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Newton’s 1st Law and Galilean Relativity
•According to Newton’s 1st Law, as long as there is zero net 

force acting, a resting object will keep resting and a moving 
object will keep moving at a constant velocity.
•This “law of inertia” underscores the concept of relativity first 

postulated by Galileo in 1632.
•That is, that the laws of mechanics should be valid in all 

inertial (constant velocity) reference frames.
•The resting and moving object each define their own 

reference frame, thus their behavior should be the same.
•What may be different are the time, location and velocity of 

an event measured by observers in each frame.*
•Add time to 1-d space to get a spacetime diagram.**



Galilean Transformations
• Assuming the simplest difference between the two 

reference frames allows us to construct the following 
spacetime diagram with both observers shown.

• Event E has coordinates (𝑥, 𝑡) in the rest frame, but 
has coordinates (𝑥′, 𝑡′) in the moving frame.  

• Since both frames have the same temporal axis, note 
that  𝑡 = 𝑡′.

• However, the origin of the primed frame is constantly 
moving, thus the 𝑥 and 𝑥′ axes point in the same 
direction but E does not have the same coordinate in 
each.

• Basic geometry shows that 𝑥′ + 𝑣𝑡 = 𝑥.

• Thus, 𝑡′ = 𝑡 𝑥′ = 𝑥 − 𝑣𝑡 𝑦′ = 𝑦 𝑧′ = 𝑧 are the 
Galilean transformations between these two frames.



Velocity, Acceleration and Absolute Rest
• Differentiation of the 𝑥′ equation with respect to time gives us the relationship 

between the velocity of the event measured in the two reference frames as
𝑣′𝐸 = 𝑣𝐸 − 𝑣

• When rearranged, this is the usual velocity addition rule, in the 𝑥-direction.

• Note, however, that one more time derivative gives us
𝑎′𝐸 = 𝑎𝐸

• This shows that both frames measure the same acceleration for the event and, 
consequently, Galilean relativity and Newton’s laws hold.

• Note that there is nothing special about our “un-primed” system.  

• The “primed” system could just as easily be considered at rest with the un-
primed system moving, albeit with velocity −𝑣, and the transformations would 
still hold.

• Thus, another way of stating Galilean relativity is to say that there is no absolute 
frame of rest, all inertial reference frames are equivalent!

 



Maxwell’s Equations, Light and the Aether
• In 1873, James Clerk Maxwell published his four laws of electromagnetism.

• Certain solutions of these equations represented waves that traveled at the 
speed of light.  Thus Maxwell showed that light was an electromagnetic wave!

• However, what was the medium in empty space that was waving in order to allow 
light to cross the 93 million miles between the Sun and the Earth?

• It was soon assumed that the medium was the luminiferous aether, a substance 
thought to exist since the early 1800’s when Fresnel came up with a non-
electromagnetic wave theory of light.

• In order to explain known facts, the aether needed to have extraordinary 
properties.  It needed to be millions of times the rigidity of steel in order to 
support light’s high frequencies, massless, non-viscous so planets could move 
through it, completely transparent, incompressible and continuous!*

• What’s more, it also helped prevent Maxwell’s laws from obeying Galilean 
relativity.



The Michelson-Morley Experiment
•Maxwell’s laws do not obey Galilean relativity in three basic 

ways.

• They predict different phenomena for moving charges than for 
stationary ones.

• The existence of the aether can be seen as an absolute 
reference frame.

• They predict the speed of light to be a constant.

• In 1887, Michelson and Morley performed an experiment that 
attempted to test the second two of these problems but found 
no experimental evidence for the existence of the aether.

•What were physicists to do?



Partial Answers
• In 1889, two years after Michelson and Morley’s null 

result, George Fitzgerald wrote a letter to the editor of 
Science suggesting that if the length of the interferometer 
in the direction of motion somehow shortened it would 
explain their result.

• In 1892 Hendrik Lorentz made the same suggestion as 
Fitzgerald in terms of length contraction and then in 1895 
showed that transformations between reference frames 
could be simplified by introducing a “local time”.  He 
combined these ideas together in what are known as the 
Lorentz transformations.

