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This boek is for people who want to learn basic astronomy without taking
a formal course. It also can serve as a supplemental text in a classroom,
tutored, or home-schooling environment. I recommend that you start at the
beginning of this book and go straight through.

In this book, we’ll go on a few “mind journeys.” For example, we’ll take
a tour of the entire Solar System, riding hybrid space/aircraft into the
atmospheres and, in some cases, to the surfaces of celestial bodies other than
Earth. Some of the details of this trip constitute fiction, but the space
vehicles and navigational mechanics are based on realistic technology and
astronomical facts.

This book is about astronomy, not cosmology. A full discussion of
theories concerning the origin, structure, and evolution of the Universe
would constitute a full course in itself. While the so-called Big Bang theory
is mentioned, arguments supporting it {or refuting it) are beyond the scope
of this volume. The fundamentals of relativity theory are covered; these
ideas are nowhere near as difficult to understand as many people seem to
believe. Space travel and the search for extraterrestrial intelligence are
discussed as well.

This book contains an abundance of practice quiz, test, and exam ques-
tions. They are all multiple-choice and are similar to the sorts of questions
used in standardized tests. There is a short quiz at the end of every chapter.
The quizzes are “open book.” You may (and should) refer to the chapter texts
when taking them. When you think you're ready, take the quiz, write down
your answers, and then give your list of answers to a friend. Have your friend
tell you your score but not which questions you got wrong. The answers are
listed in the back of the book. Stick with a chapter until you get most of the
answers correct.

This book is divided into several major sections. At the end of each section
is a multiple-choice test. Take these tests when you’re done with the respec-
tive sections and have taken all the chapter quizzes. The section tests are
“closed book.” Don't look back at the text when taking them. The questions
are not as hard as those in the quizzes, and they don’t require that you mem-
orize trivial things. A satisfactory score is three-quarters of the answers
correct. Again, answers are in the back of the book.

Copyright 2003 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.



PREFACE

There is a final exam at the end of this course. The questions are practical
and are easier than those in the quizzes. Take this exam when you have finished
all the sections, all the section tests, and all the chapter quizzes. A satisfactory
score is at least 75 percent correct answers.

With the section tests and the final exam, as with the quizzes, have a
friend tell you your score without letting vou know which questions you
missed. In that way, you will not subeonsciously memorize the answers.
You might want to take each test and the final exam two or three times.
When you have gotten a score that makes you happy, you can check to see
where your knowledge is strong and where it is not so keen.

I recommend that you complete one chapter a week. An hour or two
daily ought to be enough time for this. Don’t rush yourself; give your mind
time to absorb the material. But don’t go too slowly either. Take it at a
steady pace, and keep it up. In that way, you’ll complete the course in a few
months. (As much as we all wish otherwise, there is no substitute for good
study habits.) When you're done with the course, you can use this book,
with its comprehensive index, as a permanent reference.

Suggestions for future editions are welcome.

Stan Gibilisco
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PART ONE

The Sky
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Coordinating
the Heavens

What do you suppose prehistoric people thought about the sky? Why does
the Sun move differently from the Moon? Why do the stars move in yet
another way? Why do star patterns change with the passing of many
nights? Why do certain stars wander among the others? Why does the Sun
sometimes take a high course across the sky and sometimes a low course?
Are the Sun, the Moon, and the stars attached to a dome over Earth, or do
they float free? Are some objects farther away than others?

A thousand generations ago, people had no quantitative concept of the
sky. In the past few millennia, we have refined astronomical measurement
as a science and an art. Mathematics, and geometry in particular, has made
this possible.

Points on a Sphere

It is natural to imagine the sky as a dome or sphere at the center of which
we, the observers, are situated. This notion has always been, and still is,
used by astronomers to define the positions of objects in the heavens. It's
not easy to specify the locations of points on a sphere by mathematical
means. We can’t wrap a piece of quadrille paper around a globe and make
a rectangular coordinate scheme work neatly with a sphere. However, there
are ways to uniquely define points on a sphere and, by extension, points in
the sky.

Copyright 2003 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.



PART 1 The Sky

MERIDIANS AND PARALLELS

You've seen globes that show lines of longifude and lafitude on Earth.
Every point has a unique latitude and a unique longitude. These lines are
actually half circles or full circles that run around Earth.

The lines of longitude, also called meridians, are half circles with cen-
ters that coincide with the physical center of Earth (Fig. 1-14). The ends
of these arcs all come together at two points, one at the north geographic
pole and the other at the south geographic pole. Every point on Barth’s
surface, except for the north pole and the south pole, can be assigned a
unique longitude.

The lines of latitude, also called parallels, are all full circles, with two
exceptions: the north and south poles. All the parallels have centers that lie
somewhere along Barth’s axis of rotation (Fig. 1-1B), the line connecting
the north and south poles. The eguaror is the largest parallel; above and
below it, the parallels get smaller and smaller. Near the north and south
poles, the circles of latitude are tiny. At the poles, the circles vanish to
points.

All the meridians and parallels are defined in units called degrees and
are assigned values with strict upper and lower limits.

DEGREES, MINUTES, SECONDS

There are 360 degrees in a complete circle. Why 360 and not 100 or 1000,
which are “rounder” numbers, or 256 or 512, which can be divided repeat-
edly in half all the way down to 17

No doubt ancient people noticed that there are about 360 days in a year
and that the stellar patterns in the sky are repeated every year. A vear is like
a circle. Various familiar patterns repeat from year to year: the general
nature of the weather, the Sun’s way of moving across the sky, the lengths
of the days, the positions of the stars at sunset. Maybe some guru decided
that 360, being close to the number of days in a year, was a natural number
to use when dividing up a circle into units for angular measurement. Then
people could say that the stars shift in the sky by 1 degree, more or less,
every night. Whether this story is true or not doesn’t matter; different cul-
tures came up with different ideas anyway. The fact is that we're stuck with
degrees that represent 1/360 of a circle (Fig. 1-2), whether we like it or not.

For astronomical measurements, the degree is not always exact enough.
The same is true in geography. On Earth’s surface, 1 degree of latitude rep-
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Meridians

Parallels

Figure 1-1. At A, circles of longitude, also called meridians.
At B, circles of latitude, also called parallels.

resents about 112 kilometers or 70 miles. This is okay for locating general
regions but not for pinpointing small towns or city blocks or individual
houses. In astronomy, the degree may be good enough for locating the Sun
or the Moon or a particular bright star, but for dim stars, distant galaxies,
nebulae, and quasars, smaller units are needed. Degrees are broken into
minutes of arc or arc minutes, where 1 minute is equal to ¥o of a degree.
Minutes, in turn, are broken into seconds of arc or arc seconds, where
1 second is equal to ¥so of a minute. When units smaller than 1 second of
arc are needed, decimal fractions are used.
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0 degrees
1/12 circle =
30 degrees
3facircle = 1/4circle =
270 degrees 90 degrees
0.7 circle =
252 degrees
3/g circle =
135 degrees
12 circle =

180 degrees

Figure 1-2, There are 360 degrees in a complete circle.

Let’s take a close look at how latitude and longitude coordinates are
defined on the surface of Earth. It will help if you use a globe as a visu-
al aid.

LATITUDE

In geography classes you were taught that latitude can range from 90 degrees
south to 90 degrees north. The north geographic pole is at 90 degrees north,
and the south geographic pole is at 90 degrees south. Both the poles lie on
the Earth’s axis. The equator is halfway between the poles and is assigned
0 degrees latitude. The northern hemisphere contains all the north-latitude
circles, and the southersn hemisphere contains all the south-latitude circles.
As the latitude increases toward the north or south, the circumfer-
ences of the latitude circles get smaller and smaller. Barth is about
40,000 kilometers (25,000 miles) in circumference, so the equator meas-
ures about 40,000 kilometers around. The 45-degree-latitude circle
measures about 28,000 kilometers (17,700 miles) in circumference. The
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60-degree-latitude circle is hall the size of the equator, or 20,000
kilometers (12,500 miles) around. The 90-degree-latitude “circles” are
points with zero circumference. Every latitude circle lies in a geometric
plane that slices through Earth. All these planes are parallel; this is why
latitude circles are called parallels. Bvery parallel, except for the poles,
consists of infinitely many points, all of which lie on a circle and all of
which have the same latitude.

There is no such thing as a latitude coordinate greater than 90 degrees,
either north or south. If there were such points, the result would be a
redundant set of coordinates. The circle representing “100 degrees north
latitude” would correspond to the 80-degree north-latitude circle, and the
cirele representing “120 degrees south latitude” would correspond to the
60-degree south-latitude circle. This would be confusing at best because
every point on Barth’s surface could be assigned more than one latitude
coordinate. At worst, navigators could end up plotting courses the wrong
way around the world; people might mistakenly call 3:00 pM. the “wee
hours of the moming™!

An ideal coordinate system is such that there is a one-to-one corre-
spondence between the defined points and the coordinate numbers. Every
peint on Barth should have one, and only one, ordered pair of latitude-
longitude numbers. And every ordered pair of latitude/longitude num-
bers, within the accepted range of values, should correspond to one and
only one point on the surface of Earth. Mathematicians are fond of this
sort of neatness and, with the exception of paradox lovers, dislike redun-
dancy and confusion.

Latitude coordinates often are designated by abbreviations. Forty-
five degrees north latitude, for example, is written “45 deg N lat” or
“45°N.” Sixty-three degrees south latitude is written as “63 deg S lat”
or “63°S." Minutes of arc are abbreviated “min” or symbolized by a
prime sign (). Seconds of arc are abbreviated “sec” or symbolized by
a double prime sign (). So you might see 33 degrees, 12 minutes, 48
seconds north latitude denoted as “33 deg 12 min 48 sec N lat” or as
“33°12°48"N.”

Asg an exercise, try locating the above-described latitude circles on a
globe. Then find the town where you live and figure out your approximate
latitude. Compare this with other towns around the world. You might be
surprised at what you find when you do this. The French Riviera, for exam-
ple, lies at about the same latitude as Portland, Maine.
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LONGITUDE

Longitude coordinates can range from 180 degrees west, down through
zero, and then back up to 180 degrees east. The zero-degree longitude line,
also called the prime meridian, passes through Greenwich, England, which
is near London. (Centuries ago, when geographers, lexicographers,
astronomers, priests, and the other “powers that were” decided on the town
through which the prime meridian should pass, they almost chose Paris,
France.) The prime meridian is also known as the Greenwich meridian. All
the other longitude coordinates are measured with respect to the prime
meridian. Every half-circle representing a line of longitude is the same
length, namely, half the circumference of Barth, or about 20,000 kilometers
{12,500 miles), running from pole to pole. The eastern hemisphere contains
all the east-longitude half circles, and the western hemisphere contains all
the west-longitude half circles.

There is no such thing as a longitude coordinate greater than 180
degrees, either east or west. The reason for this is the same as the reason
there are no latitude coordinates larger than 90 degrees. If there were such
points, the result would be a redundant set of coordinates. For example,
“200 degrees west longitude” would be the same as 160 degrees east lon-
gitude, and “270 degrees east longitude” would be the same as 90 degrees
west longitude. One longitude coordinate for any point is enough; more
than one is too many. The 180-degree west longitude arc, which might also
be called the 180-degree east-longitude arc, is simply called “180 degrees
longitude.” A crooked line, corresponding approximately to 180 degrees
longitude, is designated as the divider between dates on the calendar. This
so-called fternafional Date Line meanders through the westermn Pacific
Ocean, avoiding major population centers.

Longitude coordinates, like their latitude counterparts, can be abbrevi-
ated. One hundred degrees west longitude, for example, is written “100
deg W long” or “100°W.” Fifteen degrees east longitude is written “15
deg E long” or *15°E” Mimutes and seconds of arc are used for greater
precision; you might see a place at 103 degrees, 33 minutes, 7 seconds
west longitude described as being at “103 deg 33 min 7 sec W long” or
“103°33°07"W.”

Find the aforementioned longitude half circles on a globe. Then find the
town where you live, and figure out your longitude. Compare this with
other towns around the world. As with latitude, you might be in for a shock.
For example, if you live in Chicago, Illinois, vou are further west in longi-
tude than every spot in the whole continent of South America.
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Celestial Latitude and Longitude

The latitude and longitude of a celestial object is defined as the latitude and
longitude of the point on Earth’s surface such that when the object is
observed from there, the object is at the zenith (exactly overhead).

THE STARS

Suppose that a star is at x degrees north celestial latitude and v degrees west
celestial longitude. If you stand at the point on the surface corresponding
to x°N and y°W, then a straight, infinitely long geometric ray originating at
the center of Earth and passing right between vour eyes will shoot up into
space in the direction of the star (Fig. 1-3).

Asg you might guess, any star that happens to be at the zenith will stay
there for only a little while unless you happen to be standing at either of the

Star at
Celestial latitude=x — %
Celestial longitude = y /

Straightray  /
of sight /
/
/
/

Earth /
7/

Observer at
Latitude = X
Lengitude =

Earth’'s center

Figure 1-3. Celestial latitude and longitude.
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geographic poles (not likely). Barth rotates with respect to the stars, com-
pleting a full circle approximately every 23 hours and 56 minutes. In a few
minutes, a star that is straight overhead will move noticeably down toward
the western horizon. This effect is exaggerated when you look through a
telescope. The greater the magnification, the more vividly apparent is the
rotation of Earth.

The next time you get a chance, set up a telescope and point it at some
star that is overhead. Use the shortest focal-length eyepiece that the tele-
scope has so that the magnification is high. Center the star in the field of
view. If that star is exactly overhead, then its celestial latitude and longitude
correspond to yours. For example, if you're on the shore of Lake Tahoe,
your approximate latitude is 39°N and vour approximate longitude is
120°W. If you have a telescope pointing straight up and a star is centered
in the field of view, then that star’s celestial coordinates are close to 39°N,
120°W. However, this won’t be the case for long. You will be able to watch
the star drift out of the field of view. Theoretically, a star stays exactly at a
given celestial longitude coordinate (x, y) for an infinitely short length of
time—in essence, for no time at all. However, the celestial latitude of each
and every star remains constant, moment after moment, hour after hour,
day after day. (With the passage of centuries, the celestial latitudes of the
stars change gradually because Earth’s axis wobbles slowly. However, this
effect doesn’t change things noticeably to the average observer over the
span of a lifetime.)

WHAT'S THE USE?

The celestial longitude of any natural object in the sky (except those at the
north and south geographic poles) revolves around Earth as the planet
rotates on its axis. No wonder people thought for so many centuries that
Earth must be the center of the universe! This makes the celestial lati-
tude/longitude scheme seem useless for the purpose of locating stars inde-
pendently of time. What good can such a coordinate scheme be if its values
have meaning only for zero-length micromoments that recur every 23 hours
and 56 minutes? This might be okay for the theoretician, but what about
people concerned with reality?

It tums out that the celestial latitudeflongitude coordinate system is any-
thing but useless. Understanding it will help vou understand the more sub-
stantial coordinate schemes described in the next sections. And in fact,
there is one important set of objects in the sky, a truly nuts-and-bolts group
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of hardware items, all of which stay at the same celestial latitude and lon-
gitude as viewed from any fixed location. These are the geostationary satel-
lites, which lie in a human-made ring around our planet. These satellites
orbit several thousand kilometers above the equator, and they revolve right
along with Earth’s rotation (Fig. 1-4).

North celestial pole

"
-

O e g e s

Geostationary
satellite "ring”

South celestial pole

Figure 1-4. Geostationary satellites are all at O degrees celestial latitude,
and each has a constant celestial longitude.

When it is necessary to point a dish anterna, such as the sort you might
use to receive digital television or broadband Internet signals, at a geosta-
tionary “bird,” the satellite’s celestial coordinates must be known, in addi-
tion to your own geographic latitude and longitude, with great accuracy.
The celestial latitude and longitude of a geostationary satellite are constant
for any given place on Earth. If a satellite is in a geostationary orbit pre-
cisely above Quito, Ecuador, then that is where the “bird” will stay,
moment after moment, hour after hour, day after day.

An Internet user fond of broadband and living in the remote South
American equatorial jungle might use a dish antenna to transmit and
receive data to and from a “bird” straight overhead. The dish could be set



PART 1 The Sky

to point at the zenith and then left there. (It would need a hole near the bot-
tom to keep it from collecting rain water!) A second user on the shore of
Lake Tahoe, in the western United States, would point her dish at some spot
in the southermn sky. A third user in Tierra del Fuego, at the tip of South
America, would point his dish at some spot in the northern sky (Fig. 1-3).
None of the three dishes, once positioned, would ever have to be moved
and, in fact, should never be moved.

Lake Tahoe
Signal
paths
—— S
——
> .
To
"bird”
e -
—_
—
 aal - -

\ Amazon jungle

Tierra del Fuego

Figure 1-5. A geostationary satellite has constant celestial latitude
and longitude, so dish antennas can be aimed at it and then left alone.

If you're astute, you'll notice that although the geostationary satellite is
directly above the equator, its celestial latitude is zero only with respect to
observers located at the equator. If viewed from north of the equator, the
satellite shifts a little bit into the southern celestial hemisphere; when
observed from south of the equator, the satellite shifts slightly into the north-
ern celestial hemisphere. The reason for this is parallax. The satellite is only
a few thousand kilometers away, whereas the stars, whose celestial latitudes
remain fixed, are trillions and quadrillions of kilometers distant. This is why
the signal paths in Fig. 1-5 aren’t exactly parallel. On a small scale, the phe-
nomenon of parallax allows us to perceive depth with binocular vision. On a
large scale, parallax is used to measure the distance to the Sun, the Moon, the
other planets in the solar system, and even a few of the nearer stars.
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The Az/El System

For centuries, navigators and casual observers have used a celestial coordi-
nate system that is in some ways simpler than latitude/longitude and in
other ways more complicated. This is the so-called azimuth/elevation
scheme. It’s often called az/el for short.

COMPASS BEARING

The azimuth of a celestial object is the compass bearing, in degrees, of the
point on the horizon directly below that object in the sky. Imagine drawing
a line in the sky downward from some object until it intersects the horizon
at a right angle. The point at which this intersection occurs is the azimuth
of the object. If an object is straight overhead, its azimuth is undefined.

Azimuth bearings are measured clockwise with respect to geographic
north. The range of possible values is from O degrees (north) through 90
degrees (east), 180 degrees (south), 270 degrees (west), and up to, but not
including, 360 degrees (north again). This is shown in Fig. 1-64. The
azimuth bearing of 360 degrees is left out to avoid ambiguity, so the range
of possible values is what mathematicians call a half-open interval.
Azimuth bearings of less than O degrees or of 360 degrees or more are
reduced to some value in the half-open interval (0°, 360°) by adding or sub-
tracting the appropriate multiple of 360 degrees.

ANGLE RELATIVE TO THE HORIZON

The elevation of an object in the sky is the angle, in degrees, subtended by an
imaginary arc running downward from the object until it intersects the horizon
at a right angle. This angle can be as small as O degrees when the object is on
the horizon, or as large as 90 degrees when the object is directly overhead. If
the terrain is not flat, then the horizon is defined as that apparent circle halfway
between the zenith and the nadir (the point directly below you, which would
be the zenith if you were on the exact opposite side of the planet).

Elevation bearings for objects in the sky are measured upward from the
horizon (Fig. 1-6B). Such coordinates are, by convention, not allowed to
exceed 90 degrees because that would produce an ambignous system.
Although you might not immediately think of them, elevation bearings of
less than O degrees are possible, all the way down to —90 degrees. These
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North

300

Azimuth

270
West

90
East

240 120

South To object

A

Figure 1-6A. Azimuth is the compass bearing. The observer is shown as a black det.

To object

Elevation

Earth

B

Figure 1-6 B. Elevation is the angle above the horizon. The observer is shown as a black dot.
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bearings represent objects below the horizon. While we can’t see such
objects, they are there nevertheless. At night, for example, the Sun has a
negative elevation. Technically, elevation bearings always have values
within the closed interval [—90°, 90°].

SKY MAPS ON THE WEB

Various Internet sites provide up-to-the-minute maps of the sky for stargaz-
ers. One excellent site can be found by pointing your browser to Weather
Underground at the following URL

hitp:/Avwwowinderground.com

and then clicking on the link that says “Astronomy.” From there, it’s a sim-
ple matter of following the online instructions.

Some star maps are drawn so that the sky appears as it would if you lie
on your back with your head facing north and your feet facing south. Thus
west appears on your right, and east appears on your left (Fig. 1-7a). Others
are drawn so that the sky appears as it would if your head were facing south
and your feet were facing north, so west appears on your left and east
appears on your right (Fig. 1-75). Points having equal elevation form con-
centric circles, with the zenith (90 degrees) being a point at the center of
the map and the horizon (0 degrees) being a large circle representing the
periphery of the map. Simplified sets of grid lines for such az/el maps are
shown in both illustrations of Fig. 1-7.

These maps show the Sun and the pole star Polaris as they might appear
at midafternoon from a location near Lake Tahoe (or anyplace else on Earth
at the same latitude as Lake Tahoe). The gray line represents the path of the
Sun across the sky that day. From this you might get some idea of the time
of vear this map represents. Go ahead and take an educated guess! Here are
two hints:

* The Sun rises exactly in the east and sets exactly in the west.

* The situation shown can represent either of two approximate dates.

Right Ascension and Declination

There are two points in time every year when the Sun’s elevation, measured
with respect to the center of its disk, is positive for exactly 12 hours and
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Figure 1-7.  Azfel sky maps for viewer lying flat, face-up.
At A, top of head facing north; at B, top of head facing south.
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negative for exactly 12 hours. One of these time points, the vernal equinox,
occurs on March 21, give or take about a day; the other, the aufumnal equi-
nox, occurs on September 22, give or take about a day. At the equinoxes,
the Sun is exactly at the celestial equator; it rises exactly in the east and sets
exactly in the west, assuming that the observer is not at either of the
geographic poles.

The crude celestial maps of Fig. 1-7 show the situation at either of the
equinoxes. That is, the date is on or around March 21 or September 22.
You can deduce this because the Sun rises exactly in the east and sets exact-
ly in the west, so it must be exactly at the celestial equator., At the latitude
of Lake Tahce, the Sun is 39 degrees away from the zenith (51 degrees
above the southern horizon) at high noon on these days. Polaris is 39
degrees above the northern horizon all the time. The entire heavens seem to
rotate counterclockwise around Polaris.

THE VERNAL EQUINOX

What’s this about the Sun being above the horizon for exactly 12 hours and
below the horizon for exactly 12 hours at the equinoxes? The stars in the
heavens seem to revolve around Earth once every 23 hours and 56 minutes,
approximately. Where do the 4 extra minutes come from?

The answer is that the Sun crosses the sky a little more slowly than the
stars. Every day, the Sun moves slightly toward the east with respect to the
background of stars. On March 21, the Sun is at the celestial equator and is
located in a certain position with respect to the stars. This point among the
stars is called, naturally enough, the vernal eguinox (just as the date is
called). It represents an important reference point in the system of celestial
coordinates most often used by astronomers: righ! ascension (RA) and dec-
linalion (dec). As time passes, the Sun rises about 4 minutes later each day
relative to the background of stars. The sidereal (star-based) day is about
23 hours and 36 minutes long; the syrodic (sun-based) day is precisely 24
hours long. We measure time with respect to the Sun, not the stars.

Declination is the same as celestial latitude, except that “north”™ is
replaced by “positive” and “south” is replaced by “negative.” The south
celestial pole is at dec = —90 degrees; the equator is at dec = 0 degrees; the
north celestial pole is at dec = +90 degrees. In the drawings of Fig. 1-7, the
Sun is at dec = 0 degrees. Suppose that these drawings represent the situa-
tion on March 21. This point among the stars is the zero point for right
ascension (RA = 0 h). As springtime passes and the Sun follows a higher
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and higher course across the sky, the declination and right ascension both
increase for a while. Right ascension is measured eastward along the celes-
tial equator from the March equinox in units called hours. There are 24
hours of right ascension in a complete circle; therefore, 1 hour (written 1 h
or 1*) of RA is equal to 15 angular degrees.

THE SUN'S ANNUAL “LAP”

Asg the days pass during the springtime, the Sun stays above the horizon for
more and more of each day, and it follows a progressively higher course
across the sky. The change is rapid during the early springtime and
becomes more gradual with approach of the summer solstice, which takes
place on June 22, give or take about a day.

At the summer solstice, the Sun has reached its northernmost declina-
tion point, approximately dec = +23.5 degrees. The Sun has made one-
quarter of a complete circuit around its annual “lap” among the stars and
sits at RA = 6 h. This situation is shown in Fig. 1-8 using the same two az/el
coordinate schemes as those in Fig. 1-7. The gray line represents the Sun’s
course across the sky. As in Fig. 1-7, the time of day is midafternoon. The
observer’s geographic latitude is the same too: 39°N.

After the summer solstice, the Sun’s declination begins to decrease,
slowly at first and then faster and faster. By late September, the autumnal
equinox is reached, and the Sun is once again at the celestial equator, just
as it was at the vernal equinox. Now, however, instead of moving from
south to north, the Sun is moving from north to south in celestial latitude.
At the autumnal equinox, the Sun’s RA is 12 h. This corresponds to 180
degrees.

Now it is the fall season in the northern hemisphere, and the days are
growing short. The Sun stays above the horizon for less and less of each
day, and it follows a progressively lower course across the sky. The
change is rapid during the early fall and becomes slower and slower with
approach of the winfer solstice, which takes place on December 21, give
or take about a day.

At the winter solstice, the Sun’s declination is at its southernmost
point, approximately dec = —23.5 degrees. The Sun has made three-quar-
ters of a complete circuit around its annual “lap” among the stars and sits
at RA = 18 h. This is shown in Fig. 1-9 using the same two az/el coordi-
nate schemes as those in Figs. 1-7 and 1-8. The gray line represents the
Sun’s course across the sky. As in Figs. 1-7 and 1-8, the time of day is
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Figure 1-8. Az/el sky maps for midafterncon at 39 degrees north latitude on or around June 21.
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Figure 1-9.  Azfel sky maps for midafternoon at 39 degrees north latitude
on or around December 21.
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midafternoon. The observer hasn’t moved either, at least in terms of geo-
graphic latitude; this point is still at 39°N. (Maybe the observer is in
Baltimore now or in the Azores. Winter at Lake Tahoe can be rough
unless you like to ski.)

After the winter solstice, the Sun’s declination begins to increase grad-
ually and then, as the weeks pass, faster and faster. By late March, the Sun
reaches the vernal equinox again and crosses the celestial equator on its
way to warming up the northern hemisphere for another spring and sum-
mer. The “lap” is complete. The Sun’s complete circuit around the heavens
takes about 365 solar days plus 6 hours and is the commonly accepted
length of the year in the modemn calendar. In terms of the stars, there is one
extra “day” because the Sun has passed from west to east against the far
reaches of space by a full circle.

THE ECLIPTIC

The path that the Sun follows against the background of stars during the
year is a slanted celestial circle called the eclipfic. Imagine Earth’s orbit
around the Sun; it is an ellipse (not quite a perfect circle, as we will later
learn), and it lies in a flat geometric plane. This plane, called the plane of
the ecliptic, is tilted by 23.5 degrees relative to the plane defined by
Earth’s equator. If the plane of the ecliptic were made visible somehow,
it would look like a thin gray line through the heavens that passes through
the celestial equator at the equinoxes, reaching a northerly peak at the
June solstice and a southerly peak at the December solstice. If you've
ever been in a planetarium, you’ve seen the ecliptic projected in that arti-
ficial sky, complete with RA numbers proceeding from right to left from
the vernal equinox.

Suppose that you convert the celestial latitude and longitude coordinate
system to a Mercator projection, similar to those distorted maps of the world
in which all the parallels and meridians show up as straight lines. The eclip-
tic would look like a sine wave on such a map, with a peak at +23.5 degrees
{the summer solstice), a trough at —23.5 degrees (the winter solstice), and
two nodes (one at each equinox). This is shown in Fig. 1-10. From this
graph, you can see that the number of hours of daylight, and the course of
the Sun across the sky, changes rapidly in March, April, September, and
October and slowly in June, July, December, and January. Have you noticed
this before and thought it was only your imagination?
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Figure 1-10. The ecliptic (gray line) is the path
that the Sun follows in its annual “lap around the heavens?”

Refer to the text if necessary. A good score is 8 correct. Answers are in the back of
the book.

1. Which of the following points or objects seems to stay fixed in the sky all the
time?
(a) The vernal equinox
(b) The background of stars
(¢) The Sun
(d) Polaris
2. What is the declination represented by the south celestial pole?
(a) 18h
(by 0°
(c) —920
(d) It cannot be defined because it changes with time.
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10.

. What is the celestial longitude of the winter solstice?

(a) 18h

(by O°

(c) —90

(d) It cannot be defined because it changes with time.

. A point is specified as having a celestial latitude of 43°30°00”N. This is equiv-

alent to how many degrees as a decimal fraction?
(a) 455°

(b) 453°

(c) 30.00°

(d) There is not enough information to tell.

. How many hours of right ascension correspond to one-third of a circle?

(a) 3h

(by 6h

(c) 12h

(d) None of the above

. How many sidereal days are there in one full calendar year?

(a) Approximately 366.25
(b) Approximately 365.25
(c) Approximately 364.25
(d) It depends on the celestial latitude of the observer.

. One second of arc represents what fraction of a complete circle?

(a) 1/60
(b) 1/3600
() 1/86,400
(d) 1/1,296,000

. The celestial latitude/longitude frame of reference

(a) is fixed relative to the background of stars.
(b) is fixed relative to the Sun.

(c) is fixed relative to geostationary satellites.
(d) is not fixed relative to anything.

. Which of the following represents an impossible or improperly expressed coor-

dinate value?

(a) RA=12h

(b) dec =+100

(c) 103 deg 00 min 20 sec W long
(dy 23°§

Azimuth is another name for

(a) right ascension.

(b) compass bearing.

(c) celestial latitude.

(d) celestial longitude.
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Stars and
Constellations

We may never know exactly what the common people of ancient times
believed about the stars. We can read the translations of the works of the
scribes, but what about the shepherds, the nomads, and the people in the
ages before writing existed? They must have noticed that stars come in a
variety of brightnesses and colors. Even though the stars seem to be scat-
tered randomly (unless the observer knows that the Milky Way is a vast
congregation of stars), identifiable star groups exist. These star groups do
not change within their small regions of the sky, although the vault of the
heavens gropes slowly westward night by night, completing a full circle
every vear. These star groups and the small regions of the sky they occupy
are called constellations.

Illusions and Myths

We know that the constellations are not true groups of stars but only
appear that way from our Solar System. The stars within a constellation
are at greatly varying distances. Two stars that look like they are next to
each other really may be light-yvears apart (a light-year is the distance
light travels in a year) but nearly along the same line of sight. As seen
from some other star in this part of the galaxy, those two stars may
appear far from each other in the sky, maybe even at celestial antipodes
{points 180 degrees apart on the celestial sphere). Familiar constellations
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such as Orion and Hercules are their true selves only with respect to
observers near our Sun. Interstellar travelers cannot use the constella-
tions for navigation.

COSMIC CIRCUS

Many of the constellations are named for ancient Greek gods or for peo-
ple, animals, or objects that had special associations with the gods.
Cassiopeia is the mother of Andromeda. Orion is a hunter; Hercules is a
warrior; Draco is a dragon. There are a couple of bears and a couple of
dogs. There is a sea monster, most likely a crazed whale, who almost had
Andromeda for supper one day. There is a winged horse, a pair of fish
whose tails are attached, a bull, a set of scales used to mete out cosmic
justice, a goat, twin brothers who look after ocean-going vessels, and
someone pouring water from a jug that never goes empty. The Greeks
saw a lot of supermnatural activity going on in the sky. They must have
thought themselves fortunate that they were far enough away from this
lively circus so as not to be kept awake at night by all the growling, bark-
ing, shouting, and whinnying. (If the ancient Greeks knew what really
happens in the universe, they would find the shenanigans of their gods
and animals boring in comparison.)

The people of Athens during the age of Pericles saw the exact same
constellations that we see today. You can look up in the winter sky and
recognize Orion immediately, just as Pericles himself must have. The
constellations, as you know them, will retain their characteristic shapes
for the rest of your life and for the lives of your children, grandchildren,
and great-grandchildren. In fact, the constellations have the same shapes
as they did during the Middle Ages, during the height of the Roman
Empire, and at the dawn of civilization, when humans first began to write
down descriptions of them. The positions of the constellations shift in the
sky from night to night because Earth revolves around the Sun. They also
change position slightly from century to century because Earth’s axis
slowly wobbles, as if our planet were a gigantic, slightly unstable spin-
ning top. But the essential shapes of the constellations take millions of
years to change.

By the time Orion no longer resembles a hunter but instead perhaps a
hunched old man or a creature not resembling a human at all, this planet
likely will be populated by beings who look back in time at us as we look
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back at the dinosaurs. As life on Earth evolves and changes shape, and as
the beings on our planet find new ways to pass through life, so shall the
mythical deities of the sky undergo transformations. Perhaps Orion will
become his own prey, and Draco will be feeding Hercules his supper every
evening.

SKY MAPS

In this chapter, the general shapes of the better-known constellations are
shown. To see where these constellations are in the sky from your location
this evening, go to the Weather Underground Web site at the following URL:

hitp:/Avwwowinderground.com

Type in your ZIP code or the name of your town and state (if in the
United States) or your town and country and then, when the weather data
page for your town comes up, click on the “Astronomy” link. There you
will find a detailed map of the entire sky as it appears from your location
at the time of viewing, assuming that your computer clock is set correctly
and data are input for the correct time zone.

Celestron International publishes a CD-ROM called The Sky, which
shows stars, planets, constellations, coordinates, and other data for any
location on Earth’s surface at any time of the day or night. This CD-ROM
can be obtained at hobby stores that sell Celestron telescopes.

Circumpolar Constellations

Imagine that you’re stargazing on a clear night from some location in the
mid-northern latitudes, such as southern Burope, Japan, or the central
United States. Suppose that you sit down and examine the constellations on
every clear evening, a couple of hours after sunset, for an entire year.
Sometimes the Moon is up, and sometimes it isn’t. Its phase and brighiness
affect the number of stars vou see even on the most cloud-free, haze-free
nights. But some constellations stand out enough to be seen on any evening
when the weather permits. The constellations near the north celestial pole
are visible all year long. The following subsections describe these primary
constellations.
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STAR BRIGHTNESS

In this chapter, stars are illustrated at three relative levels of brightness.
Dim stars are small black dots. Stars of medium brilliance are larger black
dots. Bright stars are circles with black dots at their centers. But the terms
dim, medium, and brigh! are not intended to be exact or absolute. In New
York City, some of the dim stars shown in these drawings are invisible, even
under good viewing conditions, because of scattered artificial light. After
your eyes have had an hour to adjust to the darkness on a moonless, clear
night in the mountains of Wyoming, some of the dim stars in these illustra-
tions will look fairly bright. The gray lines connecting the stars (reminis-
cent of dot-to-dot children’s drawings) are intended to emphasize the
general shapes of the constellations. The lines do not, of course, appear in
the real sky, although they are often shown in planetarium presentations
and are commonly included in sky maps.

POLARIS

One special, moderately bright star stays fixed in the sky all the time, day
and night, season after season, and year after year. This star, called Polaris,
or the pole star, is a white star of medium brightness. It can be found in the
northern sky at an elevation equal to vour latitude. If you live in
Minneapolis, for example, Polaris is 45 degrees above the northern hori-
zon. If you live on the Big Island of Hawaii, it is about 20 degrees above
the horizon. If you live in Alaska, it’s about 60 to 65 degrees above the hori-
zon. At the equator, it’s on the northern horizon. People in the southern
hemisphere never see it.

Polaris makes an excellent reference for the northern circumpolar con-
stellations and in fact for all the objects in the sky as seen from any loca-
tion in Earth’s northern hemisphere. No matter where you might be, if you
are north of the equator, Polaris always defines the points of the compass.
Navigators and explorers have known this for millennia. You can use the
pole star as a natural guide on any clear night.

URSA MINOR

Polaris rests at the end of the “handle” of the so-called little dipper. The for-
mal name for this constellation is Ursa Minor, which means “little bear.”
One might spend quite a while staring at this constellation before getting
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the idea that it looks like a bear, but that is the animal for which it is named,
and whoever gave it that name must have had a reason. Most constellations
are named for animals or mythological figures that don’t look anything like
them, so you might as well get used to this. The general shape of Ursa
Minor is shown in Fig. 2-1. Tts orientation varies depending on the time of
night and the time of year.

/ Polaris

Figure 2-1. Ursa Minor is commonly known as the “little dipper.”

URSA MAJOR

The so-called big dipper is formally known as Ursa Major, which means
“big bear.” It is one of the most familiar constellations to observers in the
northern hemisphere. In the evening, it is overhead in the spring, near the
northern horizon in autumn, high in the northeastern sky in winter, and
high in the northwestern sky in summer. It, like its daughter, Ursa Minor,
is shaped something like a scoop (Fig. 2-2). The two stars at the front of

To Polaris
Dubhe
e Merak
./ .\-/'\ \./
T

Alkaid

Figure 2-2, Ursa Major, also called the “big dipper,”
is one of the best-known constellations in the heavens.
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the scoop are Dubhe and Merak, and are called the poinfer sfars because
they are roughly aligned with Polaris. If you can find the big dipper, look
upward from the scoop five or six times the distance between Dubhe and
Merak, and you will find Polaris. To double-check, be sure that the star
you have found is at the end of the handle of the little dipper.

CASSIOPEIA

One of the north circumpolar constellations is known for its characteristic
M or W shape (depending on the time of night and the time of year it is
viewed). This is Cassiopeia, which means “queen.” Ancient people saw this
constellation’s shape as resembling a throne (Fig. 2-3), and this is where
the idea of royalty came in. In the evening, Cassiopeia is low in the north-
northwestern sky in the spring, moderately low in the north-northeasterm
sky in the summer, near the zenith in the fall, and high in the northwestern

sky in the winter.
\ / Navi

Figure 2-3. Cassiopeia, also called the “queen,” looks like the letter M or the letter W. To the
ancients, it had the shape of a throne.

CEPHEUS

As the queen sits on her throne, she faces her spouse, the king, the con-
stellation whose formal name is Cepheus. This constellation is large in
size but is comprised of relatively dim stars. For this reason, Cepheus is
usually obscured by bright city lights or the sky glow of a full moon,
especially when it is near the horizon. It has the general shape of a house
with a steeply pitched roof (Fig. 2-4). In the evening, Cepheus is near the
northermn horizon in the spring, high in the north-northeast sky in the
summer, nearly overhead in the fall, and high in the northwestern sky in
the fall.
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Figure 2-4. Cepheus, the “king,” resides in front of
Cassiopeia’s throne. It has the shape of a house with a steep roof.

DRACO

One of the largest circumpolar constellations, obscure to casual
observers on account of its long, winding shape, is Draco, the dragon.
With the exception of Elranin, a star at the front of the dragon’s “head,”
this constellation is made up of comparatively dim stars (Fig. 2-5).
Draco’s “tail” wraps around the little dipper. The big dipper is in a posi-
tion to scoop up the dragon tail first. In the evening, Draco is high in the
northeastern sky in springtime, nearly overhead in the summer, high in
the north-northwest sky in the fall, and near the northern horizon in the

winter.
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Figure 2-5. Draco, the “dragon;” has a long, sinuous shape with an obvious “head” and “tail”
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PERSEUS

Perseus is another cireumpolar constellation with an elongated, rather
complicated shape (Fig. 2-6). A mythological hero, Perseus holds the
decapitated head of Medusa, a mythological female monster with hair
made of snakes and a countenance so ugly that anyone who looked on it
was turned into stone. Perseus is low in the northwestern sky in spring-
time, half above and half below the northern horizon in the summer, high
in the northeastern sky in the fall, and nearly overhead in the winter.

“Medusa's head”

Algol

Figure 2-6. Perseus is a mythological hero who holds the severed head of Medusa.
Itg star Algol varies in brilliance becanse it is actually two stars that eclipse each other
as they orbit around a common center of gravity.

OTHER CIRCUMPOLAR CONSTELLATIONS

There are other, lesser constellations that remain above the horizon at all
times. These can be found on star maps. The further north you go, the more
circumpolar constellations there are. If you were to go all the way to the
north pole, all the constellations would be circumpolar. The stars would all
seem to revolve around the zenith, completing one full circle every 23
hours and 56 minutes. Conversely, the further south you go, the fewer cir-
cumpolar constellations you will find. At the equator, there are none at all;
every star in the sky spends half the sidereal day (about 11 hours and 58
minutes) above the horizon and half the sidereal day below the horizon.
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We haven’t discussed what happens if you venture south of the equator.
But we will get to that in the next chapter.

Constellations of Spring

Besides the circumpolar constellations, there are certain star groups that are
characteristic of the evening sky in spring in the northern hemisphere. The
season of spring is 3 months long, and even if you live in the so-called temn-
perate zone, your latitude might vary. Thus, to get ourselves at a happy
medium, let’s envision the sky in the middle of April, a couple of hours
after sunset at the latitude of Lake Tahoe, Indianapolis, or Washington,
D.C. (approximately 39° N).

LIBRA

Libra is near the east-southeastern horizon. It has the general shape of a
trapezoid (Fig. 2-7) if you look up at it facing toward the east-southeast.
Libra is supposed to represent the scales of justice. This constellation is
faint and once was considered to be part of Scorpio, the scorpion.

“Balance bar”

1\

‘Weights”

Figure 2-7. Libra, the scales of justice.
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VIRGO

Virgo, the virgin, is fairly high in the southeastern sky. It has an irregular
shape, something like a letter Y with a hooked tail (Fig. 2-8) if you look up
at it facing toward the southeast. Virgo contains the bright star Spica.

/

¢ Spica

Figure 2-8. Virgo, the virgin, holds a staff of wheat.

LEO

Leo, the lion, is just south of the zenith. This constellation is dominated by
the bright star Regulus. If you stand facing south and crane your neck until
you're looking almost straight up, you might recognize this constellation
by its Sphinx-like shape (Fig. 2-9).
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Regulus

Figure 2-9. Leo, the lion, resembles the Sphinx.
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CANCER AND CANIS MINOR

Cancer, the crab, stands high in the southwestern sky. If you stand facing
southwest and look up at an elevation about 70 degrees, you'll see a group
of stars that resembles an upside-down Y (Fig. 2-10). In ancient mytholo-
gy, Cancer was the cosmic gate through which souls descended to Barth to
occupy human bodies. Next to Cancer is Canis Minor, the little dog, which
contains the prominent star Procyon.

M Cancer

/ .

» ° /
/© \Canis

Procyon Minor
Figure 2-10. Cancer, the crab; and Canis Miner, the little dog.

GEMINI

Gemini is moderately high in the western sky. This constellation has the
general shape of a tall, thin, squared-off letter U if you stand facing west
and look up at it (Fig. 2-11). At the top of the U are the prominent stars
Casior and Pellux, named after the twin sons of Zeus, the most powerful
of the ancient Greek gods. If you use your imagination, you might see
Castor facing toward the left, with Pollux right behind him. The bright stars
must be their left eyes.

AURIGA

Just to the right of Gemini is the constellation Auriga. It has the shape of
an irregular pentagon (Fig. 2-12) as you face west-northwest and look
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Figure 2-11. Gemini. The stars Pollux and Castor represent the twins.
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Figure 2-12, Auwriga, the charioteer.

upward about 30 degrees from the horizon. Auriga contains the bright star
Capella, In ancient mythology, this constellation represented the king of
Athens driving a four-horse chariot. Presumably, Capella is the king, and
the four lesser stars are the horses.
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HERCULES

Turn around and look toward the east-northeast, just above the horizon. You
will see a complex of stars, none of them bright, forming a trapezoid with
limbs (Fig. 2-13). This is the constellation Hercules, representing a man of
legendary strength and endurance. In the sky, he faces Draco, the dragon.
These two cosmic beings are engaged in a battle that has been going on for
millennia and will continue to rage for ages to come. Who will win? No one
knows, but eventually, as the stars in our galaxy wander off in various
directions, both these old warriors will fade away. Hercules contains one of
the most well-known star clusters in the heavens, known as M3 (this is a
catalog number).

/'
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Figure 2-13. Hercules, the warrior, is in a long, cosmic battle with Draco.

CORONA BOREALIS

Looking slightly higher in the sky, just behind Hercules, you will see a
group of several stars that form a backward C or horseshoe shape. These
stars form the constellation Corona Borealis, the northern crown (Fig. 2-14),
This is the head ormament that was womn by Ariadne, a princess of Crete.
According to the legends, the Greek god Dionysis threw the crown up into
the sky to immortalize the memory of Ariadne.
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Figure 2-14. Corona Borealis, the crown worn by Ariadne, princess of Crete.

BOOTES

Just above the northern crown you will see a bright star at an elevation of
about 45 degrees, directly east or a little south of east. This is Arcfurus. If
you use your imagination, you might see that this star forms the point
where a fish joins its tail; the fish appears to be swimming horizontally
{Fig. 2-15). This constellation, Bootes, does not represent a fish but a herds-
man. His job, in legend, is to drive Ursa Major, the great bear, forever
around the north pole.
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Figure 2-15. Bootes, the herdsman, and his hunting dogs, Canes Venatici.
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CANES VENATICI

Between Bootes and Ursa Major there is a group of three rather dim stars
{shown in Fig. 2-15 along with their master). These are Bootes” hunting
dogs, Canes Venatici, who snap at the heels of Ursa Major and keep the big
bear moving. One might argue that according to myth, our planet owes its
rotation, at least in part, to a couple of cosmic hounds.

CORVUS, CRATER, AND HYDRA

A large portion of the spring evening sky is oceupied by three constella-
tions consisting of relatively dim stars. These are Corvus, also known as
the crow, Crater, also called the cup, and Hydra, the sea serpent or water
snake (Fig. 2-16). It is not too hard to imagine how Hydra got its name,
and one might with some effort strain to imagine Crater as a cup. But
Corvus is a fine example of a constellation that looks nothing like the
mythological creature or object it represents.

o/. h
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Figure 2-16. Corvus, the crow; Crater, the cup; and Hydra, the sea serpent.

Constellations of Summer

Now let’s look at the sky in the middle of July, a couple of hours after sun-
set at the latitude of Lake Tahoe, Indianapolis, or Washington, D.C.
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{approximately 39° N). Some of the spring constellations are still visible.
All the circumpolar constellations are still there, but they appear to have
rotated around Polaris one-quarter of a circle counterclockwise from their
positions in the spring. Other spring constellations that are still visible,
though they have moved toward the west the equivalent of about 6 hours,
include Virgo, Libra, Bootes, Canes Venatici, Corona Borealis, and
Hercules. New star groups have risen in the east, and old ones have set in
the west. Here are the prominent new constellations of sumimner.

CAPRICORNUS

Near the horizon in the east-southeast sky is a group of stars whose out-
line looks like the main sail on a sailboat. This constellation is
Capricornus (often called Capricorn), the goat (Fig. 2-17). This goat has
the tail of a fish, according to the myths, and dwells at sea. On its way to
heaven after the death of the body, the human socul was believed to pass
through this constellation; it is 180 degrees opposite in the celestial sphere
from Cancer, through which souls were believed to enter this world.
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Figure 2-17. Capricomus, the goat, has the tail of a fish.



Stars and Constellations

SAGITTARIUS

In the east-southeast sky, to the right and slightly above Capricornus, you
will see a constellation whose outline resembles a teapot (Fig. 2-18). This
is Sagiltarius, the centaur. What, you might ask, is a centaur? You ought
to know if you have read mythology or seen a lot of movies or television;
it is a creature with the lower body of a horse and the chest, head, and
arms of a human being. The centaur carries a bow and arrow with which
to stun evil or obnoxious creatures. Sagittarius lies in the direction of the
densest part of the Milky Way, the spiral galaxy in which our Solar
System resides.
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Figure 2-18, Sagittarius, the centaur, is shaped like a teapot
as viewed from northern-hemispheric temperate latitudes.

SCORPIUS

A huge and hapless scorpion, forever on the verge of feeling the bite of
Sagittarius’s arrow, sits in the southern sky, extending from near the hori-
zon to an elevation of about 30 degrees (Fig. 2-19). This is Scorpius (also
called Scorpio). This constellation is one of the few that bears some resem-
blance to the animal or object it represents. The eye of the scorpion is the
red giant star Anfares, which varies in brightness.
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Figure 2-19.  Scorpius, the scorpion, contains the red star Antares.

THE SUMMER TRIANGLE

If you stand facing east and look up near the zenith, you will see the bright star
Vega, flanked by a small parallelogram of dimmer stars. The quadrilateral
forms the constellation Lyra, representing the lyre played by the mythical
musician Orpheus. Below and to the left of Vega is another bright star, Deneb,
that is at the tip of the tail of Cygnus, the swan. If you are at a dark location
away from city lights on a moonless summer evening, you might imagine this
bird soaring along the Milky Way that stretches from the north-northeastern
horizon all the way to the southern horizon. Off to the right of these is a third
bright star, Alrair. This is part of the constellation Aguila, the eagle that pecks
eternally at the liver of Prometheus as part of his punishment for stealing fire
from the gods. Vega, Deneb, and Altair stand high in the east on summer
evenings and comprise the well-known summer Iriangle (Fig. 2-20).

OPHIUCHUS AND SERPENS

In the southern sky, centered at the celestial equator, is the constellation
Ophiuchus, the snake bearer. This poor soul holds a snake, the constella-
tion Serpens, that stretches well to either side. You might imagine that
Ophiuchus has a meaningless job, but nothing could be further from the
truth. Ophiuchus must keep a tight hold on Serpens (Fig. 2-21), for if that
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Figure 2-20, The Summer Triangle is formed by the stars Vega, Deneb, and Altair,
in the constellations Lyra, Cygnus, and Aquila (the lyre, the swan, and the eagle).
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Figure 2-21.  Ophiuchus, the serpent bearer, holds Serpens, the snake.
The snake’s head is but a small distance from the back of unsuspecting Bootes.
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snake gets away, it will easily be able to reach and bite Bootes, the herds-
man. If that were to happen, Bootes and his dogs, Canes Venatici, would
stop driving Ursa Major around Polaris, and Earth would stop spinning!

COMA BERENICES

About halfway between the horizon and the zenith in the west-northwest
sky, you will see a fuzzy blob. With binoculars, this resolves into a cluster
of stars known as Coma Berenices (the hair of Berenice). Some people mis-
take this group of stars for the Pleiades. However, the Pleiades are best
observed in the winter.

Constellations of Autumn

Now imagine that it is an evening in the middle of October, a couple of
hours after sunset, and you are at the latitude of Lake Tahoe, Indianapolis,
or Washington, D.C. (approximately 39° N). New constellations have risen
in the east, and old ones set in the west. The sky is looked after by new cus-
todians as the nights grow longer. Here are constellations we have not
described before that now occupy prominent positions in the sky.

PISCES AND ARIES

High in the southeast you will see Pisces, the two fish, and Aries, the winged
ram (Fig. 2-22). Legend has it that Pisces were joined or tied together at
their tails long ago, and to this day they are flailing about in that unfortunate
condition. Aries has fleece of gold, and for this reason, the ram is sought
after by a cosmic spirit called Jason and his cohorts called the Argonauis.

