
 
 1. Frames of Reference  

 
Where are you? Such a simple question has a very complex answer. Two people can give very 
different answers to the same question, even if they are apparently in the same position.  
 
Look at the following diagram: 
 
 
 
 
 
 
If I say that the cube is 5 centimetres right, it is meaningless – you immediately ask “5 centimetres 
to the right of what?” I need to give a reference point, such as 5cm right of the cylinder.  
 
This means that for an answer to be the question of “Where are you?” to make sense, we must 
give a reference point. In physics, we define frames of reference for every measurement. If I say 
the cube is “5cm left of the triangle”, that answer is just as correct as the answer “5cm right of the 
cylinder”. In other words, every frame of reference is equally valid for making statements. 
 

There is no preferred frame of reference. 
 
We need to consider the frame of reference when we solve all physics problems. Before we go any 
further, we need to identify two types of reference frames. Imagine yourself in a soundproof box. 
You can’t see out of the box. If you cannot see out of the box, how could you tell if the box was 
moving? It is simple if the box is accelerating – you will feel that acceleration (pressing you into 
your chair). But if the box is travelling at a constant speed or stationary, there would no way to tell 
from inside.  
 
In a box moving at a constant speed (nb. A stationary box is moving at a constant speed of v = 0), 
an object you dropped would fall directly to the floor, but if the box were accelerating, it would 
appear to fall backwards in the frame of reference of the box. These examples give us our two 
types of reference frames: 
 

1. Inertial Frames of Reference: moving at a constant speed or stationary 
2. Non-inertial Frames of Reference: accelerating or decelerating 

 
We will work exclusively with inertial frames of reference, but you must be able to identify non-
inertial frames. Some examples of non-inertial or accelerating frames are: 
 

• A car leaving traffic lights 
Fuzzy dice attached to the rear vision mirror swing backwards… 

• Any rotating object (e.g. a merry-go-round) 
Acceleration towards centre of rotational (centripetal acceleration) 

• A falling object. (e.g. a lift in freefall) 
No sensation of weight 

 

Point to Ponder #1 : Is the Earth an inertial frame? 

 

Discuss with a classmate – do you think the earth is 
an inertial frame? Think carefully – your first answer is 
going to be wrong!



 
When we measure velocity it is very important to take frames of reference into account. If I say that 
I throw a ball at 10 m/s, I am defining a frame of reference – my own – as stationary. I must 
because I am measuring the speed of the ball compared to my own speed, and I am not moving. 
 
Or am I? I am standing on the earth, which is moving around the sun, which is moving around the 
milky way (our galaxy). What do I measure my own speed with respect to? Typically, we would 
choose to measure with reference to the ground around us – or immediate environment. 
 
If you threw the same ball, with the same speed, while standing on the back of a truck, you must 
take into account the speed of the truck and also the direction in which you throw the ball. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Consider the issue of a person standing still on the roadside. What speed will they see the ball 
travel at? The truck travels forwards at 40 m/s, the ball backwards (relative to the truck) at 10 m/s, 
so we add the velocities (remember vector addition!): 
 

= 40 m/s forwards + 10 m/s backwards 
= 40 m/s forwards – 10 m/s forwards (reverse the vector) 
= 30 m/s forwards. 
 

So the ball travels at a velocity less than the truck, in the same direction of the truck, according to a 
observer at the roadside.  
 
According to the thrower on top of the truck, the ball is travelling backwards at 10 m/s.  
 

Both are correct, but each is in a different frame of reference. 
 
 
It is important to know that there is no preferred frame of reference. All frames of reference are 
equivalent and equally appropriate. When solving a problem, select a frame of reference that 
makes it easy!

40 m/s 

10 m/s 



 
 
 2a. Maxwell’s Conundrums  

 
 
Prior to the start of the twentieth century, some physicists held to the view that: 
 
... in a few years, all great physical constants will have been approximately estimated, and that the 
only occupation which will be left to men of science will be to carry these measurements to another 
place of decimals.  
 
