LIGHT CLOCKS AND THE MICHELSON-MORLEY EXPERIMENT

MICHELSON-MORLEY EXPERIMENT

The first example of this kind is Michelson's vkelbwn interference-experiment, the negative resfulthich has led
Fitzgerald and myself to the conclusion that theetisions of solid bodies are slightly altered bgirttmotion
through the ether.

H. A. Lorentz, Proceedings of the Academy d&Bces of Amsterdam, 1904

When the concept of electromagnetic waves wasdégeloped, it was proposed that the propagation
medium for these waves would be what was calledabther”. The aether filled all of space, andvjated the
background through which all objects in the uniear®ved. The aether provided an absolute benchagaikst
which all velocities could be measured, as thel=does for trains and automobiles. Assuming thieeago be as
large as the whole universe, it could be considatEmlutely stationary, since there was no largirmae or
reference frame which could contain it and in whitatould be moving. Since Maxwell's equationsnseé to
predict a constant velocity, c, for the speedgitiindependent of any physical reference poihtsas presumed
that light traveled at c only relative to the aethe

As the Earth moves in an elliptical orbit abowg Hun, it actually reverses directions every sixitig, and
over the course of its orbit passes through a3&0 degrees of velocity change. The velocity efEarth in one
direction differs from its velocity in the opposti&ection by 36 miles/sec, or so. The importaofcthis is that an
experiment to detect the aether might fail if tteetk were absolutely stationary within it, but irtbe planet
reverses directions, at some point during the yewsitl be in motion with respect to the aetherherfe is always the
possibility that the Eartls completely stationary in the aether, and the em#st of the universe is in motion about
the Earth. This is unlikely, though, and repeathmgexperiment on a space shuttle or on the maartdy
completely eliminate this possibility, unless oficge the experiment failed.

The basis of the experiment performed by Michelaal881 and again by Michelson and Morley in 1887
involves the fact that when two light beams combihey form rings of interference patterns. Thesesof the
interference pattern is attributable to the wavarabteristics of light. One can think of a "liglh#ve" as alternating
peaks and troughs, much as a wave on the surfexpaid. By allowing two waves two interfere watlich other,
then at some points the peaks will coincide andathplitude of the wave will be twice as high. Likee, at some
points a peak and a trough will coincide, and the waves will cancel each other. In a light wate, areas of
constructive interference would be represented lght band of light, whereas the areas of destreiinterference
would be represented by a dark band, or the absdrigint. By measuring the interference fringese can
determine how far out of phase one beam is withhempor how many fractions of a wavelength onerbeaived
behind another. The experiment involves sendisiggle beam of light into a half-silvered mirroreoted at 45
degrees to the source. In this way, half of thbtlpasses straight through the mirror, while tteeohalf is
deflected at right angles to this path. Reflectimgors are placed at a fixed distance along eft¢hese two paths
from the half silvered mirror. The reflected ligigams return to the half silvered mirror, with &e&am passing
straight through while the other is deflected nyrégtgrees so that the two beams once again folleveame path.
This setup is depicted in frame A of figure 5-1.h&¥ the two beams combine, they form an interfergradtern
observed as concentric dark and light circles.n®asuring these rings, one can determine how fasf@hase the
two beams are, or how much later one beam arrhaul the other. It is not necessary to make thepatb lengths
exactly equal in this experiment. Once a basefitexference pattern is established, the experienesitnply looks
for a change in this pattern caused by varyingdthextion of motion of the earth or the apparatusugh the aether.

Now imagine that the apparatus is oriented suahtltie direction of motion of the earth through de¢her
is as depicted in frame B of figure 5-1. The liglgnal moving parallel to the direction of motiand traveling at a
constant speed of ¢ with respect to the aethelrewilounter a receding mirror, thus it will havieager path to
cover. On the return trip, the half silvered mingll be approaching, and the light will have asgkr distance to
cover. These two effects do not exactly compensaté other, so the total path length differs ftbat for the
stationary apparatus by a factor related to tharegof the velocity in the direction of motion. ¥hMichelson first
performed this experiment in 1881, it was this &ffehich he was trying to uncover. His assumpti@s that, since
the other arm of the interferometer was not mowingctly through the aether in the direction ohligravel, there
would be no change in effective path length aldng line. By rotating the equipment and making sueaments in
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several orientations, various combinations of dffecpath lengths along each arm would be obtaiard,the
interference pattern would change slightly withreadentation. By carefully measuring the magrétud the shift
in each case, the velocity of the earth throughagteer could be calculated.
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Figure 5-1 The Michelson-Morley interferometer exxpent demonstrated that the earth's motion throtgh
aether is undetectable by any experimental means.

