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ABSTRACT

According to the Special Theory of Relativity (STtR¢ rates of clocks and energies of objects shohhnge in direct
proportion as their state of motion is varied. Tages of clocks should slow down by a factoy ef(1-v%/c?)®° when they
reach a speed of v relative to the observer (hédpeed of light in a vacuum) and the energiesiaedial masses of
objects should increase by the same factor. Treegariple experimental evidence for both predict@nSTR, but there is
another aspect of the theory that has yet to bdi@er According to the Lorentz transformation (LG)STR, a symmetry
principle must exist whereby two observers in retamotion each think that it is the other’s cldblt has slowed down
or that it is objects in the other’s rest frame whoenergy has increased. Measurements of the odtelecks onboard
airplanes are not consistent with this principlewever, and one is forced on this basis to elingirthe LT as a valid
space-time transformation. To fill this void, arteahative transformation (GPS-LT) is presented thathews the LT
symmetry principle while still satisfying Einstaimivo postulates of relativity, and is also coresistwith the principles of

absolute simultaneity of events and the rationalitgd objectivity of measurement.
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INTRODUCTION

On the basis of their experiments with circumnatitgpairplanes 40 years ago, Hafele and Keatingvdre able
to obtain an empirical formula for the dependenéethe rates of onboard clocks on relative speed altitlde.
Experiments with a rocket launched from the Ea&hdre consistent with the latter result. The HKniala is also
consistent with Einstein’s prediction of time didat [3], but only with an important proviso: theesa v that is used in the
appropriate relativistic formula must be measueddtive to a standard clock located on the Eagiblar axis. Hafele and
Keating [1] justified this procedure by stating tththe reference clock must be located in an inergat frame, in
accordance with the standard interpretation ofSpecial Theory of Relativity (STR), and that onlglack on the Earth’s
polar axis satisfies this condition. As a consegeeit is not possible to compute the amount ottihilation by simply
inserting the speed v of the clock relative tosegiobserver on the Earth’s surface into Einsteiorsula: At = (1-V/c?)
O3AL = y AL

The question arises, however, as to whether dagisituation exists for the measurement of kinetiergy K. In

non-relativistic theory, K= nf#2 for an object of mass m moving with speed vtiedato the observer. The corresponding
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6 Robert J. Buenker

relativistic formula, K = ¢-1) pc? (u is the proper mass of the object, which is equanhtin the classical formula), is well
known to reduce to the latter result in the loweeity regime. Relativistic theory (STR) is quiteeat in predicting a
strictly analogous relationship between the amooftime and energy-mass dilation, so a generatguiore needs to be

found for computing the amount of kinetic energyadfystem which is in relative motion to the observ
Applying the Hafele-Keating Formula to Kinetic Energy Measurements

The empirical formula for the difference in elapsiedes for two clocks located respectively on aplane ¢) and on the

ground o) at the Equator is given below (see eq. (2) af[ddj:
T-10= [gh/@ — (2R2 v + V)/2¢7] 1. )

In this equation, R is the Earth’s radi@sis the Earth’s angular frequency of rotation alibetpolar axis, g is the
acceleration due to gravity, h is the altitudehaf &irplane and v is its speed relative to the mgloif his equation expresses
the fact that there are two causes for the diffezein T andt,, the gravitational red shift and time dilation.ig lfact is

made more apparent by rewriting it in the more galn(gelativistic) form:
t=[(1 + gh/é) y (RQ)) v (RQ+V)] 1o, )

which reduces to eq. (1) wher(v) is replaced by its first-order approximatidnt V?/2¢, in each case. The first
term expresses the fact that the rates of cloakease with altitude and therefore this effect loareasily separated from

that of relativistic time dilation.

The latter is computed as follows. It is assumed Hinstein’s formula can only be applied with refece to a
standard clock located at one of the Palesong as the same conditions are present asrimgj experiments [1]JFor this
purpose, one needs to know the speedfwa given clock relative to the polar axis. Iteégual to R+v for the airplane
clock and to B for its counterpart on the ground, whereby v ietato be positive when the airplane moves in the
easterly direction at the Equator, and negativennihenoves in the westerly direction (more gengradine has to take

account of the latitude of a given clock and thglamwf flight relative to the Equator in computing[1]).

