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The Relativity of Simultaneity: An Analysis Based a the Properties of
Electromagnetic Waves

R. Wayne
Laboratory of Natural Philosophy, Department of Ri@iology, Cornell University, Ithaca, NY, USA

The determination of whether two distant eventssareiltaneous depends on the velocity of the olesefhis velocity
dependence is typically explained in terms of thlativity of space and time in a counterintuitivermer by the Special
Theory of Relativity. In this paper, | describe aagthtforward and intuitive way to explain the vaty dependence of
simultaneity in terms of velocity-dependent changesthe spatial K, 1) and temporal 4, v) characteristics of
electromagnetic waves that result from the Doppféect. Since, for any solution to a wave equatidw, angular wave
vector (k) and distance vector)(as well as the angular frequeney) @nd time () are complementary pairk (- r) and
(wt), it is only a matter of taste which members & fairs K, ) or (r, t) one assumes to depend on the relative velocity of
the source and observer. Einstein chosendt and | chosek and w. | present this electromagnetic wave approach to
understanding the velocity dependence of simultgres a physically realistic alternative to EinsteiSpecial 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 ire th
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 [1], and
telegraphers to be at the station at a specifie tion

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 végie

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. |
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 relevan

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
reverse of the sequence e¥ents clocked by tr
second observer. These examples show
without making anyassumptions other than tt
each observer has an identiciclock; the
measurement of the timeterval between twi
events igelative. Of course, if each observer kn
his or her position tative to the two lamps and tl
speed of light € through the air, the using the
following relationship:

length of light path

time interval= .
speed of light

)

All three observers would be able to agree w
the two lamps turned on. The resolu of this
problem requires nothing more than a physi«
meaningful theory ofmeasurement thaakes into
consideration the finite speed of lig

N /
Yo S

Fig.1: The relativity of simultaneity for observers &
events (lamps turning on) in the same inertial ¢
When the observer in the middle sees the two e
come on simultaneously, the observerthe left sees the
lamp on the left come on first, while the obsergerthe
right sees the lamp on the right come on

With great insight, Einstein realized that
reckoning of whether two events w
simultaneous or not depended on the obser
velocity v relative to the two identic lamps [8, 9,
10], in addition to his or her distan(L) from
them. Imagine two observeras Comstock [11
and Einstein [9] did, standing midway betwee
lamp mounted on th&ont of a railroad car and
lamp mounted on the back (Fig). Imagine tha
one observer is on the railroad car and the o
observer is on the platform. The obse on the
moving railroad car, at rest with respect to
lamps, would see the Ilamps cc on
simultaneously as prediceby Eqr. 1. However,
the observer on the platfornmoving at relative
velocity (v) toward the lamp at the back of t
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railroad car and atlative velocityv away from the
lamp at the front of the railroad car, would see
lamp at the back of the railroad ciome on before
the lamp at the front of the railrc car came on.
Even though both observers were midway betv
the two lamps, theobserver on the railroad c
would have seen the Ilamps come
simultaneously, whiléhe observer on the platfor
would not have.

Fig.2: The relativity of simultaneity for observe
standing midway between the two lamps, in two déffe
inertial frames. One observer is in a railroad agresi
with respect to a lamp mounted on the back of
railroad car and another lammunted on the front of tt
railroad car. The other observer is standing on
platform moving backwards at velociv relative to the
train. The observer on the railroad car sees tldamps
come on simultaneously, while the observer on
platform ses the lamp on the back of the railroad
come on before the lamp on the front of the radroar
comes on.

According to the Special Theory of Relativi
the inability of two observers, in differe inertial
frames, to agree on when two events ocd, and,
whether they weresimultaneous events, is
consequence of the relativity of time. That is,
Special Theoryof Relativity contends that time
itself is relative, and consequently, its measurg
depends on the velocityof the observer.
Quantitaively, the observer on the platfo who is
moving backwards relative to the train would
the light come on from the lar at the back of the
railroad car digpserver—back S€CONdS after it we
emitted and would sethe light come on from th
lamp at the font of the railroad cadt,psenverfront
secondsafter it was emitted. This is described
the following equations:

L vL

Z
dtopserver-back= J% )
1-=
C
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L vL

+
dtgpserver-front C_Cvz (3)