Michelson was aware that there were other faettiish must be controlled. First of all, if the rioot of
the earth were such that the apparatus was moveirigally through the aether, such that the onlpciéy was
perpendicular to the plane of the equipment eitipeor down, no effect would be obtained. This fmky would
be handled by performing the experiment at sevanas during the day. As the earth rotated omits, the
orientation of the equipment with respect to thetemmotion through the aether would change, abiflit was
vertical at one time of day, six hours later thetiomowould shift ninety degrees so as to be alamg af the arms of
the equipment. Secondly, it might be that thehéarotion through the aether exactly compensated motion of
the entire solar system in the opposite directidhis could be compensated for by performing thseernent at
several different times during the year. If th@twotions exactly compensated each other in Jantheay six
months later they would combine so as to doubleffext. Though it was stated above that the tath fengths did
not need to be equal, it was extremely importaait the lengths not change over the course of desiagt. Any
change in length would cause a displacement dfrithges. Since the wavelength of the light wagrmnorder of
fractions of a millimeter, even a small changehggical path length would be as large as the eggedisplacement
due to motion through the aether. Finally, a negaesult, failure to detect any change in thede patterns, would
indicate that there is no motion through the aetbiethat there is no aether, but, of course, ategresult would
not be expected.

When Michelson performed the experiment in 18&lfdund what he least expected--there was noishift
the interference pattern. A review of the proceduny Lorentz resulted in the discovery that Misbelhad not
fully considered all the motion effects properlyturns out that the light traveling perpendiculathe earth's
motion through the aether would experience a changath length. Referring again to frame B ofifig 5-1, we
see that the path followed by the light in this arftthe apparatus is lengthened proportional toséiecity by
application of the Pythagorean theorem. Evenhspath length along this arm still differs frone thath length
along the other arm, though to a lessor extent ithitially anticipated. When Michelson analyzed hésults with
this insight, he determined that within the ranfjexperimental error, no conclusion could be drdrem the
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results. In 1887, Michelson teamed with Arthur Mgrto try again. This time the experiment wasugebn a
sandstone block floating in a tub of mercury toueasstability during the test. The equipment cahkh be set
slowly in motion in a circle, and measurements ddagd made at different orientations as the sandditotk slowly
turned in place. Additionally, the two beams ghli were caused to reflect between the mirrorsragtienes, so as
to effectively increase the path length many faddan effective length of a bout ten meters. Wik improvement,
and the corrected calculations proposed by Lorénizas anticipated that the displacement of tirgés would be
expected to change by about one-fourth of a wagéfen

The experiment was performed six times at diffetimes of day and on different days, always wiité t
same result--no shift in the fringe pattern devethso there was no slowing of light in either dii@n. Various
ideas were put forth to explain this, one of whizds that the earth actually dragged a part of étleea with it as it
moved. There were other ways to test whetheratttisally occurred, such as the aberration effebistwwould
occur if such were the case. Eventually it wasdietthat the earth does not drag the aether,hentddrentz model
of length contraction due to motion dominated. drdz's model was conceptually simple. In the divacof motion
through the aether, molecular forces were effestmth that the length of the arm in that directi@swhortened by
just the right amount to compensate for what watetrwise be the increased path length experiedgedo that
motion. This concept was explained fully in chapieo. Even though Einstein was apparently ncatly aware of
the interferometer experiments when he formulatedspecial theory, he was well aware of Lorentzédysis
concerning length contraction and hinting at agmrefd "local time" for moving observers. Thus kiehelson-
Morley experiment, though it preceded the theoryetdtivity by almost twenty years, had a majorudpo indirect
influence on its derivation.

All of the above analysis, and even the causé®experiment itself, rested on the assumption tha
Maxwell's equations predicted an absolute speed@f light. This assumption resulted in the aethgothesis,
and, thus, the test for the earth' s motion thraugBince in the radiation continuum model ohligthe detected
speed of light depends only on the apparatus, theais necessary. The results of the experimentdvbe clearly
negative with no further analysis required. Infdad Maxwell's equations not been saddled withabsignment of
measured values to his elegant constants, the Matd/lorley experiment would never have been peréat.

Even so, the experiment can be used to demonsttffects on the apparatus in different referdrammes as far
as velocity, time and frequency measurements areecned in the RCM theory, so some detailed arsabfsihe
experiment is provided below. The point is to desimte that, as far as the test apparatus is owtethe
emission, reflection and combining of the light lmsas simultaneous no matter what the frame ofeefee of the
laboratory.

