Another approach to relativity

1. Introduction and summary 2
2. Galilean reference frames and changing reference frames 5
2.1. A reminder of the properties of Galilean reference frameEs .........coo it 5
2.2, ClOCK SYNCNIONMISATION ....vtiiiieiieeie ettt ettt st e st e st e et e et e et e e teesaeessaeeseeesseesaeaaseeaseesseesaeesasesasesaseaabeanbeenbeenbeant e e seeesaeesaeenseenseenseenseessnesann 5
2.3. Change of reference frame in the theory of SPECIal rEIAtIVILY ......cccuiiiiieiiiiiiiie e ae e ae e saeesanesane 6
2.3.1. Taking desynchroniSAtion iNtO QCCOUNT ...........cccueeueerieerieesitesiteeite et ste et ettt e sat st sate st eeteeste e bt e teesaeasstasanesanesanesneenanenses 6

2.3.2. EXIiStENCE Of O lIMIEING SPEEOU.......cveeseeeseieeeieeiieeiee ettt e e tte et e et et et et e s st e st e st e s atesstesaseeateeateeste e st e taasssasssassssensaesssnssesssanses 7

2.3.3. LOTENEZ FOIMUIQE ...ttt ettt st st st st et ettt et e s a e s a e et et e et e et e et e st anstasanesanasasesneenanenses 8

2.3.4. Expansion or contraction Of SPACE QNG TIME............eccueevueerieerieriieie ettt ettt st si e et e et et et e s st e s steeteenneeseenaeenaeenses 9

2.4. Alternative analysis to that Of SPECIAl FEIATIVILY .......iiiiiiieiieieceeee et s e e e st e st e et e e be e be e beesbeessaesssessseens 10
D B g [ ol o (=X PSP P ST PSP PPRPPRPPON 10

2.4.2. NeW COOrdinate CRANGE @QUATIONS .........ccerueeuieieiesieeieeie ettt sttt sae sttt ettt e st e sae s ae e st et e e s se st e s at e st eat et e tensesae et entesens 11

3. Relativistic approach based on the equivalence between mass and energy 14
3.1. Relationship between energies calculated in two Galilean reference frames ........ccoceeiereerienieneee e 14
3.2. ChOOSING AN ENEIGY INVATIANT ....etiitirtieieeiietetesteeteett et et st et eh e eaeea et et e s aeebeeat e st eabeseeebeea e eaeea s e s e besaeeheeatens e besaeebeeseentebeseeebesaeeneensennenne 16
3.2.1. Invariance of the rest MASS Of ANY PATTICIE...........ccueeueeieeieeieeeeesteee ettt ettt et s et st e st s e st e e teete e teenseesseensaenaeanas 16

3.2.2. Conservation of total energy by change Of reference framMe.............cccueecueecuirieeiieisieseestesese sttt esieesane e 17

3.3. Consequences Of tOtal ENEIEY INVATIANCE .....cciiiriiiiieereeteet ettt ettt ettt b et e et be s bt s bt e st et et e sbeebeebeest et enseebesaeeseensennenne 19
3.3.1. Influence of €Nergy 0N CIOCK FRYTAM ........cc..oouveeuieeieeieeteee ettt sttt et e s ettt s e st e st esateeateeteesteeseanseensnenananas 19

3.3.2. CONCEPL Of SPACE ANU LM ...ttt ettt st ae ettt e b s st s he e st et et e s et e e st s it eat et e besaesse et entansens 20

3.3.3. Preferred reference frame, true VelOCity GNd trUE @NEIGY...........cccuveeeeeeiesesieeiieeeiesiesiesit sttt e e sae st st st e e tes e ssesse st esesens 21

4. Taking account of light phenomena 22
4.1. Speed and frequency Of ElECTrOMAGNETIC WAVES .......ccviriiririieieeitet ettt ettt st ettt et et s a e e bt at e s et e st e s besae e st e s e st e s besaeebeensentenbens 22
4.1.1. Speed Of light s the lIMItiNG SPEEU.........cc..ccueeieeieeieeieeee ettt sttt ettt e s at e st e sat e st e s at e s ate s tesateesteesteaseanseassnanananas 22

4.1.2. Universality Of the SPEEA Of lIGNT .........cc.eoeeeiieeieeieeeeeee ettt ettt ettt et et e sat e st e st e st e s at e s ste st eeateenteesteeseanssansnanananas 22
B R 0T o o) [T =) j { =Ly SO 23

4.1.4. Interpretation of the spectral Shift Of AiSTANT SOUICTES .........cccuvevuverierieeiieit ettt ettt st st s st e e et esteesisesinesananas 24

4.2. Energy associated With an €leCtrOMAagNETIC WAVE ......c.oriririririeiee sttt ettt ettt st s b ettt st e b sae e st et et e s besaeebeensenaenbens 24
B B YY1 Ve e [ Lo e T OSSR 24

4.2.2. POWET Of AN EIECLIOMAGNETIC WAVE ...ttt et ettt et esate st st et e st e s st e s st e s atesatesatesatesatesateenteenteeseanseassnanananas 26

5. Gravitation 27
5.1. Formulation of the [aws Of ravitation ...........oiiiiieiieiieciececee ettt ettt e s bt e s et e satesabesatesabeeabeesbe e be e beenbeessbeesteensenns 27
5.1.1. Weak gravitaQtionQl flell JQWS..............ccueiueiieeieeieeieeieete ettt ettt ettt e st e s st e s st e st e s tt e s st e s ateaatesateenteenteenssasssassnanasanas 27

I B0 o 4 Tl o] (=23 To [ (=T SRR 31

5.1.3. The case of photons. Gravitational SPECEIAI SRIFE ............ocueevuveeeesieeieecte ettt ettt ettt st s e st s te e teete e teesteastsassnasananas 32

5.1.4. Case of the action of the gravitational field alone. The theorem of angular MOMENTUM ..............cccueevveevreecreesriesriesieeieeieeaeens 34

5.2. Calculating Mercury's PEriNEliON @OVANCE ........iiiuiiiiiie ettt stee e stee st e st e e st e e st e e s be e e ssaeeessbeeessteeesaseeesnseeeanseeesnseeesnseeesnseaesnsenenn 35
5.3, CUINVATUIE OF lIBNT FAYS .eeeniiiiiiiie ettt ettt e st e et e e s bt e s bt e s htesate e abe e bt e bt e saeesaeesatesatesabeeabeeabeenbeenbeenbeebeenbaenbeeensaans 37
5.4. Pound and Rebka experiment (spectral gravitational €ffECL) ........cuciieiiiiiieiece et re e 38
T 4 =T o1 o I = 1 (T OO OO OO PO PSPPSRI 40
5.6. Comparison with the theory of BENEral FEIATIVITY ......c.iicuiiiiieiiciieeee et s s st e st e s be e be e beesbaesbaessaesseeenseens 42
5.6.1. SCAWAIZSCRIIO MELIIC ...ttt sttt sttt s ettt nesae e st e 42

5.6.2. Explanation of similarities QNd QIffEr@NCES ............c.eeueecieeeieeciesiestes ettt ettt ettt st s e st s e s te e te e te e teeseesseansnanananas 45



Another approach to relativity 26/11/2024

Pascal DUBOIS

Keywords: special relativity; general relativity; gravitation; gravitational field; energy; mass; equivalence; total
energy; invariance; clock; synchronisation; limiting speed; time dilation; photon; frequency; spectral shift;
curvature; Mercury; Einstein; Schwarzschild metric; Pound and Rebka; Shapiro.

1. Introduction and summary

In the theory of special relativity, the principle of relativity (invariance of the laws of physics when
changing a Galilean reference frame) and the universality of the speed of light (independence from the
reference frame and from the velocity of the source) imply that the clocks of two reference frames in
relative motion appear to be out of sync. Apart from this desynchronisation, the equations for changing
coordinates (Lorentz formulae) show a dilation of durations and a contraction of distances from one
reference frame to the other.

Several physical phenomena, such as the delay of clocks in motion or the increase in the lifetime of
atmospheric muons compared with muons at rest, are in agreement with the predictions of the theory
and give reality to time dilation, according to the commonly accepted interpretation. It is implied that
the systems under consideration are not affected by their rectilinear and uniform motion: in particular,
clocks continue to deliver the same unit of time.

From our point of view, this phenomenon of time dilation constitutes a real point of contradiction,
since observers of one reference frame are justified in maintaining that time really does pass more
slowly in any reference frame in rectilinear and uniform motion compared with their own reference
frame.

For its part, the theory of general relativity uses a curvature of space-time, produced by the distribution
of energy, to account for gravitation. In this way, it fully explains phenomena such as the advance of
Mercury's perihelion or the curvature of light rays close to the sun, which can be observed during
eclipses.

The starting point for this paper is the search for an answer to the following question: without calling
into question the principle of relativity, is it possible to construct an alternative, non-contradictory
theory that does not involve distortions of space and time?



After a reminder of the synchronisation of clocks in Galilean reference frames and the establishment
of the equations for changing coordinates between reference frames within the framework of special
relativity, we examine the concept of event and propose an alternative analysis that is consistent with
an absence of dilation of space and time. The change of coordinates is no longer one-to-one.

On the basis of the principle of equivalence between mass and energy and of the fundamental law of
(relativistic) dynamics, we propose a second analysis that supports the previous one. It leads us to
question the principle of invariance of mass at rest, which is accepted in the theory of special relativity
as it is in classical mechanics. We present an alternative to this principle: the energy imparted to a
particle (in a given reference frame) to set it in motion is conserved in the reference frame where this
particle is at rest. The invariant is no longer the mass at rest, but the total energy of the particle. This
hypothesis is consistent with the absence of dilation of space and time.

The phenomena mentioned above then appear to be the consequence, not of time dilation, but of the
variation in energy at rest from one frame of reference to another. Since the atoms in the clock that is
set in motion have greater energy than those in the clock that remains stationary, these two clocks no
longer deliver the same unit of time? .

One chapter is devoted to the consideration of luminous phenomena, comparing the new approach
we are proposing with that of special relativity.

The hypothesis of non-invariance of rest mass naturally leads us to consider that gravitation can have
an influence on it: the gravitational shift of clocks is interpreted as a consequence of the variation in
the rest energy of atoms as a function of their distance from the gravitational source. This implies that
gravitation and acceleration cannot be considered to be completely equivalent.

We show that this hypothesis makes it possible, in the case of weak gravitational fields, to formulate
simple laws while remaining within the framework of dynamics without space-time deformation:

- the variation in the potential energy of a particle, with zero or non-zero mass, is proportional
to its total energy;

- the variation in total energy of a particle is equal to the opposite of the variation in potential
energy plus the work of external forces, if any;

- the rest energy of a particle of non-zero mass varies with its distance from the source. In the
absence of external forces, the variation in energy associated with rest energy and the
variation in energy associated with momentum are each equal to half the opposite of the
variation in potential energy;

- the fundamental law of dynamics can be applied to determine the relationship between the
variation in the momentum of a particle of non-zero mass and the corresponding variation in
energy under the effect of the gravitational field;

- particles of zero mass are slowed down as they pass through the gravitational field.

