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Polar Ellipses
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Kepler’s Laws
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Kepler’s First Law
Planets orbit in elliptical paths 
with their star as a focus.

Planet

Star



Kepler’s First Law

● Planets orbit around their host star
● These orbits are elliptical in nature
● The star occupies one focus of this ellipse

The equation for the planet’s orbit

r is the distance from the planet to the star, a is the length of the orbit’s 
semi major axis and e is the eccentricity of the orbit.



Kepler’s Second Law
The radius from the star to the planet 
sweeps out equal areas in equal amounts of 
time.



Kepler’s Second Law

As a planet moves around its star, the radius between the bodies 
sweeps out an area which remains constant per unit time.

The change in area is given by: 

Where h is a constant such that h2 = GMa(1 − e2) and r is the distance 
between the planet and its star.



Kepler’s Third Law
The square of the period of a planet's 
orbit is proportional to the cube of its 
semi-major axis.



Kepler’s Third Law
● The area of an ellipse is πab
● a is the length of the semi-major axis and b is the length of the semi-minor axis. 
● Let T represent the period of the planet’s orbit

The area can be calculated by integrating dA from 0 to T. From Kepler’s 2nd Law,          
dA = (h/2)dt. After integrating and solving for T2, the result is:

Since h2 = GMa(1 − e2), the final result is:



Conservation of Energy

Energy is conserved.



Ellipse Geometry
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Ellipse Geometry



Connecting E to θ



Showing that      is constant  

Now we’ve connected time to θ



Spherical Trigonometry
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Spherical Trigonometry 
● Geometry on a spherical surface has different rules
● Shortest path between two points lies on a “Great Circle”
● Spherical triangles are formed by these arcs

Spherical Law of Sines

Spherical Law of Cosines



Celestial Sphere
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A Shift in Reference Frame……
Principles
● An apparent sphere 

formed by the sky (and its 
other half below the 
horizon)

● Rotates East to West
● Longitude, Latitude → Right 

Ascension, Declination

Assumptions
● Arbitrarily large distances



Points of Reference
Equatorial Coordinates
● Celestial Equator
● Vernal Equinox
● Celestial Poles

Ecliptic Coordinates
● Ecliptic
● Vernal Equinox
● Ecliptic Poles



Rise & Set Times
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Sunrise and Sunset
● declination determines the 

path of the sun in the sky
● one hemisphere visible from a 

given point on the Earth
○ time the sun spends in 

that hemisphere is the 
time the sun is in the sky

● highest point is noon
○ subtract off for sunrise
○ add on for sunset



Saturn Rise and Saturn Set
● Given 𝜽 for Saturn, we can calculate 

“ecliptic” coordinates

⇓
● Given ecliptic coordinates, we can 

calculate Right Ascension and 
Declination

⇓
● Given RA and Decl., we can calculate 

time spent in the sky.



Machine Learning -
Error Analysis
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Generating Data: Kepler’s Laws

SATURN

INPUTTED 
CONSTANTS

For each planet, 
constants were found 
and inputted

PROGRAMMED 
CALCULATIONS

Used mathematical 
equations derived 
previously to generate 
hundreds of data values 
from many times



Generating Data: Kepler’s Laws

SATURN
JUPITER

VENUS
NEPTUNE

URANUS

MERCURY

MARS



Application: Predicting Saturn’s Orbit

Error Calculation MINOR 
FLUCTUATION 
AROUND 0%

Explained by:

Gravitational 
Forces from 
Other Objects 
(ex. Jupiter)

Effects of 
General 
Relativity



Linear Regression Models
- Generated celestial coordinates for 

Saturn for each day 01/01/2014-
05/31/2024

- Obtained actual values from an 
ephemeris 

- Determined linear relationships 
between calculated data and actual 
observations (linearized error)

- Tested regression models on test 
data

- Compared models’ predictions to 
ephemeris data



Predictions vs Actual Ephemeris Data

Right ascension (⍺)

R²: 0.9276

IDEAL
IDEAL

Residual Plot

Model Results



Predictions vs Actual Ephemeris Data

Declination (δ)

Residual Plot

R²: 0.8895

IDEAL

IDEAL

Model Results



Random Forest Models
Using more complex models to account for underlying periodic trends

Right ascension (⍺)

Predictions vs Actual Ephemeris Data Residual Plot

R²: 0.99



Declination (δ)

Predictions vs Actual Ephemeris Data Residual Plot

R²: 0.99



Machine Learning -
Anomaly Detection
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One-Class Support Vector Machines

ANOMALIES 
DETECTED

Radial Basis 
Function Kernel

Explained by:

Unusual 
celestial events 

Observational 
or recording 
error



Conclusion
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Linear regression and random 
forest models increased 

prediction precision.

One-Class SVM detected 
anomalies in planetary orbits, 
indicating unusual events or 

errors

Classical mechanics and modern 
techniques to enhance 

astronomical predictions.

Future work could involve training 
more complex models for 

improved accuracy.

Extend techniques to predict other 
future celestial phenomena and 

objects.

Machine Learning Integration Key Insights
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