In frame A we see the experiment from the resh&af the apparatus itself. Since the source and
observers (mirrors) are all stationary with respeane another, the required component of veladitpg each path
is c. Clearly, since each of the interferometensais the same length, the total time for the rawipdalong each
path is the same. Thus the two light rays constrly interfere and the fringe pattern obtainegriscisely the one
we would expect. The time required for the lightim to travel the round trip of either arm is eqoatice the
length of the arm divided by c.

In figure B, the apparatus is in motion horizolytalong the page with a constant velocity in sdraene of
reference other than that of the apparatus. Teegitm of the apparatus is shown at three diffetiemgs, to indicate
when and where the light will strike the mirrorslaercombine. In this figure, the light travelsaitpfrom o to d'
and back to 0". Since d'is moving away from a fiked velocity, the component of light requiradst leave o at a
velocity of ¢ plus v. The time required for thiglge to reach d' is the same as the time requirgd from o to d in
frame A. If you have to drive a car to meet yaigrid who is parked one mile away, and you drive0aMPH, it
will take you one minute to reach him. If youreind begins driving away at 10 MPH at the momenthyegin your
trip, and you increase your speed to 70 MPH, it still take you only one minute to reach him. lasg as your
speed is equal to the initial 60 MPH plus yourride speed, the total time of the trip will remairtiianged, even
though the distance covered is longer. In thefietemeter experiment, the light component of ies¢has a
velocity of ¢ plus the speed of the mirror, thus thip time is the same, even though the trip fmota d' is longer
than the trip from o to d in frame A. For the rettrip, d' to 0", the velocity of light which miustrike mirror 0" is
equal to ¢ minus the velocity of the apparatus;esm' is moving toward d' at that velocity. Tired required to
make this shorter trip at a lesser speed is agpialdo the time required to make the trip fronoatin frame A.
Thus we see that the total time of the trip aldrgtiorizontal arm of the apparatus is the samieeimtoving and
non-moving frames of reference, from the viewpointhe apparatus itself
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We will now follow the path from o to b’ to 0". sAve saw in the section on perpendicular incidemck
the Doppler shift, the velocity of light requirebin o to b' is related by the Pythagorean theorethd sums of the
squares of ¢ and the velocity of the equipmentwéieer, the path length from o to b’ is relatedh length from o
to b by exactly the same relation--the ratio ofiti@eased path length to the original is identioahe increase in
light velocity required to c. Thus the situatierthe same as in the case above. The time reduoiréue light pulse
to move from o to b' is identical to the time regdito go from o to b in frame A. The situation flee path from b’
to 0" is the same. The path length increases ptiopally to the increased light velocity requireshd thus, the
round trip time of the light pulse along the veamtiarm is the same in the moving frame of refereax# is in the
stationary one. Furthermore, since the travel tiopag each arm of the apparatus is the samentiddarence
fringe pattern obtained is the same in the movimgjr@on-moving frames of reference. Similar reasgmvill show
that the trip time and consistency of the fringdgra obtained will be the same for any orientatibthe apparatus
and velocity chosen. This lack of change in therference effects is the negative result whichidison and
Morley obtained, and the above analysis was peddmmithout the imposition of an aether or an alisditame of
reference. The abolition of the requirement ohather or absolute reference frame was viewed @gfoifie more
important and inspiring aspects of relativity thegromoting the acceptance of length contractiwhtame dilation.
As we see, RCM theory does away with the need tf thee aether and the concept of absolute framesfedfence
without invoking length contraction or time dilatio

DOPPLER SHIFT IN THE MICHELSON-MORLEY EXPERIMENT

In the last section, it was noted that differeglbeities of light are required at the various imisrand
detectors to have a "relative" velocity of c. @ithe source of these light pulses was also inanatith the same
direction and speed, the motion of the source dmritd the necessary additional velocity, and thragonent of
light which was of interest in the experiment whae light which originated with a velocity of c. i§Hact is
important, since if this were not the case, theoalldshave been a Doppler shift involved in the fighing from
source to mirror and back to the source, and thigpler shift would be different in each directioResults of the
actual experiments indicate that this is not treedghere is no Doppler shift). We will look aetexperiment again,
once from the point of view of the apparatus itsslin the previous section, and again from thatpdiview of an
observer in motion relative to the frame of refeenf the apparatus. We will be mainly concernétl oppler
frequency shifts and time durations and delayanyf.

In frame B of the Michelson-Morley experiment diaign, the apparatus is moving to the right relative
our stationary reference frame. In this frame,hitbgzontal and vertical path lengths truly arergfed, and the light
emitted from the source or reflected from the msnmust cover this actual physical space. Evefram the point
of view of the equipment, the end result shouldespexactly as if the equipment were stationarnys there should
be no Doppler frequency shifts, and, as we have, seelengthening of the time required to makeegithf the round
trips.

