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The star chart background was produced'on aMacintosh with the Voyager 1l program, and is
. ©1988-93 , 830 Williams St., San Leandro, CA 94577, (510) 352-7328. Used
under license. .
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Aswe enjoy great Advantages from the Inventions of others we should be glad of an Opportunity to serve
others by any Invention of ours, and this we should do freely and generously.

— Benjamin Franklin, from The Autobiography of Benjamin Franklin, Chapter X

Open Courserefers to the sharing of educational materials with minimal restrictions, usually in the
context of new digital technologies available through the World-Wide Web. Its purpose is the broadest
possible dissemination of knowledge, in keeping with academic tradition and counter to the current trend
toward the commercialization of education.

The principles of Open Course are described more fully here: The Open Course Organization and the
TLT Group.

The Massachusetts | nstitute of Technology is amajor promoter of Open Courses. MIT Open
Coursaware.

Varsity Notes provides an independent directory of freely available course materials.

The Open Course Licenseis not fully developed yet, so for now the following will have to suffice: Open
Course License 0.1.
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Education is what sur_vives when what has-been learned

has been forgotten. e .
- -- B. F. Skinngr, New Sciéntist, 1964 May 21
. - i .

u -

+ . _ = + "

This Web-based course, or "webbook", is a college-level, semester-long, non-cal culational
introduction to astronomy (it may also be suitable for a high school course). It was initiated
while | was a teaching affiliate in the Physics Department at Emory University in Atlanta,
Georgia. | taught the class for many yearsin atraditional manner using a blackboard, models,
¥ slides, transparencies, and video, but was frustrated by many aspects of it. If | attempted to
cover all of the material | wanted to discuss, | had to proceed very quickly, resulting in much
information only "in the air" rather than written on the blackboard. Images | drew were
necessarily schematic and even then were difficult for the students to reproduce in their notes.
Many of the concepts | was presenting involved motion or other changes with time, and
sequential images and/or arrows on a blackboard are not as descriptive as a real animation.
When | used slides and videos, they were not generally accessible to the students for review.
The common result was that the students' record of the course material was often poor, and
ll their understanding suffered.
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Also, | found that the students | was teaching we chang ng. Th had more difficulty
absorbing and integrating information, especially when presented textually. They were
becoming less focused and more easily bored. A traditional "chalk talk" could easily lose their
attention.

| was therefore pleased when | began to find many digital images of astronomica phenomena
[ appearing on the World-Wide Web. (Astronomy Picture of the Day has been afavorite place to
discover new and interesting images of the cosmos.) These photographs could be easily
S i ntegrated together with text, animated images, video, and sound to form the basis for class
presentations, as well as arecord that the students could use later for studying. In addition to
addressing the issues described above, it becomes possible to spend more time on areas of
l difficulty (Just-in-Time Teaching) or with in-depth inquiry-based activities.

The order of presentation of the material differsfrom all of the astronomy textbooks | have

seen, though it is largely inspired by the early editions of Discovering the Universe, by William §
N J. Kaufmann 111, in which a comparative approach is emphasized. It is certainly also influenced |

by the fact that | am a physicist first and an astronomer second.

Asis common in introductory astronomy textbooks, the Foundations section discuss early
astronomy and astronomical technology. This resultsin an amost complete overview of basic
physics, but other sources usually leave important pieces of physics out, waiting until
absolutely necessary to introduce them to explain astronomical phenomena. | found this
approach to be very fragmentary, and | believe a more complete, self-consistent introduction of
Ml physics provides a better foundation for understanding our universe. Therefore, if a physical

Bl principleis used to understand astronomy multiple times, or if it closaly fitsin with the
overview, | haveincluded it in the Foundations. When the principle shows up again, it
provides an opportunity for comparison and review, which enhance comprehension. Only if a
physical principleisrelatively isolated, conceptualy, isit introduced later.

| have also long been puzzled by the lack of discussion of the concept of energy in introductory
astronomy textbooks, the conservation thereof being so important in physics and astronomy.
The term is commonly used, but never fully defined, except in afew instances, such asin
special relativity. | have therefore provided a complete though basic treatment of the subject.

3 Other conservation laws (mass, charge, angular momentum, etc.) are also mentioned.

B After Foundations | have taken yet another deviation from the "standard", by placing the Stars
section before the Planetary Systems section. Thisis for two reasons, the primary one being

jl that the formation and death of stars are necessary precedents to the formation of planetary
systems, and so | feel it helps to have an understanding of the former processfirst. In addition,
with stars there is a greater opportunity to apply or reapply much of the physicslearned in
earlier chapters, and so reinforce it sooner.
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Not surprisingly by now, the Planetary Systems chapters have their own uncommon order,
beginning with a general consideration of what we know about observed planetary systems,
followed by a discussion of the smallest objects (dust, comets, asteroids, and icy asteroids),
proceeding to the smaller terrestrial worlds (Mercury and the Moon), the Jovian Moons, and
then the larger terrestrial worlds (Earth, Venus, and Mars). The Jovian worlds round out the
section. Inthisorder | can progressively discuss cratering, the existence of water and

Bl atmospheres, etc., and apply Kaufmann's comparative approach.

The course ends in the usual way with a Galaxies and the Univer se section. | haven't seen
much uniformity in the way that the Universe is discussed, but I've organized it with an initial
presentation on its structure as we understand it now, followed by its past and future evolution.

| have always made these web presentations available to the entire Internet, and it has been
gratifying to recelve so many positive responses from students, teachers, and others who have
discovered them and learned from them. Although | am no longer at Emory, | am pleased to be
able to continue to develop and publish these educational materials.

gl | encourage questions, comments, suggestions, and corrections.

Scott R. Anderson, Ph.D.

gl Sandia Research and Computing Associates
Albugquerque, New Mexico, USA

o
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j Star charts are produced on a Macintosh with the Voyager |1 program, and are ©1988-93
I Carina Software, 830 Williams St., San Leandro, CA 94577, (510) 352-7328. Used under

license.

©2002 Scott R. Anderson

Last Update: 2002 February 13
Please send questions, comments, suggestions, or corrections to srca@mindspring.com.

The material on this website may be reused as described under the Open Course License.

| The Gateway to Educational Materials (GEM) is
the key to one-stop, any-stop access to thousands |
of high quality lesson plans, curriculum units and
other education resources on the Internet! GEM is

aproject of the U.S. Department of Education. The Introduction to Astronomy Webbook is

catalogued in the Gateway, and Scott R. Anderson is a member of the GEM Consortium.
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Introduction to Astronomy

. -
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Le_ctUre 1: The Scien'qe of-*As_tronomy

+
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SClence IS S|mply£ommon sehse at its best --that is,
rigidly accurate in observatlon and mercHess to fallacy in
logic. - . .

+ - - + L]
- [l

—_— . ' ' -- Thomas H. Huxlé‘y, . . 1879
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1.1 What is Astronomy?

(Discovering the Universe, 5th ed., 8I-0, 8I-1, §I-3)

Astronomy initially began tens of thousands of years ago as a descriptive science,
tracking the motion of the Sun, Moon, planets, and stars.

Nowadays, astronomers mostly concern themselves with understanding the "why" of
astronomical phenomena, e.g. what a star consists of, why it emitslight, etc.

These subjects will be the main topics of this course.

The term "astronomy" means the "laws of the stars", and is therefore very appropriate.

Understanding astronomical phenomena requires extensive application of physics,
hence most astronomers call themselves astrophysicists.

Other fields of knowledge that are useful in astronomy include chemistry, geology, and,
increasingly, biology.

1.2 The Scientific Method
(Discovering the Universe, 5th ed., 81-2, 8I-3)

. In astronomy, the scientific method is extensively used:
. New observations are made

. Theories are developed to explain the observations in terms of the already
accepted body of knowledge.

. If two or more theories explain the same observations, the principle of Occam's
Razor statesthat the ssmplest theory isthe best.

. A theory which explains alarger number of observationsis aso better

Such atheory will often replace a previously accepted theory.

+
|}
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5. A good theory can be used to make predictions, which can be confirmed or
refuted by subsequent observations.

. For example, it used to be believed that the planets revolved around the Earth.

However, detailed observations of their motions could not be explained unless
complicated additions were made to this model.

Ultimately, the model was replaced by the ssmpler theory that the planets revolve
around the Sun.

1.3 Numbers, Numbers, Everywhere

] (Discovering the Universe, 5th ed., §1-2)

. Comparisons of different astronomical objects require the use of numbers, e.g. whichis
bigger, the Earth or the Sun?

. To describe the wide range of values that show up in astronomy, power-of-ten notation
IS used:
1012 = 1,000,000,000,000 = trillion=tera=T

10° = 1,000,000,000 = billion = giga= G (commonly pronounced with both hard and
soft "g")

106 = 1,000,000 = million = mega=M

103 = 1000 = thousand = kilo = K (officially lower case)
102 = 100 = hundred

101 =10 =ten

100=1

. The exponent means that you are multiplying 10 together that many times, e.g.
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103 =10 x 10 x 10 = 1000.

A simple rule to determine the exponent is to count the number of zeros.

The abbreviations on the right are simpler to use and are therefore very common.

Continuing to fractional powers of 10, negative exponents are used:
101=0.1 =tenth

102 = 0.01 = hundredth = centi = ¢

10-3 = 0.001 = thousandth = milli = m

10-6 = 0.000001 = millionth = micro = p (Greek letter mu)

10-9 = 0.000000001 = hillionth = nano = n

10-12 = 0.000000000001 = trillionth = pico = p

A simple rule to determine a negative exponent is to count the number of places to the
right of the decimal point, up to and including the first non-zero digit.

Numbers in between the powers of ten, e.g. 5237, can be written more compactly as
5.237 x 103, and even more simply as 5.237 K.

Thisformat isformally known as scientific notation.
Generally each subsequent non-zero digit in anumber is less "well-known" or precise
because it is harder to measure.

Therefore, we will usually not specify more than 2 or 3 digits.

+
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1.4 Physical Quantities

(Discovering the Universe, 5th ed., §I-2)

. Wewill be using several fundamental physical quantitiesin this class:

o Angle

o Distanceor length

o Time

o Mass: acharacteristic of an object which partially defines the force of gravity it

feels (itsweight).
Mass also describes an object's resistance to a change in its motion (inertia).

Mass is always positive or zero.

Conservation of massis afundamental law of nature; it can neither be created
or destroyed.

Note that weight and mass are not the same!

An object with mass only has weight if another object (e.g. a planet) is nearby to
provide a gravitational field.

So, for example, your weight on the Moon isonly 1/6 of what it is on the Earth,
but your mass is the same.

Electric Charge: acharacteristic of an object which partialy defines the forces
of electricity and magnetism it feels.

Benjamin Franklin performed many experiments in electricity, and he discovered
that electric charge can be positive, zero, or negative.

Conservation of electric chargeis aso afundamental law of nature; the total
amount is zero, so if you find some positive charge somewhere, there must be an
equal amount of negative charge somewhere else!

In nature there is afundamental electric charge (€), which is characteristic of
atomic particles, and all other charges are an integer multiple of that value.

For example, the electron has charge -e, and the proton has charge +e (per
Franklin's arbitrary choice).
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Question: What isthe charge of the neutron?

. Wewill also be using many other quantities which depend on the above, e.g.

o Volume: length x length x length

o Density: mass/volume

0 Speed: distance/time

o Electric Current (the flow of electric charge): electric charge/time.

1.5 Units

(Discovering the Universe, 5th ed., 81-2)

. Each of these physical quantities are described by one or more units, which are al related
to each other by some conversion factor:

o Angle: 1 revolution = 360 degrees = 2 pi radians

Distanceor length: 1 meter = 1.094 yard

1 yard = 3 feet
1 foot = 12 inches
1 mile = 5280 feet

1 minute = 60 seconds

1 hour = 60 minutes
1 day = 24 hours
1 year = 365.25 days
Mass: gram = the mass of 10-6 cubic meters of water
(one teaspoon has about 5 grams of water)

Electric Charge: e

1 Ampere-hour = 2.25x 1022 e
(aD-cell battery provides about 3 Ampere-hours)
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Rather than electric charge, you are probably more familiar with:

o ElectricCurrent:  Ampere = 6.24 x 1018 e/second

Asin all sciences, we will use the I nternational System (commonly known as the
metric system), aprecisely defined set of units maintained by the International Bureau of

Weights and Measures in Sevres, France.

The fundamental units are meter for length, second for time, gram for mass, and Ampere
for electric current.

In physics, the kilogram (1000 grams) is more commonly used.

All units have standard abbreviations, which we will use regularly:
o Angle: revolution = rev

degree="°
Distanceor length: meter = m

mile = mi
Time: second =s="
minute=min="
hour = h
day =d
year =y
M ass: gram=g

ElectricCurrent:  Ampere=A

. Combined with the previous numeric abbreviations we have avery flexible, compact
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notation for describing physical qutiti%:

kilometer = Km = 1000 m (~5/8 mile)
centimeter =cm=0.01 m (1inch =254 cmby U.S. law)

kilogram = Kg = 1000 g (1 Kg has aweight on Earth of 2.2 pounds)
gigayear = Gy = 109y (age of the universe ~13 Gy)
milliAmpere = mA = 10-3 A (common current used by electronic equipment)

megabyte = MB = 106 B (abyte is the computer memory required to hold one character)
« Note the symbol ~, which means "about" or "approximately"

. Let'sconsider some astronomical distances:

6.4 x 103 Km
=6.4Mm

3.8x10°Km 25x 103 AU
=380 Mm =25 mAU

3
Earth-Sun 15X 10°Km 1AU 8.3Imin

=150 Gm

5.9x 109 Km
Sun-Pluto = 5900 Gm 39 AU

=59Tm
;”;’Neam 40x 1013Km 2.7 x 105 AU 421y

Sun-Center of 2.8x 1041y
17
Galaxy 2.6 x 10+ Km — 28Kly
Nearest

Comparable 19 2.2x 106y
Galaxy 2.1x 107 Km —22Mly
(Andromeda)

Farthest we ~1.3x 1010y

- 23
can see 1.2 x 104> Km -~ 13Gly

Earth's Radius

Earth-Moon

324 Imin
=6.2x 1041y

. A more useful measure for interplanetary distancesis the astronomical unit
(abbreviated AU), defined as the average distance between the Earth and the Sun:

= +
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"1 AU = 1.496 x 108 Km

For interstellar distances, it is easiest to use the light year (abbreviated ly), defined asthe
distance that light travelsin one year:

1ly =9.46x 1012Km=6.32x 104 AU

For galactic and intergal actic distances, astronomers use Kly and Mly, respectively.

Within the solar system, it is also possible to use the light minute:
1Imin=1.80x 10’ Km=0.120 AU
avisual representation of distance powers-of-10 can be observed at the National

High Magnetic Field Laboratory (requires Java). Thanks to former Emory student Mindy
Tabin for bringing this to my attention!

Bl 1.6 Angular Measurement
(Discovering the Universe, 5th ed., 8I-2)

. [For observational astronomy, acommon tool is angular measurement, which describes
the apparent size of an object (angular diameter), or the apparent distance between two
objects (angular separation), as viewed from the Earth:

For example, the Moon has an angular diameter of 1/2°.

We say that the Moon subtends 1/2°.

-2
+
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The Andromeda Galaxy is even larger than the Moon; it
subtends angles of 1° by 3°:

When objects are magnified in atelescope, the field of view (the portion of the sky we
can see) gets smaller and smaller.

Therefore, small angular sizes are very common.

To talk about fractions of a degree, astronomers use the minute of ar c and the second
of arc:

1° =60 arc min = 60'
1'=60 arc sec = 60"

Note that thisis the same relation to the degree that minutes and seconds have to the
hour.

So, the Moon subtends 30'.

Note that angular measurement depends on how far away something is!

So, Venus will have awide range of angular diameters because its distance from the
Earth is constantly varying:

Venus closest: 1.0' = 60"

Venus farthest: 0.16' = 9.7"

Similarly, the Moon's distance changes, so it has an angular diameter between 32.7'
(closest) and 29.6' (farthest), and the Sun varies between 32.5' (closest) and 31.5'
(farthest).

Question: What would happen if the Moon passed in front of the Sun?

Stars are so far away that they have angular diameters of zero, i.e. they are point
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1.7 The Parsec
(Discovering the Universe, 5th ed., 8§1-2)

« Angular measurement can be used to define yet another measure of linear distance,
which arises naturally out of observational astronomy.

An angle aiisrelated to the arc length s it subtends along a circle and the radius r of the
circle:

The exact relationship is

Obvioudly, the larger the angle a is, the larger swill be. .
‘

s=kra

where k is a constant that depends on the units used (e.g. if ais measured in radians and
sand r are measured in the same units, then k = 1).

When the Earth movesin its orbit, nearby stars can be observed to move against the

static background of far-away stars.

This apparent motion of an object due to the motion of the observer is known as
par allax.

You are familiar with parallax from riding in a car: trees outside appear to move past
you when in fact it is you that moves.

an animation of stellar parallax can be observed at Cornell University (requires

Java).

*

+ - - +
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. Theangular change a in the position of a star when the Earth moves depends on how far
away it is; the further it is, the smaller the parallax.

Comparing with the previous picture of acircle, we can see that thereisasimple
relation between the distance to the star r, the angle of parallax a, and the distance
through which the Earth moves s.

r = gka
If sismeasured in AU, a is measured in seconds of arc, and kis set to 1, then

r=1AU/a,

and r isaunit called a par sec (abbreviated pc).

So, if astar exhibits a maximum parallax of one second of arc when the Earth has
moved through 1 AU, it is one parsec away.

Question: In three months time, the star Kriiger 60 exhibits a maximum parallax of 1/4
arc sec. How far away isit?

Even if one doesn't know what an AU is (and for along time no one did), the parsec can
still be used to describe the relative distance to nearby stars.

Once the value of the AU was determined, it could be calculated that 1 pc = 3.26 ly.

|

+
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Carina Software, 830 Williams St., San Leandro, CA 94577, (510) 352-7328. Used under

license.

©1996-2001 Scott R. Anderson

L ast update: 2001 June 4
B Please send questions, comments, suggestions, or corrections to srca@mindspring.com.

[l The material on this website may be reused as described under the Open Course License.

. j The Gateway to Educational Materials (GEM) is
N e the key to one-stop, any-stop access to thousands

of high quality lesson plans, curriculum units and
other education resources on the Internet! GEM is
aproject of the U.S. Department of Education. The Introduction to Astronomy Webbook is
catalogued in the Gateway, and Scott R. Anderson is a member of the GEM Consortium.

.
- - "

http://www.opencourse.info/astronomy/introduction/O1.astronomy_science/ (13 of 13) [3/3/2008 1:44:53 PM



mailto:Scott R. Anderson <srca@mindspring.com>
http://www.opencourse.info/ocl/

Open Course : Astronomy : Introduction : Lecture 2 : Motion of Stars and Sun

Introduction to As—trc_)_nom_f

Lecture 2: The I\/Iotlon of the Stars and
the Su,n

. " . -. +
The fault, dear Brutus, is not in our stars,
Butin ourselves, that we are underlings.

. * ] :
-- Wllliam' Shakespeare, Julius Caesar
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2.1 The Stars
(Discovering the Universe, 5th ed., 81-0, 81-1)

. The human eye can see about 6000 stars without aid.

The picture below covers afield of view of about 70° x 46°, roughly 5% of the entire

. The stars are grouped into constellations.

Most of these are the same ones described by the ancient Greeks and Babylonians,
although the southern hemisphere has many that were "created" by European explorers
afew centuries ago.

The ancients thought of the constellations as representing mythical figures such as
Orion the Hunter and Taurus the Bull.

+
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. Nowadays we often think of constellations as "stick figures”, consisting of lines
connecting the mgjor stars.
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. Thesefiguresleave out many stars and other objects, including those that require
telescopes to be seen.

So, astronomers now think of a constellation as one of 88 regions that divide up the sky
and completely cover it.

Any object can now be said to lie in one constellation or another.

+ -
L - . +
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Many stars have names from Arabic or Greek, e.g. Betelgeuse means "armpit” in
Arabic.

The stars are also given names such as "Alpha Orionis’, using letters from the Greek
a phabet followed by the constellation name.

After that, numbers are typically used, e.g. "37 Orionis".
This ordering istypically (but not always) according to brightness.

Extra: an extensive listing of common Star Names and their meanings.

Extra: purchased star names are not recognized by any scientific organization. See the
Naming Stars statement by the International Astronomical Union for more information

on how astronomical names are actually selected.
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> > The Celestial Sphere

(Discovering the Universe, 5th ed., §1-3)

« Animportant characteristic of the starsisthat they have relatively fixed positions with
respect to each other, i.e. the constellations do not change with time.

o The stars do actually move, but this motion is only noticeable to the unaided eye
after along time, tens of thousands of years or more.

o Nearby stars also exhibit parallax, but thisis only visible in atelescope.

Although the stars have many different distances from the Earth, thisis not
distinguishable with the naked eye (again, it requires a telescope).

It istherefore useful to think of
the stars as being "painted” on
theinterior surface of alarge
sphere centered on the Earth,
called the celestial sphere.

Asyou are no doubt aware, the
Earth rotates once a day.

We cannot detect this motion,
however, so it appearsto us as
if the stars (and Sun and Moon
and planets) are rotating around
us: they rise in the east and set
in the west, once a day.

Thisiscaled diurnal motion.

We can imagine diurnal motion as being due to the "rotation" of the celestial sphere
around the Earth.

Picture Information
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. Thismotion
can beseenin
the time-lapse
photograph at
theright,
centered on the
north pole of
the celestial
sphere.

2.3 Latitude and Longitude

(Discovering the Universe, 5th ed., §1-4)

. Itisuseful to be able to precisely specify positions on the celestial sphere.
S0, a set of coordinatesis used that is similar to latitude and longitude on the Earth.

The system of latitude and longitude was first suggested by Hipparchus, a Greek
astronomer in the 2nd C. B.C.
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« Recadl that the Earth'srotation axisis
aline that passes through the
geogr aphic poles (the North and
South Poles), and the center of the
Earth.

The Earth rotates around this axis,
leaving the poles fixed.

: : aip W SR W
The equator isacircleon the Earth's 1ong ez

surface that is perpendicular to the
axis and equidistant from the poles.

Itisagreat circle becauseitis
centered on the Earth's center, making
it aslarge as possible.

The northern hemispher e isthe half of the Earth north of the equator, and the
southern hemisphereisthe half south of the equator

. Any circle parallel to the equator is called acircle of latitude.

The angle (with vertex at the center of the Earth) between agiven circle of latitude and §
the equator describes that circle and any point on it.

So, the North Poleis at 90° north latitude, the equator itself is0° latitude, and
Johannesburg, South Africais roughly 30° south latitude.

. Any semicircle passing through the polesis called ameridian of longitude.

One of these is designated as the prime meridian, namely the one passing through the
Royal Observatory in Greenwich, England (just outside L.ondon).

The angle (with vertex at the center of the Earth) between a given meridian and the
prime meridian describes that meridian and any point on it.

So, Johannesburg is at 30° east longitude.

Note that 180° west longitude is the same meridian as 180° east longitude.
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2.4 Celestial Coordinates
ll (Discovering the Universe, 5th ed., §1-2)

. We describe the celestial sphere using asimilar
geographical notation:

o The North Celestial Poleisthe point on
the celestial sphere directly above the
Earth's North Pole.

Similarly, the South Celestial Poleis
directly above the Earth's South Pole.

The star Polaris, in the constellation Ursa
Minor, islocated very close to the North
Celestial Pole.

Polarisistherefore also called the North
Star. : South Celestial Fole

Question: can you identify Polarisin the photo of the polar sky above?
o Thecelestial equator isdirectly above the Earth's equator.

. Positions on the celestial sphere can also be measured relative to these markings,
although different names are used besides latitude and longitude.
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. Declination correspondsto latitude, and is

measured in the same way, but relativeto ~ Merth Cew
the celestial equator (0° dec). +0° Dec

The north celestial poleis at 90° north : \ 130 D
declination (+90° dec). The south celestia

poleisat 90° south declination (-90° dec).

J/j 30 '
Circles of constant declination are all ® %Elljaﬁ / 0® Dian
\ =30 Den

parallel to the celestial equator.

—E-I:I“ Deac

South Celestial Fole | —90° Dec

. For any position on the surface of the Earth,
the point on the celestial sphere that is directly
overhead is called the zenith.

Since the Earth and the celestial sphere are
concentric, simple geometry shows that the
zenith will always have a declination equal to
the latitude of the observer (such asfor
Atlantain the picture).

FGouth Celashal Fole
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. A star's position along acircle of
constant declination is described by a
second number called right
ascension.

Right ascension corresponds to
longitude, but different units are used.

Instead of 360°, acircleis broken into
24 hours of right ascension.

So, 360° =24 hR.A., 15° =
and 1° =4 min R.A.

1hRA.

Note that hours of right ascensionisa
unit of angle, not time, although there

Morth Celestial Pole

lih 200k 22|h

South Celeshal Pele £

is an obvious connection due to the daily rotation of the celestial sphere.

