Devel(:_{)ment of the caesium clock as a practical instrument led in 1971 toan
experiment to verify Einstein’s prediction of the “dilation of time”, and its
successful outcome helped to clarify certain aspects of interpretation in

relativity theory. But a question remains: one prediction
concerning the relative rates of polar and equatorial clocks —

Einstein
not been

borne out in practice. It seems that the explanation which was originally put
forward to account for this failure itself contains a flaw, so that the topic now
requires a further round of attention from physicists and philosophers.

“If you want to know the

2

time...

The clocks-around-the-world experiment of 1971 finally
confirmed the “dilation of time” of relativity theory — or did it?

published, in the famous paper which

launched Einstein’s special theory of
relativity, scientific opinion has remained
divided as to whether its burden was either
meaningful or true. Among those who have
questioned it may be cited Lord Rutherford
(who said in jest that Anglo-Saxons had too
much sense to understand it), Herbert
Dingle? (himself a well-known supporter of
the theory, turned renegade), and Louis
Essen (a world-renowned authority on the
practical definition and measurement of
time). Among those who have accepted it
without questionn must be listed every con-
vinced Relativist, past and present, bar none.
Such overwhelming preponderance of
talented opinion in its favour could not be
gainsaid, were it not that the
statement seems to contradict a
premise of Einstein’s own theory
— the Principle of Relativity.
Theory suggests that the clock
on the equator may equally well
be taken to be the clock “at rest”,
so that the polar clock must run
slower than the equatorial clock
by exactly the same amount.

This is one of several critic-
isms of relativity theory about
which argument has persisted
for some eighty years, and with
good reason. Defence of thé
statement has taken on many
forms: that Einstein was speak-
ing figuratively and did not in-
tend what he had written down
so clearly in that paper to be interpreted in a
literal sense; or that Einstein’s result was
correct but for the wrong reason, in that the
example he gave referred to a rotating earth
and hence required the general theory of
relativity for its proper explanation; or,
circularly, that since every physical test
performed to date has confirmed the truth of
the Special Relativity theory this example
must also be true, and if we find it illogical —
a “paradox” — it must be because we have
failed to understand the theory properly:
“Only paranoics question Relativity”!

Ever since that statement was first
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It will also be claimed by cognoscenti that
Einstein's statement has been proved by
direct experimental measurement. Let us
:lherelfore examine the basis of that claim in

etail.

HAFELE AND KEATINGS
EXPERIMENT

By the year 1971 the new caesium-beam
‘atomic’ clock (our modern international
standard of time) had been sufficiently de-
veloped to be called ‘portable’, to the extent
that it could maintain an intrinsic accuracy
of a few nanoseconds per day in the environ-
ment of a jet airliner. Accordingly, J.C.
Hafele of the Washington University at St
Louis, Missouri and Richard E. Keating of

“... If one of two synchronous clocks at
A is moved in a closed curve with
constant velocity v until it returns to A,
the journey lasting t seconds, then by
the clock which has remained at rest the
travelled clock on its arrival at A will be
Yatv?/c? seconds slow. Thence we con-
clude that a balance-clock at the equator
must go more slowly by a very small
amount than a precisely similar clock
situated at one of the poles under
otherwise identical conditions.”
Albert Einstein, 19051

the US Naval Observatory in Washington,
DC co-operated in an experiment! designed
to measure the timekeeping performance of
travelling clocks, in a direct observation of
Einstein’s “dilation of time”.

A standard mean time was maintained on
the ground at the observatory; four caesium
clocks circumnavigated the world, first to
the eastward and then to the westward.
Having allowed for times spent on the
ground, for courses and speeds actually
flown, and for the effects of the change of the
gravitational potential with altitude (in

accord with the general relativity theory),
the experimenters calculated that the west-
bound clocks should show a net gain of time,
relative to the “fixed” time standard in
Washington, of about 250 to 300 ns over the
whole trip. By contrast, due to the approxi-
mate balancing of the two effects (motion
and gravitation), the eastbound clocks
should just about break even on completion.
That was their theoretical prediction and,
within the accuracy of their estimations of
flight path, it was what they actually
observed.

In the face of what seemed to them a
magnificently clear-cut demonstration of
the correctness of both of the relativity
theories, it was difficult for the relativists to
understand why the Hafele-Keating result
did not immediately convince all
scientists once-and-for-all of the
truth of the relatively concept.
But between the scepticism of
the physicists on the one hand
and the condescension of the
mathematicians on the other,
conditions for even discussing
such difficult ideas have always
been far from ideal.

