Relativity
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“What would light and your surroundings look like if you could ride a photon…or travel along with a beam of light?”  This was one of the questions that ignited the mind of a young, teenaged Albert Einstein.    

Classical, Newtonian mechanics works well at low speeds but fails when applied to particles whose speeds approach that of light.  

· For example:  It is possible to accelerate an electron to 0.99c (99% the speed of light) by using a potential difference of several million volts.  According to Newtonian mechanics, if the voltage is quadrupled, the speed of the electron should double to 1.98c; however, experiments always show that the speed of the electron remains lower than c (3.0 x 108m/s) no matter what the voltage. With the theory of relativity, experimental observations from v=0 to velocities approaching c can be predicted and explained.
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Relativity involves considering how an event or series of events would look to one observer given that you know how it looks to another observer who may be moving with respect to the first.

In 1905, Einstein (age 25) published his Special Theory of Relativity (dealing with Space and time, and the effects of moving at high constant speeds) and ten years later he published the General Theory of Relativity (dealing with the effects of gravity and accelerated motion).

Special theory of relativity is based on two basic postulates assumptions:
(1) All the laws of physics are the same in all inertial reference frames.  By inertial reference frame, we basically mean a frame of reference that is not accelerating.  This means that if two observers are moving at a constant speed with respect to one another, and one observes any physical laws for a given situation in their frame of reference, then the other observer must also agree that those physical laws (e.g. conservation of momentum) apply to that situation. 
(2) The speed of light in a vacuum has the same value(c = 3.0 E 8 m/s) in all inertial reference frames.
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        Proof of postulate #2

· If the speed of light is the same in all inertial reference frames, then the speed of light emitted by a moving source should be the same as the speed of light emitted by a stationary source.  In a 1964 experiment (many others have been performed since then), physicists at CERN generated a beam of pions moving at .99975c with respect to the laboratory.  Experimenters then measured the speed of the gamma rays emitted, which happened to be c.
· Michelson–Morley experiment – designed to determine the velocity of the earth with respect to the hypothetical ether; negative result implies that the ether does not exist and proved postulate #2

· A very interesting result occurs when you apply postulate #1 to the laws of electrodynamics.  According to electrodynamics, (o and (o are properties of the universe, and if any observer in any frame of reference does an electromagnetic experiment to measure those constants, he or she must always come up with the same answers.  However, it is also a property of electrodynamics that the speed of an electromagnetic wave can be expressed in terms of those two constants:  1/((o(o)1/2.  If (o and (o are constants for all inertial observers, then so is c. 
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Consequences of Special relativity

1) Time dilation -- time interval measurements depend on the reference frame in which they are made (“moving clocks tick slower”).  Each second on a moving clock is a larger interval hence the “dilation of time” and fewer seconds will click by. 
[image: image6.jpg]



2) Simultaneity is not an absolute concept - two observers may not agree on when an event happened if there is relative motion between the observers and the event they witness.  
3) Length contraction - only happens in the direction of the motion
4) Mass of an object increases as its speed increases - therefore more mass requires larger energy to accelerate it further
	Proper time t0:  The length of time of 
some event as observed by a person at rest 
with respect to the event. 

Proper length L0:   The length of an object 
observed by a person at rest with respect to 
the object.

Dilated time t:   The length of time of
some event as observed by a person
moving with respect to the event.
	Contracted length L:  The length of an
object observed by a person moving
with respect to the object.
----------------------------------------------------
Simple rule: 

If there's zero movement relative to the 
event or object being measured, use a 
subscript zero on the quantities.
----------------------------------------------------
contraction: becoming smaller
dilation: spreading out

	Length Contraction 

L = L0 (1-v2 /c2)1/2

If the object is moving with respect
to an observer in an inertial reference
system, it's smaller for that observer.
------------------------------------
Time Dilation 

t = t0 / (1 - v2/c2)1/2 

If the event is moving with respect
to an observer in an inertial reference
system, it takes longer to happen for 
that observer.
	Mass Transformed 
into Energy

E = mc2 

Mass gained or lost is equal 
to a gain or loss in energy.
--------------------------------------
Energy Transformed
into Mass

m = E / c2 

Energy E gained or lost is 
equivalent to a gain or loss 
of mass.
	Total Energy 

E = mc2 / (1 – v2/c2)1/2
-----------------------------
Rest Energy 

E0 = mc2
-----------------------------
Kinetic Energy 

KE = E – E0

The kinetic energy
is not 1/2 mv2.