Right ascension is measured from the celestial meridian, chosen to be O h R.A. (which

iIsalsothesameas24 hR.A))

The celestial meridian is a semicircle connecting the celestial poles and passing through

aparticular point on the celestial equator called the ver nal equinox (defined below).

Question: to what position on Earth is the vernal equinox analogous?

Right ascension increases from west to east (note that we are looking at the exterior of

the celestial sphere in the above picture).

+ -
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« With the two numbers of
declination and right ascension,
the position of any object in the
sky can be precisely described.

Question: what isthe
approximate position of the
galaxy shown?

2.5 The Motion of the Sun

(Discovering the Universe, 5th ed., 81-6)

. Although the stars are
fixed relative to each
other, the Sun moves
relative to the stars.

uhmmalEc%im:-x
B

Once ayear, the Sun 12hEA D
traces out acircle on

the celestial sphere

called the ecliptic.

Theeclipticistilted at

an angle of 23.5° with . .
respect to the celestial iauﬂﬁf_ﬁlﬁcﬁec
equator.

(The Moon and
planets also move near the ecliptic.)

Soath Celeshal Fale

. . curmer Solshce
W e~ 4T G WA 235 Dec

h;@.ﬂamal Equinie:
0 hEA 0° Do

Jouth Celeshal Fole

. The Sun crosses the celestial equator at exactly two points, called equinoxes, from the
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Latin for "equal nights" (for reasonswe'llseelat).

The equinox where the Sun ascends from the southern to the northern hemisphereis
called the spring or ver nal equinox because the Sun is there on March 21.

The vernal equinox ischosento beOh R.A.

The Sun again crosses the celestial equator halfway around, at 12 h R.A.

This position is called the autumnal equinox because the Sun is there on September 23.
The positions where the Sun reaches its highest and lowest points are called solstices,
from the Latin for "the Sun stops" asit changes direction.

The Sun is highest in the sky (in the northern hemisphere) whenitisat 6 h R.A.

This position is called the summer solstice because the Sun is there on June 21.

The Sun then has a declination of +23.5°.

The Sun islowest in the sky (in the northern hemisphere) whenitisat 18 h R.A.
This position is called the winter solstice because the Sun is there on December 21.

The Sun then has a declination of -23.5°.

.
"
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2.6 The Local Horizon
(Discovering the Universe, 5th ed., 81-6)

. Toan observer on the Earth, only one half of the celestial sphere can be observed at a
time.

Asaresult, in Atlanta Zenuth (307 Alt)
the sky appears

roughly as shown at

the right.

Thelocal horizon,
often just called the 5

horizon, isthecircle " # 180° Amu)

that divides the Earth E 0° Alt, 20" Azm)
and the sky from each other.

The compass directions north, south, east, and west are marked along the horizon.
North will be underneath the north celestial pole.

When we face north, east is on our right and west is on our |eft.

Another coordinate system that is commonly used to locate objects in the sky isthe
altazimuth system, which is based on the local horizon.

The altitude of an object is the angle between it and the horizon.

The horizon has an altitude of 0° and the zenith has an altitude of 90°.

The azimuth of an object is the angle between it and north, measured clockwise along the
horizon.

North has an azimuth of 0°, east has an azimuth of 90°, south has an azimuth of 180°, and
west has an azimuth of 270°.

Thelocal meridian, often just called the meridian, isasemicircle that passes through the
celestial poles and the zenith.

Question: the local meridian is a projection onto the celestial sphere of what previously
described item on the Earth?
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. Note that the horizon, zenith, and meridian are fixed relative to the observer; hence the
stars and sun will move past them with time.

Question: what happens to these items when the observer moves to a different location on
the Earth?

Simple geometry shows that the angle
between the zenith and the celestial
equator (i.e. the zenith's declination) must

also be the angle between the north Coloct ~

celestial pole and the north horizon. Equater %, _—]

Since the zenith's declination is equal to
one's latitude, Columbus was always able =
to determine his latitude when he crossed
the Atlantic Ocean by measuring the altitude of Polaris.

Hon=on

During the summer, the Sun islocated near the
summer solstice, north of the celestial equator.

In Atlanta, it therefore appears high in the sky
at trangit, 33.7° - 23.5° = 10.2° away from the
zenith.

During the winter the Sun is near the winter Hoon 1 Atlanta
solstice, south of the celestial equator.

In Atlanta, it therefore appears low in the sky at transit, 33.7° + 23.5° = 57.2° away from
the zenith.
At alatitude of 23.5° N, the tropic of Cancer, the Sun just reaches the zenith on the

summer solstice.

At 23.5° S, thetropic of Capricorn, it just reaches the zenith on the winter solstice.

- *
.
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Moon at tropae of Cancer Moon at tropae of Capricom
Between these |atitudes (the tropics), the Sun crosses the zenith twice during the year.
Tropic isfrom the Greek for "turning”, again describing the Sun's motion at the solstice.

Cancer and Capricorn are the constellations where the Sun islocated at the solstices (or
rather where it was located in 500 B.C...).

The closer the Sun isto the zenith, the more concentrated its :%g;
light is on the Earth's surface, so the more energy it transfers.

Thisiswhy summer iswarmer and winter is colder, and why %
the tropics are warm year round.

2.7 Day and Night
(Discovering the Universe, 5th ed., §1-4)

. We define the synodic day as the time for the Sun to transit twice.

The synodic day is defined to be exactly 24 hourslong, i.e. it isthe "day" you are
familiar with.

. Whenthe Sunisat transit we say it is 12 noon.

Since this can only happen at one longitude at atime, it used to be that every town had
itsown "time zone".
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Thiswas a nightmare for the railroads to keep track of, so in the 19th cenury they
convinced Congress to implement time zones, breaking up the country into four broad
areas that shared the same clock time.

This meant that, for most places, noon no longer occurred when the Sun was at transit,
but it ssmplified scheduling, especially when broadcast radio and TV came along.

Atlantais on the western edge of the Eastern Time Zone, so the Sun doesn't transit until
12:40 P.M. EST (1:40 P.M. EDT).

Asthe Sun rises and approaches the meridian, it is "before the meridian" or ante
meridian (A.M.).

Asthe Sun sets toward the horizon, it is "after the meridian” or post meridian (P.M.).

Because the Sun is so bright, we can only see the stars at night.

These are the stars on the opposite side of the celestial sphere from the location of the
sun.

But which stars we see depends on the time of the year, because the Sun moves along
the ecliptic!

The Sun moves about one degree, or 4 minutes of RA, along the ecliptic every day
(360°/365 d).

This solar motion means that a particular star will rise (or transit, or set) about 4 min
earlier on each subsequent night.

The sidereal day is defined as the time for a star to cross the meridian twice.

The sidereal day isequal to 23 h 56 min 14 s.

S
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- Look in the calendar, and bring me word..
Lo ; ‘ .
P -- Shakespeare, Julius Caesar
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l3.1 The Solar System Viewpoint

(Discovering the Universe, 5th ed., 81-4, 81-6)

. We now know that the diurnal motion of the stars and the Sun is due to the Earth's a
rotation.

In addition, the movement of the Sun along the ecliptic is actually because of the Earth's
revolution around the Sun.

. Let'snow consider the point of view where we are fixed with respect to the stars,
located above (north of) the Earth, looking down on it and observing these motions.
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First we notice that, looking down on the Earth's north pole, it is
rotating counterclockwise.

Such arotation is essentially a definition of a"north pole".

The side of the Earth facing the Sun isin daylight, and the side away
from the Sunis at night.

Twelve noon would be halfway through the daylight portion, and twelve midnight
would be on the opposite side of the Earth, halfway through the night portion.

The Sun sets around 6 P.M. aswe are carried into the dark side, and rises around 6 A.M.
aswe are carried back into daylight.

Since the Sun risesin the east and sets in the west, these directions must be defined in
terms of the rotation: east isin the direction of rotation and west is opposite to that
direction, no matter where we stand on the surface of the Earth.

Continuing further "north", we are able to see the Earth's orbit
around the Sun.

The Earth's orbit is very nearly circular, and it definesaplane in
space called the plane of the ecliptic.

As the Earth moves around the orbit, we say that the Earth
revolves around the Sun (to distinguish this motion from rotation).

The Earth's revolution is in the same counterclockwise direction as its rotation.

+
|}
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. Because of the revolution of the Earth, stars
shift their position relative to the Sun.

For example, in the picture at the right
(representing the passage of about two
months' time), a star which was overhead at
midnight (i.e. directly opposite the Sun) is
now overhead at adifferent time.

Question: about what timeisit in the
second position?

As aresult of the Earth's revolution, from
day to day a particular star will transit (or
rise, or set) at earlier and earlier times.

Thisisthe same 4 min/day differentiating the sidereal day from the synodic day.

B 3 2 The Tilt of the Earth's Axis

(Discovering the Universe, 5th ed., §1-6)

. Moving from directly above the Earth's orbit down outside one edge of the orbit, we can |
get a perspective view.

We then observe that, with respect to the perpendicular to the ecliptic plane (which
points to orbital north), the Earth's axisistilted at an angle of 23.5°:

Equivalently, we can say that the Earth's equator is at an angle of 23.5° to the

+
+
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ecliptic plane.

Thetilt angle isfixed, so the Earth's axis maintains the same orientation with
respect to the stars as the Earth revolves around the Sun.

When the Earth's north pole is tilted directly towards the Sun, the latter is highest in the
sky (in the northern hemisphere), which is what we called the summer solstice.

Herein Atlanta, the Sunis 33.4° - 23.5° = 10.2° away from the zenith at the summer
solstice.

When the north poleistilted directly away from the Sun, the latter islowest in the sky
(in the northern hemisphere), which is the winter solstice.

Herein Atlanta, the Sunis 33.4° + 23.5° = 57.2° away from the zenith at the winter
solstice.

As before, the intermediate positions are the vernal and autumnal equinoxes.

Here in Atlanta, the Sun is 33.7° away from the zenith at the equinoxes.

Note that (in the northern hemisphere) daytime (the light part of the circle the personis
standing on) islongest at the summer solstice, and it is shortest at the winter solstice.

Question: what effect will this have on daily temperature?

Daytime and nighttime have roughly equal length at the equinoxes, hence the
name,which means "equal night".

+

- t
L -
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3.3 Precession
(Discovering the Universe, 5th ed., 81-7)

. TheEarth is not a perfect sphere; instead, it is dlightly oblate, i.e. it bulgesin the middle
along the equator.

This bulge is due to its rotation and the fact that it is not completely rigid.

As aresult, the equatorial diameter is 43 Km greater than the polar diameter, a
difference of 0.34%.

Because the force of gravity
weakens with distance, the

Sun and Moon have non-

uniform gravitational forces =
on the Earth, pulling harder on “7.%
the near side of the bulge than

on the far side.

This differential gravitational forceiscaled atidal force.

Basically, the Sun and Moon try to "straighten” the rotation axisto bring it in line with
the orbital axis.

However, instead of straightening, the Earth's rotation
axis precesses, i.e. it exhibits a slow, conical motion
around the orbital axis.

Precession is the same effect you see with a top.

Aslong asit is spinning, the top does not fall over,
and likewise the Earth's axis won't straighten.

The Earth's precession isavery small effect; it takes
26,000 years for the axis to make one full circle!

Currently the Earth's axis points within a degree of the star Polaris, and it will slowly

get closer until around the year 2100, when it reaches a minimum separation of 27
minutes of arc.

Almost 5000 ears ago the Earth's axis pointed towards the star Thuban in the
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congstellation of Draco, and this star was used by the ancient Egyptians as their pole star.

In 6,000 years the Earth's axis will point towards the star Alderamin in Cepheus, and in
12,000 yearsit will be near Vegain Lyra.

The Earth's precession can be easily observed by standing at the Earth's north pole,
where the north celestial poleis at the zenith, and watching how that point changes over
time (note the year in the lower-left corner):

The circle traced out by the north
celestial pole can aso be observed
on the celestial sphere.

Two different positions, now and
13,000 yearsin the future, are
noted in the picture at the right.

Asthe precession of the axis
occurs, the orientation of the
celestial equator will also change,
sinceit is necessarily
perpendicular to the axis.

However, the ecliptic is fixed on the sphere.
L] - - . ‘ i
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As aresult, the intersections between the celestial equator and the ecliptic, the
equinoxes, move along the ecliptic 50 arc sec (3.3 sec R.A.) per year.

The vernal equinox moves in the direction shown.

Currently, the vernal equinox isin Pisces, 2000 years ago it was in Aries; in another
1000 years, it will move into Aquarius.

This movement of the celestial equator relative to the ecliptic is called precession of
the equinoxes.

Obviously, this effect is so slow that it is only observable over many years.

Precession was discovered by the Greek astronomer Hipparchus, who had access to
several centuries of Greek and Babylonian records.

.- L]
3.4 The Calendar

(Discovering the Universe, 5th ed., §1-5)

. Thesidereal year isdefined to be the time for the Sun to return to the same position
against the stars.

The sidereal year is equal to 365.25d + 9 min 10s.

Thetropical year isthetime for the Sun to return to the same position relative to the
Earth's axis, e.g. summer solstice to summer solstice.

Because of precession, the tropical year is 20 min 24 s shorter than the sidereal year,
equal t0365.25d- 11 min14s.

Neither of these is an integer number of days.

The early Roman calendar (~300 B.C.) had 365 days per year, so it was short by
roughly one day every four years.

As aresult, the date of the equinoxes and sol stices moved forward on the calendar.
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In the original Roman calendar the vernal equinox was on March 24,

By 45 B.C. it had moved into late May, so the first Roman Emperor Julius Caesar
subtracted 63 days from the calendar to bring the equinoxes back to their traditional
dates (more than two months were therefore "redone™).

To keep the equinoxes fixed, Caesar decreed that every four years an extra leap day
would be added to the calendar, at the end of the year (February).

A year with aleap day added is called aleap year, and this calendar is known as the
Julian Calendar .

Then, the calendar was too long by 11 min 14 s/year.

Even this small amount can build up with time, and the vernal equinox began to move
backward on the calendar, about 1 day every 128 years,

By 325 A.D. the vernal equinox had moved three days to its current location on March
21.

At this time the Roman Emperor Constantine | convened the Council of Nicaea, to
establish dates for the Christian holidays.

Easter, in particular, was based on the date of the vernal equinox.

The vernal equinox continued to move backward on the calendar.
By 1582 the vernal equinox had moved another ten days.

On the advice of astronomers, Pope Gregory established a new calendar system which
accounted for the extra1ll min 14 s.

In the Julian calendar, century years had always been leap years; in the new calendar,
that would no longer be true, except in years divisible by 400:

1600 leap year

1700 not aleap year
1800 not aleap year
1900 not aleap year

= +
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~2000 |eap year
2100 not aleap year

This arrangement is known as the Gregorian Calendar.

Since thereis still not a perfect match with the tropical year, even further corrections
will eventually be necessary.

Gregory also added ten days to the calendar to bring the vernal equinox back in
alignment with the dates established by the Council of Nicaea.

Ten days were therefore "lost" when October 5, 1582 was decreed to be October 15,
1582.

Now the vernal equinox always occurs on or near March 21.

Despite its scientific merit, the Gregorian Calendar was widely distrusted in northern
Europe, which had only recently broken away from the Catholic church in the
Reformation, and in the Eastern Orthodox countries of eastern Europe.

So, it wasn't until 1752 that the Gregorian Calendar was finally adopted by England and
its colonies.

Most eastern European countries didn't adopt the Gregorian Calendar until the early
20th century!

you can learn more details about calendars, including non-western calendars, at
the Calendars and their History web site.

-

-2
+
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Introduction to As—tr(_)'_nom_i(:’i

+
+

‘Lecture 4: The Motion of the Moon

-

-2

- O da.rk, dark, dark, amid the blaze of n(.)o'ﬁ,'
- Irrecoverably dark, total eclipse i
Without all hope ¢f day! - toe

- John Milton, =0 1671

4.1 The Phases of the Moon
Bl (Discovering the Universe, 5th ed., §1-8)

. The Moon orbits the Earth roughly once a month.

L ooking down on the Earth and Moon from above the Earth's north pole, we see that its
revolution is in the same direction as the Earth's rotation (and also the Earth's revolution
around the Sun).

« The Moon shines by reflected sunlight.
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Therefore, at any time only one half of the Moon, the side facing the Sun, is
iHluminated.

The dividing circle between the light side and the dark side is called the ter minator .

The illuminated side of the Moon is not necessarily the half which faces the Earth.

Depending on the relative positions of the Sun, Moon, and Earth, we see different
fractions of the Moon illuminated.

These are called the phases of the Moon.

At new moon, we can't
see any of the
illuminated half of the
Moon:; at full moon we
can see al of it.

Ta Sun
Halfway in between f-—

new and full moon, we
see half of the
illuminated half of the
Moon, or aquarter of
the Moon.

First quarter occursas ,
the Moon moves from et Cuarter
new to full; third or last quarter occurs as the Moon moves from full to new.

Between the new and quarter moons, only a small fraction of the Moon isilluminated,
we call this a crescent moon.

Between the quarter and full moons alarger fraction of the Moon isilluminated; we call
this a gibbous moon.

When the Moon moves from new to full, it becomes more illuminated, and we say that
it iswaxing. When it moves from full to new, it becomeslessilluminated, and we say
that it iswaning.

+
|}
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« Onany particular night, the Moon will essentially be motionless.

As can be seen from the diagram above, afull moon must therefore rise around 6 P.M.,
be overhead at midnight, and set around 6 A.M.

A first quarter moon must rise around noon, be overhead around 6 P.M., and set around
midnight.

Crescent moons are overhead during the day, but they are generally only visible near
sunrise/sunset (both because of their small illumination and the brighter light from the
Sun).

Question: if it's3 A.M. and the Moon isrising, what phaseisit?

The synodic month is defined as the
time it takes for the Moon to return to the
same position relative to the Sun, e.g.
from full moon to full moon.

The synodic month is equal to 29.5 days.

The sidereal month is defined as the
time it takes for the Moon to return to the
same position relative to the stars; it is
equal to 27.3 days.

The sidereal month is shorter than the
synodic month because of the revolution
of the Earth around the Sun, as can be seen at the right.

The Moon doesn't have to travel as far around its orbit to line up with the same distant
Star.

(Note: the motion of the Earth around the Sun is exagerated in this picture to clarify the
positions.)
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[l 4.2 Eclipses

(Discovering the Universe, 5th ed., §1-9)

The Moon'sorbit is
inclined at an angle of .
5° to the Earth's, soitis ¥
usually either above or
below the plane of the
ecliptic.

The points where it crosses the ecliptic are called the ascending and descending nodes,
depending on whether it is moving north or south, respectively.

The line connecting the two nodes is called the line of nodes.

Question: alineisalso the intersection of two planes; what are those two planes for the
line of nodes?

Sometimes, when the Moon passes through the ecliptic, it will happen to be full
(directly opposite the Sun) or new (directly towards the Sun).

At these positions and phases, an eclipse will occur, when the Moon or Sun "failsto
appear”, which is the Greek meaning of the word (thisis also the origin of the name
ecliptic).

+
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4.3 Lunar Eclipses

(Discovering the Universe, 5th ed., 81-10)

Flane of Echiptic

. wewed ed
. Alunar ecllpse Ooccurs l: ge-m)

when the Moon is full

and it is close enough

to the ecliptic that it Utnbia
passes partially or View from Space
completely through the Forumbrg, ¥ o Eelipes

Earth's shadow. Flane of Eclipt T
briewed e;gep-ﬁﬂ\& Fartial Eclipie

A lunar eclipse can be . otal Eclpse
View from Earth wbra .
observed from ~-— ) Fenumhral Eclipee

anywhere on the night side of the Earth.

{13 Penunbral Eclipee

The darkest part of the Earth's shadow is called the umbr a; it iswhere the Sun'slight is
completely blocked out.

The umbrais not totally dark, however, because the Earth's atmosphere scatters red light
into it. i

. The Earth's partial shadow is called the penumbr a; it iswhere the Sun isonly partially
blocked by the Earth.

Photo information
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. When the Moon completely enters the umbra, atotal
lunar eclipse occurs as the Moon almost disappears
from view.

The long-exposure photograph at the right shows the
entire span of atotal eclipse.

Because of the scattered light in the umbra, the
Moon does not completely disappear but takes on a
dull red hue which brightens toward the edge of the
umbra.

Photo information

A total lunar eclipse can last aslong as 1 h 42 min, depending on how closeto the
center of the umbrathe Moon passes and its distance from the Earth.

The total lunar eclipse shown above right lasted 1 h 18 min.

A partial lunar eclipse
occurs when the Moon only
passes partway through the
umbra.

The eclipse at the right was
92% total (more details).

. A penumbral lunar eclipse
occurs when the Moon only
passes through the penumbra.
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4.4 Solar Eclipses
g (Discovering the Universe, 5th ed., 81-11)

. A different kind of eclipse, asolar

Flane of Ecliptic
(riewned edge-om)

eclipse, occurswhenthe Moonis | Sun
new and it is close enough to the

ecliptic that its shadow partialy or
completely reaches the Earth.

The Moon'sumbra forms a

View from Space

Flane of Ecliptic
c1.w;.aw.ac1.aclg.am;ﬁ\)i

circular region on the surface of the
Earth, and if you are in that shadow
the Sun is blocked out.

Thisisatotal solar eclipse.

The Moon's umbra has a maximum
diameter on the surface of the Earth of 270
Km.

The umbra of the eclipse of August 11,
1999 can be seen at theright.
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. A total solar eclipseis dark enough that
animals will actually begin their nocturnal
habits, e.g. birds will stop chirping.

Once again, however, atotal solar eclipse
is not completely dark, because the dim
glow of the Sun's atmosphere can be
observed around the edge of the Moon.

Asthe Moon movesin its orbit, we see the

o ",

IMoon pass across the face of the Sun: £ Moyn
I

The shadow moves rapidly across the
surface of the Earth, sweeping out a narrow

path as it speeds by at about 0.5 Km per
second.

As aresult, the maximum time that a total
solar eclipse can last is 7.5 min, depending
on the shadow's size and speed.

* e

- + -
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. If you arelocated in the Moon's penumbr a, which is much larger than
the umbra, the Sun is only partially blocked out.

This incomplete covering of the Sunis called a partial solar eclipse.

Photo information

When the Moon is farthest from us, the tip of the
umbra doesn't quite reach the Earth.

From our point of view here on the
Earth, the Moon does not quite cover
the Sun, so aring of sunlight will
surround it.

Thistype of partial eclipseis caled an annular
eclipse.

The eclipse at theright isjust barely annular.
—

4.5 The Frequency of cIipses

(Discovering the Universe, 5th ed., §1-9)

. Asmentioned above,
eclipses can only
occur when the Moon
Is close to anode and
it isalso either full or
new.

For this alignment to happen, the line of nodes must point near the Sun.

Just like the Earth's axis, the line of nodesis relatively fixed in space.

With no other forces acting, the line of nodes would therefore be in line with the Sun
every six months,
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However, also like the
Earth's axis, the
gravitational force of the
Sun on the Moon causes
the line of nodes to

precess.

This precessionisa

much more noticeable

effect than the Earth's

precession, with one every 19 years.

As aresult, the time between alignments is decreased to about 5.4 months.

Because of the finite size of the Earth, Moon, and their shadows, multiple eclipses can
occur whenever the line of nodes points near the Sun.

So, eclipses are actually very common!

During a one-year period, there can be between two and five eclipses of each kind (solar
and lunar), with atotal of between four and seven.

Thisincludes partial and penumbral lunar eclipses, and partial and annular solar
eclipses.

Lunar eclipses are much more likely to be observed, since anyone on the night side of
the Earth can see them.

Solar eclipses, on the other hand, cover only a small fraction of the Earth, and often
occur over unpopulated locations such as the polar regions or the oceans.