If we assume that the energy E of an object charigedirect proportion to the periods of clocks mpo
acceleration, as predicted by relativity theoryisistraightforward to deduce an analogous relatignto eq. (2) for this
guantity. We just have to know that energies ineeeaith speed and altitude, whereas the ratesockstecreasewith

speed and increase with altitude. On this basisobrens:
E = [(1+gh/é)y (RQ +V)I/y (RQ)] E,, ®3)

where E refers to the energy of an object on th@aie and Eis the corresponding value for an identical object
located on the ground. In experiments employindilyigiccelerated particles with v>>(Rand k0, the above equation
simply reduces to E¥ (V) Ey, so it is not surprising that the effects of thertR's rotation can be neglected under these

circumstances. In the low-velocity (non-relativé3timit when this is not the case, however, e b@omes:
E - B=[gh/d + 2R v +V/)/2¢]] E,. )
This in turn gives the following relation for thaergy difference (& pc?):
E -E= [gh/? + 2RQ v + VA)/2¢7 pc?
= pugh+ pRQv + pv72. (5)
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Kinetic Energy and the Relativistic Symmetry Principle 7

The latter equation contains both the classicah tier gravitational energyugh) and that for kinetic energy, K =
uv?/2, as one would normally expeetit also has a term that is linear intkat requires careful consideration, especially

since it is also proportional to the rotationalegpef the Earth (R).

The question that needs to be answered is whethgbecan be reconciled with the experimental thet the
kinetic energy is normally thought to be a functifronly the speed v of the object relative to dhserver, i.e., K:v72,

but not to be dependent in any way on the rotakigpeed of the Earth at a given location.

The formula for kinetic energy is verified expeentally in elastic collisions. In this case one ents the

following relation from the principle of energy caervation for two particles of rest massandy,:
AV + Vo’ = paVad + paVar, (6)

where \; and v; are their initial speeds before the collision ancard v are the corresponding values after the

collision has taken place. According to eq. (5wit0, however, the corresponding relations shbatd
2ROy + WViP + 24ROV + vy
= 2uRQVy; + Vi + 21RQV + 1oV (7)
It needs to be recalled that momentum is also e¢wadén the collision, however, so that

W1V + HaVoi = HaVas + HoVor. (8)

Multiplication of the latter equation with the caast factor 2R and subtraction from eq. (7) therefore leads back
to the standard kinetic energy relation of eq. ®)is cancellation occurs quite generally, independf the direction of

the individual particles, as can easily be shown.

The above example assumes that the object andvebsee at the same latitude. If this is not theecadditional
terms must be added to eq. (7) that are propoitionide difference of the squares of the Eartbtational speeds at the
two latitudes and also the mass of the particleaich casdyut are independent of the speed v of the objéative to the
observer Since the former values are constant and theenaxfshe individual particles do not change in¢h#ision (at
the non-relativistic level under discussiom),cancellation also occurs for these quantitiesthe analogous energy

conservation equation under these circumstances.

In short, what one sees from this analysis isiti@dtiding the extra terms implied by eq. (5) foe t#inetic energy
of a particle that are either proportional to itdocity or independent of it do not in any way afféhe standard formulas
that one conventionally uses to describe collisidiie fact that these relationships hold experiaigntvhen one assumes
that the kinetic energy of a particle is alwaysaida mv¥/2 is therefore in no way inconsistent with eq. e indication
is simply that there must be additional terms & kinetic energy (i.e. in the energy difference grtBat have no effect on
the outcome of collisions and thus cannot be \aztiby direct experiment. As a result, there is eveason to believe that
energy and time do change with the speed of arcbbjean exactly parallel manner, exactly as predidy STR [1] At
the same time, it needs to be emphasized thatbiordtory work, the key rest frame is that in whitlke particle is

accelerated, and so the above considerations dapyly.

The fact that there is such a close analogy betweeiations in energy and elapsed times in relgtitheory

indicates quite strongly that both effects havedame origin. The standard argument from STR isdha can compute
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8 Robert J. Buenker

the amount of time and energy-mass dilation sinfigljknowing the speed of the object relative to\egiobserver, but
the Hafele-Keating experiments [1] indicate sonmahjuite different. More insight into this questioan be obtained by
examining the derivation of the dependence of kirmtergy on relative speed in classical mechaiiies.starting point is
the definition of work/energy and Newton’s Secorah\ An applied forcé is assumed in order to compute the change in

energy dE of a given object as it moves a distaince
dE =F-dr = (dp/dt) -dr = pvdv = d@v?/2). 9)

This derivation emphasizes that the speed v useéftone the kinetic energy is defineglative to a distinct rest
systemnamelythat in which the force is applied to the objdttis inconsistent with the assertion that thienence point
is arbitrary for computing a particle’s kinetic egg, although this is invariably assumed. As weehaeen, collision
experiments lend support to the above conclusiahgcértainly do not rule out the possibility thaetmore complicated

eqg. (5) is required to compute the increase irpiréicle’s energy as a result of the applied fd¥de eq. (9).

