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1. ARELATI#PERSPECTIVE

Einstein's theories of relativity and quantum mechanics form two cornerstones of accepted science. However, the theory of
relativity is based on twseparate works commonly referred to as thepecial Theory of Relativipublished in 1905 and

the 'General Thery of Relativitypublished in 1916. Almost from the outset, these theories have challenged our intuitive
worldview of time and space, which subsequently lead to the idea @xpanding universe. While this latter idea may, today,
y2i aSSy GKIFG O2yiNRBJSNHEAI I AL Qgfkinpiogra® (KISl & dAAB SATR Y X
with many religions.

Albert Einstein

"I must observehat the theory of relativity
resembles a building consisting of tw
separate stories, the special theory and th
general theory. The special theory, o
which the general theory rests, applies t
all physical phenomena with the exceptio
of gravitation; the general theory provides
the law of gravitation and its relations tq
the other forces of nature. "

Douglas Sirk

And it really began with Einstein. W
attended his lectures. Now the theory o
relativity remained- and still remains only
a theory. It has not been proven. But i
suggested a completely different picture @
the physical world.

Both theories of relativity will be reviewed and to some extent challenged, as part of tgeiog duty of inquiry rather than

simply accephg that established science must always be right. However, there is no subliminal intention to suggest that
established science has to be wrong. Therefore, it is possibly appropriate to state, from the outset, that most scidietigtd be

the theory of elativity has already been proven beyond any reasonable doubt. These scientists can rightly point to the
mathematics, deductive logic and experimental observations, which they believe support all the basic assumptions of. relativit
Of course, on what mighappear to be a sceptical note, history tells us that iBi®ften the established positiobefore an
accepted axiom is proved wrong or, at least, incomplete. So whilevthght of authority would seem to firmly support the
theory of relativity, itstill carries the inference of being a theory and not fully verified fact.
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1.1 Historical Background

In the 17th century, Isaac Newton developed three basic lawsatfon that can be .,,,
tied to Galileo's principle of relativity. However, a key issue concerning the nature oj;,(
light remained. Newton thought that light behaved as a particle and, in part, he wa
right, although his reasoning was later to be proved wrong: Tea of light as a
particle did not explain how light worked in other respects and so attempts to ,«'
describe light as a wavewere made. At the time, the wave theory of light also '
encouwntered a problem in that the speed of any wave depends onstiffriess of the
medium through which it is thought to propagate. Given that light travelled so fast, the o o 5
property of the medium, i.e. the ether, through which light was thought to pass had tes 4
be incrediblystiff', while also being so insubstantial that nobody could even detect it. #
In the middle of the 19th centuryJames Clerk Maxwelinified the phenomena of
electricalcharge and magnetism. In so doing, he predicted that when there was Rlbert Einstein was born in Ulm |
change in an electric field, a disturbance would travel out into the surrounding sp C(germany on 14 March 1879. Hi
at the speed of light [c]. Based on the accepted science of that time, it was assu m%mily et meveE @ ety ener
that the speed of light would depend on how fast the observer was moving throu & s dsit coigne
the ether. To confirm this assumption, Michelsblorley devised a famous business failed Einstein studied

experiment to measure the speed of light relative to the ether, but to almast . .
at the Institute of Technology in

[ Zurich and received his doctorat

d gi that they had th ly b tl blished, it it
wrong, and given that they had then only been recently published, it was quite oo "o University of

plausible for this to be the case. However, all changes to Maxwell's equation did ngt .

- ] ) ) ) urich. In the same year hg¢

fit with other observations. In 1904, after series of earlier papers, Hendrik Lorentz . .
published four groundbreaking

published the mathematical transforms that he hoped would, in part, explain the .
scientific papers

[

Q
5=

everybody's surprise it failed. Airdt many thought Maxwell's equations might bg

failure of the MichelsofMorley experiment by showing that objects shortened in the

direction of travel by a certain amount, at léasathematically. These equations are still referenced in the Special Theory of
Relativity as theLorentz TransformsSubsequently, Henri Poincaré suggested that there was no wajl tehether you were
moving or at rest; or equally how fast you were moving, except relative to something else, and so resurrected the pfinciple o
relativity, originally outlined byzalileo. However, there was still the conflict to be resolved between Newton's laws, Maxwell's
equations and the results of the MichelstMorley experiment. The permutations can be summarised as follows:

‘ Model H Source H Observer H Measured velocity depends on‘
‘ 1 H Y H Y H Speed of source & observer ‘
‘ 2 H Y H N H Speed of source only ‘
‘ 3 H N H Y H Speed of observer only ‘
‘ 4 H N H N H Speed of neither ‘

From a classical perspective, based on Galilean relativity and intuitive experience, the measured velocity of an obgsedvas b
on modetl, as defined in the table above, where the speed of the source and observer both contribute to the measured speed
of the object. While this worked fine for objects, it appeared inconsistent with Maxwell's equations, when applied tdright.
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contrast,special relativitywould suggest that the measured speed depends neither
on the speed of the source nor on the speed of the observer, i.e. mbdethetable . .
. . . . . . {)rofessor of theoretical physics a
above. While this was then consistent with both Maxwell's equations and the results |
Zurich. By 1911, he was profess

of the MichelsorMorley experiment, it seems incompatible with the experience pf ) )
. . of theoretical physis at the
everyday objects. In order to have consistency between what had been observed and i o
. . . German University in Prague. |
Maxwell's equations, the speed of light had to be independent of both the speed of