We look first at the trip along the horizontal arifihe mirror at d' must see light passing it etlative
velocity of ¢, or a velocity in our frame of refee of c plus the velocity of the apparatus. Tibist is produced by
that component which leaves the source at a sfegdsimce the source is also moving. The motibtine source
contributes the additional velocity required tottbemponent leaving it at ¢, in the same manndratmall thrown
from a moving car travels faster than the sametbedwn from a stationary platform. Since the comgnt velocity
of light detected by the mirror and that leaving #fource are both c, there will be no Doppler shithe frequency.
For the return trip, in our frame of reference, ¢benbining mirror requires a velocity of ¢ minug tépeed of the
equipment. The light leaving the mirror at d' watlvelocity of ¢ will have this speed, since therorid' is moving
as well, and contributes the additional, negateedity required. Again, there will be no Dopp#hift since the
component velocity leaving the mirror is the sarmé¢hat seen by o".

In the vertical arm of the apparatus, the sanuatiin again arises. The motion of the mirrorun fsame
of reference is exactly compensated by the motidheosource. The component velocity leaving theree and that
detected by the mirror are both c, and there iBoppler. The same is true for the return trip.ug;Hfrom the point
of view of the apparatus, we saw from the previgegion that the time of the light beam's travebtigh each arm
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of the interferometer is the same, and have justomstrated that there is no Doppler. This is dyas we would
expect. But what does an observer stationary ineference frame see?

Again we must rely on the rule that observers atiom relative to each other may see an eventeasdime
location, but at different times. Thus, the obseim our reference frame will not necessarily theetwo beams
traverse the experiment's arms at equal timesraqddncies. This is not a problem as long asliserwer is able to
determine his motion from measuring the differeaities of Doppler along each arm. We will assureestiurce of
the light and mirror b are to the left of the olvserfor the entire experiment (which we will assutalees only a
fraction of a second), and that mirror d remaingagk to the right of the observer. It may be hdlps recall at this
point that, despite the following discussion, thserver cannot actually "see" the light beams tiieyalong each of
the interferometer arms, but can see only the attesed or reflected light.

In the horizontal arm, since the apparatus is mpteward him, our observer will see only that comgnt
of light leaving the source with a velocity of cnus the speed of the apparatus. The frequendyolight will be
shifted to the blue or higher frequencies by thmraf ¢ to this initially slower velocity of light Also, the time
required by that component of light to cover thistahce will be longer by the same ratio. If a@avers a distance
in two minutes at 60 MPH, it will take three minsit® cover the same distance at 40 MPH, the ratimes being
proportional to the ratio of the velocities. Assaexplained in the section on Doppler shift andutiameity, the light
which the mirror reflects, traveling at c, will kathe mirror before that slower component of liggén by the
observer. Thus the observer will see the refleptdsie begin before he sees the light hit the mirfs the
aforementioned section demonstrated, this doegiolate causality, as the observer is not actuaieing” the light
at these distant surfaces at all. This asidecéhgponent of light which the observer then "seefiécted from the
mirror has a velocity of ¢ plus the speed of theamptus, which is now moving away from him. Tregfrency will
thus be shifted to the red or lower frequencied,the time required to cover the distance to thralining mirror
will be reduced by the ratio of c to this initiafigster component of light. The observer will #eereflected pulse
return to the combining mirror before the apparainss. Chapter three outlined the means by whietobserver
can determine his velocity with respect to the agips based on the two frequencies he observésthi Doppler
shift he encounters that allows him to accounttierapparent early reflection from the mirror amdalculate the
time and frequency at which the light actually #esed the apparatus. From this he can deducinttieg frame of
the equipment, there would be no effect in the @ute of the experiment due to the relative motiamvben him and
the interferometer.

In the vertical arm, the observer must "see" idjiet kravel the path from o to b' at a speed oAccording
to the Pythagorean theorem then, the requireciniélocity component of light along this line mbst related to the
difference of the squares of ¢ and the observettgity toward the apparatus. This initial velgdg less than c, and
the frequency seen by the observer is shiftededbhe or higher frequencies. This light also heacthe mirror later
than the component which the mirror actually réfieso the observer is again in a position of gptie reflected
pulse begin before he sees the beam reach thermirh@ analysis for the return trip is identicad, the observer is
still moving toward the apparatus. It is intenegtio note that the delay between the time at witietapparatus
responds to the beam of incident light and the tin&hich the observer "sees" the light strikeesitine mirror b or
the combining mirror is exactly proportional to tirae delay proposed in relativity theory. We vd#monstrate
more clearly in the section on the effect of motonlight clocks that this is not an actual timkatibon, but is simply
an expression of the relation between the relevalotity components of light in each observer'siieeof reference.

