It's about Time

Time is nature’s way of preventing everything happeing at once.
John Wheeler

Let us first discuss how astronomers measureddbsgge of time until the 1960's.

Local Solar Time

For centuries, the time of day was directly linkedhe Sun’s passage across the sky,
with 24 hours being the time between one transihefSun across the meridian (the
line across the sky from north to south) and tmathe following day. This time
standard is called “Local Solar Time” and is thediindicated on a sundial. The time
such clocks would show would thus vary across thieed Kingdom, as Noon is later
in the west. It is surprising the difference timakes. In total, the United Kingdom
stretches 9.55 degrees in longitude from Lowestatie east to Mangor Beg in
County Fermanagh, Northern Ireland in the west.13slegrees is equivalent to 1
hour, this is a time difference of just over 38 otés!

Greenwich Mean Time

As the railways progressed across the UK, thigedbfice became an embarrassment
and so London or “Greenwich” time was applied astbe whole of the UK. A
further problem had become apparent as clocks becamne accurate: due to the fact
that, as the Earth’s orbit is elliptical and thetR's rotation axis is inclined to the
plane of the solar system, the length of the daiesalightly. The day length can
vary by nearly 60 seconds!
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Thus 24 hours, as measured by clocks, was definbd theaverage length of the
day over one year. This time standard became kras@neenwich Mean Time
(GMT).



The Equation of Time

The use of GMT has the consequence that, duringgée our clocks get in and out
of step with the Sun. The difference between GMQ the local solar time at
Greenwich is called theEquation of Time”. The result is that the Sun is not always
due south at noon - even in London - and the Sartreasit (cross the meridian) up
to 16 minutes 33 seconds before noon as measuradlogk giving GMT and up to
14 minutes 6 seconds afterwards. This means tinaise and sunset are not usually
symmetrically centred on midday and this does giveticeable effect around
Christmas time Though the shortest day is on Bee 2%, the Winter Solstice, the
earliest sunset is around Decembél 40d the latest sunrise does not occur until Jan
2" so the mornings continue to get darker for a opweeks after December 21st
whilst, by the beginning of January, the eveningsagppreciably longer.
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The "Equation of Time" - the difference between GMT and local solar time at
Greenwich Observatory.

This means that:
The Sun is not usually due south at midday.
Sunrise and sunset are not equally spaced abodasnid
One consequence is that:
the earliest sunset is around December 12th.
- 15:52 (London)
the latest sunrise is around December 30th.
- 08:06 (London)

Evenings are getting lighter, but mornings contitauget darker after Christmas.

Universal Time

Greenwich Mean Time was formally replaceduryiversal Time (UT) in 1928
(though the title has not yet come into common akaén fact, Britain has never
legally moved from GMT to UT! But it doesn’t mattes GMT is now identical to
UT. For the majority of time prior to 1967, onesrd was defined as one 86,4aif
a mean day as determined by the rotation of ththEdihe rotation rate of the Earth
was thus our fundamental time standard. The pnoléh this definition is that, due



to the tidal forces of the Moon, the Earths rotatiate is gradually slowing and, as a
consequence, the length of time defined by therska@s increasing!

Ephemeris Time

For a while, the definition of the second was tiedvn to the motion of the Earth
around the Sun rather than the rotation of thehEdittiis was known as Ephemeris
Time (ET). In 1956 the IAU recommended that “tke@d be defined as
1/31,556,925.9747 of a year as measured from amggspquinox to the next.

During the 1960’s Atomic clocks were built, as via# described below, and it was
realised that these would make a far superior stapdard. So, in 1967, a new
definition of the second was made:

The second is the duration of 9 192 631 770 periods of the radiation
corresponding to the transition between the two hyperfine levels of the
ground state of the caesium 133 atom.

Thus our clocks are now related to an Atomic Tinamdard which uses Caesium
Beam frequency standards to determine the lengtiec$econd.

But this has not stopped the Earth’s rotation fglawing down, and so very
gradually the synchronization between the Sun’stiposin the sky and our clocks
will be lost. To overcome this, when the differerbetween the time measured by the
atomic clocks and the Sun (as determined by ththBaotation rate) differs by
around a second, a leap second is inserted to boliag and atomic time back in step.
This is usually done at midnight on New Year's Bvehe 33 June. Since the time
definition was changed, 22 leap seconds have hbd &mlded, about one every 18
months, but there were none between 1998 and 2tQ@irsg the slowdown is not
particularly regular. Leap seconds are somewhatrafisance for systems such as
the Global Positioning System (GPS) Network andelie pressure to do away with
them which is, not surprisingly, opposed by astroars! If no correction were made
and the average slow down over the last 39 yea& 6 of a second per year
continues, then in 1000 years UT and solar timelavbave drifted apart by ~ 9
minutes.

It may well be that the definition of the secondsvmat quite right as, even though the
rotation rate of the Earth is not changing mucthatmoment, we are having to insert
quite a number of leap seconds. Had Atomic Timen lokedined as 9192,631,937
cycles instead of 9192,631,770, only six leap sdsavould have been needed!

Sidereal Time

If one started an electronic stop watch runnindJdnas the star Rigel, in Orion, was
seen to cross the meridian and stopped it theviollp night when it again crossed the
meridian, it would be found to read 23 hours, 5éutes and 4.09 seconds, not 24
hours. This period is called t&lereal dayand is the length of the day as measured
with respect to the apparent rotation of the stars.



