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The Relativity of Simultaneity: An Analysis Based on the Properties of
Electromagnetic Waves
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The determination of whether two distant events are simultaneous depends on the velocity of the observer. This velocity

dependence is typically explained in terms of the relativity of space and time in a counterintuitive manner by the Special

Theory of Relativity. In this paper, I describe a straightforward and intuitive way to explain the velocity dependence of

simultaneity in terms of velocity-dependent changes in the spatial (k, 1) and temporal (w, v) characteristics of

electromagnetic waves that result from the Doppler effect. Since, for any solution to a wave equation, the angular wave
vector (k) and distance vector (r) as well as the angular frequency (w) and time (7) are complementary pairs (k ¢ r) and

(wt), it is only a matter of taste which members of the pairs (k, w) or (r, ) one assumes to depend on the relative velocity of

the source and observer. Einstein chose r and ¢ and I chose k and w. I present this electromagnetic wave approach to

understanding the velocity dependence of simultaneity as a physically realistic alternative to Einstein’s Special Theory of

Relativity.

1. Introduction

In the late 1800s, the introduction of fast moving
trains and high-speed telegraphic communication
forced a rethinking of the nature of space and time.
In terms of society, this rethinking resulted in the
elimination of local time and the adoption of
standard time and time zones. The introduction of
standard time allowed passengers traveling long
distances to make connections easily between
trains originating at distant stations [l], and
telegraphers to be at the station at a specific time to
send a message to or receive a message from a
distant place [2]. Perhaps these technological
changes caused Einstein to think twice about the
nature of time [3]. Einstein could simplify a variety
of scientific problems in the fields of dynamics,
electromagnetism and optics by postulating that
time itself was relative and depended on the
velocity of the observer relative to the system
observed [3]. Einstein began his rethinking of the
nature of time by considering the concept of
simultaneity and the methods used to synchronize
clocks. He realized that the reckoning of
simultaneity depended on the velocity of the
observer. Einstein’s rethinking resulted in the
Special Theory of Relativity that states that the
velocity dependence of simultaneity is a
consequence of the relativity of space and time. I
suggest that the velocity dependence of
simultaneity and time can be explained better by
the velocity-dependent characteristics of
electromagnetic waves, as exemplified by the

Doppler effect. Perhaps the ubiquity in the twenty-
first century of Doppler radar used in weather
forecasting [4], Doppler ultrasound used in medical
diagnosis [5] and the roadside Doppler radar used
by police influenced me to choose the temporal and
spatial characteristics of electromagnetic waves
instead of time and space as the physically relevant,
velocity-dependent variables that are capable of
accounting for the relativity of simultaneity.

It is commonplace that the determination of
whether two distant events are simultaneous or not
is relative and depends on the position of the
observer (Fig. 1). For example, when an observer is
standing midway between two identical lamps,
both of which are in the same inertial frame as the
observer, the observer would say that the two
lamps came on simultaneously if the light from the
two lamps reached him or her at the same time. For
this observer, the duration of time between when
the first and second lamp came on would be zero.
However, due to the finite speed of light [6, 7], a
second observer, who is closer to the lamp on the
left would not see the two lamps come on
simultaneously—but would see the lamp on the left
come on before the lamp on the right and would
measure a finite duration of time between when the
first and second lamp came on. A third observer in
the same inertial frame, who is closer to the lamp
on the right would see the lamp on the right come
on before the lamp on the left and would also
measure a finite duration of time between when the
first and second lamp came on. The sequence of
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events clocked by the third observer would be the
reverse of the sequence of events clocked by the
second observer. These examples show that
without making any assumptions other than that
each observer has an identical clock; the
measurement of the time interval between two
events is relative. Of course, if each observer knew
his or her position relative to the two lamps and the
speed of light (c¢) through the air, then using the
following relationship:

length of light path
speed of light

6]

time interval =

All three observers would be able to agree when
the two lamps turned on. The resolution of this
problem requires nothing more than a physically-
meaningful theory of measurement that takes into
consideration the finite speed of light.
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Fig.1: The relativity of simultaneity for observers and
events (lamps turning on) in the same inertial frame.
When the observer in the middle sees the two lamps
come on simultaneously, the observer on the left sees the
lamp on the left come on first, while the observer on the
right sees the lamp on the right come on first.

With great insight, Einstein realized that the
reckoning of whether two events were
simultaneous or not depended on the observer’s
velocity v relative to the two identical lamps [8, 9,
10], in addition to his or her distance (L) from
them. Imagine two observers, as Comstock [11]
and Einstein [9] did, standing midway between a
lamp mounted on the front of a railroad car and a
lamp mounted on the back (Fig. 2). Imagine that
one observer is on the railroad car and the other
observer is on the platform. The observer on the
moving railroad car, at rest with respect to the
lamps, would see the lamps come on
simultaneously as predicted by Eqn. 1. However,
the observer on the platform, moving at relative
velocity (v) toward the lamp at the back of the
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railroad car and at relative velocity v away from the
lamp at the front of the railroad car, would see the
lamp at the back of the railroad car come on before
the lamp at the front of the railroad car came on.
Even though both observers were midway between
the two lamps, the observer on the railroad car
would have seen the lamps come on
simultaneously, while the observer on the platform
would not have.
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Fig.2: The relativity of simultaneity for observers,
standing midway between the two lamps, in two different
inertial frames. One observer is in a railroad car at rest
with respect to a lamp mounted on the back of the
railroad car and another lamp mounted on the front of the
railroad car. The other observer is standing on the
platform moving backwards at velocity v relative to the
train. The observer on the railroad car sees the two lamps
come on simultaneously, while the observer on the
platform sees the lamp on the back of the railroad car
come on before the lamp on the front of the railroad car
comes on.