James Clerk Maxwell rejected this opinion, and was responsible for some of the greatest 
discoveries in modern physics. 
 
Maxwell’s main contribution was a new model for 
light and a mathematical definition for the 
electromagnetic wave model. 
 
Maxwell gave mathematical evidence for a model 
that had interacting electric and magnetic fields, each 
field perpendicular to the other.  
 
Maxwell used the following ideas: 
 

1. Electric charges make electric fields 
2. Moving electric charges make magnetic fields 
3. A changing electric field makes a magnetic 

field 
4. A changing magnetic field makes an electric field 

 
Maxwell combined these ideas to develop a model for an electromagnetic wave, consisting of 
perpendicular oscillating electric and magnetic fields.  
 
This leads to two problems. First, how could light be a wave? Well it behaves like a wave – we can 
perform experiments that show it has the “wave-like” properties of diffraction, interference and 
transmission. But there is another problem: water waves travel through water, causing regular 
disturbances we can see. Sound waves travel through air – causing compressions and rarefactions 
that we can feel (stand in front of the speaker stack at a concert and you will definitely feel it! Look 
at a subwoofer when playing music and you’ll see it). But what does light travel through? All waves 
need a medium to travel through and we know that light travels through the “vacuum of space”. 
Physicists at the time answered this with “luminiferous ether”, an invisible, intangible, elastic and 
undetectable substance that was a medium for light to travel through that permeated everything. 
Two scientists, Michaelson and Morley later performed an experiment which tested for the 
presence of the ether, but found no evidence for it. (see appendix 1 for more information) 
 
The second problem is that the propagation speed of these oscillations (the speed of light) is 
determined by the universal constants of electricity and magnetism. Since the speed of light is 
determined by the ratio of two constants, it is also constant. It is not affected by the frame of 
reference or state of movement of the observer.  

Propagate: to transmit or spread out, to travel or 
expand. 

Oscillate: to change periodically or rhythmically, to 
rotate or turn. 

Compression/ Rarefaction: what happens to the particles disturbed by a longitudinal wave as they come closer 
together/ spread out 



 
 
 2b. Einstein’s Answers  

 
 
"Put your hand on a hot stove for a minute, and it seems like an hour. Sit with a pretty girl for an 
hour, and it seems like a minute. THAT'S relativity." Albert Einstein 
 
The comment above seems to be funny, but the fact that light seemed to have a constant velocity, 
and is self-propagating (travels as a wave without a medium) was at odds with traditional 
Newtonian models, and was causing all sorts of confusion throughout the scientific world of the 
early twentieth century. 
 
Take the following simple thought experiment: A spaceship travelling at half the speed of light fires 
a laser forwards directly along its flight path. What is the speed of the laser as measured by the 
crew? What about by a stationary astronaut floating in space? 
 
It would seem that there are two answers – one for the crew (c) and one for the astronaut (1.5c).  
 
This creates two problems: 

1. Are two answers OK? 
Different frames of reference, different answers. Nothing wrong here (see section 1) 
 

2. Is light in this circumstance travelling faster than the speed of light? 
Now this is a problem. Light speed is absolute – both must measure the same value. 

 
 
Einstein considered these questions and proposed his theory of special relativity to resolve them. 
His theory is two main ideas, called postulates. 

1. The laws of physics apply equally in all inertial reference frames 
2. The speed of light is constant in all inertial reference frames. 

 
 
 
 
 
 
 
 
 
The first postulate seems unimportant, but is critical. It states that anything occurring in any 
reference frame can be explained by the rules of physics that apply on Earth. The second 
postulate implies a “universal speed limit” – nothing may travel faster than the speed of light.  
 
Even light itself, when emitted from a travelling object still travels at the speed of light. 
Looking back at the example of the spaceship and the laser above, it means that the laser speed 
will be c – meaning that the spaceships own velocity has no effect on the velocity of the laser. The 
law of addition of velocities seems not to apply in this circumstance! 
 
