




We will learn about…

• The beginning of modern astronomy in the 16th and 17th centuries.

• One of the most important discoveries in history: heliocentrism.

• Why we don’t feel the Earth moving.

• Kepler's laws of planetary motion.
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Credits: ESA/Webb, NASA & CSA, J. Lee and the PHANGS-JWST and PHANGS-HST Teams



• Let us recall Ptolemy’s geocentric 
model.

• Each planet orbits in a small circle 
called an epicycle.

• Each epicycle orbits in a large circle 
called the deferent.

• The Earth is not at the center of the 
deferent, it's a bit to the side.

• On the opposite side of Earth there is 
the equant, the point with respect to 
which the epicycles move at a 
constant speed.



After Ptolemy

• Ptolemy’s model was accepted for 1,400 years.
• Ptolemaic geocentrism: ~150 CE

• Copernican heliocentrism: ~1550 CE

• During the Middle Ages in Europe, from the 5th to the 15th century, 
not much progress was made in astronomy.

• People were too busy with plagues, wars, and crusades to worry 
about scientific advancement.



After Ptolemy

• Meanwhile, Islamic and Persian astronomers and mathematicians 
made progress.

• They improved many astronomical measurements and developed 
new mathematical methods.

• They also built the first observatories.



After Ptolemy

• The first Islamic observatory was built in what is now Iran around 
1074.

• The great observatory of Maragheh was built around 1260, also in 
Iran.

• It contained instruments of very high quality for the time and a 
huge library of 400,000 manuscripts on astronomy.

• Similar observatories were built in Uzbekistan, in 1420, and 
Istanbul, in 1575.



After Ptolemy

• Back in Europe, the Renaissance period started in the 15th century.

• Many new developments in mathematics, physics, and astronomy 
began to appear.

• These developments led to the scientific revolution, which forever 
changed humanity's understanding of nature and the universe.



Nicolaus Copernicus

• In the 16th century, the Polish astronomer Nicolaus Copernicus
developed a new heliocentric model of the solar system.

• The Earth was no longer the center of the universe, just one of 
several planets orbiting the Sun.

• In 1543, the year of Copernicus's death, this model was published 
in his book "On the Revolution of the Celestial Spheres".

• This book is often said to be the beginning of the scientific 
revolution.



The Heliocentric Model from "On the Revolution of the Celestial Spheres“ by Copernicus
Credits: Nicolaus Copernicus



Nicolaus Copernicus

• Copernicus's model correctly placed the Sun at the center, with the 
Earth and all the other planets orbiting around it.

• It also correctly stated that the celestial sphere stays fixed, and only 
appears to rotate due to the Earth’s rotation around its axis.



Nicolaus Copernicus

• However, this model wasn't yet fully accurate. It still assumed:
• The planets were moving in epicycles,

• The deferents were circles,

• The epicycles were moving at a constant speed,

• The celestial bodies were embedded on actual celestial spheres.

• Today we know the orbits of the planets are actually ellipses, there 
are no epicycles or celestial spheres, and their speed varies along 
the orbit.



Nicolaus Copernicus

• Heliocentrism wasn't a new idea, it was first suggested in ancient 
Greece by Aristarchus of Samos.

• Similarly, the idea that the Earth rotates around its axis was already 
proposed by Heraclides Ponticus, a century before Aristarchus.

• However, these ideas were never taken seriously until Copernicus's 
time, 1,800 years later.



Nicolaus Copernicus

• Copernicus's work sparked more than a century of scientific 
progress, known as the Copernican revolution.

• This revolution had two very important outcomes:

1. Practical: After thousands of years, humanity finally had a correct 
understanding of the structure of the solar system.

2. Philosophical: The idea that humans and the Earth are not special 
and not the center of the universe, a.k.a. the Copernican principle.
• We're just one species, on one planet, in one solar system, in one galaxy, 

among trillions of other galaxies, each of which may contain other forms of 
life that are no more or less special than we are.



Objections to heliocentrism

• Of course, this heliocentric model raised some objections.

• Some of these objections were religious, because the model 
contradicts a literal interpretation of the Bible.

• But religious texts are not a reliable source of scientific facts, they 
only tell us what people believed when they were written, before 
the scientific method allowed us to determine fact from fiction.

• The reason the Bible is consistent with a geocentric model is that 
the people who wrote the Bible believed in geocentrism.



Objections to heliocentrism

• Even in Copernicus's time, most people didn't take these religious 
objections too seriously.

• Copernicus himself wrote in response that the people who claimed 
his model contradicts the Bible are merely choosing to interpret 
the Bible in a way that benefits their argument.



Objections to heliocentrism

• On the other hand, objections to Copernicus's model that were 
scientific in nature were taken seriously.

• One was the absence of stellar parallax, an issue that was already 
raised by the ancient Greeks in response to Aristarchus.
• We learned about this in lecture 3.



Stellar Parallax
Credits: OpenStax Astronomy



Objections to heliocentrism

• Perhaps the most important objection was that the claim that the 
Earth is moving seems to contradict our experience from daily life.
• Why don't we feel that motion?

• Why do things that are not bolted down not fly away?

• Why does a ball dropped from a tall building hit the ground directly below 
it, instead of in an angle?



Objections to heliocentrism

• The Earth rotates around its axis at a speed of around 0.46 km/s at 
the equator, and rotates around the Sun at around 30 km/s.

