
General relativity

• Einstein’s special theory of relativity, published in 1905, was a huge 
success. It unified Newtonian mechanics and electromagnetism and 
provided an accurate description of motion at relativistic speeds.

• However, special relativity did not incorporate gravity.

• In 1915, Einstein published his general theory of relativity.

• As the name suggests, this theory generalized relativity to include 
gravity, and special relativity is a special case of general relativity, 
which applies when there is no gravity.
• This is similar to how Newtonian mechanics is a special case of special 

relativity, which applies when speeds are slow compared to light.



General relativity

• An important principle in general relativity is the equivalence 
principle.

• We first learned about this principle in lecture 11.

• Remember that mass has two different meanings:
1. Resistance to acceleration by any force (inertial mass).

2. Strength of the gravitational force (gravitational mass).

• The equivalence principle says that these two types of mass are 
equivalent: the inertial mass and gravitational mass of any object 
are always the same, so we can just call it “mass”.



General relativity

• The equivalence of inertial and gravitational mass is also known as 
the universality of free fall.

• We already discussed this idea in lecture 5: Galileo showed in an 
experiment that falling objects accelerate uniformly.

• All objects dropped in a gravitational field fall at the same rate, no 
matter what their mass is.

• This is only possible if inertial and gravitational mass are the same, 
i.e., the equivalence principle is satisfied.



General relativity

• The formulation of the equivalence principle in terms of mass is 
called the weak equivalence principle (WEP).

• The issue with the WEP is that, unlike in Newtonian gravity, mass is 
actually not the only thing that affects gravity in general relativity.

• One consequence of special relativity, which we learned in previous 
lectures, is the relation 𝐸 = 𝑚𝑐2, which tells us that mass is just a 
form of energy.

• Therefore, it’s more precise to say that, in relativity, gravity is 
affected by energy, not mass.



• A better way to state the equivalence principle is the 
Einstein equivalence principle (EEP).

• The EEP says that acceleration is locally 
indistinguishable from gravity.

• Imagine that you drop a ball in a small sealed and 
soundproof room with no windows.

• Then you have no way to distinguish between the 
following two possibilities:

1. The room is on the ground on Earth, and the ball is 
falling due to gravity.

2. The room is inside a rocket, far from any sources of 
gravity, accelerating in space with the same 
acceleration as gravity on Earth (~9.8 m/s2).

Illustration of the equivalence principle.
Credits: Mapos (Wikipedia)



• It’s important to note two things about this.

• First, the equivalence principle says that acceleration is 
locally indistinguishable from gravity.

• If the room was large enough, you could notice non-
local gravitational effects such as tidal forces, or that 
gravity is weaker at higher altitudes.

• Second, the rocket needs to accelerate.

• If the rocket is just moving at a constant speed, then the 
ball will not drop, it will just float in the air.

• The same thing would happen if the room was in free 
fall toward Earth’s surface; the ball would float.

• There is no way to distinguish between free fall in 
gravity and constant velocity without gravity.

Illustration of the equivalence principle.
Credits: Mapos (Wikipedia)



Astronauts on the International Space Station are well within the gravitational field of Earth, but they are in free fall, so they float in the air instead of falling down.
Credits: NASA



General relativity

• According to relativity, there is no such thing as “absolute speed”, 
because there is no way to detect what speed you’re moving at.

• Any object moving at a constant speed (including zero speed, i.e. at 
rest) is in an inertial frame, and physics in all inertial frames is the 
same according to the principle of relativity.

• However, in relativity there is still absolute acceleration. This is 
because an accelerating object is in a non-inertial frame.

• You can detect that you’re accelerating by, for example, dropping a 
ball. If it falls down, then you must be accelerating up.



General relativity

• Think back on the twin paradox. If Alice and Bob were both just 
moving at constant speed relative to each other, then both would 
have aged the same.

• In that scenario, there would have been a symmetry between 
Alice’s and Bob’s frames. Both are moving at constant speed 
relative to each other, and neither one is “special”.

• However, Bob must accelerate to turn back, which breaks the 
symmetry. Acceleration is absolute, so we can’t say that both Alice 
and Bob are accelerating “relative” to each other. Bob is special, 
because he is the only one accelerating.



General relativity

• From the equivalence principle, Einstein deduced that free fall is a 
type of inertial motion.

• In Newtonian mechanics:
• When you’re falling, the force of gravity accelerates you, so you’re in a non-

inertial frame.
• When you’re on the ground, the force of gravity cancels with the normal 

force of the ground pushing up on you, so you’re in an inertial frame.

• But according to the equivalence principle, the opposite is true:
• When you’re falling, it’s just like floating in space at constant speed, so 

you’re in an inertial frame.
• When you’re on the ground, it’s just like being accelerated by a rocket in 

space, so you’re in a non-inertial frame.



General relativity

• What we learn from this is that gravity is not a force!

• From Newton’s 2nd law, force is proportional to acceleration.

