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Abstract

In accelerator and plasma physics it is generally accepted that there is no need to
solve the dynamical equations for particles motion in manifestly covariant form,
that is by using the coordinate-independent proper time to parameterize parti-
cle world-lines in space-time. In other words, in order to describe the dynamical
processes in the laboratory frame there is no need to use the laws of relativistic
kinematics. It is sufficient to take into account the relativistic dependence of the
particles momentum on the velocity in the second Newton’s law. Therefore, the
coupling of fields and particles is based, on the one hand, on the use of result from
particle dynamics treated according to Newton’s laws in terms of the relativistic
three-momentum and, on the other hand, on the use of Maxwell’s equations in
standard form. In previous papers we argued that this is a misconception. The
purpose of this paper is to describe in detail how to calculate the coupling between
fields and particles in a correct way and how to develop a new algorithm for a
particle tracking code in agreement with the use of Maxwell’s equations in their
standard form. Advanced textbooks on classical electrodynamics correctly tell us
that Maxwell’s equations in standard form in the laboratory frame and charged
particles are coupled by introducing particles trajectories as projections of particles
world-lines onto coordinates of the laboratory frame and by subsequently using the
laboratory time to parameterize the trajectory curves. For the first time we showed
a difference between conventional and covariant particle tracking results in the
laboratory frame. This essential point has never received attention in the physical
community. Only the solution of the dynamical equations in covariant form gives
the correct coupling between field equations in standard form and particles trajec-
tories in the laboratory frame. We conclude that previous theoretical and simulation
results in accelerator and plasma physics should be reexamined in the light of the
pointed difference between conventional and covariant particle tracking.

Preprint submitted to 10 October 2016



1 Introduction

The coupling between charged particles and electromagnetic fields is often
described with the help of Maxwell-Lorentz equations in the laboratory
frame, which we assume inertial. The full system of equations reads:

~∇ · ~E = 4πρ ,
~∇ · ~B = 0 ,

~∇ × ~E = −
1
c
∂~B
∂t
,

~∇ × ~B =
4π
c
~j +

1
c
∂~E
∂t

(1)

together with

d~pn

dt
= en

(
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c
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)
,

~pn = mn~vn

(
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v2
n

c2

)−1/2

, (2)

where the last equations describe the Lorentz force acting on the particles,
while the first four equations are the Maxwell’s equations. Charge density
ρ and current density ~j are given by

ρ(~x, t) =
∑

n

enδ(~x − ~qn(t)) ,

~j(~x, t) =
∑

n

en~vn(t)δ(~x − ~qn(t)) . (3)

Here δ(~x − ~qn(t)) is the three-dimensional delta function, mn, en, ~qn(t), and
~vn = d~qn(t)/dt denote rest mass, charge, position, and velocity of the nth
particle, respectively. Finally, the time t is recorded by using clocks in rest
relatively to the laboratory frame and synchronized by light-signals.

This coupling of Maxwell’s equations and Newton’s equations through
the Lorentz force is widely used, commonly accepted in accelerator and
plasma physics and, in particular, in analytical and numerical calculations
of synchrotron and cyclotron radiation (see e.g. [1, 2]). In order to evaluate
radiation fields arising from external sources specified by Eq. (3) we need to
know, for each particle, the velocity ~vn and the position ~qn as a function of the
laboratory time t. The relativistic motion of each particle in the laboratory
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frame is described, instead, by Eq. (2). In other words, it is generally accepted
that, in order to describe the dynamical evolution of a relativistic beam of
particles there is no need to use the laws of relativistic kinematics: it is
sufficient to take into account the relativistic dependence of the particles
momentum on the velocity.

