


Celestial Mechanics

What 1s 1t?

How and why bodies (planets, stars,
meteors, etc.) move around the heavens.
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Celestial Mechanics

Evolution of a theory?

Death of one at the sake of another?

Both!



Astronomy

For many early civilizations, Astronomy was
developed to help determine the auspicious
day and hour for performing sacrifices.

Seasonal planting for agricultural societies



Early observers

Babylonians, Assyrians, Egyptians,
Indians, Mayans ... knew the
approximate length of the year.

A few centuries Before Christ (BC) the
Egyptians adopted a 365 day year.

The Chinese had a working calendar and
had determined the length of the year a
few centuries BC as well.



The Egyptians looked for the date when
the star Sirius could first be seen 1n the
dawn sky rising just before the sun.
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Observations of the ancients

To understand the cosmology of the
ancients, we need to think about the

signs that they observed. What was their
world like.

No space shuttle, no satellites, no
Imaging instrumentation, no telescopes,
no ...

They observed by eye in their local
environment



What did the Ancients see (and feel)

i

Peak at noon

Sun appears to Set in the West
rise 1n the east
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Class Exercise

Put your hands on you desk and close
your eyes until I ask you to open them.

Try to feel your environment with all
your senses.



What did they feel?

To the ancients, with no other forms of
observing, the Earth was stationary, and
the sun, planets, and stars moved around

them.

An Earth centered cosmos was a natural
choice.



We don’t feel like we are moving?

Do you know
how fast you
were going”?

Yes, officer.
A little under

6’/ thousand
miles per hour.




How fast are you are moving?

Earth revolves around
the sun once per year.
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If we can not feel ourselves revolving
about the sun 1s there any other motion
we should worry about?



The earth makes 1 revolution per day

Radius = 6.37x10 m
~ 3959 mi




*y

Stretch out at the Equator’




At equator

¢24 hr

Circumference 1s
c =2mr = 24.875 mi

s = ¢/t = 1040 mph

37x100m
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Astronomers have
discovered a star
traveling over 1.5
million mph -- fast
enough to escape the
gravitational pull of
the Milky Way galaxy.
This image from the

Sloan Digital Sky
Survey shows an area
of the sky one-fiftieth

the size of the full

moon (the arrow

marks the star).
Photo: Courtesy of
SDSS Collaboration

ace/0,2697,66542.00.html?tw=wn_1techhead



Animal goo
inspires better
glue

5, September 30, 2017

McGill University researchers and colleagues have
created a surgical glue that mimics the chemical
recipe of slime that slugs exude when they’re
startled. The adhesive was stuck to a pig heart even
when the surface was coated 1n blood. The glue was
used to plug a hole 1n the pig heart-the heart still
held 1n liquid after being inflated and deflated tens
of thousands of times.

https://www.sciencenews.org/article/animal-goo-inspires-better-glue



Observations of Eudoxus and Aristotle -

The Earth 1s stationary

Sun, moon, planets revolve around the
Earth

Rise 1n the East and set in the West or
circle around the sky



The Greeks carefully observed the
motions of the sun, moon, and five
strange “‘stars * that we now know to be
planets.

Together these give us the days of the
week.



Day celestial object
Sunday the sun Dimanche
Monday the moon Lundi
Tuesday Mars Mardi
Wednesday  Mercury  Mecredi
Thursday Jupiter Jeudi
Friday Venus Vendredi
Saturday Saturn Samedi



Eudoxus ~370 BC

Cosmological model

The basis was pertect spheres , all with
the same center, the earth, all spinning at
unchanged speeds.

With 27 spheres 1n all, this system
imitated the observed motions of the
planets.