According to the Special Theory of Relativity,
the inability of two observers, in different inertial
frames, to agree on when two events occurred, and,
whether they were simultaneous events, is a
consequence of the relativity of time. That is, the
Special Theory of Relativity contends that time
itself is relative, and consequently, its measurement
depends on the velocity of the observer.
Quantitatively, the observer on the platform who is
moving backwards relative to the train would see
the light come on from the lamp at the back of the
railroad car df,peerver—pack S€CONds after it was
emitted and would see the light come on from the
lamp at the front of the railroad car df,pserver—fiont
seconds after it was emitted. This is described in
the following equations:

_ ¢ c2
dtubserver—buck = 02 (2)
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2
dtobxerver-fmm =< (3)

The duration of time (A) between when the two
lamps come on depends on the velocity of the
observer relative to the lamps and is given by the
Lorentz transformation for time:

vL

2—
2

- —__c
A= dtubserver—fronr - dtubserver—buck = ﬁ (4)
1-=
2

Where, the duration of time between when the two
lamps come on depends on the relativity of time
itself. The relativity of time is given quantitatively

by the time dilation factor, y = = The duration

-2

of time between when the lamps at the front and
back of the railroad car come on vanishes for an
observer midway between the two lamps when v =
0. The “two-way” duration, which is a ubiquitous
quantity in the Special Theory of Relativity, can be
obtained by taking the average of the “one-way”
durations:

L

1
dttwo-way = E(dtobserver-ﬁ"ont + dtobxerver—buck) = 2
1——
2
c

®)

The relativity of simultaneity is often illustrated
with a Minkowski space-time diagram [12]. Fig. 3
shows the reckoning of an observer (a) who is
stationary with respect to the lamps at the front and
back of the railroad car, and the reckoning of an
observer (b) who is moving with velocity v toward
the lamp at the back of the railroad car. While the
concept that the velocity-dependent relativity of
simultaneity is a consequence of the fundamental
nature and relativity of time is widely and deeply
accepted by modern physicists, I would like to
offer an alternative explanation that is based on the
primacy of the Doppler effect, which takes into
consideration the velocity-dependent temporal and
spatial characteristics of electromagnetic waves,
including their wavelength (1), their frequency (v),
their angular wave number (k), and their angular
frequency (®), in addition to their speed.

Time
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Fig.3: The relativity of simultaneity. a. A Minkowski
space time diagram of the observer (O) in the railroad car
midway between the lamp mounted on the back (B) of
the railroad car and the lamp mounted on the front (F) of
the railroad car. This observer sees the two identical
lights come on simultaneously. b. A Minkowski space
time diagram of the observer (O) on the platform moving
backwards at velocity v relative to the railroad car. When
this observer is midway between the lamp mounted on
the back (B) of the railroad car and the lamp mounted on
the front (F) of the railroad car, he or she sees the lamp
on the back of the railroad car come on before the lamp
on the front of the railroad car comes on. t represents the
time in the frame of reference of the lamps and t’
represents time in the frame of reference of the observer
on the platform.

2. Results and Discussion

Einstein tried to reformulate Maxwell’s equations
in a way that would take into consideration two
inertial frames moving relative to each other at
velocity v, but his attempts were unsuccessful [13].
Consequently, he assumed that Maxwell’s wave
equation with its single explicit velocity (c) was
one of the laws of physics that was valid in all
inertial frames and, as a result, the speed of light
was independent of the relative velocity of the
source and the observer when they were in two
different inertial frames. I have reformulated
Maxwell’s wave equation so that it takes into
consideration the changes in the temporal and
spatial characteristics of electromagnetic waves
observed when there is relative motion between the
inertial frame that includes the source and the
inertial frame that includes the observer. The new
relativistic wave equation presented here is form-
invariant to the second order in all inertial frames.
My reformulation of Maxwell’s wave equation is
based on the primacy of the Doppler effect, which
is experienced by all waves, as opposed to the
primacy of the relativity of space and time. Since,
for any solution to the second order wave equation
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in the form of ¥ = W,e'® """, the angular wave
vector (k) and distance (r) as well as the angular
frequency () and time () are complementary pairs
(k r) and (w?), it is only a matter of taste which
members of the pairs (K, @) or (r, ) one assumes to
depend on the relative velocity of the source and
observer. Einstein chose r and ¢ and I chose k and
. The Doppler-based relativistic wave equation is
given by the following equivalent forms:

%y Vc+vcos@
C A G (6)
at? Ve —vcos@
vcos 6
92y 1+ —
¥ ol _pry )
at? 1_vc056
c
92y , 1+%c059 VZ'IU ]
— = ¢ —&——=
at? v2 cos? 6 ®)
1- 2
c

where v is the magnitude of the relative velocity of
the source and observer; 0 is the angle subtending
the velocity vector of the source or the observer
and the wave vector originating at the source and
pointing toward the observer assuming the rotation
is counterclockwise; c is the speed of light through
the vacuum and is equal to the square root of the
reciprocal of the product of the electric permittivity
(¢,) and the magnetic permeability (x,) of the
vacuum; and ¢’ is the ratio of the angular
frequency (@ource) Of the source in its inertial frame
to the angular wave number (kypserver) Observed in
any inertial frame. When the velocity vector and
the angular wave vector are parallel and
antiparallel, & = 0, cos 6 = 1 and 0 = # radians, cos
6 = -1, respectively. Solving the relativistic wave
equation given above for the speed of the wave (¢ =
r/t) results in the following relativistic dispersion
relation (see Appendix A):

