
Earth's place in the cosmos 
The nature of planet motion 

Addressing these two key issues led 
to the Copernicus revolution and the 
birth of science . 

Origin of Modern Astronomy 



The Old Astronomy:  
Geocentric Universe 

Aristotle (Greek, 384-322 BC) 



Not to scale 

55 crystal sphere 



Three Basic Assumptions  
•  The Earth was at the center of the 

Universe. The Sun, Moon, planets, and 
stars were carried around the Earth on 
transparent, crystalline spheres.  

•  The only motion permitted objects in the 
heavens was uniform circular motion  

•  The heavens were more perfect than the 
Earth, and objects in the heavens were 
unchanging. 



"Common Sense" 
•  If the Earth actually spun 

on an axis, why didn't 
objects fly off the spinning 
Earth?  

•   If the Earth was in motion 
around the sun, why didn't 
it leave behind the birds 
flying in the air?  

•   If the Earth were actually 
on an orbit around the sun, 
why wasn't a parallax 
effect observed? 





Two Major Problems: 
1.  "Retrograde 

Motion" 
2.  Varying brightness 
Ptolemy Solution: 
add a special fix: 

epicycle 

or circle on circle. 

Ingenious but wrong! 





Ptolemic Model 



The Copernican Revolution: 
The Heliocentric System 

Nicolai Copernicus (1473-1543).  

 The Sun, not the Earth, was the 
center of the Solar System.  
 The Earth is just another planet 
(the third outward from the Sun), 
and the Moon is in orbit around 
the Earth, not the Sun.  
 The stars are distant objects that 
do not revolve around the Sun.  





Retrograde Motion and Varying 
Brightness of the Planets 

" The planets in such a system naturally vary in brightness 
because they are not always the same distance from the Earth.  
" The retrograde motion could be explained in terms of 
geometry and a faster motion for planets with smaller orbits.               



Copernicus challenged the geocenter assumption, but not 
the perfect circular motion assumption, and  implicitly 
questions the third.    

His ideas remained rather obscure for about 100 years after 
his death. Later  work of Kepler, Galileo, and Newton 
would build on the heliocentric Universe of Copernicus and 
produce the revolution that would sweep away completely 
the thoughts of Aristotle and replace them with the modern 
view of astronomy and natural science.  

This sequence is commonly called the Copernican 
Revolution.    



1   He made the most precise 
observations of planetary motion, 
particularly that of Mars.  

2   He made observations of a 
supernova in 1572 .  

However, Tycho was a firm believer 
of the geocentric universe. 

Key Observations of Tycho Brahe  

Danish nobleman  
(1546-1601) 



  Unlike Brahe, Kepler believed firmly in 
the Copernican system. Based on 
Tycho's data on Mars, Kepler 
concluded that the orbits of the planets 
were not the circles, but were instead 
ellipses  

Johannes Kepler:  
The  Laws of Planetary Motion  

(1571-1630), German 



1  The orbits of the planets are ellipses, with the Sun at 
one focus of the ellipse.  

2  Planets move proportionally faster in their orbits 
when they are nearer the Sun.  

3  More distant planets take proportionally longer to 
orbit the Sun  

The Laws of Planetary Motion 



Calculations Using Kepler's Third Law 

The ratio of the squares of the revolutionary periods 
for two planets is equal to the ratio of the cubes of 
their semimajor axes. 

R(AU)3=P(years)2 

As an example, the "radius" of the orbit of Mars 
(the length of the semimajor axis of the orbit) is:  

R=P2/3=(1.88)2/3=1.52 AU 



   Galileo discovered that our Moon has 
craters, that Jupiter has it's own 
moons, that the Sun has spots, that 
Venus has phases like our Moon, and 
many more discoveries.  

 These discoveries confirmed the 
Copernican hypothesis that the Earth 
was just another planet.  

Galileo Galilei  

(1564-1642), Italian 



The Phases of Venus 

Venus went through a complete set of phases, just like the 
Moon. This was the first empirical evidence that allowed a 
definitive test of the geocentric and heliocentric models.   



The Moons of Jupiter 

Galileo observed 4 points of light 
that changed their positions with 
time around the planet Jupiter. 
He concluded that these were 
objects in orbit around Jupiter. 

 Therefore, a planet could have 
moons circling it that would not 
be left behind as the planet 
moved around its orbit.  



Imperfect and Changing 
Universe 

Sun had dark patches on Sun. The 
motion of such sunspots indicated that 
the Sun was rotating on an axis.  

The Milky Way was composed of 
enormous numbers of stars that had not 
been seen before.  

The planet Saturn had "ears".  