24-hr rotation

Rotation in
planet’s
“year,, ”~~

t/

Planet
embedded
in equator of

Equal and opposite this sphere

rotations in 1 year
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Figure 3-28. Part of Eudoxus’ scheme used four spheres
to imitate the motion of a planet. The sketch shows the
machinery for one planet. The outermost sphere spins
once in twenty-four hours. The next inner sphere ro-
tates once in the planet’s ‘“‘year.” The two innermost
spheres spin with equal and opposite motions, once in
our year, to produce the planet’s epicycloid loops.
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Figure 3-27. Eudoxus’ scheme of many concentric
spheres. Each body, sun, moon, or planet, had several
spheres spinning steadily around different axes. The
combination of these motions succeeded in imitating
the actual motions of sun, moon, and even planets across

the star pattern.



Last great Greek astronomer
Ptolemy — 140 AD

Ptolemy’s
cosmological
system was
based on
geocentric
motion. [t
accounted for
the motions of
the planets.
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Ptolemy’s
Universe




140 AD — 1543 AD

After the barbarian invasions, the Catholic
Church, through Thomas Aquinas, discovered
the writings of Aristotle.

The earth centered universe became doctrine.

Ptolemy’s Universe lasted 1400 years

Geocentric universe ~ 2000 years (probably
longer)

Sun centered universe only ~ 500 years



Why did 1t change?



Nicolas Copernicus
1473-1543

Well educated

Argued that the
heavens must be more
simple than Ptolemy’s
design

There was evidence
that the system was not
working.




By the time of Copernicus the traditional
mark of the beginning of Spring in the

Northern Hemisphere moved back from
March 21 to March 11 10 days!!!!

Hint = Ptolemy’s model does not work



“On the Revolution of
the Celestial Spheres”™
was published just
before his death. In it
Copernicus proposed
a new arrangement for
the universe.

1543
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The hypothesis was accepted by some
but not by others.

Martin Luther — “This fool wishes to
reverse the entire science of astronomy:
but sacred scripture tells us that Joshua
commanded the sun to stand still, and
not the earth.”



Distance of Planets from the Sun in AU
determined by Copernicus

planet Copernicus Modern
Mercury 0.38 0.39
Venus 0.72 0.72
Earth 1.00 1.00
Mars 1.52 1.52
Jupiter 5.22 5.20

Saturn 0.18 0.54



The next step

Tycho Brahe (1546-1601)

Danish, follower of
Aristotle’s physics

believed 1in a motionless
Earth




Tycho Brahe

“1f the Earth actually rotated a
cannonball fired 1n the direction of the
Earth’s rotation should go farther than 1f
it were fired 1n the opposite direction.”

Tests were done and there was no
measurable difference. So Brahe
concluded he was right.



Cannons 1n Lowell

We saw the rotation of the earth yields a ground
speed of ~770 mph

Lets say the cannon ball 1s 1n the air for 5 seconds

7707, 1hr_ Imin g 0y 7

hr 60min  60s S

in 5 seconds

0.21@ X 55 =1mile
S



Why can’t the difference be detected?

Going with and against the rotation of
the earth the difference should be 2 miles
according to Brahe.

Why was it not detected?
Are we really not moving!!!



INERTIAL frame of reference

cannon

cannon ball \

All are rotating
with the earth



These facts were unknown until Galileo
and not appreciated until Newton.



Brahe was given an observatory on an
island (Hven) between Denmark and
southern Sweden, and lots of $$$$$

He had bigger instruments built for his
observatory

Bigger instruments = more accurate
measurements



Tycho’s Universe

image: http://www.polaris.iastate.edu/EveningStar/Unit2/unit?2 _sub3.htm




Brahe and the staff at his observatory
catalogued the positions of over 1000
stars. This was the largest and most
accurate data set ever on celestial
motion.

On his deathbed, Brahe bequeathed the
records of his observatory and the
instruments to Johannes Kepler.



http://faculty.uml.edu/Robert Gamache




Johannes Kepler (1571-1630)

Kepler was the eldest
child of a poor family
from southwest Germany.

He studied theology,
astronomy, mathematics




Johannes Kepler (1571-1630)

He was a numerologist, and believed
in mathematical mysticism.