In our previous publications [3, 4, 5] we argued that this way of coupling
fields and particles is misconception, which actually led to a strong qualita-
tive disagreement between theory and experiments. In this paper we present
details on how to perform correct calculations pertaining the coupled sys-
tem of charges and radiation and on how to develop a new algorithm for a
particle tracking code. In particular, we will point out that only the solution
of the dynamical equations in covariant form gives the correct coupling be-
tween the field equations in their usual standard form and the trajectories
of particles in the laboratory frame. In other words, Maxwell’s equations in
their usual standard form in the laboratory frame and the motion of charged
particles are coupled by describing the particles trajectories in the laboratory
frame with a projection of their world-lines onto the coordinates of the lab
frame and by using the laboratory frame time in order to re-parameterize
the trajectory curves. In an equivalent, but more mathematical wording,
we wish to find the trajectory of any particle in the laboratory frame, ~q(t),
consistently with Maxwell’s equations in standard form Eq. (1). In order to
do so, there is a need to solve the dynamical equation of motion in mani-
festly covariant form by using the coordinate-independent proper time τ to
parameterize the particle world line xµ(τ):

m
d2xµ

dτ2 = eFµν
dxν
dτ

, (4)

where Fµν are the components of the electromagnetic field tensor.

Note that the dynamical evolution in the laboratory frame described by Eq.
(2) is based on the use of the laboratory frame time t as independent variable.
In this case, the trajectory ~q(t) can be seen, from the laboratory frame view, as
the result of successive Galilean boosts. This evolution of particles in terms
of Galilean boosts poses a problem when the particles motion needs to be
coupled with Maxwell’s equations. In fact, the d’Alembertian, which enters
in basic equations of the electromagnetism is not a Galilean invariant.

In contrast, the trajectory ~qcov(t), which is found by using the manifestly co-
variant dynamical equation, Eq. (4) can be viewed from the laboratory frame
as the result of successive Lorentz boosts. In section 2 we will demonstrate
in detail for a particular example case the difference between conventional
particle trajectory ~q(t) calculated by solving Eq. (2) and the covariant par-
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ticle trajectory ~qcov(t) calculated by projecting the world-line x(τ) onto the
laboratory frame coordinates. This essential difference has never received
attention in the physical community.

We stress that the statement made above, that there is a difference between
the two trajectories ~q(t) and ~qcov(t) does not mean that the conventional
trajectory ~q(t) is incorrect. Within the framework of dynamics only, both
trajectories describe correctly the same physical reality. Different expres-
sions for the particle trajectories are different only because they are based
on the use of different clock synchronization conventions. Whenever we
have a theory containing an arbitrary convention, we should examine what
parts of the theory depend on the choice of that convention and what parts
do not. We may call the former part convention-dependent, and the lat-
ter convention-invariant. Clearly, physically meaningful results must be
convention-invariant. We state that the difference between the two trajec-
tories ~q(t) and ~qcov(t) is convention-dependent and has no direct physical
meaning. Once more, different expressions for particle trajectory in a sin-
gle (e.g. the laboratory) reference system arise from the use of different
synchronization conventions.

Different types of clocks synchronization obviously provide different time
coordinates that describe the same reality: in particular, we cannot give any
experimental method by which simultaneity between two events in different
places can be ascertained. In other words, the determination of simultaneous
events implies the choice of a convention. In a similar fashion, in order to
measure the speed of a particle, one first has to synchronize the clocks that
measure the time interval as the particle travels between two given points
in space. Therefore it can be said that, consistently with the conventionality
of simultaneity, the value of the particle speed is also a matter of convention
and has no definite objective meaning. Let us consider, for instance, the
case of a circular or helical motion in a constant magnetic field: the particle
speed is convention-dependent. In contrast to this, the radius of rotation
has a direct objective meaning, and does not depend on the choice of clock
synchronization.

