the metric g. However it is obvious that [P] is defined, in any
chart, up to a matrix of SO (3,1), so there is some freedom in the choice of
the gauge, and this has consequences in the specification of a lagrangian (the
derivative dg P cannot appear explicitely).

In a change of gauge on the principal bundle Pg : p(m) = ¢p (m,1) —
p(m) =p(m)-x(m)"" the holonomic basis becomes with [y (m)] € SOy (3,1)
ei(m) = (p(m) &) = & (m) = [x (m)] " & (m)
~ 177
Yo P2 (m) 0 = [x (m) | 5 Py (m) 06

p(m) = @p (m, 1) = B (m) = p (m) - x (m) " [P] > [P| = [x (m)] " [P]

With respect to the stqndard chart of the observer :

€0 (po (1)) = 06 = Fy' = 6}

a=1,23: 20, (£2,6",62,6%) = 00 = L0, (ct,) & € TnQs (1) =
PP =0

1 0 0 0 1 0 0 0

0 Py Py P 0 P, Py P
Pl = 11 P2 Pis |y 11 P2 Pi3
so [P’] 0 Py, Pj, P [Pl 0 P Pox Pos
0 P3 Py Pi 0 P31 Py Psg
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1.13.3 Metric

The scalar product can be computed from the components of the tetrad. By
definition :

gas (m) = (9€a,06s) = 33— mig [P, [P

The induced metric on the cotangent bundle (Maths.1608) is denoted with
upper indexes :

9" =205 9700 @ 05

and its matrix is [¢] "

g (m) = Y23,_o 0 [PI [PI]

9] ™" = [PI ] [P]" < [g] = [P'] [n] [P"] (35)
It does not depend on the gauge on Pg :

@ = [P] W [P] = 1P [ om) ] B [x om) ] 1P = 1P 1] P

So in the standard chart of the observer : ¢°° = —1.

=11 =|

and [g], is definite positive.

The metric defines a volume form on M (Maths.1609). Its expression in
any chart is, by definition :

wy (m) =eg Aep Aea Aez = +/|det [g]|dE0 A dEL A dE? A dE3

l9] = [P'] [n] [P'] = det [g] = — (det [P'])* = \/[det [g]] = det[F']

assuming that the standard basis of Pg [R4, z} is direct.
wy = det [P']dE° A dEr A dE? A deB (36)

1.13.4 Induced metric

The metric on M induces a metric on any submanifold but it is not necessarily
non degenerated (Maths.19.3.1).

On hypersurfaces the metric is non degenerated if the unitary normal n is
such that (n,n) # 0 (Maths.1642). The induced volume form is (Maths.1644) :

ps = inwy = det [P'] dE9 A dEY A dE? A dE3 (n)

For Qg3 (t) the unitary normal n is ¢ , the induced metric is Riemannian and
the volume form w3 is :

w3 = i, w4 = det [P'] dE0 A dEY A dE? A dE3 (o)

= det [P'] d€° (g9) A dEY A dE? A dE3

= det [P'] d¢Y A dE? A d€3

w3 = det [P'] de* A dE? A de? (37)

and conversely :
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wy = eo A w3 = det [P'] d&0 A dEP A dE? A dE3
w3 is defined with respect to the coordinates ¢!, 2, €3 but the measure de-
pends on &0 = t.

For a curve C, represented by any path : p : R — C :: m = p(6) the

condition is <%, %> # 0. The volume form on any curve defined by a path :

q : R — M with tangent V = % isy/[(V,V)|df. So on the trajectory ¢ (¢) of a
particle it is

w1 (t) = /= (V, V)dt (38)

For a particle there is the privileged parametrization by the proper time,
and as <%, Z—f> = —c? the length between two points A,B is :

0, = f:f \/— <%, %>d7’ = f:f cdr =c(tp — T4)

This is an illustration of the idea that all world lines correspond to a travel
at the same speed.

1.14 From particles to material bodies

In Mechanics a material body is comprised of “material points”, that is elements
of matter whose location is a single geometric point, and change with time in
a consistent way : their trajectories do not cross, and the body keeps some
cohesion, which is represented by a deformation tensor for deformable solid
bodies. In Relativity the material points, particles in our terminology, follow
independent world lines, which do not cross, and thus can be represented by a
field of vectors u, future oriented with length (u,u) = —c?, such that, at some
time 0, the particles are all together in a compact subset w (0) of a 3 dimensional
space like submanifold. Then the location of any particle of the material body is
given by ®,, (7, a) where 7 is its proper time and a € w (0) its location at 7 = 0.
The area swept by the body is & = {®,, (7,a) : 7 € R,a € w (0)} and we have the
function: f: & - R: f(m)=7:3a € w(0) : ®,(7,a) = m. The function f
defines a folliation in diffeomorphic compact 3 dimensional hypersurfaces w (1)
which can be seen as the state of the material body at 7 (Maths.1503). So
®,, (7,a) can be seen as a chart of &, and the material body has a unique proper
time 7. We can then give a definition of a material body which is independent
of any observer.

Definition 21 A material body is defined by a field of vectors u, future ori-
ented with length (u,u) = —c?, and a compact subset @ (0) of a & dimensional
space like submanifold. The body is located at its proper time T on the set w (T)
diffeomorphic to w (0).

The vector field u € X (T M) does not depend on a chart, but for any observer
O the trajectories of the material points of the body will follow a vector field V' €
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X (TM) : the curves do not change, but they are traveled with the parameter ¢
and not 7.
A material point can be labeled by its position y € w (0) then its location p
is
®,, (7,a) at the proper time 7 along the world line going through y
D, (t,z (1)) = vo (t,z (t)) at the time t of the observer in the chart of
the observer given by his vector field &g
and 7,t,y,x (t) are related by :

Y
V()= =u =+ T
= dt
z(0)=a
At ¢t = 0 for the observer the set of points of the material body is @ (0) =
wNN(0)

At ¢t > 0 for the observer the set of points of the material body is @ (t) =

wnNQ(t)
@ (t) ={po (t,z(1),z(0) €D (0)}

={®v (t,2(0),z (0) w(0)}

={Pu(7(t),a),acw(0)}

and w (7 (t)) = {Pu ( (t),a),a € w(0)}

So the characterization of a material body is observer dependant : they do
not see the same body.

However we will assume :

Proposition 22 For any material body there are observers with proper time t
such that, at t = 0 they observe the entire material body : w (0) C Q(0)

Then at any given time t : & (¢) = w (7 (¢)) . This is a legitimate assumption,
which will be mainly used to compute the characteristics of material bodies.

In Mechanics a solid is a material body such that the distance between any
two of its points is constant. w (7) is a Riemannian manifold, with the metric g,
induced by the metric g on M. g, defines the length of a curve on w (7) and the
distance between two of its points is then the minimum of the length of all the
lines which join the points. Because w (7) is compact such a minimum exists,
however the metric g, itself depends on the point and 7, so this concept of solid
cannot be extended in Relativity.

In Galilean Geometry the local deformation of a material body is studied
through the change of a frame attached to each point, with respect to a fixed
common frame. In the previous framework the local deformation can be mea-
sured through the derivative of the flow ®,. Choose a chart of w (0) : a =

¢ (n1,m2,n3) then the derivatives u = 8;;“ Sy = 86?7 i =1,2,3 provides a basis

at each point of w (7) and the components of these vectors with respect to any
chart of M provide a deformation tensor. We will see in the following how one
can improve these points.
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1.15 Special Relativity

All the results of this chapter hold in Special Relativity. This theory, which is still
the geometric framework of QTF and Quantum Physics, adds two assumptions
: the Universe M can be represented as an affine space, and the metric does not
depend on the location (these assumptions are independent). As consequences

ﬁ
- the underlying vector space M (the Minkovski space) is common to all

observers : the vectors of all tangent spaces to M belong to ]\_/[>

- one can define orthonormal bases which can be freely transported and
compared from a location to another

- because the scalar product of vectors does not depend on the location, at
each point one can define time-like and space-like vectors, and a future orienta-
tion (this condition relates the mathematical and the physical representations,

%
and M is not simply R?)
- there are fixed charts (O, (si)fzo), called frames, comprised of an origin

(a location O in M : a point) and an orthonormal basis (Ei)?:o- There is nec-
essarily one vector such that (e;,&;) = —1. It is possible to define, non unique,
orthonormal bases such that g is timelike and future oriented.

- the coordinates of a point m, in any frame (O, (Ei)?:o) , are the components
of the vector OM. The transition maps which give the coordinates of m in

another frame (A, (51')3:0) are then given by the formulas :

OM = E?:O TiEq

AM =570 75

OM = OA+AM = Y7 Liei + Y7 %ié;

&= Y0 Xl &, ] € SO (3,1)

However one needs to go from this abstract representation to a physical
definition of frames.

Observers can label points which are in their present with their proper time.
The role of the function f(m) = ¢ is crucial, because it defines the 3 dimen-
sional hypersurfaces Q) (t) . They are not necessarily hyperplanes, but they must
be space like and do not cross each other : a point m cannot belong to 2 differ-
ent hypersurfaces. These hypersurfaces define the vector field ¢ (m) to which
belongs the velocity of the observer (up to ¢). In SR one can compare vectors at
different points, and usually the vectors g (m) are different from one location to
another. They are identical only if 2 (¢) are hyperplanes normal to a vector ey,
which implies that the world line of the observer is a straight line, and because
the proper time is the parameter of the flow, if the motion of the observer is
a translation at a constant spatial speed. These observers are called inertial.
Notice that this definition is purely geometric and does not involve gravitation
or inertia : the motion of an observer is absolute, and inertial observers are such
that their velocity is a constant vector.
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Observers can define a standard chart ¢, (50, £ g2, 53) with €0 = ct, 0&y =
go (m) with the flow of g9 (m) and a chart g of ©(0) which provides the
coordinates &1,¢€2,€3 of the point = where the integral curves of g9 passing
through m crosses Q (0). The general results hold and such a chart can always

be defined. However this chart is usually not defined by a frame (O, (Ei)?zo):

the vectors of the basis must be constant, and notably £ so this is possible only
if the observer is inertial : a frame can be associated to an observer only if this
is an inertial observer.

For inertial observers the integral curves are straight lines parallel to €9.Any
spatial basis (si)le of ©(0) can be transported on € (¢) . The standard chart is

then similar to a frame in the 4 dimensional affine space (O 0), (Ei)?:o) with

origin O (0), the 3 spatial vectors (ai)le and the time vector €¢. The coordinates
of a point m € Qg3 (t) are :

—_— 3 . —_— 3 .

O0)m=cteg+ ), ,&'e where O(t)ym =3, _,

and the velocity of a particle with trajectory g (), as measured by O, is :

V =ceo+ 7 with T = L0 (1) g (1) = 220, %', because %t =

If there is another inertial observer with standard chart defined by a frame
(A (0), (Ei)fzo) the coordinates of A (t), as seen by O (t), are :

0 (0) A () = etzo + S22 € () e; where O (t) A( = Y & (e

. . 3 dg’
The spatial speed of A is : ¥ = 40(t)A (tb => d—isi N
We can then implement the general results for the change of basis : ¢; — &;.

As for the change of coordinates we have :

ey 3 .

O (0)m = cteg + 21:1 &'e;

— _ 3 ~ _

A (0) m = cTep + 21:1 gzsi

(€] = b0 €]

O0)m=37 &ei=0(0)A0)+AO0)m=L+>7 €5

with a constant vector O (0) A (0) = L.

So the transformation of the coordinates is given by the product of a fixed
translation and a fixed rotation in the Minkovski space. The set of such trans-
formations is a group, called the Poincaré’s group.

This result holds only for two inertial observers, and we need a physical
mean to tell what are these observers. The usual answer is that they do not
feel a change in the inertial forces to which they are submitted. This is similar
to the Galilean observers of Classic Mechanics. For non inertial observers the
general formulas hold, but the charts cannot be defined through frames as in an
affine space.

The concept of material body presented above holds. But if w (0) belongs to
a hyperplane then the @ (7) will be hyperplanes only if they are all orthonormal
to a common vector, that is if the vector field which defines the material body
is a constant vector : the body must be in a uniform translation (and not rotate
on itself).
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The formulas of the Lorentz transformations have a tremendous importance
in all aspects of Relativist Physics, they are of a constant use, as well as the
Poincaré’s group which is the starting point in the identification of particles.
However any demonstration based on frames, as it is usually done, holds only
for inertial observers. A physical theory which is valid only in the study of
bodies in uniform translation would be of little interest. As we have proven
in this chapter Relativist Geometry can be explained, in a rigorous and quite
simple way, without the need of inertial observers. And these are required only
for the use of frames. It would be a pity to loose the deep import of Relativity in
order to keep a familiar, but not essential, mathematical tool. As a consequence
the role assigned to the Poincaré’s group must be revisited.
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1.16 Some issues about relativity

It is useful to review here some issues which arise frequently about Relativity.

1.16.1 Preferred frames

Relativity is often expressed as “all inertial frames are equivalent for the Physical
Laws”. We have seen above that actually inertial frames are required only to
define coordinates in affine space : this is a non issue in GR, and in SR it
is possible to achieve the usual results with the use of standard charts which
are not given by orthogonal frames. But, beyond this point, this statement is
misleading.

The Theory of Relativity is more specific than the Principle of Relativity
(which can be stated as ”Physical laws do not depend on the observer”), it
involves inertia and gravitation but this is at first a Theory about the Geometry
of the Universe, and it shows that the geometric measures (of lengths and time)
are specific to each observer. The Universe which is Scientifically accessible -
meaning by the way of measures, data and figures - depends on the observer.
We can represent the Universe with 4 dimensions, conceive of a 4 dimensional
manifold which extends over the past and the future, but we must cope with
the fact that we are stuck into our present, and it is different for each of us. The
reintegration of the observer in Physics is one of the most important feature
of Relativity, and the true meaning of the celebrated formulas for a change of
frames. An observer is an object in Physics, and as such some properties are
attached to it, among them the free will : the possibility to choose the way he
proceeds to an experiment, without being himself included in the experiment.
But as a consequence the measures are related to his choice.

Mathematics give powerful tools to represent manifolds, in any dimensions.
And it seems easy to formulate any model using any chart as it is commonly
done. This is wrong from a physical point of view. There is no banal chart or
frame : it is always linked to an observer, there is a preferred chart, and so a
preferred frame for an observer. It is not related to inertia : it is a matter of
geometry, and a consequence of the fundamental symmetry breakdown. The
observer has no choice in the selection of the time vector of his orthonormal
basis, if he wants to change the vector, he has to change his velocity, and this
is why the formulas in a change of frames are between two different observers
moving with respect to each other. And not any change is possible : an observer
cannot travel in the past, or faster than light. These features are clear when
one sticks to a chart of an observer, as we will do in this paper. Not only they
facilitate the computations, they are a reminder of the physical meaning of the
chart. This precision is specially important in the fiber bundle formalism, which
is, from this point of view, a wise precaution as compared to the usual formalism
using undifferentiated charts.
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1.16.2 Time travel

The distinction between future and past oriented vectors come from the exis-
tence of the Lorentz metric. As it is defined everywhere, it exists everywhere,
and along any path. It is not difficult to see that the border between the two
kinds of vectors is for null vectors (u,u) = 0. So a particle which would have a
path such that its velocity is past oriented should, at some point, have a null
velocity, and, with regard to another observer located at the same point, travel
at the speed of light. Afterwards his velocity would be space like ({(u,u) > 0)
before being back time like but past oriented. So the first issue lies in the pos-
sibility of travel at the speed of light. Clearly this would be a discontinuity on
the path and ”Scotty engages the drive” from Star Treck has some truth.

But the main issue with time travel lies in the fact that, if ever we would be
able to come back to the location where we have been in the past (meaning a
point of the universe located in our past), we would not find our old self. The
idea that we exist in the past assumes that we exist at any time along our world
line, as a frozen copy of ourselves. This possibility is sometimes invoked, but it
raises another one : what makes us feel that each instant of time is different ?
If we do not travel physically along our world line, what does move 7 And of
course this assumption raises many other issues in Physics...

1.16.3 Twins paradox

The paradox is well known : one of the twins embarks in a rocket and travels
for some time, then comes back and finds that he is younger than his twin who
has stayed on Earth. This paradox is true (and has been checked with particles)
and comes from two relativist features : the Universe is 4 dimensional, and the
definition of the proper time of an observer.

Because the Universe is 4 dimensional, to go from a point A to a point B
there are several curves. Each curve can be travelled according to different
paths. We have assumed that observers move along a curve according to a
specific path, their world line, and then :

bap=c(TB —TA)

Because the curves are different, the elapsed proper time is usually different.

The proper time is the time measured by a clock attached to the observer,
it is his biological time. Assuming that all observers travel along their world

' odT
with respect to their clock, they age at the same rate. So if they travel along
different curves there is no reason that the total duration of their travel would
be the same.
Whom of the two twins would have aged the most 7 It is not easy to do the
computation in GR, but simpler in the SR context.

We can define a fixed frame (O, (Ei)?:o) with origin O at the timet =0, A

is spatially immobile with respect to this frame, moves along the time axis and
his coordinates are then : OA : pa (74) = cTag0

lines with a velocity such that at <‘Z:’ de> = —c? is equivalent to say that,
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The twin B moves in the direction of the first axis. His coordinates are then
: OB I PB (TB) = CTBEo + Zp (TB)El

The spatial speed of B with respect to A is : % =V (rg)er
The velocity of Bis : ug = Cfgf = 1ivj (Vey + cgg)

2
To be realistic we must assume that B travels at a constant acceleration, but
needs to brake before reaching first his turning point, then A. In the first phase

we have for instance :
1

V = yerp with v = W
Tz

YTB
= B —_°c = < — 2 1
pB (TB) fo Tor (vte1 + €o) dl? ~ [\/1 y2e1 + €g arcsmy}o
A full computation gives : :—;} = HEIIM where vy is the maximum speed
in the travel, which gives for vy; = ¢ : :—;} = 1.57 that is less than what is

commonly assumed.

The Sagnac effect, used in accelerometers, is based on the same idea : two
laser beams are sent in a loop in opposite direction : their 4 dimensional paths
are not the same, and the difference in the 4 dimensional lengths can be mea-
sured by interferometry.

1.16.4 The expansion of the Universe

A manifold by itself can have some topological properties. It can be compact.
It can have holes, defined through homotopy (Maths.10.4.1) : there is a hole if
there are curves in M which cannot be continuously deformed to be reduced to
a point. A hole does not imply some catastrophic feature : a doughnut has a
hole. Thus it does not imply that the charts become singular. But there are
only few purely topological features which can be defined on a manifold, and
they are one of the topic of Differential Geometry. In particular a manifold has
no shape to speak of.

The metric on M is an addition to the structure of the Universe. It is a
mathematical feature from which more features can be defined on M, such that
curvature. It is also a physical feature and in GR the metric, and so the cur-
vature of M at a point, depends on the distribution of matter. It is customary
(see Wald) to define singularities in the Universe by singularities of geodesics,
but geodesics are curves whose definition depends on the metric. A singularity
for the metric, as Black holes or Bing Bang, is not necessarily a singular point
for the manifold itself.

GR has open the possibility to build cosmological models, representing the
totality of the Universe. It is clear that Cosmology requires some revision of
the usual concepts of Physics (what is an independent observer ?) and even
of the premises of our epistemology (do we have free will 7). A requirement
which is rarely fulfilled in the common Cosmological Theories. From some
general reasoning and Astronomical observations, it is generally assumed that
the Universe has the structure of a fiber bundle with base R (a warped Universe)
which can be seen as the generalization of M,, that we have defined above for an
observer. Thus there is some universal time (the projection from M to R) and
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a folliation of M in hypersurfaces similar to 23 (¢), which represent the present
for the observers who are located on them (see Wald and Peebles for more on
this topic). This is what we have defined as a material body : the part of the
universe on which stands all matter would be a single body moving together
since the Big Bang (the image of an inflating balloon). So there would not be
any physical content before or after this Q3 (¢) (inside the balloon), but nothing
can support this interpretation, or the converse, and probably it will never be.

The Riemannian metric ws (t) on each Q3 (¢) is induced by the metric on M,
and therefore depends on the universal time ¢. In the most popular models it
comes that the distance between two points on Qg3 (t) , measured by the Rieman-
nian metric, increases with ¢, and this is the foundation of the narrative about
an expanding universe, which is supported by astronomical observations. But,
assuming that these models are correct, this needs to be well understood. The
change of the metric on Q3 (t) makes that the volume form ws (¢) increases, but
the hypersurfaces Q3 (¢) belong to the same manifold M, which does not change
with time. The physical universe would be a deformable body, whose volume
increases inside the unchanged container. Moreover it is generally assumed that
material points, belonging to the same material body but traveling on their
own world lines, stick together : they are not affected by this dilation, only the
vacuum which separates material bodies.
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2 KINEMATICS

Kinematics is the next step after Geometry. We go further in the physical
world, and try to understand what are the relations between the motion of
material bodies and the forces which are applied to them. All material bodies
manifest some resistance to a change of their motion, either in direction or in
speed. This feature is the inertia, and is measured by different quantities which
incorporate, in one way or another, the mass of the material body. The mass m
is a characteristic of the material body : it does not change with the motion, the
forces or the observer. And from motion and mass are defined key quantities :
the momenta.

The Newton’s law : ? = m7 is expressed, more appropriately by : ? = dd—t
where ? is the momentum. The inertial forces are, by construct, the opposite
of the forces which are necessary to change the momenta of a material body. So,
Kinematics is, in many ways, the Physics of inertia. The issue of the origin of
these inertial forces, which appear everywhere and with a great strength, is the
gravitational field, as we will see. Let us see now how one goes from Geometry,
that is motion, to Kinematics, that is inertia.

The study of rotations and rotational momenta in the 4 dimensional Universe
will lead to a new representation of the momenta, based on Spinors, which are
vectors in a 4 dimensional abstract space, to the introduction of antiparticles
and of spin.

2.1 Translational Momentum in the relativist context

In Newtonian Physics the bridge between Geometry and Kinetics is hold by
momenta. And, because motion of material bodies involves both a transla-
tional motion and a rotational motion, there are linear momenta and rotational
momenta.

In Galilean Geometry the linear momentum of a particle is simply : ? = ,u7
with a constant scalar ¢ which is the inertial mass. Its natural extension in the
relativist context is the quadri-vector : P = pu where u is the velocity. This
generalization has two consequences :

- the quadri-vector P is intrinsic : its definition as well as the value of the
scalar product (P, P) = —pu%¢c? do not depend on an observer

- but its measure depends on the observer. In his standard basis it reads :

P=pu—L (7 +cgo(m))

T

In the relativist context location and motion are absolute. If the Universe
has a physical meaning, then each of its points is singular, and this is clearly
represented by a manifold. The proper time, and the derivative of the location
with respect to the proper time, are defined without any reference to a frame, so
the vector velocity u is absolute, and this property has been used to compute the
rules in a change of frames. If motion is absolute, its measure is relative, depends
on the observer and its measure changes according to geometric rules, because
they are geometric quantities. The spatial speed appears when an observer
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has been chosen. The definition of the momentum by P = pu is consistent
with the idea that the kinematic features of a particle are intrinsic, and can be
represented by a quantity which does not depend on an observer (even if its
measure depends on it).

This is a big change from the Newtoman definitions : the momentum ' =
u7 as well as the kinetic energy 2u ||7|| are relative and depend on the ob-
server.

If we keep the concept of Energy as measured by [Momentum]x [Speed] then
the energy of the particle (P, u) = —puc? is constant and, for an observer, is split

between a part related to the spatial speed u IWHQ )
_FE

corresponding to a kinetic

energy, and a part which is stored in the partlcle — But, if one wants

HT'H2 '
to keep the principle of conservation of energy, one has to accept that mass itself
can be transformed into energy, according to the famous relation E = puc?.

However there are several interpretations of these concepts. Physicists like
to keep a concept of momentum linked to the spatial velocity and, with a fixed
mass, define the linear momentum as : ]TT) = uﬁ, that is the spatial

|

part of P. Then they define the Energy E of the particle by : E2 = ¢2 || 7, |* +
12c* that is one part corresponding to a kinetic energy, and another one to an
energy at rest. This sums up to define the energy by rewriting Pc with the two
components :

Pc = (cp}, E) = (Pc, Pe) = —p2c* = || 7, |

The introduction of ¢ in ¢p, is necessary in order to have the same unit
Energy in both parts. In this formulation Pc is a 4 vector, and its components
change according to the Lorentz formula, so E depends on the observer. The
advantages of this expression is that for small speed it gives :

72
E~ \/C2M2 17| (1 + %%) + p2ct
@ @ 7|
e \/<1+|I I (Hln I ))_ e1e F o s e

and it can be adapted to massless particles such as photons.

So if one can say, with Feynman (in Lectures in Physics), that the conser-
vation of energy is a law without exception, the trouble is that in the Relativist
context the definition of energy itself depends on the observer and is fairly sub-
tle...We will see that, if it is possible to give a satisfying definition of the energy
of a particle, this is more complicated for fields, and further more for bosons.

The only physical quantity which has a clear meaning, is independent of an
observer, and is characteristic of a particle, is Pc, which has the dimension of
energy, and that we will call relativist momentum. The mass at rest, inde-
pendent from an observer, is y = %« /— (Pc, Pc). The usual energy is computed
by taking the component of Pc along the direction of g (m). So it depends on
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the observer. These quantities are individualized and localized : they are linked
to the particle and its position.

Moreover material bodies have a rotation, and a rotational momentum ?
which depends on the mass and the shape of the body. Momenta are charac-
teristics features of material bodies, and the bases for the definition of forces.

According to the Newton’s law: ? = % and 7 = dd—'Z) for a torque 7 Ro-
tation and rotational momentum are topics which are more complicated than
it seems, in the relativist context in particular. Moreover at the atomic scale
particles show properties which look like rotation, and specific features, which
have lead to the concepts of spins and spinors.

2.2 The issues of the concept of rotation
2.2.1 Rotation in Galilean Geometry

The concept of rotation is well defined in Mathematics : this is the operation
which transforms the orthonormal basis of a vector space into another, and in
Galilean Geometry is represented by a matrix of the group SO(3). This is a
compact, 3 dimensional Lie group, of matrices such that R*R = I. Then an
instantaneous rotation, that is the derivative of a rotation with respect to time,
is represented by an element of its Lie algebra so(3) which is the vector space
of 3 x 3 real antisymmetric matrices. If we take the following matrices as basis
of so(3) :

0 0 O 0 01 0 -1 0
k1i=10 0 —1];6e=1({0 0 0O};k3=1{1 0 O
0 1 0 -1 0 0 0 0 O
then any matrix of so(3) reads :

Z?Zl i [ki] = [§ ()] with the operator

0 —T3 o
GRS LR3) = [j(r)]=|rs 0 —nr (39)

—T9 T1 0

The operator j is very convenient to represent quantities which are rotated
[ and has many nice algebraic properties (see formulas in the annex) and we
will use it often in this paper. ‘

For any vector u : Z?jzl 3 ()]} wie; = 7 x U with the cross product x.

Because SO(3) is a compact Lie group the exponential is surjective :

Vg € SO (3),3k = Z?:l ri[ki] € s0(3) : g =expk

It is easy to show that :

lg] = exp[j ()] =I5 + [j ()] 242" + [ ()] [ (r)] 2=

rty

11t is similar to the Levi-Civitta tensor e but, in my opinion, much easier to use.
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The representation of an instantaneous rotation by a vector 7 e R3is
further supported by two facts.

The axis of rotation, which is by definition the unique eigen vector of [g]
with eigen value 1 and norm 1 in the standard representation of SO(3), has for

ol
components | r? | /vrir

3

r

Similarly one can define the angle 8 of the rotation resulting from a given
matrix, and 8 = v/rtr, which is also the instantaneous rotational speed with the
period T = 2 /v/rtr
Proof. For any vector u of norm 1 : (u,[g]u) = cosf where 0 is an angle
which depends on u and [g] = exp[j (r)]. With the formula above, and using
[ (M1 ()] = ][] = (rr) L and (u, [j (r)] u) = 0 we get :

(s [g)u) = 1+ (1) = (1) ) 1ol

rtr

which is minimum for (u,r) = 0 that is for the vectors orthogonal to the
axis, and :

cos 0 = cos Vrtr

For a rotation at constant speed @ : 0 (t) = wt = t\/rtr so T = 27 /Vrtr m

So we have a very satisfying representation of geometric rotations : a rotation
R(t) can be defined by a single vector, which can be easily related to the motion
as it can be perceived. However this mathematical representation is not faithful.
The same rotation can be defined equally by the opposite axis, and the opposite
angle. This is related to the mathematical fact that SO(3) is not the only group
which has so(3) as Lie algebra. The more general group is the Spin group Spin(3)
which has also for elements the scalars + 1 and - 1, so that R(t), corresponding
to (r, \/ﬂ) and —R(t), corresponding to (—r, —\/W) can represent the same
physical rotation. So, actually, the group which should be used to represent
rotations in Galilean Geometry is Spin(3), which makes the distinction between
the two rotations, and not SO(3). This is not a problem in Mathematics, but
in Physics the distinction matters : in the real world one goes from one point
to another along a path, by a continuous transformation which preserves the
orientation of a vector, thus the orientation of 7 matters B A single vector of
R3 cannot by itself properly identify a physical rotation, one needs an additional
parameter which is +1 (to tell which one of the two orientations of 7 is chosen,
with respect to a direction, the spatial speed on the path).

But to represent rotation of material bodies by geometric rotations, as above,
raises several issues.

We could expect that the total rotational momentum of a body is the sum
of the rotational momentum of its components, as it happens with the transla-
tional momentum. But material points have no attached frame in Mechanics.
So actually the rotational momentum is defined only at the level of the body,
through a geometric rotation, and it has a meaning only for material bodies

2In his book ”The road to reality” Penrose gives a nice, simple trick with a belt and book
to show this fact.

47



which keep some shape, represented by fixed relations between the positions of
the material points. So this is doable for solids, but even for them there is a
problem. If the solid has a cylindrical symmetry, by definition it is impossible to
measure a geometric rotation around the axis, however the physical rotation can
be measured by a rotational inertia. And some force fields, such as magnetism,
can exercise a pointwise action, represented by a torque, so that the implemen-
tation of the Newton’s law to the rotational momentum becomes muddled for
particles without structure, like the atoms.

So, even if in Mechanics it is convenient to assimilate physical rotation with
geometric rotation, they are not the same and the kinematics of rotating bodies
is more complicated. Notice also that the representation of rotation by a single
vector in Galilean Geometry relies on a fortuitous fact : the lie algebra so(3) is
a 3 dimensional vector space, as the space R?, so that it is easy to set up an
isomorphism j of vector spaces.

To represent the motion (translation 4+ rotation) of a solid body we have
another discrepancy between the physical and the mathematical definitions. In
Classic Mechanics the motions of solids are defined by two vectors (7, 7) and 6
parameters : the spatial speed 7 of the center of mass G and the instantaneous
rotation 7, assimilated to 2 vectors of R3. In Mathematics the transformation
between two frames is represented by the group of displacements, which is the
semi-product of SO(3) with the group of translations. Using the isomorphism
j between SO (3) and R?® a displacement can be represented by two vectors

(f, 7) but f is the translation of the origins of the frames : f = O? and

_ do
not the speed v = S

2.2.2 The group of displacements in Relativist Geometry

In Relativist Geometry the focus is usually put on the Poincaré’s group, the semi
product of the group SO(3, 1) of rotations and of the 4 dimensional translations.
This is the simple generalization of the group of displacements of Galilean Ge-
ometry. However this raises several issues.

The Poincaré’s group represents the transformations between coordinates
in Cartesian frames. So its use is valid only in SR, and for inertial observers.
There has been attempts to extend the concept to the group of isometries (that
is maps f : M — M such that the derivative f'(m) preserves the scalar product)
but this is difficult. And there is a more fundamental objection : the physical
comparison between bases located at different points should involve a transport
of the vectors (one does not jump from a point to another), but in SR or GR the
universe is no longer isotropic, so the path which is followed for the transport
matters (which is obvious in the Lorentz formulas, which involve 7)

The concept of solid is not generalizable in Relativity, thus one cannot expect
to represent the motion of a body by the transformation to go from the frame
of an observer to a frame which would be attached to the solid.

And actually, even in Galilean Geometry the point of view of the Physicists
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(who represent a motion by (¥, 7)) and of the mathematicians (who define
%
the displacement by (L,?)) are not the same : even if they both use two

vectors and the same number of parameters, they have not the same meaning.
In Relativity the discrepancy is worse : an element of the Poincaré’s group is
defined by 10 parameters. Geometric rotations in the 4 dimensional space have a
very different meaning than rotations in the 3 dimensional space. This is obvious
with a look at the matrices of SO(3, 1) which read : [x] = exp [K (w)] exp [J ()]
The second term has the meaning of a rotation in the space, but the first term
(usually called the boost) involves the translational motion, as shown in the
formula : w = ﬁ arg tanh H%H .

