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Exam	
  1	
  Reminder	
  

Exam	
  1	
  will	
  be	
  next	
  Thursday,	
  Feb.	
  5th.	
  

Bring	
  a	
  #2	
  pencil	
  (and	
  eraser)	
  

	
  



A	
  Merry-­‐Go-­‐Round	
  Analogy	
  

4-­‐1:	
  Ancient	
  astronomers	
  invented	
  geocentric	
  models	
  
to	
  explain	
  planetary	
  motion	
  



Retrograde	
  motion	
  of	
  Jupiter	
  and	
  Saturn	
  (gif)	
  

W	
  E	
  



• Planets usually move slightly eastward (west to 
east) from night to night relative to the stars.  
• But sometimes they go westward (east to west) 

relative to the stars for a few weeks: apparent 
retrograde motion
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Apparent Retrograde Motion

South South

West WestEastEast



A	
  Geocentric	
  Explanation	
  of	
  Retrograde	
  Motion	
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Ptolemy’s Geocentric Model



Nicolaus	
  Copernicus	
  (1473-­‐1543)	
  

4-­‐2:	
  Nickolaus	
  Copernicus	
  devised	
  the	
  first	
  
comprehensive	
  heliocentric	
  model.	
  



Correct heliocentric explanation
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Copernicus (1473 - 1543) 

• Model was no more accurate 
than Ptolemaic model in 
predicting planetary positions, 
because it still used perfect 
circles. 

• He had to include epicycles...!



Ptolemy Copernicus

Both equally accurate; how to tell which 
was best?



A	
  Nearby	
  Object	
  Shows	
  a	
  Parallax	
  Shift	
  

4-­‐3:	
  Tycho	
  Brahe’s	
  astronomical	
  observations	
  disproved	
  
ancient	
  ideas	
  about	
  the	
  heavens.	
  



Tycho Brahe 
(1546-1601) 

• Used parallax to show 
that the “heavens” could 
change 
– (super)nova, comet farther 

away than the Moon  
–not atmospheric phenomena
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• Built great naked-eye 
observatory -- no telescopes! 
• Compiled the most accurate (one 

arcminute) naked eye 
measurements ever made of 
planetary positions. 
• Comprehensive and consistent: 

21 years of data 
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Tycho Brahe 
(1546-1601) 



Tycho Brahe 
(1546-1601) 

• Could not detect stellar parallax 
– thought Earth must be at 

center of solar system 
–other planets orbit Sun 

• Hired Kepler, who used Tycho’s 
observations to discover the 
truth about planetary motion. 



Johannes	
  Kepler	
  (1571-­‐1630)	
  

4-­‐4:	
  Johannes	
  Kepler	
  proposed	
  elliptical	
  paths	
  for	
  the	
  
planets	
  around	
  the	
  sun.	
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• Kepler first tried to match Tycho’s 
observations with circular orbits 

• But an 8-arcminute discrepancy led 
him eventually to ellipses… 

Johannes Kepler (1571-1630) 

“If I had believed that we could ignore these 
eight minutes [of arc], I would have patched up 
my hypothesis accordingly. But, since it was not 
permissible to ignore, those eight minutes 
pointed the road to a complete reformation in 
astronomy.” 



Kepler’s First Law: The orbit of each planet around the 
Sun is an ellipse with the Sun at one focus. 



Ellipses
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What is the shape of Earth’s 
orbit around the Sun?

• e = 0.016
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Not to scale!



Kepler’s Second Law: As a planet moves 
around its orbit, it sweeps out equal areas in 
equal times. 

e = 0.9 



Kepler’s Second Law:
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Kepler’s Third Law:  More distant planets orbit 
the Sun at slower average speeds, obeying the 
relationship 
!

                             P2 = a3 

!

      P = orbital period in years 
      a = avg. distance from Sun in AU 

Kepler’s Third Law





Galileo	
  Galilei	
  (1564-­‐1642)	
  

4-­‐5:	
  Galileo’s	
  discoveries	
  with	
  a	
  telescope	
  strongly	
  
supported	
  a	
  heliocentric	
  model	
  



Phases	
  of	
  
Venus	
  and	
  
apparent	
  size	
  





Galileo’s observations of phases of Venus 
proved that it orbits the Sun and not Earth.