So as the sum of two velocities approaches the speed of light, simple addition no longer applies: 
If u + v approaches or exceeds c  
Then u + v ≠ u + v 
 
We will investigate this more later. 
 
 

Point to Ponder #2 : Circular Reasoning? 

 

Discuss with a classmate: Einstein’s postulates say that the 
laws of physics apply in all places where the law of inertia 
applies, itself a law of physics. Circular reasoning or not? 
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 3. The Relativity of Simultaneity  

 
 
How do you know when an event has happened? If a camera flashes, you know it because the 
light travels from the flash to you. We know that light has a defined speed – it does not travel 
instantaneously. With this information, and a measurement of the distance to the event, we can 
calculate exactly when the event occurred in our frame of reference.  
 
 
 
 
 
 
 
 
This means that to fully define an object, we have to give it both a location in space and the time in 
which it was there. We have to also consider the definition of simultaneous events. This is what is 
meant when the space-time continuum is discussed. Two observers of the same event at 
different distances will consider the same event to happen at different times, as it takes a different 
amount of time for light to travel to each observer.  
 
However, there is a more significant problem. If we consider two frames of reference, A and B, 
with B moving with a velocity of ½ c with respect to A. If we imagine A being the trackside and B a 
train. There is an observer (A’ (standing beside the tracks) in A, B’ (in the train) in B) in each frame 
of reference. A’ is stationary and observes two events which are simultaneous. What will B’ 
observe? 
  
 
 
 
 
 
As the light spreads out from each event, A’ will observe them as simultaneous, but B’ will travel 
towards event 2 and away from event 1. 
 
 
 
 
 
 
 
 
This means that B’ will not observe the two events as simultaneous as light has less distance to 
travel from event 2 to B’ than from event 1 to B’. One observer (A’) will see the events as 
simultaneous, one (B’) will see them as not simultaneous. Which observer is correct? 
 
Both observers are correct. For one observer to be correct would mean there would have to be a 
preferred frame of reference. As we have discussed above, there is no preferred frame of 
reference, and all observers are equally correct within their own frame. This is what we mean by 
the relativity of simultaneity.  
 
Notice that light has to travel at a constant speed for this to be possible. If the speed of light 
observed depended on the movement of the observer, this issue of simultaneity could not be 
discussed. 

FLASH! 
light 

VB = ½ c 
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Event 1 Event 2 

A’ 

B’ 

Frame A 

Event 1 
Event 2 

A’ 

Simultaneous (adj): Existing, happening, or done, at the same time; as, simultaneous events



 
 
 4. The Relativity of Time  

 
But what about time? Surely time is the one thing we can expect to remain 
constant? Let us consider a small thought experiment. We use a machine that 
releases a pulse of light, which is reflected and returns to the machine. We set it up 
so that the round trip of light takes exactly one second. We call this machine a light 
clock. Here is a diagram: 
 
We know that light travels at an absolute speed, and so we know that this light 
clock is an absolute way of measuring time. Let’s consider a slight different 
situation: one where the light clock is moving, perpendicular to the direction of light 
pulses. In that case, the light pulse must cover a greater distance, as it travels 
across (relative to an a viewer outside the moving frame of reference of the light 
clock) as well as up and down. 
 

But what about an observer travelling with the 
light clock? He will observe a situation as in 
figure 4.1. This means that there is going to be a 
difference between the perceptions of the 
stationary observer and the moving observer!  
It took the light longer to make one complete 
send and receive cycle, but the speed of the light 
was unchanged. Because the light traveled 
farther and the speed was unchanged, this could 

only mean that the time it took was longer. Remember speed is distance / time, so the only way for 
the speed to be unchanged when the distance increases is for the time to also increase. Time will 
pass at different rates for each. We call this effect Time Dilation. You can experiment with light 
clocks here: 
 
http://galileoandeinstein.physics.virginia.edu/more_stuff/flashlets/lightclock.swf 
 
This leads to another problem. Imagine a pair of twins, who decide to test the idea of time dilation. 
Together they build a spaceship that can travel at nearly the speed of light. One twin then flies the 
spaceship to α-centurai, one of the nearest stars. The round trip is nine light years, and if the ship 
travels at 0.9c, this trip will take 10 years in total. If both twins start the experiment at age 25, what 
will be the age of each twin when the space-faring twin returns? 
 
