THE EFFECT OF MOTION ON CLOCKS, MATTER AND TIME
THE EFFECT OF MOTION ON ATOMIC CLOCKS

We have seen throughout this book that for obssiimemotion relative to each other, time doesshow
down (or dilate as the term used in special retsjiv In the previous chapter on the effect of imoton light clocks,
we considered a clock which used light pulses c&dl between two mirrors to mark the passage &.tiBut what
happens to real clocks such as atomic frequenogatds? Several experiments have been performieth wh
confirm that these clocks do indeed slow down, lanthe same amount predicted by special relativitis is
considered a great test success for relativityjthsitactually easily explained by the radiati@antnuum theory.

Einstein probably never imagined that we would dag have clocks sensitive enough to measure time
dilation effects for velocities much less than $speed of light, say the speed of commercial aitcriafit such is now
the case. In the twentieth century, we have d@eel@locks which are accurate to within one sedomdillions of
years. What this actually means is that they tagles to within billionths of a second per secolftds this accuracy
which makes tests of the so-called relativisticetidilation possible. One of these timepieces @aknas a cesium
clock. This clock basically uses the fact thaegain frequency of energy applied to a cesium atdlircause it to
enter an excited state. The input frequency isdury constantly striving for the highest quantityatoms in a beam
of cesium atoms being elevated to the excited.stliés is accomplished, as in figure 6-1, by pagsi beam of
cesium atoms horizontally through a cavity of mieawe energy, which is constantly tuned to the fezqy which
the beam of atoms needs to see. If the quantiéxated atoms drops, the microwave frequencytésed until the
number of excited atoms is again at its peak. fied frequency then becomes the mechanism fairgéme in
the clock. Since frequency is cycles per secdreh time is seconds per cycle, and counting cysleguivalent to
counting time. If the cesium atoms were stationtirgy would require a certain frequency to erterdxcited state.
However, in a cesium clock, we are dealing withavimg beam of atoms, moving left to right in figuel at some
well defined velocity. As the atoms move throulgé microwave cavity, this motion causes them tairecp
Doppler shifted frequency to become excited, thif shfrequency being proportional to their velgci For this
reason, the velocity of the cesium beam is weltrodled, and the actual frequency of the clockuised to the
required frequency for this motion, which is aclyalightly lower than it would be for stationaryoas.
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Figure 6-1 Because of the aberration effect, an atomic clock using a moving beam of cesium atoms must be

tuned dlightly lower than the characteristic frequency of that atom.

To obtain a clear image of the tuning of this kldmagine the microwave frequency as moving top to
bottom as shown in figure 6-1. In chapter fourimgicated that there is a difference in Doppleeet$ from light
which isactually perpendicularly incident, and that whiappears perpendicularly incident to the observer. In the
case of the cesium clock, we are dealing with tnmér effect, where the beam of cesium atoms besdinge
observer. Due to aberration, the cesium atomsrixquee radio energy striking them at an angle eeldty the
Pythagorean theorem to the velocity of the atonastha initial component velocity of light. Sindeom the figure,
this initial component velocity is less than c, theulting frequency which the cesium atoms séégiser than the
frequency of the source. By carefully controllihg velocity of the cesium atoms through the miaesvcavity, it
can be calculated what the frequency is that thquire, and this becomes the time unit of the cld8kce the
atoms receive a higher frequency than that emityetthe source, the actual time tuning frequencyttechfrom the
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source must be set lower than it would be if theiure atoms were stationary. This lower initialquency, after
being shifted higher by the aberration effect, Inees the proper tuning frequency for the cesium attirve set the
velocity of the moving beam of atoms to higher higher values, the frequency of our tuning sourcstrbe set to
correspondingly lower and lower values.

From the above, we see the first impact of motiorthe "local time" of a moving observer. The oasi
atoms, when in motion relative to the stationaanfe of the microwave cavity, require a lower fregueto enter an
excited state than would a stationary atom in #mescavity. These moving atoms, in their own inkftame of
reference, are susceptible to the same frequenayualsl be a stationary atom. However, since tbelcls
generating a lower frequency to excite the atotreppears that "time has slowed sown" for the ngpesium
beam. Once again, it is clear that time has nenlaéfected in any manner, but the Doppler effast¢hanged the
required frequency for the moving atoms.

In order to fully develop the effects of motion @m atomic clock, we will consider the case of mgvi
atoms and frames of reference a little furtheradgme two cesium atoms, side by side in space, avi¢hof the
atoms soon to be placed in motion to the righbatesfixed velocity. We desire to know the propetiency
required to cause each of these atoms to entetciiee state. We know that a given atom at recaiiires a
frequency of about 9 GHz (9 x *l€ycles per second) in order to enter this statsis corresponds to an energy
level equal to Planck's constant times this frequeNow, if we allow one of the cesium atoms tquire a fixed
velocity, we will effectively have already suppliad amount of energy equal to the kinetic energh®fmoving
atom. This acquired kinetic energy is equal to-bakk the mass of the atom times its velocity sqdarWe would
thus expect that we need supply less additionabgrie cause this atom to enter an excited statdjtas fairly easy
to determine the value of this reduction in reqiieaergy.

In our reference frame, we can express the toeigy of the moving atom as the sum of its restgnand
its kinetic energy. To transform this energy te taference frame of the moving atom, its rest &awhere it has
no kinetic energy, we simply subtract the kinetiemgy term from the energy we see in our frameis Eha
Galilean transformation, of the type we have sexfork in the treatment of Maxwell's equations, aota
Lorentzian transformation such as we see in theiapeory of relativity. Since any mass quangitd its
associated kinetic energy would transform propogily, we can derive an energy conversion formylgaling the
ratio of the energy in the moving atom's referefname to the energy measured in our reference frame know
that this conversion takes the form of a propogliiy constant due to the principle of equivalentfesuch were not
the case, then different energies would transfaffaréntly, and the moving atom could become avwdriés
constant velocity by measuring the differing degrewhich energy levels of some items change coadp@ their
rest energies. A little algebra reveals that phagportionality ratio is equal to one minus onefliad velocity of the
atom squared divided by.cTherefore, the energy required to cause thimatbich has been placed in motion to
enter an excited state is reduced by the same ratio

Thus we see that an atom which has been placadtion is susceptible to a lower frequency thaatam
which remains stationary for any initial rest franfeeference we choose. Note that the statioatom does not
need to be actually present. Further, the actataira of the presumed rest frame is not importémbther words,
we do not need to presume the existence of angmpegf, absolutely and universally stationary frasheeference.
The energy required by any cesium atom which has becelerated out of our reference frame andvismoving
uniformly with respect to our own will be less thidwat required by an atom which remains statiofragur
reference frame, as measured in our reference fralffet we must be careful to do then, when buidind testing
actual atomic clocks, which must be calibrated syrthronized, is to make certain that they areadibrated and
synchronized in the same reference frame priotatdiisg the test. This reference frame will thecdme the
common rest frame for all clocks in any experimgatwish to perform. It does not matter if thiserefnce frame is
experiencing motion relative to any other refereiname we may wish to consider. It may even bétthia
reference frame is in motion relative to the framahich we, the experimenters, reside. All tlsaiportant is that
all clocks are synchronized in the reference fraefned as their common reference frame. As wé# sbaa shortly,
if we do not invoke this requirement, it becomepassible to determine which clock has slowed.

Note that in determining the degree to which tlevimg clock slows we did not need to consider the
direction of motion. This slowing was based ontytbe relative velocity of the clocks. Thus we éahown that, as
measured from the reference frame of the statioclagk, the moving cesium clock requires a difféfeaquency
than the stationary clock by the same factor, nienavhich direction the clock is moving. This facis normally
denoted by one over gamma,o. It is extremely important to realize that timeed not actually slow down due to
this motion. Since cesium atoms of a given vejo@tjuire a specific frequency to reach the excitate, so atoms
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accelerated to a different velocity relative to tingt require a different frequency, as measurethé reference
frame of the first, shifted to the red accordingtte magnitude of the velocity by the fac{or. Since the frequency
is lower, it takes more time for a fixed numberkcg€les to occur. With seconds in these clocksghdafined as the
length of time required for a specific number ofleg to occur, the moving clock slows down--morggital time is
required for a given "second" to pass in the movdiogk.

The effect of this motion is real in that a devicethe moving clock counting "ticks" of frequenail
count less ticks in a given amount of "time" (defirby the stationary clock-- "proper” time) thai wie stationary
clock. It does not matter whether the tick accuatarl for the moving clock is on that clock or reslgtlocated with
the stationary clock, as it is simply a countenufters count integer occurrences independenteafittion
involved, except for the practical problems notethie next paragraph. The continuum of the spééght does not
affect the operation of a mere counter. What chantye to the motion is the frequency requirechbyntoving
cesium atom, and the counter on that clock willntdess ticks, each tick being defined as one cgtfeequency.

