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Phase-invariant clock hypothesis for accelerating systems
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%'e study spatially separated clocks that are Einstein synchronized in one inertial frame and then rig-

idly accelerated into another inertial frame. It is assumed that the clocks remain Einstein synchronized
in the new frame in which they are now at rest. The consequences of this assumption are analyzed with

respect to the experiments discussed in the literature as supportive of the accepted clock hypothesis.

PACS number(s): 03.30.+p, 04.20.Cv

The predicted frequency shift between two clocks rig-
idly separated and linearly accelerating in flat space-time
has been important in formulating the current theory of
gravity. However, this result has not been experimentally
verified. The standard opinion is that such a verification
would be of pedagogical interest but not of high scientific
priority. This reflects the overwhelming agreement on
the existence of this shift. There has, however, been some
dissent [1—3].

There have been predominantly two arguments used to
justify this shift. One employs the longitudinal Doppler
shift of light propagating between the two accelerating
clocks [4] while the other compares the accelerating
clocks via a third clock which is in an inertial frame [5].
Having accepted these arguments, a metric different from
that of flat space-time is then necessary to describe this
frequency shift in the coordinate system of the accelerat-
ing observer [6].

Before proceeding it is useful to consider the assump-
tions which lead to the above result. These assumptions
augment the postulates of special relativity to allow a
treatment of accelerating systems in flat space-time. The
standard assumptions are that the speed of light is in-
dependent of the acceleration of the source and that ac-
celeration in itself affects neither the rate of a standard
clock nor the length of a standard rod. The accepted in-
terpretation of the second assumption, hereafter referred
to as the accepted clock hypothesis (ACH), is that the
rate of an accelerated clock is equal to that of a comoving
unaccelerated clock [7].

These assumptions, along with the equivalence princi-
ple, form the basis for the accepted theory of gravity.
Since this theory has been successful in describing gravi-
ty, there has been little challenge to the assumptions deal-
ing with accelerating systems in flat space-time.

While not challenging these assumptions, Desloge [8]
claims that measurements made in a uniformly accelerat-
ing frame in field-free space mill not give the same results
as those in a frame at rest in a uniform gravitational field.
Mashhoon [9], also accepting these assumptions, argues
that the determination of frequency during acceleration is
not a local process.

In this work we embrace the postulates of special rela-
tivity and the first assumption but revise the second as
follows. Consider spatially separated clocks which were
Einstein synchronized [10] (hereafter referred to as syn-

chronized) in an inertial frame S and now accelerate rig-
idly. We assume that when the acceleration vanishes
these clocks are still synchronized in the new inertial
frame S' in which the clocks are now at rest. That is, the
clocks are still in phase. ACH, on the other hand, pre-
dicts that these clocks are no longer synchronized in the
frame S' in which they are now at rest [11].

It is interesting to note that observers in both frames
know which frame is moving relative to the other. That
is, there is a preferred frame, the one which does not ex-
perience acceleration. Under the assumptions of ACH
this distinction does not need to be made during the ac-
celerated part of the motion. An observer in frame S',
long after the acceleration terminated, need only note
that her clocks are no longer synchronized to determine
that her frame accelerated relative to frame S.

In the interest of simplicity we study only rigid motion
of the clocks. However, we can generalize the new hy-
pothesis for arbitrary motion as follows: spatially
separated clocks, synchronized in one inertial frame,
maintain their synchronization in another inertial frame
independent of the motion of the clocks as long as their
proper separation remains the same when they come to
rest with respect to each other in any other inertial
frame.

To better understand the argument, consider spatially
separated clocks synchronized in an inertial frame S. All
the clocks have period T seconds per tick or frequency
T ' ticks per second. Two clocks, separated by a dis-
tance L, are then accelerated into another inertial frame
S', which moves at speed v with respect to frame S after
the acceleration has terminated. The motion of the
clocks maintains their proper distance [12],L

In addition, we assume that the clock velocities are
much less than the speed of light c and carry all calcula-
tions only to second order in U/c. A calculation to
higher order in v/c, assuming ACH, is given in Ref. [8].
Also, the motion described is confined to one spatial di-
mension and we assume that the emission and absorption
process is a local phenomenon.