Why does the sidereal day have this value? Imageethe Earth was not rotating
around its axis and we could observe from the daté of the Earth facing away from
the Sun. At some point in time we would see the Rigel (in Orion) due south. As
the Earth moves around the Sun, Rigel would be &eerove towards the west and,
three months later, would set from view. Six mantter after setting in the west, it
would be seen to rise in the east and preciselyeaelater we would see it due south
again. So, in the absence of the Earth’s rotaiigel would appear to make one
rotation of the Earth in one year and so the salatay would be one Earth year. But,
in reality, during this time, the Earth has madé5-8Botations so, in relation to the star
Rigel (or any other star), the Earth has madead tdt~ 365 +1 rotations in one year
and hence there are ~366 sidereal days in one {dw sidereal day is thus a little
shorter and is approximately 365/366 of an Earth da

The difference would be ~ 1/366 of a day or 1446/86nutes giving 3.93 minutes or
3 minutes 55.8 seconds. The length of the sidel@abn this simplified calculation is
thus approximately 23 hrs 56 minutes 4.2 secoraty, close to the actual value.

Clocks

Sundials

These are perhaps the most fundamental clocks -ofredy keep, by definition, local
solar time. They are not, unfortunately, as useftihe UK as more southerly
countries! They are made in many forms; some witlorizontal flat face with
gnomon pointing up to the pole star, some withigarfaces on the sides of buildings
and some where a band stretches around the gnoniame is quite an art, and some
mathematics, employed in their design with a paldidy interesting one, where a
person acts as the vertical gnomon, called an amasic sundial.

Water Clocks

These are rather fun, and until the invention efgendulum clock, the most accurate.
The simplest form just filled a cylinder of congtanoss section from a steady supply
of water. As in all water clocks, the key to a@my was to have a constant “head” of
water so that the water flow into the clock wasstant. A good way the achieve this
was to allow more water that required for the clasklf to pass into a reservoir

which thus continuously overflows and so is kepinbiull. An exit pipe at some
distance below the surface will thus have a costaad of water above it and so be
at a fixed pressure. Later, water clocks weregihesl to provide a mechanical system
to move an hour hand (and perhaps a minute haodhdra dial, for example in the
simple cylinder design, a float might rise carrymtpothed vertical arm mounted on
it to rotate the hour hand of a clock face. Laseme clocks were based on a water
wheel which would rotate at a constant speed tedhe hands through a series of
gears.

Pendulum Clocks
The idea of using a pendulum to keep time is atted to Galileo who, as a student in

1602, is said to have watched a suspended lamm$aick and forth in the cathedral
of Pisa and timed its swing using his pulse. ®@ald discovery was that the period of



swing of a pendulum (at least for relatively snsalings) is independent of its
amplitude - the so called “isochronism” of the pelndh. In 1603 a friend of his
began to use a short pendulum to measure the jauésef his patients.

In 1641, at the age of 77 and totally blind, Galjlaided by his son, turned his
attention to using a pendulum to construct a clmakalthough drawings were made
and a clock partly constructed in 1649, it was neompleted. Galileo’s work
inspired the Dutch scientist Christiaan Huygen$667 to invent and patent a
working pendulum clock. His first design used ageeescapement, which required
quite a wide pendulum swing causing its periodasbmewnhat variable. He made a
second design which used gears to limit the swntgthen, in his third design, used
curved “jaws” to effectively change the length loé tpendulum dependant on the
swing so correcting the problem to a large extent.
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Christiaan Huygen's first pendulum clock.

Later, in 1670, clockmakers invented the anchoagsment which reduced the
pendulum's swing to 4°-6°. This allowed the cleaase to accommodate longer,
slower pendulums - in particular, the “seconds’cagdam (also called the Royal
pendulum). The length of the pendulum is abounneire with each swing taking one
second. The tall narrow clocks built using thesedulums became known as
grandfather clocks and, because of their increasedracy, a minute hand began to
be added after 1690.

One problem was that pendulum clocks were obsdo/etbw down in summer due
to the thermal expansion of the pendulum rod. Was solved by the invention of the
mercury pendulum, which had a mercury vessel dsoits and the gridiron pendulum
that used alternating rods of iron and zinc. Meently, pendulums made of Invar,
a steel—nickel alloy, having an exceedingly lowfioent of expansion have been
used. A key objective to obtain high precisiotoisry to allow the pendulum to run
as freely as possible and the most accurate pemdtlihcks (called regulators) only
give a sustaining pulse to the pendulum every 80rsas.



The pendulum swing (and hence period) will alsslightly affected by changes in
the barometric pressure. A bellow device whichngfes its size as a function of
pressure can be used to compensate, but somea#hbest regulator pendulums
are operated in a near vacuum. It should be rtbegdas the period of a pendulum is
a function of the gravitational pull of the Earthey have to be calibrated for both
their height above sea level and the latitudesolioitation! (The effective

gravitational pull of the Earth at the equatoraduced relative to the poles due to the
Earth’s rotation.)

For many years, regulators, located in observatadeallow astronomical calibration,
served as the primary standards for national tirsieildution services. Initially, the

US time standard used Riefler pendulum clocks, rateuo about 10 milliseconds per
day. In 1929 it switched to the Shortt free penduttlock (about 1 second per year)
before phasing in quartz time standards in the 4930

Quartz Clocks

A quartz clock uses an electronic oscillator tkateigulated by a quartz crystal to
keep time. They are at least an order of magnitndes accurate than good
mechanical clocks. In most modern quartz clocksaiches, the quartz crystal
resonator is in the shape of a small tuning fakef-trimmed to vibrate at 32,768 Hz.
This frequency is equal td2Hz. A power of 2 is chosen so a chain of 15 dlgit
divide-by-2 stages can derive the 1 Hz signal witihem drives the clock or watch’s
second hand. A typical quartz wristwatch will gamose less than a half second per
day at body temperature.