For a physicist the motion of a material body is related to the instantaneous
change of its location and disposition (as it is done in Galilean Geometry with
(7', 7)) and not to the transformation between fixed frames (the vector T has
no physical interest in the matter). So the Lorentz matrix (defined by two 3
dimensional vectors (w, ) related to (7, ¥) ) only is significant from this point
of view, and w can be clearly (even if it is in a complicated way) related to .
Moreover we have seen that the formulas hold for any observer.

Our purpose here is to find a way to represent kinematic characteristics of
material bodies, by vectorial quantities. This is not to find the formulas in a
change of coordinates (that we have), so the Poincaré’s group is of no use. But
the Lorentz group is essential because it gives the rules for the transformation
of the components of vectors.

2.3 Momenta in the fiber bundle representation

As we have seen fiber bundles provide an efficient representation of the geometry
of the Universe, notably in the GR picture. So it is legitimate to look at what it
can provide on this issue. The aim is to represent the kinematic characteristics
of material bodies, incorporating both their geometric motion (translation and
rotation) and inertial features, in a single quantity, which can be implemented
for particles, that is without the need to involve a fixed structure of the body.
This quantity should be intrinsic, meaning that its value, measured in a frame
attached to the particle, should stay constant along its world line, in accordance
with the assumption that the motion is absolute and the mass is constant .
Meanwhile its value, as measured by an observer, would change according to
the observer, as a geometric quantity (with the same gauge group). The gauge
group should be the spin group Spin(3,1) (or Spin(1, 3), they are isomorphic,we
will denote both Spin), as we noticed before.

Let us denote the principal bundle Pg (M, Spin, ), the standard fiber a
manifold E, and 7 the action of the Spin group.Then the quantity would be an
element S of Pg [E,~].

S, for a given particle, should stay constant on its world line. The world
line is some map p : R — M :: m = p(7) and the trajectory for an observer
GR=>M:m=q(t)=p(r()).

If S represents an intrinsic kinematic characteristic of the particle, it should
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stay constant along its worldline p (7): there is a privileged frame g (1) € Spin
such that S = (¢¢ (p(7),9(7)),S) with S = Ct

The value measured by the observer in his gauge ¢ (¢ (t),1) is then :

(6 (a(t),1),5 (1))

~c (a(t),g ()7 (57,5 (1) = (ve (b (7) 9 (7)), S)

which is equivalent to say that S(t) = (g (7 (¢)),.S) with S constant.

The relation S(t) = v (g (7 (t)), S) is just the consequence of our very general
assumptions. The measure of S(t) varies locally according to the observer (the
measure of motion is relative) but its intrinsic value does not change (motion
is absolute). But to get a full profit of this representation we have to adopt an
entirely new point of view. We cannot any longer view the particle as living
in M and spinning in its tangent space. Actually the particle lives in E, which
happens to be associated to Pg. Its trajectory is a curve in E, which projects on
a curve in M. E can be seen as the physical world (at least a part of it), that we
can represent through networks of frames in M. So S(t) cannot be seen properly
as a motion, it is only a characteristic of the particle (such as mass and charge).
Experience shows that it can be measured through geometric frames but this
does not imply the existence of a real spinning motion of the particle. In some
way this is what physicists do, intuitively, in Galilean geometry : the rotation,
the rotational moment, are not represented as elements of the group or the Lie
algebra, but as vectors (it happens that it is the same vector space as M, but
this is fortuitous).

The issue that we face is then to precise E and . We will make the following,
reasonable, assumptions :

i) E is some vector space, so that we have an associated vector bundle
Pg [Ev FY]

ii) it implies that (E,~) is a representation of Spin.

iii) this representation should be finite dimensional (we consider here the
value of S(t) at some point).

iv) if (E, ) is a representation of Spin, then (F,~’ (1)) is a representation of
its Lie algebra, both are subsets of the Clifford algebra CI(3,1) so that, if v is
a linear map, then 4/ (1) = v and this is not a big leap forward to assume that
(E,~) is a representation of the Clifford algebra itself.

Then the quantity S is a vector of E, called a spinor. Spinors have been
first introduced by Dirac in an equation, obtained by some magic, but truly
pure intuition, which is still the basis of most Quantum Electrodynamics and
Quantum Theory of Fields.
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3 CLIFFORD ALGEBRAS AND SPINORS

Spinors, as well as the spin, cannot be properly understood without a look
at their mathematical berth, which is Clifford algebra. This is a fascinating
algebraic structure on vector spaces which is seen in details in Maths.Part 9.
The results which will be used in this book are summarized in this section, the
proofs are given in the Annex.

3.1 Clifford algebra and Spin groups
3.1.1 Clifford Algebras

A Clifford algebra CI(F,()) is an algebraic structure, which can be defined on
any vector space (F, ()) on a field K (R or C) endowed with a bilinear symmetric
form (). The set CI(F,()) is defined from K and F and a product, denoted - ,
with the property that for any two vectors w,v :

Yu,v € F:u-v+v-u=2{u,v) (40)

A Clifford algebra is then a set which is larger than F : it includes all vectors
of F, plus scalars, and any linear combinations of products of vectors of F. A
Clifford algebra on a n dimensional vector space is a 2" dimensional vector space
on K, and an algebra with -. Clifford algebras built on vector spaces on the same
field, with same dimension and bilinear form with same signature are isomorphic.
On a 4 dimensional real vector space (F, ()) endowed with a Lorentz metric there
are two structures of Clifford Algebra, denoted C! (3,1) and Cl (1,3), depending
on the signature of the metric, and they are not isomorphic. In the following we
will state the results for C1(3,1), and for CI (1, 3) only when they are different.

The easiest way to work with a Clifford algebra is to use an orthonormal basis
of F. On any 4 dimensional real vector space (F,()) with a bilinear symmetric
form of signature (3,1) or (1,3) we will denote :

Notation 23 (Ei)?zo is an orthonormal basis with scalar product : (g;,€;) = ni;

So we have the relation :

€i-€jteje = 27’]@‘ (41)

Then a basis of the Clifford algebra is a set comprised of 1 and all ordered
products of €;,7 = 0...3.

In any orthonormal basis there is a fourth vector which is such that ¢; - ¢; =
—1 (for the signature (3,1)) of +1 (for the signature (1, 3)). We will label this
vector €.

3.1.2 Spin group

The group Pin(3,1) is the subset of the Clifford algebra C1(3,1):
Pin (3,1) = {u1 - ug... - ug, (up, up) = £1,u, € F}. Pin(3,1) is a Lie group,
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Spin(3,1) is its subgroup where we have an even number of vectors :

Spin (3,1) = {uq - ua... - gk, (Up, up) = £1,u, € F}

and similarly for Pin(1,3) and Spin(1,3).

Notice that the scalars +1 belong to the groups. The identity element is the
scalar 1.

Pin(3,1) and Pin(1,3) are not isomorphic. Spin(3,1) and Spin(1,3) are
isomorphic.

3.1.3 Adjoint map

For any s € Pin(3,1), the map, called the adjoint map :

Ad, :CI1(3,1) = CI(3,1) = Adyw =5 -w -5 " (42)
is such that

YVwe F: Adsw e F (43)

and it preserves the scalar product on F :

Vu,v € F,s € Pin(3,1) : (Adsu, Adyv)p = (u,v) (44)

Moreover :

Vs, s’ € Pin(3,1): Ads o Ady = Ad,.¢ (45)

Because the action Ads of Spin(3,1) on F gives another vector of F' and
preserves the scalar product, it can be represented by a 4 x 4 orthogonal matrix.
Using any orthonormal basis (Ei)fzo of F', then Ad; is represented by a matrix
II(Ads) = [h(s)] € SO(3,1). To two elements +s € Spin(3,1) correspond a
single matrix [h (s)]. Spin(3,1) is the double cover (as manifold) of SO(3,1).
Spin(3,1) has two connected components (which contains either +1 or -1) and
its connected component, that we will denote for brevity also Spin (3,1), is
simply connected and is the universal cover group of SOq (3,1). So with the
Spin group one can define two physical rotations, corresponding to opposite
signs.

3.1.4 Lie algebra of the Spin group

Theorem 24 The elements of the Lie algebra T1Spin (3,1) belong to the Clif-
ford algebra and can be written as the linear combination of elements €; - €; :

As any algebra CI(F,()) is a Lie algebra with the bracket :

Yw,w' € CL(F, () : [w,w']=w-w —w -w

and the Lie algebra Ty Spin (3, 1) of Spin(3,1) is a subset of C1 (3,1) (Maths.532).

The derivative I (1) : T1.Spin (3,1) — so(3,1) is an isomorphism of Lie al-
gebras. The inverse map : II' (1)7" : s0(3,1) — TySpin (3,1) is an isomorphism

92



of Lie algebras which reads (Maths.534) with any orthonormal basis (Ei)?zo of
F:
I (1) s0(3,1) — TaSpin (3,1) = U (1) (k) = 3 522 (W b)) - <,
and any element of T1.Spin (3,1) is such expressed in the basis of Cl (F, ())
: it is the linear combinations of the ordered products of all the four vectors of
a basis.
With any orthonormal basis and the following choices of basis (ﬁa)gzl of

TySpin (3,1) then I (1)~ takes a simple form :
-1

' (1) ([k1]) = "1 = 363 €2,
I (1) ([w2]) = Fa = 3e1 - e,
1 (1) ([ra]) = ®s = 3ea- €1,
(1) ([ra]) = Fa = 320 -1,
I (1) ([ws]) = 75 = 320 - €2,
I (1) ([re]) = Fo = 320 - €3
where ([Kq] 2:1 is the basis of so(3,1) already noticed such that : [k] =

K (w)+J(r) =§221 r® [Ka] + W [Ras3]

a=1,23:K,= —%e(a,i,j)ai g5, =4,5,6: He = %50 - €q—3 18 a basis
of T1Spin (3,1)

We will use extensively the convenient (the order of the indices matters) :

Notation 25 for both C1(3,1),C1(1,3):

(UJIEO - €1+ w250 c €2 + UJBE() - €3+ TBEQ - €1+ T2€1 - €3+ T1€3 . 82)
(46)

v(r,w) =

N =

With this notation, whatever the orthonormal basis (ai)fzo, any element X
of the Lie algebras Ty Spin (3,1) or Ty Spin (1,3) reads :

3
X =v(r,w)= Z K+ W' R ap3 (47)
a=1
with (r,w) € R? x R3 then X = v (r,w) is the image of :
I (1) (v(r,w)) = K (w) + J (r) € s0(3,1) if X € T1Spin (3,1)
I (1) (v (r,w)) = — (K (w) + J (r)) € so(1,3) if X € T1.Spin(1,3)

(C1(3,1),Ad) and (T1Spin (3,1),Ad) are representations of Spin(3,1).
One property that we will use often is the following. A change of orthonor-
mal basis : €; — &; can be expressed by an element s € Spin(3,1): ¢, = &; =
Ad;e;. Then the vectors v € F' stay the same, but their components in the new
basis change according to a matrix [h(s)] of SO(3,1): ‘

v = Z?:l v'e; = Z?:l v'E; = Z?:l U'Adse; = Z?:l 0 [h(s)]] €,

The change impacts also the elements of the Lie algebra T1Spin (3,1) :

X=Y, XaRa=3, XaRa

7(1:51--%:s-si-sfl-s-sfs’l :Ads(si-aj):Ads(ﬁa)
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X, = 25:1 [AdS]ZXb where [Ad;] is a 6 X 6 matrix (not the same as the
4 x 4 matrix h(s) of SO(3,1)).

With signature (3,1),with the operator j introduced previously and :

Notation 26 c5 =cg-c1 -9 -¢€3

€5 €5 = -1
v(r,w) v (r,w)
— % (wtw/ _ ’I”tT/)

the bracket on the Lie algebra:
[v(r,w),v (W) =v(rw) v w)—v@ W) v(rw)
[v(r,w),v (W) =v(j(r)r—jw)w,jw)r +j(r)w)
g5 v (r,w) =v(rw)- -e5 =v(r,—w)
With signature (1,3) :

v (r,w)-v(r,w)

1 (W' — Tt?") — 50 (=7 (r)r" +j (w)w', j (w)r' + 7 (r)w)
—% (whr’ + rtw’) e

(r,w), v (", w)] = —v(G(r)r —j(w)w,j(w)r' +j(r)w)

[v
es-v(r,w)=v(r,w) es =v(w,r)

3.1.5 Expression of elements of the spin group
Theorem 27 The elements of the Spin groups read (see annez) in both signa-
tures :

s=a+v(r,w)+ bes (48)

a, (wj,rj)] 1,0 are real scalar which are related. We have the necessary
identities :

a? = =1+ 1 (w'w —r'r) (49)
b L (50)
ab=—-r
s
The inverse is :
(a+v(r,w)+bes) " =a—uv(r,w)+ bes (51)

The exponential is not surjective on so(3,1) or T1Spin(3,1) : for each
v (r,w) € T1Spin(3,1) there are two elements +expv (r,w) € Spin (3,1) :
exptv (R, W) = to,, (t) - o, (t) with opposite sign :

ow(t) = \/ 1+ 2WIW sinh® 3tv/WIW + sinh 2vVWiWo (0, W)
o (t) = /1~ LR Rsin® t}VRIR + sint} VR R (R, 0)
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And we have the identity (Maths.1768) :

Yo (r,w) € T1Spin(3,1) : (52)
exp Adgv (r,w) = Adgexpv (r,w) = g - expv (r,w) - gt (53)

The product s - s/ reads :

s-st=(a+v(r,w)+bes) (' +v(r,w)+bes)=a” +v (W) +bes
with :

a’ =aa —bb+ L (ww' —rir)

b =ab +ba’ — (W' +rtw’)

and in Spin(3,1) :

=10 (r)r —j(w)w)+adr+ar’ —bw—buw

w” =5 (j(w)r' +j(r)w')+adw+aw +b'r+br'
and in Spin(1,3) :

=1 (r)r —j(w)w)+adr+ar’ +bw+ bw
w’ = —%(j(w)r' +j(r)w)+dw+aw +br+ b’

'

3.2 Scalar product and Norm
3.2.1 Scalar product on the Clifford algebra

There is a scalar product on Cl (F, ()) defined by :

(Way Wiy * oo Uiy Vjy = Vg * oo V) = Wiy, U5y ) (Ui, V) oo (Ui, V)

It does not depend on the choice of a basis, and any orthonormal basis
defined as above is orthonormal :

<5i1 S S A T L Ejn> = niljl"'ninjne(il"'7in;j1; ]n) the lat-
ter term is the signature of the permutation (i1..., %, j1,...jn) and 0 if any two
indices are equal.

This scalar product on C1(3,1),C1(3,1) has the signature (8,8) : it is non
degenerate but neither definite positive or negative. It is invariant by Ad.

Vw,w" € CL(F,()) : <Ad5w,AdSw’>Cl(F)<>) = <w’w/>0l(F,<)) (54)

(C1(3,1),Ad) is a unitary representation of Spin(3,1) and (CI(1,3),Ad)
a unitary representation of Spin(1, 3).
It reads for elements of T1.Spin(3,1) :

(r'r" — w'w’) (55)

RN

<U (Tv w) U (r/v w/)>Cl =

3.2.2 Norm on the Lie algebra

Theorem 28 There is a norm on the Lie algebra Ty Spin (3,1) which is pre-
served by the adjoint map
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i) There is a bilinear symmetric form on T3 Spin(3, 1), called the Killing form
B which, in the basis above, has the same expression as in so (3,1) (Maths.1669)

B(v(r,w),v (' w)) =4 (r'r" —w'w') =16 (v (r,w),v (I, w)) g (56)

It is invariant by Ad as the scalar product.

ii) The Lie algebras so (3,1),T1.Spin (3,1) are semi-simple. They have a Car-
tan involution, that is a map : 6 : T1Spin (3,1) — T1.Spin (3,1) such that :
6? = Id and the bilinear form By (X,Y) = —B (X, 0Y) is definite positive.

f has two eigen values 1, by taking Lo the eigen space for -1 and P, the
eigen space for +1, the Lie algebra is the sum of two, orthogonal (for B so for
()¢), vector subspaces (called a Cartan decomposition Maths.1742) such that :

T1Spin (3, 1) =Lo® F,

Lo is a Lie subalgebra, [Lo, Lo] C Lo, [Lo, Po] C Po, [Po, Po] C Lo

The Killing form and this decomposition do not depend on the choice of a
basis in T1Spin (3,1) (these are general properties of Lie algebras).

The Cartan involutions are defined in T3.Spin (3,1) by :

9(50)(X)=€0-X-80

with any vector €q : €9-¢9 = —1. We have one involution for each orthonormal
basis.

If is easy to see that for the basis built with g :

Va = 1,2,3:50-?a-50=—?a

Va=4,5,6:50-?a-50=7a

0 (g0) v (ryw) =v (—r,w)

B (v (r,w),0(g0) v (r,w)) = —4 (wtw + rr’)

Thus :

Lo={v(r,0),r e R¥} ={X € T1Spin (3,1) : 0 (g0) (X) = =X}

Py={v(0,w),we R} ={X € T1Spin (3,1) : 0 (o) (X) = X}

iii) Let us check that the decomposition does not depend on the choice of a
basis. In a change of basis on T Spin (3,1) :

E; — gliAdsé‘l

Fo o o= AL,

0(50) (7) = Adyeo-Ady R - Adyeo = Ady (20 - Ra - 20) = Ady (0 (20) (R )

So : - -

Va=1,2,3:0(5) (ﬁ) = Ady (Ra) = —Ra

Va =4,5,6: 0 (5) (?) —Ady (Ro) = Ra

Xely: . .

X = 22:1 X, = Zi:l XK o= 0(5)(X) = - Ei:l XoR, = -X

XePbP: . .

X =Y X Ra =20 X Ra=0(6) (X) = X0, X Ra=X

iv) Because the vector spaces Lo, Py do not depend on the choice of an
orthonormal basis we can define uniquely the projections :
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T, - Tlspin(?),l) — Lo - 7, (X) = % (X—e(&'o) (X)) = %

Tp . Tlspin(?),l) — PQ LT (X) =3 (X+9(80) (X)) =3 (X+€0'X'€Q)
X=nm,(X)+7p(X)

Ly, Py are orthogonal for the scalar product, thus :

(X, X) oy = (mp (X)), 7L (X)) oy + (mp (X)), 7p (X)) oy

The bilinear form :

<X,7TLX —7TPX>Cl = <7TL (X) + 7L (X),ﬂ'LX —7TPX>Cl

= (mp (X)), 7L (X)) ¢y — (mp (X)), 7P (X)) ¢y

is definite positive and invariant by the adjoint map.

| X[ = (X, 7.X —mpX), is a norm on T} Spin (3,1)

X+ X'|IP = (X + X', 1 (X + X') —7p (X + X))y

= (L (X + X'), 70 (X + X))oy — (mp (X + X') ,7p (X + X))

(mo (X + X)), 7w (X + X))oy < (mp (X)), 7L (X)) oy + (7L (X)), 7L (X))

—(mp (X + X'),7mp (X + X))oy < = (mp (X) 7P (X)) oy—(mp (X) 7P (X)) ¢y

It reads :

1 1
[|lv (r,w)|| = 5\/Ttr+wtw = 5\/<7TLX —mpX, 1. X —7pX) (57)

and does not depend on a basis on T1Spin (3,1) and is invariant by the
adjoint map.

3.3 Symmetry breakdown
3.3.1 Clifford algebra Cl(3)

The elements of SO(3,1) are the product of spatial rotations (represented by
exp J(r)) and boosts, linked to the speed and represented by exp K(w). We
have similarly a decomposition of the elements of Spin(3,1). But to understand
this topic, from both a mathematical and a physical point of view, we need to
distinguish the abstract algebraic structure and the sets on which the structures
have been defined.

From a vector space (F,()) one can built only one Clifford algebra with the
structure C1(3,1) : as a set C1(3,1) must comprise all the vectors of F. But
from any vector subspace of F one can built Clifford algebras : their algebraic
structure depends on the dimension of the vector space, and on the signature of
the metric induced on the vector subspace. To have a Clifford algebra structure
Cl(3) on F one needs a 3 dimensional vector subspace on which the scalar
product is definite positive, so it cannot include any vector such that (u,u) < 0
(and conversely for the signature (1,3) : the scalar product must be definite
negative). The subsets of F which are a 3 dimensional vector subspace and do
not contain any vector such that (u,u) < 0 are no unique. So we have different
subsets of C1(3,1) with the structure of a Clifford algebra C1(3), all isomorphic
but which do not contain the same vectors. Because the Spin Groups are built
from elements of the Clifford algebra, we have similarly isomorphic Spin groups
Spin(3), but with different elements.
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The simplest way to deal with these issues is to fix an orthonormal basis.
Any orthonormal basis of F' contains one vector such that (g;,e;) = —1 (or +1
with the signature (1,3)). If we exclude this vector we can generate a vector
subspace and then a Clifford algebra CI(3). So the identification of a specific
set with the structure of C1(3) sums up to single out such a vector, that we will
denote as eg.

3.3.2 Decomposition of the elements of the Spin group

Theorem 29 For a given vector g9 any element s € Spin (3,1) can be written
uniquely (up to sign) : s = € (ayw + v (0,w)) - € (ay + v (1,0)) with e = £1

Let us choose an orthonormal basis (Ei)fzo . Then there is a unique vector
subspace F- orthogonal to &g, where the scalar product is definite positive, and
from (F*,()) one can build a Clifford algebra with structure C1(3). Its spin
group has the structure Spin (3) which has for Lie algebra T3 Spin (3).

In the basis :

an element of T} Spin (3) reads: X = v (r,0) = 23:1 %K 4 and is associated
to a 3 x 3 matrix j (r)

any element of Spin (3) reads : s, = a, + v (r,0) with a2 =1 — Irir

Spin(3) has 2 connected components. The connected component of the
identity is comprised of elements with a, > 0.

Spin(3), T1Spin (3) are subsets of CI(3,1) : they are comprised of specific
combinations of vectors of F.

The quotient space Spin (3,1) /Spin (3) is not a group but a 3 dimensional
manifold, called a homogeneous space (Maths.22.4.3). It is characterized by the
equivalence relation :

Vs,s' € Spin(3,1): s~ s < 3s, € Spin(3) : s’ =5+ 5,

The projection : m, : Spin (3,1) — Spin (3,1) /Spin (3) is a submersion, its
derivative 7, (s) is surjective.

In each class of Spin(3,1)/Spin (3) there are only two elements (which
belong to Spin (3,1)) which can be written as : s, = ay + v (0,w) and they
have opposite sign : +s,, belong to the same class (see Annex for the proofs).

Any element s € Spin(3,1) can be written : s = s, - s, with s, €
Spin (3,1) /Spin (3), s, € Spin(3) :

s=¢€(aw+v(0,w))-€e(ay +v(r,0)) with e = +1 (58)

For each s there are two decompositions, unique up to sign. =+s,, belong
to the class of equivalence of s in Spin (3,1) /Spin (3). They are specific repre-
sentatives of the projection of s on the homogeneous space. The decomposition
depends on the choice of €.

Theorem 30 Spin (3,1) is a principal fiber bundle
Spin (3,1) (Spin (3,1) /Spin (3) , Spin (3) , mw).
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and there is a left action of Spin (3,1) on Spin (3,1) /Spin (3) :
A : Spin (3,1) x Spin (3,1) /Spin (3) — Spin (3,1) /Spin (3) :

A(S, 8w) = Tw (8 Sw)

Proof. Indeed we have :
A(8,80) = Tw (8 8w) € 38y 1880 = T (8 5w) Sr < A (8, 80) = 588,
A, A(8,50) = A (5,8 s sTt) =58 sy st
A(s-8,8y)=8-8" 5 848
§5:8 58, 8" ~5-8 8, 8 1571 m
The subset of Spin(3,1) of the elements s, which commute with &g :
Ad, e =505, =g

read :
1 , ,
S =¢€ I—Zrtr—kv(r,()) with e = £1,7'r <4 (59)

They belong to the realization of Spin(3) which is specified by y. They
are generated by vectors belonging to the subspace spanned by the vectors
(si)le . They have a special physical meaning : they are the spatial rotations
for an observer with a wvelocity in the direction of eqg. The vector r, with 8
components, has the same meaning as in Galilean Geometry. This is just a
different representation of the Lie algebra o(3).

The elements of Spin (3,1) /Spin (3) are coordinated by w, and the matrix
[K (w)] corresponds to a gauge transformation for an observer moving with a
spatial speed o parallel to w, without spatial rotation.

Similarly the elements of the Lie algebra T;Spin(3) are characterized by

X6T18piﬂ(3)<:>X'50—80'X:0<:>’LU:O

In the tangent space T;,, M of the manifold M all rotations (given by Spin (3, 1))
are on the same footing. But, because of our assumptions about the motion of
observers (along time like lines), any observer introduces a breakdown of sym-
metry : some rotations are privileged. Indeed the spatial rotations are special,
in that they are the ones for which the axis belongs to the physical space.

To sum up :

(ai)f’zl are the generators in C1 (F, ()) of a set with the structure of Spin (3)
iff (g;,;) = 41 (then the 4th vector (gg,e0) = —1)

Similarly any element of the Lie algebra T7Spin(3,1) read:

X =v(r,w) = Zi:l PR o+ W R o g3

and Zi:l K o identifies a specific Lie algebra Ty Spin(3) if (e;,¢;) = +1.

In the following of this paper we will always assume that the orthonormal
basis is such that e¢ is the 4th vector : (g9,e9) = —1 with signature (3,1) and
(€0,€0) = +1 with signature (1,3).
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3.4 Representation of Clifford algebras
3.4.1 Complexification of real Clifford algebras

A real Clifford algebra can be complexified, using the same procedure as for any
finite dimensional vector space. The complexified of both C1(3,1) and CI (1, 3)
is CI(C,4), the Clifford algebra on C* with the bilinear symmetric form of
signature (+ + + +).

There are real algebras morphisms (injective but not surjective) from the
real Clifford algebras to C1(C,4).

Let C : (R*,(),) = CL(C,4) be the real linear map defined by : C (g5) =
€j,7=1,2,3; C (g0) = ieo and the scalar product (), with signature (- + 4+ +).

It is casy to check that : C (u)-C (v) +C (v) - C (u) = 2 (u,v) so, by the
universal property of Clifford algebras, there is a unique real algebra morphism
C : Cl(3,1) = CI(C,4) such that C = C o j where j is the canonical injec-
tion (R*, ();) — Cl(3,1). We will denote for simplicity C = C. The image
C (Cl(3,1)) is a real subalgebra of CI(C,4)

Similarly with C’ (¢;) = igj,j = 1,2,3;C’ (0) = £o we have a real algebra
morphism C’ : Cl(1,3) — CI(C,4) and C’(CI(1,3)) is a real subalgebra of
Cl(C,4). Moreover C’ (g;) = —in;;C (g;) (n always correspond to the signature
-+ ).

3.4.2 Algebraic and geometric representations

An algebraic representation of a Clifford algebra is a map « which associates
to each element w of the Clifford algebra a matrix [y (w)] and such that ~ is
a isomorphism of algebra : all the operations in the Clifford algebra (multi-
plication by a scalar, sum, Clifford product) are reproduced on the matrices.
A representation is fully defined by the family of matrices (”yi)fzo representing
each vector (Ez‘ﬁ:o of an orthonormal basis. The choice of these matrices is not
unique : the only condition is that [v;] [v;] + [v;] [v:] = 2m:; [I] and any family
of matrices deduced by conjugation with a fixed matrix gives an equivalent al-
gebraic representation. An element of the Clifford algebra is then represented
by a linear combination of generators :

v (w) =7 (Z{il...ir} atttreg 'EiT) = Z{il...ir} at Ty i

A geometric representation (E,~) of a Clifford algebra is an isomorphism
v : Cl = L(E;E) in which [y (w)] is the matrix of an endomorphism of E,
represented in some basis. From an algebraic representation one can deduce a
geometric representation, and they are equivalent up to the choice of a basis.

We look for a geometric representation : the quantity S that we are looking
for is represented, not by  matrices, but by vectors S of the space E, which are
called spinors. Higher orders spinors are tensorial products of vectors of E.

A Clifford algebra has, up to isomorphism, a unique faithful algebraic irre-
ducible representation in an algebra of matrices (v is a bijection). As can be
expected the representations depend on the signature :
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For C1(3,1) this is R (4) the 4 x 4 real matrices (the corresponding spinors
are the Majorana spinors)

For C1(1,3) this is H (2) the 2 x 2 matrices with quaternionic elements

In both cases an element of the Clifford algebra is characterized by 2* = 16
real parameters.

The geometry of the universe is based upon real structures. Thus we should
consider representations of CI(3,1) or CI(1,3), which raises the issue of the
signature. However it happens, from experienceﬁ that the vector space E must
be complex.

The irreducible representation of Cl(C,4) is by 4 X 4 matrices on complex
numbers which must meet the condition : v;v, + y&v; = 265 14.

If (E,~) is a complex representation of CI(C,4) then (E,voC) is a real
geometric representation of C1(3,1) on the complex vector space E : the map
yoC : Cl(3,1) —» L(E;E) is a real morphism of algebras, and the maps
~v o C (w) are complex linear. The matrices of the real representation are i,
visd = 1,2,3,ivp. Similarly (E,vyoC") is a real geometric representation of
C1(1,3) with matrices vo,47v;,J = 1,2, 3.

Using this trick we see that we are fortunate, in that we have the same rep-
resentation (E, ) for both signatures, and a complex vector space E. Moreover
it is easy to specify the representation through additional features of E (such as
chirality as we will see). A spinor has 8 real components (vs 16 real components
for elements of the real Clifford algebras) thus a spinor carries more information
than a simple vector of R* and this solves part of the issue of the number of
parameters needed to represent the motion (both translation and rotation).

3.4.3  Chirality

Any Clifford algebra Cl is the direct sum of one Clifford subalgebra Cly com-
prised of elements which are the sum of products of an even number of vectors,
and a vector subspace Cl; comprised of elements which are the sum of prod-
ucts of an odd number of vectors. Moreover some Clifford algebras present a
specific feature : they are the direct sum of two subalgebras which can be seen
as algebras of left handed and right handed elements. This property depends
on the existence of an element w such that w - @w = 1. This element exists in
any complex algebra, but not in C1(1,3),C1(3,1) . As chirality is a defining
feature of particles, this is an additional argument for using C1(C,4).

In this subsection and the next one the vectors (Ej)j;o denote the canonical
basis of C* endowed with the bilinear symmetric form of signature + + + +.
In CI(C,4) the special element is : w = *e¢ - &1 - €2 - 3 € Spin(C,4). Thus
there is a choice and we will use : w =¢e5 =¢g-€1 - €9 - €3.

The Clifford algebra splits in two subalgebras :
Cl(C,4) = CIF (C,4) @ CIE (C,4) :
CIt(C,4) ={w e CI(C,4) :e5 - w = w},

3We will see that this is necessary to account for the Electromagnetic field.
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ClF(C,4) ={w e Cl(C,4) :e5 - w = —w}

and any element of C1(C,4) can be uniquely written as : w = wg + wg,

The projections from CI(C,4) on each subalgebra are the maps

pr=3(1+e5),pL =73 (1—¢es5):

WR = PR "W, WL =pPL W

pr-prL =pr-Pr = 0,pk = pR,p] = pr.PR +pL =1

We have similarly : E = Ef @ EL with

Ef =y (E),E* =0 (BE) ,7r =7 (pr), 70 =7 (p1) = 7(e5) = 7R — L

ueFE:u=ur+ur:

up =g (1) = 5 (u+7(es5)u);

ur, =71 (u) = 3 (u— 7 (e5) u)

For any homogeneous element w = vy - va... - Vg, v; € C* we have €5 - w =
(=) w5

Vw e Cl(C,4),u € E:

T (7 () ur) = 4 (14 (=) 7 (w) ur

keven : yg (v (w)ur) =7 (w)ur

k odd : vg (v (w)ug) =0

For k even : « (w) preserves both EF, EL (as vector subspaces)

For k odd : 7 (w) exchanges EX, B

In particular the elements of the images C (Spin (3,1)) and C’ (Spin (1, 3))
by ~ preserve both E®, EX. So we have reducible representations of these groups.