! at least for an atomic clock



With these laws, the physical phenomena that have been experimentally verified are correctly
explained, including the Shapiro effect. There is a difference with the theory of general relativity in the
evaluation of the gravitational spectral shift, but the result of the Pound and Rebka experiment is still
explained.

In conclusion, the note explains the similarities and differences with the theory of general relativity by
referring to the Schwarzschild metric.

One conclusion, valid for both special and general relativity, could be as follows: the postulate of
invariance of mass at rest obliges us, in these theories, to deform space and time in order to simulate
the invariance of total energy taken into account in the proposed new approach.

A gravitational field model justifying the laws proposed for weak-field gravitation is presented in a
separate note entitled "Gravitational Field, Fundamental Principle of Dynamics and Quantum
Mechanics". This model also makes it possible to take into account a problem that is not limited to two
bodies and to envisage an extension of the laws outside the weak field.

Of course, there is still a fundamental question that may call into question our current
representations of matter and energy: since we accept that particles of the same type can have
different rest energies, what does this difference in energy physically correspond to?



2. Galilean reference frames and changing reference frames

2.1. A reminder of the properties of Galilean reference frames

An observer is aware of the space that surrounds him and of the time that passes. He can situate an
event_i.e. a physical phenomenon? occurring at a point in space_ in his own frame of reference:

- firstly, spatially in a reference frame giving space coordinates using graduations based on a
length standard;

- secondly, in time, thanks to clocks® placed at every point of the reference frame, delivering a
unit of time identical to that of a standard clock;

Galilean reference frames are those in which space appears homogeneous and isotropic and time
uniform with respect to physical phenomena, which means that these phenomena are unchanged by
the operations of translation in space, rotation in space and translation in time. All observers in such a
frame of reference are equivalent.

The very definition of Galilean reference frames dictates that two Galilean reference frames in relative
motion are necessarily in rectilinear and uniform spatial translation motion relative to each other.

If only one reference frame is used, the length standard and the time standard can be chosen
arbitrarily. On the other hand, to compare measurements made in two reference frames in motion
relative to each other, it is necessary to refer to standards common to both reference frames.

We therefore postulate the existence of such standards that deliver the same units of spatial
distance and time in all reference frames. The units of space and time are universal.

On the other hand, we retain the principle of relativity: the laws of physics are invariant to any
change of Galilean reference frame.

2.2. Clock synchronisation

The synchronisation of clocks makes it possible to define the notion of simultaneity of two events
occurring at two different points: in a Galilean reference frame, two events are said to be simultaneous
if they occur at the same instant given by the clocks placed at these points.

It is an essential prerequisite for describing the motion of a moving object as it moves from one point
to another, and in particular for determining its velocity.

The fact that, in a Galilean frame of reference, two identical experiments, shifted by translation and
rotation in space, take place with the same durations, theoretically allows clocks to be synchronised
from any process that can be reproduced identically at different points and in different directions.

2 A physical phenomenon can be simply the positioning of a particle at a given point in time.
3 A clock is a physical device that samples time using a succession of identical cycles.



Because of the uniqueness of time in a given reference frame, any truly invariant process necessarily
leads to the same synchronisation, which is therefore unique. Synchronisation can, for example, be
based on the rectilinear motion of a moving body whose velocity is assumed to be constant whatever
its position and direction of motion. It is not essential to exchange light rays.

Let's imagine that we have synchronised clocks separately in two Galilean reference frames in relative
motion. If, at a given instant t in one frame of reference, all the clocks in the other frame of reference
mark the same time t' (which can therefore be equal to t by an ensemble shift), time is considered to
be absolute.

The equations linking the space and time coordinates of the same event in two Galilean reference
frames are then the (so-called Galilean) equations of Newtonian Mechanics. The law of addition of
velocities associated with these equations imposes no limit on the speed of a moving body.

Conversely, as we will show below, if the times appear to be out of sync from one frame of reference
to another, a limiting speed has to be considered.

2.3. Change of reference frame in the theory of special relativity

We will now look at how the equations for changing reference frames are established in the theory
of special relativity.

2.3.1. Taking desynchronisation into account

Consider two Galilean reference frames 2 (x,y, z,t) and 2' (x', y', z', t') in motion relative to each other
parallel to the axis (x). Let t = t'= 0 when the origins of the reference frames coincide; let u be the
velocity of 2' relative to 2.

The theory of special relativity assumes that reference frames are indistinguishable from one
another, including in the writing of coordinate equations. There is no such thing as a privileged frame
of reference. Note that this assumption goes beyond the strict principle of relativity, which simply
implies that an experiment is described by the same physical laws in each frame of reference.

The same event is perceived at the point (X, y, z, t) of 2 and at the point (x', y, z, t') of £'.* Note that,
since the reference frames are Galilean, the need for invariance by translation in space and time means
that the equations for changing coordinates must be linear, of the form below (k being a coefficient of
inverse dimension of a speed):

Xx'=a(x-ut) (2.1)
t'=b(t-kx)

We assume that the clocks appear to be out of sync from one frame of reference to another. This
implies that the coefficient k is not zero.

4 The notion of perception of an event is explained in paragraph 2.4.1.



Desynchronisation means that at time 0 in one frame of reference, the clocks in the other frame of
reference mark a non-zero time (apart from that at the origin), varying linearly with their abscissa.

The inversion of equations (2.1) leads to :

x=(1/(1-ku))(x'/a+ut'/b) (2.1
t=(1/(1-kuw)(t'/b+kx'/a)

Independently of any experiment, it is logical to consider that, since the velocity of the frame of
reference ' relative to I is equal to u, the velocity of Z relative to Z'is equal to - u.

It follows that: b=a
Equations (2.1) become:

x'=a(x-ut) (2.2)
t'=a(t-kx)

2.3.2. Existence of a limiting speed

Using equations (2.2), we can write:
dx'/dt' = (dx-udt) / (dt- kdx) = (dx/dt-u) / (1 - kdx/dt)
Whis: v=dx /dt and v =dx'/dt":
v=(v-u)/(1-kv) (2.3)

If we want to avoid a discontinuity for v' (from -co to +co ) and given that the value 0 necessarily

belongs to the permitted interval for v, we must have :
v < 1/k [assuming k > 0].

By reasoning about the inverse of relation (2.3), we also obtain:
v'>-1/k

The isotropy of Galilean reference frames means that, if the speed has a limit in one direction, it must
have the same limit in the opposite direction. It is not necessary to assume that the limit must be the
same in both reference frames. The velocities v and v' must therefore satisfy a double inequality:

-W<V<W -w v w! (2.4)

w and w' being the limiting speeds, which must be less than 1/k [assuming k > 0].



Finally, because of the equivalence of the reference systems,

the condition: v » w leads to: v' -» w'

the condition: v - - wleads to: v' - - w'
Applied to equation (2.3), these conditions imply:
w-u)/(1-kw)=(w+u)/(1+kw)
from which we derive: k = u/w?
and: w'=w
The limiting speed is the same in both reference frames.

w<1l/k - u<w

The relative speed of the reference frames is necessarily less than the limiting speed.

The law of composition of velocities is finally written:

vi=(v-u)/(1-uv/w?)

2.3.3. Lorentz formulae

The equations for moving from coordinates in X to coordinates in X' are written as:

x'=a(x-ut)
t'=a(t-ux/w?)

The inverse equations are:

x=a (x'+ut)
t=a'(t'+ux'/w?)

where: aa'=Y2=1/(1-u? /w?)

(2.5)

(2.6)

(2.6')

If we take: w = ¢, the speed of light, and a = a' = Y (so as not to differentiate between reference

frames), we obtain Lorentz's formulae:

x'=Y(x-ut) x=Y (x'+ut')
t'=Y(t-ux/c?) t=Y(t'+ux'/c?)

(2.7)

We can see that it is not essential to start from the postulate of the invariance of the speed of light in
order to establish this result. It is the existence of a limiting speed (underpinned by the
desynchronisation of the clocks) which, together with the hypothesis of non-differentiation of

reference frames, constitutes the key element.



2.3.4. Expansion or contraction of space and time

With equations (2.7), apart from time desynchronisation, we observe:

- adilation of the duration between two events, measured using two different clocks (improper
time) compared with the duration measured by a single clock (proper time), i.e. in the frame
of reference where these events have the same spatial position:

At'=Y At if Ax=0 and At=YAt' if Ax'=0;

- a contraction of the lengths measured from the moving frame of reference relative to the
lengths in the fixed frame of reference:

Ax'=Ax/Y if At'=0 and Ax=Ax'/Y if At=0.

The reality of time dilation

Does the dilation of time and its corollary, the contraction of length, have a physical reality or is it an
apparent effect linked to the desynchronisation of clocks?

Consider the so-called "clock paradox" experiment ° :

&l

Vv

|

o] l A Al B

Consider two Galilean reference frames: 2 and ' moving at velocity u relative to 2.

In the reference frame £, a clock is set in motion so that it reaches speed u and is in front of O and O'
at the moment of their conjunction; it moves from O to A at speed u, is slowed down to zero speed at
B, then accelerated in the opposite direction to the speed - u which it maintains from A to O. The
moving clock is synchronised with the clocks at O and O', so that all three clocks show the same time
(=0)at0,0'.

If we consider that, once set in rectilinear motion at constant velocity, the mobile clock continues to
deliver the same unit of time as the standard clock, it is perfectly comparable, during its outward
journey OA, to the clock at the origin O' of the reference frame Z'.

When the moving clock reaches point A, the times given by the clocks are (according to equations
(2.7)):
clock A: t1 (=1/u) moving clock: t1 ' =1t1 /Y

5> or "twin paradox".



The moving clock therefore lags behind the fixed clock opposite it by the ratio 1/Y.
When she returns to A after turning around, the times are :

clock A: t; = t; + At moving clock: t'2 =t; /Y + At
(At and At' are the durations induced by the half-turn of the mobile clock)

By symmetry, the return journey of the moving clock has the same proper duration as the outward
journey; moreover, as the clocks at O and A are synchronised in Z, the durations measured in this
reference frame are also identical © .

The arrival times are: clockin O:t3 =2 t; + At moving clock: t's =2 t1 /Y + At'

At and At' are fixed durations, independent of t; ; they become negligible compared with t; as soon as
the latter is sufficiently large. It can be said that, on its return journey, the mobile clock should show
an offset in relation to the clock remainingin A, in a ratio 1/Y identical to that of the outward journey.