From the light clock ideas, we know that time will pass more slowly for the space-faring twin. But 
how much more slowly? To answer this question we need to use a correction factor, called a 
Lorentz Conversion. Here it is: 
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This gives a way of measuring the different rates of time across frames of reference in motion relative to one 
another. Putting in the information from the twins, we find that the space faring twin has only aged ~4.35 
years (4 years, 131 days), whereas the earthbound twin aged 10 years.  
 
Now, there is a problem with this. We considered the situation from the earthbound twin’s point of view, but 
Einstein’s postulates tell us that all frames of reference are equally valid. What if we considered it from the 
space-faring twin’s point of view? If we consider his frame of reference to be the stationary one, to him the 
earthbound twin travelled 4 ½ light years away and came back. Why then doesn’t the earthbound twin age 
more slowly? This is called the Twin Paradox and we will examine it in more detail in the next section. 

Fig 4.1 

Fig 4.2 

Where: 
t = elapsed time in moving frame 
t0 = time in a stationary frame 
v = relative velocity of the moving frame 
c = speed of light 



The Relativistic Doppler Effect. 

The Doppler Effect basically says that there is an observed frequency shift 
in electromagnetic waves due to motion. The direction of the shift is 
dependent on whether the relative motion is traveling towards you or away 
from you (or vice versa). Also, the amplitude of the shift is dependent on 
the speed of the source (or the speed of the receiver). A good place to start 
in understanding the Doppler effect would be to first look at sound waves. 
There is a Doppler Shift associated with sound waves that you should 
recognize easily. When a sound source approaches you, the frequency of 
the sound increases and likewise, when the sound source moves away 
from you, the frequency of the sound decreases. An example occurs when 
cars race around a racetrack. You can hear a definite shift in the sound of 
the car as it passes where you are standing. One last example is the change 
in tone you hear when a police car passes you with its siren on. I'm sure 
that at some point in our lives, all of us have imitated the sound of a 
passing car or passing police car; we imitated the Doppler Shift. This 
Doppler shift also affects light (electromagnetic radiation) in the same 
manner with one critical exception; the shift will not allow you to 
determine if the light source is approaching you or if you are approaching 
the source and vice versa for moving away. In fig 6.1 you can see a 
stationary light source is emitting light in all directions. In fig 6.2, you can 
see that source "S" is moving to the right and the light waves are shifted 
(they look as though they are being compressed in the front and dragged in 
the rear). If you approach the light source or the light source approaches 
you, the frequency of the light will appear to increase (notice that the 
waves in the front are closer together than in the rear). The opposite is true 
for a light source that is moving away from you or that you are moving 
away from. The importance of the frequency change is that if the 
frequency increases, then the time it takes for one complete cycle 
(oscillation) is less. Likewise, if the frequency decreases, the time it takes 
for one complete cycle is more.  

Fig 6.2 

Fig 6.1 

 
 5. The Twin Paradox  

 
Two twins, Jillian and Hannah, share the same reference frame with each other on the Earth. 
Jillian is sitting in a spaceship and Hannah is standing on the ground. The twins each have 
identical watches that they now synchronize. After synchronizing, Jillian blasts off and speeds 
away at 60% the speed of light. As Jillian travels away, both twins have the right to view the other 
as experiencing the relativistic effects (length contraction and time dilation). For the sake of 
simplicity, we will assume that they have an accurate method with which to measure these effects. 
If Jillian never returns, there will never be an answer to the question of who actually experienced 
the effects. But what happens if Jillian does turn around and return to the Earth? Both would agree 
that Jillian aged more slowly than Hannah had, thus time for Jillian was slower than it was for 
Hannah. To prove this, all they have to do is look at their watches. Jillian's watch will show that it 
took less time for him to go and return than Hannah's watch shows. As Hannah stood there 
waiting, time passed faster for her than it did for Jillian. Why is this the case if both were travelling 
at 60% the speed of light with respect to one another? 
 