SIMULTANEITY AND THE GAMMA FACTOR

We have seen that, in general, two observers tiomwith respect to each other will not observe shme
distant event at the same time or at the sameidocaf hey will agree on the location of and tinfahe event, but
will experience the effects of (light from) the eveat different times or different locations, otttoo In the special
theory of relativity, on the other hand, observarsiotion will observe the event at the same pkawetime, but
disagree on the distance to, and time since, theteVvl he relativistic model also states that olessrin motion will
suffer a contraction in length and a slowing dowelocks relative to the "stationary" observertfie "proper" rest
frame) due to the motion involved. Note that ieslmot matter which observer considers himselfitstary”, the
other observer will suffer the time and length caation. The value of this length contraction éinte slowing is
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given the symbol gammg)( and is related to the velocity of the movingealtjby one over the square root of one
minus the square of the velocity, with the velo@gipressed as a fraction of the speed of lighis this time and
length contraction which allows the two observarmiotion to reconcile the time and location of ¢évent--they
simply agree that neither knows how long his rubgesor how fast his clocks run in an absolute esefi$e
following example will present this idea more fulgnd then reconcile it to the radiation continumadel.

In figure 5-2, we have two observers, Alice andBd&Ve are going to set things up such that Aliog Bob
are at the same location when the light from aadis¢éxplosion reaches them. Since we are consglére
relativistic model, in which there is only one campnt of light and that component travels at thigarsal speed of
c, the light from the explosion will reach both ebgers at the same time. For convenience of motatie will again
define a distance or length of 300,000 km as aji@ Becond, denoted 1 Is, since this is the distlight travels in
one second at a speed of c. Bob is at the enanafassuring rod which is 10 Is long. Alice is a #nd of a
measuring rod which is half this length, 5 Is. Taeends (left side of figure) of both Alice's daBob's rods are at
the source of an imminent explosion which will leamarks at the end of their rulers and send a béitigtht
hurtling towards them. Alice and Bob are awaré¢hefr motion with respect to each other, separadirg velocity
equal to six tenths of c, though neither observembs its velocity with respect to the source ofékplosion itself.
In frame A, Alice presumes herself to be statignaith respect to the event. She observes the atatie end of
her rod, and deduces that the event must haverecktfive seconds ago, the time it would take atlgfnal to
travel the length of her rod. Bob, who also pressitmimself to be stationary, observes the markisorod at 10 Is,
and concludes that the event occurred ten secgudshis would be fine if both observers actualgre stationary
with respect to the event, and also observed &sh fht different locations, but Alice and Bob ofesehe light when
they are both at the same location, and also khaithey are separating at a velocity of .6¢. Bjeane of them is
mistaken as to the time of and distance to theteuklice resolves the apparent paradox as follo&mce Bob is in
motion at .6¢, lengths contract in his frame oérefice by thg factor, which for this velocity is 1.25. This nmsa
that in Alice's frame of reference, Bob can fitGald measuring rod in a shorter space, one whigHsgdong. Thus,
his initial location is actually 8 Is, not 10 Ispin the event, in Alice's space. Furthermore,esBab is moving
toward the source at .6¢, Alice calculates thathatime they observe the light, five secondsrdfte event, Bob has
moved from 8 Is a distance of his velocity times tiime, so that he is now only 5 Is from the eveanggreement
with Alice's own findings. Now that Alice has detened to her own satisfaction that Bob is in motishe
proceeds to reconcile the time differences. Sipdaés to Bob that, in his own frame of refererue must subtract
from his measurement of 10 Is the distance he movede second, so that he must consider the ¢vdrave
occurred at a distance of 4 Is from their currengation. The time it would take light to traveistldistance in Bob's
frame is 4 seconds. Since the time in Alice's fasb seconds, Bob's clocks must have slowed dovthat they
can only fit 4 seconds worth of clock ticks in adjper" (Alice's frame) time of 5 seconds. ThugeAlice applies
the gamma factor to account for the slowing of Baldcks, she arrives at a time of explosion ireagrent with her
own. {{Notice how these length contractions anddidilations appear only in Alice’s view of things)d not to Bob
himself. The entire effect arises simply becairsspecial relativity, the assumption is made thate and Bob will
each see the light of the flash at the same pladeathe same time!!! Alice is assuming that bebs the same
component of light that she sees, namely the aelireg at ¢ in her frame of reference. As we hdemonstrated
earlier, third party observers cannot actualyye'skight traveling toward a mirror or another obger, and the light
that they are sensitive to is not the same compane}} Alice is now certain as to the location atiche of the
event, and she is certain that Bob's rulers havaesied and that his clocks have slowed due tmbison. But what
about Bob?
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Figure 5-2 Under the rules of special relativitylicd and Bob can never agree on a specific distao@nd
time since a remote event.

