
Dr Andrew French. December 2016.
Based on Winchester College lectures of JJLD, notes of JAAB, Morin Classical Mechanics 
and Schwartz, J. & McGuinness, Introducing Einstein.
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Licht ist keine Ente!

Licht ist kein Hamster!

An Introduction to 
Special Relativity
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Suggested books and notes to follow this up with ....

Special 
Relativity 
chapter in the 
Pre-U Physics 
ebook 
(JAAB)

www.eclecticon.info
(Maths/Mechanics/Special Relativity) (AF)

Also includes Special Relativity!

Read this first. It is full of 
excellent diagrams and 
historical context

http://www.eclecticon.info/
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjq8s3D59LQAhWGuRQKHdjVDOwQjRwIBw&url=/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwieibC-59LQAhWCOhQKHZwyA-8QjRwIBw&url=https://www.amazon.com/Introducing-Einstein-Joseph-Schwartz/dp/1840460601&psig=AFQjCNEZFvcGPskljCgDLGEpTJwR716Ndw&ust=1480675297344658&psig=AFQjCNEZFvcGPskljCgDLGEpTJwR716Ndw&ust=1480675297344658
https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwia9Ijm59LQAhUDbhQKHc5QA_AQjRwIBw&url=https://www.amazon.co.uk/Introduction-Classical-Mechanics-Problems-Solutions/dp/0521876222&psig=AFQjCNEru_SQlH4_34VPNjC2ADcGQTRgMg&ust=1480675382629967


PART 1 Summary
(skip if you don’t like 
spoilers!)

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiNg_Pz7tPQAhUBsBQKHQ0CCu0QjRwIBw&url=https://www.pinterest.com/leonorscf/rubber-ducks/&bvm=bv.139782543,d.ZGg&psig=AFQjCNEA4jU184Ya31utj8gocwiALRB-Iw&ust=1480711650869972
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Part 1Light – the best understood physical phenomena
Huygens, Fresnel, Young... – the Wave model of light
Electricity & Magnetism become Electromagnetism
➢Foucault and Fizeau use cunning clockwork to measure the speed of light
If light is a wave, what medium does it propagate in?
➢Maxwell predicts Electromagnetic Waves, with an invariant speed c
➢Faraday, Helmholtz, Hertz, Lorentz confirm Maxwell experimentally.
Michelson & Morely show that light can propagate in a vacuum
No “aether” is needed. “Light is not a duck”*

Galileo and Newton predict the motion of hamsters** between frames of
reference in relative motion.  Is light like a beam of hamsters?

Einstein considers his reflection in a mirror if he were to travel at the speed of 
light. He concludes that light is not like a beam of hamsters. (Although with help from

Planck, Bohr et al he will later conclude that you can divide the energy of light into discrete quanta)

The Feynman light clock thought (Gedanken) experiment shows that moving 
clocks run slow in order to ensure the speed of light is constant in all frames of 
reference

Experiments with pions show emitted gamma rays travel at the speed of light
regardless of the speed of the pion which emits them

*A radiating hot duck in space will do just fine though.  But a duck in a river is not a good model for ‘ripples’ of light

**No hamsters were actually hurled by these great Physicists

Present day

Mostly 18th -
19th century

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiv0I7h5NLQAhWCXhQKHYIKAOoQjRwIBw&url=http://www.thecuriosityworkshop.com/curiosity/giant-rubber-duck/&psig=AFQjCNGmSs4_kiAxITvwnqJlHFxPrwqLvw&ust=1480674451103482
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Some of the key Physicists in this story

Galileo Galilei
1564-1642

Isaac Newton
1642-1726

Thomas Young 
1773-1829

Christiaan Huygens
1629-1695

Mechanics
Frames of reference
Relative motion
Scientific method
May have dropped
some balls from the 
tower of Pisa
The Inquisition was not too keen on 
his rather sunny outlook though

Theory of 
Waves

Mechanics
Calculus
Optics
Thermodynamics
Gravity.....
Alchemy
Wasn’t very
nice to Hooke