 The first thing to understand is that we are studying what is called Special Relativity. It was the 
first of Einstein’s Theories of Relativity. He later expanded in to the idea of General Relativity. 
Special Relativity doesn’t deal well with accelerating frames of reference. Special relativity can 
apply to accelerating frames of reference, but it becomes very complicated. Clearly, Jillian (in the 
spaceship) experienced both acceleration and deceleration, relative to Hannah, and as such is in a 
changing reference frame. This however is not enough explanation, as until Jillian and Hannah 
occupy the same frame of reference, they will disagree as to relativistic effects.  
 

Let's apply Relativistic Doppler 
Shifts to the Twin Paradox. 
Recall that John sped away 
from Hunter at 60% the speed 
of light. I picked this speed, 
because the corresponding 
relativistic Doppler shift ratio is 
"2 times" for an approaching source and 
"1/2" for a source that is moving away. 
This means that if the source is 
approaching you, the frequency will 
appear doubled (time is then halved) and 
if the source is moving away from you, 
the frequency will appear halved (time is 
then doubled). Remember, the direction 
of the shift is dependent on the direction 
of the source, while the amplitude of the 
shift increases with the speed of the 
source. 
 
 
 



Let's take another trip with the twins, but this time Jillian will travel 12 hours away and 12 hours 
back, as measured by her clock. Every hour he will send a radio signal to Hannah telling her the 
hour. A radio signal is just another form of electromagnetic radiation; therefore, it also travels at the 
speed of light. What do we get as Jillian travels away from Hannah? When Jillian's clock reads "1 
hour" he sends the first signal. Because he is moving away from Hannah at 60% of the speed of 
light, the relativistic Doppler Effect causes Hannah to observe Jillian's transmission to be ½ the 
source value. From our discussion above, ½ the frequency means the time it takes is twice as 
long, therefore, Hannah receives the Jillian's "1 hour" signal when her clock reads "2 hours". When 
Jillian sends her "2 hour" signal, Hannah receives it at hour 4 for her. So you can see the 
relationship developing. For every 1-hour signal by Jillian's watch, the elapsed time for Hannah is 2 
hours. When Jillian's clock reads "12 hours" he has sent 12 signals. Hannah, on the other hand, 
has received 12 signals, but they were all 2 hours apart…thus 24 hours have passed for Hannah.  
 
Now Jillian turns around and comes back sending signals every hour in the same manner as 
before. Since he is approaching Hannah, the Doppler shift now causes Hannah to observe the 
frequency to be twice the source value. Twice the frequency is the same as ½ the time, so Hannah 
receives Jillian's "1 hour" signals at 30min intervals. When the 12-hour return trip is over, Jillian 
has sent 12 signals. Hannah has received 12 signals, but they were separated by 30 minutes, thus 
6 hours have pasted for Hannah. If we now total up the elapsed time for both twins, we see that 24 
hours (12 + 12) have elapsed for Jillian, but 30 hours (24 + 6) have elapsed for Hannah. Thus, 
Hannah is now older than her identical twin, Jillian.  
 