The table below lists upcoming eclipses for the next several years:

Eclipses for 1997 - 2002
(Dates and Times are Atlanta Local)

Fraction Duration
Type of of WhereVisble
Totality Totality

1997 Mar8 | 8:24 PM Solar, Total 100% 2 m'S” 0 leagt Asia, Alaska

Date Time
(Peak) (Peak)
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1997 Mar 23 |11:39 PM |Lunar, Partial 92% Americas

1997 Sep 1 8:04 PM Solar, Partial 90% Australia, Antarctica
Europe, Africa,

Asia, Austraia

1998 Feb 26 |12:28 PM Solar, Total 100%| 4 min 9 s Americas

1998 Mar 12 |11:20 PM |Lunar, Penumbral 0% Americas

Americas, Europe,
Africa

Southeast Asia,

Austraia

East Asia, Australia,

Americas

1999 Jan 31 1;1/'7 Lunar, Penumbral 0% ﬁ;ﬁa{?‘,uir:s':( aa
South Africa,

Antarctica, Australia

Australia, Hawalii,

North America

2 min 23 [Europe, North
S Africa, Middle East

2000 Jan 20 11:43 PM Lunar, Total 100% 1mhi :}8 Americas
2000 Feb 5 7:49 AM [Solar, Partial 58% Antarctica
2000 Jul 1 2:32 PM [Solar, Partial 48% South Pacific

Asia, Australia,
Hawaii, Alaska
2000 Jul 30 10:13 PM |Solar, Partial 60% Siberia, Alaska
2000 Dec 25 |12:35PM Solar, Partial 2% North America
Eastern Americas,
2001 Jan 9 3:20 PM |Lunar, Total 100% 1 h 2 min |[Eurasia, Africa,
Australia

2001Jun2l | 8:04 AM|Solar, Total 100%| 4 m'S” 57 lsouthern Africa

10:55 ) Eastern Africa,
0, _—
2001 Jul 5 AM Lunar, Partid 50% \sa Augraia

1997 Sep 16 2:47 PM |Lunar, Total 100% 1 h 2 min

1998 Aug 7 10:25 PM Lunar, Penumbral 0%

1998 Aug 21 10:06 PM Solar, Annular 97%

1998 Sep 6 7:10 PM |Lunar, Penumbral 0%

1999 Feb 16 1:34 AM Solar, Annular 99%
1999 Jul 28 7:34 AM |Lunar, Partid 40%

1999 Aug 11 | 7:03 AM Solar, Total 100%

2000 Jul 16 9:56 AM |Lunar, Total 100%

2001 Dec14 | 3:52 PM (Solar, Annular 97%) > m'S” 93 lcentral America

2001 Dec 30 29 | nar, Penumbral 0% Asia, Australia,
AM. Americas

+*

+ -
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Eastern Asia,
2002 May 26 | 8:03 AM |Lunar, Penumbral 0% Australia, Western

Americas
2002 Jun 10 7:44 PM |Solar, Annular 99.6% Pacific

South America,
2002 Jun 24 5:27 PM |Lunar, Penumbral 0% Africa, Europe,
AsSia, Austrdia
Americas, Africa,
Eurasia
Southern Africa,
Austraia

2002 Nov 19 8:46 PM |Lunar, Penumbral 0%

2002 Dec 4 2:31 AM [Solar, Total 100% 2min4s

The information in thistable is derived from NASA's The Eclipse Home Page,
where you can find lots more information about eclipss..

*

+

il Star charts are produced on a Macintosh with the Voyager |1 program, and are ©1988-93
3 Carina Software, 830 Williams St., San Leandro, CA 94577, (510) 352-7328. Used under

license.
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+*

Introduction to As—tr(_)'_nom_i(:’i

- The heavens themselves, the planets, an'd'this centre
. Observe degreg, priority, and place

Insisture, course gropornon season, form

Office, and custom in adl line of order:
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. -- William Shakespeare, Troilys and Cressida, 1609 .

-
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5.1 Direct and Retrograde Motion
jl (Discovering the Universe, 5th ed., §2-0)

. In addition to the stars, the Sun, and the Moon, there are several other objectsin the sky |
which are easily visible at night.

From the ancient perspective, a planet isapoint of light in the sky that moves relative
to the stars, much as the Sun and Moon do.

The name comes from the Greek for "wanderer".
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Photo Information

With the naked eye, one can see five
planets: Mercury, Venus, Mars,
Jupiter, and Saturn.

the Sun, Moon, and planets are
associated with ancient gods, and their
number is the basis of our seven-day
week.

Like the Sun and the Moon, the planets
all move near the ecliptic, never being
more than afew degrees away.

In the photo at the right, you can see
(from top to bottom) Saturn, Venus,
Jupiter, and Mercury in alignment with the recently set Sun.

The planets move slowly enough that their positions change only dlightly from night to
night.

They therefore rise in the east and set in the west as part of the sky's diurnal motion.

Relative to the stars, however, the planets generally move - -
from west to east , like the Sun and Moon.

Their speeds vary, but Mercury isthe fastest, followed by
Venus, Mars, Jupiter, and then Saturn, the slowest.

Thismotion iscalled direct motion.

What distinguishes the planets from the Sun and Moon is that they will also sometimes
reverse their motion, travelling from east to west relative to the stars.

Thisreverse motion is known asr etr ograde motion.

Retrograde motion can last from weeks (Mercury) to months (Saturn).

The image below displays the actual retrograde motion of Jupiter (brighter) and Saturn

http://www.opencourse.info/astronomy/introduction/05.motion_planets/index.html (2 of 18) [3/3/2008 1:45:15 PM]


http://www.opencourse.info/astronomy/introduction/05.motion_planets/ecliptic_photo.html
javascript:maxWindow('ecliptic.jpg',%20'Ecliptic%20Photo',%20428,%20480)
http://www.opencourse.info/astronomy/introduction/05.motion_planets/week.html
http://www.opencourse.info/astronomy/introduction/05.motion_planets/week.html
http://www.opencourse.info/astronomy/introduction/05.motion_planets/week.html

Open Course : Astronomy : Introduction : Lecture 5 : Motion of the Planets

(dimmer) over eleven months:

Photo Information

85.2 Geocentric Cosmoloy

(Discovering the Universe, 5th ed., §2-0)

. According to the laws of physics, there is no preference between saying that the Sun
revolves around the Earth or the Earth revolves around the Sun.

Each are equally true, although one perspective may be more useful than the other for a
particular purpose, as we have seen.

. When it comesto the planets, however, the principles of science forces one to make a
distinction between an Earth-based view and a Sun-based view.

Given that the motion of the Earth cannot be perceived, it is natural to assume the
planets revolve around it. Thisis known as a geocentric cosmology, and it was widely
accepted until just afew hundred years ago.
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A good scientist, however, must try and make sense out of retrograde motion, which
cannot be ssmply explained in an Earth-centered perspective.

The Greek astronomer Hipparchus described % % 3 #r 37 ¥ ¥ 35 %% #r 37 37

amodel for retrograde motion which placed
each planet in motion around acircle called
an epicycle, which in turn revolved around a
circle centered on the Earth called a defer ent.

The former produces the retrograde motion,
while the latter is primarily responsible for
the direct motion.

In the adjacent animation, the arrow points
towards the stars we see behind the planet;
watch where the arrow points as the planet moves around its epicycle.

Inthe 1st C. A.D., Ptolemy, an astronomer at the Alexandria observatory in Egypt, took

Hipparchus model and fit it to the several centuries of observational datathat was
available to him.

For each planet, Ptolemy determined the sizes of its deferent and epicycle, and the
speed of revolution of its epicycle and the planet itself.

By projecting his model forward in time, Ptolemy was then able to correctly predict
where the planets would be located centuries into the future.

Because of the success of his model, Ptolemy's treatise on the subject, which became
known as the Almagest ("the Greatest"), was the bible of astronomers through the
Middle Ages.

After amillenium, however, the Ptolemaic model increasingly deviated from the
planets observed motions.

Other astronomers tried to correct it by adding additional levels of epicycles, but the
result was exceedingly complex.

It was clear that something was not quite right with this model.

+
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5.3 Heliocentric Cosmology
(Discovering the Universe, 5th ed., §2-1)

. An aternative to the geocentric cosmology was actually suggested a century before
Hipparchus by Aristarchus (3rd C. B.C.).

. Inthe heliocentric cosmology, the planets orbit the Sun rather than the Earth.
The Earth also orbits the Sun, but the Moon still orbits the Earth.

Mercury and Venus (theinner planets) have smaller orbits than the Earth, while Mars,
Jupiter, and Saturn (the outer planets) have larger orbits.

The heliocentric cosmology also explains 3 3% #r 3% ¥% =% 37 w5 % *¥ ¥ 37 37 |

retrograde motion, by relying on the fact
that the planets move at different speeds,
in particular, inner planets move faster
and outer planets move more slowly.

As aresult, the Earth will regularly
overtake and pass the outer planets, and
the inner planets will do the sameto the
Earth.

Like one car passing another on the
highway, the second car will appear to "move backward".

Thisis another example of parallax.

Although the heliocentric cosmology had a simpler geometry than the geocentric
cosmology, it never achieved acceptance in ancient Greece because it required that the
Earth move.

The heliocentric cosmology was forgotten for aimost 2000 years, until the 16th century,
when the Polish astronomer Nicolaus Copernicus rediscovered it.

« Copernicus performed his own calculations using this model (assuming circular orbits),
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and found that he could describe the planets observed motionsto an accracy similar to
that of the geocentric model. I

He was also able to make very accurate predictions of the planets' relative distances
from Sun (see the table below).

Although Copernicus was convinced that his heliocentric model was a well-founded
improvement to astronomy, he delayed publication of hisresults until near the end of
hislife, presumably because he was concerned that his work was so radical that it would
be rejected or lead to censure.

Finally, in 1543, Copernicus book On the Revolutions of the Celestial Spheres
appeared, shortly before he died.

The book was widely read in Europe, and gained enough support that it seriously
threatened the geocentric model, which was virtually an article of faith in the Catholic
Church.

In 1616 the Church banned Copernicus book (and the ban was not lifted until the end of
the 18th century!).

5.4 Planetary Configurations
(Discovering the Universe, 5th ed., §2-1)

. For millenia, observational astronomers have
described the positions of planets and other
celestial bodies using several special
configurations, which can be easily
understood in terms of the Copernican
model.

The configuration between two celestia
bodies can be described using the angle between them (measured along the ecliptic),
which is called their elongation.

Question: what other type of celestial angular measurement is elongation similar to?

" .
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« When two or more celestial bodies pass each
other along the ecliptic, they have an
elongation of 0°, and they are said to bein
conjunction.

At theright, the Sun and the red planet arein
conjunction.

Question: what is the phase of the Moon
when it isin conjunction with the Sun?

Photo Information

The image at the right shows a"triple"
conjunction that occurred on April 23,
1998, between the Moon,Venus, and
Jupiter.

When two celestial bodies are at right angles
in the sky, they have an elongation of 90°,
and they are said to be in quadrature.

At theright, the Sun near the western
horizon and the red planet near the meridian
arein quadrature.

Question: what is the phase of the Moon
when it isin quadrature with the Sun?

.
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When two celestial bodies are directly
opposite each other, they have an elongation
of 180°, and they are said to be in
opposition.

At theright, the Sun near the western
horizon and the red planet near the eastern
horizon are in opposition.

Question: what is the phase of the Moon when it isin opposition to the Sun?

Mercury and Venus differ from the other planetsin that they never appear far from the
Sun.

Mercury isat most 23° away from the Sun, while Venusis at most 46° away; thisis
their maximum elongation.

Maximum elongation of a planet is not readily explained using the geocentric model,
but it arises naturally out of the heliocentric model, simply by assuming that the orbits
of Mercury and Venuslie inside the Earth's orhit.

Maximum elongation of an inner planet from the
Sun can be seen from the geometry of the picture
at theright; it is determined by the tangent line
from the Earth to the planet's orhit.

From the rotation of the Earth we can determine
the relative directions of the planet and the Sun,
allowing us to distinguish the two sides of the
planet's orbit as eastern and western.

When an inner planet is at maximum eastern

elongation it will only be visible shortly after sunset (an "evening star); when itisat
maximum western elongation it will only be visible shortly before sunrise (a*morning
star").

Note that an inner planet can never be in opposition to (180° away from) the Sun, or
even in quadrature (90° away).

For the planet and the Sun to bein conjunction, they must be along the same line of _

- + -
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sight from the Earth.

From the picture above we can see that there are two different ways in which an inner
planet can be in conjunction with the Sun, one in between the Sun and the Earth (called
inferior conjunction) and the other on the opposite side of the Sun from the Earth
(called superior conjunction).

Question: asobserved from Earth, what is the phase of the inner planet at each of the
four positionsin the picture?

Unlike Mercury and Venus, Mars, Jupiter, and
Saturn can appear in opposition to the Sun
(180° away).

In the heliocentric model, their orbits must
therefore lie outside the Earth's orbit.

An outer planet can be in opposition with the
Sun, in quadrature with it (both eastern and
western quadrature), and in conjunction with
it (but only one way, corresponding to an inner planet's superior conjunction).

Question: as observed from Earth, what is the phase of the outer planet at each of the
four positionsin the picture?

It can be shown that an outer planet is least illuminated at quadrature.

Question: when will an outer planet be brightest?
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5.5 Orbital Period
(Discovering the Universe, 5th ed., 82-1)

. Thetimeit takesfor a planet to complete one orbit is called the or bital period of
revolution, often simplified to "orbital period" or just "period".

Aswith the Moon, we must distinguish between star-relative and sun-relative positions
when determining the period:

The sidereal period of aplanet refersto the time it takes for the planet to return to the
same position with respect to the stars, e.g. from one position on its orbit back to the
same position.

The synodic period of aplanet refers to the time it takes for the planet to return to the
same position with respect to the Sun, e.g. from inferior conjunction to inferior
conjunction, or from opposition to opposition.

Ascan_beseeninthetable Planet |Average |Sidereal Synodic
at theright, the farther a Distance Period Period

planet is from the Sun, the
Mercury | 0.3871 AU |0.2408y =87.97d|115.88d

longer isits sidereal period.

0.6152y =224.70
The synodic period doesn't venus | 0.7233AU d
have a simple behavior, 1.0000 y = 365.26
however: it initially Earth | 1.0000 AU d

increases, and then =
decreases until it is slightly Mars | 15237 AU | 1-8809 yd_ 686.98

larger than one year. _

Jupiter |5.2028 AU 11.862y 398.9d
This complicated behavior Saturn  [9.5388 AU 29.458'y 378.1d
Isdueto therelativemotion  [5an1s7[19.1914 AU 84.01y 369.7d

of both the planet and the
Earth. Neptune |30.0611 AU 164.79y 367.5d

583.92d

779.94d
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Pluto  [39.5294 AU 248.5y 366.7d

. For aninner planet, the sidereal period is shorter than the
synodic period, because when the planet returnsto its
original position the Earth has moved in its orbit, so the
planet must travel further to catch up to the Earth.

In the animation at the right, Venus actually completes two
sidereal periods (225 d) before it finally catches up with the
Earth after the synodic period (584 d).

For an outer planet, the sidereal period is (usually)longer than
the synodic period, because when the Earth returns to its
original position (one year) the planet has only moved slightly
inits orbit, and the Earth doesn't have to travel very far to
catch up to the planet.

Marsis an exception to this because it is so close to the Earth;
after one year it has already traveled more than half an orbit,
so the Earth has to complete two orbits before it can finally catch up to Mars.

+

5.6 Tests of the Heliocentric Model
Bl (Discovering the Universe, 5th ed., §2-2, §2-4)

Portrait Information

*

+
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. Tycho Brahe (1546 - 1601), a Danish nobleman, was renowned

for his development of astronomical instruments and his use of
them to make measurements of the positions of stars and planets.

His data were the most accurate available prior to the introduction
of the telescope into astronomy, shortly after his death.

Amongst other discoveries, he made accurate measurements of a
supernovain 1572, and showed that it wasin the realm of the
stars, which was believed to be unchanging.

Tycho noted that the Copernican model predicts that stars should appear to shift their
position as the Earth moves around the Sun, due to parallax:

Tycho attempted to measure this parallax, but he was unable to do so, and therefore
concluded that the premise that the Earth moves around the Sun was wrong.

Actually, it was Tycho's confidence in his own measurements which was ill-founded!

Aswe have already seen, the stars do exhibit parallax, but because they are so far away,
atelescopeisrequired to observeit!

However, thisis still a good example of the scientific method in action: aprediction is
made, and then tested by subsequent observations.

Painting | nformation

The telescope was invented by a Dutch optician late in the 16th
century.

Galileo Galilel (1561-1642), a professor of mathematics at the
University of Padua, heard about the telescope in 1609.

Recognizing the telescope's possibilities, Galileo immediately
built one of his own, based only the sketchy details he had
heard.
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Galileo then improved the design of the telescope to the point where it could be used for
astronomy.

Galileo quickly made several important astronomical discoveries, which were published
in 1610 in his book The Starry Messenger.

One of Galileo's observations was that V enus exhibited phases similar to the Moon's:

Telescope YWiewr Unaided Yiew

Galileo noticed that Venus' phases were related to its angular diameter and elongation: it

issmaller (farther away from us) at the gibbous phase and larger (closer to us) at the
crescent phase, with the extremes occurring at small elongations.

These observations were strong confirmations of the heliocentric model.

Galileo also saw the four
large moons of Jupiter, now
called the Galilean satellites.

The Galilean satellites were obvioudly orbiting Jupiter, which was contrary to abasic
assumption of the geocentric model, viz. everything in the heavens orbited the Earth.

In 1616, when Copernicus book was banned, Galileo was instructed by the Vatican that
he could only discuss the heliocentric model as a"mathematical supposition” because
anything else would "restrict God's omnipotence”.

Nevertheless, in 1632 Galileo published Dialogue Concerning the Two Chief World
Systems--Ptolemaic and Coper nican, which was such a masterpiece of exposition of the
heliocentric model that readers ignored the ordained conclusion.

Galileo was then brought before the Inquisition and forced to publicly recant; his
Dialogue was banned, and he spent the last eight years of hislife under house arrest.

The ban on Galileo's Dialogue wasn't lifted until 1822, and the V atican's censure of
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Galileo himsalf wasn't removed until 1992!

you can find out much more about Galileo at PBS/Nova's website, Galileo's
Battle for the Heavens.

5.7 Kepler's Laws

(Discovering the Universe, 5th ed., §2-3)

. Although the heliocentric model worked just as well as the geocentric model, to make it
work over amillenium Copernicus still had to add epicycles.

The German astronomer Johannes Kepler (1571-1630) had a
different idea, however.

Kepler didn't believe planetary orbits were necessarily circles,
but could instead be other closed curves, such as the ellipse or
oval.

Recall that acircleis defined asthe set of all pointsthat are a
constant distancer (the radius) from the center C.

Anellipseisageneralization of acircle, involving two points
F, and F,(each called afocus, and together the foci) and two

distancesr, and r,, whose sumis a constant:

r{+rp=2a

When the foci coincide (coming together at the center), the
result isacircle with aradius a.
. Theconstant 2a is equal to the length of the longer or "major" axis, so ais called the

+

+
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semimajor axis.

The semimajor axis therefore describes the overall size of the ellipse.

It can be shown that a is the average distance of the ellipse from one focus.

The constant ¢ describes how far each focusis from the
center, which determines how elongated the ellipseis (for
agiven vaue of a).

However, it is more useful to use the eccentricity:
e=cla

Because c is always less than a, the value of e varies
between 0 and 1.

When e=0, c =0, thefoci coincide, and we have acircle.

When e =1, the foci approach the opposite ends of the
ellipse; the result is so elongated that, from one focus, both the center and the other
focus areinfinitely far away, forming a curve called a parabola.

Kepler came to work with Tycho in 1600, and
the latter's astronomical records provided
Kepler with the data he needed to test his
hypothesis.

After many years of laborious calculations,
Kepler was able to demonstrate what is now
known asKepler'sFirst Law:

Fenhehon

Planetary orbits are ellipses, with the Sun at one focus.

Because the Sun is off-center, we can describe two specia positions on a planet's orhit,
both on the major axis:

The perihelion isthe point of closest approach to the Sun; itisadistance a(1 - €) from
the Sun.

The aphelion is the point where the planet is farthest from the Sun; it isadistance a(1 +
e) from the Sun.
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- Ascan be seeninthetable Semimajor [Sidereal [Eccen- [Orbital
at theright, the eccentricity  [Planet o o Period P ftricity e Inclination
of the planets' orbitsis 7 00°
generaly quite small, Mercury |0.3871 AU |0.2408y | 0.206 '
except for Mercury and

Pluto, whose orbits are Venus |0.7233AU 06152y | 0007 | SO0
noticeably elongated.

0.00°
Thisiswhy circlesinitially Earth  |1.0000 AU |1.0000y | 0.017

worked well in describing
planetary orhits. 1.85°
Mars 15237 AU (1.8809y | 0.093

The table aso shows the Jupiter |5.2028 AU 11.862y | 0.048 131

orbital inclination, or tilt,

of the planets orbits Saturn  |9.5388 AU |29.458y | 0.056
relative to the ecliptic

lane. A7°
P Uranus 19'A1814 sq0ly | 0046 | °

1.77°
Neptune 3O'A0811 164.79y | 0.010

17.15°
Pluto 395394 2485y | 0.248 >

2.49°

The orbital inclination is usually quite small, except for Pluto.
Question: where did we see orbital inclination previously?

Question: why doesn't a planet usually disappear behind the Sun when they are
in conjunction?

Kepler also noticed another characteristic of planetary
motion: planets move fastest at perihelion, and slowest at
aphelion.

Kepler was able to quantify these varying speeds in what
isknown asKepler's Second L aw:

Planets sweep out equal areasin equal times.
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Kepler published his First and Second Lawsin 1609 in abook entitled New Astronomy.

Ten years later, in 1619,
Kepler discovered and
published an additional

. . Pluta
relationshi p. Meptune

Kepler'sThird Law / Hranus
guantifies the observation Saturn

that more distant orbits
have longer periods:

= Jupiter

as=Pp2

Here, the semimajor axis
aismeasuredin A.U. and
the orbital period P is
measured in years.

The graph at the right
showslog P vs. log a; the
datafalls along a straight line, with a slope of 3/2.

Kepler also noticed that the Galilean
satellites obeyed the Third Law, as can be
seen by the same 3/2 dlope in the graph at
theright.

Callisto

Thisimplied that Kepler's Third Law was ' Ganymede
agenera principle. Europa

Galileo himself refused to accept Kepler's
ideas, clinging to the notion that planetary
orbits must be circular, though his reasons
were based on his studies of motion rather than on tradition.

S
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- . ) .
B The retrograde motion, Venus Q- hase, and Galilean satellite animations, and star charts, were
produced on a Macintosh with the Voyager |1 program, and are ©1988-93 Carina Software,

gl 830 Williams St., San Leandro, CA 94577, (510) 352-7328. Used under license.

©1996-2002 Scott R. Anderson
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Please send questions, comments, suggestions, or corrections to srca@mindspring.com.
3 The material on thiswebsite may be reused as described under the Open Course License.

Bl The Gateway to Educational Materials (GEM) is |
the key to one-stop, any-stop access to thousands
of high quality lesson plans, curriculum units and
other education resources on the Internet! GEM is
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=

Introduction to Astronomy

Lecture 6: The Laws-of Motion and
Gravity . - |

-1

Nature and Nature's laws lay hid jn nfght. N e
God said, "Let Newton be!" and all waslight. - B +
-- Alexander Pope, Epitaph intended fof Sir Isaac Newton
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6.1 Isaac Newton
(Discovering the Universe, 5th ed., §2-5)
. The Copernican/Keplerian model for the motions of planets was based on direct

observations, and provided a unified framework for explaining their past motions and
predicting future ones.

. Asisoften the case in science, however, this explanation immediately lead to
additional, more basic questions:

o Why are the orbits elliptical ?

o Why isthe Sun at one focus?

o Why do the planets move faster at perihelion?
etc.

Picture I nformation

These questions were addressed by the English scientist and
mathematician |saac Newton (1642 - 1727)

Newton had a fundamental belief that guided hiswork: "As
below, so above'.

In other words, by understanding why objects move the way
they do here on Earth, we should also be able to understand
the motions of the planets.

Newton thergfore studied motion in detail, making many PHILOSOPHIE
new observations. | MATURALIS

. . PRINCIPIA
Newton formulated his new observations (as well as those of MATHEMATICA

others) in three fundamental L aws of M otion which govern
al objects, including the planets.

Asime TE FENFTEH, Tm Cd Codel . Sl
Feminly lanic:, = icees Ryds el

IMFEIMATUR
LFPEFPTE Byis PEEIEL

These laws of motion were published in 1687 in Newton's
monumental work Mathematical Principles of Natural
Philosophy.

. When Newton talked about the motion of an object, he was referring to two general

+
|}
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characteristics: speed and direction.

Together, these are also known as the linear momentum of the object.

An object at rest issimply a special case of motion, with zero speed.

6.2 Newton's Laws of Motion

(Discovering the Universe, 5th ed., 82-5)

. Newton'sFirst Law of Motion states;

The motion of an object will remain unchanged unless aforce acts on it.

In other words, an object will never change its speed or direction unless
something comes along and forces it to do so.

Thisisan example of the principle of Conservation of Linear Momentum.

An object's resistance to changesin motion is known asinertia

The First Law was actually stated a century earlier by Galileo (and even many centuries
earlier than that by several others).

However, the First Law was in direct contradiction to the still-dominant teachings of
Aristotle, who thought that all objectsin motion will eventually come to rest of their
own accord.

Newton therefore felt it necessary to make aforceful contradiction.

Newton's Second L aw of Motion describes how aforce changes the motion of an
object:
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Here, F describes the for ce acting, mis the mass of the object, and aisits
acceleration, the change in its motion.

Like motion, force has both avalue or "strength”, and a direction in which it acts.

We commonly think of "acceleration” as a speeding up, but in physicsit can also
include a slowing down ("deceleration™) as well as achange in direction.

In the metric system, the unit of forceis called a Newton, whose abbreviation is"N".

A Newton is equal to 1 kgem/s?.