Young’s slits
(diffraction)
Young’s modulus
(elasticity)
Egyptology 
Sadly died young
as well

https://en.wikipedia.org/wiki/File:Justus_Sustermans_-_Portrait_of_Galileo_Galilei,_1636.jpg
https://en.wikipedia.org/wiki/File:GodfreyKneller-IsaacNewton-1689.jpg
https://en.wikipedia.org/wiki/File:Thomas_Young_(scientist).jpg
https://en.wikipedia.org/wiki/File:Christiaan_Huygens.jpg


Augustin-Jean 
Fresnel 
1788-1827

Hippolyte Fizeau
1819-1896

Léon Foucault
1819-1868

Humphry Davy
1778-1829

Michael Faraday
1791-1867

Electromagnetism
Chemistry

Hermann von Helmholtz
1821-1894

Waves

Measured the
speed of light

Electromagnetism

https://en.wikipedia.org/wiki/File:Augustin_Fresnel.jpg
https://en.wikipedia.org/wiki/File:Armand_Hippolyte_Louis_Fizeau_by_Eug%C3%A8ne_Pirou_-_Original.jpg
https://en.wikipedia.org/wiki/File:Sir_Humphry_Davy,_Bt_by_Thomas_Phillips.jpg
https://en.wikipedia.org/wiki/File:M_Faraday_Th_Phillips_oil_1842.jpg
https://en.wikipedia.org/wiki/File:Hermann_von_Helmholtz.jpg


James Clerk Maxwell
1831-1879

Hendrik Lorentz
1853-1928

Edward Morley
1838-1923

Albert Michelson
1852-1931

Heinrich Hertz
1857-1894

Guglielmo Marconi
(1874-1937)

There
is no 
aether!

Developed
wireless
technology
(Radio, 
Radar ...)

I prefer to talk 
in maths

Maxwell is correct!

0 0

1
c

 
=

You will enjoy my 
Transformation
in Part 2

I am 
frequently 
serious...

https://en.wikipedia.org/wiki/File:Hendrik_Antoon_Lorentz.jpg
https://en.wikipedia.org/wiki/File:Edward_Williams_Morley2.jpg
https://en.wikipedia.org/wiki/File:Albert_Abraham_Michelson2.jpg
https://en.wikipedia.org/wiki/File:Heinrich_Rudolf_Hertz.jpg
https://en.wikipedia.org/wiki/File:Guglielmo_Marconi.jpg


Richard Feynman
1918-1988

Albert Einstein
1879-1955

1905 was a very good year for me

I have a talent for
making the complicated
make sense and explaining 
the inexplicable.

I can also pick locks, paint 
and play the bongos

https://en.wikipedia.org/wiki/File:Richard_Feynman_Nobel.jpg
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjxsNj_8NLQAhWCyRoKHR6UDw8QjRwIBw&url=http://www.lonestar.edu/library/14915.htm&psig=AFQjCNEbH5m2sANowUCvm0izqFCGcugqPA&ust=1480677844183486
https://en.wikipedia.org/wiki/File:Max_Planck_1933.jpg
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Light – perhaps the best 
understood of all physical 
phenomena

It is the only means for us to 
understand the Cosmos well 
beyond the inner solar system

Hyperspectral image from NASA space 
telescopes

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiZ8auM8tLQAhXLCBoKHWMRAgoQjRwIBw&url=http://photojournal.jpl.nasa.gov/gallery/universe?subselect=Instrument:Visible+Light:Mission:Hubble+Space+Telescope&bvm=bv.139782543,d.ZGg&psig=AFQjCNHbr2BTVXiSYU8Lp4z5jr5v1JTa6w&ust=1480678134949003
https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiC2uPy8tLQAhWCXhoKHQgyCQ0QjRwIBw&url=https://commons.wikimedia.org/wiki/File:Solar_Spectrum.png&bvm=bv.139782543,d.ZGg&psig=AFQjCNGC-6oKvT7xmrN51M6TxKOqEZwLkw&ust=1480678349749957
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiBybr98tLQAhXGlxoKHVZ4BLcQjRwIBw&url=http://www.scinatech.com/buy/1823/phy-0188-solar-spectrum-chart-/index.html&bvm=bv.139782543,d.ZGg&psig=AFQjCNGC-6oKvT7xmrN51M6TxKOqEZwLkw&ust=1480678349749957