Now let's look at the twins again, but this time Hannah will send a signal every hour by her clock. 
What will Jillian see? When Hannah sees the outgoing leg of Jillian's trip end, her clock reads 15 
hours and she has sent 15 signals. Jillian, however, will say that she received 6 signals separated 
by 2-hours (relativistic Doppler shift) for a total of 12 hours. What happened to the other 9 signals? 
They are still in transit to Jillian. Therefore, when Jillian changes to her return leg, she will now 
encounter the missing 9 signals plus the 15 signals Hannah sent for the 15 hours her clock 
recorded for the return leg. So Jillian receives 24 signals that are 30 minutes apart for a total of 12 
hours. Like the previous example, these 24 signals have all been Doppler shifted to a higher 
frequency because Jillian is now approaching them. Now if we total the whole trip, Hannah sent 
one signal every hour for thirty hours, but Jillian received 6 signals that were 2 hours apart and 24 
signals that were 30 minutes apart. Hannah sent 30 signals in 30 hours; Jillian received 30 signals 
in 24 hours. The result is the same as before, but the twins do not agree on when the first leg 
ended and the last leg began. So from this we can conclude that the change of frame for Jillian 
(from outgoing to return) is what distinguishes her from Hannah. For Hannah, nothing changes at 
all. Anyway you look at it; she waits 30 hours without a change. Jillian, however, does change. She 
changes from a frame in which she is moving away to a frame in which she is moving back. It is 
this change that breaks the symmetry between Jillian and Hannah, thus removing the paradox as 
well.  
 
The Twin Paradox using Simultaneous Events 
Let's re-visit the twin paradox (Jillian travels out 12 hours at 60% the speed of light and returns at 
the same speed). Basically, there are three frames of reference to consider: 
 
 First, the twins are on the earth with no relative velocity between them.  
Second, Jillian embarks on the outgoing leg of her trip.  
Thirdly, Jillian (after instantaneously turning around) embarks on her return leg of her trip.  
 
I am using the same example as before, except I am using numbers from the Lorentz Transforms 
as opposed to the Relativistic Doppler Shift to explain the observed phenomena.  
 



1st frame:  
Hannah and Jillian each agree on everything they observe. This should be easy to understand 
since there is no relative velocity between the two twins. They are in motion together.  
 
 
2nd frame: 
Jillian travels out 12 hours by her clock. With the two postulates in mind, we realize that Hannah 
observes time dilation for Jillian's outgoing trip. Thus, if Jillian records 12 hours, Hannah will record 
15 hours. Remember that at 60% the speed of light, the time dilation will be 80%. Therefore, if 
Jillian records her time to be 12 hours, this is 80% of what Hannah records - 15 hours. But what 
does Jillian observe for Hannah's time? She observes the time dilation as effecting Hannah; 
therefore, she measures her trip to be 12 hours, but she observes 9.6 hours (80% of her clock's 
time) for Hannah's time.  
2nd frame totals: 
Hannah measures her time to be 15 hours, but Jillian's time to be 12 hours. Jillian measures her 
time to be 12 hours, but Hannah's time to be 9.6 hours.  
Obviously, the event, which is the end of the outgoing trip, is not simultaneous. Jillian thinks 
Hannah's time is 9.6 hours but Hannah thinks her time is 15 hours. On top of that, they both think 
that Jillian's time is 12 hours, which doesn't agree with either of the first two times.  
 
 
3rd frame:  
From Hannah's perspective, nothing new has happened. She remained in her initial frame of 
reference and Jillian returned at the same velocity she left with. Therefore, Hannah measured the 
return trip to take 15 hours for her frame (same as the outgoing trip) and observes the trip to take 
12 hours for Jillian. From Jillian's perspective, she encountered a major change. She actually 
changed frames from one of traveling out to one of traveling back. Now, at the start of the return 
trip, when Jillian looks at her clocks, she observes her clock to read 12 hours and Hannah's clock 
to read 20.4 hours. Think about this. Jillian now shows that Hannah's clock has jumped ahead from 
9.6 hours to 20.4 hours. How can this be???? When Jillian changed from the 2nd frame to the 3rd 
frame, the established symmetry between Hannah and Jillian was broken. Thus, each views their 
own time as having no change. And since Jillian was the one that actually changed frames, she 
showed more elapsed time for Hannah. From here on out, it is business as usual. The return trip is 
clocked at 12 hours by Jillian, but she observes 9.6 hours for Hannah. Again, let's clean this up…  
3rd frame totals: 
Hannah measures her time to be 15 hours, but she measures Jillian's time to be 12 hours. Jillian 
measures her time to be 12 hours, but she measures Hannah's time to be 9.6 hours. Remember, 
this 9.6 is only for the return trip after the frame change.  
 
