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2 The Copernican Revolution The Birth of Modern Science
2.1 Ancient Astronomy
2.2 The Geocentric Universe
2.3 The Heliocentric Model of the Solar System
2.4 The Birth of Modern Astronomy
2.5 The Laws of Planetary Motion
2.6 The Dimensions of the Solar System
2.7 Newton’s Laws
2.8 Newtonian Mechanics

Astronomy vs Astrology

Both study everything outside of the earth's atmosphere, such as
planets, stars, and the relationships of those celestial bodies.

Astronomy Astrology

* |s a based on studies, e Is a belief that the
research and observation positioning of the stars and

- Follows the Scientific planets affect the way &
Method events occur on earth.

More of a Religion

s J
Please check your grades in Canvas and let me know if there are any changes needed.
| do not need to know if | have given you too many points.




* Babylonian cosmology (¢. 2300-500 BC)

— Flat earth floatin

aters of chaos”. The Earth and the Heavens form a u nfinite "waters of chaos";
the earth is flat a ar, a solid dome (the "firmament") keeps out the outer an.
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Some of the Early Recorded History

Babylonians
Babylonian cosmology (c. 2300-500 B(')

 Flat earth floating in infinite "waters of
chaos"”.

» The Earth and the Heavens form a unit
within infinite "waters of chaos*”

» The earth is flat and circular, and a solid
dome (the "firmament") keeps out the
outer "chaos"-ocean.

» Their writing indicate that they focused more
on data than on how things work.
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* Babylonian cosmology (c. 2300-500 BC)

— Flat earth floating i ers of chaos. The Earth and the Heavens form a unit within infinite "waters of chaos";
the earth is flat and circular, and a solid dome (the "firmament") keeps out the outer "chaos"-ocean.

* Aristotle (384 — 322 B.C.)

— Uniform Circular Motion, Heavens Perfect, Geocentric

Flat Earth

Ancient Greek Astronomers Assumptions
(For this section, the following assumptions will be used.)
Aristotle

(384 — 322 B.C.), major authority of
philosophy until the late middle ages:
Universe can be divided in 2 parts:

» Uniform Circular. Motion

» Geocentric Universe

1. Imperfect, changeable » Heavens Perfect

Earth,

2. Perfect Heavens
(described by spheres)

Slide 15
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Are the stars at different distances? How Ancient Astronomy arrived at these conclusions

Fundamental argument for the geocentric universe:

—
B by Wl wye Toson by gl

Move your right hand

from your right eye and

cover your left eye
Cover my face with Motion of Earth should result in an observable

Left arm extended, thumb up
parallax, which was not seen.

Right hand covering right eye your thumb e
18
* Babylonian cosmology (c. 2300500 BC) Ancient Greek Astronomy
I Elst eunh' floating in ?nfmite aters x‘>f chaos*. TheﬂEanh and the Heavens form a unit within infinite "waters of chaos";
the earth is flat and circular, and a solid dome (the "firmament") keeps out the outer "chaos"-ocean. N M od e | S We re g e n e ra I Iy WI"O n g beCa u Se they We re
* Aristotle (384 - 322 B.C.) , based on wrong “first principles”, believed to be
— Uniform Circular Motion, Heavens Perfect, Geocentric “ObViOUS” and nOt q Uestioned : (I th | n k therefo re |t

is true.)

. Geocentric Universe: Earth at the Center of the Universe.
2. “Perfect Heavens”: Motions of all celestial bodies
described by motions involving objects of “perfect”
shape, i.e., spheres or circles.

—
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Parallax

Top Dowh View:

SuniEarth
Longer Distance

O Shorter Distance
Star

Parallax: 1.0

Distance: 1.0

21

Stop
Earth Wiew: Show Bounds
DiayiMight On
What we
Aristotle’s Universe
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What we

know today
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The Universe of Aristotle as Conceived
by a Medieval Writer

From Runcg’ Paclorsl Mok, o 30
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Aristotle’s Universe

%
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* Babylonian cosmology (¢. 2300-500 BC) Claudius Ptolemy

- F rth floating in infinite " of chaos*. The Earth and the Heavens form a unit within infinite "waters of chaos";
the earth is flat and circular, lid dome (the "firmament") keeps out the outer "chaos"-ocean.

* Aristotle (384 — 322 B.C.) First Principles e« 87 -150 AD

— Uniform Circular Motion, Heavens Perfect, Geocentric
— Astronomer

— Mathematician
— Geographer

+ Explained the Retrograde
Motion of the Planets

— Used Epicycles and
Deferents to describe
motion.