c f =Convert wavelength into frequency using
8 12.998 10 msc −= 
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https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwip97uy8tLQAhWPyRoKHdaNCvQQjRwIBw&url=https://github.com/golanlevin/ExperimentalCapture/blob/master/docs/hyperspectral.md&bvm=bv.139782543,d.ZGg&psig=AFQjCNHE3iqgKLGJqwx4XdLOYWjPh-WX6g&ust=1480678227298993
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Thomas Young 
1773-1829

Christiaan Huygens
1629-1695

Augustin-Jean 
Fresnel 
1788-1827

Léon Foucault
1819-1868

Light is a wave – it reflects, refracts and diffracts.
Its speed of propagation is: 

8 12.998 10 msc −= 

Hippolyte Fizeau
1819-1896

https://en.wikipedia.org/wiki/File:Thomas_Young_(scientist).jpg
https://en.wikipedia.org/wiki/File:Christiaan_Huygens.jpg
https://en.wikipedia.org/wiki/File:Augustin_Fresnel.jpg
https://en.wikipedia.org/wiki/File:Armand_Hippolyte_Louis_Fizeau_by_Eug%C3%A8ne_Pirou_-_Original.jpg


James Clerk 
Maxwell
1831-1879

Hendrik Lorentz
1853-1928

Heinrich Hertz
1857-1894

Guglielmo Marconi
1874-1937

Michael Faraday
1791-1867

Hermann von 
Helmholtz
1821-1894

x̂

ŷ

ẑ

E

H

k

Electric dipole

Magnetic dipole
(approximately)

Electricity and 
Magnetism
are linked.

Electromagnetism

Hans Christian 
Ørsted
1777-1851

https://en.wikipedia.org/wiki/File:Hendrik_Antoon_Lorentz.jpg
https://en.wikipedia.org/wiki/File:Heinrich_Rudolf_Hertz.jpg
https://en.wikipedia.org/wiki/File:Guglielmo_Marconi.jpg
https://en.wikipedia.org/wiki/File:M_Faraday_Th_Phillips_oil_1842.jpg
https://en.wikipedia.org/wiki/File:Hermann_von_Helmholtz.jpg
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James Clerk 
Maxwell
1831-1879
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Maxwell’s Equations predict Electromagnetic Waves, which consist of electric
and magnetic fields at right angles to each other, both transverse to the direction
of wave propagation.

Intriguingly, these waves always propagate through a vacuum at speed:

8 1

0 0

1
2.998 10 msc
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These are fundamental constants. So the wave speed is independent of
the relative speed of EM wave source and receiver!
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Hang on a minute....
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Sound waves, surface waves etc are the vibration of a medium (e.g. air or water molecules).
They have a characteristic speed depending on density, and stiffness of molecular bonds.

So for an electromagnetic wave passing from the Sun to Earth, what medium is vibrating?

The Luminiferous Aether of course! WRONG

If I were a space duck, I 
wouldn’t produce all 

these ripples......

Not that type of 
medium!

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiNg_Pz7tPQAhUBsBQKHQ0CCu0QjRwIBw&url=https://www.pinterest.com/leonorscf/rubber-ducks/&bvm=bv.139782543,d.ZGg&psig=AFQjCNEA4jU184Ya31utj8gocwiALRB-Iw&ust=1480711650869972
https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiNg_Pz7tPQAhUBsBQKHQ0CCu0QjRwIBw&url=https://www.pinterest.com/leonorscf/rubber-ducks/&bvm=bv.139782543,d.ZGg&psig=AFQjCNEA4jU184Ya31utj8gocwiALRB-Iw&ust=1480711650869972
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Edward Morley
1838-1923

Albert Michelson
1852-1931

If there is an aether, we should be
able to measure the effect of moving
towards it..... 

