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HIGHER PHYSICS
Our Dynamic Universe

Part 2 - Our Universe
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HIGHER PHYSICS
UNIT 1 - OUR DYNAMIC UNIVERSE 

5) SPECIAL RELATIVITY

Can you talk about:

(a) Introduction to special relativity.
 

• Relativity introduced through Galilean Invariance, Newtonian Relativity and the 
concept of absolute space.  

• Experimental and theoretical considerations (details not required) lead to the 
conclusion that the speed of light is the same for all observers. 

• The constancy of the speed of light led Einstein to postulate that space and 
time for a moving object are changed relative to a stationary observer. 

• Length contraction and time dilation.  

 

 



3

Introduction to relativity

Background definitionsBackground definitions

Galilean Invariance

Galileo was one of the 
first scientists to consider 

the idea of relativity.  

He stated that the laws 
of Physics should be the 

same in all inertial 
frames of reference.  

He first described this principle in 1632 using 
the example of a ship, travelling at constant 
velocity, without rocking, on a smooth sea; 
any observer doing experiments below the 
deck would not be able to tell whether the 

ship was moving or stationary.  

In other words, the laws of Physics are the 
same whether moving at constant speed 

or at rest. 

Newtonian Relativity

Newton followed this up by 
expanding on Galileoʼs 

ideas.

He introduced the idea of 
absolute, or universal 

space time.

He believed that it was the same time at all 
points in the universe as it was on Earth, 

not an unreasonable assumption.

According to Newton, absolute time exists 
independently of any perceiver and 

progresses at a consistent pace throughout 
the universe.  Absolute space, in its own 

nature, without regard to anything external, 
remains always similar and immovable.

Useful Definitions and ideas

inertial reference frames:   Simply two places that are moving at constant speeds relative 
to one another

absolute reference frame:  A unique, universal frame of reference from which everything 
could be defined or measured against.  Einsteinʼs theoryʼs prove no such reference frame 
exists.

the ether:  Early theories suggested that electromagnetic waves (light) required a medium 
(a space-filling substance or field) to travel through.  This ether was believed to be an 
absolute reference frame.  Modern theories have no requirement for this idea, and indeed 
the Michelson–Morley experiment performed in 1887 provided no evidence for such a field.

Useful Definitions and ideas

inertial reference frames:   Simply two places that are moving at constant speeds relative 
to one another

absolute reference frame:  A unique, universal frame of reference from which everything 
could be defined or measured against.  Einsteinʼs theoryʼs prove no such reference frame 
exists.

the ether:  Early theories suggested that electromagnetic waves (light) required a medium 
(a space-filling substance or field) to travel through.  This ether was believed to be an 
absolute reference frame.  Modern theories have no requirement for this idea, and indeed 
the Michelson–Morley experiment performed in 1887 provided no evidence for such a field.

Example on relativity (at slow speeds)

You are standing in the back of a jeep moving at 30 mph directly toward a monkey in a 
tree, and you fire an arrow from a bow, which leaves the bow at a speed of 60 mph.  

Relative to the monkey, what speed is the arrow traveling?

" Relative speed of arrow  = 60 + 30
     = 90 mph
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Einsteinʼs Special Relativity
In 1905, Albert Einstein published the theory of special relativity.  This explains how to 
interpret motion between different inertial frames of reference.

Einstein did not appeal to the ether as an absolute frame of reference.
Instead, he explained observations in terms of the relative motion between two objects.
In essence, say for example you and another astronaut, Amber, are moving in different 

spaceships and want to compare observations, all that matters is how fast you and 
Amber are moving with respect to each other.

Why SPECIAL relativity?
It is only special because this is a special case, where the motion between observers is uniform.

UNIFORM MOTION - Traveling in a straight line at a constant speed

Special 
relativity

General 
relativity

Uniform 
motion only

SQA Higher level only

Any motion - 
accelerate, 
curve etc

SQA Advanced Higher level

The postulates on which Einstein based his theory of Special 
Relativity are:

You cannot do any experiment to tell if you are in a stationary 
frame of reference or one moving at constant speed.

Speed of light depends on the medium in which it is travelling, 
but cannot exceed 3 x 108 ms-1, the speed of light in a vacuum.

1. When two observers are moving at constant speeds 
relative to one another, they will observe the same 
laws of physics.

2. The speed of light (in a vacuum) is the same for all 
observers, regardless of their motion relative to the 
light source.

This means that if you were:
• at rest then speed of light is 3 x 108 ms-1 
• in a moving frame of reference then the speed of light remains at 3 x 108 ms-1 when 

viewed by the person in that frame of reference

No particular frame of reference is any 
more ‘stationary’ than any other.
As a consequence of Einstein’s theories, 
measured time and length will change for a 
moving system depending who is observing the 
system. c cannot change so from s = vt the time 
and the distances must change.

NOTES:
Speeds are often 

quoted as a fraction 
of the speed of light

0.7c = 0.7 x 3 x108  = 
2.1 x108 ms-1

One light year = 
distance that light 

will travel in one year

= c x t
= 3 x108 x 1 x 365 x 

24 x 60 x 60 
= 9.46 x 1015m
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Understanding time dilation
Einsteinʼs theory of Special Relativity created a fundamental link between space and time.

The universe can be viewed as having:
" Three space dimensions" " " " " One time dimension

•Up/down
•left/right
•forward/backward

If you move fast enough through space, the observations you make about space and time 
differ somewhat from the observations of other people, who are moving at different speeds.

Einsteinʼs Thought Experiment
Imagine that youʼre on a spaceship and holding a laser so it 
shoots a beam of light directly up, striking a mirror youʼve 
placed on the ceiling. The light beam then comes back down 
and strikes a detector.  We shall call this an event.
However, the spaceship is 
traveling at a constant speed 
of half the speed of light 
(0.5c) . According to Einstein, 
this makes no difference to 
you — you canʼt even tell that 
youʼre moving. However, if 
astronaut Amber were spying 
on you, it would be a different 
story.

Amber would see your beam of light travel upward along a diagonal path, strike the mirror, 
and then travel downward along a diagonal path before striking the detector. In other words, 
you and Amber would see different paths for the light and, more importantly, those paths 
arenʼt even the same length. 
Since Einsteinʼs 2nd postulate states that the speed of light is the same for all observers, 
because the beam Amber observes travels a greater distance, it must have happened in a 
longer time (if the speed of light is constant).
In other words, in Amberʼs case, more time has passed for the event to happen, and the time 
on a ship moving very quickly appears to pass slower.  Moving clocks run slow!
This phenomenon is known as time dilation.

Evidence for time dilation - Muons
There is experimental evidence to support Einsteinʼs 
theory.  A particle known as a muon (see Particles and 
Waves unit) is created in the upper atmosphere.  It only 
exists for a short time, having a half-life of 1.56 x 10-6 s.  
This means that for every million muons created at a 
height of 10 km, only 0.3 should reach the surface of the 
Earth.
However, around 50 000 are detected.  This is because 
the muon is traveling very fast toward Earth, and so 
itʼs clock runs slowly compared to an observer on 
Earth, and so the muon reaches the ground!

"

http://hyperphysics.phy-astr.gsu.edu

http://hyperphysics.phy-astr.gsu.edu
http://hyperphysics.phy-astr.gsu.edu
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The time dilation formula
Moving objects run slower clocks. GPS satellites have to adjust their clocks to match the ones 
on Earth. 