1 4 beos 6
c= a)source A - 2.99 x 108 m/s (9)
_— ,1 _vcosé
kobserver ¢

When v = 0, the source and the observer are in
the same inertial frame and @y = KsourceC. After
replacing @,y With ky,,c.C, the above equation
transforms into a perspicuous relativistic equation
that describes the new relativistic Doppler effect:

14 vcc;s@
(10)

kobserver - kmurce
vcos 6
1 -_—
c
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1+ Ecos 7]
kobserver = kmurce 2 2 (l 1)
v cos= 6
- 2
c

The above equation that describes the new
relativistic Doppler effect differs from Einstein’s
relativistic Doppler effect equation by having a
cosine term in both the numerator and the
denominator. The cosine term describes the
dependence of the first-order and second-order
velocity-dependent spatial and temporal properties
of electromagnetic waves on the component of the
velocity relative to the angular wave vector. The
two cosine terms ensure that the effective velocity
between the source and the observer is completely
relative and depends only on the source and the
observer. By contrast, Einstein’s equation for the
relativistic Doppler effect is:

1+ ZcosO
- c

kobserver = kxource 2 ( l 2)

1-5

In Einstein’s formulation, the first-order
velocity-dependent spatial and temporal properties
of electromagnetic waves depend on the
component of the velocity parallel to the angular
wave vector. By contrast, the second-order
velocity-dependent spatial and temporal properties
of waves depend on the speed as opposed to the
velocity. In order to leave the cosine term out of the
denominator, Einstein [8] had to assume that the
velocity applies to a situation where there is an
“infinitely distant source of light” and consequently
cos” 6 is equal to unity. This assumption limits the
applicability of Einstein’s relativistic Doppler
effect equation. The velocity in the denominator is
not relative in the true sense of the word since it
cannot be completely determined solely by an
observer localized at a given coordinate when cos’
6 is not equal to unity but only by an omniscient
observer.

Qualitatively, the Doppler effect [14]
characterizes the changes that occur in the temporal
and spatial characteristics of a wave as a function
of the relative velocity of the source and the
observer. Quantitatively, the magnitude of the
predicted Doppler effect depends on the relativistic
transformation used to describe the relationship

between two inertial frames. Doppler, himself,

. . . 6
utilized the Galilean transformation (1 + %), the

only transformation available at the time, to
describe the velocity-dependent changes in the
temporal and spatial characteristics of light and
sound waves that occur when the source and
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observer are in two different inertial frames.
Einstein [8] modified the Galilean transformation

with the newly accessible and dimensionless
vcosf
C

2
v
1_C_2

velocity-dependent changes in the spatial and
temporal characteristics of light waves that occur
when the source and observer are in two different
inertial frames. Einstein’s formula, but not that
proposed by Doppler, was validated for light waves
when 6 was equal to 0 and 7 by the experiments
done by Ives and Stillwell [15, 16]. The formula I
have proposed for the Doppler effect, which is also
consistent with the Ives-Stillwell experiments,

makes use of both the Galilean transformation and
vcosO

\/1—"?;2529). The physical
C

justification of my transformation is its ability to
model the results of the Ives-Stillwell experiments.
A mathematical justification is given in Appendix
B. In Doppler’s, Einstein’s and my formulations,
when the source is stationary, an approaching
observer (§ = 0) encounters more waves per unit
time, while a receding observer (6 = 7) encounters
fewer waves per unit time; and, when the observer
is stationary, a receding source (0 = m) produces
fewer waves per unit time at the position of the
observer, while an approaching source (0 = 0)
produces more waves per unit time at the position
of the observer. The net result of the Doppler effect
is an increase in k, @ and v and a decrease in A
reckoned by the observer when the source and
observer move closer together and a decrease in k,
o and v and an increase in A reckoned by the
observer when the source and the observer move
apart.

The experimental observations of Ives and
Stillwell [15] on the effect of velocity on the
displacement of the spectral lines of hydrogen ions
confirm the utility and validity of using the new
relativistic ~ wave  equation. However, the
predictions of the new relativistic wave equation
differ in other ways from the predictions of the
Special Theory of Relativity. For example, the
Special Theory of Relativity [8, 17] predicts the
existence of a transverse Doppler shift exactly
perpendicular to the velocity of an inertial particle,
while the new relativistic wave equation does not.
Since it is difficult to measure the transverse
Doppler effect in an inertial system [18],
experiments approximate the transverse Doppler
shift by averaging the forward and backward
longitudinal Doppler shifts [15, 19]. Both the

Lorentz factor ( ), in order to describe the

a Lorentz-like factor (
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Special Theory of Relativity and the new
relativistic wave equation presented above predict
that averaging the forward and backward
longitudinal Doppler-shifted light will give the
Lorentz factor also known as the “time dilation”
factor as observed in such experiments. The fact
that Ives [20, 21, 22, 23] never interpreted his own
results as a confirmation of the Special Theory of
Relativity provides a reason to think twice about
alternative explanations. Spectroscopic techniques
that take into consideration the angular dependence
of the anisotropy [24, 25, 26, 27, 28, 29] could be
used to test the quantitatively-different predictions
of Einstein’s relativistic Doppler effect equation
and the new relativistic Doppler effect equation
presented here.