Earth orbital speed 
is about 30 km/s

If there is a relative
motion between the Earth 
and the aether, we should 
expect to see a difference in 
phase between the 
longitudinal and transverse
beams in the 
Michelson-Morley 
interferometer

https://en.wikipedia.org/wiki/File:Edward_Williams_Morley2.jpg
https://en.wikipedia.org/wiki/File:Albert_Abraham_Michelson2.jpg
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Michelson and Morley's interferometer, mounted on a stone slab that 
floats in an annular trough of mercury.

Conducted over the spring and summer of 1887 at what is now 
Case Western University, Cleveland Ohio, USA.

https://en.wikipedia.org/wiki/Michelson%E2%80%93Morley_experiment

Mercury trough
(low friction bearing!)

Stone slab

Mirror

MirrorLight source

Half silvered
mirrors

Detector

https://en.wikipedia.org/wiki/Michelson%E2%80%93Morley_experiment
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So did Michelson & Morely observe any phase shift due to relative motion between
the Earth and the Aether?

No

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiv0I7h5NLQAhWCXhQKHYIKAOoQjRwIBw&url=http://www.thecuriosityworkshop.com/curiosity/giant-rubber-duck/&psig=AFQjCNGmSs4_kiAxITvwnqJlHFxPrwqLvw&ust=1480674451103482


20Light is not like a duck

Conclusion: There is no aether. Light can propagate in vacuum. It itself moves

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiQ-dyz5NLQAhVEshQKHfxBAfAQjRwIBw&url=http://www.bbc.co.uk/news/world-latin-america-35931668&psig=AFQjCNGmSs4_kiAxITvwnqJlHFxPrwqLvw&ust=1480674451103482


Albert Einstein
1879-1955

James Clerk 
Maxwell
1831-1879

8 1

0 0

1
2.998 10 msc
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These are fundamental constants. So the wave 
speed is independent of the relative speed of EM 
wave source, and receiver!

Back to Maxwell’s discovery ...

What happens to my image 
in a shaving mirror if I were 

to travel at the speed of 
light? Would it disappear?
Could I go faster than the 

speed of light? What would 
happen then?

This is a Gedanken 
(thought) experiment

The mirror might crack if you
bumped into it at the speed of light.
Now that would be unlucky

Let’s assume 
Maxwell is correct...  

c is always the 
same

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjAkJDwrNPQAhUE2RoKHfd1CrQQjRwIBw&url=https://www.pinterest.com/sherrieh58/barber-shop/&bvm=bv.139782543,d.ZGg&psig=AFQjCNGsOkYsT2TxYPVhrhigpHHYEUcAZQ&ust=1480693875519365
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Galileo Galilei
1564-1642

Isaac Newton
1642-1726

Let’s use the mechanics of 
Galileo and Newton to work out 
what will happen.

To keep things simple we’ll think 
about a short pulse of light.

Is the dynamics of the light pulse 
just like that of a projectile?

Is light like a hamster?

Oh no!
To keep things even simpler, let’s consider hurling
a hamster vertically upwards in a box in zero gravity

u
u

I am an 
elastic 
hamster

u

L

To fall (or rise) distance
L the hamster takes time

L
t

u
 =

If I keep bouncing
I shall become a clock

Let’s have a spacewalk

https://en.wikipedia.org/wiki/File:Justus_Sustermans_-_Portrait_of_Galileo_Galilei,_1636.jpg
https://en.wikipedia.org/wiki/File:GodfreyKneller-IsaacNewton-1689.jpg
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjJ-9jd3dPQAhUJVhoKHQDNBBAQjRwIBw&url=http://www.clipartqueen.com/space-clip-art.html&psig=AFQjCNEOi8fi3VfVNdbpyo1rjUPYg1aC-A&ust=1480707014008304
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjJ-9jd3dPQAhUJVhoKHQDNBBAQjRwIBw&url=http://www.clipartqueen.com/space-clip-art.html&psig=AFQjCNEOi8fi3VfVNdbpyo1rjUPYg1aC-A&ust=1480707014008304
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjJ-9jd3dPQAhUJVhoKHQDNBBAQjRwIBw&url=http://www.clipartqueen.com/space-clip-art.html&psig=AFQjCNEOi8fi3VfVNdbpyo1rjUPYg1aC-A&ust=1480707014008304


u

u

Mr Wonka supplies a glass elevator for the experiment.
Prof. Feynman observes it translating at speed v to his right. 
From his perspective, the hamster moves along the red dotted line path.