By looking at frame B of figure 5-2, we can se&gob views the problem. Bob insists that Alice is
moving away from the source at .6¢, and that tloeegtier rod is shortened by the gamma factor émgth of only 4
Is. Thus she was actually only 4 Is from the eweimén it occurred. Since Bob sees the light déterseconds, he
calculates that Alice would be at a location edadler initial 4 Is plus the distance she travétetn seconds. This
would place Alice at 10 Is from the event when tbbgerve the flash, exactly the distance Bob hadraed all
along. As to the time since the event, Bob exglainAlice that, in her frame of reference, shetnadsl the distance
she moved in the time since the event, 3 Is, tdethgth she measured on her rod, 5 Is. Thus threatadistance she
should be using in her space is 8 Is, and it wtakée the light 8 seconds to cover this distandeeinspace. The
reason this time is not the ten seconds measur@awblbys that Alice's clocks have slowed by the ganfattor so
that she can fit only 8 seconds worth of tickshia ten seconds since the explosion. Bob is notaioeas to the
location and time of the event, and he is alscagethat Alice's rulers have shortened and thatloeks have
slowed.

Alice and Bob are each equally certain, and yey tiave each reached different conclusions. Thaew
able to resolve the relative distance to and tiimeesthe event in each others reference framessimaie they don't
know which of them was in motion with respect te #vent, they cannot agree whether the eventsi®b10 Is
away from the supposed mutual observation pointgofse, if neither is stationary with respecth® ¢vent, then it
could have occurred at almost any location in spaepending on the speed at which they are actapjflyoaching
or receding from the event). In fact, not only tagy not agree as to the exact location and tiftleeoevent, but the
whole concept of an exact point in space and tieserto meaning in the special theory. All concepts
simultaneity, distance and time are relative, afférdfrom observer to observer. No two obseniarsiotion
relative to each other will share the same setnofillaneous events, distances to anyone or anything
measurements of time. What they are able to agree that the square of ¢ times the time sincevamt minus the
square of the distance to that event has the satue in all frames of reference.

Now, consider the same example from the radiat@inuum model point of view. We will begin by
stressing once again the key difference in theyaigabf simultaneous events between relativity themd RCM
theory. In relativity theory, observers in motiaith respect to each other will each see the light a distant event
at the same place and at the same time. In RCohththese observers may see the light at the gdae, but at
different times, or at they may see the light atshme time, but at different points in space.yThay also see the
light at different times and at different pointssigace, though they will always ultimately be a@blagree on the time
of and relative distance to the event. As isit®d in figure 5-2, Alice is carrying a rod whiishs Is long, while
Bob is carrying a rod which is 10 Is long. Themegths correspond respectively to Alice's and Baistsince from
the event at the time of the explosion. Alice 8uth are therefore initially 5 Is apart at the tinfehe explosion.

Since the mark on Bob's rod is at 10 Is, he knthasthe explosion occurred ten seconds beforavetse
flash, whether or not he is moving, since in hasrfe of reference the velocity of light is alwayslthe assumes
himself to be stationary, he will conclude that évent occurred ten light seconds from his locagibthe time he
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sees the flash. If he considers himself to beotieein motion, toward the source, he will deternihme the
explosion occurred 4 Is from his position at tmeetiat which the light from the flash reaches himeither case,
Alice will be 1 Is to Bob's right when he sees filash, since that is how much their relative sepamna will change
in ten seconds. Alice, on the other hand, knowsttie event occurred 5 seconds before she saflasie since that
time corresponds to the distance to the mark omdukr If she is stationary with respect to thersevwof the flash,
then the explosion occurred 5 Is from her posititirshe is moving, then she must add the distaheemoved and
conclude that the event occurred 8 Is from thetpatinvhich she sees the light. In either case;eAlill still be 2 Is
to the left of Bob when she sees the light, sihedr trelative separations will not have changethash in only 5
seconds. Thus we see that since Alice is movirgydvrom the source with respect to Bob, she isiseaso a
higher velocity component of light, and will see tthash before Bob does. In fact, she will seditite while she is
still to the Bob's left, and then proceed to pass(or he will pass her), and be to his right by time he sees the
flash.