The Moon was not smooth, but was 
covered by mountains and craters. 







Mass, Force and Motion 
•  Inertia, momentum, mass 
•  Speed, velocity, acceleration 
•  Newton’s three laws of motion 
•  Gravity 



Galileo and the Concept of Inertia 
Aristotle held that objects at rest remained 

at rest unless a force acted on them, but 
that objects in motion did not remain in 
motion unless a force acted constantly on 
them.  

Galileo concluded that an object 
in a state of motion possesses 
an ``inertia'' that causes it to 
remain in that state of motion 
unless an external force acts on 
it. 



Should a heavy object fall faster than 
a light one, as Aristotle believed? 





Sir Isaac Newton and the  
Unification of Physics & Astronomy  

•  Newton was by many standards the 
most important figure in the 
development of modern science.  

•  He demonstrated that the laws 
that governed the heavens were 
the same laws that governed 
motion on the surface of the 
Earth.  

•  Newton's Three Laws of Motion.  
•  Theory of Universal Gravitation 

(1642-1727)  



What Really Happened with 
the Apple? 

More importantly,  if the 
force of gravity reaches to 
the tree, might it not reach 
even further; in particular, 

might it not reach all the way 
to the orbit of the Moon!     



Vocabulary Words 
•  Speed is the distance traveled in each 

second – it’s measured in meters per 
second (m/s). 

•  Velocity is the speed in a particular 
direction – it’s measured in meters per 
second (m/s). 

•  Acceleration is the change in velocity in 
each second – it’s measured in meters per 
second per second (or m/s2) 



Acceleration  

•  An acceleration is a 
change in velocity. 

•  Acceleration occurs when 
either the magnitude or 
direction of the velocity 
(or both) are altered. 

•  Uniform Circular Motion 
is Accelerated Motion 

How Many Accelerators Does Your Car Have? 



Which of the following does NOT 
describe an acceleration: 

•  a car traveling with constant speed 
around a bend 

•  a car decreasing speed on a straight 
road 

•  a car traveling with constant speed on 
a straight road    

•  a planet traveling around a Sun 



Newton’s First Law  

•  In the absence of a net force, an object 
moves with constant velocity. 

•  (paraphrased) If nothing acts on an object, 
the object will keep moving in a straight line 
and at a constant speed. 

•  The same is true for zero velocity. 



Newton’s Second Law 
•  Acceleration is intimately related to mass 

and force. 

Force = Mass x Acceleration 

F = m·a 

Note: a = F/m  and  Vnew = Vold + a·t 

In words: A net force in a particular direction gives a body of 
mass, m, an acceleration (in the same direction) equal to 
the size of the force divided by the amount of mass. 



Question:  How do objects accelerate due 
to the force of gravity? 

The gravitational force on an object near 
the surface of Earth is: 

 Fgrav = m·g    (g = 9.8m/s2) 



Balance in the Universe 
•  Newton’s third law saves us from 

accelerating away: 

–  For any force that doesn’t result in an 
acceleration, there always is an equal and 
opposite reaction force. 

Table  
pushes 
back on 
box 

Box pushes down 
on table due to gravity. 



Survey Question 
Two identical spacecraft are to be accelerated by 

rockets.  The first rocket fires with a force 4 times 
as great as that of the second rocket. The 
acceleration of the first rocket is _____ times as 
great as the acceleration of the second rocket. 

  1)  1/4 
  2)  1/2 
  3)  the same 
  4)  2 times 
  5)  4 times 



Force and Momentum 
•  What made the extinguisher wagan move? 



Momentum 
•  Momentum is a quantitative way to 

describe an object’s tendency to continue 
to do whatever it was previously doing. 

•  An object’s momentum is simply its  
mass times its velocity. 
   P = m·v 

Don’t forget that velocity is a vector, so 
momentum is a vector, so the direction 
is very important! 



Without external force, the 
momentum is conserved  

Example:  
If one object at rest is suddenly separated 

into two parts, one moves in one direction and 
the other must move in the opposite 
direction! 

P1 = m1·v1       P2 = m2·v2 

P1 + P2 = m1·v1 + m2·v2 =0 



Why do you want your linebackers 
to be huge! 

If two objects collide and stick together, 
the final momentum must be the same as 
the initial momentum: 
Pfinal = (m1+ m2)·vfinal = P1 + P2 = m1·v1 + m2·v2 

For example, if v2 =0 
vfinal = m1·v1/ (m1+ m2) 



Angular Momentum 
•  Depends on the geometry, the mass, and the 

rotational velocity of an object. 
•   Angular momentum is conserved. 