3.4.4 The choice of the representation

An algebraic representation is defined by the choice of its generators ~;, and any
set of generators conjugate by a fixed matrix gives an equivalent representation.
We can specify the generators by the choice of a basis (ei);l:l of E . The previous

result leads to a natural choice : take (ei)?zl as basis of EF and (ei)fzg as basis
of EL then :

L2 0 {0 0 _()___120
TR = 0 y VL = 0 I y V5 =Y \&5) =TR — VL = 0 —I,

A

B;| . .
Denote : v; = 7| with four 2x2 complex matrices.
Cj D,

5 belongs to the Spin group Spin(C,4), commutes with any element of
Cly (C, 4) and anticommutes with any vector, thus v57y; = —v;75 which imposes
the condition :

{Cj —Dj] o LCJ‘ -D;] T e 0

The defining relations : v;vk + Y&y; = 20114 lead to :
BjOk + BkOj 0 . ‘
0 CjBk + OkBj B 25]kl4
j#Ek: BjCk + Bij = CjBk + CkBj =0
j:kiBjCj:CijZIQ@Cj:Bj_l
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thus (%)?:0 is fully defined by a set (Bi)fzo of 2 x 2 complex matrices

0 B
=B 0
J

meeting : j # k: B;B;, ' + BxB;' = By 'By + B, 'B; =0
which reads : . )
BB, =~ (B;B") & (B;iB,') =-I
_ _ —1 _ 2
B 'By=—(B;'By) & (B;'Bi) =—I

Let us define : k =1,2,3: My = —iByB; "
The matrices (Mk>2:1 are such that :
M =—(B;By")" = —I
M;My, + MyM; = —B; By 'ByB; ' — BBy ' B; By "
= —(-B;B,'Bo — BxB; 'By) By !
=B;B, '+ BB;' =0
that is k =1,2,3 : M; My + M M; = 2611
Moreover : v5 = Yoy1727Y3 =
BoB;'ByByt =1,
By'B1B;'By = —1I
with By = iMyBy, By ' = —iBy "M, !
By (—iBy ' M) (iM2Bo) (—iBy ' M3 ") = I = —iM| "My M
By' (iM1By) (—iBy ' M3 ") (iM3Bo) = —I, = iBy ' My M, ' M3 By
which reads :
iMy = =M Ms = M3 M,
~M M =My < iMy = Ms M,
MoMs + MsMsy; =0 = iM{MsMs + M3sMs < iMy = —MsMy = MyMs;
MMy 4+ MoMy =0 = iMsMyMs + MoMy = M3 = —Mso My = My M,
The set of 3 matrices (Mk)izl has the multiplication table :
1N\2 M M, Ms
M, I M3 —iMs
My  —iMs I 1My
Ms  iMy, —ilM, 1
which is the same as the set of Pauli’s matrices :

e O i A [ P

0 =0p; For j # k:ojor = e(j, k,1)io (61)

Notation 31 €(j,k,1) = the signature of the permutation of the 8 different
integers i,5,k, 0 if two integers are equal
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There is still some freedom in the choice of the «; matrices by the choice of
By and the simplest is : By = —ils = By = oy,

Moreover, because scalars belong to Clifford algebras, one must have the
identity matrix Iy and v (z) = 214

Thus :

The matrices 7; are then unitary and Hermitian :

vi=7 =" (63)

which is extremely convenient.
We will use the following (see the annex for more formulas) :

Notation 32 j = 1,2,3 : 7; = ﬁ)] :]
j

JFkI=1,23:vm = -y =i€(G k1)

. . |oj 0 Ny
J=123:97 = -7 =1 [Oj _U} = 1757
J

Notice that the choice of the matrices is done in CI (C,4), so it is independent
of the choice of signature. However we have the representations of the real

algebras by the matrices vC' (¢;) and vC’ (¢;)

Cl(3,1) :vC (g5) = V5,4 = 1,2,3;7C (e0) = in0;7C (e5) = iys  (64)

Cl(1,3) :vC' (g5) =ivj,7 = 1,2,3;7C" (g0) = 70;7C" (e5) = 75 (65)

The representation that we have chosen here is not unique and others, equiv-
alent, would hold. However from my point of view this is the most convenient
because of the nice properties of the « matrices. The choice of w = —e&5 =
—ep - €1 - €2 - €3 would have lead to take 7; = —v;. In the Standard Model we
have a representation of C1(1,3) by the matrices : 5o = iv0,7; = 5,5 = 1,2,3
and Y5 = —170717273

3.4.5 Expression of the matrices for the Lie algebra and the Spin
groups

The matrices vC (v (r,w)) ,vC’ (v (r,w)) are of constant use.
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In CI(R,3,1) :

1C (v (rw)) = =i3 Yo (W™ya0 +7"Fa)
3 [(we —iry) oq 0 (66)
a= 0 — (wq +irq) 04

1

In CI(R,1,3) :

YC (W (1 w)) = =i Yooy (a0 — 7%a)
1 23 (wa + ira) Oa 0 (67)
2 Lva=1 0 —(wg —ir4) 0q
so one goes from one signature to the other by changing the sign of r.
The 2 x 2 matrices 3 Zi:l (wq — irq) 0 and 3 22:1 (wq +iry) o4 belong
to SU(2)
The elements of the spin groups are represented by the matrices :

In CI(R,3,1) :

¥C (a+ v (r,w) + bes) = al = i3 Y0 (WaYaYo + Ta¥a) + b5 (68)
In CI(R,1,3) :

VC (a+ v (rw) +bes) = al —ig Yoy (w250 —7%a) + 035 (69)

3.5 Scalar product of Spinors

We need a scalar product on E, preserved by a gauge transformation, that is by
both Spin(3,1) and Spin(1,3).

Theorem 33 The only scalar products on E, preserved by {vC (¢),0 € Spin(3,1)}

o 0 kUO .
GTEG_[EUO 0 }wzthké@

Proof. It is represented in the basis of E by a 4 x 4 Hermitian matrix G such
that : G = G*

Vs € Spin(3,1): [y0 C (s)]" Gy o C (s)] = G

or Vs € Spin(1,3) : [yo C' (s)]" G [yo C' (s)] =

ol () G=GyoC(s) ' =G[yoC(s7")]

(a+1b)og + 123_ (wq —i74) 0 0
C — 2 a=1
0 (S) |: 0 (0, — Zb) go — % Zi:l (wa + i’l"a) Oa
. —ib)oo + 233 (wa +ire) o 0
C _ (a 1 0 2 a=1 a a a
7C (s) [ 0 (a +ib)og — % 22:1 (Wq —irq) 04
G_{ : g],withA_A*,O—O*
[yoC(s)"G
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1 (wa+irg) oA (a—ib)B+ 3
_1 (wq —ire) 0,B* (a+1ib) C — %

{ (a—ib) A+iy
(a+ib) B* — 1>
GroC (s )]
_ { (a+ib) A— 3>
(a—l—ib)B*—%Z
a—ib)A+ 1
a—ib)B+ 1
a+ib) B*—3
a+ib)C — 3

1 (wq —irq) Aog  (a —1ib)
=1

B+
(wg —irq) B*oy  (a—1ib)C +
3

_1 (wq +irq) Bo,
(wq + iry) Coyg

[SIENIE

_1 (wq +irq) O'aA (a+1ib) A—
Wq +i7g = (a—1ib) B+ % Ei:l (wq +iry) Bog

Z 1(wa—zra) Ao,
> o ( )0
Zg | (wa —iTa) 0 B* (a+ib) B* =1 33 (w, —iry) B*o,
Dam ( ) Ta

3

N

(
(
(
( Wq — iTq =(a—ib)C+3 22:1 (wq + iry) Coyg

(wg +iry) 0o B = (wq + zra) Bo,

Zi:l (wo —ira) 0a B = 22:1 (Wa —irq) B0

2ibA

= % Zgzl (wo +i14q) 0 A+ (wg — iry) Aoy

=52 qeq Wa (Oa A+ Aoy) +ira ((0aA — Acy))

2ibC

= % Zi:l (wq +irq) Cog + (g — iry) 0,C

=1 Zi:l Wy (0,C + Coy) +iry (Cog — 0,0))

By taking the adjoint on the two last equations :

—2ibA

=150 we (Agy + 0, A) —ire (Aoe — 0,A4))

= 150w, (0, A+ Acy) +ire (0,A — Aoy)) = A =0

—2ibC

=157 wa (0,0 + Coy) —irg (Cog — 0,0))

= 150w, (0,0 + Coy) +irg (Coy — 0,0)) = C =0

We are left with :

Y, 30 (Wa + i7a) 0a B = S 20_, (w4 +ir4) Bo,

which implies that B commutes with all the Dirac matrices, which happens
only for the scalar matrices : B = koy.

- 0 kO’Q
G_|:EO'Q 0 :|

The scalar product will never be definite positive, so we can take k = —1¢
that is G = . And it is easy to check that it works also for the signature (1,3).

Any vector of E reads :
U= 2?21 u'e; = ugp + ur, with up = Zle ule;,ur, = Z?:g u'e;
The scalar product of two vectors u, v of E is then:

(Chiwien Yl vie) =[] ol [o] =i (wpon —whos)  (70)

It is not definite positive. It is preserved both by Spin(3,1) and Spin(1,3).
It is definite positive on Er and definite negative on E..
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00 -1 0

. 4 . {0 0 0 -1

The basis (e;);_, of E is not orthonormal : (ej,ex) =i 10 0 o
01 0 0

3.6 Norm on the space E of spinors

The scalar product on E is not definite, but we can define a norm, as we have
done for the Lie algebra. We have introduced previously the two chiral operators
pr,pr on Cl(C,4). They do not belong to the images vC (C1 (3,1)) ,vC (Cl (1, 3))
however they define two subspaces £ = Er & Er and the elements of the im-
ages C (Spin (3,1)) and C’ (Spin (1,3)) by 7 preserve both E®, EL. So we have
operators v : E — Fg,vr : E — Ep such that :

YR =7YR "YR;YL =YL "L

YR +L=1d

VYo € Spin(3,1),Spin(1,3) : vC(c) oyr = yr 0 vC (0);7C (0) o vy, =
YL 07C (0)

vYr =7 (pr),vL = v (pr) are complex linear maps, as images of the complex
linear maps pg,pr by the complex linear map 7. So they preserve any real
structure on E : yg (Reu+iIlmu) = v(pr) (Reu+iImu) = v (pr)Reu +
iy (pr) (Imu) and yr = Tg, 7L =7, (Maths.357).

In the basis (ei)?zl :

_ oo Of _ .
’YR_O O_’YR

YL = 0 0o - FYL
There is no definite scalar product on E, but there is a norm, that is a map

ll: ExE—R

such that :

1] =0
IS|=0=S8=0
S|l = (K[ 15]]
|5+ S < IS+ 1157l

Theorem 34 The vector space E is a normed vector space with the norm, in-
variant by Spin (3,1), Spin (1,3) :
I1SIlg = V(RS YRS) g — (L9, 71.5)

Proof. FEgr, E; are two 2 dimensional complex vector spaces, they can be
endowed with a norm which is invariant by Spin (3,1), Spin (1,3) :

S € Er:|Sllp, = (5. 5)p

SeEBr:|SIG, =—(S5)g

The norm are invariant by vgr, vy, :

SeFEr& 38 cE:S=vr(5)
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Ive ()1, = 172 (5, = 111 (8 5 = 1S5
Define : ||l : £ x B =R = [S] 5 = \/In=SI%, + eS|,
ISl = 0 = |1&Slg, = OISy, = 0 = 78S = 0928 = 0 =

(7R+7L)[Sl:025 ) , , ,
1S+ 5E = llvr (S + 9)g, +ve (S+ )5, = IS+ S5, + IS+ 5%,

2 2 2 2 2 2
< 1S, + 151, + 1515, + 1515, = IS5 + 11571
This norm is invariant by Spin (3,1), Spin (1, 3):

IVC (0) S5 = /INC (@) 185SIl%, + IVC () 1S,
=/ InevC (0) 1, + [124C (0) SII,
= /InC (@) S5, +InC () SI, = /IS5, + 1513, = 151
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4 THE SPINOR MODEL OF KINEMATICS

We have now the mathematical tools to enter the representation of kinematics
of material bodies in General Relativity. First we will make some adjustment
to the fiber bundles used so far to represent the geometry, to account for the
introduction of the Spin group.

4.1 Description of the fiber bundles
4.1.1 The geometric fiber bundles

The geometric model is similar to the previous one, with the replacement of
SO(3,1) by the Spin group.

Definition 35 The principal bundle Pg (M, Sping (3,1),7g) has for fiber
the connected component of the unity of the Spin group, for trivialization the
map :

wa : M x Sping (3,1) = Pg = p = ¢a (m, s) .

The standard gauge used by observers is p (m) = o (m, 1)

A section o € X (Pg) is defined by a map: o : M — Spin (3,1) such that :
o (m) = pg (m,o (m)) and in a change of gauge :

p(m) = pa (m,1) = B(m) = p(m) - x (m) " : (71)
o (m) = ¢q (m,o (m)) = ¢a (m, x (m) - o (m)) (72)

Definition 36 The vectors on the fiber bundle TM are represented in the
associated vector bundle P, [R4, Ad] defined through the holonomic orthonor-
mal basis :

i (m) = (p(m) ;)

So g (m) = (p (m) ,e0) is the 4th vector both in the Clifford algebra and in
the tangent space T,, M. It corresponds to the velocity of the observer.

With the equivalence relation :(p (m) ,v) ~ (¢q (m, g), Adg-1v)

In a change of gauge on Pg the holonomic basis becomes :

p(m) = pa (m,1) = B(m) = p(m) - x (m) " : (73)
gi(m) = (p(m),e;) = & (m) = Adx(m)flai (m) (74)
For a given observer g (p, (t)) = %df;’ is fixed along his world line.

The Lorentz scalar product on R?* is preserved by Ad thus it can be extended
to P, [R4,Ad] .

Definition 37 The Clifford bundle Cl(TM) is the associated vector bundle
P; [C1(3,1),Ad] defined through the basis (g; (m))?zo )
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In a change of gauge on Pg the elements of Cl(m) transforms as :

p(m) = @G (m,1) = B(m) = p(m)-x(m)"": (75)
o (m) = ¢p (m,o(m)) = @p (m,x (m) - o (m)) (76)
w(m) = (p(m),w) = Ad, -1 w (m) (77

4.1.2 The kinematic bundle

In addition to the previous bundles we define the associated bundle in which
the spinors live :

Proposition 38 The relativist momentum of particles are represented by
Spinors, which are, at each point of the world line of the particle, vectors of
the associated vector bundle Pg [E,~C]. They are measured by observers in the
standard gauge defined through the holonomic basis : e; (m) = (p (m) ,e;)

With the equivalence relation : (p (m),S) ~ (¢c (m,g),7C (g7') S) so that
in a change of gauge the holonomic basis becomes :

p(m) = ¢a (m.1) = B (m) = p (m) - x (m) " (78)
ei (m) = (p(m) ;) = & (m) = 7C (x (m) ") e; (m) (79)

and the components of a section S € X (Pg [F,yC]) change as :

P(m) = ¢a (m.1) = B (m) = p(m) - x (m) " : (80)
S(m) = (p(m), Sm) = (p (M) - x (M)~ AC (x (M) ) (81)

From a mathematical point of view the holonomic basis (g; (m))fzo ;

(e; (m))?zl , are defined through the same standard gauge p (m) chosen by
the observer. This gauge is arbitrary. For the tetrad the vectors &; (m) can be
measured in the holonomic basis of any chart through P. We have nothing
similar for e; (m), and actually the vectors e; of E themselves are abstract.
However we will see in the following how the basis e; (m) used by an observer
can be related to physical phenomena (inertial observers).

The scalar product on E is preserved by vC' thus it can be extended to
P, [E,~C] and to the space of sections X (P, [E,~C]) by :

(S,8") = Jo (S(m),8" (m)) y @4 (m)

Moreover we have the following :

Theorem 39 The set of integrable sections :
LY (X (Pg [B,7C)) ,wa) = { [ |1S] @ < oo}

with the norm on E is a separable, infinite dimensional Fréchet space.
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Proof. Consider the vector space : X (Pg [E,vC]) endowed with the norm :

ISl = [, IS (m)| g w4 (m) and the norm

1S ()5 = VOrS3RS), — (25,725 5

Restrict this space to L' (M, Pg [E,vC] , @)

= {S € X (Pg [E,1C) [, IS (m)| g s (m) < o0}

This is a Fréchet space (Maths.2276). Moreover it is separable, because €2 is
relatively compact and the smooth compactly supported maps are a countable
basis in L! (see Lieb).

Because the norm is invariant by the Spin group this space does not depend
on the choice of trivialization. =

The result still holds if we impose that the sections are differentiable.

4.1.3 Fundamental symmetry breakdown

The observer uses the frame (O, (ai)f’zo) to measure the components of vectors

of TM, and the holonomic maps (e; (m))fzo to measure the spinors. The break-
down, specific to each observer, comes from the distinction of his present, and
is materialized in his standard basis by the vector & (m).This choice leads to
a split of the Spin group between the spatial rotations, represented by Spin(3),
and the homogeneous space Spin (3,1) /Spin (3) .

We have an associated fiber bundle :

Py = Pg [Spin (3,1) /Spin (3), ] :

(p (m) ,Sw) = (pc (mv 1)  Sw) ~ (SDG (mv ) A (3_17 Sw))

with the left action :

A Spin(3,1) x Spin (3,1) /Spin (3) — Spin (3,1) /Spin (3) : A(s, Sw) =
Tw (8 Sw)

On the manifold Pg there is a structure of principal fiber bundle

Pr (Pw, Spin (3) ,mr) with trivialization :

R : Pw x Spin (3) = Pg =

YR ((p (m) 7Sw) ) ST) = ¥Ya (m7 Sw ST) = ¥R ((QPG (m7 S) A (5717 Sw)) 787“)

As the latest trivialization shows, for a given s, s, depends on s,, in that it
is a part of s € Spin (3,1).

It sums up to define the local basis in two steps : first by choosing s,, second
by choosing s,

Any section o € X (Pg) can be decomposed, for a given vector field g9 and
a fixed e = 1, in two sections :

eoy € X (Pw),eor € X (Pr) with o (m) = eoy, (M) - €0 (M)

The set of vectors of T, M used to build Spin(3) is defined by g (m).

Our objective is now to understand the relation between sections

S € P¢ [E,~C] of the vector bundle and the motion of a particle,and to
precise the possible values of S. We will proceed in several steps. First we
will focus on the trajectories and we will show that they can be matched with
sections of Py .
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4.2 Trajectories and the Spin Group

A change of observer is a change of gauge p (m) = pg (m, 1) (or trivialization)
on the principal bundle Pg (M, Sping (3,1),7a) .We see now how the formulas
given previously can be expressed in the formalism of Clifford algebras.

Theorem 40 Any section o € X (Pg) defines, for any positive function f €
Coo (3 Ry) and observer, two vector fields V € X (Pg [R*, Ad]) by :

V(m) = f(m) Ad,(meo (m) = f (m) ((2a2, — 1) €0 + €aw (w'er + wes + w’es))
(52)
where o, (M) = € (ay + v (0,w)) is the projection of o on Py along &g
Then V is time like, future oriented and (V (m),V (m)) = —f?(m) and is
inwvariant in a change of gauge on Pg
Conversely, for any time like, future oriented vector fieldV € X (PG [R4, Ad])
there are two sections o, € X (Pg) such that :

%

_ 1 1 )
7 = Ady(myg0 (M) 1 0 = € ( 5 (uo +1) + \/mv (O,uz))

Proof. i) o (m) = eoy, (M) - €0, (M)
ow (M) = € (ay + v (0,w)) so let be a,, > 0 which defines €
ii) Define
u € X(Pg[R*YAd]) : u(m) = Ady,meo(m) = (p(m),Ads,c0) =
(b (), u)
U=0y €00yt = (€ay +v(0,w)) €0 - (€aw, — v (0,w))
= (€ay + v (0,w)) - (€aweo — €0 - v (0, w))
= a2 e+ €y (—e0 - v (0,w) + v (0,w) - g9) — v (0,w) - gg - v (0, w)
= a%uso—i—%eaw (—60 Nk (wlsl + w252 + w353) - (wlal + w252 +w
_ZEO (wlal + w252 +w 53) €0 €0 (wlsl + w252 + w353)
=a €o+—eaw(w+w)+ ZEQ W W
=a? ao+awew+ 10 - (w, w>
= (a + swlw) g + €W
(2aw — 1) €0 + €y (w £1 + w2eq + w353)
iii) (u,e0) = — (202, —1) =1 -2 (1 + Jwlw) = =1 — w'w < 0
(u,u) = a2wiw — (202 —1)° = a2, (4 (a2 — 1)) = (2a% - 1) = 1
iv)V=f(mu=
(Vieo) = f (m) (u,0) <0
(V.V)=—f*<0
v) In a change of gauge on Pg :
p(m) = ¢g (m,1) = p(m) =p(m)-x(m)
o (m) > 7 (m) = x (m) " o (m)

w(m) = (p(m), Ady,20) ~ (p(m)-x (m) "}, AdyAdy,20) = (B (m), Ads c0) =

383) &0 80)

then u is time like, (u, u) = —1, (u,g0) <0
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U= ((2@12” — 1) €0 + €ay (wlsl + w2eqy + w353)) = Z?:o W;E;
i=1,2,3 : w; = eu;/ay
S8 w?
1;5 7
(wu) = —=1=370 u? —u
(u,e0) =up <0

up = —/1+ 30 u2 < -1

3 2
1,6, lZizlui _
1+ qw'w =147 =
So we can define :

u0:2afu—1

whw =

144y0 u? _ 14+4(ug—1)
4a2

_ —3+4ud S =344 _ 1
4a2 - 4a2 4a2, T a2
A = € % (up +1)

Wi = Wiy = €u;/ % (up+ 1)

= 1 1 N —
Uw—€< 2(u0+1)+\/mv(0,uz)>—aw—l-v(O,w)
Vi 1 Vi

VR ) e

If we take f(m) = c any section o € X (Pg) defines two fields of world lines,
with opposite spatial speed :

_dp 1

N SN N
d
AT

If we take f(m) = 5=—5 any section o € X (Pg) defines two fields of trajec-
tories, with opposite spatial speed :

3
(U +ceo (m)) =c ((2@121) —1) eo + €aw Z wia) (83)

=1

3
dp Gw
V_$—7+cso(m)—c<ao+em;wz€z> (84)

S
g
|
ol
VR
—_
+
—
+
=~
—~
T
o |-ﬁw
S—]
1
e
\]
+
=S
hm|em

Remarks :
i) All this is defined with respect to an observer, who fixes g¢ (m)
vex (PG [R4, Ad]) so can be equivalently defined as a section of TM :

V= Zi:o V@O = Ei:o Z?:o Vipiaafa
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iii) If V is past oriented (ug < 0) or null ((V, V) = 0) there is no solution :

202, —1=3(up—1) < -1 =d <land a2 # 1+ julw

This gives a strong physical meaning to the representation of world lines by
section of Py .

iv) Any map o : R — Pg is projected on M as a curve, which is not neces-
sarily time like or defines a world line.

4.3 Spatial spinor

A section o € X (Pg) defines at each point an element of Spin(3,1), which can
uniquely (up to sign) be decomposed in o = €oy, - €0, with respect to a given
observer.

The first component o, = =% (a, +v(0,w)) € Spin(3,1) defines, in the
standard basis of the observer, a vector field of world lines, and a trajectory. w
is aligned in the direction of the spatial speed or the opposite.

The second part o, = a, + v (0,7) belonging to one of the two connected
components of Spin(3) (according to the sign of a,, it is + for the component
of the identity) leaves invariant e (m) and defines a spatial rotation, in the
hyperplane orthogonal to g (m) .

So with a single o we have both a translational motion (along a worldline)
and a spatial rotation, at the same point.

Notice that this is not a rotation around a point (like an orbit), but a rotation
at a point. The action Ad,,_ on any vector of the tangent space T,, M rotates
the vector, but leaves invariant o (m) ,so this is an action on the physical space
Q3 (t) . In the Spinor S = vC (o (m)) Sy this action is done on vectors of E, and
not on vector of T}, M.

The decomposition ¢ = €0y, - €0, and the identification of the vectors of
Spin(3) request a choice of g9 (m) : it is observer-dependant.

Our basic hypothesis is that the spinor S is a kinematic characteristic of the
state of the particle : it represents the relativist momentum. With a section
o € X (Pg) and fixed vector Sy € E we have a representation of the momenta,
both translational and rotational.

Definition 41 We can then define the spatial spinor as :

S, (t) =~C (0,") S (t) =~C (0 (1)) So (85)

The spatial spinor is the representation of a rotational momentum. For a
given trajectory and observer there are two possible, opposite, values of the
spatial spinor : S, (t) = £7C (o, (t)) So. In all cases S (t) = vC (o (t)) Sy :
the total spinor stays the same, the distinction between o,,, o, and the opposite
values is the consequence of the breakdown of symmetry induced by the observer.
The sign =+ is related to a trajectory (the orientation of w with respect to the
spatial speed) so one can speak of spin up or down with respect to the
trajectory. This feature is entirely linked to the Relativist picture, and has
nothing to do with QM. The name spin is used freely in Quantum Physics, and
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this is sometimes confusing. The usual spin, as rotational momentum, is the
Spatial Spinor and we will give a precise definition later. And to be clear I will
call the present feature (spin up or down) Relativist Spin which takes the
values of € = £1.

If we assume that the spatial spinor is, by itself, an intrinsic feature of the
particle, then one must assume that the map : o, : R — Pg is continuous,
thus o, must belong and stay in one of the two connected components of Pg.
Normally the decomposition ¢ = €0y, - €0, is continuous, and the passage to the
opposite sign is, for the spatial spinor, a discontinuity, and also for the relativist
spin.

The issue now is to precise what can be Sy,that we will call inertial spinor.
The 4 dimensional relativist momentum P = pu , which is a geometric quantity,
has a constant scalar product : (P, P) = —u?c? where pu is, by definition, the
mass at rest. The scalar product (S, S) = (So, So) is preserved on the world line,
so we will look at vectors S such that : S # 0 = (Sp, So) # 0.

4.4 Inertial spinor

We have seen that the unique scalar product on E is non degenerate, but not
definite positive. So it is logical to require that Sy belongs to some vector
subspace Ey of E, over which the scalar product is definite, either positive of
negative. Moreover a change of spatial frame should change only S, thus Ej
should be invariant under the action of Spin(3).

So there should be some vector subspace Ey of E such that :

- it is invariant by vC (o) for o, € Spin(3) : ¥Sy € Ey,s, € Spin(3) :
’}/O (ST) So € Ey

- on which the scalar product is either definite positive or definite negative :

VSo € Ey : <S0,80>E =0=5,=0

Theorem 42 The only vector subspace of E invariant by vC' on Spin (3) and
over which the scalar product is definite

L _ | Sr| _| v 9
-posztwesto—{S’—[SL}—[iv],ve((:}

—negativeisEé—{S—[gR]—{ ZU],UECQ}
I _

Proof. i) The scalar product on E (which does not depend on the signature)
reads :
UR - 0 —iog uR | _ . % _

u:{UL]eE.[uR uz}[iao 0 ][UL}_z(u*LuR—uRuL)_
) (EEUR — (ﬂ‘}%uL))

uy, = v + 1wy, with vy, wy € R?

UR = Vg + iwp with vg, wr € R?

(5,9) =i((v, —iwy) (v + iwr) — (Vg — iwk) (vL +iwr))

=i (vhor + whbwr —iwhvg + whwg — vhv — whwy + iwhop — whwr)
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= =2 (vhwg — whvg)

(9,8) =0 vhwr =whvg

So it is definite for any u such that :

V[ = —€EWR, W], = €EVR =

uy, = —€wpr + €ivg = €i (Vg +iwR) = €lugr

U
u:[ & }
€IUR

(S,5) = 2¢ (Whwg + vhvg) = 2eulug
It is definite positive for € = +1 and definite negative for e = —1
ii) The vector subspace must be invariant by vC' (s,). Which is equivalent
to SL = EiSR
For any Sy € Ey, Ej, s € Spin (3,1)
~C (a+ v (r,w) + bes) So =
(a+ib)og+ 2>, (wa —ira) 04 0 v
0 (a—ib)og — &>, (wa +ira) oq] | €iv
_ | Sr
-5

Sgr = ((a +ib) oo + % Zi:l (wg — iry) Ua) v

Sp =¢ ((a —ib)oo — Ei:l (wg +irg) Ua) v

and S € Ey & S;, = €iSg

& el ((a —ib)og — % Zi:l (wg +i1g) Ua) v

=€ ((a +1ib) g + % 22:1 (wg — i) aa) v

& (—ibao — % 22:1 waaa) v = (ibao + % Zi:l waaa) v
& (ibao + % 22:1 waaa) v=20

This condition is met for w = 0 that is s € Spin (3).
iii) It is easy to see that the result does not depend on the signature:

o |g =[5

Sk = ((a +0b)oog + % 22:1 (wq +1i7q) Ua) v

SL =¢ei ((a —b) oo+ 230 (—w, +iry) aa) v
(2boo + 2221 waaa> v=0m

So particles have both a left Sy and a right Sg part, which are linked but
not equal. We have one of the known features of particles : chirality.

Because Ep N Ej) = {0}, (Eo,vC), (E{,vC) are two, non equivalent, irre-
ducible representations of Spin(3). So they can be seen as corresponding to two
kinds of particles according to e.

The inertial spinor is defined, from the components of the two complex
vectors of Si , by 4 real scalars.

The quantity :

76



<So, SQ>E = 625}%53 (86)

(with the same meaning of € as above) is a scalar, which is conserved along
the trajectory. Similarly to the 4 vector P = pu, we can define a mass at rest
M, by : (So,So) = MZc*, but because (Sp,Sp) can be negative we have to
consider :

(S0, So) = eMc* (87)

where € is a characteristic of the particle. We retrieve a celebrated Dirac’s
result from his equation. So we define :

Definition 43 particles are such that Sy = iSg.
Their mass is My = C%\/<So, Soyp = C%\/QS;‘%SR
antiparticles are such that S;, = —iSg

Their mass is My = C%\/— (So,So0) p = c%\/—QS}‘%SR

Do antiparticles have negative mass ? The idea of a negative mass is still
controversial. Dirac considered that antiparticles move backwards in time and
indeed a negative mass combined with the first Newton’s law seems to have this
effect. But here the world line of the particle is defined by o, and there is no
doubt about the behavior of an antiparticle : it moves towards the future. The
mass at rest M), is somewhat conventional, the defining relation is (Sy,Sp) =
eMp202 so we can choose any sign for M,,, and it seems more appropriate to take
M, > 0 both for particles and antiparticles.

Then Sg reads :
Sp = M {“ ] and1:(|a|2+|b|2)

R V2 | b
It is customary to represent the polarization of the plane wave of an electric
field by two complex quantities (the Jones vector) :
E;E = EOweiam
Ey = Eoyeiay
where (Eoz, Foy) are the components of a vector Ey along the axes x.,y.
So we can write similarly :

g, — M,c? { e cos oy } (88)
R= V2 €2 gin ay
Particles : _
e cos oy
So = M,,c? ei_o‘2 sin a
V2 1" cos ayg
ie*2 gin ay
Antiparticles :
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e’ cos o

€2 gin oy

V2 —i€e"1 cos o
—ie"2 sin oy

To each particle corresponds an antiparticle with the same mass. And parti-
cles show polarization characteristics similar to waves. This is how the inertial
spinor is seen in Quantum Physics : the 3 real variables g, a1, as define a po-
larization of the particle when it behaves as a wave. Each kind of elementary
particles is characterized by a vector of Sy, and it is associated to its charge
with respect to the EM field, and the 3 variables «q, a1, as define the magnetic
moment as we will see. But for neutral material bodies usually its value can be
taken equal to one of the vectors of the orthonormal basis :

&= \/Lﬁ (e1 + €ies) , & = \/Lﬁ (e2 + €iey)

The space Ey, E{, are orthogonal, so :
VS, € Ey, S(/J S E(S : <’)/C (U) SQ,’}/C (0’) 56> =0
The definition of Ey, E} does not depend on the observer.

The spatial spinor S, belongs to Ey, E{, by construct. The action of Spin(3)
on Ey, E{, is proper, continuous and free, thus (Maths.1793) the orbits have a
unique structure of manifold of dimension : dim Fy — dim Spin (3) = 1. For any
value Sy € Ey, E}, when o, € Spin (3) then S, = vC (0,) Sp stays on a curve
on Ey, E), and conversely each vector S of Ep, E{, belongs to a unique such
curve. Spin (3) is compact, so this curve is compact, Spin (3) has two connected
components, so the curve is formed of two, compact, connected components.

The demonstration above is actually the equivalent - expressed in the for-
malism of fiber bundles and spinors - of the classic Wigner’s classification of
particles (see for instance Weinberg), done through the analysis of equivariance
of the relativist momentum by the Poincaré’s group. We could, in the same
way, consider also the null spinors (assimilated to bosons), which is the vector
subspace of E :

(8,8) =0 vhwr =whvg

4.5 Space and time reversal

Space reversal and time reversal are changes of basis in R*, so they depend on
the basis.

A change of orthonormal basis in R* is represented by an orthogonal matrix,
and in the Clifford algebra by the action Ad, for some element s of the Pin group
(it is not necessarily represented by an element of the connected component of
the Spin group) :

w—w=Adsw=s -w-s"

The impact on a representation is :

¥ (w) = (@) = [y ()] [y ()] [ ()]

1

78



In a change of basis in E represented by a matrix Q the components of a
vector u € E change according to : [u] — [4] = Q7! [u] and the matrices v
representing endomorphisms change as : v — 7 = Q7 1vQ. So the change of
basis in R* corresponds to a change of basis represented by the matrix Q =
[v(s)] " in E, and the components of a vector S of E change as : [u] — [4] =

[y ()] [u] -

4.5.1 Time reversal

Time reversal is the operation :
u = UOEO +uter +ues + u383 — —UOEQ +ute; +uleq + u353
corresponding to s = £1-€3-€3, with s71 = £3-69-61 in C1(3,1), s7! = £1-e2-€3
in Cl(1,3)
Cl(3,1) :

10
[YC (61 -€2-€3)] = y372m1 =@ [ o0

o Tl ]2 ] =] |
Cl(1,3) :

. 0
[VC (51 1 €2 '53)] = —1M7273 = [0'0 0

0 oy v | | ew v’
oo O ev | | v | | —eid
So with both signatures particles and antiparticles are exchanged.