Twin Paradox

· The twin paradox deals with the question of “whose clock is running slower?”  The story goes as follows: two twins (say Sam and Richie) are both on earth when one of them (say Sam) decides to leave the earth by very quickly accelerating to a speed close to the speed of light.  We then consider the two frames of reference after Sam has reached a constant velocity.  According to special relativity, in Richie’s frame of reference, Sam’s clock is running slowly, while in Sam’s frame of reference, it is Richie’s clock, which is running slowly.  Now, as long as the two are apart, it is not hard to argue that the question is strictly dependent on your point of view.  By this I mean that we can argue that there is no correct answer to the question “whose clock is running slower” since it depends completely on what frame of reference you are in.  However, how would we continue this argument if we added the following to the story: at some point after Sam begins his trip he decides to return to earth to see his brother.  When the two twins are standing next to one another again, which one is older?
          [image: image2.jpg]



[image: image7.jpg]Primary
cosmicray e
cosmicray
iemeson liftime.
as seen from
emeson

o’

o-meson ifetime a5
Thickness 0 cquls2x 107scc

Seen from eart's
sorface cquals cart's surfuch
S5x10%ec as seen from \ K4
Jomeson X
equils 450m 2,

Thickness
of earh's
atmosphee
as seen from
canh's surface.
quals 10,000
\





The Car and Barn Paradox

· The “Car and Barn” paradox deals with the question of “whose lengths are shorter?”  We have a barn whose front and back doors can be quickly opened and closed.  There is also a car which is just long enough so that if you try to fit it in the barn and the barn doors close, they would close down on the front and back bumpers of the car.  Now, an observer in the car (say, Mary) speeds the car towards the barn at a significant fraction of the speed of light.  One might then argue the following: from the point of view of an observer sitting in the barn (say, Lauren) the car will be length contracted, and at some point it will be completely inside the barn.  Lauren then reasons that she can close and open both barn doors while the car is completely inside the barn.  However, Mary will argue that it is the barn, which is moving with respect to her, and thus it is the barn, which is length contracted.  So, she argues, if Lauren tries to close both doors at the same time as the car goes through the barn, then the doors will smash into the car.  Do the doors smash into the car when Lauren tries her idea, and how does each observer explain the outcome?

Experimental Support for the Theory

· Using atomic clocks and super-sonic jets, we have been able to confirm the effects of time dilation just as relativity predicts.

· Muon experiment:  Elementary particles called muons are constantly being formed by reactions in the upper atmosphere by cosmic rays.  Once formed, these muons travel at very fast speeds towards the earth.  In the rest frame of a muon, its life is only about 2.2 E –6 seconds.  Even if the muon could travel at c, it could only go about 660 meters during its lifetime.  Because of that, they should not be able to reach the surface of the earth.  However, it has been observed that large numbers of them do reach the Earth.  From our point of view, time in the muon’s frame of reference is running slowly, since the muons are traveling very fast with respect to us. So the 2.2 E –6 seconds are slowed down, and the muon has enough time to reach the earth.  We must also be able to explain the result from the muon’s frame of reference.  In its point of view, it does have only 2.2 E –6 seconds to live.  However, the muon would say that it is the earth, which is speeding toward the muon.  Therefore, the distance form the top of the atmosphere to the earth’s surface is length contracted.  Thus, from the muon’s point of view, it lives a very small amount of time, but it doesn’t have that far to go.  This is an interesting point of relativity – the physical results (ex. the muon reaches the earth’s surface) must be true for all observers; however, the explanation as to how it came about can be different for different frames of reference.                              
· Verifications of special relativity are found all the time in particle physics.  In particle physics, large accelerators push particles to speeds very close to the speed of light, and experimenters then cause those particles to strike other particles.  The results of such collisions can be understood only if one uses relativistic momentum and energy equations.
General Relativity

· These notes have been confined to the realm of what is known as Special Relativity (SR).  Although I am not going to discuss General Relativity (GR), I will give a brief comparison between the two.  The difference is basically that GR deals with how relativity applies to gravitation.  As it turns out, our concept of how gravity works must be changed because of relativity and GR explains the new concept of gravity.  It is called “General” relativity because if you look at GR in the case where there is little or no gravity, you get Special Relativity (SR is a special case of GR).
Mass Warps Spacetime… a little like the picture below

The space traveler is younger.  The person on earth remained in an inertial reference system.  The space- traveler accelerated, and thus wasn't in an inertial reference system.  Both people agree that it was the space traveler who underwent the acceleration.





It doesn’t take much convincing for most people to agree with the first postulate of relativity, but number 2 is a bit more counterintuitive.











