




We will learn about…

• Einstein’s theories of special and general relativity.

• Consequences of special relativity, such as time dilation and length 
contraction.

• Consequences of general relativity, such as gravitational time 
dilation, gravitational lensing, and gravitational waves.

• Experimental tests of the theories.

• The possibility of “sci-fi” concepts such as faster-than-light travel 
and time travel.

In the background: A photo from the Hubble Space Telescope. A bit to the right of the center, we see an example of an Einstein ring – light warped around a galaxy due to gravitational lensing.
Credits: ESA/Hubble & NASA



Special relativity

• Isaac Newton published his theory of Newtonian mechanics in 
1687. It was considered correct for more than 200 years.
• We learned about Newtonian mechanics in lecture 6.

• In 1865, James Clerk Maxwell published Maxwell’s equations, 
which form the foundation of the theory of electromagnetism.

• Maxwell combined previous ideas by many other physicists into 
one set of equations, describing electricity, magnetism, and the 
relation between them.



Special relativity

• As we previously learned, light is an electromagnetic wave.

• Using Maxwell’s equation, it is possible to derive the speed of an 
electromagnetic wave, and therefore the speed of light.

• It turns out that light always moves in vacuum at a constant speed 
of ~300,000,000 m/s.
• When passing through a material medium like glass, light can move slower, 

but that won’t be relevant in this lecture.

• When we say “constant speed”, we mean that light always moves at 
this speed in vacuum, for all observers.



Special relativity

• But according to Newtonian mechanics, velocity is always relative 
to the observer.

• Each observer has its own frame of reference.

• If two observers are at rest relative to each other, then they are in 
the same frame. The observers will agree on the speed of an object.

• If two observers are moving relative to each other, then they are in 
different frames. Each observer will see the same object move at a 
different speed.



Special relativity

• Consider for example Alice and Bob, who are moving at 10 m/s 
relative to each other. A star      will indicate which frame we’re in.

• In Alice’s frame, she is at rest, and Bob is moving away from her at 
a speed of 10 m/s.

10 m/s

Alice Bob



Special relativity

• But in Bob’s frame, he is at rest, and Alice is moving at 10 m/s away 
from him.

10 m/s

Alice Bob



Special relativity

• Both Alice and Bob are correct! Speed is relative, so different 
observers see different speeds.

• There is no such thing as an “absolute speed”, only speed relative to 
a specific observer.



Special relativity

• Now consider what happens when Alice throws a ball toward Bob 
at 15 m/s.

• In Alice’s frame, the ball moves at 15 m/s, because she threw the 
ball at that speed in her frame.

10 m/s

Alice Bob

15 m/s



Special relativity

• In Bob’s frame, all the velocities are shifted by 10 m/s to the left.

• 15 − 10 = 5, so Bob sees the ball move at 5 m/s.

Alice Bob

10 m/s 5 m/s



Special relativity

• Again, both Alice and Bob are correct.

• The ball can’t have a “constant speed” that is the same for every 
observer.

• The ball’s speed is 15 m/s relative to Alice and 5 m/s relative to 
Bob.

• But now, consider what happens when Alice shines a flashlight 
toward Bob.
• Note: the speed of light is exactly 299,792,458 m/s, but for simplicity we 

will use the round value of 300,000,000 m/s in this example.



Special relativity

• In Alice’s frame, the light moves at the speed of light, which is 
300,000,000 m/s.

10 m/s

Alice Bob

300,000,000 m/s



Special relativity

• But according to Newtonian mechanics, in Bob’s frame, the light 
should move 10 m/s slower, at 299,999,990 m/s.

Alice Bob

299,999,990 m/s

10 m/s



Special relativity

• This contradicts Maxwell’s theory of electromagnetism, which says 
that light must travel at a constant speed of 300,000,000 m/s for all 
observers!

• Therefore, Newtonian mechanics is incompatible with 
electromagnetism.



Special relativity

• Albert Einstein published his special theory of relativity in 1905.

• Einstein’s theory allows velocities to be relative, while also keeping 
the speed of light constant for all observers.