• The ancient Greeks only considered these motions, because in the 
heliocentric model of Aristarchus, the Sun is the center of the entire 
universe.



Objections to heliocentrism

• Actually, the situation is much worse than the ancient Greeks 
thought!

• Today we know that the entire solar system, including the Earth, is 
moving at 220 km/s around the center of the Milky Way galaxy.

• And the galaxy itself moves at around 1,000 km/s towards the 
Great Attractor, a mass at the center of the Laniakea Supercluster.



The Flow of Galaxies into the Great Attractor
Credits: Helene M. Courtois, Daniel Pomarede, R. Brent Tully, Yehuda Hoffman, Denis Courtois, from “Cosmography of the Local Universe” (2013).



Objections to heliocentrism

• Copernicus himself didn't have any definitive answers to these 
objections.

• It his time, people believed in Aristotle's theory that being at rest is 
the "natural state" of matter.

• This makes sense, because we know that if something is at rest, it 
tends to remain at rest unless we push it.

• We also know that objects in motion don't keep moving forever, 
they gradually slow down and eventually stop.

• So it seems that objects indeed "want" to be at rest.



Galileo Galilei

• However, Copernicus's model forced people to think about how 
motion works.

• This eventually resulted in revolutionizing not only astronomy, but 
also physics!

• One of those people was Galileo Galilei, born in 1564 in Italy.



Galileo Galilei

• Galileo performed experiments, such as rolling balls down inclined 
planes and studying their motion.

• He deduced that objects don't slow down because they "want" to be 
at rest, but because they experience friction.

• For example, if I push a box on the floor, it won't move much, 
because friction from the floor will slow it down.

• But if I push a box on smooth ice, it will move a much longer 
distance, because it will experience much less friction.

• Theoretically, if I had a perfectly smooth material, with no friction 
at all, the box would keep moving forever.



Galileo Galilei

• This due to the law of inertia.

• The inertia of an object is its natural tendency to keep moving at 
the same speed.

• You need to push or pull the object to make it go slower or faster. 
Otherwise, it will never change its speed.

• Friction causes the object to slow down and eventually stop, but if 
there was no friction, the object would keep moving forever at the 
same speed.



Galileo Galilei

• Galileo used this argument to conclude that being at rest isn't any 
more natural than being in motion.

• He also formulated the Galilean principle of relativity: the laws of 
physics are the same in any system that is moving at a constant 
speed in a straight line.

• This also applies to systems at rest, because being at rest is still 
moving at a constant speed – that speed being zero.



Galileo Galilei

• Changing your speed requires acceleration.

• As long as there is no acceleration, your speed remains constant.

• So according to Galilean relativity, the laws of physics are the same 
as long as you're not accelerating.



Galileo Galilei

• What does it mean that "the laws of physics are the same"?

• As long as there is no acceleration, there is no experiment we can 
do that will tell us at what speed we are moving, or if we are 
moving or at rest.

• In simpler terms, it means that we can't feel movement at constant 
speed, we can only feel acceleration.



Galileo Galilei

• Imagine waking up inside a very silent train with no windows.

• If the train is moving at a constant speed, you won't be able to tell if 
it's moving or at rest relative to the ground.

• You would only feel motion if the train speeds up or slows down 
(i.e., accelerates).

• This provides an answer to the question of why we can't feel the 
Earth moving: it's because it's moving at a constant speed.

• If the Earth suddenly changed its speed or stopped moving, we 
would definitely feel that!



Galileo Galilei

• Galilean relativity also means that all speeds are relative.

• There is no absolute notion of speed. The notion of “speed” of an 
object is only meaningful relative to another object.

• For example, when we say a car is moving at 100 km/h, we really 
mean it's moving at 100 km/h relative to the ground. We could also 
say the ground is moving at 100 km/h relative to the car.

• Both statements are correct and equivalent. There's nothing 
"special" about the ground, except that it’s something we all 
secretly agreed to measure speeds relative to.



Galileo Galilei

• The principle of relativity was developed further by Einstein, 
almost 300 years after Galileo formulated his version. We will learn 
more about that in the future.



Some more physics

• Going back to objections to heliocentrism, why do things on the 
ground stay on the ground even if they're not bolted down?

• Intuitively, if you put a box on the roof of your car while it's moving, 
the box will quickly fly away.

• So the same thing should happen to objects on the surface of the 
Earth when it moves, right..?

• No, this intuition is wrong. The reason that the box flies away is 
that there's air resistance causing it to be pushed back.

• The car has its own engine, so it can overcome air resistance, but 
the box cannot do that on its own.



Some more physics

• What if you put the box on the floor of the car, instead of the roof?

• The box will stay where it is, even though the car is moving.

• That's because the air inside the car moves with it, so there's no air 
resistance pushing the box back.

• The same thing happens when Earth moves. The air in the 
atmosphere moves with it, so there's nothing to push objects on the 
surface away.



Some more physics

• This also explains the other objection, that a ball dropped from a 
tall building should hit the ground at an angle.

• If you drop a ball from a moving car, then it will fall at an angle due 
to air resistance pushing it away.

• But if you drop the ball inside the car, it will hit the floor directly 
below it, even though the car is moving, because both the ball and 
the air are moving with the car.

• The same happens when you drop a ball from a building. Even 
though the Earth is moving, the air and the ball are moving with it, 
so the ball will fall straight to the ground.


