
Johannes Kepler

• Johannes Kepler was a German astronomer and mathematician, 
born in 1571, and a key figure in the scientific revolution.

• In 1600 he was hired as Tycho Brahe's assistant.

• He worked on finding a theory of planetary motion based on the 
data collected by Tycho, in particular the orbit of Mars.

• In 1609, he published his findings in a book called “Astronomia
Nova” (“New Astronomy”), one of the most important books in the 
history of astronomy.



Johannes Kepler

• In his book, Kepler provided evidence for heliocentrism, and 
improved Copernicus's model by allowing the planets to move 
along elliptical orbits, instead of circular orbits with epicycles.

• The planets were no longer assumed to be attached to actual 
celestial spheres, as in Ptolemy's and even Copernicus's models.

• The planets were simply objects moving in space according to 
certain laws, which we now call Kepler's laws of planetary motion.



Johannes Kepler

• Kepler did not consider elliptical orbits at first.

• He reasoned that since they were so simple, they must have already 
been considered in the past and found to be unsuitable.

• Therefore, he first tried more complicated oval or "egg-shaped" 
orbits, which did not fit the data.

• Eventually, in 1604, he found that the data on the orbit of Mars fits 
an elliptical orbit, and concluded that the other planets must also 
move in elliptical orbits.



All about ellipses

• To understand Kepler's laws, we 
must first understand what an 
ellipse is.

• Let's start by defining a circle. 
We choose one point as the 
center of the circle. Then we 
choose a length as the radius.

• The circle is formed by all the 
points that are exactly one 
radius away from the center.
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All about ellipses

• The diameter is a line that 
passes through the center.

• Its length is equal to two radii 
(plural of radius).

• The diameter is the longest 
distance between any two 
points on the circle.
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All about ellipses

• An ellipse is basically a circle 
with two "centers".

• Instead of a center, an ellipse 
has two focal points (a.k.a. foci).

• Instead of a diameter, it has two 
axes:
• Major axis: the line passing 

through the two focal points.

• Minor axis: a line perpendicular to 
the major axis, passing through 
the center.
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All about ellipses

• If we draw two lines connecting 
any point on the ellipse to the 
two focal points, then the sum of 
the lengths of the two lines will 
be the length of the major axis.

• The ellipse consists of all the 
points with this property. focus focus



Video

This video shows how to draw an ellipse using two pins and a string. 
The pins are the foci, and the length of the string is the major axis.

The video is available at this URL:

https://youtu.be/Et3OdzEGX_w

Drawing an Ellipse
Credits: TechSquare

https://youtu.be/Et3OdzEGX_w


All about ellipses

• The major axis is analogous to 
the diameter of a circle, which is 
twice the length of the radius.

• The semi-major axis of an 
ellipse is half the major axis, and 
is analogous to the radius of a 
circle.
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All about ellipses

• Another way to think of an 
ellipse is as a "stretched" circle.

• Grab a circle at two opposite 
ends, and pull them apart.

• The ratio of the distance 
between the two focal points to 
the length of the major axis is 
called the eccentricity of the 
ellipse.

• The wider you stretch the 
ellipse, the larger its 
eccentricity.



All about ellipses

• An ellipse with an eccentricity of 
0 is just a circle.
• The two focal points will combine 

into the circle's center.

• The semi-major axis will become 
the circle's radius.

• The maximum possible 
eccentricity is 1, when the 
ellipse is stretched so much that 
it becomes two infinite lines.



Simulation

In this simulation you can stretch a circle into an ellipse by 
increasing its eccentricity.

The simulation is available at this URL:

https://www.desmos.com/calculator/ei1paaik82

https://www.desmos.com/calculator/ei1paaik82


All about ellipses

• Another way to think of an 
ellipse is as a conic section.

• You can take cross-sections of a 
cone at different places.

• If the cross-section doesn't 
touch the bottom of the cone, 
then it's an ellipse.

• In the special case where the 
cross-section is parallel to the 
bottom of the cone, we get a 
circle.

      

       

        

         



All about ellipses

• If the conic section does touch 
the bottom of the cone, it's 
called a hyperbola.

• In the special case where the 
cross-section is parallel to the 
side of the cone, we get a 
parabola.