The dissent of the non-

relativists in this case might
perhaps be put into words as
follows:
According to Einstein’s special
theory the Principle of Relativity
is paramount; that is, every
observer in uniform motion is
equally entitled to declare that
his own local environmental system is at
rest. In what way, then, do the clocks at the
US Naval Observatory differ from those in
the aircraft? If the westbound aircraft is
moving westward at velocity v relative to the
observatory, then so also is the observatory
moving eastward at velocity v relative to that
aircraft. Surely this must mean that each
clock must run more slowly than the other -
the well-known paradox?

What you have declared in your calcula-
tions is that because of the rotation of the
earth your eastbound clock is travelling



fastest, at velocity Qr + u, the Naval
Observatory is slower, at velocity v = Qr,
and the westbound clock is slower still, at
velocity Qr — u.* From this you claim to
deduce, by Einstein's theories, that the
eastbound clock will run slower than the
observatory clock, while the westbond clock
will run faster. But measured relative to the
observatory the aircraft’s speeds are the
same, so that the proportional slowing of
their clocks should also be the same, namely
Stt = —VYu?/c* differential time loss Is
zero.

By assigning different absolute speeds to
the two aircraft, as you have done, you have
allowed one particular reference frame (that
is, the frame which is at rest relative to the
geocentre) to be preferred for this purpose
over, for example, that of the Naval Observa-
tory. If your experimental result agrees with
your assumption of the existence of this
preferred standard of rest — and it seems that
it has done so — then it must deny Einstein's
first postulate, the Principle of Relativity.

Far from demonstrating support for Ein-
stein’s theory therefore, as you intended it
should, your experiment has in fact served to
displ;ove its premise and hence the theory
itself.

The experimenters had foreseen that par-
ticular criticism, and had taken care to
forestall it by inserting the following sent-
ences into their experimental report 5:

“Because the earth rotates, standard clocks
distributed at rest on the surface are not
suitable in this case as candidates for coor-
diante clocks of an inertial space. Neverthe-
less, the relative tim ing behaviour of
terrestrial clocks can be evaluated by reference
to hypothetical coordinate clocks of an under-
lying nonrotating (inertial) space.”

—and again, as a footnote®

“It is important to emphasise that special
relativity purports to describe certain physical
phenomena only relative to (or from the point
of view of) inertial reference systems, and the
speed of a clock relative to one of these systems
determines its timekeeping behaviour (G.
Builder, 1958).”

Although couched in esoteric, ‘relativis-
tic’ jargon, what is being said here is ex-
tremely important because it proposes a
re-interpretation of one aspect of special
relativity which it suggests has been univer-
sally misunderstood. Paraphrased, it says
that an observer must be “at rest relative to
an inertial frame of reference” (i.e. un-
accelerated himself) if the explanations of
the physical observations are to be meaning-
ful; but not such restriction applies to the
phenomenon being observed — which might
legitimately be an electron orbiting inside a
hydrogen atom at about 10*® revolutions per
second, or a muon travelling at over 99% of
the speed of light and under enormous
centripetal acceleration in a storage ring at
CERN, or a clock airborne in a Boeing 707.
And there is no need for any second “obser-
ver” to be involved: this Relativity Is not
reciprocal.

By these criteria the relativistic equations
* {1 is earth’s angular velocity, r is earth’s radius, and eglt:

speed of the aircraft over the earth’s surface, assum
-2; (;l:ll;l‘. the equator in this example: £ = 465.1 m/s u=s

R

(the Lorentz transformations) do not re-
quire that there should be any symmetry
between an observer’s laboratory clock and
the clocks of the muons that he may be
examining. Reciprocity of time-keeping is to
apply only between observers both of whom
are moving inertially, and one of the three
observers in Hafele and Keating’s experi-
ment was truly inertial. It seems to be
inertial motion, not relative motion, that is
now important. It is easily shown by this
argument that any other ‘inertial observer’—
one situated above the north pole, say
moving axially away from the earth at a
constant, inertial velocity — will observe
exactly the same time differences between
the experimental clocks as would an obser-
ver who was “stationary” at the pole itself or,
hypothetically, at the geocentre. But an
earthbound observer, it seems, will see
something different.

In summary, any technician who tries to

compare the rates of clocks at the US Naval
Observatory, Washington, DC with others at
the Royal Greewich Observatory, Herst-
monceux, or for that matter at the National
Physical Laboratory in Teddington, is going
to get awrong answer.

