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Universal Gravitation 
Kepler’s Three Laws of Planetary Motion 

Law 1: All planets orbit the Sun in elliptical paths 
with the Sun at one focus. 

Law 2: An imaginary line joining any planet to the 
Sun sweeps out equal areas in equal time intervals. 

Law 3: The square of the orbital period of any planet is 
proportional to the cube of its average orbital radius. 

Formulas 

Newton’s Law of Universal Gravitation 

 

Two approximations are used in deriving the law: 

a.  Masses are considered to be point masses. 
 
     Point mass:  
 
 
b.  The force between two spherical masses whose separation is large compared to their radii is the same as if 

the two spheres were point masses with their masses concentrated at the centers of the spheres. 

Sun 

Mean radius = 6.96 x 108 m 

Earth 

Mean radius = 6.37 x 106 m 

Mean Earth-Sun distance = 1.50 x 1011 m 

Formula 

Gravitational Constant :   
 

 
 

Outer planets:  

 

   

r:   
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Newton’s Derivation of Kepler’s Third Law 
2.  What provides the centripetal force for orbital motion?   

1.  What is the resultant gravitational force on the Earth from the Sun and Moon, as shown below? 

Average Earth-Sun 
distance = 1.50 x 1011 m 

 

Average Earth-Moon 
distance = 3.84 x 108 m 

 

Earth 
Mass  =  

5.98 x 1024 kg 
Moon 

Mass = 7.36 x 1022 kg 

Sun 
Mass = 1.99 x 1030 kg 

  

Derivation 

3.  Use Newton’s derivation of Kepler’s third law to “weigh the Sun.” 
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Gravitational Field Strength 

Gravitational field strength:   

Symbol:      Formula:     Units:      Type:  

1.  Sketch the 
gravitational 
field around a 
planet. 

2.  Derive an expression for the gravitational field around a planet. 

 

 

3.  Derive an expression for the 
gravitational field at the surface 
of a planet. 

 
     Assumption:   

 

   

 

4.  Use the expressions 
derived above to 
determination the 
gravitational field 
strength at the surface 
of Earth and at an 
altitude equal to 
Earth’s radius. 

 
 

5.  Derive an expression for the 
ratio of the gravitational field 
strength at any location above 
a planet’s surface to the 
gravitational field strength at 
the surface of the planet. 
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6.   a)  What is the resultant gravitational field strength at a point midway between the Earth and Moon? 
      b)  What is the resultant gravitational force acting on a 1500. kg space probe at this location? 
 

Average Earth-Moon distance = 3.84 x 108 m 
 

Earth 
Mass  = 5.98 x 1024 kg 

Moon 
Mass = 7.36 x 1022 kg 

7.  a) Is there a point where the resultant gravitational field strength of the Earth and Moon is zero?  If so, where? 
     b)  What is the resultant gravitational force acting on a 1500. kg space probe at this location? 
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Gravitational Potential Energy 

This difference is path independent. 
 
1.  Same ΔEP between any two points no matter what path is taken between them. 
 
2.  Work done in moving a mass between two points in a gravitational field is 

independent of the path taken. 
 
3.  ΔEP is zero between any two points at the same level no matter what path is taken. 
 
4.  ΔEP is zero for any closed path (a path that begins and ends at same point). 
 

“Old” formula 
for gravitational 
potential energy:     

 

Assumptions: 
 
a)   
 
b)   

Work-energy theorem:     

Gravitational 
Potential Energy:  

 

Assumption:   
 
Note:  

Derivation of “new” 
gravitational potential 
energy formula: 
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1.  What is the gravitational potential energy of a 5000 kg satellite: 

b)  orbiting the Earth at an altitude of 200 km?  
 

a)   on the surface of the Earth?   
 

c)  How much does the potential energy of 
the satellite increase when it is put 
into this orbit? 

 

Altitude:  

d)  What is the minimum amount of 
kinetic energy needed to put 
the satellite into orbit?   

 

 

 

 

 

 e) Why is this a minimum 
amount of kinetic energy? 