. ) 1914, he was appointed director o
the source and the speed of the observer. So while ordinary matter appeare

t
. t%e Kaiser Wilhelm Institute for
work as per model, light appeared to work as per moegl and would be become a ) i .
. . . . _Physics in Berlin. In 1916, h
fundamental patulate of Einstein's Special Theory of Relativity. However, while ~ i
o ) o . _ published his theory of genera
many people helped develop the supporting ideas behind relativity; it was Einstein's

L . ) L o ) relativity. Einstein received the
consolidation of these ideas into the theory of relativity, which is considered to

e . . .
) . . . . . 1921 Nobel Prize in Physics for h
main work of genia that has now withstood observations and experimentation over .
work on the plotoelectric effect.
the last 100 years.

In 1909, Einsteithecame associate

o =

[2]

So what experimental evidence is being cited?

One example of experimental verification, which is often quoted, relates to a part
called the mumeson that spontaneously disintegrates after an average lifetime
2.2*10° seconds. These particles are only created in the upper atmesptsome

10km above the Earth and should, at near light speed, only be able to travel 6(
So how these particles come to be detected at ground level laboratories was tho

CIEinstein family was Jewish an
0I)ecame the focus of hostile Naz
propaganda. In 1933, when thg¢
0'f{fazis took power inGermany,
JgEFnstein emigrated to America. H

to be problematic, but apparently resolved by the effect of time dilation. e, if accepted a position at the Institutd

we accept this explanation, we must also accept the implication that any phyg
objects subject to relativistic effects, caused by velocity and/or gravitational, mi
exist outside our normal timeline of perception. However, we need to sirtgiie

icg.} Advanced Study in Princeton an

ghttook US citizenship. At the end ¢
_the WW?2, in 1945, Einstein retireq

C'ﬁ{)m the institute, but continued to
work towards a unified field thegr

this issue, until after we have considered the combined implications of both spe
and general relativity in more detail.

that would merge his work on
relativity with quantum theory. He
continued to be active in the peact
movement and a supporter of

What other physical implications resulted from relativity?

In his initial paper, related to special relativity, Einsteinuadthat if the speed of
light is a constant in all frames of reference, then both time and space are relativ
is the physical implications of this conclusion, based on the mathematics of

e'i}onist causes. in 1952, he wag
tr'531'fered the presidency of Israel

Lorentz transforms, which some still contest. For examglere are many who still
claim that Einstein's use of these transforms is mathematically inconsistent. EqU
it is said that Lorentz himself only used his transforms to account for the appal

which he declined. Einstein died o
al% April 1955 in Princeh, New
erJ"ersey.

failure of the MichelsofMorley experiment and, as such, tlentraction of space
was only meant as a mathematical abstraction. However, Einstein's theory refuted this abstract interpretation and believed
that the changes to both time and space, as measured by a stationary observer, must be a physical effespegdhof light is

to remain consistent. As result, the last 100 years has thrown up many apparenitoxes although supporters of the theory
will highlighted have all been resé\R I Y R  weightdf adtorByQ WA & y2¢6 TFANNE & o0SKduyB® NBf I
inquiry'still requires we review of both special and general relativity.
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1.2 The Theory of Special Relativity

The diagram below tries to set the scene for the following discussion of speci

relativity, which will then be followed by a discussion of general relativity. In p
9AYyalGSAYyQa Lzt AOFGA2Yy 2F (GKS (KS?2

relativity of space and time, plus its implications on mass and energy. Ten y
later, in 1915, would Einstein complete the general theory of relativity inclusive
‘Einstein FieldEquationSwhich went onto describe the properties of 3

gravitational field associated with a given mass. These equations also
describe how an object curves space and how this curvature can cause a s

C'ﬂlbert Einstein:

My L a2vSdAYSa &
N%bou? that Iavxlr:f§ tﬂg‘ éné to Ngélolg
cafe theory of relativity. The reason,
0(Fink, is that a normal adult neve
stops to think about problems of spac
heéﬂd time. These are things which h
Py 5 GK2dzAKE | 62 dal

distortion of matter. However, as indicatedhe discussion of this aspect o

A OA 8

relativity will be deferred to a separate discussion specifically covetingeral Relativify In the context of special relativity,

we shall proceedn the initial assumption that spacetime is flat.

Time

Space

1905
Special
Relativity

General
Relativity

Mass-Energy
Equivalence

So, it was Einstein's special theory that forwarded the idea that both space and time are relative, rather than absolute
concepts, in the absence of a gravitational field. This theory is based cfutgamental postulates:

1.
2.

The laws of physics are the same in all reference frames that move u
The speed of light in a vacuum has the same constant value in all ine

niformly and without rotation.
rtial systems.