* Claudius Ptolemy (87 -150 A.D.)

— Uniform Circular Motion with Epicycles, Heavens Perfect, Geocentric

Slide 28
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Assumptions
Not Changed

E

v'Uniform Circular Motion
v Geocentric Universe
v'Heavens Perfect
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Issues of Ancient Astronomy Retrograde Motion

The retrograde (westward) motion of the planets

The “solution”; Epicycles! A
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prograde

Claudius Ptolemy

E

pecycies on
IEi:--\.' peies

Planed
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Introduced by Ptolemy (ca. A.D. 140)

The Ptolemaic system was considered the “standard
model” of the universe until the Copernican Revolution.

40




Assumptions
Modified but not Changed

v Uniform Circular. Motion

v.Geocentric Universe

The Copernican Revolution

* Claudius Ptolemy (87 -150 A.D.)

— Uniform Circular Motion with Epicycles, Heavens Perfect, Geocentric

* Nicolaus Copernicus (1473 — 1543)
©
)

— Uniform Circular Motion, Heavens Perfect, Heliocentric

Nicolaus Copernicus (1473 — 1543):

heliocentric universe (sun in the center)

%

-
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Copernicus’ new (and correct) explanation for
retrograde motion of the planets:

Retrograde
(westward)
motion of a
planet occurs
when Earth
passes the
planet.

This made Ptolemy’s epicycles unnecessary.

FirRLay ERFTNEIET
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p— ——
gt e 4 Fig. d-da, p. 49
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Assumptions

v Uniform Circular Motion

ol Hellocentric Universe

— Eﬂﬂmﬂn@ﬁ;@s the @pﬂ@y@ﬂ@s and deflernts
Th@m were no better [pﬂ@dlﬂ@ﬁﬂ@[ms.f@r




* Nicolaus Copernicus (1473 — 1543)

— Uniform Circular Motion, Heavens Perfect, Heliocentric

* Tycho Brahe (1546 — 1601)

— Uniform Circular Motion, Heavens Perfect, Geocentric/Heliocentric combination

53
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Tycho Brahe (1546 — 1601)

Use of high-precision instruments for precise astronomical
observations, meticulously reported in tables.

Later used by Kepler to develop laws of planetary motion.

Slide 54

54

Slide 56

56

Eanh

12



QVADRANS MVRALIS A Quadrant
) ' designed by
Brahe

Used to
precisely
measure an
object’s angular
distance above
the horizon
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HOVA MVNDANI SYSTEMATIS HY FOTY POSIS AB
AUTHORE NUPER ADINUENT A, QUA TUM VETLRS ILLA
PTOLEMAICA REDUNDANTIA & INCONCINNITAS,
TUM ETIAM RECENS COFERNIANA IN MOTU
TERRE FHYSICA ABSURDITAS, EXCLU -
DUNTUR., OMNIACQUE AFPAREN-

THE CHELESTIRL S AFTIESIME
OOREESPONIDENT.
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Tyco’s Star
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Assumptions

* Nicolaus Copernicus (1473 — 1543)

— Uniform Circular Motion, Heavens Perfect, Heliocentric

* Tycho Brahe (1546 — 1601)

v Uniform Circular Motion

» Geocentric Universe

The sun went @n’gn‘ndl the earth and
all of the planets went around the sun.

v'Heavens Perfect ;

— Uniform Circular Motion, Heavens Perfect, Geocentric with Planets going around the Sun

» Johannes Kepler (1571 — 1630)

— Elliptical Motion, Heavens Perfect, Heliocentric

Johannes Kepler (1571 — 1630)

Used the precise
observational tables of
Tycho Brahe to study
planetary motion
mathematically.

Johannes
Kepler

POSTA ROMANA

Found a consistent

e [L B
description by 400 AN 0F LananTEny N EPLER

abandoning both:

1. Circular motion and

2. Uniform motion.

* Planets move around the sun on elliptical paths,
with non-uniform velocities.

Slide 64 Slide 65

64 65
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Kepler’'s Laws of
Planetary Motion

1. The orbits of the planets are ellipses with the
sun at one focus.

Eccentricity e = c/a

66

Kepler’s Laws of
Planetary Motion
2.Aline from a planet to the sun sweeps over
equal areas in equal intervals of time.
68

Elipse _—

Exaggerated Eccentricity of Earth’s Orbit

1A
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Eccentricities of Ellipses

1‘ | '
4)‘ 5‘
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Slide 72

Kepler’s Laws of
Planetary Motion

3.Aplanet’s orbital period (P) squared is
proportional to its average distance from the
sun (a) cubed:

2 = 3
Py = apy

(P, = period in years; a,, = distance in AU)

Slide 71

Eccentricities of planetary orbits

Orbits of planets are virtually indistinguishable from circles:

Most extreme example:

Baile = 0.9167 Pluto: e = 0.248

But their centers
may be
significantly offset
from the sun.