Experiments at’ confirm the physical reality of the total time lag and therefore of the time lag observed
on the outward journey. As a result, observers in Z' not only have the impression that durations in %'
are shorter than those in their own frame of reference; for them, time really does pass more slowly in
X' than in 2. But the opposite assertion can just as easily be made by observers in Z' (all they have to
do is perform the exactly symmetrical experiment from %').

In the end, this is not a paradox but an effective contradiction that is accepted by the theory of
special relativity. The time dilation hypothesis makes it possible to construct a theory that is
mathematically coherent and consistent with observations. But this theory is physically contradictory.®

2.4. Alternative analysis to that of special relativity

2.4.1. Principles
How can we avoid the contradiction that has just been highlighted?

A simple assumption is that time flows universally (which means that there is no dilation of
durations) but that the synchronisation of clocks does not allow it to be expressed as absolute time,
because of the existence of a limiting speed. On the other hand, space is considered to be absolute
(no contraction of lengths between reference frames).®

6 The mobile clock moves identically in both directions and therefore complies with the conditions for a
synchronisation experiment (see 2.2.).

" These are experiments carried out with atomic clocks (the first one being by Hafele and Keating in 1971).

& The objection was raised in 1922 by Painlevé against Einstein (see Vincent Borella, "A propos du paradoxe de
Langevin", Philosophia Scientize, vol. 1, no. 1 (1996), pp. 63-82). It has been repeated many times since. Several
solutions have been proposed to rule it out, but no general agreement has been reached.

% Let us observe that the conservation of distances and durations when changing reference frames could
constitute a necessary condition for the validity of the principle of relativity.
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Galilean reference frames in relative motion are linked by the definition of a common instant of time
origin when the origins of the spatial reference frames coincide.

Assuming the universality of time, every event is characterized by the duration T, which separates
if from the common instant of origin. We will say that an event is "produced" in a reference frame
if the time displayed by the clock at the point to which it is attached is identical to that duration.

Consider an event “produced” at point (x, T) in frame of reference %. In a reference frame X' moving
relative to Z, the event is perceived at (x', t'). Because of the desynchronisation of the clocks, t' is
different from T (unless X' = 0); but, for the observers of 2, the time elapsed at the clock of abscissa x'
is indeed equal to T (we will see in the next paragraph what are the equations for changing coordinates
that allow us to conserve times and distances).

Now we must understand that, if we start from an event “produced” in Z' at the point with coordinates
(x', t'), this event will not be perceived in 2 at (x, T) but at a point with different coordinates (x1, t1 ).
This is not surprising, since the event in Z' occurs after atime T'=t' (# T).

The change of coordinates is no longer one-to-one, as is the case in the theory of special relativity.
This is because an event, considered as "produced" in the frame of reference where the clock
displays the duration that has actually elapsed, is "perceived" at a different time in another moving
frame of reference, and we introduce no correction for time dilation.

2.4.2. New coordinate change equations

Let's start with an event “produced” at point (x, t) in Z. Let's take equations (2.6):

x'=a(x-ut)
t'=a(t-ux/w?)

It is easy to check that the absence of dilation of distances and durations is simply expressed by a = Y2.
Then we have:

AxX'=Ax if At'=0 and At'=At if Ax'=0
Measured in the Z' reference frame, distances and durations are indeed equal to what they are in 2.

The coefficient Y2 reflects the fact that, at a given instant in Z, this reference frame corresponds to a
distorted image of ' (the clocks appear to be out of sync), which is a kinematic effect. Whereas, in the
theory of special relativity, the Y coefficient reflects desynchronisation coupled with a real
deformation of space and time (Y =Y2/Y).

The contradiction highlighted in paragraph 2.4.2 (clock paradox) disappears.

Important consequence: the delay of a moving clock can no longer be attributed to time dilation. *°

10 See section 3.3.1.
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Finally, the coordinate change equations can be written as :

- foranevent “produced” in reference frame X :

X =Y2(x-ut)

t=Y2(t-ux/c?)

x=x+ut (2.8)
t=t+ux’'/c?

- for an event “produced” in reference frame 2':

x=Y2(x'+ut)
t=Yz(t'+ux’'/c?)

X =x-ut (2.8a)
t=t-ux/c?

How can the equations above be applied to describe the conjunction of points with coordinates xin ¥

andx'inX'"?

v

x\t)

v

/\

.
(x,t1)

v

v

For each observer, the conjunction of the coordinates
x and x' is perceived as an experience taking place in
his own frame of reference.

For the observer of 2, this is the movement at velocity
u of a moving body (x') passing through x at time t.
Applying equations (2.8) :

x=x"+uth (2.9)
t=t1+ux'/c?

For the observer of %', this is the displacement at
velocity - u of a moving body (x) passing through x' at
time t'.

Applying equations (2.8a) :

X'=x-uty (2.10)
t'=t1-ux/c?

It comes immediately:
ti=ti1=(x-x)/u=t" (2.11)

t1 and t'; therefore represent the time t'"" given by the
Galilean transformation.

We have: t=t"+ux'/c2 and t'=t"-ux/c?

It is important to note that we are dealing with two different experiences.

Finally, what we have just said can be translated into the following statement:

The conjunction of the coordinates x in reference frame £ and x' in reference frame ' constitutes a
double event, produced at different times t and t'. On the other hand, the two events are perceived
at an identical time in the two reference frames, equal to the duration given by the Galilean

transformation.

12



zl

The diagrams below illustrate the perception of the conjunction of coordinates x and X'
according to whether we take Newtonian mechanics, special relativity or the proposed new
approach. Imagine that contact between x and x' triggers the taking of two photos, one from
frame of reference X (at x), the other from frame of reference X' (at x').

Mécanique newtonienne Relativité restreinte Nouvelle approche
T=(x-x)/u t=(x-x'/y)/u t=(x-x'/y})/u
t'=(x/y-x)/u t'=(x/y*-x)/u

Let's now consider the case of an event "produced" in one frame of reference ¥ and "perceived" in two

other frames of reference ¥' and X"

Let u' be the velocity of 2' relative to Z, u" the velocity of 2" relative to 2.

From equations (2.8) we obtain the equations for changing coordinates from X' to 2" :
x'=a"(x-Ut) where: a” = (1 -u'u”/w2)/(1 - u”2/w?)
t'=a" (' -Ux'/w?) U=’ -u)/(1-uu’/w?)

Finally, what can we say about an event "perceived" in X' and 2" without knowing in advance the frame
of reference in which it is "produced"?

Knowing the coordinates (x', t') and (x", t'") of the event, we can use the equations above to determine
the values of a" and U and then those of u' and u", thus defining the event's reference frame.

Conclusion:

In Newtonian mechanics, there is no distinction between "produced" and "perceived" events, because
time is absolute.

In the theory of special relativity, no such distinction is made either, by imposing a one-to-one change
of coordinates. This amounts to assuming that the conjunction of two points with coordinates x in 2
and x' in X' constitutes the same event "produced" simultaneously in both reference frames.

This is what leads to the contradiction: if time is not absolute, an event cannot be considered as
"produced" in all frames of reference, with the exception of the event used to define the common
instant of origin.

13



3. Relativistic approach based on the equivalence between mass and energy

This chapter sets out an alternative approach to the problem, based on energy considerations, which
provides justification for the alternative analysis presented in sub-chapter 2.4.

3.1. Relationship between energies calculated in two Galilean reference frames
3.1.1. Particle physics has validated the principle of equivalence between mass and energy.
We will show that we can deduce the existence of a limiting speed from this principle.

We postulate that, in any Galilean reference frame X (x, y, z, t), there is the following relationship
between the mass!' m of a particle and its total energy E :

E=mc? (3.1)

m depends on the velocity of the particle. This is the inertial mass that comes into play in the definition
of the particle's momentum.

The factor c is a coefficient that is independent of m and has the dimension of a speed. For the
moment, ¢ does not necessarily refer to the speed of light because the reasoning that follows does not
refer to light rays.

3.1.2. We restrict ourselves to a one-dimensional problem by considering a particle moving parallel to
the axis (x). This particle is subjected to the action of a force F also parallel to the axis (x). Let v be the
velocity of the particle.

The fundamental equation of dynamics is written:

d(mv)/dt=F (3.2)
The change in energy is equal to the work of the force:

dE = F dx, i.e. dE/dt=Fdx/dt=Fv
or: czdm/dt=Fv (3.3)
From equations (3.2) and (3.3) we derive:

c2dm/dt=vd(mv)/dt

czdm/dt=mv dv/dt + v2dm/dt

(dm/dt)/m = v (dv/dt)/(c? - v2) = - (d(c? - v2)/dt) /(c? - v2)/2

1 The term "mass" is not reserved for rest mass.

14



Integrating gives: In (m) = In ((c?- v2)-1/2) + constant
And, finally, let mo denote the rest mass of the particle in X:

m=mg/ (1-v2/c?2)1/2 (3.4)
Therefore: E=moc2/(1-v2/c2)l/2 (3.5)
This expression for E is the one verified by experiments.
c appears to be the limit of the speed of a non-zero mass particle.
On the other hand, if we denote the momentum by p (= mv), we have the relation:

E2-p2c2 =mg2ct (3.6)

3.1.3. Let us now consider a second Galilean reference frame ' (x', y', Z', t') in motion relative to the
first, parallel to the axis (x), at velocity u. The relationship between mass and energy is written:

E'=m'c? (E'o = m'o ¢ for the particle at rest in 3') 1

The expressions for mass and energy in reference frame 3' are: 3

m'=m'y /(1-v'2/c2)1/2 (3.4
E'=m'oc2 /(1-v'2/c2)1/2 (3.5
Whis: u=u/c v=v/c v=v'/c

The law of velocities composition (2.5) is written as:

v'=(v-u)/(1-uv)
This law is well verified by experiments involving interactions between particles.
We therefore have: (1-v?)=((1-uv)?-(v-u)?)/(1-uyv)?

or: (1-v3)=(1-u?(1-v?)/(1-uy)? (3.7)

3.1.4. The values of the energy of the particle expressed in the two reference frames are therefore
linked by the relation below:

E'=(m' /mo) E (1-uv)/(1 -u?)'/2 (3.8)

12 The limiting speed c is assumed to be identical in all reference frames, so as not to impose any differentiation
between them in terms of the laws of physics. On the other hand, the masses at rest do not have to be
identical, as we will see in sub-chapter 3.2.

13 1n application of the principle of relativity, the fundamental law of dynamics is expressed in the same way in
S'asinX.
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The inverse relationship is written:

E=(mo/m') E'(1+uy)/(1-u?)l/2 (3.8

3.2. Choosing an energy invariant

Relations (3.8) and (3.8') show the ratio m'o /mo . The value to be given to this ratio depends on the
choice of a relationship between the particle's rest energies in the two reference frames.

There are two reasonable hypotheses:

- the invariance of rest mass (cf. 3.2.1.);

- the conservation of total energy by change of reference frame (cf. 3.2.2.).