In the English system, the unit of force is the pound; it is equal to 4.45 N.
We can deduce several things about moving objects by considering Newton's Second
Law, F = ma:

o For example, the larger the forceis, the larger the acceleration:

o Second, the Second Law actually includes the First Law within it.
Question: why isthis?

o Third, for an equal force, alarger mass must have a smaller acceleration, and
viceversa
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In other words, alarger mass has greater inertiathan a smaller
mass.

Thisis one way that we can measure an object's mass.

Newton's Third Law of Motion describes two additional characteristics of forces:

The force on an object is always due to another object, and that
other object aways feels an equal and opposite force.

You are familiar with this law from striking an object with your hand: the object

moves as a result, but your hand also feels aforce, and bounces back:

Question: if the forces are equal, why does the smaller object bounce back
faster?
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6.3 Forces in Nature
(Discovering the Universe, 5th ed., §2-5)

. Physicists have identified four fundamental forcesin nature, all of which are consistent
with Newton's Laws (or its subsequent generalizations):

o Gravity: an attractive force between objects with mass.

Gravity holds the Sun and planets together in the solar system, and holds stars
together in galaxies.

Y ou should be personally familiar with the effects of gravity, which holds you to
the Earth and in general makes things "fall down".

We will discuss the gravitational force in more detail below.

Electromagnetism: aforce between objects with e ectric charge.

Electromagnetism holds atoms together, makes compasses point north, and is the
source of starlight and auroras.

Y ou should also be personally familiar with electromagnetism, via common
devices such as electric appliances, refrigerator magnets, and the innumerable
sources of light surrounding you.

We will discuss electromagnetism in more detail later on, in the contexts of
electricity, magnetism, and light.

Strong nuclear force: an attractive force between some subatomic particles.

The strong nuclear force holds atomic nuclei together, and we will talk about it
more in that context.

The strong nuclear force isinvolved in the generation of energy in starsand in
their explosive destruction known astype | supernovae.

Although thisis probably not aforce with which you have personal familiarity, it
has been harnessed in nuclear power plants to provide electricity, and in various
medical applications.

Weak nuclear force: another force between some subatomic particles.

The weak nuclear force can change one type of subatomic particle into another

S .t
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In some situations such as radi active decay, the generation of energy in stars,
and in type Il supernovae.

The weak nuclear force's other effects, observable in free particle collisions, are
usually masked by the strong nuclear force, asits name implies.

The weak nuclear force shows up in the same sorts of technologies described
above for the strong nuclear force.

We will consider the weak nuclear force in more detail in our discussion of
radioactive decay.

. You are aso personally familiar with contact for ces, the result of electromagnetic
forces acting within solids, liquids, and gasses:

o Normal Force: arepulsive force that opposes compression and
prevents objects from passing through each other.

The normal force prevents planets and stars from collapsing down
to zero size under the force of their own gravity (though not
aways!).

Tension (Cohesion): an attractive force that holds objects
together.

Cohesion prevents moons and planets from being torn apart
by tidal forces (though not always!).

Friction: an attractive force that opposes |
the sliding of objects past each other.

Friction between moleculesin agasfalling into a black hole will causeit to heat
up and emit radiation.

Question: if the force of gravity is pulling you downward, what force
counteracts it to keep you in place while you are sitting or standing?
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6.4 The Universal Law of ravity

(Discovering the Universe, 5th ed., §2-5)

« Inorder to complete his study of the motion of the planets, Newton had to combine his

= +

general Laws of Motion with a specific description of the force of gravity.

Knowing the basic behavior of the planets from Kepler's

o
o
Laws, Newton was able to determine an appropriate force
law, the Universal Law of Gravitation: "

=0
. —]

¥

Here, G isaconstant, M and m are two masses, and r is the separation between them.

Gravity is an attractive force, and in accordance with Newton's Third Law, the two
masses feel equal and opposite forces.

Gravity isrelatively weak because of the small value of the gravitation constant G; in
metric units,

G =6.7 x 1011 Nem2/kg2 .

Therefore, large masses are required to provide an appreciable force, e.g. the mass of
the Earth is 6.0 x 1024 kg.

Despite the Earth's large mass, the gravitational force holding you to the surface of the
Earth, your weight, is still only afew hundred Newtons.

(Note: the distance r in the force law isthe radius of the Earth, 6378 Km, asif all of its
mass is concentrated at its center.)
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6.5 Gravity and Kepler's Laws

(Discovering the Universe, 5th ed., §2-6)

. By combining the Law of Gravitation with his Laws of
Motion, Newton was able to mathematically derive all
three of Kepler's L aws!

(In the process Newton also had to invent the mathematics
of calculus!)

Because the Sun is so much more massive than any of the
planets, it has avery small gravitational acceleration, and
can be taken as essentially motionless.

As described by Kepler, Newton found that al of the
planets move around the Sun in circular and elliptical

orbits, with the Sun located at afocus of each planet's
orbit.

Objects with circular and elliptical orbits move around the
Sun with a definite period, always between their perihelion
and aphelion distances, and sweeping out equal areasin
equal times.

Newton also showed that Kepler's 3rd Law, relating

semimajor axis and period, depends on the mass of
whatever is being orbited:

M
qf = )
M.‘:Tu:u

Asbefore, aismeasured in AU and P is measured in years.
But now the mass M appears, and here is measured as multiples of the mass of the Sun.

This result provides a powerful tool for determining the mass of the Sun, as well any
planet being orbited by a moon, simply by measuring a and P.

Question: Newton could immediately calcul ate the mass of which planets?

-2
+
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. Circular and dliptical orbits describe objects which are bound to the Sun.

Newton also demonstrated that there could be parabolic and hyperbolic orbits!

. A parabolic orbit describes an object which is marginally bound.

Such an object can escape from the Sun's gravity, but it will just barely reach an infinite
distance.

Recall that a parabolic orbit has an eccentricity e = 1. Therefore, highly elliptical orbits
(e > 0.9) approach a parabolic shape.

An object in ahyperbaolic orbit travelsin a straight line until it nears the Sun and has
its path deflected by gravity.

Such an object is not part of our solar system, but isinstead simply passing through, and -
can beinfinitely far from the Sun while still moving at high speed.

An object with a hyperbolic orbit is therefore said to be unbound.

A hyperbola has an eccentricity e > 1.

6.6 Energ
(Discovering the Universe, 5th ed., §2-6)
. Animportant concept that arises from Newton's Laws of Motion is energy.
We all have an intuitive idea of what this means.

For example, when something moves very fast we say it "has alot of energy".

We might also recognize that heat, electricity, and light have energy aswell.

. Energy of motion is called kinetic energy.

Based on Newton's Laws, kinetic energy can be defined as:
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— = 2
EL 2ri*;!t:'

This expression satisfies our intuition, which tells us that kinetic energy should depend
not only on the object's speed v, but also on its mass m.

For example, a car travelling at 90 mph has much more energy than a baseball travelling
at 90 mph.

In the metric system, the unit of energy isthe Joule, whose abbreviationis"J".

One Jouleis equal to 1 kg-m2/s2, or equivalently 1 N-m.

A unit of energy you may be more familiar with isthe food calorie, which is equal to
4184 J.

Y ou are probably more familiar with power, the rate of energy production or use
(energy per unit time).

The metric unit of power is called a Watt, whose abbreviation is"W". One Watt is
equal to 1 Js.

Question: where have you seen the Waitt appear in everyday usage?

6.7 Potential Energy and Energy Conservation

(Discovering the Universe, 5th ed., 82-6)

*

+ - - +
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. Consider an object which experiences a gravitational force.

If the object isthrown upward, it will have someinitial speed but it will
immediately begin to slow down and eventually stop, i.e. itskinetic
energy decreases.

The object will then begin to move back downward, rapidly gaining speed
asit isaccelerated by gravity, and its kinetic energy increases.

We intuitively think of an object with greater height as having,
"potentially”, more energy, because it will be moving faster when it
reaches us.

We can therefore think of there being a potential ener gy associated with @ E
the object's height, which increases as it rises, and decreases as it falls,
the opposite of kinetic energy.

If we define the total ener gy E as the sum of the kinetic and potential energies,
E=KE + PE,
then E will not change, i.e. it is conserved.

If kinetic energy increases, potential energy must decrease by an equal amount, and vice
versa, so that E remains a constant value.

We can think of this as one kind of energy being converted into another.

The potential energy described above is basically another way to characterize the force
of gravity.

We can define potential energy for all of the fundamental forces, in such away that
energy is, in general, conserved.

As aresult, energy conservation and conversion from one form to another are extremely |
important concepts in physics and astronomy, and we will see many applications, such
as planet formation and solar thermal equilibrium.
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6.8 Gravitational Potential Energy
(Discovering the Universe, 5th ed., §2-6)

. The mathematical form of
gravitational potential energy is

very similar to the force law: Distance from

the Sun
FPerthelion Aphelion

M

Note that the potential energy is
always a negative number, and
reaches its maximum value of zero
when the two masses are an infinite
distancer apart.

For planetary orbits, we can take the
Sun to be fixed at position zero, and a
planet to be a distancer away fromit.

The potential energy of aplanet in an
elliptical orbit (e ~ 0.36) can then be
plotted as shown in the picture at the
right.

With each orbit around the Sun, the planet will move between its perihelion and its
aphelion, and asit does so its energy will convert back and forth between potential and
Kinetic.

At perihelion, kinetic energy is a maximum and potential energy is aminimum; at
aphelion, kinetic energy isaminimum and potential energy is a maximum.

Question: given that kinetic energy is closely related to speed, where was this
characteristic of a planet's motion previously described?

Question: what can you say about the speed of a planet in acircular orbit?

+
|}
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. Noticethat, for the elliptical orbit Erieroy &
above the total energy is negative (E
< 0). Thisistruefor all bound objects

(thosein circular or eliptical orbits). _Towml

Erieroy
E=10

Distance from
the Sun

For marginally bound objects (those

in parabolic orbits), the total energy is
zero (E=0).

Question: what isthe speed of a
marginally bound object which has
moved an infinite distance from the
sSun?

For unbound objects (those in
hyperbolic orbits), the total energy is _
positive (E > 0). B DSET;EDI“

Question: what can you say about the
speed of an unbound object at all
times?

Hyperbolic
Onbit
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. You can further explore planetary motion and energy using this Java applet.

« Wecan get anintuitive feel for
potential energy by "revolving" the
potential energy curveinto three
dimensions.

Potential energy then forms atwo-
dimensional surface called a gravity

well, with the Sun at the bottom and
planetary orbits forming curves

alongit.

Imagine walking around the edge of
avalley: asyou walk higher you
slow down, and as you descend you
speed up; a planet does the same
thing!

Question: in the image above you can see three types of orbits; can you tell what they
are?

6.9 Escape Velocity
8 (Discovering the Universe, 5th ed., Appendix)

. The escape velocity of an object such as arocket is the speed required to depart from
some point in agravity well (such as the Earth's surface) and reach an infinite distance

away.

This means that the object must be marginally bound or unbound, and so have at least
zero total energy:

- t
.
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For the surface of the Earth, Vegcape = 11.2 Km/s ~ 40,000 Knmv/h.

For comparison, at the surface of the Sun, Vegcape = 618 Km/s, sinceits mass is 333,000
times that of the Earth!

Newton knew about escape velocity, and used the ideain his Mathematical Principles
to illustrate how gravity works; you can explore this yourself with this Java applet from

the University of Virginia

6.10 Conservation of Angular Momentum

(Discovering the Universe, 5th ed., §2-5)

. Another important conservation law arises out of Newton's Laws of Motion, having to
do with objects which rotate or revolve.

Much like linear momentum, objects have a tendency to keep rotating in the absence of
external forces.

This"rotational inertid" is characterized by angular momentum, which can be loosely
defined as:

AM ~ mr2/P
where mis the mass of the object, P isits period of rotation or revolution, and r isthe

distance from the center of rotation or revolution.

The "direction” of angular momentum is also important; two rotating objects with the
same mass and speed, but different axes of rotation, have different angular momenta.
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For many forces, including gravity, the angular momentum of arotating or revolving
object will be conserved, i.e. it will be constant.

Conservation of angular momentum iswhy the Earth always rotates once every 24
hours, and why its rotation axis remains (relatively) fixed in space asit orbits the Sun.

Kepler's Second Law, which states that planets sweep out

equal areasin equal times, is a consequence of
conservation of angular momentum.

This can be seen from the above expression for angular
momentum by recognizing that area A ~ r2 and time ~ P.

So, if AM ~ A/P is conserved, equal areas require equal
times.

Question: where else have you seen conservation of angular momentum?

16.11 Confirmations of Newton's Laws
(Discovering the Universe, 5th ed., 8)

. A contemporary of Newton, Edmond Halley (1656-1742), had

been studying comets, bright objects that appear briefly in the
sky from time to time and move relative to the stars, like
planets (though much faster).

Halley noticed that the comets of 1531, 1607, and 1682 had
similar characteristics, and were separated by the same period
of 76 years.

In 1684, Halley visited Newton in Cambridge, and told him
about his suspicion that they were the same comet moving in a
periodic orbit around the Sun.

It was only then that Halley learned of Newton's unpublished work on planetary motion.

Newton advised Halley that the comet's orbit must be elliptical, though much more
[ B : L] ‘ . ) ) + +
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elongated than a planet's.

Photo Information

. Halley applied Newton's laws to correctly predict the
date and location of the comet's reappearance in 1758.

That comet is now known as Halley's Comet; its most
recent passage was in 1986.

Halley's comet has an orbit with an eccentricity of 0.9673 and a semimajor axis of 17.9
AU (its aphelion of 35.3 AU takes it out beyond the planet Neptunel!).

r'J-:u|:-t-un-:u.-

. It wasn't long before astronomers had applied Newton's Laws to determine the masses of
the known planets, by observing their interaction with their moons and with each other.

L
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. In 1781, an amateur astronomer named
William Herschel, who had built one of the
most powerful telescopes of the time,
noticed "a curious either nebulous star or
perhaps a comet”.

Subsequent observations revealed that this
object moved relative to the stars, although
more slowly than a comet.

Herschel soon realized that he had
discovered a seventh planet, Uranus (and the first in recorded history!).

At its brightest, Uranusis barely visible to the naked eye in adark sky.

Because of its low motion, however, Uranus was always mistaken for a star by earlier
observers.

. Uranus has an orbital period of 84 years, but
after 50 years it was clear that it wasn't
following its predicted orbit.

Astronomers applied Newton's Laws to
account for the gravitational pulls of Jupiter
and Saturn, but that still did not remove all
of the discrepancies.

John Couch Adams and Urbain-Jean-Joseph
Le Verrier independently realized that a new
planet beyond Uranus might cause these deviations.

In 1843 and 1845, respectively, they applied Newton's Laws to determine its position.

In 1846 Galle and d'Arrest at the Berlin Observatory followed up on Le Verrier's
prediction, and quickly identified the eighth planet, Neptune.

Neptune moves even more slowly than Uranus, and it has an orbital period of 165 years.

Question: in the picture shown, looking down on the solar system, what effect would
the gravity of the outer planet (Neptune) have on the speed of the inner planet (Uranus)?

. After some years, positional errorsin Neptune's predicted orbit again suggested the
presence of another large planet further out.

= +
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In 1905, another amateur astronomer, Percival Lowell, who had built his own
observatory in Arizona, began a search for this planet, which he called Planet X.

After Lowell died in 1916, his successors at the Lowell Observatory continued the
search.

Finally, in 1930, Clyde Tombaugh discovered Pluto, but its observation was fortuitous
because its massis so small that it doesn't have a significant effect on Neptune.

Better measurements of the outer planets masses (by the Voyager spacecraft in 1970s
and 1980s) have now removed the errors in Neptune's position.

Generally speaking, a planetary orbit
should be fixed in space.

Question: what physical principle
requires this?

However, another planet's gravitational
pull can make a planet's orbit precess
around the Sun.

Question: where have we already seen
an example of aprecessing orbit?

In 1845, Le Verrier discovered that
Mercury's orbit aso precesses around
the Sun (note the changing orientation
of the semimajor axisin the picture).

Thisisavery small effect, only 0.10 seconds of arc per orbit (43" per century), but even
so it could not be explained by the other planets.

Le Verrier hypothesized that there might be another planet inside of Mercury's orbit, so
close to the Sun that it was difficult to observe.

This planet, which Le Verrier called Vulcan, has never been found.

So, there was no good explanation for Mercury's precession using Newton's laws, but,
like Neptune, the effect was small enough to attribute to measurement errors, and was
largely ignored.

-

-2
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gl The Halley's orbit, Uranus Motion, Uranus Passes Neptune, and Mercury's Precession
animations, as well as the star chart background,were produced on a Macintosh with the
Voyager |l program, and are ©1988-93 Carina Software, 830 Williams St., San Leandro, CA
94577, (510) 352-7328. Used under license.
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Introduction to Astronomy

Lecture 7: The Natp'_re of Matter .
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- The ignorant man marvels at the exceptional; the wise man
marvels at the coggmon; the greatest wonder of all is the
regularity-of nature., * -

’ - "-- Gegrge Dana Boardman - .
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7.1 The Constituents of Matter

B (Discovering the Universe, 5th ed., 84-5)

. Newton's laws are completely general, and apply not only to the motion of planets but
also to the motion of the tiniest objects in the Universe such as protons, neutrons, and

electrons.

. These three subatomic particles are the basic constituents of matter, the stuff which
makes up stars, planets, the Earth, and you and me.
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It istherefore important to have an understandi ng of their basic behavior.

Another fundamental particle, the neutrino, does not show up in ordinary material
objects, but its interaction with the other three particles has great importance in
astronomy.

The electron was the first to be discovered, by J. J. Thomson in 1897.
Wilhelm Wien discovered the proton shortly thereafter in 1898.
The neutron was discovered much later, in 1932, by James Chadwick.

The neutrino followed in 1949, discovered by Chalmers Sherwin.

The most fundamental characteristic of these particlesistheir mass.

Protons and neutrons have roughly the same mass.

They are both much more massive than the electron, which in turn is much more
massive than the neutrino (whose exact mass is unknown):

Moroton = 1.7 X 1027 kg

Mheutron = 1.0016 X My6t0n
Meectron = 0.00054 X Myot0n

107 x Malectron < Mheutrino < 104 x Mgy ectron

Another basic characteristic is their size; protons and neutrons have roughly the same
diameter, while electrons and neutrinos have no measureable extent:

Dproton ~ 2% 10715 m
Dhetron ~ 2% 1015 m

Del ectron ~ 0

Dneutrino ~0

.
- - "
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7.2 Electricity
(Discovering the Universe, 5th ed., not!)

. Inaddition to their mass and size, these particles also have electric charge:

Qproton = T€

Oneutron = 0
Oelectron = -€

Oneutrino = O

Charged particles interact with each other viathe electric
for ce, which has the same form as the gravitational force:

o
F=jp =7
ya

Here, kisaconstant, Q and q are two electric charges, and r

IS the separation between them.

Because charges can be both positive and negative, the electric force can be both
attractive (between unlike charges) and repulsive (between like charges).

Although the form of the force laws are the same, the electric constant k ~ 10+10 (in
metric units) is much larger than the gravitation constant G ~ 10-10, so electricity isa
much stronger force.

In nature, there is an equal amount of positive and negative charge.

Asaresult, an isolated charged particle will usually attract the opposite charge from its
surrounding environment to quickly form a neutral system.
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B 7.3 Magnetism

(Discovering the Universe, 5th ed., not!)

. Inaddition to electric charge, protons, neutrons, electrons, and neutrinos also have
an intrinsic magnetic dipole moment, which means that they act like tiny bar
magnets.

They have amagnetic axis with anorth magnetic pole a one end and a south
magnetic pole at the other.

Magnetic dipole moment is measured in units of A-m2.
While atypical bar magnet might have afew A-m2, atomic dipoles are much smaller:

Moroton = 1.4 X 10-26 A-m?
HMneutron = 0-69 X Horoton
Helectron = 660 X Horoton

Mneutrino = ?

To understand how magnetism works, it is helpful to
think in terms of amagnetic field.

Every magnet creates a magnetic field in the space
around it.

The field has a direction associated withit; it c

emanates from the north pole of the magnet and

wraps around back into the south pole (the field lines are continuous, though, without
beginning or end).

When another magnet is placed in the field, it experiences a magnetic for ce which
rotates it so that its magnetic dipole moment aligns with the field, i.e. its poles are
opposite to the original magnet's.

Thisiswhy a compass needle turns towards the Earth's north pole, to align itself with
the planet's magnetic field.

Note that this alignment tends to cancel out the magnetic field far away, since the
second magnet's field is opposite to the first's.
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A bar magnet is formed from materials such asiron, which can hold the intrinsic
magnetic dipoles of electrons so that they all align in the same direction.

They then add up to form alarge total magnetic dipole moment.

Magnetic fields a'so have a direct affect on +

moving electric charges (i.e. electric N m g Magnetic
current), independent of their magnetic U U U Field
dipole moment.

If acharged particle is moving through a magnetic field, it isforced to spiral around the
field.

Moving electric charges aso produce their own magnetic field!
As aresult, the electric current in awire can deflect a compass needle.

This might be expected from a magnetic field's effect on a moving charge and Newton's
third law, which requires that there always be an equa and opposite effect.

There are therefore two basic sources of magnetic fields, intrinsic magnetic dipole
moments and motion of electric charges.

The former can be thought of as arising from the latter, if a subatomic particleisa
rotating sphere of charge.

This"rotation" is called intrinsic or spin angular momentum, or spin, for short.

Thisis simply an analogy, though -- while spin isavery real characteristic of subatomic
particles, its actual source is amystery; there are great problems with describing these
particles as rotating spheres (for example, remember that €l ectrons have no measureable
extent!).
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| 7.4 Nuclei

(Discovering the Universe, 5th ed., 84-5, 817-4)

Protons and neutrons like to join together to form alarger particle called a
nucleus.

Nuclei can have a diameter between 10-15 m and 1014 m.
Since protons are repulsed by their positive electric charge, there must be a stronger,
attractive force at work which holds nuclei together.

This forceis the strong nuclear force.

The strong nuclear force affects protons and neutrons equally (they are therefore given a
common name, nucleons).

Electrons, on the other hand, are not affected by thisforce at all.

The strong nuclear force has a very short range, extending only about
2x 1015 m.

Two nuclel that get at least this close together can then join to form a
new, larger nucleus.

This processis called nuclear fusion.

All nuclel can be characterized by two numbers.
Atomic number isthe number of protons (amount of charge) a nucleus has.

Atomic massis the number of nucleons (protons + neutrons) a nucleus has.

Electric charge, and therefore atomic number, determines the primary characteristics of
materials made from nuclel.

Materials made from nuclel al with a single atomic number are known as chemical
elements, or simply elements.

The names ascribed to these materials over the centuries are also used to designate the

S .t
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nuclei themselves.

The most common elements, along with one or two others we will run into in this class, are
shown in the table below.

Element symbol Atomic Most Common LessCommon
Number Atomic Mass Atomic Masses

Hydrogen H 1 2
Helium He 4 3
Carbon C 12 13
Nitrogen N 14 15
Oxygen O 16 18, 17
Neon Ne 20 22,21
Magnesium Mg 24 26, 25
Silicon S 28 29, 30
Sulfur S 32 34, 33, 36
lron Fe 56 54,57, 58

) U 235, 234, 233
Uranium

. Itispossibleto have nuclel with the same atomic number but different atomic mass, i.e. the
charge is the same but the number of neutronsis different.

Such nuclei are called isotopes of each other.

Differing isotopes are distinguished from each other in writing by preceding the element
symbol with the atomic mass as a superscript, e.g. S6Fe.

Most nuclei have one isotope which is most common in nature, along with others with
lower abundances.

For example, hydrogen found in water on Earth is mostly 1H (99.99%) and only a small part
2H (0.01%).

the National Institute of Standards and Technology provides a database of the
I sotopic compositions of the elements.
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7.5 Radioactivity
(Discovering the Universe, 5th ed., 84-5, 817-4)

« Nucle with an excess of protons over neutrons, or that have
many protons, tend to be unstable, since large number of protons
can produce along-ranged electric repulsion which exceeds the
attraction of the short-ranged strong nuclear force.

Such nuclei may therefore split into two smaller nuclel with
Kinetic energy, a process called spontaneous nuclear fission.

Question: where does the kinetic energy come from?

Spontaneous nuclear fission is aform of radioactive decay, and such unstable nuclei
are said to be radioactive.

Uranium (238U), for example, naturally decays into thorium (234Th) and helium (4He).

Question: what other radioactive materials have you heard of ?

. the Saturn-bound Cassini spacecraft is so distant from the Sun that it must rely
on radioactive decay to generate power.

Neutron decay is another form of radioactivity inwhicha 3! ."-(
neutron spontaneously decays into a proton, an electron, and o &
aneutrino: - TR A

n—=p+e&+w+E

Neutron decay is aresult of the fourth fundamental force in nature, the weak nuclear
force.

Neutron decay can occur both in isolated neutrons and also inside nuclei (generally
those that have many more neutrons than protons).

Question: after neutron decay in a nucleus, what happens to a nucleus atomic number?
its atomic mass?