If a quartz watch is kept at a reasonably congtanperature it can be accurate within
10 seconds per year. To improve accuracy, quartmometers which are to be used
as time standards include a crystal oven to keegnystal at a constant temperature.
From the 1930’s, quartz time standards replacedydam regulators in providing
national time standards. In 1932 a quartz clock alde to measure the tiny weekly
variations in the rotation rate of the Earth arat {dlue to the Moon'’s tidal forces) the
rotation rate was slowing down! As a second was ttefined as 1/84,600th of a day,
this of course means that the period of a secorsdneiconstant — not accepted
kindly by physicists!

Atomic Clocks

Quartz time standards remained in use until th&E36hen they were replaced by
atomic clocks. These are the most accurate timdragdency standards known, and
use the precise microwave signal that electrons @naibsorb when they change
energy levels in an atom. They provide accuraniepproximately 1 part in 10
which is ~ 10 seconds per day!

The first accurate atomic clock was built by LoEssen and Jack Parry in 1955 at the
National Physical Laboratory in the UK and usecarb of caesium-133 atoms
passing through a cylinder which acts as a resareaity at the frequency emitted by
the caesium atoms. Such caesium beam clocks erdvwedfundamental time
standards of most nations, but are very expensigdauiaually backed up with
Hydrogen Maser atomic clocks such as that at Jd8aglk.



Louis Essen and Jack Parry with the first Caesium Bam Atomic Frequency
Standard.

The hydrogen maser uses the fact that, when ingnetia field, the lowest energy
level of hydrogen is split into two. In the upperergy level, the spins of the proton
and electron are parallel whilst in the lower, quatrallel. A beam of hydrogen atoms
is produced (having equal numbers in both statégwis passed through a special
(hexapole) magnet which splits them into two beaifise beam of hydrogen atoms
in the higher state is passed into a resonantycatiich contains radiation at the
frequency corresponding to the transition fromupper to the lower state -
1,420,405,752 Hz. This radiation stimulates thievisug atoms to radiate and build up
the level of radiation in the cavity. A small ppbxtracts a small amount of energy
from the cavity which is used to lock a crystalibiator to a frequency with equal
precision. This frequency can then be divided déswgive a “pulse” at 1Hz to drive
a clock.

iy
The resonant cavity of a Hydrogen Maser Time standal.

The most common atomic clocks use excited rubicitoms. They are inexpensive
but are inherently less accurate. However, theybeaperiodically corrected by a
GPS receiver to achieve long-term accuracy equidletd).S. national time standards.



The most accurate atomic clock in continuous udaytés NIST-F1, which is now the
USA'’s primary time and frequency standard. It aasium fountain atomic clock
which extracts the resonant frequency (9,192,6R1H2) of the caesium atoms when
they are virtually stationary. Six infrared labeams gently push the caesium atoms
together into a ball which slows down the movenwdrihe atoms and cools them to
temperatures near absolute zero. This beautifeityoves the effect of the Doppler
shift that affects atomic clocks that use atomsation. The precision given by
NIST-F1 is now about 5 x 1%, which means it would neither gain nor lose a sdco
in more than 60 million years and is about ten §mmre accurate than the caesium
beam atomic clock that served as the United Statersary time and frequency
standard from 1993-1999.

Time Transfer

The fundamental problem is that it takes time ftimree signal to travel from the
source to the user. At 1 pm a gun is fired frberiamparts of Edinburgh Castle to
allow those there to set their clocks or watchidelyrood Palace is at the other end of
the Royal Mile and so the sound of the gun reatlhe® 5 seconds later, so any
clocks using this time signal will result in th@ck being a little slow.

Observatories close to harbours around the wotkhdfad (and some still have)
“time balls” which are hoisted at (as for exampi¢he case of the Royal Greenwich
Observatory) 12:55, and dropped at precisely 1piere the time signal travels at the
speed of light.

The Royal Greenwich Observatory has a clock mouantgside its gates locked to
Greenwich Mean Time and first John Belville an@tdtis wife Mary set an Arnold
& Son Chronometer to this time and took the chroaet@maround London to allow
time to be set accurately. Mary became the fifgine Lady” and, in 1892 passed on
the clock and business to their daughter Ruth.rnEM®nday, Ruth Belville visited



the observatory and had the accuracy of the chretemiwhich she called "Arnold")
certified. She then walked around London sellingrentime. She carried on this
service until the 1930s.

Ruth Belville, the most famous “Time Lady”.
Radio Controlled “Atomic Clocks”

Such clocks and wristwatches are now widely avilabd are based on quartz watch
movements but with additional circuitry to recetirae signals from a number of
longwave radio transmitters around the world sticHSF” in the UK. These
signals are used to correct the time displayedbylock - often around midnight -
and can even adjust for British Summer Time. Théynermally be accurate to the
second which is good enough for most people. Aer@sting point is that such a
clock in London will be about 1.6 milliseconds slaw it takes this time for the time
signal to reach London from the transmitter in Cuaib(It has moved there from
Rughby.)