If the lamps on the front and back of a train are
identical and emit light with an angular wave
number of k.., as a result of the Doppler effect,
the angular wave number of the light emitted by the
lamp at the back of the railroad car would appear to
the observer on the platform to have a greater
angular wave number (k = 2/1—71) than the light emitted
by the lamp at the front of the railroad car. The
velocity dependence of the angular wave number of
the light seen coming from the lamps on the back
and front of the railroad car reckoned by an
observer on the platform is given by the following
equation:

v
14+ —-cosf@
k, =k —
observer — Nsource 2 2
v cos= 6
1 [ —
c2

In the case shown in Fig. 4, where 6 is equal to

(13)

%for light coming from the lamp on the back of

. 5 . .
the train and Tﬂ for light coming from the lamp on
the front of the train, we get:

1+0.7072
kubserver—buck = ksource 02 ( 14)
1732
1-0.7072
kubserver—fronr = ksuurce 2 ( 1 5)
T 22

Since the momentum of photons is given by 7k,
the observer on the platform would also reckon the
momentum of the photons emitted by the lamp on
the back of the railroad car as being greater than
the momentum of the photons being emitted by the
lamp on the front of the railroad car. Similarly, if
the lamps on the front and back of a train are
identical and emit light with an angular frequency
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of Wspurce, as a result of the Doppler effect, the
angular frequency of the light emitted by the lamp
at the back of the railroad car would appear to the
observer on the platform to have a greater angular
frequency than the light emitted by the lamp at the
front of the railroad car. The velocity dependence
of the angular frequency of the light seen coming
from the lamps on the back and front of the railroad
car reckoned by an observer on the platform is
given by the following equation:

v
1+ —cos 6
wobserver = wmurce 2 2
v cos< 6
Ji-—=
c

In the case shown in Fig. 4, where 6 is equal to

(16)

%” for light coming from the lamp on the back of

the train and %ﬂ for light coming from the lamp on

the front of the train, we get:

1+0.7072
WD opserver-back = WDsource 02 ( 17)

2¢2

1-0.7072
[0}

(18)

W observer-front = Wsource

Fig.4: The observer in the railroad car midway, between
the lamps on the back and front of the railroad car, sees
the two identical lights come on simultaneously. As a
consequence of the Doppler effect, the observer on the
platform moving backwards at velocity v relative to the
railroad car, and who is midway between the lamp
mounted on the back of the railroad car and the lamp
mounted on the front of the railroad car, sees the light
emitted by the lamp on the back (6 = %) of the railroad
car as being blue-shifted and the light emitted from the
lamp at the front (6 = %) of the car as being red-shifted.
While the velocities of the blue-shifted and red-shifted
lights are the same and equal to c, the amplitude and
energy of the blue-shifted wave arrives at the observer
before the amplitude and energy of the red-shifted wave.
Consequently, the observer on the platform does not see
the two lamps come on simultaneously.
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Since the energy of a photon is given by hw, the
observer on the platform would also reckon the
energy of the photons emitted by the lamp on the
back of the railroad car as being greater than the
energy of the photons being emitted by the lamp on
the front of the railroad car.

Even if the lamps on the front and back of a
train are identical and emit light with a wavelength
of Asource> @S a result of the Doppler effect, the
wavelength of the light emitted by the lamp at the
back of the railroad car would appear to the
observer on the platform to be shorter than the light
emitted by the lamp at the front of the railroad car.

The velocity dependence of the wavelength of
the light seen coming from the lamps on the back
and front of the railroad car reckoned by an
observer on the platform is given by the following
equation:

v2 cos? 6
1-— 1-Zcoso
i”b?erv?r = i?our(f? v < = j’?()ur(‘e <
oo ’ "~ 1+ —cos@ ’ v2 cos2 @
c 1- 2
c
(19)

In the case shown in Fig. 4, where 6 is equal to
%for light coming from the lamp on the back of

. 5 . .
the train and Tﬂ for light coming from the lamp on
the front of the train, we get:

1-0.7072
;{observer—back = )qurce 02 (20)
1

T 2¢2

1+0707%
;{observer—fmnt = ;{suurce 2 (2 1)

2¢2

Since the initial peak amplitude of a wave
would reach an observer % after the leading edge

did, and since, to an observer on the platform,
midway between the two lamps, the wavelength of
the light originating from the lamp at the back of
the railroad car would be shorter than the
wavelength of the light originating from the lamp
at the front of the railroad car, the observer on the
platform would observe the lamp on the back of the
railroad car come on before the lamp on the front
of the railroad car. Note that while the phases of the
leading edges of the electromagnetic waves
reaching the observer on the platform would be the
same, the phases of the peak amplitudes would not.

Furthermore, if the lamps on the front and back
of a train are identical and emit light with a
frequency of Ve, as a result of the Doppler
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effect, the frequency of the light emitted by the
lamp at the back of the railroad car would appear to
the observer on the platform to have a greater
frequency than the light emitted by the lamp at the
front of the railroad car. The velocity dependence
of the frequency of the light seen coming from the
lamps on the back and front of the railroad car
reckoned by an observer on the platform is given
by the following equation:

v
1+ —cos 7]
vobserver = VSOLU’L‘E 2 2
v cos= 6
Ji-—=
c

In the case shown in Fig. 4, where 6 is equal to

(22)

%for light coming from the lamp on the back of

the train and %ﬂ for light coming from the lamp on

the front of the train, we get:

1+ 0.7072
(o}

Vobserver-back = Vsource 02 (23)

1 p

IN]

1-0.707-
—¢ (24)

Vobserver-front = Vsource

Since the frequency of a wave is a measure of
the rate of energy, momentum and information
transfer, and since, to an observer on the platform,
midway between the two lamps, the frequency of
the light originating from the lamp at the back of
the railroad car would be higher than the frequency
of the light originating from the lamp at the front of
the railroad car, the observer on the platform would
detect the energy, momentum and information
coming from the lamp on the back of the railroad
car before he or she detected the -energy,
momentum and information coming from the lamp
on the front of the railroad car. The relations
described in Eqns. 10-24 hold even when each
lamp is reduced to a single vibrating atom acting as
a clock.

