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Abstract

Fundamental incompatibility arises at the interface of quantum mechanics and the
special theory of relativity with Einstein synchronization, in which simultaneity is
not absolute. It has, however, been shown that a relativistic theory preserving abso-
lute simultaneity allows to formulate Lorentz-covariant quantum theory, at a price
of introducing a preferred frame of reference manifesting itself in a directional ani-
sotropy of the speed of light. We show that a supposed method of distinguishing
between these two theories based on the Doppler effect is insensitive to this anisot-
ropy. Both theories are indistinguishable if only kinematic effects for light or sublu-
minal signals are considered.
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1 Introduction

The assumption of isotropy of the speed of light was postulated by Einstein at the
foundation of the special theory of relativity (STR). It has not yet been verified
experimentally, since only the two-way speed of light can be measured directly (e.g.,
with the time-of-flight method). Theories violating the constancy of the speed of
light measured over a closed path would yield different results than STR for a large
class of closed path experiments, such as the Michelson—-Morley experiment [1],
which over time have been performed to a very high precision. Meanwhile, theories
introducing a directional anisotropy but conserving the value of the speed of light
measured over a closed path, would yield the same results as STR for any direct or
closed path measurement.

On the other hand, the one-way velocity of light cannot be measured directly
(the clock synchronization procedure necessary for such measurement is essentially
equivalent to closing the path). One could potentially detect a directional anisotropy
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only in an indirect measurement, involving processes sensitive to the one-way veloc-
ity of light.

Therefore, here we investigate the Doppler effect for electromagnetic waves,
which intuitively could be sensitive to the one-way velocity of light, since it involves
a light signal sent only one-way from an emitter to a receiver. We demonstrate that a
theory preserving both absolute simultaneity and the constancy of the speed of light
measured over a closed path is indistinguishable from STR by means of this effect.

We also make reference to available experimental evidence regarding the direc-
tional anisotropy of the Doppler effect. Our result proves that the upper limits on the
velocity of Earth with respect to a supposed preferred frame of reference, derived
from experiments investigating directional dependence of the effect, are not conclu-
sive, since a null effect is predicted both by STR and a preferred frame theory pre-
serving absolute simultaneity.

In view of our result and the nonexistence of different experimental tests address-
ing this problem, the question of directional anisotropy of the speed of light still
remains valid. The experimental verification of this fundamental assumption should
be carried out by means of different (non-kinematic) effects sensitive to the one-way
velocity of light. It is particularly important in view of the recent revival of interest
in theories introducing a preferred frame of reference, related to the aims at quan-
tization of gravity [2, 3]. Additionally, the exceptionally desirable properties of the
preferred frame theories for the description of quantum phenomena are mentioned
shortly in the subsequent section.

2 Absolute Simultaneity

It has been noted by several authors (see, e.g., Reichenbach [4]) that the synchroni-
zation procedure in special relativity is only a convention. The one-way velocity of
light is synchronization dependent, but this effect is not physically observable within
STR, making all synchronizations equivalent as long as kinematic effects for light or
subluminal signals are considered. A choice of a different synchronization conven-
tion would change the mathematical formalism (transformation equations) but not
the results of physical measurements. It is only the existence of particles faster than
light that would allow for absolute synchronization of distant clocks and a direct
measurement of the one-way velocity of light that would distinguish a particular
synchronization convention.

Thanks to its symmetry, related to the relativity principle, the Einstein’s formu-
lation results in particularly elegant transformation laws, but is irreconcilable with
any theory that is non-local (quantum mechanics) nor does it allow for a consistent
description of super-luminal particles (tachyons). Not only the relative simultane-
ity of events in STR has been perceived as counterintuitive, but most importantly
mixing of the space and time coordinates makes STR difficult to interface with the
quantum theory, in which time is an independent parameter. Historically, this led to
the formulation of the well known Einstein—Podolsky—Rosen paradox [5], related
to the apparent causality violation during the reduction of the wave function of an
entangled state, caused by the relative simultaneity of events in STR. Among all
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theories special attention has been paid to those preserving absolute simultaneity,
which overcome these limitations at a price of introducing a preferred frame of ref-
erence (PF), leading to the directional dependence of the speed of light.

