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Radian: 
Angle measure whose subtended arc is 

the radius of the circle. 

THIS is why C=2r 

~57o 

360o = 2 rad 

Analogous to displacement 
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Angular Displacement 
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Angular Velocity 



Angular 
Velocity: 
 

Angle swept out 
or moved thru 
per time. 
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Angular acceleration: 
 (alpha) 

Same as linear ‘a’ 
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Linear to Angular quantities? 
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Linear to Angular quantities? 
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So, why do we need this stuff? 
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Meaning of acceleration when # 
is constant? 
Car on ramp moving at constant 

25MPH 
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Meaning of acceleration when # 
is constant? 
Car on ramp moving at constant 

25MPH 



Bored board thingee 
Derivation of 
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FR Starts TOMORROW (Thursday 

10/23) 

DUE Tuesday 10/28 @ 2:30 PM ET 

MG is EITHER 

Wednesday 10/29 –OR- 

Take-home for 1-day? 

HELP! Hours Posted Online & Ontest  





Since there IS an ‘a’, there 
MUST be an ‘F’ causing it. 
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CENTRIPETAL! 

Centrifugal 



Ancient Astronomy 
 The 1st REAL Physical Science 

Besides “falling over” 
 Some early views 

 Ptolemy - Geocentric 
 Copernicus - Heliocentric 
 Galileo – Proved Heliocentric 
 Kepler! – 3 “Laws” 
 Newton! – Explained Kepler 



So, where does Tyco Brahe fit in? 
Aristocratic Moron (Autistic) 

Died from a burst bladder! 

Stayed up EVERY night of his life 
Mapping the sky 
Keeping data 

Volumes & VOLUMES of data 



Kepler? 
Genius - mathematics 

Astronomy - hobby 

Made a living being an astrologer! 

Was puzzled by some things 
But, had no data 



Stole Tyco’s stuff 
Hired a coupla street thugs 

Studied data for 19 years. 

Published his 3 “LAWS” 
NO EXPLANATIONS! 

Was NOT a real scientist! 



3 LAWS?  
Ellipses 

Equal Areas 

K = T2 / R3 

Math or Science? 

Video Clip!!! YIPPEE!!! 





1st Law 
Planets travel in ELLIPTICAL 

orbits, not circular. 

Definitions 
Circle – ‘r’ 

Ellipse – ‘a+b’ 

Why? 



Circle, duh… 
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Ellipse,  
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2nd Law 
Planet makes ’s with =A’s. 

Say WHAT? 

Why? 
Gif1&2 





3rd Law 
K=T2 / R3 

Definitions 
R 
T 

AU? 
Taylor’s Constant! 

Why? 
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Newton’s Synthesis – Bored Board! 
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Newton’s Synthesis 
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Newton’s Synthesis 
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 A car moving at a velocity v to the right has a tire rotating with an angular velocity ω 
.The speed of the tread of the tire relative to the axle is v , the same as if the car were 
jacked up. Thus the car moves forward at linear velocity v = rω , where r is the tire 
radius. A larger angular velocity for the tire means a greater velocity for the car. 



 As an object moves in a circle, here a fly on the edge of an old-fashioned vinyl record, 
its instantaneous velocity is always tangent to the circle. The direction of the angular 
velocity is clockwise in this case. 



 The directions of the velocity of an 
object at two different points are 
shown, and the change in velocity Δv is 
seen to point directly toward the center 
of curvature.(See small inset.) Because 
ac = Δv / Δt , the acceleration is also 
toward the center; ac is called 
centripetal acceleration. (Because Δθ is 
very small, the arc length Δs is equal to 
the chord length Δr for small time 
differences.) 



(a) The car following a circular path at 
constant speed is accelerated 
perpendicular to its velocity, as shown. 
The magnitude of this centripetal 
acceleration is found in Example 6.2. 

(b) A particle of mass in a centrifuge is 
rotating at constant angular velocity . 
It must be accelerated perpendicular 
to its velocity or it would continue in a 
straight line. The magnitude of the 
necessary acceleration is found in 
Example 6.3. 