CETUS

Somewhat below and to the right of Pisces is Cefus, the whale, also con-
sidered a sea monster in some myths (Fig. 2-23). The variable star Mira is
sometimes visible in the belly of the whale. Cetus is supposed to have been
sent to swallow Andromeda, but this mission did not succeed. Cetus con-
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Figure 2-22. Pisces, the fishes, and Aries, the ram.
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Figure 2-23. Cetus, the whale, contains the variable star Mira.

tains one star, called Tau Ceri, believed to be a good candidate for having
a solar systemn similar to ours.

PEGASUS AND ANDROMEDA

Nearly at the zenith there is a square consisting of four medium-bright
stars. This is the body of Pegasus, the winged horse. Toward the northeast,
Andromeda, representing a princess, rides the horse alongside the Milky
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Way (Fig. 2-24). Andromeda had been chained to a rock and left out for
Cetus to devour as the tide came in, but she was rescued by Perseus.
Andromeda contains a spiral galaxy similar to our Milky Way but is more
than 2 million light-years away. This galaxy can be seen as a dim blob by
people with keen eyesight; with a massive telescope at low magnification,
it resolves into a spectacular object. When photographed over a period of
hours, it takes on the classic appearance of a spiraling disk of stars.

Andromeda Galaxy
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Figure 2-24. Pegasus, the winged horse, and Andromeda, the Ethiopian princess who married
Perseus. The Andromeda Galaxy is shown as a fuzzy dot.

AQUARIUS

Beneath Pegasus, in the southern sky, you will see Aguarius, the water
bearer. This is not an easy constellation to envision as any sort of human
figure; it more nearly resembles an exotic, long-necked bottle or a tree
branch (Fig. 2-25). Aquarius supposedly brings love and peace as well as
water.

PISCIS AUSTRINUS AND GRUS

Low in the southern sky is Piscis Austrinus, also called Piscis Australis. This
is the southern fish and contains the bright star Formalhaut (Fig. 2-26). At
the middle temperate latitudes in North America, Piscis Austrinus manages
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Figure 2-25.  Aquarius, the water-bearer, traverses the southemn sky on autumn evenings.
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Figure 2-26. Piscis Austrinus, the southern fish, and Grus, the crane. At latitudes higher than
about 43 degrees north, Grus never rises above the southern horizon.

to rise only a few degrees above the horizon. Further north, in Burope and
in BEngland, it barely emerges at all. Immediately to the south of it is Grus,
the crane. This constellation is not visible in the northern temperate

extremes, although it can be seen on dark nights in most of the United
States.
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Constellations of Winter

Finally, let’s get our jackets on and look at the evening sky in the middle of
January. Some of the autumn constellations can still be seen. The circum-
polar constellations have rotated around Polaris by vet another quarter cir-
cle and are now 90 degrees clockwise relative to their positions in the
spring. Here are the prominent new constellations of winter as they appear
from the latitude of Lake Tahoe, Indianapolis, or Washington, D.C. a few
hours after suppertime.

CANIS MAJOR AND LEPUS

The southern portion of the winter evening sky is dominated by Canis
Major, the big dog, and Lepus, the rabbit (Fig. 2-27.) Canis Major is easy
to spot because of the brilliant white star, Sirdus, that appears in the south-
southeast. This is the brightest star in the whole sky, and its name in fact
means “scorching.” Because it is contained in Canis Major, Sirius is often

called the Dog Star.
Sirius
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Figure 2-27.  Canis Major, the big dog, and Lepus, the rabbit.

ORION

Somewhat above and to the right of Sirius you will see another winter land-
mark, Orion, the hunter. It’s not hard to imagine how ancient people saw a
human form in this constellation (Fig. 2-28). Three stars in the middle of
Orion represent the hunter’s belt, from which hangs a knife or sword con-
sisting of several dimmer stars. If you look at Orion’s sword with good binoc-
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Figure 2-28.,  Orion, the hunter, is one of the best-known constellations. It contains a nebula that is
visible with good binoculars.
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ulars or a wide-aperture telescope at low magnification, you will see the
Grear Nebitla in Orion, a vast, glowing cloud of gas and dust in which new
stars are being born. Orion contains two bright stars of its own, Befelgeuise
(also spelled Befelgeux), a red giant, and Rigel, a blue-white star.

TAURUS AND THE PLEIADES

Above Orion, only a few degrees from the zenith in the southern sky on win-
ter evenings, is Taurus, the bull (Fig. 2-29). This constellation contains the
bright star Aldebaran, which represents the eye of the bull. Near Taurus is a
group of several stars known as the Pleiades, or seven sisters (although there
are really far more than seven of them). When seen through binoculars, these
stars appear shrouded in gas and dust, indicating that they are young and that
new members are being formed as gravity causes the material to coalesce.

ERIDANUS

Beginning at the feet of Orion and winding its way to the southern horizon
and thence into unknown realms is a string of relatively dim stars. This
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Figure 2-29. Taurus, the bull, is just above Orion in the winter sky. Nearby are the Pleiades, a
loose cluster of stars.

constellation is Eridanus, the river. It, like Cetus, the whale, contains a star
that is thought by many scientists to have a solar system like ours. That star,
known as Epsilon Eridani, has been the subject of science fiction stories for
this reason.

Refer to the text if necessary. A good score is 8 correct. Answers are in the back of
the book.

1. As the seasons progress, the constellations appear to gradually turn counter-
clockwise around the north celestial pole from night to night because
(a) Bootes and Canes Venatici chase Ursa Major around Polaris.
(b) the sidereal day is slightly shorter than the solar day.
(c) Earth rotates on its axis.
(d) the galaxy spirals around its center.

2. If you live in the northern hemisphere, the elevation of Polaris above the hori-
zom, in degrees, is about the same as
(a) wvour latitude.
(b) 90 degrees minus your latitude.
(¢) the elevation of the Sun in the sky at noon.
(d) nothing in particular; its elevation changes as the seasons pass.
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10.

. Tan Ceti is considered a special star becanse

(a) itrevolves around Polaris in a perfect circle.

(b) itis inside our solar system.

(c) itisin a constellation all by itself.

(d) some astronomers think that it might have a solar system like ours.

. Earth slowly wobbles on its axis, cansing the constellations to

(a) change shape slightly from year to year.

(b) gradunally converge on Polaris.

(c) shift position in the sky slightly from century to century.
(d) follow the plane of the ecliptic.

. People in the time of Julius Caesar saw constellations whose individual shapes

were
(a) the same as they are now.

(b) somewhat different than they are now.
(c) almost nothing like they are now.

(d) nothing at all like they are now.

. The constellation Andromeda is well known becaunse it contains

(a) the brightest star in the whole sky.
(b) all the planets at one time or another.
(c) the north celestial pole.

(d) a spectacular spiral galaxy.

. Orion is a landmark constellation in the northern hemisphere

(a) all year round.

(b) during the winter.

(c) only north of about 45 degrees latitude.

(d) because it contains the brightest two stars in the sky.

. Coma Berenices is sometimes mistaken for

(a) the sword of Orion.
(b) Ursa Major.

(c) the Andromeda galaxy.
(d) the Pleiades.

. The pole star, Polaris, is part of

(a) Canis Major.

(b) Pegasus.

(¢) Ursa Minor.

(d) no constellation; it stands by itself.

The stars Vega, Altair, and Deneb dominate the sky
(a) 1in the circumpolar region.

(b) during the northern hemisphere summer.

(¢) during spring, summer, and fall, respectively.
(d) No! These are not stars but constellations.
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The Sky “Down Under”

Suppose that you live in Charleston, South Carolina. Imagine that you go
to bed, and in the morming, you awaken in Sydney, Australia, and do not
know that you have been transported to a location south of the equator. It
is a clear morning. The Sun appears to rise normally encugh, but after
awhile you notice something strange. Rather than progressing generally
south and west, as the Sun always does during the early moming hours in
the northern hemisphere, the Sun moves north and west. At high noon it sits
squarely in the northemn sky. The weather is improbable, everyone has a
strange accent, and the phone numbers are weird. You look at the cover of
the phone book or tune into a local radio station, and the mystery is
solved—except, of course, for how you got transported halfway around the
world without remembering any of the trip.

If you normally live in Sydney and some moming you awaken in
Charleston, a similar surprise awaits you. In fact, if you come from “down
under” and are transported to America by surprise, you’ll be every bit as
jarred as an American who is transported to Australia.

Southern Coordinates

Southern celestial coordinates are similar to northern celestial coordinates.
They operate according to the same mathematics. The main difference is
that the two coordinate hemispheres are mirror images of one another.
‘While the northern heavens seem to rotate counterclockwise around the
north celestial pole, the southem Sun, Moon, planets, and stars seem to
rotate clockwise around the south celestial pole.

Copyright 2003 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.
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Recall your middle-school algebra class. Imagine the cartesian coordi-
nate plane. The northem hemisphere is akin to the first and second quad-
rants, where the v values are positive; the southern hemisphere is cousin to
the third and fourth quadrants, where the y values are negative. No partic-
ular quadrant is preferable to or more special than any of the other three.
So it is with Barth and sky. Fully half the points on the surface of Earth are
south of the equator. It is no more unusual in this world for the Sun to shine
from the north at high noon than it is for the Sun to shine from the south.
Only the extreme polar regions experience conditions that most people
would call truly strange, where the Moon or Sun can stay above the hori-
zon for days or weeks at a time, circling the points of the compass.

SOUTHERN AZ/EL

In the southern hemisphere, azimuth bearings are measured clockwise with
respect to geographic north, just as they are in the northern hemisphere.
However, an alternative system can be used; azimuth can be defined as the
angle clockwise relative to geographic south. In this latter system, the range
of possible values is from O degrees (south) through 90 degrees (west), 180
degrees (north), 270 degrees (east), and up to, but not including, 360
degrees (south again). This is shown in Fig. 3-1. The bearing of 360 degrees
is omitted to avoid ambiguity, just as is the case with the north-based sys-
tem. You will never hear of an azimuth angle less than O degrees nor more
than 360 degrees, at least not in proper usage.

The elevaiion of an object in the sky is the angle, in degrees, subtended
by an imaginary arc running away from the object until it intersects the
horizon at a right angle. For visible objects over flat terrain, this angle can
be as small as O degrees when the object is on the horizon or as large as 90
degrees when the object is directly overhead. This is exactly the same
scheme as is used in the northern hemisphere. Elevation bearings are meas-
ured upward from the horizon to 90 degrees and downward below the hori-
zon to —90 degrees. If the horizon cannot be seen, then it is defined as that
apparent circle halfway between the zenith and the nadir.

SOUTHERN RA/DEC

There are two points in time every year when the Sun’s elevation, measured
with respect to the center of its disk, is positive for exactly 12 hours and
negative for exactly 12 hours. One of these time points occurs on March 21,
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Figure 3-1. Azimuth based on a southerly point of reference.

give or take about a day; the other occurs on September 22, give or take
about a day. At the equinoxes, the Sun is exactly at the celestial equator; it
rises exactly in the east and sets exactly in the west, assuming that the
observer is not at either of the geographic poles. The names vernal and
autumnal, as used in the northern hemisphere, are not really correct in the
southern hemisphere because the seasons are reversed compared with those
in the north. Thus it is best to speak of the March eguinox and the
September equinox.

The crude celestial maps of Fig. 3-2 show the situation at either equinox.
That is, the date is on or around March 21 or September 22. You can deduce
this because the Sun rises exactly in the east and sets exactly in the west,
so it must be at the celestial equator. At the latitude of Sydney, the Sun is
35 degrees away from the zenith (55 degrees above the northern horizon)
at high noon on either of these days. The south celestial pole, which unfor-
tunately has no well-defined sentinel star, as is the case for the northern
hemisphere, is 35 degrees above the southern horizon all the time. The
heavens seem to rotate clockwise around the south celestial pole. In the
drawing at A, imagine yourself lying flat on your back, with your head fac-
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Figure 3-2. Azfel sky maps for midafterncon at 35 degrees south latitude on or around the March
or September equinoxes. At A, top of head facing north; at B, top of head facing south.
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ing north and your feet facing south. In the drawing at B, imagine yourself
rotated 180 degrees, that is, with your head facing south and your feet fac-
ing north. Either orientation is valid astronomically, and you will find star
maps that use either scheme.

Every day the Sun moves slightly toward the east with respect to the back-
ground of stars. At the March equinox, the Sun is at the celestial equator and
is located in a certain position with respect to the stars. This represents the
reference point for right ascension (RA) and declination (dec). As time pass-
es, the Sun rises about 4 minutes later each day relative to the background of
stars. The sidereal (star-based) day is about 23 hours and 36 minutes long;
the synedic (sun-bhased) day is precisely 24 hours long. In the southern hemi-
sphere, the Sun’s motion relative to the stars is from left to right.

In the drawings of Fig. 3-2, the Sun is at dec = 0 degrees. Suppose that
these drawings represent the situation at the March equinox. This point
among the stars is the zero point for right ascension (RA =0 h). As autumn
passes and the Sun follows a lower and lower course across the sky, the
declination and right ascension both increase for a while. Remember that
right ascension is measured in hours, not in degrees. There are 24 hours of
right ascension in a circle, so 1 hour (written 1 h or lh) of RA is equal to
15 degrees.

THE SUN’S ANNUAL “LAP” IN THE SOUTH

Let us begin following the Sun during the course of the vear starting at the
March equinex. As the days pass during the months of April, May, and
June, the Sun stays above the horizon for less and less of each day, and it
follows a progressively lower course across the sky. The change is rapid in
the first days after the equinox, and becomes more gradual with the
approach of the June solstice, which takes place on around June 22 give or
take a day. This might be called the “winter solstice,” but again, to avoid
confusion with northern-hemisphere-based observers who call it the “sum-
mer solstice,” it is better to name the month in which it occurs.

At the June solstice, the Sun has reached its northernmost declination
point, approximately dec = +23.5 degrees. The Sun has made one-quarter
of a complete circuit around its annual “lap”™ among the stars and sits at
RA = 6 h. This situation is shown in Fig. 3-3 using the same two az/el
coordinate schemes as those in Fig. 3-2. The gray line represents the Sun’s
course across the sky. As in Fig. 3-2, the time of day is midafternoon. The
observer’s geographic latitude is the same too: 35°S.
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Figure 3-3. Azl sky maps for midafternoon at 35 degrees south latitude on

or around June 21.
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After the June solstice, the Sun’s declination begins to decrease, slowly
at first and then faster and faster. By late September, the other equinox is
reached, and the Sun is once again at the celestial equator, just as it was at
the March equinox. But now, instead of moving from south to north, the
Sun is moving from north to south in celestial latitude. At the September
equinox, the Sun’s RA is 12 h. This corresponds to 180 degrees.

Now it is the spring season in the southern hemisphere, and the days are
growing long. The Sun stays above the horizon for more and more of each
day, and it follows a progressively higher course across the sky. The change
is rapid during September and October and becomes slower and slower
with the approach of the December solstice, which takes place on
December 21, give or take a day.

At the December solstice, the Sun’s declination is at its southernmost
point, approximately dec = —23.5 degrees. The Sun has gone through
three-quarters of its annual “lap” among the stars, and sits at RA=18 h. This
is shown in Fig. 3-4 using the same two az/el coordinate schemes as those
in Figs. 3-2 and 3-3. The gray line represents the Sun’s course across the
sky. As in Figs. 3-2 and 3-3, the time of day is midafternoon. The observer
hasn’t moved either, at least in terms of geographic latitude; this point is
still at 35°S.

After the December solstice, the Sun’s declination begins to increase
gradually and then, as the weeks pass, faster and faster. By late March, the
Sun reaches an equinox again and crosses the celestial equator on its way
to forsaking the southern hemisphere for another autumn and winter. The
“lap” is complete.

Mirrored Myths

The Greeks didn’t name the southern circumpolar constellations, but many
of the star groups near the equator, as seen from “down under,” are the same
ones that the Greeks made famous. The only difference is that they are all
upside down.

SKY MAPS

In this chapter, the general shapes of the better-known southern constella-
tions are shown. To see where these constellations are in the sky from your
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Figure 3-4. Azfel sky maps for midafternoon at 35 degrees south latitude
on or around December 21.
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location this evening, go to the Weather Underground Web site at the fol-
lowing URL:

hitp:idiwww wunderground.com

Type in the name of your town and country, and then, when the weath-
er data page for your town comes up, click on the “Astronomy™ link. There
you will find a detailed map of the entire sky as it appears from your loca-
tion at the time of viewing, assuming that your computer clock is set cor-
rectly and data are input for the correct time zone.

Southern Circumpolar Constellations

From the latitude of 35°S, the circumpolar constellations encompass much of
the sky. At some time or other during the vear, it is possible to see more of the
sky at lower latitudes (closer to the equator) than at higher latitudes {closer to
the poles). If you live in Sydney, Buenos Aires, or Cape Town, you have a
slight advantage in this respect over your counterparts who live in Minnesota
and a bigger advantage over people in Scotland. However, the portion of the
sky that stays above the horizon, no matter what time of the year you stargaze
in the evening sky, becomes smaller as you go closer to the equator. Observers
in chillier climes get to see more circumpolar constellations but less of the
complete celestial sphere; people in warmer places gel to see more of the
celestial sphere, but they have to choose the proper times to see specific con-
stellations near the pole.

STAR BRIGHTNESS

In this chapter, as in Chapter 2, stars are illustrated at three relative levels
of brightness. Dim stars are small black dots. Stars of medium brilliance
are larger black dots. Bright stars are circles with black dots at their cen-
ters. But the terms dim, medium, and bright are not intended to be exact or
absolute. In downtown Sydney, some of the dim stars shown in these draw-
ings are invisible, even under good viewing conditions, because of scat-
tered artificial light. After your eves have had an hour to adjust to the
darkness on a moonless, clear night in the outback, some of the dim stars
in these illustrations will be easy to see. The gray lines connecting the stars
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are included in the diagrams only to emphasize the general shapes of the
constellations.

THERE IS NO SOUTHERN POLARIS

We need a time of reference for our circumpolar observations, and mid-
April is as good a time as any. Imagine that you are in the countryside near
Sydney or Cape Town or Buenos Aires and that you go outdoors to stargaze
at around 10:00 pM. Assume that the sky is clear, there is no haze, and the
Moon is below the horizon so that its light does not interfere with stargaz-
ing. You know that the south celestial pole is 35 degrees above the south-
ern horizon. You search for a significant star, or at least a constellation, to
mark the spot using the “fist rule.” (Heold your right arm out straight and
make a tight fist. Point the knuckles toward your right. The top of your fist
is about 10 angular degrees from the bottom.) You find the scuthern hori-
z0n using a compass or your knowledge of the area and proceed three and
a half fists up into the sky. There is nothing significant. The south polar
region is devoid of bright or even moderately bright stars. This caused some
trouble for mariners who ventured south of the equator. They needed a con-
venient way to locate the south celestial pole.

CRUX AND MUSCA

As you stand facing toward the south, you will see, high in the sky, a group
of four stars forming a kitelike shape. This is Crax, more commonly called
the southern cross. Just below it, somewhat dimmer, is a star group shaped
somewhat like a ladle. This is Musca or Musca Australis, the southern fly.
Look at these two constellations carefully, and make educated guesses as to
their centers (Fig. 3-5). The center of Crux is easy to decide on, but the cen-
ter of Musca is a little tougher. Pick a point on the handle of the ladle, just
above the scoop. These two constellation-center points are separated by
about 10 degrees of arc, a fact that you can verify by the fist rule. Now go
two fists down toward the southern horizon from the center point of Musca.
This will give you a point close to the south celestial pole.

TRIANGULUM AND APUS

Just below and to the left of Crux, there is a group of three stars that form a
triangle. It’s almost a perfect equilateral triangle, with the apex at the bottom
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Figure 3-5. Crux, the southern cross, and Musca, the southern fly,
as obgerved in mid-April from the latitude of Sydney, Australia.

and the base on top (Fig. 3-6). This is Triangulum Ausiralis, the southermn tri-
angle, often called simply Triangulum. Below this constellation and to its right
is Apus, the bird of paradise. It is a sall, dim constellation and at this time of
the year looks something like a lawn mower (if you have a good imagination).

Triangulum

Apus

i

Figure 3-6. Triangulum, the southern triangle; and Apus, the bird of paradise.
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PAVO

Below Triangulum, in the south-southeast sky, is a large group of dim stars.
This is the constellation Pavo, the peacock (Fig. 3-7). This is an inappro-
priate name for such an inconspicuous group of stars. However, you might,
with some effort, imagine a large, fan-shaped set of tail feathers, with the
bird, at this titne of year, appearing upright.

“Tail feathers” \

L
Figure 3-7. Pavo, the peacock.

TUCANA

Low in the southern sky, almost grazing the horizon, is Ticana, the toucan
{(Fig. 3-8). At this time of year, you can imagine this dim group of stars as
having the shape of a bird lying on its side with its beak pointed down and
to the right. This constellation contains the Small Magellanic Cloud, a
satellite of our Milky Way galaxy.

HYDRUS, RETICULUM, AND MENSA

In the south-southwest, below and to the right of the south celestial pole,
there are three constellations of note: Hyvdrus, the little snake, Reficulum, the
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Figure 3-8. Toucana, the toucan.

net, and Mensa, the table. These are shown in Fig. 3-9. It is hard to imagine
how any of these star groups got the names they got. Mensa contains part of
the Large Magellanic Cloud, another satellite of our galaxy similar to the
Small Magellanic Cloud. Both of the Magellanic Clouds are named after the
explorer Magellan, whose ship made the famous round-the-world trip hun-
dreds of years ago and who sailed through the far southern oceans.

Mensa

Hydrus Reticulum

Figure 3-9. Hydrus, the little snake; Reticulum, the net; and Mensa, the table.
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VOLANS AND CARINA

Above and to the right of the celestial pole are Volans, the flying fish, and
Carina, the keel or ship (Fig. 3-10). Carina is noteworthy because it con-
tains the yellowish white star Canopus, which is the second brightest night-
time star after Sirius.

Carina

Volans

Canopus

Figure 3-10. Volans, the flying fish, and Carina, the keel. Carina
containg the well-known bright star Canopus.

CHAMELEON AND OCTANS

The two constellations closest to the south celestial pole are Chameleon,
the lizard, and Ocrans, the octant. The stars in these groups are so dim
that unless you are out in the country away from city lights, you will not
see them. Also, if the Moon is near full phase and is above the horizon,
its scattered light might wash these constellations out. At this time of the
year, Octans in the evening sky appears as a tall, slender triangle imme-
diately to the east of the celestial pole, and Chameleon is near and above
it (Fig. 3-11). Apus, the bird of paradise, appears in this group too, cen-
tered about 12 degrees (a little more than one fist) above and to the left
of the pole.
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Figure 3-11.  Octans, the octant; Chameleon, the lizard;

/ and Apus, the bird of paradise, are the three constellations
. closest to the south celestial pole.

Constellations of the Southern Autumn

Imagine that it is still the same night and still the same time (10:00 pM.),
and you twn your attention toward the east, north, and west, that part of
the sky not confined to the vicinity of the celestial pole. Constellations in
this part of the sky rise and set; they are not always above the horizon. As
is the case in the northern hemisphere, the farther from the pole a con-
stellation is located, the more time it spends each day below the horizon.
A star at the equator spends exactly half the sidereal day, or about 11
hours and 58 minutes, above the horizon and half the time out of sight
“beneath Barth.” Ultimately, for observers at 35 degrees south latitude,
constellations with declinations of more than +55 degrees (within 35
degrees of the north celestial pole) never make it above the northern hori-
ZOm.

LIBRA

Libra is a group of faint stars representing the scales of justice. It is high
in the northeastern sky. It has the general shape of a trapezoid or diamond
at this time of the year (Fig. 3-12).
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Figure 3-12. Libra, the scales of justice, looks like a diamond.

“Balance bar’

VIRGO

Virgo, the virgin, is fairly high in the north-northeast sky. As viewed from
this angle, it is shaped rather like a scorpion (Fig. 3-13). Virgo contains the
bright star Spica.

Spica

Figure 3-13. Virgo, the virgin, looks something like a scorpion.
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LEO

Leo, the lion, is high in the northwest sky. It bears no resemblance to a rest-
ing lion or Sphinx, as it does when looked at from north of the equator.
Instead, its shape more nearly resembles that of a mangled coat hanger (Fig.
3-14) or alaundry iron held upside down. The bright star Regulus dominates.

CANCER AND CANIS MINOR

Cancer, the crab, is low in the northwest sky (Fig. 3-15). Next to Cancer is
Canis Minor, the little dog, which contains the prominent star Procyon. In
ancient Greek mythology, souls were said to enter the world by passing
down from the heavens through Cancer.

Regulus

\

Figure 3-14. Leo, the lion, lacks his regal nature south of the equator.
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Cancer
Figure 3-15. Cangcer, the crab, and Canis Minor, the little dog.
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CORONA BOREALIS

Low in the northeastern sky, near the horizon, is a group of several stars
that form an inverted-U or Greek letter omega shape. These stars form the
constellation Corona Borealis, the northern crown (Fig. 3-16). This con-
stellation is dominated by the moderately bright star Alphecca, also known
as Gemimad.

Alphecca
(Gemma)

Figure 3-16. Corona Borealis, the northern crown.

BOOTES AND CANES VENATICI

Just to the left of the northern crown you will see a brilliant, twinkling star
at an elevation of about 20 degrees in the northeast or north-northeast sky.
This is Arcruris. If you use your imagination, you might see that this star
forms the point where a fish joins its tail (Fig. 3-17). The fish seems to be
swimming straight downward. This is Beofes, the herdsman. Just to the left
of Bootes, near the northern horizon, is a group of three rather dim stars.
These are Bootes” canine companions, Canes Venatici.

CORVUS, CRATER, AND HYDRA

A large portion of the autumn evening sky is occupied by three constel-
lations consisting of relatively dim stars. These are Corvus, the crow,
Crater, the cup, and Hydra, the sea serpent or water snake (Fig. 3-18).
Hydra stretches from low in the northwest, nearly through the zenith, to
high in the eastern sky. Corvus and Crater are both high in the north, just
below Hydra.
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Figure 3-17. Bootes, the herdsman, and Canes Venatici, his dogs.

Hydra

Corvus

Crater
Figure 3-18. Corvus, the crow; Crater, the cup; and Hydra, the sea serpent.

Constellations of the Southern Winter

Now imagine that it is the middle of July—the dead of the southern-hemi-
spheric winter—and that you are outdoors at around 10:00 M. The cir-
cumpolar constellations are all still above the horizon, but they have rotated
90 degrees clockwise around the pole from their positions in April. The
nencircumpolar constellations have moved from east to west. As you look
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generally away from the circumpolar sky, you should be able to make out
the following groups of stars, which are also visible from the northern tem-
perate latitudes at this time of year.

HERCULES

Near the northern horizon, or just a little west of due north, is a moderate-
ly dim group of stars forming a trapezoid with limbs (Fig. 3-19). This is
Hercules, the warrior. His nemesis, Draco, is mostly out of sight below the
horizon. The well-known globular cluster M{3 is in this constellation,
although from the southern temperate latitudes the viewing is somewhat
less favorable than it is from northern locations.

Globular e .\ /
star cluster @

—g—-0

Figure 3-19. Hercules, the warrior, is low in the northern sky on
southern-hemispheric winter evenings.

CAPRICORNUS

High in the eastern sky is Capricornus (also called Capricorn), the goat
{(Fig. 3-20). This goat has the tail of a fish, according to the myths, and
dwells at sea. Ancient Greek mythology held that on its way to heaven after
death of the body, the human soul would pass through this constellation.
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Figure 3-20. Capricomus, also known as Capricorm, the sea goat.

SAGITTARIUS

Near the zenith, you will see Sagittarius, the centaur (Fig. 3-21). Sagittarius
lies in the direction of the densest part of our galaxy. If it were not for inter-
stellar dust, which is concentrated along the plane of the Milky Way, this
constellation and those near it would be obscured by the brilliance of the
galactic core.

AN

) Q—R_____/.\.

Figure 3-21. Sagittarius, the centaur, is near the zenith
on southern-hemispheric winter evenings.
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SCORPIUS

Just to the west of Sagittarius, also near the zenith, is Scorpius (also called
Scorpio), the scorpion (Fig. 3-22). This constellation is one of the few that
bears some resemblance to the animal or object it represents. The eye of the
scorpion is the red giant star Anfares, which varies in brighiness.

Antares “Tail”

“eye of
scorpion”
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Figure 3-22.  Scorpius, the scorpion, contains the red
star Antares, and is just to the west of Sagittarius.

OPHIUCHUS AND SERPENS

High in the northwestern sky are the constellations Ophiuchus, the snake
bearer, and Serpens, the snake (Fig. 3-23). As with most of the other con-
stellations near the celestial equator, these two are inverted with respect to
their appearance as seen from the northern hemisphere.

LYRA, CYGNUS, AND AQUILA

Low in the northern sky you will see the bright star Vega, flanked by a small
parallelogram of dimmer stars. The quadrilateral forms the constellation
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Figure 3-23.  Ophiuchus, the serpent bearer, holds Serpens, the snake.

Lyra, the lyre. To the right of Vega, grazing the horizon, is another bright
star, Deneb, that is at the tip of the tail of Cygnus, the swan. Above and
slightly to the right of Deneb is a third bright star, Alfair. This is part of the
constellation Aguila (Fig. 3-24). In the northern hemisphere, these three
stars stand high in the sky and are sometimes called the summer friangle.
However, in the southern hemisphere they have no special distinction apart
from their relative brilliance.

Constellations of the Southern Spring

Now imagine that it is around 10:00 pM. in the middle of October and that
you are at the latitude of Sydney, Buenos Aires, or Cape Town (approxi-
mately 35°S). New constellations have risen in the east, and old ones have
set in the west. Here are constellations we have not described before that
now occupy prominent positions in the sky.
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Vega

Figure 3-24. Lyra, the lyre; Cygnus, the swan; and Aquila, the eagle.
These constellations are marked by the bright stars Vega, Deneb, and Altair.

PISCES AND ARIES

In the north you will see Pisces, the two fish. In the north-northeastern sky
is Aries, the winged ram (Fig. 3-25). The fish of Pisces are, according to
mythology, joined at their tails, and Aries has fleece of gold.

CETUS

High in the northeastern sky is Celus, the whale or sea monster (Fig. 3-26).
The variable star Mira is sometimes visible in this constellation. The star
Tau Cefi is thought to be a candidate for having a solar system similar to
ours and possibly an earthlike planet.
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Figure 3-25. Pisces, the fishes, and Aries, the ram.
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‘“Whale's tail’
Figure 3-26. Cetus, the whale, contains the variable star Mira.

PEGASUS AND ANDROMEDA

Low in the north-northwestemn sky is Pegasus, the winged horse. Near the
northern horizon, Andromeda, representing a princess, rides the horse
alongside the Milky Way (Fig. 3-27). Andromeda contains a spiral galaxy
similar to our own galaxy, but it is 2,200,000 light-years away, about 20
times the diameter of the Milky Way’s spiral disk. The Grear Nebula in
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Figure 3-27. Pegasus, the winged horse, and Andromeda,
the Ethiopian princess who married Perseus.

Andromeda galaxy

Andromeda, as it was originally called, is too near the horizon, as viewed
from the southern temperate latitudes, to present itself well to casual
observers.

AQUARIUS

High in the northwest sky, yvou will see Aguarius, the water bearer (Fig. 3-28).
Aquarius supposedly brings love and peace. In ancient mythology, this con-
stellation was seen as a person pouring water from a jug.

/-\.——-.) :
[

Figure 3-28. Aquarius, the water-bearer, traverses the
northwestern sky on spring evenings in the southern hemisphere.
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PISCIS AUSTRINUS AND GRUS

High in the western sky, nearly at the zenith, is Piscis Austrinus, also called
Piscis Australis. This is the southern fish and contains the bright star
Formalhaur (Fig. 3-29). Immediately to the south of it is Grus, the crane.

Formalhaut
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Figure 3-29. Piscis Austrinus, the southern fish, and Grus, the crane,
are near the zenith on southermn-hemisphere spring evenings.

Constellations of the Southern Summer

Finally, let’s lock at the late-evening sky in the middle of January. Here are
the prominent new constellations of the southern-hemispheric summer as
they appear from the latitude of Sydney, Buenos Aires, or Cape Town
around 10:00 pM. local time.

CANIS MAJOR AND LEPUS

Just north of the zenith are Canis Major, the big dog, and Lepus, the rab-
bit (Fig. 3-30). Canis Major is easy to spot because of the brilliant white
star, Sirius, nearly overhead at this latitude in the evening at this time of the
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Figure 3-30. Canis Major, the big dog, and Lepus, the rabbit.

year. Sirius is also called the Dog Star and is the brightest star in the sky
except for the Sun.

ORION

Somewhat below and to the left of Sirius, but still high in the sky, is Orion,
the hunter (Fig. 3-31). If you look at Orion’s central region with good
binoculars or a wide-angle telescope, you will see the Grear Nebula in
Orion, a vast, glowing cloud of gas and dust in which new stars are being
born. Orion contains two bright stars, Befelgeuse (also spelled Belelgeux),
ared giant, and Rigel, a blue-white star.

TAURUS AND THE PLEIADES

Low in the north-northwest sky is Taurus, the bull (Fig. 3-32). This con-
stellation contains the bright star Aldebaran. Below Taurus is a group of
several stars known as the Pleiades. At this latitude, the Pleiades are less
spectacular than they are as seen from the northern hemisphere, but on an
especially dark night, with a good wide-angle telescope, their splendor
shines through. From extreme southern latitudes, the Pleiades never rise
above the northern horizon.
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Orion, the hunter, containg a nebula and

Figure 3-31.
two well-known bright stars.

Aldebaran

Pleiades Taurus
Figure 3-32. Taurus, the bull, and the Pleiades, also known as the

Seven Sisters (although there are really far more than seven of them)
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ERIDANUS

Beginning at the feet of Orion and winding its way high across the western
sky into the circumpolar region is a string of relatively dim stars. This con-
stellation is Eridanus, the river. It, like Cetus, the whale, contains a star,
Epsilon Eridani, that is thought by many scientists to have a solar system
like ours.

GEMINI

CGremini is low in the north-northeast sky. This constellation has the gener-
al shape of a long, thin, backward letter C if you stand facing north and
look up at it (Fig. 3-33). At the right-hand extreme are two relatively bright
stars, Castor and Pollux, named after the twin sons of the mythological
Greek god Zeus.

AURIGA

Grazing the northern horizon is the constellation Auriga. It contains the
bright star Capella (Fig. 3-34). From extreme southern latitudes, Capella

Pollux

Castor

Figure 3-33. Gemini contains the stars Castor and Pollux, and appears
low in the north-northeast sky in the southern-hemispheric summer.
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Capella

Figure 3-34. Awiga, the charioteer, contains
the bright star Capella.

never makes it above the northern horizon, although from the more norther-
ly temperate regions and from the southern tropics it is a brilliant, twinkling
landmark in the sky.

Refer to the text if necessary. A good score is 8 correct. Answers are in the back of
the book.

1. In the southern hemisphere, elevation is measured in the same way as it is in
the northern hemisphere, with the following exception:
(a) Itis a negative angle rather than a positive angle.
(b) Itis expressed in radians rather than in degrees.
(¢) Itis measured with respect to the south pole rather than the north pole.
(d) There are no exceptions.

2. Which of the following stars is also known as “south Polaris”?
(a) Formalhaut
(b) Capella
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(c) Sirius

(d) None of the above

The spring equinox in the southern hemisphere occurs in which month?
(a) March

(b) June

(c) September

(d) December

Suppose that it is a few days after the summer solstice according to people who
live in Sydney, Australia. The Sun’s declination is

(a) slowly decreasing.

(b) rapidly decreasing.

(c) slowly increasing.

(d) rapidly increasing.

At a latitude of 35°S, the angular radius of the south circumpolar region is
(a) 70 degrees of arc.

(b) 55 degrees of arc.

(c) 35 degrees of arc.

(d) impossible to determine, not enough data are given.

Orionis a landmark constellation primarily in which season south of the equa-
tor?

(a) Winter

(b) Summer

(c) Spring

(d) Fall

At a latitude of 55°8, the northern pole star Polaris would be approximately
(a) 35 degrees above the horizon.

(b) 35 degrees below the horizon.

(c) 55 degrees above the horizon.

(d) 55 degrees below the horizon.

A circumpolar constellation as viewed from Cape Town, South Africa, is
(a) Ursa Minor.

(b) Octans.

(¢) Ursa Major.

(d) Draco.

A star that lies on the celestial equator as seen from 45°N would lie approxi-
mately where as seen from 45°87

(a) On the celestial equator

(b) Near the north celestial pole

(¢) Near the sonth celestial pole

(d) The answer cannot be determined from the information given.
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10. As the night progresses for an observer in Buenos Aires, Argentina, the sounth
circumpolar stars seem (o
(a) revolve counterclockwise around the south celestial pole.
(b) revolve clockwise around the south celestial pole.
(c) rise in the east and set in the west.
(d) never rise above the horizon.
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The Moon and the Sun

It has not been easy for humanity to develop consistent theories about what
happens in the sky. If there were no Moon, it would have been more diffi-
cult. If the telescope had never been invented, the puzzle would have been
tougher still. The Moon goes through obvious changes even to the most
casual observer, but the reasons for these changes were not obvious to most
people 50 generations ago. Neither the Sun nor the Moon is a smooth
globe. Both have complicated surfaces. The Moon has craters, mountains,
plains, and cliffs. The Sun has a mottled surface that is often strewn with
spots. The Sun and Moon together perform a cosmic dance that, once in a
while, puts on a show to rival anything else in nature.

The Moon

Earth has countless natural satellites—meteors captured by gravity and
orbiting in all manner of elliptical paths. The only natural satellite of sig-
nificance and the only one that can be detected without powerful observing
aids, however, is the Moon. It’s interesting that we have never come up with
a better name for Earth’s Moon; we speak about the moons of Jupiter and
the moons of Satum, and then we call our own Queen of the Night “the
Moon.” It is as if someone had a daughter and named her “Daughter.”
Sometimes the Moon is called “Luna,” but that name conjures up visions
of madness and worship and is not used by astronomers.

Copyright 2003 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.
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DOUBLE PLANET?

The Moon orbits Earth at a distance of about 381,000 kilometers (237,000
miles). Sometimes it’s a little closer, and sometimes it’s a little farther
away. The Moon’s diameter is 27.2 percent that of Earth, roughly 3480
kilometers (2160 miles). That’s large for a moon relative to its parent plan-
et. The Earth-Moon system is sometimes considered a double planet, and
some astronomers think the pair formed that way. But Earth is 81 times
more massive than the Moon, and the Moon has essentially no atmosphere.
Thus, in planetary terms, the Moon is a dull place.

Perhaps vou have seen drawings of the Barth-Moon system and have
come to envision the Moon as much closer to Barth than is actually the
case. (The drawings in this chapter, except for Fig. 4-1, are examples of
such misleading data.) There is a reason for this distortion. If the Earth-
Moon system were always drawn true to scale, the illustration would be
of little use for most instructive purposes. Earth is a bit less than 12,800
kilometers (7,930 miles) in diameter, and the Moon is about 381,000
kilometers (237,000 miles) away on average. That’s 30 Earth diameters.
If drawn to scale, the Earth-Moon system would look like Fig. 4-1.
Think of the Earth and the Moon as pieces of fruit. Suppose that Earth
is a 10-centimeter-diameter grapefruit and the Moon is a
27-millimeter-diameter plum (4 inches and 1 inch across, respectively).
To make a scale model, you must set the two fruits 3 meters (10 feet)

apart.
%7 30 earth diameters 4%

N

Earth Moon

Figure 4-1. Earth-moon system, drawn to true scale.

PERIOD, PERIGEE, AND APOGEE

With respect to the Sun, the Moon takes 29} days to make one orbit arcund
Earth. The exact synodic (sun-based) lunar orbital period varies slightly
from one orbit to the next because the orbit of the Moon around Earth is not
a perfect circle and the orbit of Earth around the Sun is not a perfect circle
either. However, for most amateur astronomers (including us), 29% days is
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a good enough figure. Relative to the stars, the Moon’s orbit is faster; the
sidereal lunar orbilal period is about 27 days and 7 hours.

The synodic and sidereal lunar orbital periods differ for the same rea-
son the synodic day is longer than the sidereal day. Every time the Moon
makes one trip around Earth, our planet has moved approximately
one-twelfth of the way around the Sun. The Moon has to travel further to
come into line with the Sun from one orbit to the next than it must travel
to come into line again with some distant star (Fig. 4-2).

To distant star To distant star
A A
To sun To sun
Moon
Earth

/

Earth’'s orbit
around sun

Figure 4-2. The synodic lunar peried is longer than the sidereal lunar period.
(This drawing is not to scale.)

Have you ever looked at the Moon, especially the full Moon, and imag-
ined it to be closer than you remember previous full Moons to have been?
Maybe it's not your imagination. The Moon orbits Earth in an elliptical
path, with Earth at one focus. The Moon can get as close as 356,000
kilometers (221,000 miles) and as distant as 407,000 kilometers (253,000
miles) from Barth. This is a difference of 13.5 percent of the Moon’s mean
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distance. Sometimes the Moon’s disk appears 13.5 percent larger than at
other times. This is enough to make a difference, especially when the Moon
passes precisely between an observer and the Sun. The Moon's closest
approach is the lunar perigee; this term also applies to the minimum-dis-
tance figure. The Moon’s furthest retreat is the lunar apogee, a term that
also is used in reference to the maximum-distance figure.

LIBRATION

Asg the Moon makes its way around Earth, it keeps the same face toward us,
more or less. This is so because the Moon’s mass is not uniformly distrib-
uted within the globe, and Barth’s gravity has managed, over millions of
centuries, to tug the Moon’s rotation rate into near-perfect lockstep with its
revolution. But the Moon still wobbles back and forth a little; it has not
completely “settled down.” We can see 59 percent of the Moon’s surface
from Earth if we make enough observations. The wobbling of the Moon’s
face relative to Earth is called libration (not to be confused with libation).

Libration can give rise to interesting phenomena. For example, when
amateur radio operators bounce their signals off the Moon to communicate
with their fellows on the opposite side of the world, libration produces mul-
tiple signal paths whose lengths vary constantly, making the radio waves
add and cancel in a manner so complicated that precise analysis would
challenge any computer. The resulting received signals sound like someone
babbling or hooting underwater. The wavelengths of light are too short for
this effect to be observed visually. If we could see at radio wavelengths, the
Moon would seem to sparkle and scintillate as if fireworks were constant-
ly being set off all over its surface.

PHASE

The appearance of the Moon is drastically affected by its orientation rela-
tive to the Sun. When the Earth, the Moon, and the Sun are in line or near-
ly in line, the Moon is said to be new, and its existence is not visually
apparent unless there happens to be a solar eclipse. As the Moon orbits
Earth, a journey that takes place in a counterclockwise direction as viewed
from high above Earth’s north pole (Fig. 4-3), it presents more and more
and then less and less of its lit-up face to us. Three or four days after the
new Moomn, it is a waxing cresceni. About a week after the new Moon, we
see half its globe illuminated by the Sun; this is firsf guarier. Three or four
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Figure 4-3. The Moon’s phases result from the relative orientation of the
Moon and the Sun, as seen from Earth.

days after that, most of the Moon is illuminated as we see it; this is waxing
gibbous. Two weeks and 18 hours after the new Moon, it is entirely illumi-
nated for us unless a lunar eclipse happens to be taking place. This is the
Jfull Moon. Phases proceed in timely fashion after the full Moon through
waning gibbous, last guarter, waning crescent, and finally, back to new
again.

Almost nobody lives in this world without getting to know the lunar
phases before they get into kindergarten. The waxing crescent is visible just
after sunset; the first-quarter Moon can be seen until midnight. The waxing
gibbous Moon stays in the sky into the wee hours of the morming, and the
full Moon is above the horizon all night, sefting as the Sun rises. After the
full phase, the waning gibbous Moon rises a couple of hours after sunset;
the last-quarter Moon rises around midnight; the waning crescent Moon
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waits until the predawn hours to rise. Moonset in the waning phases takes
place in the daytime, and some people say that there is “no moonset™ dur-
ing this half of the lunar cycle.

OF NORTH AND SOUTH

Most people envision the Moon’s phase-to-phase progress and appearance
as seen from the northern hemisphere. This is natural because there are
more people living north of the equator than south of it. As far as Earth
itself is concerned, however, this is only half the story.

Figure 4-4 shows the way the Moon looks at various stages in its orbit
around Earth as seen from a midlatitude northern location such as Kansas
City, Missouri, or Rome, Italy. (There is some variance in the tilt, depend-
ing on the season of the year; moonrise and moonset occur somewhat north

0 00
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Full Waning Last Waning

gibbous quarter crescent

Figure 4-4. Lunar phases as seen from middle latitudes in the northern hemisphere.
The Moon’s tilt varies somewhat, depending on the season and the time of night.

or south of due east or west.) The waxing crescent appears in the south-
western or western sky just after sunset and sets 2 to 4 hours after the Sun.
The Moon at first quarter is in the southern sky at sunset, moves generally
westward, and sets around midnight. The waxing gibbous Moon is in the
southeast at sunset, moves generally westward, and sets in the predawn
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hours. The full Moon is opposite the Sun, rising at sunset and setting at or
near sunrise. The waning gibbous Moon rises some time after sunset and
sets after sunrise the next day. The last-quarter Moon rises around midnight
and sets around noon. The waning crescent waits until the predawn hours
to rise and sets in the afternoon.

Figure 4-5 illustrates the appearance of lunar phases as seen from a mid-
latitude southern location such as Perth, Australia, or Napier, New Zealand.
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Figure 4-5. Lunar phases as seen from middle latitudes in the southern
hemisphere. The Moon’s tilt varies somewhat, depending on the season and the time of night.

{As with the northern-hemispheric situation, there is some variance in the
Moon'’s tilt. Depending on the season of the year, moonrise and moonset
occur somewhat north or south of due east or west.) The waxing crescent
is in the northwestern or western sky just after sunset and sets 2 to 4 hours
after the Sun. The Moon at first quarter is in the northern sky at sunset,
moves generally westward, and sets around midnight. The waxing gibbous
Moon is in the northeast at sunset, moves to the west, and sets a couple of
hours before dawn. The full Moon rises around sunset and sets around sun-
rise, tracking across the northern half of the sky during the night. The wan-
ing gibbous Moon rises shortly after sunset and sets after sunrise the next
day. The last-quarter Moon rises at about midnight and sets around noon.
The waning crescent rises a couple of hours before dawn and sets in the
afternoon.



PART 1 The Sky

THE FACE OF THE MOON

When you look at the Moon without the binoculars or a telescope, it's
impossible to know much about the true nature of the surface. Before
Galileo Galilei and other astronomers began looking at the heavens through
“spy glasses” a few hundred years ago, no one could be certain that the ter-
rain was dry, scarred, and lifeless. In fact, the true austerity of the Moon
would surprise even the most pessimistic dreamers of old.

The naked-eye Moon, especially the full Moon, has light and dark features.
In absolute terms, the whole Moon is a rather dark object; it reflects only a few
percent of the solar light that strikes it. If the Moon were as white as snow or
powdered sugar, it would shine several times more brightly. Even without the
help of telescopes, people long ago surmised that the Moon’s light areas rep-
resent irregular terrain and the dark regions are flat by comparison. Some peo-
ple thought the light regions were clouds and the dark zones were areas of
clear weather, but after observing the Moon for many nights and seeing that
the “clouds™ never moved, most people rejected that theory. However, these
general ideas were as far as pretelescopic people got. Many people considered
the dark areas to be liguid oceans made up of water. They were called maria
{pronounced “MAH-ree-uh”™), a word that means “seas” To this day, flat
Pplains or plateaus on the Moon have names such as the Sea of Tranguillity and
the Sea of Crises. The light areas were assumed to be land masses, but few
people supposed they were strewn with mountain ranges and crater fields.

When Galileo and others began looking at the sky with telescopes in the
seventeenth century, humanity’s ideas did not change overnight, as they might
have if our race had been driven more by hunger for knowledge and less by
ego, fear, and superstition. People’s imaginations were more active in Galileo’™s
day than they had been a few centuries earlier, but they were not quite as dar-
ing as we are now. When Galileo announced that the Moon had craters and
mountains, his fellow scientists became interested right away, but those who
held power over people’s lives had other notions. To them, Galileo was a trou-
blemaker, and he was treated as one. He ended up spending his last years under
house arrest. It was not a tyrarmical government dictator that subjected him to
this, but the Pope. Imagine the reaction the Pope would get today if he
demanded that some scientist spend the rest of his life under confinement!

THE TIDES

The Earth-Moon system stays together because of gravitation. Earth pulls
on the Moon, keeping it from flying off into interplanetary space. The
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Moon also pulls on Earth, although we are not aware of it unless we make
certain observations. The Moon’s gravitational effects vary depending on
where in the sky (or beneath the horizon) it happens to be at any given time.

The lunar day is about an hour longer than the synodic day—roughly 25
hours—but the Moon, like the Sun, appears to revolve around any station-
ary earthbound observer. The effects of gravity propagate through space at
the speed of light, some 299,792 kilometers (186,282 miles) per second.
This covers the Earth-Moon distance in only a little more than 1 second, so
there is essentially no lag between the Moon’s position and the direction in
which its “tugging” takes place. The Moon’s pull is extremely weak com-
pared with the gravitation of Barth at the surface; it is nowhere near enough
to affect the reading you get when you stand on a scale and weigh yourself,
for example. But this does not mean that the gravitational effect of the
Moon can be disregarded, as any ocean beach dweller will attest.

The Moon’s gravitation, and to a lesser extent the Sun’s gravitation too,
cause Earth’s oceans to be slightly distorted relative to the solid globe of
the planet. When considered to scale, the oceans form a thin, viscous coat-
ing on Earth. Bven the deepest undersea trenches reach less than 0.2 per-
cent from Earth’s surface down to the center, and most of the oceans are far
shallower than this. Even so, the depth of the oceans is affected by the com-
bined external gravitational effects of the Sun and the Moon. The effect is
greatest when the Sun, the Moon, and Earth are all in line, that is, at the
times of new and full Moon. When the Moon is at first or last quarter, its
gravitational field acts at right angles with respect to that of the Sun, and
the two almost cancel each other out, although the Moon’s effect is a little
greater than the Sun’s.

Asg Earth rotates under its slightly distorted “coating™ of ocean, the level
of the sea rises and falls at specific geographic locations. In certain places,
the rise and fall is dramatic, and people who live on the shore must take its
effects seriously. In other places, these fides are much less extreme. There
are two high tides and two low tides during the course of every lunar day;
the reason for this can be envisioned by looking at Fig. 4-6. However, these
drawings represent an oversimplification. The actual tides are delayed by
the fact that on a planetary scale water behaves more like molasses than the
freely running liquid with which we are familiar. Also, the contours of the
ocean floor and the continental shelves have an effect. This is not all: Land
masses break the planetary ocean up, so wave effects cannot propagate
unimpeded around the world. The tides are waves, although they are very
long, having two crests and two troughs with the passage of every lunar
day. Actually, the tides consist of two waves of different frequencies.
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Figure 4-6, Simplified diagrams showing why lunar tides occur.
These views are from high above Earth’s north geographic pole.