The key to using the time dilation formula is understanding the terms proper time (t) and 
dilated time (t’).  

Proper time t: The time measured in the frame in which the clock is at rest relative to the event 
 is called the "proper time".  The time will always be shorted in the rest frame.

Dilated time t’: If you are watching from somewhere else and you look at the clock on the 
 moving object you will measure t’, the dilated time.  The clock will be seen to be 
 running slow.

The equation linking these two times is given as

v  =  speed object is moving at
c  =  speed of light
t  =  time measured by the 

observer at rest with respect 
to the event

t‘ =  time measure by another 
observer 

€ 

t'= t

1− v
2

c 2

Examples

1. The lifetime of a muon is 
2.2µs. Muons travel at 99% the 
speed of light.  How long do 
muons last for here on Earth?

t = 2.2x10-6 s
v = 0.99c = 0.99 x 3.0x108 ms-1 = 2.97x108 ms-1

c = 3.0x108 ms-1

t’ = t / (√ 1 – v2 / c2)

t’ = 2.2x10-6 / [√ 1 -  (2.97x108)2 / (3.0x108)
2 ]

Or more straightforwardly:
t’ = 2.2x10-6 / √ [1 -  (0.99)2]
t’ = 1.6 x 10-5 s = 16µs

2. A rocket is traveling at a 
constant 2.7 × 108 ms–1 
compared to an observer on 
Earth. The pilot measures the 
journey as taking 240 minutes. 
How long did the journey take 
when measured from Earth?

t = 240 minutes
v = 2.7 x 108 ms-1 = 0.9c

t’ = t / (√ 1 – v2 / c2)

t’ = 240 / √ (1 – 0.92)

t’ = 551 minutes



7

We do not notice this time difference in every day life because for speeds of 0.1c 

The Lorentz Factor (γ) is part of the 
time dilation equation. It takes into 
account the speed of the object.

Lorentz Factor =  

We can see that for small speeds 
(i.e. less than 0.1 times the speed 
of light) the Lorentz factor is 
approximately 1 and relativistic 
effects are negligibly small. 

The Twin Paradox

The Twin Paradox helps us to understand the limitations of Special Relativity.

In this thought experiment, one of a pair of twins leaves on a high speed space 
journey during which he travels at a large fraction of the speed of light while the 
other remains on the Earth. Because of time dilation, time is running more slowly 
in the spacecraft as seen by the earthbound twin and the traveling twin will find that 
the earthbound twin will be older upon 
return from the journey. 

Is this real? 

The basic question about whether time 
dilation is real is settled by the muon 
experiment. 

Would one twin really be younger?

The clear implication is that the traveling twin would indeed be younger, but the 
scenario is complicated by the fact that the traveling twin must be accelerated up 
to traveling speed, turned around, and decelerated again upon return to Earth. 
Accelerations are outside the realm of special relativity and require general 
relativity.

Despite the experimental difficulties, an experiment on a commercial airline 
confirms the existence of a time difference between ground observers and a 
reference frame moving with respect to them.

Special 
relativity
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Length Contraction

Another implication of Einstein’s theory is the observed decrease in length of an object which is 
moving at high speeds.  This is called length contraction, or more formally Lorentz 
contraction, and is only noticeable at a substantial fraction of the speed of light, and only in the 
direction parallel to the direction in which the observed body is travelling.

v = speed object is moving at
c  =  speed of light
l = length measured by the 

observer at rest with respect 
to the moving object

l‘ = contracted length as measured 
by another observer 

€ 

ʹ′ l = l (1− v2

c2 )

A rocket has a length of 10m when 
at rest on the Earth. An observer 
on Earth watches the rockets 
passing at a constant speed of       
1.5 x 108 ms-1. Calculate the length 
of the rocket as measured by the 
observer.

l = 10 m
v = 1.5 x 108 ms-1 = 0.5c
c = 3.0 x108 ms-1

l’ = l √ (1 – v2/c2)

l’ = 10 √ (1 – 0.52)

l’ = 8.7 m 

Example

To gain an understanding of why an observer measures the length of a fast moving object 
as being contracted is related to the idea that the length of any object is found by knowing 

where the two ends of the object are, and determining the distance between them.  
In relative motion, the position of both ends of the object cannot be determined 

simultaneously, which results in a contracted length measurement.  

The Ladder paradox

The ladder paradox helps to explain how simultaneity relates to length contraction.

The problem starts with a ladder and an 
accompanying garage that is too small to 
contain the ladder. 

Conversely, through symmetry, from the reference frame of 
the ladder it is the garage that is moving with a relative 
velocity and so it is the garage that undergoes a length 
contraction. From this perspective, the garage is made even 
smaller and it is impossible to fit the ladder into the garage.

Through the relativistic effect of length contraction, the ladder 
can be made to fit into the garage by running it into the garage at 
a high enough speed.
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From the perspective of the ladder, 
the back door (right) closes and 

opens, then after the garage passes 
over the ladder, the front door (left) 

closes and opens.

Ladder paradox - solution

Both the ladder and garage occupy their own inertial reference frames, and thus both 
frames are equally valid frames to view the problem. 

The solution to the apparent paradox lies in the fact that what one observer (e.g. the 
garage) considers as simultaneous does not correspond to what the other observer 

(e.g. the ladder) considers as simultaneous.
A clear way of seeing this is to consider a garage with two doors that swing shut to 

contain the ladder and then open again to let the ladder out the other side.

From the perspective of the garage, the 
length-contracted ladder is short 

enough to fit entirely inside. The instant 
the ladder is fully inside the garage, the 

front and back doors close 
simultaneously. Then, since the ladder is 

still moving at considerable speed, the 
front and back doors simultaneously 
open again to allow the ladder to exit.

Garage reference frame Ladder reference frame

http://en.wikipedia.org/wiki/Length_contraction

http://en.wikipedia.org/wiki/Length_contraction
http://en.wikipedia.org/wiki/Length_contraction
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HIGHER PHYSICS
UNIT 1 - OUR DYNAMIC UNIVERSE 

6) THE EXPANDING UNIVERSE
Can you talk about:
(a)  The Doppler Effect and redshift of galaxies.

•  The Doppler Effect is observed in sound and light. 
• For sound, the apparent change in frequency as a source moves towards or away 

from a stationary observer should be investigated. 
• The Doppler Effect causes similar shifts in wavelengths of light. The light from 

objects moving away from us is shifted to longer wavelengths - redshift. 
• The redshift of a galaxy is the change in wavelength divided by the emitted 

wavelength. 
• For galaxies moving at non-relativistic speeds, redshift is the ratio of the 

velocity of the galaxy to the velocity of light. 
• (Note that the Doppler Effect equations used for sound cannot be used with 

light from fast moving galaxies because relativistic effects need to be 
  taken into account.)  

(b)  Hubble’s Law.
•   Hubble‘s Law shows the relationship between the recession velocity of a galaxy 
 and its distance from us.  
• Hubble‘s Law leads to an estimate of the age of the Universe. 

