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Kepler’s laws 
of orbital 
motion 



Johannes 
Kepler 
1571-1630 

Tycho Brahe 
1546-1601 

Nose lost in 1566 following a 
sword duel with third cousin 
Manderup Parsberg over the 
legitimacy of a mathematical 
formula! Nicolaus Copernicus 

1473-1543 

Isaac 
Newton 
1642-
1727 
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This is a constant 



Isaac Newton 
(1642-1727) developed 
a mathematical model of 
Gravity which predicted the 
elliptical orbits proposed by 
Kepler 
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For our 
Solar 
System: 
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Radii of planets not to scale! 

Mercury, 
Venus, 
Earth, 
Mars 

Jupiter 

Saturn 

Uranus 

Neptune 

Johannes Kepler 
1571-1630 

 

Kepler’s 
Third Law 



A very strong correlation of Kepler III to orbital data for planets in our solar system! 



Excel 
Exoplanet 
Kepler III 



Raw data (slightly processed!) from www.exoplanet.eu 660 Exoplanets 

http://www.exoplanet.eu/
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In the exoplanet 
data, planet masses 
are given in Jupiter masses 



Analysis using Microsoft Excel 
Use these to set the error bars 



A very strong correlation 
of Kepler III to the dataset 
of 660 Exoplanets. 
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MATLAB 
Exoplanet 
Kepler III 

Similar to the Excel analysis – but a bit easier to implement. Particularly the error bars! 







Obtaining 
exoplanet 

parameters 



As of January 2021, 4,395 confirmed exoplanets in 3,242 systems, 
with 720 systems having more than one planet. 
https://en.wikipedia.org/wiki/Exoplanet#Methodology 
 
Popular exoplanet detection methods: 
 
• Detection of a dip in star luminosity during a transit of a planet 
• Doppler shift in peak wavelength of star emission spectra due to 
star motion about centre of mass of star and planet 
• Direct imaging 
• Gravitational microlensing 
 
For multiple planet systems – variations in orbital periods due to 
multi-body gravitational interaction 
 
Any many more exotic techniques.... 
https://en.wikipedia.org/wiki/Methods_of_detecting_exoplanets 

https://en.wikipedia.org/wiki/Exoplanet
https://en.wikipedia.org/wiki/Methods_of_detecting_exoplanets


Detection of a dip in star 
luminosity during a transit of a 
planet 

Transit of the Sun by Venus 
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Fractional 
luminosity 
dip 



Fractional luminosity dip due to 
transit of planet across star 
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Find planet radius from 
luminosity dip,  
if you know star radius 
and luminosity 



This is amazingly a 
real image! 
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Moon transit captured 
by a NASA camera 
aboard the Deep 
Space Climate 
Observatory (DSCOVR) 
satellite 

https://www.nasa.gov/feature/goddard/from-a-million-miles-away-nasa-camera-shows-moon-crossing-face-of-earth
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Doppler shift in wavelength of star emission spectra due to star 
motion about centre of mass of star and planet 
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Note we are trying to measure the orbital speed u of the star, not 
the planet, about the common centre of mass, the ‘barycentre’. 
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Find star orbital speed from peak of sinusoidal 
variation of spectral peak wavelength. Can also 
determine orbital period of planet-star system 
from this data. Note the doppler shifts will be TINY. 

Planck 
emission 
spectrum 

As star and planet 
orbit the common 
centre of mass 

Wein’s law: 



Now  expect: 
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So if we know the star mass and the orbital period 
we can find the orbital radius of the planet. 

Newton II: 
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So if we know the star 
orbital speed, the planet 
orbital radius and the 
orbital period, we can find 
the mass of the planet. 



Direct image of exoplanets around the star HR8799 using a vector vortex 
coronagraph on a 1.5m portion of the Hale telescope 
http://www.nasa.gov/topics/universe/features/exoplanet20100414-a.html 
 

DIRECT IMAGING 

http://www.nasa.gov/topics/universe/features/exoplanet20100414-a.html
http://www.nasa.gov/topics/universe/features/exoplanet20100414-a.html
http://www.nasa.gov/topics/universe/features/exoplanet20100414-a.html


https://exoplanets.nasa.gov/resources/53/extrasolar-planet-detected-by-gravitational-microlensing/ 

Gravitational microlensing 

https://exoplanets.nasa.gov/resources/53/extrasolar-planet-detected-by-gravitational-microlensing/
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https://en.wikipedia.org/wiki/Gravitational_microlensing 

https://en.wikipedia.org/wiki/Gravitational_microlensing


https://en.wikipedia.org/wiki/Gravitational_microlensing#/media/File:A_Horseshoe_Einstein_Ring_from_Hubble.JPG 

Gravitational lensing  
In this case the gravity of a luminous red galaxy 
has gravitationally distorted the light from a much 
more distant blue galaxy.   

https://en.wikipedia.org/wiki/Gravitational_microlensing


So how do you determine the mass, radius and luminosity of the star? 
 

Good question! Probably via a variety of methods – but you can use correlations from the 
Hertzsprung Russell diagram (for Main Sequence stars) to have a sensible initial guess. All you 
need to start off is the spectral peak wavelength. From Wein’s law this yields the 
star surface temperature. 

Note Stefan’s Law: 
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Putting these calculations all together in a spreadsheet..... 

Notice how tiny the star doppler shift 
is! Apparently modern astronomical 
telescope systems can resolve star 
orbital speeds to a precision of about 
0.1m/s. An extraordinary feat. 



And the numbers for for another ‘earth-like’ exoplanet which will receive enough radiation 
to support liquid water, and perhaps alien life. Alas, it is 101.61 light years away so we may 
never know. 



• Suggested homework 
• Q&A 