u

x
v

L

v v

y

Richard Feynman
1918-1988

0t =

L
t t

u
=  =

v t

The total distance travelled according to Prof. Feynman is:

2 2 2

2 2 2 2

2 2
1

v L v
d L v t L L

u u
= +  = + = +

Therefore the 
hamster speed is:

2

2
1

d u v
w d u

t L u
= = = +


https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiezdetr9PQAhULWRoKHZHHBPcQjRwIBw&url=https://adiscounttickettoeverywhere.wordpress.com/2012/12/07/charlie-and-the-great-glass-elevator-or-memory-plays-tricks/&bvm=bv.139782543,d.ZGg&psig=AFQjCNFrggtXc5Zaacnw-Gxo8VO3J7fIFA&ust=1480694559031312
https://en.wikipedia.org/wiki/File:Richard_Feynman_Nobel.jpg
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Now what if we replace the hamster with a light pulse?

c

c

c

x
v

L

v v

y

0t =

L
t t

c
=  =

v t

2

2
1

v
w u

u
= +

Prof. Feynman’s Hamster speed Hence Prof. Feynman’s light pulse speed?

2

2
1

v
w c

c
= +

But according to Maxwell, this cannot be correct, since the speed of light 
is always c regardless of the frame of reference it is measured in......

TIME FOR A BOLD LEAP OF THE IMAGINATION!

This cannot be 
correct

8 1

0 0

1
2.998 10 msc
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Light is not like me
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Let time progress at 
a different rate, 

depending on the 
relative motion of 

two frames of 
reference

c

c

c

x
v

L

v v

y

' 0t =

' '
L

t t
c

=  =

v t

2 2 2

2

2 2 2 2 2

2

2

2

1

' ' 1

'

d L v t
w w c

t t

v
c t L v t L c t

c

v
L c t t t

c

t
t
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= = =
 

  = +   =  −

=    =  −


 =

The dash
means in the
elevator frame
of reference

1
22

2
1

v

c


−

 
= − 
 So MOVING CLOCKS

RUN SLOW

The Lorentz 
factor

Maxwell’s assertion

Now

i.e. we relate
L to the time
passed in the 
elevator frame

https://en.wikipedia.org/wiki/File:Hendrik_Antoon_Lorentz.jpg
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Time dilation

MOVING CLOCKS
RUN SLOW

Note

so for speeds much
less than the speed of
light

't t  

Thank goodness

Moving 
frame

‘Lab’
frame
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Well this Special Relativity stuff is all well in theory, but can we do an experiment to confirm?

Lots more tests of Special Relativity are described at:

http://math.ucr.edu/home/baez/physics/Relativity/SR/experiments.html

In 1964 Alväger and co-workers at CERN fired protons 
at a Beryllium target to produce fast-moving neutral 
pions (0), travelling at 0.9998c. These pions quickly 
decayed into two gamma photons. They measured the 
speed of these photons in the laboratory rest frame 
and found the speed to be c to within 0.005%. 

A similar experiment by Filippas & Fox was conducted 
in 1963 with neutral pions at a speed of 0.2c. This also 
confirmed the hypothesis that light travels at c, 
regardless of the relative velocity of the source and 
detector.

(Adapted from JAAB’s 
Special Relativity notes)

A photon is essentially
a ‘light pulse’
More in the Quantum
Mechanics course!

0

0.9998c

c c

Decay

My theory has 
passed all the tests 
so far ...

http://math.ucr.edu/home/baez/physics/Relativity/SR/experiments.html


Dr Andrew French. December 2016.
Based on Winchester College lectures of JJLD, notes of JAAB, Morin Classical Mechanics 
and Schwartz, J. & McGuinness, Introducing Einstein.
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Licht ist keine Ente!