(c)  Evidence for the expanding Universe.  
• Measurements of the velocities of galaxies and their distance from us lead to 

the theory of the expanding Universe. 
• Gravity is the force which slows down the expansion. 
• The eventual fate of the Universe depends on its mass.  
• The orbital speed of the Sun and other stars gives a way of determining the 

mass of our galaxy. 
• The Sun‘s orbital speed is determined almost entirely by the gravitational pull of 

matter inside its orbit. 
• Measurements of the mass of our galaxy and others lead to the conclusion that 

there is significant mass which cannot be detected — dark matter. 
• Measurements of the expansion rate of the Universe lead to the conclusion that 

it is increasing, suggesting that there is something that overcomes the force of 
gravity — dark energy. 
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(a) The Doppler Effect and redshift of galaxies

The Doppler effect is the change in 
frequency observed when a source 
of sound waves is moving relative to 

an observer.
A good example of this is an 

ambulanceʼs siren as it drives past.

In general more sound waves are received per second when the source of sound waves is 
moved towards the observer and so the frequency heard by  the observer is increased. 
Similarly fewer sound waves are received per second when the source of sound waves is 
moved away from the observer and so the frequency heard by the observer is decreased.

If the source is moving towards the observer the frequency heard by the observer 
(fo) is greater than the frequency of the source (fs). 

Hence if the source is moving away from the observer the frequency heard by the 
observer (fo) is less than the frequency of the source (fs).

The equation linking these two frequencies is:

€ 

fo = fs
v

v± vs

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

fo is the frequency heard by the observer (Hz)
fs is the frequency of the source of the sound (Hz)
v is the velocity of the sound waves (ms-1)
vs is the velocity of the source (ms-1)

If it comes towards the observer the frequency gets higher use -ve 
If it goes away from the observer the frequency gets lower use +ve 

1. If a source of sound waves of 
frequency 10 Hz, is travelling 
towards an observer at 40 ms-1 
then the frequency heard by 
the observer will be…

fo =
fs = 10 Hz
v = 340 ms-1

vs = 40 ms-1

  

€ 

fo = fs
v

v - vs

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

fo =10 340
340 -40
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

fo =11.3 Hz
fo =11 Hz

2. If a source of sound waves of 
frequency 50 Hz, is travelling 
away from an observer at 10 
ms-1 then the frequency heard 
by the observer will be…

fo =
fs = 50 Hz
v = 340 ms-1

vs = 10 ms-1

  

€ 

fo = fs
v

v - vs

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

fo = 50 340
340 +10
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

fo = 48.6 Hz
fo = 49 Hz

Examples 



12

Applications of doppler effect

Ultrasound in Medicine

When a beam 
of ultra 
sound is sent 
into the 
body, any 
motion 
within the 
body causes a Doppler shift in the 
reflected ultrasound. This can be  
used to check the heat beat or blood 
flow of an unborn baby or find a deep 
vein thrombosis. Continuous, rather 
than pulse, ultrasound is used. Any 
differences between the ingoing and 
returning frequencies is hear as a  
tone or displayed on a screen

Speed radar guns

A pulse echo method can be used to 
work out the speed of an object 
approaching or moving away.
This is done by taking two 
measurements of the distance, at a 
fixed time apart. If the two 
distances are d1 and d2, the average 
speed is  v = (d1-d2) / t 
v will be positive if the object is 
approaching and negative if it is 
moving away. 

Mr Spenceʼs son
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Re-read your answers and make sure that the examiner can understand what you 
mean.

When frequency increases, wavelength decreases and vice-versa. So writing...

ʻThe Doppler effect is the change of wavelength and frequency when a source 
moves. If he source moves towards the observer it increases.ʼ 

...is not clear enough; the first sentence is OK, but the second could refer to the 
frequency or the wavelength so will gain no marks.

When you describe beams of travelling waves, some words can be used for 
distance or for time. Words such as ʻlongerʼ and ʻshorterʼ may be unclear.

http://news.bbc.co.uk/local/southwestwales/hi/people_and_places/newsid_8556000/8556489.stm
http://news.bbc.co.uk/local/southwestwales/hi/people_and_places/newsid_8556000/8556489.stm
http://news.bbc.co.uk/local/southwestwales/hi/people_and_places/newsid_8556000/8556489.stm
http://news.bbc.co.uk/local/southwestwales/hi/people_and_places/newsid_8556000/8556489.stm
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The Doppler effect for light
In the late 19th and early 20th centuries, astronomers observed that light from distant stars 

showed similar characteristics to the Doppler effect for sound.

When observing distant nebulae, 
astronomers observed that the wavelength 
appeared to expand. This suggested that 
the light was coming from a source, which 
was moving away from the earth. 
This is known as Red Shift

Why?
When a source is moving away from an 
observer, the frequency observed by the 
observer is decreased because

  

€ 

fo = fs
v

v - vs

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟     and v  =  fλ

So if fo is less than the source frequency, 
then the observed wavelength will be 
more than the wavelength of the source. 

λo > λs

Spectral lines observed from stars are 
shifted towards longer wavelengths – the 
red end.

This meant if a source of light was travelling 
towards an observer, then the wavelength 
appeared to contract.
This is known as Blue Shift

Why?
When a source is moving towards an 
observer, the frequency observed by the 
observer is increased because
 

  

€ 

fo = fs
v

v + vs

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟  and v  =  fλ  

      
So if fo is greater than the source 
frequency, then the observed wavelength 
will be less than the wavelength of the 
source. 

λo <  λs

Spectral lines observed from stars are 
shifted towards longer wavelengths – the 
blue end.

This was why astronomers were able to put forward the idea that we are part of an expanding universe.
Red shift 

Information about a starʼs temperature 
composition and motion can be found 
by analysing its spectrum.
Star motion can be fast enough to 
cause a detectable Doppler shift in 
light waves. If a star is moving away 
from the Earth, its spectral lines are 
shifted towards the red end of the 
spectrum. This also works for 
galaxies.

  

€ 

z =
Δλ
λrest

=
v
c

z " = red shift (no units)
Δλ " =  λobserved  -  λrest
λobserved" =  wavelength measured by observer
λrest  " =  wavelength measured at source
v  " =  velocity of source
c  " =  speed of light

(Note that the Doppler effect equations used for sound cannot be used with light from 
fast moving galaxies because relativistic effects need to be taken into account.)
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http://cosmology.net/images/redshift111.jpg
http://cosmology.net/images/redshift111.jpg
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Edwin Hubble

The astronomer Edwin Hubble noticed in 
the 1920ʼs that the light from some distant 
galaxies was redshifted.

For each element, the 
spectral lines were all 
shifted by the same 
amount for each galaxy.  
This shift was due to the 
galaxy moving away 
from Earth at speed.

Over a few years, he 
examined the redshift of galaxies at varying 
distances from Earth.  The further away a 
galaxy was, the faster it was travelling.

This relationship between distance and 
speed of galaxy is known as Hubbleʼs Law.

recession
velocity

distance

Hubble discovered: v ∝ d

v = Hod

(gradient of 
graph = Ho)

v" = recession velocity
Ho "=  Hubble constant
d" =  distance to galaxy

Age of the universe
If galaxies are travelling away from us, in the past they must have been closer (ie, matter 
must once have been packed in a small volume).  By working back in time it is possible to 
calculate a time where all the galaxies were in fact at the same point in space.  This allows 
for the age of the universe to be calculated.  Currently, NASA have a value of 13.7 billion 
years as the age of the universe from this method.