FURTHER DISCUSSION:
SOME CONSEQUENCES

The Hafele-Keating-Builder argument pro-
vides an answer to Dingle's 1967 question®,
which until now has gone unanswered.
Dingle had quoted Einstein’s statement (at
the head of this article) and asked: “What
entitled Einstein to conclude from his [spe-
cial relativity] theory that the equatorial,
and not the polar, clock worked the more
slowly?” The answer, it now seems, is that it
is only the ‘“fixed’ (inertial) observer — at the
pole —who is entitled to hold a valid opinion

HAFELE-KEATING-BUILDER RULES OF RELATIVI
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about the physical fact of the relative rates of
the clocks. Any observer whose state is not
‘inertial’ within a necessary degree of preci-
sion must automatically come to some
erroneous conclusion. It would seem that
the earlier argument, that the rotating earth
is not an “inertial reference system” within
the restrictions of the special relativity
theory, was correct.

At the same time it is worth noting that
the clock-slowing effect due to motion
which was observed in this experiment,
assumed genuine (and most certainly it
needs to be confirmed by repetition), is
according to this explanation entirely due to
the special or restricted relativity theory;
Einstein's general relativity theory is in-
volved here only as a necessary correction to
allow for the variation of the earth’s gravita-
tional potential with altitude. This is a static
effect — a point which will become important
later on. And, remarkably, nowhwere has
there been an mention of acceleration.

This new interpretation of relativity is
completely at variance with previous
attempts to resolve the twins paradox (the
asymmetrical-ageing variant of the clock
paradox, during a space journey). The stan-
dard explanation, for example by Sir Her-
mann Bondi®, supposes that some unspeci-
fied effect of acceleration modifies the be-
haviour of one of the clocks; it fails through
its vague inability to handle more-than one
case without changing the assumption.
Even the explanation due to Einstein
himself!®, which is specific enough but
which relies on a abstruse and unconvincing
ad hoc argument (devised for a different
purpose anyway), permits an accelerated
observer to draw correct deductions about a
distant clock. Nor is this the only difficulty
that arises if one follows this route: for the
paper by Builder, on which Hafele and
Keating chose to rely, was in fact arguing the
case for a Very Special theory of relativity of
Builder’s own, in which he claimed,

“Thus we conclude that the relative retarda-
tion of clocks predicted by the restricted
theory does indeed compel us to recognise the
causal significance of absolute velocities.” (My
italics).

So clearly we are no longer dealing with
Einstein’s theory of relativity; there seems to
be little left of that but the name! Neverthe-
less, the new interpretation (or theory) is
self-consistent, has provided an answer to
Dingle’s Question, seems to have resolved
the twins paradox, and incidentally seems to
agree with experience - that is, the Hafele-
Keating experimental results are consistent
with the Builder interpretation —so that one
has no choice but to take it seriously. Not
least of its virtues is that, despite Dingle’s
protest, it supports Einstein’s polar-vs-
equatorial clock contention word for word.

EXPERIMENTAL TEST OF
EINSTEIN’S STATEMENT

But we have not reached the end of the
matter. Is it really true that a clock on the
equator will run more slowly than a clock at
one of the earth’s poles, as Einstein original-
ly suggested?* This is an issue that could be
put to practical test. Hafele and Keating by
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their experiment have alerted us to the
accuracy to be expected of modern atomic
clocks. The amount of the differential
timekeeping discrepancy between polar and
equatorial clocks, according to all inter-
pretations of special relativitiy, is not in
doubt: given the earth’s equatorial velocity v
= ) = 465.08 m/s, it is

St/t=—16v?/c?=~1.2033 %1012
or At=-104.0ns per day.

A discrepancy of this magnitude is well
within the measurement capability of instal-
led (non-portable) caesium clocks, and to
make matters easier still, the rate is constant
and cumulative over an observing period of
unlimited duration. Thus neither the in-
strinsic accuracy of the clocks nor their
readability is a determining factor in the
feasibility of this experiment.

Various difficulties present in the Hafele-
Keating experiment are not relevant here.
For example, two sources of error were the
integrated geographic locations of the

, then carried in aircraft biit now fixed,
and their velocities over the surface, now
zero. There, gravitational effects of altitude
varied from zero at sealevel to At = +113ns
per day at the 12km operating altitude of the
707. Here, the south pole is the obvious
choice, since it lies on a land mass and it is
the site of a permanent international scien-
tific base. Its height is some 3,000 metres
above sea level; if the modern city of Quito
(altitude 2,850m) were selected as the cor-
responding equatorial site, the timing dis-
crepancy due to altitude (gravitational
potential, from the general relativity theory)
would also be reduced to insignificance. We
would then be testing the time dilation of
special relativity alone, directly, and without
confusing side-issues.