There are practical effects which must be coneilérthe tick counter for the moving clock wereo®
placed at the location of the stationary clockthéf moving clock is keeping time by generatingecsfic frequency,
then we could notify the stationary clock of thadi (number of ticks) by simply transmitting theduency to the
stationary clock. The problem here is that we nagsbunt for the motion induced Doppler shift calisg motion at
an arbitrary angle of incidence as described ipthdour. Thus the received frequency has twacaslof
distortion. The first component is the Doppleigirency shift due to the motion of the source (mglock) at an
arbitrary angle of incidence. The second is thaaslowing of the clock in motion as describedah the so-
called relativistic time-dilation effect. If th@dt effect is calculated and removed, we will && With the actual rate
of slowing of the moving clock, and we can therefoount the "slowed ticks" of that clock. As ammple, we
could use a radio signal to transmit the soundhmélbfrom the moving clock to the stationary clatkthe end of
every minute as timed by the moving clock. Sifeettansmitter, or moving clock, is moving awaynfrthe
receiver, we would have to tune our receiver toveelr frequency to overcome the motion induced Dapghift and
pick up the signal. Once we locked on to the djgma would find that the sound of the bell occatsntervals
greater than one minute. This is because the malotk is running slow compared to the statiordogk, and
therefore takes longer than one minute by our ctodlecord what is an elapsed time of one minutésoown clock.
Note that we have determined which is the movinglcby our choice of the way in which we accourftedhe
motion induced Doppler shift. We have subtractettiee Doppler shift in such a way as to place whang in our
frame of reference, sitting with the stationaryc&lo The importance of this point will become motear in the next
section in which we discern the methodology foed®ining which is the clock in motion, and therefevhich
clock should be expected to run more slowly.

It is obvious from the analysis above that tinselithas not slowed down, but that the moving clagis
more slowly due to its being placed in motion. Téason the clock slows down is due only to theqipie of
conservation of energy and the principle of eqemeak. If we were to perform the clock experimesihg a
mechanical pocket watch, the so called time ditatiffects may not occur. There are practical gnuoisl associated
with this. First, the limited accuracy of pockedtehes would require very large velocities in oreobtain
observable results. Secondly, at such high védsgithe full physics behind the mechanical natdrdock springs
(which are made up of electromechanically interectitoms and electrons) would have to be considdteday
well be that the interaction of the atoms wouldaffected in a similar manner as the microwave gnargl cesium
atoms above, and the spring coefficients would ghauch that the effect on the watch would indesedrie which
would slow it down by the factoi’. Recall that in the example using light clockslapter five, no slowing of the
clock occurred. This is primarily because thetliglck had no frequency dependence on the liglthmivas
keeping the time. Such a clock could be built,gitsily, by using a photo-detector such as a cheogeled device
(CCD) used in video cameras, in place of the bottamor. Each light pulse which reflected off thogp mirror and
struck the photo-detector would cause the cloanti another light pulse toward the top mirror.eTdtock would
keep count of each pulse striking the photo-deteatad time would be measured as number of pulddése round
trip time from the source to the mirror to the ghdetector was set at one microsec(i@ seconds), then each
click of the detector would indicate the passagen& microsecond as well. Presumably, time as umedsvith
such a clock could be the same whether the closksstin motion or remained at rest, absent arysisaif the
complete physics of all the electronics and devigeke clock.
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ESTABLISHING THE REFERENCE FRAME FOR DETERMINING CL OCK MOTION

The determination as to which clock should slowrddn a system of moving clocks depends on thecghoi
of the observer as to which clock is the statiormary. If this were not the case, then, in anyesystf two clocks,
each would assume itself stationary and insistttiebther must be running slowly. If both clocia slowly there
would be no disagreement as to the elapsed tiramyirexperiment, and the idea of clocks in motiomimg slowly
would be meaningless and untestable. Any schemaddte the time of one clock to that of anotheguiees defining
which clock is stationary. The assumptions usedatasform the velocity of the "moving" clock teetheference
frame of the "stationary" clock will then lead ditly to the result regarding which clock has slow&de will first
look at the situation where all clocks are consed@nd calibrated in the same reference framelad@dstudy the
results if the clocks are constructed or calibrétedifferent reference frames.

Consider the case depicted in frame A of figuz @n this figure, Alice has a long rod connectargy
electronic sensor to her clock. The sensor wiltdse signal to her clock as soon as Bob crossesetisor. The
length of the rod is fixed, and Alice knows exadttyw long it will take a pulse to travel from thensor to her clock.
If Alice waits for a signal from the sensor befstee starts marking time, she will be able to adelyanark the time
it takes Bob to travel from the sensor to her limcatthis time being the elapsed time since reogithe signal plus
the time it took the signal to travel the lengttioé arm. Bob begins marking time as soon asd®ses the sensor,
and is therefore able to accurately time his trgorf the sensor to Alice's location on his own clock
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Figure 6-2 Depending on the decision as to which clock is stationary, the moving clock can always be
determined to have slowed.

If both clocks are constructed in the same platksgnchronized, then set in motion in equal anubsjte
paths as shown in frame B, each clock will expegeequal slowing with respect to their mutual fesihe. Alice
and Bob will each reach the same final velocityr@asured on their own respective clocks. Eachalgh see the
other moving past at twice this velocity, justwas tars, each at twenty miles per hour, will passheother at forty
miles per hour. The reason that the two clocksraseich good agreement is that they have eaclrierped the
acceleration required to attain their current vidles, and each therefore agrees that their vglizithe same with
respect to their common point of construction,hairt common rest frame. If each clock recordssthpsed time of
the test on a piece of paper, and then each ctod&delerated to return to their common point @fioy the clocks
will be synchronous, and the time each recordedh®test will be the same.

In the above, each observer was aware of its @latity. Suppose, though, that neither is capable
determining its velocity, and therefore each assuitself to be stationary. In frame C, we view siagne test as in
frame B, except that Bob claims himself to be statry, and declares his clock's measured time theébe
"stationary" or "proper" time of the test. Furtimare, since Alice is then moving at twice the valomdicated in
the previous example, Bob concludes that Alice khmeasure a shorter test time on her slower rgneciock.
Since Alice actually records the same test timBas he concludes that at the start of the testeMdiclock must
have been running fast. Her clock was also runfasgby just the right amount that after slowingdo its motion
it recorded the same test time as Bob. From Bmhy'spective, the way to verify this is to reverdieds motion
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such that she becomes stationary with respect hoaBd the two clocks are in the same referencedragince
Alice considers herself to be at rest, she agrétbsBob that this new motion will cause her clookstow from its
current time unit by the appropriate factor. Wlign test is performed, and Alice is in Bob's refere frame,
moving in the same direction at the same velowity find that the two clocks are in synchronicitfowever, since
Alice's clock has slowed due to going from "restttis new speed, it must have originally been inmfast, such
that the slowing due to this motion exactly offdbis initial excess rate of the clock, and it naws synchronous to
Bob's clock. This is exactly as Bob said it shdudd

But we know the two clocks were constructed ifijtiat rest and keeping the same time. So whaizdlygt
happened? Alice's and Bob's clocks were initisjilgchronous. As we saw in frame B, each was placetbtion at
the same speed such that each clock slowed idiyti¢ob's clock maintains this slower time foetantire test. In
reversing Alice's direction, however, her clockiist decelerated to its original time unit, whéres now in the rest
frame in which it began its journey, and is therefmarking "proper” time. Next her clock is accated to the
same test speed in the direction of Bob's motidrere it again is slowed by the same amount, antmbelocks
again agree. The fact that Bob claims not to Iséowed at all is simply due to the decision to plad
measurements of time in his frame of referencete Kt no "absolutely stationary” frame of refeehas to exist
to accommodate these changes in velocity and chiek.

In the above example, where Bob assumed himsbek &tationary, we could just as easily have &t t
Alice assumed herself to be stationary. Henckeeibbserver can make the claim that the othemaasng. It is
the choice of the way in which they account foritiduced motion which allows them to deduce thatdther clock
was the one in motion, is the one which had slowed,was therefore initially calibrated to run fast

The following points apply to all clocks basedtba principals discussed in these sections onfthetef
motion on clocks (remember that it was shown whtihpocket watch that perhaps all possible clocksaein this
manner):

1. Identical clocks constructed in the same mawmgch are stationary with respect to each othdlr wi
keep the same time.

2. If two identical clocks are set in motion sulat the magnitude of velocity with respect to thest
frame is identical, though the direction may bdteaby, then each will experience the same sloving to
their velocity relative to the rest frame, and eadlhtherefore keep the same time.

3. If each of the two clocks above is returnedgweest frame, the two clocks will still mark teame
time.
4. If one of the moving clocks declares its framée the rest frame, ignoring the acceleratidrag

undergone, it will conclude that the other clockadibrated to run initially fast by a factor tredlows it to
measure the same elapsed time in its frame aftevirgy as the so-called "stationary” clock doedsrframe.

5. If the "moving" clock of point 4 is then broughto the "rest frame" of the "stationary" clotke two
clocks will be synchronous. Since the "moving“cilavill obviously have experienced acceleratioddcthis,
the "stationary" clock will take this as proof thaitially the "moving" clock was indeed runningsfa

Effect number five above is actually a resultioftfslowing the "moving" clock to its actual résime, and
then accelerating it to the frame of the presunstationary” clock. Either of the clocks can deeliself the
"stationary” clock, and obtain consistent result$cathe error in initial adjustments of the othkerck and the
magnitude of its slowing. Either clock may alseldee itself to be moving at any arbitrary velocind still obtain
consistent results. Thus the choice of "propenétdepends on the choice of stationary clock,ératbsence of
initial calibration data. As we shall see, oneha&f more famous tests of the slowing of clocks based on the
assumption of a "proper” rest-frame clock ideaiyeged at the center of the earth. Of coursedioisk didn't exist,
but it provided an arbitrary "stationary” clock rkiag "proper” time against which to measure theepthst clocks.