Pulsars - the best natural clocks in the universe

Pulsars were discovered serendipitously by Jodgélhin 1973 when she discovered
a radio source that was giving a series of veruleaty spaced pulses — hence the
name, pulsar, given them by the science corresprdé¢he Daily Telegraph. Fred
Hoyle suggested that the signal might be pulsedsions coming from an oscillating
neutron star - the theoretical remnant of a supextat never previously observed.
Some three months later Thomas Gold at Cornell &fsity in Ithaca, USA, gave a
satisfying explanation for the pulsed signals.

Gold suggested that the radio signals were indeedng from neutron stars, the
remnants of giant stars, but that the neutronvetarnot oscillating, but instead
spinning rapidly around its axis. He surmised thatrotation, coupled with the
expected intense magnetic field generates two gteaams of radio waves along the
axis of the magnetic field lines, one beam aboeentbrth magnetic pole and one



above the south magnetic pole. If (as in the oasiee Earth) the magnetic field axis

is not aligned with the neutron star's rotatiorsakiese two beans would sweep
around the sky rather like the beam from a ligh#®ulf then, by chance, one of the
two beams crossed our location in space, our fatkscopes would detect a sequence
of regular pulses - just as Bell had observed -sehgeriod was simply the rotation
rate of the neutron star.

Gold, in this paper, pointed out that a neutron &ae to the conservation of angular
momentum when it was formed) could easily be spigat such rates. He expected
that most pulsars should be spinning even fastar tie first two observed by
Jocelyn Bell and suggested a maximum rate of ard00doulses per second.

Twin beams emitted by a Pulsar.

Since then, nearly 2000 pulsars have been discdvéree majority have periods

between 0.25 and 2 seconds. It is thought thtteapulsar rotation rate slows the
emission mechanism breaks down and the slowestipditected has a period of

4.308 seconds.

Millisecond Pulsars

There is a class of "millisecond” pulsars whereptaximity of a companion star has
enabled the neutron star to "pull" material frora tuter envelope of the adjacent star
onto itself. This also transfers angular momensanspinning the pulsar up to give
periods in the millisecond range - hence their naifige fastest known pulsar is
spinning at just over 700 times per second - wipliat on its equator moving at 20%
of the speed of light and close the point where thought theoretically that the
neutron star would break up!

Pulsars slowly radiate energy, which is derivednfitbeir angular momentum. This

is so high that the rate of slowdown is exceptilyrglbw and so pulsars make highly
accurate clocks and some may even be able to ngallbe accuracy of the best
atomic clocks. One of the best pulsar clocks knaiie present time is 1713+07
which has been "spun up" by matter falling ontoatn a companion white dwarf

star. It now has a pulse period of 4.57 millisetnspinning 218.8 times per second
- and is currently slowing down at a rate of 20@os®conds in 12 years. Thatis a
precision of one part in 1,892,160,000,000 ~ béftan one part in 18



An absolute time standard - Cosmic Time

In 1905, Albert Einstein, then working in the BePatent Office, published his paper
on the Special Theory of Relativity. Perhaps oina® most well known aspects of
this theory is that moving clocks appear to rumsichen compared to a clock at rest
with an observer - a phenomena catieak dilation. This prediction has been
proven by flying highly accurate atomic clocks arduhe world and has to be taken
into account in the Global Positioning System (GB&&d for navigation.

As time is relative can we actually define a tintenglard with which to observe the
evolution of the universe? One could, perhapsndefhat might be calledosmic
time as that measured by a clock that is stationary regpect to the universe as a
whole. But how would this time relate to clocksEarth? We know that the Earth is
moving around the Sun, and that the Sun is moviagral the centre of our Milky
Way galaxy once every ~220 million years. But eenmeasure how fast the solar
system is moving with respect to the universerhdges surprisingly, we can.

Since 1965, observations have been made of wiatlesl the Cosmic Microwave
Background (CMB) — radiation that originated néwsa time of its origin and which
now pervades the whole universe. This radiatiorery largely composed of a mix of
long wavelength infra-red and very short wavelenigthio waves - it has a
"blackbody spectrum”. For simplicity, just suppaisat it is made up of only one
wavelength and that the solar system is movingaertain direction with respect to
this radiation. The Doppler effect will alter tapparent wavelength that we observe
so that, when looking along the direction in whiklh solar system is moving it will
be blue shifted and appear to have a shorter wagile Conversely, in the opposite
direction, the radiation will appear to be red @dfand have a longer wavelength.
From very precise measurements of the CMB we ncawkihat we are moving
through towards the constellation Leo at a speed@50 km/second. (2,340,000
km/hr or about 0.22% of the speed of light!) Tisishus our speed with respect to the
universe as a whole.

We can thus calculate how the time of a clock stt\néth the universe — measuring
cosmic time — will differ from our clocks. To dbis we need to derive the formula
that determines the observed time dilation as atiom of relative speed. This is not
difficult if we can imagine a very simple “clock”.

Photon Clock

Path of photon

2d

Diagram (a) show a photon clock at rest with the akerver, whilst diagram (b)
shows a photon clock moving at a speed v with resgeo the observer.



The clock is made by reflecting a photon back amthfbetween a pair of perfect
mirrors separated by a distance, d, as seen iingime part (a). Our “tick” happens
every time the photon reflects off the lower miramd so the photon will travel a
distance 2d between each tick. Our fundamenta pariod, 1, will thus be given by:

t =2d/c
Suppose we observe such a clock moving past ymeatls. We will see the situation

shown in part (b). As seen from our point of vielae photon will have to travel a
longer distance, |, between each tick. This distam given by

| = (2d)+ (vi)*)*?
So the time interval between each tigkwill then be given by
A= 1/c = (Ad + VD) | @)

(c has been squared and put inside the squarg root.
Squaring both sides and cross multiplying gives

£ = 4d + Vvt

We can now relate @and { to v by substituting for d from above using d 42 ¢/ 4,

giving,
2%C2 = t12 C2 + \/2'[22
and
£(FP-V) = ¢
so, finally,
1/t = &/ sqrt(c?- VA
or, to/ty = 1/ sqrt(l-V?/ &)

This is the time dilation formula, giving the ratbtime intervals as a function of the
relative speed v. Note that the time dilationydmcome significant when v
approaches the value of c.