The rate at which aradioactive material decays is described by its half-life, thetime it
takes for half of the material to decay into its end products.

* e

The half-life of aradioactive material isindependent of the beginning amount.

- + -
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Half-life can be used to judge the age of, for example, a meteorite, by comparing the
relative amounts of aradioactive material and its decay products.

For example, the half-life of uranium (238U) is 4.5 Gy; rocks containing uranium
commonly have an equal amount of its decay products, making them about 4.5 Gy old
(assuming other sources of the decay products can be ruled out).

Question: what does that suggest about the age of our solar system?

Many radioactive nuclei are isotopes of stable elements, with either an excess of protons
or neutrons, and they commonly have half-lives of hours, days, or years.

The neutron has a half-life of only 17 minutes.

Because the Earth is very old, most of these materials have decayed away, and aren't
generally found in nature.

For any element with an atomic number greater than 83 (bismuth), all isotopes are
radioactive.

Uranium, with an atomic number of 92, is the heaviest nucleus that exists in our solar
system in large quantities, due to itslong half-life.

Most of the other high-mass elements, however, have extremely short half-lives.

7.6 Atoms
(Discovering the Universe, 5th ed., 84-5)

. Because positively charged nuclei and negatively charged electrons
have an electric attraction, they routinely join together to form a stable

structure called an atom.

The experiments of Ernest Rutherford in 1910 demonstrated that s
atomic structure was much like the solar system, with light electrons orbiting the
massive nucleus.

- Y ou can explore Rutherford's experiments yourself with this Java applet from

-2
+
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the University of Virginia

The electrons form a"cloud" around the nucleus which gives the atom a diameter of
roughly 10-10 m, 10,000 times larger than the nucleus.

Atoms usually have the same number of electrons as there are protonsin their nucleus,
the atom then has a neutral charge.

Occasionally aneutral atom may lose or gain some electrons; it is then positively or
negatively charged, respectively.

Such an atomiscaled anion, and it is said to be ionized.

In astronomy, neutral atoms and positive ions are most common, and a roman numeral
Is used to indicate the degree of ionization.

For example, Fel is neutral, Fe Il has one electron removed, Fe X1V has thirteen
electrons removed, etc.

Because atoms interact with their surroundings viatheir electron cloud, the number of
electrons they have distinguishes them from each other.

Since the number of electronsis usually the same as the number of protons, thisiswhy
atomic number characterizes the different elements that we see in nature.

7.7 Molecules

Bl (Discovering the Universe, 5th ed., 84-5)

+*

+

http://www.opencourse.info/astronomy/introduction/07.matter_nature/ (10 of 12) [3/3/2008 1:45:24 PM]



Open Course : Astronomy : Introduction : Lecture 7 : Nature of Matter

. By sharing electrons, atoms can M olecule
form strong bonds with each
other.

Formula

Molecular Hydrogen

The resulting branched

structures are called molecules. Molecular Nitrogen

Molecular Oxygen

The molecules we will
commonly run |_nto are shownin Methane
the table at the right.

AL o Ammonia

..fl|l_ H .’.’f Hh Water
Carbon Dioxide
Sulfur Dioxide

. Some atoms, such as helium and neon, do not easily join with others, usualy remaining §
in their atomic form.

.
+ e J

. o .

The star chart background was produced on a Macintosh with the Voyer Il program, and are
©1988-93 Carina Software, 830 Williams St., San Leandro, CA 94577, (510) 352-7328. Used
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=
.

Introduction to Astronomy

Lecture 8: The P-h.qé'_es of Matter .

-

- For a.charm of powerful trouble,
Like a hell-broth lpil and bubble.
Double, double toil and*trouble; -
Fire burn and cauldron bubble:

. .
-- William Shakespeare, Macheth’

L]
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8.1 Solids, Liquids, Gases, and Plasmas
(Discovering the Universe, 5th ed., not!)

. Large quantities of molecules form the phases of matter you are familiar with: solids,
liquids, and gases.

A glass of water, for example, contains about 1025 molecules.

. - i O O O
So!ldsconsstof closely packed molecules which form a N TN TN AN
rigid structure.

NN AN S
N o W e e e

Solids are held together by aresidual electrostatic
attraction which is generally weaker than a molecular
bond.

Solids usually consist of a simple geometric pattern of atoms or moleculeswhichis
repeated over and over again in al directions, which is known asacrystal.

Some crystals allow their electronsto freely move from atom to atom,; they are called
metals.

Metals therefore conduct electricity very easily.

Most metals consist of relatively massive atoms, for example iron, and these heavy
elements are sometimes referred to as metals even when they aren't in solid form.

=

SN
-L (] -
oo ]

Liquids also contain closely packed molecules, but
they do not have arigid orientation.

They still feel an electrostatic attraction, and they
regularly bump into each other, but they can move
around with relative ease.

Some liquids are extremely viscous, to the point where they appear solid; they are called
glasses.

Glasses can change their shape, but you might not notice it for years!

+
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Gases or vapor s are the simplest phase: the molecules  +.—0
are widely spaced, and rarely bump into each other.

A gas whose atoms have been ionized into a mixture of positive ions and electronsis
called aplasma.

Stars consist of plasmas.

Question: where else have you seen the term plasma commonly used? How is it related
to this definition?

Liquids, gases, and plasmas are all referred to as fluids, because they can flow and take

the shape of whatever container they are placed in.

Gases and plasmas, in addition, will expand to fill their container.

Generaly, asolid is denser than aliquid, because it packs its moleculesinto a smaller
volume.

Similarly, liquids are denser than gases.

in recent years, two more unusual phases of matter have been discovered, both a g
type of guantum-mechanical condensate.

8.2 Heat Energy
3 (Discovering the Universe, 5th ed., not!)

« The molecules which make up solids, liquids, and gases all move around to alesser or
greater extent.

Inrigid solids, the molecules can vibrate back and forth, and also rotate slightly.

In liquids and gases the molecules are free not only to vibrate and rotate but also
trandate through space.
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Therefore, moleculesin general have some amount of kinetic energy.

As the molecules bump into each other, they may gain or lose energy, but the total
amount is conserved.

Thetotal of all of the random kinetic energy of the molecules which make up an object
iscalled its heat energy, or smply heat.

A solid has the least amount of heat energy.

Asasolidis heated up, the electrostatic bonds which hold the moleculesin their rigid
positions begin to break, and the solid undergoes a phase change to become aliquid.

Thisiswhat happens when ice meltsto form liquid water.

If energy isremoved from aliquid, it will reverse the process, and solidify or freeze.

If aliquid is heated, the remaining electrostatic forces holding the molecules close
together will eventually be overcome, and the liquid will undergo another phase change
to become a gas.

Thisiswhat happens when liquid water boils to become water vapor.
We also may say that the liquid vaporizes or evapor ates.

If energy isremoved from agas, it will condense back to aliquid.

Some solids will change phase into a gas, without becoming a liquid first.

For example, frozen carbon dioxide sublimates directly into a gas, hence its name dry
ice.

The reverse process, gasinto solid, is also called condensation.
If the gasis extremely hot, its molecules will be broken down into atoms, which will

also become ionized as electrons are knocked loose by collisions.

Such a gas has then become a plasma.

+
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.
8.3 Temperature
(Discovering the Universe, 5th ed., Toolbox A-1)

. Theamount of heat energy in amaterial is described by itstemperature.

For example, at room temperature, the oxygen moleculesin air have atotal kinetic
energy of 10-23 J, which corresponds to an average translational speed of 480 nv/s!

Severa different temperature scales are used for different purposes:

Fahrenheit Cesus

Water boils 212 °F 100 °C
Human body 99 °F 37°C
Room Temperature 72 °F 22°C
Water freezes 32 °F 0°C
Salt water freezes 0°F -18°C
Absolute zero -460 °F -273°C

The Fahrenheit temperature scale is commonly used in the United States, but
nowhere else.

The Fahrenheit scale ensures that most of the temperatures we experience are positive
values, and it also places body temperature near 100 °F.

The rest of the world uses the Celsius temper atur e scale, which is based on water, a
convenient standard.

Originally the Celsius scale was called the centigr ade scale because there are 100
degrees between freezing and boiling.

The Celsius scale is simply related to the Fahrenheit scale by the equation
°F=°C(9/5) + 32.
Note that the degree Fahrenheit is roughly half the size of the degree Celsius.

Scientists worldwide use the Celsius scale, aswell asthe Kelvin temperatur e scale,
which is related to the Celsius scale by the equation
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K=°C+273.
Note that the Kelvin is the same size as the degree Celsius.

Note also that we say smply "Kelvin" rather than "degree Kelvin".

The Kelvin scale sets the zero point at absolute zer o, the temperature at which all heat
energy has been removed from an object.

Absolute zero is therefore the lowest possible temperature.

As aresult, the Kelvin scale is sometimes also called the absolute scale.

8.4 Pressure

(Discovering the Universe, 5th ed., not!)

. Asthe moleculesin agas speed around, they will eventually bump into the walls of
their container, applying aforcetoit.

Because there are so many molecules bumping into the walls surrounding agas, it is
easiest to characterize their effect by the force per unit area, or pressure.
A common metric unit for pressure isthe bar, which is useful for describing planetary

atmospheres:

1 bar = 109 N/m2..
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. Atsealeve, the average atmospheric ressure on Earthiscalled
one atmosphere:

1 atmosphere=1 atm = 1.013 bar .

. Another unit of pressure that is still in common use is based on
the original bar ometer s, devices designed to measure pressure.

Here, a column of liquid mercury (Hg) is supported by the
pressure, and its height defines the value:

lam=76 cmHg=299inHg.

Question: where have you seen the latter unit comonly used?

A unit of pressure that you may be more familiar with is pounds per squareinch:

1 bar = 14.5 pounds per squareinch =14.5psi .

Question: where have you seen the latter unit comonly used?

In agas, the more molecules there are in a container, the greater the force they apply per
unit area.

The force will also be greater if the molecules have more energy.

So, asimple relation between pressure, density, and temperature is given by:
P~dT

Thisrelation only roughly describes the behavior of liquids.

It is not applicable at all to solids, which don't change their density easily because of the
el ectrostatic bonds between molecules.
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. Just astemperature affects the ph of amaterial,

S0 does pressure. & Liquid

For example, if aliquid has only alow pressure Solid
applied to it, its molecules have little external
force holding them together, and they will e
vaporize more easily. -

o
)
h
i

Similarly, it iseasier for asolid to liquify (or sublimate) if the pressureislow.
These characteristics can be described by a phase diagram such as the one at the right.

The phase diagrams of different materials will usually be similar to the above, but with
different temperatures and pressures.

For example, at atmospheric pressure water melts at 0 °C and boils at 100 °C (by
definition), but methane melts at -182 °C and boils at -162 °C.

Question: what would happen to the Earth's oceans if its atmosphere suddenly
disappeared?

Note that most solid materials will sublimate at alow enough pressure.
For water that only occurs below 6.1 mbar, far below atmospheric pressure.

Carbon dioxide, on the other hand, can only become aliquid above 5.2 bar.

8.5 Sound

(Discovering the Universe, 5th ed., not!)

* e
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. Solids, liquids, and gases can all carry directed, energetic
disturbances through them, which are called sound.

For example, when you speak, your vocal cords push against
air molecules, which bump into other air molecules, etc.

The sound moves through the air until it reaches alistener's
ear and pushes against their ear drum, which isthen
interpreted by the brain.

Sound is atype of wave, a natural phenomenon in which
something oscillates back and forth, passing energy along as
it does so.

For sound waves, it is the molecules which move back and forth as they bump into their
neighbors; the molecules themselves don't travel very far.

Because the molecules alternately get closer together and farther apart, the density
oscillates as well.

In the picture at the right, the higher density regions are darker and the lower density
regions are lighter.

For this reason sound is also called a density wave.

Sound waves travel at a particular speed, the speed of sound, that depends on the
materia, its density, and the temperature.

Inair, it isabout 340 m/s; it is generaly faster in aliquid and even faster in asolid,
since the molecules don't have to travel as far to bump into each other.

If an object travels through afluid faster than its speed of
sound, it pushes the fluid faster than it prefers to move.

Asaresult, the fluid is compressed into a narrow, dense layer ! %
called ashock wave.

When produced by high-speed jet planesin air, thisisalso
known as a sonic boom.

An example of a (non-sound) shock wave are the bow waves
produced by aboat in water as it travels faster than the speed of water waves.

-2
+
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A shock wave travels at the speed of sound, and at an angle to the motion of the causal
object.

Picture Information

In the picture at the
right, the "runaway"
star HD 77581 can
be seen plowing
through the
interstellar medium
at 80 Km/s,
producing a highly
visible bow shock.

The star chart background was produced on a Macintosh ith the Voyager Il program, and are
©1988-93 Carina Software, 830 Williams St., San Leandro, CA 94577, (510) 352-7328. Used

under license.
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Introduction to Astronomy

Lecture 9: The Speed of- nght and
Relatl\nty

- .

— —% - -

The lights of stars that vere extinguished ages ago still

reaches us. So it is with great men who died centuries ago,

but still reach Us with'the radiations ofgheir personalities. - ,

-- Kahlil Gibran
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9.1 The Speed of Light
(Discovering the Universe, 5th ed., 83.1)

. Everything we know about the stars and other objects in the universe comesto us
through their release of some form of light, both visible and invisible.

It is therefore important to understand light's basic properties to determine what that
reveals about the stars.

Although light appearsto travel instantaneously from its emission to its detection, it
doesin fact have afinite speed, which must be very, very fast.

Thefirst person known to attempt a determination of the speed of light was Galileo.

Galileo and an assistant each took a shrouded lantern and stood within site of each other
on two widely-separated hilltops.

Galileo opened his lantern, and when the assistant saw its light, he opened his, too.

Galileo measured the time it took from when he opened his lantern to when he saw his
assistant's lamp, which should be the time for light to travel back and forth between the
two hilltops.

Question: how would this information be used to determine light's speed?

Unfortunately the time Galileo measured could not be distinguished from the time it
took to open the lanterns, again due to light's high speed.

The first determination of the speed of light was an astronomical one, since only in this
circumstance will large distances result in a measurable travel time.

In 1676, the Danish astronomer Ole Rgmer (1644-1710) was studying the orbits of
Jupiter's Galilean satellites.

Over aperiod of many months, Remer recorded the starting time of eclipses of these
moons by Jupiter.

These eclipses should occur periodically, so the nth eclipse should begin after atime
nP.

For example, the closest moon |o has an orbital period of P = 42.5 h, so the second
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eclipse takes place after 2P = 85.0 h, the third after 3P = 127.5 h, etc.

However, after atime
equal to half of
Jupiter's synodic
period, the eclipses
were occuring after a
timenP + 16.6
minutes!

And after another half Cipposition

synodic period, the

variation had disappeared, and the eclipses were again occuring after an integral number
of periods.

This correlation with the relative position of Earth and Jupiter could only be due to the
variation in their distance as they orbited the Sun.

Ramer realized that if light had a finite speed, the time to travel over an extra distance
of two astronomical units would explain the variation.

The speed of light must then be:
c=Dnt=2AU/16.6 min=7.2 AU/h

The size of the astronomical unit wasn't determined until the 19th century, but once it
was the speed of light could be expressed in terrestrial units:

c=2.998 x 10° Km/s

Note the use of the special symbol ¢ for the speed of light.

By the middle of the 19th century improved technology allowed the measurement of the
speed of light in the laboratory, verifying this value.
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0.2 The Constancy of the Speed of Light

(Discovering the Universe, 5th ed., 83.1, §13.1)

« One prediction of Newtonian physicsis that the speed of
light ¢ should depend on the speed of its source v.

If light is emitted in the same direction that the sourceis
moving, it should travel faster, at aspeed ¢ + v. e
If light is emitted in the direction opposite to the motion of the source, it should travel
slower, at aspeed c - v.

But there was a problem: a series of precise experiments in the 1880s found that the
speed of light was always the same, no matter how fast or in what direction the source
was moving!

Although physicsis rooted in the scientific method, this conflict between experiment
and an otherwise well-founded theory was very difficult for physicists to overcome.

9.3 The Special Theory of Relativity

' (Discovering the Universe, 5th ed., §13.1)

. While working in the Swiss Patent Office, Albert
Einstein (1879-1955) developed what is now known
asthe Special Theory of Relativity, published in
1905.

Einstein began with the experimental observation that
light always has the same speed, and developed a
number of unusual consequences.

http://www.opencourse.info/astronomy/introduction/09.light_relativity/ (4 of 9) [3/3/2008 1:45:27 PM]


javascript:maxWindow('einstein_clerk_big.jpg', 'Albert Einstein Photo', 543, 600)

Open Course : Astronomy : Introduction : Lecture 9 : Speed of Light and Relativity

1. Thefaster an object moves, the shorter it becomes. | 0 |

Thislength contraction is given by

L=Lp/y,

The Lorentz factor
_
A w o)

is equal to 1 when the object isn't moving (v = 0) and approaches infinity as the
object accelerates towards the speed of light (v -> c).

].-':

. Thefaster a clock moves, the slower it runs.

In other words, eventsin amoving system take longer to g
occur from the perspective of a system at rest. /

Thistimedilation is given by

T=Tpsyp

In the picture on the right, the stopwatch in motion
measures a five-second event, while the stopwatch at
rest has seen 6 seconds pass.

. Thefaster an object moves, the more massive it becomes.
Thismassincreaseisgiven by
M=y
Question: how might one measure this mass increase?

An important consequence of mass increase is aviolation of the principle of
conservation of mass.

. Mass can be converted into energy and vice versa.

In addition to the violation of mass conservation above, it can be shown that
conservation of energy isviolated, i.e. the energy you put into accelerating an

object doesn't al show up as the object's energy.
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But both the missing energy and the increased mass can be explained if you
allow mass to be aform of energy, according to the following relation:

E = mc2

Note that, because c is so large, massis avery, very concentrated form of
energy.

This generalized principle of conservation of mass + ener gy has profound
consequences, as we will see later.

. Nothing can travel faster than light.

If you are accelerating an object towards the speed of light, its mass increases
without bound, making it harder and harder to increase its speed.

As a consequence, a massive object must always travel at |ess than the speed of
light.

Since light itself travels at the speed of light, it must have no mass!

. Newton's Laws of Motion are approximations to Special Relativity that are
applicable only at low speeds.

In other words, Special Relativity isageneralization of Newton's Laws of
Motion.

In practice, one must be traveling faster than ~0.1c (30,000 Km/s!) to observe
these special relativistic effects.

Nevertheless, with sensitive experimental equipment such as atomic clocks, the _
predictions of Specia Relativity have been verified to high precision.

. Extra: C-ship provides moviesto help you visualize the effects of special relativity at
high speeds.
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9.4 The General Theory of Relativity
g (Discovering the Universe, 5th ed., §13.2)

. The equivalence of mass and energy soon led Einstein to develop the General Theory
of Relativity, published in 1916.

Light has no mass, but it does have energy, so it should be affected by the presence of
massive objects such as the Sun, just as the planets are.

The General Theory of Relativity is based on afour-dimensional geometric framework |
of space and time called space-time.

Space-time is not an emptiness, but instead has a physical presence that is affected by
its contents.

The predictions of General Relativity include:

1. The presence
of mass or
energy will
curve space.

Y ou can think '

of spaceasa

three-

dimensional

"rubber sheet" that is usually flat.

But when amassis placed on this "rubber sheet", it stretches and curvesin
response.

When space is curved, a moving object must follow the curvature, i.e. changeits
speed and direction, just as a car must turn when the highway curves.

Curvature of space thereby replaces Newton's concept of force as a meansto
accelerate objects.

The gravity well takes on a new physical meaning, with the massive Sun sitting
at its bottom, and the planets forced to curve around the walls of the well.

Light must also curve around a massive object such as the Sun (see the yellow
linein the pi
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Question: what shape will light's path have?

The deflection of light near the Sun e

was verified during the solar 178 [ e :
eclipse of 1919, when a star that

should have been invisible behind the eclipsed Sun could be seen.

The observed amount of deflection, 1.75 arc sec, is the same as that predicted by
General Relativity.
. The presence of mass or energy will slow down time.

In other words, clocks run more slowly near a massive object, another form of
time dilation.

Atomic clocks can detect atime difference between the bottom and top of atall
building!

Time dilation near the Sun explains why Mercury's
orbit precesses.

Recall that angular momentum is given by

AM ~ mr2/P

AM is a conserved quantity, and the perihelion
distance r doesn't change, either.

So P, the time per orbit, must also be fixed.

But time must dilate in the vicinity of the Sun, which means the orbit must
become longer, i.e. the perihelion shifts its position in the direction of motion.

The observed amount of perihelion shift, 43 arc sec/century, is the same as that
predicted by General Relativity.

. Newton's Laws of Motion and Law of Gravitation are approximations to General
Relativity that are only applicable away from large masses or other
concentrations of energy.

In other words, General Relativity is ageneralization of Newton's Laws of
Motion and Gravitation.

= +
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In practice, one must have an escape velocity faster than ~0.1c to observe these
genera relativistic effects.

Nevertheless, with sensitive experimental equipment such as atomic clocks, the
predictions of General Relativity have been verified to high precision.

The star chart background was produced on a Macintosh with the Voyager 1l program, and are
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Lecture 10: The Nature-of Light
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- Two glasses where herself herself beheld
A.thousand timesgand now no more reflect;
Their virtue lost, wherem they late excell'd,

And every beauty robb'd of his-effect:
'Wonder of time," quoth she, 'this is my, spite,
~ That, you being dead, the day should yet be light.

-

-- William Shgkéspear-e, Venus and Adonis
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10.1 Reflection and Refraction
(Discovering the Universe, 5th ed., 84.x)

. We have already seen that, while light usually travels in a straight line, a massive object
can deflect it.

It is also possible to change its motion by means of material devices such as shiny
surfaces, transparent materials, and apertures.

A basic property of light isreflection, aredirection of its
motion by a shiny surface such asamirror.

Measuring from the perpendicular to the surface, the angle
of incidencei isalways equal to the angle of reflection r. I

Reflection can be explained by conservation of momentum along the surface but a
reversal of momentum perpendicular to the surface.

Question: what would be required to cause areversal of momentum?

Light will also change directions when passing from one I
transparent medium into another, a property known as o
refraction. o
<
The angle of refraction r will depend not only on the angle '
of incidence i but also on the two materials through which Iﬁ
the light passes. !y

Whichever way the light istraveling, the angles will be
larger in the less dense medium, such as vacuum or air, and
smaller in the more dense medium, such as water or glass.

Refraction can be explained by assuming that, in denser media, light travels more
slowly (less than the speed in vacuum, c), which has been verified by experiment.

Most materials that refract light will also partially reflect it.

Question: can you think of an example of this?

+
|}
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. Theangle of refraction will also depend on the color of the
light.

For the same angle of incidence, red light will be refracted
the least, with orange, yellow, green, and blue each being
refracted increasingly more, and with violet being refracted
the most.

The mnemonic ROYGBYV ("roy g. biv") can be used to
remember the color order.

Thisvariation in angle of refraction implies that different colorstravel at dightly
different speeds in dense media, red being the fastest and violet the slowest.

When white light is refracted, one finds that it spreads out
into arainbow of colors, or spectrum, in the order given
above.

The spreading out of light into a spectrumiscalled

dispersion.

In addition to his work on motion and gravity, |saac Newton
also studied light and its dispersion.

Newton demonstrated that a spectrum dispersed from white light could be recombined
back into white light.

Newton therefore concluded that white light is a mixture of all colors, instead of the
aternative theory that the colors were properties of the materials with which light
interacts.
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- Sometime too hot the eye of heaven shjnes,
And often is his ggld comptexion dimm'd:
And every fair from {air'sometime declines,
By erance,_or nature's changin~g+course, uﬂn‘trimm‘d.

. . . * )
L o -- William Shakespeare, Eighteenth Sonnet
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12.1 Basic Characteristics of the Sun
(Discovering the Universe, 5th ed., §9.0)

Photo Information

. The Sunisjust astar like al of the others, with one very
important difference: it is very closeto us, and is therefore
our primary source of heat and light.

A small change in the Sun's behavior could melt our
Icecaps or start another Ice Age.

Click here for areal-time image of the Sun from the
National Solar Observatory/Sacramento Peak (available
when the telescope is operating).

. The Sunisan average star, in any of the different ways we might describe it:

Sizel Ry, = 7.0X 105 Km = 1/200 AU = 110 X Reih

Mass: Mg, = 2.0 x 1030 Kg = 3.3 x 10° X Mg
Density: dg, = 1.4 g/cm3

Composition: 74% H, 25% He, 1% other elements
Temperature: Tgface = 95800 K

Luminosity: Lg,, =3.9x 1026 W

Age: 5 Gy

.
- - "
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12.2 The Sun's Structure

(Discovering the Universe, 5th ed., §9.0, 9.8)

Picture Information

. The Sun can be divided
into two basic parts.

Theinterior of the Sunisa

spherical region that is

opaque to visible light and

isrelatively high density. Surface

The atmospher e of the
Sun surrounds the interior,
and is transparent to visible
light and isrelatively low
density.