The only technical problem remaining in
this experiment is the obvious one — how
does one compare the readings of the polar
and equatorial clocks in situ? The well-tried
method is to rely on radio signals for the
transmission of timing information between
them. Provided the comparison is mutual
(that is, by simultaneous two-way links),
such communications links are self-
compensating: slow phase drifts in both
directions over the same transmission path
will cancel each other out to second order.
Synchronous or geostationary communica-
tion satellites, whose residual station-
keeping errors are limited to just a few
kilometres and whose relative motions are
smooth and very accurately repetitive over
the sidereal day, are entirely suitable for this
task. (It will be remembered that we are
interested in the differential rates of these
clocks, not their synchronization, so the
mean length of the link is immaterial).

However, for our purpose the Satcom link
suffers from the prohibitive snag that geo-
stationary satellites are necessarily posi-
tioned some 8%2 degrees below the local
horizon as seen from the pole itself (Fig. 2),
so that the timing waveforms would have to

* Einstein's text (at the head of this artIcIe) is the
statement that B runs slower than clock A while
dodu:“mmmmdnmcloak&mﬂuwchulmowu

be relayed over about 1,000 km by tropos-
pheric scatter or short-wave ionospheric
link before being transmitted out to the
satellite. Such links are notoriously prone to

Distant
42,300 km

Comsat

multipath interference effects: the result
would be to destroy the vital self-
compensatory properties of the two-way
links. So for the time being we cannot work
to and from the poles themselves.

But all is not quite lost. Probably the
highest latitude for a terminal with en clair
access to a synchronous satellite —while also
incidentally looking under the auroral mul-
tipath zone — is about 70°. Iceland is an
obvious candidate. A clock in the observa-
tory at Reykjavik, at 64° north and at-sea
level, could with great convenience be com-
pared by direct satellite link with a similar
clock at Recife, Brazil, at 7° south and also at
sea level. As promising sites to complete an
experimental network one might suggest
Brighton (51°N) on the UK coast near
Herstmonceux, and Funchal (32°N) in
Madeira. The predicted relative time dila-
tions at these stations are readily calculable:
between Reykjavik and Recife the sliprate
should be —82.5 ns per day, and even over
the short Sussex-Madeira link it should still
be —33.6 ns/day — that is, a discrepancy of
one complete cycle per day at 30MHz.

We do not need to perform this experi-
ment today because its result is known
already. International time centres have
been comparing the rates of each others’
standard clocks for many years as a matter of
routine. The finding is that relativistic dif-
ferential time dilation as predicted by Ein-
stein and implied by Hafele and Keating does
not in fact take place. No mention of it
appears in the CCIR Report which deals with
the presumed effects of relativity on interna-
tional timekeeping.!? If this result puzzles
you, you have my sympathy; please read on.

AWHIFF OF PARADOX...

Let me amplify that alittle, and try to make it
clearer. Hafele and Keating'’s formula for the
proportional timekeeping behaviour of their
airborne clocks, or time dilation, was

8t/t = gh/c® — Yev?/c2. (1)

The term —%v?/c? is Einstein’s 1905 predic-
tion due to motion at velocity v (by special
relativity theory), where

v=Qrcos¢ + u, )

¢ being the latitude and u being, effectively,
the eastward component of the aircraft’s
speed over the earth’s surface. The term
+gh/c? is an extra, static contribution from
general relativity theory, due to the earth’s
gravitational field; if g is the acceleration,
then gh represents the gravitational poten-
tial, relative to the earth’s surface, of an
airborne clock at altitude h. It is held by the
Relativists that the Hafele-Keating results,




which are said to be entirely consistent with
equation 1, provide via its term gh/c? and

/c2 a complete and satisfactory con-
firmation of both the general and the special
relativity theories.

That would be a magnificent outcome if it
were true, but unfortunately it suffers from
the following small difficulty. Rather than
flying these aircraft, keep them on the
ground for a day or so. Then their altitude
above sea level becomes permanently h = 0
and their ground-speed remains permanent-
ly u = 0. Making those simplifying substitu-
tions in (1) —which must of course apply just
as well to clocks in grounded aircraft — the
time-dilation prediction becomes

8t/t=—16v3/c2=15(Qr cos $)*/c2, (3)

where v = Q cos ¢ is simply the eastward
motion due to earth rotation (only) of the
grounded aircraft at latitude ¢. And it must
describe equally well the eastward velocity of
the US Naval Observatory at its latitude, or
the Reykjavik and Recife Observatories at
their respective latitudes.