Is there a way that Bob could convince himself t&ce's clock was initially running fast withoattually
translating her to his reference frame? The angwees and no. In each of the clocks, we arergéing a specific
frequency tuned to the cesium atom. This sameiéecy can be used as a radio signal. By backihtheued-shift
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caused by the motion between the clocks, Bob cterrdae the actual frequency which Alice transndittend thus,
determine if her clock is tuned to run fast.

Bob claims that Alice is moving away at a constagiocity, and, therefore, the frequency he recei!
be red-shifted by a clearly defined value due &t thotion. Since he claims Alice's clock is iflljidast, then the
Doppler corrected frequency he receives shoulddigehthan that which he would receive if her clogre
properly calibrated. When the test is carried thdugh, Bob actually receives the frequency assediwith a
properly calibrated clock. Thus Alice's clock &elping the correct time. At this point, Bob cantlatm himself to
be stationary. He knows that he has undergone@aieaation equivalent to Alice, and that is thesan that both
clock's are in agreement. That is also why Alicesk will still match Bob's when it is translatealhis frame. The
two frames are equivalent as far as the measureshénme units are concerned. Thus Bob would He &b
determine if Alice's clock actually was runningtiaily fast, but in this case, it was not. Thikwils us to add one
more note about clocks in motion:

6. If we pass a light signal of a known frequeheyween the clocks while they are in motion, we can
use the Doppler shift to determine whether onéerother or both clocks are in motion with resgecheir
common rest frame.

The above point does not imply that there is gpg of preferred rest frame such as the aetherepdnc
provided by Lorentz. A common rest frame simplfere to the common frame of construction or catibraof the
two clocks. The reference frame in which the tazks experience no relative motion and are alsalspnous is
their common rest frame. But what happens if tieereo common rest frame for the clocks?

We saw in the previous section that in any systétwo clocks in references frames moving at a taoms
velocity with respect to each other, each will relcihe other's clock as running slowly. Supposeedand Bob each
construct and calibrate a clock in the respeciéference frames in which they reside, approachisgae fixed
velocity. Alice and Bob would each feel confid#mat their own clocks are correct, and that theidhs
experiencing slowing due to motion. Assume thatdlocks to be used are cesium clocks of the tgseribed
earlier. In a cesium clock, we can control theetinmit of the clock by adjusting the velocity oétbesium atoms
through the microwave cavity. If we slow this wety down, the required tuning frequency will inase and,
therefore, the clock will speed up. Alice and Balzh construct and calibrate their clocks by antidel set of
plans and procedures, thus the two clocks areiadmxcept for the reference frames in which treside. Alice
uses her clock to send a signal to Bob, and Botdssan equivalent signal to Alice. Now, since ealsberver knows
the value of their velocity relative to the otheach can fully account for the motion induced Depphift, and
therefore determine the effective rate of the dshadock. In this example, both Alice and Bob deii@e that the
other's clock is ticking at exactly the same rat¢hair own! What happened to the slowing of ctodke to motion?
The answer lies in the careful consideration oémerfice frames.

We have seen that clocks in motion slow down evitgn placed in motion relative to the rest frame in
which they were constructed or calibrated. Siraheof these clocks remains in its rest frame, @althecord the
passage of time accurately. Recall that whenekdtmws down due to being placed in motion, tlis ho actual
effect ontime itself, but only on the recording of time by tlikdck. The rate of the clock placed in motion bees
lower. Now Alice could argue that Bob's clock slidoe running slow, and that the reason it is aghat he has
calibrated it improperly. For example, he may hsetthe velocity of his cesium atoms at too lovalue, thus his
clock would run fast. In fact, since all his clscdhould be running slow, the clocks he used tbéish the velocity
of his moving atoms would be slow, and, therefbeewould calibrate the speed of the atoms to aspondingly
low value. This low velocity of cesium atoms woualctually cause his clock to speed up by the idehéimount
which the motion of his reference frame would slbdown--therefore Bob's clock is ticking at thersarate as
Alice's. Bob, of course, can make the same argtsmwegarding Alice's clock. Now we will see howe tieference
frames compare.

We will place Alice and Bob on two identically Iptrains on parallel tracks, heading toward eableroat
very high speeds, as is illustrated in figure 6-3. fE@lsserver is in the front of its respective traind carries two
identical, synchronized clocks. These clocks arestructed in such a manner that for every secdrndhipasses on
the clock, one mark is made on a ticker tape. The®lapsed time of any experiment can be detediriyy simply
counting the number of dots on the paper. Asrtieg pass each other, each observer tosses deecluicks onto
the passing train. When the last car of the pgdsain is along side the observer, each then stepsape on the
clock which was tossed to them and tosses it baik priginal train. We will assume that eachhs clocks which
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remained with Alice and Bob in their "stationaryarine of reference recorded a time of one-hundreohsks for the
trains to pass each other. After walking to theklxaf their respective trains and checking the kdoghich were
placed in motion on the passing train and therrmetdj each finds that these clocks recorded omlgtypiseconds.
Now that these moving clocks are back in theiiahitest frames, it is found that they are eacheagain marking
the correct time.

Alice and Bob had each already concluded thabther's clock was initially running fast. Thisasans
Bob, is why Alice recorded one-hundred secondsasrclock, while his clock, traveling with her, reded only
ninety seconds. Alice reasons the same way coimcgtime clock she gave to Bob. This seems fineahwapparent
paradox quickly arises if we follow things a litfierther, exposing the fallacy of this line of reamg.

When Bob tossed his clock onto Alice's trainjdatrsed down due to that acquired motion, but thesdsyp
again upon returning to Bob's frame of referentke clock which Alice kept with her on her trairhieh is also in
motion with respect to Bob, kept time at a fastée than Bob's moving clock. If Bob were to brihig clock into
his frame of reference, so that, as far as herisaoed, it is no longer moving, it seems that ¢chesk should speed
up by the same amount that his own clock did wirendht to rest. However, we have already seenAlied's
clock, when brought into Bob's reference framewsldown. How can this be--that one moving clockew
brought to rest, speeds up, while another slowshn@owo answer this, we return to a statement nratteei previous
section--all clocks in a given experiment must dkbcated in the same reference frame, which ttremoimes their
common rest frame. In the above example, the chdtkh appeared to slow down when brought to rest w
actually being placed in motion from its rest franeis it was slowing due to this acquired motithrerest frame of
this clock was not the same as the clock to whigras being compared.

M 100 sec 90 sec F

| 90 sec 100 seﬂ‘ »

Figure 6-3 A clock in motion will slow down only if that motion is due to an acceleration out of the inertial
frame in which that clock was initially calibrated.

Alice and Bob constructed and calibrated identitatks by identical means in two different indrframes
of reference, and found them each to be markinggsroime. The reason for this is that a cesiutmatosusceptible
to a specific frequency. In fact, the cesium atemsed to define that frequency, rather than theravay around.
As these clocks are placed in motion, they slowrddue to a change in state from the reference fiamich they
were calibrated. In other words, it is not enoaighply to be inrmotion with respect to a given reference framee Th
clock must actually have been placed in motion wétpect to its rest frame of calibration. Ithstnon-inertial
change in reference frames which causes the atoskotv. In order to achieve its final velocityetblock must be
accelerated, and the slowing actually occurs duhigacceleration process. Once the clock iongér
accelerating, and is moving at a constant velanign inertial manner with respect to its originedt frame, it will
not continue to slow down, but will run consistgrat whatever low rate it has achieved. Thus, whiére tosses
her clock into Bob's reference frame, it slows down

Now suppose that Alice decides to trick Bob. Bhews that his clock will speed up when returnediso
reference frame, so when he tosses the clock tsherquickly recalibrates it to the same rateesiotvn clock and
immediately tosses that clock to Bob rather thasitm one of her own. She thinks it will be funwlyen Bob gets
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this clock back, and finds that it speeds up siw ascord approximately one-hundred ten secondthétrip rather
than ninety. Unfortunately for Alice, this is nehat happens. As soon as she recalibrated thk, ¢clec reference
frame became its rest frame. When she tossedltak back to Bob's train, its rate slowed such ihaould record
only ninety seconds, just as if Alice had tosseel aihher own clocks. As soon as Alice made anstiajant to the
clock, she changed the nature of the experimenthd original experiment, Alice was a completedgsive
observer, thus she could observe the rate at vithechlock was ticking without impacting its natur&s soon as she
became non-passive, and made a change to the dygteen observations, her intrusion caused a chentpe
experiment which could not be undone. Even iftshe adjusted the clock back to the original slot® et which
she had found it, the clock’s rate would still sletven tossed back to Bob's reference frame--hedafind a clock
ticking slow by twice the amount as would normdie/expected due to the velocities involved. Heldralso know
immediately that Alice had sabotaged the experirbgriter prank.