Licht ist kein Hamster!

An Introduction to 
Special Relativity
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PART 2

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjW6ZW_5NLQAhXCvRQKHck6BOoQjRwIBw&url=http://www.goodnewsnetwork.org/the-world-is-its-bathtub-6-story-high-rubber-duck-heads-for-great-lakes/&psig=AFQjCNGmSs4_kiAxITvwnqJlHFxPrwqLvw&ust=1480674451103482


PART 2 Summary
(skip if you don’t like 
spoilers!)

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiNg_Pz7tPQAhUBsBQKHQ0CCu0QjRwIBw&url=https://www.pinterest.com/leonorscf/rubber-ducks/&bvm=bv.139782543,d.ZGg&psig=AFQjCNEA4jU184Ya31utj8gocwiALRB-Iw&ust=1480711650869972
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Part 2Recap of the main results so far:

➢Speed of light is invariant for all frames of reference

➢Time dilation: “Moving clocks run slow”

1
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Moving 
frame

‘Lab’
frame

lab frame moving frame

(w.r.t lab)

v

'xx

y 'y

Time dilation example 1: A return trip to Alpha Centauri

Time dilation example 2: Mysterious muon decay!

The length of a moving object contracts in the direction of motion, relative to

its length measured at rest

L
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=

Length
of moving 
object

Length 
at rest

Relative motion close to the speed of light causes a loss in simultaneity

i.e. time is offset as well as dilated.

Explanation of the Twins ‘Paradox’  (We’ll need the Lorentz Transform for this)

This explains the Muon mystery 

from the Muon’s perspective!

i.e. ‘putting all the relativistic effects together’
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Time dilation recap

MOVING CLOCKS
RUN SLOW

Note

so for speeds much
less than the speed of
light
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Thank goodness
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4 light-years

4
5

v c=

From the perspective of the astronauts,

how long will the return journey to Alpha 

Centauri last? (Assume they stay there for

a year)

Earth perspective:
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Only time dilate

the moving part of the 

journey
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Muon mystery! −
One of the effects of cosmic radiation is to 

create muons in the upper atmosphere

10kmh =

−

Muon 

detector

Upper atmosphere

Earth surface

e
e v v


 − −→ + +

electron electron 

neutrino

muon 

antineutrino

Muons have a half-life of 2.2s

and they travel at about 0.98c

This mystery is 

elementary, my 

dear Watson!

To travel the 10km from upper atmosphere to a detector should take about:

4

8 1

10 m
34μ

0.98 0.98 2.998 10 ms

h
t s

c −
 = = 

 

i.e. 15.5 half lives

We should therefore expect about
15.5 1

2
45,000

− 

of the atomospheric muons to be detected on Earth....

But it is 

more like

an eighth...
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The explanation, from the detector perspective, is that the muon’s moving clock 

runs slow. The half life is not 2.2s but 2.2s multiplied by 
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Moving 
frame

‘Lab’
frame

So 2.2s

should in this case 

correspond to the 

‘moving’ frame (of 

the muon)

The expected fraction of muons received 

should therefore be:

34

3.111.1
1

2 2
8.4

−
− 

It’s not just my pupils 

which are dilated my 

dear Holmes!
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But what about the Muon’s perspective? Surely the muon will ‘experience’ a 

half life of 2.2s? Don’t we have a paradox?

The answer is that, from the Muon’s perspective, the atmospheric distance

it experiences ‘coming towards it at 0.98c is contracted. 

i.e. according to the Muon the detector is not 10km away, but 10km /  = 1.99km

L
l


=

Length
of moving 
object

Length 
at rest

Hendrik Lorentz
1853-1928

We’ll prove this result soon – 
but first a poetic interlude....

https://en.wikipedia.org/wiki/File:Hendrik_Antoon_Lorentz.jpg


37

Observe that for muons created

The dilation of time is related

To Einstein’s insistence

Of shrunken-down distance

In the frame where decays aren’t 

belated

Morin pp 522
0.9c 0.99c



Length contraction L
l


=

Length
of moving 
object

Length 
at restLet’s return to Mt Wonka’s glass elevator

A light pulse is produced at one end, which is reflected off

a mirror. The time difference t’ between the light pulse 

transmission and reception (the torch has an in-built lux 

meter data logger) enables the width L of the elevator to be 

measured.