• When you’re falling, no force acts on you, so you’re not being 
accelerated, and you are in an inertial frame.
• It looks to you like you’re accelerating down, but actually, everything else is 

accelerating up.

• When you’re on the ground, the normal force pushes up on you, so 
you are being accelerated, and you are in a non-inertial frame.
• It looks to you like you’re not accelerating, but actually, you are 

accelerating up.



General relativity

• But how can everything on the ground be accelerating up all the 
time (relative to an inertial frame), and yet stay in the same place?

• The answer is that spacetime must be curved.

• When things are in free fall, they follow paths in spacetime called 
geodesics.

• In geometry, geodesics are the shortest paths. A geodesic on a flat 
surface will just be a straight line. But a geodesic on a curved 
surface, like a sphere, will be a curved line.

• The geometry of spacetime is more complicated. A geodesic is not 
the shortest path, but it is the “easiest” path to take in a curved 
spacetime.



General relativity

• Due to the curvature of the Earth, your geodesic wants to take you 
down all the way toward the center of the planet.

• However, you are clearly not falling to the center of the Earth. 
That’s because the ground (or chair, etc.) is in your way.

• The ground is applying a normal force that is pushing you up. This 
is the only force acting on you, since gravity is not a force. Force 
equals acceleration, so you are being accelerated upward.

• This means you are currently not following a geodesic. Therefore, 
you are not in free fall, since if you were, you would have been 
following a geodesic. You are in a non-inertial frame.

• In a curved spacetime, you must move to stay in place!



Bonus video

• In this video, Derek Muller (Veritasium) explains the equivalence 
principle, why gravity is not a force, and the role of acceleration 
and geodesics in general relativity.

• The video is available at this URL:

https://youtu.be/XRr1kaXKBsU

https://youtu.be/XRr1kaXKBsU


Gravitational redshift and time dilation

• In 1907, based on the equivalence principle, Einstein predicted an 
effect called gravitational redshift.

• The wavelength of photons redshifts (shifts towards longer 
wavelengths) as they travel away from a source of gravity.

• Conversely, the wavelength of photons blueshifts (shifts towards 
shorter wavelengths) as they travel toward a source of gravity.

• While this is usually presented as a consequence of general 
relativity, only the equivalence principle itself is needed to derive it.
• Einstein predicted gravitational redshift 8 years before publishing general 

relativity in 1915.



Gravitational redshift and time dilation

• To see how gravitational redshift arises from the equivalence 
principle, consider a lab inside an accelerating rocket.

• Light is emitted upwards from the floor of the lab toward a detector 
on the ceiling.

• But according to a free-falling (inertial) observer, by the time the 
light reaches the ceiling, the ceiling has accelerated away from it.

• According to the Doppler effect (see lecture 12), since the detector 
is moving away from the source of light, it will detect the light as 
being redshifted.



Gravitational redshift and time dilation

• By the equivalence principle, physics inside an accelerating rocket 
is indistinguishable from physics in a gravitational field.

• Therefore, if we repeat this experiment in a lab located on the 
surface of the Earth, we will observe the same redshift.

• In other words, when light moves away from the Earth (or any 
other source of gravity), it will be redshifted.

• Gravitational redshift has been demonstrated experimentally many 
times, in the form of shifts in the spectral lines of the Sun, white 
dwarfs, and even stars passing near supermassive black holes.



Gravitational redshift and time dilation

• A related effect is gravitational time dilation.

• This is a separate effect from special-relativistic time dilation, a.k.a. 
kinematic time dilation, which we discussed earlier.

• Gravitational time dilation predicts that clocks run slower if they 
are closer to a source of gravity.

• For example, a clock on Earth at sea level will run slower than a 
clock on Mount Everest.



Gravitational redshift and time dilation

• To see how this follows from gravitational redshift, recall that the 
wavelength of light is inversely proportional to its frequency.

• Imagine a clock on Earth emitting light at a constant frequency, as 
measured by the clock itself (e.g. 1 Hz = 1 wavelength per second). 
An observer at a fixed altitude in space detects the light.

• The closer the clock is to the source of gravity, the more redshifted 
it will be according to the observer.

• But when light is redshifted, its wavelength gets longer. This means 
that its frequency becomes slower.

• So the observer in space will see the clock tick at slower and slower 
frequencies the closer the clock is to the surface of the Earth.



Gravitational redshift and time dilation

• Gravitational time dilation has been proven in many experiments.

• For example, in the Hafele-Keating experiment in 1971, atomic 
clocks were flown on planes and compared to clocks that stayed on 
the ground.

• The readings on the clocks differed in exactly the way relativity 
predicts.

• This included both kinematic time dilation (due to differences in 
velocity) and gravitational time dilation (due to differences in 
height).



Gravitational redshift and time dilation

• In this experiment, the clocks differed by only a few nanoseconds.

• You could theoretically age slower if you lived at a lower altitude on 
Earth, but not by any significant amount.

• However, the difference can hypothetically become significant in an 
extremely strong gravitational field, such as near a black hole.