A very detailed description of a test theory preserving absolute simultaneity,
together with references to experimental results, was presented in a series of papers
by Mansouri and Sexl [6-8]. Modified transformation equations were obtained from
the standard Lorentz transformation by eliminating the dependence on spatial posi-
tion from the transformation of time component and modifying the time dilation and
length contraction factors. As a result, this theory does not conserve the value of
two-way speed of light!. Such theory is, however, disfavored in light of large experi-
mental evidence from closed path experiments, as was advocated above. Neverthe-
less, the formalism introduced in that work has been used in many historical and
present experiments (e.g., [9]).

Meanwhile, a relativistic theory fulfilling the requirements of preserving both
absolute simultaneity and the constancy of the speed of light measured over a closed
path has been described in the works of Rembieliniski (e.g., [10-13]). The one-way
velocity of light ¢(7i) in a direction determined by a unit vector 7 must have the fol-
lowing form in order to preserve the constancy of the speed of light measured over a
closed path?:

-

o n
c(n) = , 1
@) 1+&n M

where the synchronization coefficient £ can take any value satisfying £2 < 1. The
Einstein synchronization procedure corresponds to £ = 0, leading to ¢(7) = 7. The
relation between time in arbitrary synchronization ¢ and time in Einstein synchroni-
zation 1, is’:

t =1 — eXg. 2)

Taking into account (2) and the fact that the choice of synchronization does not
affect spatial coordinates the generalized Lorentz transformation laws, from an iner-
tial frame of reference O to an inertial frame O’, have the following form for arbi-
trary synchronization procedure:

t’=y(§)[z(1+(§+§’)\7>+%<§—§'—(1—§2)\7)], (3a)

3= y(z)<?c - V;), 3b)

! Additionally, contrary to the statements of the authors, transformation matrix obtained by eliminating
the dependence on spatial position from the transformation of time component, while leaving the rest of
the transformation matrix unchanged, is not equivalent to the standard Lorentz transformation.

2 Throughout the paper we assume ¢ = 1 where ¢ denotes the average speed of light measured over a
closed path.

3 In all equations subscript  denotes Einstein synchronization.
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with
7(E) = ——,
J(+z7) = (7) G

where V denotes the velocity of O’ with respect to O, in the new synchronization.
Note that V is always lower than the velocity of light in the corresponding direction,
but can be greater than the average c. The synchronization coefficient in the frame O’
is denoted by £’

Absolute simultaneity requirement implies that the spatial position does not par-
ticipate in the transformation of the time component:

§’=§—(1—52)‘7, )

which leads to the transformation equations fulfilling the requirement of absolute
simultaneity:

f=y@E) s, (5a)

3= y(é')(?c - \7t>. (5b)

One can observe that a particular frame of reference, corresponding to € = 0, is dis-
tinguished within this formalism. This preferred frame of reference (PF) is the only
reference frame in which the velocity of light in any direction takes the same value
(equal to the average c). Thus, all equations should reduce to the standard STR form
in PF.

Equation (4) is also the transformation equation for £. By assuming that the frame
O’ is the preferred frame of reference it can be solved to determine € [11]:

E:%%(\/1+4U2—1), (6)
Vv

where V is the velocity of PF measured in O. Taking into account that V is related to
the corresponding four-velocity u by v = %/u®, and that the four-velocities are nor-

malized to unity, € can be rewritten as:
2=u'%. @)

It can be shown [12] that the factor # is always present in €} it is the parameter used
by an observer in PF to distinguish between different inertial frames of reference.
Meanwhile, «° is specific to absolute synchronization. Note that it is thus the only
synchronization convention resulting in a covariant formalism.