The surface of the Sunis
the boundary between the
interior and the
atmosphere, and is more or
less what we "see" when
we look at the Sun.

The"size" of the Sun given above, Rq ), iSthe radius of the interior and the surface.

Although the interior is relatively high density and the atmosphereisrelatively low
density, there is no sharp drop-off in density such as occurs at the Earth's surface.

The Sun is so hot that molecules are torn apart into atoms, which are, in turn, mostly
torn apart into a plasma of charged particles: positive ionized atoms (including "bare"

nuclei) and negative electrons.

The Sun istherefore alarge ball of fluid plasma, held together by its own gravity.

The size of the Sun does not change, so it must be in mechanical equilibrium.

Because the Sun consists of afluid, thisisalso called hydrostatic equilibrium.
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For this equilibrium to exist, there must be a balance between the + Weight
inward force of gravity, trying to compress the Sun, and the outward
fluid pressure, which resists compression.

*Prem.u‘e

The deeper you go inside the Sun, the greater the weight of the mass
above you.

Therefore, the opposing pressure must also increase with depth.
As the pressure increases, the density and temperature will also increase:

P~dT

So, at the center of the Sun it must be very hot and very dense.
It iscalculated that:

Poenter = 340 Ghar
Teenter = 15.5 MK

Jeenter = 160 g/cm3,

Question: if the average density of the Sun is only 1.4 g/cm3, what does that say about
the density of the atmosphere of the Sun?

Because of the Sun's fluid nature, it is possible for its density to increase with little or no
Increase in pressure; this would require its temperature to decrease:

P (no change) ~ d (up)T (down)
o, it's possible for gravity to compress the Sun even further than it currently is.

To maintain its mechanical equilibrium, then, the Sun must prevent its temperature from
decreasing.

The Sun maintains its temperature by producing energy in its core.

Question: if the Sun didn't maintain its temperature, what would prevent it from
completely collapsing?

+
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12.3 The Sun's Energy Source
(Discovering the Universe, 5th ed., 89.7)

. The source of the Sun's energy was not understood until this century.
It was known that familiar sources of energy could not be responsible.

For example, if the Sun was made of oil, to produce the observed luminosity its mass
would be burned up in afew thousand years, and the Earth was known to be much,
much older than that.

Einstein's Theory of Special Relativity provided the key when it showed that energ
mass are convertible:

Because c is so large, asmall amount of mass can provide a huge amount of energy.

The only question then was how this conversion from mass to energy might occur.

The subsequent development of nuclear physics provided the necessary understanding:
thermonuclear fusion of hydrogen into helium.

Basically, thisis nuclear fusion at avery high temperature, which is necessary to
overcome the nuclei's electrostatic repulsion.
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. Recdll that the Energr
positivecharge £
on hydrogen
nuclel (protons)
ordinarily keeps

Fotential Energr of

them far apart. Electric Force
(Feprlave)

The proton's
electric potential
energy increases
asthey get
closer together,
0 they will Potertial Energy of
slow down, stop, StmniNu-:h_aI To
: [Attrachwe)
and begin to
Separate again.

Thisislike
trying to roll aball up ahill; with too little energy, it will turn around and roll back
down.

-
Sime of
Iaelens

If the protons are hot enough, however, they will have enough energy that that they can
get quite close together.

At short (nuclear) distances, the strong nuclear force will dominate the electric force, so

that the protons are now attracted to each other, and they can fuse together into a new
nucleus.

Thiswould be like a ball with enough energy to roll up and over the top of ahill, and
down the other side.

The energy required for protons to overcome their electric repulsion corresponds to a
temperature of 8.5 MK.

Since the Sun's core has atemperature of 15.5 MK, it can easily sustain hydrogen
fusion, and in fact burns hydrogen faster than it would at alower temperature.
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. Theactual process by which hydrogen fusion
occurs is somewhat involved and is called the
proton-proton cycle, summarized by the equation: & 43

4" He +dp+2v+E
yrew o -
This equation says that four hydrogen atoms (with

one nucleon each) are combined to produce a -
helium atom (with four nucleons).

_|_

In addition, the fusion produces four photons (represented by the Greek |etter gamma,
because they are gamma radiation), two neutrinos (represented by the Greek |etter nu),

and energy.

According to Einstein, the proton-proton cycle must conserve mass + energy.
In particular, because
4 n‘assf.le-I:'J = massf.z'!HE:',l + Z2rmassiv)

the overall reaction begins with more mass than it ends up with, and the differenceis
converted into other forms of energy.

Question: what other forms of energy might result from this fusion?

Note that in the above reaction, the hydrogen on the left has four protons, while the
helium on the right has two protons and two neutrons.

The weak nuclear force governs the reaction which turns
protons into neutrons, resulting in the neutrinos:

p+E—=n+et+o
Question: where did we previously see asimilar process? how did it differ?

Question: why does this reaction require energy to occur? (Hint: consider the masses
involved.)

In addition to a neutrino, this reaction produces a positron, which is a positive electron.

The positron ensures conservation of electric charge by carrying away the proton's
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positive charge.

Positrons are aform of antimatter, particles which have the same mass as regul ar
matter but the opposite electric charge.

Antimatter does not normally exist in nature, because it will ik s
usually quickly collide with matter and be destroyed in a process o
called pair annihilation:

et+ &=y

Note that here mass is now converted completely back into energy in the form
electromagnetic radiation.

The proton-neutron conversion occurs when two
protons ("ordinary" hydrogen) fuse into a nucleus
of deuterium ("heavy" hydrogen). - ;k

Deuterium is an isotope of hydrogen, 2H, withone &~
proton and one neutron. a

H+H-"H+p+ +v+E (1)
The energy to convert the proton into a neutron comes from a net mass loss in the

conversion from two protons to deuterium.

The deuterium quickly fuses with another proton to form
an isotope of helium, 3He, which has only one neutron:

H+ 'H—="He+p+E (3

Another photon of gammaradiation isreleased in this
process.

Finally, two "light" helium nuclei fuse together,

producing "ordinary" helium, and two protons:

He+7He — *He+ 'H+H+E (3

* e

. Thefusions (1) and (2) occur twice, and together with fusion (3) theresult is:

- + -
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6lH- He+ 2 H+ 49+ 2 9+E

Note that two

protons are e Bt
"recycled" for usein

later fusions, which

Is how the proton-

proton cycle getsits

name.

_____
________

The entire series of
reactionsis
displayed at the
right.

—————
________
_____

. Theenergy resulting from thermonuclear fusion is distributed in several ways:
o kinetic energy of 4He and the two "recycled" protons; 91%
o electromagnetic energy of the photons. 8%

o Kinetic energy of the neutrinos: 1%

« To produce the Sun's luminosity, 600 million tons of H must be burned by this process
every second.

Because the Sun is so massive, though, it will last for another 5 billion years!
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12.4 The Flow of Energy
(Discovering the Universe, 5th ed., 89.8)

. Theenergy produced at the center of the Sun must eventually be radiated away at its
surface.

Otherwise, the Sun would get hotter over time, which is not observed.

This balanceis caled thermal equilibrium.

. There are three means by which energy might travel outward to the surface:
o Conduction: this process occursin solids or dense fluids.

Itisa"domino" effect, with one atom bumping into another atom and passing on !
its energy, which then bumps into another atom, etc.

Question: where have you seen conduction take place in everyday life?

Convection: this process occursin fluids. Lessdense re glons

It involves the flow of matter itself, with hotter, I&ss—( )( )( )C )

dense material rising upward while cooler, more- Moe-dense regians
dense material sinks downward to replaceit.

A stable structure of convection rollswill typically form, as shown.

Question: where have you seen convection take place in everyday life?

Radiative diffusion: this process occursin all materials to avarying degree.

Aswe have seen before, they act like blackbodies, so their heat is converted to
el ectromagnetic energy and radiated away as a stream of photons.

Depending on the materials through which they pass, the photons may be
absorbed and reemitted multiple times, so that they may travel at something less
than the speed of light.

Question: where have you experienced radiative diffusion in everyday life?

. Theoretical models of the Sun'sinterior tell us quite a bit about where its energy is
produced and how it is transported to the surface.
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The Sun's cor e, the region
where thermonuclear fusion
occurs and energy is produced,
extends out to about a quarter
of the Sun'sradius.

About 99% of the Sun'smass 125
lies within 60% of the Sun's \
radius. 02 04 04

Fadiative Diffunon Comrection
In the radiative zone, extending out to about 80% of the Sun's radius, radiative
diffusion is the primary means by which the energy is transported to the surface.

As fusion-produced photons travel outward, they interact with the nuclei and electrons
which make up the Sun's plasma, and they are absorbed and reemitted time and time

again.

Travelling extremely slowly, photons can take hundreds of thousands of years to reach
the surface.

As the photons move outward from hotter to cooler regions, they will lose energy and
their wavelength will decrease.

Initially they are gamma photons; by the time they reach the surface, they have become
a blackbody distribution, with about 46% visible, 43% infrared, and 11% ultraviolet.

In the convective zone, the outermost 20% of the Sun's radius, the density is very low
and convection becomes the most important means of energy transport.

Although conduction certainly occurs to some degree in the denser parts of the Sun, itis
not an important effect compared to radiative diffusion and convection.

+ - - +
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12.5 The Solar Neutrino Problem
(Discovering the Universe, 5th ed., §9.9)

. Another type of radiative diffusion involves the neutrinos produced in the Sun's core, about
2 x 1038 every second.

Becaue neutrinos don't interact easily with matter, they will mostly zip right through the
Sun, carrying away their small amount of energy at close to the speed of light.

Picture Information

A small fraction of these neutrinos reach the Earth, and
scientists have set up neutrino detector sto observe
them.

To avoid interference from other forms of radiation in the
Earth's atmosphere, these detectors are built deep
underground (typically in old mines), where only
neutrinos can penetrate.

For example, the new Sudbury Neutrino Observatory in

Ontario isa 12-m sphere buried 2.1 Km below the
ground.

It isfilled with heavy water, which consists of oxygen
and deuterium instead of "ordinary" hydrogen.

. Onrare occasions, about 1 in every 1015 neutrinos, an interaction will occur with one of the
neutrons in the deuterium to produce a proton and an electron:

vtr— pte

Neutrinos can also simply collide with existing electrons.

Picture Information
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In either case, the electrons are gected at close to c,
the speed of light in vacuum, which is much faster
than the speed of light in the surrounding water
(0.75c).

These high-speed electrons therefore produce a
shock wave of light called Cherenkov radiation,
which can be observed by the 9600 detectors
mounted around the surface of the sphere.

Information about the neutrino's energy and
direction can then be determined.

Question: what other physical phenomenon have we
seen which is due to the reduced speed of light in a material ?

The first neutrino detectors demonstrated that the Sun does, in fact, emit neutrinos,
confirming that nuclear fusion occurs at its core.

The developers of the first neutrino detectors recently won the 2002 Nobel Prizein
Physics.

The early neutrino experiments also resulted in one problematic observation: they only
counted between 1/3 to 2/3 of the calculated number of neutrinos, depending on their
energy.

This unexpected deficit is known as the solar neutrino problem.

Experimental results from the Super Kamiokande neutrino detector, reported in 1998, have
provided a solution to the solar neutrino problem by demonstrating that neutrinos have mass |
(although we still don't know the actual values).

There are actually three types (or "flavors") of neutrinos, distinguished by their mass; the
Sun produces the lightest neutrino.

Because they have mass, neutrinos can easily "oscillate”" from one flavor of neutrino to
another.

Since older neutrino detectors couldn't detect the heavier neutrinos after an oscillation

+
|}
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occurred, there appeared to be a deficit of the Sun's lighter neutrinos.

.
- )
- a
P

jl12.6 Helioseismology

(Discovering the Universe, 5th ed., 89.8)

Picture I nformation

. Inthe 1960s astronomers
discovered that the Sun's surface
vibrates dlightly, with a period of
five minutes.

Other vibrations were subsequently |
discovered, with periods of 30
minutes and longer.

The study of these vibrationsis
known as helioseismology, from
the Greek for "Sun" and "to shake".

The image to the right of the Sun's surface reveals a mixture of these vibrations over a
one-hour period.

Picture Information

The Sun's vibrations are resonant sound
waves, like those that occur inside the
chambers of musical instruments.

At any given time different portions of
the Sun's surface are moving outward
while other portions are moving inward.

Question: which color (red or blue)
corresponds to which motion?

These vibrations can extend all the way
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into the interior of the Sun.

If these vibrations werein air, they would sound like this. (AU format; Sound Information.)

Analysis of these vibrations provides information about the interior of the Sun, in
particular how its movements, density, temperature, and chemical composition vary
with depth.

As aresult, observations of these vibrations provide important tests for theories of
stellar structure and evolution.

Picture Information

One important result of these observations are
descriptions of the motion of the Sun'sinterior.

The Sun experiences adifferential rotation, i.e.
different parts rotate at different rates, as shownin
the picture at the right.

Thisisnot surprising, given that the Sun isfluid.

There are two different regions. an outer shell,
which correspond to the convective zone, and an

inner sphere, which correspond to the radiative
zone.

In the outer shell, rotation varies with latitude.
Outer equatorial regions rotate relatively rapidly, with a period of about 25 days (red).
Outer polar regions rotate relatively slowly, with a period of about 35 days (blue).

Intermediate latitudes (orange/yellow/green) rotate with a period in between these
extremes.

In the inner sphere, there islittle variation in rotation, with arelatively short period of
25 days (red).

Question: why might the inner regions of the Sun have much less variation in rotation
Speed?

- t
.
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=

Introduction to Astronomy

Lecture 19: The Death of ngh I\/Iass
Stars

— —% - -
The bigger they_come, the harder they fall. _

. - "Geatleman Jim" Corbett -

19.1 The Acceleration of Fusion

) (Discovering the Universe, 5th ed., 812.4)
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Aswesaw in Lecture 17, all stars will evtually epand to
become supergiants.

If the star has a high mass, larger than about eight solar
masses, it will have a carbon-oxygen-neon inner core that is
not burning, surrounded by a shell of burning helium, and
finaly an outer shell of burning hydrogen.

As with other stars, the core is buried deep inside the outer

layers of the star, which consist of nonburning H and He.

With no energy source in the inner core to balance the gravity, the star is out of
mechanical equilibrium.

A high-mass star can squeeze its core more than alow-mass star dueto itslarger gravity.

S0, the core is again compressed, and its pressure and temperature will rise.

The higher temperatures provide the energy for other nuclei to fuse into new elements,
provide a new source of energy in the core, and restore equilibrium.

The most important of these reactions are detailed below, though there are others that also
provide energy and produce other elements.

In addition, many other reactions that require energy to occur are possible at these high
temperatures.

In thisway every heavy element in nature is created, in proportions that are predictable
from our understanding of nuclear fusion.

When the temperature of the inner
core reaches 600 MK, carbon
fusion will begin to produce neon
and helium:

B e 4 *He 4+

With this new source of energy in
the inner core, the star's mechanical
equilibrium is again restored.

However, this balance is short-lived; in a 25-solar mass star, this process (and others) will
most of the carbon in the core in only 600 years!
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. So carbon fusion soon dies off, and the inner core
becomes primarily oxygen and neon.

Without an energy source in the inner core, the
compression-shell burning process occurs once again.

Fresh carbon produced in the upper layers of the core
is pushed deeper, and the nonburning inner core
becomes surrounded by a shell of burning carbon.

Then the compression- heating-
fusion- balance process repeats
itself in the inner core.
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With this new source of energy
in theinner core, the star's mechanical equilibrium is again restored.

However, this balance is even shorter-lived; in a 25-solar mass star, this process (and
others) will use up most of the neon in the core in only one year!
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. So neon fusion quickly dies off, and the inner
core now becomes primarily oxygen.

Without an energy source in the inner core, the
compression-shell burning process occurs yet

again.

Fresh neon produced in the upper layers of the
core is pushed deeper, and the nonburning inner
core becomes surrounded by a shell of burning
neon.

Then the compression- heating-
fusion- balance process repeats el

itself in the inner core. |
B
+

L O
e
o

3
]
When the temperature of the £
inner core reaches 1500 MK = +
1.5 GK, oxygen fusion will
begin to produce silicon and + +
helium: Gﬁﬂf"' 6o
60 4 B0 285 4 *He+ E Tooov
+ +
With this new source of energy

in theinner core, the star's mechanical equilibrium is again restored.

However, this balance is again very short-lived; in a 25-solar mass star, this process (and
others) will use up most of the oxygen in the core in only half ayear!

- t
L -
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. So oxygen fusion quickly dies off, and
the inner core now becomes primarily
silicon.

Without an energy source in the inner
core, the compression-shell burning
Process occurs once again.

Fresh oxygen produced in the upper
layers of the coreis pushed deeper, and
the nonburning inner core becomes
surrounded by a shell of burning oxygen.

Then the compression- +

heating- fusion- balance {0~ =~ &

process repeatsitself one (= & 0

last timein theinner core. @ T @ 0+ O *s5
x 'S ; IS +

When the temperatureof " e + \\‘

the inner core reaches 1%
2700 MK = 2.7 GK, A"

L } . . + L]
silicon fusion will begin 4+ C}%‘F //"
_|_

to produce nickel: o Qg

OF O O F o Fg
‘|—.=:.+.=:.'ﬂ'
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(Silicon fusion actually
occurs through a series of
reactions, but the result is the same.)

With this new source of energy in the inner core, the star's mechanical equilibriumis
again restored.

But this balance is al'so ephemeral; in a 25-solar mass star, this process will use up the
silicon in the core in only one day!

Finally, the nickel rapidly decaysinto iron by neutronization, in J
which protons "capture" electronsto produce a neutron and a
neutrino:
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pte+E—-un+w

Question: where have you seen asimilar process? How did it differ?

Neutronization requires energy to occur, but such alarge nucleus can provide it from the
resulting reduction in the number of its protons.

Question: how does reducing the number of protons provide energy?

" .
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. Sosilicon fusion ends ailmost as
soon as it began, and the inner core
now becomes primarily iron.

Without an energy sourcein the
inner core, the compression-shell
burning process occurs once again.

Fresh silicon produced in the upper
layers of the coreis pushed deeper,
and the nonburning inner core
becomes surrounded by a shell of
burning silicon.

19.2 Supergiants
(Discovering the Universe, 5th ed., 812.4)

. The star's core now resembles an onion, with layer on top of layer of burning gas.

As each new layer is added, the luminosity increases and the star expands, becoming a
luminous supergiant (class la), with a brightness of ~10° Lg,.

While the star becomes almost as big as the orbit of Jupiter, the coreis highly compressed,
only 102 of that size, about the diameter of the Earth.

. A familiar supergiant isthe M1la star Betelgeuse, the left shoulder of Orion.
Betelgeuse is ~500 ly away, and is estimated to be 18-20 solar masses.

Betelgeuse has recently been imaged by the Hubble Space Telescope, the first star besides
the Sun whose surface has been observed:

LB
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Picture Information

In this false-color picture taken in the ultraviolet, Betelgeuse's surface can be seen (red), as
well as alarge hot spot (white).

As astar becomes abigger and brighter supergiant, its mass |oss also increases.
Aswith red giants, mass loss occurs continuously, carried away by the stellar wind.

If this material collides with surrounding interstellar material, it can be pushed into a
circumstellar shell, with atypical diameter of alight year.

The interior star may then ionize it, producing a bright nebula.

The Bubble Nebula (NGC 7635) is a beautiful example of such a shell, surrounding the
massive blue supergiant BD+602522:

A supergiant may also gject matter in brief explosive intervals, probably the result of the
many changes in nuclear fusion occuring initsinterior.

- + -
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Ejections of matter may be the result of overal pulsations of the star's surface, or
convection cells that carry material rapidly outward (like bubbles in boiling water).

learn more about recent observations of Betelgeuse's atmosphere that support the
|atter idea.

These g ections may also surround the supergiant with a slowly expanding circumstellar
shell.

Betelgeuse is estimated to be losing ~10-6 solar masses per year, and may already have lost §
half of its main sequence mass.

Betelgeuse's circumstellar shell is expanding at arate of about 10 Km/s, and is currently
1/3 ly across.

An outstanding example of mass loss in aluminous supergiant can be found deep inside the
Great Nebula of Carina (NGC 3372), 9000 light years away in the southern sky:

L]

Picture nformati on

http://www.opencourse.info/astronomy/introduction/19.stars_death_high-mass/ (9 of 14) [3/3/2008 1:45:42 PM]


http://www.aoc.nrao.edu/pr/betel.html
http://www.aoc.nrao.edu/pr/betel.html
javascript:maxWindow('keyhole_eta_carina_big.jpg', 'Great Nebula in Carina, Visible', 2970, 1979)
http://www.opencourse.info/astronomy/introduction/19.stars_death_high-mass/great_nebula_carina_photos.html

Open Course : Astronomy : Introduction : Lecture 19 : Death of High-Mass Stars
The dark nebula covering the brightest portion is known as the Keyhole Nebula (NGC
3324).

To the lower |eft of the the Keyhole lies a bright yellowish billowing cloud, which hides
the luminous red supergiant Eta Carinae.

In the near (2 um) infrared, Eta Carinae becomes quite visible (at the lower |eft):

Picture Information

Eta Carinae may at one time have been as much as 100 times as massive as the Sun, and
appears to be very near the end of its relatively short life.

Designated a fourth magnitude star in 1677 by Halley, Eta Carinae brightened to a
magnitude of -1 by 1843, making it the second brightest star in the sky.

Then, between 1857 and 1870, Eta Carinae dimmed and finally disappeared from naked-
eyevisibility.

The Hubble Space Telescope revealed that Eta Carinae's dimming was because it had
gjected alarge cloud of material that had shrouded the star:
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Picture Information

Because of its outbursts, Eta Carinae may now only be about fifty or sixty times as massive
asthe Sun.

Presumably some of the material in the Great Nebula of Carinais dueto this star's earlier
mass |oss.

Animage from the Chandra X-Ray Observatory reveals a circumstellar ring around Eta
Carinae with a diameter of about two light years:

+ ]
-

+ - - + n
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Picture Information

The x-ray light results from the collision of supersonic gecta with the surrounding

interstellar gas and dust in the Carina Nebula.

19.3 Supernovae, Take Il

(Discovering the Universe, 5th ed., §12.5)

http://www.opencourse.info/astronomy/introduction/19.stars_death_high-mass/ (12 of 14) [3/3/2008 1:45:42 PM]



javascript:maxWindow('etacarina_chandra_big.jpg', 'Eta Carinae Shell', 504, 504)
http://www.opencourse.info/astronomy/introduction/19.stars_death_high-mass/great_nebula_carina_photos.html#eta carinae shell
http://ie.lbl.gov/toimass.html

Open Course : Astronomy : Introduction : Lecture 19 : Death of High-Mass Stars

. A supergiant that is
concentrating iron at
its core has a problem,
because iron cannot be
burned to produce
energy!

In the figure at the
right, the dependence
of nuclear stability on
atomic massis shown
(the vertical variation
is due to different
elements with the
same atomic mass).

Iron isthe most stable
of al nucle, soits
fusion to create even
larger nuclel requires :
an input of energy. 0 35 B& FF 95 112120 144 158 173 1935 216 243

With no way to Atomic Mass

counter the
tremendous force of gravity, the supergiant continues to compress its core.

Eventually theiron in theinner coreis so tightly packed, a density of about 3 x 109
g/cm3, that it becomes electron-degenerate.

For a brief period of time compression is halted, and el ectron degeneracy pressure
supports the outer layers of the star.
Astheinner coreis compressed, the silicon fusion in the shell above adds more iron to

theinner core, and it grows to more than one solar mass of material.

Once the inner core reaches a diameter of about 3000 Km, the gravitational forces
acting on it are so intense that it is forced to collapse.

In about atenth of a second, the electrons are pushed towards the iron nuclei, and the
temperature increases dramatically, surpassing 5 GK.

The core is suddenly hot enough to produce significant amounts of gamma radiation.

The photons have enough energy to break the iron nucle apart into their

+
|}
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constituent protons and neutrons, a process called photodisintegr ation.

-
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- The aptimist proclaims that we live in the best of all
possible worlds; e pessimist fears this,is true. '
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S + = James Branch Cabell
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21.1 Planetary Systems

(Discovering the Universe, 5th ed., 8l1.0)
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In Lecture 16 we saw that the formation of
stars begins with the gravitational compression
of gas and dust into cocoon nebulae.

Cocoon nebulae devel op one or more hot
protostars in their centers, which may
eventually become main sequence stars.

Many such cocoon nebulae have been
observed in recent years, such asthe one at the
right being pushed back by a new-born star.

Thereisincreasing evidence that cocoon nebulae commonly give rise to many smaller
condensations of matter that orbit the protostar(s) and subsequent new-born stars.

These objects eventually become planets, and together with the star they orbit they form R
aplanetary system.

Besides the obvious example of our own Solar System, numerous planetary systems
around other stars have also been detected in recent years.

Within our Solar System we find that, in addition to the planets, many smaller objects
orbit the Sun and planets, from small grains of dust on up to "minor planets' hundreds
of kilometersin diameter.