4.5.2 Space reversal :

Space reversal is the operation :
U = uoao + ulal + u252 + u353 — uoso — ulsl — u252 - u353
corresponding to s = g9, 5~ = —¢gg in CI(3,1), s~ =g in CI(1,3)
Cl(3,1) :

hotl == |5 7]

—ay | |
{—?70 UOO][;U]:{G_ZZ}:[;U,}
CI(1,3) :

Rl e

o L =L = L]

So with both signatures particle and antiparticles stay in the same category.

These results are consistent with what is checked in Particles Physics, and
the Standard Model. However the latter does not consider both signatures. Here
we see that this feature does not allow to distinguish one signature as more
physical than the other.
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4.6 Total Spinor

The relation S;, = €Sk does not hold any more at the level of the total
spinor, however we have still (S,S) = (So,So)gwhich is positive for parti-
cles, and negative for anti-particles, so the distinction holds. The total spinor
S =~C(0)Sy=~C (o) S, belongs to a subset Ey of E larger than Ej.

Definition 44 Ey = {yC (04) So, 0w € Spin (3,1) /Spin (3),So € Eo}
= {CLU,S() — ’L% 22:1 wa"ya’}/oSo, So € Ey

with a similar set £}, for antiparticles.
The expression is :

Sr ] [ ((a+b)+1>, (we—ire)oa) Sk
V€ (a+v(rw) + bes) { €iSn } = [ i ((a—b) — L3° (wa + ire) o) S
thus with r = 0 we have :

~C (a+ v (0,w)) [ Eng = { ez(C(La+—%%EEa:U?Z:;Z)S§R ]

Ey, E}) are not vector spaces (a, = €,/1 + swtw) ) but real manifolds, em-

bedded in E, with real dimension 7 (4 parameters for Sy, 3 for w). By definition
they are invariant by Spin (3,1).
Moreover we have the following :

Theorem 45 For a giwen value of the inertial spinor So , and a measured
value S € Ey of the spinor S, there is a unique element o € Spin (3,1) such
that vC (o) Sp = S

Proof. i) The action of Spin(3,1) on Ey, E is free :
VSo EE(),E(/) 1’70(8)50 =S so=1
v
S0 = €1V
’}/O (S) So = Sy &
Sk = ((a +ib) oo + 3 2221 (wq — irq) aa) V=0
Sp = ((a —ib)og — 3 22:1 (wq + irq) Ua)

€1V = €1V

4

2a00 — 1 22:1 raaa) v=2v
2ibog + 22:1 waaa) v=20
DO raoa) v=2i(l-a)v
Zi:l waoa) v = —2ibv

TN N NN

=
22:1 raU*o,v = 2i (1 —a) v*v
22:1 WV oqv = —2ibv*v
The scalars v*o,v are real because the Dirac matrices are Hermitian, as is
v*v ;80
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=b=0,a=1

=r=w=_0

and the only solution is o = 1.

ii) vC (0) So =vC (¢") So = So =7C (671)7C (¢") So =o' -0/ =1 m

We can assume that Sy depends only on the type of particle, then with
the knowledge of Sy the measure of the spinor S defines uniquely the motion
(translation and rotation) with respect to the observer. As S = ~C (o) Sy
and o can itself be uniquely, up to spin, decomposed in ¢ = o, - 0., we have
the correspondence with the formulas in the transition between observers where
[x] = exp [K (w)] exp[J ()] : 0y corresponds to the boost, and we have seen how
it can be computed from the spatial speed, and o, corresponds to exp [J ()] ,the
vector r is in both cases a Lie algebra representative of a spatial rotation. So
conversely, knowing Sy the spinor S can be computed from familiar data.
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5 SPINOR FIELDS

5.1 Definition

The great interest of Spinors is that they sum up the kinematics of a particle in
one single, geometric quantity which has a value at any point in a fiber bundle.
It is then possible to conceive fields of particles whose world lines are defined
by the same vector field, which is an usual case in Physics.

We have defined previously the associated vector bundle Pg [E,vC], defined
through the holonomic basis : e; (m) = (p (m) ,e;) with the equivalence relation

: (p(m),S) ~ (p(m)-g,7C(g7")9).

Definition 46 We will call Spinor field a section S € X (Pg [E,~C]) which
represents the relativist momentum of a particle or an antiparticle, such that

Jo IS () wa < 00

Equivalently a spinor field, denoted X (Sp) is defined by a vector Sy € Ey
and a section o € X (Pg) such that S (m) = ~C (o (m)) So.

Let S € X (P [E,7C]). Then (S (m),S (m)) = i(S;Sr — SESL) = y(m)
defines a function on M. If S represents the relativist momentum of a particle,
then (S (m),S (m)) = (So, So) - A necessary condition for a section of Pg [E,~vC]
to represent the relativist momentum of a particle is that (S (m),S (m)) =y
has a fixed, positive, value. Then the set E (y) of vectors Sy € Ey such that
Jdo € X(Pg): S=~C(0)Sy is given by :

E(y) = {SO = { ;; ] vt =1yve (CQ}

And for a given vector Sy € E (y) , at each point m there is a unique o (m) €
Spin (3,1) such that : S (m) = yC (o (m)) Sp. It defines a section o € X (Pg),
and at each point m, for each value 41 of the relativist spin and for a given
observer, a vector field which is the tangent to the world line, and a spatial spin.

And similarly for antiparticles.

A spinor field represents particles which have the same inertial behavior. If,
in a model, we have several particles, interacting with each others or with force
fields, each particle can be assigned to a spinor field, which represents a general
solution of the problem. One can also associate a density to spinor fields.

For elementary particles the vector Sy is one of its fundamental characteris-
tic.

For other material bodies Sy is a kinematic characteristic which, for de-
formable solids, can be computed, as we will see below.

A Spinor field is defined without any reference to an observer : it has an
intrinsic meaning, as it was expected for the momentum of a particle. And the
decomposition in translational momentum on one hand, and rotational momen-
tum on the other hand, is relative to each observer. So we have here a new,
significant, feature of the relativist momentum.

Two comments :
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i) A section of Pg can be seen as belonging to the Clifford bundle Cl (M),
and its components are (a, b, 7, w) so we could hope to define the section through
some fiber bundle with only (r,w). Unfortunately the formulas for the compo-
nents of an element of a Cl (M) in a change of gauge are complicated and non
linear. So, even if the use of r, w is useful, one cannot hope to define simply an
consistently o only through two vector fields r (m),w (m).

ii) In a spinor field, a particle follows, with respect to an observer, a trajec-
tory which is given by a vector field V' deduced from a,,. So the value of the
spinor at a point incorporates also the instantaneous velocity : at a given time
t + 0t the particle is located at a point ®, (t + 0t, x (t + 6t)) and z (¢t + dt) is
given by ¥, which is part of V and defined by a,,, and thus by the value of the
spinor at t.

We will see now how the usual spin enters the picture, but for this we need
some more mathematics on group representations.

5.2 More on the theory of the representations of groups
5.2.1 Functional Representations

Functional representations are representations on vector spaces of functions or
maps. Any locally compact topological group has at least one unitary faithful
representation (usually infinite dimensional) of this kind, and they are common
in Physics. The principles are the following (Maths.23.2.2).

Let H be a Banach vector space of maps ¢ : E — F from a topological space
E to a vector space F, G a topological group with a continuous left action A on
E:AN:GxFE— FE:\(g,x) such that A(g-¢',z) =A(g,A(¢',z)),A\(l,z) ==x

Define the left action A of Gon H: A : Gx H — H = A(g,p) (x) =
v (A (g7 )

Then (H,A) is a representation of G. Thus G acts on the argument of .

If H is a Hilbert space and G has a Haar measure p (a measure on G, all the
groups that we will encounter have one Maths.22.5) then the representation is
unitary with the scalar product :

(p1,02) = [ (A (g, 01),A(g,92)) 5 12(9)

If G is a Lie group and the maps of H and A are differentiable (which implies
that E is a manifold) then (H, A (1, .)) is a representation of the Lie algebra
T1G where X € T1G acts by a differential operator :

AL (1,9) (X) () = —¢' (#) X (1,2) X = 2 (A (exp (—£X) ,2)) |io

For a right action p: E x G — E :: p(g,x)we have similar results, with

P:HxG—H:=P(pyg)(z)=¢(p(x9)

Py (1) (X) (2) = —¢' () ply (#,1) X = 50 (p (x, exp (=1 X)) [1=0

H can be a vector space of sections on a vector bundle. In a functional
representation each function is a vector of the representation, so it is usually
infinite dimensional. However the representation can be finite dimensional, by
taking polynomials as functions, but this is not always possible : the set of
polynomials must be algebraically closed under the action of the group.
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5.2.2 Isomorphisms of groups

Most of the groups that are encountered in Physics are related to the group
SL(C,2) of 2 x 2 complex matrices with determinant 1 (Maths.24).

Any matrix of the Lie algebra sl(C,2) reads with Z = (21, 29, 23) € C3

iZg 2o + iZl

F@O =\ 4 i —iz | Trf(2)=0

which is equivalent to take as basis the Dirac matrices.

The exponential is not surjective on sl(C,2) and any matrix of SL(C,?2)
reads :

Icosh D + S8D ¢ (7) with D? = —det f (Z) = — (27 + 23 + 23)

The group SU(2) of 2 x 2 unitary matrices (NN* = 1) is a compact real
subgroup of SL (C, 2) . Its Lie algebra is comprised of matrices f (r) with r € R3.

The exponential is surjective on SU(2) : exp f (r) = [ cosVrir + %f (r)

T, Spin (3,1) is isomorphic to sl(C,2) (Math.1959) : v (r,w) = f (r + iw)
Spin(3,1) is isomorphic to SL(C,2) : a + v (r,w) + bes — exp f (r + iw)

T, Spin(3) is isomorphic to su(2) : v (r,0) — f (r) and so (3) : v (r,0) — j (r)
Spin(3) is isomorphic to SU(2) :
ar + v (r,0) = exp f (r) = I cosVrtr + —Siﬁf(r)

5.2.3 Representations of Spin(3,1), Spin(3) and SO(3)

SL(C,2) and Spin(3,1) have the same representations which are (up to equiv-
alence) :

- a unique, non unitary, irreducible representation of dimension n (Maths.1953),
which can be seen as the tensorial product of two finite dimensional represen-
tations (P? @ P, D; x Dy,) of SU (2) x SU (2) (see below).

- the only unitary representations are over spaces of complex functions : they
are infinite dimensional and each irreducible representation is parametrized by
2 scalars z € Z, k € R (Maths.1955).

SU(2) as Spin(3) are compact groups, so their unitary representations are
reducible (Math.1960) in a sum of orthogonal, finite dimensional, unitary rep-
resentations. The only irreducible, finite dimensional, unitary, representations,
denoted (P7, D7) are on the space P7 of degree 2j homogenecous polynomials
with 2 complex variables z1, zo, where conventionally j is an integer or half an
integer. P7 is 25 4+ 1 dimensional and the elements of an orthonormal basis are
denoted : _ _

lj,m) = ————u—2/"" "™ with —j < m < +j. And D7 is defined by

VG—m)1G+m) L

geU(2):Dﬂ'(g)P({ 2 D _P([g]1 { 2 D
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. I .
Thus the fun§t10ns read : ¢ (21,22) = 31z > om= "™ |3, m) with com-
plex constants @™
It induces a representation (P7,d7) of the Lie algebras where d/ is a differ-

ential operator acting on the polynomials P :
X €su(2) 1 dj (X)(P)(21,22) = 4P ([exp (—tX)] [ 2 ]) lt=0

which gives, for polynomials, another polynomial.

dj (X) is a linear map on P7, which is also linear with respect to X, thus
it is convenient to define d; by the action d; (k,) of a basis (na)izl of the Lie
algebra and the three operators are denoted L, Ly, L,. They are expressed in the
orthonormal basis |7, m) by square 2j+1 matrices (depending on the conventions
to represent the Lie algebra). The usage is to denote L. |j, m) = m|j,m).

The only irreducible, unitary, representations of SO(3) are given by (Pj, Di )
with j integer.

5.2.4 Casimir element

The universal enveloping algebra U of a Lie algebra is actually a vector
space, built from tensorial powers of the Lie algebra, and whose basis is given by
ordered products of elements of the basis (x;),.; of the Lie algebra (Maths.1692).
Universal enveloping algebras are necessary when interacting systems are con-
sidered (such as in Chemistry), because their representation involve the tensorial
product of the variables.

Any representation (E, f) of the Lie algebra can be extended to a represen-
tation (E, F') of its universal enveloping algebra (Maths.1891) where the action
is :

F (/@?11.../@?:) =f(ki,)" o..of (/iip)np

When the representation (F, f) comes from a functional representation, in
the induced representation on U the action of F is represented by differential
operators, of the same order than n; + na + ... + ny,.

In the representation of T7.Spin (3,1) by matrices of so(3,1) the universal
enveloping algebra is actually an algebra of matrices (see Annex) where the
operator j plays a key role.

The Casimir element is a special element 2 of U, defined through the
Killing form (Maths.1698). In an irreducible representation (E, f) of a semi
simple Lie algebra, as Spin(3,1), the image of the Casimir element acts by a
non zero fixed scalar F' () u = ku.In functional representations it acts by a
differential operator of second order : F (Q) ¢ (x) = Dap(x) = ko () : ¢ is
an eigen vector of Dy. As a consequence, if there is a scalar product on E :
(F(Q)u, F(Q)u) = (ku, ku) = k? (u,u) . If (E1, f1), (Ea, f2) are two equivalent
representations of the same algebra A :

d¢ : 1 — FEs such that :

Ve € A:fi(k)=¢ 'ofa(k)od
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F1 (Ii?ll...:‘i?:) = fl (Iiil)nl o ...0 fl (Faip)np = ((b_l o fg (Iiil) O¢)n1 o ...0

(6710 fa (i,) 0 6)™ = ¢ 0 By (k2] ) 0 grtms

FL (@) = 67 mr0B, (322 o™ - (u) = 6= oo (g -7 (u)) =

kz’u = klu

Thus the Casimir element acts with the same scalar in all equivalent repre-

sentations.

is :

is :

The Killing form on T7.Spin(3,1) is :

B (v (r,w),v (", w)) =4 (wtw" —rtr’)

thus the elements

K1 = —%83 t€2,R2 = —%El TE€3,R3 = —%€2 TE€1,

K4 = g€o - €1,R5 = g€0 - €2, K6 = g€0 " €3

constitute an orthonormal basis for B and the Casimir element of U (T} Spin(3,1))

Q= (S0 ) — T2 ()

The action of the Casimir element in the representation (F,yC) of Spin (3,1)

Fg(Q)u= (E?:4 (YC (1)) — Zf’zl (C (/@)2) u=32u
In the representation (Pj, dj) of Ty Spin(3), if we denote L, = f (k1),L, =

f(k2), L, = f(k3) with 3 arbitrary orthogonal axes :

F(Q) |]7m> =L? |]7m> = (Li + ng; + Lg) |]= m> =J (] + 1) |]7m>
@ (s0) (=) X lgym > ) = SnZH X () ljm >

m=—j m=—j

5.3 The Spin of a particle

5.3.1 Definition

The space X (Pg [E,vC]) of sections is a functional representation of Spin(3,1)
with the global action vC' and the argument o. The subspace X (Sg) is in-
variant by the right or left global actions of Spin(3,1) : ~C (o (m))So —
~C (8)vC (o (m)) Sy or vC (o (m))So — vC (o ((m)))yC (s) Sp. In particular
it is invariant by the action of Spin(3) :

p: X (S0) x Spin(3) = p (S (m) ,5,) =1C (o (m) - 5r) S
Moreover the value of Y (m) = (S (m), S (m)) is invariant by Spin(3,1).

The spinor fields S € X (Sp) can equivalently be defined by a couple (Sp, o)

where 0 € X (Pg) . For a given observer each o (m) has two decompositions :
o (m) = eoy (M) - €0, (M) so the couple (Sp, o) defines precisely two Spatial
Spinor fields : S, (m) = vC (o, (Mm)) So.

Conversely one can define Spatial Spinor Fields by a couple : (Sy, 0,.) where

or € X (Pg) and they constitute a set X, (Sp) which is invariant by Spin(3)
(but not by Spin(3,1)).

Let us denote : 7 : X (Sp) — X, (Sp) the maps which associates, for a given

observer, to each Spinor field the Spatial Spinor field with e = 41
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On the set : X (Sp) we can define the equivalence relation :

S~ S5 e (S)=mn(5)

Each class of equivalence is the set of spinor fields which have, for the ob-
server, the same kinematic behavior with regard to a rotation by Spin (3). The
value of 7, (S) for a given spinor field is the Spin of the particle, in its usual
meaning. So to any given spinor field corresponds, for an observer, two Spins,
with the Spin up or down. And conversely for a given Spin there can be infinitely
many spinor fields, defined by a section of the associated bundle o,, € X (Py) .

The projection 7. depends on the choice of a vector ¢, so the Spin depends
on the observer and its measure depends on the spatial basis he has chosen.
The spin can be seen as a rotational momentum.

Similarly we have the projection : m, : Spin (3,1) — Spin (3,1) /Spin (3)
and we can define the equivalence relation in X (Sp) :

S =~C(0)Sy~ S =~C(c") Sy & my (0) =Ty (')

The class of equivalence represents the particles which have the same tra-
jectories. And we define the translational momentum by :

Sw =y (0) So

This is also a geometric quantity, invariant by Spin (3,1), but observer de-
pendant.

5.3.2 Quantization of the Spinor

Theorem 47 The set L' (So) = L' (M, P [E,vC],w4) N X (So) of integrable

spinor fields associated to a particle is characterized by 2 scalars : k € R,z € Z.

The Spin, up or down, associated to each section by an observer is char-

acterized by a scalar j € %N and belongs to a 2j+1 dimensional vector space :
+j

Sy (m) =372 ; SP|j,p > with the constant components S and an orthonormal

basis j,p >

Proof. i) The space L' (M, Pg [E,vC],tw,) is a Fréchet space. The Theorem
2 of [QMR] applies and there are a Hilbert space H and an isometry T : L' —
H ¢ =7 (S5). Moreover (Ll,wc) is an infinitely dimensional representation
of Spin (3,1) (the scalar product, thus the norm, is invariant by Spin (3,1), and
L' is invariant by Spin (3,1)). We can apply the theorem 22 of [QMR] :. (H,7)
is a unitary representation of Spin (3,1) with 7 () = Y oyC () o T~ 1.

ii) Consider the function : Y : L' — C :: Y = (S, S). For a given section,
Y has a value at each point of M and Y is invariant by Spin (3,1). We can
implement the theorem 24 of [QMR] to each value y of Y is associated a class
of equivalence in L! and in H.

If we fix Y = (Sp, So) = Ct we have two subsets

L' (So) = L' N X (Sp) in L' and H (Sp) in H.

H (Sy) is invariant by ¥

iii) The unitary representations of Spin (3,1) read : H = @, H, 1 ® H.
where H, j are unitary irreducible representations, defined by the parameters
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z € Z,k € R, and H. does not contain any irreducible representation, so H, is
not invariant under the action of Spin(3,1) (Maths.1914).

As a consequence H (Sp) is isomorphic to a subset of one of the irreducible
representations H, , and the spinor field is characterized by two scalars k €
R, z € Z linked to Sp.

iv) In L' | for each section S and a given observer, the Spatial Spinor S,
is a representation of Spin(3). Moreover for Sy, € fixed it belongs to one of the
irreducible representations of Spin(3). It is isomorphic to one of the representa-
tions (P, D7) with j € 2N. These representations are finite dimensional, so S,
belongs to a 25 + 1 dimensional vector space : Sy (m) = Z;Z_j SP|4,p > with
the constant components S?. m

Assume that we study a system comprising of unknown particles p =1...N.
The modeling of their kinematic characteristics leads naturally to assume that
these particles belong to some spinor field : S, € X (Pg [E,vC]) with unknown
inertial spinor. Because no value of Sy is imposed we have a vector space and
we can implement the theorem 2 of [QMR].

What the theorem above tells us is that the solutions must be found in maps
: Sp: Q@ = E which can be sorted out :

- by the value of (Sy, Sp), that is their mass

- by the value of some integer z € Z

- and their spin by a half integer j € %N

They correspond to particles which have the same behavior when submit-
ted to a force field (they have the same world lines and spatial spinor for any
observer). In other words the spinor is not the only characteristic which deter-
mines the behavior of a particle, and these others characteristics can be labeled
by a signed integer. This is the starting point to the representation of charged
particles.

For elementary particles it is experimentally seen that j = %,and this is the
origin of the name “particles of spin %”. For composite particles or nuclei the
spin can be higher.

Even if the set X (Sp) is not a vector space, it is a manifold which is embedded
in a vector space, so that each of its points (a map S,) can be written as a fixed
linear combination of vectors of a basis. The vector space is always infinite
dimensional for the translational momentum, but each spin belongs to a finite
dimensional vector space, which is isomorphic to some (P7, D7) : S, (m) =
Z;Zij SP|j,p > where S? are fixed scalars and |j,p > are, for a given system,
fixed maps |j,p >: Q@ — Ep, images of vectors of the basis of P/ by some
isometry. Each vector |j, p > is assimilated to a state of the particle, and j, p are
the quantum numbers labeling the state. The maps |j, p > are not polynomials
(as in P7), they are used only to define the algebraic structure of the space
H (Sp) ;however they have an interpretation for models of atoms (see below).
Under the action of Spin (3) the vectors S, (m) transform according to the same
matrices as in D7 :
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~C (o (m) - s,) So = :iij S2[DJ (f (s;))] l7,p > where f (s,) is the image
of o in SU (2).

By itself the theorem does not provide a solution : a vector of a basis of the
vector spaces is itself some map F; : Q@ — E . But it shows that the solution
cannot take any value, even before we implement any physical law relating the
fields and the kinematic characteristics. In a given system the solutions that
appear follow the same pattern, whatever the initial conditions, or the value of
the other variables (notably the fields).

There is one important difference in the behavior of the spin, according to
the value of j. The Spin is invariant by a rotation by Spin (3), and the scalars
+1 € Spin (3). The actions of +s and —s give opposite results. Spin(3) is the
double cover of SO (3) : to the same element g of SO(3) are associated two
elements +s of Spin(3). The representations (Pj,Dj) with j € N are also
representations of SO(3). It implies that the vector spaces are invariant by =+s.
The fact that j is an integer means that the particle has a physical specific
symmetry : the rotations +s give the same result. And equivalently, if j is half
an integer the rotations by +s give opposite results.

5.3.3 Measure of the spatial spin of a particle

A particle has, whatever the scale, by definition, no internal structure, so it is
impossible to observe its geometric rotation. However it has a spin, its spatial
spinor S, is a variable which can be represented in a finite dimensional space :
S, is an observable. The measure of the spatial spinor, similar to a rotational
momentum, is done by observing the behavior of the particle when it is submit-
ted to a force field which acts differently according to the value of the spinor.
This is similar to the measure of the rotation of a perfectly symmetric ball by
observing its trajectory when it is submitted to a dissymmetric initial impulsion
(golfers will understand).

Most particles have a magnetic moment, linked to their spin. So the usual
way to measure the latter is to submit the particles to a non homogeneous
magnetic field. This is the Stern-Gerlach analyzer described in all handbooks,
where particles have different trajectories according to their magnetic moment.
MRI uses a method based on the same principle with oscillating fields whose
variation is measured. The process can be modelled as follows.

The spinors of the particles are represented by some section S € X (Sp) . The
device operates only on the spin : S, (m) = ~vC (o, (m)) Sp and is parametrized
by a spatial rotation s, € Spin (3), and usually by a vector p € R3, correspond-
ing to a rotation s,.

The first effect is a breakdown of symmetry : s, has not the same impact

for the particles with spin up or down. This manifests by two separate beams
in the Stern-Gerlach experiment.
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An observable ® (S,.) of S, is a projection on some finite dimensional vector
space of maps (see [QMR]). Because of the quantization, this vector spaces has
for vectors |j,p > which are fixed maps, image of the vectors of basis of P’
which are eigen vectors of the observable. The action of the device can be
modelled as an operator L (p) acting on this space, and the matrices to go from
one orientation p; to another ps are the same as in (Pj ,d7 ) . It reads :

L(p)®(Sr) = :)_i—j SY [dj (p)} lj,p >

For a given beam we have a breakdown of the measures, corresponding to
each of the states labelled by p.

Arbitrary axes x,y, z are chosen for the device, which provide 3 measures
L, (Sy),Ly(Sy),L;(S,), such that L, (S,)|j,m) = m|j, m).

The Casimir operator ) is such that L?® (S,) = (L2 + L2+ L%) (S,) =
JG+1)(S,)

5.3.4 Atoms and electrons

QM has been developed from the study of atoms, with a basic model (Bohr’s
atom) in which electrons move around the nucleus. Even if this idea still holds,
and this is how atoms are commonly viewed, it had been quickly obvious that a
classic model does not work. However using what has been developed previously,
we can have another representation.

Let us consider a system comprised of one electron moving around a nucleus.
If we consider the atom as a particle, that is without considering its internal
structure, its relativist momentum can be represented by a spinor S, and its
rotational momentum by a spin S,.. The previous results hold and the spin can
be represented in a finite dimensional vector space isomorphic to P;. However
J, which belongs to %N , is not necessarily equal to %

As noticed before, the polynomials P’ have no physical meaning. However
in this case it is usual to provide one. By a purely mathematical computation it
is possible to show that the representation (Pj , Dj) is equivalent to a represen-
tation on square integrable functions f(x) on R3, and from there on spherical
harmonic polynomials (Maths.1958). It is then assumed that the arguments of
the function f(x) are related to the coordinates (in an euclidean frame) of the
electron. This is a legacy of the first models of atoms. Actually there is no need
for such an assumption to build a consistent model, which would be useless
in the GR context, and the image of electrons rotating around a nucleus and
spinning has no physical support.

For atoms with several electrons, the model must involve the tensorial prod-
ucts of each spinor. The previous representations of SU(2) are then extended
to the tensorial products of P7, and their derivative to representations of the
universal enveloping algebra. It is often possible to rearrange these represen-
tations, by combinations using Clebsch-Jordan coefficients (Maths.1960), and
in this endeavour the spherical harmonic polynomials are useful because they
provide many identities. This is one major application of QM in Chemistry.
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The same kind of model is used for composite particles in Quantum Theory of
Fields.

5.4 Material bodies and spinors
5.4.1 Representation of a material body by sections of Pg

We have seen in the previous chapter that a material body B can be defined,
from a geometric point of view, by a vector field u whose integral curves are the
world lines of its particles. Then the flow @, (7,a) defines the body B itself at
each proper time 7 as a compact subset w (7) of a 3 dimensional hypersurface.
And there are privileged observers B for whom w (0) C ©(0).

So a material body can be defined with respect to these observers, up to a
constant +1 by a section o,, of Py or, up to a spatial spinor, by a section of
P and a compact, space like hypersurface w (0). Then oy, provides u, ®,, and
w (0) defines w (7). The section oy, can be seen as the general definition of B,
which can be fitted to any initial conditions w (0). This is the most efficient way
to define geometrically a material body in physical models.

5.4.2 Spinors representing a solid

We have seen that the usual concepts of motion of a body over itself (usually a
rotation of the body) cannot be easily represented in relativist geometry. This
is the main motivation for the introduction of spinors, and any material body
whose internal structure can be neglected (at the scale of the study) can be
represented, from the kinematic point of view, by a spinor which accounts for
its rotation (through the spin). If the location of the material body can be
represented by a geometric point, then the kinematic representation of B is
given by amap : Sg : R = Pg [E,~C], such that Sg (t) = vC (o (t)) So. We do
not need more : Sp provides everything, including the rotational momentum.
Thus, even if no internal structure or rotation of the body is assumed, eventually
it can be accounted for.

However this representation assumes that Sy is known. As in Classic Me-
chanics for the inertial tensor, the computation of the inertial spinor Sy is, for
a solid, a separate issue. It can be done through the aggregation of material
points (particles) with a specific law giving the shape and the density of the
body. And the inertial spinor is not necessarily constant : we can consider de-
formable solids. Actually we can define a rigid solid as a material body such that
So is constant.

Proposition 48 A deformable solid body can be represented by a map :
S :R — Pg [E,yC] such that (S(7),S (1)) >0 or (S(r),S (7)) <0
A rigid solid body can be represented by a map :
S:R— Pg[E,~C]:: S(1) =~C (o (7)) So for a fized Sy € Ey or Sy € E|
where T is the proper time of the body
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To assume that the material points behave in a coherent way in a solid
assumes that there are forces which assure this cohesion. And indeed a material
body can be deformed or broken. So we can say that the fact, assumed and
which can be checked, that a material body can be represented by a unique
spinor incorporates the existence of these internal forces. And ultimately the
break of a material body can result in several spinors. So in modelling the
evolution of a material body we should include additional assumptions about
the laws (which are similar to the phenomenological laws for deformable solids)
for the change of Sy.And in a discontinuous process add the laws which rules
the splitting in different spinors.

5.4.3 Aggregating matter fields

With these definitions we can consider the task to compute the spinor that we
will denote Sg, for a deformable solid, by aggregating material points. This is
similar to the computation of the inertial tensor in Classic Mechanics : this is a
specific endeavour, done in a separate model, using specific assumptions (about
the shape, density, motion of the particles) and the result is then used in a more
general model (for instance to compute the motion of different bodies). The
single spinor corresponding to the whole body is assigned, in the more general
model, to any point : all the material points have then the same location.

The first issue is the definition of the motion of the material points with
respect to the body. We need a chart to do it, which is given by an observer B,
such that at his proper time ¢ = 0 the set w (0) is in his present 2 (0). Then at
any given time t the set of particles constituting the solid stays in his present.
B uses his standard chart :

es (L.t n%n®) = O, (t,z (n',n% 1)) where z (n',n%,n%) is a chart on
w (0) and ¢ his time like vector field

The particles follow the trajectories given by a vector field V and their
location at t is Dy (t,a) = O, (¢, 2 (t)) = ¢p (t, 2 (1)) with z (0) = a.

w(t) = {Py (t,a),a €w(0)} = {Pg, (t,z(t)),2(0) € w(0)} represents the
location of the body at ¢ and Q = {Q(¢),t € [0,T]}

The material points are represented by a section S (¢,z) = vC (o (t,x)) So €
X (So) . The choice of Sy can be arbitrary. S is a geometric quantity which does
not depend on a chart, however o,, provides a vector field of world lines u for
the material points with respect to gg.

We assume that the observer defines a tetrad (g; (m)) from which the metric
and the volume form are deduced in the usual way.

The density (¢, x) is defined over 2 with respect to the volume form cy.
Because w (t) C € (t) the unitary, future oriented, normal to w () is g9 = 9&o
and p induces a density pg (¢, 2) over w (t) with respect to the volume form s

ps (t,x) ws (t,x) = iy (u (¢, x) wy (t,2)) which is the flux of matter going
through w (¢) .

As noticed before the holonomic basis e; (m) = (p (m),¢;) of Pg [E,~C] is

92



arbitrary, in that there is no physical reference for the choice of the vectors e;. We
can assume that, for a deformable solid, there is a common basis associated to
the chart ®., .

S(t,x) =~7C (o (t,x)) S

Then the integral :

fw(t) vC (o (t,z)) ps (t,x) Sows (¢, x)

- {70 (fw(t) (o (t, ) p3 (1,x) w3 (t,x))} So

is well defined on the fixed vector space E.

o(t,x)=a(t,z)+v(r(tz),w(tz)+b(tx)es

with the identities :

a(t,r)> —b(t,z)’ =1+ 1 (whw — rtr)

a(t,z)b(t,z) = —tw'r

Denote

PO = Loy 3 (0a0) 7 (02 5 (1,2) 0 (0) = [0y 3 a0) w0 (1,2) 3 (0,0)

G (1) = [ 0 (L) s (t,2) 3 (4,2) 50) = [ b () s (t,2) 5 (1)
v (7

fw(t)ﬂ3(xvt)a(tvx)w3(t=x):a() () ())+55b()
We impose, for a deformable solid, that :
AN (t) e R, R(t),W (t) e R3:

a(t)+v(F(t),w(t)+ 553@‘) =N@® AR +v(RE),W () +B(t)es) (89)

such that op(t) = A(t) + v(R(t),W (t)) + B(t)es € Spin(3,1) which
requires :

A2—B2_1+§(WtW—RtR)

AB=—-1W'R

and 1mpl1es

R(t)=+7(t),W(t) = %@ (t)

A(t)=ga(t),B(t) = xb(t)
Which sums up to the two conditions :
~ - 1 ~f
a(t)b(t) = —uT (90)
1
@~ 0 =Nt o (@D~ 7'7) (91)

= N?=a -0 — L (@'% —7F) > 0

Then the Spinor of the body is : Sp (t) = N (t) vC (o5 (t)) So

The conditions can be seen as resulting from the forces which keep the co-
hesion of the body.