      

       

        

         

Conic Sections
Credits: Magister_Mathematicae (Wikipedia)



Kepler's laws of planetary motion

• Kepler's first law of planetary motion says that the orbit of a planet 
is an ellipse, with the Sun at one of the two focal points.

• Kepler's second law says that a planet's speed in its orbit is 
inversely proportional to its distance from the Sun.

• In other words, the planet moves faster along its orbit when it's 
closer to the Sun and slower when it's farther from the Sun.



Simulation

This is a simulation of a solar system with 1 star and 1 planet,
which demonstrates Kepler’s first two laws.

After opening it, go to Physics and increase the Gravitational
Constant a bit to make the orbit of the planet more eccentric.

The simulation is available at this URL:

https://gravitysimulator.org/exoplanets/toi-5153-system-with-1-exoplanet

https://gravitysimulator.org/exoplanets/toi-5153-system-with-1-exoplanet


Kepler's laws of planetary motion

• Calculating the speed of the planets at each point on their orbits 
based on Kepler's second law proved to be very complicated.

• In fact, solving problems like this was one of the reasons behind the 
development of a new field of mathematics, calculus.

• But since Kepler did not have calculus, he formulated his second 
law in a geometric way:

“A line segment joining a planet and the Sun
sweeps out equal areas during equal intervals of time.”



• The geometrical version of the second 
law is illustrated in this animation.

• The blue region always has the same area.

• A planet farther from the Sun moves 
slower, so it sweeps out a smaller portion 
of the circumference in the same amount 
of time.

• But this exactly cancels out with the fact 
that the radius is larger, so in the end the 
area stays the same.

The animation is available at this URL:

https://en.wikipedia.org/wiki/File:Kepler-
second-law.gif

Animation of Kepler’s Second Law
Credits: Gonfer (Wikipedia)

https://en.wikipedia.org/wiki/File:Kepler-second-law.gif


Kepler's laws of planetary motion

• Between 1618 and 1621, Kepler published his book “Epitome of 
Copernican Astronomy”.

• In this book he introduced his third law of planetary motion:

“The square of a planet's orbital period is proportional to 
the cube of the planet's average distance from the Sun.”



Kepler's laws of planetary motion

• The orbital period is how long it takes the planet to complete a full 
orbit. This is the length of a year on that planet.

• It can be measured in days. For example, the orbital period of the 
Earth is 365.25 days.

• The average distance from the Sun is equal to the semi-major axis 
of the ellipse.

• It can be measured in astronomical units (AU), where 1 AU is the 
average distance of the Earth from the Sun, which is about 150 
million kilometers or 8.3 light-minutes.



Kepler's laws of planetary motion

• In mathematical terms, if:
• 𝑇 is the orbital period

• 𝑎 is the average distance from the Sun

Then:

𝑎3 ∝ 𝑇2

• The constant of proportionality is the same for each planet in the 
same solar system:

𝑎3

𝑇2
≈ 7.5 × 10−6

AU3

day2



Planet Semi-major axis (AU) Period (days) 𝒂𝟑/𝑻𝟐 (𝟏𝟎−𝟔 𝐀𝐔𝟑/𝐝𝐚𝐲𝟐)

Mercury 0.38710 87.9693 7.496 

Venus 0.72333 224.7008 7.496 

Earth 1 365.2564 7.496 

Mars 1.52366 686.9796 7.495 

Jupiter 5.20336 4332.8201 7.504 

Saturn 9.53707 10775.599 7.498 

Uranus 19.1913 30687.153 7.506 

Neptune 30.0690 60190.03 7.504 



Kepler's laws of planetary motion

• When Kepler discovered this law, he attributed it to a sort of 
musical harmony in the movements of the planets.

• This concept is known as the "music of the spheres", and dates all 
the way back to Pythagoras.

• However, about 70 years later, in 1687, Isaac Newton showed that 
this law – and in fact, all three of Kepler's laws – are a consequence 
of just one simple law, Newton's law of universal gravitation, which 
we will learn about in the next lecture.



Conclusions

• In this lecture, we learned how the ancient geocentric model was 
eventually replaced by the modern heliocentric model, which we 
now know to be the correct model.

• This illustrated an extremely important principle in science: when 
the data doesn’t fit the theory, we must find a better theory.

• Reading: OpenStax astronomy, sections 2.4 and 3.1.

• Exercises: Practice questions will be posted on Teams.


