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The VCE Study Design

» Maxwell’s equations and the speed of light
= No absolute frame of reference
» Einstein’s two postulates for his special theory of relativity
= the laws of physics are the same in all inertial (non-accelerated) frames of reference

= the speed of light has a constant value for all observers regardless of their motion or the
motion of the source

» Michelson-Morley experiment

» Thought experiments to show that:

= time interval between two events differs depending on the motion of an observer
relative to the events (non-simultaneity)

= length contraction of an object occurs in the direction of its motion when observed from
a different frame of reference;

» Proper time and proper length

» Modelling time dilation and length contraction using the equations t = toy and L
= Lo/y where y = (1 -v2/c2)-%

» Total ‘mass-energy’ of an object is given by Etot = Ek + Erest = mc2 where m =
moy and so kinetic energy, Ek = (y - 1)moc2

» Explain that mass can be converted into energy and vice versa, E = Amc2;

» Explain the impossibility of motion faster than light in terms of relativistic mass m =
mo y at speeds approaching c
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Einstein

1879-1955
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» “Light”
= real light
= radio waves

= (x-rays, gamma rays, microwaves, or any oth rt
of electromagnetic field)

» Speed is ¢ =299,792,458 m/s (1 billiogdkm/hr)
» Fast but finite

» AlterQative pictures of Iight: waves or
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Before Relativity

Galileo & Newton
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Newton: 1687
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There is no
difference!
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How fast are we going anyway?
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Mysterious Magnetism
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How does a
compass
work?

The yaung Einstein

Green electron beam




Can you catch a beam of light?

Light is an
electromagnetic
wave!

 Maxwell

Two ways to make electricity!
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Moving charge in wires feels MAGNETIC force

Achtung!: There
does not need to
be two laws of
Physics here!

Changing magnetic field makes an ELECTRIC field

How does light behave?

» Like sound waves?
» Propose a medium for light:

Aether

m Sound in Air m Light in Aether?
— Air has pressure — Aether is insubstantial
— Made of O, N, Ar — Very elastic
— Has mass — Other properties???

— You breath it

Double Stars: Mechanics
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Speed of light
independent of
the speed of the
source

Speeding Earth: Sound

Speed of light
independent of
the speed of the
observer

L 4 ~»
Michelson - Morley Experiment in 1887




The Postulates of the Special Theory of Relativity «»»
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» Laws of Physics the same for everybody
» The speed of light the same for everybody

Sun’s light
moves at

09000

- - LEY
How does light behave?  a_ o
» Summary B> )
= Speed of light (0 73
independent of &
speed of source m_,
* Speed of light 7y / |
independent of
speed of observer /
Object Us Them
Us 0 (+ to right)
Them 0
Tennis Ball 0 —100 km/hr
Sound Wave
Light | |

c=3x10®m/s -
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Earth Clock
@)

The spaceship sees the time interval v
on the Earth clock is longer than the time
interval on the spaceship clock by a factor

Light clock [ ]

Summary
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The Special Theory of Relativity

» First Result: Moving clocks run slow
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Galaxy crossing protons 8y
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» Galaxy view » Proton view
proton speed v < C (just) Elapsed time:
y=1010 A = At/ly=10°years = 315s

Cross galaxy in At=10°

years Galaxy speed v < C (just)

L’ = A.C = Atly
' — 1051010 = 105 1y,
(— — 95 million km = 0.7 A.U.

O

A
v

L = 10° light years

Summary Y
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The Special Theory of Relativity
» First Result: Moving clocks run slow

» Second Result: Moving objects contract

L'=L/y
)= 1
J1-v2/c?

The universe seen by a photon ﬁ
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» Only weightless objects can travel at the speed of
light

» All clocks freeze
» All distances contract to zero

» Where would you like to go today?
» Whatifv>c?
Violate causality!

Cannot happen in our universe!

Alpha Centauri

. A5l ¥

Earth View Photon

View

Relativity of Simultaneity L2
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» Lecture theatre experiment




Relativity of Simultaneity 5?3 Relativity of Simultaneity 5?3

» Lecture theatre experiment » Space view of lecture theatre experiment

Event 1

Event 2 & a
» f

30 km/s
Relativity of Simultaneity 5;5 Relativity of Simultaneity 5;5
» Space view of lecture theatre experiment » Space view of lecture theatre experiment

Event 2




Summary L]
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The Special Theory of Relativity

» First Result: Moving clocks run slow
» Second Result: Moving objects contract
» Third Result: Simultaneity is Relative

What about E=mc? ? 0 L]
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Summary h«;j SS433 - The strangest object in our galaxy h«;j
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The Special Theory of Relativity

» First Result: Moving clocks run slow
» Second Result: Moving objects contract
» Third Result: Simultaneity is Relative

» Fourth Result: Energy has mass!