We can now enter our speed with respect to theeuosgy 650 km/sec, into this
eqguation and get the ratio 1.0000023. This is edicgly small so, to a very good
approximation, our clocks can be used to measuarértre scale of the universe.

[Note: The effects of gravitational time dilatiamich is described below also needs
to be considered. Due to this effect, clocks @nEharth’s surface run slow compared
to a clock in free space by ~700 picoseconds prmgewhich is the order of 1 part in
~ 10° - a far smaller effect than caused by our pasgagegh space and thus can be
ignored.]



Muon Decay

The time dilation predicted by Einstein’s theorg lieeen tested many times. Perhaps
the simplest demonstration is given by the fact Wecan observe Muons at the
surface of the Earth. Muons are radioactive pagiwhich decay into an electron
and 2 neutrinos with a half life of 1.56 microsegsi2x1® seconds) measured when
they areatrest. This means that after 1.56 microseconds hdliave decayed.
Many are produced at a height of ~10 km in the uppmosphere by the influx of
cosmic rays and travel towards the ground at acspee0.98c. They would thus
take ~ 34 microseconds to reach the ground. 3#oseconds is nearly 22 half lives
and thus we might expect that very few would retaehground - only about 1 in three
million. However, as seen by us, a clock travelinth the muon at 0.98c will appear
to be running slow by a factor of 5 and so theatie half life of the muon will be

7.8 microseconds. This is only 4.3 half lives aasla result about 150,000 out of 3
million will reach the ground and so we can degesignificant muon flux at sea

level.

It is worth looking at this as if we were travelingth the muon. We would not see

time dilated but the end resuatust be the same. This is achieved because, as seen by
the muon traveling at 0.98c, the distance it hdsaieel isless by just the same factor

as the time appeared to be dilated to an obsenvtreoground. This is calldength
contraction. The net result is that the muon still travelsdoly 4.3 half lives.

Gravitational Time Dilation

If you were an astronaut traveling at a constaaedpn a spaceship you would feel
weightless, but suppose it accelerates upwardgiditection vertically above you.
As the body of the spaceship moved upwards, youdnnd that your feet would
very soon touch and stand upright on the floor la@ecbme aware that your body had
weight. If the acceleration of the spacecraft tiessame as the value of g (the
acceleration due to gravity) at the surface ofEhgh your apparent weight would be
exactly the same and you could not tell the differencstein pointed out that there
is no way of distinguishing between the two sceysari The acceleration due to
gravity that we experience due to the mass of ggcobke the Earth igxactly
equivalent in its effects to those experiencednmgé within an accelerating frame of
reference. This observation became the basissataneral Theory of Relativity.

This will enable us to see that there is a secom Df time dilation. Imagine our
photon clock with the mirrors on each side of thacgship which is accelerating
upwards. If an observer in free space (away fampnmass) could see what was
going on he would see the photon move horizontalby straight line and hit the
mirror at a point nearer the bottom of the spaet ¢as the mirror had moved
upwards whilst the photon crossed the spaceshipé. reflected photon would then
cross the spaceship again and he could note iskaime - the first tick of the clock.
The length of this tick as measured by this obsemaild be exactly the same as if
the spaceship were stationary. As seen by hiroltdok would keep the same time as
one that was stationary. Now consider what a &siyonaut would observe. She
would see that the photon has hit the second matrarpoint nearer to the bottom of
the spacecraft but, to her, it will have appeacefbliow a (longer) curved path from
one side to the other. As Einstein states thatishexactly equivalent to being in a



gravitational field caused by adjacent mass, wellshexpect that, in the presence of
matter, light will follow curved lines through spgmot straight ones! If she follows
the photon back to the mirror on the other sidejlitalso appear to follow a curved
path so that, the length of the tick as measureaeowvill be longer than that
observed by our external observer - time has bgated. This form of time dilation
is calledGravitational Time Dilation .

We can carry out a simple calculation to estimiagedffect of the curvature. Suppose
the photon travels a distance | across the cakinga time t =/c. If the spaceship
moving with an acceleration g it will have movedtilly a distance L = 1/2 d.t
(This is a standard formula in simple mechaniddig angle that the photon appears
to be deflected down is given by:

theta = L/l = 1/2 gAc® (where theta is in radians)

The angle through which the light has been deftebecomes greater the longer the
path it travels in the gravitational field as onight expect. If we put in the value for
g at the surface of the Earth and the width ofpécgl lecture theatre, say 10m, one
gets a value of 5 x 18 radians or 18° arc seconds. We could not observe this!
However consider the Sun; here, g at its surfacat 870 m/§ about 28 times bigger
than on Earth and the light from a star will trasetonsiderable distance within the
Sun's gravitational field (this obviously get Iélss further away from the Sun). The
exact calculation gives a deflection of 1.75 amosels - as has now been shown
experimentally to a high degree of precision.

. ‘The Corona

Wt oy

Eddington's expedition to test Einstein's Theory ofceneral Relativity.