–  A spinning wheel wants to keep spinning. 
–  A stationary wheel wants to keep still. 

•  Angular momentum is also a vector quantity – 
this means that the direction of the axis of 
rotation is significant and resistant to 
change. 



Everyday Examples of the 
Conservation of Angular Momentum 

•  Riding a bike 

•  Spinning a basketball on your finger 

•  A spinning ice skater 



Figuring out orbital velocities with 
angular momentum 

•  The angular momentum of an object (like a 
planet) moving in a circle (like an orbit!) is: 
   P = m·v·r 

r 

v 

m 
m = mass of planet 
v = velocity of planet 
r = orbital radius of planet 



Survey Question 
If Earth orbited the Sun at a distance of ½ 

AU but with the same angular momentum 
that it now has, how much faster/slower 
would its orbital velocity be?  

   ¼ its current value 
   ½ its current value 
   the same as its current value 
   2 times its current value 
   4 times its current value 

P = m·v·r 



Gravity 

•  Gravity is the dominant force in Astronomy. 
•  Of the four fundamental forces, it is the only 

one that makes a significant contribution to 
the motions of objects in the sky. 

•  We use our understanding of gravity to 
interpret nearly all dynamics in the Universe. 

•  Gravity is the one remaining force that has 
not been tied into the framework of the 
other forces. 



Gravity 
•  We can summarize the universal law of 

gravitation with the following statements: 
–  Every mass attracts every other mass through the 

force of gravity. 
–  The force of attraction is directly proportional to 

the product of the two masses. 
–  The force of attraction is inversely proportional to 

the square of the distance between the masses. 



Mathematically speaking: 

d 

M1 
M2 

G = 6.67x10-11 m3/kg/s2 

Near Earth’s 
surface 



Survey Question 
Two equal masses, m, separated by a distance, 

d, exert a force, F, on each other due to 
their gravitational attraction.  How large is 
the gravitational force between an object of 
mass m and an object of mass 2m separated 
by the same distance d? 

   ¼ F 
          ½ F 
   F 
   2F 
   4F 



Survey Question 
Two equal masses, m, separated by a distance, 

d, exert a force, F, on each other due to 
their gravitational attraction.  How large 
would their gravitational attraction be if the 
distance between them was doubled? 

   1) ¼ F 
   2) ½ F 
   3) F 
   4) 2F 
   5) 4F 



Survey Question 
If aliens magically turned our Sun into a black hole 

of the same mass but 10 times smaller in diameter, 
what would change about the Earth’s orbit? 

   1) it would be 10 times smaller in radius 

   2) it would spiral into the black hole 

   3) nothing would change 

   4) it would spiral away from the black hole 

   5) it would be 10 times larger in radius 



… so why don’t planets just fall into 
the sun? 

M1 
M2 



… because they miss (that is, they 
have enough angular momentum to 

always miss) 

M1 
M2 

v 

This is the concept of an orbit. 

Fg Fg 



Why doesn't the earth fall to 
the sun? 

•  It has a velocity 
and it has 
inertia! 

•  Force of gravity 
causes change in 
the direction of 
velocity --- 
acceleration. 

•  The earth is 
falling towards 
the sun all the 
time! 





Newton's laws of motion, with a gravitational force 
used in the 2nd Law, imply Kepler's Laws. 

a = V2/R 
+ 
F = aMsat= GMearthMsat/R

2   

---->  V2 = G Mearth/R  V=8 km/s 

The same formulae can be used for predicting the 
orbital motion of planets. 

The planets obey the same laws of motion as 
objects on the surface of the Earth!  



Why don't they fall? 

They are circuling Earth at a speed of 8 km/s! 



Mass and Weight 
•  Mass is a measure of how much material is 

in an object. 
•  Weight is a measure of the gravitational 

force exerted on that material. 
•  Thus, mass is constant for an object, but 

weight depends on the location of the 
object.  

•  How much do you weight at the surface of 
the moon? 



Quiz 
  Astronauts inside the space shuttle float 

around because ____ 
 they are falling in the same way as the 
space shuttle. 

  If you are in a free-falling elevator, you 
are massless. (true or false) 
 false 



You are a shuttle astronaut returning after 
attempting to fix the ISS with a hammer.  As you 
are jetting back to your shuttle, your lifeline 
breaks, your jets run out of fuel, your radio goes 
dead, and you miss the shuttle. To get back 
safely, you should: 

•  use a swimming motion with your arms and legs 
•  throw the hammer at the shuttle to get 

someone’s attention 
•  throw the hammer away from the shuttle 
•  make a hammering motion in the direction of 

the shuttle 
•  make a hammering motion away from the 

shuttle 