3.2.1. Invariance of the rest mass of any particle

The first hypothesis postulates that the rest mass of a particle is a characteristic intrinsic to the
particle, and therefore invariant to any change of reference frame. This postulate, which is identical
to that of classical mechanics, is also the postulate of special relativity. Energy at rest has the same
value in all reference frames.

With m'y /mo = 1, equations (3.8) and (3.8') become :
E'=E(1-uy)/(1-u?)? (3.9)
E=E (1+uv)/(1-u?)'? (3.9
Given p = m ¢y the momentum, and assuming Y = 1/(1- u2/c?)1/2, we get:
E'=Y(E-upc) (3.10)

We find the usual relativistic relationship.

Let us show that the rest mass invariance assumption is compatible with Lorentz's formulae. Let's start

with the equation of dynamics in ' 1
d(m'v')=Fdt'wherem'=I"mg andI"=1/(1-y'2)1/2
or: d(I'v") = (F/mg ) dt'

The relation (3.7) and the law of velocities composition (2.5) allow us to write I as :

14 we admit that, when Fis collinear with v, its value is preserved by change of frame of reference.
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"=YT(1-vu) (where T =1/(1-w?)1/2)

'vi=YT(v-u)
dI"v)=Y (d(T'v)-udr) (3.11)
Let us show that: udll=d(T'v)uy

dfv)uv=Tuvdv+uvvdl
dlr=T3vdv » dIUfv)uv=u/T2dl'+uv2dl=u(1/I2+yv2)d['=udl
(3.11) - d("v) =Y (d(T'v) -uvd(lv)) (3.11')
The equation of dynamics in Z is written:
d(I'v) = (F/mo) dt
Eliminating F/mg (3.11) —» dt'=Y (dt-uvdt)
v=dx/dt - dt'=Y (dt- (u/c?) dx) (3.12)

Lorentz's formula for time co-ordinates is clearly applicable.

3.2.2. Conservation of total energy by change of reference frame

To understand this second hypothesis, let's imagine the following experiment:
- two identical particles, with the same rest mass my in £, are immobile in this frame of
reference; they have a velocity equalto-uin';

- an observer of I increases the speed of the first particle from 0 to u by supplying it with
energy;

-an observer of 2' reduces the speed of the second particle from - u to 0 by withdrawing energy
from it;

- the two particles are now at rest with respect to 2'; what is the rest mass of each in 2'?

If the answer is that it remains equal to mg, then the mass at rest is invariant.

The second hypothesis postulates that the difference between the rest energies of a particle is equal
to the energy supplied to it (or withdrawn from it) in order to move from zero speed in one frame
of reference to zero speed in the other frame of reference; the particle's total energy is transferred,
as it were, from one frame of reference to the other.
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Kinetic energy is therefore no longer considered to be "lost" when moving from one frame of reference
to another, as is the case with the assumption of invariance of mass at rest.*

More precisely, the rest energy of a particle in reference frame ' is equal to its rest energy in reference
frame Z :

- increased by the additional energy given to it in frame of reference X if the action on
the particle takes place in frame of reference 3, then: m'o=Ym ¢

- reduced by the energy decrement it undergoes in frame of reference %' if the action
on the particle is exerted in frame of reference ', then: m'o =mo /Y

In fact, depending on the action exerted, m'y can take any value between mo /Y and Ymy . We can say
that the rest energy of a particle depends on its history.

Let us now observe that an experiment must necessarily be defined in a reference frame where we
know the rest energy of the particles and where we can define the actions exerted. The energies
involved are exchanged within this frame of reference. Let's call this frame of reference 3.1°

The transition to the reference frame X' in motion is made by adopting a rest mass m'o =Y mg (the
action to bring the particle to rest in ' takes place in )7 . Equation (3.8) becomes:

E'=E(1-uv)/(1-u?) (3.13)
And the inverse equation (3.8') gives:

E=E'(1+uy) (3.139)
Equation (3.13) can also be written as:

E'=Y2(E-upc) (3.14)

Looking on the equations for changing coordinates, we can see straight away that Lorentz's formulae

are no longer respected.

Withm'o =Y my equation (3.12) becomes:

dt' = Y2 (dt - (u/c?) dx) (3.15)

15 The term "kinetic energy" becomes inappropriate. We have to consider that the acceleration imparted to the
particle has two effects: it increases its momentum and it increases its total energy. How does this increase in
stored energy affect the particle? Its lifetime is increased (see paragraph 3.3.1). We will also see in Chapter 5
(Gravitation) that, when a gravitational source is in motion, it is its total energy that must be taken into account
to determine its gravitational action, just as it is the relativistic mass that comes into play in the fundamental
equation of dynamics.

16 Here we return to what was said in Chapter 2 about events. The experiment is considered to be "produced"
in frame of reference %.

171f, for an experiment carried out in 2, we know the rest mass m'o in Z', the rest mass to be retained in X is
obviously: mo=m'o /Y.
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The coordinate change equations can then be written as :

x'=Y2(x-ut) (3.16)
t'=Y2(t-ux/c?) identical to equations (2.8)

or, taking the inverse equations:

x=x+ut' (3.16")
t=t'+ux'/c?

If we started with an experiment in %', the equations would be :

x=Y2(x'+ut’) (3.16a)
t=Y2(t'+ux'/c?) identical to equations (2.8a)

A single set of coordinates [x',t'] in reference frame X' can therefore correspond to two distinct sets in
reference frame X :

- by the equations (3.16"): [, t]
- by equations (3.16a): [Y2 x, Y2 t]

We explained in sub-chapter 2.4 why there is no contradiction.

3.3. Consequences of total energy invariance

3.3.1. Influence of energy on clock rhythm

We saw in paragraph 2.3.4 that a moving (atomic) clock lags behind a clock that remains stationary in
a reference frame. With our hypothesis 8, this can only be explained by admitting that the energy
level influences the rhythm of the clock. *°

If T is the period of a clock at rest and T' the period of the same clock set in motion at velocity u, then:
T /T =Eo/Eo=m’o/mo=Y =1/(1- uz/c2)1/2 (3.17)
Note that if At and At' are the durations measured by the clocks, then:
Eo At=E'o At' (3.18)

The product of energy and time measured by the clock is an invariant.

18See §2.4.2.
1% We also propose a simple reasoning explaining this influence in the case of an atomic clock using caesium
atomes.
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Depending on the choice of invariant made for energy, we are therefore led to different
interpretations for certain phenomena considered as the basis for experimental verification of the
theory of special relativity:

- In the RR framework, the delay of moving clocks and the increase in the lifetime of atmospheric

muons travelling at high speed are attributed to the dilation of time between reference frames; it is
assumed that the clocks continue to deliver the same unit of time;

- with the choice of conservation of total energy by change of reference frame, these phenomena are

attributed to the modification of the rest energy of the atoms of the atomic clock or that of the muons,
due to the energy received to pass from the reference frame X to the reference frame %'; the flow of
time is not modified, but the clocks no longer deliver the same unit of time.

Can this influence of energy on the rhythm of clocks be extended to types of clocks other than atomic
clocks?

Mechanical clocks should not be affected insofar as all their constituent elements undergo the same

relative variation in mass. For example, a simple oscillator of mass mo and stiffness Kk is characterised
by a period T = 21t (mo /K)/2 which remains unchanged if the stiffness varies with the mass.

A light pulse clock can be schematised as a tube closed by two parallel mirrors between which photons

travel back and forth, the number of paths is counted by a mechanism. The universality of the speed
of light?® means that such a clock is not affected by being set in motion at rectilinear and uniform
velocity.

3.3.2. Concept of space and time

Special relativity can be associated with the conception of a space-time considered as an affine space
of dimension 4. In the vector space associated with this affine space, time differs from space
coordinates in the definition of the scalar product, which is not Euclidean: the product of time-type
coordinates is assigned the opposite sign to that of the products of space-type coordinates.

This leads us to define the square of the space-time interval between two events as :
As2 = Ax2 + Ay? + Az2 - ¢2 At2 (3.19)

In special relativity, this quantity is invariant to any change of Galilean reference frame. It is easy to
show that Lorentz's formulae can be deduced from this invariance.

The elegance of this mathematical formulation undoubtedly contributed greatly to the acceptance of
the theory, despite the counter-intuitive nature of a different flow of time in two reference frames in
relative motion and the contradiction that results.

In our proposed approach, we reject this conception of space and time. The flow of time remains
universal and completely independent of the reference frame, as in Newtonian mechanics.

20 See §4.1.2.
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On the other hand, time is not absolute because of the existence of a limiting speed, which is identical
in all frames of reference because of the principle of relativity: the clocks in the moving frame of
reference appear to be out of sync with those in the frame of reference considered to be fixed.

We have shown that the solution obtained for the reference frame change equations is consistent with
the (Einsteinian) hypothesis of conservation of the total energy of a particle, in place of the invariance
of the rest mass.

The spatial distance between two events remains invariant in all Galilean reference frames, as in
Newtonian Mechanics.

3.3.3. Preferred reference frame, true velocity and true energy

Equation (3.13) shows that E' is different from E, except for v =u.

The conservation rule for total energy means that, in any reference frame, the energy of a particle
at rest is "true" energy, representing the maximum amount of energy that can be released.’> On
the other hand, the total energy attributed to a moving particle is not necessarily "true" energy.

The reference frame in which an experiment is defined plays a key role: the energy at rest is known,
as are the actual energy transfers. The energy calculated in this frame of reference is "true" energy at
all times. This property can be made the distinguishing feature of this privileged frame of reference
compared with other frames of reference.

The velocity of the particle must therefore also be considered as a "true" velocity in the reference
frame of the experiment.

As a function of velocity and total energy, the fundamental equation of dynamics is written:
(v/c)d(Ev/c)=dE

In the reference frame of the experiment, this equation involves a "true" velocity and a "true"
energy, whereas these are apparent values of these quantities in another reference frame.

21 But, as we saw in paragraph 3.2.2, two identical particles at rest in the same frame of reference can have
different energies, depending on the actions they have undergone.
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4. Taking account of light phenomena

4.1. Speed and frequency of electromagnetic waves

4.1.1. Speed of light as the limiting speed

Light is electromagnetic radiation. According to Maxwell's electromagnetic theory, this radiation can
be represented as an electromagnetic wave, which propagates uniformly in all directions from its
source, its speed c being related to two constants :

- the dielectric permittivity of vacuum: g
- the magnetic permeability of vacuum: po

by the relation: c2=1 / g po

It seems logical to assume that €9 and po are universal constants, having the same value whatever the
Galilean reference frame considered, and therefore that the value of ¢ does not depend on the
reference frame either: light emitted by a fixed source in a Galilean reference frame propagates at
speed cin this reference frame.