 Centripetal force is perpendicular to 
velocity and causes uniform circular 
motion. The larger the Fc , the smaller 
the radius of curvature r and the 
sharper the curve. The second curve 
has the same v , but a larger Fc produces 
a smaller r′ . 



 This car on level ground is moving 
away and turning to the left. The 
centripetal force causing the car to turn 
in a circular path is due to friction 
between the tires and the road. A 
minimum coefficient of friction is 
needed, or the car will move in a larger-
radius curve and leave the roadway. 



 The car on this banked curve is moving away and turning to the left. 



(a) The car driver feels herself forced to the left relative to the car when she makes a right turn. This is a 
fictitious force arising from the use of the car as a frame of reference. 

(b) In the Earth’s frame of reference, the driver moves in a straight line, obeying Newton’s first law, and 
the car moves to the right. There is no real force to the left on the driver relative to Earth. There is a 
real force to the right on the car to make it turn. 



(a) A rider on a merry-go-round feels as if he is being thrown off. This fictitious force is called the 
centrifugal force—it explains the rider’s motion in the rotating frame of reference. 

(b) In an inertial frame of reference and according to Newton’s laws, it is his inertia that carries him 
off and not a real force (the unshaded rider has Fnet = 0 and heads in a straight line). A real force, 
Fcentripetal , is needed to cause a circular path. 



 Centrifuges use inertia to perform their 
task. Particles in the fluid sediment come 
out because their inertia carries them 
away from the center of rotation. The 
large angular velocity of the centrifuge 
quickens the sedimentation. Ultimately, 
the particles will come into contact with 
the test tube walls, which will then supply 
the centripetal force needed to make 
them move in a circle of constant radius. 



 Looking down on the counterclockwise 
rotation of a merry-go-round, we see 
that a ball slid straight toward the edge 
follows a path curved to the right. The 
person slides the ball toward point B, 
starting at point A. Both points rotate 
to the shaded positions (A’ and B’) 
shown in the time that the ball follows 
the curved path in the rotating frame 
and a straight path in Earth’s frame. 



(a) The counterclockwise rotation of this northern hemisphere hurricane is a major consequence of the Coriolis force. (credit: NASA) 

(b) Without the Coriolis force, air would flow straight into a low-pressure zone, such as that found in tropical cyclones. 

(c) The Coriolis force deflects the winds to the right, producing a counterclockwise rotation. 

(d) Wind flowing away from a high-pressure zone is also deflected to the right, producing a clockwise rotation. 

(e) The opposite direction of rotation is produced by the Coriolis force in the southern hemisphere, leading to tropical cyclones. (credit: NASA) 



 According to early accounts, Newton 
was inspired to make the connection 
between falling bodies and 
astronomical motions when he saw an 
apple fall from a tree and realized that 
if the gravitational force could extend 
above the ground to a tree, it might also 
reach the Sun. The inspiration of 
Newton’s apple is a part of worldwide 
folklore and may even be based in fact. 
Great importance is attached to it 
because Newton’s universal law of 
gravitation and his laws of motion 
answered very old questions about 
nature and gave tremendous support to 
the notion of underlying simplicity and 
unity in nature. Scientists still expect 
underlying simplicity to emerge from 
their ongoing inquiries into nature. 



 Gravitational attraction is along a line joining the centers of mass of these two bodies. 
The magnitude of the force is the same on each, consistent with Newton’s third law. 



 The distance between the centers of mass of Earth and an object on its surface is very 
nearly the same as the radius of Earth, because Earth is so much larger than the object. 



(a) Earth and the Moon rotate approximately once a month around their common center of mass. 

(b) Their center of mass orbits the Sun in an elliptical orbit, but Earth’s path around the Sun has 
“wiggles” in it. Similar wiggles in the paths of stars have been observed and are considered direct 
evidence of planets orbiting those stars. This is important because the planets’ reflected light is 
often too dim to be observed. 



 The Moon causes ocean tides by attracting the water on the near side more than Earth, 
and by attracting Earth more than the water on the far side. The distances and sizes are not 
to scale. For this simplified representation of the Earth-Moon system, there are two high 
and two low tides per day at any location, because Earth rotates under the tidal bulge. 