The preferred frame theory of Rembieliniski not only allows to describe super-
luminal particles [12], which would lead to causality violation in STR, but also to
formulate Lorentz-covariant quantum theory [13], with covariant position and spin
operators that do not exist in the relativistic quantum theory based on STR. In the
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following section we derive the formula for energy transformation between inertial
frames of reference within this framework.

3 Doppler Effect in Preferred Frame Mechanics

As has been shown in the previous section, the position vectors are equal in abso-
lute and Einstein synchronization, while time in both synchronizations is related by
t =ty — u’l X, from which follows the equation for velocity conversion:

- V
V= + 8)
1—udu vy

In general, contravariant four-vectors in both synchronizations are related by the fol-
lowing conversion matrix*:
1 —u%u’”
T, () = (o > ©)

The covariant momentum four-vector in absolute synchronization, used in the trans-
formation below, is as well related to the corresponding four-vector in Einstein syn-
chronization by an appropriate conversion matrix TMV(u) =T /4(”) [12]:

10
T, () = <u0ﬁ ,>- (10)

The energy component is thus equal in both synchronizations, while the momentum
covectors are related by p = pp + u’aTE.

The transformation matrix for covariant momentum four-vectors, from an inertial
frame of reference O to another inertial frame O’ moving with respect to O with a
four-velocity W, is [12]:

wo wr
D/ "(W,u) = Wew’ W o |, (11)
r 01— — "W __ L Luow
wo(1+V142) witt @

and the relation between W and the velocity V of 0’ measured in O has the following
form:

V= % (12)

# In all equations superscript 7 represents transposition.
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Fig. 1 Schematic representation of the transformations performed to calculate the energy change related
to the Doppler effect, both in Einstein and absolute synchronization. A denotes the standard Lorentz
transformation, D—corresponding transformation in absolute synchronization, 7—momenta conversions
between the two synchronization conventions. Subscript E denotes quantities in Einstein synchronization,
in which physical measurements are performed

while u is the four-velocity of the preferred frame of reference measured in O. The
transformation matrix can be obtained from the standard Lorentz transformation
using the conversion matrices shown above.

The Doppler effect refers to the change of energy (frequency) of electromag-
netic radiation measured in a reference frame in motion with respect to the frame
in which the radiation was emitted. The relation between energy measured in two
reference frames O and O’ follows from (11):

B =WE+plW =W (E+pV). (13)

WY can be calculated taking into account the fact that contravariant velocity four-
vectors are normalized to unity:

WO+ Pa W2 —W? =1, (14)

using (12) to eliminate W, which leads to the following equation:

W02 _ _}1_* _ a5)
1+ uuv):-vz
The dependence of the metric tensor g on u has been accounted for above [12]:
02 07T
uv _(u uwu
8" (w) (u‘)ﬁ _7 > (16)

which again can be derived from the Minkowski tensor using the conversion matri-
cesT.
Using the momentum and velocity vectors in Einstein synchronization, (13)
can be rewritten as:
WO

E=—— (E+psVs),
e ACRLD) an

which, using (15), simplifies to the well known STR formula:
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B= e (B tpes). (18)

V1 - V2
The above result is in line with the observation that the synchronization procedure
is just a convention, and as such cannot affect the results of physical measurements.
This concept is illustrated in Figure 1 showing that the calculations must lead to the

same values of physically measurable quantities, regardless of the synchronization
convention.

4 Measurement of the Transverse Doppler Effect

The transverse Doppler effect has been extensively investigated in a class of so-
called Mossbauer rotor experiments. Resonance absorption of radiation by atomic
nuclei was measured in a setup consisting of a source and absorber placed on a rotat-
ing disk. In most of the experiments the change in orientation of the experimental
setup was not accounted for, thus only the average Doppler shift was measured and
obviously no directional anisotropy could be detected. There were also a few such
experiments [14—16], that investigated directional dependence of the effect.