This effect is not unique to saboteurs of atonacks. One of the basic assumptions in the fiéld o
guantum mechanics is that simply making an observaf a system alters the system. We will addtleissin more
detail in chapter ten when we consider the caghaobdinger's Cat. However, it would appear fromdbove
example that the quantum theorists are not enti@lsect. When Alice observed the system in aipaser non-
obtrusive, manner, she was able to extract infdonain this case the rate of the clock--withouteghg the
outcome of the experiment. However, when she rhadebservation in an obtrusive manner, changiagate of
the clock and then returning it to its originalerahe experiment was irrevocably altered. Thseardhe quantum
physicists don't distinguish between obtrusive amd-obtrusive observations is that every obsermdtiey make is
of the obtrusive form. This is due to the naturéhe items they are measuring. Quantum physistsidy photons
and elementary particles, none of which can beviddally discerned or measured by the naked eye. A
observations in these experiments involve electgmatic detection or perturbation of the items uratersideration,
which, by their nature are obtrusive observatiamsl thus result in apparent paradoxes such asenia sbapter ten
concerning double-slit photon experiments. Evangetwe make an obtrusive measurement in an expetjrtat
marks the start of a whole new experiment. Inctge of Alice and the clock recalibration, thatexuded the
original experiment and began another, the restilighich are easily predictable and consistent witier
experiments of the same type.

Do we know that we can make a passive observafiarsystem without affecting it? The answer would
appear to be yes, and it may be fairly simple moaestrate. If we send a cesium clock on boardlaee shuttle,
calibrated on earth, it will slow down due to theéreme velocity of the shuttle. Actually the efféxbetter
demonstrated on a more linear trip, such as anldpwbon mission, and the slowing of clocks on thasgsions
has, in fact, been verified. If we now construcperhaps simply recalibrate an identical clockoard the shulttle,
using the exact procedures used on Earth, thig gleguld be found to be ticking slightly fasterriithe clock which
was carried from and calibrated on Earth--the clwbich was accelerated out of its rest frame. Wistrbear in
mind however, that the shuttle astronauts, andegmypment which they carry with them, actually cdnoen the
same common rest frame as the earth clock. Theréfmay not be possible for them to construct eaitbrate
such a clock that is independent of the histortheir origins. We could imagine that all the #lenic tools they
need for this task will be constructed and caldxladuring this mission as well, but then, how dokwew that the
tools were calibrated to match those in the reghé of the earth? Very careful attention to sietaits would be
necessary for such an experiment.

The Mossbauer Effect and the Rotor Doppler Experimet

As we saw in chapter four, in relativity theoryetDoppler shift experienced due to perpendiculation is
a consequence of time dilation--the presumptionhtthee slows down for a moving observer. A clagsit of this
effect was performed in 1960 by Hay, Schiffer, Glaaw and Englestaff. Their experiment made ugkeofact that
a receiver on the rim of a rotor will experiencpusely transverse or perpendicular velocity relativ an emitter at
the center of the same rotor. Since the emitteffectively "spinning in place," it is safe to asge that it is
"stationary”, while the receiver is in motion walconstant transverse speed, this speed beingtegheal rate of
revolution of the rotor times the radius of theordtself. Actually, the receiver is also undergpconstant
acceleration, as it is constantly changing diretim its path around the circle, and a changéréction is, by
definition, an acceleration. However, this accaien should have no effect on the outcome of #peement, and
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the fact that it did not was actually counted athier support of the special theory. However, wehere concerned
only with the perpendicular or transverse Doppfégat. It is important to note that, although tleeeiver has a
constant transverse velocity with respect to taegmitter, as far as the Doppler effects are coeckrthere is no
motion between the source and receiver in eitheetrinsverse or radial direction. The setup resimilar to the
Doppler analysis of the Michelson-Morley experimignthapter five. Since, in the frame of the appas itself, the
source is always pointed directly at the receithete is no relative motion, and thus no Doppldft.sh

In order to understand the significance of thid, tere must again realize that a receiver can bé as a
clock. A receiver tuned to a specific frequency oae that frequency as a basic unit of timehat frequency then
shifts to the red, or slows down, the "clock" vgillbw down by the same amount. Alternatively, weldstate that if
the receiver's clock slows down, then it will measa received frequency as being higher than utadigtis. If a
process is expected to occur once per second,wardozk slows by one-half, the process as meadwenir clock
will appear to have speeded up, such that it isiwity twice per second. It is difficult to conteglize why the
tuning of a receiver should represent an actuatgdan the passage of time, any more than chanlgendial on a
radio would affect the passage of time. Howevwerelativity theory, it is not the change in freqag which affects
time, but rather the slowing of time which caugesghift in the received frequency. The highegdiency detected
by the receiver is due to the idea that time hawestll down in its frame of reference.

It is easy to see that the Doppler effect duengoraotion along the line joining the receiver arahsmitter
would dwarf the effects of clock slowing for allestrls except those approaching c. This is bechadadppler
effect is proportional to one over ¢, while theadslowing is proportional to one over a tremendously smaller
number. For this reason, an ordinary transmitterreceiver would not work. The Doppler effect doi¢he
motions of the atoms involved in the experimenhglthe line of transmission would outweigh the klstowing
effect being measured. In other words, the exgeetperimental error would be greater than theltgsu be
obtained, given the relatively low velocities oétactual experimental setup. Fortunately, Rudblpksbauer
discovered that he could trap a particular radigadsotope of iron, F§ in a specific lattice such that the motions of
the nucleus itself could be made to be insignificarhe effects eliminated included the recoil effeom emitting a
photon, as well as oscillations caused by therinatdations. So important was this discovery &potletical and
experimental physics, that Mossbauer was awardedltibel Prize in 1961 for this work. By exploititige
"Mossbauer effect,” the rotor Doppler experimenswarried out and confirmed the slowing of the klotthe
moving receiver to within an error of a few percent

While the results of this experiment were seelpet@ direct confirmation of time dilation for a niry
source, it is clear that RCM theory predicts amigal shift in the rate of the moving clock. Tisisift is due
entirely to the effect of motion on atomic clocldtleessed in that section, and is obtained withowdgking any
effect on the passage of time for a moving observer

Clocks in a Gravitational Field

Having seen in chapter four that frequencies sbhifhe blue (higher frequency) when brought ihie t
presence of a gravitational field, it is naturafjteestion what happens to a clock or any time-nredsorocess in the
same field. There are many considerations inahaysis, just as in the case of analyzing clonkadtion. We
must be careful to establish the appropriate rasté for "proper" time, and then determine how veegoing to
determine the rates of one clock vice anothemnarre fundamentally, how we are going to determiredegree to
which the frequency has shifted in the first platet us begin by examining the case of a signss@a from a clock
deep in a gravitational field to one outside tleédfi We will use a highly stable oscillator as olack, and let the
frequency of the source represent the time urth@fclock. Each cycle of frequency in this respetitequal one
unit of time. We know from the analysis of the\gtational red-shift and the Pound-Rebka experintleat the
frequency received by the clock outside the fieillllve shifted to the red from that emitted by #wirce, as
measured with that clock. Thus if an observertlegavith the receiver is using an identical frequesource to time
the received signal, he will obviously notice ttia# frequency generated by his clock is higher thahwhich he
receives. Thus each "tick" of the received sigvifilbe longer than the "ticks" on his own clockrom his point of
view, the clock in the gravitational field must lesslowed down. Similarly, for a signal going thihey way, there
will be a blue shift in the transmitted signal, aardobserver with the clock in the field will obgerthat the "ticks"
of the other clock are occurring faster than hisowle will conclude that the clock outside thédies running
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faster than his own. If the two frequency sour@esslowly brought together, either in the fieldarremoved from
it, they will generate identical frequencies. Wiat have to decide is, did the clock inside thilfidbow down, or
did the frequency decrease as it climbed out ofidi@. Clearly, only one of these effects occdrretherwise the
frequency would be shifted twice--once due to begjegerated at a lower frequency by a slower clank,again by
being gravitationally red-shifted as it climbeddbgh the field. This is, of course, not what weeie.

Imagine a photon in free-fall entering a gravinadl field. We have seen how the frequency of ghiston,
as measured in the field with "local" clocks, vii# increased or shifted to the blue. The photowever, must be
unaware of any change in its frequency, or it wdigddome aware of its presence in the field--thegple of
equivalence prohibits this. What this principleibally states is that if you are in free-fall (th&ting accelerated by
a rocket or being held in place by a floor), yon oat tell the difference between floating freedyspace or falling
toward a gravitating body such as the sun. No rx@at you might perform would provide you with any
knowledge as to which state you might be in, agebalts of any experiments performed would betidehin either
case. You could state that if you are in freetfallard the earth, the kinetic energy you feel wiaumn strike the
earth would be ample evidence that you were iragigtional field. However, the same effect wobédfelt if the
earth were hurtling toward you instead.