 (a, b) Spring tides: The highest tides occur when Earth, the Moon, and the Sun are 
aligned. (c) Neap tide: The lowest tides occur when the Sun lies at 90º to the Earth-
Moon alignment. Note that this figure is not drawn to scale. 



Right NOW, calculate the Fg 
between Earth-Sun and Earth-
Moon. 

Explain why the Moon has a 
larger effect on tides than does 
the Sun. 



 A black hole is an object with such strong gravity that not even light can escape it. This 
black hole was created by the supernova of one star in a two-star system. The tidal forces 
created by the black hole are so great that it tears matter from the companion star. This 
matter is compressed and heated as it is sucked into the black hole, creating light and X-
rays observable from Earth. 



 Astronauts experiencing weightlessness on board the International Space Station. 
(credit: NASA) 



 Cavendish used an apparatus like this to measure the gravitational attraction between the two 
suspended spheres ( m ) and the two on the stand ( M ) by observing the amount of torsion 
(twisting) created in the fiber. Distance between the masses can be varied to check the 
dependence of the force on distance. Modern experiments of this type continue to explore gravity. 



(a) An ellipse is a closed curve such that 
the sum of the distances from a point 
on the curve to the two foci ( f1 and  f2 ) 
is a constant. You can draw an ellipse 
as shown by putting a pin at each 
focus, and then placing a string 
around a pencil and the pins and 
tracing a line on paper. A circle is a 
special case of an ellipse in which the 
two foci coincide (thus any point on 
the circle is the same distance from the 
center). 

(b) For any closed gravitational orbit, m 
follows an elliptical path with M at one 
focus. 

 Kepler’s first law states this fact for 
planets orbiting the Sun. 



 The shaded regions have equal areas. It takes equal times for m to go from A to B, from C to 
D, and from E to F. The mass m moves fastest when it is closest to M . Kepler’s second law 
was originally devised for planets orbiting the Sun, but it has broader validity.  



(a) The Ptolemaic model of the universe has Earth at the center with the Moon, the planets, the Sun, and the stars revolving 
about it in complex superpositions of circular paths. This geocentric model, which can be made progressively more 
accurate by adding more circles, is purely descriptive, containing no hints as to what are the causes of these motions. 

(b) The Copernican model has the Sun at the center of the solar system. It is fully explained by a small number of laws of 
physics, including Newton’s universal law of gravitation. 



 Two paths around a race track curve are 
shown. Race car drivers will take the 
inside path (called cutting the corner) 
whenever possible because it allows 
them to take the curve at the highest 
speed. 



 Amusement rides with a vertical loop are an example of a form of curved motion. 



 A mass attached to a nail on a frictionless table moves in a circular path. The force 
stretching the string is real and not fictional. What is the physical origin of the force on 
the string? 



 A bicyclist negotiating a turn on level ground must lean at the correct angle—the ability to do this becomes 
instinctive. The force of the ground on the wheel needs to be on a line through the center of gravity. The net 
external force on the system is the centripetal force. The vertical component of the force on the wheel 
cancels the weight of the system while its horizontal component must supply the centripetal force. This 
process produces a relationship among the angle θ , the speed v , and the radius of curvature r of the turn 
similar to that for the ideal banking of roadways. 





(a) NASA centrifuge used to subject 
trainees to accelerations similar to 
those experienced in rocket launches 
and reentries. (credit: NASA) 

(b) Rider in cage showing how the cage 
pivots outward during rotation. This 
allows the total force exerted on the 
rider by the cage to be along its axis at 
all times. 



 Teardrop-shaped loops are used in the latest roller coasters so that the radius of curvature gradually decreases to a 
minimum at the top. This means that the centripetal acceleration builds from zero to a maximum at the top and 
gradually decreases again. A circular loop would cause a jolting change in acceleration at entry, a disadvantage 
discovered long ago in railroad curve design. With a small radius of curvature at the top, the centripetal acceleration 
can more easily be kept greater than g so that the passengers do not lose contact with their seats nor do they need 
seat belts to keep them in place. 