Hubble’s constant H0 as 
approximated by SQA = 2.4 x 10-18 s-1

Therefore, age of universe is 
approximately 4.2 x 1017 s, equating 

to 13.2 billion years.
  

€ 

expansion time =
distance of galaxy away from us

speed of travel

age of universe =
distance

time
=

d
t

=
d

H0d
=

1
H0

NOTE:  How do we know the distance to stars and galaxies?

If we know the luminosity of a star (how quickly it produces energy), the distance to the 
star is measured by how bright it appears to us.  

Distance to stars: Parallax Distance to galaxies:  inverse square law
As Earth orbits Sun, stars appear to 

move against the background of other 
distant stars

By measuring the parallax angle, 
distance can be calculated using trig.

Distance to star/galaxy is worked out by 
comparing apparent and absolute 

brightness

Note: Need to know luminosity of 
‘standard source’

eg cepheid variable stars (whose 
brightness varies regularly with a period

(b) Hubbleʼs Law
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(c) Evidence for the expanding Universe
Deductions from Hubbleʼs Law

Hubbleʼs Law suggests that galaxies farther from us are moving away faster than 
galaxies closer to us, which in turn leads us to conclude that the universe is 
expanding.  The fate of the universe (whether the expansion will continue for ever or 
slow and the start to contract) depends on how much matter is in the universe.  Matter 
causes gravity - enough gravity could slow the rate of expansion or stop it entirely.

So is there enough matter in the Universe to slow expansion?

Whatʼs the matter - a local case study
Where’s

our Sun

In the same way that Earth orbits the Sun, our Sun 
orbits around our galaxy (approx. 240 million yrs).

With some simple Physics (see rotational motion in 
Advanced Higher Physics!) it can be determined 
that:
Orbital speed of Sun  ∝ mass of galaxy inside its orbit

The speed of rotation of any object is determined by the size of the force maintaining 
its rotation.  For the sun, this central force is due to gravity, which is determined by the 
amount of matter inside the Sunʼs orbital path.  If we know the rotational speed of the 
Sun we can calculate how much force is required to keep it in orbit, and hence the 
amount of matter in our galaxy!

PROBLEM:  Calculationʼs of the 
amount of matter in the galaxy 

suggest there is more than 
astronomers can detect.

Dark Matter  
The stuff we 

canʻt see!

PROBLEM 
ONE:

PROBLEM 
TWO: Whatʼs the matter - not having an effect?

How’s

There is normal matter and Dark matter - all contributing to gravity.  Why doesnʼt it slow 
the expansion rate of the universe?

Gravity is an attractive force.  All the matter in the universe is acting to slow the rate of 
expansion.  However, measurements of the expansion rate of the Universe lead to the 
conclusion that the rate of expansion is actually increasing!

Dark Energy
Itʼs whatʼs 

causing all the 
expansion

PROBLEM:  Something is 
overcoming the force of gravity 

to cause the universe to 
expand at an ever greater rate
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HIGHER PHYSICS
UNIT 1 - OUR DYNAMIC UNIVERSE 

7) BIG BANG THEORY

Have you thought about:

(a) The temperature of stellar objects.
 

• Stellar objects emit radiation over a wide range of wavelengths. 
• Although the distribution of energy is spread over a wide range of wavelengths, 

each object emitting radiation has a peak wavelength which depends on its 
temperature. 

• The peak wavelength is shorter for hotter objects than for cooler objects.
• Also, hotter objects emit more radiation per unit surface area at all 

wavelengths than cooler objects. 
• Thermal emission peaks allow the temperature of stellar objects to be 

measured. 

 

(b) Evidence for the Big Bang.
 

• The Universe cools down as it expands. 
• The peak wavelength of cosmic microwave background allows the present 

temperature of the Universe to be determined. 
• This temperature corresponds to that predicted after the Big Bang, taking into 
• account the subsequent expansion and cooling of the Universe. 
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(a) The temperature of stellar objects
Whatʼs stellar temperature got to do with Big Bang theory?

The Big Bang theory states that the universe started with a sudden appearance of 
energy at a singular point, which consequently (and very quickly) became matter, and 
then expanded and cooled rapidly.  The theory therefore predicts that the universe 
should now, 13.7 billion years later, have a very cool temperature.  If we can measure 
this temperature we can see if it accords with Big Bang theory.  

If we can understand stellar temperatures, it can help us know how to find the average 
temperature of the universe.

Stars emit radiation over a wide range of 
wavelengths.

The graph to the right is called a thermal 
emission peak which shows how the intensity of 
radiation produced (y-axis) from stars of different 
temperatures (the different lines on the graph) is 
related to the wavelength of light emitted from 
the star.

Essentially thermal emission peaks allow the 
temperature of stellar objects to be determined.

Thermal emission peak

Three details emerge from studying these peaks:

1. Stellar objects emit radiation over the complete electromagnetic spectrum.
2. Each stellar object has a peak wavelength that depends on itʼs temperature.
3. As the temperature of the star increases:

a. There is more energy (intensity of radiation) at each wavelength
b. The peak wavelength shifts to shorter wavelengths.

(b) Evidence for the Big Bang
The average temperature of the 
universe predicted by the Big 
Bang is around 2.73 Kelvins (K)

Note: 
0°C = 273K
0K = -273°C

Remember, low 
temperatures have 
longer wavelengths

Coldest will be in 
microwave region of 

e-m spectrum

Astronomers have used a telescope 
called COBE (Cosmic Background 
Explorer) to detect radiation in the 

microwave region.  The data collected 
fits the predicted thermal emission 

peak perfectly, confirming the average 
temperature measured is as predicted 

by the Big Bang theory.
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Special Relativity

1. A river flows at a constant speed of 0·5 ms
-1 

south. A canoeist is able to row at a constant speed of 1·5 
ms

-1
. 

(a) Determine the velocity of the canoeist relative to the river bank when the canoeist is paddling north. 

(b) Determine the velocity of the canoeist relative to the river bank when the canoeist is paddling south. 

2. In an airport, passengers use a moving walkway. The moving walkway is travelling at a constant speed 
of 0·8 ms

-1
and is travelling east. 

For the following people, determine the velocity of the person relative to the ground: 

(a) a woman standing at rest on the walkway 
(b) a man walking at 2·0 ms-1 in the same direction as the walkway is moving 
(c) a boy running west at 3·0 ms

-1 
. 

3. The steps of an escalator move upwards at a steady speed of 1·0 ms
-1 relative to the stationary side of 

the escalator. 

(a) A man walks up the steps of the escalator at 2·0 ms
-1
. Determine the speed of the man relative to the 

side of the escalator. 
(b) A boy runs down the steps of the escalator at 3·0 m s

-1 
. Determine the speed of the boy relative to 

the side of the escalator. 