Now, we know from setting up the experiment that éxplosion did indeed occur ten seconds befobe Bo
saw the flash and 5 seconds before Alice saw #shflso each is correct as to the time of the sigpio Alice is
correct in assuming the event occurred 5 Is fromirigal location, and Bob is correct in deciditige event
occurred 10 Is from his initial location, as Aliaad Bob were initially 5 Is apart, the differendetese two values.
All of this can be determined without knowing whichserver was in motion with respect to the souidewever, if
these two wish to pinpoint the exact location & &xplosion compared to their current positiony thech have to
decide their velocity with respect to the sourtfahey know the expected frequency of the flaghofaany
characteristic part of the flash, then each caerdeénhe their velocity toward or away from the evieytusing the
concepts developed in chapters three and four caingevelocity and Doppler shift. Now they will @ not only
as to the time of and relative distance to the g\mn, using the Doppler shift, will also agreet@she exact
distance to the event from their current locatidlote that Alice and Bob were able to come to tlageements
without the need to challenge each other as ttetigths of their rulers or the ticks of their cleckThe only item
which Alice and Bob cannot agree on is their lamatielative to each other when each sees the ligjlite sees the
light when she is to Bob's left, while Bob seeslitjet when Alice is past him to his right. In thpecial theory of
relativity, their mutual location at the time thelyserve the light is the only point on which theyp @gree. In the
Gallilean framework of RCM theory, Alice and Bobvee can agree on these items, since each obssrseeing a
different component of light with a different veltyc It would be like two cars, starting at thevgaplace and time,
one at 50 MPH, the other at 20 MPH, trying to agnee¢he time of their mutual arrival at the 100emiharker. They
cannot agree because the presumed event can rwever o

THE EFFECT OF MOTION ON LIGHT CLOCKS

According to the relativistic model of light, ck&in motion will slow down relative to stationazipcks in
proportion to the gamma factor. Actually in tHigory, not only do clocks slow down, but time itselslowed
(dilated) so that all objects in the moving referframe will age more slowly than their countetpar the non-
moving reference frame. The relativistic slowiriglocks can be explained with the aid of a hyptitaé light
clock, as in figure 5-3. This example is oftendiBebooks explaining the special theory of relgivas it is
graphically very simple. However, it must be pethbut that, in this example, as in the theonyfitees are
dependent on the movement of a light signal as Seendifferent frames of reference. This, in itsposes no
problem, but in relativity theory, the light sigmaust always obey Einstein's second postulatesjtbed of light
must be c from all frames of reference. Once agairshall see that it is the imposition of thistptate that causes
the slowing of the clock in motion, and that thifeet is not necessarily related to an actual shoyaf time itself. In
figure 5-3, the two ground clocks are stationarg synchronized, and separated by a distance agjtfzit covered
by the moving clocks in five units of time. Timethese clocks is established by means of a liglsepreflecting
from two parallel mirrors. The time from the staftone round trip of the pulse to the start of tlegt is defined as
one unit of time. In order for a pulse to stallyiously, the light from the previous pulse mudte& off the top
mirror and strike the bottom mirror. The reflectivom the bottom mirror defines the start of tletrpulse, and
also the next unit of time. All the clocks areritieal, so as far as the stationary clocks go,tone unit in any one
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clock equals one time unit in any of the other k#ocThe top figure illustrates a clock obeying $pecial theory of
relativity. The bottom figure illustrates a cloogerating under the postulates of RCM theory.
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Figure 5-3 Light clocks in motion relative to at&sionary” clock run more slowly when operatingdar the
laws of the special theory of relativity, but remanaffected under the conditions of RCM theory.
In SRT, a clock in motion will run more slowly thestaionary clock, just be virtue of the relative
motion. In RCM, this is not true. Clocks creaded calibrated in any IFR will agree with clocks
in any other IFR. It is the act of being placedotion with respect to the rest frame that inéiat
the slowing.