Now, the photon, upon entering a gravitationaldii or "well," acquires excess energy, much thg avhaall
dropped from a tower gains energy as it falls talthe ground. Borrowing again from the resultstwdipter eight,
we can express the energy of a photon gsomas Planck’s constant times ¢ divided by theeteangth. Thus an
increase in energy can be viewed as an increasgeictive mass, or conversely as a shortening mncbing up" of
the various wavelength components. A visual repreedion of this is when smoothly flowing traffiaddenly
comes upon slowing due to rubbernecking a stakdiicle across the road. The traffic slows, andcdre which
had a comfortable, even spacing now become bunghed they pass through this area. Upon leaviag th
congestion, the cars once again resume their atigipread out configuration. Recall that a sindieton is made
up of a continuous stream of wavelengths, eaclceagsd with a particular velocity component. Thener
components have shorter wavelengths. Now, if agsthoomponent traveling at ¢ with a particular wemgth finds
itself bunched up so that that wavelength is nowlemn the photon will slow itself down such that jts frame of
reference, its frequency remains unchanged. Adterely we can say that since the photon's speadyapoint is
equal to its frequency times its wavelength, aadvihvelength has shortened, its resultant speéthevieduced as
well. Likewise, a component initially moving semhat faster than c, with an initially larger waarggth, will find
that as that wavelength is bunched up, its spesiebes the appropriate amount. So it is with athponents along
the entire length of the photon continuum. Thoghe photon's frame of reference, its frequenoyaias
unchanged, as required by the principle of equicde
If the photon has managed to keep its frequenegdme in its own frame of reference, then why doesbserver
situated deep within the gravitational field sedwe-shifted frequency? To see this, imagine adyeh atom far
removed from the gravitational field. It will genag¢e or absorb light or radio energy at a spetiéquency, 1420
MHz (1420 megahertz, or one billion, four hundred &venty million cycles per second). In fact, uge these
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emissions talefine what 1420 MHz is. If any other source of prodgcimergy at this frequency gives a value above

or below this one, we assume the hydrogen atore twolrect, and the other source to be incorreshifted in
frequency. Now, if we carry our hydrogen atom itite gravitational well, the resulting change iemgy will cause
the atom to generate and absorb a lower frequéraythat which we saw outside the field. Howeder to
convention, we still use this lower frequency aefinition of 1420 MHz. Suppose another hydrogema
generates a photon well outside the field, andtthafphoton then falls into the field, where wengmre its
frequency to one generated by our own hydrogen .aMfhat we find is that the photon has managecéphts
frequency unchanged, as measured locally by iggedfich point along its journey, but upon reachisgve have a
new, lower definition of 1420 MHz. Thus when wergmare the frequency of the photon to our definjtiea find
that it is higher--the frequency has been bluetstiitompared to an identical source inside the.fié we now
build a clock based on the frequency required ne thhese atoms, we will have to supply energyiatdiver
frequency to which the atom is now sensitive. Tivhen we compare this frequency to one generate@fiaoved
from the field and sent to us, we will measureittt®ming frequency as being blue shifted, evenghdo the
photon itself it has not changed. Likewise, siogeclock is tuned with a lower frequency, it vatcumulate less
time than a clock outside the field. When thiscklis carried back outside the field after someatian, the elapsed
time on this clock will read less than the elapse on a proper clock which never entered thel fielthe first
place, even though the two clocks will be tickiggehronously once they are brought together.
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From the above, it is clear that when we speak@frequency shift in a gravitational field, wear
speaking of the frequency as measured in "loca.tinThis is almost inherently obvious. If the @bsorbs the
characteristic frequency of sodium emissions, dtisorbing the frequency as measured locally, le@eéinissions
themselves are at a frequency as measured localarly the frequency absorbed cannot dependenatue of
some clock (calibrated frequency) far removed ftbmplace of absorption. Likewise, when we aresugag
velocity, we are doing so using local time. Thtigye are concerned with a velocity of c, this \@tp is c as
measured with the local clock of the observer enghavitational field, not a clock far removed frdine
gravitational field.

This locality of measured time, frequency and g#jobecomes important when we desire to transfibren
results of "local" experiments to a "proper” obsgional reference frame far removed from the gadizibal field.
A given velocity measured with a slow-running locklck would appear slower as measured with therfasnning
proper clock. Since the velocity of light is "obser" dependent, then we must consider ¢ as redarsiag local
time. Transforming this velocity to proper timeués in a lower value for c, to the same degreth@socal clock
compared to proper time. This point becomes vapoirtant when we determine the delay in the tintakies a light
signal to pass near the sun, which we do in chagidéit.

Suppose the above arguments illustrating the anogtof the photon's frequency in its own frameenmst correct,
and that the observed frequency of a photon agtiradteased for some reason other than clock skpveinch as
conservation of energy in a volume alone. Letwthér assume that we have tested the gravitatgoaing of
clocks by placing one clock on a tower and meagutie elapsed time. We find that the tower clombuanulates
more hours than the clock at the base, in keepitigaur predictions. We now send a signal fromtthweer clock to
the base clock. As stated earlier, this signalldzbe shifted twice. Once because the tower cleak ticking fast,
and thus generating a higher frequency, and agdinishigher frequency fell through the gravitaéibfield and
became blue shifted. The clock would generateie-bhifted frequency due to ticking fast, which mjpeing
received would be blue-shifted even further dugrtvitational blue shift, exactly doubling the effe This is not
the effect we see. The received frequency is ttkonly once. This was demonstrated over a sh&tance in the
Pound-Rebka experiment, and over a much greatiandis sixteen years later using a rocket, whosghen
coincidentally, was almost exactly the height & tbwer used by Pound and Rebka at Harvard.

The Scout D Rocket Experiment

On June 18, 1976, an interesting experiment wefsnpeed to test the gravitational red-shift and the
slowing of clocks due to motion, or "relativistime-dilation." The experiment was a joint ventafdBob Vessot at
Harvard University and NASA. The basis of this estment is quite simple. Take two identical andayronized
atomic clocks. Place one of these on a rocketanthi# other remains "at rest" on the surface oé#réh. Use the
frequency of the clock on the rocket as a radjoaiwhich will be sent to earth and compared wWighrest clock.
The received signal will be shifted due to the iminduced Doppler, the gravitational red-shift #mel motion
induced time dilation. Simply add up all these=ef§, and verify that the observed shift matchegtiedicted value.

In reality, of course, things are not as simpléhas As we saw in chapter four, the Doppler efigould
be the predominant factor, overshadowing the dikereffects, and, of course, the other two effactswhat we
desire to test. Uncertainties in the exact pasitibthe rocket and its velocity at all times wouidke it practically
impossible to determine how much of the shift witisnately due to Doppler alone. Fortunately, aidecalled a
transponder saved the day. A transponder simgbsta received frequency, amplifies it, and retratssit with
more power. This is the basis for the commercitdlites relaying television signals to your captevider. The
application of the transponder to the experimentrisightforward. We use the ground based clodeta a signal
to the rocket, which is then immediately amplifezatl retransmitted to the ground. At the same ttheeclock on
the rocket transmits its signal, indicating thesrat which it is ticking. The signal sent from tiveund is shifted by
the Doppler effect, the gravitational shift (towde blue, since the rocket is higher in the fillan the earth clock),
and by "time dilation" due to the relative veloaitfthe earth clock and rocket. After being retiecand received
back at the earth clock, this signal will be furtkhifted by the Doppler effect, such that theltetfect is twice that
seen on the one-way trip. However, this time tgaat will be gravitationally red-shifted as thegsal falls back
through the field, thus the gravitational effecii eancel. Additionally, since the transmitterdareceiver are both
the controlled by the ground based clock, the tiitegion effect experienced by the transponder algb vanish, as
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there is no relative motion between the earth basedmitter and the earth based receiver--theyhareame
device. Therefore, for this two way signal, théyashift in frequency is due to Doppler, and thieef counts twice.
By subtracting the received signal from the tratgdisignal and dividing by two, we have the exattribution of
the Doppler shift at the instant the rocket claelnsmits its signal. The final step is to taks thalue of the Doppler
shift, subtract it from the measured shift in tignal sent from the rocket itself, and we are \éth the residual
change due only to the gravitational red-shift tr@lmotion induced slowing of the clock.

Gravitational effects only

Gravitational red-shift dominates (to the blue)

Velocity effects dominate (to the red)

Figure 6-4 As a rocket moves from launch to apogee, first velocity effects, then gravitational effects, dominate
in their effects on on-board clocks. Thisorder isreversed as the rocket heads for splashdown.

The rocket used was a Scout D rocket. It was@emat sub-orbital flight to a height of one and-tiadf
times the radius of the earth, and the test |afsted total of two hours. Data recording begaerathe payload
separated from the boosters, and was thereforeénféll for the remainder of the trip. Figure @dstrates the
path of the rocket on its flight from Virginia toheight of ten thousand kilometers, and finallatawatery grave in
the Atlantic ocean. During the first few minutdgtee flight, where the rocket had a velocity oferl kilometers
per second, the effects of relative velocity dorteédaover the gravitational effects, and the rocketk registered as
running slow. As the payload gained altitudeyétocity decreased, and the gravitational effeegan to dominate.
Since the clock was climbing out of the gravitatibfield, it would run faster than the clock whiemained at rest
on the earth, deep within its gravitational fieldhree minutes into the data recording, the tweat#f were equal,
and the earth and rocket clocks were beating time sgAfter that, the rocket clock was faster thandround clock.
As the rocket reached the peak of its climb, asadliesl for its descent, its velocity was effectivedro with respect
to the earth clock, and the resulting frequenciedéince was due almost entirely to the gravitatioe@-shift. On its
descent, the increasing velocity began to havdfantegain. One hour and forty-five minutes ittie flight, the
earth and rocket clocks again agreed, and five t@ilater the payload was lost to the horizon.