He tried various more accurate
theories to explain the motions of the
planets, including numerology and
music.



Johannes Kepler (1571-1630)

“God 1s celebrated 1n astronomy”™

What he really was good at was
mathematics and he studied the records
from Brahe’s observatory.

From his work came Kepler’s three laws
of planetary motion



Johannes Kepler (1571-1630)

He was a firm believer 1n the cosmology
of Copernicus.

He noted that the more distant from the
sun the longer the period of revolution.

From his work the “spirits” and celestial

“intelligence” were replaced by the notion
of forces.



Kepler’s First Law

The path of each planet 1s an ellipse with
the sun at one focus.

ellipse






Kepler’s Second Law

The line from the sun to the planet sweeps
out equal areas 1n equal times.
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Kepler’s Third Law

The square of the orbital period of a planet 1s
proportional to the cube of the semi-major axis
of the orbiut.




Kepler’s Third Law

This can be written symbolically as

3
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to complete one orbit around
the sun.



Ellipses not Circles!!!

Kepler worked for months to try to find
the circular orbits that would fit
Copernicus’ model.

However, Brahe’s data were too good.
The data were extensive and precise.

The result was elliptical orbits 1n the
model.



Orbital Data for the Planets

planet semi-major axis period
(AU) (year)
Mercury 0.39 0.24
Venus 0.72 0.62
Earth 1.00 1.00
Mars 1.52 1.88
Jupiter 5.20 11.86
Saturn 9.54 29.46
Uranus 19.19 34.01
Neptune 30.06 164.79



Galileo Galiler (1564-1642)

Contemporary of Kepler

well educated

professor of
mathematics and

| astronomy at the
University of Pisa

[Later moved to
University of Padua




Galileo Galile1 (1564-1642)

Experiments on mechanics
Cannonballs from the tower of Pisa
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Galileo Galile1 (1564-1642)
Concept of 1nertia

Inertia - The reluctance of an object to
change 1ts state of rest or of uniform
motion 1n a straight line.




Galileo Galile1 (1564-1642)

Concept of acceleration

Acceleration 1s how velocity changes
with time.




Galileo Galile1 (1564-1642)

Sometime 1n the 1590s Galileo adopted
the heliocentric cosmology.

The telescope — he built many and made
many years of astronomical observation.

He was able to prove the heliocentric
cosmology to be correct.



Galileo Galile1 (1564-1642)

Decree of 1616 forbad one to “hold or
defend” the heliocentric hypothesis.



Galileo Galile1 (1564-1642)

Decree of 1616 forbad one to “hold or

defend” the heliocentric hypothesis.
Because I said so!!!



Sir Isaac Newton (1642-1727)

— mechanics, 1.e. the
motion of bodies such
as the planets, comets,
moons around planets,
shooting a puck, a
soccer ball, a

cannonball, or an apple
fal

ling on your head.

O

vtics, calculus



According to the well-known story,
1t was on seeing an apple fall in his
orchard at some time during 1665 or
1666 that Newton concerved that the
same force governed the motion of the
Moon and the apple.

He calculated the force needed to hold
the Moon 1n 1ts orbit, as compared with
the force pulling an object to the ground.



Isaac Newton

To give you a sense of the time (late
1600s to early 1700s:

Isaac Newton was a practitioner of
Alchemy

He also wrote a treatise (Observations
Upon the Prophecies of Daniel and
the Apocalypse of St. John) on
interpreting the secrets of certain

books of the bible.



Newton’s Laws of Motion

1. Every body continues 1n a state of rest,
or of uniform motion in a straight line,
unless 1t 1s compelled to change that
state by forces impressed on 1it.



Newton’s Laws of Motion

2. Any change of motion 1s proportional
to the force that acts, and 1t 1s made 1n
the direction of the straight line in
which the force 1s acting.



Newton’s Laws of Motion

3. To every action there 1s always an
equal and opposite reaction;
of,

the mutual actions of two bodies upon
cach other are always equal and act 1n
opposite directions.



