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Kepler's Laws

The German mathematician Johannes Kepler (1571 -1630) believed in an idea that was
new in his time—that the sun, rather than Earth, was the center of the solar system.

‘ Moreover, he was convinced that the motions of the planets could be explained using
simple mathematical relationships. Using data on the position of Mars, collected by the
scientist Tycho Brahe, Kepler gradually worked out three laws of planetary motion. In
1609, Johannes Kepler published his first two laws in the book New Astronomy. A decade
later (1619), his third law was published in The Harmonies of the World.

Kepler's first law states that the orbits of the planets around the sun are ellipses and that
the sun is located at one focus, with nothing at the other.

LAW 1: The orbit of a planet around the sun is an ellipse, with the sun at
one focus.

The planets in our solar system have relatively small but non-zero eccentricities, meaning
that though their orbits are ellipses, they are more circular than not. Earth’s orbit, for
instance, with an eccentricity of only 0.017, would look like a perfect circle if you could
view it from above the Earth-sun plane. But Mars’s orbit is just eccentric enough (0.093)
for Kepler to discover that all planetary orbits were elliptical in shape, not circular. This
law means that the distance between the sun and each of the planets is constantly
changing as the planet moves around its orbit.

Kepler's second law deals with the speed at which planets travel along their orbits.
Basically, the law says that a planet orbits more slowly when it is farther from the sun.
The law conveys this through a very specific, mathematical statement about the orbital
ellipses:

orbit that is an ellipse

sun at one focus

nothing at other focus
o

Figure 2-14: Diagram related to Kepler's first law.
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LAW 2: A line joining a planet and the sun sweeps

out equal areas in equal amounts of time. A

As shown in Figure 2-15, as the planet moves from point A to /
point B along its orbit, a long, skinny area is swept. B

In the same amount of time it takes the planet to get from
point A to point B, the planet can move from point C to point
D. According to Kepler’s second law, the size of the skinny
area swept from A to B is the same size as the fatter area
swept from C to D.

Kepler’s third law relates the length of time a planet takes to
orbit the sun—the period of the planet’s orbit—to the planet’s
average distance from the sun. Again, it conveys this through
a mathematical statement related to the planet’s elliptical

orbit:

LAW 3: The square of a planet’s period of
revolution is proportional to the cube of its
distance from the sun.

Kepler’s third law can also be written as:

The square of the time, in Earth years, it takes a planet
to orbit once is equal to the cube of the average distance,
measured in astronomical units (AU), between that
planet and the sun. (This works because Earth takes ONE
Earth year to orbit once around the sun, and Earth’s average
distance from the sun is, by definition, ONE astronomical
unit. These ONES drop out of the equation.)

Figure 2-15: Diagrams related to Kepler’s second law

Mathematically, this can be written:
(Earth years it takes planet to orbit once)? = (average distance, in AU, between planet and sun)?
(period in Earth years)? = (distance from the sun in AU)?

p? = a

Kepler generalized his three laws to all the planets (though Uranus and Neptune had not yet been discovered),
and today, we know that the laws also apply to moons, comets, and other orbiting bodies. But in fact, Kepler’s
work was completely based on studies of one and only one orbiting body—the planet Mars. Moreover, Kepler
didn’t make his own observations of Mars. Instead, he used data gathered by someone else, fellow scientist
Tycho Brahe, who charged Kepler with the task of making sense of his observations.

Attempts by Kepler to explain the motions of Mars using circular orbits ultimately fit the data well, but not
perfectly. Even with many refinements to the model, a small error—one so small that it wouldn’t have been .
detectable in any data gathered with less accuracy than Brahe’s data—remained. Not satisfied, Kepler worked
until he found a model—elliptical orbits—that fit all the data. This was an amazing accomplishment, one that
depended on Kepler’s trust in Brahe’s meticulous data collection, on Kepler’s belief that he needed to account for
all the data, and on Kepler’s ability to change his pre-held ideas in the face of what the data were telling him—a
mark of good science.

@ Checking In

1. Explain how Kepler used mathematics to describe observed planetary motions.
2. Give two examples of how planets within our solar system obey Kepler's laws.
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