It has been shown in the previous section that the null result of experiments inves-
tigating the Doppler effect does not exclude the anisotropy of the speed of light,
since the formulas describing the energy change calculated with the absolute and
Einstein synchronization are identical, even though the one-way velocities of light
are not. As expected, no anisotropy was observed within the accuracy of the meas-
urement in direction sensitive Mossbauer rotor experiments.

The authors of the experiments referenced above assumed the PF correction in
the form U(\_}] - \72), which has been derived by Mgller from non-relativistic ether
theory [17], imposing an upper limit on vV of the order of 10 m/s. \71 and ‘72 denote
the velocity of the emitter and the absorber, respectively. It has been shown above
that no such effect is predicted by a proper relativistic theory with a preferred frame.
Both results are thus contradictory, since both the preferred frame and Lorentz trans-
formations come down to the Galilean transformation in the non-relativistic limit.
It will be shown below that the result of Mgller coincides with the non-relativistic
approximation of the exact relativistic formula only if the difference of momenta
and velocities in different synchronization conventions is not accounted for”.

If the conversion between absolute and Einstein synchronization is omitted, Eq.
(13), taking into account (15), takes the following form:

1

= E+p‘7 .
(Huomzma( ) (19)

5 Precisely, the covariant momentum, which takes part in energy transformation, is different, while the
kinematical momentum (contravariant vector), which is the quantity measured experimentally, is the
same regardless of synchronization convention.
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In the preferred frame (it — 0, u’ — 1) this result reduces to the STR form (18),
since V — \75 and p — pe in PF.

Transverse effect refers to the Doppler shift observed with an absorber (emitter)
moving with velocity V with respect to the source (absorber) of radiation, perpen-
dicular to the radiation propagation direction. If one assumes, that in this case pV =0
(instead of ‘715 being perpendicular to p), (13) reduces to a very simple form: )

E _ 1

E

w0 = .
¢a+u%9ﬁ—62

(20)

The resulting formula depends on two quantities only, # and ‘7, and u° can be
expressed by u again taking into account that the four-velocity u is normalized to
unity:

— —u =1 1)
yealding:

u = . 22
142 22

Obviously, in the PF (i — 0, u’ — 1) Eq. (20) as well reduces to the STR time dila-
tion factor:

E' 1

E 1__>.

(23)

<
)

In many experiments both the emitter and absorber were in circular motion with
respect to the laboratory frame. Thus, in a general case, two transformations (20)
have to be combined yielding:

-\2 o
075 2
g | (1+wan) -V
= = ) (24)
E, -=\? 2
1+ uluV,) —V;

where \71 and ‘72 denote the velocity of the emitter and absorber, respectively.
The Taylor series expansion of (24) in the semi-classical limit (V; < 1, V, <« 1 and
u < 1)gives:

E, o= = 1/, =5
2| ———Lr (V- V) - (V- 73). (25)
E, 1 +2aV, - V2 2

In the case when \7, = —‘72 the last term cancels out, thus to a first approximation

the relative frequency change should be directly proportional to #, while no effect
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relative frequancy change (E/E, - 1)
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) STR = PF|

0 T 27
angle between u and V

Fig.2 The relative frequency change caused by the transverse Doppler effect according to the preferred
frame correction as derived by Mgller, assuming the existence of a preferred frame of reference moving
with v & 370 km/s w.r.t. Earth, plotted as a function of the angle between % (v = ii/u’) and the parallel
velocities of the emitter and absorber of radiation V| ~ 25m/s, V, ~ 3 m/s (Moller). A constant value (no
directional dependence) predicted by STR / PF is plotted for comparison (STR = PF)

should be observed according to STR (two transformations combined in Eq. (24)
cancel out when # = 0 and V1 = +V2)

In a general case, as long as u is comparable to V the correction expected by
Mgller should give a significant contribution to the Doppler effect, depending
on the direction of motion of the emitter (absorber). The above equations imply
changes in observed frequency related to the change of the angle between u and
V. In particular, one would expect periodical changes caused by the orbital and
rotational motion of Earth.