The presence of minor planets beyond the orbit of Neptune is also a recent discovery
that has expanded the boundaries of our Solar System.

L] = -
- h L . +
+
n
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21.2 An Overview of the Solar System
(Discovering the Universe, 5th ed., 8ll.4, 8l1.5)

. Tounderstand how our Solar System came into existence, it isfirst helpful to study the
basic characteristics of the objects that inhabit it: average distance from the Sun
(semimajor axis), diameter, density, eccentricity, and orbital inclination.

These characteristics help us categorize these Solar System objects into afew small
groups.

Astronomers early on determined the semimajor axis of solar system objects.

With telescopes, the diameters of the larger objects are visible and can also be measured.

For smaller objects, diameter is often estimated based on their measured brightness and
assumptions about the fraction of sunlight they reflect, known as their albedo.

By comparing these two characteristics, semimajor axis and diameter, we can identify
five basic groups of objectsin the solar system:

Terrestrial Asteroid Oiort
Belt Belt Clowud

—
=
(=1

.01

Diameter (Earth = 1)

(0.001

(0.1

1K) TN [(LELE ILLLLLY

Semimajor Axis (AL

The are the largest objects, on the order of 10 times the size of the Earth,
and are so-called because they all have basic similarities to Jupiter (also known as Jove).

+
+
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The Jovian planets are, inclusively, Jupiter, Saturn, Uranus, and Neptune.

The region where the Jovian planets orbit, between 5 A.U. and 30 A.U., iscalled the

. Theterrestrial planets are so-called because they all have basic similarities to the Earth.

The terrestrial planets are, inclusively, Mercury, Venus, the Earth, the Moon, and Mars.

The region where the terrestrial planets orbit, between 0 A.U. and 1.5 A.U., iscalled the
Terrestrial Belt.

. Theasteroids are significantly smaller than the terrestrial planets, on the order of 1/10 to
1/100 of the size of the Earth, and are therefore called minor planets.

The name asteroid comes from the fact that they are so small that they didn't show a disk
in early telescopes, and were therefore "star-like".

The three largest asteroids are Ceres, Pallas, and Vesta
More than 10,000 other asteroids have been identified.

The region where most of the asteroids orbit, between 1.7 A.U. and 3.5 A.U., iscalled the
Asteroid Belt.

Picture Information

. Thedistant aresimilar in sizeto
the asteroids, and are also called minor planets.

Note that the smallest "planet”, Pluto, is
categorized here as an icy asteroid, though so
far aswe know it's the largest of them.

this classification of Pluto is not
"officia"; read the International Astronomical
Union's press rel ease on the subject.

Discovered in 2004, Sedna is the second largest icy asteroid known, at roughly two thirds
the diameter of Pluto.

Sednaisfollowed closely in size by Quaoar and then by Pluto's own moon Charon.
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Sedna

800-1100 miles
in diameter

R i
]
l‘l--—....,_‘_' Sl
_—

Quaoar Pluto Moon Earth
(800 miles) (1400 miles) [2100 miles]) (8000 miles)

Picture Information

Except for Pluto (1930) and Charon (1978), al of the more than 500 icy asteroids
known have been discovered since 1992.

The region where most of the icy asteroids orbit, between 30 A.U.and 1000 A.U.,
iscalled the , after Gerard Kuiper, the astronomer who proposed its

existencein 1951.

The icy asteroids are commonly known amongst astronomers as

( ) or ( ).

. Comets are the smallest objects, on the order of 1/1000 to a 1/10,000 of the size of the
Earth, though they sometimes approach the Earth and become very bright.

Famous examples of cometsinclude Halley, Hale-Bopp, and Shoemaker-Levy 9.

The region where most of the comets orbit, between 1000 A.U. and 100,000 A.U., is
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called the Oort Cloud, after Jan Oort, the astronomer who proposed its existence in
1950.

A signficant number of comets can also be found in the Kuiper Belt, though as we will
see they are physically distinct from the icy asteroids.

We can gain more understanding and distinction of these classes by considering their
mass, or more usefully, density.

Applying Kepler's and Newton's Laws allow the determination of planetary mass, and by
combining with diameter, their density:

Terrestrial Asteroid Orart
Belt Belt _ Clowud

&

.00

VROt - ¢

[][][] T T T T 1
.1 14 100 1000 10000 100006

Semimajor Axis (AL)
Distinct grouping are again visible on this chart.

It's useful to compare these numbers with the density of various materials:
Iron and other dense metals such as nickel, lead, etc.: >~ 8 g/cm3
Rock and light metals such as aluminum: ~3glcm3
Water and other liquids/ices such as methane and
ammonia:

Compressed gas such as hydrogen, helium, etc. (highly 3
variable): <~0.1g/cm

~1glcm3

The terrestrial planets are the densest objects, with densities suggesting they are mixtures
of iron or other metals and rock.

" .
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The asteroids have similar or smaller densities; the densest appear to be pure metal, the
least dense appear to be loose piles of rock (they are not large enough for their gravity to
hold onto any gas).

Theicy asteroids have lower densities than the other asteroids, suggesting they may be
rock covered with ice (hence their designation).

The comets have the lowest densities, indicating they are mostly ice.

The Jovian planets also have very low densities, suggesting alarge liquid and gaseous
composition.

Spectroscopic measurements of sunlight reflected by these objects have helped to
confirm these compositions.

If adark line appearsin the reflected light that isn't in the Sun's spectrum (usually
because it is molecular), it must be due to absorption by the planet's atmosphere or
surface.

Question: how else might we determine the composition of these objects? To which does
that apply?

Eccentricity again helpsto distinguish these objects from each other:

Terrestrial Asteroid Oort

Belt Belt ihiiil- P

Eccentricity

T " T T T 1

10 100 1000 10000 100000
Semimajor Axis (AU)
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Eccentricity isrel ativel small for th terrestrial and Jovian worlds.

It istypically much larger for the asteroids and icy asteroids.

It is generally the maximum for the comets (possibly because these are only the ones we
can observe).

Orbital inclination is another distinguishing characterisitic:

Terrestrial Asteroid Oort
Belt Belt

Inclination (%)

ek

.1 1 100 10010 10000 100000

Semimajor Axas (AL

An angle less than 90° indicates motion around the Sun in the same direction as the
Earth.

An angle greater than 90° indicates motion in the opposite direction to the Earth, which is
called aretrograde orbit.

Orbital inclination isrelatively small for the terrestrial and Jovian worlds, all being
relatively close to the ecliptic and in the same direction as the Earth.

It istypically larger for the asteroids and icy asteroids, but still less than about 30°, and
again in the same direction as the Earth.

It is every possible angle for the comets, often opposite to the direction of the Earth, a
random distribution of orbits.

* e

- + -
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. We can summarize these characteristics as follows:

Semimajor
AXis

Terrestrial OA.U.to

Planets 15 A.U.

Mostly between
Asteroids 1.7A.U.t0 Small
about 3.5 A.U.

Jovian  |About 5A.U.to Larae Very
Planets | about 32 A.U. g Small

Mostly between
lcy 32A.U.to Small Mostly Small to Small to
Asteroids about 1000 Small Medium Medium

A.U.

Mostly between
32A.U.to Very Very
about 100,000 Small Small
A.U.

Object Diameters | Densities |Eccentricities| Inclinations
Medium High Small Small

Mostly Small to Small to
Medium Medium Medium

Small Small

Comets Large

The star chart background was produced on a Maci nto with the Voyager |l program, and are §
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Introduction to Astronomy

‘Lecture 35: The Struct-u;r'_e-of:th_e Universe
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- Only two things are infinite, the universe.and human
stupidity, and I'mgaot sure about the former.

u -

- T - Albert_ Einstein (attributed, source unknown)

35.1 The Universe

Ml (Discovering the Universe, 5th ed., 811.0)

. The Universeisdefined to be the sum total of everything that we know about: stars,
galaxies, clusters, superclusters, voids, etc.

. Cosmology isthe study of the structure and evolution of the Universe.

It is asubject of great current interest, as the Hubble Space Telescope and other new
instruments have recently helped astronomers shed light on many important questions.
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. There have been many theories about the Universe, but they generally all share one
fundamental postulate, the cosmological principle, which has two parts.

. Firgt, the Universe must be isotropic (the samein every direction).

For example, the Hubble deep field images, extending 12 Gly away, for two completely
different directions, are remarkably similar:

Picture Information Picture Information

Hubble Deep Field North Hubble Deep Field South

The first image isin the northern hemisphere (Ursa Mgjor), and the second isin the
southern hemisphere (Tucana).

Observations of the Universe such asthis verify isotropy to a high degree.
Second, the Universe must be homogeneous (uniform as far as one can travel in agiven
direction).

In other words, no matter where you are located in the Universe, it will pretty much ook
the same as it does here.

We have alittle more trouble verifying homogeneity, since we can't see large distances
very well.

The size of the largest superclusters d voids is about 700 Mly, so homogeneit
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obviously doesn't apply below this distance.

Over larger distances, however, the Universe does appear to be relatively uniform.

. Two implications of the cosmological principleisthat the Universe can have no center
(which would violate isotropy) and no edge (which would violate homogeneity).

35.2 Galacic Recession

. Anearly indication that many "nebula’ were in fact galaxiesisthat their spectra show a
substantial redshift, i.e. they are receding from us at great speed (~10,000 km/s!).

« AsHubble studied numerous galaxies in the 1920s, he measured both their distance and
their Doppler shifts, and calculated their speed.

Interestingly, Hubble found that all distant galaxies are receding from us.
Also, Hubble found that the more distant the galaxy, the greater its speed of recession.

More specifically, when Hubble plotted their recessional speed v vs. their distancer, he
found alinear relationship, called the Hubble Law:

V=Hgr

The slope of thisline, Hy, is known as the Hubble Constant, and it has avalue

Hg = 21 km/s/Mly (+ 2 km/s/Mly) .

For example, the Virgo cluster is 50 Mly away, which meansthat it isreceding at a
speed of

v =21 km/s/Mly x 50 Mly = 1050 km/sec
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How can we explain the fact that every distant galaxy is receding away from us?

Certainly we are not at the center of the Universe; there must be some other
explanation!

Einstein's Theory of General Relativity provides the answer.

The Newtonian idea of spaceisthat it is static and endless.

It is"nothing"; objects exist in it but are not connected to it.

On the other hand, General Relativity requires that space be "elastic”.

It is capable of being compressed, stretched, and even twisted by the presence of the
mass and energy it contains.

Question: what examples of this have we already seen?

Hubbl€e's observation of galactic redshifts
demonstrated that the Universe itself must be
expanding.

The space between any pair of galaxies
Increases with time; the gal axies separate without actual
motion.

The further apart they are, the faster they separate.

An important consequence of thisisthat no galaxy (including our own) is at the
"center” of the Universe.

As a photon from one galaxy travels to another, it will haveits BTAYA o
wavelength "stretched", producing a cosmological redshift. M e, N

The farther the photon travels, the longer it takes, so the more stretching occurs.

- t
.
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. Galaxies do not expand: because of their large mass and compact size, their
gravitational force counteracts the expansion.

So, only intergalactic (and primarily intercluster) space expands.

Nevertheless, because of their large mass, superclusters of galaxies will still have a
significant contracting effect on the Universe.

Before Hubble announced his observations, Einstein had realized that this contracting
effect must exist.

However, Einstein had philosophical difficulty with the notion of a contracting
Universe.

Einstein therefore introduced an expansive force into his theory, called the
cosmological constant, which would just balance the effect of gravity and create a
static Universe.

. Aswe have seen, however, the Universe is neither contracting nor static, but instead
expanding.

The simplest explanation of the observed expansion is that the Universe received an
initial large "push”, easily overcoming gravity, which became known as the Big Bang.

This prompted Einstein to remark that the cosmological constant was the "biggest
blunder" of hislife (even heis subject to the prick of Occam's Razor!).

il 35.4 The Geometry of the Universe

. Genera Relativity also predicts that the Universe must have a distinct "shape”, which depends
directly on how much massisin it and on how fast it is expanding (i.e. the Hubble Constant).

. Therelevant parameter hereisthe critical density of mass and energy, which, for Hp = 23
km/s/Mly, is calculated to be

d.=2.4x 106 kg/m3.
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Thisisroughly fourteen hydrogen atoms per cubic meter, or about one Mil k Way-
sized galaxy for every 4 Mly in each direction.

Because of the cosmological principle, the actual density of the Universe must be the same
everywhere (at least over scaleslarger than about 700 Mly).

There are therefore only three possibilities for the geometry of the universe: flat, hyperbolic,
and spherical.

If the Universe has exactly the critical
density, it issaid to be acritical or flat
Univer se.

Imagine that instead of being three
dimensional, the Universe was two-
dimensional.

Imagine also that you could stand "outside"
of it and look at it (although in actuality this
Isnot possible -- everything isinside the
Universe!).

A flat Universe would then appear to be a plane (it would have zer o curvature).

Picture Information

From within aflat Universe, we could =
determine its geometry by the fact that two

parallel beams of light will always remain

parallel to each other.

A flat Universe must have no edges and therefore must extend indefinitely in every
direction (or else it would violate the cosmological principle).

One way for aflat Universe to extend indefinitely isif the Universeisinfinitein size.
Such aUniverseis aso said to be open.

In an open Universe, alight beam will never return to its starting point.

- .
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. Another way for aflat Universe to extend indefinitely isif the Universe connects back on

itself after a certain distance, in which caseit isfinitein size.
Such aUniverseis aso said to be closed.

In the picture below, you can see how afinite Universe appears to repeat itself over and over
again (but it is actually only the size of the colored square).

Picture Information

In each picture, the red edge connects to the red edge and the yellow edge connect to
the yellow edge, etc.

In the left-hand picture the connection is direct, while in the right-hand picture the
connection is to the opposite end, making the space "twisted" (like a Mdbius strip).

With athree-dimensional space, there are even more ways for a closed Universe to be
connected together.

In aclosed Universe, alight beam will eventually return to its starting point, and then
retraverse the same distance, over and over again.

Question: For these two Universes, how do they differ with respect to the distance
travelled by alight beam before it returns to its starting point?

. If the Universeis closed, we should be able to "see ourselves' by looking far enough away in
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The only problem isthat we are also looking back in time, since light takes afinite time to
traverse the Universe and return to us.

This distorts our view since we would be seeing our galaxy when it was much younger, and
we might not recognize it!

If the Universe has less than the critical
density, gravity isrelatively weak, and the
expansion causes space to curve away
from itself.

The Universeis then said to be
hyperbalic.

To an imaginary outside observer, a hyperbolic Universe would appear to have a saddle shape
(it would have negative curvature).

Picture Information

Within a hyperbolic Universe, two parallel
beams of light will diverge from each other.

A hyperbolic Universe, like aflat universe,
must extend indefinitely far in every direction,
and again could be either open or closed.

If the Universe has more than the critical density, gravity
isrelatively strong, and causes space to fold over towards
itself.

The Universeisthen said to be spherical.

To an imaginary outside observer, a spherical Universe
would appear like the surface of a sphere (it would have
positive curvature).

Note that the spherical Universe does not include the
interior of the sphere (and therefore has no center, in
compliance with the cosmological principle).

-
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Picture Information

Within a spherical Universe, two parallel =
beams of light will converge together and
cross each other. i

Unlike aflat or hyperbolic Universe, the spherical Universe is necessarily finitein size
and closed.

The spherical Universe still extends indefinitely, just like here on the surface of the
Earth, where you can circle the globe forever if you chose to do so.

35.5 The Cosmic Dilemma

. Aswe have seen, it isvery difficult to determine the amount of mass and energy in the
Universe, because so much of it isin the form of dark matter.

However, by observing the motions of galaxies, clusters, and superclusters, we can still
estimate the total amount.

Recent results suggest that there is about ten times as much dark matter as luminous
matter, and that the total density of matter is

d~5x 1027 kg/m3~d./10.

In other words, it would seem that we live in a hyperbolic Universe.

On the other hand, observations of the most distant galaxies fail to reveal any evidence
of curvature, suggesting instead that we live in aflat Universe!

Resolving the contradiction between these two sets of observations will require a better
understanding of how the Universeis evolving.
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36.1 The Big Bang

If the Universe is expanding, at sometime it must have been concentrated in asingle
point, with infinite density.

Thispoint is called the cosmic singularity.

Thissingularity islike that of ablack hole, in that all matter and energy were crushed
together at a single point.

Some sort of "explosion” must have occurred to start the expansion of the Universe
outward from the cosmic singularity; it is called the Big Bang.

Thisisnot like an explosion in which debris goes flying off into space.

Instead, it is the expansion of space itself, and therefore occurred everywhere
simultaneously.

The Hubble Constant

Ho ~ 21 Km/s/Mly = 68 Km/s'Mpc

gives arough estimate of the time since the Big Bang (i.e. the age of the
Universe):

time = distance/velocity = r/v = 1/Hy = 13 Gy.

Other estimates put it a aslittle as 8 Gy, or as much 16 Gy.

In any case this must certainly be an overestimate, because the gravitational pull of the
Universe's mass has slowed down the expansion (i.e. Hg has decreased with time).

Thisis aproblem, because stellar theory indicates that the oldest stars are at least 14 Gy
old.
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There has therefore been a great deal of controversy about the exact value of the Hubble |
Constant.

. Any galaxies which are farther than 13
Gly away we cannot see, because there
hasn't been enough time for the light to
arrive here.

The spherical surface at distance of 13 Gly
from usis called the cosmic particle
horizon; the observable universelies
inside this surface.

36.2 The Cosmic Microwave Bakground

There is additional evidence for the Big Bang besides the observed expansion of the
Universe.

Because all of the observed mass and energy in the Universe must have been initialy
concentrated in avery small space, the mass/energy density must have been very high,
which means avery high temperature, hotter than the interior of any star.

At these temperatures, most of the mass/energy existed in the form of high-energy
gamma radiation. These photons interacted with each other and with other particles,
gaining and losing energy asthey collided, resulting in a variety of wavelengths with a
blackbody distribution.

Asthe Universe expanded in size, the mass/energy density decreased and the
temperature dropped. The blackbody spectrum must have therefore shifted its peak to
longer wavelengths as well, as described by Wien's law:

-'::I']_':IEEIL'."‘ L"T
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« Now, 13 Gy later, the photons have shifted to low-energy microwaves.

Thisradiation is known as the cosmic microwave background. Its existence is not
predicted by any other theory of the Universe.

It was discovered by Penzias and Wilson at
Bell Labsin the early 1960s; they were
working on a microwave antennato relay THLA 4t T v
telephone calls to communications satellites, [

and found a background noise with a peak

wavelength around 1 mm, correspondingto T

= 3K.

Comssai Msrnort Baos oo s Secmen s mmos DOBE

The Cosmic Background Explorer (COBE)

satellite was sent into orbit in 1989 to
measure the background radiation; it was
found to be a perfect blackbody spectrum for T = 2.735 K.

COBE also found that the background is almost perfectly isotropic.

There do exists dight anisotropies, however . For one thing, the radiation is slightly
"warmer" (blueshifted) in the direction of the constellation Leo, and "cooler"
(redshifted) towards Aquarius. The following image is a projection of the entire sky,
with the Milky Way horizontal across the middle and Sagittarius in the center. (Note:
the colors are actually the reverse of what might be expected; Leo isin the red region at
the upper right and Aquariusisin the blue region at the lower |eft.)

http://www.opencourse.info/astronomy/introduction/36.universe_evolution/ (4 of 9) [3/3/2008 1:45:49 PM]


http://www.opencourse.info/astronomy/introduction/36.universe_evolution/firas_spectrum.jpg
http://www.opencourse.info/astronomy/introduction/36.universe_evolution/COBE.html

Open Course : Astronomy : Introduction : Lecture 36 : Evolution of the Universe

This smooth variation in the background radiation is due to the motion of the Earth with
respect to the background.

In the direction we are travelling a blueshift occurs (the same as if we were standing still |8
and it moved towards us).

Analysis of the data indicates that we are moving at a speed of 390 km/s towards L eo.

Taking into account our motion around the galaxy (horizontally to the right), this means
that the entire galaxy must be moving at a speed of 600 km/s in the direction of
Centaurus, somewhat closer to the center of thisfigure (in the green).

We are pulled in that direction by the gravitational force of several nearby galaxy
clusters (including the Virgo Cluster), and a gigantic supercluster called the Great
Attractor.

When the motion of the Earth is accounted for, remaining fluctuations in the
background radiation are still found, although they are at most 100 K warmer or cooler
than the average:
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Norlh Galacvlic Hemnisphie e moulll Galaclic Hemizphere

. Thesevariations are believed to be due to concentrations of massin the early universe,
which prevented complete isotropy of the background radiation by gravitationally
redshifting it (regions of greater density appear blue here).

This mass eventually condensed into the superclusters, clusters, and galaxies we now
observe.

836.3 The First Few Instants

. No one knows what caused the Big Bang initially, but once it occurred, we know that
the Universe underwent many changes as it expanded and its temperature decreased.
Thefirst few instants, in particular, resulted in arapid set of developments.

During an initial short period of time called the Planck time = 10-43 s, mass and energy
were so concentrated that space and time were not describable by our current
knowledge of physics (much like in the immediate vicinity of ablack hol€'s singularity).

All of the forces of nature were unified, with no distinction between how they affected
particles. Thisis quite different from the present case, where, for example, the electric

" .
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repulsion between a pair of electronsis 1042 times larger than their gravitational
attraction.

After the Planck time, the temperature had decreased to 1032 K, which allowed gravity
to separate out from the other forces of nature to become its own distinct, weaker
interaction.

Although the remaining forces continued in their unified condition, this high-energy
state is familiar to physicists from their studies of the sub-atomic world using particle
accelerators.

+

36.4 The Creation of Matter

Most of the mass of the Universe was created throughout the first second of its
existence, viaaprocess called pair production. At these high energies, pairs of photons
can collide and produce particle/antiparticle pairs such as electrons and positrons:

Zyp— ety T

Pair production can result in many different types of particles, but only so long as the
photons have at least as much energy as the total mass of the particles. So, asthe
temperature of the Universe decreased and photons had less energy, less and less
massive particles could be produced.

Pair production of all types ended by atime of about 1 s, when the temperature had
dropped to 6 x 109 K.

Pair production is the reverse of the pair annihilation that occursin the core of the Sun,

where electrons and positrons collide to produce photons. As more and more particles
were created, pair annihilation also increased.

Once a particular type of particle could no longer be produced, it rapidly disappeared

.
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because pair annihilation can always occur, independent of temperature.

. Duetoasymmetry breaking in the pair production process, slightly more matter than
antimatter was produced, maybe one particle in abillion. Therefore, once all of the
antimatter was destroyed, only a small amount of matter remained, which is the mass
we see today.

B 36.5 The Formation of Nuclei

Recall that the e emental abundance of starsis about 74% H, 25% He, 1% others.

The 1% other is known to be produced inside of stars themselves, but only 10% of the
helium can be understood as being produced inside of stars.

Where did the rest of the He come from?

The Big Bang could explain this, however; immediately afterward, it would have been
so hot that a large amount of H fusion would occur everywhere in space.

ATH—="He +44+24+E

After about 300,000 y the temperature in the Universe decreased to about 3000 K,
corresponding to a peak wavelength in the near infrared. Before this time, the Universe
was very much like the interior of a star: al matter existed as a plasma of charged
particles, because it was too hot for neutral atomsto exist, and the Universe was
opaque, because photons couldn't travel very far before being scattered.