However, the second postulate, which implieatmothing can travel faster than the speed of light, was incompatible with
Newton's Law of Universal Gravitation. It was the implication of this postulate that took Einstein a further 10 year$/toireso
hisGeneral Theory of Relativitinitially, in the context of special relativity, Einstein proposed that two observers in motion
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could have a different perception of time and space, but in accordance with th%lbert Einstein:
1% postulate, the laws of physics had to remain consistent to both observers. \S"%he importan.t g e et (o sl
consequence othe second postulate, i.e. the speed of light must remain constant . - .
. . . . questioning. Curiosity has its ow
to all observers, and required the relative perception of time and space to change L
) ) o eason for existing. One cannot hel
as an object approaches the speed of light. The implications of these obse

=}
@

rV%ut be in awe when he contemplate
the mysteries of eternity, of life, of the
marvellous structure of reality. It ig
enough if one tries merely to
comprehend a little of this mystery

changes can be describedtérms of a number of effects:

Time dilation

Length contraction
Effective Mass & Energy
Simultaneity & Causality

every day. Never lose a holy curiosity,

=A =4 =4 =4

However, we will begin by outlining the basic principles behind the first two effects, before proceeding to address soene of t
wider issuesssociated special relativity.

121 Basic Principles

One of the biggest problems with special relativity relates to the terminolo
called*frames of reference While the actual concept is not difficult in itself

keeping track of how each frame is beirgferenced in any given context ca
become confusing. In essence, any description of special relativity usually inv
two reference frames:

1 The stationary frame
1  The moving frame

Possibly the easiest way to visualise the two frames is to consider aittiag in
a train and a man standing on a platform. The man sitting in the train is judging
the speed and position of all other objects relative to where he is sitting, i.e. he
feels he is stationary even though he might know the train is moving.

Thisframe might also referred to as an “inertial” frame of reference, which
simply means that the frame is either stationary or moving with constant
velocity, i.e. there is no acceleration and because force [F=ma], there is no ;
force acting on a person sittirgdill within an inertial frame of reference. i \/

As the train passes through a station, the man in the train sees another maAlbert Einstein
standing on the platformnitially speeding towards him and then away again, |n"If we knew what it was we were
the opposite direction. Of course, the man on the platform has anotherdoing, it would not be called researcl
perspective, as he would logically argue that he was the one stand still, while| tiveould it?"
man on the train sped past.
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So which is thstationary frame and which is the moving frame?

Well, neither and both is the initial answer. Conceptually, eitman might claim to occupy stationary frame and therefore

argue that the other is moving relative to their position and, in essence, ghikel principle of special relativity. However,
ALISOALFE NBfFGAQGAGeEe 3IShda | tAGGES Y2NB AyGSNBadGAy3ad RadzS G2
light. Again, let us try to initially visualise the basic concept before weged to any of the mathematical details. If our man on

the train was to throw something out of the train in the direction the train was travelling, we might logically calculate the
velocity of the object by adding the velocity of the object thrown to Wdocity of the train, but what of the next scenario?

A descendent of the man on the train is travelling in a spaceship at 90% light speed. The spaceship is racing towards a
space station on which a descendent of the man on the platform is standinge Abtit of the ship is a light shining

ahead and therefore moving away from the spaceship towards the man on the space station. What is the velocity of the
light beam with respect to the man on the spaceship and the man on the space station?

Unlike classial (Galilean) relativity, special relativity tells us that the velocity in both cases is [éxﬂfg]oand it is from this
postulate that so many of apparent spacetime paradoxes associated with special relativity originate. Without any introduction
of the mathematics of Lorentz transformations, at this stage, let us simply introduce the equation that appears to cause all the
problems:

1 _ 1
Jl_i ﬂ'l‘ﬁz

CE

Lorentz Factor [y ] =

[1]

All we need to note, at this stage, is that the denominator will approach zero as the velocity [v] apprdselspesed of light

w08 | yR i %N MBe.MBIhiswoccurs, the values of length, time and the mass of objects within the movirgy fram

of reference, as measured by an observer, will begin to significantly differ from those of an obgighuethe moving frame. If

we initially define frame [A] to be stationary, any observer who is also stationary with respect to [A] will see no tielativis
effects. However, another observer in frame [B], moving relative to frame [A], could then dektdré ts frame [B] that is
stationary and frame [A] to be moving with velocity [v]. It is the observer within frame [B] who sees the effects ottyelativi
F4820AFGSR gAGK FTNIYS ! 8d ! yv¥T2NIdzy IstatibriagTNISMBIRKARA yiKax@ENI aYeSv0)
also relative and keeping track of which frame is being referenced can become confusing. For this reason, the following
discussions will try to use frame [A] and [B] consistently, as described above. To summarise these points:

1  We shall assume that [A] is always the frame to which the effects are being associated by an observer in frame [B].
1 However, the decision as to who is stationary and who is moving can be quite arbitrary, at least, in principle.

Before we discuss the dats of any relativistic effects, it is possibly useful to try to visualise the basic difference between
Galilean and special relativity. In the diagram below, there are two different versions of relative motion; the top diagram
corresponds to what mightd described as Galilean relativity, while the bottom diagram reflects the requirement of special
relativity. In the top diagram, [A] and [X] are standing on a moving train, while [B] is standing on a stationary tower. If w
initially assume that [A] and [Both fire bullets at [X], the relative velocity of the train with respect to [B] means his bullets hit
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[X] at 10650=50m/s, while the bullets from [A] hit [X] at 100m/s. However, in the second diagram, [A] and [B] now fire lasers,
i.e. light, which speal relativity requires hit [X] at velocity [c], irrespective of the source.