Note that advanced textbooks on classical electrodynamics correctly tell us
that Maxwell’s equations and charged particles are coupled in a covariant
manner, see e.g. [6, 7]. The charge and current densities in Eq. (3) can, in fact,
be written as a four-current vector with coordinates jµ(x) by introducing the
charge 4-vector coordinate xµ(τ) as a function of the charge proper time τ
and integrating over the proper time with an appropriate additional delta
function. This leads to

jµ(x) = ec
∫

dτ uµ(τ)δ4(x − x(τ)) , (5)
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where the charge 4-velocity uµ(τ) and the 4-vector coordinates xµ(τ) are
solutions of the covariant equation of motion Eq. (4). Integration over the
proper time of τ leads to

jµ(~x, t) = euµ(t)δ3(~x − ~qcov(t)) , (6)

where ~qcov(t) is what we are looking for: it is the particle trajectory in the lab-
oratory frame found as the result of the projection of the particle world-line
onto the coordinates of the laboratory frame. As said before, ~qcov(t) is consis-
tent with Maxwell’s equations in standard form Eq. (1). Unfortunately, the
difference between conventional particle trajectory and covariant particle
trajectory seems to have been almost entirely overlooked by many physi-
cists (with the exception of Lorentz 1 [8]) who developed results of the
theory of radiation from charged particles by using Maxwell’s equations in
standard form Eq.(1) and ~q(t) instead of ~qcov(t).

Curiously, even first order optical phenomena like the aberration of light
cannot be explained on the basis of the conventional coupling of fields and
particles (Eq.(1) and ~q(t)), which gives a result in contradiction with exper-
iments. We conclude that previous theoretical results in radiation theory
and, in particular, in synchrotron radiation theory should be reexamined
in the light of the pointed difference between conventional and covariant
particle trajectories.

2 Explicit example of the difference between the trajectories ~q(t) and
~qcov(t)

In this section we present a study of an experimental setup for illustrat-
ing the difference between conventional and covariant trajectories. We have
chosen this particular example because it is relatively simple, although it
can stand as a basic case that can be generalized to describe all synchrotron
radiation phenomena. This study also has practical applications, since it
provides a method to correctly analyze the effect of trajectory errors on the
amplification process of X-ray Free-Electron Lasers (XFELs). Let us con-
sider the simple case when a microbunched ultrarelativistic electron beam
is kicked by a weak dipole field before entering a downstream undulator
and study the process of emission of coherent undulator radiation. Fig. 1

1 There are two satisfying ways of coupling fields and particles. The first, Einstein’s
way, consists in using relativistic kinematics for the description of the particle
beam evolution and Maxwell’s equations in standard form. The second, Lorentz’s
way, consists in using the conventional trajectories ~q(t) and in a reformulation of
Maxwell’s equations in the absolute time synchronization convention.

5



shows a schematics of a microbunched electron beam undergoing a kick.
Conventional particle tracking (based on Eq. (2)) states that after the beam is
kicked there is a trajectory change, while the orientation of the microbunch-
ing phase front remains as before. In other words, the kick results in a
difference between directions of the electron motion and the normal to the
phase front (see Fig. 1(a)). According to conventional particle tracking, a
kick along the x direction is equivalent to a Galilean coordinate transforma-
tion as x′ = x − vxt. This transformation is completed with the invariance
of simultaneity; in other words, if two electrons arrive simultaneously at a
certain position z down the beam, i.e. ∆t = 0, then after the transformation
above the same two electrons reach position z′ = z once more simultane-
ously, i.e. ∆t′ = 0. The absolute character of temporal simultaneity between
two events is a consequence of the identity t′ = t. As a result of the kick, the
transformation of time and spatial coordinates of any event has the form of
a Galileo boost rather than a Lorentz boost.

In conventional particle tracking, the simultaneity along the x direction has
an absolute character, meaning that it is independent of the kick. According
to the theory of relativity, however, we can establish another criterion for
the simultaneity of events, which is based on the invariance of the speed
of light. It is immediately understood that, as a result of the motion of
electrons along the wavefront after the kick, the simultaneity of different
events is no longer absolute, i.e. independent of the kick. This reasoning is
in analogy with Einstein’s train-embankment thought experiment. There is
a reason for arguing that we must have made a mistake. Of course, we did
not make a mathematical mistake in the solution of Lorentz force equation
Eq. (2), but may be we have left something out. As we already mentioned
above, this is no mistake with point of view of dynamics. The microbunching
wavefront can be considered as a plane of simultaneous events. Establishing
simultaneous events is only a matter of convention and the orientation of
the microbunching wave vector of an ultrarelativistic electron beam has no
definite objective meaning.