4. In the following sentences the words represented by the letters A, B, C, D, E, F and G are missing: 
In __A__ Theory of Special Relativity the laws of physics are the __B_for all observers, at rest or 
moving at constant velocity with respect to each other ie __C__ acceleration. 
An observer, at rest or moving at constant _D_ has their own frame of reference. 
In all frames of reference the _E_, c, remains the same regardless of whether the source or observer is 
in motion. 
Einstein’s principles that the laws of physics and the speed of light are the same for all observers leads 
to the conclusion that moving clocks run __F__(time dilation) and moving objects are ___G__ (length 
contraction). 
Match each letter with the correct word from the list below: 
acceleration  different   Einstein’s  fast 
lengthened  Newton’s   same   shortened 
slow   speed of light  velocity   zero 

5. An observer at rest on the Earth sees an aeroplane fly overhead at a constant speed of 2000 kmh
-1
. 

At what speed, in kmh
-1
, does the pilot of the aeroplane see the Earth moving? [TQ]

 

TUTORIAL QUESTIONS
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6. A scientist is in a windowless lift. Can the scientist determine whether the lift is moving with a: 
(a) uniform velocity 
(b) uniform acceleration?        

7. Spaceship A is moving at a speed of 2·4 × 10
8 

ms
-1
. It sends out a light beam in the forwards direction. 

Meanwhile another spaceship B moves towards spaceship A at 2·4 × 10
8 

ms
-1
. At what speed does 

spaceship B see the light beam from spaceship A pass? 
         

 8. A spacecraft is travelling at a constant speed of 7·5 × 10
7 

ms
-1
. It emits a pulse of light when it is

 3·0 × 10
10

m from the Earth as measured by an observer on the Earth. 
Calculate the time taken for the pulse of light to reach the Earth according to a clock on the Earth when 
the spacecraft is moving: 

(a) away from the Earth 
(b) towards the Earth.         

9. A spaceship is travelling away from the Earth at a constant speed of 1·5 × 10
8 

ms
-1 

. A light pulse is 
emitted by a lamp on the Earth and travels towards the spaceship. Find the speed of the light pulse 
according to an observer on: 
(a) the Earth 
(b) the spaceship.         

10. Convert the following fraction of the speed of light into a value in ms
-1 

: 
(a) 0·1 c 
(b) 0·5 c 
(c) 0·6 c 
(d) 0·8 c 

11. Convert the following speeds into a fraction of the speed of light: 
(a) 3·0 × 10

8 
m s

-1 

(b) 2·0 × 10 
8 

m s
-1 

(c) 1·5 × 10 
8 

m s
-1 

(d) 1·0 × 10 
8 

m s
-1

Time dilation

1. Write down the relationship involving the proper time t and dilated time t’ between two events which 
are observed in two different frames of reference moving at a speed, v, relative to one another (where 
the proper time is the time measured by an observer at rest with respect to the two events and the 
dilated time is the time measured by another observer moving at a speed, v, relative to the two events). 
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2. In the table shown, use the relativity equation for time dilation to calculate the value of each missing 
quantity (a) to (f) for an object moving at a constant speed relative to the Earth. 

3. Two observers P, on Earth, and Q, in a rocket, synchronise their watches at 11.00 am just as observer 
Q passes the Earth at a speed of 2 × 10

8 
ms 

-1
. 

(a) At 11.15 am according to observer P’s watch, observer P looks at Q’s watch through a telescope. 
Calculate the time, to the nearest minute, that observer P sees on Q’s watch. 

(b) At 11.15 am according to observer Q’s watch, observer Q looks at P’s watch through a telescope. 
Calculate the time, to the nearest minute, that observer Q sees on P’s watch. 

4. The lifetime of a star is 10 billion years as measured by an observer at rest with respect to the star. 
The star is moving away from the Earth at a speed of 0·81 c. 
Calculate the lifetime of the star according to an observer on the Earth. 

5. A spacecraft moving with a constant speed of 0·75 c passes the Earth.
An astronaut on the spacecraft measures the time taken for Usain Bolt 
to run 100 m in the sprint final at the 2008 Olympic Games. The astronaut 
measures this time to be 14·65 s. Calculate Usain Bolt’s winning time as 
measured on the Earth. 

6. A scientist in the laboratory measures the time taken for a nuclear reaction to occur in an atom. When 
the atom is travelling at 8·0 × 10

7 
ms

-1 
the reaction takes 4·0 × 10

-4 
s. Calculate the time for the reaction 

to occur when the atom is at rest. 

7. The light beam from a lighthouse sweeps its beam of light around in a circle once every 10 s. To an 
astronaut on a spacecraft moving towards the Earth, the beam of light completes one complete circle 
every 14 s. Calculate the speed of the spacecraft relative to the Earth. 

8. A rocket passes two beacons that are at rest relative to the Earth. An astronaut in the rocket 
measures the time taken for the rocket to travel from the first beacon to the second beacon to be 10·0 
s. An observer on Earth measures the time taken for the rocket to travel from the first beacon to the 
second beacon to be 40·0 s. Calculate the speed of the rocket relative to the Earth. 

9. A spacecraft travels to a distant planet at a constant speed relative to the Earth. A clock on the 
spacecraft records a time of 1 year for the journey while an observer on Earth measures a time of 2 
years for the journey. Calculate the speed, in ms

-1
, of the spacecraft relative to the Earth. 

Dilated time Proper time Speed of object / ms
-1 

(a) 20 h 1·00 × 10
8 

(b) 10 year 2·25 × 10
8 

1400 s (c) 2·00 × 10
8 

1.40 × 10
-4

s (d) 1·00 × 10
8 

84 s 60 s (e) 
21 minutes 20 minutes (f) 

!
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Length Dilation

1. Write down the relationship involving the proper length l and contracted length l’ of a moving object 
observed in two different frames of reference moving at a speed, v, relative to one another (where the 
proper length is the length measured by an observer at rest with respect to the object and the 
contracted length is the length measured by another observer moving at a speed, v, relative to the 
object). 

2. In the table shown, use the relativity equation for length contraction to calculate the value of each 
missing quantity (a) to (f) for an object moving at a constant speed relative to the Earth. 
 

3. A rocket has a length of 20 m when at rest on the Earth. An observer, at rest on the Earth, watches 
the rocket as it passes at a constant speed of 1·8 × 10

8 
ms

-1
. Calculate the length of the rocket as 

measured by the observer. 

4. A pi meson is moving at 0·90 c relative to a magnet. The magnet has a length of 2·00 m when at rest to 
the Earth. Calculate the length of the magnet in the reference frame of the pi meson. 

5. In the year 2050 a spacecraft flies over a base station on the Earth. The spacecraft has a speed of 
0·8 c. The length of the moving spacecraft is measured as 160 m by a person on the Earth. The 
spacecraft later lands and the same person measures the length of the now stationary spacecraft. 
Calculate the length of the stationary spacecraft. 

6. A rocket is travelling at 0·50 c relative to a space station. Astronauts on the rocket measure the 
length of the space station to be 0.80 km. 
Calculate the length of the space station according to a technician on the space station. 

7. A metre stick has a length of 1·00 m when at rest on the Earth. When in motion relative to an 
observer on the Earth the same metre stick has a length of 0·50 m. Calculate the speed, in ms

−1
, of the 

metre stick. 

8. A spaceship has a length of 220 m when measured at rest on the Earth. The spaceship moves away 
from the Earth at a constant speed and an observer, on the Earth, now measures its length to be 150 m. 
Calculate the speed of the spaceship in ms

-1
. 

9. The length of a rocket is measured when at rest and also when moving at a constant speed by an 
observer at rest relative to the rocket. The observed length is 99·0 % of its length when at rest. 
Calculate the speed of the rocket. 