• Between 1900 and 1905, Henri Poincar ƴ𝑒, a world-
renowned mathematician, noted that Lorentz’s 
transformation formed a group, gave his own 
replacement for the velocity addition rule and stressed 
how the constancy of the speed of light can be used to 
synchronize reference frames.



The Birth of a Theory
• Despite the revelations made by these three physicists, none of them came up 

with a full-fledged theory solving the problems with the aether, Maxwell’s laws 
and Galilean relativity.

• It wasn’t until 1905 when a 26-year-old Swiss patent clerk published a paper 
devoid of any references that this theory was presented to the world.

• It was the conclusion to a ten-year period of reflection instigated by a teenage 
Albert Einstein questioning what he would see if he ran beside a light beam at the 
speed of light.

• His theory is based on two postulates.

• First he assumed that all the laws of physics (not just Newton’s laws of motion) 
were valid in all inertial reference frames.

• Second he assumed that all observers measure the same speed of light, 
regardless of their motion.

• From these two postulates come all of the weird, counterintuitive effects of 
special relativity, such as the loss of simultaneity.*



The Loss of Simultaneity • A-Light leaving Tree #1

• B-Light leaving Tree #2

• C-Train observer passes 
ground observer

• D-Light from Tree #1 and 
Tree #2 reaches observer 
on the ground

• E-Light from Tree #2 
reaches observer on train

• F-Light from Tree #1 
reaches observer on train

• G-Time when light must 
leave Tree #2 in order to 
be simultaneous with light 
from Tree #1 according to 
train observer

• Thus, two observers will not necessarily agree that two 
events are simultaneous!

• Where then are the lines of simultaneity for the observer 
on the train?



Time in the “Moving” Frame
• In order to find the line of simultaneity for the observer on the train, we tweak 

the gedanken by replacing the trees on the ground with flashlights in the front 
and back of the train while the observer is at the midpoint of the train.  

• Doing so gives the following spacetime diagram.

• If we can find the coordinates of point B, we can find the line of simultaneity of 
the flashlights for the train observer in the coordinates of the ground observer.*

• It is found 
to be

𝑡 =
𝑣

𝑐2
𝑥

• Thus time 
in the two 
frames is 
different!



Deriving the Lorentz Transformations
• In order to satisfy both 

equations describing the 
primed system lines we 
must require that

𝑥′ = 𝑥 − 𝑣𝑡

 and

𝑡′ = 𝑡 −
𝑣

𝑐2
𝑥

• To check if these work, 
we first demand that 
Postulate 2 holds, thus 
when 

𝑡 =
𝑥

𝑐
 it must be true that

𝑡′ =
𝑥′

𝑐
• Some simple algebra 

shows that this is true.*
                                                                                                     

• How do we show that these transformations satisfy 
Postulate 1?

• We consider the primed system to be at rest and the 
unprimed system to moving with a velocity −𝑣, and 
require the transformations to still be valid.**



The Lorentz Transformations and Velocity Addition
• In order for both postulates to be satisfied, we must include an extra factor of 1 −

𝑣2

𝑐2 

in both equations.

• Thus, the four Lorentz transformations in this coordinate system are given by

𝑥′ =
𝑥 −  𝑣𝑡

1 −
𝑣2

𝑐2

 𝑦′ = 𝑦 𝑧′ = 𝑧 𝑡′ =
𝑡 −

𝑣𝑥
𝑐2

1 −
𝑣2

𝑐2

• These replace the Galilean transformations while tending to them when 𝑣 ≪ 𝑐.

• The Galilean velocity addition rule in the 𝑥-direction becomes

𝑣𝐴𝐶 =
𝑣𝐴𝐵 + 𝑣𝐵𝐶

1 +
𝑣𝐴𝐵𝑣𝐵𝐶

𝑐2

 where 𝐴 is the event, 𝐵 is the primed frame and 𝐶 the unprimed frame. 

• From this equation we see that 𝑐 is essentially a universal speed barrier.

• Examples*



Weird Predictions
• We can simplify the Lorentz transformations by using the auxiliary variables 

   𝛽 =
𝑣

𝑐
 , a dimensionless speed ratio and 𝛾 =

1

1−𝛽2
 , the Lorentz factor.