On the other hand, electromagnetic theory predicts that a flash of light containing energy E must have
impulse?” E/c, which is verified by experiment. It follows that equation (3.6) linking energy and
momentum remains valid for a flash of light, provided that its energy and momentum are carried by
particles of zero mass: photons.

Equation (3.5) shows that it is possible to associate a finite energy with a particle of infinitely small
mass when its speed tends towards the limiting speed c.

The speed of light is therefore the limiting speed for massive particles. This is verified by experiment.
The coordinate equations (2.7) and (3.16) are therefore equally applicable to the propagation of light
waves.

4.1.2. Universality of the speed of light

In the theory of special relativity, the invariance of the space-time interval (cf. equation 3.9) leads

immediately to the following result: the speed of light is equal to c in all reference frames, whether
the source is fixed or moving and whatever the direction of propagation.

In the alternative approach based on the conservation of total energy, the emission of a light beam

must necessarily be related to the reference frame where its source is fixed and its speed equal to c.
The invariance of distance and duration in all reference frames?® means that the “true” velocity of light
remains equal to ¢, whatever the reference frame used for calculation.

22 The impulse of a photon is the momentum it gives up when it is absorbed.
B¢ §33.2.
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On the other hand, the apparent velocity of light is less than ¢ in directions other than that of the
displacement of the moving frame of reference (also equal to ¢ for propagation perpendicular to that
of the displacement of the frame of reference). This is easily verified by checking that
the expression (Ax'2 + Ay'2 + Az'2 - ¢2 At'2 ) is negative when (Ax2 + Ay2 + Az2 - ¢ At2 ) is zero.

4. 1.3. Doppler effect

As mentioned above, according to Maxwell's theory, the propagation of a light wave is defined in
relation to its source; we need to reason in the frame of reference where this source is fixed.

When an observer moves relative to a light source, the frequency he perceives changes. Calculated in
the reference frame of a source of natural frequency vs?*, this frequency is :

v =(1-u/c) vs if the observer moves away from the source at velocity u>0; (4.1)
v =(1+u/c) vs if the observer moves closer to the source.
In the observer's frame of reference, we have to take into account :

- in the case of special relativity, the dilation of durations; the periods measured are reduced,
the frequencies increased, they become :

v=Y(1-u/c)vs=((1-u/c)/(1+u/c))/2vs (4.2)

and v=Y(1+u/c)vs=((1+u/c)/(1-u/c))*?vs

- in the case of conservation of total energy, equations (4.1) remain valid if the observer's clock

delivers the same unit of time as that of the source.?® In the terrestrial experiments that we
can carry out, this is not the case: the observer is set in motion relative to the source, or the
source is set in motion relative to the observer.

In the first hypothesis, the observer's clock beats at a slower rate and the apparent frequency
of the wave increases; we find equations (4.2). In the second case, the same equations apply,
but the source, which has seen its energy increase by a factor of Y, sees its natural frequency
increase by the same factor to Y vs .2°

Equations (4.2) are verified by experiments.

24 The natural frequency is the frequency of the source in the reference frame where it is at rest.
25 The transition from the reference frame of the source to that of the observer takes place without any time
dilation (cf. § 3.3.1.).
The result can be verified from the wave equation in the reference frame where the source is fixed.
This equation is written : A = Ao sin(w(t-x/c)) for a wave of speed + c.
The change of coordinates gives (equations 3.16'): A = Ao sin(w(t'+ ux'/c2 -x'/c-ut'/c))
u being the observer's velocity relative to the source.
or: A=Aosin(w(1-u/c)(t'-x'/c))
26 see 4.2. below; photon energy is proportional to frequency.
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4.1.4. Interpretation of the spectral shift of distant sources

In the context of special relativity, it is easy to relate the frequency observed in a terrestrial reference
frame to the velocity of the source, since the frequency at rest is assumed to be identical in all
reference frames: all we have to do is apply equations (4.2).

In the case of the conservation of total energy, the frequency of the source is not known a priori
because, for the same element, the rest mass can be different from one reference frame to another.
If we assume that the natural frequency of the source is the same as in the terrestrial reference frame,
the equations (4.1) apply; the result is therefore different from that given by the theory of special
relativity.

However, the difference only becomes significant when the v/c ratio can no longer be considered
small compared to 1.

4.2. Energy associated with an electromagnetic wave

The corpuscular representation of electromagnetic radiation consists of considering it as made up of
photons, each carrying a quantum of energy.

4.2.1. Energy of a photon

In the frame of reference where the source is fixed, the quantum of energy of a photon is given by the
Planck-Einstein relation :
Es =hv S

h being Planck's constant and vs the frequency of the wave associated with the photon.

This is the "true" energy of the photon.

How does the energy of a photon vary when the reference frame changes?

We are going to check that the equations in sub-chapter 3.2 remain valid for particles of zero mass.
This condition is necessary to satisfy the principle of relativity in the case of photons interacting with
matter.

Consider the case of a particle initially at rest in Z, of energy Eo, having absorbed a photon of energy
Es emitted in the same frame of reference :

- itsenergyis: E=Eo+ Es;
- its momentum is equal to the impulse of the absorbed photon:

Ev/c2 =¢Es /cwhere: € =+ 1 depending on whether the photon has a speed + c;
- its speed is therefore such that: v/c=¢ Es / E.
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Let u be the velocity of the moving frame of reference ' relative to the source. Equations (3.9) and
(3.13) giving the energy E' in 2' as a function of E can be written :

E'=a(1-uv/c2) Ewhere: a=Y (assuming invariance of rest mass) (4.3)

a = Y?(invariance of total energy, experiment in %)

Given the expression for v given above, E' can be written as :
E'=a(l-ueEs/E/c)E=a(E-gukEs/c)
If we denote by E',, the energy of the photon in ¥', E' can also be written as :

E'=aE¢+Ey=a(E-Es)+E'
Therefore : a(E-euEs/c)=a(E-Es)+E'
From this we derive : E'p=a(l-gu/c)Es (4.4)

We find equation (4.3) with v=¢c.

a) In special relativity, equation (4.4) leads to :

forv=c: E'¢/Es=((1-u/c)/(1+u/c))/? (4.5)
forv=-c: E'¢ /Es=((1+u/c)/(1-u/c))/?
The Doppler effect relationships (4.2), linking apparent and natural frequencies, are used again.

For the observer in reference frame %', the photon has an apparent energy h v corresponding to its
apparent frequency.

b) Assuming the conservation of total enerqy, for an experiment carried out in reference frame 5 where

the source is fixed (a =Y?2):

E'o=((1-gu/c)(1-uz/c2))Es =Es/(1+¢cu/c) (4.6)
forv=c: E'y /Es=1/(1+u/c)
forv=-c: E'¢/Es=1/(1-u/c)

These relationships are not identical to the relationships (4.1) relating to frequencies:
forv=c: the observer moves away from the sourceandv=(1-u/c)vs
forv=-c: the observer moves closer to the sourceand v=(1+u/c)vs

The apparent energy of the photon in %' is equal to Y2 h v.
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c) What about an experiment carried out in reference frame 2' where the source is mobile?

The same reasoning as above leads to the relationship below (obtained by replacing u by - u in (4.6) ):
Es=Y2(1+eu/c)E'¢=E',/(1-gu/c)
or: E'o=(1-gu/c)Es (4.8)

This relationship is identical to that giving the apparent frequency. The photon therefore has an
apparent energy in X' equalto h v.

Whether the source is fixed or moving, the energy of the photon is therefore given by the product
h v in the reference frame of the experiment.

4.2.2. Power of an electromagnetic wave

An electromagnetic wave can be considered as a flow of photons. But, conversely, does any flow of
photons constitute an electromagnetic wave?

We don't think so. The frequency of the wave not only defines the energy of the photons, but also
their sequence in time. A photon can therefore be considered as a fragment of an electromagnetic
wave (of frequency vi ), but a succession of photons (at frequency vz # v1) is just a succession of wave
fragments.

What consequences does this have for the power of a wave?
Let's imagine the following experiment:

A monochromatic wave of frequency v carries a flux of N photons per second across a surface S; its
powerisequalto: Nhv/S.

The photon flux results from both the succession and the superposition of photons. If we keep the
superposition unchanged, transforming this wave into a wave of frequency v' means changing the
photon flow rate to (v' /v) N photons per second.

The power becomes: (v /vN)hv'/S=(v'2/v2)(Nhv/S)

We must therefore consider that the power of an electromagnetic wave varies as the square of the
frequency.

We will see in the next chapter that electromagnetic waves can be distorted by a gravitational field.
The emission frequency and the energy-related frequency can then be different.
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5. Gravitation

5.1. Formulation of the laws of gravitation

The theory of general relativity retains the principle of invariance of mass at rest. It also retains the
equality between gravitational mass and inertial mass and establishes the principle of equivalence
between gravitation and acceleration.

In our proposal, we retain the equality between gravitational mass and inertial mass. However, we will
see that gravitation and acceleration cannot be considered to be completely equivalent.

An initial analysis based on experimental observations (Newtonian law of gravitation, gravitational
shift of clocks) will enable us to establish the laws of gravitation in conditions of weak gravitational
field and to identify the principles that we propose to retain.

5.1.1. Weak gravitational field laws

Let's consider a massive body of mass M, constituting the gravitational source. In the reference frame
(assumed to be Galilean) linked to this body, a particle ¥ located at distance r has a non-zero rest
energy Eo (rest mass my).

Throughout this chapter we shall consider that M is very large compared with mg so that we can regard
M as invariant and therefore neglect the influence of mo on M. We shall also assume that the field is
spherically symmetrical.

We assume that the action of the massive body on the particle can be described using a gravitational
field which gives the particle a potential energy E,.

Throughout Chapter 5, we will assume that the ratio GM/c2 r is small compared to 1 (weak field).”
We assume that, in this case, the Newtonian law of gravitation is valid at zero speed.

Energy equations

Let's exert an action on the particle at rest so as to move it away (at infinitesimal speed) by a distance
dr in a radial direction with respect to the source.

27 Remember that, in this note, the term particle applies to any physical object that can be modelled as a point
to describe its motion.

28 This proposal is justified in the note entitled "Gravitational field, Fundamental Principle of Dynamics and
Quantum Mechanics" setting out the model chosen for the field.

29 G is the universal gravitational constant.
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How does the particle's energy vary?

According to the Newtonian law of gravitation (G being the universal gravitational constant), the force
required to move the particle is just greater than :

Fx=GM my /r2 (5.1)
For an incremental displacement dr, the external energy supplied is equal to the work of the force :
dEx=(GM my /r2) dr = (GM/ c2r2 ) Eo dr

Following on from what was developed in paragraph 3.2.2, we extend the questioning of the
invariance of mass at rest by considering that, if a particle is subject to the gravitational influence of
a massive body, its energy at rest (in the reference frame of the massive body) varies with its
distance from this body.