 
Trip totals: 
Hannah measured her time to be 15 hours for the outgoing trip + 15 hours for the return trip: 30 
hours. 
 
Hannah observed Jillian's time to be 12 hours outgoing + 12 hours return: 24 hours. 
 
Jillian measured her time to be 12 hours outgoing + 12 hours return: 24 hours. 
 
Jillian observed Hannah's time to be 20.4 hours (after outgoing trip and frame change) + 9.6 hours 
for the return trip: 20.4 + 9.6 = 30 hours.  
 
 
http://intranet.balwynhs.vic.edu.au/learning%20areas/faculty/subject/unit/resources/einstein.zip 



 
 
 6.Relativistic Length  

 
How do you measure the length of an object? This seems like a simple question, but in 
relativity, simple things are often complex. To measure the length of an object, we place it next 
to the ruler, and measure the two endpoints. In this case, we see that the fish is between the 
points 0.35 and 0.6. By finding the distance between the two endpoints, we find the length of 
the face. In this case, 0.6 – 0.35 gives us 0.25 units. Simple enough, but things 
become more complex when the object is moving. The problem is that when the 
object is moving, the endpoints must be measured at exactly the same time, but 
as we have investigated above, simultaneity cannot be agreed upon when 
observers are in different frames of reference. So when we try and measure both 
ends at the same time, we encounter a problem.  
 
Let’s take an example. A space-fish is travelling along at great speed (>0.3c). We measure the 
point where the head is: 
 
 
 
 
 
 
And find it is at 0.35 units. A moment later, we measure the point where the tail is: 
 
 
 
 
 
 
 
The tail is at 0.25 units. Using the same calculation we used to find the length of the smiley face, 
we find the fish is 0.35 – 0.25 = 0.1 units. Now this is clearly wrong, because we are not measuring 
the two points simultaneously. The problem with this explanation is that we have already found that 
simultaneity is a relative concept, and two observers may not agree if two events are simultaneous 
 
So the problem with measuring length is that it requires two events (measuring each endpoint) to 
be simultaneous, but simultaneity will never be agreed upon by two observers in different frames of 
reference. In order to measure the proper length of an object, it must be measured from a frame of 
reference in which it is at rest. If it is being measured as it is moving, we can use the following 
formula to calculate its relativistic length contraction. 
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The Amazing Shrinking Garage! 
If Sabrina has a new light speed broomstick, and Minnie is watching from beside the garage. The 
garage and the broomstick are exactly the same length when the broomstick is parked inside the 
garage. What happens as the Sabrina flies toward the garage at high speed? 
 
Sabrina can view herself as stationary, and the garage as approaching at high speed. Length 
contraction will make the garage seem smaller, and the she thinks the broomstick will not fit. 
Minnie sees Sabrina approaching and with length contraction sees that the broomstick will fit 
entirely inside the garage with room to spare. 
Who is right? 



 
 