There are no additional constraints such as momeand mass conservation to contend with in deténgithe
way in which elapsed times vary with accelerativowever, and experiment [1] shows quite clearly thare is a unique
rest system from which the speed of the clock restneasured in order to obtain correct results fEnstein’s time
dilation formula [3]. In previous work [4] this h&en referred to as the Objective Rest System [QiRE, in view of eq.
(9), it can be concluded that the reason for itgum position is intimately tied up with the fatiat a force has been
applied to the object in this rest system thatiieatly responsible for its acceleration. This tenthe laboratory rest frame
in conventional experiments, but it can be the lEspolar axis under the conditions of the Hafelsaking investigation
[1,4].

One of the main consequences of the existencedefiaite rest frame from which to compute timeatdn, and
by extension, also energy-mass dilation, is tha& cem employ aational set of unitdn order describe the changes that
occur upon acceleration. This point is discussedletail in a companion paper [5]. The relative saté clocks are
expressed as fixed ratios on the basis of eqT{®re is no “symmetry” principle on this basis, tany to what is claimed
in STR [3], according to which two clocks can bbthrunning slower than one another at the same timtead, one has
the principle of the rationality of measurement KPR6], which states that the ratio of any two maasl values for
guantities of the same type is the same for alenlgss. This principle holds quite generally fdrpdlysical quantities and
is completely consistent with Einstein’s first pdate of STR [3], the principle of relativity (RPAccordingly, the laws of
physics are indeed the same in all inertial systemgzalileo first claimedyut the units in which they are expressed can

and do differdepending on the state of motion and positiongnaaitational field of a given observer.

Clocks run at different rates depending on how tasy have been accelerated relative to a commads. Bt an
observer co-moving with the clocks notices no cleaimgthese rates because they have all slowed dgwihe same
fraction as a result of their mutual acceleratibme same argument also holds for energy and ihentias, and indeed for
all other physical properties. An independent oleseat the ORS does notice such changes, howawtindhis sense can
distinguish one inertial system from another, camtito what is often assumed [7], and do so withaaiaiting the RP in

any way.
Postulates of Relativity

The above discussion has indicated that accelerptays a key role in relativity theory and thaisitresponsible for both
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Kinetic Energy and the Relativistic Symmetry Principle 9

the slowing down of clock rates and energy-masatidit. This possibility was already pointed outHimstein’s original
work [3], namely by stating that an applied forestloys the symmetry that otherwise exists betvirential systems. The
two postulates he enunciated on which to base duis nelativity theory do not actually reflect thde@f acceleration,
however. They simply state that the laws of physigs the same in all inertial systems and thatsgheed of light is

independent of the state of motion of the obseawelrlight source.

In a companion paper [8], it has been shown theretiis actually diddenpostulate in Einstein’s formulation of
the theory that is also essential in order to @ethe Lorentz transformation (LT). The main consswe of the latter
assumption is that it rules out the principle ohsitaneity of events, since the LT leads to thectusion that measured

times (At andAt’) depend on the relative positionx’) of a given observer to the object:
At =1y (u) (At + u AX/c?). (10)

While this result has been hailed as one of theddwances of relativity theory, the fact remairet tihere has
never been any experimental verification of nontsiemeity. Indeed, in GPS navigation technology9]8exact
simultaneity for all observers is assumed for timetof emission of a light pulse from a satellitegardless of the
observer’s location or state of motion. Thus, tlier@ need to reconsider the underlying structéienventional relativity
theory (STR [3]) to bring it into line with the ndés of experiments that have been carried outesitscinception in 1905,

as will be done below.
One can best start this exercise by reformuldEimgtein’s two postulates:

» The laws of physics are the same in all inertial syems (Relativity Principle RP), but the units in vhich they

are expressed vary systematically depending on thieitate of motion and position in a gravitational feld.

» The speed of light in free space is a constant, iagendent of the inertial system, the source and the

observer.

As discussed at the end of Section Il, an addendwequired for the RP to emphasize the experinhdiniding
that clocks slow down upon acceleration and alabather physical quantities are changed as whb. FfEsultant variation
in properties is uniform within any rest frame, awdit amounts to a simple change in units in eade. Since the laws of
physics are mathematical equations in every instasuch ainiform scalingclearly does not alter the laws themselves [5,
10]. The effect is the same as if one converts foora system of standard units to another, suchoag drom feet to
meters of length or from s to ms of time. One af frimary goals of relativity theory is to establisow these units
change upon acceleration and change of positiengravitational field. Two additional postulates aequired to specify

these relationships for the “kinetic” scaling ofitarj5].