Contracted 
length 

Proper 
length 

Speed of 
object / m s 

-1 

(a) 5·00 m 1·00 × 10
8 

(b) 15.0 m 2·00 × 10
8 

0·15 km (c) 2·25 × 10
8 

150 mm (d) 1·04 × 10
8 

30 m 35 m (e) 
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Relativity Miscellaneous

1. Two points A and B are separated by 240 m as measured by metre sticks at rest on the Earth. A 
rocket passes along the line connecting A and B at a constant speed. The time taken for the rocket to 
travel from A to B, as measured by an observer on the Earth, is 1·00 × 10

-6
s. 

(a) Show that the speed of the rocket relative to the Earth is 2·40 × 10
8 

ms
-1
. 

(b) Calculate the time taken, as measured by a clock in the rocket, for the rocket to travel from A to B. 
(c) What is the distance between points A and B as measured by metre sticks carried by an observer 
travelling in the rocket? 

2. A spacecraft is travelling at a constant speed of 0·95 c. The spacecraft travels at this speed for 1 
year, as measured by a clock on the Earth. 

(a) Calculate the time elapsed, in years, as measured by a clock in the spacecraft. 
(b) Show that the distance travelled by the spacecraft as measured by an observer on the spacecraft is 
2·8 × 10

15
m. 

(c) Calculate the distance, in m, the spacecraft will have travelled as measured by an observer on the 
Earth. 

3. A pi meson has a mean lifetime of 2·6 × 10
-8 

s when at rest. A pi meson moves with a speed of 0·99 c 
towards the surface of the Earth. 

(a) Calculate the mean lifetime of this pi meson as measured by an observer on the Earth. 
(b) Calculate the mean distance travelled by the pi meson as measured by the observer on the Earth. 

4. A spacecraft moving at 2·4 × 10
8 

ms
-1 

passes the Earth. An astronaut on the spacecraft finds that it 
takes 5·0 × 10

-7 
s for the spacecraft to pass a small marker which is at rest on the Earth. 

(a) Calculate the length, in m, of the spacecraft as measured by the astronaut. 
(b) Calculate the length of the spacecraft as measured by an observer at rest on the Earth. 

5. A neon sign flashes with a frequency of 0·2 Hz. 

(a) Calculate the time between flashes. 
(b) An astronaut on a spacecraft passes the Earth at a speed of 0·84 c and sees the neon light flashing. 
Calculate the time between flashes as observed by the astronaut on the spacecraft. 

6. When at rest, a subatomic particle has a lifetime of 0·15 ns. When in motion relative to the Earth the 
particle’s lifetime is measured by an observer on the Earth as 0·25 ns. Calculate the speed of the 
particle. 

7. A meson is 10·0 km above the Earth’s surface and is moving towards the Earth at a speed of 0·999 c. 
8. (a) Calculate the distance, according to the meson, travelled before it strikes the Earth. 
(b) Calculate the time taken, according to the meson, for it to travel to the surface of the Earth. 
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8. The star Alpha Centauri is 4·2 light years away from the Earth. A spacecraft is sent from the Earth 
to Alpha Centauri. The distance travelled, as measured by the spacecraft, is 3·6 light years. 

(a) Calculate the speed of the spacecraft relative to the Earth. 
(b) Calculate the time taken, in seconds, for the spacecraft to reach Alpha Centauri as measured by an 
observer on the Earth. 
(c) Calculate the time taken, in seconds, for the spacecraft to reach Alpha Centauri as measured by a 
clock on the spacecraft. 

9. Muons, when at rest, have a mean lifetime of 2·60 × 10
-8 

s. Muons are produced 10 km above the Earth. 
They move with a speed of 0·995 c towards the surface of the Earth. 

(a) Calculate the mean lifetime of the moving muons as measured by an observer on the Earth. 
(b) Calculate the mean distance travelled by the muons as measured by an observer on the Earth. 
(c) Calculate the mean distance travelled by the muons as measured by the muons. 

The Expanding Universe

In the following questions, when required, use the approximation for speed of sound in air = 340 ms
-1 

.

1. In the following sentences the words represented by the letters A, B, C and D are missing: 
A moving source emits a sound with frequency fs. When the source is moving towards a stationary 
observer, the observer hears a __A_ frequency fo. When the source is moving away from a stationary 
observer, the observer hears a _B_ frequency fo . This is known as the _C_ _D_. 

Match each letter with the correct word from the list below: 
 Doppler effect  higher    louder 
 lower    quieter    softer 

2. Write down the expression for the observed frequency fo, detected when a source of sound waves in 
air of frequency fs moves: 

(a) towards a stationary observer at a constant speed, vs 

(b) away from a stationary observer at a constant speed, vs . 

3. In the table shown, calculate the value of each missing quantity (a) to (f), for a source of sound moving 
in air relative to a stationary observer. 

!



24

4. A girl tries out an experiment to illustrate the Doppler effect by spinning a battery-operated siren 
around her head. The siren emits sound waves with a frequency of 1200 Hz. Describe what would be 
heard by a stationary observer standing a few metres away. 

5. A police car emits sound waves with a frequency of 1000 Hz from its siren. The car is travelling at 20 
ms

-1 
. 

(a) Calculate the frequency heard by a stationary observer as the police car moves towards her. 
(b) Calculate the frequency heard by the same observer as the police car moves away from her. 
6. A student is standing on a station platform. A train approaching the station sounds its horn as it 
passes through the station. The train is travelling at a speed of 25 ms

-1 
. The horn has a frequency of 

200 Hz. 

(a) Calculate the frequency heard as the train is approaching the student. 
(b) Calculate the frequency heard as the train is moving away from the student. 

7. A man standing at the side of the road hears the horn of an approaching car. He hears a frequency of 
470 Hz. The horn on the car has a frequency of 450 Hz. Calculate the speed of the car. 

8. A source of sound emits waves of frequency 500 Hz. This is detected as 540 Hz by a stationary 
observer as the source of sound approaches. Calculate the frequency of the sound detected as the 
source moves away from the stationary observer. 

9. A whistle of frequency 540 vibrations per second rotates in a circle of radius 0·75 m with a speed of 
10 ms

-1 
. Calculate the lowest and highest frequency heard by a listener some distance away at rest with 

respect to the centre of the circle. 

10. A woman is standing at the side of a road. A lorry, moving at 20 ms
-1
, sounds its horn as it is passing 

her. The lorry is moving at 20 ms
-1 

and the horn has a frequency of 300 Hz. 

(a) Calculate the wavelength heard by the woman when the lorry is approaching her. 
(b) Calculate the wavelength heard by the woman when the lorry is moving away from her. 

11. A siren emitting a sound of frequency 1000 vibrations per second moves away from you towards the 
base of a vertical cliff at a speed of 10 ms

-1 
. 

(a) Calculate the frequency of the sound you hear coming directly from the siren. 
(b) Calculate the frequency of the sound you hear reflected from the cliff. 

12. A sound source moves away from a stationary listener. The listener hears a frequency that is 10% 
lower than the source frequency. Calculate the speed of the source. 
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13. A bat flies towards a tree at a speed of 3·60 ms
-1 

while emitting sound of frequency 350 kHz. A 
moth is resting on the tree directly in front of the bat. 