71

72

The Motion of the Planets

17



Kepler's Laws

1. The planets move in ellipses with the
sun at one focus.

2. The planet’s radius vector sweeps out
equal area per equal amount of time.

3.P2=D3

Slide 74
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Nicolaus Copernicus (1473 — 1543)

— Uniform Circular Motion, Heavens Perfect, Heliocentric

Tycho Brahe (1546 — 1601)

— Uniform Circular Motion, Heavens Perfect, Geocentric with Planets going around the Sun

Johannes Kepler (1571 — 1630)

— Elliptical Motion, Heavens Perfect, Heliocentric

Galileo Galilei (1594 — 1642)

— Elliptical Motion, Heavens Not Perfect, Heliocentric

Assumptions

Finally will change...

ol Eflfiptical Motion ‘
°! Hellocentric Universe

» Heavens Perfect

Galileo Galilei
(1594 — 1642)

Introduced the modern view of science:
Transition from a faith-based “science” to an
e observation-based science.

\ "'{:3.1\. Greatly improved on the newly invented
"R legt{ telescope technology.

(But Galileo did NOT invent the telescope!)
Was the first to meticulously report
telescope observations of the sky to support
the Copernican model of the universe.

Contemplated going into priesthood, but his
father urged him into Medicine. During his
studies he changed majors to Math.

Slide 77
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Galileo Galilei (1594 — 1642)

His Father, Vincenzo, was a lutenist and taught Galileo to be
a lutenist and a skepticism for established authority, the
value of well-measured or quantified experimentation, an
appreciation for a periodic or musical measure of time or
rhythm, as well as the results expected from a combination of
mathematics and experiment

<= . His theory of tides, oops, was that the change
% " inEarth’s orbital speed around the sun caused

"tﬁ 1""1 the tides. (He did believe in a heliocentric

\ .th?}l_u_‘_ ’

WERE  universe.) Galileo was one of the first
modern thinkers to clearly
state that the laws of nature
are mathematical.

He was a polymath. (Polymath is an individual
whose knowledge spans a significant number
of subjects, known to draw on complex bodies
of knowledge to solve specific problems.)
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Major discoveries of Galileo:

'J.?.:..__q. 4 ——— -'(-‘{?
itk r..-\‘}:-h-"'!".'ﬂ--'-ﬁ

e ]

* Moons of Jupiter (4 Galilean moons)

LRl
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sur.. ferantur fecundum lineas refradhas E € H. ;
DL tur enim , & qui prius liberi ad FG.
. » partem tantummodo HL cg- ; Galileo’s
kit Telescope

przhendent: deinde ratione diftantie EH.ad
lincamH 1. per tabulam finuum reperictur quanticas
anguliin ex obieéto H L. conflituti , quem mi-
nutz quadam taninm continere co jemus. Quod
{i Specilio C D, bracteas, alids maioribus , alids verd mi
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Major discoveries of Galileo:

* The mountains on the moon

+ Rings of Saturn

(What he really saw)

10
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Major discoveries of Galileo (II):

* sunspots (proving that the sun is not perfect!)

82

-Phases of
Venus
(including
“full
Venus”),

Venus
orbits the
sun, not
Earth!

Side 84
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proving that

Major discoveries of Galileo (III):

Slide 83

Major discoveries of Galileo (III):

-Phases of Venus (including “full Venus”), proving
that Venus orbits the sun, not Earth!

CopeITican Universs

P
4

I('" -

" |

o
~ Y.
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Galileo’s Measurecment of Gravity

Side 88

Galileo was ordered to stand trial on suspicion of
heresy in 1633.

The sentence of the Inquisition was in three essential
parts:

1.Galileo was required to recant his
heliocentric ideas.

2.He was ordered imprisoned; the
sentence was later commuted to
house arrest.

3.His offending Dialogue was
banned and publication of any of
his works was forbidden.