As mentioned above, the second postulate neetle tmigmented with an additional assumption befoleads
unambiguously to the LT. Lorentz pointed out in 9g321] that without this additional constraint th& can only be
specified to within a scale (or normalization) factRather than give up the principle of simulténeif events, as Einstein
did in 1905 [3], it is possible to insist upon it éhe condition for completely specifying the reqdi space-time

transformation that is consistent with his secoostylate:

Every physical event occurs simultaneously for albbservers, independent of their state of motion and

position in a gravitational field (Simultaneity Principle)
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10 Robert J. Buenker

When this postulate is combined with that of thastancy of the speed of light in free space, tlseltas the
alternativeGlobal Positioning System-Lorentz Transformatio®85LT)[8, 9 12, 13]):

AX =1' (AX' + U A) (11a)
Ay =nq'y* Ay (11b)
Az =q'ytAZ, (11c)
At=At, (11d)

with ' = (1 + ué Ax/At)] ™

It is important to note that it is assumed in gdd.a-d) that both observers use exactly the samefaanits.
However, because of time dilation, this is not tiseal case. If the clocks in the primed rest frd8igrun Q times slower
than in the other (S), one has to attachof the above equations by multiplying with Q on tight-hand side in order to

insure that each observer uses his own set of propes. For example, eq. (11d) becomésQAL'.

Instead ofAy=Ay’ and Az=Az’ as in the LT [3], one has eq. (11d) to insurawdtaneity. Dividing egs. (11a-c) by
At=dt’ (or At=QAt’ in the general casdgads to exactly the same velocity transformatierfca the LT thereby insuring
not only adherence to Einstein’s second postulatelso agreement with a number of other key erpamtal results such

as the Fizeau light drag effect and the aberratfdight from stars that ultimately cemented thputation of STR [14].

The GPS-LT also frees one from the necessity afrasgy that two clocks can both be running slowamntbne
another, which is the prediction of the symmetipgple of STR [7]. Equations such As=yAt’ and At'=yAt can both be
derived in a straightforward manner from the LTifoyerting the transformation equations, whereasotilg possibility for
the GPS-LT isAt=At’ (or again more generallht=QAt’). As a result, one can add a fourth postulas tipholds another

ancient principle:

The ratio of any two physical quantities of the sam type is the same for all observers, independent their

state of motion and position in a gravitational fiéd (Principle of Rational Measurement or PRM [6]).

The latter postulate is the antithesis of the sgtnymprinciple of STR. The PRM is in perfect agresmwith the
results of the Hafele-Keating experiments [1] asdaiso one of the underlying assumptions, in amflito the third
postulate above (simultaneity), that allows GPSgstion technology to produce reliable measuremehtiistance [8,9].
It becomes feasible to introduce “conversion” fastior relating the results of measurements iredéfit inertial systems.
In GPS technology, for example, one simply assutim@sany measurement of elapsed time on a satedlitebe adjusted
so as to provide the corresponding value that wdaddmeasured by a clock on the ground [15-16]h&reé were
disagreement about which clock runs more slowlg, ¢me on the satellite or its counterpart on theuigd, such a
procedure would be pointless, or at least wouldiireca quite different set of logical assumptionart are used in actual
practice to achieve the desired results.

Finally, the conventional version of STR [3] as&snthat one can simply use the LT and the relatedgg-
momentum four-vector relations to derive informat@mbout the ratios of measured values for two oeserin relative
motion. In this case, a few additional remarksrereessary to clarify the situation when the GPSd.dsed instead. Time
dilation cannot be derived from the latter [8],ttis&a on the basis of the simultaneity conditioreqf (11d). The light speed

hypothesis is sufficient to derive energy-masstidilg but as discussed above, the speed to beinsgiplying Einstein’s
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original formula, i.e. EHV)E’, in this instance must be taken relative tpaaticular rest frame, the ORS [4]. In Sect. Il
evidence has been cited to show that elapsed soads in exactly the same manner with speed relabia given ORS as
do energy and mass. The latter result does naiwotlirectly from the first four postulates givenogk, however, and

hence a fifth postulate is required to completeftamework of the theory:
The unit of time in a given inertial system changem direct proportion to those of energy and inertal mass.