=z

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

A= dtobserver-from' dtobserver—back: ﬁ (4)

1=z

Where,the duration of time between when the 1
lamps come on depends on the relat of time
itself. The relativity of time is given quantitagily

. L _ 1 .
by the time dilation factory = _\/1—7’:—; The duration

of time between when the lamps at the front
back ofthe railroad car come on vanishes for
observer midway between the two lamps v v =
0. The “twoway” duration, which is a ubiquitot
guantity in the Special Theory &elativity, can be
obtained by takig the average of the “oc-way”
durations:

1
dtwo-way = E(dtobserver-front + dlopserve-back = =

The relativity of simultaneity is often illustratt
with a Minkowski spacéime diagrar [12]. Fig. 3
shows the reckoning of an observer (a) whe
stationary with respect tihe lamps at the front at
back of the railroad car, and the reckoning of
observer (bwho is moving with velocity toward
the lamp at the back of the railroad While the
concept that the velocitgependent relativity c
simultaneity is a consequencoé the fundamente
natue and relativity of time is widely and deej
accepted by modern physicists, | Jd like to
offer an alternativexplanation that is based the
primacy of the Doppler effect, which takes i
consideration the velocitgepender temporal and
spatial characteristics of eleatnagnetic waves
including their wavelengthl], their frequencyv),
their angular wave numbek)( and their angule
frequency ¢), in addition to their spee

Time
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Time

Space

Fig.3: The relativity of simultaneity. a. A Minkows
space time diagm of the observer (O) in the railroad
midway between the lamp mounted on the back (E
the railroad car and the lamp mounted on the ftBpbf
the railroad car. This observer sees the two idal
lights come on simultaneously. b. A Minkowskiace
time diagram of the observer (O) on the platfornvimg
backwards at velocity relative to the railroad car. Wh
this observer is midway between the lamp mounte
the back (B) of the railroad car and the lamp maodiioie
the front (F) of the railrad car, he or she sees the la
on the back of the railroad car come on beforelah®
on the front of the railroad car comes t represents the
time in the frame of reference of the lamps an
represents time in the frame of reference of theepker
on the platform.

2. Results and Discussic

Einstein tried to reformulate Maxwell’s equatic
in a way that would take into considera two
inertial frames moving relative to each other
velocity v, but his attemptsvere unsuccessful [12
Consequetty, he assumed that Maxwell's wa
equation with itssingle explicit velocity (c) wa
one of the laws of physics that was valid in
inertial frames and, as a result, the speed of |
was independent of the relative velocity the
source and the obser when they were in tw
different inertial frames. | have reformula
Maxwell's wave equation so that it takes i
consideration the changes the temporal and
spatial characteristics of electromagnetic we
observed when theiis relative motion ktween the
inertial frame that includes the source and
inertial frame that includes the observer. The 1
relativistic wave equation presented here is -
invariant to the second order in all inertial fraar
My reformulation of Maxwell's wave equati is
basedon the primacy of the Doppler effect, whi
is experienced by all waves, as oppose the
primacy of the relativity of space and time. Sir
for any solution to the seco order wave equation
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in the form of ¥ = W,® ™Y, the angular wave
vector k) and distancer] as well as the angular
frequency ¢) and time {) are complementary pairs
(k r) and @t), it is only a matter of taste which
members of the pair&(w) or (r, t) one assumes to
depend on the relative velocity of the source and
observer. Einstein choseandt and | chos& and

. The Doppler-based relativistic wave equation is
given by the following equivalent forms:

%y Vet vcosO
PV _ oo Vet veost pay 6)
at2 Ve —-vcos@

vcos 6
92y 1+ —
T _ o pry @)
at? 1_vc056

c

92y , 1+%c059 VZ'IU 8
— = CC
at? _ v2cos? 6 ( )

1 P
wherev is the magnitude of the relative velocity of
the source and observét;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 thitoug
the vacuum and is equal to the square root of the
reciprocal of the product of the electric permittiv

(o) and the magnetic permeability, of the
vacuum; andc’ is the ratio of the angular
frequency {sourcd Of the source in its inertial frame
to the angular wave numbek,fserve) Observed in
any inertial frame. When the velocity vector and
the angular wave vector are parallel and
antiparallel,0 = 0, cos# = 1 andd = = radians, cos