88

The Church’s
Understanding Until
October 31, 1992

71



Galileo’s Inventions

 The Pump

* Hydrostatic Balance
* Pendulum Clock
* The Sector
* The Thermometer

Side 91

91

Conclusion

) 17 )N
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Galileo’s Contributions to Science

« Scientific Method — Saturn’s rings
— Experimentation & Mathematics — Sunspots
— First to clearly say that laws of * Engineering
nature are mathematical — Geometric and Military Compass
e Astronomy — Thermometer, early type
— Telescope with 30X capabilities — Microscope
— Published his telescope observations  — Pendulum clock escapement

— Kepler’s supernova must be distant Physics

because of no measurable parallax _ Pendulums

SR — Falling bodies (incline plane)

— Venus’ phases

siess — Bodies moving at constant rate
92
Quadrant and Sextant
Quadrant Sextant
» Greeks around 240 B.C. * British Navy in 1757 (may be earlier)
» Divided the sky into 4 » Divided the sky into 6
* 90° Angle * 60° Angle




Nicolaus Copernicus (1473 — 1543)

Uniform Circular Motion, Heavens Perfect, Heliocentric

Tycho Brahe (1546 — 1601)

— Uniform Circular Motion, Heavens Perfect, Geocentric with Planets going around the Sun

Johannes Kepler (1571 — 1630)

— Elliptical Motion, Heavens Perfect, Heliocentric

Galileo Galilei (1594 — 1642)

Galileo
Proved that the heavens were not perfect
Proved Keple

Proved Coper ’ universe

— Elliptical Motion, Heavens Not Perfect, Helioemlric

Isaac Newton (1643 - 1727)

— Three Laws of Motion

Isaac Newton (1643 - 1727)

* Building on the results of Galileo and Kepler
» Adding physics interpretations to the mathematical descriptions of
astronomy by Copernicus, Galileo and Kepler

Major achievements:
1. Invented calculus as a necessary tool to solve
mathematical problems related to motion
2. Discovered the three laws of motion

3. Discovered the universal law of mutual gravitation

Slide 97
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Newton’s Laws

1. A body in motion will stay in motion and a
body at rest will stay at rest unless acted
upon by an external force.

98
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Newton’s First Law

F

99

Newton’s Second Law
F=ma

m;>‘ ;

The more force...
The more acceleration.

-@—
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2. F=ma

Newton’s Laws

100

Newton’s Laws

3. Equal and opposing forces

102




Newton’s Third Law

Balanced (equal) forces, therefore no motion.

“ g -

Ty L 4 A - ;f:-"“ll'.-

103

Newton’s Third Law

For every force,
there is an equal
and opposing force.

Newton’s Third Law

Unbalanced forces result in motion 558

104

105
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Newton’s Laws

. A body in motion will stay in motion and a

body at rest will stay at rest unless acted
upon by an external force.

. F=ma
. Equal and opposing forces

106
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What is Motion?
* Motion is everywhere — walking, driving, flying,
riding etc.
* We need to define:
—speed
—Velocity
—acceleration.
* There are two basic kinds of motion: é
— Straight line D
= Circular J)

107

Speed and Velocity

* In Physics ‘speed’ and ‘velocity’ have different (distinct)
meanings.
— Speed is a scalar quantity, with only magnitude
» For example: A car going 80 km/h
— Velocity is a vector, and has both magnitude & direction
» For example: A car going 80 km/h north

How about 60 km/hr east? é

AN
-u'%-f E m I 13
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Defining Motion

+ Position — the location of an object

— A reference point must be given in order to define the position
of an object

* Motion — an object is undergoing a continuous change in
position
» Description of Motion — the time rate of change of
position
— A combination of length and time describes motion é
¥
J

108
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Velocity

* Velocity is similar to speed except a direction is involved.

displacement

Averageaielociy S S S e

» Displacement — straight line distance between the initial and
final position w/ direction toward the final position (a vector
quantity)

* Instantaneous velocity — similar to instantaneous speed
except it has direction examples

110
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Vectors

» Vector quantities may be represented by arrows. The
length of the arrow is proportional to magnitude.

g —)
40 km/h 80 km/h

£

e
s ¥
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Acceleration

* A measure of the change in velocity during a given time
period

change in velocity
time for change to occur

average acceleration =

* Instantaneous velocity — similar to instantaneous speed
except it has direction

Acceleration

» Changes in velocity occur in three ways:
— Increase in magnitude (speed up)
— Decrease in magnitude (slow down)
— Change direction of velocity vector (turn)

* When any of these changes occur, the object is
accelerating.