• This seems contradictory, but it is in fact how the universe works!

• As we will see later, this apparent contradiction leads to some 
weird consequences.



Special relativity

• As long as things are moving slow relative to the speed of light, 
relativity reproduces all the predictions of Newtonian mechanics.

• This is an example of an extremely important principle in science: 
new theories must always reproduce the predictions of older 
theories in cases where the older theories are valid.

• Newtonian mechanics was accepted for more than 200 years. Its 
predictions were verified in countless experiments, and it had 
many applications in science and engineering.

• So relativity must be consistent with Newtonian mechanics in all of 
these cases.



Special relativity

• We saw another example of this principle when we learned about 
Kepler’s laws.

• Newtonian mechanics introduced new laws of motion that should 
apply to all objects in the universe.

• But Kepler’s laws were already consistent with observations of the 
planets in the solar system.

• Therefore, Newtonian mechanics had to reproduce the predictions 
of Kepler’s laws, which is indeed what happened.

• Newtonian mechanics generalizes (or expands) Kepler’s laws, and 
similarly, relativity generalizes Newtonian mechanics.



Special relativity

• When Alice throws a ball at 15 m/s toward Bob, relativity predicts 
that Bob will see the ball move at 5 m/s.

• This prediction is consistent with that of Newtonian mechanics, as 
we saw earlier.

Alice Bob

10 m/s 5 m/s



Special relativity

• However, relativity also predicts that both Alice and Bob will see 
the light beam move at 300,000,000 m/s.

Alice Bob

300,000,000 m/s

10 m/s



Special relativity

• In other words, relativity is consistent with Newtonian mechanics 
at speeds much slower than light, as in the case of the ball.

• At the same time, relativity is also consistent with Maxwell’s theory 
of electromagnetism at the speed of light.

• So relativity unifies Newtonian mechanics and Maxwell’s theory 
together into one theory that works at any speed.



Special relativity

• When speeds are slow compared to light, which is the case for most 
speeds we experience in daily life, Newtonian mechanics is correct, 
and we can use it.

• But when speeds are comparable to light, including light itself, 
Newtonian mechanics is no longer correct, and we must use 
relativity.



Special relativity

• We could in principle use relativity for slow speeds too, but we 
usually don’t, because the math is more complicated, and the 
differences are negligible.

• For example, in the case of Alice throwing the ball, relativity 
predicts that Bob will see it move at 5.000000000000008 m/s.

• The difference between this and the Newtonian prediction of 5 m/s 
is 8 × 10−15 m/s, roughly the size of a single atomic nucleus per 
second.

• This difference is so small it cannot even be measured, so we might 
as well just use Newtonian mechanics.



Spacetime

• Special relativity is based on two fundamental postulates.

• The first postulate is the principle of relativity: the laws of physics 
are the same in all inertial frames of reference.

• Remember that an inertial frame is one that is not accelerating.
• If a car is parked or moving at a constant speed, its frame is inertial.

• But when the car accelerates (changes its speed), its frame is not inertial.

• The first postulate was already formulated by Galileo in slightly 
different terms 400 years earlier (see lecture 5).



Spacetime

• The second postulate is the principle of invariant speed of light: the 
speed of light in vacuum is the same in all inertial frames, 
regardless of the motion of the light source.

• The second postulate is new, and it is the one responsible for all the 
weird consequences we will discuss in a bit.

• For this postulate to work, there must be a consistent way for Alice 
and Bob to both somehow see light move at the same speed.

• It turns out that this is only possible if space and time are 
combined into a single entity called spacetime.



Spacetime

• There are 3 dimensions of space, and 1 dimension of time, so 
spacetime has a total of 4 dimensions.

• Combining space and time into spacetime is more than just adding 
dimensions, it also means that space and time can be mixed 
together.

• This mixing is a kind of “rotation” in spacetime, called a Lorentz 
transformation.

• The Lorentz transformation can be used to change frames of 
reference, and depends on the relative speed between the frames.



• Consider 2 space dimensions, with axes (or coordinates) 𝑥 and 𝑦.

