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Previously on Astro-1

Lunar Phases:
— How do they arise?
Length of the Month:
— How long does i1t take for the moon to go around the Earth?
The Moon’s Orbit:
— Why don’t we have lunar eclipses every month?
Solar eclipses

— What kind of solar eclipses are there? When do they
happen?



Today on Astro-1

The motion of planets

Geocentric Models

Heliocentric Models

Testing Models: Galileo’s observations
Ancient studies of moon and sun’s orbit



The ancient Greek (wrong) notion of planetary motion

Merry-go-round rotates clockwise Celestial sphere rotates to the west

Wooden horses fixed on merry-go-round Stars fixed on celestial sphere

(a) Arotating merry-go-round (b) The Greek geocentric model

Figure 4-1
Universe, Eighth Edition
© 2008 W.H.Freeman and Company



But sometimes the motion of planets 1s “retrograde”
Can’t explain this with simple “perfect” circular motion of the planets
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Figure 4-2
Universe, Eighth Edition
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Epicycle

Planet

Deferent

Planetary motion modeled as a combination of
circular motions

Figure 4-3a
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

The Geocentric
explanation of
retrograde motion:
circles within
circles — epicycles.



Planet moves
rapidly eastward
along epicycle

Epicycle moves
slowly eastward
along deferent

As seen from Earth,
planet moves
eastward

(direct motion)

Modeling direct motion

Figure 4-3b
Universe, Eighth Edition
© 2008 W.H.Freeman and Company



Planet moves
rapidly westward
along epicycle

Earth

Modeling retrograde motion

Figure 4-3c
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

Epicycle moves
slowly eastward
along deferent

As seen from Earth,
planet moves
westward
(retrograde motion)




Question 4.1 (iclickers!)

*Planets move past the background stars as seen by someone
of Earth. What 1s the normal direction of this motion?
*A) East to West because of the motion of the planet
along its orbit
*B) East to West because of the rotation of Earth
*C) West to East because of the motion of the planet
along its orbit

*D) West to East because of the motion of Earth along its
orbit



Copernican Revolution
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De Revolutionibus
was published in
1543, but he had
been circulating the
ideas for 30 years.

L
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Nicolaus Copernicus (1473—
1543): revolutionized our
understanding of our place in
the universe by introducing
the heliocentric (sun-
centered) model of the solar
system.

Aristarchus
suggested a
heliocentric model
in the 3" century
BC, but 1t didn’t
catch on.



- - 2.As Earth passes Mars in its
3.From point 6 to point 9, Mars orbit from point 4 to point 6,

again appears to move eastward ;. appears to move westward
against the background of stars against the background of stars

as seen from Earth (retrograde motion).
(direct motion).

Heliocentric explanation of retrograde motion

1.From point 1 to point 4,

Mars appears to move eastward
against the background of stars
as seen from Earth

(direct motion).
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Universe, Eighth Edition
© 2008 W.H.Freeman and Company

Maximum greatest elongation for Venus 1s 45°, and for Mercury
28°, so they can never be farther than that from the sun.



An inferior planet at
greater eastern
elongation is visible
at sunset

3 Greatest eastern
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Figure 4-6
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

An inferior planet at inferior
or superior conjunction is
only up in the daytime (it
cannot be seen at night)

A superior planet at

Opposition \l, G Suni@? Conjuonction
________________________ . . .
« _ |Inferior Superior| ~=gz SORIENCHION B only up

in the daytime (it
cannot be seen at night)

An inferior planet at
greatest western
elongation is visible
at sunrise

Question: You see a
very bright planet at
midnight (you know
it 1s a planet, because
planets don’t twinkle
like stars do). Is it
Venus?

Answer: Venus can never be farther than 45° from the sun.
Since there are 360° in the sky, and it rotates in 24h, the
celestial sphere rotates at 360°/24h=15°/hr. If Venus is at
greatest eastern elongation, 1t will set 45°/(15°/hr) = 3hr after
sunset. So 1t can’t be seen at midnight.
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Flgure 4-8

Universe, Eighth Edition
© 2008 W.H.Freeman and Company

Tycho Brahe (1546—1601)
Here shown at Uraniborg,
one of the two
observatories that he built
under the patronage of
Frederik II of Denmark
(though the telescope had
not yet been mvented).
Kepler later used Tycho’s
exquisite measurements.
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Figure 4-7
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

Parallax: Tycho Brahe
argued that if an object 1s
near the Earth, an
observer would have to
look 1n different
directions to see that
object over the course of
a night and its position
relative to the
background stars would
change. Tycho failed to
measure such changes
for a supernova in 1572
and a comet in 1577, and
concluded that these
objects were far from the
Earth.



Question 4.2 (iclickers!)

*Retrograde motion of a planet when viewed from Earth 1s
caused by

*A) The relative motions of Sun and planet

*B) Its elliptical orbit path

*C) The relative motion of Earth and planet

*D) The inclination of its orbit to the ecliptic plane



Astronomy picture of the day

i e - KGR
o Y e , ‘ s, -

- {“-w’ 'i



Question 4.3 (iclickers!)

*Copernicus used the fact that Mars can sometimes be seen
high in our sky at midnight to conclude that
*A) Earth can come between Mars and the Sun
*B) Mars and the Sun can never be on the same side of
Earth at the same time
*C) Mars can come between Earth and the Sun
*D) The Sun can come between Earth and Mars



Kepler Laws
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By analyzing Tycho
Brahe’s detailed records
of planetary positions,
Kepler developed

three general principles,
called Kepler’s laws, that
describe how the planets
move about the Sun.
Kepler was the first to
realize that the orbits of
the planets are ellipses
and not circles.