To an observer in the railroad car, at rest with
respect to the lamps (v = 0), the light originating
from the lamps on the back and the front of the
train would be isotropic in terms of its angular
wave number, angular frequency, wavelength and
frequency, while the light reaching the observer on
the platform would be anisotropic in terms of these
wave characteristics (Fig. 4). The quantitative
difference in the angular dependence of the
anisotropy predicted by the new relativistic
Doppler effect equation presented here and
Einstein’s relativistic Doppler effect equation could
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be tested with spectroscopic techniques [24, 25, 26,
27,28, 29].

To an observer on the railroad car who is at rest
(v = 0) with respect to the lamps, the durations of
time it would take the light emitted by lamps at the
back and front of the railroad car to reach the
observer would be symmetrical, while to the
observer on the platform, the durations of time it
would take the light, emitted by lamps at the back
and front of the railroad car, to reach the observer
would be asymmetrical. As a result of the Doppler
effect, the duration of time it would take the light
from the lamp at the back or the front of the
railroad car to reach the observer on the platform
moving at velocity v relative to the train would be:

v2 cos2 @ v
N 1-— L 1- —-cosf@
dty = . =T T
observer v 1 +%C059 c 1 _1;2 cos26
source c?
(25)

Where, N is the number of waves between the

source and the observer and is equal to

source

and = % In the case shown in Fig. 4, where

v

source
6 is equal to %ﬂ for light coming from the lamp on
the back of the train, we get:

L 1-0707%
dtobserver-back =~

(26)

The duration of time it would take the light from
the lamp at the front (0 = %’T ) of the railroad car to
reach the observer on the platform would be:

i L 1+0707%
Tobserver- = -
observer-front c \/_1;2
1--=
2c

The difference (A) in the times it would take for
light from the lamps at the front and back of the
railroad car to reach the observer on the platform
would be:

27

2vcos6L

A = dtubserver—fronr - dtobserver—back =

The above equation reduces to equation 4 when
6 = 0. When v equals zero, the Doppler effect
vanishes and an observer midway between two
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events would reckon those events to occur
simultaneously. However, as the relative velocity
(v) of the inertial frame of the source and the
inertial frame of the observer approaches c, the
difference (A) in time between the two events gets
larger and larger and approaches infinity. The
“two-way” duration of the Special Theory of
Relativity, which is given in Eqn. 5, and is a
necessary device for synchronizing clocks, can also
be obtained by letting # = 0 or z and taking the
average of the two “one-way” durations derived
from the new relativistic Doppler effect equation:

L

1 c
dttwu—way = E(dtubserver—buck + dtabserver—buck) = \/_172

-z

The new relativistic Doppler effect equation,
which is a more general expression of the
relativistic Doppler effect because it does not
assume an infinitely-distant source, can account for
the velocity-dependence of the reckoning of
simultaneity as a limiting case. Moreover, the
“two-way” duration of the Special Theory of
Relativity results in a loss of the spatial and
temporal information that is retained by using the
new relativistic Doppler equation.

Another way of looking at the velocity-
dependent asymmetry is to look at the slew rate
(0W¥/01) of the electromagnetic waves emitted by
the two lamps. The leading edges of the
electromagnetic =~ waves, which contain no
momentum, energy or information, arrive from the
back and the front of the railroad car
simultaneously at the two inertial observers.

While, to the observer on the railroad car, at
rest with respect to the lamps, the slew rate of the
electromagnetic waves emitted by the lamps on the
back and front of the railroad car are the same, to
the observer on the platform, by contrast, the slew
rate of the electromagnetic waves from the back of
the railroad car is greater than the slew rate of the
electromagnetic waves from the front of the
railroad car. Thus the observer on the platform
detects the amplitude, momentum, energy and
information of the electromagnetic waves from the
back of the railroad car before he or she detects

50

these qualities of the electromagnetic waves from
the front of the railroad car. Fig. 5 shows the
temporal dependence of the wave-mediated
transport of information in the form of amplitude
and energy to the observer on the platform from the
front and back of the railroad car. It also illustrates
the Doppler effect-induced time lags between two
waves with the same phase but different
frequencies reckoned by an observer on the
platform, midway between the lamp on the back of
the railroad car and the lamp on the front of the
railroad car, and moving with relative velocity v
towards the back of the train.

If we consider the square of the amplitude of
the electromagnetic waves emitted from the lamps
to be proportional to the probability of detecting
information-bearing photons, then it is more likely
that the information-bearing photons emitted from
the lamp at the back of the railroad car would
excite the visual pigments of the observer before
the information-bearing photons emitted from the
lamp on the front of the railroad car excite the
visual pigments of the observer.