After thistime, however, matter was largely converted into neutral atoms. This
decoupling happened in a matter of seconds, letting photons travel relatively freely
through the Universe.
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A

absolute zero

absolute temperature scale

l acceleration

Bl Adams, John Couch
albedo

altazimuth

atitude

o A mpere-hour

angle of
incidence

reflection
refraction

angular diameter

Ml anqular separation

jl angular momentum

in general
conservation

spin

annihilation, pair

+
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annular solar eclipse

ante meridian

antimatter

Bl -ohelion

arc
minute of

second of

Aristarchus

ascension, right
8 Asteroid
Belt

in general

astronomical unit

astrophysicist

atmosphere
of Sun

unit of pressure

atom
Ml atomic
mass

number

Attractor, Great

AU

autumnal eguinox
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magnetic
rotation

semimajor

background, cosmic microwave

Background Explorer, Cosmic

. Bang, Big
description
motivation

N bar

barometer

¥ Betelgeuse

Big Bang
description
motivation
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bail

boom, sonic

bound
bound

marginally bound
unbound

bow wave

Brahe, Tycho

+

Caendar

Gregorian
Julian

calorie, food

Cancer, tropic of

Sl Capricorn, tropic of

carbon fusion

Bl Celsius temperature scale
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celestial
’ uator
meridian
pole
sphere

center

_ Ml centigrade temperature scale

centimeter

change, phase

charge
glectric
conservation of electric

jl chemical element

Cherenkov radiation

circle
in general

great

M circular orbits
and Kepler's Laws

and Newton's Laws

circumstellar shell

closed Universe

COBE

comet

condensation
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ll conduction

jl conjunction
in general
inferior

superior

conservation of
angular momentum

electric charge
energy

linear momentum
mass

mass + enerqgy

constant
cosmol ogical

Hubble

constellation

contact forces

contraction, length

jl convection

ll convection rolls

gl convective zone

Copernicus, Nicolaus

core

cosmic
Background Explorer

microwave background
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particle horizon
singularity

cosmol ogy
in general

geocentric
heliocentric

cosmological
constant

principle
redshift

crescent moon

M critical
density
Universe

Mcrystal

current, electric

curvature
negative
positive
ZEro

cycle, proton-proton

+

http://www.opencourse.info/astronomy/introduction/index-glossary.html (8 of 43) [3/3/2008 1:45:52 PM]



Open Course : Astronomy : Introduction : Index of Terms

neutron
radioactive

declination

deferent

degree

density
mass
critical

detector, neutrino

Ml deuterium

diagram, phase

8l diameter, anqular

differential rotation

diffusion, radiative

dilation, time

dipole moment, magnetic

direct motion
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dispersion

diurnal motion

€
eccentricity

ecliptic
celestial
plane of the

ecligse

electric

charge
charge, conservation of

current
force

dl electricity
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electron

element

B clliptical orbits

and Kepler's Laws
and Newton's Laws

ellipse
elongation

eastern
in general
maximum
western

+ Mass conservation
conservation

description

gravitational potential
heat

Kinetic

potential

rate of use or production
total

unit

epicycle
equator

celestial
geographic

equilibrium
] hydrostatic
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mechanical
thermal
equinox
autumnal
description
precession of
spring
vernal

escape velocity

Eta Carinae

B evaporation

Explorer, Cosmic Background

factor, Lorentz

Fahrenheit temperature scale

field of view

field, magnetic

B finite Universe
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first quarter moon

fission, spontaneous nuclear

flat Universe

| Lid

focus

of ellipse
of telescope

food calorie
4 foot

force
and motion

contact
electric
friction
gravitational
magnetic
normal
tension

weak nuclear

generd
hydrogen fusion

neutron decay
neutrino detection
strong nuclear

genera
hydrogen fusion

nuclel

unit

Franklin, Benjamin

freeze
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friction

full moon

i fundamental electric charge

fusion
carbon

hydrogen
neon

nuclear
oxygen
silicon
thermonucl ear

Galilean satellites

Galilei, Galileo

gas

Genera Theory of Relativity

geocentric cosmoloqy
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8 geographic pole
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glass

gram

gravity
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well
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great circle

Gregorian calendar
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heliocentric cosmology

heliosel smoloqy

fll hemisphere

Hipparchus
geocentric cosmology

|atitude and longitude
precession of the equinoxes

Il homogeneous

horizon
local

cosmic particle

hour

Hubble
- Constant

Law

hydrogen fusion

hydrostatic equilibrium
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3 hyperbola

hyperbolic
orbit
Universe

inch

' incidence, angle of

inclination, orbital

inertia

infinite Universe

inner planet

interior of Sun
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intrinsic
angular momentum

Joule

Jovian
Belt
planet

jl Julian calendar

Jupiter
naked-eye observation
outer planet
opposition

http://www.opencourse.info/astronomy/introduction/index-glossary.html (18 of 43) [3/3/2008 1:45:52 PM]



Open Course : Astronomy : Introduction : Index of Terms

B K elvin

- Kepler
First Law

discovery
and Newton's Laws

Johannes
Laws
Second Law

discovery
and conservation of angular momentum

Third Law

discovery
and Newton's Laws

kilogram
kilometer

Kinetic energy

Kuiper Belt
in general
object
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L

Ml | ast quarter moon

|atitude

Law, Hubble

Laws of Motion, Newton's

leap
day
year

length contraction

Le Verrier, Urbain-Jean-Joseph
and discovery of Neptune
and precession of Mercury's orbit

M |inear momentum

in general
conservation of
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liguid
local
horizon
meridian

longitude

Bl L orentz factor

lunar eclipse
In general
partial
penumbral
total

magnetic
axis
field
force
dipole moment

magnetism

Ml marginally bound
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+ energy conservation
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metric system

microwave background, cosmic

mile

minor planet

minute

minute, light

minute of arc

molecule

moment, magnetic dipole

momentum

angular
angular, conservation of
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Moon
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full
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waning
waxing

motion
characteristics

direct

diurnal

laws of

First Law of
retrograde
Second Law of
Third Law of

negative curvature

neon fusion

j Neptune

l neutrino
detector

particle
problem, solar neutrino

neutron
decay
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particle

neutronization

new maoon

Newton
| saac
unit

Newton's:
First Law

Laws of Motion
Second Law
Third Law

. nodes
) ascending

descending
line of

noon

normal force

north pole
celestial

geographic
magnetic

north, orbital
North Star

northern hemisphere

notation, scientific

nuclear force
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O

object, point

oblate

observable universe

j Occum's Razor
Oort Cloud

open Universe

opposition

l orbital
inclination
north
period of revolution

circular, and Kepler's Laws
circular, and Newton's Laws
éliptical, and Kepler's Laws
eliptical, and Newton's Laws

hyperbolic
parabolic, and Newton's Laws

retrograde

outer planet

B Oxygen fusion
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P

pair
annihilation
production

parabola

parabolic orbit

l parallax

partial lunar eclipse

partial solar eclipse

particle horizon, cosmic

particle, subatomic

penumbra
Earth's
Moon's

penumbral lunar eclipse
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period
of revolution, orbital
Sidereal
synodic

diagram
of matter
of the Moon

photodisintegration
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planet

planetary system
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geographic
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in general
western

l quantization
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Star charts are produced on a Macintosh with the Voyager Il program, and are ©1988-93
Carina Software, 830 Williams St., San Leandro, CA 94577, (510) 352-7328. Used under

license.

gl ©1996-2002 Scott R. Anderson

: 8 |_ast update: 2002 January 15
Please send questions, comments, suggestions, or corrections to srca@mindspring.com.

Il The material on this website may be reused as described under the Open Course License.

| The Gateway to Educational Materials (GEM) is
the key to one-stop, any-stop access to thousands
of high quality lesson plans, curriculum units and
other education resources on the Internet! GEM is g
ll aproject of the U.S. Department of Education. The Introduction to Astronomy Webbook is
catalogued in the Gateway, and Scott R. Anderson is a member of the GEM Consortium.
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Astronomy Links

Astronomy |n Bnef

| A daity dose of |ntr|gu1ng
pictures. _ .

NE A m_ulti-daify report on astronomy and
_-planetary science. ' :

.= — The latest = . e
happenings in astronomy. - .

: _ Past, present and future events in astronomy _
- _and space sciénce.

Current and Upcoming Astronomy PrOJects &
- Missions :

http://www.opencourse.info/astronomy/introduction/astronomy _links.html (1 of 4) [3/3/2008 1:45:53 PM]



http://antwrp.gsfc.nasa.gov/apod/astropix.html
http://science.nasa.gov/
http://www.skypub.com/news/news.shtml
http://www.jpl.nasa.gov/calendar/

Open Course : Astronomy : Introduction : Astronomy Links

.The mission to Jupiter is s't_i_IL_g.oing'strong.
The orbital prase 6f NASA's study of
- ° . + ¢
Mars. - _ oo ' :
- it roid Réndezvac + Orbiting asteroid 433 Eros
~.since 2/14/2000 ' :
The first comet sample return mission. .

How you can help Search fof Extra-Terrestrial “-
. Intelligence! + :

: The-European Space Ag'ency’s mission to Iand_'on a
comet in 2011! '

The next missian to Saturn will arrive iR 2004.

I'?ast Astronomy Projects &-Missions

" The first NASA rﬁiééion_ to the Moon in 25-

years! e
NASA's mission to the surface of the Red
“"Planet. L .
- More info about.Pathfinder, including virtual .
.- _reality movies! : T e

The European Space Age‘ncy's'rr-\is'si'on to Comet Halley.

.
™

http://www.opencourse.info/astronomy/introduction/astronomy_links.html (2 of 4) [3/3/2008 1:45:53 PM]



http://www.jpl.nasa.gov/galileo/index.html
http://mpfwww.jpl.nasa.gov/mgs
http://near.jhuapl.edu/
http://stardust.jpl.nasa.gov/
http://www.bigscience.com/setiathome.html
http://sci.esa.int/rosetta/
http://www.jpl.nasa.gov/cassini/
http://lunar.arc.nasa.gov/
http://mpfwww.jpl.nasa.gov/default.html
http://members.aol.com/space7/exper.html
http://sci.esa.int/home/giotto/

Open Course : Astronomy : Introduction : Astronomy Links

http://www.opencourse.info/astronomy/introduction/astronomy_links.html (3 of 4) [3/3/2008 1:45:53 PM]

General Astronomy ...,

A multimedia tciurtof the Solar. System.

View the pla'n_'ets close-up at a{ny given
time. : : a :
A presentation by Boston's Museum
of Science. - el ' '

-

_ . All you-evegr wanted to know aboutauroras,
- including forecasts! . - - .

Miscellaneous Astronomy

Poihters to astronomy-related information available -
on the Internet. - . -

Dedicated to the correction of myths and
misconceptions. S - .

ia “Alist of programs you can use on your
own computer! ' .
: . Astronomy programs
specifically for the Mac. .



http://seds.lpl.arizona.edu/nineplanets/nineplanets/nineplanets.html
http://space.jpl.nasa.gov/
http://www.mos.org/sln/wtu/index.html
http://www.pfrr.alaska.edu/~pfrr/AURORA/
http://www.cv.nrao.edu/fits/www/astronomy.html
http://www.badastronomy.com/
http://www.seds.org/billa/astrosoftware.html
http://www.perkins-observatory.org/software.html

Open Course : Astronomy : Introduction : Astronomy Links

The star chart background was produced on a M acintosh with the'-Voyager |l program, and is

©1988-93 -+, 830 Williams St., San Leandro, CA 94577, (510) 352-7328, Used
under license. - e : - .
©1996-2002 ’ - . o

Last update: 2002 January 10, -
Please send questions, comments, suggestions; of corrections to

The material on this website may bereused.as described underthe " w . o

=

The Gateway to Educational Materials (GEM).is
'E . Member the key té one-stop, any-stop accéss to thousands
waw. thegatcway org of high quality lesson plans, curriculem units and
- other education resources on the Internet! GEM is
aproject of the U.S. Department of Education. The Lntroduction te’Astronomy Webbook is
catalogued in the Gatewail, and Scott R. Anderson ig amember of the GEM Consortium.
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Carina Software

Ebme * a Astronomy Software Voice: 925 B38-0695
e . Cﬂrlna Softwa Tre Telescope Control mfe' "}' # D
N cer 4 ¢t - Equatorial Mounts FAX: 925 838-0535

For more than fifteen years, Carina Software has been
SkyGazer 4

- : : I ) offering full-featured planetarium software used by amateur
VOYAG E R 4 and professional astronomers, casual backyard stargazers,
Voyager 111 i : and teachers in college and high school classrooms.
DryMAMIC SKEY SIMULATOR

We are now shipping Voyager 4, release 4.0.8, for Mac OS X

and Windows. Voyager 4 represents the biggest leap foward
in our astronomy software line since it was first introduced
more than 15 years ago.

Voyager |1l SkyGazer

MI Mounts

Order Products

A free demo version of Voyager 4 is available for download.

After months in development, we have updated and
released our popular educational program SkyGazer 4, for
Mac OS X and Windows. SkyGazer 4 designed for classroom
instruction and for those new to astronomy.

And after years of design and development, we are
introducing new larger models of our original line of
telescope mounts.

Voyager 4, release 4.0.8, is now available
for Mac OS X and Windows. The Mac OS X
version of Voyager 4 is a Universal Binary
application, and will run natively on both
Intel and PowerPC Macintosh computers.
The Windows version supports Windows
2000, XP, and Vista. Both versions feature a
completely rewritten graphics and
computational engine able to reproduce
astronomical phenomena over a million-
year timespan.

Voyager 4's object database includes every
known planet, moon, asteroid, comet in the
solar system; and gigabytes of stars, star
clusters, nebulae, and galaxies from the
latest professional astronomical catalogs. It
can display the sky with unprecedented
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realism and accuracy.

Voyager 4 includes our SkyPilot telescope
control interface, and can drive most
commercially-available computer
controllable telescopes, such as the
Celestron NexStar GPS and Meade LX-200

GPS.

SKYGAZER 4
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SkyGazer 4, the educational version of Voyager 4, is an
exciting introduction to the fascinating world of astronomy.
Designed for the novice, SkyGazer 4 is the ideal companion
for the backyard astronomer who is exploring the wonders
of the night sky for the first time.

You can download an unregistered - but otherwise fully

functional - version of SkyGazer 4 from our website, or
order a copy from us, shipped to you on CD-ROM.

We are pleased to announce that publisher Pearson Addison-
Wesley has selected SkyGazer 4 to be included with its
college astronomy textbooks.

SkyGazer 4 is a celestial adventure for all ages.
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SkyGazer 4, release 4.0.7, is now available

for Mac OS X and Windows. As with
Voyager 4, the Mac OS X version of
SkyGazer 4 is a Universal Binary
application, while the Windows version
supports Windows 2000, XP, and Vista.
SkyGazer 4 features Voyager 4's advanced
graphics and computational engine, but
contain a smaller selection of data. That
selection includes only the objects which
are visible to the naked eye, through
binoculars, or with a small telescope.

SkyGazer 4 presents a streamlined and
simplified user interface which uses less
technical terminology than Voyager 4. It
includes interactive 3D demonstrations of
phenomena like eclipses, precession, the
seasons, and the motions of the planets. It
also includes an illustrated guide to basic
astronomical concepts, the solar system,
and the constellations.
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For users of Mac OS 8-9 and Windows 95/98/ME, the older versions of our products, Voyager 11l and Voyager Ill
SkyGazer, are still available for purchase. Click the links in the table of contents at left for more information.

And last but not least - our original line of
telescope mounts has been expanded to include
the MI-500, the MI-750, and MI-1000. Originally
manufactured between 1982 and 1992, this mount
family is now available in German equatorial and
equatorial fork configurations.

These new mountings are intended primarily for
permanent installation, and they provide the
ultimate in precision, performance, and stability.

Carina Software provides quality software for sky simulation and telescope control. For more information on these

products, contact us at:
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Carina Software e-mail: information@carinasoft.com
865 Ackerman Drive Phone: +1 (925) 838-0695
Danville, CA 94526 Fax: +1 (925) 838-0535

Copyright ©1990-2008 Carina Software. All Rights Reserved.
All product names are trademarks of their respective owners.
This site was last updated on 14 February 2008.
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Scott R. Anderson

Ph.D., Physics, University of Chicago, 1987

B.S. with Honors, Physics and Mathematics, University of Wisconsin-Madison, 1980

srca@mindspring.com

Educational Interests: Education
Technology

| have for many years devel oped a web-based
I ntroduction to Astronomy course.

I'm a'so currently promoting the concept of Open Courses
in my work with educational institutions.
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Research Interests: Theoretical and Computational Condensed
Matter Physics

My research is oriented towards those systems which exhibit some type of growth phenomena,
such as domains in temperature-quenched magnetic systems, clustering and thin films on
surfaces, dielectric breakdown, and viscous flow in porous media. In each of these systems,
there exist two media separated by an interface, and one of the media grows at the expense of
the other. Physical quantities such as the range of correlation or the roughness of the interface
will increase with time, and a structure will develop which is often fractal in character. Thisis
an area of physics which has seen great activity in the past few years, as numerous models of
equilibrium and nonequilibrium growth have been introduced and studied. The techniques that
can be employed range from renormalization group calculations to Monte Carlo ssmulations to
numerical solution of differential equations.

The formation of many disordered systems can
be described by a growth process in which
individual particles join together to form an
interconnected, percolating network. A simple
model for such systems is the percolation model,
in which sites on alattice are randomly chosen
and occupied. Nearest-neighbor particles are then
considered to be connected, resulting in clusters
of varying sizes and geometries (as shown with
different colorsin the picture on the left). When
the concentration is larger than some critical
value, it isfound that one cluster will percolate
through the entire lattice (the white one shown
on the left). Itsformation signifies a geometric
phase trangition, and is accompanied by the
divergence of the mean cluster size and the range
of connectivity. The percolating cluster is not solid, but rather has holes of many different sizes,
making it afractal object. If the cluster is made up of N particles and has alinear size L, then
the fractal dimension D of the cluster is given by the relation N ~ LP. In two dimensions, a solid
cluster has D = 2, but a percolating cluster is found to have D =1.9.
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In the interactive percolation model we
introduced, the occupation of alattice site

Is dependent on the presence or absence of
neighboring particles, which isamore
realistic description of physical systems
such as adsorption of gas atoms on
metallic surfaces. This can dramatically
effect the structure of the percolating
cluster (note the background of this page).
If the particles prefer to adsorb in the
presence of other particles, solid islands
with rough edges can grow for some time
before joining together with other islands
to form the percolating cluster. Thisisthe
situation shown in the picture at the right.

Interestingly, the fractal dimension of this
cluster is the same as in ordinary
percolation; thisis because, on the large
length scales which characterize a percolating cluster, there is no distinction between the
individual particles and the larger, solid islands. In recent years, however, there have been
several studies which indicate that the short-range details of a percolating cluster may have
some effect on the ability of a particle to diffuse through the percolating cluster. |n the picture
above, the diffusion probability (starting from near the center) is indicated by the shade of gray,
with white being the most-visited locations. The time necessary to travel a distance R through a
cluster can be expressed ast ~ R&, wherea = 2 for a solid cluster. For an ordinary percolation
cluster, however, a ~2.9. | am currently investigating how this diffusion exponent might
depend on the strength of the interactions introduced into the percolation model.

The fractal dimension and the diffusion exponent are not the only exponents which characterize
apercolation cluster. Diffusion is ssmply related to the ability of a current to pass through the
cluster. It has recently been shown that the distribution of currentsin the different branches of
the cluster can be used to define an infinite number of independent dimensions which provide
detailed information about its structure. In this sense, the percolation cluster is a"multifractal”.
In future research, therefore, | am interested in examining the multifractal characteristics of
Interactive percolation clusters.

©1996-2005 Scott R. Anderson, Ph.D.
Last Update: 2005 May 21
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Open Course License 0.1

This material is copyrighted by the author(s) but is available for reuse under certain conditions
described below.

Reuse means.

1. Incorporation in whole or in part in other educational materials;
2. Modification to make it more fit for the user's educational purposes;

Conditions for such reuse include:

1. The material must include in near proximity an appropriate attribution to the original author(s),
including their name(s) and areference (preferably a hyperlink) to the original source of the
material;

2. The material must include in near proximity reproduction of the original copyright notice,

including a reference to the Open Course Licensg;

The copyrights of materials compiled from other sourcesis respected;

4. The material is made available, without prejudice, to anyone for any purpose compatible with the

Open Course Licensg;

Further redistribution of the material may only occur under the terms of thislicense;

6. Reasonable fees may be charged for redistribution (media, postage, handling, etc.), but no other
fees may be charged.

w

o1

Copyright 2002 Scott R. Anderson, Ph.D.

Last update: 2002 January 31
This material is available for reuse under the Open Course License.
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Welcome to GEM — Gateway to 21st Century Skills

The Gateway to 21st Century Skills is a Consortium effort to
provide teachers with quality materials and tools found on
federal, state, university, non-profit and commercial Internet sites.

Thousands of free lesson plans and other
teaching and learning resources at your
fingertips!

Your state affiliate and NEA have partnered with The Gateway to 21t Century Skillsin an
effort to provide you with free, comprehensive resources that will make your lesson planning

easier. Here are just afew of the benefits you can expect to receive from your visit to the
Gateway:

« Accessto thousands of quality learning resources through the latest in faceted search

technology
. Reinforce core content with learning resources from NASA, PBS, National Science Search the
Foundation and over 700 other contributing education content providers GEM Catalog

. Accessto 218t Century teaching tools, assessments and professional devel opment find I
. Accessto the Achievement Standards Network, a digitized version of every state's core . in [FulToa
ull fex

Navigation academic standards
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helpful comments to resources you have used in the classroom as helpful hints for your
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EDUCATION
AS&JU{EILMT%H Click here for information and instructions on joining

Gerbulc el Commenting on Gateway Resources

Join teachers hel ping teachers by adding "best practice” information to educational resource
records you find in the Gateway. Once you are a Gateway Member, you too can add
valuable comments to GEM records that help your colleagues find new or improved uses of
the resources you find.

Click here for information on how to add comments to resources

Tools for Teachers

by Teachers

- Spotlight on NEA Programs
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Go Help@

EBrowse the Catalog

First time user?
Start here...

- ™)

View ASN
State Standards

GEM & NEA News

NEA Help for parents
from the PBS award-winning
show, 'Between the Lions It's

agood day to read!
2006-07-24

NEA Brings GEM to

fellow teachers, GEM Member comments are reviewed and published on the Gateway under Stales NEA brings The

Gateway for 21st Century
Skillsto state affiliates
2006-06-21
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NEA STUDENT PROGRAM 2008-03-03
JOIM TODAYI

Upcoming events...

NEA's Student Program

HTUDENMT
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Click here for We are the next generation video.

Areyou in college? Do you want to be ateacher? Then you also want

to be amember of the NEA Student Program! We offer professional development, leadership
training, community service and networkingopportunities to help you become a great

teacher!

Join today!

College Affordability Campaign

Is college affordability and the ability to pay back college debt a concern for you?

Click here ....Or here.

The Gateway to 21st Century Skillsisa project of the GEM Exchange

http://www.thegateway.org/ (4 of 5) [3/3/2008 1:59:46 PM]


http://www.youtube.com/watch?v=cI-8TR10468
http://www.nea.org/student-program/membership
http://www.thegateway.org/front-page/makecollegeafford1.jpg
http://www.myspace.com/collegeaffordability
http://www.collegeaffordabilityconcernsme.org/
http://www.thegateway.org/site-2008-conference
http://www.thegateway.org/site-2008-conference
http://www.thegateway.org/events_listing

Welcome to GEM — Gateway to 21st Century Skills
Home | Help | Site map | Contact Us | Privacy Statement | Browser Support | Copyright © 1996-2008

:;"!q[?r;e"a_r? I .-:ll FI:IluEF!EDI

This site conforms to the following standards:

. WAI-AA
. Vaid XHTML
. Valid CSS

http://www.thegateway.org/ (5 of 5) [3/3/2008 1:59:46 PM]


http://www.thegateway.org/help/
http://www.thegateway.org/sitemap/
http://www.thegateway.org/about/contact-us
http://www.thegateway.org/about/gemingeneral/gemprivacystatement
http://www.thegateway.org/help/site-help/browserMonitor/document_view
http://www.thegateway.org/about/gemingeneral/gemConsortium/policies/2004rights
http://www.siderean.com/
http://plone.org/
http://dublincore.org/
http://www.w3.org/WAI/WCAG1AA-Conformance
http://validator.w3.org/check/referer
http://jigsaw.w3.org/css-validator/check/referer

	opencourse.info
	Open Course : Astronomy : Introduction : Table of Contents
	Your Source for Open Course Resources
	Open Course : Astronomy : Introduction : Preface
	Open Course : Astronomy : Introduction : Lecture 1 : Science of Astronomy
	Open Course : Astronomy : Introduction : Lecture 2 : Motion of Stars and Sun
	Open Course : Astronomy : Introduction : Lecture 3 : Motion of the Earth
	Open Course : Astronomy : Introduction : Lecture 4 : Motion of the Moon
	Open Course : Astronomy : Introduction : Lecture 5 : Motion of the Planets
	Open Course : Astronomy : Introduction : Lecture 6 : Laws of Motion & Gravity
	Open Course : Astronomy : Introduction : Lecture 7 : Nature of Matter
	Open Course : Astronomy : Introduction : Lecture 8 : Phases of Matter
	Open Course : Astronomy : Introduction : Lecture 9 : Speed of Light and Relativity
	Open Course : Astronomy : Introduction : Lecture 10 : Nature of Light
	Open Course : Astronomy : Introduction : Lecture 12 : Interior of the Sun
	Open Course : Astronomy : Introduction : Lecture 19 : Death of High-Mass Stars
	Open Course : Astronomy : Introduction : Lecture 21 : Planetary Systems
	Open Course : Astronomy : Introduction : Lecture 35 : Structure of the Universe
	Open Course : Astronomy : Introduction : Lecture 36 : Evolution of the Universe
	Open Course : Astronomy : Introduction : Index of Terms
	Open Course : Astronomy : Introduction : Astronomy Links
	Open Course Info: Scott R. Anderson
	Open Course Info : Open Course License

	carinasoft.com
	Carina Software

	thegateway.org
	Welcome to GEM — Gateway to 21st Century Skills 


	ECNMJIAGFLPAFACHIHALBFIBIIJEPDKN: 
	form1: 
	x: 
	f1: 

	f2: 

	form2: 
	x: 
	f1: 
	f2: yes
	f3: contains
	f4: 1
	f5: [fulltext]

	f6: Go
	f7: 