As the gravitational field gets stronger the tinlattbn gets greater as, for example,
when approaching a black hole. At what is callegldvent horizon of the black hole



- from within which not even light can escape - tinge dilation observed by an
observer in free space becomes infinite and tineéféctively frozen!

Relativity and the Global Positioning System

Due to time dilation, the atomic clocks providimg ttime signals in the GPS satellite
constellation and traveling around the globe gieeed of 3.9 km/sec, will lose ~7.2
microseconds per day as measured by clocks orrdl@d, It should however be
pointed out that there is an even greater effeettduhe fact that the GPS clocks are
in a weaker gravitational field. This makes them fast compared to clocks on the
ground by 45.9 microseconds per day. Combiningdwioeeffects give a net offset of
+38.7 microseconds per day. If not corrected,hald give rise to an increasing
error in position that would increase by ~ 10 kmgeey. To account for this, the
frequency standards on board the GPS satellitegivea a rate offset prior to launch,
making them run slightly slow - they are set ta2P@99999543 MHz instead of 10.23
MHz. The fact that we can use GPS receivers tas only works if both of
Einstein’s theories are taken into account!

Spacetime

Soon after Einstein produce his theory a very elegaometrical representation if its
ideas was produced by considering what one obsavitath a 4 dimensional space
time - three dimensions of space and one of tingecalied Minkowski Spacetime.

It is worth trying to understand a little aboutsthd perhaps explain why the odd
things that are observed happen.

Let us start with a simple analogy: suppose that targe area of concrete there is a
xly grid marked out (as shown in the accompanyiagréam) and a person starts out
at the origin and walks for a given time in anyediron. Say he will have walked a
distance d. At the end of that time his positial tlvus lie on a circle of radius d
centered on the origin. The route of his path s£the concrete will be a straight line
having a length (d) and a direction. Things thatehboth a length (or it can be a
speed) in a specific direction are called vectohs.physics we use the word "speed"
to describe movement in any arbitrary direction welking at a speed of 3 miles per
hour and "velocity" when a direction is also givea., walking due north at a speed
of 3 miles per hour. If our walker laid a pairditlehind him, the line would
represent the vector of his movement across theretsn  Now one important
concept for later is that no matter from where obgerved this vector it would have
the same length - the length is said to be invarian

There are two consequent points.

Firstly, one can dissect the vector into two congmis, one along the x axis and one
along the y axis. As the vector length is invariéone increases the component
along, say, the x axis by making him walk in aehéint direction then the component
along the y directiomust decrease.

Secondly, the length of the vector is given by Bgtiras's theorem which states that
the square of the vector lengtif)(& given by the sum of the x and y components
squared so that:
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How could we translate these ideas into a 4 dimemsial space time?

In the case described above we could say thatdisop leaves the origin attime T =
0 and arrives at a later time, say T =t. So #girning and end of his walk are two
events which are determined by both a position in spaameamoment in time.

If we can get the geometry right thenast be some vector - which we could call the
spacetime vector (it is actually called tdekoski 4 vector as it lies within 4
dimensions) - that exists which would also be irard@r This means that, as before, it
would have the same direction and magnitude noematio observed it.

The first problem is that we cannot mix differedirhiensions” such as length and
time. This is easily got round by either convegtiength into time by dividing by a
speed or by converting time into length by multiptytime by a speed. Itis simpler
to choose the latter so, instead of time, we miyltipe time by a constant speed, let’s
call it ¢, which thus has the dimensions of lengfinis should not seem too alien as
we use "light years" all the time as a unit of lgmghis being a length given by
multiplying the speed of light by the number of@eds in a year.

To make this simpler (without changing the baseaidt all) we will reduce the

number of space dimensions to one so we have qgstlionension in space (say X)
along with one in time,t, multiplied by c, ct.

ct A
Event B

Event A

x ¥

A spacetime vector, s.



It turns out that there are only two possible wafysombining these to values to give
the magnitude, s, of the spacetime vector:

€= (ctf + ¥
s (ctf - X

or

The first is just Pythagoras again, but it turnstbat if this is used to define the
length of s, it turns out that some observers wagldially see the person arrive
before he had left. In fact, in itself, this ist@ofundamental flaw but there is a further
problem: suppose that this observer saw that whemalker arrived (now only
walking in the x dimension) he fell into a pot haled broke his leg, the observer
could actually inform the persdigfore he left not to go as far in that direction. This
violates the fundamental law of causality - we adrgo back in time to change a
future event. The classic example of a problenolving causality is the "grandfather
paradox": what if one were to go back in time ainldoke's own grandfather before
one's father was conceived?

This then, only leaves the second option. Howebés,still leaves open the
possibility of breaching the requirement of caugalnless there is a maximum limit
to the value at which one can travel through spaceosmic speed limit if you like.

Let us see what we can learn using the "spaceteo®r formula: $= (ctf - *.

Suppose you see a friend off for a one hour joufray a station where you are
initially both located. We will assume that thdway track is straight so we can
work in one dimension and that, at the stationdiseance coordinate have the value
0. For you x = 0 and for your friend X = 0. Hauels for a time;tat a constant
speed v. As observed by your friend his positiroapace will not have changed; X

He measures a time interval of t,
You measure a time interval of t, and a distance of vt,

X Direction

x=0
My friend takes a train journey.



will still be 0, and the time interval that he me@es on his wristwatch will ba.t So,
as observed by him:

§ =(cw)’

As measured by you, he will have traveled a digtajieen by v in atime$. Your
measurement of the spacetime vector is thus:

$ = (ch)*- (V)
As the spacetime vector is invariant these mustdual so that:

©t= (ct)*- (vi)°

At = ALP-Vh? or b2(P-V) = At
Dividing through by & gives:
L1 - VD) =t,?