3. Conclusion

In this paper, I have described a commonsense and
intuitive way to explain the velocity dependence of
simultaneity in terms of changes in the spatial and
temporal characteristics of electromagnetic waves
that result from the new relativistic Doppler effect.
That is, while the speed of light is isotropic and
invariant for all observers; as a consequence of the
Doppler effect-induced time lag, the propagation of
the spatial (k and A) and temporal (w and v)
characteristics of light as well as its momentum
(hk), energy (hw) and information content is
anisotropic. By using a physically-meaningful
theory of measurement that takes into consideration
the new relativistic Doppler effect equation and the
angle-dependent time lag it introduces, all inertial
observers would be able to agree when two distant
events occurred. The realistic interpretation of the
relativity of simultaneity presented here contrasts
with the unintuitive interpretation given by the
Special Theory of Relativity.
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Fig.5: The light wave (in blue) coming from the lamp at the back of the railroad car arrives at the observer on the platform at
t = 0. The light wave coming from the lamp at the front (in red) of the railroad car arrives at the observer on the platform at ¢
= 0. While the phases (@) of the two waves (at ¢ = 0) are the same, there is a time lag, introduced by the Doppler effect,
between the peak amplitude of the wave coming from the lamp on the back of the railroad car and the peak amplitude of the
wave coming from the lamp on the front of the railroad car. The duration of the Doppler effect-induced time lag is
represented by the double arrow («). The time lag between the wave emitted by the lamp on the front of the railroad car and
the wave emitted by the lamp on the back of the railroad car is presented in terms of amplitude (a,b.c) and energy (d.e,f) for
observers moving relative to the train at velocities of 0.1c, 0.4c and 0.9c. 0 is assumed to be equal to 7 for the light coming
from the back of the train and equal to O for the light coming from the front of the train.

The new relativistic Doppler effect equation
presented here is a generalization of Einstein’s [8]
relativistic Doppler effect equation, which is
limited to the special case of an “infinitely distant
source of light” where cos” @ is unity by definition.
The quantitative differences predicted by the form-
invariant to the second order new relativistic
Doppler effect equation and Einstein’s relativistic
Doppler effect equation are testable using
spectroscopic techniques. Such an experiment will
simultaneously test whether the relativity of
simultaneity is best explained by Einstein’s Special
Theory of Relativity, which explains the velocity
dependence in terms of the relativity of space and
time [30, 31], or by the velocity-dependent changes

in the spatial and temporal characteristics of
electromagnetic waves. While this paper is
primarily  concerned  with  the  kinematic
consequences of the Doppler effect, I have also
given an account of the dynamic consequences of
the Doppler effect that are also testable [32, 33].
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Appendix A

The New Relativistic Wave Equation and the
Derivation of the Relativistic Doppler Effect
Equation

Assume that the following relativistic wave
equation, which is form-invariant to the second
order in all inertial frames, is the equation of
motion that describes the properties of light
observed by an observer in an inertial frame
moving at velocity v relative to the inertial frame of
the light source:

2

= o Y (A1)
In the equation above, 0 is the angle between

the velocity vector and the angular wave vector

pointing from the source to the observer. Assume

that the following equation is a general plane wave

solution to the second order relativistic wave

equation given above:

vc+vcos by

i(k r -
¥Y=VYe¢ (K ppserver source
¢ Ve =vcosf

(A2)

The general plane wave solution assumes that
the direction of r, which extends from the source to
the observer, is arbitrary but K., is parallel to r.
Thus 6 is the angle between the velocity vector and
the angular wave vector. We can obtain the form-
invariant to the second order relativistic dispersion
relation by substituting equation A2 into equation
Al and taking the spatial and temporal partial
derivatives:

, Ve+vcosh .o g 2 Y -2 2 c+vcos@
ce ml observer =1 a)xource c—vcosb
(A3)
After canceling like terms, we get:
2 2 Ve +wvcosb
cc'k =w (A4)

observer source Jc—vcosB

source

Since ¢’ = , the above equation simplifies
observer
to:
vc+vcosO
ck observer — Wsource Je—vcosd (A5)
c—vcosb

Solving for c, the speed of the wave, we get the
relativistic dispersion relation:
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Dsource VcFvcosd 5
e =299 x 10° s (A6)

observer

The relativistic dispersion relation tells us that
while the observed angular wave number varies in
a velocity-dependent manner, the speed of light is
invariant and always travels from the source to the
observer at velocity c. That is, the relative velocity
between the source and the observer “stretches” or
“compresses” the amplitude of the light wave
without changing its speed. Letting kopserver =
Wopserver/C, We  get a relativistic Doppler effect
equation in terms of angular frequency:

v
. Vet vcosd 1+ geos
= W = W 2.2,
observer source =055 0 source \/m
1-——m—
c
(A7)

Other forms of this relativistic Doppler effect
equation can be obtained using the following
substitutions: @ = 2zv = kc = 2xc/A. The relativistic
Doppler equation tells us that even though the
speed of the wave is invariant, the Doppler effect
results in the introduction of a velocity-dependent
time lag so that the time in which the amplitude
and thus the information content of the wave
reaches an observer is velocity dependent.