Before applying our hypothesis let us consider a con-
crete example. Assume the above two clocks to be a
source and receiver which resonantly interact in the iner-
tial frame S, an example of which is found in the
Mossbauer effect. %'hen in frame S' they again resonant-
ly interact. Do they resonantly interact when they are
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rigidly accelerating? The answer will depend upon which
clock hypotheses is used. Therefore it is to this question

that the bulk of our discussion is devoted.
The answer to this question is also independent of the

frame in which the calculation is done. It is simply a
matter of counting both wavecrests and clock cycles at
the same space-time point. That is, the absorption pro-
cess in frame independent. In what follows, we choose
the inertial frame S in which to calculate the interaction
of the Mossbauer source and receiver as they accelerate.

Let us now return to the example where the two clocks
move and assume that they remain synchronized in the
inertial frame in which they now are at rest. The ob-
server in S, however, concludes that the trailing clock
leads by a time ~=Lv /c ~ That is, two clocks synchron-
ized in the inertial frame in which they are at rest appear
unsynchronized in any other inertial frame. The trailing
clock, as seen in frame S, has therefore registered ~/T
more ticks than the leading clock.

These two clocks are now made to move at a new ve-

locity u+Av in a time ht, as seen in S. In order to main-
tain the synchronization of the clocks in the inertial
frame in which they are at rest, the observer in S claims
that the trailing clock has advanced a number of ticks
AN, given by

Lhv
T T

During the change in velocity, the frequency of the
trailing clock must therefore have increased by an
amount Av, given by

AN Lhu La
Tc At Tc

where a is the acceleration. During this acceleration, the

frequency of the trailing clock must increase relative to
that of the leading clock, as seen by the observer in frame

S, if the two clocks are to maintain synchrony in the new

inertial frame.
We expect this frequency shift to remain constant for

an infinite sequence of identical accelerations in the limit

of ht going to zero. Therefore, as seen by an observer in

S, the frequency of the trailing clock, relative to that of
the leading clock, is given by

1 La
trailing leading T

Before proceeding with a discussion of the conse-

quences of the new clock hypothesis it is important to
agree upon an operational definition of the clock compar-
ison. In what follows, the comparison is carried out by

one clock transmitting information about its frequency to
the other spatially separated clock. The second clock
then determines its rate relative to the first using this in-

formation. This definition is closely related to the way in

which resonance absorption occurs in the Mossbauer ex-

ample discussed above.
An alternate choice is to bring the clocks slowly to-

gether after the acceleration has terminated [13]. How-

ever, such a procedure does not address the issue of the
clock comparison during the acceleration process.

We now consider the effect of the new clock hypothesis
on the two examples used to justify the frequency shift,
starting with the longitudinal Doppler-shift argument.
For simplicity let the leading clock emit a light wave
train when it is momentarily at rest with respect to the
inertial frame S. The inertial observer measures the fre-
quency of the wave train to be the frequency of the lead-

ing clock. The trailing clock, however, receives this wave
train when it is moving with respect to the inertial frame.
An observer in S, using the Doppler equations, can then
determine the frequency received by the trailing clock.
The frequency received by an observer moving with the
trailing clock is the same as that of a momentarily
comoving unaccelerated observer, which is given by

aL
received emitted

C

where v, ;«,d=T '. The unaccelerated comoving clock
ticks at a rate T ' and therefore a blueshift is observed
for this clock. However, the frequency of the accelerated
trailing clock, as determined by an observer in S, is given

by Eq. (2) and it coincides with that of the received fre-

quency. The observer in frame S concludes that if the
clocks are a Mossbauer source and receiver accelerating
as described above then they will resonantly interact dur-

ing the acceleration.
In the time dilation example [5] there are three clocks:

clocks A and B are the leading and trailing clocks, re-
spectively, that rigidly accelerate as described above. In
this case the clock comparison is made using the informa-
tion carried by an inertial clock. To make the compar-
ison, the observer at the leading clock "releases, " or puts
into the comoving inertial frame S, an observer with
clock C which is identical to hers. Clock C ticks with

period Tc=T~ =T. This inertial observer then com-

pares his clock rate with that of the trailing clock, clock
B, as it passes by him and measures the period

2

TB —T 1+
2c

(3)

since uB =2aL. The inertial observer at clock C then re-
lays the information, to the observer moving with clock
B, that the periods of clocks A and B are the same.