So finally we get: Lt= 1/ sqrt(1 - V/c?)
or: to/t, = 1/ sqrt(l - V’/c?)

This is exactly the formula we derived earlier bubnly if we interpret ¢ as the
velocity of light. So it appears that light trave$ at the cosmic speed limit.

So the spacetime vector linking two events mushbariant but, as seen by different
observers, the time and distance components wetiaity be different. Our muon
experiment described above gives a simple examfdeneasured from the ground
the two events A, when a muon is created in theuppnosphere, and B when it
reaches the ground have a time interval between 1684 microseconds and a
distance interval of 10km but these are 6.8 miarosds and 2 km as observed by the
muon.

The Twin Paradox

As | am a twin, it might be worth briefly discusgithe twin paradox. | stay here on
Earth and my twin brother travels into space acaglgy into space at 1g - it will feel
just like on Earth! After 10 years the ship decaties at 1 g to come to rest after 20
years. It then turns around and returns homeiagiafter 40 years as measured by
the clock on board the spacecraft. My twin witidithat 59,000 years will have
passed on Earth and that he has effectively tred@tito the future!

The paradox is that the twin in the spaceship coed@drd himself as stationary and
that the earthbound twin as moving away and thek tiavards him so, by
symmetry, they ought to age by the same amount.oBeourse there is no real
symmetry as the space bound twin has acceleratedlatated and changed direction
whilst the earthbound twin has stayed stationgppi@ximately) on Earth. Some
authors state that it is the fact that accelerattake place that breaks the symmetry
(i.e., the effects of General Relativity), othdrattit can be explained simply by the



fact that the space bound twin has changed histaire but all agree that there is no
paradox!

One can remove the effects of acceleration of @msiders some moving clocks.
One, travelling at 0.6¢ passes the Earth andatskdk synchronised with on Earth as
it passes by. Its clock will run slow by a factdrl.25 so that, after 5 years have
passed on Earth, only 4 will have passed on thamgalock. At this point a clock
moving back towards the Earth also moving at O&&sps it and its clock is
synchronised as it passes the first one. Whezathes the Earth as is compared to
the clock on Earth it will show that only 8 yeaes/k elapsed not 10.
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Atomic clocks have been flown around the world arelfound to have counted fewer
“ticks” than a clock stationary on the ground. 1B/ 1, Hafele and Keating sent
caesium beam atomic clocks carried by aircraft doilne equator in opposite
directions. Due to the rotation of the earth, aimeraft travelled round the world at a
net speed of about 1500mph, and the other at speet of about 500mph. Taking
the effects of gravitational time dilation into acnt the results agreed well with
predictions.

Time Travel

As we have shown, relativity allows one way trawnéb the future, but is travel into
the past possible? This is highly debatable! wAs pointed out in setting out the
idea of a spacetime vector the principle of catisalithat is that one cannot go back
in time and so possibly change the future - bathiehted one form of possible
geometry and also defined an upper limit on trédwedugh space — the speed of light.

Thus, | believe, special relativity specificallyrisatime travel into the past. However,
general relativity may possibly allow a loopholejface can be sufficiently “warped”
by the presence of matter to form what are callednholes (first proposed by John
Wheeler) which could, in principle (but probablyt o practice) allow a “shortcut”
from one part of the universe to another as indit@ the diagram. These are also
called “Einstein-Rosen bridges” as in the 19301sskin had anticipated them in
work he carried out with Nathen Rosen. How mightamhole (if we could create
one) be used to go back in time?



A wormhole producing a shortcut through space

| decide to go to the Andromeda galaxy in my Mkp@ceship which is parked on the
lawn outside my lounge. My wife does not like sparegel, but would like to see

what Andromeda is like. We make a very short waslalhat goes from our lounge
into the spaceship. Though this, she can seeiwlgaing on as | accelerate away to a
speed of 99.999999999999999999 the speed of lighteach Andromeda in 4

hours! You might think that the wormhole hastieteh - it doesn’t. Amazingly
general relativity allows it to remain the sameglgnthroughout the voyage - the
further away | am the better a shortcut it is! ije is able to see Andromeda as the
opening of the wormhole is located convenientlyidesa porthole in the spaceship.

| turn the spaceship round and head home arrivimgnp lawn 4 hour later and so just
8 hours since | left. But everything is differemty house can no longer be seen
through the portholes of the spacecraft. Howelvam not at all surprised as | had
learnt about special relativity from George Gamdwek “Mr Tomkins in
Wonderland”. | know that by travelling so closetlhe speed of light on my journey |
will have travelled just over 5 million years irttee future. (Andromeda is ~2.5
million light years away so, as measured on E&dl, | travelled at the speed of light
my return journey would have taken ~5 million yeparstake a look around and leave
the spaceship door open. But remember; | stdetray link through the wormhole

to my lounge. It is time for the supper, so | drtwough the wormhole and greet my
wife. Indoing so | travelled back in time 5 million years!

My journey has turned a wormhole - a tunnel throsighce - into a tunnel through
time and it has become a time machine! Peoplelivbd ~5,000,000 years into the
future at the location of my house (this would @bly still be above sea level as my
house is at a height of 500 ft) they could enterdpaceship, crawl through the
wormhole and travel back to the present. It idphdy apparent that a significant
limitation of such a time machine is that it isypbssible to go as far back in time as
the initial creation of the worm hole. This medmgt using such a machine will not
allow you to go back to a time before it was crdatAs such a time machine has yet
to be constructed, tourists from the future camaacth this far back in time - which
perhaps explains why we do not come across them!