L

Mirror

2
'

L
t

c
 =

‘There and 

back’ time

v

Now consider the situation as viewed by Prof. Feynman

who observes the elevator moving with velocity v to the 

right. Let’s assume he will measure the elevator width as l

SM SM SM

MS MS MS

l
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c v

l
c t l v t t

c v
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−
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+

l Time from 

Source to 

Mirror

Time from 

Mirror to 

Source

i.e. mirror has moved during transit!

Closer in this case

total distance travelled by light

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjslcv72d_QAhVBWhQKHb-SAj8QjRwIBw&url=http%3A%2F%2Fwww.clipartpanda.com%2Fcategories%2Fflashlight-clipart&bvm=bv.139782543,d.ZGg&psig=AFQjCNGi1xPPqi-g3FDjIDqQX6b0Kqm4Fg&ust=1481118343034499
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjJ-9jd3dPQAhUJVhoKHQDNBBAQjRwIBw&url=http://www.clipartqueen.com/space-clip-art.html&psig=AFQjCNEOi8fi3VfVNdbpyo1rjUPYg1aC-A&ust=1480707014008304
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjslcv72d_QAhVBWhQKHb-SAj8QjRwIBw&url=http%3A%2F%2Fwww.clipartpanda.com%2Fcategories%2Fflashlight-clipart&bvm=bv.139782543,d.ZGg&psig=AFQjCNGi1xPPqi-g3FDjIDqQX6b0Kqm4Fg&ust=1481118343034499
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjJ-9jd3dPQAhUJVhoKHQDNBBAQjRwIBw&url=http://www.clipartqueen.com/space-clip-art.html&psig=AFQjCNEOi8fi3VfVNdbpyo1rjUPYg1aC-A&ust=1480707014008304
https://en.wikipedia.org/wiki/File:Richard_Feynman_Nobel.jpg


39

v
l

Total there-and back time is:
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So Prof. Feynman

will observe the elevator

width to be contracted, 

relative to the measurement

of the astronaut

There-and-back 

time measured 

by the astronaut
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Loss of simultaneity
A light source is placed in the centre of Mr Wonka’s elevator. Detectors placed

at opposite side will clearly receive a light pulse simultaneously, since light

travels at speed c and travels the same distance.

1
2 L 1

2 L

Right

(R)

Left 

(L)

Let us define two events:

R means right detector receives the pulse 

L means left detector receives the pulse

cc

v

What does Prof Feynman see? Let us work out the time 

elapsed since the light source was created for events R and L
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Note I measure

the width to be

i.e. work out

the distance

travelled as in the 

length contraction 

example

Note this is not the 

“Rear Clock Ahead” 

example in Morin, but 

the previous scenario 

on p512. I think this 

gets the point across 

more clearly – and 

gives a result 

consistent with the 

Lorentz transform!

So events R and L

are not simultaneous Prof. 

Feynman’s frame
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The Twins ‘Paradox’

Consider a pair of twins. One journeys to Alpha Centauri and the other stays on

Earth. According to the analysis of time dilation:
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and stays for a year

So the Earth twin should be 

older by 4 years

But from the perspective of the Astronaut, the brother has receded away (and

then returned) at the same speed. So shouldn’t the Earth-bound brother

be four years older, rather than the other way round?

Youtube video solution!
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Resolution of the Twins paradox. The Earth-bound twin is older by four years.

Morin (Appendix H) gives a number of reasons, but I think the correct thing to

do is to properly consider the Lorentz transforms. The issue is that the problem

involves the astronaut going there and back. The change of direction is the problem. 