The results of these two examples are therefore con-
sistent. That is, one consequence of the new clock hy-
pothesis is that no "redshift" exists between spatially
separated clocks which are rigidly accelerating. This
holds for all spatially separated clocks located in a grid
which accelerates rigidly. That is, any one of these
clocks can be the source, described above, while any oth-
er clock in the grid can be the receiver.

where uB is the velocity of clock B and T' = 1/v* is the

period of clock B as determined by the observer in S. El-
iminating the period using Eq. (2), we find

2

c2 2c2
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%e now consider perhaps the most unusual conse-
quence of this hypothesis. The relative frequency be-
tween the accelerating clocks as seen in frame S is given

by Eq. (2). An observer in frame S can ask, which clock,
in the rigidly accelerating grid of clocks, ticks at the rate
of the unaccelerated clock 1/77

We already discussed the fact that there is a preferred
frame in the problem. This question addresses a pre-
ferred point in that frame. That is, some point from
which L is measured and not just a relative separation as
is given in Eq. (2).

The answer to this question may involve the proper
length of a rigidly accelerating object, which has a max-
imum value given by L =c /az, where a~ is the proper
acceleration of the front of the object [11]. The accelera-
tion of the rear end is infinite as seen in S and this end
travels at the speed of light. The front end of the rod can
be assumed to have arbitrarily small proper acceleration.
Therefore, for the observer in S, both ends of the rigidly
accelerating rod are unique points, from which a specific
clock frequency can be defined.

Another possibility for the accelerating clock which
ticks at the rate 1/T, as seen in frame S, might be the one
which coincided with the point from which the grid of
clocks was synchronized, prior to the acceleration. This
synchronization procedure is necessary if the grid is to
accelerate rigidly. It is also interesting to note that to
synchronize all the clocks requires an infinite time.
Therefore the acceleration occurs before complete synch-
ronization is achieved. We limit our discussion of this is-
sue for two reasons: first, none of the experiments, de-
scribed in the literature as pertinent to ACH, address this
aspect of the hypothesis presented here, and second,
there appears to be no experimental results, in flat space-
time, relevant to this discussion.

%e now consider how predictions of our clock hy-
pothesis agree with the experimental results which are
discussed in the literature [14] as forming the foundation
for our understanding of accelerated systems in flat
space-time. Unfortunately, most of the experimental
work has been done on systems undergoing centripetal
acceleration. Our clock hypothesis, however, has to be
consistent with the results of three types of experiments
that involve linear motion.

The first is the twin paradox', a related experimental ex-
ample is the transport of atomic clocks around the earth
in commercial aircraft [15]. Consider three clocks syn-
chronized in an inertial frame, two of which are spatially
separated and linearly accelerated into another inertial
frame, as discussed above, while the third remains in the
initial inertial frame. Our hypothesis is that clocks, ini-
tially in an inertial frame, which accelerate into another
inertial frame remain synchronized in the new frame in
which they are now at rest. This is true for every frame
change they undergo. Therefore it is only necessary to
calculate the effect of the motion on one of the traveling
clocks to determine the reading on the other clock in the
frame in which they are now both at rest. The result is
that both clocks which were accelerated will read a short-
er time than the one which remained in the first inertial
frame when the accelerated clocks return to their starting

positions. This conclusion is independent of the accelera-
tion that the clocks experience, by construction.

ACH predicts that the two clocks which accelerate
into a new inertial frame have different readings in the
frame in which they are now at rest [13]. They then de-
celerate back to the inertial frame in which they started
and have identical readings. The prediction of our new
hypothesis is therefore the same as that of ACH when the
clocks return to their initial positions. However, no such
spatially separated clock experiment, analogous to the
one described above, has been performed.