6 = -1, respectively. Solving the relativistic wave
equation given above for the speed of the wave (¢ =
rit) results in the following relativistic dispersion
relation (see Appendix A):

vcos 6

1+
c=  Waource Tcss =2.99 x 18 m/s 9)
K e

observer

Whenv = 0, the source and the observer are in
the same inertial frame anosyyrce = Ksoure. After
replacing wsource With Ksoure, the above equation
transforms into a perspicuous relativistic equation
that describes the new relativistic Doppler effect:

vcos 6
T+
kobserver— ksource

1- vcos 6
\ c

(10)
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1+ Zcoso
[

Kobserver= Ksource (11)

vZ cos2 6
1-—07
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:

v
ko _ ks 1+ Zcos 6
bserver— Rsource

2
v
1-=
C

12)

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 outhaf
denominator, Einstein [8] had to assume that the
velocity applies to a situation where there is an
“infinitely distant source of light” and consequisnt
co< 0 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 wherf 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 terhpora
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 relativisti
transformation used to describe the relationship
between two inertial frames. Doppler, himself,

vcos6

utilized the Galilean transformation (1—+C—), 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

vcos6

Lorentz factor %), in order to describe the
1-=

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 § was equal to 0 and by the experiments
done by Ives and Stillwell [15, 16]. The formula |
have proposed for the Doppler effect, which is also
consistent with the Ives-Stillwell experiments,
makes use of both the Galilean transformation and

vcosO

= CCOSZ 6). The physical
c2

. 1
a Lorentz-like factor °

1
justification of my transformation is its ability t
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 observet £ 7) encounters
fewer waves per unit time; and, when the observer
is stationary, a receding sourcg £ ) produces
fewer waves per unit time at the position of the
observer, while an approaching source H 0)
produces more waves per unit time at the position
of the observer. The net result of the Doppleratffe
is an increase ik, ® andv and a decrease ih
reckoned by the observer when the source and
observer move closer together and a decreakge in
w and v and an increase in reckoned by the
observer when the source and the observer move
apart.

The experimental observations of lves 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 pdgic
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
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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 hisiow
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 predictio

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 ofksouce @s 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 t
the observer on the platform to have a greater

angular wave numbek & 2/1—") 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:

1+ Zcos @
[

2 2
1T Cﬁ; 6
c

In the case shown in Fig. 4, whetés equal to
%for light coming from the lammn the back of

Kobserver= Ksource (13)

the train andi—" for light coming from the lamp on
the front of the trainwe get:

v
1+0.707—
Kobserver-backe Ksource — £ (14)
T
1-0.7072
I(observer-front: ksource—vz (15)

2¢2

Since the momentum of photons is giveniky

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, i
the lamps on the front and back of a train are
identical and emit light with an angular frequency
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of wsource @S @ result of the Doppler effect, 1
angular frequency ahe light emitted by the lan
at the back of the railroad car would appear tao
observeron the platform to have a greater ang
frequency than the light emitted by the l¢ at the
front of the railroad car. The velocity depende
of the angular frequency of tHght seen coming
from the lamps on the back and front of the radr
car reckoned byan observer on the platform
given by the following equation:

1+ Zcoso
C

Wobserver— Wsource ——
v4 cos= 0
1-—7—
[

In the case shown in Fig, whered is equal to
%" for light coming from the lamp ¢ the back of

(16)

the train anc|'54—7I for light coming from the lamp o
the front of the train, weget:

1+0.7072
Wobserver-back- Wsource 2 (17)

2¢2

1-0.7072
[0}

(18)

opserver-front— @source

Fig.4: The observer in the railroad car midway, betw
the lamps on the back and front of tlailroad car, sees
the two identical lights come on simultaneously. &
consequence of the Doppler effect, the observethe
platform moving backwards at velociv relative to the
railroad car, ath who is midway between thlamp
mounted on the back ohe railroad car and the lar
mounted on the front of the railroad car, seesliti&

emitted by the lamp on the back % %) of the railroad
car as being blushifted and the light emitted from tl
lamp at the frontd = %") of the car as being r-shifted.