» Faster the change - Greater the acceleration

Constant Acceleration = ~
Gravity = 9.80 m/s? Y .
Ml Qv
» Special case associated with 1. o =
falling objects b dezausis e
» Vector towards the center of n20@ - tbbmy  (98m)
the earth |
» Denoted by “g” 1309 veBdmn A1)
+ g=9.80 m/s? |
33 redm i@ (T84 m)
114
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Frictional Effects

+ If frictional effects (air resistance) are neglected, every
freely falling object on earth accelerates at the same
rate, regardless of mass. Galileo is credited with this
idea/experiment.

wi

1

|
g? =
N

« Astronaut David Scott demonstrated the - —

principle on the moon, simultaneously dropping
a feather and a hammer. Each fell at the same
acceleration, due to no atmosphere & no air

resistance. — o

The Universal Law of Gravity

* Any two bodies are attracting each other through
gravitation, with a force proportional to the product
of their masses and inversely proportional to the
square of their distance:

N [—GM]
or
F = ml[a]
or
F =mg
(G is the gravitational constant.) where
----------- g=980™/

Slide 111

G =6.67430x10~"" N-m?/kg?

117

116
Time and distance of a falling body without
friction are the same for all bodies
d = % gt?is the equation relating time (t) and distance (d)
of an object falling due to gravity.
x\—//
¥
118
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Velocity, Distance and Time
for a falling body without friction

Freefall with a Bowling Ball and a Feather

200

150 /

100 / —e— Velocity

/ —o— Distance
50 L __—
0 - / |

wam Time in seconds i
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Projectile Motion Up and Down — Gravity
slows the ball, then speeds it up

» An object thrown horizontally combines both straight- - Acceleration due to gravity ‘
line and vertical motion each of which act oceurs in BOTH directions. v 2y

independently. _tGoing up () |

— Coming down (+) 5 ks i
* Neglecting air resistance, a horizontally projected 1 '
object travels in a horizontal direction with a constant

: : : . . * The ball returns to its
velocity while falling vertically due to gravity.

34

starting point with the same 44 _

speed it had initially. v, = v; " !
e

O
Slide 123 i
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Example of balls dropping

La s

e

Slide 124

* An object thrown
horizontally will fall at the
same rate as an object
that is dropped.

Multiflash photograph of two balls

124
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+ Earth’s gravitational force constantly

Understanding Orbital Motion

The universal law of gravity allows us to
understand orbital motion of planets and moons:
Example:

Earth and moon attract each other through
gravitation.

Since Earth is much more massive than the
moon , the moon’s effect on Earth is small.

accelerates the moon towards Earth.

This acceleration is constantly changing the
moon’s direction of motion, holding it on its Yo
almost circular orbit. #‘

126

Projected at an
angle (not horizontal)

'_"h a
L
G ol .
| B & G~ G~
@ i ¥a,
& i G " X
: ——— f
Combined Horz/Vert. _  Vertical Horizontal
Components ~ Component Component :i’
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A F=-G @ & -— Too Little
Force Velocity
(Gravity) (Planet)
' ‘ Too Much

130 131



M s o 2 550
o (20 200 | ey
L arey rands o msalies
T e § D) OF
4 howrs

T satwliie ortsts
e
L st it
e e mowng
.

Orbital Motion:

Geosynchronous Orbits
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Nicolaus Copernicus (1473 — 1543)

Uniform Circular Motion, Heavens Perfect, Heliocentric

Tycho Brahe (1546 — 1601)

— Uniform Circular Motion, Heavens Perfect, Geocentric with Planets going around the Sun

Johannes Kepler (1571 — 1630)

— Elliptical Motion, Heavens Perfect, Heliocentric

Galileo Galilei (1594 — 1642)

— Elliptical Motion, Heavens Not Perfect, Heliocentric

Isaac Newton (1643 - 1727)

— Three Laws of Motion

134

Newton and his telescope

* Newton developed the reflecting telescope.
» ~1880, eye replaced with the camera
* ~1950, spectral analysis of stars

133
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Quiz tonight or

New Concepts...  oxwsesarn

Aristotle - uniform circular motion, geocentric universe, heavens perfect

Ptolemy- Uniform circular motion with epicycles, geocentric universe, heavens

perfect
Copern 1CUS - Uniform circular motion with epicycles, heliocentric universe, . Planets move in ellipses
heavens perfect with the Sun at one foci.

X . » . Aplanet's radius vector
Tyco — 20 years on the island of Hven recording the positions of the stars sweeps out equal area

er equal amount of time.

Kep ler - Eliptical motion, heliocentric universe, three laws of planetary motion ) Ez:Dg
Galileo - Proved that the heavens were not perfect SInertia
Newton - Three laws of motion, explained why the moon revolved around the—"""1 2 EzT:a

earth, universal law of gravitation
g _— Mm

r2

F=-G
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