• When we rotate the axes, they rotate together in the same 
direction. We indicate the new axes 𝑥′ and 𝑦′.

𝑥

𝑦

𝑥′

𝑦′

Rotate clockwise



• Now consider a simplified spacetime with 1 space and 1 time 
dimension, with axes 𝑥 (space) and 𝑡 (time).

• When we apply a Lorentz transformation to the axes, they rotate in 
opposite directions! The new axes are 𝑥′ and 𝑡′.

𝑥

𝑡

𝑥′

𝑡′

Lorentz transformation



Spacetime

• To understand why this happens, we need to consider motion in 
spacetime.

• We will use units where time 𝑡 is measured in seconds and distance 
𝑥 is measured in light-seconds.
• A light-second is the distance light travels in 1 second, which is 

~300,000,000 meters.

• In these units, the speed of light is exactly 1 light-second per 
second.

• A diagram that shows the paths of objects in spacetime is called a 
spacetime diagram.



• An object at rest stays at the same position 𝑥 in space at all times 𝑡. 
So its path in spacetime is just a vertical line.

𝑥

𝑡



• Light moves at speed 1. This means that when 𝑡 increases by 1 (so 
1 second has passed), 𝑥 also increases by 1 (so a distance of 1 light-
second has been traveled).

• Therefore, light traces a diagonal path in spacetime. The path has a 
slope of 1, and is at an angle of exactly 45°.

𝑥

𝑡



• An object moving slower then light (e.g. a ball) will be diagonal 
with a slope greater than 1.

• This means the object is moving at less than 1 light-second per 
second.

𝑥

𝑡



• Now let’s move from the previous frame (Alice) to the frame of an 
observer moving at a constant relative speed (Bob).

• We do this with a Lorentz transformation, which “rotates” the axes 
in opposite directions.

• The paths that objects make in spacetime don’t change; only the 
frame of reference changes.

𝑥

𝑡

Lorentz transformation

𝑥′

𝑡′

Alice Bob



• Let’s add a grid to understand what happens in this transformation.

• Note how the spacetime grid gets “squished” for Bob.

• This means that Bob has a different notion of space and time 
compared to Alice.

𝑥

𝑡

Lorentz transformation

𝑥′

𝑡′

Alice Bob



• The green lines represent constant values of 𝑥, i.e. fixed location.

• All the points along the same green line are considered to be in the 
same location in each frame.

• Alice and Bob each have a different notion of what it means to be in 
the “same location”.

𝑥

𝑡

Lorentz transformation

𝑥′

𝑡′

Alice Bob



• The blue lines represent constant values of 𝑡, i.e. fixed times.

• All the points along the same blue line are considered to happen at 
the same time in each frame.

• Alice and Bob each have a different notion of what it means to 
happen at the “same time”.

𝑥

𝑡

Lorentz transformation

𝑥′

𝑡′

Alice Bob



• The red line represents Alice. Alice sees herself at rest, but Bob 
sees her move to the left.

• This can be seen from the diagram. Note how the line stays at the 
same place in Alice’s frame, but moves between different green 
lines, i.e. different places, in Bob’s frame.

𝑥

𝑡

Lorentz transformation

𝑥′

𝑡′

Alice Bob



• The purple line represents the ball that Alice throws. From the 
diagram we see that the ball moves slower in Bob’s frame 
compared to Alice’s frame.

• In Alice’s frame the ball moves 1 light-second in 3 seconds. In Bob’s 
frame it moves a much shorter distance in the same time period.
• Note: the speed of the ball in the diagram is 1/3 of the speed of light, which 

is much faster than 15 m/s, for illustration purposes.

𝑥

𝑡

Lorentz transformation

𝑥′

𝑡′

Alice Bob



• The yellow line represents light. It moves exactly 1 green line (1 
light-second) for each blue line (1 second) in both diagrams.

• So both Alice and Bob see light moving at exactly the speed of light: 
1 light-second per second.

• The Lorentz transformation resolves the contradiction between 
Newtonian mechanics and electromagnetism!

𝑥

𝑡

Lorentz transformation

𝑥′

𝑡′

Alice Bob
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