The mass of the solid is proportional to

(Sp (1), S (£)) = N (£) (So, So) = (@ =B = § (@@ = 7'7) ) (S0, So)

and is not necessarily constant. So we may impose the additional condition
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d (22 72 1 (~ts _ aten) ~da _ 7db 1 (~td® _ ~tdF _
= a—b—z(ww—rr))—0<:>a3 b — 1 (ptde —7tdh) =0
See below continuity equation.

In this aggregation the section o represents the individual motion of the
constituting material points, with respect to a gauge attached to the solid. The
element op (t) represents the average motion of these points with respect to the
gauge of the observer B in the computation of o . The motion of the solid itself,
with respect to the gauge of an observer O (in a different, more general model),
is represented by an element o, € Pg. The total motion (solid + solid on itself)
is defined by a change of gauge in P and the resulting spinor (as it would be
used in a model representing the solid) is then :

S (t) = N (£)1C (0, (1)) 7C (o ()) So

Which sums up to replace the fixed inertial spinor Sy by the variable spinor
Sp(t) =N (t)7C (o5 (1)) So.

The physical meaning of o, must be understood with respect to the way the
solid is defined : for instance if o (¢,x) represents a rotation around an axis,
then o, will be a rotation of this axis. The vector r € R? in o,,, which has no
geometric meaning for a particle, gets one for a solid, similar to the usual.

5.4.4 Continuity equation

The conservation of the mass of the body means, for the observer B, that :

M(t)= fw(t) us (t, ) ws = Ct = fw(t) 1y (uws)

Consider the manifold w ([t1,t2]) with borders w (¢1) ,w (t2) :

M (tz) -M (tl) = faw([t17t2]) v (‘uw4) N fw([tlﬁtz]) d (iqu4)

d(tvpws) = £y (pwa) —ivd (pws) = Ly (pwa) —iv (dp A ws) —ivpdoy =
Ly (pwa)

& (tz) - & (tl) = fw([tl,tz]) £y (ILL’(D4)

with the Lie derivative £ (Maths.1517,1587)

The conservation of the mass is equivalent to the condition £y (pwy) = 0.

£ V[T

= Fws+plvw,

= ’Z—’ZW4 + p (divV) wy

= ’2—’; + p (divV) wy

and we retrieve the usual continuity equation :

d

St pdivV =0 (92)
Then N (t) = fw(t) us (t, z) ws
If 4 = Ct (incompressible solid) the condition becomes : divV =0

5.4.5 Symmetries of a solid

By symmetries we mean symmetries of the whole body B : under a geometric
transformation the body looks the same for an observer. So they are transfor-
mations occuring in each w (t) and for a privileged observer who can see the
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whole body. It is equivalent to consider either the transformation of the body
or the transformation of the observer (as long as he keeps the same vector field
€0), thus symmetries can be represented as a global change of observer with an
element s (t) belonging to a subgroup of Spin (3). And B has a symmetry if the
section S (t,z) = vC (o (t,x)) So € X (Sp) is such that o (t,z) = oy (t,2) - s (¢) .
Then :

o(t,x) =0 (t,z) - s(t)

= (au (t,2) + v (0, (1,2))) - (ar (1) + v (r (1) ,0))

= Qu@y + U (awr, 2j (w)r + ayw) — 1 (w'r) es

and op (t) = N (t) opw (t) - s ()

with op, (t) = Nl(t) fw(t) ow (t,7) p3 (t,2) w3 (t,z) and the condition a2 —

02 = N2+ L (@@ - 77) .

This approach can be useful in Astrophysics, where trajectories of stars
systems or galaxies are studied. The spinor Sp can account for the rotational
momentum of the bodies, which is significant and contributes to the total kinetic
energy of the system.

5.5 Relativist Momentum, Spin and Energy

To sum up :

The Spinor S is the relativist momentum of the particle. Encompassing both
the translational and the rotational motions, it is intrinsic and does not depend
on the choice of a basis, and its measure S = yC (o) Sy depends on the ob-
server. This is the equivalent of the 4 vector P = pu, but it adds the rotational
component.

The quantity M, = %/[(S0,50) 5| = %&+/(S,S) | is the mass at rest of

the particle. It does not depend on the motion, the gauge or the chart.

The decomposition of the relativist momentum by an observer shows :

- the relativist momentum ¢ = =+1, spin up or down, with respect to the
trajectory

- the translational momentum C' (o,,) Sy with o, = @y + v (0, w) . With
respect to a basis the vector w can be identified with a spat1al speed 7 by the
formulas[I8 And the usual translational momentum is : pr = MPW

1-150

- the spin vC'(0,) Sy with ¢, = a, + v (r,0). In a basis the vector r can
be assimilated with a rotation of axis 7 = 2?21 rie; (m) and rotational speed
«/(724, 7=”>3.But this assimilation is formal. A particle, by definition, has no
internal structure, so it should look the same after any rotation around its
position. The Spin is not a geometric rotation, and because of that in the
measure of the Spin the choice of the axis z,y, z does not matter, even if the
measures change as if it was a rotation.
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The kinematic energy of a particle can be defined as %<S, %> (the
1 factor accounts for the fact that (S, %> is imaginary because % (S,9) =
0). Its measure depends on the observer, through the choice of ¢. The in-

trinsic quantity would be %<S, %> with the proper time 7, and %<S, Ci—f> =

2
<\/ 1-— @) % <S, %> . It can be expressed with (r,w) and their derivatived]

and we will see that the result is :

1,<s,§> kX
) dt

where
X 1is the vector :

dr dw

X = [Ar (r)] == + [Aw (r,w)] —

dr dr

with [A, (r)], [Aw (7, w)] matrices depending on r, w,
and k is a vector, similar to the inertia tensor, which encompasses both the
translational and the rotational motions, and acts also as a magnetic moment.

Its value is :
(sin 2ay) cos (a2 — )

k=—ezMZc* | (sin2ag)sin (az — aq)
2 cos2ayg
with .
2 | e'* cosa . .
Sr = M\;g { iz gin 04(()) } and € = —1 for antiparticles.

The representation of the kinematic characteristics of a deformable solid has
been seen before. For an object which has an internal structure this is done by
tensorial products of spinors.

4We can expect that the kinematic energy has the dimension [Mass][Speed]?. And we must
remember that r,w have themselves the dimension of speed. So the definition is consistent.
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6 GRAVITATIONAL FIELD

The concept of fields has appeared in the XIX° century, in the wake of the
electromagnetism theory, to replace the picture of action at a distance between
particles. A force field is one object of Physics, which has distinctive properties

i) Because particles are localized, a field must be able to act anywhere, that
is to be present everywhere. So the first feature of force fields, as opposed to
particles, is that, a priori, they are defined all over the universe, even if their
action can decrease quickly with the distance.

ii) A force field propagates : the value of the field depends on the location,
this propagation occurs when there is no particle, thus it is assumed that it
results from the interaction of the force fields with themselves.

iii) Force fields interact with particles, which are themselves seen as the
source of the fields. This interaction depend on charges which are carried by
the particles.

iv) The interactions, of the fields with themselves or with particles are, in
continuous processes, represented in the lagrangian according to the Principle
of Least Action.

v) In some cases the force fields can act in discontinuous processes, in which
they can be represented as particles (bosons and gravitons).

Thus we need a representation of the charges and of the fields. The situation
is totally different for the gravitational field and the other fields.

The only, generally accepted, model of the gravitational field is part of Gen-
eral Relativity, actually distinct from its theory on Geometry that we have
seen previously. Its main assumption is the Principle of Equivalence, which
states that the gravitational charge is equal to the inertial mass. Using the
Levy-Civita connection deduced from the metric, its key variable is the scalar
curvature, from which, with the Principle of Least Action, can be deduced the
Einstein equation, which is still the keystone in the study of gravitation. There
has been many variants of the model, but the focus on the metric and the cur-
vature has eclipsed the study of the gravitational field itself, and there is even
no clear consensus about if the gravitational field can be distinguished from the
geometry.

The Standard Model, built in the SR framework, encompasses all force fields
other than gravitation. It is based on the formalism of gauge fields : the key
component is a connection on a principal bundle, which acts on the state of par-
ticles through a covariant derivative. The state of particles is itself represented
in an associated vector bundle, whose fiber is the tensor product F ® F where
E represents the spinor and F the charges. It should suffice to discriminate the
behavior of particles submitted to a field : we have seen that spinor fields are
characterized by a scalar z, which corresponds to a charge. Actually there is no
unit for the charge in the Standard Model : elementary particles, distinguished
according to their flavor and charges with the 3 forces (electromagnetic, weak
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and strong interactions), constitute a basis of F, and the behavior of a particle
is compared to the behavior of known particles. The model introduces another
group (the direct product U(1) x SU(2) x SU(3)), which is a compact real Lie
group, the vector space F is a unitary representation of the group, and from
there are built a principal bundle, where lives the connection, and an associated
vector bundle for £ ® F.

There has been many attempts to incorporate all force fields in a single model
: this is the Holy Graal of contemporary Physics. It would be impossible to list
all of them. Anyway the purpose of this paper is not to propose another theory,
but study how the formalism of fiber bundle and gauge fields can be used, in the
context of the geometry of GR, to represent the gravitational field. We will see
first how the concept of spinor can be matched with the principle of equivalence.
Then we will introduce the general concept of connection for the gravitational
field and see its relation the Levy-Civita connection. The propagation of fields
is studied through a new variable, the strength of the field, and we will see how
it relates to the Riemann tensor and the scalar curvature. It is the main tool to
understand and quantize the gravitational field, notably to define its spin.

6.1 The Law of Equivalence

In the Newton’s law of gravitation F' = G MT M’ and his law of Mechanics

F = pvy the scalars M, i represent respectively the gravitational charge and
the inertial mass, and there is no reason why they should be equal. However
this fact has been verified with great accuracy (two bodies fall in the vacuum
at the same speed). This has lead Einstein to state the fundamental Law of
Equivalence “Gravitational charge and inertial mass are identical”. From which
he built the Theory of General Relativity.

We have defined the relativist momentum of a particle as the spinor, ex-
tended to a deformable solid. This Law leads us to take as gravitational charge
of particles the inertial spinor Sy.

Proposition 49 The Gravitational charge of a particle is represented by its
inertial spinor Sy

So, if we stay only with the gravitational field, the space E and the rep-
resentation (E,~yC) suffice to represent the state of particles. The kinematic
characteristics of particles of the same flavor (quarks, leptons) are not differen-
tiated according to their other charges.

The gravitational charge is no longer a single scalar, but can be expressed
in the same unit as the mass. It is consistent with the fact that the spinor
encompasses the rotational momentum.

However this assumption has another consequence. In the previous chapter
we assumed that :

- there is, along the world line of a particle, a privileged frame ¢ (m, o (m))
such that the spinor of the particle is (¢q (m, o (m)),Sy) with So = Ct
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- the observer measures the spinor S (m) in his gauge : @g (m,1) and
(¢a (m,o(m)),S0) ~ (¢c(m,1),7C (o (m))S) = (pc(m,1),5(m)) thus :
8 (m) = AC (7 (m)) So

We have now to consider an interpretation which is mathematically equiva-
lent, but physically different :

- the observer measures the spinor S (m) with (pg (m,1),~vC (o (m)) So)

- in presence of gravity this spinor is equivalent to : (¢g (m,o (m)), So)

The privileged gauge (for the particle) is provided by the gravitational field.
And the action of the motion, that is of the inertial forces, is equivalent to the
action of gravity on the state of the particle, which is the meaning of the Law of
Equivalence. This is a key point to understand the gravitational and the other
fields : particles have intrinsic properties, that they keep all over their travel on
their world lines but, because of the existence of the field, their measure by an
observer is distinct from this intrinsic value. This leads to see the fields as the
value of the element of the group (o € Spin(3, 1) for the gravitational field) but,
as we will see, the action of the field goes through a special derivative because
it manifests itself in the motion of the particle.

6.2 Representation of the charges for the other fields

For the other fields, in line with the Standard Model, the assumption are the
following :

Proposition 50 There is a compact, connected, real Lie group U which char-
acterizes the force fields other than gravitation.

There is a n dimensional complex vector space F, endowed with a scalar
product denoted () . and (F, o) is a unitary representation of U

The states of particles are vectors of the tensorial product E ® F

The intrinsic characteristics of each type of particles are represented by a
fundamental state Vg € EQF, and all particles sharing the same characteristics
behave identically under the actions of all the fields.

In the Standard Model U = SU(3) x SU(2) x U(1). There is a principal fiber
bundle Q with fiber Spin (3,1) x U and the state of a particle is represented
by a tensor ¢ of the associated vector bundle Q [F ® F,vC x o] . We will not
develop this model here (for more see [MP]), however it is useful to see how it
works for the electromagnetic-field (EM).

It is represented by the group U(1), the set of complex numbers with module
1 (uu* = 1). This is a compact abelian group. Its irreducible representations are
unidimensional, that is multiple of a given vector.

For any given arbitrary vector f there are 3 possible irreducible non equiv-
alent representations :

- the standard one : (F,p) : o (ei¢) f=¢e?fand F = {ewf, ¢ e R}

- the contragredient : (F,79) : @(ei¢) f=e®fand F = {ei¢f,¢ € R}
(Maths.23.1.2)
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- the trivial representation : (F, ) : ¢ (¢’) f = f and F = {f}

The standard representation corresponds to negative charge, the contragre-
dient representation to positive charge and the trivial one to neutral charge (the
only known are the neutrinos). The choice positive / negative is arbitrary.

The EM field interacts similarly with the left and right part of a spinor, so
the space of states of the particles is the sum of tensorial products : S® f. The
theory can be fully expressed this way. However it is legitimate to choose the
vectors f in E, which is a 4 dimensional complex vector spaceﬁ. For elementary
particles, then :

i) Let {S, € Ey,p = 1...N} be N vectors representing inertial spinors of par-
ticles. Then for each of them their states are represented by {ewSp, RS R} with
the standard representation;

ii) Let {S’Z’, € E),p=1..N} be N vectors representing inertial spinors of
the antiparticles associated to S,. Because Ey, E, are orthogonal these vectors
are orthogonal to the S,.Then for each of them their states are represented by
{ei‘z’Sj’D, RS R} with the contragredient representation;

iii) Neutral particles {S, € Ey @ Ej,q = 1...N'} correspond to the trivial
representation : their states is just one vector S, € Ey or Ej.

Particles have a charge opposite to their anti-particle. Notice that the maps
0,0 are distinct from vC (o) for any o € Spin, T1 Spin, so the state of a particle

can change only by the action of U(1).

N N
b1 (Sq)q:1} . Each

vector defines the mass, the charge and the type of the particle. In this picture
there is no unit for the electric charge.

In the case of the EM field the structure brought by the charges is then built
in the space Ey or E{. The state of an elementary particle is then :

A basis of E, for elementary particles, is then {(Sp, SZ’,)

) =e?S (93)

where ¢ is a phase factor which must be considered as variable for charged
particles, and ¢ = 0 for neutral particles. Usually this phase can be ig-
nored : particles whose states differ by a phase factor have the same behav-
ior, with regard to the electromagnetic field and they have the same mass :
((expig) So, (expi@’) So) = (S0, So) and the same EM charge.

This is the origin of the introduction of rays in QM. Two particles such that
their states differ by a phase factor e’® behave the same way, for the gravitational
field or the EM field, so they can be deemed representing the same state.

When only the EM and the gravitational fields are involved the states of
elementary particles can be represented in E. Moreover, using a classic theorem
of QM, the state of a composite particle, comprised of several particles, should
be represented by the tensorial product of the states, thus in some space F ®
E...® E. Mathematically the tensorial product of non equivalent representations
is well defined. The action of U(1) on the tensor S; ® Sy is e!®(c1t€2) 8 ® S,
with €z = +1 depending on the representation. However a basis of the tensorial

5This is one of the motivation to choose E as a complex vector space to represent spinors.
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product is comprised of tensorial products of all the vectors of the basis, which
would not have the same behavior under the action of U(1) (the basis of E
has positive, negative and neutral particles). So actually the only combinations
which are acceptable are made of particles of the same kind (positive, negative
or neutral) and the action is then e??¢ where q is the number of particles, where
q can be a positive, a negative or a null integer. As a consequence :

- when only the EM field is involved composite particles are comprised of
particles with the same type of charge (this does not hold when the weak and
strong interactions are considered)

- the electric charge of particles must be an integer multiple of an elementary
charge.

Such tensorial products of spinors can be used for nuclei, atoms or molecules.
The associated EM charge is an integer multiple of the elementary charge. Of
course this does not matter for neutral particles as they do not interact with
the EM field.

When only the gravitational field is involved the states of particles or mate-
rial bodies can be represented either by a tensorial product of spinors, or by a
single spinor in E.
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7 CONNECTIONS

The action of a field on a particle goes through the derivative of a momentum.
Because of the anisotropy of the universe, the value of the derivative will depend
on the direction on M, represented by a vector, so we are looking for a map :
M — Ay (T1Spin(3,1)) that is a one form valued in the Lie Algebra. This

derivative is the covariant derivative. The derivative dd—? = ? is replaced by
the covariant derivative VS of the relativist momentum along the direction V.

Covariant derivatives are built from more general mathematical objects,
called connections.

7.1 Connections on Fiber bundles

A fiber bundle P (M,V,7) is a manifold, and its tangent space is split in two
parts, related to its two manifolds components. By differentiation of the trivi-
alization :

0 MXxV = Pup=p(mu)

o T M x T,V = TP v, = @, (M, g) v + ¢, (M, g) vy

7 (p) =m = 7' (p)vp, = v, and the vector subspace V,P = {n’ (p) v, = 0}
of T, P called the vertical space does not depend on the trivialization. It is
isomorphic to the tangent space of V.

Our purpose is to look for a way to define a derivative of p, and the decom-
position of the vector v, shows that it requires two components : one linked to a
motion in M, and another to a change in V. However, even if 7’ (p) v, = vy, this
is not sufficient to define a decomposition which would be independent on the
choice of a trivialization. A connection is just this tool : it is a projection of
vp on the vertical space V, P. It is a one form on P valued in the vertical bundle
V P. So it enables us to distinguish in a variation of p what can be imputed to a
change of m and what can be imputed to a change of u. A section of P depends
only on m : p(m) = ¢ (m,u(m)) so by differentiation with respect to m this
is a map from TM to TP and the value of a connection at each p (m) is a one
form over M, valued in V P, called the covariant derivative. So it meets our
purpose. Moreover because the vertical space is isomorphic to the tangent space
on V, the value of the connection can be expressed in a simpler vector space. A
connection and a covariant derivative are defined through a specific map, called
the potential of the connection, which is the key variable.

All this holds for any kind of fiber bundle (Maths.27), but the connection
takes different forms according to the kind of fiber bundle. Moreover a connec-
tion on a principle bundle defines a connection on any associated fiber bundle.

7.2 The connection of the gravitational field
7.2.1 Potential

The vertical bundle V Pg of the principal bundle Pg (M, Spin(3,1), 7g) is iso-
morphic to the Lie algebra T1.Spin (3,1).
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The potential G of a principal connection G on Pg is a map : G €
Al (M, TlSpin (3, 1)) .
Using the Clifford algebra to represent the Lie algebra, G reads :

G:TM — TySpin(3,1) = G (m) =Y > G (m) Ka @ dE” (94)

or equivalently :

Gra (M), Gua (m) are two vectors € R3. So the gravitational field has a
transversal (Gyea) and a rotational (Gro) component. This is the unavoidable
consequence of the gauge group.

The potential is not a section of a fiber bundle, but a map. In a change of
gauge the potential transforms by an affine mapﬁ :

Ad\ v (Gra — Xra, Guwa — Xwa) =V ((N?T (m), éw (m))
(see Annex for the values of X,Y)
We introduce the convenient notation that will be used in the following :

Notation 51 v (@T (), G (7')) is the value of the potential of the gravita-
tional field along the integral curve m (1) = @y (1,2) of any vector field V

v (G (1), Gu (1)) = T4 Vv (Gra (1), Gas (1)

with : Ve =30 PV

0 (G (7). G () = 0 (G [P V)" (1G] [P VD))

v (é (1), G (T)) can be extended to v (Gy. (m) , Gy (m)) on  (Maths.1467).

There are several covariant derivatives deduced from this connection.

6Similarly the Christofel coeeficients are not tensor and transform in a complicated way in
a change of charts.
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7.2.2 Covariant derivative on Pg

The connection acts on sections of the principal bundle, and the covariant deriva-
tive of 0 =pg (m,o (m)) € X (Pg) is :

3
Ve X (Pg) = Ay (M;TySpin) : Vo= (07" - 00 + Ady—1 Gy ) dE®
a=0
(97)
The covariant derivative is invariant in a change of gauge.
Proof. ¢g (m,g) = ¢a (m, x (m) )
6y G ) i, (G( )= Lys G0 X (m)
o (m) =3 (m) = x(m) o (m)
VCo =VCeor =515+ Ad; :1G
:U’l-xfl-(x’-a—i—x-a)—i—Adg 1Ad, 1 (Ady (G—x71 X))
=l .yt x . -o4+0 ' x! XU+Adgl(G Xl X')
=t xt X o+0t 0’ +Ad, G-t - xL Y0
=o' 0 +Ad,1G=V%% m

7.2.3 Covariant derivative for spinors

A connection on a principal bundle induces a linear connection on any associated
vector bundle.
The covariant derivative reads for a section S € X (Pg [E,~C)) :

3 3
VIS = (0aS +7C (Ga) S)dE® = (0aS +7C (v (Gra, Gua)) S) dE”
a=0 a=0
(98)
With the signature (3,1) :
13
’}/O (U (Gra; Gwa = — 5 Z wo/Ya"YO + GTaﬁa) (99)
a=1
With the signature (1,3) :
13
'70/ (U (G’rou Gwa)) = _i§ Z (Gwa%ﬁo - Gra:?a) (100)

a=1

So we go from the signature (3,1) to (1,3) by a change of the sign of G,.

G being valued in T7Spin (3,1) and vC being a representation of the Clif-
ford algebra the expression makes sense. Its coordinates expression is with right
and left chiral parts: ;

Sq __ 3 aOtSR + % Za:l (Gﬁ;a - iGga) UaSR :| «a

VIS= Ramo| g5, - 15 (Gon +iGE) oSy | T

It preserves the chirality.
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In a change of gauge :

p(m) = B(m) =p(m)-x(m)""

a section on X (Pg [E,vC]) transforms as :

S (m) = (p(m). S (m) = (B(m), S (m)) ~ (p(m),7C (x (m)"*) S (m))

= § (m) = 1C (x (m)) § (m)
The covariant derivative transforms as a section of Pg [E,vC] :

Proof. V5§ — VS8 =Y2_ (aaé A0 (éa) §) dee

Yoo (Y€ (9ax) S +7C () 9aS +7C (Ady (G = x*0ax)) 7C (x) S) d&*
Yoo (Y€ (9ax) S +79C () aS +7C (x (G = X" 0ax) X 1) 7C (x) S) d&®
Yoo (Y€ (Bax) S +7C (X) DaS +9C (x) ¥C (G) S — 7C (ax) S) dE™

= Yas07C (1) (0aS +1C(G) ) d6™ =1C (x) VS m

so the operator reads: V° : X (Pg [E,yC]) — %1 (M; X (Pg [E,~C)))

The action, that is the 4 dimensional force exercised on a particle with
velocity V by the gravitational field is then given by :

S = VyS =944 [WC (é)} [S] which is the equivalent of the Newton’s

law F = dd—f = VVP with the operator V = 9,. It depends linearly on the

potentials, and on the state of the particle and its derivative.

A~ A~~~

7.2.4 Covariant derivatives for vector fields on M

The connection on Py induces a linear connection VM on the associated vector
bundle Pg [R4, Ad] , which is TM with orthonormal bases, with Christoffel
symbols :
!/
Lo (m) = (Ads),— (G (m))
with the product of vectors in Cl(m):
v = Z?:O vie; (m) —
E?,jzo VY (m)]f v'ej (m) = v (Gra, Gua) - v = vV (Gra, Gua)
It is then more convenient to use the representation of T .Spin(3,1) by ma-
trices of so(3,1) :
0 G, G2, G3
6 a thua 0 _Gia G%a
Cara] = 2ama Galral = 168" gs ™ gl
_Gza G}“a 0
In a change of gauge :
G (m) = G (m) = Ady (G (m) = L ()X’ (m))

[Tota] = 10 (5)) (ITasa] = [ (s~)] [0 ()

The covariant derivative of a section V € X (PG [R4, Ad]) is then :

3 3
VMY =y (%Vi + 3 [Casa (M) Vj) e; (m) ® de® (101)
j=0

ai=0
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For any vector field W : Vi : X (T'M) — X (T'M) is a linear map which
preserves the scalar product of vectors (Maths.2205):

YW € X(TM) : (ViU ,VigV) = (U, V)

The isomorphism so(3, 1) — T1Spin (3,1) C CI (R, 3,1) reads :

() + Kw)] = v (rw) = 1 Y2 (J0) + K@) o))’ e - <

thus in matrix form the Christoffel coefficient of the connection on Pg [E, vC]|
reads (Maths.9.2.4) :

[T (m)) = 1 (Go) |

= 1 Ziipg=o ([(J(Gra) + K(Gua)l 0]); (WO (€)] YO (e5)])} p (m) @ gq (m)

But on the other hand the Christoffel coefficient of the connection on Pg [R4, Ad]
is:

[Cata (m)] = 3230 (K (Gua) + T (Gra)lj € (m) @ ¢; (m)

thus : ; .

[Ca (m)] = 1 3255—0 ([Cara (M)] )] [9C (0)] [YC (e5)]

Pg [E,~C] is a spin bundle, and we have the identity between the derivatives

¥V € X (P [RY,Ad]), S € X (Pg [E,7C]) :
V(yC(V)S)=~C (VMV)S+~C(V)VS
which makes of G a Clifford connection (Maths.2207).

7.3 Kinetic and potential energy
7.3.1 Kinetic energy

We have an important result :

Theorem 52 The scalar product (S,V,S) is purely imaginary : (S,V,S) =
iIm (S, VaS)

Proof. V,S = 0,5 — % 22:1 G% . VaY0S + GraYaS
(S, Vath) = 890005 — £ 30| G%0S*107a70S + GraS* 1070
[S]" 74 [S], [S]" 707 [S] are real, [S]" 70 [04.5] are imaginary :
(S*WZ[S]) = (S*Zas)* = S*’Yag . B
S*Y0%aS = S*Y0YaS™ = S* (707a)” S = S*0VaS
(S,S) = (S0, S0) = (S,045) + (9aS,8) =0 m

Im (5, VaS) = = ((5,0a5) + (5, [7C (Ga)] 5)) (102)

S

Along the trajectory, defined by a vector ¢ and the time t of an observer :
Im (5, Vv 8) = + ({8, %) + (8,4 (G) 5))

% (S, %> = %Zi:o Vo (S, 045) can be seen as the kinetic energy of the

particle with respect to the observer (defined by t)
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% <S, ~C (@) S’> can be seen as the potential energy of the particle in the

gravitational field along its trajectory

Im (S, Vy S) can be seen as the systemic energy of the particle, as part
of a system which includes the gravitational field. The energy depends on the
choice of an observer : V' is defined by o,, with respect to €.

7.3.2 Inertial tensor

We can give a more precise expression of the covariant derivative, using the
inertial spinor Sy :

VoS

[ C(9a0)] [So] + [ (Ga)] [vC ()] [So]

(U ([VC (07" - 0a0)] [So] + [7C (67" - G - 0)]) [So]}
N (O (o - ao + Ady1Ga)]) [0
By comblnatlon with the previous result :
Im (¢, V,.5)
= % (vC (0) S0,7C (0) [vC (671000 + Ad,-1Go)] [So])

1080, [YC (0 000 + Ady-1Ga)] [So])

Let us denote [Sy] = Ef; with Sk a 2 vector and € = +1 for particles,
R
and € = —1 for antiparticles.
07 000 + Ady-1Go = v (X4, Ys) € Ty .Spin (3,1)
3 .
(Yo —iXHo 0
C Xa Ya 1 Za_l( a a)Ya
160 e 1) 2{ 0 — Yo, (Y +iX3) o,

3 .
_ Yu’—ZXa)O'aSR
C Xa Ya Sl = 1 Za_l( a a

10 (Ko o)) (80 = | T T G e8n

(S0,7C (071000 + Ady1Ga) So)

_1 (s* (_623 (Y2 +iX9) 0,8 )—eiS* (@3 (Y2 —iX%) 0,8 ))
2 a=1\1a a)PaPR R a=1 a”R
= b (=0 (Ve +iXE) (ShoaSr) + S, (V8 —iX8) (ShouSn)

= 3eXasy (= (Y& +iX5) + (Y& = iX3)) (SpoaSk)

Ay X2 (ShouSh)
=ikt X,
The quantities S},04.5r are 3 fixed scalars which define a vector k = —e (S0, SR)izl S
R3. Thus :

Im (1), Vo S) = k' X, (103)
With : <SQ, So> = 6M304

iOtl
Sp— M2 { e'*1 cos ag }

V2 | e sin oy
(sin 2ay) cos (a2 — 1)
k=—egM2cko = —ez M2c* | (sin2ap)sin (az — o) | 5kfko =1
cos 2a
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The vector k is similar to the inertia tensor, but here this is a vector, and it
encompasses both the translational and the rotational motions. And of course
it holds for a particle without internal structure but can be computed for a solid
body using the aggregation method.

Using 0 = oy, - 0, one can compute X, (see the formulas in Annex). It
reads :

0 =0y O

Ow = Gy + v (0,w)

O'T—CLT—I—U(T 0)
2

aw—l—i— Twtw
%—1——7"57“
v (Xa,Ya)

=0 1040+ Ad,-1G,

=0, -0;1 < 0f0w - Op + a;l . a;l <Oy - 0q0p —|—AdU;1AdU;1Ga
=07t (0;1 « OO * O + &lar) + Adg;lAdgalGa

= 0;1 . (0;1 000w + 000, - 0;1) o —|—AdU;1AdU;1Ga

= Ad —1 (o’;l - 00w + On0y - Ur_l + AdaglGO‘)

Doty = ga—w'pw
Oty = —Hrta r
ol 000w
=0 (3 (W) Qaw, —wDaay + ayOaw)

=0 (%j (w) aw, — = ww' Oaw + Auwlaw
:U(%J(w) o W, ( (w) j (w)—l—ww)a W + Aoy Oa w)
= v (44 (w) daw ,( J () () = 45k (% = 1) +ay) aw)
ZU(%J(W) W ,(——mg( ) (w ))5 w)

a0y * Ur_l
— ’U(—%j (r) Oor — 10 ar + ar0n1, 0)
=v(—35J(r)dar + ﬁrrtaar + a,047,0)
= 0((=4 () + 25 (G ()5 () +7'7) + ar ) Dar, 0)

= v((—%j (1) + =3 (r) j (r) + 4“—“) + ar) Du, 0)
(£ =55 0)+ 455 (05 (1) 9ar,0)
v([a2 = 15 (w) j ()] Gra + auj () Gua,
121; -1- aw]( ) + i.] (U})] (wﬂ Gra + [1 - %j (’LU)] (wﬂ Gwa)
w000y + 000, -0, + Ad,-1Gy

= 0(4) () Oaw (£ = 5 () + 127 (17 (1)) Oar+[ad, — 3j (w) j (w)] Gra+
aywj (W) Gya,
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(& - 257 ()5 () Baw[a — 1= auj () + 15 () j ()] Grat[1 = 3 () j ()] Gua))

v(Xa,Ya) = Ad,-1v (z,y)

Xo=[l=aj(r)+3i(r)jr)]a+[1-a2+1j(r)ir)]y
Yo=[a2—aj(r)+4i(r)i(r)]y
P (00 e 0)00) 3 )t 23 0500 Grnt

Yy = aL 1- %J (w) j (w)) oW+ [aw —1—ayj(w) + %] (w) j (w)] Gmc"’[l - %J (w) j (w)] Gua

Xo = [Ar (1)] Oar + [Aw (r,w)] Oqw + [Dy (1, w)] Gra + [Dw (1, w)] Gy (104)

The matrices [A,], [Aw], [D+] , [Dw] are polynomials of j (1), 32 (r)j(r), j (w),j (w)j(w):
[Ar (] = [By (] [ = 55 () + 25 ()5 ()] = | & + 255 () + 2525 ()5 ()]
= [Br (r |+ [Cr ()] [Cu (w)]
[D; (r,w)] = [By (r)] [Bur (w)] + [Cr (7)] [Cur (w)]
= [Br (r)] [Buww ()] + [Cr ()] [Coww (w)]

Cuw (w)] = [1__ (w )](w)}

The kinetic energy of the particle has the simple expression :

<s §> _ <[AT] % +[Au) %’) (105)

7.3.3 The electromagnetic field

The EM field can be represented in the gauge field formalism. The Lie algebra
of U(1) is R. So the potential A of the connection is a real valued one form on
M:A= ZZ:O Ande® € Ay (M;R) which is usually represented as a vector field
and not a form.