In contrast to this, the direction of emission of coherent radiation from a
microbunched electron beam obviously has a direct objective meaning. In
standard electrodynamics, coherent radiation is emitted in the direction
normal to the microbunching wavefront. Therefore, according to the con-
ventional coupling of fields and particles, when the angular kick exceeds the
divergence of the output radiation emission in the direction of the electron
beam motion is strongly suppressed. There are two outstanding predictions
of conventional theory concerning the beam kicking experimental setup in
Fig. 1(a). (see e.g. [9]). The first is that a kicked electron beam coherently
radiates towards the wavefront normal i.e. along the z axis. After the kick,
the beam velocity components are (vx, 0, vz), where vz =

√
v2 − v2

x and v is
the beam velocity along the z-axis (i.e. the undulator axis ) upstream of
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Fig. 1. A microbunched, ultrarelativistic electron beam undergoes a kick of an an-
gle θ. Different conventional choices give different results for the electron beam
evolution. (a) Conventional particle tracking can be described in terms of a Galileo
transform: simultaneity is preserved; the microbunching direction remains unvar-
ied as well as the speed of the electrons, v. (b) Another conventional choice consists
in using Lorentz boosts to describe the particles evolution: simultaneity is not pre-
served in this case; the microbunching direction is tilted and the velocity of the
electrons changes from v to vz < v.

the kicker. The second prediction of the conventional theory is that if a mi-
crobunched beam is at perfect undulator resonance without kick, then after
the kick there is a red shift in the resonance wavelength in the radiation di-
rection (i.e. along the z-axis). The maximum power of the coherent radiation
after the kick is reached when the undulator is detuned to be resonant to
the lower longitudinal velocity after the kick.

According to conventional particle tracking, any transformation of obser-
vations in the comoving inertial frame where the particle is instantaneously
at rest to the laboratory frame can be made by Galilean transformations. If a
relativistic particle is accelerating in the laboratory frame, one can think of
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successive Galileo boosts that track the motion of the accelerated particle.
The usual Galileo rule for adding velocities is used to fix the Galileo boosts
tracking that particular particle along its motion. The use of a sequence of
Galileo boosts to describe the motion of relativistic particles is puzzling,
because the equation of motion Eq. (2) is consistent with the principle of
relativity. We would like, therefore, to clarify how Galilean transformations
can be understood in terms of the theory of relativity. Since the formulation
of special relativity, most researchers assume that Lorentz transformations
between inertial frames immediately follow from the postulates of the the-
ory of relativity. However, these postulates alone are not sufficient to obtain
Lorentz transformations: one additionally needs to synchronize spatially
separated moving clocks with the help of light signals. If this done using
Einstein’s synchronization convention, then Lorentz transformation follow.
However, if the same clocks are synchronized following a different synchro-
nization convention, other transformations follow.

In order to get a Galilean transformation, we should synchronize clocks
in the laboratory system with the usual procedure suggested by Einstein
and involving light signals. Next, in order to perform measurements in a
moving inertial frame (a frame moving with velocity vx with respect to the
laboratory system), it is necessary to synchronize the moving clocks. This
can be done with the help of clocks at rest without light signals simply by
adjusting them according to the reading of a clock at rest whenever they fly
past it (see e.g. [10]). In other words, on the basis of Newton law Eq. (2), it is
assumed that moving clocks are externally synchronized i.e. synchronized
with the help of the clocks at rest in lab frame (absolute time convention).
Then, according to the conventional coupling of fields and particles, the
sources in Eq. (3) are the result of the transformation of source observa-
tions made in the moving frame to the laboratory frame, done with Galilean
transformations. Consistently, these conventional sources in the laboratory
frame should be coupled to the field equations found by transforming stan-
dard Maxwell’s equations in the moving frame to the laboratory frame with
Galilean transformations as well. Maxwell’s equations, however, do not re-
main form-invariant with respect to Galilean transformation. In fact, the
d’Alembertian operator, which enters basic electrodynamical equations is
not Galilean invariant. Its change of form under Galilean transformation
can be verified by replacing ∂/∂t = ∂/∂t′ − vx∂/∂x′, ∂/∂x = ∂/∂x′. We must
conclude that coupling the electrodynamical equations Eq. (1) to Newton
equation with Lorentz force Eq. (2) is a misconception.