Superimposed on the lunar fidal waves, which have a period of about 25
hours, are solar tidal waves (truly tidal in nature, unlike fsunamis, which
are caused by undersea earthquakes, not by tides) with a period of 24 hours,
but whose crests and troughs have smaller magnitude.

The Moon and Sun are not the only natural entities that affect sea level.
Weather systems, especially ocean-going storms, have an effect, and in
some places a storm surge can cause the sea to rise 10 times as much as the
astronomical tide. A tsunami comes in and pounds away at the shoreline in
a manner similar to that of a storm surge, except that the tsunami is caused
by a jarring of the sea floor (or, occasionally, by a volcanic eruption) rather
than by high winds piling the water up onto shore. Neither of these phe-
nomena are true tides.

Tides don’t occur to a significant extent in land-locked seas and lakes.
This is so because in order for water to rise in one location, it must fall
somewhere else where the lunar-solar gravitational composite is different.
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This can’t happen in a small body of water, on which, relative to every
peint, the Moon and Sun are in the same positions at any given time.

There has been some debate about the effects of the solar and lunar grav-
itational fields on the behavior of living cells. No one has yet come out with
a respected scientific study that quantifies and defines exactly how such
effects, if any, are manifest. For example, so-called Moon madness (lunacy)
has not been explained on the basis of increased intracellular tidal effects dur-
ing the full Moon. Because a similar loss of reasoning power does not seemn
to grip its perennial victims during the new Moon, it is almost certain that
Moon madness (if it really exists) is not caused by gravitation.

HOW THE MOON WAS FORMED

Earth-Moon pair is unique in the Solar System; no other major planet has
a satellite so large in proportion to itself. (Pluto and its moon Charon are
sometimes called a double-planet system, but both of them are hardly larg-
er than asteroids and might better be classified as such.) If the Moon were
only a few hundred miles across, say the size of the asteroid Ceres, there
would be little doubt that it was captured from solar orbit by Earth’s grav-
itation. However, because the Moon practically qualifies as a planet, being
almost as large as Mercury, there are competing theories about its origin.

One theory holds that the Moon was once a planet in its own right, orbit-
ing the Sun rather than Earth, but something, such as a collision with a
large asteroid, deflected it from its solar orbit and caused it to pass so close
to Earth that Barth captured it permanently. Few astronomers believe this.
If it were true, then the Moon’s orbit likely would be an elongated ellipse
sharply inclined to the plane of the ecliptic.

Another theory suggests that BEarth originally had no Moon but that a
Mars-sized object struck Earth a glancing blow and sent vast quantities of
material into orbit. This would have produced rings around Earth, some-
thing like those around Saturn. These rings eventually would have con-
gealed into the Moon. One problem with this theory is that an impact severe
enough to blast that much matter off Barth might have shattered our plan-
et. However, an increasing number of astronomers accept this theory, and
it is lent support by the fact that the Moon lacks a metallic core; most or all
of the blown-off material would have come from Earth’s mantle and crust.
It also might explain why Earth’s equator is tilted significantly with respect
to the plane of the ecliptic. A major impact could have jarred Earth and
caused its axis to shift by 23.5 angular degrees.
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Still another theory contends that Earth and the Moon formed as a dou-
ble planetary system over the same period of time as the other planets, con-
densed from the disk of gas and dust orbiting the newborn Sun. This is a
popular theory and is fairly consistent with what we observe about the
Moon. It explains why the Moon orbits Earth in a nearly circular path and
why the Moon’s orbit is tilted only a little (about 5 angular degrees) with
respect to Earth’s orbit around the Sun.

The Sun

The Sun has been worshipped, despised, and feared by humans throughout
history. Ideas about the Sun are as strange nowadays as they have ever
been, but there are some statements about our parent star that we can make
with confidence.

SIZE AND DISTANCE

The Sun is the largest nuclear reactor from which humanity has ever derived
energy, and until we venture into other parts of the galaxy, this will remain
the case. The Sun has a radius of about 695,000 kilometers (432,000 miles),
more than 100 times the radius of Earth. If Earth were placed at the center of
the Sun (assuming the planet would not vaporize), the orbit of the Moon
would fit inside the Sun with room to spare (Fig. 4-7).

The commonly accepted mean distance from Earth to the Sun is
150,000,000 kilometers (93,000,000 miles) in round numbers. But the day-
to-day distance varies up to a couple of million kilometers either way.
Earth’s orbit around the Sun, like the Moon’s orbit around Earth, is not a
perfect circle but is an ellipse with the Sun at one focus. Earth’s closest
approach to the Sun is called perihelion, and it occurs during the month of
January. Barth is farthest away from the Sun—aphelion—in Iuly.
Surprisingly enough, for those of us in the northern hemisphere, the Sun is
closest in the dead of the winter. It is not Barth-Sun distance that primarily
affects our seasons but the tilt of Earth on its axis.

MEASURING THE SUN'S DISTANCE AND SIZE

Centuries ago, people did not know how large the Sun was, nor how far
away it was. Estimates ranged from a few thousand miles (kilometers
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Figure 4-7.  Earth-moon system would easily fit inside the Sun.

hadn’t been invented yet) to a few million miles. The distance to the Sun
could not be measured by parallax relative to the background of stars
because the Sun’s brilliance obliterated the stars near it. The distance to
the Moon had been measured by parallax, as well as the distances to Mars
and Venus at various times, but the Sun defied attemnpts to measure its dis-
tance until someone thought of finding it by logical deduction. What fol-
lows is an example showing the sort of thought process that was used, and
can still be used, to infer the distance to the Sun. Let’s update the meas-
urement techniques from those of our forebears and suppose that we have
access to a powerful radar telescope, with which we can measure inter-
planetary distances by bouncing radio beams off distant planets and
measuring the time it takes for the signals to come back to us.

Given a central body having a known, constant mass, such as the Sun,
all its satellites obey certain physical laws with respect to their orbits. One
of these principles, called Kepler’s third law, states that the square of the
orbital period of any satellite is proportional to the cube of its average dis-
tance from the central mass. This is true no matter what the mass of the
orbiting object; a small meteoroid obeys the rule just as does Earth, Venus,
Mars, and Jupiter. We know the length of Earth’s year and the length of
Venus’s year; from this we can calculate the ratio (but not the actual values)
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of the two planets” mean orbital radii. Knowing this ratio is not enough, all
by itself, to solve the riddle of Earth’s mean distance from the Sun, but it
solves half the problem.

The next step involves measuring the distance to Venus. If we could do this
when Venus is exactly in line with the Sun, then we could figure out our own
distance by simple mathematics. Unfortunately, the Sun produces powerful
radio waves, and our radar telescope won't work when Venus is at inferior
comjunciion (between us and the Sun) because the Sun’s radio noise drowns
out the echoes. However, when Venus is at its maximum elongation (its angu-
lar separation from the Sun is greatest either eastward or westward), the radar
works because the Sun is out of the way. At maximum elongation, note (Fig.
4-8) that Venus, Barth, and the Sun lie at the vertices of a right triangle, with

Venus at

. elongation
Orbit 9

of earth

/

Figure 4-8. If we know the radius of Venus’ solar orbit and we can measure the distance to
Venus at its maximum elongation, then we can calculate our own distance from the Sun.

Earth



CHAPTER 4 The Moon and the Sun

theright angle at the vertex defined by Venus. One of the oldest laws of geom-
etry, credited to a Greek named Pyithagoras, states that the square of the length
of the longest side of a right triangle is equal to the sum of the squares of the
other two sides. In Fig. 4-8 this means that o” + &° = x*, where x is the elusive
thing we seek, the average distance of Earth from the Sun.

Now that we know the value of @ in the equation (by direct measurement)
and also the ratio of & to x (by Kepler's third law), we can calculate the values
of both # and x because we have a set of two equations in two variables. Let’s
not drag ourselves through a detailed mathematical derivation here. If you’ve
had high school algebra, you can do the derivation for yourself. It should suf-
fice to say that this scheme can give us a fairly good idea of Earth’s mean dis-
tance from the Sun if the measurement is repeated at several maximum
elongations and the results averaged. However, even this will only give us an
approximation because the orbits of Earth and Venus are not perfect circles. In
recent decades, astronomers have made increasingly accurate measurements
of the distance from Earth to the Sun using a variety of techniques.

Once the distance from Earth to the Sun was known, the Sun’s actual
radius was determined by measuring the angular radius of its disk and
employing surveyors’ triangulation in reverse (Fig. 4-9).

HOW IT “BURNS”

The Sun “shines” by constantly “burning” hydrogen, the most abundant
element in the universe. You know, if you have taken chemistry classes, that
hydrogen is flammable and that it bums clean and hot. (It might someday
replace natural gas for heating if a method can be found to cheaply and
abundantly produce it and safely distribute it.) However, the Sun “burns”
hydrogen in a far more efficient and torrid fashion: by means of nuclear
Jusion. The enormous pressure deep in the Sun, caused by gravity, drives
hydrogen atoms into one another. Hydrogen atoms combine to form heli-
um atoms, and in the process, some of the original mass is converted direct-
ly into energy according to Binstein's [amous equation £ = mc® (energy
equals mass times the speed of light squared).

The earliest theories concerning the Sun involved ordinary combustion,
the only question being what, exactly, was burning. Coal was suggested as
a fuel for the Sun, but if this were the case, the Sun would have burned out
long ago. Besides this, there was the little problem of how all that coal got
up there into space. Another idea involved the direct combination of matter
with antimatter, resulting in total annihilation. However, if this theory were
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Figure 4-9. The Sun’s actual radius can be determined by reverse triangulation,
on the basis of ity apparent radius and ity known distance from Earth.

true, the Sun would be far brighter and hotter than it is. The hydrogen-
fusion theory accounts for what we see and is consistent with theories con-
cerning the age of the Universe and the age of Earth.

ABOUT THE SUN'S LIFE

How long will the Sun’s supply of hydrogen fuel last? Should we worry
about the possibility that the supply will run out soon and Earth will cool
off and freeze over?
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Eventually, the Sun will burn out, but it will not happen for quite awhile.
In fact, most scientists believe that the Sun will continue to shine for at least
1 billion more years at about the same level of brilliance as it does today.
There are a lot of hydrogen atoms in that globe. It has a radius, remember,
of 695,000 kilometers, or 69,500,000,000 centimeters. Scientists would
write that as 6.95 * 10" cm. Remember the formula for calculating the vol-
ume of a sphere from your middle school geometry class: V =47, where
Vis the volume and r is the radius. Using your calculator, you can figure
out, using 3.14 as the value of , that there are about 1.4>10%, or 1.4 decil-
lion, cubic centimeters of matter in the Sun. Written out in full, that num-
ber locks like this:

1,400,000,000,000,000,000,000,000,000,000,000

With this number in mind—or out of mind, because it’s incomprehensi-
bly large—you might be willing to accept practically any claim as to the
Sun’s longevity, except, of course, life everlasting. The Sun will perish. The
symptoms of aging will begin in 1000 or 2000 million years.

As the supply of hydrogen runs out, the Sun will expand, and its surface
will cool off. However, Earth will heat up because the bloated Sun will
appear much larger in the sky and will send far more energy to Earth’s sur-
face than is the case now. The climate will become intolerably hot; the
polar ice caps will melt; wildfires will reduce all plant life to ashes.
Sometime during this process, any remaining humans and other mamimals
will die off. The oceans, lakes, and rivers will boil dry. All living things,
even the hardiest bacteria and viruses, will die. The atmosphere will be
blown off into space. Some astronomers think that the Sun’s radius will
grow until it exceeds the radius of Earth’s orbit so that the Sun will swal-
low Earth up and vaporize it.

Don’t let this scenario depress you. By then humanity will have colo-
nized a couple of dozen other planets and will grieve no more about the fate
of Earth than we do today about the buried houses of ancient cities. If our
descendants remnember us at all, it will be with fascination. Knowledge of
our present society might be conveyed by legend, by stories told to children
at bedtime, by tales about a place called Terra that sank beneath the surface
of a stormy star after its inhabitants had fled, a place where people burned
the decomposed by-products of dead plants and animals in order to propel
surface transport vehicles. And the children will laugh and say that such a
ridiculous place couldn’t have existed.

After the red-giani phase, the Sun will fuse helinm into carbon, iron, and
other elements, and will shrink as gravity once again gains dominance over

103 2
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the pressure of nuclear heat. However, this process cannot continue forev-
er. A point will be reached at which no further nuclear reactions can take
place, and then gravitation will assert its ultimate power. The Sun will be
crushed into an orb of planetary size and, as the last of its heat dissipates,
will fade away and spend the rest of cosmic time as an incredibly dense,
dark ball.

SPOTS AND STORMS

If you've never looked at the Sun through an appropriately filtered tele-
scope, don’t pass up the chance. Be sure that you use the proper type of fil-
ter (one that fits over the telescope’s objective lens, not in the eyepiece or
the star diagonal), and use it according to the manufacturer’s instructions.
Chances are good that you will see at least one dark spot on that bright disk.

Before the time of Galileo in the seventeenth century, the idea of
sunspots did not cross the minds of people in Western civilizations—or if
it did, no one ever voiced their thoughts aloud. The Sun was regarded as
perfect, and if someone had suggested otherwise, they would have been
disciplined or put to death. There is reason to believe that the ancient
Chinese knew about sunspots and accepted their existence, having seen
them, most likely, when the Sun was rising or setting in a hazy sky.

Sunspots enable astronomers to calculate the rotational period of the
Sun because the blemishes seem to move across the solar disk, disappear
over the edge, and then reappear a couple of weeks later on the opposite
limb. The Sun rotates approximately once a month. Careful observation of
spots has revealed that the Sun spins faster at lower latitudes than at high-
er latitudes. Using spectroscopy, this has been verified, and the solar “day”
is in fact 25 Earth days long at the equator and 34 Earth days long at the
poles. This fact has been used to prove that the Sun is not a solid body like
Earth or the Moon.

Sunspots have an appearance that reminds some observers of biological
cells (Fig. 4-10). The darkest part, at the center, is called the umbra; it is
swrounded by a brighter region called the penumbra. Sunspot sizes vary,
but they can be, and often are, much larger in diameter than Earth. The
spots tend to form in groups and are believed to be depressions in the solar
surface resulting from magnetic disturbances. They are, in a sense, storms
on the Sun. The overall average number of sunspots rises and falls in a
cycle of roughly 11 years. The most recent sunspot maximum took place in
late 2000 and early 2001.
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Figure 4-10. A sunspot can have a diameter greater than that of Earth.

If sunspots are like hurricanes on the Sun, then solar flares are like
nuclear explosions: sudden, bright eruptions that send high-speed, charged
subatomic particles flying off into space. Solar flares are more difficult to
see with an ordinary telescope than are sunspots, but astronomers con-
stantly watch the Sun for signs of these outbursts. A large solar flare is fol-
lowed, in a day or so, by destabilization of Barth’s magnetic field. As the
charged particles come near our planet, they accelerate toward the north
and south geomagnetic poles. This acceleration produces its own magnetic
field, which interacts with that of Earth. As a consequence of this, the ion-
ized layers of Earth’s upper atmosphere change dramatically; this can cre-
ate vast halos of light around the geomagnetic poles. If you happen to live
at a high latitude, especially in North America, you are familiar with this
glow as the aurora borealis (northern lights). Similar effects take place in
the south polar regions, but the aurora australis (southern lights) are not
spectacular, except as seent from Antarctica and from the far southern ocean
on rare occasions when the sky over them is not socked in with grim over-
cast. The ionospheric disturbances affect radio communications and broad-
cast, especially on the so-called shortwave bands. In the extreme, even
wire, cable, and satellite communications systems are disrupted by the
powerful, erratic magnetic fields.

Eclipses

The Moon’s orbit around Earth does not lie exactly in the plane of the eclip-
tic but instead is tilted about 5 degrees. The angular diameter of the Moon’s
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disk, as seen from Earth, is only about half a degree; the same is true of the
Sun’s disk. Therefore, when the Moon passes between Earth and the Sun,
the Moon’s shadow almost always misses Earth, and when Earth passes
between the Moon and the Sun, the Moon usually misses Earth’s shadow.
Once in a while, however, shadow effects occur and are observed by peo-
ple. When the Moon'’s shadow falls on Earth, we have a solar eclipse or
eclipse of the Sun. When Earth’s shadow falls on the Moon, we have a
funar eclipse or eclipse of the Moon.

A FORTUNATE COINCIDENCE

The fact that the Sun and the Moon are almost exactly the same angular
size as we see them from Earth is a convenient coincidence, especially
when it comes to eclipses of the Sun. The Moon is just about exactly the
right size to blot out the Sun’s disk but little or none of the surrounding
space, allowing us to see, during total solar eclipses, features of the Sun
that would otherwise be invisible except from outer space. These include
the corona, a pearly white mane of glowing, rarefied gases, and solar
prominences, which are bright red or orange and look like flames leaping
thousands of miles up from the solar surface.

PARTIAL SOLAR ECLIPSES

The Moon’s shadow consists of two parts, called the penumbra and the
umbra (the same names as are used with sunspots but with different mean-
ings). Any object exposed to sunlight casts a shadow consisting of an umbra
and a penumbra. From the point of view of an observer in the Moon'’s perum-
bral shadow, part of the Sun is obscured, but not all. Observers within the
Moeon’s umbra see the entire solar disk covered up by the Moon.

The umbra of the Moon's shadow is a long cone extending approximate-
ly 395,000 kilometers (245,000 miles) into space opposite the Sun. The
penumbra extends much further from the Moon and gets wider and wider
with increasing distance, as shown in Fig. 4-11. The penumbra, while much
longer than the umbra, does not have infinite length; it fades away as the
Moeon’s apparent diameter shrinks with respect to that of the Sun. At a dis-
tance of several million miles, the penumbra dissipates as the Moon’s disk as
viewed against the Sun becomes comparable with the size of a sunspot.

When an observer is located within the penumbra of the Moon’s shad-
ow, a partial solar eclipse is observed. At the edge of the penumbra, the
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Figure 4-11. The umbra and penumbra of the Moon’s shadow.

Moon seems to “take a bite out of the Sun.” Further within the penumbra,
the Sun’s disk takes the shape of a crescent. The closer to the umbra the
observer gets, the slimmer the crescent Sun becomes. However, even a nar-
row crescent Sun is bright and has the same observed brilliance per unit
area as the full Sun. Even with three-quarters of the Sun covered by the
Moon, daylight still looks quite ordinary. This is where careless observers
get into trouble. The exposed portion of the Sun is likely to cause perma-
nent eye damage if a partial eclipse is viewed directly. This is true even if
99.9 percent of the Sun is cbscured. The only safe way to look at an eclipse
is the hole-projection method. Punch a 1- or 2-millimeter hole in a piece of
cardboard, let the Sun shine through the hole, and look at the Sun’s image
on a piece of white paper held in the shadow of the cardboard. Never lock
al the Sun divectly during an eclipse.

TOTAL AND ANNULAR SOLAR ECLIPSES

The length of the Moon’s umbral shadow is almost exactly the same as the
mean distance between Barth and the Moon. Thus, when the Moon passes
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between Earth and the Sun, the tip of the umbra sometimes reaches Earth’s
surface, but not always. If the Moon is at perigee and Earth is at aphelion
when a solar eclipse takes place, the Moon is at its largest possible angular
diameter, whereas the Sun is at its smallest. This results in a spectacular
foral solar eclipse, and, under ideal conditions, it can last about 7 minutes.

The worst conditions for eclipses of the Sun occur when the Moon is at
apogee and Earth is at perihelion. Then the Moon is at its smallest possible
apparent size, and the Sun is at its largest. In this case, a total eclipse does
not oceur anywhere on Earth. For observers fortunate enough to have the
tip of the Moon's umbral shadow pass overhead, an annular eclipse takes
place. The term annular means “ring-shaped,” a good description of the
appearance of the Sun during such an event. During an annular eclipse, the
landscape and sky appear as they would in ordinary daylight through dark
sunglasses.

LUNAR ECLIPSES

Earth, like the Moon, casts a shadow into space, but Barth’s shadow is
longer and wider. The full Moon usually misses Earth’s shadow, but it
sometimes enters the permmbra, and once in while it makes it into the
umbra. If the Moon passes into Barth’s penumbral shadow, we usually
don’t notice anything; for a few hours the full Moon might shine a little less
brightly than it ought, but that is all. However, if part or all of the Moon
moves into Earth’s umbral shadow, a lunar eclipse oceurs, and anyone on
Earth who can view the Moon will see the eclipse.

When the Moon first begins to enter Barth’s umbral shadow, the dark-
ness “takes a bite out of the Moon” in much the same way as the Moon
obscures the Sun during the beginning of a solar eclipse. The Moon might
pass beneath or above the shadow core, so darkness never covers the Moon
completely; in these cases we see a partial lunar eclipse. At mideclipse, the
Moon seems to either “smile” or “frown™ depending on which side of the
umbra it passes.

The diameter of Earth’s umbral shadow at the Moon’s distance
(381,000 kilometers, or 237,000 miles, on average) is several times the
diameter of the Moon itself. For this reason, there is a fair chance that the
Moon will plunge entirely into the umbra for a time, causing a folal lunar
eclipse (Fig. 4-12). These happen more often than total solar eclipses
occur on Earth. The Moon rarely goes black during totality but exhibits a
dim coppery or rusty glow caused by sunlight passing through Earth’s
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atmosphere; the redness occurs for the same reason that some sunrises or
sunsets appear red. An observer on the Moon would see a total solar
eclipse of a truly alien sort. Imagine it: a thin red, orange, and yellow ring
hanging in a black sky filled with unblinking stars, the Moonscape aglow
as if with energy of its own.

Earth

Moon

Penumbra

Umbra

Figure 4-12. Progress of a lunar eclipse. This drawing is not to scale.

Refer to the text if necessary. A good score is 8 correct. Answers are in the back
of the book.

1. The rotational period of the Sun
(a) is synchronized with the orbit of Earth.
(b) is shorter at the equator than at the poles.
(c) variesin an 11-year cycle.
{d) is not defined; the Sun does not rotate at all.
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Which of the following theories concerning the Moon’s formation is most

popular?

(a) The Moon condensed from the ejecta of thonsands of earthly volcanoes
many millions of years ago.

(b) The Moon spun off Earth because of centrifugal force when Earth was in
its early, molten state.

(¢) The Moon and Earth formed as a double planet.

(d) All three of the preceding theories have been disproven conclusively.

Eclipses would be more common if the Moon’s orbit

(a) were more tilted with respect to the plane of the ecliptic.
(b) were in the plane of the ecliptic.

(c) had a longer period.

(d) were more elongated.

The northern lights owe their existence to
(a) Earth’s magnetic field.

(b) charged particles ejected from the Sun.
(c) solar flares.

(d) more than one of the above.

On a particular day, the Moon sets around high noon. What phase is the Moon
in or near?

(a) New

(b) First quarter

(c) Full

(d) Last quarter

The composite tidal pull of the Sun and Moon is greatest when

(a) Earth, the Sun, and the Moon are at the vertices of an equilateral triangle.

(b) Earth, the Sun, and the Moon all lie along the same straight line.

(c) Earth, the Sun, and the Moon are at the vertices of a right triangle.

(d) This question is irrelevant; the composite tidal pull of the Sun and the
Moon never varies.

Earth is

(a) about 81 times more massive than the Moon.

(b) about 10 times the diameter of the Moon.

(c) always in full phase as seen from the Moon.

(d) the same angular diameter as the Sun, as seen from the Moon.

In an annular eclipse of the Sun,

(a) the path of totality is narrow.

(b) the Sun’s disk is totally covered for only a few minutes.
(c) the Sun’s disk is never totally covered.

(d) the Moon takes on a copper-colored glow.
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9. Suppose that a small stone with a mass of 10 grams and a large boulder with a
mass of 10,000 kilograms are both put into circular orbits 15,000 kilometers
above Earth’s surface. Which of the following statements is true?

(a) The stone will take longer to orbit Earth than the boulder.

(b) The boulder will take longer to orbit Earth than the stone.

(c) The stone and the boulder will take the same amount of time to orbit
Earth.

(d) The relative orbital periods will depend on how close together the stone
and the boulder are placed.

10. The sidereal lunar orbital period (around Earth) is
(a) longer than the synodic lunar orbital period.

(b) the same as the synodic lunar orbital period.

(c) shorter than the synodic lunar orbital period.

(d) sometimes longer than and sometimes shorter than the synodic lunar
orbital period.
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Test: Part One

Do not refer to the text when taking this test. A good score is at least 30
correct. Answers are in the back of the book. It’s best to have a friend check
your score the first time, so you won't memorize the answers if you want
to take the test again.

1. A solar flare can produce
(a) disturbances in the Earth’s magnetic field.
(b) lumar libration.
(c) a total solar eclipse.
(d) a dark spot on the Sun.
(e) A reddish glow on the Moon.

2. Longitudes are not assigned values greater than 180 degrees east or 180

degrees west because

(a) doing so would result in a redundant set of coordinates.

(b) the King of England forbade itin the seventeenth century, and no one has
contradicted him since.

(c) Galileo saw that such a thing could not possibly occur.

(d) 180 degrees represents a full circle.

(e) Oh, but they are! Latitudes are commonly assigned values greater than
180 degrees east or 180 degrees west.

3. The Sun’s declination is 0 degrees on
(a) Jannary 21.
(b) July 21.
(c) October 21.
(d) December 21.
(e) mnone of the above dates.

4. The Moon’s diameter is
(a) about 1/81 that of the Earth.
(b) about 1/30 that of the Earth.

Copyright 2003 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.
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(c) about 1/4 that of the Earth.
(d) about the same as that of the Earth.
(e) wvariable, depending on its phase.

. Which of the following constellations consists of a group of stars early in their

lifespans, and still shrouded in the gas and dust from which they formed?
(a) The Pleiades

(b) Orion

(c) Ursa Minor

(d) Pollux

(e) Bootes

. In the southern hemisphere, the Sun’s right ascension is 12 hours on or around

the twenty-first day of

(a) September.

(b) December.

(c) March.

(d) June.

(e) no month; the Sun never reaches a right ascension of 12 hours in the
southern hemisphere.

. The reddish color of the Moon during a total lunar eclipse is caused by

(a) sunlight passing through the Earth’s atmosphere.

(b) sunlight reflected from the Earth back to the Moon.
(c) sunlight scatiered by particles in interplanetary space.
(d) solar flares.

(e) solar prominences.

. If yvou were at the south geographic pole, the elevation of Polaris, the North

Star, would be approximately
(a) —90°.

(by 0°.

(c) +90°.

(d) 180°W.

() 180°E.

. Scattered artificial light, such as that produced by the lights of a large city,

(a) obscures many of the dimmer stars and constellations, which can be seen
easily from locations in the outback.

(b) canses the Moon to appear larger than it really is.

(c) affects star visibility near the zenith more than star visibility near the horizon.

(d) has no effect on stargazing whatsoever.

() renders the dimmest stars more visible than they would be in the outback.

If Orion, the hunter, appears to be standing upright in the southern sky on a
January evening as seen from New Hampshire, then at the same time, to view-
ers in Santiago, Chile, the hunter is

(a) standing upright in the northern sky.
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(b) lying on his side in the northern sky.

(c) standing on his head in the northern sky.

(d) invisible because the seasons in the southern hemisphere are inverted with
respect to the seasons in the northern hemisphere.

(e) invisible because it would never rise above the horizon.

11. The constellation Octans, near the south celestial pole, can be seen rising in the

east on evenings in the month of
(a) April.

(b) July.

(c) October.

(d) January.

(e) None of the above

12. The relatively dark, central part of a sunspot is called the

13.

14.

15.

(a) core.

(b) ecliptic.

(c) pole.

(d) umbra.

() synodic.

Assuming that interstellar travel is possible and that humans will do it some-

day, the constellations will not be usable by the captains of interstellar space-

ships because

(a) stars are invisible at warp speeds.

(b) the constellations have their characteristic shapes only from the vantage
point of our solar system and its vicinity.

(c) all the stars will have moved to new positions and the present constella-
tions will no longer exist.

(d) they do not radiate electromagnetic fields of the proper type.

(e) Wrong assumption! The constellations will be perfectly good navigation-
al tools for long-distance interstellar travel.

Meridians on the Earth

(a) are circles centered at the equator.

(b) are circles centered at the south pole.

(c) are half circles connecting the north and south poles.

(d) are half circles parallel to the equator.

(e) are straight lines passing through the Earth’s physical center.

At which of the following times of vear would the number of hours of daylight
change the least rapidly from one day to the next?

(a) Late June

(b) Late August

(c) Early October

(d) Early March

(e) Early April
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The angular diameter of the Moon, considered as a whole and as viewed from
the Earth, is

(a) about /s the angular diameter of the Earth.

(b) about /2 the angular diameter of the Sun.

(c) largest at apogee, and smallest at perigee.

(d) tilted about 5 degrees with respect to the ecliptic.

(e) about the same as the angular diameter of the Sun.

How many hours of right ascension are there in 30 degrees of arc, measured
along the ecliptic?

(a) One hour

(b) Two hours

(c) Three hours

(d) Four hours

(e) Six hours

Which constellation, easily visible at temperate latitudes in both the northern
and southern hemispheres, is also known as the hunter?

(a) Hercules

(b) Libra

(c) Orion

(d) Pollux

(e) Ursa Major

An effect of librafion is:

(a) that the Moon’s orbit is not a perfect circle.

(b) to accelerate solar particles as they encounter the Earth’s magnetic field.
(c) to cause the tides to lag the gravitational effects that produce them.

(d) to let us see slightly more than half the Moon’s surface.

(e) to allow viewing of the solar corona during a total solar eclipse.

The summer solstice in London, England, occurs within a day of
(a) March 21.

(b) June 21.

(c) September 21.

(d) December 21.

(e) None of the above

At the time of the first-quarter moon,

(a) the Earth is directly between the Sun and the Moon.

(b) the Moon is directly between the Sun and Earth.

(c) the Sunis directly between Earth and the Moon.

(d) the Moon is 90 angular degrees from the Sun in the sky.
(e) the Moon is 180 angular degrees from the Sun in the sky.

Which of the following constellations lies in the same direction as the center
of our galaxy?
(a) Cancer
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23

25.

26.

27.

28.

(b) Ursa Minor

(c) Gemini

(d) Orion

(&) Sagittarius

From which vantage point on the Earth would the star Sirins rise in the west
and set in the east?

(a) The far northern hemisphere
(b) The north pole

(c) The equator

(d) The far southern hemisphere
(e) Nowhere

. What do the two stars Epsilon Eridani and Tau Ceti have in common?

(a) They are both red giants.

(b) They are members of a double-star system.

(c) They have both been suggested as possibly having Earthlike planets.
(d) They are both in the process of formation.

(e) Nothing; these are the names of constellations, not stars.

As seen from a midlatitude location in the southern hemisphere at around sun-
set, the first-quarter moon

(a) would be in the northern sky.

(b) would be in the southern sky.

(c) would be rising in the east.

(d) would be beneath the horizon and therefore not visible.

(e) might or might not be visible depending on the season of the year.

The Sun’s declination is approximately +90° on or around the twenty-first day
of

(a) September.

(b) December.

(c) March.

(d) June.

(e) no month; the Sun never reaches a declination of +90°.

The brightest star in the sky, other than the Sun, is

(a) Procyon.

(b) Deneh.

(c) Rigel

(d) Sirius.

(e) Aldebaran.

Suppose that we make a scale model of the Earth-Moon system. The Earth’s is
represented by a beach ball 1 meter in diameter. The Moon would best be rep-
resented as:

(a) a basketball 30 meters away.

(b) a baseball 5 meters away.
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(c) another beach ball 100 meters away.

(d) amarble 3 meters away.

(e) another ball, but we need more data to know how big it should be and how
far from the beach ball to place it.

Azimuth is essentially the same thing as
(a) celestial longitude.

(b) right ascension.

(c) compass bearing.

(d) elevation.

(e) declination.

In the southern hemisphere, azimuth 0° is sometimes considered to be
(a) east.

(b) west.

(c) south.

(d) at the zenith.

(e) at the nadir.

The Sun’s rotational period, averaged between the poles and the equator, is
roughly

(a) the same as the period of the Moon’s orbit around the Earth.

(b) the same as the Earth’s rotational period.

(c) one synedic day.

(d) synchronized with the tides.

(e) synchronized with the equinoxes.

At the north celestial pole,

(a) none of the observed constellations are circumpolar.

(b) the stars all stay above the horizon for 11 hours and 58 minutes a day and
stay below the horizon for the other 11 hours and 58 minutes.

(c) half the constellations are circumpolar.

(d) all the observed constellations are circumpolar.

(e) Polaris is exactly on the northern horizon.

Suppose that you are in Calcutta, India, on March 21. For how long is the Sun
above the horizon that day, measured with respect to the center of its disk?
(a) Much longer than 12 hours

(b) A little longer than 12 hours

(c) Exactly 12 hours

(d) A little less than 12 hours

(e) Much less than 12 hours

The constellations as we know them today would no longer exist if we were to
travel in time

(a) 100 vyears into the future.

(b) 200 vyears into the future.

(c) 300 vyears into the future.
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36.

37.

38.

39.

40.

(d) 400 years into the future.
(e) The constellations would appear the same as seen from all the above time-
journey destinations.

Magellanic Clonds are

(a) high-altitude weather phenomena visible long after sunset.
(b) wast tracts of interstellar dust.

(c) a part of the Sun’s corona.

(d) cansed by solar flares.

(e) none of the above.

The Sun derives its energy primarily from
(a) hydrogen combustion.

(b) hydrogen fusion.

(c) matter-antimatter reactions.

(d) nuclear fission.

(e) Gravitational pressure.

From April 1 to July 1, as viewed at 10:00 p.M. from a midlatitude northern

place such as Colorado, the circumpolar constellations appear to rotate

(a) 90 degrees clockwise.

(b) 90 degrees counterclockwise.

(c) 180 degrees.

(d) O degrees; they are in the same positions.

(e) by some amount, but we need more information to quantitatively answer
this question.

In a few minutes on a clear, starry night, a star at the zenith will move toward the
(a) north celestial pole.

(b) south celestial pole.

(c) vernal equinox.

(d) celestial equator.

(e) none of the above.

As seen from the Earth’s equator, Polaris is approximately how many angular
degrees from the zenith?

(a) 0°

(b)y 30°

(c) 60°

(d) 90°

(e) There is not enough information given here to answer this.

The circumference of the ninetieth parallel in the northern hemisphere is
(a) the same as that of the equator.

(b) half that of the equator.

(c) one-third that of the equator.

(d) zero because it is the north geographic pole.

(e) impossible to determine without more information.
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PART TWO

The Planets
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Mercury and Venus

Earth is the third planet in the Solar System. The two closer-in planets
are Mercury, named after the Roman messenger god, and Venus, named
after the goddess of love and beauty. Both of these inferior planets, as
they are called, suffer temperature extremes that make them forbidding
places for life to evolve or exist. Conditions on both planets are so severe
that future space travelers will dread the thought of spending time on
either of them. The harsh environments might, however, serve as testing
grounds for various machines and survival gear, using robots, not humans,
as subjects.

Twilight Stars

Neither Mercury nor Venus ever strays far from the Sun in the sky because
both orbits lie entirely inside Earth’s orbit. Mercury rarely shows itself to
casual observers; you have to know when and where to look for it, and it
helps if you have a good pair of binoculars or a small telescope. Venus, in
contrast, is at times the third brightest object in the sky, surpassed only by
the Sun and the Moon.

OBSERVATION

The best time to look at Mercury is when it is at or near maximum elonga-
tion and when the ecliptic is most nearly vertical with respect to Earth’s
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herizon. Maximum elongations happen quite often with Mercury because
it travels around the Sun so fast. But ideal observing conditions are rare.

Suppose that you live at temperate latitudes in the northern hemisphere.
If Mercury is at maximuin eastern elongation (the planet is as far east of the
Sun as it ever gets) near the March equinox, it can be spotted with the
unaided eye low in the western sky about a half hour after sunset. If
Mercury is at maximum western elongation near the September equinox,
look for the planet low in the eastern sky about a half hour before sunrise.

If you live in the southern hemisphere, the situation is reversed. If
Mercury is at maximum eastern elongation near the September equinox, it
can be spotted with the unaided eye low in the western sky about a half
hour after sunset. If Mercury is at maximum western elongation near the
March equinox, look for the planet low in the eastern sky about a half hour
before sunrise.

Venus shows itself plainly much more often than does Mercury. In fact,
this planet has sometimes been mistaken for an unidentified flying object
(UFO) because it tends to “hover” in the sky and can be as bright as an air-
craft on an approach path several miles away. With a light haze or with
high-altitude, thin cirrostratus clouds, the planet can be blurred and the
effect exaggerated. Nevertheless, ideal observing conditions occur under
the same circumstances as with Mercury; Venus can be seen for several
hours after sunset when it is at maximum eastern elongation and for sever-
al hours before sunrise when it is at maximum western elongation.

PHASES

The inferior planets go through phases like the Moon. This fact was not
known to astronomers until Galileo and his contemporaries first turned
“spy glasses” to the heavens. The phases occur for the same reason the
Moon goes through phases, and they can range all the way from a thin sliv-
er of a crescent to completely full.

Figure 3-1 shows the mechanism by which an inferior planet attains its
phases. The half-illuminated phases occur, in theory, at the points of max-
imum elongation, that is, when the angle between the planet and the Sun is
greatest as seen from Barth. (In the case of Venus, this is not quite true
because the thick atmosphere of that planet has a slight effect on the posi-
tion of the twilight line.)

The full phase of an inferior planet takes place at and near superior con-
Juncrion. When it is exactly at superior conjunction, the planet is obscured
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Figure 5-1.  Phases of the inferior planets result from their relative positions
with respect to Earth and the Sun.

by the brilliance of the Sun and might even be eclipsed by our parent star.
The new phase, which takes place at inferior conjunction, is usually invis-
ible too, but not always. Sometimes Mercury passes so nearly in line
between Earth and the Sun that it can be seen against the Sun’s disk when
observed through a filtered telescope. On rare occasions, the same thing
happens with Venus. When this happens, Mercury or Venus is said to fran-
sif the Sun.
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Profile of Mercury

Let’s take a close look at the innermost known planet in our solar system.
This is one of six planets, other than Earth, that has been known since
antiquity. It got its name from the fact that it moves fast, not only as we see
it, but literally, because of its proximity to the Sun.

THE YEAR AND THE DAY

Mercury’s mean orbital radius is 38.7 percent that of Earth, or about 58
million kilometers (36 million miles). The planet’s distance from the Sun
varies considerably; the orbit is far from a perfect circle. At perihelion,
Mercury is 46 million kilometers (29 million miles) from the Sun; at aphe-
lion, it is 70 million kilometers (44 million miles) distant. This, together
with the fact that Mercury’s vear is 88 Earth days long while its day (meas-
ured relative to the distant stars) is 59 Harth days long, gives the planet
“seasons” of a sort.

Even though the equatorial plane of Mercury is tilted by only 2 degrees
relative to the plane of its orbit around the Sun, the planet’s changing dis-
tance from the Sun produces a maximum-to-minimum solar brilliance ratio
of more than 2:1. That is, at perihelion, Mercury gets more than twice as
much energy from the Sun as it does at aphelion. This does not matter in
any practical sense; from a human point of view, the surface broils in day-
light and freezes at night. However, if Barth’s orbit were as eccentric as that
of Mercury, life on this planet would have evolved along a much different
course. The weather would be more violent, the tides would be greater, and
things in general would be rougher than they are. Earth’s 23.5-degree axial
tilt causes seasonal variability, but nothing of the sort that would take place
if the irradiation from the Sun were twice as great at some times compared
with other times.

COMPOSITION

Mercury is a lone planet; it has no moons, except perhaps for a few tiny,
captive asteroids or degenerate comet nuclei. Mercury is more dense than
any other planet in the solar system except Earth and is considerably small-
er, only about 4,880 kilometers (3,030 miles) in diameter. Figure 5-2 shows
the relative sizes of Mercury and Earth.
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Figure 5-2. Mercury has only about 3/s the diameter of Earth;
it is only a little larger than Earth’s moon.

Mercury

Mercury has a surface pockmarked with craters. The planet is even more
rugged than our own Moeon. If Mercury were suddenly put in place of our
Moon, we would notice only a slight difference in size and brightness, but
the “facial features” would be markedly different. Moreover, the tides on
our planet would be much more variable, for Mercury has a core of iron
that is unusually large in proportion to the planet’s overall size. The dense
core is overlaid with a crust of silicate rock.

There is no evidence of geologic activity on Mercury. Because it is so
small, it has cooled off to the point that future volcanism will not oceur.
There is plenty of evidence that volcanoes spilled lava out onto the land-
scape in the distant past, but today the planet’s surface heat is attributable
entirely to the Sun. This keeps the daytime temperature hot enough to melt
lead. In one region, known as the Caloris Basin because the Sun is near the
zenith there when Mercury is at perihelion, the midday temperature rises
above 400°C (750°F).

The surface of Mercury is crisscrossed by a network of cliffs 2 to 4
kilometers (3 to 6 miles) high. This suggests that as the interior of the
planet cooled off, it shrank enough to cause the crust to fall inward in
places. Imagine the violence of such an event if Earth were to endure it!
When a piece of our own ferra firma collapses or slides a few melers
along a fault line, it makes news headlines all around the world. Suppose
that the San Andreas fault were rocked by a quake that sent the coast of
California plunging 3 kilometers in a couple of minutes? Imagine the same
thing happening along all the major fault lines of the world at once!



@ PART 2 The Planets

ATMOSPHERE

Surprisingly, Mercury has a thin atmosphere. It is only a tiny fraction as
dense as that of Earth at the surface; in fact, the “air” on Mercury would
constitute an excellent laboratory vacuum. Argon and helium gases have
been detected. The Sun continually blows Mercury’s atmosphere off into
space, but at the same time, the heat of the Sun drives new atmospheric
atoms out of the surface.

There is no weather, as such, on Mercury. However, there is evidence
that water ice might exist in some of the craters near the pole. The Mariner
10 mission in the mid-1970s analyzed the surface of Mercury extensively,
photographing most of it, and there is apparently some sort of frost that has
seftled in the depths of polar craters where the Sun never shines. The min-
imal tilt of the planet’s axis keeps certain small regions of the polar surface
in shadows at all times. If humans ever attempt to land on Mercury, these
would be the logical places to touch down.

Profile of Venus

The second planet from the Sun is named after the Roman goddess of
love and beauty. This doubtless arose from its striking appearance in the
evening and morning skies, especially near the times of maximum elon-
gation. However, as the literal facts about Venus emerged from flybys
and landings that took place in the mid-twentieth century, it became
clear that the surface of Venus is neither a lovely nor a beautiful place.
In fact, conditions there resemble medieval humanity’s conception of
hell.

THE YEAR AND THE DAY

Mercury’s mean orbital radius is 72 percent that of Earth—roughly 108
million kilometers (67 million miles). The perihelion and aphelion of
Venus differ by less than one percent, so the orbit of the planet is nearly a
perfect circle. At times, Verus comes within 38 million kilometers (24 mil-
lion miles) of Earth. Venus takes 225 Earth days to orbit the Sun.

The day on Venus is strange because it is longer than the year. Venus
rotates once on its axis, relative to the distant stars, every 243 Earth days.
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The peculiarity goes further: Venus spins from east to west rather than from
west to east.

The tilt of Venus’ equatorial plane, relative to that of its orbit around the
Sun, can be interpreted in either of two ways. If we consider the rotation of
the planet to be retrograde (that is, from east to west), then the tilt is only
about 3 degrees. This is the conventional view. However, we also can imag-
ine the tilt as being 177 degrees (3 degrees short of a complete flipflop), so
the north pele points in the opposite direction from the north poles of all
the other planets. No one on the surface would care about details like this.
They would be preoccupied with surviving the heat, comparable with the
temperature of Mercury’s Caloris Basin at midday, and the pressure, which
would necessitate that housing be designed as if it were for the deep sea.
The daylight on Venus is comparable with that of a gloomy winter after-
noon in London or Seattle.

COMPOSITION

Venus, like Mercury, is moonless. The planet is almost the same size as
Earth (12,100 kilometers or 7,500 miles in diameter), and the internal com-
position is similar to that of our own planet. However, from the surface
upward, Venus and Earth could hardly be more different.

The surface of Venus remained a mystery until it was mapped by radar.
The microwave signals of radar equipment can penetrate Venus's thick
clouds, which maintain an unbroken overcast at an altitude several times
higher than the highest clouds on Earth. These clouds reflect light very
well, and this accounts for the brilliance of the planet as we see it in our
evening or morning sky. When the surface was finally observed using radar
and computer-graphics programs, huge volcances were discovered. The
largest of these would make Hawaii’s Big Island seem tiny in comparison.

In the 1970s, Russian Venera probes landed on Verus and survived long
enough to take a few photographs. The surface appeared strewn with rocks
that cast no shadows on account of the overcast. The landscape and sky
were bathed in rusty light, produced by filtration of sunlight through the
sulfurous clouds. There was no sign of life, and it was surmised that life as
we know it could not exist there. Along with the searing heat, the pressure
at the surface of Venus is 90 times as great as the pressure at Earth’s sur-
face.

The surface of Venus is not cratered in the same way as the Moon or
Mercury because the atmosphere of Venus has eroded all minor impact
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marks that might have been formed long ago. Small meteors are burned up
by the atmosphere; Venus’s shroud of heavy carbon dioxide provides better
protection than does BEarth’s atmosphere. Gigantic meteors and, of course,
asteroids can survive even the thickest atmosphere, and it is certain that
Venus, like all the other planets, has been struck many times. However, the
more notable source of cratering on Venus is volcanic activity.

ATMOSPHERE

When astronomers used spectroscopes to analyze the atmosphere of Venus
by looking at the light reflected from the planet’s clouds, they knew that the
air on that world consists largely of carbon dioxide. This led them to suspect
that Venus must be much hotter than Earth becanse carbon dioxide is well
known for its ability to trap heat. It was not until space probes gave the planet
close examinations that the truly Hades-like nature of the atmosphere was
determined. While the air itself contains mainly carbon dioxide, especially near
the surface, the clouds are laden with sulfuric acid.

The clouds that surround Venus are different from those in Earth’s
atmosphere in almost every possible way. Much of Barth’s surface is
obscured by overcast, but there are always clear spots through which the
surface can be seen from space and through which direct sunlight can pass.
This is not the case on Venus, at least not at the visible wavelengths. As
seen through the most powerful Earth-based telescopes, Venus looks like a
cue ball. At ultraviolet wavelengths, details in the clouds can be seen, and
from analyzing such views it has been determined that the upper equatori-
al clouds race around the planet approximately once in every 100 Earth
hours.

The clouds on Venus exist in a single layer several kilometers thick and
much higher above the surface than any clouds on Earth (except the noc-
filucent clouds sometimes seen in Earth’s stratosphere). No place on the
surface of Venus is ever subjected to direct sunlight. The sky appears angry
because of the orange color produced by the sulfur compounds. The winds
at the surface of Venus are light, at least in an absolute sense, never mov-
ing more than a few meters per second. However, because the air at the sur-
face is thick, a breeze that would be a whisper on our planet carries
considerable force on Venus. Perhaps the landscape on Venus is subjected
to an ongoing severe thunderstorm with sulfuric acid “rain” that evaporates
before it can get down to the surface. Figure 5-3 provides a comparison
between Earth’s atmosphere and that of Venus.
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Figure 5-3A. Earth’s atmosphere.

From Earth to Mercury

Imagine that you get on board an imaginary space vessel, the Valiant, for a
trip that will take you all the way to the planet Mercury to begin an inside-
to-outside tour of the Solar System. This vessel was built in Earth orbit and
is large enough to keep a crew of 25 people comfortable. Artificial gravity
is provided by a spinning, ring-shaped residential deck. The rate of spin can
be adjusted during the journey from one planet to the next so that when (or
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Figure 5-3B. The atmosphere of Venus.

if) you step off the vessel and onto the surface of another world, you body
will be spared gravitational shock.

GETTING THERE IS HALF THE TROUBLE

Mercury lies much closer to the Sun than does Earth, and the little planet
races around the Sun in only about one-quarter of an Barth year. At first
thought it might seem like an easy task to hurl a space object inward toward
the Sun, but it requires considerable energy. In order for an object to fall in
toward the Sun from BEarth orbit, that object must decelerate, and this takes
as much energy as the acceleration necessary to achieve orbits more distant
from the Sun than that of Earth. When you apply the brakes on a vehicle for
a long time, they get hot; energy is expended slowing vou down. Powerful
refrorockets must be emploved to begin our journey inward toward Mercury.

Along the way to Mercury, you cross the orbit of Venus. If you time things
just right, you can use the gravitational field of Venus to help the ship attain
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a course for a rendezvous with Mercury (Fig. 5-4). This is known as a grav-
ilational assist and has been a useful maneuver ever since the first interplan-
etary probes were launched by humankind back in the 1970s. Gravitational
assists can either accelerate or decelerate a space ship and can help interstel-
lar space vessels get underway out of the Solar System. In your case, a Venus
nearmiss sends the ship plunging inward toward the Sun. Timing is critical;
the slightest miscalculation might send you into an eccentric orbit between
Mercury and Venus, missing Mercury by tens of thousands of kilometers. Or
worse, it could put you on an irrevocable course into the Sun.

ATTAINING ORBIT

Even if vou don’t fall into the Sun, there is danger in a trip to the inner plan-
ets. The Sun occasionally has “tantrums” called solar flares that eject large
guantities of high-speed subatomic particles. These particles affect living
tissue in much the same way as the high-intensity gamma rays produced by

Earth

Gravitational
assist

Path of
spacecraft

Figure 5-4. The journey from Earth orbit to Mercury orbit
employs a gravitational assist from Venus.
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nuclear bombs. Earth’s atmosphere protects you from these particles when
you're on your home planet’s surface, but in Earth orbit or when traveling
between Earth and the Moon, there is some risk. The peril increases accord-
ing to the inverse-sguare law as you approach the Sun. If a solar flare were
to take place while you were in orbit around Mercury, you would be sub-
jected to almost 10 times the radiation from these particles as vou would
get if you were in orbit around Earth. For this reason, your itinerary plan-
ners saw to it that you should make your jouwrney near the time of sunspot
minimum, when solar flares are least likely to occur.

Ag you attain orbit around Mercury, you see the surface up close. It
looks similar to Barth’s moon, although there are more cratered areas and
less maria, or flat regions. The escarpments, or cliffs, produced when the
crust collapsed around the cooling core long ago are vividly apparent, espe-
cially near the twilight line where the Sun shines down on the surface at a
sharp angle, producing long shadows. The captain has selected a polar orbit
around Mercury—one that passes over the north and south poles—so that
you can land easily in one of the craters near the south pole. Your trip plan-
ners left nothing to chance. They found a crater and a specific spot within
that crater where the Sun never shines. Thus, while you are on the surface,
you'll be safe even if a solar storm happens to take place. If humankind
ever sees fit to put a permanent base on Mercury, it will be important that
it be in a spot such as this. The temperature is far below zero; this will
require that the landing craft’s heat generator work hard.