While the velocities of the blughifted and re-shifted
lights are the same and equal to c, the aude and
energy of the blushifted wave arrives at the obser
before the amplitude and energy of the-shifted wave.
Consequently, thebserver on the platform does not

the two lamps come on simultaneously.
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Since the energy of a photon is givenhw, the
observer on the platform would a reckon the
energy of the photons emitted by the lamp on
back of the railroad car dseing greater than the
energy of the photons being emitted by the lam,
the front of the railroad car.

Even if the lamps o the front and back of
train are identical and emit light w a wavelength
of Asource @S @ result of the Doppler effect, -
wavelength of the lighemitted by the lamp at tt
back of the railroad car would appear to
observer on thplatform to b« shorter than the light
emitted by the lamp at the front of the railroad

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

_ v2cos?0
c2

1- Zcoso
c

A’Observer = ASOUrCe v = j’SOL.IrCe
1+ ECOSB 1 v2 cos2 6

c2

(19)

In the case shown in Figl, whered is equal to
%for light coming from the lamp ¢ the back of
the train andiﬁ for light coming from the lamp o
the front of the train, we get:

1-0.7072

/lobserver—back: )Lsource—vz (20)
Ny
1+0707%

/lobserver—fronr: /lsource—ﬂ (21)

2¢2

Since the initial peak amplitude of a we
would reach an observérafter the leading edge

did, and since, to an observer on the platfc
midway between the twlamps, the wavelength
the light originating from the lamp at the back
the railroad car would be shorter than t
wavelength of the light originating from the lar
at the front of the railroad car, the observer on
platform would observe the lamp the back of the
railroad car come on before the lamp on the f
of the railroad caNote that while the phases of 1
leading edges of the electromagnetic we
reaching theobserver on the platform would be 1
same, the phases of the peak amplitudes woul
Furthermore, if the lamps on the front and b
of a train are identical ral emit ligh with a
frequency oOfvsouce @s a result of the Doppl
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effect, the frequency of the light emitted by the

lamp at the back of the railroad car would appear t

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:

1+ Zcoso
C

Vobserver— Vsource
v2 cos2 6
1-—0F—
c

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

(22)

the train ancll;‘}E for light coming from the lamp on
the front of the train, we get:

1+0.7072

Vobserver-back™ Vsource 2 (23)
T
1-0.7072

Vobserver-front— Vsource 5 (24)

2¢2

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 fraoft
the railroad car, the observer on the platform woul
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 Eqgns. 10-24 hold even when each
lamp is reduced to a single vibrating atom actiag a
a clock.

To an observer in the railroad car, at rest with
respect to the lamps € 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 tabu
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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 th
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 observe
would be asymmetrical. As a result of the Doppler
effect, the duration of time it would take the ligh
from the lamp at the back or the front of the
railroad car to reach the observer on the platform
moving at velocity relative to the train would be:

v2 cos? 6 v
dto _ N 1-—0= L 1- Zcos6
bserver 1+2cos 6 c _v?cos?6
source c2
(25)

Where, N is the number of waves between the
source and the observer and is equaHé—

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

source

0 is equal to%7T for light coming from the lamp on
the back of the train, we get:

L 1-0707%
dtobserverback— z

(26)

The duration of time it would take the light from
the lamp at the front(= %") of the railroad car to
reach the observer on the platform would be:

L 1+0707%
dtobserver-front— ;

(27)

The difference4) 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:

2vcos6L
c2

L
c v2 cos? 6
Ji-—=
c

A = digpserver-front — Olobserver-back=

The above equation reduces to equation 4 when
¢ = 0. Whenv 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 Q) 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 Egn. 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:

1
dttwo—way: E(dtobserver—back+ dtobserver—bach =

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 fo
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
(oWlot) 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 ef th
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 ratehef t
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
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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 illasés
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
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, | 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 effec
That is, while the speed of light is isotropic and
invariant for all observers; as a consequence &f th
Doppler effect-induced time lag, the propagation of
the spatial K and 1) and temporal ¢ and v)
characteristics of light as well as its momentum
(hk), energy %w) and information content is
anisotropic. By using a physically-meaningful
theory of measurement that takes into consideration
the new relativistic Doppler effect equation and th
angle-dependent time lag it introduces, all inértia
observers would be able to agree when two distant
events occurred. The realistic interpretation & th
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 thack of the railroad car arrives at the obseowethe platform at
t = 0. The light wave coming from the lamp at thenfr¢in red) of the railroad car arrives at the abseon the platform t
= 0. While the phases) of the two waves (&t = 0) are the same, there is a time lag, introdumethe Dopplr effect,
between the peak amplitude of the wave coming fiteerlamp on the back of the railroad car and trek @enplitude of ths
wave coming from the lamp on the front of the mall car. The duration of the Doppler ef-induced time lag is
represented by the double arrow) The time lag between the wave emitted by theplamthe front of the railroad car a
the wave emitted by the lamp on the back of thieodl car is presented in terms of amplitude (Rand energy (d,e,f) for
observers mowig relative to the train at velocities of 0.1c,@ahd 0.9¢c6 is assumed to be equalx for the light coming
from the back of the train and equal to O for ighticoming from the front of the tra

The new relativistic Doppler effect equati
presentechere is a generalization of Einstein’s
relativistic Doppler effect equation, which
limited to the special case of an “infinitely diste
source of light” where ¢4 is unity by definition.
The quantitative differences predicted by form-
invariant to the second ordemew relativistic
Doppler effectequation and Einstein’s relativist
Doppler effect equation are testable us
spectroscopitechniques. Such an experiment \
simultaneously test whether the relativity
simultaneity isbest explained by Einstein’s Spec
Theory of Relativity, which explail the velocity
dependence in terms of the relativity of space
time [30, 31], or by the velocitgependent chang:

in the spatial and temporal characteristics
electromagnetic was. While this paper
primarily  concerned with the kinema
consequences of thBoppler effect, | have als
given an account of the dynamic consequence
the Dopplereffect that are also testable [32,
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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 relative to the inertial frame of

the light source:

%y
a2

, Vet vcos@
e vy (A1)

In the equation above) 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:

¥ = e!kobserver " - wsourcecci+zzzzt) (A2)

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

, Vet 0 . , + 6
cc vc+ v cos i2 k2 y :szz ¢ +vcos
Je—vcos@ observer Source ¢ — ycos @
(A3)
After canceling like terms, we get:
’ vc+vcosO
ce kc?bserver = wszource (A4)
Ve=vcosf

source

Sincec’ = , the above equation simplifies
observer
to:
_ Vec+vcosO
¢ kobsen/er - wsourcem (A5)

Solving for c, the speed of the wave, we get the
relativistic dispersion relation:

52
o= wsource Vetvcoso _ 2.99 x 16 m/s (A6)
= K Ve—veoss <70 X

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 véloc
between the source and the observer “stretches” or
“‘compresses” the amplitude of the light wave
without changing its speed. LettinBopserver =
wobservefC, We get a relativistic Doppler effect
equation in terms of angular frequency:

v
w _ Ve+vcos_ 1+ -cosf
- W T T
observer source " T=055 0 source\/m
1 - —2
c
(A7)

Other forms of this relativistic Doppler effect
equation can be obtained using the following
substitutionsw = 2zv = kc = 2zc/i. 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 obseidve
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 initishnsatz (Eqn. 2.1 given in
Moriconi or Egn. B2 given below). Thansatz
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 seurc
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
because Einstein [8] derived the relativi
Doppler effect equation after makingthe
assumption that the secoondder effect applie
only to an “infinitely distant source of light,” vene
co< 0 is equal to unity. This veloci is not relative
in the true sense of the word since, if? § is not
equal to unity, thevelocity cannot becompletely
determined by an observer localized at a g
coordinate but only by an omniscient observ
Einstein’s [8] relativistic Doppler effect equatis
typically used as a general equation without tal
into consideration the assumptioh an “infinitely
distant source of light” he used to derive it.
contrast, myansatzequation is more general in tf
it does not assume an “infinitely distant source
light” but rather that the firsbrder and secor-
order velocitydependent spectral propes of the
light depend on both the magnitude and direc
of the wvelocity vectorspecificalll on the
component of the velocity vector parallel to
wave vector.

In this appendix, | will justify the form of th
unknown function (/) mathematically b deducing
its form and symmetry without using the n
relativistic wave equation. Theesulting form of
the unknown function is justified physically sinit¢
accounts for theresults of the Ive-Stillwell
experiments.

