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H.1

Introduction to Relativity (1h) 



The point of view of an observer is called a frame of reference.


For a co-ordinate system x'y'z' moving at constant speed v parallel to the x axis of system xyz, at at t = 0 x' = x, the following equations are called the Galilean transformations.



x = x' + vt
y = y'
 z = z' and t = t'

H.2 

Concepts and Postulates of Special Relativity (2h) 



An inertial frame of reference is one in which Newton's Laws of motion apply. 



Inertial frames of reference have constant velocity. 



Experiments done in a laboratory moving with constant velocity, produce the same outcomes as laboratories that are stationary. 



Experiments done in non-inertial frames (accelerating) do not produce Newton’s Laws. 



To explain the behavior of objects when observed from an accelerated frame, fictitious forces have to be included in the explanation.


The two postulates of the Special Theory of Relativity are:

    



1. The laws of physics are the same in all inertial frames of reference.

    



2.  The speed of light in empty space has the same value relative to all observers.




Time is not the same in all frames of reference due to light taking time to travel between 
observers. 

Two events occurring at different points in space and which are simultaneous 
for one observer 

cannot be simultaneous for another observer in a different frame of reference.
H.3

Relativistic Kinematics (5h)



A light clock consists of two parallel mirrors facing each other. A'tick' is the time it takes a 




pulse of light to travel from one mirror and back.


The proper time for an event to occur is the time measured by the observer in the frame of 




reference who sees the event occur at the same point in space. 


This is the proper time because the time it takes the light to travel from the event to the observer 

is the same at the start and the finish of the event.



The time for an event as measured in a frame of reference moving at speed v relative to the 




event equals the proper time divided by the square root of 1 minus v2 over c2.


The observer moving relative to the event measures a longer time than the proper time – this is 




called time dilation. e.g. a person in a train at constant velocity v throws a ball straight up, 


catches it at the same level and measures the proper time to be to. A person standing on the 




tracks measures the time to be t – longer than to and comes to the conclusion the clock on the 




train seems to be ticking 
slower since it measured a smaller time..



The proper length of a moving object l0 is defined as the length measured by an observer at rest 



relative to the object. 



An object moving past a stationary observer is measured to be a little shorter than the value measured by an observer moving along with the object. This contraction is only in the direction parallel to the object's velocity.









   2.


When an object is moving at velocity v relative to an observer, the observer measures its length 



Equal to its proper length times the square root of 1 minus v2 over c2.

H.4 

Some Consequences of Special Relativity (4h)



One twin stays on earth and the other goes off in a rocket at nearly light speed and eventually returns. The twin on earth ages but the biological processes inside the rocket slow down relative to the earth and the twin in the rocket returns still a young man. 



To the twin in the rocket, the twin on earth travelled away into space in the opposite direction and should be the one who is young and the space traveller being the older. Herein lies the paradox - which twin actually ages?


The situation is not symmetrical because the twin that went off in the space ship did not move 



with constant velocity relative to the Earth. There were accelerations and decelerations during 



the space travel and the rocket was not an inertial frame of reference. 


The time dilation arguments of Special Relativity do not apply to the frame of reference of the 



moving rocket. The twin who stayed on Earth is the one who ages.


In the Hafele-Keating experiment To test Einstein's theory of relativity four cesium atomic 


beam clocks were put on 
commercial jets in October 1971 and flown around the world twice. 

One plane flew eastward and the other plane flew westward. 


Before being put on the planes, the 
clocks were 
synchronised with a clock located at the U.S. 

Naval Observatory.



When the clocks that had been on the planes were compared to the clock on the ground there 



was good agreement between the theoretical and measured differences.



The Galilean transformation of addition of velocities does not apply when objects travel with velocities nearing the speed of light. 



Imagine playing baseball on a flatcar moving rapidly at constant velocity of 0.7c. The ball is pitched towards the front of the train at a velocity of 0.5c.



The following equation is the one that applies to both the fast moving and the slow moving worlds.
v  = the velocity of the inertial frame of reference = 0.7c.






u0 = the velocity of the object measured from inside the frame = 0.5c.






u  =  the velocity of the object relative to a stationary observer.



       




u  =       u0 + v










1 + u0v/c2


The amount of energy E equivalent to a mass m is given by E = mc2.


The rest mass of an object m0 is the mass measured by an observer at rest relative to the object.


Students should be aware that the rest mass energy is an invariant quantity. Students should be familiar


with the unit MeV c-2 for mass.



The mass of an object increases when it is moving relative to an observer.



The relativistic mass of an object moving with velocity v relative to an observer equals 


its rest mass divided by the square root of 1 minus v2 over c2.


Mass increases as an object gets faster because work done on it must increase its KE. 





Since the object cannot travel faster than c, then the work must increase its mass.


The rest mass energy of an object is its rest mass times the speed of light squared.



The total energy of an object equals its kinetic energy plus its rest mass energy.
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The total energy of an object equals its relativistic mass times the speed of light squared.