“There it is,” says the captain, and vou look down to see a ring of moun-
tain peaks lit up by the Sun, with shadows so black that the crater looks like
a bottomless well. “We will land right there. But not on this pass; on the
next one.” You don’t have long to wait. Mercury is a small world, and you
are in a low orbit, having no worries about atmospheric drag. In less than
an hour you’ll be on your way down.

DOWN AND BACK

The landing shuitle is named Fagle, after the Apollo 11 lunar landing mod-
ule, and that’s a good name for this contraption. The Mercury lander looks
very much like the Apcllo mission landing craft. “I know what you're
thinking,” says the captain as you get into the little chamber. “But if it
worked in 1969, it will work now. The biggest difference is that this one
can deal with greater temperature extremes. And the communications and
navigation equipment are a lot better than they were in 19697
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The first officer will be our guide for the landing mission. The captain
must stay with the Valianr. The first officer also will serve as our teacher
during long periods of interplanetary travel. “One hour of general astrono-
my and cosmology training every day will make cosmic gurus out of you
by the time this journey is over,” he says.

Asg you break free of the main vessel, you get a feeling like that of a first
free dive when learning SCUBA diving. It’s one thing to practice SCUBA
diving in a swimming pool or a small pond; it is entirely another to dive in
the open ocean, miles from land. If something goes wrong while you're iso-
lated in this little landing craft, only the skill of the first officer and a good
measure of luck will stand between you and disaster.

As younear the crater, the mountains loom. “That looks like water ice,”
you say, noticing a grayish sheen inside the crater. “It might be exactly
that,” says the first officer with a hint of a smile. The craft slows; the land-
ing lights come on. Then suddenly you are in pitch darkness. The Sun has
dipped below the rim of the crater. Stars flash into view as the Sun no
longer dominates the sky. Your eyes adjust to the darkness; the first officer
scans the surface below with high-resolution submillimetric and infrared
radar. You hover. The craft seems to move a little. The glint of the Sun-
scorched peaks on the far side of the crater lends some perspective.
“Hmm,” says the first officer. Then again, “Hmm.” His eyes are glued to the
screen and to a group of lights and dials. “Is this good or bad?” you ask. “It
depends,” says the first officer. “If you are worried about liftoff] it is good.
If you are looking forward to touchdown, it is bad.”

You begin the ascent back up to the Valians. You will not land.

“I couldn’t find a suitable spot,” apologizes the first officer. “We have
limited fuel, and that means we have limited time. The captain didn’t get
the Valiant into the orbit she had hoped for. The orbit is a little too high; we
had to travel a little farther to get down here than I was expecting.”

“Is that good or bad?” you ask.

“It is not good,” says the first officer. “But it could be worse. If our orbit
had been a few kilometers higher or slanted by another degree with respect
to the poles, T would not have attempted this trip at all.”

AN ORBITAL INTERLUDE

After vou return to the Valiant, the captain has little to say. “This is the nature
of life in outer space,” she says; “you take what you can get. Now settle in
and get comfortable. We have to stay in orbit around Mercury for awhile.”
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“Why?” you ask. But the captain has already left the room; she has more
important business.

The first officer explains. “The captain selected a polar orbit when we
made our rendezvous with Mercury. It was relatively easy to get into that sort
of orbit. We drifted in and swooped under Mercury’s south pole. The planet’s
gravitational field took care of the rest. But now we find ourselves in an orbit
that is inclined 90 degrees to the plane in which the planets orbit the Sun.”

“So?” you ask.

“If we shoot out of this polar orbit in the planetary plane right now,”
explains the first officer, “we won’t be heading for Venus. But we have to
stay in the planetary plane. If we did not shoot out of Mercury orbit in the
plane of the planets, we would find ourselves bound for interstellar obliv-
ion. Our fuel would never be sufficient to get us back to the Solar System.
Our ship must leave this orbit along essentially the same line from which it
approached (Hig. 5-5). This greally restricts our options.”

“So what do we do?” you ask.

“We wait,” says the first officer, “until Mercury is in the proper position
with respect to Venus. Then we will fire our engines, shoot back out from
under the south pole, and coast to Venus, where we will enter an equatori-
al orbit. That will be much less inconvenient to get out of properly”

“How long do we have to wait here?”

“Hight days.”

“It is a good thing we have broadband Internet access on this ship,” you say.

“Yes,” says the first officer. “But the latency is horrible. We're several
light-minutes away from the hub in Dallas, Texas. I suggest that you watch
old videos or listen to old music albums. We have a huge selection. And
don’t forget to work your body out for two solid hours a day. Otherwise you
will lose calcium from your bones.”

“Won’t the artificial gravity prevent calcium loss from bones?”

“To some extent. But retnember that it’s less than one Earth gravity and
will increase slowly because the geometry of our trajectory means that we
will be en route to Venus for a long time.”

“How long?” you ask.

“You don’t want to know,” says the first officer.

From Mercury to Venus

Life in space can become tedious if you are the sort of person who likes
genuine outdoor air, real rain, and real snow. Maybe some day virtual real-
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Figure 5-5, A ship must leave a polar orbit from Mercury along
essentially the same line from which it approached.

ity will help alleviate some of this tedium, but it will always take a certain
type of person to deal with the rigors of long-distance space travel.

BOOSTING SPEED

The rotation rate of the artificial-gravity wheel increases gradually, begin-
ning immediately after your return from the aborted Mercury landing. Over
the next several weeks the spin rate will be controlled by a computer pro-
gram that will optimize your adaptation to Venus gravity just as you enter
orbit around that planet.

The first officer wasn’t joking when he said there is a good selection of
videos on the spacecraft. In total, there are more than 2 million hours’
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worth of audiovisual entertainment available. You are, after all, just begin-
ning your jowrney; you will eventually be going all the way to Mars. There
are music albums, virtual-reality games, and ironically, video games in
which you get to pretend that you are a starship captain. However, the holo-
graphic environmental simulators (the rooms you have seen in science-fic-
tion shows and movies) are something you’ll have to wait a few decades to
experience. “The present government administration,” explains the captain,
“does not believe the budget should allow for such frivolities.”

Finally, one happy moming (according to clocks in Texas) the first offi-

cer announces that you are leaving Mercury orbit. “We will notice a shift
in the axis of gravitation,” he says.

“What does that mean?” you ask.

“When this vessel is not accelerating, the artificial gravity pulls straight
outward at exactly a right angle with respect to the ship’s course through
space (Fig. 5-6),” he says. “But when the ship is accelerating or decelerat-

“Gravity”

) ~ Living area
Rotation ol S g

s
of

vessel

Ship's course

Figure 5-6. Artificial gravity is produced by rotating the
living space on the interplanetary vessel.
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ing, there is an additional vector either backward or forward, and this adds
to the outward pull of the artificial gravity. The result is the peculiar illu-
sion that gravity does not pull you straight down. If you were in the living
space during acceleration, it would seem as if the floor were slanted. But
you will have to come back to the bridge area and strap yourselves in while
we leave Mercury orbit and accelerate on our way to Venus. Fortunately,
this process won't take long. In order to get on course to Venus, we need
only a tiny bit more speed than was necessary to escape Mercury.”

“Good,” you say. “T can hardly wait to watch some more videos.”

“You work out,” says the captain. “Then you watch videos.”

The acceleration process takes about an hour. This is enough time to
digest breakfast before you use the stationary bicycle, the all-in-one uni-
versal gym, the punching bag, and that strange running track that runs com-
pletely around the outer circumference of the living space and that seems
to forever curve uphill.

ATTAINING ORBIT

In space there are no days and nights, except those that are produced artifi-
cially by the environmental systems on board the ship. In the living quarters
of the Valian! there are no windows; the spirming of the gravity wheel would
give you vertigo if you had windows to gaze from. However, there are pictures
on the walls that change on a 24-hour cycle: landscapes with illumination that
mimics the spectrum of the Sun on Earth’s surface. Your room has scenes of
the rural Midwest. It is winter there right now, and the ship’s computer has
determined that there has been plenty of snow in the last couple of weeks.

With realistic views out the “windows,” plenty of videos, music albums,
a big library of books (the real, bound paper kind), an increasing workout
schedule, good food, and a friendly crew, time goes fast. You wake up one
morning and notice that all your *window” scenes have been repro-
grammed to show the clouds of Venus swirling beneath the ship, whitish
yellow, and a ruddy horizon that quickly fades away to black higher up.

“We are in an equatorial orbit,” explains the first officer over breakfast.
“Our descent and flight will be along the equator, where the clouds race
around the planet in four Barth days. You might notice, if you’re astute, that
our orbit is retrograde.”

Venus spins contrary to all the other planets, that is, from east to west.
The clouds, too, move in that direction. But what does the first officer mean
by “flight”?
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SHUTTLE OR AIRPLANE?

The first officer will not attempt to land on Venus. “Landing craft have been
devised that can survive conditions at the surface,” says the first officer,
“but they are prohibitively expensive. We could never venture outside. All
we could do would be sit around and peer out through thick, reinforced lit-
tle portholes, like those in an undersea vessel.”

You will fly just beneath the clouds, in a hybrid shuttle/aircraft con-
traption reminiscent of the X-15 high-altitude craft used by the United
States in the middle of the twentieth century. The upper-level winds rush
along in the Verusian atmosphere at 400 kilometers (250 miles) per hour.
“Venus has a huge, continuous, retrograde jet stream,” says the first offi-
cer, “and we are going to ride it once around the planet at an airspeed of
800 kilometers (500 miles) per hour.”

You do some quick caleulating. Venus is about 40,000 kilometers in cit-
cumference; you will be moving at 800 + 400, or 1,200, kilometers per
hour with respect to the surface. You decide to use your wrist calculator.
“Caleulator,” you say, “divide 40,000 kilometers by 1,200 kilometers per
hour”” The little thing speaks up in its synthesized voice: “Solution: 33
hours and 20 minutes.”

You look quizzically at the first officer, who has now been joined by the
captain who will wish you a happy trip.

“Don’t worry,” says the captain. “The planetary atmospheric recormais-
sance vehicle (PARV) has a bathroom, a refrigerator, and a stove. Just like
home.”

“There will be gravity for most of the trip,” says the first officer. During
the ride beneath the clouds of Venus, during which you hope to get a good
view of the surface on the sunlit side and some spectacular lightning shows
on the nighttime side, you will be riding in an aireraft in a gravitational
field almost of exactly the same strength as that at the surface of Earth.

“There are plenty of airsick bags,” says the first officer. “Venus can be a
stormy place. [ hope you didn’t eat too much for breakfast.”

A WILD RIDE

The descent to the cloud tops goes smoothly, and the yellowish white bar-
rier rises up to meet the shuttle just as you cross the twilight line into dark-
ness. The rumble of the rocket engines fades as the first officer allows
atmospheric drag to slow the aircraft down. “We won't come through the
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bottom of the cloud layer until halfway through the night,” says the first
officer as he sips on a glass of lemonade. “We are letting the atmosphere
do all the work of slowing us down. The jet engines will start after we get
under the clouds.”

The view out the windows tums from cream-colored to yellow, then
orange, then rusty, then brown, and finally black. You imagine that you can
hear the hiss of the sulfuric acid droplets as they eat away at the exterior of
the craft, but you know this cannot actually be taking place because of the
protective coatings that keep heat, radiation, and corrosion from affecting
the shell of the vessel. Just as the windows have completely blacked over,
you feel the first jolt.

For the next 8 hours you lie flat on your back, your seat all the way down
to horizontal, strapped in tight, and try to sleep. You don’t get airsick, but
you worry that something will go wrong, the craft will shake apart, and you
will be sent tumbling down into hell. Then finally the violent ride becomes
smooth, and you hear the whooshing sound of the jet engines, which are
now propelling the craft beneath the clouds of Venus at midnight.

All around the ship, lightning flashes: yellow, blue-white, brilliant
white. With each flash, you can see the ceiling of cloud deck above. You
cannot yet see the planet’s surface.

“We're 40 kilometers (23 miles) above the landscape down there,” says
the first officer. “You’ll be able to see it as soon as we come back into day-
light. That will be in about 8 hours.”

“How high are we going to fly?” you ask.

“We have leveled off now,” says the first officer. “This is as low as we
dare go. If we went a little lower, the atmosphere would slow us down too
much. Then we would lose altitude, and the drag would increase further,
slowing us down still more, and we would plunge to the surface and crash.”

“That is not what T want to hear,” you say.

“Don’t worry,” says the first officer. “I am well trained.”

THE LANDSCAPE OF HADES

Finally, vou fall asleep. As you awaken, it is starting to grow light cutside.
This is a morning like none you have seen before. Above you are orange
clouds, and beneath you stretches a rolling, sullen, reddish plateau adver-
tising the fact that life cannot exist there. You know that the air pressure at
the surface of Venus is as great as the pressure 1,000 meters (3,300 feet)
beneath the surface of the sea, deeper than SCUBA divers ever venture. A
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Venus lander would have to endure pressure like a submarine, be able to fly
like an airplane, take off like a rocket, and all the while endure tempera-
tures that rise higher than the hottest day in the Caloris Basin of Mercury.

On the windows you see what looks like rain. But this is no ordinary
rain; it is sulfuric acid virga, liquid that precipitates from the noxious
clouds and evaporates long before it can reach the ground.

Highlands loom. “That’s the continent called Aphrodite,” says the first
officer. “Of course, it is not a continent in the same sense as those on our
home planet because there is no ocean on Venus. We just call it a continent
because it is one of two large regions of high land. The other is near the
pole and is known as Ishiar”

Suddenly vou see a bright orange glow and then what looks like a dull
flash coming from a ragged, mountainous area.

“Ag you can see, that is an active volcano. We are lucky to be here while
it’s putting on a show. The volcanoes on Venus are something like those on
the Big I[sland of Hawaii, with one important difference. As far as we know,
the crust of Venus does not move over the volcanic hot spots the way the
crust of Earth does, or if there is movement, it is much slower. The chain
of the Hawaiian Islands was formed as Earth’s crust moved over a hot spot
welling up from Earth’s mantle (Fig. 5-74). On Venus, however, a single
hot spot gets a chance to produce a volcano for a longer time (Fig. 5-7B).

BACK TO THE MAIN SHIP

No sooner have you passed over the volecano, which is too far below to be
cause for concern, than the first officer orders you to strap down again. “It’s
time to begin our ascent,” he says. “This ought to be a smoother ride than
the one on the way down; we will be using rockets all the way.” All the food
and drink must be put away; seat backs and tray tables are returned to their
upright and locked positions. Then the thunder of the rocket engines
drowns out all other sound, and the force of acceleration pushes you back
into your seat, harder and harder, with force you have not felt since you
blasted off from the space center at the beginning of this voyage.

“You know,” says the first officer, “if Earth had formed a few million
kilometers closer to the Sun, it would have turned out like this place. There
would have been a little more carbon dioxide (CO,) in the atmosphere.
That would have retained a little more sclar heat, which would have
increased the CO, level. The result would have been a vicious circle like
the one that took place here on Venus. Carbon dioxide makes up almost all
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Figure 5-7A.  On Earth, the crust drifts over a hot spot,
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Figure 5-7B. On Venus, volcances tend to stay put
over hot spots for a longer time than on Earth.
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the atmosphere of Venus below its clouds. As you know, CQ, is called a
greenhouse gas because it tends to trap heat. The principle is much the
same as that which keeps a greenhouse warm in winter. Short-wave
infrared and visible-light rays penetrate the glass or the CO, and heat up
the surface. The surface, in turm, radiates long-wave infrared, but the glass
or the CO, is opaque to that, so instead of being reradiated into space, the
long-wave infrared is absorbed and turned into heat. If this had happened
on Harth, the oceans would have boiled away, the oxygen would all have
been bound up with carbon, and our planet would be almost as hot and
every bit as dry as this place. Of course, we would not care. We would not
exist.”

“I've heard some people say that a runaway greenhouse disaster could
occur on Earth if humans keep generating CO, and cutting down forests
without replenishing them,” you say. “But I don’t know what to believe. Is
that really true? How critical is the balance? Are we on the verge of tipping
it the wrong way?”

“No one knows exactly,” says the first officer. “There’s only one way we
will ever find out for sure whether or not the danger is real, and that is for
the worst to happen. I would rather not leam the truth that way. Would
you?”

The landscape below melts away into a ruddy blur, the cloud ceiling
seems to rush down on the craft and swallow it up, and then, having seen
enough for one day, you pull down the window blind, close your eyes, and
try to imagine yourself strolling through a grassy field or along a windy
beach on Earth, a place that you are now beginning to realize is special
indeed.

Refer to the text if necessary. A good score is 8 correct. Answers are in the back of
the book.

1. In one day on Earth, the upper equatorial clouds of Venus
(a) travel about one-quarter the way around the planet.
(b) travel about one-half the way around the planet.
(c) travel all the way around the planet.
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(d) travel twice around the planet.

2. The “seasons” on Mercury are caused mainly by
(a) the tilt of the planet’s axis.
(b) the clouds that cover the planet most of the time.
(c) the greenhouse effect.
(d) the difference between perihelion and aphelion.

3. Excellent conditions for observing Mercury occur when the planet
(a) is atinferior conjunction.
(b) is at superior conjunction.
(c) is at opposition.
(d) None of the above

4, When Mercury or Venus is at its greatest elongation either east or west,
approximately how much of the surface do we see illuminated?
(a) None of it
(b) Half ofit
(c) Three-quarters of it
(d) All ofit

5. Mercury is
(a) smaller than the Moon.
(b) the same size as the Moon.
(c) larger than the Moon but smaller than Earth.
(d) the same size as Earth.

6. Mercury’s core is almost certainly made vp primarily of
(a) silicate rock.
(b) irom.
(¢) volcanic lava.
(d) uvranivm.

7. High noon on Venus would be just about as bright as
(a) the brightest midday on Mercury.
(b) a typical day on the Moon.
(¢) asunny summer afternoon on Earth.
(d) a gloomy winter day on Earth.

8. The greenhouse effect
(a) increases a planet’s surface temperature.
(b) reduces a planet’s surface temperature.
(¢) increases the radiation that reaches a planet’s surface from the Sun.
(d) keeps heat energy from reaching a planet’s surface.
9. If either Mercury or Venus were to transit the Sun, to which lunar phase wounld
its appearance most nearly correspond?
(a) Full
(b) First quarter
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(c) New
(d) Last quarter
10. Which gas is the most abundant in the atmosphere beneath the clouds of
Mercury?
(a) Oxygen
(b) Nitrogen
(c) Carbon dioxide
(d) Thisis an improper question, Mercury has no clouds.
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Mars

Mars is the fourth known planet in order outward from the Sun, and is in
many ways the most Earthlike. Science-fiction writers have used Mars
more than any other extraterrestrial place as the setting for civilizations,
outposts, and evolution. It is interesting to suppose that the first Martians
will come from Earth. Will you live to see the invasion of Mars by
Earthlings?

The Red Planet

Mars is also known as the Red Planel, although its true color varies from
rusty orange to gray to white, Some casual Earthbound observers mistake
it for a red-giant star. However, because of its significant apparent diame-
ter, it does not twinkle as does a star. In ancient mythology, Mars was the
god of war. The planet has two moons, named Phobos (Greek for “fear™)
and Deimos (Greek for “terror” or “panic”).

CONJUNCTIONS AND OPPOSITIONS

Mars never passes between Earth and the Sun because the orbit of Mars lies
entirely outside that of Barth. Mars occasionally lines up with the Sun when
it is exactly opposite the Sun from us. This is called conjuncrion. There is
no need to use the word superior because there is only one kind of Martian
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conjunction. (With Venus and Mercury, there are two kinds, inferior and
superior, as you know from the preceding chapter.)

Mars does not pass through significant phases as do Mercury, Venus, and
the Moon. We always see Mars with most of its face lit up by the Sun.
However, the brightness of Mars in the sky does vary greatly. It is dimmest
when it is at and near conjunction. When it is very close to conjunction, Mars
is invisible because its wan glow is washed out by sunlight. Earth travels more
rapidly around the Sun than does Mars, so this unfavorable condition never
lasts for long. After a conjunction, Mars begins to show itself in the eastern
sky before dawn. As time passes and Earth begins to catch up with Mars, we
get closer and closer to the Red Planet. As this happens, Mars appears earlier
and earlier in the predawn hours, and its brilliance increases. BEventually, Mars
reaches a position opposite the Sun so that it rises when the Sun sets, is visi-
ble all night long, and sets at sunrise. Then the Red Planet is at opposifion, and
it rivals Jupiter in brightness. As seen with the unaided eye, Mars at opposi-
tion is a more attention-getting sight than any other planef except Venus.

Opposition is the best time to view Mars, but some oppositions are bet-
ter than others. This is so because the orbit of Mars is far from a perfect cir-
cle around the Sun. While Barth’s orbit only varies a percentage point or so
either way from perfect circularity, Mars follows a decidedly elliptical path
with the Sun at one focus. The best oppositions, in terms of viewing Mars
from our planet, occur when three things happen at the same time:

* Mars is at opposition.
s Mars is at perihelion (closest to the Sun).
¢ FHarth is at aphelion (farthest from the Sun).

This can only take place during the northem hemispheric Earth summer,
especially during the month of July, because that is when Earth is at aphe-
lion (Fig. 6-1). The ideal state of affairs happens only about once every 15,
16, or 17 years.

YEAR, DAY, AND SEASONS

Mars’s mean orbital radius is half again that of Earth, or about 228 million
kilometers (142 million miles). As a result, Mars has a longer year, in terms
of Barth days, than does Earth; in fact, it is 1.88 times the length of an Earth
year. The Martian day is about 2.5 percent longer than that of Earth.
When and if we humans set up bases on Mars, we will be perfectly com-
fortable with our 24-hour time system, although we will have to lengthen the
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Figure 6-1. The orbits of Earth and Mars, to scale. The most favorable conditions
for viewing Mars occur when Earth is at aphelion and Mars is at perihelion.

second, minute, and hour by about 2.5 percent. Most of us would not notice
such a difference in the face of the other adaptational problems inherent in a
relocation to the Red Planet, such as the reduced gravitation, the bitterly cold
temperatures, the lack of a breathable atmosphere, the lack of protection from
solar ultraviolet radiation, and the infrequent but brutal dust storms.

The equator of Mars is tilted about 24 degrees relative to the plane of its
orbit around the Sun. This is almost identical to Earth’s axial tilt and results
in Martian seasons whose extremes are similar (in terms of proportionality)
to those on our planet. If you lived at 40 degrees north latitude on Mars, you
would see the Sun behave in a manner similar to the way it behaves on Barth
as the seasons pass, except, of course, that the seasonal progression would
take many more days to go full circle. The summer Sun in the northern
hemisphere would rise in the northeast, take a high course across the sky,
and set in the northwest, and daylight would last about two-thirds of the
solar day. The winter Sun in the northern hemisphere would rise in the
southeast, take a low course across the sky, and set in the southwest, and
daylight would last only about one-third of the solar day. People living in
the Martian southermn hemisphere, hailing from such places as Sydney,
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Cape Town, or Buenos Aires, also would find their seasons familiar, at least
in terms of the Sun.

Anatomy of Mars

The Red Planet is about 53 percent the diameter of Earth, roughly 6,800
kilometers (4,200 miles). This would put Mars neatly between Earth and
the Moon in size if the three orbs could be lined up next to one another
{(Fig. 6-2). If you were to stand on Mars and look toward the horizon, you
would see a strangely foreshortened vista. Similarly, standing on top of
one of the highest mountains, you would be able to perceive the curvature
of the planet.

THE INTERIOR

The smaller size of Mars, combined with a density somewhat lower than
that of Earth, produces a less intense gravitational field than the one we
know. Your weight on Mars would be 37 percent of your weight on Barth.
If you weigh 160 pounds here, you would weigh 59 pounds there. You
would be able to throw a baseball much farther on Mars than vou can on
Earth. While golf-loving astronauts might not be able to drive a ball as far

Earth

Earth’s
moon

Mars
Figure 6-2. Mars is a bit more than half the diameter of Earth.
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on Mars as they did on the Moon, they would do better than they can on
Earth. A golf course on Mars would have to be much larger than one on
Earth, and to make things more interesting, there would be no shortage of
boulders and sand traps.

There is evidence that the crust of Mars is thicker than that of Barth.
There is also evidence that the Martian mantle historically has been less
active than that of Earth.

The surface area of a sphere is proportional to the square of the diame-
ter, whereas the volume is proportional to the cube of the diameter. Mars,
being approximately half the diameter of Earth, has one-quarter the surface
area but only one-eighth the volume. This means that the surface-area-to-
volume ratio of Mars is twice as great as that of Barth, causing Mars to cool
off faster after its formation along with the rest of the Solar System. All
these factors have combined to create a world where the crust does not
move very much.

On Earth, crustal plates float around over the mantle, so volcanoes move
gradually away from the hot spots underneath. On Mars, however, little or
no such movement has occurred, so some volcances have built themselves
up to enormous proportions. The crowning glory of the Martian volcanoes
is Olvmpus Mons (Mount Olympus), which is 24 kilometers (15 miles) tall
and measures 600 kilometers (370 miles) in diameter at its base.

THE SURFACE

Mars is pitted in some places with impact craters. In fact, when Mariner 4
took the first close-up photographs of Mars in 1965, coming within 9,800
kilometers (6,100 miles) of the surface, craters seemed to dominate the
landscape. This led astronomers to believe that Mars might be as desolate
as our own Moon. It was up to later missions to demonstrate otherwise. An
entire planet cannot be characterized by looking at only one spot. Suppose
an alien civilization were to send a probe past Earth and happened to obtain
photographs of only the Sahara Desert?

The southerm hemisphere of Mars consists of highlands, and this is
where most of the impact craters are found. The northern hemisphere, in
contrast, is several kilometers lower in elevation and appears flooded over
by the lava from volcanic eruptions. Various parts of the surface have a
dusky gray, almost green appearance. This greenish cast was seen by the
first people who looked at Mars through “spy glasses.” The dark regions,
along with illusory straight dark lines that seemed to lead from them toward
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the polar ice caps, led some respected scientists to believe that Mars must
be home to an intelligent civilization.

Numerous probes followed Mariner 4, and with each new set of photo-
graphs and data, the hope for finding life on Mars diminished. Many scien-
tists believe there is an abundance of water locked up on Mars in the form
of permafrost beneath the surface. Some water ice also appears in the polar
caps. In addition to water ice, during the polar winters there is frozen car-
bon dioxide (dry ice) in the polar caps, particularly the southern cap, which
endures a longer winter.

Dried-up riverbeds are the most interesting features seen on the surface
of Mars. After careful analysis, most geologists have agreed that these
marks could only have been made by running water. One theory is that
Mars was at one time covered to some extent by a shallow sea or perhaps
by large glaciers that melted during a series of volcanic eruptions.

ATMOSPHERE AND WEATHER

Mars has oxygen, but almost all of it is bound up with elements in the sur-
face and with carbon in the atmosphere. The result is a rusty world, with an
atmosphere consisting almost entirely of carbon dioxide (CO,). The baro-
metric pressure at the surface of Mars is less than 1 percent of the pressure
on Barth. Were it not for the fact that CO, is a heavy gas, the atmosphere of
Mars would be even thinner than this.

Despite the thin air on Mars, weather oceurs, and it can be extreme.
Winds aloft can reach speeds of around 400 kilometers per hour (250
miles per hour); near the surface, they commonly rise to 120 kilometers
per hour (75 miles per hour). It would be a mistake to say that such
winds are of “hurricane force” because the thin air on Mars produces far
less wind pressure for a given wind speed than the air on Earth.
However, dust particles from the surface are picked up and travel right
along with the wind, blowing high up into the atmosphere, where they at
times shroud the planet completely. During these massive dust storms,
which can be accompanied by lightning, the surface features of the plan-
et practically disappear. As seen from the surface, such a storm would
produce a dark red sky, obscuring the sun and casting an evil gloom over
the landscape.

One of these planetwide dust storms was indirectly responsible for the
discovery of the four largest Martian volcanoes. These include Olympus
Mons (already mentioned as the largest mountain on the planet),
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Ascraeus Mons, Pavonis Mons, and Arsia Mons. As the storm abated, the
dust gradually settled. The peaks of the volcanoes were seen first; more
and more of them appeared as the Martian sky regained its characteristic
clarity.

High clouds, similar to cirrostratus and cirrus clouds on Earth, are some-
times observed on Mars. In addition, Olympus Mons is occasionally
shrouded in a thin veil of cloud, in much the same way as high mountains
are cloud-covered on Earth. These Martian clouds are far less substantial
than their Barthly counterparts, and scientists doubt that they produce
much, if any, precipitation. However, they do produce a sort of fog at the
top of Olympus Mons. Standing inside the caldera of this monstrous moun-
tain on a foggy moming, you might for a moment imagine yourself in the
Namib Desert on the southwestern African coast.

Life on Mars

The temperature on Mars never rises above the freezing point as we know
it on Barth. At night in the winter, Mars would make Antarctica seem invit-
ing by comparison. As if this were not bad enough, the Sun blasts the sur-
face with ultraviolet radiation because the air is not thick encugh to shield
against it. Some high-speed solar particles also might reach the surface fol-
lowing solar flares.

WHAT MIGHT LIVE THERE?

If there is any sort of life remaining on Mars, it must be a primitive sort of
bacteria or virus or some hardy “germ” similar to the toughest organisms
on Earth. Even these life forms would not be found on the surface but
underground.

After the invention and deployment of the first telescopes in the seven-
teenth century, some observers of Mars claimed to see straight lines con-
necting the dark areas near the equator with the polar caps. Percival Lowell,
one of the most noted astronomers of all time, theorized late in the nine-
teenth century that these canals logically would have been constructed by
a civilization intent on surviving a planet whose climate was becoming
ever-more hostile. Numerous canals, as they were called, were mapped by
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some observers. These were optical illusions; the orbiter probes showed no
such canals (although the dried-up river beds they did see were every bit as
interesting and were no illusion).

No sign of life has ever been found on Mars. There is no indication
that intelligent life has ever set foot (or appendage of any other sort) on
its surface.

Science-fiction writers have taken advantage of the fact that Mars,
while not a hospitable place by Earthly standards, at least presents an
environment where life might survive with the proper equipment. Thus
H. G. Wells’ novel The War of the Worlds, published around the vear
1900, created a cult of people who believed in the existence of native
Martians. Tronically, it was our own Barthly disease bacteria that pre-
vented us, in this horrifying tale, from being annihilated by the gigantic,
slimy aliens whose ships came streaking down like meteorites and who
stalked our planet in armored contraptions resembling nothing humanity
had ever seen before.

TRUE ALIENS

Mars has been suggested as a possible colony for pioneers from Earth.
Perhaps the water ice in the permafrost can be released, plants can be
introduced to provide oxygen for the atmosphere, and other large-scale
operations can be launched in an attempt to make Mars into an Earthlike
place. However, the obstacles to such a project are formidable indeed.
The low surface gravity, the lack of a substantial magnetic field to pro-
tect against the solar wind, and the possibility that the undertaking could
create some horrible, incurable new disease strains must all be taken into
consideration. Arguably, it will be far easier to control the population
explosion on our own planet so that it never becomes necessary to colo-
nize Mars.

Despite all the naysayers, we Earth dwellers undoubtedly will try to go
to Mars. Why? Because it is there, and we have the technology to get
there. Who knows? Maybe we will find primitive life there. Maybe Mars
bases will be built. Maybe people will learn to think of the Red Planet as
their home, being bom, educated, and employed there. We will then, by
all rights, be entitled to call ourselves colonizers of space! However, it
will take a special sort of human being to endure the rigors of a life spent
on Mars.
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From Venus to Mars

Imagine that you go on a mind jowrney and, for a few moments, become
one of those privileged few who get to walk around on Mars, taking pre-
cautions, of course, to ensure that you do not suffer the fate of H. G. Wells’
fictitious Martians and perish from some unknown disease for which your
body has no defense.

SPEED, FUEL, AND PLANTS

As you accelerate away from Venus, the primary problem will be one of
fuel. It will be necessary to accelerate considerably to hurl the vessel out to
the orbit of Mars. Here you encounter one of the bugaboos of long-distance
space travel. The more you accelerate, the more fuel you need at the out-
set, and the more fuel you tank up with, the harder it becomes to acceler-
ate in the first place. Fortunately, there is a way around this problem on the
way from Venus to Mars. You can refuel by making a rendezvous with one
of the space stations in orbit around Earth (Fig. 6-3).

Orbit Refueling
of Venus

Destination

Orbit of
Mars

Orbit
of Earth

Figure 6-3. On the way from Venus to Mars, an interplanetary vessel
can refuel at an Earth-orbiting space station.
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The trip from Venus to Earth is uneventful, and you enter an equatorial
orbit high above the surface.

“We’ll be staying here for a couple of days,” says the first officer. The
ship needs to be checked over, and the Venus craft will be taken off our
hands. We’ll use the Mercury lander to set down on Mars, but we also need
to get the MUV”

“What is the MUV?” you ask.

“That’s short for “Mars utility vehicle.”

“I should have known.”

“The MUYV is a like the SUVs (sport utility vehicles) that were popular
when cars used to burn fossil fuels to get around. Of course, this vehicle,
like most modemn Earth surface transport vehicles, is powered by comn-
pressed hydrogen. The only difference is that the MUV needs to take along
its oxygen, too,” says the first officer.

“Can’t the oxygen be extracted from carbon dioxide in the Martian
atmosphera?” you ask.

“If that were possible,” says the first officer, “there would be hundreds
of robotic MUVs roving Mars right now. It might someday be possible to
gel oxygen from subsurface water ice on Mars by melting it and elec-
trolyzing it using solar energy, but that is not a convenient way to obtain
oxygen for a moving vehicle run by a combustion engine.”

The first officer has just been informed, by means of his digital com-
municator, that there is a problem with the Valignr, your main ship.
Apparently, the life-support systems need some further work before you
can embark on the journey to Mars.

“What is the problem?” you ask.

The first officer explains how the life-support system works. “It makes
use of the Sun’s ultraviolet radiation to mamufacture oxygen by a sort of
super-plant photosynthesis. Specially bred plants, a result of genetic engi-
neering research, recycle the carbon dioxide from our breath and produce
oxygen from it. The result is, ideally, a self-sustaining system that could, if
it were possible to overcome other problems, work long enough for humans
to go all the way to Saturm and back. (Beyond Satum, solar radiation is not
intense enough for the system to work.) The problem at the moment appears
to be that the plants have come down with some sort of ailment,” he says.

“What does this mean?” you ask.

“Replacement photoplants,” says the first officer. “And a few new deco-
rative plants as well”

“You mean all those potted plants in the residential areas are real?”
you ask.
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“Of course they're real,” says the first officer. “You didn’t think they’re
plastic, did you? They serve at least two important functions. They assist
with the oxygenation of the air, and they help make the ship look less
institutional ”

THE RIGORS OF SPACE TRAVEL

The trip to Mars will take several months; this delay only adds to the tedi-
um of interplanetary travel.

“Is there time enough for me to go down and visit my family for a
while?” you ask.

“Yes,” says the first officer. “But not enough money. The new space
shuttles are smaller, faster, more efficient, and less expensive to operate
than the gigantic rocket-boosted ships of the late twentieth and early twen-
ty-first centuries, but they aren’t free, and this mission was difficult to get
approved. Taking civilians such as vourself into space has always been
unpopular with certain people in the establishment.”

You will watch more videos, read more books, and work out with ever-
increasing devotion. The exercise is vital, and not just for staying in phys-
ical shape. An attitude problem can take hold of space travelers if they
don’t get enough exercise. The captain had explained it once, when she was
in one of her rare talkative moods.

“It’s called, logically enough, ‘space-travelers’ depression,’” she said.
“Tt is like the old problem they used to call ‘cabin fever,” except worse.
Fortunately, there is a simnple cure. It involves careful attention to nutrition,
plenty of visible light at the same wavelengths as those from the Sun, and
a great deal of aerobic exercise.”

So you take your vitamins. You make sure you eat the right foods, in the
right amounts, and on the right schedule. You drink plenty of water. And
you increase your workouts to twice a day, for an hour and a half each ses-
sion. The last thing you need is to get depressed 50 million kilometers (30
million miles) from your home planet.

E324

ENTERING MARS ORBIT

By the time the ship nears the Red Planet, you are more video-literate,
audio-literate, and aerobically fit than ever before in your life. “Most civil-
ians,” the first officer explains, “are mistaken for Califormia natives when
they return to Barth from one of these journeys.”
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“Why is that?” you ask.

“They are thin, they are fit, and they know every character in every
movie produced during the last 100 years.”

The orbit around Mars, just as the trip from Earth to Mars, will be exact-
ly in the Barth’s ecliptic plane (not that of Mars). There’s a good reason for
this: fuel economy. Altering the plane of travel, even minutely, is a fuel-
guzzling business. Because of this efficiency, the round trip between Earth
and Mars requires less fuel than did the journey from Earth to Mercury,
then to Venus, and then back to Earth.

The Moons of Mars

Some astronomers think Phobos and Deimos are ex-asteroids that ven-
tured too close to the planet and were captured by its gravitation,
although there is reason to believe that one or both of them congealed
from ejected material as the result of large asteroids or small protoplan-
ets striking Mars long ago. Both moons are tiny compared with their par-
ent planet, and both moons require large telescopes to be seen by
Earthbound observers.

DEIMOS

“We'll be passing Deimos and then looking at Phobos from a distance as
part of this tour,” says the first officer. “Deimos is the smaller of the two. It
orbits the planet in about 30 Earth hours. There has been some talk of put-
ting several large communications satellites on Deimos so that it can serve
as a repeater for maintaining contact among exploration crews.”

“Landing on Deimos would be a problem, wouldn't it, because of the
low gravity?” you ask.

“Deimos is too small to have any gravitation to speak of, at least from a
practical point of view. It is a chunk of rock only about 13 kilometers (8
miles) in diameter. Anyone who wants to rendezvous with Deimos will have
to dock with it instead. One suggested scheme has been to harpoon it. A
small rocket would be fired at Deimos, would crash-land there, and then
burrow into the surface. However, no one has been able to figure out how to
make sure the harpoon wouldn’t get pulled out and send construction work-
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ers scattering into Mars orbit. The escape velocity is less than 6 meters
{about 10 feet) per second.”

“Aren’t regular communications satellites good enough?”

“Generally speaking, yes. But there would be room for gigantic storage
batteries on a piece of rock like Deimos or Phobos, and these could serve
several satellites. They could be charged with massive solar panels,” says
the first officer.

“There’s something,” you say, pointing to an irregular object, half 1it by
the Sun, the other half eerily glowing with Mars-shine. Deimos is only
about 20,000 kilometers (12,500 miles) above the Martian surface, and the
Red Planet looms large.

“That is Deimos,” says the first officer. “It orbits Mars in a nearly per-
fect circle. That casts some doubt on the theory that Deimos is an asteroid
that was thrown out of its original solar orbit by the gravitation of Jupiter.
But that is a popular theory.”

“How much extra fuel did it cost us to see this piece of rock?” you ask.

“Not much,” says the first officer. “But it would cost too much to go
right up to Phobos, the inner moon; we will have to be content to look at it
through our telescopic cameras. Come with me.”

PHOBOS

The first officer leads you into a dimly lit room with a huge screen on one
wall. There is something strange about that screen; it is obviously there, but
you can’t ascertain how far away it is. “Is that a holographic projection sys-
tem?” you ask.

“Yes,” says the first officer. “And the first projection we'll see is an ani-
mated rendition of Mars, Phobos, and Deimos (Fig. 6-4). The piece of
rock you just saw is the smaller, higher, and slower of Mars” two moons.
Phobos orbits much closer to the planet. This illustration is to scale. Note
that Phobos revolves around Mars much faster than Deimos. In fact,
Phobos is inside what is called the synchronous-orbilal radius. Phobos
revolves around Mars faster than the planet rotates on its own axis. This
means that an observer on Mars will see Phobos move across the sky from
weslt to east.”

“It almost looks like an artificial satellite in this picture.”

“Phobos eventually will suffer the fate of most artificial satellites. It
likely will spiral into Mars and crash. This will produce a significant
impact. Phobos is not huge, but T wouldn’t want to be on Mars when it hits.
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Figure 6-4. Mars, Deimos, and Phobos, and the orbits of the two moons,
drawn to scale and viewed from high above the Martian north pole.

The gravitation of Mars may break Phobos up before it can crash, and then
Mars will have a ring system.”

The next image is of a dark, stonelike object that seems to be falling out
from underneath a curved, inverted Martian horizon. “That is Phobos ris-
ing right now,” says the first officer. “Actually we are looking back at it. We
are still at a higher altitude than Phobos and have slowed down in prepara-
tion for Mars orbit. Phobos is catching up to us. We will be passing its
orbital level while it is safely on the opposite side of Mars.”

“It 1ooks like a lump of coal,” you say.

“Phobos is made of material called carbonacious chondrite, similar to that
of many meteoroids and asteroids,” says the first officer. “Its albedo is only
0.06. This means that it reflects only 6 percent of the light that strikes it.”

“How large is Phobos?”

“Slightly bigger than Deimos, about 20 kilometers (12.5 miles) in diam-
eter, but elongated.”

“Right now it looks like a hand grenade with the top part taken off so
that there’s a hole in the top,” you say.

“Wait a while and it’ll change,” says the first officer. He's right; a short
while later it looks almost spherical.

“Is the hole an impact crater?” you ask.
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“Yes. It is called Stickney,” says the first officer. “If Phobos was origi-
nally an asteroid, it struck a lot of other asteroids before it attained orbit
around Mars. The impact that made Stickney might be the one that knocked
Phobos out of the asteroid belt, if, that is, Phobos was indeed an asteroid at
one time. T am not sure that this is true.”

HOW THE MOONS OF MARS FORMED

“This might sound like a stupid question,” you say, “but—"

“There are no stupid questions.”

“Okay. You showed me an image of Deimos and Phobos in orbit a while
ago.”

The image reappears on the holographic sereen.

“All right,” you continue. “The orbits of both Phobos and Deimos look
like perfect circles.”

“The orbit of Deimos is essentially a perfect circle. Phobos has an ellip-
tical orbit, but the eccentricity is small, so the orbit is almost a perfect cir-
cle t0o,” says the first officer.

“Can we look at the orbits as seen from the plane of Mars” equator?”
you ask.

“Certainly,” says the first officer. He smiles. “We’ll look at the situation
from just outside the equatorial plane so that we can get a little perspec-
tive.” The view changes. The moons now appear to be orbiting Mars as seen
from slightly above their orbital plane. As you suspected, they both orbit
almost exactly above the equator of Mars (Fig. 6-3).

“If those moons were originally asteroids and were captured by the
gravitation of Mars, why are their orbits both so nearly circular, and why
are they both so nearly in the plane of Mars’s equator? That’s quite a coin-
cidence, isn’t it?”

“That,” says the first officer, “is not a stupid question. In fact, it may
answer the riddle of how these moons came into existence. I believe that
both of these moons formed as the result of one or two major impacts in
Mars’s distant past, just as the Barth’s moon is believed, by many
astronomers, to have formed. It would have taken only a modest-sized
object to blast that much material into orbit.”

“But both moons are made of asteroid-like stuff,” you say.

“Yes,” says the first officer. “I think that one or two large asteroids—
much bigger than either Phobos or Deimos—crashed into Mars. This melt-
ed the big asteroid, and most of it was absorbed by Mars. However, some
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Figure 6-5. Mars and the orbits of its two moons, drawn to scale and
viewed from nearly in the equatorial plane.

of this asteroid was cast into Mars orbit, along with some ‘molten Mars,
and from that stuff, the moons formed. This is my theory,” says the first
officer.

We may never know exactly how these moons were created.

The Landing

The Mars lander, the Eagle, awaits. You're not eager to get inside its
cramped cabin and endure weightlessness, even for a short while. The arti-
ficial-gravity wheel on the Valiant has been slowing down gradually since
you left Venus, where the gravitational pull is nearly equal to that of Earth.
The shock of weightlessness nevertheless will be unpleasant; you have
never tolerated it well.

FINDING A SPOT

Your first question, naturally enough, is “Where will we land?”

The first officer responds, “The best places, in my experience, are the
calderas (craters) of old Martian volcanoes. While some of the volcanoes
on Mars might still erupt from time to time, none are active at the moment.
If a voleanic eruption were imminent, there would be signs, just as there
are on Barth.”

“What kinds of signs?” you wonder.

“We have seismometers in all the landing-site calderas,” says the first
officer. *The one we will be visiting today is called Pavonis Mons. This



CHAPTER 6 Mars

means “Peacock Mountain.” It lies almost exactly on the Martian equator.
It happens to be only a few days past the Martian vernal equinox, so the
Sun will rise directly in the east, follow a course right up to the zenith, and
then set in the west, 12 Mars hours later.”

“A Marshouris...”

“About 62 Barth minutes,” says the first officer. “We have decided to
divide the Mars day up into 24 hours according to the Sun, just as is done
on Earth. You won’t notice any difference between Mars time and Earth
time. We have special wristwatches with quartz oscillators aligned so that
they function aceording to Mars time. Here.” He hands you a watch. You
strap it on over your pressure suit.

The descent proceeds smoothly enough. A huge crater yawns beneath the
Eagle. *T don’t like this,” you say. You have visions of an impromptu Vesuvius
or Krakatoa eruption replay, with the Eagle as part of the volcano’s ejecta.
“Noneed to worry,” says the first officer. “If there is any sign of trouble, which
is less likely than getting hit by a bolt of lighining on Earth, we’ll be out of
here. We have rehearsed all kinds of emergency evacuation scenarios.”

It is almost sunset as the Fagle touches down. At the last moment before
touchdown, the Sun vanishes beneath the rim of the crater. The sky above
is pink where the Sun was, magenta all around, fading to deep purple and
finally to black at the zenith. You think that you see a tiny white dot mov-
ing down toward the eastern horizon. “Is that Phobos?” you ask.

“No,” the first officer says, “That is our main ship.”

THE MARTIAN NIGHT

The outside temperature is —40°C, which happens also to be —40°F, at
sunset. The thermometer plummets fast. It will drop down to —90°C, or
—130°F, in the predawn hours.

“That’s colder than it ever gets in Antarctica,” you say.

“And the thin air, if you could stand outside and not die from the lack of
pressure, would make it seem even colder than that”

“Iean’t imagine —130°F, no matter what the pressure,” you say.

“Think of the worst possible arctic blizzard, with the temperature far
below zero and the wind roaring like a hurricane. Then imagine getting into
a swim suit and going outside and just standing there.”

“I get the idea.”

“At the poles during the Martian winter, it can get quite a lot colder even
than that,” says the first officer.

<«
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“It is beyond my comprehension.”

“Now we need to get some sleep,” says the first officer.

“In this cramped little vessel?” you ask.

“Well, not out there on the Martian desert sand. If you want to stay
awake all night, go ahead, but don’t keep me up.” He nods his head and
begins to doze off. All you can do is peer out the window and try to see if
you recognize any constellations. You think vou see Orion, tilted nearly on
its side, hovering low in the eastern sky.

Then you, too, fall asleep. You wake up to sunshine on your face after
what seemed like only a few seconds.

“The dreamless sleep of space explorers,” says the first officer. “And
now we will perform the little test for which we came.”

AN EXPERIMENT

The Mars utility vehicle (MUV) reminds you of pictures you saw of the
very first Moon rovers in the Apello missions of the mid-twentieth century.
And in fact, the two are quite similar.

“What's that?” you ask as the first officer unfolds a huge, gossamer-thin,
butterfly-like sheet of material.

“A kite,” he says.

“A kite! How will that fly here?”

“It is a windy day, or hadn’t you noticed?”

You get into the MUV with the first officer. Then you feel a tug on your
pressure suit and hear a whisper against the side of your helmet. “That’s a
little bit of breeze.”

“A 20-meter-per-second breeze,” says the first officer. “Or, in old-fash-
ioned terms, a good 45-mile-an-hour gale. Look over that way.” He points
toward the southern rim of the caldera. Then you see plumes of pink dust
rushing along from east to west.

“Is this wind enough to fly that kite?” you ask.

“More than enough,” says the first officer. “We’ll get away from the
Eagle and then try to communicate with some other explorers that happen
to be on the far side of the planet right now. This kite will support an anten-
na. A long-wire antenna, just like the first radio experimenters used around
the year 1900 to see if they could send their signals across the Earth’s
Atlantic Ocean.”

“Why can’t we do this experiment from the Fagle? 1 feel nervous out
here with nothing but a pressure suit for protection.”
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“That feeling is normal,” says the first officer. “All astronauts, or nearly
all, get the same feeling when they go on their first roves away from a space
vehicle. It's like free diving in the middle of a big lake or in the ocean.
That’s not the same thing as paddling around in a swimming tank.”

“But why do we have to be all the way out here in the middle of nowhere
just to test a radio?” you ask.

“There would be too much radio noise near the Eagle. Electromagnetic
interference. All the Eagle’s computers and instruments generate electro-
magnetic noise. This is a sensitive little radio. It operates at a very low fre-
quency, just 2 kHz, where the waves travel in contact with the surface of
the planet,” says the first officer. “Here. You drive the MUV

“Two kilohertz! That’s audible sound!”

“It would be if we connected a speaker to the transmitter output rather
than an antenna,” says the first officer.

You drive the MUV along toward the great plumes of pink. It’s like rid-
ing in a golf cart, except faster and with a slower but more exaggerated
rolling motion. Red Martian rocks and boulders litter the floor of the
caldera, stretching away in all directions as far as you can see. After about
20 minutes, the first officer says, “We stop here.”

He unreels the antenna line, a thin aluminum wire, and the delta-wing
kite sails upward. “Don’t try this at home,” says the first officer.

“Why not?”

“Static electricity can build up, even on a clear day, and reach danger-
ous levels. I've got a couple of scars to show you exactly what it can do.”

“Can’t the same thing happen here?” you ask.

“Yes,” says the first officer. “But our pressure suits are metal-coated
to protect against the solar wind and the ultraviolet. That also will dis-
charge any ... “

At that moment a spark jumps from the kite line to the first officer’s
sleeve and from his ankle to the ground. You can’t hear it because of your
protective headgear and because the Martian atmosphere is so thin, but you
can imagine the “Pop!” it would make back home on Earth.

“Why must you use such low frequencies?”

“Higher frequencies require an ionosphere, or else artificial satellites, to
propagate over the horizon. However, very low frequency (VLF) radio
waves do not, at least not on a planet that can conduct electricity to any sig-
nificant extent,” says the first officer. “Mars, according to our data, should
conduct well enough to allow VLF waves to travel all the way around the
planet.” He pulls out a sheet of paper from the pocket of his pressure suit
and hands it to you. “Please see Fig. 6-6.7
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Antenna

Low-frequency o
radic waves

Low-frequency
Antenna radio waves
Low-frequency radio waves might allow over-the-horizon communications
between exploration parties on planets that have no ionosphere, such as Mars.

Figure 6-6.