According to covariant particle tracking, any transformation of observa-
tions in the comoving inertial frame where the particle is instantaneously
at rest to the laboratory frame can be done by Lorentz transformations. If
a relativistic particle is accelerating in the laboratory frame, one can think
of successive Lorentz transformations that track the motion of the acceler-
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ated particle. The Einsten’s rule for addition of velocities is used to fix the
Lorentz transformations tracking that particular particle along its motion.
In order to get a Lorentz transformation, we must synchronize clocks in
the laboratory frame with the usual Einstein procedure involving light sig-
nals, as before. However, in contrast to what has been done before, in order
to perform source observations in a moving inertial frame, we use clocks
in rest relative to the moving frame and synchronized by light signals. In
this case the d’Alembertian remains form-invariant with respect to Lorentz
transformations. We may now summarize of the main conclusion of our
discussion: we state that Maxwell’s equations in their standard form are
consistent with particle trajectories in the laboratory frame described as a
sequence of Lorentz boosts tracking a particle.

We now wish to consider in detail an experimental setup with a microbunched
electron beam and a kicker, as shown in Fig. 1, and present an analysis of how
a sequence of Lorentz boosts unfolds, giving rise to the behavior in Fig. 1(b).
Suppose that an electron beam moves, initially, at ultrarelativistic velocity
v parallel to the z-axis upstream the kicker, assuming for simplicity that the
kick angle θ ' vx/c is small compared with 1/γ, where γ = 1/

√
1 − v2/c2 is

the relativistic factor. This means that we take the limit γ2v2
x/c2
� 1.

Let us consider a composition of Lorentz boosts that track the motion of a
relativistic electron accelerated by the kicker field. Let S be the laboratory
frame of reference, and S′ another inertial frame moving with velocity ~v
relative to S. Particles upstream of the kicker are at rest with respect to S′.
By definition, S′ is connected to S by the Lorentz boost L(~v) according to
X′ = L(~v)X, where we denote with X a four vector describing an event in
a space-time with respect to S. We turn our attention to what happens in
S′, in which particles are at rest and the kicker is running with velocity −~v
towards them. In S′, the moving magnetic kicker produces an electric field.
Therefore, in order to describe the kick, we must consider electrons moving
in a combination of electric and magnetic fields perpendicular to each other.
It is easy to see that the acceleration in these crossed fields gives rise to
the electron beam velocity specified by v′x = γvx parallel to the x-axis and
v′z = −v(γvx/c)2/2 parallel to the z-axis. If γ2v2