This variation in resting energy is consistent with the gravitational offset of the clocks: clocks on the
ground deliver shorter durations than clocks on board satellites. In line with what was explained in
paragraph 3.3.1, this can be interpreted as linked to an increase in the resting energy due to the
increase in the gravitational effect. So, in accordance with the experimental results, the variation in
energy is expressed by :

dEo = - (GM/ ¢2r2) Eo dr (5.2)

This assumption of variation in rest energy in the gravitational field (in the same reference frame)
implies that the effect of gravitation cannot be completely assimilated to that of acceleration.

The conservation of the overall energy of the system implies that the variation in potential energy
is equal to:

dEgo = dEx - dEo =2 (GM/ ¢2r2) Eq dr

This formulation logically leads us to extend the result by replacing E¢ by E (total energy of the particle)
when the particle is in motion:

dE, = dE, - dE = 2 (GM/ c2r2) E dr (5.3)

In so doing, we consider that gravitation is a phenomenon of energy exchange between the
gravitational field and the particle, involving the latter's total energy.

Finally, the energy equations governing the motion of the particle in the gravitational field can be
written incrementally as follows:

dEo = - (GM/ ¢2r2) E dr (5.2)
dE = dE, - 2 (GM/ c2r2) E dr (5.4)

These equations are not contradictory because, in the absence of external forces, the particle cannot
be at rest and we necessarily have: E + Ep.
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By integration, equations (5.2) and (5.4) lead to the relationships below: ¥

- forenergy at rest:
Eo = Eow exp (GM/ ¢21) = (1 + GM/ ¢21) E¢o (5.5)

- for total energy (in the absence of external forces) :
E=Ewexp(2GM/c2r)=(1+2GM/c?r) Ex (5.6)

Gravitational potential

By choosing E; = 0 at infinity, in the absence of external forces, the potential energy is:

Assuming mo« = rest mass excluding the influence of gravity: Ew = Yo Moo €2
Therefore : Eg #-2Yw GMmoo / T

For zero speed at infinity, the potential is double that derived from Newtonian theory. This is due to
the effect of gravitation on the rest mass. For a non-zero speed at infinity, the deviation from the
Newtonian potential increases with the speed.

Equation of motion

The effect of gravitation can be considered as that of an acceleration applied step by step to a
variable mass at rest. As the potential energy is proportional to the energy of the particle, the motion
is independent of the initial mass if the initial velocities are identical.

The fundamental equation of dynamics can be used, bearing in mind that the change in energy
associated with the change in momentum (i.e. dE;) does not represent the entire change in energy dE
of the particle.

Part of the variation in potential energy corresponds to the variation in the particle's rest mass, i.e. :
YdE, (rest mass of energy dE, carried at speed v).

So we have: dE, =dE-Y dE,

The effect of gravitation on momentum is likened to that of an attractive force F collinear with T:
d(mv)=(F+ F,)dt
vd(mv)=v (F+ F,)dt=Fdr+dE=dE,

Since : Vv=v2, vzZdm + mv dv =dE
p

30 The introduction (for convenience) of exponential functions in no way prejudges the extension of the laws of
gravitation outside the weak field domain.
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In this equation, m corresponds to the total energy of the particle (m = E/c? ), while dm is related to

the variation in momentum (dm = dE;, /c2 ). Therefore :
(v2 /c?) dEy + (VdV / c?) E = dE,
Y2=1/(1-v% /c?) - v2=¢2(1-1/Y?)and vdv =c2dY/Y3
(5.8) - (1-1/Y2) dE, + (dY/ Y3) E = dE,
-dE, + (dY/Y)E=0
Therefore : dE, =(dY/Y)E
This means that Y is a solution to the equation :

dY/Y =dE/E-Y dE, /E

(5.8)

(5.9)

It is easy to see that the choice Y = E/E, is appropriate. This shows that the assumption that the rest

energy varies is consistent with the concept of total energy.

The above equation can then be written as :
dY/Y =dE/E - dEo /Eo

which corresponds to the derivation of the equation : Y = E/E o,

Finally : Fdr =dE - Y dEo - dEx = (dE - dEx) - (dEo /Eo) E
x -2 (GM/ c2r?) E dr+ (GM/ c2r2) E dr
F~-GME/ c2rz=-Y GM Eo / c2r2

For Y = 1 we find the Newtonian expression.

Since Y = E/Eo, we deduce from equations 5.5 and 5.6 (in the absence of external forces):

Y =Yo exp (GM/ c?r) 2 Yo, (1 + GM/ c?r)

Sharing the variation in potential energy
It's easy to check that :

Y dEo =dY Eo [= -Yo (GM/ c2r2) exp (GM/ c2r) Eo dr]

(5.10)

(5.11)

Consequently, the energy exchanged with the gravitational field is shared equally between the

acceleration effect and the effect of modifying the energy at rest.

We will retain the above conclusion as a principle and show that equations (5.1) and (5.2) can be

derived from it.
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5.1.2. Principles adopted

According to the preceding analysis, we adopt the following principles to establish the laws of
gravitation for a non-zero mass particle in a weak field:

First principle: gravitational field and potential energy

The gravitation created by a gravitational source can be characterised by a gravitational field that
imparts potential energy to the particles present in it.

The variation in the potential energy of a particle, of zero or non-zero mass, is proportional to its total
energy E, calculated in the reference frame linked to the source; it is given by the relation :

dE; =2 (GM/ c2r2) E dr

Second principle: conservation of energy

The variation in total energy of a particle is equal to the opposite of the variation in potential energy
plus the work of external forces, if any:

dE = dEX = dEg

Third principle: the influence of gravitation on a particle's energy and momentum
The rest energy of a non-zero mass particle varies with its distance from the source.

In the absence of external forces, the variation in energy associated with rest energy and the variation
in energy associated with momentum are each equal to and opposite half the variation in potential
energy.

Fourth principle: (partial) equivalence between gravitation and acceleration

The fundamental law of dynamics can be applied to determine the relationship between the variation
in the particle's momentum and the variation in energy associated with this momentum under the
effect of the gravitational field.

Application of the principles

Let's consider the absence of external forces:

1+ 2" principle: dE =-dEg; =-2 (GM/ c2r2) Edr
3" principle: Y dEo = dE/2
4™ principle: E =Y Eo (see Equation of motion in paragraph 5.1.1)

It follows immediately :
dE=2YdEo=-2 (GM/ c2r2) Y Ey dr

31



dEo =- (GM/ c2r?2) Eo dr (i.e. equation 5.2)
Referring to the equation of motion, we see that :

dE,=dE-YdE;=Fdr
Therefore : Fdr=-(GM/ c2r2) Edr
If Fx is the opposite of the attractive gravitational force and the speed is zero:

Fx=GMEo / ¢2Zr2z=GM myg /r?2 (i.e. equation 5.1)

5.1.3. The case of photons. Gravitational spectral shift

When applied to photons, equation (5.4) on total energy explains :

- the deflection of light rays by a gravitational source (see sub-chapter 5.3);
- the gravitational spectral shift (see sub-chapter 5.4 : Pound and Rebka experiment).

In section 4.2.2 we saw that the frequency of an electromagnetic wave represents both the emission
frequency of photons and the frequency linked to their energy by the Planck-Einstein relation.

In accordance with this relationship, the energy-related frequency follows the same law as the total
energy:

dv=-2GM/ c?rzvdr (5.12)
In a gravitational field, the frequency related to the energy of a photon varies; it is given by :
Vg = Ve exp (2 GM/ c?r) = (1 + 2 GM/ ¢%1) Vo (5.12")

On the other hand, the frequency vy at which the wave is emitted (which defines the succession of
photons) is necessarily invariant ( = v« ), otherwise there would be an accumulation of photons.

The energy frequency and the emission frequency therefore become distinct.

Equation (5.5) on the rest energy disappears since the photon has zero rest mass.
However, at the same time as the spectral shift, the speed of propagation c; of a photon is modified

as it passes through the gravitational field. 3!

In a gravitational field, the wavelength A; of an electromagnetic wave is expressed by the dual relation:

31 This explains the Shapiro effect (Influence of a gravitational field on the transmission time of an
electromagnetic signal) (see § 5.5).
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The first term in this relationship corresponds to the "energetic" calculation of the wavelength :
c/vg=h/p

since : E (energy) =h vy and p (impulse) =E /c 32

The second term corresponds to the kinematic calculation (celerity divided by the emission frequency).

The products c; v ; and A, v are invariant across the field.*

The speed of the wave (and photon) is :

cg=exp (-2GM/c2r)=(1-(2GM/c%r)c (5.13)

The above leads us to complete the principles set out earlier by writing that, when particles move in
a gravitational field, the action of gravitation consists of :

- achange in the total energy of the particles, whether or not they have zero mass ;

- achange in the momentum of non-zero mass particles and their rest energy;

- a change in the momentum of zero-mass particles and their speed, which becomes
less than c.

Comparison with General Relativity

Given equation (5.12'), the equation linking the frequencies at two points, at distances from the
gravitational source r; and rz, is written :

v2=v1(1+2GM/ c?rz)/ (1 +2GM/ c?rq) (5.14)
In the context of general relativity, the equation obtained is :
(GR) v2=v1 ((1-2GM/c?ri)/ (1-2GM/ c2rz))l/2
or, in low-field conditions :
(GR) v2=v1 ((1+GM/ c?rz)/ (1 + GM/ c?r1)) (5.14")

The frequency difference is therefore twice as small for general relativity.

32 We consider that the impulse remains equal to E/c even though the speed of the wave is no longer equal to
C.

33 We can also explain this result in the following way: as mentioned in paragraph 4.2.2, if the speed of the
wave remained equal to c, its power would vary as the square of its frequency; this would imply that, as the
wave progressed towards the gravitational source, the number of photons elapsed per unit time would
increase, which cannot be the case.
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Let us now consider a photon source located at distance r1 , emitting photons of frequency vsi1 . The
same photon source located at distance r2 would emit photons of frequency vsz , given by equation :

vs2 =vs1 (1 + GM/ c2r, )/ (1+GM/ czrl) (5.15)

This is because the energy of the sources, and therefore that of the photons emitted, is shifted in
accordance with equation (5.5) concerning energies at rest.

The equation giving the frequency v; at r; of the photon emitted at r; as a function of the frequency
vs2 is as follows:

V2 = Vs2 (1 + GM/ c2 rz)/ (1 + GM/ c2 r1)

We can see that this equation is identical to equation (5.14') given by General Relativity (which accepts

Vs2 = Vs1).

This reasoning will be used to explain the result of the Pound and Rebka experiment (see § 5.4.).

5.1.4. Case of the action of the gravitational field alone. The theorem of angular momentum

X

Let's consider a plane motion, which is the case for planetary orbits. If the particle is not subject to any
force other than the centripetal force linked to the gravitational field, we can solve the problem using

the theorem of angular momentum.