The making of such a wormhole would require a sarxst with negative energy - a
form of “exotic matter” - but it appears that quamtphysics might make this
possible. | would not hold your breath though!



It has been suggested by some physicists thabenae of time travel and the
existence of causality might be due to the antlerppinciple. The argument is that, if
time travel on short time scales is possible, ligiht life could not evolve because it
would be impossible for a being to sort events afmast and a future and hence
comprehend the world around them.

One final point: if time travel were to be usefitibvould have to be a combination of
both time and space travel. If one simply moved forwards ingibut did not move in
space, then you might find you end up in empty s@ecthe Earth will have moved
on in its orbit around the Sun, the Sun will hawaved on in its orbit around the
centre of the galaxy - which is itself moving thghuthe universe!

When did time begin?

When the spectra of galaxies were first observabtarearly 1900's it was found that
their observed spectral lines, such as those afdgyh and calcium, were shifted
from the positions of the lines when observed ald#boratory. In the closest
galaxies the lines were shifted toward the blue@rtie spectrum, but for galaxies
beyond our local group, the lines were shifted talsdhe red. This effect is called a
redshift or blueshift and the simple explanation attributes this effe¢he speed of
approach or recession of the galaxy, similar tofalleng pitch of a receding train
whistle, which we know of as the Doppler effect.

Some of the earliest observations of red and bitfessavere made by the American
astronomer Vesto Slipher. By 1915 Slipher had neakthe shifts for 15 galaxies,

11 of which were redshifted. Two years later, hier 6 redshifts had been measured
and it became obvious that only the nearer gald#ese within our local group)
showed blueshifts. From the measured shifts asidguhe Doppler formula, he was
able to calculate the velocities of approach oessmn of these galaxies. These data
were used by Edwin Hubble in what was perhaps tbatgst observational discovery
of the last century, and it is perhaps a littleaimthat Slipher has not been given more
recognition.

The expansion of the universe

In the late 1920's, Edwin Hubble, using the 1000kl Telescope on Mount Wilson,
measured the distances of galaxies in which hedaohgerve a type of very bright
variable star called Cepheid Variables which varprightness with very regular
periods. He combined these measurements with tifdkeir speed of approach or
recession (provided by Slipher) of their host gaaXmeasured from the blue or red
shifts in their spectral lines) to produce a plosjpeed against distance. All, except
the closest galaxies, were receding from us arfdua that the greater the distance,
the greater the apparent speed of recession. fhierhe derived "Hubble's Law" in
which the speed of recession and distance weretljiggroportional and related by
"Hubble's constant" or ¢4 The value that is derived from his original dates ~500
km/sec/Mpc. Such a linear relationship is a direstlt of observing a universe that
is expanding uniformly, so Hubble had shown thatiwewithin an expanding
universe. The use of the word "constant” is pestmsleading. It would only be a



real constant if the universe expanded linearlgughout the whole of its existence.
It has not - which is why the subscript is used.isHhecurrent value of Hubble's
constant!

Hubble's 1929 data
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Recession velocity in km/sec

Distance in Megaparsecs
Hubble's plot of Recession Velocity against Distamec

If one makes the simple assumption that the uneviees expanded at a uniform rate
throughout its existence, then it is possible tckback in time until the universe
would have had no size - its origin - and hencenede the age, known as theibble
Age, of the universe. This is very simply given biddénd, using 500 km/sec/Mpc,
one derives an age of about 2000 million years:

1/Hy 1 Mpc /500 km/sec

3.26 million light year§500 km/sec

3.26 x 10x 365 x 24 x 3600 x 3 x $@ec/ 500
3.26 x 10x 3 x 10 years/ 500

1.96 x 1Byears

~ 2 Billion years

A problem with age

This result obviously became a problem as the atjeecsolar system was determined
(~ 4,500 million years) and calculations relatinghe evolution of stars made by
Hoyle and others indicated that some stars musiush older than that, ~ 10 to 12
thousand million years old. During the blackout$\rld War 1l, Walter Baade,
recalculated the distance scale and this reducédliels constant to ~250
km/sec/Mpc. There still remained many problemestimating distances. Gradually
the observational data have been refined andresuét, the estimate of Hubble's
constant has reduced in value to about 72 km/sex/Mp

If this value is used to calculate the age of thiwerse we get 13.6 billion years. This
is almost exactly the best current value of theaghe universe which is thought to
lie between 13.6 and13.7 billion years. To be kgrtais is a lucky coincidence. The
universe hasot expanded at a uniform rate - which our calculatepended on. We



now believe that during the first ~9 billion ye@sexpansion rate was slowing -
gravity was reigning in the initial expansion - It for the last 5 billion years the
rate of expansion has been increasing. Theseffeots have canceled out so that
now, and only now, in the life of the universeireear calculatiortoes give the right
answer!
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This shows how a simple linear expansion gives agewhich is very close to the
actual age of the universe.

Was the Big Bang the origin of time? St Augussieted that God created the world
with time notin time. Certainly this is true within our own 4 dimensionaiverse.

But some cosmologists believe that our universeareated by the coming together
of two “branes” moving in a higher unseen dimensad, if so, time existed before
the Big Bang and the cosmos (that is the totafigverything) could be far, far older.

We may never know!