x/c2
� 1, the motion of the

kicked beam in the moving reference frame S′ is non relativistic. Let now
S” be a third inertial frame where particles downstream of the kicker are at
rest. In order to relate S” to S′ we should perform a composition of boosts
along the z axis and along the x axis. However, as is known, the composition
of non-collinear Lorentz boosts does not result in another Lorentz boost but
rather in a more complicated Lorentz transformation involving a boost and
rotation, the Wigner rotation [12, 13, 14]. In our non-relativistic asymptotic
we can neglect the fact that the two non-collinear Lorentz boosts do not com-
mute and use the transformation X” = L(~exv′x)L(~ezv′z)X′ = L(~ezv′z)L(~exv′x)X′ to
discuss the beam motion in S′ after the kick. Here ~ex and ~ez are unit vectors
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respectively directed along the x and the z axis. The sequence of Lorentz
boosts L(~exv′x)L(~ezv′z)L(~ezv) presents a step-by-step change from S to S′ and
then to S” according to X” = L(~exv′x)L(~ezv′z)L(~ezv)X. For the first two boosts,
velocities are parallel and the addition law is L(~ezv′z)L(~ezv) = L(~ezvz). Here
vz = v(1 − θ2/2) and θ = vx/c. The resulting boost composition can be rep-
resented as X” = L(~exv′x)L(~ezv)X. As discussed before, this product of two
non-collinear boosts is not a boost, but it can be represented as composition
of a boost and a three-dimensional rotation: L(~exv′x)L(~ezvz) = R(θ)L(~nvz) ,
where R(θ) is the matrix of the rotation of the S” system through an Wigner
angle θ = vx/c in the x, z plane of the system S and ~n is the unit vector
~n = ~exθ+~ez(1− θ2/2) (up to the fourth order in θ. We note that the interpre-
tation of the Wigner rotation in the laboratory frame of reference requires a
certain care [15, 16, 17]. We also note that we discuss particle tracking under
the approximation v2

x/c2
� γ2v2

x/c2
� 1. However, even in this simple ex-

ample we are able to demonstrate the difference between conventional and
covariant particle trajectories. The microbunching orientation is readjusted
along the new direction of the electron beam and the speed of electrons
decreases from v to vz, see Fig. 1(b). The result is at odds with the prediction
from conventional particle tracking, see Fig. 1(a).

We can look at this result of covariant particle tracking in the following
way: if the velocity of a modulated electron beam is close to the velocity
of light, Lorentz transformations work out in such a way that the rotation
angle of the microbunching wave vector coincides with the angle of rotation
of the velocity. In this case, the length of the wave vector along the direction
of the bunch motion is Lorentz invariant. This is plausible if one keeps in
mind that the wave vector of a laser pulse behaves precisely in the same
way: during the motion along a curvilinear trajectory, the wave vector of the
radiation is always aligned with the direction of motion of the laser pulse.
It follows from the previous reasoning that in the large momentum (or zero
mass) limit, whatever we know about the kinematics of a laser pulse can
immediately be applied to an ultrarelativistic modulated electron bunch.

There are physical consequences of this new particle tracking rule. Let us see
what happens if the kicked electron beam enters a downstream undulator.
There is a strong qualitative disagreement between predictions of covariant
and conventional coupling of fields and particles concerning this ”beam
kicking” experimental setup. First, the kicked electron beam coherently
radiates towards the microbunching wavefront normal i.e., in covariant
coupling, along the kicked direction. Second, if the microbunched beam is
at perfect undulator resonance without kick, then after the kick, according
to Fig. 1(b), there is red shift in the resonance wavelength in the kicked
direction. We have the result that the maximum power of the coherent
radiation in the kicked direction is reached when the undulator is detuned
to be resonant to the lower velocity after the kick.
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We now wish to consider an experiment whose results can only be explained
on the basis of our covariant coupling of fields and particles. We refer
to the recent ”beam splitting” experiment at the LCLS [11]. It apparently
demonstrated that after a microbunched electron beam is kicked on a large
angle compared to the divergence of the FEL radiation 2 , the microbunching
wavefront is readjusted along the new direction of motion of the kicked
beam. Therefore, coherent radiation from the undulator placed after the
kicker is emitted along the kicked direction practically without suppression.
The results of the ”beam splitting” experiment at the LCLS, demonstrated
that even the direction of emission of coherent undulator radiation is beyond
the predictive power of the conventional theory.

In the framework of the conventional theory, there is also a second out-
standing puzzle concerning the beam splitting experiment at the LCLS. In
accordance with conventional coupling of fields and particles, if the mi-
crobunched beam is at perfect (undulator) resonance without kick, then
after the kick the same microbunched beam must be at perfect resonance in
the kicked direction. This is plausible, if one keeps in mind that, after the
kick, the particles have the same velocity and emit radiation in the kicked di-
rection owing to the Doppler effect. However, experimental results clearly
show that there is a red shift in the resonance wavelength in the kicked
direction. The maximum power of the coherent radiation after the kick is
reached when undulator is detuned to be resonant to the lower longitudinal
velocity after the kick [11].