The second type of experiment investigates the fre-
quency received in an inertial frame from accelerating
sources. One example uses sources which executed har-
monic motion due to the thermal vibration of the lattice
[16] (thermal effect). Since the lifetime of the excited
state is long compared to the period of oscillation, effects
linear in velocity and acceleration cancel [9]. Therefore
the term linear in acceleration, given in Eq. (2), will not
be observed. Sherwin [16] interprets this experiment as
an example of the twin paradox for which both eloek hy-
potheses have been shown above to yield the same result
when the clocks return to their initial positions. There-
fore this experiment cannot distinguish between the two
hypotheses.

An experiment of this type, done in a gravitational
field, is discussed in Ref. [17]. The results of such an ex-
periment, repeated in flat space-time, would determine
the point from which L is measured in our clock hy-
pothesis.

The third type of experiment is that in which both S
and R accelerate. This directly measures the prediction
of Eq. (2), since L is the relative separation of S and R in
that equation. Such an experiment, in which a spatially
separated Mossbauer source and receiver were accelerat-
ed (distance effect), is described in Ref. [18]. The source
and receiver executed harmonic motion with the period
of oscillation comparable to the lifetime of the excited
state. The intensity of the radiation transmitted through
the receiver depended on the source-receiver separation.
This was interpreted as evidence for ACH. However, the
experimental results were never published.

More recently an explanation of the distance effect was
given in terms of an effective refractive-index dependence
on the ultrasonic amplitude and frequency and by the
forced Mandelshtam-Brillouin effect [19]. The distance
effect is predicted to occur even for nonsynchronous
motion of the source and receiver. Until further experi-
ments are performed, the distance effect should not be
considered supportive of ACH.

%e now give a simplified explanation of why effects
linear in acceleration cancel when the period of oscilla-
tion is shorter than the lifetime of the excited state.
Upon completion of one cycle either the source (thermal
effect) or both the source and receiver (distance effect) re-
turn to their initial positions. We assume for simplicity
that resonant absorption by the receiver is only a func-
tion of the number of wavecrests received during a time
comparable to the lifetime of the transition. The source
starts in an inertial frame emitting a frequency unaffected
by acceleration. It then accelerates for one cycle. When
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the source (source and receiver in the distance effect) re-
turns to the starting position, any linear acceleration-
dependent frequency effect has resulted in more
wavecrests being counted by the receiver for the accelera-
tion in one direction while fewer are counted in the other
direction. Therefore the total number of wavecrests
counted during this period is independent of any effect
which is linear in acceleration. In this case the distance
effect cannot confirm ACH nor can the thermal effect
repudiate our clock hypothesis.

Finally we discuss an experiment which might distin-
guish between these two hypotheses. This would be simi-
lar to Bommel's, with the period of osci11ation much
smaller than the lifetime of the Mossbauer transition.
Therefore, during a lifetime, the acceleration is essential-
ly constant. As the acceleration varies, the receiver,
which moves synchronously with the source, would go in
and out of resonance according to ACH. Our hypothesis
predicts that it would remain in resonance. A detailed
analysis of such a proposed experiment is not appropriate
for this work. Ho~ever, it is interesting to note that
commercially available piezoelectric crystals are capable

of providing harmonic motion with an amp1itude of 1 pm
at 30 kHz [20] oscillation frequency. This corresponds to
a maximum acceleration of 3 X 10"m/sec, which is large
enough to shift the resonant frequency by one-third of
the full width at half maximum of the absorption
linewidth, for a source-receiver separation of 1 m and the
following Mossbauer transition: Co in Rh metal foil as
the source with Fe in K~[Fe(CN)6] 3H, O as the re-
ceiver. Such a shift is large enough to measure. Syn-
chronizing the motion of the source and receiver mould
not be easy, however.

We have proposed an alternative clock hypothesis for
accelerating systems which is consistent with the experi-
mental evidence discussed in the literature as supportive
of ACH. It differs from the accepted clock hypothesis in

predicting no frequency shift between two spatially
separated clocks rigidly accelerating.

I would like to express my gratitude to Professor Geoff
E. Stedman for his interest in and helpful discussions of
this work.
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