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CH 11 (KEY IDEAS)

• State Einstein’s two postulates for the special theory of 
relativity.

• Describe Einstein’s thought experiments demonstrating 
relativity of simultaneity, time dilation, and length contraction.

• State the laws of conservation of mass and energy, using 
Einstein’s mass–energy equivalence.

• Conduct thought experiments involving objects travelling at 
different speeds, including those approaching the speed of light.



EQUATIONS

• Time Dilation for Moving Objects

∆𝑡𝑚 =
∆𝑡𝑠

1 −
𝑣2

𝑐2



FRAMES OF REFERENCE

• Inertial Frame of Reference: a frame of 
reference in which Newton’s law of inertia holds
• Newton’s laws only hold in this type of reference frame
• Ԧ𝐹 = 0 for the frame of reference, not the object

• Noninertial Frame of Reference: frame of reference that is accelerating 
relative to an inertial frame
• Ex: an accelerating vehicle
• RECALL: a vehicle can have a constant speed and still accelerate (circular motion)



SPECIAL THEORY OF RELATIVITY

• The speed at which an object is travelling depends on the frame 
of reference of the observer

• Does the speed of light depend on the frame of reference of the 
observer? No, light is special since it doesn’t need to travel 
through a medium.

• Special Theory of Relativity
1. The relativity principle: all the laws of physics are valid in all inertial 

frames of reference.
2. The constancy of the speed of light: light travels through empty 

space with a speed of 𝑐 = 3.00 × 108 m/s, relative to all inertial 
frames of reference.



SIMULTANEITY

• Simultaneity: the occurrence of two or more events at the same 
time

• Two events that are simultaneous in one frame of reference are 
in general not simultaneous in a second frame moving with 
respect to the first
• simultaneity is not an absolute concept



TIME DILATION

• Time is not absolute

• Consider a set of parallel mirrors on a 
spacecraft with a beam of light passing 
between them

• The astronaut on the spacecraft will 
measure the time it takes to pass 
between the mirrors whether the 
spacecraft is moving or stationary



TIME DILATION – CONT.

• An observer on Earth will measure the time differently 
depending on the speed of the spacecraft relative to Earth

• The light will take longer to move 
between the mirrors from their 
frame of reference as it has a 
longer distance to travel
• Recall: the speed of light is absolute



TIME DILATION – CONT.

• Using the Pythagorean Theorem, the equation for time dilation 
for moving objects is

∆𝑡𝑚 =
∆𝑡𝑠

1 −
𝑣2

𝑐2

• ∆𝑡𝑚 – time interval for an observer moving at speed 𝑣 relative to the 
sequence of events [s]

• ∆𝑡𝑠 – time interval for an observer stationary relative to the sequence 
of events [s]

• 𝑣 – speed of the observer [m/s]
• 𝑐 – the speed of light [m/s]



TIME DILATION – CONT.

• Proper Time (∆𝒕𝒔) [s]: the time interval between two events 
measured by an observer who sees the events occur at one 
position

• Time Dilation: the slowing down of time in a system, as seen by 
an observer in motion relative to the system

• ∆𝑡𝑠 < ∆𝑡𝑚 by a factor of 
1

1−
𝑣2

𝑐2

, 0 < 𝑣 < 𝑐

• ∆𝑡𝑠 is only a real number if 1 −
𝑣2

𝑐2 > 0, or 𝑣 < 𝑐

• An object cannot have a speed equal to or greater than the speed of light



PROBLEM 1



PROBLEM 1 – SOLUTIONS 



PROBLEM 1 – SOLUTIONS CONT. 



THE TWIN PARADOX

• Consider a twin travelling to a star and back at 
a speed approaching 𝑐 while their twin stays 
on Earth

• From the change in heartbeat found in 
Problem 1, we can deduce that the travelling 
twin will age less than the twin left on Earth

• The reverse is not true in the travelling twin’s 
perspective because they are not in an inertial 
reference frame
• Acceleration occurs in order to turn around, so 

the situation is not symmetrical



LENGTH CONTRACTION

• Similar to time, length is not absolute

• Proper Length (𝑳𝒔) [m]: the length, in an inertial frame, of 
an object stationary in that frame

• Length Contraction: the shortening of distances in a system, 
as seen by an observer in motion relative to that system



LENGTH CONTRACTION – CONT.