Here we have shown that manifestly covariant coupling of fields and par-
ticles predict a surprising effect, in complete contrast to the conventional
treatment. Namely, according to covariant particle tracking, the plane of
simultaneity (i.e. the microbunching phase front) orientation in the ultra-
relativistic asymptotic is always perpendicular to the beam velocity. This
effect allows for the production of coherent undulator radiation from the
modulated electron beam in the kicked direction. It is necessary to men-
tion that in the case of the beam splitting experiment at the LCLS we deal
indeed with an ultra relativistic electron beam (c − v ' 10−8c), and with a
transverse velocity after the kick, which is very much smaller than speed of
light ((vx/c)2

� 10−8), so that the theoretical studies presented above yields
a correct quantitative description of the beam splitting experiment at the
LCLS and, in particular, of the red shift in the resonance wavelength in the
kicked direction.

We have described a simple experiment that directly illustrates the dif-
ference between conventional and covariant trajectories. Furthermore, we

2 The tuning limit of the deflection angle was set by the beamline aperture to ∼ 5
rms of the FEL radiation divergence, see Fig. 14 in [11]
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have restricted our discussion to a simple case and have assumed that kick
angle is sufficiently small, (γθ)2

� 1. Surprisingly, the essential aspects of
X-ray FEL behavior can be discussed within the presented framework. The
performance of an XFEL can be reduced if any of a number of undulator
parameters, deviates from its optimum value. Analysis of the effect of trajec-
tory errors on the XFEL amplification process showed that it becomes more
and more important at shorter wavelength. Previous numerical studies of
this critical aspect in the design of an XFEL source, however, was based on
the conventional coupling of fields and particles i.e. on an incorrect kine-
matical model [9]. Therefore, the tolerances predicted are more stringent
than they need be. This can be considered one of the reasons for the excep-
tional progress in the Angstrom-wavelength XFEL developments over the
last decade.

3 Discussion and Conclusions

The experiment mentioned in the preceding section may be regarded as
a decisive experimental verification of predictions of manifestly covariant
coupling fields and particles. However, it is not necessary at all to perform
complicated experiments. Instead, one could thoroughly analyze the results
of known experiments. We point out that on the basis of conventional cou-
pling of fields and particles even the effect of light aberration cannot be
explained.

To see this, suppose that we have a plane full of sources, all oscillating
together, with their motion on the plane, and all having the same am-
plitude and phase. If we let the plane of charges be the xy-plane, then a
simple Huygens’ construction shows that this emitters will radiate plane
wavefronts along the z-axis. When a kick is introduced, emitter moves at
constant speed vx along the plane of sources. After the kick along x-axis,
Cartesian coordinates transform according to x′ = x−vxt, y′ = y, z′ = z. This
transformation is completed by the invariance in simultaneity ∆t = ∆t′. The
absolute character of the simultaneity of two events is a consequence of
the absolute concept of time t′ = t. As a result, a kick transformation of
time and spatial coordinates t, x, y, z of any event has the form of a Galilean
transformation. We come to the situation when there is a motion of ele-
mentary sources along the plane of simultaneity. Lorentz was able to show
that charge dynamics under the convention of absolute simultaneity is in
contradiction with Maxwell’s equations in standard form and found a sat-
isfying, pre-relativistic way of coupling dynamics and electrodynamics in
this situation when the solution of the dynamical problem was performed
in the absolute-time world-picture. Lorentz’ pre-relativistic way consists in
a sort of ”translation” of Maxwell’s electrodynamics to the absolute time
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world-picture [8].