The action of U(1) depends on the representation, thus on the charge of the
particle :

- negative charge : o (5) S = (expix) S

- positive charge : o (»)S = (exp (—ix)) S

- neutral : p(x)S =25
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The covariant derivative reads : VI = 9,1 + inaw where ¢ is the charge
(for composite bodies) expressed as a signed integer multiple of the negative
elementary charge, and ¢ = 0 for neutral particles.

The systemic energy is

1(S,VyS) = k'X + qA (So, So) = —eL M2 kX + geAM2ct

1 24l A

n (S,VyS) =eM,c QkoX +qA, (106)
It gives to the vector k the physical meaning of a magnetic momentum.

7.4 Geodesics

There are several definitions of Geodesics, which, in different formulations, mean
the curves of minimum length between two points. In Euclidean Geometry they
are straight lines, in GR they are usually curves, and they play an important
role because free particles move along geodesics. Moreover there is a unique
geodesic passing through a point with a given tangent vector.

A connection enables to define the parallel transport of a vector (or a
basis) along a curve (or a vector field).

Let C be a curve defined by a path p : R — M : p(7) with p(0) = a, and a
vector v € T, M. The parallel transported vector is given by a map :

V:R = T,y M : V(7) such that : v%év (1) =0,V (0) =v

thus we have the differential equation with V( )= Z? o Vi(r)e (p(1))
VAV (1) = S0 (02V7 4 S50 Tar (0 (M), V) () 2 (o) = 0
WS T () v (2) =0

A geodesic is a path such that its tangent is parallel transported by the
connection :

p:R — M :p(r) with p(0) =
V(l T) = dp*Zz oVi(T)ei(p (T)):Zia:ovk(ﬂp]ﬁa(l)(ﬂ)aﬁa
S ko Tar (P (7))o VI (1) VE (1) P (p (1)) = 0

or in matrix form :

(7] + X0 (Cara VD) ((PTIV])" =0

The scalar product (V, V) is constant :

LW V) =4 (VI il V]

= =3, (PTVD)* V) Casal 1 V] = X0 (PTVD VI 0] (D ara] [V])
==, (PTVD* VI ([ara]” (0] + In] [FMa]) [V]=0

A field of geodesics is a vector field U such that it is parallel transported
along its integral curves p (1) = @y (1, 2).
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As (U,U) is constant, for a time like geodesic field we can take (U,U) = —1
and, for a given observer, associate a section o,, € Py :

U= ((2an —1) g9 (M) + aw 22:1 wjEj (m))

and U (m) = Ad,, o (m)

The formalism of vector bundles enables us to give a useful description of
these geodesics, through the value of o,, with respect to G.

Theorem 53 For a given observer geodesics are represented by sections o, €
X (Pg) such that V&a,, € T1Spin (3).

They are solutions of the differential equation :
dw

Ay = R R
((1- afy)gi +ayj (w) = 3a5,j (w) j (w)) Gy + (3 = 4a3, + 35 (w) j (w)) G

where v (GT, éw) 1s the value of the potential of the gravitational field along

the geodesic

Proof. i) In the standard basis and with the Clifford algebra formalism :
VYU = U 1523 (V0 (Cray Guwa) - U = U -0 (Gra, Gua)))
= LAd, )+ (é @w) Ad,, e — Ady, g0 v (ééw)
with Ve = 2. POUN G, = 32 GraV Gy = 322 GuaV®, U (m) =
Ad,, g0 (m)
%Adgwso = d;—;“ “E0- O

w
= (ow . Vgaw —v (GT,Gw> . 0w>-50-051—0w-50-0;1-(0w . Vgaw —v (GT,Gw> . 0w>-
-1
w

_ G -1 A —

=0y Vo €00y —’U( T,Gw>-ow-£o-ow
Ow €00yt v (GT,Gw)

with dg—;” :Jw-Vgaw —wv GT,GM) COw

Myr _ G -1 G -
VyU=o0y -Voy- €00, — 0y €0 Vo -0y

g

1

—vU (@T,éw> cOw " €0 - 0;1 + 0w €0 0;1 X (@T,éw)
+v (@T,éw> s Ow €0 - 0;1 —Ow €0 0;1 X (@T,éw)
=0w (Vow g0 —c0-Viou)  ou!

So, with the covariant derivative on the principal bundle Pgz. We have a
geodesic iff :

Vgow €0 — &0 Vgow =0

that is iff V¢o,, commutes with .

For any element v (r, w) of T1.Spin (3,1) we have the identity :

v(r,w)-eg — &g - v (r,w) = w (see Annex for the proof)

So : v (r,w) € TySpin (3) © v(r,w) -gg —ep-v(r,w) =0 w=0

And the geodesics are represented by sections such that Vgow € Ty Spin (3).

ii) The sections

VS0, =05' (040w + v (Gra, Gua) - 0w) has been computed :
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VSow =v(—1j () daw + (a2 + 1 — 25 () j (0)) Gra + awj (W) Gua,

— w8y +awdaw+ (a2 — 1 — awj (w) + 1j (w) j (w)) Gra+(1 = 25 (W) j () Gua
So geodesic fields are associated to the sections such that :

Yo VA (—w0atw + ayOaw + (afu —1—ayuj (w) + %j (w) j (w)) Gro

+ (1 - %] (w) j (w)) Guwa) =0 R N

Wi —ay, G = (a3, — 1= awj (w) + 37 (w) j (w)) Gr+(1 = 5 (w) 5 (w)) G

By left multiplication with w? :

whwdde — q,wt e = (62 — 1) w'G, + w'G,,

a2 =1+ twlw = (w' %) = 4q,, %

wtwdg—;“ — 4aidc‘ll—7w = (afv — 1) WG, + wtGy,
4 (afu —1- afu) d;—Tw = (afu — 1) wtér —I—wtéw

d;_Tw — % (1 — afu/\) wtG, — %}UtGw

3 (1= a2) wu'G, — Jww'Gy, — aw?i—z ~

= (02, — 1~ ayj (w) + 45 () § (@) Gy + (1= 25 (w) j (w)) Cuy

(— (a2 — 1) @, + auj () = a2 () (w) G

(a2 -1)+1-3j(w)j(w)) Gy =a,% m

The interpretation of this result is clear : along the geodesic the forces,

gravitational or inertial, are such that they induce spatial rotations, without
change in the direction of the transversal motion.

There is nothing equivalent for the null curves, such that their tangent vector

u has a null scalar product : (u,u) = 0. But the definition of the flow of a vector
field, which does not involve the metric, still holds.

7.5 The Levi-Civita connection

In Differential Geometry one defines affine connections (Maths.1537), which
are bilinear operators acting on vector fields (sections of the tangent bundle)
VeL?(x(TM),x(TM);X(TM)) such that:

Vf e (M;R):

VivW = fVyW

Vv W = fVyW + (ivdf) W

They read in holonomic basis of a chart :

VoV =3, (aﬁva +3, rngv) 068 @ de.,

with Christoffel symbols I's, (m) which change in a change of chart in a

complicated way. So an affine connection is a covariant derivative, defined in
the tangent bundle, and acting on sections of the tangent bundle, which are
vector fields, or tensors. There can be many different affine connections.

An affine connection is said to be symmetric if I'g, =17
When there is a metric (Riemannian or not) defined by a tensor g on a

manifold, an affine connection is said to be metric if V,g = 0 : it preserves the
scalar product of two vectors. With a metric, one can define a unique, metric,

symmetric connection, called the Levi-Civita connection. It reads (Maths.1626)
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I's, = 3 >0 9% (089yn + 0498y — Ongse)
And this has been the bread and butter of workers on GR for decenniums,
in a formalism where the metric is at the core of the model.

With a principal bundle, and a principal connection, one can define covariant
derivatives in any associated vector bundle, including of course the tangent bun-
dle to M. And it has all the properties of the usual covariant derivative of affine
connections. Connections on fiber bundles are a more general tool than usual
affine connections which are strictly limited to the tangent bundle. We have
seen that the connection G on Pg induces a linear connection on Pg [R4, Ad] ,
which is nothing more than 7'M with an orthonormal basis, and a covariant
derivative VM with Christoffel symbol I'y;. By translating the orthonormal ba-
sis (Ei)?:o into the holonomic basis (8§a)i:0 of any chart using the tetrad, a
straightforward computation (Maths.2005) gives the Christoffel coefficients I, 5
of the affine connection I'y;, expressed in the basis of the chart :

™ _ pv /i i /j

[l = P7 (0aPf + Tiye, P )

In matrix form : .

[ = [Ta] | Diraj = Maral]

6

[FMQ] = Ea:l Gaa [“a]

[Ta] = [P)(10aP'] + [Casa] [P)) 4 Casa] = ([P'] [Ta] = [0.P']) [P)

with :

a=123: [ka]f = Y, €(a,b, ) 626
— . P _ sPsa—3 P 0
a=4,5,6 : ([na])q =0p0g " + d4_30,

L] = (P10.P

3 3 b 0
301 (i € (a,0,0) G [P [P} + G (1P 1P + [P P3))
Any affine connection deduced this way from a principal connection is nec-

essarily metric, but it is not necessarily symmetric.

To sum up :

- affine connections are defined in the strict framework of the tangent bundle,
and the Levi-Civita connection is one of these connections, with specific prop-
erties (it is metric and symmetric); the covariant derivative which is deduced
acts only on vectors fields (or tensors) of the tangent bundle.

- connections on principal bundle define connections on any associated vector
bundle and act on sections of these bundles. So one can compute a covariant
derivative acting on vectors fields of the tangent bundle, which is necessarily
metric but not necessarily symmetric.

So, using the formalism of fiber bundles we do not miss anything, we can
get the usual results, but in a more elegant and simple way. One can require
from the principal connection G on Pg that the induced connection on TM
is symmetric, which will then be identical to the Levi-Civita connection. This
requests :

Va, B, -
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~ 17 ~ 17
[Fa] , = ((P1(0aP) + Cara] [P} =[] = (1P)(@5P') + [Caus] [P
which has no obvious meaning for I'y,.

Actually the Levi-Civita connection is traditionally used because it is the
natural mathematical choice when one starts from the metric. Moreover it is
assumed that the gravitational field (whose action goes through the connection)
acts symmetrically, in the meaning that it has no torsion (or no torque). But
actually this assumption has not been verified (which is difficult), and different
theories have been proposed, notably by Einstein and Cartan, which consider
connections with torsion, that is connections other than the Levi-Civita con-
nection. However, when starting from the metric, they lead mostly to more
complicated computations, in what is already a dreadful endeavour. In the
fiber bundle framework there is no such problem and actually it would be the
requirement of symmetry, always possible at any point, which would introduce
a complication. Moreover the introduction of spinors and the distinction of the
components G, G, of the connection, are a more efficient way to deal with
rotation and torque, so it is justified that we keep the more general connection.
An additional argument is that the Levi-Civita connection does not make any
distinction between the bases, which can be induced by any chart. But, as we
have seen, there is always a privileged chart, that of the observer, and the use of
an orthogonal basis, in the fiber bundle formalism, is a useful reminder of this
feature.

7.6 The inertial observer

The states of the particles and the fields are linked, so to measure one we have
to know the other : to measure a charge one uses a known field, and to measure
a field one uses a known particle. This process requires actually two measures,
involving the motion of the particle, it is done locally and is represented by
the standard gauges : pg(m) = ¢g (m,1) and the related holonomic bases
e;(m) = (pg(m),e;). The measures are done with respect to the standards
(represented by 1), which are arbitrary. For this reason the gauges and the
holonomic bases are not sections, just a specific choice done by the observer.
This is consistent with the principle of locality (the measures are done locally)
and the free will of the observer (he is not submitted himself to the laws of the
system).

However one can consider another kind of gauges, such that they do not
change on the travel of an observer on his world line. This seems more physical,
and in accordance with the common understanding of inertial observers : they
keep their gauges, in which they proceed to their measures, “constant”. However
the implementation then must account for the existence of external fields : the
observer keeps his free will (which is asserted by the fact that he adjusts his
gauge), but he is also submitted to the action of the fields, and notably to the
gravitational field.

The action of the fields is given by the covariant derivative of sections, so the
gauges of these observers are sections, and they change with the fields according

114



to:

pc € X (Pg) : pa (m) = g (m,o (m)) : Vgpg =0

The world line of the observer is defined by o (m) . The bases of the associ-
ated vector bundles Pg [R*, Ad], Pg [E,vC] change :

g (m) — & (m) = Ada-—l € (m)

e; (m) = &;(m) =~vC (o) e; (m)

Vgpg =0so ! ‘fl—‘z + Ad,-1v (ér,@w) =0 ‘fl—‘z = —v (ér,@w) -0

So the inertial gauges depend on the existing fields along the trajectory. In
the absence of any field one retrieves : ¢ = C't and the standard gauge. This is
the usual meaning of inertial observers. As for now one cannot escape gravity,
inertial observers should follow trajectories such that their motion (through the
inertial forces) balance the gravitational field. As it changes slowly with location
it will require a constant acceleration, contrary to the common understanding
of the inertial observenfl.

A great consideration is given, both in Newtonian Mechanics and Relativity,
to the inertial observers. The main motivation is that they allow the use of
“fixed” frames in affine space, and we have seen that this is the only way to do
it in SR. The formalism of fiber bundle seems abstract, but avoids this issue

the concept of standard gauge relies on the fact that the measures of the
states of particles or of fields require the comparison with a known quantity
(the standard), in similar conditions. And actually, as often in Physics, it is
quite impossible to enshrine in the theories the conditions of the experiments.
Doing this would bring more confusion than rigor.

The same remark applies to a procedure common in electromagnetism or lin-
earized gravity. When facing a complicated mathematical relation it is tempting
to reduce it to a simpler form by calling to what is called gauge freedom. Actu-
ally this procedure uses the fact that the same quantity is expressed in different
forms according to the gauge (in the fiber bundle definition). So one can re-
place one by another, which is equivalent, and better looking. To have any
meaning this procedure shall follow the requirements of the change of gauge,
clearly stated in the fiber bundle formalism. But we have to keep in mind that
a change of gauge has a physical meaning, and an implication on the observer
who does the measures. A change of gauge can be physically unacceptable by
the constraints which would be imposed to the observer, and any experimental
proof which would ignore these requirements in its protocols would be non valid.

7An observer in the International Space Station can be considered as inertial, but obviously
he is submitted to an acceleration which balances Earth gravity.
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8 THE PROPAGATION OF FIELDS

We have noticed that Relativity obliges to dissociate the abstract representation
of the reality in its entirety, from the representation of the reality which can be
scientifically accessible to an observer : this is the true motivation for the use
of fiber bundles. It is more necessary when addressing the propagation of fields.
Fields are assumed to be defined everywhere, this is one of their key properties.
Have the fields a defined value everywhere, including in the future ? What is
the true meaning of their propagation, in a 4 dimensional Universe 7 We have
to remind that the manifold M is just a container, and its physical content is not
frozen, it changes. So the propagation of a field is no more than the variation of
its value along any future oriented path. But if this image is clear for particles,
which have a definite path, it is less so for fields. Are there privileged paths
for their propagation ? There is no simple answer to this question. We need
to refer to one of our basic assumptions : the representation of the physical
world depends on the observer. The observer has a privileged path, given by his
velocity and represented by the vector eg(m). This vector plays a fundamental
role in the understanding of the propagation of fields. For any observer his own
vector go(m) is the direction of the propagation of the fields. There is no other
way to define it, practically, that is in a way which is accessible to measures.
So the propagation of fields is observer dependant. As a consequence one can
prove (MP 7.1.2) that in the vacuum the field propagates at the speed of lightﬁ,
whatever the observer.

The variation of the field is measured by a derivative, and as the fields are
characterized by their potential, we need a derivative of the potentials G. This is
the strength of the field, a 2 form F on M, which is logical because the potentials
are themselves one form. However F as well as the potential is valued in the
Lie algebra. If we want to underline the role played by the observer, both in
the definition of £y and of holonomic bases in the Lie algebras, it is necessary to
put in concordance the mathematical definitions. From this point of view the
potential is not the good choice : it is only a map, which changes according to
a strange rule in a change of gauge. So the key role in the propagation of the
fields will be given to F.

8.1 The strength of the connection
8.1.1 Definition

The potential is a one form over M, so its derivative will be a two form. There are
several mathematical objects which can be considered, related to the curvature
of the connection (Maths.27.1.4), but for principal connections the strength of
the connection is the most pertinent. This is a 2-form F on M valued in the
Lie algebra (Maths.2194), which can be seen as the exterior covariant derivative
of the potential and is a good estimate of its rate of change.

8In the vacuum. The propagation of light in any medium is a process which involves the
interaction of the field with the particles of the medium.
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The strength of the connection is a two form on M valued in the Lie algebra
T, Spin(3,1) which reads with the basis (?a)6

a=1"*

Fo =Yoo (46" + 050 [Go Gal" dg™ N de”) © 7.
where d is the exterior differential on TM and [] is the bracket in 7} Spin(3,1)[

6 3
Fo=> Y Féupdt® ndP @R, (107)

a=1a,5=0

GaB = 22:1 Zz,ﬂ:o ((%G;‘; — 03GY + [Ga, Gﬁ]“) der AN dEP @ R,
Or equivalently :
Fa = d (ZZ:O v (Gra; Gwa) dfa)—FZZB:O [U (GTQ, Gwa) , U (GTﬁv Gwﬁ)] déa/\
dep
We can distinguish the two parts, F,, Fy, :

Fo =Y v (Frap Fuap) A€ N &P (108)
a,B
and we have :
a=1,23: Féaﬁ = 5‘3‘/3
a=4.56: ]-"Gaﬁ = ]-"waﬁ
with the signature (3,1) :
[v(r,w),v(r,w)]=v(j(r)r—jw)w,jw)r +j(r)w)
[Gou GB] = [U (Gra; Gwa) y U (Gr,@ 7.Gw6)] .
=v (.7 (Gra) GTB ) (Gwa) Gw,@u] (Gwa) GTB + J (Gra) Gw,@)

(0G5 G .

Frag = ( oEe — 8{5 +7 (Gra) Grg -] (Gwa) Gugs, 0) (109)
(1 0Gus  0Gu. ,

]:wa,B =v (07 850‘ 855 +.7 (Gwa) Gr,@ +] (Gra) Gwﬁ) (110)

With the signature (1,3):

[v (r,w) v (r, w)] = —v(j(r)r —j(w)w',j(w)r +j(r)w)
[GOH GB]

== (U (.7 (Gra) Grg—1J (Gwa) Gugp,J (Gwa) Grﬁ +7J (Gra) Gwﬁ))

(0G5 G .
]:'rozB_ ’U( 850‘ 8€ﬁ +](Gra) Grﬁ ](Gwa) Gw,@uo) (111)

- 0Gup  0Cua . . ,
]:wa,B = —v (07 850‘ 855 +.7 (Gwa) Gr,@ +] (Gra) Gw,@) (112)

9The notations and conventions for r forms vary according to the authors and if the indices
are ordered or not. On this see Maths.1525,1529.
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Notice that the indices «, 8 are not ordered, that it involves only the principal
bundle, and not the associated vector bundles, and is valued in a fixed vector
space.

Fg can be written in the matrix form of so(3,1), using & o — [Kq] :

6
[Faasl = Z]:g:aﬁ [Fa] = [K (Fwap)] + [J (Frap)] (113)
a=1
1 2 3
P L L ] B
]:a — waf Y rap raf _ ) waf
[ B] ]:12uaﬂ ]:Ea,é’ 0 _]:(16 ]:waﬁ J (]:raﬁ)
‘Fiaﬁ _]:7“20c5 ‘/——;}aﬁ

which underlines the rotational feature of the component ., and the transver-
sal aspect of the component F,,.

With :
0 Gua Gie G
thua 0 _Gia G%a
Ty = [K (Gwa)] + [J (Gra)] = Gfm Gia 0 _G(ll
Gi}a _Gza G}“a 0
B { 0 Guwa }
Gwa .7 (Gra)
[Fas] = [0al'mp] — (08T Ma] + [Pasa] [Tarp] — Pars] [Faral (114)

8.1.2 Adjoint bundle

The strength of the connection is a map valued in the Lie algebra, that is a
fixed vector space. We have seen above how the potential changes in a change
of gauge. In a change of gauge on the principal bundle the strength changes as :

pc (m) = o (m,1) = pe (m) = pg (m) - s (m)_1 : (115)
.FGQB — .FGQB (m) = Ads(m)fgaﬂ (116)
v (fraﬁafwaﬁ) = Ads(m)’u (]:rozﬁa]:waﬁ)
This feature allows to consider the strength as section of the adjoint bun-
dle, which is defined as the associated vector bundle
Pg [T1Spin(3,1), Ad] using the representation of the groups on their Lie
algebra through the adjoint map (Ad on T1Spin(3,1) is identical to Ad). This
gives a more geometrical meaning to the concept, and these relations are crucial
in the definition of the lagrangian.

Electromagnetic field The strength of the electromagnetic field is a 2 form
valued in R : F4 € Ag (M;R).
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Because the Lie algebra is abelian the bracket is null and : F4 = dA which
gives the first Maxwell’s law : dF4 = 0.

In a change of gauge : Faap — Faap(m) = Ad,.(m)Faap = Faap- The
strength of the EM field is invariant in a change of gauge.

8.2 Scalar curvature

The strength of the potential is a general object, which is related to the different
concepts of curvature used in the theory of connections. It involves only the
principal bundle, and not the associated vector bundles. However in GR another
definition of curvature is commonly used, and it is necessary to see how these
concepts are related.

8.2.1 Riemann curvature of a principal connection

A connection on a principal bundle leads to the definition of a quantity, called
Riemann curvature, on any associated vector bundle, through a path which
involves exterior covariant derivatives (Maths.2203). The result is a two-form
on M, valued in the endomorphisms on the vector space, which in the case of
Pa [R4, Ad] is expressed by the 4 order tensor :

R =738y Bopid€™ A d¢P @ e; (m)® & (m) with the dual basis ¢/ (m)

;Llﬁj = 8aF3\/[5j - 85F§waj + Zz:o (Fhakrlfvfﬁj - Fﬁwﬁkrﬁm]‘)

In matrix form (see above) :

[Ras)i = (9alas5) — [0 ara) + [Patal [Pass] — [Cass] [Paral) = [Fas):

R =3 10pyij [Fapl dE> A &P @ e; (m) ® & (m)

The Riemann curvature is the image of the strength of the field on Pg [R4, Ad} .
This is the same quantity, but in the representation of T7 Spin (3, 1) in the matrix
algebra so(3,1).

By construct this quantity is covariant (in a change of chart on M) and
equivariant (in a change of gauge on Pg) :

In a change of gauge :

pc (m) = g (m,1) = pg (m) = pa (m) - s (m)

A i _ l
[Fasly = Siamo [ ()i [Fasly [b (7],
with [h (s)] the matrix of SO(3,1) associated to s € Spin(3, 1)
R R=Y (0 [ﬁaﬂ] de N deP ®E; (m)® & (m)
j

= 5 oy I ) [Faslt 1 (s71)] dgondgPo [ (7)) &, (m)@IA (5)]3 € (m)
= Y tapyij [Fasll d6* NdEP @ e, (m) @ €7 (m)

soR=R

It can be expressed in the holonomic basis of any chart on M using the tetrad

71'

ei(m) = 30_o P O¢,
el (m) = Yo, _o Pde”
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R =3 apyyy (P Fcap] [P'])) dE™ N dEP @ 0y @ dE"

So we have the steps :

Principal connection G — Riemann curvature R on Pg [R4, Ad] — Riemann
curvature R on T'M in any chart

and the Riemann curvature R on TM is the same object as the strength of
the connection F, but expressed in matrix form in any holonomic basis of a
chart.

8.2.2 Riemann tensor of an affine connection

With a common affine connection T's on TM one can also define similarly a
Riemann tensor (Maths.1543) :

R=Y (a8} 2ovm aﬁndga AN dEP ® OE, @ dEn

which, expressed in matrix form with : Raﬁn [Raﬂrz , reads :

[Ras] = [0Ts] - [oTa] + [Fa] [F5] - [Fs] [Fa]

R=3(0py Yo B2, de N dEP ® 0, @ dgT

When we take as affine connection the one which is deduced from G :
[y = [Ta] | = (P1(@aP + [Care] P}

we get the same result :

[Ras| = [Rag] = [P] [Faapl [P'] © [Faas] = [P [Rasl [P] - (117)

Proof. [}A%ag}

= [0aP)[95P'] + [0aP] [Lass] [P'] + [P] [03,P'| + [P][0aTass] [P]
+ [P] [ar5) [9a ') = [05P) [0aP'] = [95P) [Casa] [P 1[]@%?}

= [P] (9T asa] [P'] = [P] [Casa] [95P') + [P) [P} [P] [0 P'

+[P] [Lasa] [P') [P} [95P'] + [P] 00 P’} [P] [Casg] [P

+[P] [Tasa] [P'] [P} [Cag] [P'] = [P] [05P"] [P [0 P’

~ [P] [Lasg] [P') [P] [0aP'] = [P]105P'] [P] [Cata] [P
~(P)[Cacs] [P 1P L] 1P

= 1P (0uTss) ~ (95T o] + [P Cago] = [Paag] a7
+mm[]—@u P') + [P] [0P'] [P) 95 P

~ [P][05P'] [P} [9a ] + [9aP) [Cass] [P'] = [95P) [asa) [P

+[P] [Las5] [0aP'] = [P] [Casa] [95P') + [P] [Casa] [0 P]

— [P [Lat] [9a '] + [P][0aP'] [P][Casg] [P'] = [P][03P') [P} [T ara] [P
= [P] [Faap) [P + [0a P [03P"] = [05P] [0 P

~ 0aP)[P'] [P] [03P"] + [93P) [P’ [P] [0aP") + [0aP] [Lass] [P]

~ [05P] [Pasa] [P') + [P] [Casg) [0 P'] = [P) [Casa] [03P') + [P) [Para] [0 P
~ [P][Lass] [0aP'] = [0aP] [P'] [P} [Caso] [P'] + [05P] [P') [P} [aval [P
= 1P [Feo] P

with [P] [0, P'] + [0 P][P']=0 m
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So the Riemann tensor is the Riemann curvature of the principal connection,
expressed in the holonomic basis of a chart, and it is the same object as the
strength of the connection.

The Riemann tensor can be computed with any affine connection, as well as
with any principal connection. In the usual RG formalism the Riemann tensor
is computed with a special connection : the Levy-Civita connection.

The Riemann tensor is antisymmetric, in the meaning :
Rapyn = —Rapyy with Ragyy = E,\ Réﬁ'yg)\n

t
[Faas] € 50(3,1) so [n] [Faas] + [Faasl 1] = 0 and

Ragon = Son Ry 00n = X (1P) Foas] [P gan = (IP) 1] (Foas) [P'])

- (([P']t (1] [Fias] [P'])t) "= (1P (Feosl b ),

Y ~
=~ (IPV' 0 Feas) [P) = ~Rap,
Thus this symmetry is not specific to the Lévi-Civita connection as it is
usually assumed (Wald p.39).

~

8.2.3 Ricci tensor and scalar curvature

The Riemann tensor R, coming from any connection, is a 2 form but can be
expressed as an antisymmetric tensor with non ordered indices :

~ ~ 7
R=Y.s, [Raﬁ} e ® deP @ 0¢, ® dem
n
and we can contract the covariant index «, 8 or 1 with the contravariant

index « . The result does not depend on a basis : it is covariant (Maths.385).
The different solutions give :

05 S (S [Ras] ) a0 a0
B Ya (25 [ﬁaﬁ}n) ag® @ dg
0 (EW [ﬁaﬂ]:) de® @ de?

The last solution has no interest because :

Tr ([P][Faapl [P']) = Tr ([Faapl [P'] [P]) = T7 ([Foas]) = 0

The first two read :

Sy [PI; [Faasl; [P, [PI € @ [PI] &7 = Y. [PI} [Faasly [Pl e @ &7 =
Eaﬁj ([P] [}—Gaﬁ])? dfﬁ ® e

San [P [Faasl; [P, [PIF € @ [PI] e = X2, [PI} [Feasly [P e @ &7 =
S5, ([P] [Foas))] dé™ @&

The Ricci tensor is the contraction on the two indices 7, 8 of R:

Ric =Y, Ricoydé® @ de" =Y, (z 5 [ﬁaﬁ] j) dE® @ den

n
B
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This is a tensor, from which one can compute another tensor by lowering
the last index:

>\ g Ricandé® @ dE" =Y\ Richd&™ @ €y

and the contraction (called the trace of this tensor) provides the scalar
curvature :

~ 78
R =Y, Rict = Top 9" |Ras)

The same procedure applied to the contraction on the two indices v, « of R
gives the opposite scalar :

~ @ ~ B ~ B
R =5[] =~y o] =~ oy ]
This manipulation is mathematically valid, and provides a unique scalar,

which does not depend on a chart, and can be used in a lagrangian. However
its physical justification (see Wald) is weak.

In the usual GR formalism the scalar curvature is computed with the Rie-
mann tensor deduced from the Levy-Civita connection but, as we can see, it
can be computed with any principal connection. Starting from [P] [Fgag] [P'] =

{]?Gag} one gets :
R =Y., 9" ([P} [Foas] [P']); and with [g] " = [P][n] [P]
R =5, (1P [Faas] [P'D)) (9712 = Sas (1P Faas) [P [P 0] [P]')

B

R = Z( (Feasl n) (P)) (118)

«

B

(e

The computation of the scalar curvature gives ::
6 t B

R = Y01 Yus Fés (1P Ira) ] [P)')
For a = 1,23 : [ke] [] = [Ka]
[Kalb = Y ey € (a, b, c) 6207

0\? 3 B o
(P ka1 P)') =525 o e (asqp) [Py [P
S Y Féas ([Pl ] [P]t)i = Yot Yas Frap Lpge € (a:0.9) [PL [Pl
For a = 4,56 :
([ka] )y = 0505 — d5_30;

t B B [ B8 (e
(1Pl Iral ) [P)Y) = (PI] [PV = [PLE_, [P);

50 S Feras (P el 0 1P)) = 525, S P (1PIG 1PIS — P2 [P

Thus :

3
R = Z - ( wap ([P]g [Pl — [P]f[ ) Frop Z a,q,p) [P]Z‘)

p,q=1
(119)
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which reads in a geometric way :

3 a 3 a
R = Za:l (]:w (Eaa 50) + Zp,q:l € (au Q7p) ]:r (Elb EP))
In the standard chart with : [P]g = 6§

R = Y011 Y (Fias (96 [P = [PIL08) + Foag iy € (0,0, 9) [P [P)
=2 Za<ﬁ{2z:1 Gas Zf;q:l €(a,q,p) [P];B) [P]Z
S0t Fan (IPIG 1Pl — [P [P13 )

This expression has two important features :

- the scalar curvature is linear with respect to the strength of the field.
In the implementation of the Principle of Least Action it provides equations
which are linear with respect to F¢, which is a big improvement from the usual
computations.

- it shows that the scalar curvature has a transversal component and a rota-
tional component. This happens for any scalar curvature, but is just masked in
the usual expression through the metric. This feature is not without significance,
as it is related to the distinction between the space and the time Universe.

To sum up, with the fiber bundle and connections formalism it is possible to
compute, more easily, a scalar curvature which has the usual meaning. And by
imposing symmetry to the affine connection we get exactly the same quantity.
However, as we have seen before, the symmetry of the connection has no obvious
physical meaning, and similarly for the scalar curvature. So, in the following, we
will stay with the strength of the connection, which gives a good representation
of the propagation of the field, and puts gravitation in the same footing as the
other fields.
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9 THE RELATIVIST MOMENTUM OF THE
GRAVITATIONAL FIELD

9.1 Polarization of the fields

Polarization of light is a concept familiar to Physicists, and can be easily ob-
served. It has a deeper meaning, related to the fact that the vector 9¢p is the
only privileged direction for the propagation of the field with respect to the
observer.

With singling out d¢°, any two form read :

F=Fr+Fw

with :

Fr =2 (F32d€3 N dE* + Frad€' A dE> + Fard€® A dgh)

Fw =2 (Ford® A d€r + Foad€® A dE* + Fosde® A dE?)

(the 2 accounting for the symmetric part)

The action of these two forms on vectors is :

Fw (ZZ:O uaaga) — 20 (Ford€" + Fopd€? + Foade®)

+2 (Foru' + Foou? + Fozu?) d&°

]:R (uoafo) =0

Fr (Shogut06a) = = Yoy [ (Faad€! + Fuadg® + Forde?®) ], dg

so the action of F§ can be seen as a rotation in the physical space by the
vector Fpg.