Fig.B1: A diagram showing two sources maog at
velocity (v) > O relative to an observer at the ori
(0,0,0). The figure could represent the two lampsac
railroad car moving relative to an observer onaifpim.
The vectorr extends from the source to the obser
While the orientation of is arbitrary, the angular wa
vector kK must travel parallel tor to use the new
relativistic Doppler effect equations to determitie
observed angular wave number. The orientatior is
given by the angl® that originates parallel tv. An
observer sees a blghifted source moving toward hi
or her wherv andr point generally in the same directic
An observer sees a rathifted source moving away fro
him or her wherv andr point generally in the opposi
direction.
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Consider a light source movinelative to an
observer at the origin of a Cartes coordinate
system (FigB1). The angulawave number of the
light observed Kypserve) Will depend on the angul;
wave number of the sourcksy,cd, the component
of the relative velocity of the sour(v(r)) parallel
to the vector extending from the sou to the
observer (), and the speed of light (c). Assumi
that the angular wave vectk is parallel tor, the
observed angular wave number is related to
angular wave numbernof the source by th
following equation:

Kobserver= Ksource (ivT(r)) (B1)

Where, in Cartesian coordinatr is the vector that
pointsfrom the source to the obsenand [ is an
unknown functionto be determine. While the
orientation ofr is arbitrary, assume at the angular
wave vectoik in question is parallel tr and thaty
is the angle betweanandr. When the dot produs
of v andr is positive, the source and observer
approachingeach other and when the dot proc
of v andr is negative, the sourcend the observer
are receding from each oth

Consider a source and observer moving rele
to eachother in an arbitrari-oriented Cartesian
coordinate system so that the velocity ve is
parallel to thex-axis. Assuming theconstancy of
the speed ofight (c), we get th following ansatz
equation:

vcos 6 I,(S vcos
_,I1+_C C ource _ 1+—F—

- vcos O - vcos 6
\/1_ c observer \/_ c k

CkSOUI’CE

tv(r)
=)

source ¢(
(B2)

When the source and the observer move to\
each other’-;( >0> 37”) forv> 0, eq. B2 becomes:

14 252 IC(ZSB l Cksource
¢= vicosf | (83)
\/1 _vlicost1 k +v(r)
c

source®—¢ )

When the source and the observer move away
each other’—;( <0< 37") forv > 0, eq. B2 becomes:

1- vl%sdﬂ Cksource
= (B4)

c =
vicosf | —v(r)
= Koouree 5D

1+

Dividing Eqn. B3 by EqnB4, we ge
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14 vicosf | ¢(%(r))

1_vlcgsGI ¢(+VT(r)) =1 (BS)

[

When the source and the observer are in the same

inertial frame, Egn. B1 becomes:
Kobserver= Ksource (B6)

Consequently, whem = 0, [J (0) = 1. When there
is no relative motion, it is also true that:

Kobserver= Ksource (+Vc(r)) 0 (%(T)) (B7)
Thus,
IED) HED) =1 (B8)

and the functiom(“’T(r)) is equal to the reciprocal

of D(%(r)). Substituting Egn. B8 into Egn. B5, we
get:

vicosf |

1+
= —Tcosl (B9)

2™
D =t

After taking the square roots of both sides, weaget
solution for the function for a source and observer
moving toward each otherg 0= 37” ), whenv

> 0:

vicosO |
1+——— 1+EICOSBI

J(+17(r)) _ c
c o Icos @ v2 cos? @
1- 1 -
c c

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

(g <f< 37”),Whenv> 0:

(B10)

1 vicosO |
—v(r)y _ N~
(=)= =

- 2 cos2
\/1+v|c059| \/l_v cozs 6
c c

1- 2 icos B |
—_ (o

(B11)

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

vicosf | vcos 6
+v(r) _\/1i c _\/1+ c
) - - vcos O (BlZ)

c Jlivlcosel \/1_
c c

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

vcos 6O
< (B13)

Kobserver= Ksource
1- vcos 0
c

This form of the relativistic Doppler effect
equation is identical with the form derived froneth
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 theansatzcarries through the full
vectorial nature of andv to the second order. In
the general case, we get:

1+

Kobserver= Ksource —= = ksource—z (B14)
1™ )
c 2
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