Let us consider the ”translation” of the d’Alembertian to the absolute-time
world-picture. After properly transforming the d’Alembertian we can see
that the inhomogeneous wave equation for the electric field in the labora-
tory frame after a Galileo boost has nearly but not quite the usual, standard
form that takes when there is no common, uniform translation of charges in
the transverse direction with velocity vx. The main difference consists in the
”interference” term ∂2/∂t∂x which arises when applying our Galileo boost.
The discussion can be simplified by the use of a mathematical trick, without
the direct solution of the modified wave equation. Lorentz found that the so-
lution of the electrodynamical problem in the absolute-time convention can
be obtained with minimal efforts by formally desynchronizing the absolute
time (which Lorentz called the ”true” time) t to the ”local” time t′ = t−xvx/c2

and using t′ without changing the d’Alembertian [8]. It is immediately seen
by direct calculations that a shift of time is what is needed in order to the
eliminate interference term. The effect of this time transformation is just a
dislocation in the timing of processes. This transformation has the effect
of rotating of the plane of simultaneity on the angle vx/c in the first order
approximation. In that case, due to motion of the emitter, the elementary
sources along it produce a spatial phase modulation (chirp) ωxvx/c2, where
ω is the oscillation frequency. As a consequence of this linear phase chirp,
the wavefront propagates at speed c with the aberration angle θ = vx/c from
the z-direction.

The effect of light aberration can also be explained on the basis of relativistic
kinematics, when the dynamics evolution is treated under the Einstein’s
time order. On the one hand, it is well known that the wave equation re-
mains form-invariant with respect to Lorentz transformations. On the other
hand, if we make a Lorentz boost in the x-direction to describe the uniform
translation along x-axis in the laboratory frame, we automatically introduce
the ”local” time t′ = t − xvx/c2 and the effect of this transformation is just
a rotation of the wave front. In other words, in the first order in vx/c, the
Galilean transformation described above, completed by the introduction of
the ”local” time is mathematically equivalent to the Lorentz transforma-
tion just described here: it does not matter which convention and hence
transformation or ”translation” is used to describe the same reality. We
note that even in the non-relativistic limit, when we can neglect second
order corrections in vx/c, which are intrinsically relativistic, Lorentz and
Galileo transformations are different. The difference is in the term xvx/c2 in
the Lorentz transformation for time, which is a first order correction. Yet
we underline that this term is only conventional and has no direct physical
meaning. In other word, differences that arise between Galilean and Lorentz
transformations in the non-relativistic limit are only to be ascribed to the
use of different synchronization conventions.
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For the particular experiment of Fig. 1 we showed that one of the immediate
consequences of the new particle tracking rule is the occurrence of a red
shift of the resonance wavelength, which arises in the kicked direction.
The maximum of the coherent undulator radiation after the kick is reached
when the undulator is detuned to be resonant to the lower velocity vz, Fig.
1(b). Now we can imagine a similar experimental setup with only a single
electron: the presence of a red shift in coherent undulator radiation would
still be there in the case of spontaneous emission from a single electron. This
red shift in the kicked direction cannot be explained in the framework of
conventional synchrotron radiation theory. Clearly, the conventional theory
predicts a zero red shift for a fundamental reason related to the Doppler
effect. In fact, before and after the kick, the electron has the same speed,
Fig. 1(a). Therefore, in terms of conventional synchrotron radiation theory,
the particle emits spontaneous undulator radiation without red shift in the
kicked direction [18, 19].

There is another interesting spontaneous emission problem where a correc-
tion of conventional synchrotron radiation theory is required. The presence
of red shift in undulator radiation automatically implies the same red shift
also in the case of conventional synchrotron-cyclotron radiation theory. The
spectral and angular behavior of synchrotron-cyclotron radiation emitted
by an electron moving in a constant magnetic field, and having an ultrarela-
tivistic velocity component perpendicular to it is described by well-known
analytical formulas. At present, relativistic synchrotron-cyclotron radiation
results are considered textbook examples and do not require a detailed de-
scription. These results should also be reexamined in the light of the pointed
difference between conventional and covariant particle tracking.
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