Resting
E =mc®

With Kinetic Energy
2 1

E=mc" y=—————

V1-v?/c?

E =mc® +(y —1)mc?

Can we use Relativity to for long distance space travel?
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The central engine
produces jets of matter
moving at
25% the speed of light!




Relativity and Space Travel 0
» Before
= Rocket and fuel at rest

» After
» Fuel thrown away

» Rocket goes forward by
conservation of

Fuel

momentum

<1 Fuel

High Speed Exhaust - lon Engine

» Use Hg*, Xe* or Cs* as reaction mass

» Accelerate ions to 1%C by electric
fields

» Low thrust (not many ions per second)

» But be patient!

Prelaunch

» NERVA nuclear rocket prototype
» Built in USA in 1960’s
» Suffered from failure of the nuclear core

SOLID-CORE NUCLEAR ROCKET

Ultra fast exhaust - Light (v, = 3x108 m/s)

» Use light as the exhaust

» Better still, leave engine behind
Earth

Before NANN\N\NN—

Photon momentum: P = E/c=hc/A

After —"\/N\N/VVW\

Photon momentum: —P
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on

Mirror

Mirror
momentum:
2P




Ultra fast exhaust - Light 83
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Unbelievable amounts! o3
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» “Starwisp” interstellar probe Speed (v/c) v =1/(1-v’/c?)"” Kinet(ij/kE;‘efgy
g
100 km/hr 1 400
0.001 1.0000005 4.5x10"°
Compare:
World annual electric energy (2008) 5x10%0]
Solar flux on Earth for 1 year 5x10%4J
0.8 1.6/ 0.0x10™
17 7 TeV prot
20nm Si coating 0.99 71 5.5x10% at CERN
0.99999998 7,000 6.3x10%°
Current in wire: Force from magnetism &y The origin of the magnetic force g N
No current ze[?eflgfgrg; S Adjacent moving electron
©—> Vv (can choose same speed without loss of generality)
O O @ @‘@:@:f)‘@:@:C—)/:
@@@@@@@ SROROHORORORON
Metal ions Cood
| Adjacerélt moving G;Iectron fraréwe & :+q /(d /7)%+}q/d
With current A, =+ql/d A =-qld |/1_|:|/1+| IE:quB q] id _=5Tq/(7d) i i|,1|>|,1|
— — — — (— — P _\Vs©*s©;© O
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== Sl
unitof 1:C/m L dly




Some numbers &
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» For a current of 10 Ampere in a wire of area 1 mm?2

» Electron density in Copper N, = 8.5x10? atoms/cm?

= The atom density is the same as the electron density

because each atom contributes 1 free electron to the metal
» From theory, the speed of electrons in this wire will be:
Ve i
eAN,

= ¢ = electron charge = 1.6x101° Coulombs

= A = cross sectional area of wire = 1 mm?

= Gives 10

V=
1.6x107.(1x10°%).8.5x10%
» What is the gamma factor for this very slow speed?
1 This is incredibly small!

_ _ —24 |
V= > 2 1+3x10 But we see magnetic effects because of the
N1-vi/c i
enormous strength of the electromagnetic force!

=0.7mm/s

More reading 8y
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» A. Einstein, The Meaning of Relativity (Princeton Science Library,
1988)

» A Einstein, et al. in The Principle of Relativity, ed. by A.
Sommerfeld (Dover, 1952)

» A. Pais, Subtle is the Lord... The Science and Life of Albert Einstein
(Clarendon, 1982)

» S. Weinberg, The First Three Minutes (Basic Books, 1977)

» K. Thorne, Black Holes and Time Warps: Einstein’s outrageous
legacy (W.W. Norton, 1994)

» J.A. Wheeler, Gravity and Spacetime (Scientific American
Library, 1990)

» T.A. Herring, The Global Positioning System (Scientific American,
Feb 1996)

» G.Gamow, Mr Tomkins in Wonderland (Cambridge University
Press, 1993)