Clearly, by this relativistic formula the
local dilation of time, 8t/t, should be pro-
portional to the simple function (cos?d) of
an observatory’s latitude, as predicted by
Einstein and in agreement with the Hafele-
Keating experimental result. But the truth is
that the timekeeping of fixed (earthbound)
observatories at sea level does not demons-
trate a systematic dependence on latitude.
Surely somebody should have asked, Why
not?

...ANDA RELATIVISTIC WRIGGLE

This failure of fundamental theory, which
from the point of view of the philosophy of
science might be considered quite an impor-
tant failure, was relegated by Hafele and
Keating to a mere footnote in their report, in
which they cited a dicussion3 by W.J. Cocke:

“Clocks at rest on the earth’s surface (at
average sea level) keep the same relativistic
time independently of latitude differences.
The effect of the difference in surface speed at
different latitudes is cancelled to lowest order
by a corresponding effect from the difference
in surface potential owing to the oblate figure
of the earth.”!4

Although just what the ‘relativistic time’
means in this context is not clear, we can
still analyse this argument. As defined above,
(gh) was the gravitational potential, relative
to sea level, due to flight at altitude h. Here it
would seem that another kind of ‘h’ - H, say
—actually the height difference between the
earth’s local radius r at latitude ¢ and its
polar radius b, due to oblateness — is to be
made responsible for cancelling out the two
relativistic effects of velocity (Special theory)
and gravitational potential (General theory)
exactly, in accord with the very convenient

equation
gH/2-Yav?/c? = 01 (4)

The elegant simplicity of this proposal
may well serve, for believers, to conceal the
fact that it is intenable. The reason why the
earth’s surface follows its flattened, oblate
(eliptically curved) shape is simply that
everywhere on its surface, neglecting effects

at sea level and geocentric latitude ¢ are two:

Then on integrating, Ve = —%0%x? + C.

combined is

timekeeping at sea level is nil.

Fig.3. The vector accelerations acting on any particle or body

A4 = GM/r, purely gravitational toward the geocentre, and
A, = +07r cos &, centrifugal away from the axis of rotation.

PutA, = +02%rcos ¢ = Qx = —dV./dx (..e. — grad V).

Atthe pole, where x = 0, setV,, = 0; thus C = 0, so that V, = —1£02x? == — 12,
Also, onintegrating Ag = —GM/r? = —grad V,, one obtains

=[-CM] '_GM,
Vym[ -] =M b sgh, ®
having set H = (r—b) = O at the pole. Hence the total gravitational potential due to both force fields
V=V, +V, = (gH-1%v?) ©)
- which by definition is zero over the entire geold surface. Thus the contribution of general relativity to
Note particularly that the term —%v? In (C) Is derived from the gravitational potential (general

relativity), and is not to be identified with the term — Yv2/¢? of equation 1 in the main text, which was
derived from the Lorentz transformations (of the special relativity theory).
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gravity (plumb-line) is at right angles to the
local horizontal (spirit-level); if it were not,
the oceans would flow north or south to
make it so. The fallacy in the argument lies
in assuming that the gravitational term
V,=(GM/r*)H=gH represents the whole of
the matter; but the centrifugal term V, (the
cause of the earth’s oblateness) must also be
included. When it is, (see panel), the total
gravitational potential at each observatory
clock is not just Vg=gH as in equalion 4, but
exactly Vy+V.=0.!5 Pace W.J. Cocke, the
surface o{ the geoid — mean sea level, where
h=0 — is now (and always has been) a
unipotential surface world-wide.

In other words, the gravitational potential
at sea level is the same everywhere in the
world. Hafele and Keating's “difference in
surface potential owing to the oblate figure
of the earth™ does not exist. It follows that
general relativity is irrelevant to this argu-
ment, since its contribution is zero; it does
not influence the timekeeping of clocks at
sea level at different latitudes, however
desirable such an influence might have been
for the defence of relativity theory.

INTERIM CONCLUSION

“To sum up: In 1905 Albert Einstein pre-
dicted, as a consequence of relativity theory,
free of paradox, that an ideal clock [at sea
level] on the equator would run more slowly
than an identical clock [also at sea level] at
the earth’s pole. An experiment performed in
1971 purported to confirm the influence of
both special and general relativistic effects
on the timekeeping of quasi-ideal clocks.
The theory which was said to underlie that
experiment was also seen to support Ein-
stein’s original prediction.

“However, it is observed that the differen-
tial slowing of clocks due to latitude alone
(independent of geographic motion and alti-
tude), which was predicted by Einstein, does
not in fact take place. It seems that the
explanation put forward — and apparently
generally accepted — to account for this
theoretrical failure was physically unsound.”
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