• This was demonstrated in the movie Interstellar (2014), where the 
characters stayed for 1 hour on a planet near a supermassive black 
hole, and found out that 23 years have passed for everyone else.
• Note: The first half of this movie is scientifically accurate, but the second 

half is complete nonsense.



Gravitational redshift and time dilation

• Interestingly, the Global Positioning System (GPS) we use on a daily 
basis also serves as concrete proof of gravitational time dilation.

• This system consists of many satellites, carrying atomic clocks, 
which broadcast their position and time continuously.

• A receiver on the ground can compare the data from several 
satellites to calculate its position accurately.

• However, the GPS satellites are at a higher altitude, so their clocks 
run faster than clocks on Earth, due to gravitational time dilation.

• Without correcting for this effect, the GPS would not have worked.



Perihelion precession of Mercury

• According to Kepler’s 1st law, a planet orbits the Sun in an ellipse, 
with the Sun at one of the foci of the ellipse.

• This law can be derived from Newtonian physics, which also 
predicts that the elliptical orbit itself remains fixed.

• The perihelion is the point where the planet is closest to the Sun.

• If there is more than one planet, Newtonian physics predicts that 
the elliptical orbit will undergo perihelion precession, meaning 
that the perihelion point, and thus the orbit itself, will rotate 
around the Sun.



Perihelion precession.
Credits: WillowW (Wikipedia), animation available at this URL: https://en.wikipedia.org/wiki/File:Precessing_Kepler_orbit_280frames_e0.6_smaller.gif

https://en.wikipedia.org/wiki/File:Precessing_Kepler_orbit_280frames_e0.6_smaller.gif


Perihelion precession of Mercury

• In our solar system, the only planet that undergoes significant 
perihelion precession is Mercury.

• In 1859, it was shown that the precession of Mercury doesn’t 
match the Newtonian prediction.

• At first, astronomers thought this might be due to an undiscovered 
planet between the Sun and Mercury, which was named Vulcan.
• This was motivated by the fact that Neptune was previously found based 

on anomalies in the orbit of Uranus (see lecture 10).

• However, despite extensive searches, this planet was not found.



Perihelion precession of Mercury

• The true reason for the anomalous precession of Mercury was only 
found in 1915, when Einstein published his general theory of 
relativity.

• Einstein showed that his theory correctly predicted the perihelion 
precession of Mercury.

• In addition to the Newtonian sources of precession, the curvature 
of spacetime introduces additional precession that Newton’s 
theory doesn’t account for.



Perihelion precession of Mercury

• This was a very significant discovery, solving a long-standing 
problem in astronomy.

• Therefore, it helped motivate physicists and astronomers to adopt 
general relativity as a more precise theory of gravity.

• Today, we know that general relativity provides the most precise 
description of gravity, and Newtonian gravity only applies in the 
Newtonian limit, when:
• Particles move slowly compared to light,

• Gravity is weak,

• And the gravitational field is static (does not change with time).



Deflection of light by the Sun

• It was already known in 1801 that Newtonian gravity predicts that 
light will bend around a massive object.

• This means that light from stars will be deflected by the Sun.

• General relativity also predicts that light will be bent by the Sun. 
The Sun curves spacetime; light follows geodesics, and in a curved 
spacetime, geodesics are not straight lines.

• Einstein calculated that light will be deflected by 1.75 arcseconds 
as it passes near the Sun. This was double the value predicted by 
Newtonian gravity.



Deflection of light by the Sun

• This prediction was tested in 1919 in the Eddington experiment, 
organized by Arthur Eddington and Frank Dyson.

• Normally, we cannot see light from stars being deflected by the Sun, 
because when the Sun is in the sky, we cannot see the stars.

• However, on May 29, 1919, there was a total solar eclipse. At that 
time, the Sun’s light was momentarily blocked, and stars near the 
Sun could be observed.

• Observations were performed in two places on the path of the 
eclipse: a town in Brazil and an island near the west coast of Africa.



Deflection of light by the Sun

• Photos were taken of the stars near the Sun, and compared with 
photos of the same stars taken earlier, during nighttime.

• The Eddington experiment showed that the deflection of the stars 
indeed matches Einstein’s predictions, and not the predictions of 
Newtonian gravity.

• This was such a significant scientific discovery that it made the 
front page of most major newspapers, and Einstein became famous 
around the world.



Deflection of light by the Sun

• The results of the Eddington experiment were not very precise.

• However, similar experiments have been performed several times 
since then, with better equipment, and the results closely matched 
Einstein’s prediction.

• In 2017, the deflection of light was shown for the first time using a 
star other than the Sun: the nearby white dwarf Stein 2051 B, 
located ~18 light-years from Earth.

• When the white dwarf passed in front of a more distant star, light 
from that star was deflected. This was used to measure the white 
dwarf’s mass, since the amount of deflection depends on the mass.



Video

• This video summarizes the Eddington experiment.

• The video can be found at this URL:

https://youtu.be/HLxvq_M4218

https://youtu.be/HLxvq_M4218
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