As we have seen in this chapter, both the grawitatieffects and the velocity effects on the claekesd in this
experiment are explained by the RCM theory as agby relativity theory. The experiment is impattéor other
reasons, though, relating to establishing the "proframe of reference for these clocks. In thaiea on the effects
of motion on atomic clocks, we saw that the commast frame of the clocks is simply that referenesnie in which
the clocks experience no relative motion with respe each other, and in which they are synchrahizih each
other. In this experiment, the common rest frasnatithe surface of the earth, deep within itsitadonal field, and
moving with the rotational velocity of the earthdlf. This is clearly not the preferred referefreene of the aether
as proposed by Lorentz, but is simply an arbitfeayne from which to make all our measurements.wik the
theory of relativity, the idea of an absolute predd reference frame has no meaning. We simplgsdavhich
frame we wish to be stationary, and transform aflabservations into that frame. In this case i@se the moving
surface of the earth. Therefore "proper" time bez#he time of a clock deep within the gravitatidiedd, while
"local time" was time as measured far removed ftoenfield. Likewise, velocity effects were caldeld as
compared to the presumed stationary earth clogkudihg the Doppler shift, calculated by the twoywg&nal, we
were able to determine the velocity of the rockédtive to our "stationary" position, and then baok these effects,
just the way Bob was able to declare that Alice imanotion in the section on establishing referefnames. If a
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passenger on this rocket had tried to claim ignmeaabout his acceleration, and declare insteadtbatarth had
pulled away from him, he would have to claim timiially the earth clock was improperly calibrateHowever, as
soon as he verified the received values of thestratited signals, he would be able to determinertistake. This
was also demonstrated by Alice and Bob in the @edn establishing frames of reference.

While the Scout D rocket experiment chose an rantyitrest frame which was partially at the cenfea o
gravitational field and was also in motion both ath® central axis (rotation) and a distant axisafsorbit), there
was still an actual clock at this location agaimkich all effects were measured. In actuality, thuthe non-linear
motion of the earth, this location does not repneae inertial reference frame at all, as we valirsthe next
section. However, for the short duration of thastigular test, the location could be consideredféectively inertial
without noticeable effects on the outcome of theeeiment. It is also possible to choose a hypataktest frame,
at any point in space one desires. This rest frauae be within or outside of a gravitational fiedthd may or may
not have a velocity relative to the experimentgdaaptus we are using. Furthermore, one does eot meed an
actual clock at this location. As long as the tredaattributes of the location are known, all exipeental results can
be transformed into that reference frame, and pipeagriate conclusions may be drawn. Such a hypiotd rest
frame was the basis of comparison in another fabiecslowing of clocks due to motion, and thig isghe subject
of the next section.

ROUND THE WORLD CLOCKS EXPERIMENT

In October of 1971, J. C. Hafele and Richard Kepfierformed a test of the effect of motion on kfoc
using cesium-beam atomic time standards and conmhaicraft. To a certain extent, this experimalsb
provided a test of the gravitational effects orckf Hafele and Keating realized that a clocklendurface of the
earth was not at rest, nor was it moving with darm, linear motion. Due to the rotation of thetbasuch a clock
would be under constant acceleration, always chgndjrection to maintain its circular motion. Likise, a clock
located on a plane flying around the earth wouldexdibit uniform motion relative to the earth dlocSince it
would ultimately take off and land at the same painy next to the earth clock, the airborne clwokild obviously
undergo accelerations and direction reversalsivel&t the earth-based clock. Since the experimastto be a test
of the time-dilation aspects of the special thewaryich dealt with inertial reference frames (franresniform,
linear motion with respect to each other), sucbutéir motions could not be allowed. The way thishem was
resolved is quite ingenious. Recall that in ther®oppler experiments, a transmitter on the detsif a rotor was
compared to a receiver at the hub of the rotonc&ho motion occurred along the line joining the,tthe
transmitter could be considered as exhibiting amiform, perpendicularly linear motion relativette receiver.
Thus Hafele and Keating would be in great shagerasas they could place a clock at the centeh@farth, and
make all comparisons relative to it.

Obviously one cannot actually place a clock atcteter of the earth, so we must place a hypotieatiock
there instead. In order to do this, we need a me&keeping time on this hypothetical clock. Tisislone by first
assuming the truth of the effects we are tryinmaasure. By starting with a cesium-beam clockeassturface of
the earth, we can calculate the velocity of thixklrelative to an identical clock at the eartlgster. For simplicity,
we will assume the experiment takes place along@djuator. At the equator the velocity of the giualock is
clearly equal to the circumference of the eartlidgig by twenty-four hours, since the earth comgletge revolution
per day. We can now assume that our ground ckoknining slower than the clock at the center efdarth in
proportion to the gamma value for this velocity,iethis roughly one-thousand miles per hour. Thessinply
multiply the time measured on our earth clock ®yitiverse of this factor to get the elapsed timmaasured on our
hypothetical clock. Actually, this imaginary cloalould also suffer gravitational effects, but thesgy be ignored.
The only gravitational effects we need considerthose between the ground clock and the flyingkdpand we can
measure and calculate these effects directly. &aaw ready to perform the experiment.

The basis of the experiment is simple. We bedih three identical, synchronized clocks, one ofalith
will remain at the same point on the earth fordheation of the test, and from which we will deribe time on our
hypothetical earth-center "proper” clock. We plane clock on an eastbound aircraft, and allow ftyt around the
world. We place another clock on a westbound flighd allow it to also circle the globe. Whenthtee clocks
meet again at their point of origin, we comparedfapsed time on each of the clocks. For the momerwill
ignore the gravitational effects. Consider fife earth based clock. At the surface of the e#riiclock is moving

Chapter 7 - The Effect of Motion on Clocks, Maitand Time

© Curt Renshaw 1997 crenshaw@teleinc.com



Renshaw The Restoration of Space and Time 14

eastward at roughly one-thousand miles per hoativelto the "proper"” clock at the center of theteaThus this
clock will run more slowly than that clock by a facproportional to gamma for that speed. Now,gma that our
planes fly at four-hundred miles per hour on averaghe eastbound clock will then have a velocitgtive to the
"proper"” clock of fourteen-hundred miles per ho@iearly, this clock would be expected to run exere slowly
than the earth based clock. So far, so good, hat about the westbound flight? This clock hasglacity with
respect to the "proper" clock of only six-hundreitesiper hour. It therefore should not be runrasd'slowly"
compared to this clock as the earth bound clochkrisother words, the westbound clock should abtgdin time, or
run fast, compared to the earth bound clock. But ban this be? **

(** The answer is that the clocks were initialiglibrated in a non-inertial reference frame. Tdtion of the earth
causes the clock to change velocity during the timene clock cycle. This change in velocity cause clock to be
calibrated to run fast, assuming an IFR, but, stheeclock continues to change its velocity byshme amount with
each pulse, it slows by just the right amount weiélch pulse to be keeping what earth bound folksidenthe
correct time. When this clock is flown westwartdsiindeed returned more closely to its inertalilaration frame,
and the effects of having been calibrated to rghifathat frame become apparent—the clock dpe to its proper
rest-frame rate.)

Both airborne clocks are in motion relative to #aethbound clock, so shouldn't they each run mowelys? The
answer is no, and the reason is the lack of uniftimaar motion--the three reference frames ardmestial. Only
when comparing these clocks to the hypotheticallkchd the center of the earth do we have inertiigrence frames.
The three frames experience increasing velociti véspect to this "proper" frame in the order oétlseund clock,
earth clock and eastbound clock. Thus the easttkaiuns slower than the westbound clock, but fakgn the
eastbound clock. Before we review the resulthiefactual experiment, we must bring in the graieital effects.
Since the flying clocks are farther removed from g¢inavitational potential than the earth basedkclthey would be
expected to run a little bit faster as a resuth@d. For the eastbound flight, the motion induskving with respect
to the earth clock would be expected to slightlgesd the gravitational blue-shift gain, and thaxklwould lose
time. For the westbound flight, the gain due ® ghavitational blue-shift would add to the motinduced gain, and
this clock would accumulate quite a bit more tithart the earth based clock.

As might be expected, the actual experiment diffen many details from the ideal case above. The
aircraft had to take off and land many times duthmgjr circumnavigation of the globe, as they werfeer all,
commercial aircraft. The flights also did not kanoothly along the equator, but changed latitnday times.
Other factors which obviously changed were theatioa, height and speed of the aircraft. Everbganaintaining
an accurate history of all these factors, the ebgukdifferences in elapsed time on each of theksloould be
calculated. For the eastbound flight, which toaky-one hours, the expected loss was forty namogks; or forty
billionths of a second. The actual measured lass fifty-nine nanoseconds, well within the limifsexperimental
error. For the westbound flight, the clock wasestpd to gain 275 nanoseconds. The actual gair2 s
nanoseconds, obviously well within the limits opeximental error.