• Using these we can see how the Lorentz transformations predict new phenomena as 
well as modify many of the equations of classical kinematics and dynamics.  Some* of 
these include (where motion is only in the 𝑥-direction):

• Length contraction   𝐿 =
𝐿0

𝛾
   𝐿0 is the “proper length”

• Time dilation    𝑇 = 𝛾𝑇0  𝑇0 is the “proper time”

• Relativistic momentum   𝑝 = 𝛾𝑚𝑣  𝑚 is the particle mass

• Relativistic Newton’s 2nd Law  𝐹 =
𝑑𝑝

𝑑𝑡
= 𝛾3𝑚𝑎

• Relativistic total energy   𝐸 = 𝛾𝑚𝑐2

• Rest energy     𝐸 = 𝑚𝑐2

• Relativistic kinetic energy   𝐸 = 𝑚𝑐2(𝛾 − 1) 

• Energy-momentum relationship  𝐸2 = 𝑝2𝑐2 + 𝑚2𝑐4



The Spacetime Interval
• As can be seen from the length contraction an-d time dilation effects, observers in 

relative motion do not measure the same amount of space or time between events.

• Is there something that all observers do agree on?

• In 1908, Hermann Minkowski, a mathematics professor of Einstein, led off his talk on 
relativity with this now-famous quote:  “Henceforth space by itself, and time by itself, 
are doomed to fade away into mere shadows, and only a kind of union of the two will 
preserve an independent reality.”

• The union he was referring to was the spacetime interval, sometimes referred to as the 
Minkowski metric given by

𝑑𝑠2 = −𝑐2𝑑𝑡2 + 𝑑𝑥2 + 𝑑𝑦2 + 𝑑𝑧2

• All observers agree on the size of 𝑑𝑠 between any two events.

• This is a generalization of the Pythagorean theorem with one important difference; the 
minus sign in front of the time portion.

• This makes spacetime hyperbolic not circular.  The hyperbolas in the left and right 
sections show that an observer can’t catch up to a light beam.*



Light Cones and Causality
• N, P and F-time-like interval

   (𝑑𝑠 < 0)

• N, G and R-light-like interval

   (𝑑𝑠 = 0)

• N, S and Z-space-like interval

 (𝑑𝑠 > 0)

• All observers agree that P 
happened first, then N and 
then F, but not what the 
interval of time is between 
them.

• Some observers think N 
happened first, some S and 
some believe Z happened 
first!



4-Vectors
• The combination of space and time as seen in the Minkowski metric can be shown in 

vector form, just with four components:  the displacement 4-vector
𝑐 𝑑𝑡, 𝑑𝑥, 𝑑𝑦, 𝑑𝑧

• There are other things that are “mixed” together as a result of the mixing of space and 
time and can be written as 4-vectors.  They include:

• 4-velocity           𝛾(𝑐, 𝑣𝑥 , 𝑣𝑦, 𝑣𝑧)

• 4-acceleration   𝛾(
𝑑𝛾

𝑑𝑡
𝑐,

𝑑𝛾

𝑑𝑡
𝑣𝑥 + 𝛾𝑎𝑥 ,

𝑑𝛾

𝑑𝑡
𝑣𝑦 + 𝛾𝑎𝑦, 

𝑑𝛾

𝑑𝑡
𝑣𝑧 + 𝛾𝑎𝑧)

• 4-momentum           (
𝐸

𝑐
, 𝑝𝑥, 𝑝𝑦, 𝑝𝑧) 

• 4-force           𝛾(
𝑃

𝑐
, 𝐹𝑥, 𝐹𝑦, 𝐹𝑧) 

• 4-current density     𝜌𝑐, 𝑗𝑥 , 𝑗𝑦, 𝑗𝑧

• 4-potential           (
𝜙

𝑐
, 𝐴𝑥 , 𝐴𝑦, 𝐴𝑧) 

• Using 4-vectors many equations are simplified including Maxwell’s four equations which 
can be written as a single 4-vector equation which transforms correctly under Lorentz 
transformations, with electric and magnetic fields converting into one another.  
   