Let us denote by p = m V the momentum. According to the fundamental law of dynamics d p and T
are collinear. On the other hand vV and df* are also collinear (since : v = dr/dt).

Therefore : d(P AT)=dpAT +pAdr =0
from which it follows :  m v r sin (V,F) = Constant (5.16)
Equations (5.2) and (5.4) give v as a function of r and equation (5.16) gives the angle ¥ of vV and of T.

This result is applied below to the determination of Mercury's perihelion advance.
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It can also be applied to the calculation of the curvature of light rays in a gravitational field, assuming
that the variation in photon impulse is directed towards the source of the field (cf. § 5.3).

5.2. Calculating Mercury's perihelion advance
5.2.1. The polar coordinates of the planet in a reference frame related to the sun are (r, @).
The radial and angular speeds are :
dr/dt=vcos { do/dt=(v/r) sin @
(5.16) — Y mo vrsin § = A (constant) (5.16"

Starting from ¢ = 0 when the planet is at perihelion, we look for the value of ¢ when it reaches
aphelion. Using the above relationships, we can write :

¢@=[(dp/dt)dt = A [ dt/(Y mer?) = A [(dr/( Y mor?))(dt/dr) = A [(dr/( Y mor2))/ (v cos )
(vsinP)2=(A/( Y mor))2 — vcosy=(v2-(A/(Y mpr))?)1/2
And finally : @ =A [(dr/r2)/ (Y mov)? - (A/1)?)1/2

@ = -[d(1/r)/((Y mov/A)? - (1/r)?)1/2 (5.17)

5.2.2. Equation (5.11) can also be written:
InY = GM/ c2r + constant (5.18)

For Mercury the v/c ratio varies from 1.3 10 to 2 10* between aphelion and perihelion. We
will continue the calculation using limited developments of order 2 inv/c :

Y=1+(v/c)2/2+3(v/c)*/8

InY =(v/c)2/2 + (v/c)*/4
(5.18) — vZ+ vt /2¢2==2GM/ r + B (constant) (5.19)
Let: X=2GM/r+B
Let's rewrite equation (5.17) with this change of variable, limiting ourselves to order 2 in X
[because the ratio (X2 /c2)/X is of the same order as (v/c)?]:
(5.19) - vZ=X-X2 /2 c?

Y2v2=v2+vt/c2= X +X2/2c?

On the other hand, equation (5.5) gives :

Eo = Eoe exp(GM/ €2 1)
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or: Mo = Mo (1 + GM/ €2r) = mo (1 + (X - B)/2c?)

[we limit ourselves to the term in X because of the multiplication by Y2v2 to be carried out afterwards]
mo? = me? (K+ X /c2)
mo? Y2v2 = me? (K + X /c2) (X + X2/2¢2) = mo2 (K X+ 3X2/2¢2)
(Y'mov/A)2- (1/1)2 = (mo/A)2(K X+ 3X2/2¢2) - (X-B)2/(2GM)? (5.20)

The constant A can be calculated from the distance to the sun and the speed at perihelion or aphelion,
where the velocity vector is perpendicular to the radius vector:

Y=mn/2 so sinyg=1 and A=Yimivir
Me/A =Mme/(Yimivir) = 1/(viri)
The second member of (5.20) can be written as a second degree polynomial in X :
(Y'mov/A)2-(1/r)2= -(1/(2GM)2-3/(2c2vi21i2))X2+PX+Q
There are two constants C and D such that, with the change of variable Y =X - C, we can write :
(Y'mov/A)2-(1/r)2= (1/(2GM)2-3/(2c?vi21;2))(D2-Y?)
= (1/(2GM)?)(1 - 6 (GM)?/(c?vi? 1i2)) (D2 - Y2)
Furthermore: 1/r=(X-B)/2GM - d(1/r) =dX/2GM =dY/2GM
Given the two expressions above, equation (5.17) becomes :
@ = - [ dY/(1- 6 (GM)/(c?viz ri2))1/2/ (D2 - Y2)1/2
6 (GM)2/(c2vZ ri2) is very small compared with 1, so we can write :
@ = - (1+3(GM)?/(c?vi2r:2)) [ dY/(D? - Y2)1/2

Therefore : @=- (1+3(GM)2/(c?vi2ri?)) arcsin (Y/D) + Constant (5.21)

5.2.3. We have seen that the passage to perihelion and aphelion is characterised by : Yim;viri = A,
therefore: (Yim;vi/A)2-(1/r))?=0

The result is: D2-Y2=0,o0r: {Y/D = 1au périhélie

Y/D = — 1 al’aphélie
The variation in ¢ between perihelion and aphelion is therefore equal to:
@a-@p = - (1+3(GM)2/(c2vi¢ri?)) (arcsin (-1) - arc sin (1)) = (1 + 3 (GM)2/(c2vi?r;2))
For one revolution, the offset is (with vi and r; at perihelion or aphelion):
Ap = 61 (GM)2/(c2vi?r;?) (5.22)
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This formula is equivalent to that given by General Relativity (a = semi-major axis, e = eccentricity):

(GR) Ap =61 GM/ c2a(1-e)? (5.23)

Application to Mercury

GM =132 712 440 018 km3 52 A =5.018 10-7 radians
€=299792 kms™ =0.1035 seconds

vi = 58,98 km s (perihelion) For one century (415 revolutions) :
ri = 46 10° km (perihelion) A@ =42.95 arc seconds‘

5.3. Curvature of light rays

—

2R

Consider the path of a photon in the vicinity of the Sun, shown in the figure above.

By replacing the momentum Ymyg v by E/c for the photon, equation (5.17) is written :

@ = - [d(1/r)/((E/Ac)? - (1/r)?)'/? (5.24)

This assumes that the energy of the photon is affected by the gravitational field in the same way
the total energy of a massive particle.

We check that GM/c?r is small compared to 1 (equal to 2.12 10 for r = R).
Equation (5.6) is therefore valid:
E = Ew exp (2 GM/ c?r)
According to (5.16') : E/Ac=1/rsiny
For r =R (radius of the sun), W=mn/2, sin¥W=1
So: Er /Ac=Exexp (2GM/c2R)=1/R

Ew /Ac=(1/R) exp (-2 GM/ c2R)

as
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E/Ac = (1/R) exp (2 GM (1/r-1/R)/ ¢?) = (1/R) (1 +2GM (1/r- 1/R)/ )

(5.24) - @ = -[d(1/r)/((1/R)*(1+4GM (1/r-1/R)/ c?) - (1/r)?)1/?

@ = -[d(1/r)/((1/R)*(1-2 GM/ c?R)?- (1/r - 2 GM/ c?R?)?)1/2

@=-[d(1/r)/((1/R-2GM/ c?R?)?- (1/r - 2 GM/ c?R?)2)1/2
Integrating with respect to (1/r - 2 GM/ c2R?) gives :

@ = arcsin((1/r - 2 GM/ ¢2R?)/ (1/R - 2 GM/ ¢2R?)) + Constant.
For r varying from + co to R the variation of s :

@ - e = arc sin 1 - arc sin (- 2 GM/ ¢2R)

=1/2 +2 GM/ c2R

At the point closest to the centre of the sun, the angle of deviation of the trajectory is (2 GM/ c2R);
this must be doubled to obtain the total deviation:

Ap =4 GM/ c2R (5.25)

This is the value provided by the theory of General Relativity and verified by experiment:

‘A(p =1.75arc seconds‘

5.4. Pound and Rebka experiment (spectral gravitational effect)
Remember: we are in the case where GM/ c?r is small compared to 1.

We will show that the relation (5.14), giving the gravitational spectral shift, remains compatible with
the results of the Pound and Rebka experiment if this experiment is interpreted within the framework
of the new approach we are proposing.

The principle behind this experiment is to detect the effect of the Earth's gravity on photons:

Two samples of iron *’Fe (emitter of gamma photons) are placed in a tower at a vertical distance
sufficient to create a detectable gravitational effect (22.5 metres). By de-excitation, the source sample
emits photons in a very narrow energy band; these photons are absorbed by the other sample if their
frequency has remained very close to their emission frequency (excitation at the resonance
frequency).

Because of the Mdssbauer effect, the emission or absorption of a photon disturbs the variation in the
frequency of this photon, due to the gravitational effect, to an extent sufficiently small that it remains
detectable in the following way: by setting the transmitter in motion, we create a Doppler effect which
counterbalances the gravitational frequency variation so as to allow the effective absorption of the
photons. All we need to do is measure the Doppler frequency shift.
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Let's consider the case of the transmitter placed on the ground. Let us denote by :
vs the frequency of the photons emitted,
vh the resonant frequency at the top of the tower (height h)
vs' the frequency of the photons arriving at the receiver,
v the relative velocity between transmitter and receiver.

Because of the low relative velocity, the energy variation factors linked to the Y parameter (of
order v2/c? whereas the Doppler effect is of order v/c) are neglected.

Since the receiver is offset by the height h from the transmitter, the energy of the atoms in the two
devices is shifted in accordance with equation (5.5) for rest energies; the same applies to the energy
and therefore the frequency of the emitted and resonant photons. Equation (5.15) must therefore be
used:

vz = vi (1+ GM/c2rz)/ (1 + GM/ c2rq) (5.26)
which can be writtenas: vz=v; (1 +(GM/c2)(1/r2-1/r1))
In this case: r2 =r; +h, so: 1/r2-1/ri=-h/ri(r1+h)=-h/r2
The relationship between the frequencies of the emitted and resonant photons is :

vh=vs (1- GM h/ ¢2r:2)

Excluding the Doppler effect, the frequency shift of the emitted photon is given by equation (5.14),
which, using the same reasoning as above, leads to :

vs'=vs (1-2GM h/ c2r¢?)
Therefore: vs'/ vu=(1- GM h/ c%r2)
The Doppler compensation must be such that :

(1+v/c)vs'/vn=1
which leads to : v/c=GMh/ c2ry2

v=gh/c which is the result of the experiment.
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5.5. Shapiro effect

Let's take a look at the travel time of an electromagnetic signal between two points A and B,
depending on whether or not this travel is influenced by the presence of a gravitational field.

We design by :

- 14 :the radial coordinate of A,

- rp :theradial coordinate of B,

- 1o : the radial coordinate at the point P on the
trajectory closest to the source of the gravitational
field.

We assume that GM/c2 r is small compared to 1 for any value of r.

We have seen (cf. § 5.1.3) that the speed of an electromagnetic wave is modified by the presence of
the gravitational field. Its speed is given by equation (5.13) :

cg=(1-(2GM/ cr))c
We can write: cg=c(1-Ac/c)

with : Ac/c= (2 GM/c?r) (5.27)

To calculate the journey time, let's go back to the information given at the beginning of paragraph
5.2.1.

dr/dt=cgcos Y — t=[(1 /cg) dr/cosy (5.28)
t=(1/¢)[(1 + Ac/c) dr/cos ¥ (5.28"
The journey time is made up of two terms:
- thefirst [t = (1/c) dr/cos ¥ ] corresponding to the travel time at speed c;

- the second [ At' = (1/c)[(Ac/c) dr/cos ¥ ] representing the additional time due to the
decrease in the speed of light.