“Interesting,” you say. “Primitive but interesting.”

“This MUV rolls on wheels, and they are more primitive than this
antenna.”

“That’s a good point,” you say.

“That’s high enough,” says the first officer. The kite is now a tiny trian-
gle against the sky, almost straight overhead. “Two and a half kilometers
up'”

The radio tests are conducted. The radio itself is a small, battery-pow-

ered box with an old-fashioned telegraph key. The first officer taps on the

key, then listens, then taps some more, then listens some more.
“Well?” you ask.

“Negative,” he says.”
“Is it supposed to work?”

“In theory, yes, if we have enough transmitter power and a long enough
antenna.”

“Has anyone ever done this before?” you ask.

“Not successfully,” says the first officer. “Not from such a vast distance.”

“Why can’t you use communications satellites? Why this old-fashioned
stuff?”

“We can use satellites once they are up and working. This is only an exper-
iment. If we can ever get this type of communications systemn to work, explor-
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ers to the moons of the outer planets and someday to worlds beyond our Solar
System might use it for commmunication before any satellites are launched.”

A HASTY RETREAT

The first officer spends the next 2 hours verifying that the people on the
opposite side of the planet actually have been testing their radio, then test-
ing some more, and even trying a couple of different frequencies. All the
results are negative.

The Sun is near the zenith in a sky that has become a uniform pinkish
orange when the first officer says, “Time to pack up and head on back to
the Fagle. We'll be taking off early. There’s no time to lose.”

“What's the hurry?” you ask.

“Do you see all the dust in the sky?”

“Yes. Isn’t that normal?”

“No. We have reports from the Valiant, as well as from general obser-
vation stations, that a planetwide dust storm might be brewing. We must
get off the surface soon, before the winds aloft get so strong that we can’t get
back to the Valianf at all]” says the first officer.

“Iwas just starting to feel safe down here,” you say.

“My friend, we are on the planet Mars. We are millions of kilometers
from Earth and within real-time communications range of only a few other
human beings in the entire Universe. The pressure outside your suit is so
low that you wouldn’t stay conscious for 3 minutes without it. The tem-
perature right now is —40°C, which happens also to be —40°F. However,
the wind chill is much colder. It is hard to say whether you would die of
suffocation or exposure if your pressure suit failed. There are several weak
links in the chain that is keeping us alive. We must be certain that not a sin-
gle one of those links is allowed to break. A full-Mars storm can last for
months. By the end of it, links would not only be missing, but the whole
chain would be gone.”

“So this means . . .~

“It means a total change of plan. I am going to make sure we get off of
this planet as soon as possible. Premature termination of mission,” says the
first officer.

You ask, “Didn’t you know about the impending storm before you
decided to bring us down here?”

“No. There were no signs of a storm when we left the Valianr. At least,
nene that we yet have the ability to detect. This storm developed suddenly.”

>
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“It’s as if' a hurricane formed out of a clear blue sky in a single day,” you
say. “I've never heard of such a thing.”

“You speak of Barth,” says the first officer. “This is Mars.”

You ride the MUV back to the Fagle. Mars, which smiled in the mom-
ing, scowls now. The horizon has become brown as the Eagle rises from the
surface. The winds begin to buffet the craft.

“Don’t crash,” you say.

“Don’t worry,” says the first officer. “I am well trained.”

Within seconds the Fagle has cleared the dust, which for now is con-
fined to the first 200 or 300 meters above the floor of the caldera. The crater
rim and the slopes of Pavonis Mons are in the clear, but the crater floor is
an obscure mass, as if bathed in smog. “If the storm becomes intense
enough, these dust clouds will be kicked up high into the atmosphere, pos-
sibly covering the entire mountain below us. In the extreme, the dust might
obliterate all surface features, ascending several kilometers into the sky,”
says the first officer.

“You say you cannot forecast the severity of the storm?” you ask.

“Weather forecasting on Mars is an inexact science, to say the least,”
says the first officer. “Have you ever heard of the buflerfly effect?”

“Yes, that’s the principle that deals with large, long-term consequences
arising from small causes.”

“If the butterfly takes off from Olympus Mons, the storm will cover the
southern hemisphere. If the butterfly takes off from Pavonis Mons, the
storm will cover the northern hemisphere. However, if the butterfly takes
off from the Huygens Crater, the storm will envelop the entire planet.”

“You are joking, of course,” you say.

“Of course,” says the first officer. “But the principle is clear, isn’t it?”

“Yes, but there is one flaw in that theory.”

“There are no butterflies on Mars.”

“I know what you mean anyway.”

“The butterfly effect is the reason we have no way of knowing for cer-
tain how extensive this particular storm will be. Martian weather, it seems,
is more sensitive than Earth weather.”

“Maybe the whole Martian ecosystem, such as it is, is more sensitive
than that of the Earth,” you say.

“We don’t know until we test it. There are people back home who want
to try to change the climate of Mars. Make a new world out of it. Try to get
plants, or at least some sort of lichens, to grow. Maybe even try mold
spores, bacteria, viruses. Anything. Anything that might change this planet
into a world that humans can exploit,” says the first officer.
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“Do you think humanity will ever make a livable planet out of Mars?”
“I don’t know.”

“That’s not a scientific answer,” you say.

“I prefer to let certain mysteries remain mysteries,” says the first officer.

“I don’t think we humans are ready to make a planet of our own.”

“Time will tell,” you say.
“Time always tells,” says the first officer.

Refer to the text if necessary. A good score is 8 correct. Answers are in the back of
the book.

1.

If the Martian day were divided into 24 hours of equal length, then one Mars
hour would be approximately how long?

(a) A little shorter than an Earth hour

(b) Exactly the same as an Earth hour

(c) A little longer than an Earth hour

(d) Variable, depending on the time of year

. The mean orbital radius of Mars is

(a) about two-thirds that of Earth.
(b) about the same as that of Earth.
(¢) about 1.5 times that of Earth.
(d) about twice that of Earth.

. Suppose that an object has a weight of 50 pounds on Mars. On Earth it wounld

weigh approximately
(a) 18 pounds.

(b) 37 pounds.

(¢) 74 pounds.

(d) 135 pounds.

. Phobos appears to traverse the Martian sky from west to east becaunse

(a) Phobos’ orbital period is less than Mars’ rotational period.

(b) Phobos’ orbital period is greater than Mars’ rotational period.

(c) Phobos’ orbit is retrograde.

(d) That’s not rue! Phobos traverses the Martian sky from east to west.

. In terms of size, Mars is

(a) larger than the Moon but smaller than Mercury.
(b) larger than Mercury but smaller than Earth.
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10.

(c) larger than Venus but smaller than Earth.
(d) larger than Earth.

. With respect to its orbit around the Sun, the equatorial plane of Mars is

(a) ona level

(b) tilted about 24 degrees.
(c) tilted about 45 degrees.
(d) tilted about 90 degrees.

. The smaller of the two Martian moons is called

(a) Deimos.
(b) Phobos.
(c) Olympus Mons.
(d) Pavonis Mons.

. Suppose that you stand at the Martian equator when the planet’s north pole is

at its maximum tilt away from the Sun (that is, the Sun’s declination is the
most negative). The Sun will rise

(a) directly in the east.

(b) somewhat south of east.

(c) somewhat north of east.

(d) in the west.

. Volcanoes can build up to larger size on Mars than they can on Earth becanse

(a) the Martian crust does not float around in plates on the mantle the way
Earth’s crust does.

(b) Mars has a more intense gravitational field than does Earth.

(c) the atmosphere of Mars is thinner than that of Earth.

(d) This statement is not true! Volcanoes on Mars never get as big as the vol-
canoes on Harth.

Mars appears as a crescent through a small telescope as viewed from Earth
(a) when it is near inferior conjunction.

(b) when it is near superior conjunction.

(c) when it is near opposition.

(d) at no time.
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Beyond Mars lies a vast gap in the Solar System that is occupied only by a
swarm of relatively small rocks. These rocks, more appropriately called
planetoids or asteroids, will be discussed later in this book. For now, we
will turn our attention to the five known outer planets: Jupiter, Satira,
Uranus, Neptune, and Plulo.

Jupiter

Jupiter is the Roman name for the Greek god Zeus, who was, according to
legend, the most powerful of all the gods. If size and mass translate into
power, then Jupiter is the most powerful of the planets.

Jupiter has power in tangible ways. Its gravitational pull is 2.5 times as
strong as that of Earth. You would have to be in good physical condition to
stand up for long on Jupiter without fainting, if it had a surface and if you
could get down to it. However, you would never make it down. The atmo-
sphere would blow your landing vessel out of control and ultimately crush
it, but you would be dead or near death from radiation sickness before then.
The barrage of high-speed subatomic particles commanded by Jupiter’s
immense magnetic field would be lethal to astronauts who ventured near
the giant planet.

Copyright 2003 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.
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THE YEAR AND THE DAY

Jupiter orbits the Sun at a distance of 3.2 astronomical unifs (AU). This
means that its orbital radius is 520 percent that of Earth (Fig. 7-1). This is
about 778 million kilometers (484 million miles). The best viewing of
Jupiter is done when the planet is at opposition. Jupiter only receives 3.7
percent as much sunlight per unit area as Earth. However, Jupiter reflects
sunlight well. This fact and its immense size mean that Jupiter is usually
the second brightest planet in the sky after Venus. Only Mars, when at a
favorable opposition, outshines Jupiter at its opposition.

Jupiter does not pass through phases; it always appears full or almost
full. Tts brilliance in the sky, as we see it, changes because its distance from
us varies. In general, the greater the angle between Jupiter and the Sun, the
brighter Jupiter appears as seen from Earth. Jupiter orbits the Sun much
more slowly than Earth; it takes nearly 12 of our years to revolve once
around the Sun with respect to the distant stars. Jupiter reaches an opposi-
tion approximately once every 13 Earth months.

Jupiter rotates rapidly on its axis. The complete Jovian day, midnight to
midnight, lasts for 9 hours and 51 minutes Barth time. We would need to
adopt a different method of time measurement if we were to visit this planet.

Jupiter

1

Opposition
Earth \i\
G’/

Orbit /

of Earth

Sun

Orbit
of Jupiter

Figure 7-1. The orbits of Earth and Jupiter, to scale. The most favorable conditions
for viewing Jupiter occur when Earth is directly between Jupiter and the Sun.
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Most likely we would divide the day into 10 hours and sleep every other
night, bedding down before sunset and getting up after sunrise. However, as
we have already seen, a colony on Jupiter will never exist; it is doubtful that
there will even be permanent space stations in near orbit.

COMPOSITION

The volume of Jupiter is 1,300 times that of Barth and is greater than the
combined volumes of all the other planets. At the equator, Jupiter measures
143,000 kilometers (89,000 miles) in diameter. This is more than 11 times
the diameter of Barth (Fig. 7-2). The pole-to-pole diameter of Jupiter is
somewhat less than the equatorial diameter. This difference is easy to see,
even in a small telescope. The oblateness (flattening) of the planet is the
result of its rapid spin and its largely liquid and gaseous composition.
Early astronomers were able to deduce the mass of Jupiter. First, they
had to know how far away the planet was at the time of observation. This
was determined by parallax among the distant stars and double-checked by
measuring the time it takes Jupiter to make one complete revolution around
the Sun. Once the distance to Jupiter was known, the orbital radius of one
of its moons was determined by reverse triangulation. Then the period of
revolution of that moon was measured; from this, the mass of Jupiter was
calculated according to straightforward physics laws. The result was sur-
prising: Jupiter is much less dense than the Earth. Whatever JTupiter is made

Earth

Figure 7-2. The equatorial diameter of Jupiter is about 11 times the diameter of Earth.
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of, it is nothing like our planet. The only elements light enough to explain
Jupiter’s low density are hydrogen and helium. These two elements make
up almost all the planet.

Nowadays astronomers believe that Jupiter has a rocky, molten core sev-
eral times the volume of Earth. This is surrounded by hydrogen under so
much pressure that it acts like a metallic liquid; if we could get a sample of
it, it would look like elemental mercury. This metallic hydrogen is a good
conductor of electricity. Because of this, and because the planet is spinning
rapidly, enormous electric currents are induced. A powerful magnetic field
is generated by the current, and this field, called the magnetosphere of
Jupiter, extends millions of kilometers beyond the visible sphere. High-
speed solar particles, called the solar wind, squash the magnetic lines of
flux on the Sunward side of Jupiter and stretch the lines of flux on the side
of Jupiter opposite the Sun (Fig. 7-3). The magnetic field has effects that
extend far beyond Jupiter’s orbit.

Above the metallic hydrogen layer there is syrupy hydrogen-helinm
mixture that gradually becomes a liquid and finally thins out until it is
gaseous. [t is believed that there is no defined surface. In the upper 1,000
kilometers (about 600 miles) of Jupiter’s visible atmosphere, various ele-
ments in small amounts produce the clouds we see through our telescopes
and that were so vividly rendered by the Pioneer and Voyager space probes.

Magnetic lines
of flux

k.
»
Solar
.
i ~
wind
.
»~

Figure 7-3. The solar wind blows the Jovian magnetosphere into an elongated shape.
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ATMOSPHERE AND WEATHER

The plane of Jupiter’s equator is tilted 3.1 degrees relative to the plane
of its orbit, so there are in effect no seasons on Jupiter. However, this is
more than made up for by the violent and turbulent winds that roar
around the planet in light-colored zones and dark-colored belts. At the
boundaries between the zones and belts, the largest of which can be seen
though a small telescope, eddies occur, similar to the high- and low-
pressure systems we have here on Earth. The typical wind speeds on
Jupiter, however, are many times greater than those we consider normal
on our planet. In the extreme, Jovian winds exceed 400 kilometers (250
miles) per hour, comparable with the gales inside the most severe
Earthly tornadoes.

The light-colored zones on Jupiter are the tops of the highest clouds,
reflecting sunlight in the same way as the tops of thunderstorms or hurri-
canes reflect sunlight back into space from Earth’s atmosphere. The dark
belts are gaps in the high clouds, but further down, Jupiter is cloudy
everywhere.

Imagine what it would be like to ride a hardy hybrid space/air shuttle-
craft down into Jupiter in the middle of one of the dark belts. You would
see massive white clouds above and on either side, rising like walls, boil-
ing and shredding as the winds blew them around and ripped wisps of
cloud off into the clear. You would see lightning strokes hundreds of kilo-
meters long, and you would hear interminable peals of thunder. As you
continued your descent, the sky would get red, then brown, and finally
would deepen to black, punctuated by flashes of lightning, each flash fol-
lowed by thunderclaps so loud that the whole vessel would shudder. Then
your instruments would go crazy, indicating that the ship was tumbling,
swooping, and diving as updrafts and downdrafts tossed it around like a
falling snowflake. At that moment you would decide that it was time to
return to the main ship!

THE GREAT RED SPOT

Jupiter’s face is pockmarked by oval-shaped disturbances. The most promi-
nent of these is known as the Greaf Red Spol and has been watched by
astronomers for centuries. It spins outward, which happens to be counter-
clockwise because the spot is in the southern hemisphere of Tupiter. (If it
were in the northern hemisphere, it would spin clockwise).
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Saturn

Until the Great Red Spot was observed by space probes close up,
astronomers were not sure what it was. Some people thought the spot was
a solid object, floating on a liquid sea and poking up through the clouds.
Others thought it was caused by a volcano beneath the clouds; this theory
was lent support because of the reddish hue. (Astronomers are still not cer-
tain why the spot is red.) It has been known to fade to dusky gray from time
to time, and once in a while it seems almost to vanish, although the irregu-
larities in the adjacent cloud bands betray that it is still there. It always
returns to its full red glory sooner or later. The Voyager photographs con-
vinced almost everyone that the Great Red Spot is a revolving high-pres-
sure weather system. It is not alone. Smaller systemns dot the face of JTupiter.

How can a weather disturbance stay active for so long? To answer this,
we have only to look at our own Earth. The Azores-Bermuda high, which
dominates the weather over the North Atlantic Ocean, is present almost all
the time. Tt is not visually obvious, as is Jupiter’s spot, but the high is no
less permanent. In fact, the Azores-Bermuda high, which carries tropical
storms into the Caribbean in summer and temperate storms into Burope in
autumn, has been around longer than the spot. There are other semiperma-
nent systems on Earth too. A low-pressure center exists in the far North
Pacific, just south of the Aleutian Islands. It grows powerful every fall and
winter, hurling storm after storm at the North American coastline.
Sometimes it seems almost to disappear, although motions of nearby
clouds and the jet streams betray that it is still there. It always swells to full
force once the brief Arctic summer ends.

Certain climate phenomena persist because they feed on heat from the
Sun (and in the case of Jupiter, from inside the planet as well); once they
get going and get large enough, they form positive-feedback systems.
Unless some tremendous outside force intervenes, such systems just keep
on swirling around. If there were no land masses on Earth, hurricanes
might persist for years, decades, or even centuries, traveling around and
around the planet, because there would be nothing to break them up.

Saturn is one of the most familiar planets because of its appearance. It is
swrounded by a system of rings that can be seen though a small amateur
telescope. It is the only planet with rings substantial enough to be seen eas-
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ily. However, this planet is unique in other ways. It is the least dense of the
planets. Its specific graviry (density relative to the density of water) is only
0.7. This means that Saturn is only 70 percent as massive as it would be if
it were made entirely of water. The planet would float if it could be placed
in a large enough, deep enough lake. Tt has the greatest amount of oblate-
ness of any planet. The axis of Saturn’s magnetic field corresponds almost
precisely with its rotational axis, a fact that has befuddled scientists in their
atternpts to explain the dynamics of planetary magnetism.

In mythology, Saturn is the Roman god of agriculture. The name also
refers to the father of the Greek god Zeus. Because Zeus and Jupiter are the
same entity, Satum might well be attached in mythology with an impor-
tance equal to or greater than that of Jupiter. Jupiter is Satum’s mythical
son; without Saturn, Jupiter would never have been born, or would have
turned out much different. (Of course, this is only according to the ancient
myths; we know better than to believe that those tales are true.)

Before telescopes revealed the ring system, the name Safurn was asso-
ciated with old age and dullness. If it were not for the rings, Saturn would
indeed be a somewhat less interesting version of Jupiter, at least from an
observational point of view.

THE YEAR AND THE DAY

Saturn orbits the Sun at a distance of 9.54 AU (Fig. 7-4). It orbital radius is
about 1,430 million kilometers (888 million miles). The best viewing of
Saturn is done when the planet is at opposition. Saturn is almost twice as
far away from the Sun as is Jupiter, and the ringed planet receives only 1.1
percent as much sunlight per unit area as Earth. Saturn reflects sunlight
well, and this is enhanced by the ring system. Saturn looks similar to
Jupiter with the unaided eye but is somewhat dimmer, comparing favorably
with Mars most of the time. Saturn is easy to relocate once you have found
it on any given night.

Saturn, like Jupiter, does not pass through phases; it always appears full
or almost full. Its brilliance in the sky, as we see it, changes because its dis-
tance from us varies. In general, the greater the angle between Saturn and
the Sun, the brighter Saturn appears as seen from Earth. The brilliance of
Saturn is also affected by the angle at which the rings are presented to us. If
the rings are edge-on, the planet looks dimmer at a given distance from us
than if the rings are seen from above or below. Saturn takes 29Y2 Barth years
to make a complete revolution around the Sun with respect to the distant
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Figure 7-4. The orbits of Earth and Saturn, to scale. The most favorable conditions
for viewing Saturn occur when Earth is directly between Saturn and the Sun.

stars. Thus Saturn reaches an opposition approximately once every 1212
Earth months.

Saturn, like Jupiter, rotates rapidly on its axis. The complete day, midnight
to midnight, lasts for about 10 hours and 40 minutes Barth time, as determined
by observations of the magnetic field. The planet’s upper clouds rotate slightly
faster than this at latitudes near the equator. Near the poles, the atmosphere
appears to rotate at about the same speed as the planet’s magnetic field.

COMPOSITION, ATMOSPHERE, AND WEATHER

Saturn might be considered a little brother (rather than the father) of Jupiter
on casual observation, were it not for the ring system. Saturn is almost as
large as Jupiter. At the equator, Saturn’s diameter is 121,500 kilometers
{75,500 miles), more than nine times that of Earth (Fig. 7-5).

Saturn is comprised of about three-quarters hydrogen and one-quarter
helium, with trace amounts of ice, methane, ammonia, and silicate molten
rock. The inner core is where this mineral matter is found; if all the hydro-
gen and helium on Saturm were blown away, the remaining body would be
a planet similar to Earth but several times more massive. As with Jupiter,
the inner core is surrounded by liquid metallic hydrogen mixed with heli-
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Figure 7-5. The equatorial diameter of Saturn is about nine times the diameter of Earth.

um. As we progress further and further from the center of the globe, the lig-
uid hydrogen becomes nonmetallic; then it becomes a dense gas, thinning
out and topped with the yellowish clouds we see from a distance.

The rather bland appearance of Saturn’s cloud bands, compared with
those of Jupiter, belie the violent winds that continuously blow around
Satumn. At their strongest, these winds are several times hurricane force on
Earth. Vortices (eddies) occur on Saturn, but they are less visible than those
on Jupiter because the upper cloud layer is more uniform and makes it dif-
ficult to see what is going on further down.

Satwrn’s equator is slanted by 26.7 degrees relative to the plane of its orbit
around the Sun. Thus Saturn has seasons of a sort, although the deep and
windy atmosphere tends to equalize the temperatures between the equator
and the poles. An observer on Saturm, supposing that it were possible to exist
there, would notice changes in the amount of daylight for each rotational
cyele; “winter days” would be much shorter than “summer days.” However,
1o one will ever go to Satwrn and experience these seasonal fluctuations. It is
believed that Saturn has no definable surface on which to land, and merely
contending with the violent winds would totally preoccupy anyone venturing
below the cloud tops. If Saturn did have a surface—Iliquid hydrogen, say, like
an ocean—any ship that set sail there would be plucked up instantly and
whisked away into the darkness like a toy boat in a tornado.

The outer atmosphere of Saturn is about 90 percent hydrogen. This means
that the interior must contain relatively more helium. Some scientists believe
that helium is constantly precipitating down toward the center of Saturn, in
much the same way as the heavier components in a vinegar-and-oil salad
dressing settle out. This process apparently has been going on ever since the
birth of the Solar System and contributes to Satwn’s internal heat.
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THE RINGS

The ring system of Saturn, as we see it from Earth through telescopes, is
about 250,000 kilometers (155,000 miles) in diameter. The rings are extraor-
dinarily thin in proportion to their width. The drawing of Fig. 7-5 greatly
exaggerates the thickness of the rings. If the drawing were true to scale in this
respect, with the rings viewed edge-on, they would not be visible without a
magnifying glass. Estimates of the rings’ thickness range between 100 meters
{about 300 feet) and 1 kilometer (about 3,000 feet). The only reason we can
see them from Earth is that they are excellent reflectors of light.

Even before the rings of Saturn were photographed at close range by
space probes, scientists knew they were comprised of countless chunks of
icy material, ranging in size from grains of dust to boulders bigger than a
house. They could figure this out because of what the rings do to electro-
magnetic waves from distant stars, galaxies, and other sources passing
through the ring system. The number of particles is inversely proportional
to their size; that is, there are far more tiny grains than medium-sized rocks
and far more medium-sized rocks than large boulders.

The ring system presents several mysteries. Astronomers think they have
solved some of these, but others remain inexplicable. One theory holds that
the rings formed from the breakup of an icy moon that ventured too close to
Saturn and was torn apart by gravitational forces. BEvery planet’s gravitational
field, even that of the Earth, has a minimum orbital radius within which large
natural satellites cannot stay in one piece. This is known as the Roche [imil.
For Saturn, the Roche limit is roughly 2% times the radius of the planet.
Boulder-sized rocks and even a few small asteroids continue to orbit Saturmn
in one piece within this limit; the maximum limiting size depends on what
the particle is made of. There are a few especially large boulders that orbit
Saturn inside the ring system, and these are believed to be responsible for the
gaps, also called divisions, that appear in the ring system.

Uranus (pronounced “YOU-run-us”) is approximately twice as far from the
Sun as is Satun: 2,871 million kilometers (1,784 million miles). This is
19.22 AU, so Uranus receives only about (1/ 19.22)2, or 1/369, as much sun-
light per unit area as does our planet.
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FINDING AND OBSERVING URANUS

Uranus is so far from the Sun that its brightness does not change very much
as the Earth revolves. However, observation is still the best when Uramus is
at or near opposition (Fig. 7-6). If you were to travel to Uranus, the Sun
would be as dim as it is during the darkest part of an annular solar eclipse
as seen from Earth.

Uranus

!
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|

@— Sun

N

Orbit of
Uranus

Figure 7-6. The orbits of Earth and Uranus, to scale. As
with the other outer planets, the best viewing is at opposition.

Uranus can be seen with the unaided eye, but just barely. It is better if
you have a pair of strong binoculars or a small telescope. You must know
exactly where to look if vou are to find it. A good Web-based astronomical
map can be found at the Weather Underground Web site:

hitp:/Avwwowinderground.com

Click on the “Astronomy” link and proceed according to the instruc-
tions to get a sky map for your area. Celestron also publishes a CD-ROM
called The Sky that works in a similar way. When you find Uranus, don’t
expect much. If you have a large telescope, you should be able to resolve
it into a bluish green disk, and you also might see one or two of its
moons.
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YEAR, DAY, SEASONS

In several respects, Uranus is unique. It is tilted on its axis so much that the
axis is only 8 degrees away from lying in the planet’s orbital plane. Some
texts say the axis is tilted by 98 degrees; however, because the north pole
of a planet is generally defined as the pole that lies “above”™ the planet’s
orbital plane {(generally toward the star Polaris), it is more precise to say
that Uranus’ axis is tilted by 82 degrees and its rotation is retrograde.

Uranus has dramatic, exaggerated seasons of variable daylight and dark-
ness. When Vovager 2 visited the planet in 1986, one pole was facing
almost directly toward the Sun. Despite the fact that half the planet remains
in total darkness for many Earth years at a time, however, the temperature
on the dark side is just about the same as that on the daylight side.

The Uranian year is 84 Earth years long. The period of rotation is a lit-
tle less than 18 hours, about three-quarters of an Earth day. We must be
careful about how we define a “day”™ on Uranus. The best scheme is to use
the planet’s rotational period. If someone lived on Uranus (not likely for the
same reasons as Jupiter and Saturn are unlivable), they would want to use
a 24-hour system where each Uranian “hour” lasts about 45 Earth minutes.

Because the axis of Uranus is almost parallel to the plane of the planet’s
orbit around the Sun, daylight over much of the planet lasts for many Earth
years, followed by an interval of Earthlike daylight and darkness hours, fol-
lowed by many Earth years of continuous darkness, followed by another
interval of Barthlike daylight and darkness hours, followed by continuous
daylight for many years, and so on. Only in the immediate equatorial region
do Earthlike daylight and darkness occur in sync with the planet’s rotation
all the Uranian year round.

A LIFETIME ON URANUS

Imagine what it would be like to live your whole life on Uranus, born on
Jammary 1, 1986, (Suspend your disbelief for a moment and pretend that
Uranus has a surface on which humans can live; astronomers believe that it
does not.) Let us say you dwelt at 45 degrees latitude, the equivalent of
Minneapolis, Minnesota.

When Vovager 2 made its visit in 1986, you would have just been born
into the middle of a long night. You would never have seen daylight. The
Sun would never come anywhere near rising above the horizon. It would
not be until you were in grade school that, every 18 Earth hours, you
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would see a glimmer of twilight. As winter’s dark grip (though no colder
than any other season) came to an end, the Sun would give you a peek.
The days would grow longer, and the Sun’s course across the sky would
get higher.

At the Uranian vernal equinox, when you were 21 Earth years old, the
Sun would travel in an Earthlike way across the sky, behaving like it does
in Minneapolis around the end of March or September, but with daylight
lasting only 9 Earth hours and darkness another 9 Earth hours. Perhaps
you would read in books (or on computer screens) about the changes of
seasons in places like Minnesota and be thankful that no such fluctuations
in temperature occurred on Uranus. The season would evolve, the Sun
would move further toward the celestial pole, and the hours of daylight
would grow long. For a while, the Sun would follow a path similar to that
in midsummer in Minneapolis, but it would still be early spring on Uranus.
The daylight hours would grow longer vet and the darkness hours shorter.
One night darkness would never fall. After that, you would have a full 18
hours of daylight every day, and as the Earth years continued to progress,
the Sun would describe a smaller and smaller circle in the sky around the
celestial pole.

On the day of the summer solstice when you were 42 Barth vears old,
the Sun would follow a circle only 8 angular degrees in radius around the
celestial pole. You would have become used to continuous daylight. The
Sun would shine down through the Uranian haze at a favorable angle, cast-
ing a shadow just about as long as you were tall. As summer progressed,
the circle would widen; vour shadows would change length and orientation
more noticeably with the time of day. After a few more Earth years, the Sun
would rise to near the zenith at noon and dip to near the horizon at mid-
night. Then one midnight, the Sun would plunge below the horizon beneath
the celestial pole. Twilight would once again become a familiar sight. The
twilights would become longer and darker until one midnight darkness
would become total for a while. Imagine the emotional effects of the first
total darkness you had seen in a quarter of a lifetime!

At the autumnal equinox, when you were 63 Earth years old, the day-
light and darkness hours would be of equal length. The days would grow
shorter. You might remember the first time you saw the Sun as a child. As
an elderly adult, you would see the Sun for the last time. In the days that
followed, the noon twilight would grow dimmer and shorter until once
again continuous darkness would reign. You would never see the Sun again,
unless, of course, you moved to a southerly latitude.
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COMPOSITION, ATMOSPHERE, AND WEATHER

Uranus is about 51,000 kilometers (32,000 miles) in diameter, which is
almost exactly four times the diameter of Earth (Fig. 7-7). When the
Vovager space probe approached this planet in 1986, Earth-based scientists
were disappointed. The face of Uranus is featureless, light aquamarine in
color, and reminiscent of a greenish blue—tinted, enlarged version of Verws.
Beneath that bland face, however, Uranus is nothing like Venus. Uranus
consists of hydrogen, helium, methane, ammonia, and perhaps water ice
mixed in with rocky material.

Uranus is cold in its upper layers but is believed to have a hot interior. Just
how hot is a mystery, though, because Uranus, unlike the other three “gas
giants” Jupiter, Saturn, and Neptune, does not radiate more energy toward the
Sun than it receives. Perhaps Uranus is cooler inside than the other “gas
giants,” or maybe Uranus is better insulated. By examining the extent to
which Uranus is flattened by its rotation, and by measuring the relative pro-
portions of hydrogen, helium, methane, and other substances in its visible
outer layer, astronomers have begun to suspect that Uranus might be a gigan-
tic ball of dirty slush. Such a planet would have no defined boundaries in its
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Figure 7-7. The equatorial diameter of Uranus is about four
times the diameter of Earth.
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depths. It would be gaseous on the outside, then liquid, then slush, and then
200 at the core.

Further missions to Uranus will be necessary to get a better idea of what,
exactly, this planet is made of. One thing is certain, however: It manages
very well to maintain a constant temperature in its outer layers despite the
exaggerated seasonal changes in solar irradiation.

The climatic system that governs the temnperatures on Uranus might be
called the great thermal equalizer. If Barth were tilted on its axis as much
as is Uranus, the weather on our planet would be incredibly severe. Winters
would be brutal everywhere except at the very lowest latitudes. The pre-
vailing winds would be fierce as they attempted to equalize the radical
annual seesaw of solar energy received at most points on the surface.
Hurricanes of unimaginable size would prowl the seas and slam into land
masses. The whole course of the evolution of life on our planet would be
much different from what it was. We cannot be certain that intelligent life
would have evolved at all.

THE RINGS

When the Vovager probe visited Uranus in January of 1986, the rings,
which exist in the plane of the planet’s equator, were seen in detail for the
first time. Astronomers were not surprised to find them; their existence was
known already because, as Uranus passed near distant stars, those stars
seemed to blink several times. The only possible cause for such blinking
was the existence of thin, nearly opaque rings around the planet. The fact
that Uranus is tipped on its side so that the rings sometimes appear as pro-
nounced ellipses (almost circles when either pole is nearly facing us) was
an assist in their discovery prior to the Voyager “grand tour.”

The rings of Uranus are much different than those of Saturn; they more
resemble the faint rings around Jupiter. The albedo (proportion of light
reflected) of the rings is only about 1 percent, similar to that of charcoal. If
you were to visit the Uranian system in a space ship, you would have a hard
time seeing the rings even if you passed right through their plane. Only if
you actually struck one would you notice it easily; this would not be likely
because the rings are exceedingly narrow. However, the rings consist of
good-sized rocks, generally on the order of 70 centimeters (28 inches) or
larger in diameter. You would not want to navigate your ship through them.

The narrowness of the Uranian rings seems to run contrary to dynamics.
The natural tendency, over time, is for the rings to spread out and become
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more flattened, like those of Saturm (although much less prominent).
However, small moons orbit near the rings, and the gravitational fields from
these moons tends to force and keep the rings into narrow circles. Moons
of this type have been observed inside the system of Saturn, too, account-
ing for some of the narrow rings there. Because these moons act to confine
the ring particles and hold them within specific orbits, they have been
termed shepherd moons.

Neptune

Neptune, named after the mythical god of the sea, is more than half again
as far from the Sun as is Uranus: 4,504 million kilometers (2,799 million
miles). This is 30.06 AU. Neptune receives only about 1/900 as much sun-
light per unit area as does the Earth. If you’re into electronics, acoustics, or
physics, you might get some idea of the difference by noting that a ratio of
1:900 is equivalent to approximately 30 decibels (dB). If light were sound
and the Sun shining on the Earth were like a loud vacuum cleaner, then the
solar illumination on Neptune would be like a small fan running at low
speed.

FINDING AND OBSERVING NEPTUNE

As is the case with the other outer planets, we see Neptune best when it is
at or near opposition (Fig. 7-8), although its absolute brightness does not
vary much as the Earth revolves around the Sun. Neptune cannot be seen
with the unaided eye; powerful binoculars or, better yet, a good telescope
is necessary to observe it. You need to know exactly where to look; the
Weather Underground or Celestron CD-ROM maps can be used to locate
it. Even when viewed through a large amateur telescope, Neptune will only
look like a blue star.

THE YEAR AND THE DAY

Neptune is tilted on its axis by 2912 degrees. This is to say, the equatorial
plane of Neptune intersects its orbital plane at an angle of 29%/2 degrees.
This compares with 23%2 degrees for the Earth. The seasonal variations in
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Figure 7-8. The orbits of Earth and Neptune, to scale. As with
the other outer planets, the best viewing is at opposition.

the Sun’s path across the sky on Neptune would be somewhat familiar to
Earthlings, except for one fact: No human would ever live long enough to
see all four Neptunian seasons go by. As a matter of fact, no human likely
would be able to survive long enough beneath the sapphire-blue haze and
snow-white clouds of Neptune to eat a decent supper, let alone carry out a
lifetime’s research.

Neptune takes 165 Earth years to make one complete journey around the
Sun. Tts orbit is almost a perfect circle, so any seasonal effects on Neptune’s
climate must be caused entirely by the tilt of its axis and not by variations
in the amount of sunlight it receives.

COMPOSITION, ATMOSPHERE, AND WEATHER

In composition, Neptune is thought to be similar to Uranus, but it is more
dense. Neptune is about 49,500 kilometers (30,800 miles) in diameter; this
is a little less than four times the diameter of the Earth (Fig. 7-9). Neptune
generates more internal heat than Uranus; in this respect it more nearly
resembles Jupiter and Satwn. Neptune is more blue in color than Uranus,
and astronomers are not quite certain what is responsible for this vivid
sapphire hue.
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Figure 7-9. The equatorial diameter of Neptume is about the
same as that of Uranus, four times the diameter of Earth.

When Vovager passed by Neptune in 1989, it proved to have a more
interesting atmosphere, at least visually, than its aquamarine cousin. There
were dark spots and bright clouds; one of the clouds raced around Neptune
independently of other weather phenomena and was named Scooter for this
reason. There was an oval-shaped spot of deep indigo, similar in shape to
but about half the diameter of Jupiter’s Great Red Spot. This system had
winds that blow faster than those on any other planet in the Solar System,
approximately three times the speed of the wind in a maxitornado on Earth.
The Grear Dark Spot, which was as large in diameter as the Earth, disap-
peared after a few vears. Apparently the self-sustaining forces that keep
storms alive on Jupiter are not as effective on Neptune.

1989N1R

Neptune has a ring system similar to those of Uranus and Jupiter but
fainter. These rings were revealed by the Vovager probe. The rings of
Neptune are unique in the Solar System because the outermost one, called
1989N1R, is nonuniform. This name derives from the year of discovery
(1989), the planet (Neptune), the ring mumber (1 means “outermost™), and
R (which stands for “ring™).

Astronomers are not sure why 1989N1R is “clumped.” One theory holds
that it was created only a little while ago, on a cosmic scale, possibly with-
in the last few centuries. If an astercid or comet ventured too close to the
planet, it would break up because of gravitation. Eventually the particles
would spread all the way around Neptune and form a uniform ring, but this
process would require some time. Maybe it hasn’t had time to do this yet.

Another theory for the clumping of 1989NIR involves gravitational
interaction between the ring particles and a tiny moon, Galafea. It is possi-
ble that certain gravitational resonances could cause the clumping.
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The particles that make up the rings around Neptune are in general less
than an inch in diameter. This was revealed by analyzing radio waves pass-
ing through or reflected from the particles. Large chunks of rock affect
radio waves at medium and long wavelengths, and as the rocks become
smaller, they affect radio waves at shorter wavelengths. Neptune’s rings
were not detected when observations were made at radio wavelengths.

Pluto and Charon

Pluto, named after the god of the underworld, follows an eccentric orbit
that ranges from slightly inside that of Neptune (29.7 AU) to about 50 AU
at aphelion. Pluto and its moon, Charon, named after the ferry boatman
who took dead souls to Pluto for judgment, receive 1/900 as much sunlight
per unit area as Barth when the two are at perihelion. At aphelion, the sys-
tem receives only 1/2500 as much sunlight per unit area as Earth.

Figure 7-10 illustrates the orbits of Pluto-Charon, Neptune, and
Earth to scale. You might wonder if either Pluto or Charon will ever
crash into Neptune. The answer is no because of a phenomenon called
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Figure 7-10. The orbits of Earth, Neptune, and Pluto, to scale. The orbits of Pluto and
Neptune overlap, but orbital resonances ensure that the two planets will never collide.
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orbital resonance. The Pluto-Charon system makes exactly two solar
orbits for every three orbits of Neptune; as a result, the two systems can
never get any closer than 17 AU to each other. Unless some other celes-
tial object intervenes and gravitationally upsets the orbit of Neptune or
the orbit of Pluto-Charon, a cosmic collision will never take place.

THE YEAR AND THE DAY

The equatorial plane of Pluto intersects its orbital plane at an angle of 58
degrees, but the rotation of Pluto is retrograde. There are pronounced sea-
sonal changes in the path of the Sun across the sky at any particular loca-
tion; the Sun always appears to rise in the west and set in the east.

Pluto takes about 6 days and 912 Earth hours to rotate once on its axis.
Charon follows a prograde orbit (in the same direction as Pluto rotates)
over Pluto’s equator and completes one orbit every Plutonian day, so
Charon always stays over the same spot on Pluto. An observer on Pluto
would see Charon hanging almost perfectly still in the sky. In addition,
Charon, like most planetary moons, keeps the same side toward Pluto
constantly.

The Pluto-Charon system takes 248 Barth years to make one complete
journey around the Sun. Its orbit is a pronounced ellipse. Thus the varia-
tions in this systemn’s distance from the Sun, as well as its extreme axial tilt,
affect the seasons. The maximum-to-minimum ratio of solar irradiation is
about 2.8:1.

COMPOSITION

Pluto is approximately 2400 kilometers (1500 miles) in diameter; this is
smaller than the Earth’s moon. Charon is about half the diameter of Pluto.
The centers of the two ohjects are about 20,000 kilometers {12,500 miles)
apart. If the Pluto-Charon system could be brought close to Earth for size
comparison, the result would look like Fig. 7-11.

Both Pluto and Charon have about twice the density of water. This
implies that they consist of a combination of ices and rocky materials. They
may in fact be huge “dirty snowballs,” consisting of primordial matter that
never accreted into an object large enough to properly be called a planet.
Controversy has arisen here; an outspoken group of astronomers has
expressed their belief that Pluto would not be called a planet if it were dis-
covered today.
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Figure 7-11. The Pluto-Charon system, to scale as it would
appear next to Earth.

ATMOSPHERE

Pluto has a thin atmosphere consisting largely of nitrogen. However,
astronomers think that this atmosphere, which is on the order of one-millionth
the density of Earth’s atmosphere at the surface, exists only when Pluto is near
perihelion. When the system moves farther from the Sun, the atmosphere is
believed to freeze onto the surface. Because Pluto’s gravitation is weak, the
atmosphere extends to considerable distances from the planet, enveloping
Charon. The atmosphere might be blown into a teardrop shape by the solar
wind, in much the same way as a comet’s tail is blown away from the Sun.

Although no probe has yet flown near Pluto, images of the planet have
been obtained through the Hubble Space Telescope. The surface is pinkish
red; this is thought to be caused by the presence of methane ice. There are
bright and dark regions, with the south polar region being especially reflec-
tive. High-resolution images of Pluto and Charon will be obtained when
and if a close flyby is made. Some astronomers believe that when this hap-
pens, Pluto and Charon might be reclassified as a double comet.

What Makes a Planet?

Astronomers have been searching for a large planet beyond Neptune ever
since Neptune itself was discovered. Pluto is not massive enough to account
for observed aberrations in the orbits of Uranus and Neptune. Perhaps such
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a “Planet X7 does not exist, and the so-called perturbations in the orbits of
Uranus and Neptune are caused by some unseen (or unseeable) object or
effect. Maybe “Planet X" is a large, massive object with albedo (reflectivi-
ty) so low that we cannot see it even with the largest Earth-based telescopes.

Astronomers are almost certain that there are thousands or millions of
asteroids and dormant comets in solar orbits beyond the orbit of Neptune.
This Kuiper Belr is a disk-shaped swarm of primordial rocks and “dirty
snowballs™; the Oori Cloud is a larger, spherical congregation of such
objects that encloses the Solar System like a bubble. Every once in a while,
an object from one of these swarms undergoes a gravitational interaction or
collision with another object and is hurled into the main part of the Solar
System. If the object passes near Neptune or Uranus, the gravitation of the
large planet can send it diving toward the Sun. A few decades later, we on
Earth discover a new asteroid or comet.

We might say that in order to be a planet, a celestial object must be
spherical, must orbit the Sun (and not some other planet), and must be larg-
er than a certain diameter (say, 300 kilometers) or have more than a certain
amount of gravitation (say, 3 percent that of the Earth). However, no offi-
cial standard yet exists. Depending on the set of criteria adopted, assuming
scientists ever agree on one, Pluto-Charon may be “demoted” to the status
of a double comet or else hundreds, maybe thousands, of objects now con-
sidered primordial matter will be reclassified as planets.

Refer to the text if necessary. A good score is 8 correct. Answers are in the back of
the book.

1. Which of the following planets generates the least amount of internal heat?
(a) Jupiter
(b) Saturn
(c) Uranus
(d) Neptune

2. The Pluto-Charon system is unique in that
(a) they always keep the same sides facing each other.
(b) they are the smallest of the gas giants.
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(c) they have atmospheres consisting entirely of helium.
(d) they actnally orbit Neptune, not the Sun.

3. The dark side of Uranus is much colder than the sunlit side becanse
(a) the axis of Uranus is so greatly tilted.
(b) the atmosphere is so thin.
(c) there are no winds on Uranus.
(d) No!The dark side of Uranus is just as warm as the sunlit side.

4. Most astronomers believe that the surfaces of the gas giant planets
(a) are liquid water.
(b) are liquid methane.
(c) do not exist as definable boundaries.
(d) are peppered with craters.

5. The tops of the highest clouds on Jupiter
(a) reflect sunlight very well.
(b) are red or brown.
(c) spin counterclockwise becaunse they are high-pressure systems.
(d) are actually smoke from volcanic eruptions.

6. An Earthly analog of Jupiter’s Great Red Spot might be
(a) a tornado.
(b) a hurricane.
(c) a high-pressure system.
(d) a volcano.

7. Saturmn appears in its crescent phase, as seen from Earth, when it is at
(a) conjunction.
(b) quadrature.
(¢) opposition.
(d) Nol Saturn never appears as a crescent to Earth-bound observers.
8. The magnetosphere of Jupiter is distorted by
(a) the solar wind.
(b) Jupiter’s gravitation.
(¢) Jupiter’s rings.
(d) Jupiter’s moons.
9. The most oblate planet is
(a) Jupiter.
(b) Saturn.
(¢) Uranus.
(d) Neptune.

10. An astronomical unit is
(a) the mean distance of Earth from the Sun.
(b) 299,792 kilometers (one light-second).
(c) the mean distance of the Moon from Earth.
(d) the radivs of the Solar System.
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CHAPTER 8

An Extraterrestrial
Visitor's Analysis of
Earth

Suppose that you were an extraterrestrial being visiting Barth for the first
time. What would you see? How would you interpret your observations?
Imagine yourself in the role of the explorerfreporter assigned the task of
visiting Earth and writing a report about the planet for a magazine article
back home. This chapter is written from the point of view of an imaginary
explorer/reporter from the fictitious planet called Epsilon Eridani 2.

Until now in this course, measurement units such as kilometers, miles,
and degrees usually have been written out in full. However, starting with
this chapter, I will use more abbreviated symbology. This is the way scien-
tists usually write such expressions, so you should get used to it too.

This chapter is written as a fictitious story, but all the scientific infor-
mation is based on well-documented knowledge. While the explorers from
Epsilon Bridani 2 are make-believe characters, the things they see are real,
although viewed from perspectives we don’t normally consider. It has been
said that it is difficult to see a big picture when you are inside the frame.
Let’s step outside the frame for awhile. Here is the log of the first officer of
the fictitious Epsilon Eridanian exploration vessel, the Dragon.

Copyright 2003 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.
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The Blue and White Planet

As our ship approaches the planet Sel 3, the third planet in orbit around the
star that we call Sol, we are struck by the amazing blue and white colors.
Previous probes have shown us that the white regions are clouds of water
vapor and ice ranging in altitude from zero (at the surface) up to about 16
kilometers (km) or 10 miles (mi). The surface is well-defined, and more
than half of it is liquid water. Some of the surface is frozen water; other
regions show an amazing variety of features, the details of which it is part
of this mission to catalogue.

PRELIMINARY OBSERVATIONS

We settle into a circular, polar orbit at an altitude of 5300 km (300 mi). From
this vantage point, over time we will be able to map in detail the entire sur-
face of the planet using radar and optical equipment. We all look forward
to the landings. We will go down two-by-two, and because there are 20 of
us and we each are to be allowed only one trip, we will make 10 different
landings in 10 different places on the surface.

There are regions on Sol 3 where plant life abounds, sometimes only a
millimeter (less than 1/16 inch) tall and in other places upwards of 100 m
(330 ft) in height. Plants also live in and around bodies of water. The largest
water zones are tainted with sodium chloride (salt) and other minerals. At
low latitudes, but never exactly at the equator, revolving storms occasion-
ally occur; from our initial orbit we count five of these. The largest has a
diameter of more than 1000 km (600 mi). Animal life also has been
observed both on the solid surface and beneath the liquid surface. These
animals exist in a range of sizes similar to those of the plants.

PRELIMINARY MYSTERIES

The most interesting structures on the planet will require extensive investi-
gation. Their geometry suggests life forms having great intelligence some
of the time and amazing stupidity at other times.

Some of these structures appear as monoliths in great congregations,
perforated by holes covered over with glass. Narrow, solid strips serve as
pathways for objects resembling gigantic rolling insects that go from place
to place in an orderly fashion but without apparent overall purpose. Two-
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legged life forms have been seen entering and exiting these rolling insects.
Apparently the insects are not life forms themselves but rather are vehicles
designed by the life forms that enter and leave them and are intended to
transport those life forms from place to place within and between the great
congregations of monoliths, which, for lack of any other name at this point,
I will henceforth call anthills.

I can hardly wait to land right in the middle of one of these anthills and
see what happens close-up. I have already picked the one I want to check
out. It is located at approximately 41°N and 73°W. According to electro-
magnetic signals from this anthill, it calls itself New York. There is an open,
green area in the middle of this congregation of monoliths that appears
ideal for a landing.

Other large insect-like vehicles have been seen flying through the air at
altitudes approaching those of the highest icy clouds. When these flving
vehicles are on the ground, the two-legged life forms have been seen enter-
ing and leaving them in large groups. Apparently these vehicles are
designed for the purpose of transporting the life forms between anthills
separated by great distances. The two-legged life forms also have been seen
entering and leaving objects that slowly float on and across bodies of water,
avoiding, of course, the revolving storms but nevertheless sometimes
enduring wave action that would challenge the stomachs of our hardiest
space travelers. Sometimes it seems as if these two-legged life forms use
their vehicles for the sole purpose of having a violent ride!

YEAR, DAY, AND SEASONS

The equatorial plane of Sol 3, which the two-legged inhabitants call Earth,
is tilted by approximately 23.5 degrees with respect to the plane of its orbit
around the parent star Sol, which they call the Sus. This results in consider-
able seasonal variations in the weather that become increasingly dramatic as
the latitude increases. The hours of daylight and darkness are always equal
at the equator, but fluctuations become greater and greater as one goes near-
er to the poles. North of 66.5°N and south of 66.3°8, there are periods when
the Sun stays above the horizon for days at a stretch. At the poles them-
selves, the daylight period lasts for fully half the year, and the darkness peri-
od lasts for the other half.

There are about 365.25 solar days in each Earth year. Tt is difficult for
me to describe the length of the Earth day except to say that the two-legged
creatures divide each day into 24 equal units called hours. Each hour is
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divided into 60 minutes, and each minute is divided intc 60 seconds.
Fractions of a second are expressed in decimal form. For some reason, most
Earth inhabitants divide the solar day into two 12-hour segments called
AM. and PM. Some of their scientists use an undivided hour system that
runs from 0000 (zero hours, zero minutes) to 2359 (23 hours and 59 min-
utes) and then starts over again at 0000 in the middle of the dark period.

The Earth is farthest from the Sun (that is, it is at aphelion) in the month
called July and is closest to the Sun (that is, at perihelion) in the month
called January. The mean distance of the Earth from the Sun is 149.6 mil-
lionkm (93 million mi). The variation in orbital radius is only about +1 per-
cent. The BEarth’s greater distance from the Sun in the northem-hemispheric
suminer results in less solar irradiation over the planet’s greatest land mass-
es at that time. However, this effect is balanced by the fact that the season
is lengthened; Earth moves more slowly around the Sun at that time (Fig.
8-1). Conversely, the Earth’s lesser distance from the Sun during the north-
em-hemispheric winter produces more solar irradiation, but the season is
shorter because the Earth moves faster around the Sun.