Galilean Relativity

evemeslioome oA mes;

Let us now transposed this discussion into a more futuristic context, whereidertgical Erich Eromm

spaceships [A] and [B] both head off into the depths of space with a constant velocity [&],{ by tdt vhich is within
which is some appreciable fraction of the speed of light [c]. An observer onboard [A] ka§h% frame of reference of
metre ruler and a clock with which to measure length] [and time [t)]. The observer 02y @Sy GAzylt
onboard [B] also has an identical metre ruler and clock with which to measure lepgithL[x

and time [§]. Now the second postulate tells us that these two observers should always agree on the speed of light [c]. Now to
check thispostulate, both observers use the equation for the speed of light [c] in vacuum based on the frequency [f] and

6l @St SyaiK w<8 2F | IABSYy fAIKG &a2dNDODS:T A oSo
= ' = :1
c=TrAi where h=metres, f AECDHEIS
a4
c=t—; where x,=metres, {,=seconds
il
B
o= == where wxg=metres, tg=seconds
2 s

In-line with the £'postulate, neither observer sees any change in their metre ruderthe ticking of their clocks. Now let us
assume that due to some earlier course changes, the two ships eventually find themselves heading straight towards each other
with a relative, but constant velocity [v=0.866c], which conveniently gives us a L@@n@ i 2 NJ 2F ! FTHB8 D | 2 4 4
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constant velocity of both ships and the absence of any other frame of reference in our conceptual universe, the observer
onboard [A] may consider his ship to be at rest [v=0] and therefore attributes all the relatleeity to [B] and, as a
consequence, observer [A] measures a difference in the rularsxpy and the ticking of the clocksaft tg] given by the
following equations:

X
xg = =4, length xp appears to be shorter than s, to A
¥
t .
tg = A, time ?g appears to be slower than ty to &
3] s

To observer [A], the length of the metre ruler onboard [B] is shorter by the facto Olf<arl von Clausewitz
W!' THB® 9lidzrttes GKS GAO1AY3 2F GKS LJ‘S%IE&%%ZBAPJE %g’l |- %ﬁozl- NR
Ad RAfIGSRZ o0& Iisénir [A.1HOweZENX cArfbe seenthagfandi 2 . . )

to ‘provide athinking man with a
[te] are equally affected by the same factor and therefore the ratio by which [c i§ NIYS 2F NETSNEB
determined in [2] remain consistent in both frames of reference. It is highlighted again
that these effects are only peeived by [A] when looking at [B], whereas [B] detects no changejimftg]. In fact, by the
rules of special relativity, observer [B] could equally claim his ship was at rest and it is [A] who is moving at [v0\86&xd].
case, observer [B] waddi perceive the exact opposite:

Mg = X—B; length x4 appears to be shorter than x5 to B

¥

g = —; time ¢, appears to be slower than tg to B
[4] i’

This reversal of the perception of time and space onboard [A] and [B] appears to lead to what has become knownvas the *
paradox, whichwill be discussed in more detail in a following section.

1.21.1 Galilean Transforms
In essence, the Galileat

The classical (Galilean) view of relativity is based on the measured speed depending}r@ﬁSformS encompass the
both the speed of the source and the observer. In this context, we can still defifgtuitive experience in  which
different frames of referencee.g. the man on the train and the man on the platforn, velocity is subject to addition ang
but there is an important difference. An object moving with respect to two differgntsubtraction. However, this
frames cannot have the same velocity within each frame of reference, if these fram@§sumption is anchored on thg
have different velocities. Wean provide some initial mathematical form to the premise that time carbe treated
Galilean transforms as follows: as absolute quantity.

tl=t
Xl=x -t

_ 1 [ 1
=Xt w = xrwd

(1]
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¢CKS 1S8& Fawsold 2F GKS DIfAESIY GNIyaFf2Nya fASa Ay ellKS TFA
second is the same period both frames of reference. For simplicity, the velocity] g aligned to the saxis so that we can

initially avoid the complexity of-Bimensional [xyz] coordinates. The subsequent expressions describe the transform between
GKS aLl Gdalt afbich edsentally GefleztitReirgtérdalDethe direction of velocifly when considered from the
perspective of the other frame. The following diagram tries to clarify the situation:

Frame-A Frame-A
Sotiiig X/t As such, the Galilear|
transforms can be used
x=(Vy-Valt to  transpose  the

Vx
Egn__', coordinates  of  two

reference frames, which
differ only by constant

& relative motion

b | L constrained within the

' limits of Newtonian
Xo/ b vat X/ b physics.

The diagram above represents the perspective of tretative’ observersgyellow [A] andpink [B]. We will consider [X]n blue,
to be an event in space and time, whose position we wish to define. As such, we actually have three points of relative motion

1 [X]is an event moving with velocitywith respect to [A]
1 [A]is seen as a moving frame with respect to [B] mowiily velocity w
1 [B] is the stationary observer of [A]

Initially, [A], [B] and [X] are all collocated in space and time @t} and [t, ty'], as per [A] top left, but therbegirs to
separate due to the relative velocities in the time representedthyt;’]. We can express this situation by stating:

2l x1 = xp =[x -ve(t - ta) - g

However, we may wish to simplify this notation by letting=p =0] and [t=to'=0] so that we can align with the form as shown
in equation [1]:

M= X -l

(3]

In the context of this Galileamansform, [x’] represents the spatial separation between [A] and [X], while the distance [X] is the
corresponding spatial separation between [B] and [X] after a time [t=t"] seconds. We might also highlight that:

] XK= v, —valt

150f 238

N& U




the mysearchorg.uk website
All great truths begin as blasphemies
copyright ©: 20042015