As with the Scout D rocket experiment, these tesarle completely consistent with both RCM theargt a
relativity theory, but they are also important éiher reasons. We see again that the particUlectefobtained
depend on our choice of "proper” rest frame. dahse of the cesium-beam clocks, since the esadidergoing
acceleration, the earth based clock could not bsidered to remain in the common rest frame otlhee clocks.
While it is true that every twenty-four hours thlsck would return to that frame, and again be kegfproper"
time, during the remaining times of the day theklaould be in motion relative to that point andulgbtherefore
slow down. Therefore thaapsed time on the clock would be lower than the actlapsed time in the actual rest
frame of the clock. Note that we do not need téogihe center of the earth to see this. We caging a point in
space above this clock's rest frame which doesooe with the earth. The earthbound clock will m@ompletely
around the circumference of the earth in a tweaty-hour period, and will experience slowing tothis, before
returning to our imagined point in space. If wevradlow a plane to fly westbound such that it taadsll twenty-
four hours to circumnavigate the globe, we seetthiatplane will actually be located right at onragined space
point for its entire trip. The earth will effecély turn directly under the plane for twenty-fowuns. Thus the flying
clock, while in motion relative to an observerisijtwith the earth clock, is actually remainingle rest frame of
that clock for the entire trip. The flying clockilithen keep "proper” time while the earth clodéves due to its
changing velocity. This is why the westbound clgelins time, even without invoking a hypothetidakk at the
center of the earth. The important point is thataannot arbitrarily assume our own reference framiee stationary
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or even inertial in any given experiment. We malgiays keep track of the accelerations we are godsy, and
take these into account in our calculations artiénway in which we establish the frame of refeecfaor the
moving or "effected" clocks.

The above discussion carries practical importamexperimental physicsScience Newsran an article in
their May 1, 1993 issue regarding a new atomiclkclothe article stated that "this new atomic cladhk neither
gain nor lose a second in the next 1 million y&atst's consider this more closely. Imagine thé clock is
established on the equator, which, as we have basrg velocity of one-thousand miles per hour vé#pect to the
earth's center, or with respect to the north psléch can be considered as stationary with reqpeitte earth's
center. We will place a second, identical clocthatnorth pole, and see what happens. The gamctar for the
equator based clock will cause that clock to rumersbowly than the north pole clock. At this vetgcthe equator
clock will lose a full second in less than 30,0@&ss. Over the course of 1 million years, thelcloil lose more
than thirty-five seconds, not counting the intrinshe second uncertainty of the clock itself. WHiiis seems to be
a minor nuisance, one must realize that the clsciot intended to keep time for 1 million yearts durpose is to
provide an extremely accurate tirstlandard over very short periods of time--this clock becesrttee clock by which
all others are calibrated. Unfortunately, in ortteobtain a completely consistent time unit, orwaild have to
specify the time of day, latitude and altitude &iah the measurement is to be made in order torertsat the clock
is in its proper rest frame. As difficult as tBisems, things get more complicated. The eartlsdti® sun at a
velocity of thirty kilometers per second, changdigection every six months. Sometimes this vejowiill represent
the rest frame of the clock, while six months latevill represent a velocity of sixty kilometergpsecond. If we
average this velocity out to be an effective thkitpmeters per second for six months of the ye@r see that the
clock will lose a second in only seven years, ardarty hours in 1 million years. This effect mbe taken into
account when specifying the time of year at whizhde the standard, or how the standard changesh@/eourse
of a year. Finally, we must consider the rotatiarhit of our lonely solar system around the cenfehe Milky
Way, and, should we happen to leave this galaxinguhe next million years or so, the velocity loé tMilky Way
toward the great attractor. Synchronizing cloaksdeep space travel can become quite complicatkbd.

The Equivalence of Gravitational and Other Forms OfAcceleration

We saw in the first section of this chapter tHatks placed in motion with respect to their reanfe or
frame of calibration will experience slowing duethis change in state. We have also seen thatsleil slow
down when placed in the presence of a gravitatifiala, or gravitational energy well. A look atetlScout D Rocket
experiment and the round the world clocks experirdemonstrated that the effects are additive adelgendent--a
clock entering a gravitational field will slow dtethe strength of that field, but will slow everora as it acquires
ever more speed during its descent. While thisr&ffect is attributed to a supposed slowingroktdue to the
relative motion of two reference frames in relayitheory, we have shown that it is in fact dué¢hi® excess kinetic
energy acquired while the clock is being acceleratg of its initial rest frame.

It is important to realize that it does not matiew slowly we accelerate the clock. In the ehd,kinetic
energy acquired will be related to its final vetg@chieved, no matter how long it took the clozlattain that
velocity. Once that velocity is reached, the cladk continue to run at its new, slower rate, ungturned to its
initial rest frame. Now, if the slowing of the rmiog clock is due to a change in kinetic energy, tiredslowing of a
clock in a gravitational field is due to a changeravitational potential energy, we should be ablderive similar
equations for each effect. In fact, gravitatiopaiential energy can be converted to kinetic engrgte simply. If
we hold a ball over the edge of the Harvard towervjll posses a certain amount of gravitationatgmtial energy as
compared to an identical ball at rest on the grdweahty-two meters below. If the ball is now reded, this
potential energy will be converted to kinetic eneag it acquires speed on its trip toward the gdousit the instant
before the ball strikes the ground, all of thatesecgravitational potential energy will have beemverted to kinetic
energy. The amount of kinetic energy gained wilatly equal the amount of potential energy IoEtat we can so
easily shift from potential to kinetic energy fuettsupports the equivalence of these expressiodsyauld lead us
to believe that the expression for clock slowing tu gravitational potential is in fact identicalthe expression for
slowing due to acquired motion, with the expres$argravitational potential energy in the formeplaced by the
expression for kinetic energy in the latter. Tikjgn fact, the case.
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Consider the case of the clock in a gravitatiomal. We were able to show that the time unittef tlock
slowed by a factor proportional to the strengtithef gravitational potential at that point in theldi. In fact, the ratio
of the slower time unit of the clock in the gratibaal field to the "proper time" of a lock far rewed from any
gravitational fields is equal to the ratio of togmlergies experienced by an atom in these twotisiiga This ratio is
independent of the actual mass or atoms considasdtljs the same for all mass energies. Thusdtie of the
inherent or rest energy of, say, a cesium atomtpkigravitational potential to the inherent enesfithe cesium
atom alone would be the same ratio we would seewbmparing the rate of ticking of the two clockhe reason
this is so is that frequency and energy are liyaathted, and, thus, a ratio of energies is edgmtdo a ratio of
frequencies. Since the time unit of the clockals® linearly related to the frequency, then thmraf energies is
also equal to the ratio of time units.

In the case of a clock which has been brought freshto some velocity, we showed that the degfee o
slowing was equal to the ratio of the inherent gnef the mass less the kinetic energy acquirgdeganherent
energy of the mass itself. Thus the expressiongriwitational slowing and slowing due to acquinedtion are
indeed equivalent. Beginning with the expressataltenergy over rest energy, we simply plug ingtevitational
potential energy for the gravitational case, and)ph the kinetic energy for the case of a cloabuight from rest to
some velocity.

If accelerating an object to some velocity slolss ¢lock down, then why doesn't a clock sittingadable
continually slow down. Such a clock is being hielglace by constantly accelerating it under thkiénce of
gravity. If we include both the gravitational akidetic energy terms in one expression for clockvihg, we can
see why this is the case. The rate of slowindgefdock will be given by the ratio of its inheramtergy plus its
kinetic energy plus the gravitational potential rggyedivided by its rest energy. Now it is easysée that a clock
sitting still on a table never changes its kinetiergy, and also never experiences a change grakéational
potential energy at the point at which it sits.efidfore its rate does not change. In fact, thekd® not actually
siting still at all. In addition to the gravitatial acceleration, the fact that the earth is tigmreans that the clock is
constantly being accelerated as the day weard\ahange in direction of velocity is an accelerafjost as a
change in speed is. This acceleration does haeffert on the clock, as we saw in the exampldefround the
world clocks experiment and in the analysis of higitcurate time standards. All during the dag, ¢lock will
change its rate of ticking until, twenty four hotlater, it is once again in its initial calibration rest frame.

THE EFFECT OF MOTION ON Matter And Time

My argument is that special theory of relativity time is not, in fact, time and thus that the special theory of relativity
shows not that time is relative but merely that certain light-connectibility relations are relative. | shall argue that
time...metaphysical time...is absolute.

Quentin Smith|l.anguage and Time, 1993

It has been postulated in special relativity thatan object attains great velocity, not only ldalks slow
down, but time itself slows down, and distancedremt. Let's look at the latter idea first.

In the section on establishing the frame of refeeefor moving clocks, one of the clocks had a®ens
located a specific distance from itself. An acteimsay to measure this length, in the rest framihaff clock, is to
use the wavelength of the frequency generatedéyglttk as a standard unit of length. Clearlyhatinitial setup,
with both clocks stationary, they will agree on kaegth of the sensor arm. Now we accelerate Babek through
a series of maneuvers such that it eventually pa&kee at some velocity, moving from the sensevaad the clock.
Using the wavelengths generated by the cesium atoanreference, Bob will determine the length efgensor arm.
Since the cesium atom is now sensitive to a lonesfufency due to being placed in motion, his "ruke’ effectively
lengthened by the factgr(lower frequencies imply longer wavelengths). 8ihés ruler is now longer, he will
measure the sensor arm to be shorter than it whis nest frame. Since Bob considers himselfatatiy, he
concludes that the length of the moving sensortasbeen lessened due to its motion.