For a quantitative discussion we assume that the PF is associated with the cos-
mic background radiation frame; the speed of the solar system with respect to it
1S Ve = (369.82 + 0.11) km/s [18]. Meanwhile, the Earth has an orbital speed
of about 30 km/s, and a tangential speed related to rotation of less than 0.5 km/s.
If the measurements are performed over a reasonably short period of time % can
be considered constant to a good approximation. Meanwhile, the motion of the
experimental setup constantly changes the direction of V and thus the angle
between these two vectors. Mdssbauer rotor experiments are sensitive only to the
component of % in the plane of the rotating disk, thus the experiment has to be
performed in several orientations of the setup in order to determine the complete
ii vector.

The Doppler shift calculated assuming v,z and the conditions of the experiment
by Turner and Hill [14] (V1 ~ 25 m/s parallel to V2 3m/s) is shown in Fig. 2 as
a function of the angle between # and V. In this case the correction expected by
Mgller, of the order of 10710, is significantly larger than the standard Doppler shift,
of the order of 10714,
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5 Summary

The interpretation and verification of the special theory of relativity received a
lot of attention in the past. However, many of the questions which caused heated
debates at the beginning of the last century, still remain valid. In particular, a
very promising alternative theory has been proposed in the quite recent works
of Rembieliniski [10-13]. It not only provides explanation of commonly known
relativistic phenomena equivalent to that of STR, but also allows to formulate
Lorentz—covariant quantum theory [13], with covariant position and spin opera-
tors that do not exist in the relativistic quantum theory based on STR.

It has been shown that these two theories cannot be distinguished from each
other in the majority of experiments aiming at the verification of STR. We have
demonstrated that, despite the suggestions of some authors, also the Doppler
effect for light does not provide a suitable experimental method for this pur-
pose. We have shown that the two theories are by construction exactly equiva-
lent in case of kinematic effects if all the transformations are correctly taken into
account.

A few measurements of the directional anisotropy of the Doppler effect have
been performed in the past, well before a proper relativistic theory preserv-
ing absolute simultaneity was formulated, and their results have been in agree-
ment with the predictions of STR. It has to be noted that the strong upper lim-
its imposed on the velocity of Earth with respect to a supposed preferred frame
of reference, which seem to make the concept of PF strongly disfavored, are not
justified. They have been derived from the experimental results using theoretical
predictions, which do not present a viable alternative to STR, due to their incon-
sistence in introducing the anisotropy of the speed of light without taking into
account the change of synchronization convention.

Further experimental searches in this field would be highly anticipated. In light
of the indistinguishability of the two theories based on the kinematic effects there
seem to be two ways of discriminating between them: (i) detection of tachyonic
particles, which cannot be consistently described within STR, (ii) searches for the
difference in relativistic quantum observables.

The first possibility, related to a possible tachyonic nature of a neutrino, is
currently under investigation. Theoretical studies show that in such case the pre-
dicted beta decay spectrum differs from the predictions for a massive neutrino
[19]. Furthermore, in the experiments performed until now an excess of counts
near the end of the spectrum has been observed, which supports the hypothesis of
a tachyonic neutrino. However, the precision of the measurement does not allow
for a conclusive discrimination of this concept. This problem is one of the objec-
tives of the ongoing KATRIN experiment [20], which should yield more precise
results.

The relativistic quantum theory with absolute synchronization and the standard
relativistic quantum mechanics give different predictions for some non-local phe-
nomena, which opens a second possibility to discriminate between the two theo-
ries. In particular, investigating quantum spin observables for relativistic particles

@ Springer



Foundations of Physics (2020) 50:429-440 439

with mass seems promising due to a difference in the spin operators. An experi-
ment investigating quantum spin correlations with a pair of massive particles has
been proposed [21], however, up to our best knowledge there is no known way
of preparing a pure singlet state at ultra-relativistic energies. A more practical
approach is related to the study of quantum spin correlations in relativistic Mgller
scattering of polarized electrons [22], and an experiment of this kind is as well
ongoing [23].
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