1.2.1.2 Lorentz Transforms The Lorentz transforms amamed after the

, Dutch physicist Hendrik Lorentz. The
né}lescribe how, according to the theory g
L n:;,pecial relativity, the measurements @
space and time by two observers can |
converted to the others frame of reference

Having introduced @&lilean relativity, we will now consider the Lorent
transforms, which support the assumptions of special relativity, i.e. time 4
space are relative due to the constancy of [c]. We will start with a diagr
that you might, at first glance, believe to Imentical to the previous diagram
used to describe the Galilean transforms:

Frame-A Frame-A

x=cty

Xl vt X3/ &
Frame-B

However, closer inspection of the two diagrams will show that the relative velocity between [A] and [X] has been changed from
[vy] to [c]. This change reflects an open questairout any perceived differences in the velocity of [X] between [A] and [B]
when we assume that [X] is now travelling at the speed of light [c].

It is not unreasonable to wonder how just changing the velocity of [X] can lead to any profound chang@atil¢aa

GNFyaFa2NX¥oe | 26SOSNE (KA&a OKFy3aS KlFra (2 y2¢6 0S O2yaiRSN

speed of light to all observers plus the fact that no physical mass can attain the velocity [c].

If we are to assume that thegpsed of light [c] is the same for all observers, we need to clarify the relative velocity between [A]
and [X]as well agB] and [X], which by virtue of the assumptiopde] requires the constancy of [c] be maintain with respect to
[A] and [B].

x =v, t=ct

'=w t'=0ct

However, if we comply with the postulates of special relativity, we can no longer proceed with the Galilean assumption about
dzy A GSNE It GAYS GraQe AYLXAOAG Ay GKS 2NARIAYILE DFtAESIY
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th=t
Hl=x -t

_ 1 [ 1
e VT s S

(2]

Consideration of [1] and [2] leads to the fallmg conflicting expression, which we need to resolve:

3] WWit=10)then ot '=ct = ct-vgt

The inequality reflected in the equation above cannot be resolved by the Galilean transforms and to proceed, we must try to
formulate a new set of transforms that will preserve [c] in bdtames of reference. As such, we might wish to start with
equations similar in form to the Galilean transforms in [2], but which contains some factor, which weusidht 6 St ©! 8 Y

K= px-vit)

_ 1 1
= H[X + vt ) The Lorentz transforms originated g

an attempt to explain how thepeed
.FASR 2y 2dzNJ | A&dzYLIWiA2Yy L ozdzi GKS YO (lighyy Ovas Dlseneek Jo zbel
we can then substitute this relationship into [4]: independent of the reference frame
and to understand the implications
of Maxwell's equations. However|
Einstein interpreted the transforms
ct = px '+ vt within the context of special
relativity, such that they supersede

[4]

O«
No
w
w»
Py

ct' = p(x - vi)

5]

fweret NNI y38 Gp6x 68 Oly @oilAy Sidd aAsva FooR) oBER™s &
Newtonian physics.
T _ W
£l b [1 /Q
Y PR
o t=pt'f1-v/)

At this point, you might reasonably believe that [6] is already an expression that transforms time [t] to [t']. Howevdrpbase

the substitution of [x=ct] and [x =ct’], this variant of the transform is specific to [X], not [A]. Astswctily reflects the relative

time of a frame of reference travelling at [v=c]. If you substitute this value into [6], it would suggest that [t'] musizeua
ANNBALISOGABS 2F G(KS @Gl tdS w'8d ¢KAA AdeptyfRINE LIFNIUNPE S & dza
Although we have not explained the ideambper timeg as yet, it leads to the suggestion that there is no concept of time for
anything moving aithe speed of light [c]. However, we shall defer further discussion of this issue until after we establish the

basic concepts at work. Therefore, we will continue by substituting [5] into [6], then cancellifig]@md rearranging:
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t'=,~»2t[1-%}[1+%)

OfcoNESY $KSOKSNI GKA&A GFfdsS 2F w!' 8 Aa | YSFyAy3aFdAg NBadzZ i A
KIS &a2YS YIOGKSYFGAOFE &dzLIL2NI 2F GKS [2NBydl GNryaFzNy¥ao

[7]

allthreed LI G ALt RAYSY&arA2y&ad | 26SOSNE Ay LINAYOALX S5 4SS KIF @S & NSI

.dzi 6KEFG 2F GAYS wi6 YR wiQ8K

We still need to derive a solution for [t'] in connection to [B]. We proceed by substituting first expressiomto fkiother:

g~ » ([ —wE)+ pvt’)

28 y24 YySSR (2 NBIFNNIy3IS GKAA SlidziAzy FYyR a2t SR FaNJ GAYS$

steps, which have been included for completeness:

P [ - i)

J—%[x—vt]

)

k4
r'={—
}"V
r'={i
}'V

El

At this point, we need to expand-! 2) as follows:

[1_?2)=1_ 1 =1—V2,.-"'C‘2—1=r2[_'¢2]

Z2 Z2 Z2 Z2
[10] 1-w= /c 1-w= /o

We can now substitute [10] back into [9] to arrive at the general time transform between [A] and [B]:
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W
t'=}f[t——]
[11] et

We might also like to add one more transform to the list, which relates to the relative velocity of bahdAB]. For example,

if two objects were speeding away from a stationary observer at 90% of light speed [c], what is the relative velocity between
the two objects? The Galilean transform would suggest 0.9¢+0.9c=1.8c, which would breal tlost@ate of special