Jupiter	
  and	
  its	
  Largest	
  Moons	
  



Early	
  Observations	
  of	
  Jupiter’s	
  Moons	
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• The Catholic Church ordered 
Galileo to recant his claim that 
Earth orbits the Sun in 1633 

• His book on the subject was 
removed from the Church’s 
index of banned books in 1824 

• Galileo was formally vindicated 
by the Church in 1992

Galileo Galilei (1564 - 1642)



Isaac	
  Newton	
  (1642-­‐1727)	
  

4-­‐6:	
  Newton	
  formulated	
  laws	
  of	
  motion	
  and	
  gravity	
  
that	
  describe	
  fundamental	
  properties	
  of	
  physical	
  reality.	
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• Realized the same physical 
laws that operate on Earth 
also operate in the heavens 
⇒ one universe 

• Discovered laws of motion and 
gravity 

• Much more: Experiments with 
light; first reflecting telescope, 
calculus…  

 

Sir Isaac Newton 
 (1642-1727)

How did Newton change our view 
of the universe?

© 2006 Pearson Education Inc, publishing as Addison-Wesley

How do we describe motion?
Precise definitions to describe motion:

• Speed: Rate at which object moves: 
  distance travelled in a given time  

  example: speed of 10 m/s  
!
• Velocity: Speed and direction 
   example: 10 m/s, due east  
!
• Acceleration: Any change in velocity:  
   change in speed and/or direction  
   units of (speed/time)/time  (m/s2)These are all accelerations



Newton’s First Law

• A body remains at rest or moves in a straight 
line at a constant speed unless acted upon by 
an outside (net) force. 
–A rocket will coast in space along a straight line at 

constant speed. 
–A hockey puck glides across the ice at constant 

speed until it hits something 



• (net)Force = mass x acceleration   
           Fnet = m x a 

• Acceleration is the rate of change in velocity – 
how quickly your motion is changing. 

Newton’s Second Law of Motion

How	
  many	
  accelerators	
  
are	
  in	
  your	
  car?	
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Newton’s First & Second Laws

 The only way to change  
–direction and/or 
–speed 

 is to apply a (net) force. 
!

Therefore... 
An object moves at constant 
velocity if there is no net force 
acting upon it.



Newton’s Third Law of Motion
• Whenever one body exerts a force on a second 

body, the second body exerts an equal and 
opposite force on the first body. 
–Don’t need a rocket launch pad! 
–The Bug and the Windshield – who is having the 

worse day? 
• Change in motion (acceleration)  

depends on masses though... 
– abug = F/mbug 

– acar = F/mcar
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 + P  
 
(hand on chair)

- P (chair on hand)

 + f  
 (floor on chair)

- f (chair on floor)

Note: the two opposing forces act 
on two different bodies, so the net 
force on one body is not (usually) 
zero -- the forces don’t “cancel” out
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A force is needed to 
keep planets orbiting



• Newton’s law of gravitation states:  Two bodies 
attract each other with a force that is directly 
proportional the product of their masses and is 
inversely proportional to the square of the 
distance between them.  

Newton’s Law of Gravitation

What the ….?  I thought I understood gravity?What	
  the	
  ….?	
  	
  I	
  thought	
  I	
  understood	
  gravity?	
  



• To figure out the gravitational force just 
multiply the mass of the two things together 
then divide by the distance they are apart 
(squared).   

            

Newton’s Law of Gravitation

m1

m2

d



An	
  Orbit	
  Analogy	
  



Kinetic	
  Energy	
  

Orbits	
  and	
  
Energy	
  



Kinetic	
  Energy	
  



Gravitational	
  Potential	
  Energy	
  



Orbits	
  and	
  the	
  Escape	
  Speed	
  

4-­‐7:	
  Describing	
  orbits	
  with	
  energy	
  and	
  gravity	
  

Or,	
  why	
  doesn’t	
  the	
  Moon	
  fall	
  to	
  the	
  Earth?	
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•There is gravity in 
space 
•Weightlessness is 
due to a constant 
state of free-fall
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• If an object gains enough 
orbital energy, it may 
escape (change from a 
bound to unbound orbit) 
• Escape velocity from Earth 
≈ 11 km/s from sea level 
(about 40,000 km/hr) 
• Escape (and orbital) velocity 

is independent of mass of 
object!

Escape Velocity



Newton’s Laws and Kepler's Laws
• Newton’s law of gravitation and his three laws of 

motion prove all of Kepler’s laws



© 2006 Pearson Education Inc, publishing as Addison-Wesley

All orbiting objects obey Kepler’s first 2 laws



Conic	
  Sections	
  

Orbits	
  can	
  be	
  any	
  conic	
  section	
  