Appendix B

Independent Derivation of the Relativistic
Doppler Effect Equation

The Lorentz transform used by Einstein [8] is
sufficient but not necessary to mathematically
model the relativistic Doppler effect first observed
by Ives and Stillwell [15]. By comparing the
derivation of the relativistic Doppler effect
equation given by Einstein, Mermin [34] and
Moriconi [35] with the derivation given below, one
sees that the form of the unknown function that
describes the velocity-dependence of the spectral
properties of the observed light is not unique but
depends on the initial ansatz (Eqn. 2.1 given in
Moriconi or Eqn. B2 given below). The ansatz
equations of the Special Theory of Relativity
assume that the first-order velocity-dependent
spectral properties of the observed light depend on
the component of the relative velocity of the source
or observer parallel to the angular wave vector
while the second-order velocity-dependent spectral
properties of the observed light depend exclusively
on the magnitude but not the direction of the
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relative velocity of the source or observer. This is
because Einstein [8] derived the relativistic
Doppler effect equation after making the
assumption that the second-order effect applied
only to an “infinitely distant source of light,” where
cos” @ is equal to unity. This velocity is not relative
in the true sense of the word since, if cos’ 6 is not
equal to unity, the velocity cannot be completely
determined by an observer localized at a given
coordinate but only by an omniscient observer.
Einstein’s [8] relativistic Doppler effect equation is
typically used as a general equation without taking
into consideration the assumption of an “infinitely
distant source of light” he used to derive it. By
contrast, my ansatz equation is more general in that
it does not assume an “infinitely distant source of
light” but rather that the first-order and second-
order velocity-dependent spectral properties of the
light depend on both the magnitude and direction
of the wvelocity vector—specifically on the
component of the velocity vector parallel to the
wave vector.

In this appendix, I will justify the form of the
unknown function () mathematically by deducing
its form and symmetry without using the new
relativistic wave equation. The resulting form of
the unknown function is justified physically since it
accounts for the results of the Ives-Stillwell
experiments.

e e

Fig.B1: A diagram showing two sources moving at
velocity (v) > O relative to an observer at the origin
(0,0,0). The figure could represent the two lamps on a
railroad car moving relative to an observer on a platform.
The vector r extends from the source to the observer.
While the orientation of r is arbitrary, the angular wave
vector k must travel parallel to r to use the new
relativistic Doppler effect equations to determine the
observed angular wave number. The orientation of r is
given by the angle 6 that originates parallel to v. An
observer sees a blue-shifted source moving toward him
or her when v and r point generally in the same direction.
An observer sees a red-shifted source moving away from
him or her when v and r point generally in the opposite
direction.
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Consider a light source moving relative to an
observer at the origin of a Cartesian coordinate
system (Fig. B1). The angular wave number of the
light observed (k,pserver) Will depend on the angular
wave number of the source (ky,c.), the component
of the relative velocity of the source (v(r)) parallel
to the vector extending from the source to the
observer (r), and the speed of light (c). Assuming
that the angular wave vector k is parallel to r, the
observed angular wave number is related to the
angular wave number of the source by the
following equation:

Tv(r)
c

kobserver = kmurce ( ) (B 1)
Where, in Cartesian coordinates, r is the vector that
points from the source to the observer and  is an
unknown function to be determined. While the
orientation of r is arbitrary, assume that the angular
wave vector k in question is parallel to r and that 0
is the angle between v and r. When the dot product
of v and r is positive, the source and observer are
approaching each other and when the dot product
of v and r is negative, the source and the observer
are receding from each other.

Consider a source and observer moving relative
to each other in an arbitrarily-oriented Cartesian
coordinate system so that the velocity vector is
parallel to the x-axis. Assuming the constancy of
the speed of light (c), we get the following ansatz
equation:

vcos 6 vcos 6
1+ ~c Cksource 1+ —c Ck

Cc = =
_vcosG _vcosB +v(r)
\/ 1 c kobserver \/ 1 c k source oC c )

(B2)

source

When the source and the observer move toward
3
each other (g >60> 771 ) for v > 0, eq. B2 becomes:

1+ 2282 IC(ZSQ l Cksource
€= vicosf | (r) (B3)
+v(r
\/1 T ¢ ksource ¢

When the source and the observer move away from
3
each other (g <0< 7” ) for v > 0, eq. B2 becomes:

1- 282 ICZS o1 Cksource
c = (B4)

vicosf | —v(r)
c ksource ¢( c )

1+

Dividing Eqn. B3 by Eqn. B4, we get:
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14 vicosf | ¢(%(r))

< = BS)
v1cosO | +v(r) (
1-—F— o)
When the source and the observer are in the same

inertial frame, Eqn. B1 becomes:

kobxerver = ksource (B 6)

Consequently, when v =0, (0) = 1. When there
is no relative motion, it is also true that:

+v(r)

) ) B

kubserver = kwurce (

Thus,

+v(r) —-v(r)

(— (

c c

) =1 (B8)

and the function (+UT(T)) is equal to the reciprocal
of (%(T)). Substituting Eqn. B8 into Eqn. B5, we
get:

vicosf |

)= (BY)

¢ 1_ulcosel
c

After taking the square roots of both sides, we get a
solution for the function for a source and observer

. 3
moving toward each other (g >0> 7” ), whenv
> 0:

vicosO | v
) 1+f_1+2|c059|

c T 2 cos2
Jl_ulcosﬂl \/1_17 cozs 0
c c

Similarly, we get a solution for the function for a
source and observer moving away from each other

(g <f< 377T),Whenv>0:

1 vicosO | v
——— 1--cos@ I
=< (B11)

- 2 cos2
c \/1+v|c059| \/1_17 cozs 0
c c

(B10)

In order to emphasize the component of the
velocity vector parallel to the wave vector, Eqns.
B10 and B11 can be combined into one equation:

)=\/1ivlct;59| =\/1+vc<259 (Blz)

Jlivlcosal Jl_vcose
c c

+v(r)
c

(
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Substituting Eqn. B12 into Eqn. B1, we get the
relativistic Doppler effect equation for angular
wave number:

vcos 6
< (B13)

kobserver - kmurce
vcos 6
1 -_—
c

This form of the relativistic Doppler effect
equation is identical with the form derived from the
new relativistic wave equation in Appendix A. It
differs from the usual form [8, 34, 35] of the
relativistic Doppler effect equation because its
derivation from the ansatz carries through the full
vectorial nature of r and v to the second order. In
the general case, we get:

1+

1+ @ 1+ _"E_r)
kobserver = kmurce = kmurce 2 (B 14)
/1 _ 0]
c 2
C
References

[1] C. Blaise, Time Lord: Sir Sandford Fleming
and the Creation of Standard Time (Random
House, New York, 2000).