(a) Calculate the frequency of sound heard by the bat. 
(b) The bat decreases its speed towards the tree. Does the frequency of sound heard by the moth 
increase, decrease or stays the same? Justify your answer. 
(c) The bat now flies directly away from the tree with a speed of 
4·50 ms

-1 
while emitting the same frequency of sound. 

Calculate the new frequency of sound heard by the moth. 

14. The siren on a police car has a frequency of 1500 Hz. The police car is moving at a constant speed 
of 54 km h

-1 
. 

(a) Show that the police car is moving at 15 ms
-1
. 

(b) Calculate the frequency heard when the car is moving towards a stationary observer. 
(c) Calculate the frequency heard when the car is moving away from a stationary observer. 

15. A source of sound emits a signal at 600 Hz. This is observed as 640 Hz by a stationary observer as 
the source approaches. Calculate the speed of the moving source. 

16. A battery-operated siren emits a constant note of 2200 Hz. It is rotated in a circle of radius 0·8 m 
at 3·0 revolutions per second. A stationary observer, standing some distance away, listens to the note 
made by the siren. 
(a) Show that the siren has a constant speed of 15·1 ms

-1
. 

(b) Calculate the minimum frequency heard by the observer. 
(c) Calculate the maximum frequency heard by the observer. 

17. You are standing at the side of the road. An ambulance approaches you with its siren on. As the 
ambulance approaches, you hear a frequency of 460 Hz and as the ambulance moves away from you, a 
frequency of 410 Hz. The nearest hospital is 3 km from where you are standing. 
Estimate the time for the ambulance to reach the hospital. Assume that the ambulance maintains a 
constant speed during its journey to the hospital. 

18. On the planet Lots, a poobah moves towards a stationary glonk at 10 ms
-1
. The poobah emits sound 

waves of frequency 1100 Hz. The stationary glonk hears a frequency of 1200 Hz. 
Calculate the speed of sound on the planet Lots. 

19. In the following sentences the words represented by the letters A, B, C, D and E are missing: 
A hydrogen source gives out a number of emission lines. λ for one of these lines is measured. When the 
light source is at rest, the value of this wavelength is λrest. When the same emission line is observed in 
light coming from a distant star the value of the wavelength is λobserved. 
When a star is moving away from the Earth λobserved is _A_ than λrest . This is known as the _B_ shift. 
When the distant star is moving towards the Earth λobserved is
__C__ than λrest . This is known as the __D__ shift. 
Measurements on many stars indicate that most stars are moving _E__ from the Earth. 
Match each letter with the correct word from the list below: 
  away   blue    longer 
  red    shorter   towards. 
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20. In the table shown, calculate the value of each missing quantity. 

Hubbleʼs Law

In the following questions, when required, use the approximation for       Ho = 2·4 × 10
-18 

s
-1

1. Convert the following distances in light years into distances in metres. 
(a) 1 light year 
(b) 50 light years 
(c) 100, 000 light years 
(d) 16, 000, 000, 000 light years 

2. Convert the following distances in metres into distances in light years. 
(a) Earth to our Sun = 1·44 × 10

11
m. 

(b) Earth to next nearest star Alpha Centauri = 3.97 × 10
16 

m. 
(c) Earth to a galaxy in the constellation of Virgo = 4·91 × 10

23 
m. 

3. In the table shown, calculate the value of each missing quantity. 

Fractional change in 
wavelength, z 

Wavelength of light on 
Earth λrest/ nm 

Wavelength of light observed 
from star,  λ observed / nm 

(a) 365 402 
(b) 434 456 

8·00 × 10
-2 486 (c) 

4·00 × 10
-2 656 (d) 

5·00 × 10
-2 (e) 456 

1·00 × 10
-1 (f) 402 

!

Speed of galaxy relative to 
Earth / m s

-1 
Approximate distance from Earth 
to galaxy / m 

Fractional change in 
wavelength, z 

(a) 7.10 × 10
22 (b) 

(c) 1.89 × 10
24 (d) 

1·70 × 10
6 (e) (f) 

2·21 × 10
6 (g) (h) 
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4. Light from a distant galaxy is found to contain the spectral lines of hydrogen. The light causing one of 
these lines has a measured wavelength of 466 nm. When the same line is observed from a hydrogen 
source on Earth it has a wavelength of 434 nm. 

(a) Calculate the Doppler shift, z, for this galaxy. 
(b) Calculate the speed at which the galaxy is moving relative to the Earth. 
(c) In which direction, towards or away from the Earth, is the galaxy moving? 

5. Light of wavelength 505 nm forms a line in the spectrum of an element on Earth. The same spectrum 
from light from a galaxy in Ursa Major shows this line shifted to correspond to light of wavelength 530 
nm. 

(a) Calculate the speed that the galaxy is moving relative to the Earth. 
(b) Calculate the approximate distance, in metres, the galaxy is from the Earth. 

6. A galaxy is moving away from the Earth at a speed of 0·074 c. 
(a) Convert 0·074 c into a speed in ms

-1
. 

(b) Calculate the approximate distance, in metres, of the galaxy from the Earth. 

7. A distant star is travelling directly away from the Earth at a speed of 2·4 × 10
7 

ms
-1 

. 

(a) Calculate the value of z for this star. 
(b) A hydrogen line in the spectrum of light from this star is measured to be 443 nm. Calculate the 
wavelength of this line when it observed from a hydrogen source on the Earth. 

8. A line in the spectrum from a hydrogen atom has a wavelength of 489 nm on the Earth. The same line 
is observed in the spectrum of a distant star but with a longer wavelength of 538 nm. 
(a) Calculate the speed, in ms

-1
, at which the star is moving away from the Earth. 

(b) Calculate the approximate distance, in metres and in light years, of the star from the Earth. 

9. The galaxy Corona Borealis is approximately 1 000 million light years away from the Earth. Calculate 
the speed at which Corona Borealis is moving away from the Earth. 

10. A galaxy is moving away from the Earth at 3·0 × 10
7 

ms 
-1
. The frequency of an emission line coming 

from the galaxy is measured. The light forming the same emission line, from a source on Earth, is 
observed to have a frequency of 5·00 × 10

14 
Hz. 

(a) Show that λ for the light of the emission line from the source on the Earth is 6·00 × 10
-7

m. 
(b) Calculate the frequency of the light forming the emission line coming from the galaxy. 

11. A distant quasar is moving away from the Earth. Hydrogen lines are observed coming from this quasar. 
One of these lines is measured to be 20 nm longer than the same line, of wavelength 486 nm from a 
source on Earth. 

(a) Calculate the speed at which the quasar is moving away from the Earth. 
(b) Calculate the approximate distance, in millions of light years, that the quasar is from the Earth. 



28

12. A hydrogen source, when viewed on the Earth, emits a red emission line of wavelength 656 nm. 
Observations, for the same line in the spectrum of light from a distant star, give a wavelength of 660 
nm. Calculate the speed of the star relative to the Earth. 

13. Due to the rotation of the Sun, light waves received from opposite ends of a diameter on the Sun 
show equal but opposite Doppler shifts. The relative speed of rotation of a point on the end of a 
diameter of the Sun relative to the Earth is 2 kms

-1
. Calculate the wavelength shift for a hydrogen line 

of wavelength 486·1 nm on the Earth. 