The earth’s axis precesses, or wobbles, slowly like the axis of a spinning
top. Every 25,800 Earth years, the axis describes a complete circle whose
angular radius is 23.5 angular degrees on the celestial sphere. This means
that in 12,900 years, Earth will be closest to the Sun in July and farthest
from the Sun in January (Fig. 8-2). It is difficult to say what effect this
might have on the overall climate of the planet. There is much more land
mass in the northern hemisphere than in the southern; land masses heat up
and cool off more rapidly than the oceans. This could have a tremendous

Earth
in April
Earth in
January
Earth
in July
Earth in
October

Figure 8-1. Earth is at perihelion in January and at aphelion in July. (In
this drawing, the eccentricity of Earth’s orbit is exaggerated for clarity.}
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Figure 8-2. In 12,900 years, Earth will be at perihelion in July and at aphelion in
January. (In this drawing, the eccentricity of Earth’s orbit is exaggerated for clarity.}

cumulative effect when the northerm-hemispheric summer is shortened and
the winter is lengthened. It is known that the repeated cycles of glaciation
that take place on our own planet, Epsilon Eridani 2 (the second planet in
orbit around the star Barth inhabitants call Epsilon in the constellation
Eridanus), also have taken place on Earth; axial precession might be a con-
tributing factor to these so-called ice ages.

Anatomy of Earth

The Earth has a slightly larger diameter at the equator than at the poles.
This oblateness, or flattening, is caused by the rotation of the planet. The
effect is too small to be visually apparent as the planet is seen from space;
the outer planets, especially Jupiter and Saturn, are much more oblate than
is the Barth and actually look that way. The Earth’s diameter is 12,756 km
(7,926 mi) in the plane of the equator and 12,714 km (7,900 mi) as meas-
ured along the rotational axis from pole to pole.

THE POWER OF TIME

Time is one of the most powerful forces in the Cosmos. The Earth-dwelling
two-legged creatures who call themselves Homo sapiens have not devel-
oped a mature concept of this power and how it can be hamessed. If they
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had a better understanding of time and how things happen in the long
term—millions upon millions of their years—many of the mysteries that
befuddle them would become clear and simple in their minds.

Suppose it were possible to look at time so that a year seemed to pass in
a fraction of a second? How would Earth look when beheld from such a per-
spective? The precession of the axis would be apparent; Earth would look
like a furiously spinning top. The continents would drift around like ice floes
on an Arctic lake during the springtime thaw. In some places large chunks of
land would break away from continents. In other places islands would bump
into continents and join up with them. Crumpling of the crust, caused by the
drifting of land masses, would create mountain ranges. The Hawaiian Islands
would drift toward the northwest, eroding down into the ocean at the north-
western end and being born anew in continuous volcanic eruptions at the
southeastern end. The sea level would rise and fall periodically; glaciers
would advance and retreat. The Earth, which seems like a stable place on a
day-to-day scale, would be revealed as dynamic, fluid orb. One might be
tempted to suppose that Earth has a life of its own, that it is a gigantic bio-
logical cell. An idea of this sort has been posed by some respected Earth sci-
entists. It is called the Gaia hypothesis. However, this notion has not been
proven true, and many academics have dismissed it as unscientific.

Given sufficient time, rivers cut canyons hundreds of meters deep. One
of the best-known examples is the Grand Canyon in the southwestern
United States. It is hard to imagine, on an hour-by-hour or day-by-day
scale, how the little Colorado River could have gouged out such a ravine,
but time is patient beyond all human understanding. Time has unlimited
endurance. It works day and night; it never rests. It carves and chips and
grinds, builds new structures atom by atom or cell by cell, and keeps on
doing its work for human lifetime after human lifetime, generation after
generation, age after age. Time has been at work on Earth for more than 4
billion human-defined years and will continue to mold and change the
planet for at least that many years vet to come.

THE INTERIOR

The Earth can be considered to have four distinet layers. The central por-
tion, called the inner core, is believed to be solid. It is extremely hot and
consists mainly of iron and nickel. These metals are ferromagnetic, mean-
ing that they can be magnetized. Surrounding the inner core is a liquid iron
and nickel layer called the cuter core. This liquid flows in huge eddies that
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are thought to be responsible for the magnetization of the core and hence
for the existence of the geomagnelic field.

Above the outer core lies the manile, consisting of rock similar to gran-
ite (called basaltic rock). The consistency of the mantle would appear
solid if you could take a piece of it and held it in your hand. However, on
a long time scale and considered in its entirety, it is a fluid mass. As the
eons pass, the mantle flows much like hot tar or molasses, rising up from
the center of the planet toward the surface in some places and descending
in other zones. One theory holds that this is a mechanism for the transfer of
heat from the hot core regions to the surface, where the heat energy ultimate-
ly is transferred to the atmosphere and radiated into space. The up-and-down
currents result in lateral movement near the upper reaches of the mantle.

The outermost layer, called the crust, floats on top of the mantle and,
as the ages pass, moves around on it. The lateral movements of the man-
tle carry chunks of crust along. The crust is not a uniform, continuous
mass but instead has regions where it is deep (about 30 km, or 20 mi) and
other regions where it is shallow (perhaps as thin as 10 km, or 6 mi). The
thickest parts of the crust form the continents and larger islands. The thin
regions lie beneath the seas and oceans. Figure 8-3 is a simplified cross-

Mantle

Figure 8-3. Simplified cross-sectional diagram of Earth.
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sectional diagram of the Barth as it would appear if it were sliced in half
at the equator.

THE OCEANS

The surface of Earth is largely covered by mineral-rich oceans of water. The
largest of these, if seen from a certain vantage point in space, covers almost
half the planet. This is the Pacific Ocean; it was given this name by some
Earth dweller who saw it at one of its more peaceful moments. (Pacific
means “peaceful” or “tranquil.”) However, this ocean is not always calm.
Revolving storms, called hurricanes in the eastern Pacific and fyphoons in
the western Pacific, chum the waters and transport excess heat from the
tropics toward the polar regions.

Hurricanes also occur in the Atlantic Ocean and in the Indian Ocean.
The storms form at lower latitudes, and they almost always work their
way either onto a land mass, where they dissipate, or toward cold water,
where they expire from lack of heat to sustain their winds. Occasionally,
one of these storms strikes a human-made anthill. Some of the planet’s
most elaborate anthills are built directly in known hurricane tracks. I
wonder why the human Earth dwellers construct so many of their com-
munities in such places?

The waters flow in slow currents around and around the oceanic basins,
generally clockwise in the northern hemisphere and counterclockwise in
the southern. This gives rise to warm ocean currents along the eastern
shores of the continents and cold currents along the western shores. This
has a profound influence on the distribution and movement of weather sys-
tems in the planet’s atmosphere. When something happens to upset the reg-
ularity of these currents, the climate changes over much of the planet.
These cycles are natural and have been taking place for millions of human-
defined years. However, almost every time such a cycle recurs, especially
the sort known as El Nifio where the eastern equatorial Pacific waters
switch from cold to warm, the humnans call the resulting weather a disaster.

The oceans are critical to the balance of life on Earth. They are like the
lungs and blood of a living organism. Tiny life forms called plankion live
in the oceans; these are eaten by larger life forms such as the fish. Fish are
a favored food among the two-legged humans. However, humans dump
toxic chemicals and hydrocarbon dregs into the oceans, where they work
their way into fish and then into their brothers’ and sisters” bodies, caus-
ing terrible illnesses and suffering. Humans know about this. We have
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heard them talk about it in their electromagnetic broadcasts. Why do they
continue to knowingly harm themselves in this way?

THE LAND MASSES

The oceans tend to heat up and cool down slowly. They hold heat energy.
Land masses are just the opposite. They heat up and cool down rapidly.
This contrast, along with the oceanic currents and the prevailing differences
in temperature between the tropics and the polar regions, creates the cli-
mate and weather variations on this third planet from the star we call Saol.
Earth is the only planet with weather varied enough to motivate the evolu-
tion of life but not so violent or hostile as to exterminate such life before it
gets a chance to evolve.

In some places water accumulates in the atmosphere and then precipi-
tates onto land masses in great amounts. This can happen either as liquid
water, in which case it is called rain, or as frozen water, known as snow.
There are other, less common forms of precipitation, such as hail, but these
do not contribute much to the overall ecological system of the Earth.

In the regions where precipitation is abundant and mostly liguid, forests
of tall plants grow. Some of these plants are cut down and used as materi-
als by the two-legged humans in the construction of dwellings in their
anthills. It is amazing how many different geometries have been invented
for these dwellings! The plants, called irees, make ideal building material,
and they can be replenished by intelligent management. Unfortunately, in
some regions of the planet no attempts are made to replenish the supply of
trees. Humans obviously know the supply of trees is not infinite and even-
tually will be depleted if balance is not maintained. Do they not care about
their own future?

LAYERS OF THE ATMOSPHERE

The Earth’s atmosphere is 78 percent nitrogen at the surface and 21 percent
oxygen. The remaining 1 percent consists of argon, carbon dioxide, ozone,
and water vapor. The temperature of the atmosphere varies considerably; it
can rise to about 55°C (130°F), or plunge to around —80°C (—112°F).
The lowest layer of the atmosphere, rising from the surface to approxi-
mately 16 km (10 mi) of altitude, is the froposphere. This is where all
weather occurs; most of the clouds are found here. In the upper parts of the
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troposphere, high-speed rivers of air travel around the planet in a generally
wesl-to-east direction. There can be two or three of these rivers in the
northern hemisphere and two or three in the southern hemisphere. The
strongest of these rivers, called jer streams, carry high- and low-pressure
systems from west to east at temperate latitudes, primarily between 30°N
and 60°N, and between 30°S and 60°S.

Above the troposphere lies the sirafosphere, extending up to approxi-
mately 50 km (30 mi) of altitude. Near the upper reaches of this level, ultra-
violet radiation from the Sun causes oxygen atoms to group together into
triplets (O, ) rather than in pairs (O,), as is the case nearer the surface. An
oxygen triplet is a molecule known as ozone. This gas has the unique prop-
erty of being opaque to ultraviolet rays. Thus oxygen atoms form a self-
regulating mechanism that keeps the Earth’s surface from receiving too
much ultraviolet from the Sun. Certain gases are produced by industrial
processes carried on by the two-legged humans; these gases rise into the
stratosphere and cause the ozone molecules to break apart into their indi-
vidual atoms. This makes the upper stratosphere more transparent to ultra-
violet than it would be if nature had its way. Some humans have
demonstrated that if this process continues, it could have an adverse effect
on all life on the planet. Other humans do not believe this and continue to
produce these potentially dangerous industrial by-products.

Above the stratosphere lies the mesosphere, extending from 50 km (30
mi) to an altitude of 80 km (50 mi). In this layer, ultraviolet radiation from
the Sun causes electrons to be stripped away from atoms of atmospheric
gas. The result is that the mesosphere contains a large proportion of ions.
This oceurs in a layer that communications engineers call the D layer of the
ionosphere.

Above the mesosphere lies the highest layer of the Earth’s atmosphere,
known as the thermosphere. It extends from 80 km (50 mi) up to more than
600 km (370 mi) of altitude. This layer gets its name from the fact that the
temperature is extremely high, even hotter than at the surface of Venus or
Mercury. However, these high temperatures do not have the devastating
effects they would have if they existed at the surface because the atmo-
sphere at this level is so rarefied. Tonization takes place at three levels within
the thermosphere, called the ionospheric E layer, FI laver, and F2 layer.
Sometimes, particularly at night, the F1 and F2 layers merge together near
the altitude of the F2 layer; the resulting layer is called the ¥ layer. Figure
8-4 is a diagram of the Earth’s atmosphere showing the various layers and
the ionized regions.
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Figure 8-4. The Earth’s atmosphere, showing the ionized layers.

Excerpt from a First Officer’s Journal

I have just received a stern warning from the authorities back home on
Epsilon Fridani 2. Their mandates are as follows:

*  Our Earth landing assignments have been reduced from 10 to 3.

*  We are not to land within 50 km (30 mi) of any place known to be
populated, even sparsely, with the two-legged life forms that call
themselves Homo sapiens.

*  We are to keep our radar and optical cloaking devices activated at all
times.
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* [f we accidentally happen to encounter any Homo sapiens, we are to
explain to them that we are part of a “Hollywood movie set” and then
ask them to leave.

This seems to defeat the most important part of our mission: to find out
exactly what makes Homo sapiens behave as they do. However, 1 can’t
fight the bureaucracy of Epsilon Eridani 2! I will have to be content with
looking at these creatures, whom I have decided to call bipedal anis,
through telescopes while in orbit and analyzing their migration patterns
with radar and computer programs.

NORTH ATLANTIC OCEAN

We descend into the middle of the Azores-Bermuda high-pressure system
in the North Atlantic Ocean, hoping to find calin conditions. It is the part
of the Earth year that the bipedal ants call April, when hurricanes are
unknown in this part of the planet. Nevertheless, when we reach the ocearn,
we find that there are huge waves on the surface. The waves come from the
north, and we recall that storms can track across the North Atlantic at any
time of the year.

In the northem-hemispheric spring, storms follow the jet stream, comn-
ing off the North American continent near the mouth of the St. Lawrence
Seaway and taking paths at high latitudes toward Europe. Our meteorolo-
gy expert on the main ship confirms that one of these storms is passing near
Teeland, and it is responsible for generating the waves. We are surprised
that waves can travel so far and still be so large, but the main-ship radar tel-
escope indicates that their effects reach all the way south to Antarctica.

The atmosphere is perfectly calm; there is no wind as we land and
observe a temperature of 23°C (73°F) at high noon. We float like a cork on
the swells, which measure 11 m (36 ft) from crest to trough. The surface of
the water is smooth except for these sine-wave-shaped swells, a most
remarkable phenomenon.

By sunset, the temperature of the atmosphere has hardly changed; it is
22°C (72°F). At midnight, the atmospheric temperature has gone down to
20°C (68°F), and just before sunrise on the day after our landing, it is at its
minimum of 19°C (66°F). This small temperature variation between day and
night confirms our theory that the oceans keep the lower atmospheric tem-
perature relatively stable. The water temperature is measured at 20°C (68°F).

We remain on the surface of the ocean, examining the abundant life in
the water, for exactly one solar day. We see no signs of the bipedal ants,
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either on the surface of the ocean or in the atmosphere above it, even
though we have been told that aircraft will fly overhead and one of them
will descend to investigate us. We are relieved when we lift off at noon,
exactly 24 Earth hours after we landed. Because of the violent and contin-
uous motion induced by the waves, [ have lost 2.5 kilograms (kg) of body
weight. This is 3.5 pounds (lb) in the Earth’s gravitation. It has taken place
because [ have been unable to eat or drink anything for the past 24 Earth
hours without having it come back up. Many bipedal ants suffer this same
malady when they are first introduced to oceanic travel; they call it sea-
sickness.

ANTARCTICA

Antarctica is a huge ice cap centered at the Earth’s south geographic pole.
All the continental land mass, with the exception of a small peninsula that
reaches northward toward South America, is covered by water ice through-
out the year. This ice extends offshore into the sea for a considerable
distance in some places.

It is April, early autumn in the Barth’s southerm hemisphere. We are
concerned about the possibility of high winds upsetting our craft and low
temperatures straining our life-support systemns if we land on the ice cap
itself. We therefore decide to land at the tip of the Antarctic Peninsula that
juts northward. This is not only the northernmost point on the continent, but
it is largely surrounded by ocean, which, we hope, would keep tempera-
tures from dropping too low.

As we approach the surface, it becomes apparent that this landing is
going to make our North Atlantic excursion seem tame by comparison. We
see snow (small flakes of water ice) rushing horizontally along the surface,
driven by a wind of hwricane force. When we land, a gust almost knocks
our craft off its landing gear and onto its side. Despite this wind, small
black-and-white bipedal animals, looking like birds but acting more like
bipedal ant children, run around, seemingly unaffected by the tempest.
They jump in and out of the water, and some of them waddle up to our ves-
sel and then stand there watching us, as if they expect us to come out and
play in the water with them. We reject this option. The temperature is
—37°C (—35"F).

The gale increases steadily. We decide to return to the main ship before
the storm plucks our landing vessel up and rolls it across the bleak, rocky
terrain. It never crosses our minds to venture outside into these conditions,
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which seem, despite the hospitable atmosphere, more severe than the worst
storms we have ever seen on Sol 4 (Mars). Thus we blast off, struggling to
maintain stability, and we are relieved when we reach the stratosphere and
spot our main ship, the Dragon, as a bright dot in the sky.

SAHARA DESERT

The only characteristics that the Sahara Desert shares with Antarctica are
wind and dryness. In every other respect the two places are so different that
it is hard to believe that they exist on the same planet.

We land at high noon on sandy, rolling terrain that looks like certain
parts of Mars but with fewer rocks and boulders. The atmospheric temper-
ature is 49°C (120°F) and rising. There is little wind, but the large dunes
give away the fact that strong winds blow regularly in the area. The sky is
hazy blue, pinkish near the horizon, again reminiscent of Mars.

By late afternoon, the temperature reaches a peak of 53°C (127°F),
which we on Epsilon Eridani 2 consider ideal. The Sun, which has passed
the zenith, sets in a ruddy cloud that again reminds us of home. The tem-
perature quickly drops, and a brisk wind comes up. By midnight the tem-
perature is 17°C (63°F), and in the predawn hours it drops to 14°C (57°F).
We attribute this large day-night temperature differential to the high alti-
tude of the site we have selected and to the fact that sand does not retain
heat very well.

Just before liftoff at sunrise, we see tracks in the sand that appear to have
been made by four-legged animals. However, no life is in sight, and we
have been strictly warned to avoid the risk of contact with the bipedal ants.
According to our Earth sociology books, it is not unknown in the Sahara
Desert to see bipedal ants riding four-legged, long-necked animals.

As we blast off, in the distance I see objects moving slowly across the
sand. I get my hand telescope and take a magnified look. There is a scene
out of a picture book I saw about Earth when I was a child: Four Home
sapiens, each riding a four-legged, long-necked, hump-backed animal! 1
am astounded. Who would have guessed that the bipedal ants of the planet
Earth have progressed to such a level of sophistication that they employ
nenmechanized, nonpolluting modes of transportation? T expected, if T saw
any life at all in the Sahara, to see them riding crazily around in four-
wheeled, internal-combustion-propelled vehicles, tearing up what few
plants manage to survive in that environment. Maybe the bipedal ants are
not as harbaric as we have supposed.
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CONCLUSIONS

From what we have seen of Earth, it is a stormy, desolate place. We delib-
erately chose regions where intelligent life would not likely be found.
However, based on these observations, it is hard to imagine how any place
on Earth could allow humans to build a civilization without great struggle
and sacrifice. The hipedal ants must cooperate closely to build and main-
tain their anthills. But how can we know what these anthills actually are,
what they do, and why they exist until we can visit one of them?

We only looked at three places on Earth, and this is not a sufficient sam-
pling to know the nature of the planet as a whole. Perhaps there are fields
of green plants, or undamaged forests, or snowy mountains with small set-
tlements where the bipedal ants can revel in their surroundings and take
time to enjoy the art of living. Maybe there are clean lakes and rivers and
windy, empty prairies with small individual dwellings separated by enough
distance so their occupants do not become mentally and physically
deranged. We have heard rumors of such places, and our telescopic obser-
vations indicate that they might exist. For now, however, we must content
ourselves to visit only desolate regions. We have been told by our security
agencies that were these bipedal ants to encounter us, they might think we
had come to invade them and react with violence. Bven if they did not fear
us, they might capture and analyze us, as if we were created by the Cosmos
for no other purpose than to arouse and then satisfy their curiosity.

Refer to the text if necessary. A good score is 8 correct. Answers are in the back of
the book.

1. The Earth’s atmosphere at the surface consists of
(a) 21 percent oxygen.
(b) 78 percent oxygen.
(c) 1 percent carbon dioxide.
(d) 1 percent ozone.

2. At which of the following latitundes would an observer see the Sun for 24 hours
a day doring some parts of the year?
(a) 50°N.
(b) 23.5°N.
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(c) 45°8.
(d) 75°8.
. The Earth travels most rapidly in its orbit around the Sun during the month of
(a) January.
(b) April.
(c) July.
(d) October.
. The Earth’s core is believed to be
(a) extremely cold.
(b) a rarefied gas.
(c) comprised of basaltic rock.
(d) ferromagnetic.

. The Earth’s axis completes one complete cycle of precession approximately
every
(a) 18,000 vears.
(b) 12,900 vears.
(c) 25,800 years.
(d) 50,000 years.

. The crust of the Earth is thickest
(a) under continents.
(b) under the oceans.
(c) in the polar regions.
(d) No!The Earth’s crust is uniformly thick everywhere.
. Because of the generally clockwise flow of waters in the northern-hemispher-
ic oceans
(a) the U.S. West Coast gets a warm equatorial current.
(b) the U.S. East Coast gets a cold polar current.
(¢) the coast of China gets a warm equatorial current.
(d) the western coast of southern Africa receives a warm equatorial current.

. Temperatures over the ocean do not change very much between day and night

becanse

(a) the ocean heats and cools slowly so that it tends to keep the air tempera-
ture over it fairly constant between day and night.

(b) land masses radiate heat into the atmosphere at night, where it travels over
the oceans and keeps the air there from cooling off.

(c) the saltin the oceans regulates the temperature.

(d) No!Temperatures over the ocean change greatly between day and night.

. The chemical formula for ozone is
(a) O,
(b) NO..
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(c) O,
(d) CO,.
10. High- and low-pressure weather systems in the atmosphere are carried from
west to east at temperate latitudes by the
(a) oceanic currents.
(b) stratosphere.
(c) ionized layers.
(d) jet streams.
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Test: Part Two

Do not refer to the text when taking this test. A good score is at least 30
correct. Answers are in the back of the book. It is best to have a friend
check your score the first time so that you won'’t memorize the answers if
you wart to take the test again.

1. The polar ice caps of Mars consist of
(a) methane and ammonia ice.
(b) frozen nitrogen.
(c) frozen water and carbon dioxide.
(d) white sand exposed by the action of dust storms.
() clouds in the upper atmosphere.

2. A shepherd moon
(a) tends to grow in size by accumulating stray meteors and comets.
(b) acts to keep a planetary ring from spreading out.
(c) has several smaller moons orbiting around it.
(d) gets its name from the fact that shepherds once used it to keep track of
their sheep.
(e) is another name for a full moon.

3. If an object reflects one-quarter of the light that strikes it, then its albedo is
approximately
(a) 25.
(b) 2.5.
(c) 0.25.
(d) 0.40.
(e) 4.00.

4. 'The notion that the Earth is a huge, living cell is known as
(a) the geobiological theory.
(b) the Gaia hypothesis.
(c) the tidal theory.
(d) the geogenetic theory.
(e) Nothing! No one has ever had such an idea.

Copyright 2003 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.
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5. The full phase of an inferior planet takes place at and near

10.

(a)
(b)
(c)
(d)
(e)

(a)
()
(©
(d
(@)

(a)
(b)
(c)
(d)
(€)

(a)
(b)
(c)
(d)
(e)

(a)
(b)
(c)
(d)
(€)

superior conjunction.

inferior conjunction.

superior opposition.

inferior opposition.

No time; inferior planets never appear in full phase.

. The Roche limit of a planet is

the smallest orbital radins a moon can have without being broken up by
the parent planet’s gravity.

the minimum temperature at which oxygen in the atmosphere of a planet
can existin a gaseous state.

the maximum axial tilt a planet can have in order to be a hospitable place
for the evolution of life.

the smallest radivs a planet can have and still manage to hold down an
atmosphere.

the maximum amount of vltraviolet radiation that can reach a planet’s sur-
face without killing the living things on it.

. Deimos is

one of the moons of Mars.
one of the volcanoes on Mars.
the highland region on Venus.
one of the moons of Venus.
one of the moons of Mercury.

. The Sun is closest to Earth during the southern-hemispheric

spring.

summer.

fall.

winter.

[rrelevant! The Sun is always the same distance from the Earth.

. The layer of Earth just beneath the crustis called the

basaltic layer.
ferromagnetic layer.
mantle.

outer core.

volcanic layer.

The so-called greenhouse gases

(a)
(b)
(c)
(d)
(e)

help heat to escape from a planet.

increase ultraviolet radiation reaching a planet’s surface.
block unltraviolet radiation.

tend to trap heat in a planet’s atmosphere.

keep Earth from becoming like Venus.
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11.

12.

13.

14.

15.

16.

17.

Ozone gas is known for its

(a) tendency to block nltraviolet radiation.
(b) environmentally destruciive effects.
(c) greenhouse propetties.

(d) role in the ice ages.

() presence in low-level clouds.

The lack of a substantial magnetic field around Mars

(a) allows the existence of an ionosphere similar to that of Earth.
(b) allows an ozone layer to form in the Martian atmosphere.

(c) lets high-speed subatomic solar particles reach the surface.
(d) is the result of a magnetically polarized iron and nickel core.
(e) is the result of intense volcanic activity.

Uranus is

(a) about one-quarter the diameter of Earth.
(b) slightly smaller than Earth.

(c) about the same diameter as Earth.

(d) slightly larger than Earth.

(e) about four times the diameter of Earth.

On an Earth desert at high altitude, the temperature difference between day and
night is considerable becanse

(a) sand retains heat well.

(b) the wind blows hard.

(c) sand does not retain heat well.

(d) there is almost no wind.

(e) the air is thick.

The orbit of Venus is

(a) retrograde with respect to the orbits of the other planets.

(b) nearly a perfect circle.

(c) slanted at 98 degrees relative to Earth’s orbit.

(d) an eccentric ellipse.

(e) insync with its rotation, so it always keeps the same side facing the Sun.

A manned space vessel would not be advised to enter a low orbit around
Jupiter because

(a) the temperature is extremely low.

(b) there is not enough sunlight to navigate.

(c) the radiation reaches dangerous or deadly levels.

(d) there is no ozone layer.

(e) the planet spins rapidly on its axis.

Which of the following pairs of planets are both closer to the Sun than Mars?
(a) Mercury and Earth

(b) Earth and Saturn
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18.

19.

20.

21

22.

23.

() Saturn and Uranus
(d) Venus and Jupiter
(e) Earth and Neptune

The atmospheric pressure on the surface of Venus

(a) is near zero because Venus has almost no atmosphere.

(b) is somewhat less than the pressure at the surface of Earth.
(c) is about the same as the pressure at the surface of Earth.
(d) is slightly greater than the pressure at the surface of Earth.
(e) is much greater than the pressure at the surface of Earth.

Which of the following pairs of planets are almost exactly the same size?
(a) Mercury and Jupiter

(b) Venus and Mars

(c) Mars and Jupiter

(d) Uranus and Neptune

(e) Neptune and Pluto

When Jupiter is at inferior conjunction,

(a) it appears full.

(b) it appears half full.

(c) it appears as a crescent.

(d) it transits the Sun.

(e) No! Jupiter never attains an inferior conjunction.

On a long journey in interplanetary space, artificial gravity might be provided by
(a) special pressure suits.

(b) vigorous daily exercise.

(c) rotation of the living gquarters in the vessel.

(d) a massive slab of metal in the back of the ship.

(e) Nothing; there is no such thing as artificial gravity.

The term precession refers to

(a) the distortion of the geomagnetic field by the solar wind.

(b) the variation of Jupiter’s rotation rate with latitude.

(c) the wobbling of the Moon so that we see more than half of it over time.
(d) the wobbling of Earth’s axis over long periods of time.

(e) the ionization of Earth’s upper atmosphere.

A caldera is

(a) a mountain.

(b) a valley.

(c) an escarpment.

(d) a dried-up riverbed.
(e) a volcanic crater.

. On the planet Venus, Ishtar is

(a) a highland region.
(b) a volcano.
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25.

26.

27.

28.

29.

30.

(c)
(d)
(e)

a crater.
an escarpment.
another name for the cloud deck.

The layer of Earth’s atmosphere in which weather occurs is known as the

(a)
(b)
(c)
(d)
(e)

ionosphere.
isosphere.
troposphere.
stratosphere.
thermosphere.

Since the formation of the Solar System, the interior of Mars is believed to
have cooled off faster than the interior of Earth becanse

(a)
(b)
(c)
(d)

(e)

Mars is farther from the Sun than is Earth.

Mars has a thinner atmosphere than does Earth.

Mars rotates faster than Earth.

the surface-area-to-volume ratio is larger than that of Earth because Mars
itself is smaller.

No! Mars is believed to have cooled off more slowly than the Earth.

The light regions in Jupiter’s atmosphere, as seen through a telescope on Earth
or from a great distance away in space, are

(a)
(b)
(c)
(d)
(e)

whitecaps on the liquid surface.
SNOW.

the tops of high clouds.
blowing sand.

volcanic eruptions.

Some scientists think that the Pluto-Charon system ounght to be classified as

(a)
(b)
(c)
(d)
(€)

an asteroid.

a star.

a double comet.
a ring systern.

a shepherd moon.

Mercury does not often present itself well for observation because

(a)
(b)
(c)
(d)
(€)

it is extremely small.
it is extremely dense.
it is close to the Sum.
it is far from the Sun.
it always shows us its dark side.

The temperature on the dark side of Mars

(a)
(b)
(c)
(d)
(€)

is below 0°C.

is about the same as the temperature on the daylight side.
is a comfortable room temperature.

is hot enough to melt lead.

is near absolute zero.
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31.

32,

33,

34,

35

36.

37.

Jupiter’s Great Red Spot is
(a) a volcano.

(b) a mountaintop.

(c) anescarpment.

(d) a crater.

(e) a weather system.

The upper clouds of Venus rush around the planet, completing one revolution
in approximately

(a) one Venus day.

(b) one Venus year.

(c) 24 Earth hours.

(d) four Earth days.

(e) No! Venus has no clouds.

Saturn’s brightness, as we see it from Earth, is affected by
(a) the angle at which Saturn’s rings are presented to us.
(b) the distance of Saturn from the Sun.

(c) the tilt of Saturn on its axis.

(d) the temperature on Saturn’s surface.

(e) the distance of Earth from the Sun.

The meost abundant gas in Earth’s atmosphere is

(a) oxygen.

(b) hydrogen.

(c) helium.

(d) carbon dioxide.

() nitrogen.

An escarpment is

(a) a crater.

(b) a volcano.

(c) a tiny planetary moon.

(d) a moon that has escaped from a planet.

(e) a cliff.

The butterfly effect is another name for the fact that
(a) minor events always have small consequences.
(b) major events always have large consequences.
(c) minor events never have any consequences.

(d) seemingly insignificant events can have large consequences.
(e) life cannot exist on Mars.

When Mars is at an ideal opposition,

(a) itis closer to Earth than at any other time.
(b) itis farther from Earth than at any other time.
(c) itis brighter than Venus.
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(d) itis invisible because the light of the Sun washes it out.
(e) it appears in a crescent phase.

38. The meost abundant gas in the atmosphere of Mars is
(a) oxygen.
(b) nitrogen.
(c) methane.
(d) carbon dioxide.
(e) carbon monoxide.

39. Which of the following planets has not been observed to have rings?
(a) Mars
(b) Jupiter
(c) Saturn
(d) Uranus
(&) Neptune
40. Mercury is believed to have a core consisting of
(a) granite.
(b) water.
(c) solid metallic hydrogen.
(d) meolten silicate rock.
(e) iron.
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CHAPTER 9

Evolution of the Solar
System

On a clear night when the Moon is below the horizon, you get a feeling of
great depth as you look at the heavens. Some ancient stargazers surely
sensed this depth and decided that space must be a huge expanse and that
Earth must be insignificant compared with the whole. For a long time, how-
ever, this idea was unacceptable. If anyone thought about such things, they
kept their notions to themselves. Today’s astronomers theorize not only
about what the Universe is like now but also about how it and our own
Solar Systemn came into being and evolved to its present state.

A Word about Probability

In science, there are certain things we do not know, but we develop beliefs
according to what we can see and according to what we can obtain by using
mathematics and logical reasoning. We might say “such and such is true”
because we've seen it or because we've deduced it based on observations.
If we think something is true but aren’t certain, it's tempting to say that
“such and such is likely.” But we're still not sure.

HYPOTHESES AND THEORIES

Most of the material in this book, up until now, has been based on observed
facts (except, of course, for our “mind journeys”). The diameter of Earth
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can be measured, as can the temperature of the solar corona. It is taken as
a fact nowadays that Earth revolves around the Sun. However, the way the
Solar System was formed is not known with such certainty. No human ever
saw nor has any machine ever recorded that sequence of events. The best
we can do is propose a hypothesis, an idea of what we think took place.
Then we can make arguments, based on logic, observation, and computer
modeling, so that we can come up with a theory.

When people formulate a theory, it is tempting to say that something
“probably” happened in the distant past or that there is a “good chance”
that such and such exists in the Milky Way galaxy. This is a logical pitfall.
It is so easy to make this thought-process error that [ have probably comn-
mitted it somewhere in this book. (Whoops! I did it in that very sentence!)

A THEORY IS A BELIEF

An astronomer can say that he or she believes the Milky Way galaxy is
moving away from all the other galaxies in the Universe; some will
strengthen this into an opinionated statement of fact. If you say, “I think the
Universe started with an explosion™ or “I believe that the Universe started
with an explosion,” you are within your rights. Even if vou say, “The
Universe began with an explosion!” your staternent is logically sound,
although it must be understood that this is a theory, not a proven fact.
However, if vou say, “The Universe probably started with an explosion,”
you have committed the dreaded thought error, which, for lack of a better
name, [ call the probability fallacy. Whatever has been has been! Either the
Universe started with an explosion, or else it did not. (There are some peo-
ple who will argue that either statement can be true depending on how you
define the various arrows of timne, but I won’t get into that right now.)

The same holds true for other unknowns. A good example is the “prob-
ability that intelligent life exists elsewhere in the Universe.” Assuming
that we have defined the meaning of the word intelligent, we can confi-
dently say that such beings either exist or they don’t. If T say in this book
that the probability of intelligent life existing elsewhere is “20 percent,”
[ am in effect saying something like this: “Out of 1,000 observed
Universes, 200 of them have been found to have intelligent extraterrestri-
al life, but I don’t know which one of the 1,000 Universes [ happen to live
in.” This is nonsense!

When we think about how the Solar System was formed, we must keep
in mind that there is a definite reality, a specific sequence of events, that
took place to get us from that place where “all was dark and without form”
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to where we are now. Our task is to find out the truth and not to try to attach
artificial “probabilities” to things that have already happened or to things
that never took place at all.

WHEN CAN WE TALK ABOUT PROBABILITY?

Probability can be assigned to an event only on the basis of the results of
observations involving a large number of samples. Additionally, probability
makes sense only when talking about the future; it is irrelevant when deal-
ing with the past or present.

There are certain theories involving so-called fuzzy truth in which some
events can be considered to “sort of happen.” These theories involve degrees
of reality, and in such a scenario, probability can be used to talk about events
in the past, present, and future. The most common example of this kind of
theory is quantum mechanics, which involves the behavior of atoms, mole-
cules, and subatomic particles. Quantum mechanics can get so bizarre that
some scientists have actually said, “If you claim to understand this theory,
then you are lying.” Fortunately, we aren’t going to be dealing with anything
that esoteric in this book.

When statistics is misapplied, seemingly logical reasoning can be used
to support all manner of hogwash. It is done in industry all the time, espe-
cially when the intent is to get you to do something that will cause some-
one else to make money. Therefore, keep vour “probability-fallacy radar”
on. We are about to leap into territory where every good scientist needs it!

If you come across an instance where an author (including mysell) slips
and says that something “probably happened” or “is likely to take place,”
think of it as another way of saying that the author, or scientists in general,
believe or suspect that something happened or will take place.

Early Theories

Most ancient philosophers believed that all celestial objects were attached
to concentric spheres with Earth at the center. It never crossed their minds,
apparently, to inquire very much into what might lie outside those spheres.
Some thought that the outermost sphere was opaque, with little holes
through which an outside light shone. Some thought the stars were fires on
the inside of the outermost sphere.
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SIMPLE GEOCENTRIC THEORY

Eventually, observers noticed that there were some peculiarities about the con-
centric-sphere model of the Universe. The Sun did not always stay in the same
position relative to the stars. Some of the stars moved among the stationary
majority. These moving stars were called wanderers, or planets. Bach planel
was assigned its own sphere. The Moon had a sphere for itself, as did the Sun.

Figure 9-1 shows one of the earliest models of the Solar System out to
the planet Satwrn, which in ancient times was the most distant known object
except for the sphere containing the stars. Barth was believed to be at the
center of it all. The theory that Earth was at the center of creation has been
called the geocenlric theory. This theory underwent many variations,
refinements, and contortions before the bearers of conventional wisdom
saw fit to throw it out.

Figure 9-1. One of the earliest models of the Universe. Earth is at center. Numerical tags:
1 = Moon, 2 = Mercury, 3 = Venus, 4 = Sun, 5 = Mars, 6 = Tupiter, 7 = Satumn, § = stars.
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Some ancient astrologers (this is what astronomers were called in the
olden days) thought that since all these spheres rotated at their various
speeds and on their independent axes, there must be friction among them.
This friction must, they believed, create cosmic music, perhaps accompa-
nied by the singing of angels—hence the expression “the music of the
spheres.” Such a noise was considered too faint for ordinary human beings
to hear. However, privileged people claimed to hear it, and they assured
their conternporaries that it was beautiful. Today’s scientists will tell you
that this was nonsense, imaginary at best and a bad joke at worst. Sounds
made by distant celestial objects cannot reach Earth. Sound does not travel
through outer space.

THE PTOLEMAIC MODEL

The model shown in Fig. 9-1 was, after a time, seen to have certain short-
comings. It failed to explain certain things. According to the simple geo-
centric theory, all the planets would maintain a constant and uniform
motion, always in the same direction, with respect to the background of
stars. However, observers noticed that the planets do not behave this way.

Once in a while, a planet appears to stop, turn around, go backwards,
stop again, and then resume its normal forward motion among the stars.
Some planets do this more often than others. Plotting the position of a plan-
et over a period of weeks relative to the stars will reveal a loop (Fig. 9-2).
The astronomer Ptolemy, who lived during the second century A.D., devel-
oped a model, a variant of the geoceniric theory, that explained this phe-
nomenon. It became known as the Prolemaic model, and it endured for
centuries.

According to Ptolemy’s theory, rather than following a perfectly circu-
lar orbit around the Earth, each planet was assigned an orbit consisting of
two distinet components, called the deferent and the epicycle. The deferent
was a perfectly circular path around Earth, but the planet in question was
believed not to follow it. Instead, the planet was thought to follow the
epicycle, or smaller orbit, around a point in the deferent that in turmn was
theorized to maintain a constant motion around Earth (Fig. 9-3). If this
sounds a little strange to you, you are not alone. How can a single object
orbit around a point in empty space? Doesn’t that violate some principle of
physics? Of course it does! However, those principles had not vet been laid
down in Ptolemy’s time, and the theory of Ptolemy did an excellent job of
explaining the observations made by astronomers.
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Apparent path
of planet

Figure 9-2. The path of a planet, as seen from Earth against the background of stars,
occagionally does a “loop-the-loop.”

Planet

Epicycle

Deferent

Figure 9-3. An example of a deferent/epicycle planetary orbit.
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QUESTIONS AND DOUBTS

Ptolemy’s epicycle model was not perfect. On closer and closer scrutiny, it
was found that additional epicycles within epicycles were necessary to pre-
dict the exact position of a planet at any given future moment. This process
could continue ad infinitum, with smaller and smaller epicycles superim-
posed on one another endlessly. The believers in Ptolemy’s model began to
wonder why God was so perverse when He designed the Universe. (Some
scientists still ask this question.) A few people expressed cynicism and
veiled sarcasm.

Whenever a scientific theory or model appears to fit observed facts, it is
placed under an ongoing attack by skeptics. Their intent is not necessarily
malicious. The idea is to test the theory. This is how theories are refined.
Once in a while, however, a theory gets so awkward that scientists decide
that it should be scrapped and that the whole business ought to start over.
It’s “back to the drawing board!” This stage was not reached with regard to
the Ptolemaic model until the world’s attitudes had evolved past the intel-
lectual vacuum known as the Middle Ages.

An unfortunate Ttalian philosopher named Giordano Bruno was vocal
about his doubts in the latter part of the sixteenth century. He was con-
demned by the powerful church leaders and put to death in the year 1600,
A little while later, Galileo Galilei, another open skeptic, was confined to
house arrest and told to be silent for expressing similar doubts. The church
could not accept the idea that Earth does not sit at the center of all creation.

Heliocentric Theory

The “thought police™ of the church held less power in northern Europe than
they did in Italy. Proponents of the helioceniric (Sun-centered) theory were
taken seriously in places such as Germany, France, Poland, and England.

THE PIONEERS

Nicolaus Copernicus, a Polish astronomer, published a work in the early
sixteenth century suggesting that the Sun, not the Earth, must be at the cen-
ter of the Universe. (Remember that back in the sixteenth century the Barth,
the Moon, the Sun, and the planets basically defined the entire Cosmos. No
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one knew what the stars were, much less how they were distributed
throughout space.) The Earth, thought Copernicus, is a planet just like
Mercury, Venus, or Mars insofar as its importance in the overall scheme of
things. But Copernicus could not prove his theory to the complete satisfac-
tion of the authorities in his part of the world. If the Earth is moving, asked
the skeptics, why don’t we feel a constant wind from space? What force
could push the Earth? Why should such a force exist?

Another astronomer, Tycho Brahe, was involved with an ongoing
meticulous mapping and recording job. He kept careful records of the
positions of all the planets over a peried of time. Brahe had a German
assistant named Johannes Kepler who eventually formulated the three
fundamental rules for planetary motion, known as Kepler’s laws. Isaac
Newton put it all together and finally changed mainstream thinking. The
Earth had lost its exalted position, replaced by the Sun. The heliocentric
theory had survived the test of time and had become the conventional
wisdom.

KEPLER'S LAWS

Johannes Kepler published his famous rules of planetary motion early in
the seventeenth century. They can be stated briefly as follows:

Orbit of planet

Figure 9-4. Kepler’s first and second laws. The planet’s orbit is an ellipse with the
Sun at one focus, and equal areas (X) are swept out in equal periods of time ().
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* Each planet follows an elliptical orbit around the Sun, with the Sun
at one focus of the ellipse.

*  An imaginary line connecting any planet with the Sun sweeps out
equal areas in equal periods of time.

* For each planet, the square of its “year” (sidereal period) is directly pro-
portional to the cube (third power) of its average distance from the Sun.

Theoretically, it is possible for a planet’s orbit to be perfectly circular. A
circle is an ellipse in which both foei are at the same point. In reality, how-
ever, there is always some imperfection, so all planets follow orbits that are
slightly oblong.

Kepler did not originally call his rules laws. This label was attached later
by others. Kepler came up with his three principles and refined them over
a period of several years. The first two rules were finalized in 1609, and the
last one came out in 1618. The first two laws are illustrated in Fig. 9-4, and
third law is rendered graphically in Fig. 9-5.

Orbital
period
=8

Orbital

pericd

=R
R2 3
82 B g3

Figure 9-5.  Kepler’s third law. The squares of planets’ orbital pericds (R and S} are
propartional to the cubes of their mean orbital radii (r and s).
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The Tidal Theory

According to the fidal ftheory, the Sun originally had no planets or other
satellites. This theory suggests that our Sun formed alone and that the other
objects, including the planets and the major asteroids, came later.

RELATIVE MOTIONS OF THE STARS

The Milky Way, the spiral-shaped galaxy in which we dwell, is believed to
be 100,000 light-years across. A light-year is the distance that light travels
in 1 year, approximately 9.5 trillion (9.5 x 10" km or 5.9 trillion (5.9
10"y mi. Our galaxy has roughly 200 billion (2 < 10" stars, all revolving
around the nucleus like an enormous swarm of bees. According to current
theories, many of the stars bob up and down, above and below the galactic
plane, passing periedically through it. Some stars have highly eccentric
orbits around the galactic center.

Although the stars are tiny compared with the space between them, they
are in relative motion, and collisions or near misses occur once in a while
simply because there are so many stars. On average, however, according to
one estimate, an outright collision is an extreme rarity, taking place only
about once in every 10 billion (10" years for a typical spiral galaxy such
as ours. This is almost as old as the whole Universe is believed to be!
Nevertheless, those people who say that the Sun fell victim to a near catas-
trophe with another star cannot be discounted completely.

THE SCENARIO

Suppose that another star came close enough to the Sun that it and the other
star engaged in a gravitational tug-of-war. What would happen? For one
thing, the paths of both stars in the Milky Way would be altered; the two stars
would swing around each other. In fact, if they came close enough and the
speed was not too great, they would end up in orbit around each other.
Suppose, however, that the encounter was extremely close but at high speed
so that the two stars did not end up in mutual orbit? They would pull matter
from each other and scatter that matter into orbits around either star, where
the matter would cool, condense, and form dust, rocky ice chunks, and rocks.

Given time, the particles in orbit around the Sun would cealesce into
larger objects because of mutual gravitation. Bventually, several dozen
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spherical objects, perhaps comparable with the size of our Moon, would be
created. These objects would follow all kinds of different orbits because of
the chaoctic way in which the matter was scattered during the original bat-
tle of the stars. The result would be frequent collisions and further coalesc-
ing. Computer models can show that the end result would be a few large,
massive objects and countless tiny ones. This is, of course, the way we
observe the Solar System today.

DIFFICULTIES

There are problems with this so-called fidal theory. If this is the way the
Solar Systemn formed, the planets would all revolve around the Sun in dif-
ferent planes, and their orbits would be less circular and more elongated
than they are (Fig. 9-6). However, the actual state of affairs is far more
orderly. The planets all lie in nearly the same plane. With the exceptions of
Mercury and the Pluto-Charon system, their orbits are nearly perfect cir-
cles. All the planets revolve around the Sun in the same direction. For these
reasons, few astronomers today believe that the tidal theory is an accurate
representation of what happened. In addition, the fact that such catastro-
phes in general occur only once every several billion years, in our galaxy
at least, is a good reason to doubt that this theory explains how things took
place to create our Solar System.

233 2

The Nebular Theory

If a star has several times the mass of the Sun, ultimately it will explode in
a violent outburst called a supernova. These events leave entrails in
space—clouds of gas, dust, and rocks of various sizes—in their vicinity.
Such mass of debris can appear either light or dark through a telescope
depending on how the light of nearby stars shines on it. The cloud is called
a nebula.

THE STUFF OF STARS

Most nebulae form near the plane of our spiral-shaped Milky Way galaxy.
They are clearly visible in other spiral-shaped galaxies when those galaxies
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Figure 9-6. If the tidal theory were correct, the planets would have
elongated orbits (gray ellipses) in various planes.

present themselves edgewise to us. Some spiral galaxies are so thick with
nebulae that they appear split in two when we see them from within the
planes of their disks. Our Solar Systen is near the plane of the Milky Way,
and our galaxy, like all spirals, has plenty of nebulae. This keeps the sky
dark at night. If it were not for these obstructing clouds, the sky would be
almost as bright when the Sun is “down” as when the Sun is “up.”
According to the nebular theory, also called the rofating-cloud theory,
it is from these clouds that second-generation stars, such as our Sun, are
born. Evidence suggests that the Solar System formed approximately 4.6



CHAPTER 9 Evolution of Solar System

billion (4.6 % 10%) years ago from one of these. The Earth, all the other
planets, the asteroids, and the comets are all believed to have formed from
a cloud produced a long time ago in one or more Supernovae.

Asg you have already learned, the Sun takes about a month to rotate once
on its axis. Because of this, it is logical to suppose that the debris cloud
from which the Sun formed had some rotational momentum. Imagine a
hurricane forming from the clouds in the tropics. Have vou ever seen a
time-lapse satellite photo of this process? Think about the eddies or
whirlpools that form in the water as you pull a canoe paddle through.
According to the rotating-cloud theory, the Sun formed at the center of an
eddy in interstellar space.

THE ACCRETION DISK

Astronomers have shown that a cloud of debris, collapsing because of the
mutual gravitation among all its particles, would develop one or more vor-
tices, or whirlpools. Near each vortex, the matter would become aligned in
a plane, creating a rotating, disk-shaped cloud. It can be demonstrated by
computer modeling that the matter in such a cloud would condense into an
accrefion disk and thence into numerous discrete objects: a large central
mass (to become the Sun) and other, relatively small masses in orbit around
it (to evolve into the planets and their moons). One theory, proposed sever-
al centuries ago, took notice of this fact (without the help of computer mod-
eling, of course) and came to the conclusion that the matter orbiting the Sun
would congeal into rings before finally developing into solid planets.
Figure 9-7 is a hypothetical illustration of how the Solar System’s pri-
mordial cloud looked from a distance of about 100 astronomical units
(AU). In this example, the disk is viewed at an angle, neither face-on nor
edgewise, so that the nearly circular rings appear oblong. The Sun is at the
center, and it is about to start up its internal nuclear-fusion furnace. The
disk-shaped cloud, and in particular its rings, glow from the Sun’s increas-
ing radiance and from the light of other nearby stars. According to the rotat-
ing-cloud theory, the particles in the rings gradually pulled themselves
together over a period of millions of years into small objects called plan-
efesimals, and these ultimately accreted into the planets. Most of the non-
solar matter in the cloud found its way into the planet Jupiter; smaller
amounts congealed into the other planets. As the planetesimals aggregated
into larger objects, the matter in them swirled just as had the original par-
ent cloud. This explains why the planets rotate. It also explains why most
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Figure 9-7. The primordial gas-and-dust cloud according to the rotating-disk theory of
solar systemn formation,

planetary moons orbit in the same sense as all the planets orbit around the
sun and why most (but not all) planetary moons orbit near the plane of the
planets’ orbits.

The original version of this nebular theory is credited to two men who
lived during the eighteenth and early nineteenth centuries: Immanuel Kant,
a German philosopher, and Pierre-Simon Marquis de Laplace, a French
astronomer and mathematician. In particular, Laplace went into detail con-
cerning the motions of the various planets and moons. In recent decades,
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the nebular theory has been refined, especially in an attempt to explain why
the Sun rotates only once a month and not much faster. In addition, the
existence of the rings in the primordial accretion disk has been questioned.
Many astronomers believe that the matter simply clumped together into
larger and larger “particles,” ending up with the system of planets we now
have. The asteroids in the belt between Mars and Jupiter were prevented
from accreting into a planet because of the powerful gravitational influence
of Jupiter.

DIFFICULTIES

Certain questions remain difficult to answer—in particular the extreme tilts
of Venus, Uranus, and the Pluto-Charon systems on their axes. You will
remember that the axis of Venus is tilted nearly 180 degrees; another way
of saying this is that its rotation is retrograde. The nebular theory does not
specifically forbid this, although it suggests that most planets will end up
rotating in the same sense as they orbit around the Sun. In the case of
Uranus, some astronomers think that it was struck by an object so massive
that its rotational axis was “knocked flat” by the encounter. In that scenario,
both objects were nearly shattered; in the end, however, Uranus survived,
and the other object did not. The same thing may have taken place with
Venus and Pluto-Charon.

ARE WE TOO HOPE-DRIVEN?