The PRM [6] plays a key role in the scaling relasibips. Consistent with the Hafele-Keating expenisd1],
once the change in units has been established/forest frames S and S’ relative to their commorS@Ry (v) andy (v),

respectively, it follows that the conversion fadb@tween their own units is given by the corresjrugdatio

Q =y (V) vy (V). Measurement is completely rational and objex There is no question about which clock is

slower than the other on this basis, nor by whetbfa exactly as is required in the GPS timing prhaes.

No additional postulate is needed for the scatihdistances. They must also vary in direct prdparto elapsed
times because of the light speed constancy [8,8]s Theans that time dilation is accompanied byrignt length
expansion [17], however, and not Fitzgerald-Lorelgmgth contraction. The main experimental evidefae this
conclusion comes from observations of the transv@sppler Effect [18]. They show unequivocally thia¢ period of
electromagnetic radiation varies in direct progmrtto its wavelength, independent of the sourcé&'sction of motion
relative to the observer. The increase in perioal ¢éear example of time dilation in the rest framh¢he light source, and
the corresponding increase in wavelength is nodaessxperimental proof for isotropic length expansiThe only way to
avoid this conclusion is again to allow for viotats of the PRM, as is done in STR [3], but noti@ &bove formulation of
relativity theory (Postulate 4). A further conseqee of the last two postulates is that takative velocities of two objects
must be the same for all observers (also forceausecof the proportionality of the energy and larggtaling factors), not

just the speed of light in free space [5, 10, 19].
CONCLUSIONS

The above set of five postulates allows for aceupaédictions of the respective measured valughydical quantities for
the same object obtained by different observers wat® in relative motion to one another. The resglttheory is

distinguished from STR [3] primarily because ofiite of the GPS-LT of egs. (11a-d) [8, 9, 12, b3jeu of the LT, and

also because of its adherence to both the prinoiipdémultaneity of events and the PRM (Postul8tesd 4). The result is
a rationalized theory of relativity (RTR) that i®é of any paradoxes that otherwise follow dire@thm the symmetry
principle of STR [7]. It is no longer necessaryatssume that two clocks can both be running slotan bne another
simply because they are in relative motion, fomepke. The latter assertion is clearly violated iRSstechnology, where it

is simply assumed that clocks on a satellite runenstowly than those on the ground because of diita¢ion.

One of the main objectives of the present worloishow that the formula for the kinetic energy pnfabject is
ambiguous with regard to the relativistic symmairinciple. If one assumes that the effects of epengd time dilation
vary in direct proportion to one another, the casimn is that the increase in energy of an acaelérabject is not
described completely by the K=Af2 term. Additional terms that are linear in v adépendent of it entirely cannot be
detected in low-energy collision experiments beeaodk the requirements of momentum and mass corti@rsaAn
additional postulate is needed in order to incampoithis result into RTR because it is not possibleerive the time

dilation effect from the GPS-LT alone, contrarywbat is assumed in STR with its reliance on the ItTs emphasized,
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12 Robert J. Buenker

however, that both the time dilation and energysdikation effects are the result of acceleratibthe object due to an
applied force in a particular rest frame (ORS [4). objects undergoing the same degree of acciterahange their
properties in a perfectly uniform manner, so thabhserver co-moving with them cannot detect affgmdince in any of

their physical properties, consistent with the RP.

The main (but not the only [20]) way to distinduisetween the present formulation of relativityahe(RTR)
and the conventional version based on the LT (S$R)rough experiment. The most effective propsertiethis regard
involve elapsed times. As already mentioned, thé& @&hnology relies on satisfaction of the simwdtgnand rational
measurement postulates, both of which are rejeictele STR formulation. If events did not occur sitaneously, it
would be impossible to synchronize clocks on a gankeasis. The Hafele-Keating experiments, [1] ba tontrary,
indicate that the relative rates of all Earth-baskxtks can be determined exactly by simply knowiing altitude and
rotational speed of the Earth at their respectwations. An extremely sensitive test of the siamaity principle can be
made on this basis. The clock rates themselvesbeadetermined quite accurately in terms of thestvarse Doppler
effect, as discussed in detail elsewhere [21]. fals&er a clock runs, the smaller will be the fregties measured with it.
Thus light signals exchanged via satellite cargypbtential of demonstrating the accuracy of théeldeKeating formula,
and with it, the viability of both the third anduidh postulates of RTR given in Sect. lll. Theyoatan be quite useful in
guantitatively verifying the fifth postulate, whidh ultimately the basis for the Hafele-Keatingnfora itself.
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