Let’s take a slight different situation to explain this paradox. Let the length of the broomstick (at rest) be 20 
units, and the length of the garage (at rest) be 20 units. The broomstick is travelling at 0.6c. Let Sabrina be 
at centre of broomstick; Minnie, at centre of garage. 
At the moment Sabrina and Minnie pass each other, each one sees the front end of the broomstick as half 
way to the front door of garage. 
Minnie sees front end at 1/2 (10 units) = 5 units. Sabrina sees front door at 2 (10 units) = 20 units 
But each knows this is “old news” because it took light time to reach them. They calculate: 
Minnie: Bumper must now be at 5 units + 0.6 units/ns x 5 ns = 5 + 3 = 8 units 
Sabrina: Door must now be at 20 units - 0.6 units/ns x 20 ns = 20 -12 = 8 units 
Sabrina and Minnie agree, but Sabrina says door must be open, Minnie says door is still closed. 
They disagree on the time the door opens. 
There is no paradox. Both are right! 
Order of events is different for Sabrina and Minnie 
Sabrina: Front door opens before back door closes so my 20 unit broomstick easily passes through your 16 unit garage 
Minnie: Front door opens after back door closes and your 16 unit broomstick easily fits into my 20 unit garage  
There is no real paradox. No disagreement on observation. The broomstick can go through the garage! But 
there is a difference in the perceived order of events. 
 
An Advanced Problem (Not Examined): 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
http://www.hawaii.edu/suremath/SRspecialRelativity.html#relativity 



 
 
 8. Relativistic Mass  

 
What do we mean when we talk about mass in physics? It is the property of a body to resist 
acceleration. Newton's second law can be reduced to the formula 
 

F = ma 
 
We can rearrange this equation to give an expression for mass: 
 

m = F/a 
 
Note that the larger the mass m the larger the force has to be to produce the same acceleration  
 
What does this mean with relativistic velocities? Let's imagine a “Standard Rocket”. It has a 
standard mass and has a standard thrust which produces a standard acceleration for a standard 
time. The point is that all of these rockets are identical. Since they are identical they will all have 
the same final velocity after their engine is finished firing (measured relative to the inertial frame in 
which they began).  
 
Now suppose that we fire off one of these rockets. It is travelling through space some speed v. 
(measured by us) Our assistant in a large spaceship catches up with the rocket and is "drifting" 
alongside the rocket with another standard rocket. He points the standard rocket in the same 
direction as the first rocket.  At this point both rockets are travelling with speed v measured in our 
frame. He ignites his standard rocket and it accelerates away from him until it has a velocity v 
relative to him. Now under the old Galileo/Newton addition of velocities his rocket would be going 
at speed 2v as measured by us. However with the velocities near c, this is not the case (see 
section 2).  
 
This rocket is going LESS THAN 2v when measured in our frame. This means that the standard 
rocket had less acceleration when it was moving with respect to us than when it was at rest with 
respect to us. (Firing the engine increased its velocity from v to less than 2v. Thus the change in 
velocity was less than v. It didn't accelerate as much.)  
 
So we can see that moving objects resist being speeded up more than stationary objects.  Since, 
by Newton's second law, mass is what resists acceleration we can say that the mass of the rocket 
has increased. When it is moving with velocity v it is more difficult to speed up than when it is at 
rest.  
 
We measure this resistance to increased acceleration as a change in effective mass. 
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Of course in the frame of the rocket there is no mass increase. Our assistant observes the rocket 
speeding up to v (in his frame) just as we observed the first rocket speeding up to v in our frame.  
 



Two of the most “sacred” laws of physics are 
 
1) the conservation of energy -- the proposition that energy can be neither created from 
nothing nor destroyed onto nothing.  
 
2) The conservation of momentum -- you can't start moving without something to push 
against. 
 
The old expressions for energy and momentum involved the mass M of the objects involved. In 
relativity these old expressions didn't work any more. Using the old formulas for energy and 
momentum energy wasn't conserved and neither was momentum.  
 
Einstein, in a leap of deep intuition, changed the formulas for momentum and energy so that they 
would be conserved in relativistic interactions. The result was that the in the new formula for 
energy the energy of an object was not zero when its velocity was zero. This had been the case 
with the old formula. In fact with the new formula at zero velocity there was some energy left over 
which was expressed in the famous equation:  
 

E = mc2 
 
We have to take this effective mass increase into account in many situations even in real life. For 
example, accelerated electrons have a greater mass than stationary electrons. This is important 
and must be considered in things such as cathode ray tubes (computer monitors and televisions) 
and synchrotrons. 
 
 