The nebular theory explains why the planets orbit the Sun in a compara-
tively uniform manner. In addition, assuming that this theory is correct, we
have good reason to believe that there are many such systems in our Milky
Way galaxy, as well as in other galaxies, especially those of the spiral type
with their abundant interstellar gas and dust.

Astronomers have found evidence of other planetary systems. Flat, circu-
lar clouds or rings, thought to be accretion disks, have been observed by the
Hubble Space Telescope. If we actually are looking at stars with planets
forming around them or in orbit around them, then it means that our Solar
System is not a freak cosmic accident. If the Universe is teeming with plan-
etary systems like ours, it is tempting to believe that there are many Earthlike
planets too and that some of these planets have evolved intelligent life.

Critics of the nebular theory use the foregoing speculations against it.
They say that hope drives the thinking of the proponents of the theory
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and that this emotion interferes with rational reasoning. If our Solar
System is the only one of its kind in the whole Universe, they say, then
so what? We are here to bear witness to the miracle of life on Earth sim-
ply because we are one of its products!

DECLINE AND DEATH

Just as there are theories about how the Solar Systemn was formed, there are
notions concerning its long-term future. The ultimate fate of the Solar
System depends on its parent star, the Sun. Most astronomers believe that
the Sun eventually will swell into a red giant, burming up or vaporizing
Mercury, Venus, Earth, and Mars and perhaps blowing the gas away from
Jupiter, Saturn, Uranus, and Neptune. Then the Sun will shrink down and
die out like an ember in a dying fire around which living beings were once
encamped. Where those creatures, our distant descendants, will be by then
is a question that no theory can answer.

Refer to the text if necessary. A good score is 8 correct. Answers are in the back of
the book.

1. Imagine an alien star system in which Planet X has a mean orbital radius of
100 million (108) km from Star S and Planet Y has a mean orbital radins of 2
% 10° km from Star S (twice the mean orbital radius of Planet X). Suppose
that the “vear” for Planet X is equal to exactly one-half Earth vear (0.500 yr).
How long is the “year” for Planet Y ?
(a) 2.000 years
(b) 1.414 years
(¢) 1.000 year
(d) It can’t be figured out from this information.

2. The imperfections in Ptolemy’s theory were “corrected,” without rejecting the
whole theory, by
(a) adding epicycles within epicycles until the theory fit observed facts.
(b) placing the Moon at the center of the Solar System.
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(c) ignoring the distant stars.
(d) considering all the planets except Earth to orbit the Sun.

3. The planet Saturn orbits the Earth according to
(a) the geocentric theory.
(b) the heliocentric theory.
(c) Kepler’s theory.
(d) Newton’s theory.
4. Which of the following is nof a good argument against the tidal theory?
(a) The planets all orbit the Sun in nearly the same plane.
(b) The planets all orbit the Sun in the same direction.
(c) Stars can never pass so close that they pull matter from each other.
(d) None of the planets have extremely elongated orbits.

5. How likely is it that beings like us exist elsewhere in the Milky Way galaxy?
(a) Not likely
(b) Somewhat likely
(c) Very likely
(d) This is a meaningless question. Either there are such beings or there
aren’t.

6. Which of the following statements is implied by Kepler’s laws?
(a) A planet moves fastestin its orbit when it is farthest from the Sun.
(b) Planets far from the Sun take longer to complete their orbits than planets
closer to the Sun.
(c) All the planets’ orbits lie in exactly the same plane.
(d) All the planets’ orbits are perfect circles.

7. According to the Big Bang theory of Solar Systemn formation,
(a) The planets formed when the primordial Sun exploded, casting some of its
matter into space.
(b) The planets evolved from a rotating cloud of gas and dust.
(c) The planets were formed from matter ejected from a huge solar volcano.
(d) Forget it! There is no Big Bang theory of Solar System formation.

8. According to one theory, Uranus has an axis that is tilted to such a great extent

becanse

(a) the planet was not massive enough for its equator to align itself with the
plane of its orbit.

(b) a large primordial object smashed into Uranus and tipped it over.

(c) sooner or later such a tilt will be exhibited by all the planets.

(d) the gravitational effect of Neptune pulled the axis of Uranus out of
kilter.

9. For publishing his theories in the sixteenth century, Giordano Bruno was
(a) knighted by the Queen of England.
(b) made the official astronomer of the Vatican.
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(c) ignored.
(d) executed.
10. When the earliest models of the Solar System were formulated, the most
distant known planet was
(a) Mars.
(b) Jupiter.
(c) Saturn.
(d) Uranus.



CHAPTER 10

Major Moons of the
Outer Planets

The so-called outer planets are Jupiter, Saturn, Uranus, Neptune, and Pluto
{although some people debate whether or not Pluto qualifies as a planet).
All these planets have moons, some of which are bigger than Earth’s moon.
In this chapter, we’ll look at planetary moons larger than 1000 km (620 i)
in diameter.

Most of the moons of the outer planets always keep the same side fac-
ing their parent planets. This is the result of long-term tidal effects and is
the same phenomenon as that which has happened to Earth’s moon. Most
of the moons of the outer planets orbit near the equators of their parent
planets and in the same direction as the planets’ rotations. In the cases of
Jupiter, Satwrn, and Uranus, the planet-moon systems are thought to have
evolved like star systems in miniature.

Now that astronomers have had a chance to closely examine (by means
of space probes) the major moons of the outer planets along with the planets
themselves, how can anyone not be amazed at the variety of worlds our
Solar System has produced? The more we leam about these worlds, the
more mysterious they become.

Copyright 2003 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.
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Jupiter’s Major Moons

Jupiter, the largest of the planets, has a system of moons that resembles a
miniature “Solar System™ with Jupiter as the “Sun.” Four of these moons
can be seen through a good pair of binoculars or a small telescope. Galileo
Galilei observed them and carefully recorded their behavior in the early
1600s. Their images were starlike points of light that appeared along a
straight line passing through Iupiter’s disk. Galileo deduced that these
points of light were natural satellites, or moons, because their relative posi-
tions changed from night to night in a way consistent with bodies traveling
in more or less circular paths around Jupiter. These four little worlds, and
only these four—Ganvmede, Callisto, Io, and Europa—are called the
Galilean moons in memory of Galileo.

GANYMEDE

This moon, Jupiter’s largest, is 5,270 km (3,270 mi) across, a little less than
half the diameter of Earth but larger than Earth’s moon. Compared with
Jupiter, Ganymede is tiny (Fig. 10-1). The satellite orbits Jupiter in a nearly
perfect circle at a distance of about 1.1 million km (660,000 mi). Like vir-
tually all planetary moons, Ganymede orbits near the equator of its parent
planet and revolves in the same direction that the planet rotates. Also like
most planetary moons, Ganymede keeps the same face toward Jupiter at all
times. At the surface of Ganymede, the gravitational field is only about 13
percent as strong as it is on Barth’s surface. Thus, if you weigh 140 Ib on
Earth, you would weigh only 21 Tb on Ganymede.

Ganymede is believed to consist of a metallic core surrounded by rocky
material, in tun swrrounded by a crust of rock mixed with ice. The moon’s
density is approximately twice that of water. The surface was seen close up
by the Voyager probe, and a number of features were observed, including
many craters, evidence that Ganymede has been bombarded by meteorites.
The shallow nature of the craters suggests that the surface of Ganymede is
largely made of water ice. At the extreme cold temperatures at Jupiter’s dis-
tance from the Sun, ice behaves something like rock on Earth’s surface.
However, over time the ice flows and settles so that the mountains and rims
of the craters flatten out gradually. Nevertheless, this ice maintains crater
imprints for millions of years.

Ganymede, like most of the other moons of the outer planets, has little
or no atmosphere, although Ganymede has enough of a gravitational pull to
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Figure 10-1. The relative sizes of Jupiter’s largest moon Ganymede,
the planet Earth, and the planet Tupiter.

hold down trace amounts of oxygen and other gases. The presence of water
(in the form of ice) and oxygen in the environment of Ganymede does not
imply that this moon bears life; temperatures are too cold and conditions
far too tranguil for anything biological to evolve the way it has on our plan-
et Barth. One of the ingredients for the development of life as we know it,
interestingly enough, is an environment subject to change.

CALLISTO

The second largest moon of Jupiter, Callisto, is 4,800 km (3,000 mi) in
diameter, nearly as large as Ganymede. It is about the same size as the planet
Mercury. Callisto orbits Jupiter almost twice as far away as Ganymede:
1.9 million km (1.2 million mi). Callisto is the outermost of Jupiter’s
four large Galilean satellites. The density of Callisto is similar to that of
Ganymede; it has about 1.8 times the specific gravity of water. The inte-
rior structure of Callisto appears to differ somewhat from that of
Ganymede because Callisto reflects less light. Some regions of Callisto
are almost black, whereas others are bright. The oldest geologic features
appear in the darker areas.

Callisto is covered by impact craters, as we would expect for a satellite
of the planet with the most powerful gravitational field in the Solar System.
There are also markings that look like concentric rings when photographs
of this moon, taken by the passing Vovager, are examined. The most com-
monly held belief is that these “bull’s-eye” features are the remnants of
craters produced by gigantic objects that smashed into Callisto in the early
ages of the Solar System, just after the formation of Jupiter and its moons,
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when Callisto was still in a molten or partly molten state. Some of these
features are thought to be in excess of 4 hillion years old.

Despite the fact that Callisto is heavily cratered, the depths of the craters
and the heights of the mountains associated with them are fairly shallow.
This suggests a smoothing-out process that has taken place since most of
the craters were formed. This is the same sort of thing that seems to have
occurred on Ganymede. Callisto also has features that are believed to be
eroding; these were first seen in a 2001 space-probe flyby and have been
described as “spires” or “knobs” several hundred meters high. It is not clear
how these structures were formed.

Some astronomers speculate that Callisto has a salty sea beneath its
outer crust of rock and ice. This idea has come from the fact that there are
numercous bright spots on the surface consisting of water ice that looks as
if it flowed out of some of the craters and froze on the exterior. If this model
is correct, then large meteorites siriking Callisto occasionally have punc-
tured the solid crust and created holes through which the subsurface ocean
spilled out and froze solid when exposed to the cold. After such a crater
formed, it would fill up with ice, creating the bright spot. Observations and
analyses of the magnetic field, or magnertosphere, surrounding Callisto lend
further support to the subsurface-ocean theory. The Galileo space probe,
which began observing Callisto in the 1990s, has detected the presence of
a magnetic field that behaves in a way consistent with the presence of a
conductive liquid beneath the surface. Salty water is a fairly good electri-
cal conductor and could carry currents sufficient to generate the magnetic
field that has been observed.

10

Many astronomers thirnk that To, the third-largest moon of Jupiter, is the
most interesting object in the Solar System other than our own Earth. When
the first photographs of this moon were returned by space probes, scientists
could hardly believe their eyes. Rather than a desolate, cratered scape typ-
ical of most other moons and asteroids in the Solar System, Io’s surface
looked like a pizza.

To is 3,630 km (2,260 mi) in diameter, somewhat smaller than either
Ganymede or Callisto. To is also the innermost major moon of Jupiter.
Because of its proximity to Jupiter and its orbital position with respect to
the other major moons, Io is constantly bearing the forces of a gravitational
tug-of-war. This heats up the whole moon because of tidal flexing in much
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the same way as a piece of wire heats up if you bend it back and forth. The
heat boils away water from the surface. As a result of this, and also
because [o appears to have an iron core, the density of this moon is rela-
tively high.

Io’s constant internal heating produces volcanic activity that has been
photographed by space probes. If you could stand on the surface of Io,
you would weigh only about 18 percent of your weight on Earth, but
you would, if you didn’t know better, think it reasonable to suppose that
you had gone to hell. Sulfur and other molten rock compounds are
abundant on this little world. There are no impact craters visible from
space; the constant flow of volcanic lava on the surface erases them
before they can become old. There are plenty of volcanic calderas,
however. Mountains several kilometers high also have been seen. Io has
a thin atmosphere. This is the sort of thing we would expect from con-
stant emission of gases from volcanoes.

EUROPA

Europa is the smallest of the Galilean moons, with a diameter of 3,140 km
{1,950 mi). It orbits only 670,000 km (420,000 mi) from its parent planet.

Europa has a high albedo (proportion of light that it reflects), unlike
almost all other planetary moons. When this moon was photographed close
up by the space probes and the light from its surface was analyzed, scien-
tists concluded that it is water ice. Europa has high density, however, sug-
gesting that this water is only a thin veneer over a predominantly rocky
planetoid. The surface is crisscrossed with fracture lines that resemble
those in the Barth’s Arctic and Antarctic ice shelves. This suggests that the
ice is the frozen surface of an ocean that covers the entire moon. There are
very few impact craters visible on the surface. Astronomers think that lig-
uid water from underneath the ice periodically floods the surface and
freezes over, erasing old surface features and creating new ones. There is a
thin atmosphere consisting largely of oxygen.

Europa has a weak magnetosphere. There are two theories concerning
the origin of this magnetism: electric currents in a salty sea or electric cur-
rents in an iron core. The intensity of this field is affected by Jupiter’s vastly
more powerful magnetic flux.

Whenever scientists find water on an extraterrestrial body, they are
tempted to speculate concerning the evolution of life. There is only one
way to find out if there are strange, fascinating marine organisms beneath



L 246 4 PART 3  Solar System Dynamics

Earth

Ganymede Callisto

Europa

O 0oo

— T

Curve representing
Jupiters relative size

Figure 10-2. The relative sizes of Jupiter’s four Galilean satellites, along with Earth, as
they would appear if placed size by side. Jupiter (gray curve) dwarfs them all.

the ice of Europa: Send a probe down to land on the surface and drill holes
in the ice! Someday, if astronomers get their way, this will be done.

Figure 10-2 shows the four major satellites of Jupiter, along with the
Earth and the curvature of Jupiter itself for size comparison.

Saturn’s Major Moons

Saturn has more known natural satellites than any other planet. Most
of Saturn’s moons are ice-covered orbs; the smaller ones are irregular
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chunks, some of which are doubtless asteroids that were captured by Saturn
long after the planet and its main moon systern were formed. Only five of
Saturn’s moons exceed 1,000 km (620 mi) in diameter. These are Tifan,
Rhea, lapeius, Dione, and Tethys.

TITAN

The largest and most interesting satellite of Saturn is Titar, measuring 5,150
km (3,200 miles) in diameter. It is almost as large as Ganymede, Jupiter’s
largest moon. Nevertheless, the gigantic, gaseous planet Saturn dwarfs it
{(Fig. 10-3). Titan is the only planetary moon that has a significant atmosphere.
As viewed through the most powerful telescopes, and even from space probes
flying by, Titan looks something like an orange little sister of Venus. The cloud
layer is so thick that it hides the surface features from visual view.

The atmosphere of Titan is comprised mainly of nitrogen and methane
and is cold by Earthly standards, far below 0°C at the surface. The atmo-
spheric pressure at the surface is about half again as great as the normal
atmospheric pressure at the surface of the Barth. Thus, although we would
not be able to breathe Titan's “air,” we would at least not have to worry
about being crushed to death by its pressure, as would be the case on Venus.

The main reason scientists find Titan so interesting is that it contains an
abundance of organic chemicals. The term organic does not mean that
these chemicals were produced by or are necessarily indicative of living
things in the environment. Methane and ethane, hydrocarbons similar to
natural gas, are considered organic because they have the potential to give
rise to amino acids under the right conditions. The impact of a large mete-

Satum
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/0

Earth

Figure 10-3. The relative size of Saturn’s largest moon Titan, the planet Earth,
and the planet Saturn. The rings are shown edgewise, in proportion.
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orite or comet or an electrical discharge caused by a thunderstorm creates
the high temperatures necessary for the formation of amino acids, which
are the building blocks of life.

Titan is a candidate for exploration by humans. The main problem to
be overcome in such a visit, besides the enormous distance that separates
the Saturnian system from Earth, is the powerful magnetic field sur-
rounding Saturn, which accelerates subatomic particles from the Sun,
producing intense belts of ionizing radiation. Although this radiation is
less intense than that in the vicinity of Jupiter, it is still much greater than
the intensity of the Van Allen radiation belts surrounding the Earth.
Anyone who lands on Titan also would have to be prepared for the pos-
sibility of hitting a turbulent, liquid hydrocarbon surface, perhaps with
floating icebergs of frozen methane and heavy methane rain or snow
blowing down out of the red sky.

RHEA

Rhea is 1,530 km (950 mi) in diameter. It orbits in an almost perfect circle
530,000 km (330,000 mi) from its parent planet. This moon is only a little
more dense than water, and this fact has led astronomers to conclude that it
must be comprised mainly of ice and very little rocky material.

Rhea, like most moons, keeps the same face toward Saturn at all times.
As a result, one side of the moon “leads the way” through space, whereas
the opposite side “trails behind.” There is a considerable difference in the
appearance of the leading side of Rhea compared with the trailing side. The
leading side is as densely packed with craters as any part of Earth’s moon,
even though the surface of Rhea is mostly water ice. The trailing side has
far fewer craters. This would be expected because the leading side would
be more exposed to bombardment by meteorites.

Most of the rock in Rhea is believed to be contained in a small core. The
moon’s small size and its relatively large distance from Saturn prevent heat-
ing from tidal effects, keeping the surface far below 0°C and hardening the
ice so that it resembles granite and can maintain crater and mountain for-
mations for a long time. Rhea has essentially no atmosphere.

TIAPETUS

Tapetus orbits at a great distance from Saturn: 3.6 million km (2.2 million mi).
Its diameter is about 1,450 km (900 mi). Like Rhea, Iapetus is only a little
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more dense than water, and analysis of light reflected from its surface indicates
that this moon is made up mostly of water ice.

The leading side of Iapetus is much darker than the trailing side. This is
the opposite of the situation with Rhea. The contrast is great; the leading
side is nearly as white as snow, whereas the trailing side is nearly as dark
as tar. Also in contrast with Rhea, most of the craters on lapetus are on the
trailing side. This has caused some befuddlement among astronomers. Did
something stain the leading side of lapetus and cover up the craters there?
Did this “dye” come from inside lapetus, or did it come from space? Or is
it the result of some reaction of material on the surface with ultraviolet light
or high-speed particles from the Sun?

Tapetus is the only major moon of Saturn that does not orbit almost
exactly in the plane of Saturn’s equator. Instead, Iapetus is inclined by 15
degrees. One theory concerning this inclination is that lapetus did not form
along with the Saturnian system but instead was once a huge wandering
protocomet or planetoid that was captured by Saturn’s gravitation. Another
theory holds that Tapetus originally orbited in the plane of Saturn’s equator
but was knocked out of kilter by a large asteroid.

DIONE

Dione has a diameter of 1,120 km (690 mi) and orbits Satum in an almost
perfect circle at a distance of 377,000 km (234,000 mi). Dione’s density is
about 1.4 times that of water. This fact and the analysis of the light reflect-
ed from its surface indicate that Dione, like most of the other moons of
Saturn, is made up largely of water ice. It is thought that the proportion of
ice to rock is higher near the surface and lower near the core.

There are variations in the reflectivity of the surface of this moon, but the
demarcation is not as great as is the case with lapetus. The leading side is
generally brighter than the darker side. The trailing side has wispy markings
that suggest that volatile material, perhaps water vapor, has escaped from
the interior and fallen back on the surface to freeze. Some areas of Dione
are heavily cratered, whereas other regions contain virtually no craters.

Dione exhibits a property that is sometimes found in the satellite sys-
tems of large planets: orbital resonance with one of the other moons. In this
case the other moon is Enceladus, one of the minor satellites of Saturn.
‘While Dione takes 66 Earth hours to orbit once around Saturn, Enceladus
takes 33 hours, exactly half that time. Orbital resonance effects are caused
by mutual gravitation between celestial objects, such as moons, when they
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Uranus’

both orbit around a common, larger object, such as a planet. This resonance
effect is believed to be responsible for tidal forces on Enceladus that cause
it to generate heat from inside.

TETHYS

Tethys has a diameter of 1,060 km (660 mi) and orbits Satwn at a distance
of 290,000 km (180,000 mi). Like Dione and Rhea, this satellite is believed
to consist mainly of water ice with some rocky material mixed in.

Tethys is noted for its long surface canyon and for a crater that is gigan-
tic compared with the size of the moon itself. The size of this crater and the
presence of the fracture suggest that a large asteroid smashed into Tethys
and nearly broke the moon in two. Gravity, however, pulled the object back
together again. According to one theory, Tethys was ligquid at one time, and
if this was the case when the violent impact took place, it might have saved
the moon from being pulverized.

Like Dione, Tethys is involved in an orbital resonance with one of
Saturn’s minor moons, Mimas. Mimas orbits the planet twice for every
orbit of Tethys. There are also two tiny moons that orbit in exactly the same
path around Saturn as Tethys but 60 degrees of arc (one-sixth of a circle)
ahead and behind it. This is a common phenomenon for major satellites of
planets and stars that have nearly circular orbits and is a result of gravita-
tional interaction between the moon and its parent planet or between the
planet and its parent star. The points 60 degrees ahead and behind an object
in a nearly circular orbit are known as the Lagrange poinis.

Figure 10-4 shows the five major satellites of Saturn, along with the
Earth and the curvature of Saturn itself for size comparison.

Major Moons

Uranus has numerous moons. Four of them can be considered major satel-
lites, in the sense that they have diameters greater than 1,000 km (620 mi).
These four moons are Titania, Oberon, Umbriel, and Ariel. As we have
already learned, Uranus is tilted on its axis so much that its equator lies
almost perpendicular to the plane of its orbit around the Sun. The moons of
Uranus orbit in or near the plane of the planet’s equator, rather than the
plane of the planet’s orbit around the Sun. This is to say that the entire plan-
et-moon system is tipped almost perfectly on its side.
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Figure 10-4. The five largest satellites of Saturn, along with Earth, as they would
appear if placed in ¢lose proximity. They are all tiny compared with Satum (gray curve).

The major moons of Uranus are believed to resemble “dirty snow-
balls,” a mixture of water ice and rock. The minor moons, with the excep-
tion of Miranda, are much smaller than the major ones and in some sense
can be considered captive comets, containing a higher proportion of ice
and less rocky material. None of the moons of Uranus has any apprecia-
ble atmosphere. Like most of the moons of major planets, they each keep
the same side facing their parent at all times, and their orbits are nearly
perfect circles.

TITANIA

Titania, the largest moon of Uranus, is only 1,580 km (980 mi) in diameter.
It orbits its parent planet at a distance of 436,000 km (271,000 mi). Titania
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is much smaller than Uranus and between one-eighth and one-ninth the
diameter of the Harth (Fig. 10-5). Observations of this moon and analysis of
the light reflected from its surface indicate that it is made up of approxi-
mately half water ice and half rocky material.

In addition to the usual craters, the surface of Titania has long cracks or
valleys. The reason for the existence of these fracture zones is unknowrn,
but one popular theory holds that Titania was liquid at one time and then it
froze from the outside in. As the water beneath the surface froze, the ice
above cracked because water expands when it freezes. Another theory sug-
gests that heat from the interior produces occasional eruptions of hot liquid
or gas that penetrates the surface.

OBERON

Oberon is just a little bit smaller than Titania, with a diameter of about
1,520 km (950 mi). It orbits Uranus at a distance of 583,000 km (362,000
mi). This moon has a composition similar to that of Titania, but there is
some indication that the surface features are older. Fracture zones exist, and
their origins suggest that Oberon was geologically active for a while after
it formed, but it appears as if Oberon has been a “dead world” for much of
its existence.

One of the most interesting features of Oberon is dark material inside
many of its craters. The surface consists largely of water ice. At Uranus’
distance from the Sun, ice is as hard as granite unless heating occurs as a
result of some other action such as tidal forces or internal activity. Neither
of these factors seems to play a role on Oberon, and this makes the origin
of the dark material somewhat mysterious. Some astronomers think that the
dark material is volcanic lava, but there is little evidence to support this

Titania

o

Figure 10-5.  The relative size of Uranus” largest moon Titania,
the planet Earth, and the planet Uranus.

Earth
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kind of activity on Oberon. Another theory holds that the floors of these
craters are relatively smoother than the surrounding terrain and that this is
why they appear darker. When a large meteorite strikes an icy body such as
Oberorn, the heat of impact melts the ice in and around the point of impact.
The liguid water peools inside the crater and then refreezes, producing a
smooth landscape that reflects relatively little light. You have seen this
effect if vou have ever looked at a smooth, well-kept outdoor skating rink
swrrounded by snow.

UMBRIEL

This satellite has a diameter barely large enough to satisfy our arbitrary
minimum size limit to qualify it as a major moon: 1,170 km (730 mi). It
orbits 266,000 km (165,000 mi) above its parent planet and takes a little
more than 4 Earth days to revolve once around.

Umbriel is notable for its low albedo. The surface is almost entirely
charcoal black. The only reason we can see it at all is that it isn't a perfect
light absorber; it reflects approximately one-fifth of the light it receives
from the Sun. The orb resembles a gigantic dirty ice ball. Most of the solid
material on the surface is water ice mixed with rocky material, but there
also appears to be some frozen methane and trace amounts of other frozen
elements and compounds that are gases in the familiar environs of our
planet Earth.

The entire surface of Umbriel is pitted with craters. One feature, a
bright ringlike mark, is thought to be the outline of a crater in which the
rim mountains have more exposed ice than either the interior or exterior
lowlands. Umbriel shows no signs of geologic activity in the recent past
{meaning within the last several million years). Some scientists believe
that it has not undergone much change since it was formed as part of the
Uranian systern.

ARIEL

Ariel is, in terms of size, practically a twin of Umbriel. It measures 1,160
km (720 mi) in diameter. It is much closer to Uranus, orbiting at a mean
altitude of 190,000 km (120,000 mi). Tt takes only 2% Earth days to orbit
once around the planet. Like all the other moons of Uranus, Ariel orbits
in a nearly perfect circle and keeps the same face toward Uranus all the
time.
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Ariel reflects about twice as much light as Umbriel, leading astronomers
to surmise that its surface consists of relatively more icy material and less
rock. The whole surface is cratered, but there are huge rift valleys and
canyons too. There is evidence that a mixture of liguid ammonia and methane
once flowed across the surface of this moon.

The long cracks in the surface of Ariel suggest that the moon has expanded
or confracted since it was formed, resulting in fault lines. Some of the canyons
have ridges inside them, as if liquids once flowed out from the interior and then
froze solid when exposed to the chill of space in the outer Solar System.

Figure 10-6 is a size comparison of Titania, Oberon, Umbriel, and Ariel,
along with the Earth and the curvature of Uranus.

Earth

Titania Umbriel

() @) o) o

Oberon Ariel

Curve representing
Uranus’ relative size

Figure 10-6. The four largest satellites of Uranus, along with Earth, as they would appear
if placed in close proximity. The relative size of Uranus is represented by the gray curve.
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Moons of Neptune and Pluto

The two cutermost known planets in our Solar System, Neptune and Pluto,
each have only one moon that is more than 1,000 km across. Neptune's
lone major satellite is called Trifon, and Pluto’s is called Charon.

TRITON

Neptune’s dominant moon has a diameter of 2,700 km (1,680 mi). It orbits
at 383,000 km (240,000 mi) from Neptune, just about the same distance as
Earth’s moon is from Barth. Figure 10-7 compares Triton in terms of size
with Earth and Neptune.

This little world has the distinction of possessing the chilliest surface of
any known plaret or moon, approximately —235°C (—390°F). Triton is
also unigue in another way, for it is the only known moon in our Solar
System that orbits its parent planet in the opposite direction from that of the

Earth

o Triton

Curve representing
Neptune's relative size

Figure 10-7. Triton as it would appear if placed next to our own planet Earth.
The relative size of Neptine is shown by the gray curve.
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planet’s rotation. As if this does not make Triton peculiar enough, its orbit
is greatly tilted with respect to the plane of Neptune’s equator.

Measurements of Triton’s density indicate that it is made up of relatively
less ice and more rock than the other major moons of outer planets. This
fact, along with the retrograde orbit, has given rise to the theory that Triton
was not originally a moon at all but instead was a planet in its own right
when the Solar System was formed. It ventured too close to Neptune, and
the large planet captured it. Strangely, however, Triton’s orbit is essentially
a perfect circle, and this fact can be used to argue against the “once it was a
planet” hypothesis. Triton keeps the same side facing Neptune all the time,
but this generally takes place with planetary moons as the parent planets’
gravitational fields create tidal bulging over millions of years, pulling the
rotation and revolution rates into synchronicity.

Triton has an atmosphere, but it is so thin that it would make a good lab-
oratory vacuum for most Barthly purposes. The surface is believed to contain
frozen methane along with nitrogen ice because of the pinkish cast to much
of its surface. Clouds form occasionally, and these apparently consist of tiny
particles of frozen nitrogen. There is evidence of wind erosion on the surface.

Volcanic activity apparently occurs on Triton, but the eruptions are entirely
different from the voleanoes we know on Earth or from those that dominate the
surface of Jupiter’s restless satellite, To. Instead of hot lava from the interior,
the ejected material is believed to be liquid nitrogen or methane that freezes as
soon as it comes into contact with the bitter-cold surface environment.

CHARON

Charon, with a diameter of 1,190 km (740 mi), is the only known satellite
of Pluto. Charon is small in absolute terms, but it is significant compared
with Pluto. Figure 7-11 (in Chap. 7) compares Charon for size with Earth
and Pluto. Charon orbits Pluto at an average distance of approximately
20,000 km (12,500 mi). Charon is unique not only in that it is the largest
moon in size relative to its parent planet, but it is also extremely low in its
orbit. In fact, the two bodies tidally affect each other to the extent that they
always keep the same sides facing each other.

Charon is believed to be composed of essentially the same stuff as Pluto,
a combination of rocks and ices. Charon’s surface, however, is mainly
frozen water, unlike that of Pluto, which is largely frozen nitrogen with
traces of methane ice. While Pluto has a pinkish or reddish tinge when
observed in visible light, Charon appears gray.
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Some astronomers think that Charon and Pluto are surviving members
of an originally much larger group of icy, comet-like bodies in orbits out-
side that of Neptune. According to one theory, most of these objects con-
gealed to form Pluto and Charon. During this process, there were countless
collisions. Some objects got hurled in toward the Sun and became comets
in the classic sense as they got close enough to the Sun to develop tails. The
collisions also gave the Pluto-Charon system its eccentric orbit around the
Sun. While major collisions of these outer denizens of the Solar Systemn are
a thing of the past, smaller collisions and gravitational interactions still take
place, and every few years a new comet happens across the watchful eye of
some comet-seeking astronomer.

The Pluto-Charon system seems distant and insignificant as you read
about it in a book, but Pluto and Charon are relatives of objects that have
played cruecial roles in the evolution of life on our planet. Some scientists
think that a comet brought the first primitive life forms to Barth or pro-
duced the energy necessary for amino acids to form. A comet is believed to
have struck the Earth in the present-day Gulf of Mexico about 65 million
years ago, leading to the extinction of dinosaurs and an upsetting of the ter-
restrial equilibrinm that, had it not been perturbed, would still give sanctu-
ary to the giant ruling lizards today.

2o

Refer to the text if necessary. A good score is 8 correct. Answers are in the back of
the book.

1. Most planetary moons rotate on their axes
(a) once for every orbit they complete around their parent planets.
(b) in a retrograde manner.
(¢) perpendicular to the axes of their parent planets.
(d) in synchronicity with the parent planet’s rotation on its axis.

2. The greatest danger that will face astronauts who plan to visit any of the inner
mooens of Jupiter or Saturn is
(a) the parent planet’s radiation belts.
(b) the moon’s gravitation.
(¢) the moon’s lack of an atmosphere.
(d) the lack of sufficient visible light.
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. Tethys and Mimas are notable because they
(a) orbit each other.
(b) are in orbital resonance with each other.
(c) have retrograde orbits.
(d) both have exceptionally high albedo.

. Continnous, moonwide volcanic activity is observed on
(a) Ganymede.
(b) Io.
(¢) Charon.
(d) mno planetary satellite.

. Umbriel is a moon of
(a) Jupiter.
(b) Saturn.
(c) Uranus.
(d) Neptune.
. Which of the following is a Galilean moon of Saturn?
(a) Ganymede
(b) Titan
(c) Triton
(d) There are no Galilean moons of Saturn.
. The Lagrange points in a satellite’s orbit are the result of
(a) radiation from the Sun.
(b) wvolcanic activity on the parent planet.
(¢) thermal heating from inside the satellite.
(d) gravitational interaction.

. Which of the following moons is noted for its difference in albedo between the
leading side and the trailing side?
(a) Charon
(b) Titan
(c) lapetus
(d) Callisto
. The planetary moon with the most extensive atmosphere is
(a) Titan.
(b) Charon.
(c) Deimos.
(d) Rhea.
. On the surfaces of moons of the outer planets, water ice has a hardness and
consistency similar to that of
(a) molasses at room temperature.
(b) putty at room temperature.
(¢) rock at room temperature.
(d) steel at room temperature.



Comets, Asteroids, and
Meteors

Eight known substantial bodies orbit the Sun: Mercury, Venus, Earth, Mars,
Jupiter, Saturn, Uranus, and Neptune. Since its discovery, a ninth object,
the Pluto-Charon system, also has been considered as a planet. If there are
other planets in the Solar System besides these, they have thus far evaded
the observation of watchful amatewr and professional astronomers.

The planets, along with the Sun and our own Moon, capture most of the
visual attention of hobby astronomers. Saturn with its rings, Mars with its
ruddy glow, and Jupiter with its visible moons and surface features are
perennial favorites. However, insofar as the fate of humanity is concerned,
these planets have no direct effect. They stay in their orbits, and we stay in
ours. Jupiter, even with its powerful magnetosphere and ferocious radiation
belts, does not pose a threat to us here on Harth. Mars, named after the
ancient war god, has not sent any living beings to maliciously attack civi-
lizations on Barth (or on any other planet), although there is evidence that
rocks have landed here that had their origins on Mars.

The Small Stuff

There are celestial objects that present a threat to life on Earth or, perhaps
better stated, have had and will continue to have a profound effect on the
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way life evolves here. They are pipsqueaks in the Solar System, none of
which can be recognized without a telescope and many of which remain
unknown to this day. They are comets, astercids, and meteoroids, remnants
of the primordial Solar System. They are leftovers that did not congeal into
the planets. Originally, according to the most popular theories, the entire
Solar System consisted of objects like them.

CLOUDS OF COMETS

Comets are one of the greatest mysteries in astronomy. They have awed and
terrified people since the beginning of recorded history. Even today, some
people think comets have supernatural characteristics. Yet comets are, as
one astronomer has said, more numerous than fishes in the sea. They are,
in the long term, more dangerous too.

A large comet smashing into the Earth would be, for the human race, the
equivalent of a shark attack on an individual human being. However, the risk
shouldn’t be overblown. It is not necessary to lose sleep worrying about
what is going to happen when the next major comet comes down. We can
say with confidence that such an event will take place, but we can’t say
when, other than to note the fact that the time intervals between massive
impacts are measured, on average, in tens of millions of years.

Beyond the orbit of Neptune, the Kuiper bell consists of comets that orbit
the Sun at distances from 30 to 50 astronomical units (AU) (Fig. 11-1). The
existence of this zone, which circles the Sun in more or less the same plane as
the planets, was only a hypothesis until 1992 when the first cbject there, a large
comet, was positively identified. More objects were found after that. Objects
found between 1992 and 1994 were all gigantic compared with the comets that
have made history, such as Halley’s Comel, which last appeared in 1985-1986.
Since 1995, some “normal sized” comets have been found in the Kuiper belt.

Surrounding the Kuiper belt and extending out to a distarce of about 1.5
light-vears (one-third of the way to the nearest star other than the Sun) is a
vast spherical halo of comets called the Qorr cloud. The exact dimensions
of this cloud are unknown because of its great size and distance.
Nevertheless, it is believed to contain millions upon millions of comets.

Normally, the comets in the Kuiper belt and the Oort cloud stay in their
parts of the Solar Systemn, the “suburbs™ and the “surrounding countryside.”
All of them would remain there too if it were not for the fact that our Milky
Way galaxy is an unstable and chaotic place. Once in a while, a star comes
close enough to the Solar Systemn so that its gravitation has an effect on
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Figure 11-1. The Kuiper belt consists of comets that orbit the Sun
beyond the orbit of Neptune, out to approximately 50 AU.

objects in the Oort cloud, and some of these comets are deflected into paths
that take them into the inner Solar System. Some astronomers suspect that
there is an as-yel unknown massive planet beyond Pluto that does similar
things to comets in the Kuiper belt.

THE ASTEROID BELT

In 1772, a German mathematician named Johann D. Titius noticed that the
orbits of the planets seemed to have radii, or average distances from the
Sun, that fell into a neat mathematical progression. At that time, Saturn was
the outermost known planet. Titius noticed that the radii of the planetary
orbits, in astronomical units (AU), could be found by applying the pro-
gression. Later, the astronomer Johann E. Bode expounded on this number
sequence, which has become known as Bode’s law.

The progression is defined as follows. Start with the number 3, and dou-
ble each number, getting the sequence O, 3, 6, 12, 24, 48, 96, and so on.
Then add 4 to each of these mumbers so that you get 4, 7, 10, 16, 28, 52,
100, and so on. Finally, divide each of these numbers by 10. This gives the
following sequence:

$=04,07,1.0,1.6,2.8,5.2, 10.0, ...

These numbers, with the conspicuous exception of 2.8, correspond almost
exactly to the orbital radii of the planets Mercury (0.4 AU, Venus (0.7 AU,
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Earth (1.0 AU, Mars (1.6 AU), Jupiter (5.2 AU), and Satumn (9.5 AU). The
guestion naturally arose among scientists: Is this significant? Did the plan-
ets form at these distances from the Sun for some physical reason? Today,
most astronomers doubt that Bode’s law is anything more than a coinci-
dence. Back in the eighteenth century, however, it was suspected that there
was somme modis operandi to this correspondence and that an undiscovered
planet must lie 2.8 AU from the Sun. Why had it escaped notice?

A search was begun for the “missing planet.” In 1801, the Italian
astronomer Giuseppe Piazzi found an object orbiting the Sun at the correct
distance. However, it was small, certainly not large enough to be a planet.
It appeared starlike, a mere point of light, but its motion relative to the dis-
tant stars gave it away as a resident of the Solar System. It was called an
astercid (meaning “starlike™) and was given the name Ceres. More aster-
oids were soon found, also orbiting the Sun at distances of approximately
2.8 AU. Ultimately, thousands were discovered, and they all orbit in or near
the zone corresponding to the missing slot in the Titius-Bode sequence.
This zone has become known as the asteroid belr.

Most astronomers in Piazzi’s time concluded that the asteroids, also
called planeroids, were objects that had failed to congeal into a planet or else
were the remnants of a planet that was shattered by a cosmic catastrophe.
Today, the prevailing theory holds that these objects are part of the original
cloud of boulders, rocks, and dust that surrounded the Sun in the earliest part
of the Solar System’s lifespan and that the gravitation of JTupiter prevented
their getting well enough organized to condense into a planet.

Most of the asteroids follow nearly circular paths around the Sun and
orbit between Mars and Jupiter. However, some known asteroids follow
orbits that take them inside the orbit of Mars, and others wander outside
the orbit of Jupiter. A few maverick asteroids cross the orbit of the Earth
and, every few million years, pass even closer to our planet than the Moon.
There is plenty of evidence, in the form of visible craters, that asteroids
have crashed into the Moon. Such craters are erased in time by erosion
when they are formed on Earth, but a few craters have been found on our
planet that strongly suggest that we, along with every other object in solar
orbit, are on the “asteroid visitation list.”

MYRIAD METEOROIDS

The largest known asteroid, Ceres, measures hundreds of kilometers in
diameter. The smaller we go, the more asteroids there are, in general.
There isn’t any definitive limit at which we say, “This thing is an asteroid,
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but if it gets 1 milligram less massive, then we’ll call it a meteoroid.” In a
general way, we can say that if it’s too big to be called a boulder, then it’s
an asteroid; boulders and rocks in space can be called mefecroids.

Even then, it’s not that simple. Meteoroids and comets are substantially
different. Comets consist of rocky and icy material combined, but mete-
oroids have essentially no ice. Some meteoroids are stony, something like
the granite we know on Earth. Others are mixtures of stony and metallic
stuff. Still other meteoroids are mostly metal, largely iron. Some resemble
pieces of amber or glass.

How do we know what meteoroids are made of? They’re too small to
be observed through telescopes; space probes have never been sent specif-
ically to visit them, although some of themn have struck our space vehicles.
We know about meteoroids because they often fall to Earth’s surface.
Technically, when a meteoroid enters Earth's atmosphere, it becomes
known as a mefeor. If a meteor survives to reach the surface, either as one
object or as fragments of the original meteor, then it becomes a mefeorile.
Meteorites are abundant on the continent of Antarctica, where the ice pre-
serves them, and where they are easy to differentiate from Earth’s surface.

There are believed to be more rock-sized meteoroids than boulder-sized
ones, more pebble-sized ones than rock-sized ones, and more sand-grain-
sized ones than pebble-sized ones. Then, as we keep getting smaller, we
have to call them micromeleoroids. In the extreme, they can be called infer-
planetary dust or meleoric dust.

The asteroid belt between Mars and Jupiter is home to a huge number of
“space rocks,” but there are plenty of such objects that orbit outside this
zone. Some orbit the Earth instead of the Sun. It is believed that there are
myriad rock-sized objects in orbit around each of the planets, as well as
around the major moons of the planets, including our own Moon. There is
also evidence that some rock-sized objects are entirely independent of the
Solar System and that they come into our little comner of the Universe as a
result of the movement of the Sun within the Milky Way galaxy. Technically,
a space rock becomes a meteoroid when it attains a solar orbit such that it
has the potential to be pulled into the Barth by our planet’s gravitation.

Anatomy of a Comet

Before the first physical visit in 1985-1986 when celestial robots swarmed
around Halley’s Comet, scientists were not quite certain what comets are
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made of. People could only observe them from Earth through telescopes
and various nonvisual instruments. The observable parts of a comet became
known as the nucleus or core, the coma, and the fail (Fig. 11-2).

We now know that comets are solid objects composed of ice, rock,
and dust. When they get close enough to the Sun, some of the ice evap-
orates into space, and some of the dust is blown away by high-speed sub-
atomic particles from the Sun (the solar wind). The evaporated ice and
blown-off dust stream outward from the core of the comet, away from
the Sun.

EARLY THEORIES

Before humanity got a close look at a comet, there were two theories con-
cerning their anatomy, called the Whipple model and the Lytleion model.
According to astronomer Fred Whipple, comets were believed to consist of
a “dirty snowball” core, and the coma and tail were thought to arise as a
result of solar heating and the solar wind. Today this model is widely
accepted because scientists have actually seen and analyzed some comets
close up. They have found objects that look like huge irregular boulders
with jets of bright gas spewing out.

According to Raymond Lyttleton, the cores of comets were thought to
be swarms of small meteoroids held together by their mutual gravitation.
When such swarms ventured close enough to the Sun, some of the mate-
rial was blown off and away by the solar wind, and this accounted for the

Core

Tail
Coma

Figure 11-2. A crude representation of the visible parts of a comet.
(The brightness in this illustration is inverted.}
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coma and tail. Few scientists today accept this as the normal state of
comet anatomy.

Before modern astronomy, comets aroused superstition, aggression, and
fear. Because they were seen rarely, and because of their ghostly appear-
ance, comels were seen as signs from heaven. Some comets have curved
tails that look like sabers or scimitars. This led a few emperors and kings
to conclude that the appearance (called an apparition) of a comet meant
war was at hand. In the year 1066, Halley’s Comet became visible just
before the Norman French invaded England, an event whose effects have
shaped the course of history throughout the world. A famous work of art
known as the Baveaux Tapestry shows people pointing up in fear at the
comet while soldiers approach.

THE NUCLEUS

The actual size of a comet nucleus can vary from a few meters across to
hundreds or thousands of kilometers in diameter. It’s difficult to determine
the shape and diameter of any particular comet’s nucleus using a telescope
from Earth because by the time the comet gets near enough to us to be vis-
ible, the glowing coma obscures the core.

One way to see the comet’s nucleus clearly is to view it when, and if, it
passes directly in front of the Sun. Obviously, this opportunity does not
present itself very often, but it took place in 1890, and the only thing
astronomers could conclude about that comet is that it was either solid but
too small to present a substantial image or else it was something so tenu-
ous that it didn’t cast a visible silhouette at all.

Astronomers have now seen some comets at close range, and we know
that the cores of these objects are solid. Whipple has been vindicated.
Another point of argument in favor of Whipple's solid-core model is the fact
that the major periodic comels (those that return at regular intervals) that
come very close to the Sun survive their passage around our parent star. A
nucleus comprised of tiny objects would be completely vaporized by the
Sun’s heat and by the solar wind as it neared and then passed its perihelion.

THE COMA

When a comet is far away from the Sun, assuming that it is of the Whipple
type, it resembles a gigantic dirty snowball. By the time it is seen by the
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first astronomers looking for a comet, it has begun to glow because solar
energy causes some of the icy material to vaporize and form a sort of
“atmosphere” around the nucleus. This material glows because its atoms
get excited and give off radiation at well-known wavelengths in the spec-
trum of visible light.

A typical periodic comet’s orbit is a greatly elongated ellipse.
Nonperiodic comets, or those with periods so long that they have never
been measured, have orbits so eccentric that they nearly resemble parabo-
las. In addition, some comets orbit the Sun outside the general plane in
which the planets orbit (Fig. 11-3). Such an object spends most of its time
in the outer reaches of the Solar System. As it comes in from the distant,
dark, cold depths of space, it picks up speed. The coma begins to appear as
the comet nears the orbit of Jupiter, although the exact point is impossible
to define and would vary from comet to comet even if we could define it.

By the time the comet gets closer than 1 AU to the Sun—that is, its dis-
tance becomes smaller than the radius of Earth’s orbit—the coma has
become several times as large, in diameter, as the core. Some of the gas and
dust from the core is blown off with such force that it streams away from
the core like smoke from a fire in the wind.

Typical
comet orbits

Orbit of

Pluto Kuiper belt

Orbit of Orbit of
Neptune Uranus

Figure 11-3. The orbits of most comets are elongated ellipses, and in the
extreme, can be parabolic in shape.
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THE TAILS

The Sun radiates energy in many forms. The visible light we see and the
heat we feel arise from photons, or packets of electromagnetic energy, that
travel at the speed of light (about 299,792 km/s or 186,282 mi/s). Photons
have only a tiny bit of momentun, but because of their extreme speed, they
have enough physical impact to affect matter in the vicinity of the Sun. Our
parent star also emits dense particles, such as profons and alpha particles
(helium nuclei), at slower speeds. These more than make up for their slug-
gishness by their momentum, many times greater than that of photons. The
tail of a comet is produced by the physical motion of these particles
through space.

Actually, comets have two tails, known as the gas fail and the dust fail.
Both point generally away from the Sun so that as the comet approaches
the Sun, its tails follow behind, and as the comet leaves the vicinity of the
Sun, its tails precede the nucleus. The gas tail is thin and almost perfectly
straight because the gases are ejected from the comet at high speed. The
dust tail is more spread out and often appears curved because its particles
travel more slowly, allowing the nucleus to “get ahead of it” (Fig. 11-4).

Many people think that comets travel head-first and that the tails stream
behind. This is natural to conclude intuitively, but it is only the case as the
comet first appears on its way in toward the Sun. By the time it comes with-
in 1 AU of the Sun, a typical comet’s tails are already flowing out at a sig-
nificant angle relative to the direction of its motion. As the comet passes
perihelion, the tails blow away sideways to the comet’s forward motion.

Dust tail

/ \ Sun Orbit of comet
Gas tail \

Figure 11-4. The gas tail of a comet appears fairly straight, but the dust tail is
curved, especially as the comet passes perihelion.
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Then the angle increases still further until, by the time the last of the tails
fade from view, they are pointing almost straight out ahead of the core.

Comet Personalities

No two comets look the same. Any given comet appears different to
Earthbound observers every time it returns to the Sun. Halley’s Comet, one
of the most well-known of all comets in history, was brilliant when it
appeared in 1910, but it was a disappointment to observers who saw and
tracked it in 1985-1986.

OBVIOUS VARIABLES

Comets vary in size and shape. They are also believed to vary in composi-
tion; some are thought to have relatively more ice, whereas others have
less. The distribution of the matter in different comets also should be
expected to vary. Comets have countless different orbits around the Sun.
The relative positions of Barth, the Sun, and the comet at any given time
affect the way a comet looks to people watching it from our planet.

The most spectacular comets are those with long tails that stand out
against the evening or morming sky. Some comets are bright enough to be
seen in broad daylight in a cloudless sky. A classic long-tailed comet,
Tkeya-Seki, appeared in 1965. This comet passed close to the Sun, and it did
so when the viewing angle from Barth was favorable. The dust tail extended
millions of miles away from the nucleus when the comet was near perihe-
lion. The high speed of the comet near perihelion produced a dramatic cur-
vature in the dust tail.

Some comets pass s0 close to the Sun that they enter our parent star’s outer
corona. This increases the size of both the gas and the dust tails. Such comets
are called Sungrazers. In the extreme, a few comets pass so close to the Sun
that they are broken apart or vaporized by the intense heat and subatomic-par-
ticle bombardment. And cnce in a while, a comet falls into the Sun.

CELESTIAL BRIGHTNESS

Comets vary in luminosity, or brightness, just as much as do the stars. To
define how bright a celestial object appears, astronomers use a numerical
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scale called visual magnifude. The lowest numbers represent the brightest
things, and the highest numbers represent the dimmest things. Stars such as
Spica and Pollux are of the first magnitude. Stars noticeably less bright than
this are of the second magnifude. A change of brightness of 1 unit on the
magnitude scale represents an increment of 2.5 times, or 250 percent. Thus
a second-magnitude star is 2.5 times as bright as a star of the third magni-
fude and 2.5 X 2.5, or 6.25, times as bright as a star of the fourth magnirude.

It turns out that according to the modern definitions of magnitude, cer-
tain celestial objects have numbers less than 1 or even less than 0.
Fractional numbers are the rule, not the exception, and they are usually
expressed in decimal form. The “dog star,” Sirius, has magnitude —1.43.
Venus, the Moon, and the Sun have even lower magnitudes.

The human eye can detect the presence of objects down to magnitude 5
or 6 without the aid of binoculars or a telescope, provided viewing condi-
tions are optimal. A good hobby telescope can see down to magnitude 12
or 13. Using time-exposure photography, astronomers can look into the
heavens and see objects far dimmer even than this. Ultimately, a limit is
imposed by sky glow, scattered light in the atmosphere caused by human-
made lighting and the general illumination from the other stars, the Moon
(if it is above the horizon), and the planets. In space, the background of
stars or the presence of nebulae or galaxies affects how far down on the
magnitude scale astronomers can resolve things.

HOW BRIGHT ARE COMETS?

Comets can range in brightness from far below the limit of visibility to a bril-
liance rivaling that of Venus or, occasionally, even the Moon. For a comet to
be visible to the unaided eye as something out of the ordinary, it must be
brighter than the third magnitude. Although comets can be seen when they
are as dim as the fifth visual magnitude, only the glowing coma appears, and
it locks like a faint point of light until its luminosity becomes great enough
that its diffuse nature can be appreciated.