[2] G. B. Prescott, History, Theory, and Practice
of the Electric Telegraph (Ticknor and Fields,
London, 1860).

[3] P. Galison, FEinstein’s Clocks, Poincaré’s
Maps (W. W. Norton, New York, 2003).

[4] R.J.Doviak and D. S. Zrni¢, Doppler Radar
and Weather Observations, 2nd edition
(Dover Publications, New York, 1993).

[5] D. Maulik Ed., Doppler Ultrasound in
Obstetrics & Gynecology (Springer-Verlag,
New York, 1997).

[6] A. A.Michelson, Light Waves and their Uses
(University of Chicago Press, Chicago, 1907).

[71 D. Michelson Livingston, The Master of
Light. A Biography of Albert A. Michelson
(University of Chicago Press, Chicago. 1973).

[8] A. Einstein, “The electrodynamics of moving
bodies,” in The Principle of Relativity by H.
A. Lorentz, A. Einstein, H. Minkowski and H.
Weyl. (Dover Publications, New York, 1952),
p- 35 and 56.

[91 A. Einstein, Relativity. The Special and the
General Theory (H. Holt and Co., New York,
1920).

[10] A. Einstein, The Meaning of Relativity, 5th
edition (Princeton University Press, Princeton,
1956).

[11] D.F. Comstock, Science 31, 767 (1910).



African Physical Review (2010) 4:0007

[12] A. Shadowitz, Special Relativity (Dover
Publications, New York, 1968), p.12.

[13] M. Wertheimer, Productive Thinking (Harper
& Brothers, New York, 1959), p.216.

[14] C. Doppler, “On the coloured light of the
double stars and certain other stars of the
heavens,” in The Search for Christian
Doppler, by A. Eden (Springer-Verlag, Wien,
1992), p.93.

[15] H. E. Ives and G. R. Stillwell, J. Opt. Soc.
Am. 28,215 (1938).

[16] A. Einstein, 1907. “On the possibility of a
new test of the relativity principle,” in The
Collected Papers of Albert Einstein, Vol. 2.
English Translation (Princeton University
Press, Princeton, 1989), p.232.

[17] “Einstein triumphs again,” New York Times
April 27 (1938) p.22.

[18] W. Pauli, Theory of Relativity (Dover, New
York, NY, 1981), pp.20 and 208.

[19] S. Reinhardt, G. Saathoff, H. Buhr, L. A.
Carlson, A. Wolf, D. Schwalm, S. Karpuk, C.
Novotny, G. Huber, M. Zimmermann, R.
Holzwarth, T. Udem, T. W. Hinsch and G.
Gwinner, Nature Physics 3,861 (2007).

[20] H. Ives,J. Opt. Soc. Amer. 29, 294 (1939).

[21] H. Ives, Science 91, 79 (1940).

[22] H. Ives, Phil. Mag. Seventh Series 36, 392
(1945).

[23] H. Ives,J. Opt. Soc. Amer. 37, 810 (1947).

[24] D. Sciama, Phys. Rev. Lett. 18, 1065 (1967).

[25] E. K. Conklin, Nature 222,971 (1969).

[26] P.S. Henry, Nature 231, 516 (1971).

[27] G. F. Smoot, M. V. Gorenstein and R. A.

Miller, Phys. Rev. Lett. 39, 898 (1977).

[28] P. A. M. Dirac, “Open discussion” in Some
Strangeness in the Proportion. A Centennial
Symposium to Celebrate the Achievements of
Albert Einstein, edited by H. Woolf (Addison-
Wesley Publishing Co., Reading, MA, 1980),
p-110.

[29] B. Melchiorri, F. Melchiorri and M. Signore,
New Astronomy Reviews 46, 693 (2002).

[30] H. Minkowski, “Space and time,” in The
Principle of Relativity by H. A. Lorentz, A.
Einstein, H. Minkowski and H. Weyl. (Dover
Publications, New York, 1952), p.73.

[31] P. L. Galison, Hist. Studies in the Phys. Sci.
10, 85 (1979).

[32] R. Wayne, “A cell biologist’s view of non-
Newtonian physics,” in R. Wayne, Plant Cell
Biology: From Astronomy to Zoology
(Elsevier Academic Press, Amsterdam, 2009),
p-363.

55

[33] R. Wayne, “Charged particles are prevented
from going faster than the speed of light by
light itself: A biophysical cell biologist’s
contribution to physics,” Acta Physica
Polonica B, Submitted.

[34] N. D. Mermin, It’s About Time. Under-
standing  Einstein’s Relativity (Princeton
University Press, Princeton, 2005), pp.73-78.

[35] M. Moriconi, Eur. J. Phys. 27, 1409 (2006).

Received: 08 September, 2010
Accepted: 14 September, 2010