• From 𝑣 =
𝑑

∆𝑡
, 𝐿𝑠 = 𝑣∆𝑡𝑚 and 𝐿𝑚 = 𝑣∆𝑡𝑠, which leads to

𝐿𝑚 = 𝐿𝑠 1 −
𝑣2

𝑐2

• 𝐿𝑚 – distance measured by an observer in an inertial frame of 
reference [m]

• 𝐿𝑠 – proper distance [m]
• 𝑣 – speed of the object [m/s]
• c – speed of light [m/s]



PROBLEM 2



PROBLEM 2 – SOLUTIONS 



PROBLEM 2 – SOLUTIONS 



PROBLEM 3



PROBLEM 3 – SOLUTIONS 



RELATIVISTIC MOMENTUM

• Momentum is not absolute
• Rest Mass: mass measured at rest, relative to the observer
• Relativistic Momentum

𝑝 =
𝑚𝑣

1 −
𝑣2

𝑐2

• 𝑝 – magnitude of the relativistic momentum [kg m/s]
• 𝑚 – rest mass of the object [kg]
• 𝑣 – speed of the object relative to an observer at rest [m/s]
• 𝑐 – speed of light [m/s]



PROBLEM 4



PROBLEM 4 – SOLUTIONS 



PROBLEM 4 – SOLUTIONS 



SUMMARY – FRAMES OF REFERENCE 
AND RELATIVITY

• Any frame of reference in which the law of inertia holds is called an inertial frame of 
reference.

• A noninertial frame is one that is accelerating relative to an inertial frame.

• The laws of Newtonian mechanics are only valid in an inertial frame of reference and 
are the same in all inertial frames of reference.

• In Newtonian mechanics, no experiment can identify which inertial frame is truly at 
rest and which is moving. There is no absolute inertial frame of reference and no 
absolute velocity.

• Michelson and Morley’s interferometer experiment showed that the ether does not 
exist.

• The two postulates of the special theory of relativity are: 
1. all laws of physics are the same in all inertial frames of reference; 
2. light travels through empty space with a speed of 𝑐 = 3.00 × 108 m/s in all inertial 

frames of reference.

• Simultaneity of events is a relative concept.



SUMMARY – RELATIVITY OF TIME, 
LENGTH, AND MOMENTUM

• Proper time ∆𝑡𝑠 is the time interval separating two events as seen by an observer for whom the events 
occur at the same position.

• Time dilation is the slowing down of time in a system, as seen by an observer in motion relative to the 
system.

• The expression ∆𝑡𝑚 =
∆𝑡𝑠

1−
𝑣2

𝑐2

represents time dilation for all moving objects.

• Time is not absolute: both simultaneous and time duration events that are simultaneous to one observer 
may not be simultaneous to another; the time interval between two events as measured by one observer 
may differ from that measured by another.

• Proper length 𝐿𝑠 is the length of an object, as measured by an observer at rest relative to the object.

• Length contraction occurs only in the direction of motion and is expressed as 𝐿𝑚 = 𝐿𝑠 1 −
𝑣2

𝑐2

• The magnitude 𝑝 of the relativistic momentum increases as the speed increases according to the 
relationship 𝑝 =

𝑚𝑣

1−
𝑣2

𝑐2

.

• The rest mass 𝑚 of an object is its mass in the inertial frame in which the object is at rest and is the only 
mass that can be uniquely defined.

• It is impossible for an object of nonzero rest mass to be accelerated to the speed of light.



PRACTICE

Readings
• Section 11.1 (pg 562)

• Section 11.2 (pg 569)

Questions
• pg 568 #1-3

• pg 579 #1,3,5,7,10