Universe, Eighth Edition
© 2008 W.H.Freeman and Company




Major axis

Semimajor axis Semimajor axis

The geometry of an ellipse

Figure 4-10a
Universe, Eighth Edition
© 2008 W.H.Freeman and Company
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Ellipses with different eccentricities

Figure 4-10b
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

Kepler’s first law: The orbit of a planet about the Sun
1s an ellipse with the sun at one focus.



Planet's elliptical orbit

Sun at one focus
of elliptical orbit

Perihelion:
where planet
is closest

to the Sun

Aphelion:
where planet
is farthest

Planet sweeps out equal areas from the sun

in equal time intervals

Figure 4-11
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

Kepler’s second law: A line joining a planet and the
Sun sweeps out equal areas 1n equal intervals of time.



Table 4-3 A Demonstration of Kepler’s
Third Law (P? = a°)

Sidereal

period Semimajor
Planet P (years) axis a (AU) P? a
Mercury 0.24 0.39 0.06 0.06
Venus 0.61 0.72 0.37 0.37
Earth 1.00 1.00 1.00 1.00
Mars 1.88 1.52 3.53 3.51
Jupiter 11.86 5.20 140.7 140.6
Saturn 29.46 9.55 867.9 871.0
Uranus 84.10 19.19 7,072 7,067
Neptune 164.86 30.07 27,180 27,190

Kepler’s third law states that P? = a? for each of the planets. The last two
columns of this table demonstrate that this relationship holds true to a
very high level of accuracy.

Table 4-3
Universe, Eighth Edition
© 2008 W.H.Freeman and Company



Significance of Kepler’s Laws:

Could describe the motions of the planets more
accurately than any scheme before.

Simpler than epicycles (so satisfies Occam’s Razor).

Helped to justify the heliocentric model.



http://apod.nasa.gov/apod/ap030714.html



Question 4.4 (iclickers!)

*Which of the following statements is true according to
Kepler’s third law?
*A) The smaller the orbit, the longer it takes for the planet
to complete one revolution
*B) The smaller the radius of a planet the more rapidly it
rotates on its axis
*C) The larger the orbit the longer it takes for the planet
to complete one revolution
*D) The time to complete one revolution of 1ts orbit
depends on the size or radius of the planet



Testing Models



Galileo Galilei
(1564—1642)

Galileo was one of the
first people to use a
telescope to observe
the heavens. He
discovered craters on
the Moon, sunspots on
the Sun, the phases of
Venus, and four moons
orbiting Jupiter. His
observations strongly
suggested that the
w12 o Earth orbits the Sun,
not vice versa.

© 2008 W.H.Freeman and Company



/—\ Numbers are angular
size of Venus 1n arcsec,

- e but mistakenly labeled
When Venus is on the

as degrees 1n figure.
opposite side of the Sun from

o= 24° a=15° the Earth, it appears full and has
. a small angular size.

Universe, Eighth Edition
© 2008 W. H. Freeman and Company

Fulla=10"
Sun

Crescent Crescent
a=42" a=42"

When Venus is at the greatest -

angle to either side of the Sun When Venus is on the

(at greatest western or eastern ‘ . same side of the Sun as the
elongation), it appears half . Earth, we seeitin a“new”
illuminated and has an Sl phase and with a larger
intermediate angular size. = angular size.

Figure 4-14
Universe, Eighth Edition
© 2008 W.H.Freeman and Company



Deferent of Sun

\

Epicycle of

Venus ¥y
\.

Deferent

of Venus
(revolves at
same rate as
deferent of Sun)

Figure 4-15
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

In the Ptolemaic model,
an Earth observer
would never see

the illuminated side

of Venus.




Figure 4-16
Universe, Eighth Edition
© 2008 W.H.Freeman and Company




. Prrwsinsg Jesu Early Observations of

%‘., Jupiter’s Moons In 1610
S0 wdne Galileo discovered four
2 S “stars” that move back and
e forth across Jupiter from
s one night to the
s next. He concluded that
i ling these are four moons that
< el G orbit Jupiter, much as our
Pmrtliz. 5 s s O Moon orbits the Earth. This
R N o I drawing shows notations
. * %X O made by Jesuit observers
N O » on successive nights in
—— % wdd x 1620. The circle represents

Jupiter and the stars 1ts
moons.
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Figure 4-17
Universe, Eighth Edition
© 2008 W.H.Freeman and Company



Arguments favoring
Heliocentrism over Geocentrism

*Observations:

*Phases of Venus

Stellar Parallax
*Against specific feature of Ptolemy’s model

*Moons of Jupiter

*Sun spots

*Moon spots
*Occam’s razor: simpler explanations of phenomena are more
likely to be correct. (“Razor” refers to shaving extraneous
details from an argument)



Question 4.5 (iclickers!)

*The one significant observation Galileo made through his
home-built telescope that convinced him that the planets

revolved around the Sun was
*A) the appearance of the Milky Way as a mass of
individual stars
*B) The discovery of rings around the planet Saturn
*C) The appearance of mountains and craters on the
Moon
*D) That the appearance of Venus followed a cycle of
phases, from crescent through quarter and gibbous phases
to full phase



Summary

Planets appear to move on the sky mostly West to East but
occasionally with “retrograde motions”

The ancients thought that the Earth was at the center of the
solar system and that planets moved in spheres around the
Earth

— epicycles explained retrograde motion

In the modern Heliocentric model, the planets go around the
sun (copernican model)

— What pieces of evidence show that the Geocentric model is false?

Kepler’s Laws
— The orbits of planets are ellipses
— A planet’s speed varies along the orbit
— The period of the orbit is related to the size of the orbit



The End

See you on Wednesday!