In the top figure, since the clock is in motidme fight pulse must trace out the zig-zag pattedicated, at
the invariant speed of c. From the figure, itlesac that the diagonal path length for any one legyis related to the
velocity of the clock by the Pythagorean theorenemglone leg of the triangle is the velocity of ¢heck, and the
hypotenuse is c. Thus the distance covered blyghieon each upward and downward pulse of thelcis@qual to
gamma times the separation distance between thentwors. If the path length is increased by gamamal the
speed of the light pulse is a constant c, therithe for each pulse must also increase by the daater. In figure
5-3, we have used a speed of .6¢c which resultgéfativistic gamma factor of 1.25. With this factfor every five
ticks of the stationary or "proper"” clocks, we vedle only four ticks of the moving clock. It takKe®e seconds in the
stationary reference frame for the moving clockick off only four seconds, thus according to tpedal theory,
the moving clock slows down. The reason this happe the relativistic model is that the light whithe stationary
observer sees strike the mirror is the same ligfitlwthe mirror actually reflects--there is onlyeotcomponent of
light, and it travels at ¢ from every frame of mefece. Thus, the mirror's ability to reflect thght properly in the
reference frame of the observer depends on theemofithe observer and the skewing of time andtleagsociated
with this motion. The faster the observer is intimowith respect to the mirror, the longer thenmithas to wait for
the light (which to it is coming straight up aloagath of fixed length) from the mirror below. Ftielay, of course,
supposedly occurs only in the observer's framefefrence, and is thus transparent to the mirréwe dontraction of
space-time caused by being in motion is what retemthis paradox.
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But why don't we have to consider length contoactn this example? Shouldn't this provide an taoiutl
delay, or perhaps counterbalance the time deldlyagdhe clock doesn't slow at all? The answepisWe are
concerned with the separation distance betweetwihenirrors, and the relative velocity between dhserver and
the clock. Since there is no motion in the ditf a line joining the two mirrors, there is atemlength
contraction in this dimension. Thus the distanegvieen the mirrors does not change, though thartistbetween
the wheels of the clock's platform will become deral Furthermore, the velocity of the clock asedetined by the
observer will be the same as the velocity of theeoker determined by the clock. This relative gijoof
separation is the same in both frames of referestchkength contraction does not apply in this mamitber. We
could consider this same example with the clockedron its side, so that there is length contradiietween the
mirrors. In this case we have the situation deplidh figure 3-5 and explained in that section e Tight will see a
receding mirror on the first half of the pulse, avil see an approaching mirror on the second htdilthis were the
only effect, the math would work out in such a mamthat the time unit would increase by the sqoégamma.
However, the length contraction between the miriothis case exactly offsets one factor of gamasahe light has
a shorter distance to cover on each leg of its ffipis leaves us in the relativistic model witblack which again
slows exactly proportionally to gamma.

In the bottom figure, the reflected light is falling the radiation continuum model. In this exaemphe
observer again sees light traveling along the diabpath at a velocity of c. Since this light iade up of the initial
component velocity leaving the source and the wglat the clock, related by the Pythagorean thegrihe initial
velocity from the source must be less than cs, lin fact, less than ¢ by the gamma factor, wiscifter all derived
from the Pythagorean theorem as well. Since thepoment of light which the observer sees has areelecity
than that which the mirror detects, the time regplito make the trip according to the observerrigdo than the time
recorded on the moving clock by the factor gammHaw, if this time dilation were carried on to theturn pulse, the
observer would see something very similar to thegikgstic time dilation of the special theory. member, though,
that the mirror sees that component of light whsctraveling toward it in its frame of referenceaatelocity of c.

As described in the section on the Michelson-Modggeriment, the time required for that componédiigat to
make the one way trip does not change when th& cgalaced in motion. It is this component ohligvhich is
actually reflected from the top mirror. It is Aettime of the actual reflection from the mirroatlthe observer sees
the reflected pulse begin its journey back towasdlower mirror, even though he has not yet seemgiward
moving pulse strike the upper mirror. Once agagnmust keep in mind that the observer is not agtiséeing” the
light pulses traveling between the mirrors. Aslexged in chapter three, he is capable of seeihgreflected or
backscattered light. Despite the fact that wet@aually see the pulses, and this applies imaltaivistic model as
well, the analysis provided remains valid.

In a manner identical to the above analysis, tieenver sees the return pulse strike the mirrer aftime
delayed according to gamma, but sees the next dgwase beginning at the same time at which theamactually
reflects it. Thus, to the observer, the time betwepward pulses does not change--it is the saine wdich the
clock itself sees. There is no slowing down ofdleek in RCM theory, at least not of a light cloménstructed in
the fashion described above. Obviously, eveneifdiock were placed on its side, the start of eafthcted pulse
from either mirror would begin when the mirror aadty reflects that component of light to whichstsensitive, thus
there is still no time delay. It is important tote that not many clocks are constructed in themaadescribed
above. A typical clock used for measuring relatici effects on clocks (or on time itself as thiatieists contend),
is a cesium time standard. The effect of motiothimtype of clock is explained in the next chapéad there it is
shown that clocks of this type do indeed slow deviren in motion.* The point of this discussion,ngslight
clocks, was to illustrate that time dilation inatity theory is directly related to the secondtotate. If we are not
required to accept the second postulate, then vaatrrequired to accept time dilation as a necggsmsequence.

* ALL clocks slow when PLACED in motion, but not ijpg of simply being in motion. Thus, the factttan
observer is passing by a properly calibrated clatkome arbitrarily high velocity will have no effen the rate of
time recorded by the clock.
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