This decomposition seems a bit formal, however for the EM field this is
exactly the decomposition in electric field (Fy) and magnetic field (Fg). It
characterizes the polarization of the field in the direction given by the vector
g9 = 0& which characterizes the observer. And we see that it can be extended
to any field, separately for each component F¢. The decomposition into the
components Fgr, Fyy depends on the chart. For instance the decomposition of
the EM field in electric and magnetic field depends on the observer. But we can
go further in exploring this decomposition.

F is formally defined as a 2 form, that is with respect to any chart, in
one hand, and is valued in the adjoint bundle, that is with respect to a gauge
provided by Pg on the other hand. The privileged direction 9y = £¢ is masked
in the anonymity of the labels in a banalized chart. But there is no such banal
chart in Relativity : a chart is always linked to an observer, and each observer
has a privileged orientation, that of its future. To put the matter right it is
necessary to express J in a basis which varies with the observer in a consistent
and clear way. It is possible to do this, first by expressing the two forms in the
orthonormal basis, then by expressing it in a unique vector bundle.

9.2 From the holonomic basis of a chart to the orthonor-

mal basis

3

Any scalar two form on M can be expressed in the dual basis (&’ (m))i:O :
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F =8 s o Fapde® NdgP = Y2 Fyyet (m) A&l (m)

This is a classic change of basis with :
ei(m) = Y0 Plde™ & dev = Y0 Pre’ (m)

3 3
a ph i ]
Fij = Z FapP'P; & Fap = Z F,; P Pg (120)
aBf=0 ij=0

In the Special Relativity context the components F;; are the components of
the field, measured in an inertial orthonormal frame, so all usual formulas in this

context can be transposed in curved space time by using the frame (si (m))fzo .

9.3 The dual Clifford bundle

The Clifford bundle CI(TM) is defined through the basis (g; (m))>_,. In a
change of gauge on Pg :
p(m) = ¢g (m,1) = p(m) =p(m)-x(m)
The holonomic basis of Pg [R4, Ad] changes as :
ei (m) = (p(m) ,&;) = & (m) = x (m) ™" - (m) - x (m)
and the Clifford product of vectors as :

—1

-1

giy (M)-€iy (M) v, (M) = & (M) .o &, (M) = x (M) &4y (M) €4, (M) -
-+ &, (m) - x (m)

that is :

gi(m) ... &, (m) = Ad, -1, (M) - ... &, (M)

and the components of an element of C! (T'M) in the holonomic basis (g; (m))fz0
as

@it = (A [Ad] wide

so Cl(TM) = Ps[CIl(3,1),Ad]

The Clifford algebra built on covectors : &’ in R* with the bisymmetric
linear form of same signature is isomorphic to the Clifford algebras that we
have denoted CI(3,1) or CI(1,3) : this is just the replacement of ¢; by the
dual €’. Notice that ¢’ (¢;) = 6% and not 7;;. We will denote them CI(3,1)* or
Cl(1,3)*.

The Clifford bundle CI (T'M*) is the associated vector bundle defined through
the basis (si (m))?zo . In a change of gauge on Pg the holonomic basis changes
as :

e’ (m) = (p(m),e") =& (m) = x(m) &' (m) - x(m)

the elements of CI1(T'M*) transform as :

e (m)...-e (m) = & (m) - ..&% (m) = Ad ()™ (m) ... &' (m)

and the components of an element of Cl(TM*) in the holonomic basis
(€ (m))?zo as

Wiy i, = [A]]} . [Ad] wj, .,

So we will denote this associated vector bundle P [C1(3,1)" 7Adfl} .

%

-1
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There are a Spin group Spin (3,1)" and its Spin algebra T} Spin (3, %* de-
fined in Pg [C1(3,1)", Ad™"] and we denote the basis of T} Spin (3,1)" 14 :
HWl=13 .22 22 - 1,173 5223 _ 1.2 .1
yETINE SR |

eV . g2

[NIEE N
NN

3
€0.¢2 W6 =

D=0

9.4 2 forms expressed in the Clifford bundle

The algebra ©*_oA, TM* of forms on M is isomorphic (as vector space, the
isomorphism does not extend to the product) to the Clifford algebra CI(TM*).
This isomorphism is defined through any orthonormal basis.

JiATM* = CU(TM*) 1 g (" A ne) =g g (121)
_ Then we can associate, by the isomorphism j the 2 form Z?j:o Fyiet (m) A
g? (m) to the element of the dual Clifford bundle CI (TM*) :
3 . .
J(F) =) Fye'(m) & (m) (122)

ij=0

It reads :

i (]:) =2 (F32€3 g2 4 F13<€1 g3 F21€2 el 4 F()l&'o el FQQEO 2 4 F03€O . 63)
With the decomposition :

Fr=2 (F3283 ANe? + F13€1 Aed+ F21€2 A\ 51)

]:W =2 (Folffo A 51 + F()QEO A 52 + FogEO A 83)

and v* (FR, Fw)

= % (F32<€3 g2 4 F13€1 g3+ F21<€2 el 4 F()l&'o el FQQEO 2 4 F03€O . 63)

7 (F) = 4v” ((F32, F13, F21) , (Fo1, Fo2, Foz)) = 40" (Fr, Fw) (123)

In the basis ®* : j(F) = 22:1 h(F), "

That we can sum in the formula :

{0 FNaYomy = 45050 Fas { PR, POPY P PL, P P PGPS, PP

The isomorphism uses the bases of T,,M* and Pg [R{Ad} . We need to
check how 7 (F) behaves in a change of gauge or chart.

In a change of chart on M, the variables change as :

P — Py =3, J{ P}

Fap = ﬁaﬁ = Z»m KgKg]:vn

with the jacobian : J = [Jg] = [%} and K = J!

0 (Pla = Stgmo Fon { P2 PS PePY, P PY B PY, Py P PP

3 a
(P = Xapmo Xy KAKGFon 3o, IR PR PS, PRPY, PP, P PY, Py Py, Po\ Py}

10Notice that this is the basis of the subset Ty Spin(3,1)* of C1(M*) and not the basis of
the vector space dual of T1Spin(3,1).
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[ (]:)] Z)\H OJ:AH{PBP;L?PIP;=P2)\P1MvPOP1H7POP2M7POAPM}
D(F), =[P,

So 7(F) is invariant in a change of chart on M.

9.5 Strength of the gravitational field in the Clifford al-
gebras

The field is valued in the Lie algebras. The corresponding quantities read :
1(Fa) =1 S eso ﬂPO‘PBg @l @Ry
- Ea 1 Eaﬁ oV (F Taﬁa]:waﬁ)Papﬁf ® el

6
1(Fa)(m) = > [1(Fa)ly ®P (m) @ Ko (m) (124)

Iy :Zaﬁ O]:ra,BP PB

rij

F’lil] = Ez,@ =0 wa,@PaPﬁ

7(Fa) = 2{v (Fra2, Fw32) 2+ v (Fras, Fyiz) et -e® + 0 (Fror, Fyor)e? - et

v (Fro1, Fuor) € - €' 4+ v (Fro2, Fuwo2) €% - €2 + v (Fro3, Fuwos) €% - €3}

Expressed with the 6 x 6 matrix [ (F&)]

a=1,23: ) (}—G)] =4F%53 ) (]:G)] =4F03; 0 (-FG)] = 4% (-FG)]Z =
4F % [7 (F )]5 = 4F7; [ (]:G>]6 = 4F %3

a=4,5.6 () (Fo)|| = 4F30; [ (Fa)ly = 4F13 1 (Fe)ls = 4F5015 [0 (Fe)li =
4F 5015 [0 (F )]5 =4F 5023 [ (-FG)]Z = 4F 03

In a change of gauge on the principal bundle P : pg (m) = pg (m,1) —
P (m) = pe (m)-x (m) " the holonomic basis becomes with x (m) € Spin (3,1)

WY = R’ = Ad, ®? notice that this is a 6 x6 matrix for Ad,, : T1Spin (3,1) —
T, Spin (3,1)

Ko — Ady

§(F6) (m) = X6y D (F)ly B0 @ Fa = X0, U(Fa), RP® Ra
= S0 b Fa), ALR @ A,

_Za bed= 1[ (‘FG)] [/_\_ﬁ]d?d [ dxfl}zﬁc

b (Fe) = [Ady—] [ (Fo)] [Ady]

1 (Fa)l = [Ady] [ (Fe)] [Ad, -] (125)

(T1Spin (3,1)" ® T1 Spin (3,1),Ad~" x Ad) is arepresentation of Spin (3,1)

Pg [T1Spin (3,1)" ® T1Spin (3,1), Ad ™" x Ad] is an associated vector bun-
dle

The fields are defined everywhere, and we can associate to F¢g the section
7(Fg) of the associated bundle :
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(p(m),7(Fa) ~ (p(m) - x~1 [Ady] [ (Fo)] [Ad,—1])

7 (Fg) is a tensor : it has an intrinsic existence, independent of any chart
or gauge, and its measure changes, in a change of gauge on Py, in a clear and
unified way, with respect to the observer. It involves only the strength of the
field, as expected, and as the potentials cannot figure explicitly in a lagrangian,
this is consistent. And we state :

Proposition 54 The relativist momentum density of the gravitational
field is represented as a section of the associated vector bundle :

1(Fa) € X (Pg [T1Spin (3,1)" ® Ty Spin (3,1) ,Ad ™" x Ad])
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10 ENERGY OF THE GRAVITATIONAL FIELD

It is intuitive that Force fields carry energy. Because fields are present every-
where, it will be a density, valued at any point and related to the volume form
wy. It should be a quantity which changes in a consistent way with the observer.
And, as for particles, it would be logical if it involves a scalar product of the
relativist momentum. We could do it from the expression above, but it is more
illuminating to proceed from the expression in any chart, as it leads to introduce
useful tools. There are two vector spaces involved : the tangent space of 2 forms
with the holonomic basis of a chart, and the Lie algebra. So we need to address
successively both spaces.

10.1 Scalar product of forms over M

There is a scalar product G, on the space A,.M of scalar r forms computed with
the metric g (Maths.1611). This is a bilinear symmetric form, which does not
depend on a chart, is non degenerate and definite positive if g is Riemannian.

The Hodge dual #)\ of a r form A is a 4 — r form (Maths.1613) such that :
Vue Ay (M) : pAxX =G (i, \) @a

The Hodge dual +F of a scalar 2-form F € Ao M is a 2 form whose expression,
with the Lorentz metric, is simple when a specific ordering is used, which have
been used before about the polarization of the fields :

F = Fr+ Fw with

Fr =2 (F32d€3 N d€* + Frad€t A dE> + Fard€® A dgh)

Fw =2 (]—"mdﬁo A dEY + Food€® A dE? + Fozde® A d§3)

(the 2 accounting for the symmetric part)

By raising the indices with g we get :

o =%, g Fo,

*F = *xFp + xFw

*Fp =2 (FOdE3 N de? + FO2dg A dg + FO3de? A dg') det P’

«Fw =2 (F32dg0 A dgt + F13dE0 A dg? + FHdE0 A de3) det P!

thus the components of the parts are exchanged and the indices are raised
with the metric g. Notice that the Hodge dual is a 2 form : even if the notation
uses raised indexes, they refer to the basis dé® A d¢P.

Take any two scalar 2 forms F,K and their decomposition as above, a
straightforward computation gives :

*Fw AN Kw =0

«Fw ANKp = —4 (F2Ksy + F¥ K3+ F* Ko ) wy

*Fr\ Ky =—4 (]:OlKol + F2 Koo + ]'—03K03) wy

*xFrRANKr =0

G2 (.Fw, Kw) = G2 (]:R, KR) =0

Go (Fw,Kg)=—4 (]—'32K32 + FBKi3+ f21K21)

Go (Fr,Kw) =—4 (]—'01K01 + F2 Ko + f03K03)

From there, because G5 is bilinear :

Go (]:,K) =Gy (]:W +]:R5KR+KW)
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= 4 (F2Kap + FBK 3 + F2 Ko + FO Kop + F Koo + FOKgs)

Go (F.K)=-2) F*’Kap (126)
af

These quantities can be expressed in the orthonormal basis (ai (m))fzo.
(e’ a 3 4 j

Ca (7 ) = =200y P Moy = 2200 90" Epgm PP K PP

= =23 ipg NV FijKpg = =23 5o 0" Fij K

=2 (2321 209 Foj Koj + 5o "1 Fio Ko + Z?jzl niiﬁijinij)

3 3
= -2 (Zij:l FiiKij =230 FOjKOj)

3 3
Gy (F. F)=4 > (Fy)* = > (Fy)? (127)
j=1 {ij}=1

G5 is not definite positive or negative. The decomposition emphasizes the
role played by the component along ¢q : the spatial components (F;;) and the
temporal components (Fp;) contribute to the scalar product with definite op-
posite signs.
This scalar product can easily be expressed for j (F) using the scalar product
on the Clifford algebra C1(3,1)" :
(v (r,w) v (W) gyz 1y = 1 (F'r" —whw')
1(F) = 42321 S v ((Fs2, Fis, Fo1) , (Foi, Foz, Fos)) € T1Spin (3,1)"
(3(F)s1(F) ey = 516 ((F32)2 + (F13)® + (Far)® - ((Fm)2 + (Fo2)? + (Fos)Q))
(2 (F) 7](]:)>Cl(3,1)* =A4(FpFr — FyyFw) = —G2 (F, F)

3 3
OF) I Fasay =4 Y, Fy) =D (Foy)’ | = G2 (F,F) (128)
{ij}=1 j=1

So, up to the sign, we have the same quantity.

10.2 Scalar products on the Lie algebras

The strength can be seen as a section of the associated vector bundle Pg [T1Spin(3,1), Ad]
and then the scalar product must be preserved by the adjoint map Ad. There
are not too many possibilities. It can be shown that, for simple groups of ma-
trices, the only scalar products on their Lie algebra which are invariant by the
adjoint map are of the kind : ([X],[Y]) = kTr ([X]" [Y]) which sums up, in
our case, to use the Killing form. This is a bilinear form (Maths.1609) which
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is preserved by any automorphism of the Lie algebra (thus in any representa-
tion). However it is negative definite if and only if the group is compact and
semi-simple (Maths.1847).

We have seen in previous Sections that the scalar product on T7Spin (3,1),
induced by the scalar product on the Clifford algebra, is, up to a constant, the
Killing form :

(v (r,w),v (1 W) oyg1y = 5 (F'r" —wh')

a= 1,23 Fiop = Flap

a=4506: Fi,s = Fuap

(Foas ) Fon, (m)) = (0 (Frap. Fuas) v (Finun i)
=i (}—ﬁaﬁf;m — FvasF o

w

Cl

3 6
1 a a a a
(Faap (M), Fa, (m)>cz =1 (Z FlapF e — Z]:Gaﬁ]:G)\u> (129)

a=1 a=4

The result does not depend on the signature. This scalar product is invariant
in a change of gauge, non degenerate but not definite positive.

10.3 Scalar product for the strength of the field

We have to combine both scalar products.
The scalar product on TySpin (3,1)" @ Ty Spin (3,1) is expressed by :

(S0 (XTI, 5% @ iy 0y [V]E K ® ka)

= (X0 (Z0o T m) @ ko, 06y (0, VI R7) © k)

=3 (S0 (o (X w0 Ikt = S0 (00 [XTL s, 00, V]

=1y (S X V) - o X1 )

15 (3 (S X YT - S0 XL 1Y)

= 35 Som (Zho X1 Y1l - S (X YT

=S (T K Y, - X XD, Y]]

(0 (Fa), 1 (Fa))

-5 1([F532 + [Fh)” + [Fo]”) = ([Fose) + [Fo1a)” + [Flan])
— ([Fton)® + [Foa]” + [Fo]”) + ([Foa)” + [Foe]” + [Flos]®)

= St ([Fl)” + [Fha]” + [F]”) = ([Froa)” + [Floa)” + [Flua]”)

b

(Rl [+ [PL]") - ([me [Fhal” + [Fous]))

_Ebl Z (]:bfb) ZGQ(fqia]'—fu)
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= S =3 (2280 FrOFl ) + 4 (-2 50 PP )
=4 050 () Fras = (F27) fwaﬂ)

3
(2(Fa),a( =% > (f“ﬁ Frap — (FO)' fwag) (130)
aB=0

This scalar product is invariant in a change of charts or in a change of gauge.
However its expression depends on the decomposition between the transversal
and rotational components, characteristic of the observer, as can be seen in the
orthonormal basis. It does not depend on the signature of the metric but is not
definite positive. All these quantities are, of course, estimated up to constants
depending on the units.

10.4 Energy of the field

And we can state :

Proposition 55 The energy density of the gravitational field is the scalar
product () (Fa) .1 (Fa))

The question of the energy of the gravitational field has been a topic of
discussion for years and it is generally accepted that it has no precise value
(see Wald). We have here another, consistent answer : there is a density of
relativist momentum and energy, which have precise definitions, and whose
measure depends on the observer. Notice that these quantities can be computed
in the usual frame work : it then involves the Riemann tensor, it is simply more
obvious in the fiber bundle presentation. Moreover the gravitational field has
a distinctive feature : the energy of the gravitational field has two components
which have opposite signs. This can explain the fact that the gravitational field,
as we measure it, is exceptionally weak : the electromagnetic force is some 39
orders of magnitude greater than the force of gravity.

The energy of the gravitational field does not depend on the chart or the
observer, it is similar to (Sp, So) for particles. This quantity is not necessarily
positive. However, incorporated in a lagrangian along with the definition of the
energy for particles, it provides the expected solutions. We must also remember
that the similar scalar product (Sp, Sp) can be negative for antiparticles.

In Thermodynamics, only the variation of the energy of a system has a
physical meaning, and it was a source of discussion when Relativity introduced
the idea of an absolute energy for particles with ¢? (P, P) . This absolute energy is
linked to the existence of a fundamental state (here represented by Sy). And one
can wonder if something similar does exist for the fields. Indeed QTF considers
the “energy of the vacuum”. This vacuum is intended as an area where there
is no particle or boson (so where is no field), but it has quite an animated life
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with virtual particles. So it is worth to consider the existence of a fundamental
state for the fields.

The quantity for which it could be defined must be geometric, so it would
apply to j (Fg) which would change with the action Ad™" x Ad of the group.
But then we would have to introduce explicitly the value s (m) of elements of
Spin (3,1) :

7(Fa) (m) = [Adsam)] 12 (Fa)] [Ade1(m)]

Formally this is not much trouble for Spin (3,1) but less so for U, at least
for the fields other than the EM field. Physically we would expect that similarly
the state of a particle would be defined on E ® E with the action vC' x yC'~!

b (m) = [C (s (m)] [o] [3C (s (m) ™)
Then the key variables of any model would be a section s € Pg. But we will
not explore this venue.

10.4.1 Identity

We have a useful property which is more general, and holds for all the fields:

Theorem 56 On the Lie algebra T1U of a Lie group U, endowed with a sym-
metric scalar product <>T1U which is preserved by the adjoint map :

VX,Y,Z e WU : (X,]Y, Z])) = (X, Y], Z) (131)

Proof. Vg € U : (AdyX, Ad,Y) = (X,Y)

take the derivative with respect to g at g =1 for Z € ThU :

(Ad,X)' (Z) = ad (Z) (X) = [2. X]

<[ZvX] 7Y> + <X7 [Zv Y]> =0+ (X, [Yv Z]> = <[ZvX] 7Y>

exchange X,Z:

= (Z.[Y, X)) = ([X,2],Y) = — (2,X].Y) = — (X, [V, Z)) = — (Z,[X,Y))
]

10.5 Norm on the spaces of the relativist momentum of
the fields

As usual a norm is required for the application of QM theorems.

For the gravitational field :

1(Fe) € X (P [ThSpin (3,1)" ® Ty Spin (3,1),Ad~" x Ad])

With the Cartan decomposition in C1(3,1)" @ Cl(3,1) :

T1Spin (3,1) ®@TySpin (3,1) = (L ® Py)®(Lo ® Py) = (L @ Lo)®(L§ ® Po)®
(Py @ Lo) @ (Py @ Ry)

The projections :

mu : T1Spin (3,1)" @ Ty Spin (3,1) — L ® Ly

mp « T1Spin (3,1)" @ Ty Spin (3,1) = Li @ Py ...

are well defined

VT € Ty Spin (3,1)" @ T1Spin (3,1) = my (T) + mp (T') + 7 (T) + 7 (T')

The scalar product is extended to the tensorial product by :
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VX, X" €10, Y.Y' €po (X @Y, X' ®Y') = (X, X"), (V.Y'),

and similarly for the others. The norm on T} Spin (3,1)" ® Ty Spin (3,1) is
then :

1) =

\/<7Tll (1), 7 (1)) + (mip (T) 7 (1)) + (et (T) s 700 (1)) + (7 (') 7 (1))

We define the norm on the space Ay (M;T1Spin (3,1)) by :

| Fell = 12 (Fa)ll
This norms is invariant in a change of chart or in a change of gauge.

With these norms the set :

L = L' (M, % (Pg [T1Spin (3,1)" @ T1Spin (3,1) ,Ad™" x Ad]) , @) =

= {7 (Fe) € X (Pg [Ty Spin (3,1)" ® Ty Spin (3,1),Ad™" x Ad]) : [, [|Fc|lwa < 0o}
is a separable Fréchet space.
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11 STRUCTURE OF THE GRAVITATIONAL
FIELD

Force Fields present several specific features, which can be easily identified in
the representation with fiber bundles.

11.1 Quantization of the gravitational field

We consider as variables sections of the vector bundle as defined above. We can
implement the theorem (QMR Th.22). There are a Hilbert space Hg, and an
isometry T which associate a vector to each map j(Fg) :

TG : Lé — Hg

Ug="TcoAd ' x Ado T

(Hg, ﬁg) is a unitary representation of Spin (3,1),

Moreover we can also implement the theorem (QMR Th.24) by adding the
variable (3 (Fa), 7 (Fa)) = Ya. To each level of energy of the fields in the system
is associated a subset Hg (Y¢) invariant by Ug, that is belonging to one of the

irreducible representations of (Hg, [7@ .

The only unitary representations of Spin (3,1) are infinite dimensional, and
parametrized by two scalars z € Z, k € R.

As a consequence, for a given level of energy, the gravitational field is char-
acterized by two scalars z € Z,k € R. The real k can be linked to Y5 and we
will see below that z is linked to the spin of the field.

11.2 Spin of the Gravitational Field

With the Cartan decomposition in CI(3,1)" ® C1(3,1) :

T1Spin (3,1) " ®@T1Spin (3,1) = (L & Py)®(Lo ® Py) = (L ® Lo)®(Ly @ Py)®
(Py ® Lo) @ (Py ® Fy)

The projection :

7 Ty Spin (3,1)" @ T1Spin (3,1) — L @ Lo is well defined and L ® Lo has
the structure T Spin (3)* @ T1Spin (3)

™ (1(Fa)) = X pm b (Fe)ly R (m) @ Fa (m)

=430 (Fo R+ FAR2+ FY RP) @ R,

3
T((Fa) =43 > Fu, (P;Pfﬁl +POPIR? P;P§ﬁ3) ®Ra (132)

a=1ap=0

We can define a relation of equivalence on

X (P [T1Spin (3,1)" @ T1Spin(3,1), Ad™" x Ad]) :

) (Fa) ~ 3(FL) 7 () (Fa)) = 7 () (F)

and the class of equivalence of j(Fg) does not depend on a spatial basis.
7 (3 (Fg)) can be defined as the spin of the gravitational field. It is quantized
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: (7 (Fg)) belongs to a 2541 dimensional vector space, isomorphic to (Pj, Dj)
with j € N. The gravitational field has an integer Spin. The spin depends only
on the components Fy_ ;.

An elementary representation of the gravitational field, on a given Qs (t),
involves only 7 (7(F¢g)) : a tensor defined in an euclidean, spatial basis. The
vacuum, on a hypersurface 3 (¢) ,is invariant by the action of SO(3).For ¢ fixed
the maps 7 (3 (Fg)) (o (t,z)) are sum of harmonic polynomials, and clearly one
can identify the arguments of the functions, at least locally, with coordinates
of points in Q3 (¢). Harmonic polynomials have been introduced originally as
solutions of the gravitational field, and so we are lead to identify 7 (y (Fg)) with
the spatial component of the gravitational field, as it is usually understood.
Which gives a physical meaning to the decomposition of Fg in Fp., F.

11.3 Scalar curvature

The tensor j (Fg) reads, with the dual basis
J(Fa) =43 Fey R O Kot Fa RO R ot Flg RO R o+ Fly RA®
ot Fapu R @ Ra+ Fas RO® Ko}
Thus we can contract the tensor, and the scalar :
R =4 (Flay + F&13 + Fooy + Féoy + Féoa + Flos)
=4 050 FrapPs Py AT 0 PSPy +-F g P Py 4 Foyag P PU T o0 g PSPy +
Foas PSPy

R =2 (— Eiij:l > ap€lai,j) ‘Fgaﬁf)iapf +23 0 Y ffJOaPaa)

is invariant in a change of gauge or chart. And we retrieve the usual scalar
curvature, up to a constant :

R =301 250 Fao [Plo + Cag Frag Xpgmr € (a,4,0) [P [Pl

R' = —-2R

From the quantization of j(F¢g) one can deduce that the scalar curvature
should be related to the level of energy and to the spin.

The curvature is comprised of a translational and a rotational part. The
latter is fully defined by the spin :

Rpy =4 (Fégy + Fns + Féo)

It is invariant by a change of spatial gauge, and its value is quantized.

The decomposition of F¢g in its transversal and spatial components seems
physically significant. Fg is equivalent to the Riemann tensor, for which the
decomposition is less obvious. The physical meaning of the torsion has perhaps
been wrongly understood. So this remark suggests that the right variable to
study the gravitational field is (G, G,) with 24 components, and not the Levi-
Civita connection.

11.3.1 Symmetry of the force field

It is common to assume that a field is symmetric : a geometric transformation
in the space Q(t) of an observer is such that the field looks the same. This
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problem is simple in the fiber bundle representation : a symmetry of the field is
equivalent to a global change of observer given by an element s (t) € Spin (3).
[ (Fo)l = [Ads] [ (Fe)l [Ads—] = [ (Fa)] & [Ad] 1 (Fe)] = [1 (Fe)] [Ad,]
with the 6 x 6 matrix :
ErF

and s (t) = a, (t) + ( (t),0) it sums up to the matricial equations :
Fr=([L4arj () + 35 (r) 5 (] F7 + [V = a7 + 55 (1) ()] F*) [1 = arj () + 35 (r) j (r)]
FY = [a2+arj(7")+2](7“)1( )] F [l—arj(r)+4j( )j(r)] =

F':):{([l‘Far.]( )+ 35 (r)i(r )} +[L—al+ 17 ()i EP) [L—a+ 1] (r) j(r)]

(M 4ag(r)+35(r ) (r)] [1—a3+ij (r) ()] Fy) [a? = arj (r) + 57 (r) j (r)]

Fy = la} +aj(r )+2J( 1) (0] B2 [1— a2 + 45 (1) ()]

[0+ ad (1) + 35 () ()] B2 [a2 = a,g (r) + 3 (1) (7)] =

The set of polynomials of 3 x 3 matrices A + Bj (1) i (r) 7
mutative algebra, so the solution is :

)] — | AT B+ Cri ()5 ()] AL+ B (1) + Cj (1) (1)

[AY + Byj(r)+Cri(r)j(r)] [AG+ Byj(r)+Cy

and the equations give 3 potential solutions :

i) r = 0: this is the spherical solution

i) a2 = 3 AY = 0;

(-3 -3 i F+ [+ 35 (i) (FT +2Fy) =0

=0
[a2 =1+ (3a2=1)j (r)j ("] Fiy + [1— a2+ 1j (r) j(r)] (F7 +a2F¥) =0
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12 CONCLUSION

In the first part of this paper we have shown that the geometry of GR can be
set up in a comprehensive and consistent framework, in the second part we have
shown that the kinematic of particles can be represented in a formalism which is
consistent with QTF and GR, and in the third part that gauge theories can be
extended to the gravitational field. Moreover the tools which have been defined
enable to deal, more easily and in a general way, with the usual problems. In
particular we have proposed the definition of a deformable solid, which can be
used in Astro-Physics.

Of course all the material presented here can be put at work. The natural
successive step is to introduce a lagrangian. Its perturbative formulation is :

fQ{Zaﬁ Ce (Fa,Fa) + C[/J,% (S, Vv S)}oy

which leads to first order differential equations :

Ay (r) 284 Ay (r,w) B2 4 Ay (r,w) G+ Ag (r,w) Gy = 7K,

By (r,w) 2+ By (r,w) L2+ Bs (r, w) Gr4+By (r,w) Gy = — g i,i:l P (ktXa + Aa) git
wky, R

KX =0

for the spinor field, where A; (1), ... are matrices, K,, K,, are scalars, and

to the equations :
Va,Va = 0.3: 325_ 95 (fg“ﬂ det P’) —0
SLpv @ v (K [Dy ()], =k [Du (M) = 3, [F&, G| @ 06

for the gravitational field. The energy of the system is conserved, and we
have the additional equation :

Ve, B Cru VP (8,0a8) +4Ca Y5y (FE),0Gry = 0,Ga )

= 0 (1Cuut (5, 98) +2C6 5230 (FA . 0xGi))
Moreover the formalism helps to have a glimpse at the gravitons.
All these additions are seen in the book “Mathematics in Physics”.

The representation of the gravitational field by connections on one hand,
and of the gravitational charges by spinors on the other hand, shows striking
similarities with the EM field : indeed they are the only fields which have an
infinite range, the EM charge can be incorporated in the gravitational charge,
and their propagation equations are similar. This similitude has been remarked
by many authors, Heaviside, Negut, Jefimenko, Tajmar, de Matos,...and it has
been developed in a full Theory, which has sometimes be opposed to GR. We
find here that these similitudes exist in the frame of a GR theory which al-
lows for a more general connection and the use of the Riemann tensor, so it
seems more promising to explore this avenue than to fight against GR. As we
have seen the gravitational field shows in all its aspects two components. The
“magnetic” component can be assimilated to the usual gravity : this is the
one which acts in the 3 dimensional space. The “electric” component acts in
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the time dimension, and it seems logical to give it a cosmological interpreta-
tion : it would be the engine which moves matter on its world line. Both
components have opposite effects, and there is no compelling reason that it
should always be attractive. The representation of the gravitational field in
the bundle Pg [TlSpin (3,1)" @ T1Spin (3,1),Ad~" x Ad} enables to explore
more efficiently the structure of the field than the usual Petrov-Pirani-Penrose
classification based on the Weyl’s tensor.

139



13 BIBLIOGRAPHY

R.D.Anderson Some open questions in infinite dimensional topology Proceeding
of the 3d Prague symposium Praha (1972)

R.Coquereaux Clifford algebra, spinors and fundamental interactions : twenty
years after arXiv:math-ph/0509040v1 (16 sep 2005)

J.C.Dutailly Mathematics for theoretical physics arXiv:1209-5665v2 [math-
ph] (4 feb 2014)

J.C.Dutailly Mathematics in physics Cnrs hal-01169985 (30 jun 2015)

J.C.Dutailly Quantum Mechanics revisited Cnrs hal-00770220 (1 july 2015)

G.Giachetta,L.Mangiarotti, G.Sardanashvily Advanced classical field theory
World Scientific (2009)

M.Guidry Gauge fields theories Wiley (1991)

A.W.Knapp Lie groups beyond an introduction Birkhauser (2005)

I.Kolar, 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)

E.H.Lieb, M.Loss Analysis American Mathematical Society (2000)

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)

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).

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)

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)

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)

Mesgun Sehbatu The standard model and beyond (1992)

M.Tajmar, C.J. de Matos Coupling of Gravitation and Electromagnetism in
the Weak Field Approzimation arXiv:gr-qc/0003011 (2003)

R.M.Wald General Relativity Univ.Chicago (1984)

S.Weinberg The quantum theory of fields Cambridge University Press (1995)

S.Weinberg Dreams of a Final Theory Pantheon Books (1992)

140



14 ANNEX 1: CLIFFORD ALGEBRAS

This annex gives proofs of some results presented in the core of the paper.

14.1 Products in the Clifford algebra

Many results are consequences of the computation of products in the Clifford
algebra. The computations are straightforward but the results precious. In the
following (g, 0) = —1 with the signature (3,1) and +1 with the signature (1,3).
The operator j is reminded in the Formulas at the end of this Annex.