We can’t simply apply time dilation because the reference frames change
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Earth is a rest, spaceship moves ( )
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So total time elapsed on Earth is 5+5 = 10 years

which is equivalent to 3+3 = 6 years for the Astronaut twin

there is essentially

no motion of the 

astronaut in the 

spaceship frame

T = time in years
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T
t t t T=  = =

This is why time dilation alone

works in this scenario
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The reason is that we haven’t taken into account a time offset resulting from

the fact that, from the Spaceship’s perspective, the Earth has changed 

reference frame. In other words, simply adding the contributions will not

cover the entire time elapsed on Earth.

This offset should exactly equate to the effects of acceleration as the rocket

slows down to Alpha Centauri and then speeds up as it leaves.
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https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjwm5rM8d3QAhXFuRoKHQKSCAsQjRwIBw&url=https%3A%2F%2Fwww.emaze.com%2F%40ALOFWRLT%2FPlanet-Earth-&psig=AFQjCNF0AQmvVweCM6RI8LoiWAOF40EtFw&ust=1481055966352647
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“Insanity, doing the same thing over 

and over again and expecting different 

results.”

“Look deep into nature, and then you 

will understand everything better.”

“Logic will get from A to B. Imagination 

will take you everywhere.”

“Any man who reads too much and 

uses his brain too little falls into lazy 

habits of thinking.”

“Only a life lived for others is a life 

worthwhile.”

“Peace cannot be kept by force; it can 

only be achieved by understanding.”
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EXTRAS
(Perhaps for a second visit to this presentation!)

Hooray! Lots of 
Maths
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Extras

Summary of Special Relativity Results

➢The Lorentz Transform

➢Relativistic transformation of velocities

➢Relativistic Doppler Shift

➢Relativistic Momentum

➢Relativistic Newton’s Second Law

➢Work done and 

➢Energy, momentum invariant

➢Momentum of a photon 

2E mc=

See www.eclecticon.info Maths Mechanics page (Special Relativity)

for more detailed explanations of the results presented here

http://www.eclecticon.info/
http://www.eclecticon.info/index_htm_files/Mechanics - Special relativity.pdf


The Lorentz transform

Time dilation, length contraction

and loss of simultaneity can be

incorporated into a general

transformation of spacetime coordinates!
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We can generalize to an S’ 

velocity which is not parallel to 

the x axis of the S frame
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Relativistic transformation of velocities
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This is called ‘relativistic 

aberration’

If the velocity was 

the speed of light ....

Hence:
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Relativistic Doppler shift

Consider a receding wave source of frequency f’ in the S’ frame. It crosses the x axis 

of the S frame at angle .  and speed u. The velocity of waves emitted is w, in S.

The period T of waves received by an observer (in the x direction) at the origin O of 

the S frame is:
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T t
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wave crests at 
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Define Doppler frequency shift
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Note if waves are 

electromagnetic

w c=

See Eclecticon note for proof

http://www.eclecticon.info/index_htm_files/Mechanics - Special relativity.pdf
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Relativistic Momentum

We might expect ‘force = rate of change of momentum’ to be true in a relativistic 

sense as well as in the classical. However, the speed limit of c would imply an upper 

limit on the amount of momentum a given mass could have, if we use the classical 

momentum formula

This would be counter to reality – we could easily devise a theoretical  system which 

applies a finite amount of power, indefinitely, to a fixed mass  system. e.g. a ball 

rolling down a infinitely long slope! 

To get around this problem, let us redefine momentum such that it can 

become infinite as velocity tends towards c. i.e. multiply by ....

m=p u
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Some useful derivatives involving 
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Force, work & energy
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‘Relativistic Newton’s Second Law’
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So the total energy of a mass m is:

2E mc=

When the mass is at rest
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Energy, momentum invariant

Consider the following quantity:
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This is clearly an invariant, 

regardless of the frame of 

reference. 

22 2 2 4E c m c− =p

This is very useful

in Particle Physics, 

and collision problems 

at relativistic speeds. 

e.g. Compton 

Scattering.

So for a photon m = 0

E pc

E hf

hf
p

c

=

=

 =

h is 

Planck’s 

constant
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