Term corresponding to the variation in distance :

Since gravitation bends the trajectory of light rays, we expect the travel time between two points to
increase compared with what it would be in the absence of a gravitational field (straight line travel).

Referring back to the beginning of sub-chapter 5.3, we see that equations (5.6) and (5.16') allow us to
express sin ¥ in the form :
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sin W = (ro /) exp (2GM (1/10-1/r)/ c?
Let: K=2GM/ c?rg et X=ro/T
sinW=X(1+K(1-X))
cosW= (1-X2)1/2(1-2KX2/(1+X))
1/cosW= (1-X2)-1/2(1+KX2/(1+X))
Since: dr = (-ro /X2) dX
[t= (1/c)fdr/cos¥W] -  t= (1/¢) [(1-X2)2dr - (Kro/c) [(1-X2)¥2/(1+X) dX (5.29)
The straight line travel time at speed c is given by:
to= (1/¢) fr(r2-re?)-v2dr = (1/c) [(1-X2)Y2dr
and the increase in duration by:
At=- (Kro/c) [(1-X2)Y2/(1+X)dX
By changing the variable X=1/ch Y, we obtain :
At=2GM/c3[dY/(1+chY)
By integrating, we get: At=(2GM/c3)(chY-1)/shY

or: At=(2GM/c3) (e¥-1)/(e¥Y+1) (5.30)

From A to B, the variation in duration is the sum of the variations from A to P and from B to P.
If ra and rg are sufficiently larger than ry , we can assume that at points A and B:
(e¥-1)/(e" +1)~ 1
At point P, we have: chY=1, Y=0and (e¥-1)/(e¥+1)=0

Finally: Atyp =4 GM/c3 (5.31)

Term corresponding to speed variation:
Referring to equations (5.28') and (5.29) we see that we can write :
At'= (1/¢) [(1-X2)*2 (Ac/c) dr

(5.27) - At'=-(2GM/c3) [ (1-X2)¥2X-1dX (lower order terms are neglected)

Assuming X =1/ch Y, the above equation reduces to :

At= (2GM/c?) [ dY
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By integrating : At' = (2GM/c3) arg ch(r/ro) (5.32)
If ra and rg are sufficiently larger than ry , then: arg ch(ra/ro) = In (2ra/ro)
arg ch(rs/ro) = In (2rs/ro)

Sinceargch(1)=0:  At'as=(2GM/c3) In (4rars /10?) (5.33)

Finally, summing equations (5.31) and (5.33) gives the full Shapiro effect (for a one-way AB):
ATAB = (2 GM/C3) (ln(4 I‘AI'B/I'()Z) + 2) (534)

This effect is not exactly identical to that given by General Relativity

(GR) ATag = (2 GM/C3)(IH(4 I‘AI'B/I'()Z) + 1) (5.35)

The secondary term corresponding to the variation in distance is doubled in (5.34) compared with
(5.35). It should be noted that, under the conditions of the experiments carried out, this secondary
term is too small compared with the main term to be detected.

We will explain this discrepancy in sub-chapter 5.6 below.

5.6. Comparison with the theory of general relativity

We have just examined the main experiments considered as a basis for verifying the theory of general
relativity. We have seen that, under weak gravitational field conditions, the predictions of GR and those
made using our new approach are identical except for the gravitational spectral shift and the secondary
term of the Shapiro effect.

This similarity is explained below.

5.6.1. Schwarzschild metric

In the context of general relativity, the Schwarzschild metric is a solution of Einstein's equations. It
describes the geometry of space-time deformed by the gravitational field outside an isolated,
spherically symmetric, static (non-rotating), uncharged body surrounded by vacuum.

For a body of mass M, this metric is defined outside a sphere of radius :

Rs = 2 GM/c? (5.37)
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Using the spherical coordinates (ct, 1, 8, @), the infinitesimal distance ds related to the metric is
given by the relation :

ds2=(1-Rs/r)czdt2- (1-Rs/r)1drz-r2(d62 + sin20 dg?) (5.38)

In distorted space-time, a particle subject only to the action of gravitation follows an inertial motion
and moves along a geodesic line:

- of the "light" type, characterised by ds2 = 0, for a particle of zero mass (photons) ;

- of the "time" type, characterised by ds2 = ¢2 dt2, for a particle of non-zero mass
(dt being the proper time interval).

The study of motion is based on the conservation, along geodesics, of quantities assimilated to energy
and angular momentum 3%,

Plane trajectory of a material particle (orbit of a planet)
The frame of reference is chosen such that the trajectory lies in the plane 8 = /2 : *®°

- the first quantity conserved is similar to the energy per unit mass outside the gravitational
attraction (at infinity) 3¢ :
e=c2(1-Rs /r) (dt/dT) (5.39)

- the second is the angular momentum per unit mass (at infinity):
l=r (rde/dt) (dt/dt) =rvsin Y (dt/dT) (5.40)
Let's calculate (dt/dt) from equation (5.38) and relations :
dr/dt = v cos y and dg/dt = (v/r) sin §r
(5.38) —» dt2=((1-Rs/r)-(1-Rs/r)1(v2/c?) cosz)- (vZ/c2) sinz ) dt 2
dt2=((1-Rs/r)-(v2/c?) - (Rs /r) (v2 /c?) cos? ) dt?

dt2=((1-v2/c2)-(Rs/r)(1+ (v2/c?) cos? {r)) dt2

With Y2 = 1/(1 - v2 /c?) :
dr? = (1/ Y2)(1- Y2 (Rs /r)(1 + (v2 /c?) cos? ) d2

And finally: dt/dt=7Y (1+ Y2 (Rs /r)(1 + (v /c?) cos2 ) /2)

34 This conservation can be deduced from the symmetries of space-time. See, for example, Eric Gourgoulhon's
2013-2014 General Relativity course (2™ year of the "Research, Astronomy and Astrophysics" master's degree
at Paris Observatory and Universities of Paris 6, 7 and 11), available on the Internet.

35 see figure § 5.1.4.

36 Remember that GR considers rest mass to be invariant.
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Rs /ris small compared to 1. Let's also consider the non-relativistic case (v/c small compared to 1):
dt/dt=Y (1+ Rs /2r)
Relations (5.39) and (5.40) can be written as :
e=c2Y (1- Rs /2r) (5.39")
1=Y (1-Rs /2r) rvsin (5.40"
The conservation condition for these quantities leads to the two equations below:
Y =Yo (1-Rs /21)" (5.41)

Y (1+ Rs /2r) r v sin y = A constant (5.42)

Radial displacement of a photon (gravitational spectral shift)

Conservation of the energy quantity along the radial "light" geodesic followed by the photon gives :
Ephoton= (1 -2 GM/ Czr)'l/z Ew (543)

Furthermore, with ds = 0, d6 = 0 and d¢ = 0, equation (5.38) allows us to express the (radial) speed
of the photon in reference frame (ct, 1, 6, @) :

cg=dr/dt=(1-Rs /r)c

Non-radial trajectory of a photon (deflection of light rays and the Shapiro effect)

The trajectory of a photon remains in a plane. The calculations are based on non-radial "light"
geodesics. The components of the photon's 4-impulse are deduced from the quantities conserved.

Using the metric then leads to the differential equation of the photon trajectory in the plane 6 = /2.
As with the radial trajectory, the photon speed can be determined from (5.38) :
cg? /c2=(1-Rs/r)/(1+(Rs/r)cos2y)=1-Rs/r-(Rs/r)coszy
=1-2Rs/r+ (Rs/r)sinz

cg/c=1-R /rs+ (Rs/r)sin2 y/2 (5.44)
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5.6.2. Explanation of similarities and differences

Fundamental differences between the two approaches
The first thing to remember is the following difference in concept:

- General relativity treats the problem kinematically. The curvature of space-time accelerates or
slows down particles.?” The energy of the source of the gravitational action defines the
parameterisation of the metric. The energy variations of the particle subjected to this action
are not explicit.

- The new approach proposed in this note focuses on energy with the principle of conservation
of total energy. A real exchange of energy takes place between the particle and the
gravitational field.3® This approach is made possible by abandoning the principle of invariance
of energy at rest.

The other fundamental difference is precisely the difference in the concept of rest energy. In weak
field conditions, the total energy involved is doubled in the approach we are proposing compared with
Newtonian gravitation.

Particle movement

The two approaches give identical predictions for the motion of particles placed in a gravitational field
(in weak field conditions).

This is because :

- the Lorentz factor Y is expressed in the same way: equations (5.11) and (5.41) are identical;

- the curvature of space-time® is equivalent to equating the value of the angular momentum of
a particle to the one we propose: equations (5.16') and (5.42) are identical if we take into
account the law giving the increase in rest energy in the gravitational field (5.5);

- As far as photons are concerned, both approaches assume that they are subject to
gravitational action in the same way as material particles;

- both approaches lead to the same variation in photon speed in the gravitational field for
trajectories close to radial trajectories.

37 In the same way that a simple change of Galilean reference frame modifies the speed of a particle.

38 This is explained in the note entitled "Gravitational Field, Fundamental Principle of Dynamics and Quantum
Mechanics".

39 With the Schwarzschild metric.
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As far as the Shapiro effect is concerned, the difference noted in sub-chapter 5.5 is easily explained by

equation (5.44):

This equation gives the complementary term [+ (Rs /r) sin2 { /2] to equation (5.13) giving the speed
of a photon in the gravitational field. If we complete the calculation in sub-chapter 5.5 (equation 5.27)
taking into account the above term, we find a decrease in travel time equal to :

At'1=(GM/c3) [ (1-X2)-¥2X dX (taking into account that: sinys = X)
So, integrating: At'1=- (GM/c3)(1 -X2)”
For a one-way AB trip:  At'iag =- 2GM/c3

This difference is the same as that noted in sub-chapter 5.5.

Gravitational spectral shift

As explained in section 5.1.3, the gravitational spectral shift given by the GR is twice as small as that
calculated using our approach.

This is a direct consequence of the fundamental difference in the concept of energy mentioned at the
beginning of this paragraph. Since frequency is directly linked to energy by the Planck-Einstein relation,
velocity does not come into play and curvature does not come into play to correct the discrepancy.

With regard to the Pound and Rebka experiment, the predictions of the two approaches are identical
because the difference in total energy is compensated for by taking into account in our approach the
difference in rest energies between transmitter and receiver (leading to the same difference in
frequencies).*

40 |n paragraph 4.1.3 (Doppler effect), we already considered that the energy of photons emitted by a source
varies as the energy of the source varies.
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