NEBf I GAGAGED | 25SOSNE 2y G(GKS o6l ara GKIG SQreqQkiqQz S Oy

; ~ vt
I N 4 Gl

t' y[t—ux fcz)
[12]

I FyOSttAy3a 2dzi GKS [2NBydGT FHOG2N '8 FyR adoadAaddziay3
velocity [tu], we get:

J - v)

Y S S
- [l—uvfcz)

For completeness, the following table lists the Lorentz transforms derived:

‘ Variable H Transform ’
‘ EQ H roiqotE ’
L eof =y |
N S
Cde | = aied] |
‘ 30 H = (u-v)/(1-uvic?) ‘
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1.2.1.3 4-Vector Notation

To some extent, this discussion ofvdctor notation might be runmg a bit ahead of theéntroduction of some of the
keyimplications of special relativiifHowever, there are a number of key aspects of special relatasggociated with space

time and energymomentum, which 4vectors can help to explain. Of course, you can always use the link above to jump ahead
and then return to the idea of #ectors at a later point. With this said, we will start anchored in the idetheLorentz
transformsthat were described as a logical extension of the Galilean transforms, which imposed the requirement that the
speed of light [c] be the same in all frames eflerence. For the purposes of this

discussion, we will simply +&ate the primary Lorentz transforms as reference: P T—

z
- 1 _ 1
FF
t'_?[f_%] OBSERVER-“--).
C 2

[/ PASFLIGHT CONE_\

&)
]
&}

(1]

The concept of a #ector is not unsurprisingly linked to the definition of
spacetime in 4imensions, i.e. time plus 3 spatial direction. As suah,might
introduce a position 4ector [X] as follows:

Within the context of relativity, spacetimg
coordinates are defined in terms of 4
. . dimensions, 3 spatial and 1 of time. A
%= [xauxpxzaxg ] = [ot i, iy kiz)] = ©LR) such, position and velocity plus energ

and momentum of a particle can all b

(2]

In the first set of brackets {xx], we see the generalisation of the 4 defined in terms of 4sectors.
components that describe spacetime normalised to the units of distance, stuch

that [x=ct]. In contrast [xX,Xs] represent the spatial vectors that we might associated with the unit vectijk$ §nd
magnitude [xyz], which in turn can be simplified to the vector sBnlf we consider the form of [2] and apply this logic to [1],
we end up with the Lorentz transfornadigned to requirements of-¢ectors:

ct'=,v[ct—£x] = xp =y xg - fxg)

W
[ _ r [ _
x'= y[x —c ] = xq —y|{X1 ..HXD)

Xz =X2

[3] X3I=X3
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G GKAE LRAYGZ 4SS At &ApAc¥idt dternalfdthaPcBd=pdhdsiiokaSepDaion Spddetine T |
which we might initially consider to be normalised to the units of distance:

spacetime interval [s] = _\[(ct]z —[ vt 4 22)
[4]

However, for the sake of simplicity, we shall continue the discussion by only considering one spatial axis [x] and adopt the
nomenclature introduced in [3] to proded5] as the equivalence of [4]:

5] 5% = (XEI:IE - (lez

C2NJ GKS &L} OSGAYS Ayl SNiwarianc&hn 64 de@K Kik BISH GIKISE LINR A BSNH & NE FR SH
frames of reference, then we would need to show that the following equatiorus tr

[6] 5% = 'IXDJZ - (lez = {xg '32 — (1 ')2

We can demonstrate this property by substituting the equations in [3] into [6]:

(o) - (g7 = P [(*“’n - ey} - (Xrﬁz‘«’n)z}

) 1 —1,{5'2 :[X'I'E - 28xpXg + ﬁlez) - [X12 - 28xpxy + ,32;(.32)}

" -1,52 :[Xuz + 85008 ) - [g® 4 .-HEXEIE):I T _1,52 [(an - 85507 - (" - ﬁlez)}

b

4 time [t] [B]

So, based on the Lorentz transforms, the quantity defined as the spacetime interval [s] ig
shown to be invariant to all observers, irrespectieé their relative velocity [v].
However, let us return to the form of [4] and consider the initial implications of this
definition of spacetime in terms of a simple graph of observed time [t] against distance

N
N

[X]. In the diagram right, an observer see abjext travel from [A] to [B], which
corresponds to 3 lighteconds in distance in a time of 5 seconds. In this local frame, the
velocity [v] of this object is 0.6 of the speed of light [c]. Within the context of this
diagram, the speed of light [c] is showas a line at 45° to the vertical, which is a maxima
under special relativity. As such, we have created the basis of what is called a spacetimé

v

. L. . . . . distance [x] 3 5
diagram, which is presenting a view of the spacetime interval [s] between [A] and [B].
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So how might we initiallinterpret the spacetime interval [s]?