The Big Bang Theory

1. The graphs below are obtained by measuring the energy emitted at different wavelengths from an 
object at different temperatures. 

(a) Which part of the x-axis, P or Q, corresponds to ultraviolet radiation? 
(b) What do the graphs show happens to the amount of energy emitted at a certain wavelength as the 

temperature of the object increases? 
(c) What do the graphs show happens to the total energy radiated by the object as its temperature 

increases? 
(d) Each graph shows that there is a wavelength λmaxat which the maximum amount of energy is emitted. 
(i) Explain why the value of λ max decreases as the temperature of the object increases. 

The table shows the values of λmax at different temperatures of the object. 
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(ii) Use this data to determine the relationship between temperature T and λmax . 
(e) Use your answer to (d) (ii) to calculate: 
(i) T of the star Sirius where λmax is 2·7 × 10

-7
m 

(ii) the value of λmax for the star Alpha Crucis which has a temperature of 23,000 K 

(iii) T of the present universe when λmax for the cosmic microwave radiation is measured as 1·1 × 10
-3

m. 
(iv) the approximate wavelength and type of the radiation emitted by your skin, assumed to be at a 
temperature of 33 

o 
C. 

TUTORIAL SOLUTIONS

Special relativity 
1. (a) 1·0 ms 

-1
north  (b) 2·0 ms 

-1 
south  

2. (a) 0·8 ms 
-1
east  (b) 2·8 ms 

-1
east  (c) 2·2 ms 

-1 
west 

3. (a) 3·0 ms
-1 

  (b) 2·0 ms 
-1 

4. A = Einstein’s; B = same; C = zero; D = velocity; E = speed of light; F = slow; G = shortened 
5. 2000 kmh 

-1 

6. (a) No   (b) Yes 
7. 3 × 10

8 
ms 

-1 

8. (a) 100 s   (b) 100 s 
9. (a) 3 × 10

8 
ms 

-1
 (b) 3 × 10 

8 
ms 

-1 

10. (a) 0·3 × 10
8 

ms
-1 

 (b) 1·5 × 10 
8 

ms 
-1
 (c) 1·8 × 10 

8 
m s 

-1
 (d) 2·4 × 10 

8 
m s 

-1 

11. (a) c   (b) 0·67 c   (c) 0·5 c   (d) 0·33 c 

Time dilation
2. (a) 21·2 h   (b) 15·1 year  (c) 1043 s   (d) 1·32 × 10

-4
s  

(e) 2·10 × 10 
8 

m s 
-1
 (f) 9·15 × 10 

7 
m s 

-1 

3. (a) 11.20 am  (b) 11.20 am 
4. 17·1 billion years 
5. 9·69 s 
6. 3·9 × 10

-4 
s 

7. 2·1 × 10
8 

m s 
-1 

or 0·70 c 
8. 2·90 10

8 
m s 

-1 
or 0·97 c 

9. 2·60 × 10
8 

m s 
-1 

Length dilation
2. (a) 4·71 m   (b) 11·2 m   (c) 0·227 km   (d) 160 mm   
(e) 1·55 × 10

8 
m s 

-1
 (f) 1·25 × 10 

8 
m s 

-1 

3. 16 m 
4. 0·872 m 
5. 267 m 
6. 0·92 km 
7. 2·60 × 10

8 
m s 

-1 
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8. 2·19 × 10
8 

m s 
-1 

9. 4·23 × 10
7 

m s 
-1 

or 0.14 c 

Relativity Miscellaneous
1 (b) 1·67 × 10

-6
s  (c) 144 m 

2. (a) 0·31 of a year (c) 8·97 × 10
15 

m 
3. (a) 1·84 × 10

-7
s  (b) 54·6 m or 54·7 m 

4. (a) 120 m   (b) 72 m 
5. (a) 5 s   (b) 9·22 s 
6. 0·8 c 
7. (a) 447 m   (b) 1·49 × 10

-6 
s 

8. (a) 0·52 c   (b) 2·55 × 10
8
s  (c) 2·18 × 10 

8 
s 

9. (a)  2·60 × 10
-7

s  (b) 77·6 m   (c) 7·75 m or 7·76 m 

The Expanding Universe

1. A = higher; B= lower; C = Doppler; D = effect 
3. (a) 412 Hz   (b) 389 Hz   (c) 800 Hz   (d) 1035 Hz   
(e) 20 m s 

-1
  (f) 60 m s 

-1 

5. (a) 1063 Hz  (b) 944 Hz 
6. (a) 216 Hz   (b) 186 Hz 
7. 14·5 m s 

-1 

8. 466 Hz 
9. 556 Hz, 525 Hz 
10. (a) 1·07 m   (b) 1·2 m 
11. (a) 971 Hz  (b) 1030 Hz 
12. 37·8 m s 

-1 

13. (a) 354 kHz  (b) Decrease – denominator is larger  (c) 345 kHz 
14. (b) 1569 Hz  (c) 1437 Hz 
15. 21·3 m s 

-1 

16. (b) 2106 Hz  (c) 2302 Hz 
17. 154 s 
18. 120 m s 

-1 

19. A = longer; B = red; C = shorter; D = blue; E = away 
20. (a) 1·01 × 10

-1
 (b) 5·07 × 10 

-2
 (c) 525 nm   (d) 682 nm 

(e) 434 nm   (f) 365 nm 

Hubbles Law

1. (a) 9·46 × 10
15

m  (b) 4·73 × 10 
17

m  (c) 9·46 × 10 
20

m  (d) 1·51 × 10 
26 

m 
2. (a) 1·52 × 10

-5
light years    (b) 4·2 light years   (c) 5·19 × 10

7 
light years 



31

3. 

v / m s
-1 d / m z 

1·70 × 10
5 

7·10 × 10
22 

5·67 × 10
-4 

4·54 × 10
6 

1·89 × 10
24 

1·51 × 10
-2 

1·70 × 10
6 

7·08 × 10
23 

5·667 × 10
-2 

2·21 × 10
6 

9·21 × 10
23 

7·37 × 10
-3 

4. (a) 7·37 × 10
-2 

  (b) 2·21 × 10
7 

ms  (c) Away 
5. (a) 1·49 × 10

7 
ms

-1 
  (b) 6·21 × 10 

24 
m 

6. (a) 2·22 × 10
7 

ms
-1 

  (b) 9·25 × 10 
24 

m 
7. (a) 8 × 10

-2 
   (b) 410 nm 

8. (a) 3·0 × 10
7 

ms
-1 

  (b) 1·25 × 10 
25 

m, 1·32 × 10
9 

light years 
9. 2·27 × 10

7 
ms 

-1 

10. (b) 4·55 × 10
14 

Hz 
11. (a) 1·23 × 10

7 
ms 

-1
  (b) 542 million light years 

12. 1·83 × 10
6 

ms 
-1 

13. 3·24 × 10
-12 

m 

The Big Bang Theory

1. (a) P  (b) Energy emitted increases  (c) Increases   (d) (ii) T λmax = 2·9 × 10
-3

m K 
 

(e) (i) T =11, 000 K 
(ii) λmax = 1·3 × 10

-7
m 

(iii) T = 2·6 K 
(iv) λ = 9·5 × 10

-6 
m, infrared 