Experimental Verification
• So why should we believe a theory that supposes the world behaves in such a 

counterintuitive way?

• Many experiments have been done whose results have reaffirmed the 
predictions of special relativity.

• We will mention three of them.

• Length contraction-Muon decay (or lack thereof) in the muon’s frame*

• Time dilation-Hafele/Keating experiment (1971)

 Chou experiment (<22 mph) (2010)

 Everyday in GPS satellites.

• Relativistic Momentum-Particle accelerators depend upon it.



Everyday life and paradoxes
• So if relativity has been around for over 100 years and 

continually agrees with experimental data, why don’t we see 
evidence of it in our everyday life?

•We never travel anywhere close to c!  The fastest thing humans 
have ever created is…a manhole cover? 

•https://www.youtube.com/watch?v=NSeL5c65v-g

• This is only 0.0002c.  

•At this rate, a meter stick would only appear 28 nm shorter and 
watches would tick off less than 1 extra second per year.

•Because these predictions are so counterintuitive, they can be 
hard to understand and present “paradoxes”.

https://www.youtube.com/watch?v=NSeL5c65v-g
https://www.youtube.com/watch?v=NSeL5c65v-g
https://www.youtube.com/watch?v=NSeL5c65v-g
https://www.youtube.com/watch?v=NSeL5c65v-g
https://www.youtube.com/watch?v=NSeL5c65v-g


The twin paradox
• https://www.youtube.com/watch?v=oOL2d-5-pJ8

• However Bert could just as easily say that he is at rest and that the Earth and Al 
are moving away from him at close to the speed of light.

• Were he able to see Al’s clock he would see it running slower than his own.

• How do we explain this apparent paradox?

• Bert must slow down, turn around and speed up again in order to return to Al on 
Earth.

• He is, therefore, no longer an inertial observer, and as such the symmetry is 
broken between the two and Bert is younger than Al.

• However, if Al decided to get on a rocket and go to Bert instead of Bert turning 
around, upon meeting, Al would be the younger one since he is the one that 
broke the symmetry and became a non-inertial observer.

https://www.youtube.com/watch?v=oOL2d-5-pJ8
https://www.youtube.com/watch?v=oOL2d-5-pJ8
https://www.youtube.com/watch?v=oOL2d-5-pJ8
https://www.youtube.com/watch?v=oOL2d-5-pJ8
https://www.youtube.com/watch?v=oOL2d-5-pJ8
https://www.youtube.com/watch?v=oOL2d-5-pJ8
https://www.youtube.com/watch?v=oOL2d-5-pJ8


Pole in the Barn Paradox
• Suppose you have a long pole that you want to fit inside a barn.  

•At rest with respect to each other, the pole is longer than the 
barn.

• If the pole approaches the barn at a relativistic speed, will it fit 
inside the barn?

• It all depends on your reference frame.

• The pole vaulter says it never fit while the farmer says that it 
did all fit.  Who is right?

• If the doors are closed at the front and back of the barn, since 
no signal can travel faster than light, both observers see the 
pole broken inside the barn or sticking out of the barn.



The Lampa-Terrell-Penrose Effect
• In 1924, over a dozen years after advocating for Einstein to be made chair of the 

theoretical physics department in Prague, Anton Lampa commented on how a rod 
moving at relativistic speeds would be seen by an observer.

• However, it wasn’t until this idea (for a sphere this time) was considered again, 
independently, by both James Terrell and Roger Penrose in 1959 that people showed 
interest in the phenomena.

• This effect, commonly known as Terrell rotation, predicts that length contraction occurs 
but is essentially cancelled out by light from the back of the object taking longer to 
reach the observer than light from the front.

• Instead of seeing contraction, the observer sees the object stay the same size but be 
rotated so that parts of it are visible to the observer that normally would not be.

• In the words of Penrose, “the light from the trailing part reaches the observer from 
behind the sphere, which it can do since the sphere is continuously moving out of its 
way”.

• This counterintuitive effect was experimentally verified in 2024 by Peter 
Schattschneider by using femto-second laser pulses to reduce the speed of light to 2 
m/s .
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