Actually, there are several interpretations that will be discussedaimther section but for now, we might focus on 2
perspectives. Onegrspective represents the time and distance, as shown by the time and distance axes, in which the object
moves from [A] to [B] with velocity [v=0.6c]. The second perspective could be described as an obsemesingowith the

object from [A] to [B], sucthat the relative velocity [v] of the object is zero. What we might realise from this description is that
the distance offset [x] in this secondary frame remains zero for thengwing observer, such that the spacetime interval [s]
must be perceived in tens of time [t] only. However, we have also shown that the measure of the spacetime interval [s] is
invariant for all observers. Given the information provide about the first frame of reference, we can calculate [s] as follow

o [s] = J[ctjg - (%) = J[sz -[?)=4

However, forthe reasons stated above, the secondarynsoving observer must perceive the spacetime interval [s] in terms of
time [t] only. In fact, we might better describe this situation in terms of a clock travelling between [A] and [B], where the
elapsed time on th clock would be 4 seconds, while 5 seconds would have elapsed in the stationary frame selected. To gain
some further insight, we might rarrange [8] by substituting for [x=vt]:

5% = (cf)z - [Xz) = (ctjz - (vtz)

n
T3
Il
—_
B
T
.
=
|
=
T T
R —

El

In [9], we have retained the consistency of the units, in tewhglistance, by adopting [ct] to normalise the units of time.
However, by definition, it is clear that the spacetime interval can be a composite of both time and distance, plus wietave ci
a specific example in which this interval is perceived inte’s G A YS 2y f & & 2 SdualityOa K (B FF2NXM [2{6/88rS

ds = c(a‘rj
z
dr=dgtfi-"_
CE
gt 1
dr z
[10] 1-4

¢KS GSNY oRUIBINRBISNGISESAIYGR o0 BENBHE L2 y Ra U 2-motiig DetwiednY2Soingsyin - § K S
spacetime. This concept will now allow us to extenddlescription of 4vectors beyond the initial description of the position 4
vector [X].

1] X = [xn, (% 5z, %3] | = [scalar, vector]
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As in classical physics, any change in the positieector with time [t] also suggests some form of velocity [v]. However, the
velocity 4vector [V] requireghe time to be invariant for all frames of reference and, as such, we might consider the previous
definition of ¥ LINE LJS Nalotigwitihe éssun@tion that velocity [V] is orientated along thgdxis:

axg [dxl

. 0,00 | =[scalar, vector ]
dr dr

[12]

However, we might recognise that{gc.dt] such that we might substitute [10] into [12]:

1 _.II:I.ID = 1 _.ID.II:I =S| _.ID.II:I
ar [G'r Ji| [Cdr [G"r Ji| Ill—ﬁz [dr

We might also realise that we can use the chain rule to expand the spatial vector component:

o=

(13]

'y ~ g Gt ~ Xy i An important propety of a fourvector is
dr dt dr gt 1—,{5’2 that it is invariant under a coordinate
[14] transformaion. The invariance of 3

spacetime 4vector is associated with the
If we now substitute for [14] back into [13]: fact that the speed of light is a constan
However, the invariance of the energy
momentum 4vector is associated with the
v 0,0 = ¢[e v, 0,0] fact that the rest mass of a particle i

c W
= ]
2 z
[15] ‘."1 -4 "4{1 - A invariant under coordinat transformations.

Having established a definition for the velocitydctor, we might irurn extend this definition to momentum [P]:

P =g = m,:,,v[c, [v, D,Dj]

Mg c , frigh 0,
Ji- g - g2

=
1

= [PUJ II-Dlj-DzJ -'5'3)] = af|= [Sr:a!an vecmr]

[16]

The vector component of [16] might be readily interpretedths relativistic momentum of a particle of mass immoving
along the xaxis with velocity [v]. As the velocity [v] reduces to frefativistic speed, the denominator approaches unity and

momently O2y OSNHSE ol O1 (2461 NRa GKS bSgliz2yAaly F2N¥ o TYo6d | 24

Ada y2i a2 20@Q0A2dzas a airvLie O2ffl LAAYI (K G mddhich Aoedindt o8 >
necessarilyconvey any obvious physical meaning. However, we might be able to pursue an inferengafof¢Ffirst expand
the expression using a binomial series of the form:
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1
2V 2
mMigC v n
Py = —2=mnc[l——2] = mpc {1+ x)
c

[17]

In isolation, this expansion might not actually appear to help, but we mighagether insight into the relationship between
energy and momentum by multiplying both sides of [17] by [c], such that the units of momentum become the units of energy:

4 f
1 3 W g W

CPD=ch2+—mDv2+—mD +_m,:,

2 8 =< 16 -4

(18]

What might now begin to emerge from [18] is that the scala} [P represenative of the total energy of a particle with a rest

mass[mg8 ® ¢ KS FANEG GSN¥a NBFtSOGa 9AyadSAyQa FlyYzdz Slidz GAzy

to the Newtonian expression for kinetic energy.
But what are the implicatiosof the additional terms in the binomial series in [18]?

The introduction of 4/ectors is highlighting that the Newtonian expression for kinetic energy is only an approximation, which
requires the higher order terms as [v] approaches [c]. However, by [18] by [c] allows us to attach some physical
meaning to [R=E/c] and substitute this meaning back into [16]:

o= ['DDJ('DLPEJ'DS)] = g, ij 0,0|| = [scatar, vector |
[19]

We can take the physical interpretation of [19] one step further, but first we need to clarify thatzalitérs obey the sameot
product arithmetic that was implicit in the spacetime interval, when restricting the definition to just-theésx

A= [AD, (A1) Az, A3j:| = [scalar, vector]
g = [SD, (BlJEE,ESJ:l = [scalar, vector ]
AB = AyBy - ALBy

z z
[20] AA = ('AUJ - (“qu
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If we now substitute the solution in [16] into [20]:

2 2
2 _ | frac | v e 22
J1- g2 Ji- 82 s

2= (r)” - (A1)
[21]

We can verify the solution on the right by remembering that the solution of [21] must be invariant in all frame of reference,
including the cemoving case, where [v=0], which then simplifies [21] to’ff We can now generalise the solution by
replacing [ as indicated in [19] and simply presenting][Bs
iKS Y2YSyildzy @SOG2NI & 8Y

The two postulates of special relativity also leadtber
implications, such that matter and energy ar
5 equivalent, as expressed in the formula EZmhere [c]
(PDJE _ (Pl:lz _ [EJ _ (,0]2 z.z2 is the speed of light in a vacuum. However, sped

relativity also suggests that [c] is not just the velocity
light, but rather has wider imglations that extend to
the propagation of all electrongmetic fields and the
veryfabric of spacetime.

2 _ 2 4 2 2
22] ETS =rmpcT +aC

As suchwe have arrived at the relativistic energy of a particle
expressed in terms of its extended kinetic energy linked to t
momentum vector and scalar rest mass energy. So coupling
Lorentz transforms, as shown in [3], with the idea efettors

has demamstrated how special relativity came to chang

"®However, special relativity still remains aligned wi
thRlewtonian mechanics, while the velocity [v] remair
small in comparison to the speed of light [c]. Even
® one of the consequences of the theory is that it
Utimpossible for any particle that has rest mass to

accelerated to the speed of light.

Newtonian physics, not only in terms of space and time, b
equally in terms of momentum and energy.

1.2.2  The Implications of Special Relativity

Having established some of the basic principles of specialvigjati Space Time Mass Eneray
we are now in a better position to discuss some of the physical =

implications that the_orentz transformsnight have on space and
time plus the knoclon effects on other physicajuantities that {t
underpin our understanding of the universe, such as mass. Thé
scope of this section is divided into the following discussions:

The Light Clock , \ Special
—L acetime |f Space Time‘.ll‘z][ Rellagtgslty
Mass and Energy Effects | ;

= =4 =4 =2

Paradoxes
The firstdiscussion of the light clock is a useful example because it combines the issue of length contraction, which only applies
to the direction of motion, and time dilation, which applies to the moving frame as a whole. After which the discussioisexpan

to include the compositioal y 2 ( A 2&/LJ 20ISAIWR YSIOA OK  GIKNB LIS MY RA KB @3 A Y &re thefii S NID |
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expanded. However, the implications of spacetime go beyond just the implication of a clock ticking more slowly in the moving
frame of rerence, because it comes to question our very notion of the sequence of events in time. Such issues are therefore
considered in a little more details in the discussion of the simultaneity and causality of dwethiis.context of special relativity

only, Einstein outlined 2 key concepts. The first related to space and time, which was effectively combined into the single
concept of spacetime. The second concept related to the relationship between mass and energy symbolised by his famous
equation [Ezm%]. However, there is also a relativistic effect on mass, which then has {aroekect on the concept of energy,

such that we need to answer the question:

Are mass and energy relative to a given frame of reference?
Finally, we will discuss a numberpHradoxes that seem to arise out of the relativistic effects of spacetime. Possibly, the most

FlY2dzA A& RS&ONADISRradbghatcEhbldérs the rElativie e ofY2 wei, one that remains within the
stationary frame of Earth and another who undergoes a journey at near light speed &ané

then returns. Speculative Note
An alternative review of the
1221 The Light Clock Light Clockwithin the WSM
modelmay be of interest.

The constancy of the speed of light [c] in all frames of reference is one of the basic
assumptions of sp@al relativity. As such, we should be able to design a light clock on the basis of the time [t] taken by light
[v=c] to travel a given distance [d=ct]. The following diagram attempts to illustrate the key components of our lighteclack,

light sourceemits a beam at [, which is reflected back in,Jtseconds.

Stationary
| y-axis [A] Frame
BE B
i d ,

E to b LEo i S >
d [ =

! <«

| ty -

‘

WU—E X-axis

This diagram is initially considering the propagation of a light beam in the statio aw )
. ) . enry Austin Dobson
frame only, where thdime [t;] measures the round trip delay for a distance [2d}kdn )
. . . . Time goes, you say? Ah no!
the stationary frame, there is no obvious reason why the light clock would be affected b
its orientation along either the [x] or [y] axis. Of course, there is nothing to stop another
sysem, e.g. [B], from declaring frame [A] to be a moving with a constant velocity [v] with respect to [B].

las, Time stays, we go.

So how would this configuration look from [B]?
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From the previous discussion of time dilation, we might assert that time in frame [A] must be rudoimer srom the
perspective of frame [B]. We might also realize that only the configuration moving alongatkie would be subject to space
contraction.

| y-axis Moving
4 [B] Frame
; t d'= /
d’ ' d’ =y+vt; /2 =
Y D| »
x! @ t,) |d'=y-vt,"/2"
tOD ; ; U t,’
X =vt,f2 .
d'=ct,’/2 X-axis

Of course, special relativity still requires the constancy of the speed of light [c] irfrhaiks, i.e. [A] and [B]. So the question is
whether we can resolve the geometry such that [c] equals distance divided by time in both frames [A] and [B]?

Stationary ||Moving
[A] Frame ||[B] Frame

i b =t
d=ct;=1 d'=ct;” =1.25 :
%¥=0:y=1 