Has the length of the arm contracted in his frafmeference? Not actually. If Bob had carriempe with
him, tested before he left to be the exact lenfth@sensor arm, he could unfurl the rope stgrinthe sensor and
continuing on until he reached Alice. He wouldate it to be the same length as the sensor drtre now

Chapter 7 - The Effect of Motion on Clocks, Maitand Time

© Curt Renshaw 1997 crenshaw@teleinc.com



Renshaw The Restoration of Space and Time 17

measured the rope, traveling with him in his fravheeference, using his wavelength ruler, he waonéhsure it as
being contracted by the same amount as he meas$eradnsor arm to be. However, since the roprii®sary in
his frame of reference, it should measure the maigength, not the length contracted due to motidBob was
able to claim ignorance about his accelerationrdgefoe would not be able to do so now. Clearly vavelength of
the frequency with which he is performing his meaments has lengthened by the fagtarausing everything he
measures to be shorter than when he measurethé initial "rest" frame. The change in the wawneglh used to
make the measurements is also not due to lengthaction. Since he is using the frequency gendrayehis clock
as his ruler, and the time basis or frequency thick has slowed, the wavelength has changeddingty. Lower
frequencies have longer wavelengths. It would bevobvious to him that he was traveling forth abastant
velocity, relative to the frame in which he initiamade his measurements of the rope and sensorcatsing his
carefully tuned measuring rods to lengthen by fhg@priate factor. This is a very important poikithile
measuring devices constructed in the manner ofiatolocks will have lengthened, causing the illusal length
contraction in everything measured, the lengththefitems being measured have not, in fact, chaagall. Once
again, it is only when we use the propagation lgjl& signal to make our measurements that theeetsfoccur. To
paraphrase Quentin Smith, it is not length thatliative, but merely certain light-connectibilitylations--in this
case the relation between our defined unit of lelagid a unit of time on our moving atomic clockwé use
physical rulers, such as the rope above, the mermsunts are not changed due to the velocities iedohSince
Einstein's second postulate insists that veloaiy o effect on light, an actual physical contoactf length is
required in relativity theory to account for theaclges observed when measuring with light signalsCM theory,
since we have different components of light forhealoserver, no physical length contraction is nesgs It is only
when we use a light signal for measurements tlattfects arise at all, and, with a knowledge afvalocity or the
acceleration which produced it, these effects eamilyebe accounted for and eliminated.

Now to the matter of time dilation. It has beemubnstrated that atomic clocks slow down due to an
imparted velocity. It has also been proposedpbataps pocket watches should also slow, thoughhts not been
demonstrated. The real question is, do all at@nimolecular processes slow down. Consider tampbe
commonly referred to as "The Twin Paradox." Irs tixample, we have two twin brothers, each mainna
technicians, who have signed on to travel with tlezks A and B, and to maintain the clocks andsthips on which
they respectively travel. Clock A is sent withpsssenger on a long journey to the Andromeda galta velocity
approaching the speed of light. Clock B and ithtécian (much to his disappointment) stay on Eafithe
experiment continues for over fifty years, wheng dlay, clock A and its passenger return. Befazestirthbound
technician opens the door to greet his brothendtiees that the readout for clock B indicates trdy eight years
have passed. The earthbound technician (who Hétyjigears grown very jealous of his travelingther), claims
he is too old and weak to be able to release tbeldtch, and leaves his brother in the capsuléstwsinks to the
ocean floor.

Thus an important question remains unanswereds tt\éareturning brother 50 years older than when th
experiment began, or only eight years older aglihek suggested? Since Congress blamed NASA forescuing
the capsule, they refused to fund another suchrempst, and so other means have been used to atesan answer.
One of these methods involves elementary part@d#ied muons. These particles, when left statipiafour] rest
frame, have a half life of about 1.5 microseconds.( What this means is that these particles spentssly decay
all the time (into electrons and other particlésit, with a predictability such that if you had gful now, half of
them would decay in the next JuS. In the following 1.3us, half of those remaining would decay, leaving waiin
one-quarter cup of muons. The process by whicketparticles (or any particles for that matter)ages not
entirely known, though the existence of the soechlweak-force" is often postulated to explain foisn of beta-
decay. The weak-force is thought to break subatqmaiticles into electrons (beta-particles) aneéothinor
particles. What is known is that if you increase velocity of these muons (from our rest framegdme high
velocity, their half life will increase by the faaty.

Thus it would appear that the muon's life has lmee¢anded by the same factor that a clock travediitig
them would have slowed. Based on this, one coubdlade that one of the twin technicians was fowg-years
younger than the other when he died. This is rdyta vote in favor of all atomic processes slogvitown, but not
necessarily. Our only experience with measurimglifetime of muons comes from measuring their gleateor near
the surface of the Earth. One possibility mayHag the mechanism of decay is external. Thus ftbegties which
are abundant or well-tuned in our rest frame becscagece or improperly tuned as the particle's vgldie
increased, in much the same manner as mass appé&acsease with velocity when measured by purely
electromagnetic means. In this case the meanga$uning mass--the result of a magnetic forceddszsand less
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effect on the particle as its speed increasedvelad the field itself, as will be shown in chapgéght. A second
possibility is that the cause of decay may be imakrequiring a transfer of forces inside the ipletin a manner
similar to the cesium clock (though not necessdrdguency tuning). Then, as with the clock, teeal of the
moving muon will take longer than the decay ofadighary one, as the moving clock ticks more slotlbn the
stationary one. Of course a third possibilityhiattthe mechanism of decay cannot be modeled coshpia either
manner. A neutron has a half-life of only aboud 82conds, yet when bound in the nucleus of an atagnexist for
extremely long times without decay. In this cdsrée is some mechanism that allows it to chandsaifslife other
than by changing its velocity.

When one considers the first two possibilitiesvaebegarding the life of a muon, it is at once appathat
time has not slowed down (as it was shown withctbeks), but that the mechanisms for decay hava bkewed by
a factor allowing a longer life (on average) foclkearticle. If this is the case, then, atomiccpsses of all types
may slow down in this manner, and it is not unlkigdlerefore that molecular ones do so also, thdigmot
guaranteed. If a neutron behaves differently iand state than when free, atomic processes imbatoms may
occur differently than for free atoms as well. Eenmve are left with uncertainty as to the appapbygsical age of
the returning twin.

In the third possibility however, where the muoingernal forces cannot be modeled as a man-niadk,c
we may have a dilemma. If enough were understbodtahe nature of this decay, perhaps an intéohatk"
mechanism could indeed be modeled in such a masniershow why the decay slows. But, again, this
phenomenon might be constrained only to the slowfrthe decay of unbound subatomic particles, amté it may
be invalid to extrapolate this same slowing pro¢essolecules and traveling twins.

Most importantly, however, it must be stressedratiet time itself has not slowed down. Only the
arbitrary units of measure with which we choosentrk time have slowed, whether atomic processeguéncy
changes or molecular reactions. The distinctiamfgortant. In the relativistic model, clocks skedvdown because
time itself slowed down. No "mechanical” descopttould be provided as to why the clocks slowed, & it was,
the effect would be additive. The clock would sldue to time dilation, and again due to the "meidahprocess.
Though the effect is hard to distinguish because fis not tangible, it is exactly the same as emptafor "length
contraction" above. The means of measuring lewgth skewed (in this case the wavelength of thaufreqy of the
time standard), but as was shown with the ropetleitself was not contracted. In the same marthermeans of
measuring time (atomic processes) may have beckeweesl, but time itself remains unaffected. QueStnith
has argued at length and quite successfullamguage and Time from a philosophical standpoint that "metaphysical
time is the only time in the actual world and thas the only time in any possible world in whittrere is time."
William Lane Craig writes icod and Real Time:

| find it surprising that anyone reading Einsteib905 paper can think that Einstdemonstrated that
absolute simultaneity does not exist and that igrtherefore relative to a reference frame. One
who...rejects Einstein's definitions would regdrelse relatively moving observers as deceived dtieeto
nature of their measurements, which fail to deters time. In a real sense he would not regardtEin's
theory as a theory about time and space at all,&sit'a system of hypotheses about the behaviaghaf
rays, rigid bodies, and mechanisms, from which results about this behavior can be derived." Tedpp
in our locally moving frames, we may be forced teasure time by devices which are inadequate texidete
the true time, but that in no way implies that oofstime exists.

In Einstein's special theory of relativity, tindistance and mass are all relative quantities, ri#ipg on
one's velocity and frame of reference. Simultgneitdistant events becomes a meaningless con&ptfar to this
point we have shown that time and distance areatative quantities, but appear so only when trymgetermine
their nature by virtue of the transmission and p#oa of a light signal, and one obeying Einsteg@sond postulate
at that. In chapter eight, we will dispense with increase in mass due to velocity, for much #meesreasons. We
have also demonstrated that the simultaneity ¢édisvents is in actuality the same as one wattidtively
predict--in the words of Quentin Smith from chapteee, "Simultaneous means simultaneous and rmpétae."
The special theory is simply wrong on these couREM theory, on the other hand, presents an in&jiself
consistent alternative, in keeping with all obseteacharacteristics afeasurable time as well as all the
philosophical characteristics oietaphysical time. We have further shown that the gravitatioad-shift, the first
"test" of the general theory of relativity, actyaflas nothing to do with relativity at all. Havitajd these
foundations, we now turn to the two remaining dlzas'tests” of the general theory of relativithretanomalous
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advance in the perihelion of mercury's orbit, dmeldeflection of a light ray grazing the sun. W# begin, not
surprisingly, with another look at the gravitatibred-shift.
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