14.1.1 Product v (r,w) - v (', w’)

) (T’, w) e % (’LU180 - €1+ w280 < €2 + UJBE() - €3+ TBEQ - €1+ ’I”251 - €3+ T1€3 . 82)
) (’I”/, w’) = % (’wllé‘o - €1+ w’250 < €2 + w’3ao - €3+ TIBEQ - €1+ T/2€1 - €3+ ’I”/183 . 82)
With signature (3,1) :

v (r,w)v (', w') = 5 (whe' =1t )+50 (G (r)r' = j (w)w',j (w)r' +j (r) w') -

%(wr +rtw')eg-e1-eq-e3
From there the bracket on the Lie algebra :

[v(r,w),v (W) =v(rw) v, w)—v@ W) v(rw)

[ (r,w), v (', w)] = v (G (r)r' =7 (w)w',j (w)r'+ 5 (r)w) (133)
With signature (1,3) :

v (rw)v (', w') = 3 (' — ') —gu (=) (r)r' + j (w) o', j (w)r' + j (r) w') -
% (wtr' + rtw’) Ep-€1°€2-€3
From there the bracket on the Lie algebra :

[v (r,w), v (', w)] = —v (G (r)r' —j(w)w',j(w)r' +j(r)w) (134)
In both signatures the basis of the Lie algebra is denoted :
71 = l53 €2,
? = %‘51 - &3,
K3 = ?52 €1,
K= ?50 €1,
75 = ?50 €2,
?6 = 580 €3
a,b,c=1,2,3

[ a ﬁ3+b] = € (C, a, b) ?34_0
[ 31a, Rass] = €(c,a,b) Kape
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14.1.2 Product on Spin(3,1)

Because they belong to Clg (3,1) the elements of Spin(3,1) can be written :

s =a+3 (wleg-e1 +wieo g2 +wieg -3+ 135 61 + 1%y ceg +1leg - e0)+
bE()-El rE9 €3

where a, (w?, 77 )?:1, b are real scalar which are related. That we will write
with

E5 —Ep-€1°€E2"€3 (135)

s=a+uv(r,w)+ bes (136)

And similarly in CI (1, 3)

s:a+v(r,w)+b50~£1 €9 €3

The product of two elements of the spin group expressed as :
s=a+v(r,w)+bes

s =d+v(,w)+bes

can be computed with the previous formulas.

i) With signature (3,1)
v(r,w)es = v (r, —w)
esv (', w') = v (', —w')

€5 €5 = -1
s-8=a"+v(,w)+bey-e1-e2- €3
with :

a” =aa —b'b+ 1 (wtw' —rtr)

b =ab +ba’ — (W' +rtw’)

=3 () —j(w)w)+adr+ar’ —bw—bu

w” =5 (j (w)r' +j(r)w') + d'w+ aw' +'r + br’

So we have in particular :

(a-+0(0,0) - (0’ + v (0,0)) = aa’ + Ywtu! + v (— (j (w) wf, a'w + aw'))
(a+v(r,0)- (@ +v(,0) = ad’ — 37" +v (35 (r)r' + (a'r +ar’) ,0)
(aw +v(0,w)) - (ar +v(r,0)) = awa, + v (aywr, a,w) — % (whr) es

ii) With signature (1,3)
s=a+v(r,w)+ bes
s =d+v(,w)+bes
v(r,w)-es =v(w,r)
esv (r,w') = v (W, 1")

€5 €5 = -1
s-8=a"+v(”,w)+beg-e1-e2- €3
with :

@’ =aa —b'b+ (W' —rir’)
b’ =ab +ba’ — L (wh’ + rtw’)

=21 (r)r —j(w)w) +adr+ar’ +bw+ bw’
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7

w’ = =5 (j (W) r' +j (r)w) + a'w + aw’ + b+ br’

14.2 Characterization of the elements of the Spin group
14.2.1 Inverse

The elements of Spin(3,1) are the product of an even number of vectors of norm
+1. Consequently we have :
s+t = (v1.vgp) - (Vo v) =1
The transposition is an involution on the Clifford algebra, thus :
(a+v(r,w)+beg-e1-e2-€3)- (a+v(r,w)t+b£3 “E9 €1 -50) =1
(a+v(r,w)+beg-e1-e2-€3) (a—v(r,w)+beg-e1-e2-€3)=1
=4 (CL—FU(T,w)—l—bEO'El =P '5‘3)71 = (CL—U(’I”,U))—FZ)EO'El c €9 '53)
and we have the same result in CI (1, 3)

(a+ v (rw)+bes) " =a—v(r,w) + bes (137)

14.2.2 Relation between a,b, r, w

By a straightforward computation this identity gives the following relation be-
tween a,b,r,w :

1. With signature (3,1)

(a+v(r,w)+beg-e1-e2-€3) (a—v(r,w)+beg-eo-e1-69) =1
=a” +’U(T”,U]”)+b”€0'51 © €9 €3

with :

a” =a? - b+ 1(—ww+rtr)=1

b =ab+ba— ; (—w'r —r'w) =0

=3 (=j(r)r+jw)w)+ar —ar —bw-+bw =0
w’ =3 (—j(w)r—j(r)w)+aw—aw+br —br =0
a? = b =1+ 1 (wlw—r'r)

So, for any element : a 4+ v (r,w) + beg - €1 - €2 - €3
we have :

a? = =1+ 1 (ww—rir) (138)

ab = —%rtw (139)

and we keep only 6 free parameters. a,b are defined from r,w, up to sign,
with the conditions:

) rtw#0:b=—2Lrtw
=3 (4 o =) (4 =)+ )
i) rfw =0:

(wtw—rtr)Z—4:a:e\/l+%(wtw—rtr);b:()
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(w'w —r'r) §_41b:€\/— (14 % (wtw—r7tr));a=0

So :
if r =0 then : s = €,/1 4+ Jwtw + v (0, w)
if w =0 then

rir <4:s=ey/1—2rtr +v(r,0)
rir>4:s=v(r,0)+e/3rir — les

2. With signature (1,3)
(a—v(r,w)+beg-e1-e2-€3) (a+v(r,w)+beg-ea-e1-69) =1
=a”+v(”,w)+beg-e1-e3- €3

with :
r”’ :%(—j(r)r+j(w)w)+ar—ar—|—bw—bw:O
w = —3(—j(w)r—j(r)w)+aw—aw+br — br’

a’ =a?-0b>+ % (—ww + rir)
b =ab+ba — ; (—w'r —r'w)
we get the same relations.

14.3 Homogeneous Space

The Clifford Algebras as well as the corresponding Spin groups, for any vector
space E of the same dimension and bilinear form ¢ of the same signature are
isomorphic. The Clifford Algebra C1(3) is a subalgebra of C1(3,1) and Spin (3)
a subgroup of Spin (3,1).

The Clifford algebras and Spin Group structures are built from the product
of vectors. The structure C1(3) can be defined from a set of vectors only if their
scalar product is always definite positive. So, in a given vector space (E, g) with
Clifford Algebra isomorphic to C1 (3, 1) the set isomorphic to C! (3) is not unique
: there is one set for each choice of a vector g9 € E such that g (gg,g9) = —1.

14.3.1 The sets isomorphic to CI(3)

In E let be E+ the orthogonal complement to gg : B+ = {u € E : g (g9, u) =0} .
This is a 3 dimensional vector space. The scalar product g induced on E+ by
g is definite positive : in a basis of E the matrix of g* has 3 positive eigen
values, otherwise with g we would have another signature. The Clifford Algebra
Cl (EJ-, gJ-) generated by (EJ-, gJ-) is a subset of CI (F, g), Clifford isomorphic
to C1(3) . There is a morphism of Clifford algebras : m : Cl(E, g) — Cl (E*, g*)
such that : Vu € E:u =7 (u) + ueo, g (7 (u),m (u)) > 0 iff u # 0.

The Spin Group Spin (E,g) isomorphic to Spin (3,1) is projected into a
subgroup Sp (EL, gL) isomorphic to Spin(3).

Spin (E L gL) is characterized by the following theorem, which can be proven
with any orthonormal basis of E containing g :
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Theorem 57 The subset of Spin(3,1) of the elements which commute with g
is a subgroup of Spin(3, 1). They leave g9 unchanged : Ads, co = 8, €0 5,1 =
g0 = [gly€i- They read : s, = a+ v (r,0)

Proof. s, =a+v(r,w)+beg-e1-e2-€3
b)
Sr €0 = €0 Sr
In CI(3,1) :
s-eg=acg+v(r,w)eg—bey-eo-e3=¢€g-s=aeg+ecgv (r,w)+bey-e9-€3
b) b)
v (r,w)eg =
w1€0'€1'€0+w2€0'82'€0+w3€0'€3'€0+'f'382'81 -£0+7°251 -83-€0+T‘183-82-80)
% (wlsl + w252 + w?’sg - 7‘380 “E€1-E2+ 7‘280 ©€1-E3 — 7‘180 s €9 - 53)
gov (1, w)
=1 (w'egeo - 1 + wlegeg - €2 + weoeg - €3 + riegen - €1 + r2eger - €3 + rleges - €2)
% (—’w161 — w252 — w353 — ’I”BE()El - €9 + 7"26061 cE€3 — 7"16062 . 63)
aco+ 5 (wrer + wles + wies — rleq - €1 €2 + rieper - e3 — rleges - e3) —ber-
€9 €3

|| ol
—

= agg + % (—wlal - w252 — w353 — 7“35051 - €9+ 7“25051 - €3 — 7‘18082 -53) +

b&'l cE9 €3

w=0,b=0

In CI(1,3) :

s-g9 =acg—v(g)eg—ber-ea-e3 =ep-s =aco—eov (g)+ber-e2-63 =>b=0

v (g)eo =
%(wlso-sl-50+w250-52-50+w350-53-50+r352-51-50+7°251-53-£0+r153-52-50)

% (—w451 — w252 — w353 — 7‘360 c€1 €2+ T2€0€1 c €3 — T1€0€2 . 63)

€0V (g) = % (wlsoso ce1 + w3egeg - €2 + wiepeg - €3 + 13epeg - €1 + r2eper - €3 + rlepes - 52)
1

=3 ( Hel +w?ey + wieg — r3eger - €9 + r2eger - €3 — rleges - 53)

sw=0m

So the elements such that s = v (r,0) + €1/ 3rfr — les are excluded and we

are left with
1
s=¢ <1/1 - Zrtr—l—v(r, 0)) (140)

These elements constitute a subgroup, as it can easily be checked with the
formula for the product. They are generated by vectors belonging to the sub-
space spanned by the vectors (ai)le so they belong to Cl (EJ-, gJ-) and can be
identified with Spin (EJ-, gJ-) , isomorphic to Sp(3).

The scalars ¢ = +1 belong to the group. The group is not connected. The

elements s = /1 — %rtr + v (r,0) constitute the component of the identity.

14.3.2 Decomposition of the Lie algebra

The Lie algebra T7 Spin (3, 1) is the direct sum of the two vector vector subspaces

X e Spin(3,1) = X =v (r,w) =v (r,0) + v (0,w)
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The Lie bracket reads :

[ (r,w), v (', w)] = v (G (r)r' =7 w)w,jw)r'+5(r)w)

thus :

[0 (r,0), v (,0)] = v (j (r)1',0)

[U (Oa w) » U (07 w/)] =v (_.] (’LU) w', O)

The vector subspace v (1, 0) can be identified with 77 Spin (3) . It is generated
by the vectors (g1,€2,3) if {€0,20) = —1. And similarly in CI(1,3).

For any element v (r, w) of T1.Spin (3,1) we have the identity :

v(r,w)-eg—¢eg-v(r,w) =w

Thus v (r,w) € T1.Spin (3) & v (r,w) g0 —ep - v (r,w) =0 w=0

14.3.3 Homogeneous space

The quotient space Spin (3,1) /Spin (3) (called a homogeneous space) is not
a group but a 3 dimensional manifold. It is characterized by the equivalence
relation :

S:a—I—U(T,’LU)—I—bEO'El '62'63NS/:a/—FU(TI,wI)—l—bIEQ'El'62'63

< 3Js, € Spin(3):8 =55,

As any quotient space its elements are subsets of Spin (3,1).

Theorem 58 In each class of the homogeneous space there are two elements,
defined up to sign, which read : s, = % (ay + v (0, w))

Proof. Each coset [s] is in bijective correspondence with Spin (3).
So [s] = {S’ =s- (6\/1 —3ptp+v(p, 0)) Pt < 4}
In Spin(3,1) :
s=a+uv(r,w)+ bes
§=d+v@w)+bes

a =ae\/1— Tptp— 1rip

Y =bey/1— 1ptp — twlp

=3 (r)p+rey/1—iptp+ap
w' = 57 (w) p+wey /1= 3ptp + bp

a? = b =1+ 1 (w'w—r'r)

ab = —3r'w
We can always choose in the class an element s’ such that : v = 0. It requires

c(3i(r)+al)p=—re /1 —1ptp
This linear equation in p has always a unique solution :

p=—e\J1= 10 pagarrersy (402 +7'r) T = 2aj(r) + 5 (r) j(r)) v

= ¢ \/ 1- iptpa(4a21+r‘r) (4@2 + Ttr) r

= —€y/1— %ptp%r
plo=(1-10'p) 5= (r'r) =
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(@ +1(r10) plp = (r'r)

4(7“%)
P'o= ey <4

1 _ 4a? _ 2
\/1 - Zptp - \/4a2+a(rfr) - \/4a2j,(,rt,r.)
p=-

€C—F———=T"
4a24(rtr)
/ 1

a =aey/1— %ptp— %’rtp: 2% (4a2+rtr) = %e\/4a2+7“tr
_ 1, 1 _ 2 1
w = 55 (w)p+ we 1—Zptp+bp—67m(ij(r)w—i—aw—br)

= beyL— Tt huwtp = e (ab+ Juir) =0
s = (ev4a? +rtr) x

(% +v (O’eﬁ(rfr) (37 (r)w+ aw — br))) : (eiﬁwr)) (a+v(r,0))

So any element of Spin (3,1) can be written uniquely (up to sign) :
s=a+v(r,w)+beg-e1-2-€3 =Sy Sr = (aw + v (0, wy)) - (ar + v (0,7,))
and :

(aw + v (0,wy)) - (ar + v (0,77)) = @war + v (@wry, arwy) — 3 (Whry) €5

In CI(1,3) we have the same decomposition with the same components.
S:a—I—U(T,’LU)—l—bEO'El ©E9 €3 =

» _1_ /1.2 t 2 —
7 = aurr = s€Vida +rtre—=——r=r
wir 2 \/4a?+(rtr)

W = 35 (Wy) r + AWy

J ((e\/4a2 +rir) eﬁ(rw) (37 (r)w+aw — br)) (e\/ﬁ) r

1

2

+ (E\/ﬁ) a (E\/ 4a? + TtT) Eﬁ(’rt’r) (%j (T) w—+ aw — bT)
92

= 95 (eqprmsy (53 () w4 aw — br) ) v+ ey (7 () w+ aw — br)
= (eqmim) U (33 () w+aw—br) v+ a2 (55 (1) w+ aw = br))

= (expriery) (33 G () w) r— aj (w) 7+ a (r) w + 2%w — 2abr)

= (64a2+2(rtr)) (3 (wr' —rw')r+2a*w + 5 (r'w) r)

= (64a2+2(rfr)) (3w (r'r) — &r (w'r) + 2d%w + L (rPw) r)

—~~ N

~ (ezriry) (402 + (') w) =w m

Remark : the elements +s,, are equivalent :

(aw + v (0,wy)) ~ = (aw + v (0,0w))

Take s, = —1 € Spin (3) : =S = Sw * Sr

So +s, belong to the same class of equivalence. In the decomposition :
S = €Sy * €Sy, €Sy 18 a specific projection of s on the homogenous space.

14.4 Adjoint map

The translations on Spin (3,1) are :
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Lsh=g-h,Rgh="h-g
and their derivatives :
Lih T Spin (3,1) — Ty.pSpin (3,1) =2 Lyh (Xn) = g+ Xa
R’h Ty Spin (3,1) = Th.qSpin (3,1) = R’h( ) =Xn-g
The1r inverse are, as in any Lie groups :
-1 —1
(Lgh) =Ly (g-h); (Ryh) = Ry (h-g)
T,Spin (3,1) C CI(3,1) and there are two linear maps :
L) g :TeSpin (3,1) = T1Spin (3,1) :: L] 19 (Zy) = g 'z,
R _1g:TySpin(3,1) = T1Spin (3,1) = R _1g(Zg) = Zg - g !
And the adjoint map:
Ady : TySpin (3,1) — T1Spin (3,1) - Adg = Liyg™' o R/ ,1 =R/ _,goLjl
AdyZ = Lyg™ o R\ 1(Z)=Lyg™ (Z-g 1)_9-2-9*1
AdyZ = (Ang);:1 =Ad,Z
With
g=a+uv(r,w)+bes
Z=v(z,y)
AdyX = (a+v(r,w)+bes) - v(z,y) - (a—v(r,w) + bes)
A straightforward computation gives :
Adyvu (z,y) =v(X,Y)
with
[<a+b>2—ab+ Lrtr 4 (a+ ) () + 4 (G () (r) = 27 (w) j (w) + 35 (r) j ()]
+[ab+ grir+ (b—a) j (w) — 1 (35 (w) j (r) + 25 (r) j (w) =5 (r) §(r)] y
Y =
[w'w —ab+ (a+b)j () + 3 (7 () j (w) +2j (w) j (r) + 35 (r) j (w))] =

+[(a= b = dwlw —ab+ (a =) j (1) = 4 (3 (w) j (w) = j (1) j () =27 (r) § ()] v

14.5 Derivatives

Let g: M — Spin(3,1)) : g(m) = a(m) + v (r(m),w(m))+b(m)es
g (m): T,,M — T,Spin (3,1) ::
g (M) up, = a’ (M) um, + v (' (M) U, ' (M) up,) + 0 (M) umes
where w,, € T, M, a’ (m) twm, b (m) wm € R, 7" (M) tum, w' (M) uy, € R3
Thus :

|
N
g
S
3
4
c

(r' (M) U, W' (M) Up) + b (M) umes) € T1Spin(3,1)
(@’ (M) U, + v (1" (M) Uy W' (M) ) + ' (M) umes) - g~* € T1Spin (3,1)
(

v(—% (G(r)r' —j(w)w') —dr+ar’ +bw—bw,
J ' ) —d'w+ aw' —b'r+br')

V(=1 (G (r) 7 = j (w)w') — a'r + ar' + bw — bu,
2G ) +5 () w') —a'w+ aw' — b7+ br')
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14.6 Exponential on 77 Spin

The exponential on a Lie algebra is the flow of left invariant vector fields
(Maths.22.2.6).

i) Left invariant vector fields on Spin(3,1)

As Spin(3,1) C C1(3,1) which is a vector space, a vector field X € X (T'Spin (3,1))
reads X (o) € Cl1(3,1) with the relation :

Lo (X (0)) = X (Ly0) = g X (0) = X (g 0)

Thus the left invariant vector fields read :

X (o)=0-v(R,W) with v (R, W) € T1Spin (3,1)

ii) The flow of X =0 - v (R, W) € X (T'Spin (3,1)) reads:

Dy (t,1)=a(t)+v(r(t),w(t))+b(t)es € Spin(3,1)

Dy (t,1) = exptX =expuv (tR,tW)

expu (LR, W) = a 1)+ (r (6w (1) +5 (1) o5

4 oxpv (tR,tW) |1=p = expv (R, 0W) - v (R, W)
(¢

ft( () +o(r(t),w(t) +b(t)es) li=o = (a(0) + v (r(0),w(0)) +b(0)es) -

v (R, W)
With
a —b2—1—|— 1 (w'w —r'r)
ab = — 4rw

1=a(0)+v(r(0),w(0))+b(0)es

The derivations give :

%—i—v(%,%—?)—i—ﬁadt 9—(@(6‘) ( ( ) w(0))+b()es) v (R, W)
=v((a(0)+b(0)R,(a ( ) (9)) )

—I—i(Wtw—Rtr)—F%v( JR)r+i(W)w,—j (W)T—j(R)w)—%(Wtr—l—Rtw) €5
%o = 1 (W'w — R'r)

Plg = —1 (Whr + R'w)

g = (a (9)+b(9))R+ ( JR)r+j(W)w)

%—Z’It:e—( () bO)W + 3 (—j (W) r—j(R)w)

eI 0~ (0 - )

@b+aab 1,..to0w tor

(
w (6

=15 % ot
The 1ast two equations give :
b(W+R) (w+7)=0
b(W+R) (w—1)=0
iii) We have the morphism :
IT: Spin(3,1) — SO(3,1) = Il (+o
VueR*: Ad,u=0c-u-oc7 1 =1[h
Take a vector field X (o) = o-v (R

)=1[h ( )] such that :
(@) u=1II(+0)u
(R,W) e % (T'Spin (3,1)) then (Maths.1460)

H e} (I)X = (I)H*X e} H

ILX ([h(0)]) =1I' (0) X (0)

mMyHxXQ)=KW)+ J(R)

I (exptv (R, W)) = @ (1yor,w) (t,11(1)) = expt (K (W) + J (R)) = exptK (W)exptJ (R)
IT (exptv (R,0)) = exptJ (R)
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IT (exptv (0, W)) = exptK (W)

IT (exptv (R, W)) = I (exp tv (0, W)) II (exp tv (R, 0))
and because this is a morphism :

exptv (R, W) =exptv (0, W) - exptv (R,0)

iv) Coming back to the previous equations :

For expv (0,tW) :

@| _, = Lt

gt 1t=0 = 1

Stli=o = —1 (W'r)

Ilemo = 55 (W) w

Glio = (a (6) =b (@)W — 55 (W)r

Wt (w+71)=0

Wt (w—71)=0

ifb#£0:

Wiw = —Wir =Wtr =0

bL|g =20 (Whr)=0=> 0> =Ct=b=Ct= Wt =0,
= Wtw =0=a=Ct

=rw=Ct

Thusb—O:>WtT:O

T = T (W) W=1j (W) j (W) w =} (Who) W= (WW'w — (WW)w) =
(WW) w
w (t) = wy exp 3tVWIW + w; exp ( 1tV WtW)
w(0) =0=w; +ws
d—if (0) W = w1 — W

d
w(t) =3 (eXp LVWIW — exp (~ 3tV WV ) ) W = W sinh Lty WO

%'t:@ = 5,7 (W) W sinh §t\/— =0
r(0)=R=0=1r(t)=0

wtw = W'W sinh® 2 tvVWIW

@ =1 =a? = 1+ 1 (WW sinh® Ly W )

expv (0,tW) = /1 + L (WtW sinh? Lev/WEW ) + sinh 2tv/WiWo (0, W
1 2 2
For expwv (tR,0)

%2|i—g = —1R'r

%h:e = —%Rtw

Fili—o = (a(0) +b(0)) R~ 55 (R)r

Gtli—o = —5j (R)w

bR (w+71) =0

bR (w—171)=0

=b=0,Rw=0

&% = —l(Rtr)R —3j(R) (aR-3j(R)r) = —2(R'r)R — 3aj (R)R +
1(R)j (R)r

d2

S i (R'r) R+ 1 ((R'r) R — R'Rr)
Cr _ _1(RtR
ai2 4 ( )
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r(t) =riexpitdVR'R + 1y exp (—it%\/ RtR)
T(O):O:Tl + o

%(O):R—Tl—TQ

r(t) = Rsint3VR'R

rtr = R"Rsin®* t3VR'R

a? —b* =a®>=1- IR"Rsin® t:VR'R
exptv (R,0) = \/1 — 1R "Rsin®t3VR'R +sinti VR'Rv (R, 0)
exptu (R, W) = <\/ 141 (Wthinh2 %t\/WtW) +sinh LV W (0, W))-

(\/1 — 1RrRsin® tLVRIR + sin t 1R R (R, 0))
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15 ANNEX 2 : FORMULAS

15.1 Relativist Geometry

Divergence of a vector ﬁeld V.
3 _ 3 qve ddet P’
divV = 557 tP/ > a=0 dga (Vadet P') =37, G T det P/ Z oV® dcfta

For a motion on an integral curve of the vector field V : dct 7 Z o Ve d ‘fi‘? P _
1 ddet P’
det P’ dr
Between the proper time 7 of a particle and the time ¢ of an observer :
7
d 1

Between the velomty u of a part1cle and the speed V' as measured by an
observer :

:@:V < — 1 7
YA \/knvznz( + eeo (m))

((2a —1)50+eaw2 1wzal)
V= z(ii;; \/—(VV 74—050( )7C(EO+€%¢%—w_12§:1wiai)
V(t):%zcao( )+

15.2 Operator j

Let r € C3,w e C3:

0 —Tr3 T2 w1 ToW3 — T'3Ws2
[Jrw=1{ 73 0 -n wy | = | —rws+r3w;
—To T1 0 w3 T1W2 — T2wWq
3
[7 (r) w]® Zb eq €(a,b,¢) rpw,

() = —i(r) = j(~7)
(@)y = —j(y)z

fi(a) = =2 (y)
(r)y=0<3ke R:y=kx

15.2.1 eigenvectors:

r=rir

1
0: | 7o

T3

— (—=riry +irsr) ]
i — (T% + T%)

rory + 1r1T
— (rirg + irsr)

—1ir (7’% + 7’%)
—ror3 + T80T
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15.2.2 Identities

J(@)i(y) = yx* — (y'a) I

J(@)j(x)j (z) =j (= )(m —(2'2)I) = — (z'z) j (x)

Jx)y) =yt —ay® = j(x)i(y )—J(y) (z)

J()i (x)y) = (') j (z) — (2'2) j (y)

J(@)j(y)i(x) = — (y*z) j(2)
o j)(x)(j ()x)j (y) = j(@)yz'—(y'z) j (v) = —j(y)za’ —(y'x) j (x) = —j(y) ( (z) j () + 2tz)—
y'z) j(x

a'j(r)j(s)y = a* (sr* —rtsl)y = (a's) (r'y) — (z'y) (r's)

( 2 t

l7(@)yl” = (z'2) (y'y) — (z'y)?
L(3) : M*j(Mxz)M = (det M) j(z)
MeO@B): j(Mx)My = Mj(x)y < Mz x My=M (z X y)
B> 0 () = (=)™ (= () 1) = (=) () (r)
k 2 0:J(r)2k+! = (—rtr)kj(r)
- .

Iy + [j ()] 82T 1 [ ()] [f ()] 2ol

15.2.3 Polynomials

The set of polynomials al + bj (2) + cj (2) j(z) where z € C? is fixed, a,b,c € C
is a commutative ring.
(a+0j(2) +¢j(2)j(2) (' +b'5(2) + ¢'(2)5(2))
=ad +(ab +d'b— (2'2) (db+b'c)) j(z)+(acd + b+ a'c— (2'2) dc) j(2)j(2)
The inverse are : (722 a)
. . . — c b"+c"z"—a . .
[al +bj (2) +¢j (2)5(2)] " = LT— 2% (= It laerrranay) ()7(2)

(a—cz2)?+
det (a +bj (1) j (1) + cj(r)j(k) + dj(k)j(r)) =
cd? ( 2k27 — 2 )+ad2z2+c d (Tzkzz — z3)—|—bcd( k2 — p2, )—I—acd ( E%r? + 322)—|—
2abdr?z — 2a%dz + 2aber?z — 2a%cz — 2a2cz
+ + ab®rt — 2a2br2 + @
with z = rtk, r? = rir k2 = k'K

15.3 Dirac’s matrices

fo1]  Jo =] [t o] [10
T=0 o2l o' T o —1]’7°T |0 1

0;0; +0;0; = 25@‘00
0'1-2 = 0p
j#k1=1,2,3:050, =€(j,k,1)ioy

010903 = iUO

(Zi 1 aUa) (Zb 1 VbUb) = Zi<b:1 (G (U)V)"io, + Zi:l UdVaoo

23 - z3 zZ1 — iZQ
a=17ara 21+ 120 —23
3 - 1 3
(Ea:l Za”a) = THeltal > u=1%a0a
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15.4 ~ matrices

0 —iUO . o 0 o1 . _ 0 02| . o 0 o3| .
70:|:7;0’0 0 :|7’71_|:O_1 0:|7’72_|:O_2 0:|7’73_|:0,3 0:|7
Yivj + Vi :1251'3‘14
Vi ==

- 0 go
V177273 = o0 0

go 0
V5 = Y0V17273 = 0

—0o
Y5Ya = —Va5

Cl(3,1) :7C (g5) = 75,5 = 1,2,3;7C (e0) = i70;7C (€5) = 173
Cl(1,3) : vC' (g;) = iv;,5 = 1,2,3;7C" (¢5) = v0;7C" (g5) = 75
. L~ Uj 0

J=12,3:9;= {O o

j 7& k7l = 17273 YV = VR = ie(jukvl)ﬁl
a=1,2,3:7C(Ra) = —3i%a

a_4ﬁxyy0(ﬁg__%r“ 0}
Y075 = A i[o _%]

0 A — N O pu—

_ NJ J Uj O

YaYa = 14

YaYb = 1€ (a/u b7 C) Ye

YaVb + Y6 Va = 20ab14

’Ya:ylb = i€ (CL, b7 C) Ve

~ 0 g0
YaYa = [UO 0
- 0 —io, JUNN 0 —io}
Y0Va = |:an 0 :| = (707a) = |:’L'O'; 0 ]
J=123:97 = -7 =1 [%J _(;j = 1Y57j
. _0'3 0 . 101 0
Y1772 = 7271 =1 0 03} Y273 = =372 =1 {0 01} 5
. -0'2 0
Y31 = =713 =1 0 UJ
Jor 0 o 0
Y0 = TN =1 _UJ 1727 = —Y072 =1 [O _0,2] ;
. -0'3 0
P30 = 70 =1 _UJ

YC (a + v (r,w) + bes) = al +ibys — i3 3, (waYa o + aa)
In CI(3,1):
/YC (U (T7 w)) = _i% Zi:l (wa’YaVO + Tafyia)
Yoy (wa —ira) 4 0
0 - 23 (wg +174) 04

a=1

(SIS

In CI(1,3):
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/YCI (U (Tv ’LU)) = _7’% Zi:l (wa'Ya/YO - T'aﬁa)

15.5 Clifford algebra

Ei'€j+8j'8i:2’l7ij
65'65:—1

15.5.1 Lie Algebras

v(r,w) = é (wlso £1+w2eg -9 + wieg - £3 + 139 61 + 1261 - €5 + rleg - 52)

1= ((17070) ) (07070)) = lES - €2,
2 =((0.1,0).(0.0,0)) = fey - e,
5= 0((0,0,1),(0,0,0)) = Lep- e,
71 =0((0,0,0),(1,0,0)) = Leo - e1,
5 =0((0,0,0),(0,1,0)) = igo - €2,
e =v((0,0,0),(0,0,1)) = %go €3
() (r, w)-ao = % (wlsl + w252 + w?’sg + r3£2 “€1-€0+ r251 ~€3-€0+ r1£3 - €9 - 50)
EQ U (r, w) = % (—wlsl - w252 + w353 + 7‘382 c€1-€0+ 7“251 -€3-€0+ 7“153 - €9 - 50)
v(r,w)-eg—¢eg-v(r,w) =w
v(r,w)-eg+eg-v(r,w) =2v(r0)- e

In CI(3,1):

v(r,w)-es =ep5-v(r,w) =v(r,—w)
v (r, w) U(T w)

:%( )"‘%U(—J(7")7”/+j(w)w/7—j(w)7”/—j(?‘) "— %(wr +rtw') es

o () ()] 2 0 G ()7 — F ) ' () 5 (1))

Adv(z,y) =v(X,Y

with

s=a+uv(r,w)+ bes

X =

[(a+8)° = ab+ 4rir + (a+5)j () + 4 (G () (r) = 27 (w) j (w) +35 (r) j ()] =
(

}t[_abJri?‘trﬂL(b—a)j(w)—i@ j (w) j (r) + 25 (r) j (w) =35 (r)i(r)] y
[jw'w —ab+ (a+0)j (w) + 1 (j (w) j (w) + 25 (w) j (r) + 37 (r) j (w))]

[(a =) — Jwhw —ab+ (a =) (1) = % (3 () j () = () () = 2§ (1) ()] v
In CI(1,3):

(ryw)-e5 =e5-v(r,w) =v(w,r)

(7“ w) v (r,w)

1 (W'’ — 7“?“)—% (=3 ()7 +j () o', (w)r' +j (r) w') =
[ (r,w),v(r,w)]=—-v(i(r)r—jw)w, jw)r +j(r)w )

_|_

e

e

% (whr" + rtw') e

N

15.5.2 Spin groups

s=a+uv(r,w)+bes
a? = b =1+ 1 (w'w—r'r)
ab = —3r'w
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ifrzOthena:ew/l—i—iwtw;b:O
if w =0 then
rtT§4:a:e,/1—%rtr;b:O

rir>4:b=¢€/-1+ 1rir;a=0

Product :

(a4 v (r,w) +bes) " =a—v(r,w) + bes
s-8=a+v(@”,wW)+bey-e1-€9-¢€3
with :

a” =aa —b'b+1 (ww —riy’)
b =ab +ba’ — (W' +rtw’)

1) InCl(3,1)
3 () = ( Jw') +ad'r+ar’ —bw—buw'
%((](w) Jj(r)w )—|—aw+aw +b'r+br

(a—|—v 0,w)) - (a —I—U(O,w’)):aa—l— qwln’ + v (=3 (j (w) W', d'w + aw’))
0))-(a +v(r,0)) = ad — 1rtr’—|—v(2j (r)r’
0,w)) - (ar + v (r,0)) = awa, +v (ayr, 17 (W) r + a,w) — 3 (whr)es

1
r”z%(](r) ’—j( Yw') + a'r + ar’ + b'w + bw'
J j(rw') +dw+ aw +b'r+ br’
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