Relativistic mass times the speed of light squared equals kinetic energy plus rest mass 


energy.


An alternative unit for mass is MeV c-2.

H.5 

Evidence to Support Special Relativity (3h) 



Muons created in the upper atmosphere reach the ground even though they decay when


at rest in a time too short for them to reach the ground.



This is evidence that time is dilated and the distance to the ground contracted in the 




muon’s frame of reference.



The Michelson-Morley experiment endeavored to detect the ether – the material that 


light passed through and thought to be the ultimate stationary frame of reference.



The experiment consisted of creating an interference pattern with two light paths that 


had traveled at right angles to each other, rotating the apparatus by a right angle and 


looking for a shift in the pattern.



The null result showed the ether not exist - there is no absolute frame of reference and 


the speed of light was the same in all frames of reference.  


Rapidly rotating neutron stars give off X-rays in regular pulses. 
X-rays given off from the side 


moving away from the Earth reach the Earth at the same time as  the X-rays emitted from the side 

moving away from the Earth.



The X-rays were generated at the same time and travelled the same distance in the same time 


even though they were emitted from sources moving rapidly in opposite directions.  



This is experimental evidence that supports the second postulate of Special Relativity - the 




speed of light does not depend on the speed of the source.



When fast moving pions decay into two gamma rays that move off in different directions, the 



gamma rays travel at the same speed – further evidence the speed is independent of the source.
H.6

Relativistic Momentum and Energy (2h) 




The momentum of an object equals its relativistic mass times its velocity




An alternative unit for momentum is MeV/c.



The KE of a particle is its total energy minus its rest mass energy.

H.7 

General Relativity (4h) 



The gravitational mass of an object is the ratio of the force gravity and the strength of the field. 



i.e. mg  = F/g. 



Inertial mass is the ratio of the force on an object divided by the acceleration it produces. 



i.e. mi = F/m. 


The common acceleration experienced by falling objects with differing mass, proves that 
inertial 


mass and gravitational mass are equal.


Einstein's elevator thought experiment showed it is impossible to tell if you are in a gravitational 

field or an accelerated frame of reference.



An inertial frame of reference in gravity free space is equivalent to a frame of reference in free 




fall in a gravitational field.


Einstein's Principle of Equivalence says 'it is impossible to distinguish between a uniform 


gravitational field and a uniformly accelerated frame of reference.'
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The Principle of Equivalence predicts that light follows a curved path through a gravitational 




field when observed from the mass creating the field.



The Principle of Equivalence predicts that time slows down near a massive 
body. The 




stronger the gravitational field, the more slowly time elapses.  


Space and time are linked. When changing frames of reference, if space gets smaller then 


time gets longer and vice versa. This is called spacetime.



A mass warps spacetime and curves the space around the mass into a shape like a 





trumpet. The shortest distance between two points is along the curve. Light follows the 


curves of space.


Think of gravitational attraction of two mass as being due to them rolling towards each other along the curved spacetime between them.



A black hole is a region in space with a very strongly curved spacetime due to the presence of a 




very large mass at a single point. 



At the centre of a Black Hole is a singularity – a point where the matter has infinite density. 



The escape velocity from the mass is greater than c and so nothing can escape. 



The region is called a black hole because nothing would be seen in that part of space.


At a certain distance out in space from the black hole, is an imaginary spherical surface known 




as the Event Horizon. The radius of the Event Horizon is the Schwarzschild radius. On the



Event Horizon, the escape speed equals c.


Clocks near the surface of a Black Hole are subjected to a 
very powerful field and time 



dilation is apparent. The following equation applies:











to







       t  = 



where Rs is the Schwarzchild radius









  1 -  Rs

to is the time in gravity free space  










    r

and r is the distance from the hole.


When on the Event Horizon, r = Rs. The denominator in the last equation becomes 
zero and 


time becomes infinite i.e. clocks stop.



As a photon moves directly away from a mass its frequency reduces slightly due to its 



gravitational PE increasing. This is called the red shift.




For a photon emitted at ground level with frequency fo, hfo = hf + mgh where f is its frequency 



at height h.




The mass equivalent of a photon equals hfo/c2



The frequency at height h is given by f = fo(1 – gh/c2).
H.8 

Evidence to Support General Relativity (1h) 



In 1919, Arthur Eddington measured the apparent change in positions of stars near the Sun 




during a total eclipse and his findings were consistent with the predictions of General Relativity 




about the deflection of light by gravitational fields.


Gravitational lensing occurs when light from a very distant object such as a galaxy, passes 



through a cluster of Galaxies in the line of sight to Earth. Most of the light is scattered but some 



is focused towards the Earth by the deflections produced by the gravitational fields.



The Pound-Rebka experiment in which gamma rays moved up and down a tower, produced 


Results in agreement with the predictions of the red shift by the General Theory of Relativity.
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