 

2.  Derive an expression for the 
gravitational potential 
energy of an object on the 
surface of a planet. 

 

3.  Sketch a graph of the 
gravitational potential 
energy of an object 
versus its distance 
from a planet. 
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Note:  
a)  Assumptions:  
 
 
b)  Direction of travel is irrelevant:   
 
 
c)  Escape velocity is independent of  
 
 
d)  Higher speed (more EK) is needed in real life since  

Escape Speed 

Escape Speed:  
 

Derivation: 

1.  What is the escape speed for Earth? 
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Gravitational Potential 

Gravitational potential:  

Formulas: 

Units:  

Type:  

Symbol:  

1.  What is the gravitational potential due to the Earth’s gravitational field: 
  

a) at the surface of the Earth? 

b) at an altitude of two Earth radii? 
 

c)  What is the change in potential in moving 
from the surface to this new location? 

 

d) What is the minimum amount of energy needed to lift a 3500 kg satellite to this location? 
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2.  Derive an expression for the 
gravitational potential at 
the surface of a planet. 

 

3.  Sketch a graph of 
gravitational potential 
versus the distance 
from a planet. 

4.  Derive an expression for the 
gravitational potential at the 
surface of a planet (Vo) in 
terms of the gravitational 
field strength (go). 

5.  a) What is the net gravitational potential at a spot midway between the Earth and the Sun? 

Sun 
Earth 

b)  Is there a spot between Earth and the Sun where the net gravitational potential is zero?  If so, where?   
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Comparisons 

Equipotential surface:  

one point mass two point masses 

1.  The gravitational force does no 
work as a mass moves on 
along equipotential surface. 

 
2.  The work done in moving a 

mass between equipotential 
surfaces is path independent. 

 
3.  The work done in moving a 

mass along a closed path is 
zero. 
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On the diagram at right: 
 
a)  Sketch the gravitational field around the point mass. 
 
 
b)  Sketch equipotential surfaces around the point mass. 

What is the relationship between the 
gravitational field and the equipotential 
surfaces? 

 

Gravitational Potential Gradient 

 

gravitational potential gradient:   

gradient:   

Formula 
-80 J/kg 

-70 J/kg 
A 

B 

What is the average gravitational field strength between 
equipotential surfaces A and B if they are 5.0 m apart? 
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Acceleration of a satellite: 

Orbital speed of a satellite: 

Period of a satellite: 

Satellite Motion 

Natural Satellites Artificial Satellites 

1.  Astronauts in the space shuttle float about as if there is no force of gravity acting on them.  Is there?   

2.  What is “weightlessness?”    

3. What causes the sensation of weightlessness in: 
 

a)  free fall?   
 
 
b) orbital motion?  
 
 
c) deep space?  

4.  Compare the motions and energies of satellites A and B. 
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Energy of Orbiting Satellites 

Gravitational 
Potential Energy 

Kinetic Energy 

Total Energy 

Graphs of the energies of an orbiting satellite 

Comparisons: 

 

1.  A 1500 kg satellite is to be put into orbit around the Earth at an altitude of 200 km. 

a)  How much potential energy will the satellite 
have at this altitude? 

b)  How much kinetic energy will the satellite 
need to orbit at this altitude? 

c)  What is the total amount of energy the 
satellite has at this altitude? 
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d)  What is the orbital speed of this satellite? 

e)  What is the minimum amount of energy needed to lift the satellite from the surface of the Earth to this altitude? 

f)  What is the minimum amount of energy needed to put the satellite in orbit at this altitude? 

g)  Why would more energy be needed in real life than that calculated in the previous part? 
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Use the graph to determine the minimum energy required to put a satellite of mass 1.0 x 104 kg 
into an orbit at a height of 3.6 x 107 m above the surface of Earth. 

2.  The graph below shows the variation of gravitational potential V due to the Earth with distance R 
from the centre of the Earth.  The radius of the Earth is 6.4 x 106 m.  The graph does not show the 
variation of potential V within the Earth. 

More energy than this is needed because: 
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