Some of the most famous comets have attained visual magnitudes low
enough (that is, they have become bright enough) to strike genuine fear in
some observers. Once every few hundred years a comet makes an apparition
that takes it close enough to Barth and in the proper position relative to Earth
and the Sun that it becomes visible in daylight and can be seen to cast a shad-
ow on moonless nights. When this happens, the tails appear in great detail. An
example of such an apparition was the so-called Great Comet of 1744, which
seemed to have six separate tails as it passed between the Barth and the Sun.
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When you hear or read about the discovery of a new comet or about
the apparition of a known one, you should be equipped with a good pair
of binoculars because it will have a relatively high visual magnitude (low
brightness). The best binoculars are the wide-angle types with large-
diameter objective lenses. The sort used by military commanders are
ideal. This will let you scan the sky with ease, and the stereoscopic view-
ing will help to enhance the contrast between the comet and other celes-
tial objects. Once you have found a comet using binoculars, then a
telescope, using an eyepiece having a long focal length for low magnifi-
cation, can be employed to look at it in more detail. Schmidi-Cassegrain
felescopes, popular among amateur astronomers and casual observers, are
available in hobby stores and are good for comet watching.

FLARE-UPS AND BURNOUTS

Comets are always dim, fuzzy objects when they are first detected plung-
ing inward past the outer planets. Once in a while we get a surprise. Rapid
changes in brightness are not unknown. Astronomers routinely graph the
visual magnitudes of comets versus time as the objects make their way
around the Sun. On average, comets get brighter as they draw near the Sun
and dimmer as they move away. An example of such a graph, showing the
luminosities of three hypothetical comets as functions of their distances
from the Sun, is shown in Fig. 11-5. Comets 1 and 2 are more or less typ-
ical; comet 3 exhibits a flare-up followed by a burnout.

Notice that there are gaps in the graphs for comets 1 and 2. These gaps
are there because the comets do not actually fall into the Sun. Their mini-
mum distances, in astronomical units, can be approximated by looking at
the points on the horizontal scale where the graphs disappear and then reap-
pear again on the opposite side. These points are about the same distance
on either side in this example, but this is not always the case. Variations in
the relative positions and motions of Earth, the Sun, and the comet can
result in the disappearance and reappearance points being at different dis-
tances from the Sun.

In this hypothetical example, comet 3 does not appear again after its
burnout. Apparently it either disintegrated completely or else it fell into the
Sun! The only way to be sure which of these two ill fates represents the
truth is to calculate the actual orbital path of the comet around the Sun.

Why might a comet flare up or burn out? If the distribution of matter
in the nucleus is not uniform, then as the core of the comet “melts” from
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Figure 11-5. Brightness-versus-distance graphs for three hypothetical comets.
Comets 1 and 2 are typical. Comet 3 shows a sudden flare-up followed by a burnout.

the heat of the Sun, it might break apart when a portion consisting main-
ly of ice evaporates. This would temporarily expose a large surface of ice
to the Sun, accounting for the flare-up; this same exposure would hasten
the destruction of the nucleus by exposing more of its surface to bom-
bardment from solar heat and particle radiation. A solar flare also might
cause a comet to flare up because such flares are always attended by
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increases in the emission of subatomic particles from the Sun. Another possi-
ble cause for a comet flare-up and burnout is the collision of the nucleus with
a large meteoroid or small asteroid, which would break the nucleus apart.

Comets actually have been observed breaking up. One such unfortunate,
known as Beila’s Comel, split apart during one apparition. When it was due
to come back and make its next showing, observers saw no comet, but there
was a shower of meteors that did not normally take place at that time of
year. The conclusion: All the ice from Beila’s Comet had been driven away
after the breakup, leaving only a swarm of rocks, some of which fell into
the Earth’s atmosphere and burned up. In a sense, therefore, a Whipple-
type comet had become a Lyttleton-type “comet,” although the latter was
not a true comet because it did not have a defined coma or tail.

COMET LIFESPANS

Comets, like all things in the Universe, cannot last forever. It is reasonable
to suppose that as a periodic comet passes close to the Sun again and again,
its icy material is depleted, until finally there is nothing left but rocky stuff,
and the object loses its ability to develop a coma and tail. Then it is no
longer a comet but merely a metecroid, or if it breaks apart because of the
loss of its icy binder, it becomes a swarm of meteoroids.

The longevity of any given comet depends on several factors. Massive
comets would be expected to live longer than small ones. Comets that orig-
inally contain more ice ocught to survive longer than comets that start out
with hardly any ice in them. A Sungrazer of a particular size and composi-
tion will not last as long as a comet of the same size and composition whose
perihelion is farther away from the Sun. Short-period comets that pass
close to the Sun often will deplete faster than comets of the same size and
composition that have perihelions at the same distance but have long peri-
ods and thus pass near the Sun less often.

Halley’s Comet, with an orbital period of about 76 years and a perihe-
lion of approximately 88,000,000 km (55,000,000 mi), has been observed
periodically for more than 2,000 years. No one knows exactly when pre-
historic humans looked up into the sky and saw this comet and, for the first
time, wondered what this strange, fuzzy star with a tail actually was. We
should think that the comet was, in general, larger and brighter in an
absolute sense thousands of years ago than it was on its most recent appari-
tions in 1910 and 1985-1986 and that gradually, as the eons pass, it will
fade into insignificance.
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Comet nuclei that orbit far from the Sun, never approaching to less than
a few astronomical units, will exist until the Sun swells into its red-giant
phase several billion (1 billion = 1,000,000,000 = 109) years from now.
Then thousands or millions of them will all flare up at once. However,
humanity won’t be around to watch the spectacle. Our species will either
have moved to another star system with an Earthlike planet or else passed
from the Cosmic scene forever.

Stones from Space

An intense meleor shower is an unforgettable spectacle. So is a single large
meteor as it lights up the sky, creates a sonic boom, and leaves a lingering
trail. The Native Americans called these objects shooting stars. Other peo-
ple called themn falling stars. This is not surprising; in the absence of infor-
mation to the contrary, that is what they look like. In the more recent past,
some Buropean immigrants to North America in the 1700s theorized that
meteorites formed in Barth’s atmosphere as a by-product of the lightning in
thunderstorms. We know today that meteors and meteorites do indeed come
from space.

METEOROID ORIGINS

When the Solar System was much younger and the planets had formed but
had not yet reached their present stable states, there was more debris in inter-
planetary space than is the case now. The most popular theories of the origin
of the Solar System involve the accretion of the Sun and planets from a rotat-
ing disk of gas and dust. Planets formed at certain distances from the central
Sun. Some of the planets developed satellite systems of their own, like Solar
Systems in miniature; Jupiter and Saturn are the most notable of these.
Most of the material in the primordial gas/dust disk made its way into
the Sun and the planets. Some of the stuff, however, was left over. Some
simply remained as gas and dust; some congealed into pebbles, rocks, boul-
ders, and asteroids. Many of these smashed into the young planets and
moons, forming craters. However, there are still plenty of space rocks out
there. They, like their predecessors, are engaged in an incredibly compli-
cated gravitational dance among themselves and the planets. Jupiter is the
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“conductor” of a vast “orchestra” of such rocks. Unlike a human orchestra
conductor, though, Jupiter does not always maintain rhythm and harmony
among its subjects. Often a rock is thrust into an orbit that puts it in a path
where it has the potential to strike the Earth. Then it becomes a meteoroid.
When we find one of these objects on the surface of our planet, we know
the rest of the story!

CRATERS

Craters provide dramatic evidence of past meteorite bombardment on planets
having little or no atmosphere. The Moon is the most familiar example.
Mars is another. Mercury is still another. Most of the moons of the outer
planets have craters.

We don’t see many craters on our planet because blowing dust and sand
and falling rain have eroded them entirely or at least beyond recognition.
No craters have ever been seen on Jupiter, Saturn, Uranus, or Neptune;
these gas giants are not believed to have solid surfaces on which craters can
form. This is not to say that these planets haven’t escaped bombardment by
space debris but only that rocks from space leave no signatures on them.

Meteorite craters tend to be much larger than the objects that make
them. This is because of the tremendous force that accompanies the crash
landing of an object at several kilometers per second. Large meteorites
form craters with central hills or small mountains. The rims of large craters
form circular mountain ranges that can rise well above the surrounding ter-
rain and several kilometers above the crater floor.

Some meteorite craters have rays, which appear as streaks radiating
outward from the point of impact, and which can extend from the rim of the
crater out to several times the diameter of the crater. Rays are produced by
debris hurled up into the sky by the force of the impact and are especially
prominent in craters produced by meteorites that struck the surface at a
sharp angle.

Figure 11-64 is a cross-sectional diagram of a typical large meteorite
crater of the type commonly found on the Moon or Mercury. Figure 11-6B
is a top-view diagram of a similar crater.

OTHER EFFECTS

Some meteorites cause fractures in the surface of the object on which they
land. These fractures can take the form of concentric rings around the
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Figure 11-6. At A, a cross-sectional diagram of a typical large meteorite crater of the type
commonly found on the Moon or Mercury. At B, a top-view diagram of a similar crater.

crater. Jupiter’s moon Callisto has a crater with these features. In other
cases, there is no particular pattern to the fracture lines; the surface appar-
ently cracks along the weakest points in the crust. Sometimes the fractures
cover the whole surface of the object. They can occur as canyons or as
escarpments (cliffs).

The impact of an especially massive meteorite or a small asteroid can pro-
duce volcanic activity all over the object it strikes, provided that there is hot
lava inside the object that can rise up through the crust. The maria, or “seas,”
of the Moon are believed to have formed when lava from the interior spread
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over the surface following one or more violent meteorite landings. The same
thing is thought to have taken place on the Earth from time to time, but the
features have been medified by weather erosion and by the constant shifting
of the fectonic plates in the Barth’s crust.

In the extreme, a catastrophic impact can shatter a moon or planet.
Nothing of this sort is thought to have taken place on any of the known plan-
ets or moons in the recent past, but in the early evolution of the Solar System,
such events were commonplace. Going all the way back to the formation of
the Sun and planets from the rotating disk of gas and dust 4.6 billion years
ago, major collisions were the rule and not the exception. The ultimate long-
term effect of meteorite landings is a sweeping up of space debris into major
objects. Thus, as time passes, catastrophes become less and less frequent.

METEOR SHOWERS

If you look at the sky for a long enough time on any given night, eventually
you will see the bright glow and trail of at least one meteor. They usually look
like silvery or gold-colored streaks of light lasting from a fraction of a second
to perhaps 2 or 3 seconds. An especially brilliant meteor leaves a trail that is
visible for several seconds after the object itself has disintegrated or reached
the surface.

In theory, approximately 33 percent more meteors should fall near the
equator than near the poles. This is simply a matter of the geometry of
the spherical Earth versus its orbit around the Sun. However, this rule
changes slightly depending on the time of year. At and near the
September equinox, the north pole receives slightly more meteors than
the south pole. At and near the March equinox, the opposite is true. The
poles receive roughly equal numbers of meteors at and near the solstices.

There are certain brief events, known as mefeor showers, that take place
at the same time every vear. These showers seem to originate from partic-
ular places in the sky. Generally, meteor showers are named according to
the constellation (or, in some cases, a star within the constellation) from
which the meteors appear to be coming. Part or all of the name of the par-
ticular constellation or star is followed by the suffix -ids. For example, near
the end of October there is a shower called the Orionids; these meteors
seem to come out of the constellation Orion. Table 11-1 lists some well-
known meteor showers that take place each year.

Why do meteors seem to come from a particular spot in the sky during
a shower? Why don’t they just fall at random? The reason is that we see
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Table 11-1. Well-Known Meteor Showers, the Times of Year during
Which They Occur, and the Comets with Which They Are Associated

NAME OF SHOWER TIME OF YEAR  ASSOCIATED COMET

Andromedids Mid-November Biela
Delta Aquarids End of July Unknown
Draconids Mid-October Giacobini-Zinner
Eta Aquarids Early May Halley
Geminids Mid-December Unknown
Leonids Mid-November Temple
Lyrids Mid-April 1861 1
Orionids Mid-October Halley
Perseids Mid-August 1862 111
Taurids Early November Encke
Ursids Mid-December Tuttle

them from a certain perspective and the fact that during a shower the mete-
ors tend to fall toward Earth in more or less parallel paths.

Have you ever lain down flat on your back during a rain shower when
there was no wind? Bundle up and try it sometime. The raindrops fall down
in nearly parallel paths, but they seem to emanate from a point directly
overhead as you watch them come toward you. The same thing happens
with meteors during a shower. The point from which the raindrops or mete-
ors seem to come is called the radiant (Fig. 11-7). The names of meteor
showers derive from the positions of the radiants in the sky, which tend to
be the same, year after year, for any given meteor shower.

Meteor showers are almost always associated with comets. As its ice
evaporates with each apparition, a comet gradually deteriorates, leaving
swarms of meteoroids (the rocky stuff of which comets are partly made)
that gradually spread out along the comet’s orbital path. As the Earth passes
through or near the comet’s orbit, these meteoroids fall as meteors, and we
see a shower.

The most spectacular meteor showers take place when the Earth’s orbit
precisely intersects a concentrated swarm of meteoroids. This does not
always happen for any particular meteor shower. The orbit of the Earth and
the orbit of the comet and associated meteoroids might not exactly cross
each other, and even if they do, there might not be very many meteoroids
in the comet’s orbit at that particular point. This is why, for example, the
Leonids are spectacular in some years, but in other vears they're just so-so.
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Figure 11-7. A time-exposure negative of a hypothetical meteor shower. In this image,
our imaginary camera tracks along with the stars, compensating for Earth’s rotation.
Meteor paths are straight gray lines; the meteors appear to travel outward.

*

WHAT ARE METEOROIDS MADE OF?

There’s only one way to tell what space rocks are made of, and that is to
find meteorites and analyze them. This has been done with plenty of rocks
from space. They have been smashed, cut, examined under microscopes,
subjected to ultraviolet radiation, heated, cooled, and generally worked
over in every conceivable way. Three main types of meteorites have been
identified: aerclites (stony), siderifes (metallic), and rekrites (glassy).
Aerolites bear some resemblance to rocks of Barthly origin. They are
made up largely of silicate material and can range in size from pebbles to



CHAPTER 11 Comets, Asteroids, and Meteors—@

boulders. The siderites are composed mainly of iron and nickel. Some
meteorites are stony with flecks or bands of metal. When a meteoroid
enters the atmosphere, the heat of friction causes the outer part of the object
to melt. This produces a glassy appearance on the exterior of an aerolite
and can blacken the metal on the exterior of a siderite.

Aerolites and siderites are believed to be material left over from the
primeval Solar System—stuff that never congealed into planets. If this is
true, then they originated in the cores of stars that exploded billions of
years ago and scattered their matter throughout the galaxy. This is the
only explanation for why these objects exist; otherwise, interstellar space
would consist almost exclusively of hydrogen and helium gas. It takes the
exireme temperatures inside stars to produce the nuclear fusion reactions
that give rise to heavier elements such as silicon, iron, nickel, sulfur, and
all the rest.

The tektites tell a different story. These odd, glassy stones resemble
rocks of voleanic origin, as if they are parts of a planetary crust or mantle
that melted and then solidified again. Tektites have been found in places
nowhere near Barthly volcanoes, and they differ dramatically from the
composition of the BHarth’s crust in their vicinity. Because of this,
astronomers believe that they came from space. However, they differ from
aerolites and siderites in an important way besides their appearance and
composition: They are much younger. According to one theory, the tektites
were created by one or more catastrophic asteroid impacts on the Moon,
events that hurled moon rocks upward with such speed that they escaped
the gravitational field of the Moon. Some of these objects, if this took
place, would be captured by the Earth’s gravitation and would fall to our
planet like meteors and meteorites.

The Moon has many craters with prominent rays extending hundreds
of kilometers outward. These rays were produced by material ejected
from the craters when the impacts occurred. If Moon rocks could be
thrown that far, they also could be thrown into orbit or into interplane-
tary space. The prominent crater fyche has been suggested as a logical
candidate for the production of some of the tektites that have been found
on BEarth.

Recently, objects similar to tektites have been found that are thought
to have originated on Mars. It would take a more violent asteroid strike
to throw matter into interplanetary space from Mars than it would from
the Moon, but calculations show that it is possible. From a statistical
standpoint, it is reasonable to suppose that such an event has taken place
at least once within the past few million years. After all, scientists believe
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that only 63 million years ago an asteroid splashed down in the Gulf of
Mexico with such force that the resulting environmental disturbances
wiped out more than half the Barth’s species, including the dinosaurs, and
irrevocably shifted the course of evolutionary history.

Refer to the text if necessary. A good score is 8 correct. Answers are in the back of
the book.

1.

Major asteroid impacts on the planets

(a) have never occurred in our Solar System.

(b) take place only on Jupiter and Saturn.

(c) were once commeonplace in the Solar System.
(d) produce new comets.

A comet might be expected to suddenly become brighter if
(a) all the icy material in the nucleus has evaporated.

(b) the tail passes through the corona of the Sun.

(c) a solar flare occurs.

(d) its perihelion takes it outside the orbit of the Earth.

A spherical swarm of millions or billions of distant comets that surrounds the
Solar Systemn is known as the

(a) Van Allen belt.

(b) Oort cloud.

(¢) primeval Solar System disk.

(d) tektite belt.

A small asteroid or massive meteoroid that crashes into the Moon can produce
(a) a comet shower.

(b) a mew comet.

(c) a crater with rays.

(d) an Oort cloud around the Moon.

The “dirty snowball” model for the structures of comets is sometimes credited to
(a) Fred Whipple.

(b) Giuseppe Piazzi.

(c) Johann E. Bode.

(d) Johann D. Titius.
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6.

10.

A meteorite

(a) has the potential to become a meteor.

(b) is like a meteor, except smaller.

(c) is a meteor that strikes the surface of the Earth.

(d) becomes a meteoroid if it is captured by the gravitational field of a
planet.

. The radiant of a meteor shower

(a) is always straight overhead.

(b) is fixed with respect to the constellations.

(c) is opposite the direction of the Earth’s motion through space.
(d) depends on the number of meteors that fall each hour.

. The asteroids were discovered in part because astronomers were searching for

a planet to fit the orbital “slot™ at 2.8 AU based on

(a) the trajectories of fallen meteorites.

(b) the behavior of the moons of Jupiter.

(c) the distribution of impact craters on the Moon.

(d) a mathematical formula developed by Titius and Bode.

. After a comet has passed perihelion,

(a) the tail follows behind the nucleus.

(b) the tail streams out ahead of the nucleus.
(c) it breaks up into meteoroids.

(d) its coma grows larger and brighter.

The Kuiper belt

(a) lies outside the orbit of Neptune.

(b) lies between the orbits of Mars and Jupiter.

(c) is an intense region of radiation around Jupiter.
(d) is where comets go to die.
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The Search for
Extraterrestrial Life

We of the human species have entered the third millennium. We have won-
dered for a long time whether or not life exists on other worlds, but we do
not yet know the answer. There are tantalizing clues, and some astronomers
believe that extraterrestrial life exists, but as of this writing, such beliefs are
a matter of faith.

What is Life?

In our quest to find life in other parts of the Cosmos, we have assumed, per-
haps unconsciously, that such life is similar to life on Earth. We do this
partly as a mental crutch to help us get and keep a vision of what we're
looking for. We also do it to keep to a scientific course of thought so that
we don’t fall into pure speculation or into nonscientific thought modes.

WHATIF...?

Some people suggest that the scientific method forces our minds to take a narrow
and conceited view of reality. What if life is “out there” in a form entirely different
from life as we know it? Suppose, for example, that some of the science-fiction
authors” stories have been true to the mark and that energy-field life forms dwell in
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the vast tracts between the stars and galaxies? Suppose that the stars and galax-
ies themselves are life forms that have evolved to levels of sophistication far high-
er than we humans—so much loftier that we are no more aware of their existence
than a bacterium is aware of the elephant in whose ear it dwells? Are there life
forms like this? We do not know the answer to this question. We have no idea of
how to communicate with such beings. The closest we can come in this respect
is to turn things over to the clergy and to approach the problem from a spiritual
standpoint.

There exists a psychological split between the church and the scientific
community that at times leads one group to criticize the other. Let's not
guestion the beliefs of people who have faith in the existence of life on
loftier planes than ours. Nor should we make any claims as to the absolute
truth of any scientific theory. Theories are just that. History is full of exam-
ples of people or groups of people who turned theory into dogma and later
were proven wrong. Our job, as scientists, is to look for good evidence of
life on a level similar to life on this planet. By taking this attitude, we have
some hope of finding such extraterrestrial life, assuming that it exists, and
communicating with it in a meaningful way.

With this in mind, and guarding against the danger of using statistics inap-
propriately (the “probability fallacy” mentioned at the beginning of Chap. 9),
a special group of astronomers is engaged in a pursuit known as SETT (pro-
nounced “SET-eye” or “SEE-tie™), an acronym that stands for Search for
Exiraterrestrial Infelligence. The purpose of SETT is exactly what its name
implies: to find another technologically advanced civilization in our galaxy
or beyond. We'll encounter estimates of the “probability” or the “chance”
that life exists elsewhere in the galaxy or in the Universe. We play this mind
game with ourselves to make the nature of our quest comprehensible. In
truth, however, we can only say this: Either we will discover life of extrater-
restrial origin someday or else we won’t. We have a better chance (oops) of
finding extraterrestrial life if we search for it than if we don’t.

PROPERTIES OF LIVING THINGS

The evolution of intelligent life is a complex process. The molecules of cer-
tain chemical compounds, given the right circumstances, develop the ability
to make copies of themselves. This process, according to scientific thought,
is a necessary basis for life and is part of a common definition of life.
Another necessary property of living beings is the ability to create order
from chaos, acting against the enfropy process at work in the Universe.
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Entropy constantly tries to get order to fall into chaos and to distribute all the
energy in the Cosmos uniformly so that energy-transfer processes, vital to the
existence of life, cannot go on. Living things can reproduce. Living things
can gather energy and concentrate it and process it in an orderly fashion.
Living things are orderly. Examples of this abound in all human civilizations.
Look at the buildings our species has created out of rocks and metal!

A single particle capable of splitting into two other particles identical to
itself will rapidly spread over a planet, as long as there is enough raw material
and enough energy to sustain the process. In this scenario, the number of such
particles increases in a geometric progression: First 1, then 2, then 4, then 8, 16,
32, and so on (Fig. 12-1). This sort of sequence grows rapidly to enormous size.
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Figure 12-1.

A geometric progression such as takes place when molecules

repeatedly copy themselves or when biological cells divide.
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Imagine an average reproduction rate of one particle-duplication per day for
several weeks. The resulting population, assuming that none of the particles
deteriorate or are otherwise destroyed, would dominate the host planet.

In a real-world scenario, the process of replication cannot go on forever;
something eventually will limit the number of particles in the population.
This “something” is another important property of living things: They die.
Death can occur for various reasons: a limited food supply, disease, limit-
ed physical space in which to live, changes in the environment, and the
effects of cosmic radiation.

Earth

To understand how life can be expected to have developed and evolved on
distant planets, we must first understand how the process took place on Earth.
Then we might get an idea of whether or not our planet represents a one-of-
a-kind miracle, the sole oasis of life in an otherwise sterile Universe.

Let’s take an itnaginary journey back billions of years in time to the very
beginnings of life on our planet. The following is an oversimplification, but
it represents a scientific hypothesis for events following the Earth’s forma-
tion along with the Sun and the other planets in our Solar System.

THE FIRST LIFE FORMS

Several billion years ago, the Earth was much different than it is now. The
atmosphere was a noxious mixture of chemicals we would find impossible
to breathe: hydrogen, ammonia, methane, and water vapor. There was little
or no oxygen. The oceans were less salty than they are today, and they were
sterile. Some aspects of Earth would look and sound familiar if we could
travel back in time and stand there. Ocean waves broke on rocky shores
with the same booming and crashing sounds we know so well, and the land
looked like that we see in some places today, such as on newbomn volcanic
parts of the Big Island of Hawai'i. However, not a single tree graced the
horizon. No birds soared over the land or the sea. No grass grew. Somehow,
out of this environment, the Barth developed, in about 3 bhillion years, to a
place where life abounds. It is hard to say, after giving the matter serious
thought, that this is anything other than the outcome of a miracle. However,
if we hope to find life on other worlds, we must hope that such a chain of
events is a commonplace thing in the Universe.
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According to modern science, life on Earth began with complex groups
of particles. Some molecules, called ribonucleic acid (RNA) and deoxyri-
bonucleic acid (DNA), developed the ability to make copies of themselves.
Not long after the first of these molecules appeared, the oceans teemed with
them. The presence of a hospitable fluid (water) was an essential ingredi-
ent in the proliferation of these particles. No one knows the exact process
from which the first of these molecules formed, but it is believed to have
involved a burst of energy such as a lightning strike, the impact of a comet
or meteorite, or a volcanic eruption. According to some scientists, this
process took place in several or many diverse locations on Earth, not nec-
essarily all from the same type of energy burst.

Somehow, the replicating molecules organized themselves into groups
and formed animate matter with complex functions. The exact way in
which this happened is another mystery. The development of the first liv-
ing cells took many millions of years. Two major types of cells appeared
after about 2 billion years. One type of cell was able to convert sunlight into
the stuff necessary to carry on its life processes. This process is known as
photosynthesis, and the earliest cells capable of it were the first plants on
Earth. Among the waste products of such cells was oxygen. Another type
of cell developed that was able to use oxygen for its own life processes.
These cells were the first animals. The animal cell found, in the oxygen, a
more efficient source of energy than sunlight because oxygen is a reactive
element. It readily combines with many other types of atoms.

Some of the cells began to stick together in colonies of two, four, five,
dozens, or hundreds. The reason why some cells clung to each other and
others did not is unknown. Apparently, some cells underwent mutations
that caused their outer membranes to be sticky or rough. Mutations oceur
because the reproductive process is not always perfect (Fig. 12-2).
Radioactivity, which is always present to some extent everywhere in the
Universe, can cause errors in RNA and DNA duplication. As things turmed
out, large groups of cells were befter able to survive adverse conditions
than individual cells. Sometimes an error in the reproductive process actu-
ally results in an improvement in the offspring.

NATURAL SELECTION

It’s good that reproductive “accidents” happen. Otherwise, according to a
popular theory, the Earth would harbor only the rudimentary beginnings of
life. Biologist Charles Darwin is credited with developing this idea, known
as the fheory of natural selection.
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Figure 12-2, The process of replication is not perfect. Mutations, however
rare, are inevitable.

The congregations of cells grew larger. Eventually, groups of cells
evolved in which not all the cells were identical. The outer cells became
ideally suited to protecting the inner ones from damage or injury. The inner
cells were better able to act as food and energy processors. The natural
selection process dictated that the outer cells must be physically tough, but
this was not required of the inner cells. Congregations with soft outer cells
died, whereas those with hardier outer cells survived longer and produced

more offspring like themselves.

The theory of natural selection, given sufficient time to operate, results
in the evolution of life forms that are better and better suited to the partic-
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ular environment in which they live. The process is evident only after many
generations have passed. However, the available time on Earth is on the
order of billions of years; there’s no shortage of time! The Sun and the
Earth have been around for more than 4 billion years, and our parent star is
expected to shine reliably for several hillion more years.

Some stars are not as stable as the Sun and do not give their planets time
enough for evolution to take place before they use up their fuel and burn
out. Other stars are not hot enough to allow for the development of, or the
evolution of, life. However, there are plenty of stars that resemble the Sun
enough that some of their planets—assuming planetary systems are com-
monplace in the Cosmos—have temperatures similar to those on Earth.
How common are such planets? This is another question that we cannot yet
answer definitively because we have no hard evidence. We can only sur-
mise that there are at least a few such planets in our galaxy, and we can see
easily enough that there exist millions upon millions of galaxies in the
observable Universe. It is difficult to imagine that the known Cosmos does
not harbor millions or even billions of planets whose climates resemble that
of the Earth.

THE EVOLUTIONARY SPIRAL

Precisely when, in the process of increasing complexity, did the collections
of atoms and molecules cease to be a simple matter? At what point can we
call something “alive”? Some people say that any RNA or DNA molecule
is alive because it can reproduce; other people impose more stringent con-
ditions. There is no well-defined point where we can conclusively say,
“Now there is life, but one second ago there was not” If everyone could
agree on this, many arguments taking place in such scientific fields as
genetic engineering and some of the political dilemmas involving repro-
duction would be easier to resolve.

As the eons passed, increasingly complex groups of living cells, known
as orgamisms, evolved. Thus mutations among individual RNA or DNA
molecules became more frequent within any given organisin. This is statis-
tically inevitable. Mutations can be expected, in general, to take place twice
as often in a congregation of 2 million cells as in a group of 1 million cells.
As aresult of this, life forms became more varied and more sophisticated.
This accelerated the process of evolution, which in turn produced still more
diversification. It became an evolutionary positive-feedback system, some-
times called the evelutionary spiral.
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Some of the cells from the primordial oceans were washed ashore. Most
of those cells perished on the dry land for lack of a fluid medium in which
to reproduce. Some, however, were able to survive in tidal pools and in
puddles left behind by storms. These cells developed into the terrestrial
{(land-based) plants. As these organisms died, soil was built up on the bar-
ren rocky surfaces of the continents. Most of the Earth’s living cells
remained in the seas, where they developed into marine plants and fishes.
The oxygen-buming cell congregations developed the ability to propel
themselves from place to place in the never-ending search for food. From
this point, the process of evolution reached a climax. Some of the fish
developed the ability to live on dry land. These eventually became the
dinosaurs, and they reached such a level of perfection that they dominated
the continents. A species had emerged that enjoyed a biological monopoly.

Some animals, much smaller than the dinosaurs, also survived, but with
difficulty. They had to scurry around at night in their search for food under
cover of darkness to avoid being seen and eaten by dinosaurs. Their small
bodies gave up heat more quickly than the bodies of the larger dinosaurs,
and this problem was exacerbated by the cool nighttime temperatures. The
result was the evolution of a new sort of animal that had an increased rate
of metabolism, capable of generating enough internal heat to offset the
cooling effects of small bodies and chilly surroundings. The earliest of
these creatures are believed to have been small rodents, resembling mice,
rats, and chipmunks.

CLIMATIC CHANGE

About 65 million years ago, the climate of the Earth cooled. The reason is
not known with certainty, but increasingly, scientists suspect that a small
asteroid struck the Earth in the Gulf of Mexico. The result was greatly
inereased volcanic activity for a time, along with the production of ash and
dust that was senf into the upper atmosphere, partially blotting out the light
and warmth from the Sun. Another theory suggests that the Sun itself
cooled off. Still another theory holds that there was a sudden, dramatic
change in ocean currents, such as might be produced if the poles of the
Earth shifted position or if a land bridge between Siberia and Alaska sud-
denly appeared or vanished.

Whatever the reason for the climate change, the dinosaurs could not
cope with it. The event was too sudden and its magnitude too great for the
processes of evolution to keep up, so the dinosaurs perished in a geological



CHAPTER 12 The Search for Extraterrestrial Life ——ET}ip

“blink of an eye.” Within a few million years, nearly all the dinosaurs were
gone. However, the small rodents survived because they had the ability to
generate internal body heat. In addition, they possessed a characteristic that
might best be called wiliness—a brain that could figure out how to deal
with unusual or complicated situations and crises.

Adversity plays an important role in the evolution of intelligent life.
Without problems, there is no need for reasoning power. If the environment
becomes ideal and stays that way, evolutionary progress comes to a halt.
The dinosaurs are an example of a species that lived in harmony with the
environment and adjusted to a status quo that would, were it not for the sud-
den cooling of Earth 65 million years ago, still exist today. We can curse
our cold winters, but we owe our existence to them, according to the most
popular theories of eveolution and natural selection.

THE FUTURE OF LIFE ON EARTH

Onr species, Homo sapiens, has roamed Earth for only a moment on the
Cosmic scale of time. Imagine watching time pass from a speeded-up per-
spective so that 1 billion years is represented by a single day. On this scale, the
Universe was born 10 to 15 days ago. Suppose that it is high noon on the thir-
teenth day of the Universe’s existence. Our Sun and all the planets that orbit
around it are 412 days old. A million years is represented by 86.4 seconds, or
a little less than a minute and a half. The sudden cooling of Earth took place
at about 10:30 this morning. The earliest known civilizations flourished with-
in the last second.

The process of evolution has not changed the human brain very much
{(some scientists say not at all) since the dawn of civilization. The ancient
Babylonians, Egyptians, Africans, and others were just like us! We did not
develop our gadgets and conveniences and weapons of mass destruction
because we are smarter than those people were. In fact, as historians delve
deeper into the nature of ancient civilizations, evidence mounts to suggest
that they were in some ways superior to us. The process of evolution gen-
erally requires thousands of centuries to make a significant difference.

What will happen to our species in the future? Are we doomed to destroy
ourselves, as the purveyors of gloom keep telling us? Or will we venture out
to explore the Universe beyond our Solar System and search for other life
forms and civilizations? If the former is our fate, is this also the destiny of
other technologically advanced civilizations in the Universe? If so, we can-
not expect to communicate with extraterrestrials. However, if Homo sapiens
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can overcome its “suicide seed,” or if some species follows ours that does
not have this problem, then there is hope. In any case, SETT goes on. A few
dedicated scientists are looking for life “out there,” if for no other reason
than that the alternative—mnot to search—is unthinkable.

THE MALTHUSIAN SCENARIO

Predictions for the future of any species whose reproduction rate consis-
tently exceeds its death rate, no matter on what planet, can range from
extremely pessimistic (certain doom) to extremely optimistic (they will
rule their planet and venture into space). According to a scientist named
Thomas Malthus who lived in the 1800s, any population that increases at a
fast enough rate inevitably will face one or more crises. We, the members
of the species Homo sapiens who dwell on the planet we call Earth, are
already feeling some of the real-life manifestations of Malthus’s predic-
tions. There are too many of us, and the population is increasing.

We are intelligent, or so we claim. However, in the collective sense, are
we start enough to control our own numbers and prevent the consequences
of unchecked population growth? Until we can overcome this problem, our
own Barthly concerns may become so weighty as to overshadow efforts
toward reaching for the stars. In fact, an excessive reproduction rate could
lead us repeatedly back to stone-age conditions. Malthus’s principle oper-
ates with mathematical rigor. It can be expected to apply to any matter-
based life forms on any planet anywhere. A species that cannot control its
own numbers faces catastrophe, perhaps more than once, until it learns to
keep its population below the limit that the environment of its host planet
can support (Fig. 12-3).

Malthus showed that any population increase must take place in a geo-
metric manner: The rate of growth gets faster and faster. If we plot the num-
ber of people in the world as a function of time, we get a graph that looks
like the left portion of Fig. 12-3. If there were nothing to stop the process,
the planet eventually would become so crowded that people would have to
sit on one another’s shoulders and would occupy every square centimeter
of every continent. However, things happen to keep Barth, or any planet
with life whose population grows geometrically, from suffering such a fate.
Unfortunately, with the exception of voluntary population control, all these
limiting processes are horrible.

Malthus believed that the maximum obtainable food supply can, at best,
grow at an arithmetic rate, a straight line on a quantity-versus-time graph.
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Figure 12-3. A species faces disaster if the reproduction rate, which
grows geometrically, consistently exceeds the death rate.

Today we know that the food supply can’t increase indefinitely at a steady
rate; it must level off sooner or later (Fig. 12-4) because the planet can sup-
port only so much agricultural, fish-breeding, and livestock-raising activ-
ity. Thus the population eventually will outstrip the food supply. Mass
starvation will occur. This will put a limit on the population by increasing
the death rate and by reducing the reproduction rate. The world has not
reached this point yet everywhere, but in some countries it is getting
painfully close.

Another factor that will limit population growth is disease. When
masses of people are crowded, epidemics start and spread much more
easily than if people live with plenty of space between each other. New
bacteria, viruses, and other pathogens (including the prions that cause
mad cow disease) develop and evolve rapidly in such conditions, defying
attempts at vaccination and literally “learning” how to overcome the
effects of antibiotics and other medicines. It is almost as if the planet
fights back against further population increase, with disease organisms
playing the roles of antibodies and human beings acting as an infectious
agent in the “body” of Earth!

Still another limiting factor is the intolerance of humanity for its own
kind, manifested in wars and brutal political regimes. New weapons of
mass destruction and an increase in the frequency of quarrels leading to
wars will tend to limit the population, at least of a species predisposed
to violence, as is Homo sapiens.
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Figure 12-4. The maximum obtainable food supply grows arithmetically
at best, according to the Malthusian model.

This is a grim picture, isn’t it? Hunger, disease, and war, with disasters
taking place at ever-more-frequent intervals as a planet gets more and more
crowded with the species that, were it not for its collective inability to con-
trol its reproduction, ought to live lives of peace, comfort, fulfillment, and,
to the extent they choose, interstellar adventure. All these things may be
ours if only we could learn not to make so many copies of ourselves. If ever
an intelligent civilization from another star system sends explorers here, we
will know that they got their breeding instinet under control, at least until
they found a way to colonize worlds besides their planet of origin.

Communication

The earliest wireless transmissions made by human beings, conducted with
spark-gap transmitters at low frequencies, did not escape the ionosphere of
Earth and did not propagate into space. However, shortwave radio signals
sometimes can penetrate the upper atmosphere, and signals at very high
frequencies (VHEF), ultrahigh frequencies (UHF), and microwave frequen-
cies inevitably make it into space, where they can travel for unlimited dis-



CHAPTER 12 The Search for Extraterrestrial Life ——fF[JPp

tances. By now, some of our radio and television signals have reached the
stars in our immediate neighborhood of the galaxy. Have any extraterres-
trial life forms picked these signals up? Have any of these beings sent
replies? Have any of these replies actually begun to reach Earth? If so, we
ought to be listening!

CQ EXTRATERRESTRIAL

Each and every time a signal escapes into space from our planet, it can be
thought of as saying, “CQ alien life”! The expression “CQ” is used by ama-
teur radio operators and means “Calling anyone.” CQ signals sometimes are
followed by modifiers indicating a preference for the type of station with
which communication is desired. An extraterrestrial being, if’ intercepting
one of our standard radio or television broadcast signals, would be smart
enough to know that it was not especially intended for his or her (or its) civ-
ilization, but the fact that we had allowed the signals to escape into space
could be interpreted as an invitation to reply, a call of “CQ extraterrestrial.”

Of course, any good search for other stations in a communications
medium involves a combination of transmitting and receiving. The equip-
ment for receiving long-distance signals is less expensive than the equip-
ment for sending them, and results can be anticipated sooner. Thus SETI
astronomers did their listening first, and reception continues to take priority
over transmission. To adopt an age-old principle: We can learn more by lis-
tening than we can by talking.

PROJECT OZMA

The first serious attempt to find signals from another civilization was initi-
ated by Dr. Frank Drake using a radio relescope at Green Bank, West
Virginia, in 1959, Drake and his colleagues called the undertaking Project
Ozma, named after the fantasy land of Oz. The scientific establishment
regarded Project Ozma with interest, amusement, and some skepticism. But
Drake believed that if enough stars were scanned with the sensitive radio
receivers and large antennas at Green Bank and other radio observatories,
it was only a matter of time before signals from an extraterrestrial civiliza-
tion were picked up.

Some of the stars that Drake investigated were fau Cefi in the constel-
lation Cetus and Epsilon Eridani in the constellation Eridanus. Various fre-
quencies were checked, but especially those in the vicinity of the
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well-known hydrogen emission energy that takes place at a wavelength of
21 centimeters (cm) and corresponds to a frequency of about 1400 mega-
hertz (MHz). This “signal” is prevalent throughout the Universe.
Frequencies just above and below it are logical choices for interplanetary
and intergalactic radio calling charmels. The results were negative, but the
amount of time spent on the project was limited. Campaigns similar to
Project Ozma continue today as part of SETL.

PROBLEMS AND CHALLENGES

There are difficulties inherent in finding signals from extraterrestrials, as
well as in sending signals to them. Here are some of the major challenges
that SETT pioneers face.

First, only a tiny part of the sky can be scanned at any given time. A nar-
row field of reception is necessary because celestial objects generate a lot
of radio noise, and this can be minimized only by “focusing in” on very
small regions of the sky. Also, in order to get a signal to travel through the
vast depths of interstellar space, it must be focused in a narrow beam. We
cannot “spray” a signal all over the whole sky; it will become too diluted
by the time it reaches the stars.

Second, the apparent direction of a distant star is not always exactly the
same as its actual direction. All the stars are moving with respect to each
other. The position of a star when its light leaves it, as compared with its
position when a signal arrives from an Earthbound transmitter, can change
{Fig. 12-5). The transmitted beam must be wide enough to get rid of the
possibility that the signal might miss its target. We also must realize that
the true target is not the star itself, but a planet in orbit around the star.
Radio beams are wide enough so that this timing problem is not significant,
but radio waves aren’t the only mode of communication that has been sug-
gested. Lasers at visible and infrared wavelengths might be used to focus
the beam into as narrow a shaft as possible. If the beam is narrow enough,
communicators will have to calculate the actual position of the target planet
when the signal is expected to arrive, and this will require precise ohserva-
tions as well as excellent computer programming.

Third, we must decide which wavelength or wavelengths on which to
listen and transmit. The resonant hydrogen wavelength at 21 cm is a natu-
ral marker in the electromagnetic spectrum and has been recommended as
a wavelength near which interstellar communication can be carried out.
Intelligent beings, knowing this wavelength and its significance, should be
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Figure 12-5. 'When we aim an antenna at a distant star, we must take the star’s
motion into account because the signals take years to get there. (The motion in
this drawing is exaggerated for clarity.)

expected to send their messages at wavelengths near (but not exactly at) the
resonant hydrogen emission signal. In any case, for signals to penetrate
greal distances in space, they must be concentrated at precise and stable
frequencies. Otherwise, the electromagnetic noise generated by some stars,
galaxies, and nebulae will overwhelm the communication signals.

All these problems make SETT a task akin to searching for the prover-
bial pin in a barn full of hay. Nevertheless, the quest goes on, with the hope
that the pin is there and that if we roll around in the hay long enough and
vigorously enough, it will sooner or later poke us.

UNKNOWN MEDIA

Some physicists, astronomers, and communications engineers think that
there are modes of communication we have not yet discovered and that
truly advanced extraterrestrial beings are signaling by such esoteric means.
Radio signals, infrared waves, and light beams travel at about 299,792 km/s
(186,282 mi/s) in space. This seems almost instantaneous in the immediate
vicinity of Earth. People who regularly use geostationary satellites for two-
way communications and Internet access know about the latency, or lag
time, which can be upwards of half a second because of the time it takes
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for signals to travel to and from such satellites. When it comes to interstel-
lar communications, however, latency will be measured in years, decades,
centuries, millennia, or eons.

Suppose that we send a message by means of electromagnetic waves to
a star system on the other side of our galaxy. If this signal is heard and a
reply is sent, we will not receive the reply until 150,000 or 200,000 years
have passed. This is, for all practical purposes, just about as good as no
reply at all.

Are there particles or effects that travel faster than the speed of light in
space? Some recent research suggests that there are. Is it possible to send
signals in hyperdimensional levels, somehow short-circuiting the distances
among stars and galaxies by cheating on time? This gets into the realm of
science fiction, but today’s fiction has a way of becoming tomorrow’s fact.
Some scientists have gone so far as to say that an advanced interstellar civ-
ilization would consider electromagnetic communications old-fashioned
and quaint, in the same way we think of stnoke signals or cannon shots.

A NEW KIND OF PATIENCE

Regardless of the mode, be it radio signals, infrared, visible light, or some
thus-far-unknown technology, Homo sapiens will have to cultivate great
patience to make interstellar communications possible. We will have to be
willing to send out signals and realize that they might not be heard until
many human generations have come and gone. It is difficult to imagine put-
ting down notes that we do not expect will be read for 50,000 years. But
there is no way, as far as anyone knows, that our descendants 500 centuries
from now, reading our instructions and adjusting their communications
equipment accordingly, can reply to us and ask, “What if your software
doesn’t run on our computers?”

It is hard enough right now, in most Earthly societies, for parents to
communicate with their children. Imagine this generation gap multiplied
by several thousand times! If ever a civilization from some distant star sys-
tem sends its representatives to meet us here on our humble little planet, we
will know that they have attained a degree of patience we can only dream
about. However, it will inspire us, because the instant we know who they
are and where they came from, we will realize that if they can attain such
a lofty state of existence, so can we. We will realize that Earth is not a mir-
acle. Or if you prefer, we will come to know that miracles are common in
the Cosmos.
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Visitations

Communication is an economical way to search for life on other worlds,
and it is also the method that we can expect to produce results, if there’s
anyone out there listening and transmitting with the same intentions.
However, communication is not much of an adventure, and if we ever find
another civilization “on the radio,” we’ll want to meet those beings face to
face. This can happen in three ways: We can go to them, they can come to
us, or we'll run across each other in the vastness of interstellar space.

WE DO THE TRAVELING

Interplanetary travel, within the limits of our own Solar System, has
already been done by robotic space probes. We know it's possible for
machines to do it, and given reasonably good economic and political con-
ditions in the next several decades, astronauts will someday visit some of
the planets and moons, especially the planet Mars and Saturn’s largest
moon, Titan. It is not necessary to attain fantastic speeds to get to the other
planets in our Sun’s family. To reach the stars, however, we will have to
accelerate our space ships almost to the speed of light.

If the Earth were the size of a marble, the Moon would be a small pea
approximately 300 mm (about 1 t) away. At present space-ship speeds, it
takes 2 or 3 days to get to the Moon. On this same scale, the Sun would
be about 120 m (or 400 ft) away, roughly the distance from home plate to
the center-field fence in a major league baseball stadium. The distance
from the Sun to Pluto would be on the order of 5 km (3 mi). We have the
ability to span these distances, although it takes years to reach the outer-
most planets. The nearest star to our Solar System, Proxima Centauri,
would be more than 32,000 km (20,000 mi) away on this same scale. Bven
if we can build a ship that will travel at half the speed of light, a round trip
to this star will take 18 years. Our Milky Way galaxy is 25,000 times wider
than the distance to Proxima Centauri.

If we humans are ever to attemnpt interstellar travel on a galactic scale,
our space vessels will have to reach speeds so high that a peculiar phe-
nomenon, relafivistic fime dilation, takes place. Maybe you've heard about
this: the slowing down of time for beings in a vessel traveling at near the
speed of light. This would make it possible, in theory, to reach almost any-
where in the known Universe within the span of one human lifetime.
Relative to the rest of the Cosmos, however, including the planet of origin
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{BEarth), such space travelers would be hurled irrevocably into the future by
hundreds, thousands, or millions of years.

Long-distance space travel presents all kinds of obstacles and dangers,
and we’ll look more closely at this subject later in this book. We'll study
relativistic time dilation and other effects of extreme speed as well.

THEY DO THE TRAVELING

Despite all sorts of stories and rumors, there is, as of this writing, no con-
clusive evidence, accepted by scientists in general, that extraterrestrial
beings have visited our planet. If it has occwrred, the scientific community
is not aware of it.

Ever since written records have been kept by humankind, there have
been sightings of unidentified flying objects. One such “vessel” is
described vividly in the Book of Ezekiel in the Christian Bible. Public inter-
est in this phenomenon reached a peak in the twentieth century, when the
dream of space travel became reality and people’s imaginations went wild.
Most sightings have been explained in terms of natural phenomena. The
planet Venus, when it appears through a certain type of atmospheric haze,
appears enlarged and can be mistaken for an approaching aircraft or even a
hovering space ship. Lightning discharges, strange lights in the sky accom-
panying earthquakes, and glowing gases over swampy regions can appear
as if they are traveling at high speed through the upper atmosphere. A few
sightings have evaded all attempts at logical explanation. Still, scientists
and government officials maintain a high degree of skepticism. Until space
aliens actually set a vessel down in a public place and say something like,
“Take us to your leader,” these folks will remain unconvinced that we have
been visited by beings from another planet.

Any civilization that has developed the technology to roam among the
stars must have patience and other qualities such as the ability to control
their social problems at home. Are there extraterrestrial civilizations trav-
eling among the stars as you read this? Have we on Earth been watched, or
are we being watched, by such beings?

Some people try to get an idea of what extraterrestrials might do by put-
ting themselves in the place of travelers from other worlds. If you were the
captain of a starship and you came across a planet like ours, and if your
mission were merely to catalog the behavior of civilizations in various star
systems, would you want the beings of planet Earth to know about you?
What if you were looking for civilizations with whom you could identify,
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make friends, and ponder greater questions of Cosmic reality? Would you
come down and infroduce yourself in Red Square or Central Park? What if
your intent were to conquer Earth by violent means? It has been argued that
space aliens of that sort won’t come here. They’1l have annihilated themn-
selves long before they became capable of interstellar travel.

The Green Bank Formula

Suppose that the evolution of intelligent life on our planet Barth is not a
miracle. Then extraterrestrial life exists! This part of the problem being
solved by faith, let’s play a mind game that involves an attempt to calcu-
late the number of other intelligent civilizations we would find if we
could travel freely among the stars, galaxies, and clusters of galaxies
throughout the known Universe. This mind game involves cheating on the
“probability fallacy.”

We are going to talk about the likeliliood, as a proportion, that certain
things have happened, are happening, or will happen in our Cosmos.
When we say that the chances of some event taking place on a planet are
1 in 100, we really mean that if we could visit a large number of planets,
say, 1 million of them, then that event would be discovered on 1/100, or
10,000, of them.

THE CONFERENCE

In 1961, a conference was held at the Green Bank radio telescope observa-
tory, the same place where Project Ozma was conducted. The object of the
meeting was to make an estimate of the number of technologically
advanced civilizations (defined as capable of communicating by electro-
magnetic means such as radio) that exist in the Milky Way galaxy. We
know this number is at least equal to 1 because we are here and we have
radio. Is the number greater than 17 If so, how much greater?

At this conference, the astronomers, led by Frank Drake and Carl Sagan,
developed a formula to determine the number of technologically advanced
civilizations in our galaxy. It has been called the Green Bank formula, the
Drake formula, or the Drake-Sagan formula. Several factors are involved in
this mathematical equation; some of them are probabilities. The complete
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formula consists of the product of all these factors. Let’s look at the factors
one at a time, and then we’1l evaluate the entire formula by “plugging in”
some educated guesses.

STAR FORMATION: R

Let R be the average number of new stars that are born in our galaxy each
year. There are about 200 billion (2 < 10" stars in the Milky Way, and the
galaxy is thought to be about 10 billion (10" years old. This might lead
one to suppose that an average of 20 new stars are born every year, that is,
that R = 20. Let’s be a little bit conservative because we can’t be certain
that stars have always formed at the same rate during the lifetime of the
galaxy. For our calculations here, let’s use R = 10. This value has been
suggested as reasonable by many scientists.

PLANETARY SYSTEMS: f,

Let f, be the fraction, or proportion, of stars in our galaxy that have planets
orbiting around them. Until recently, astronomers had almost no idea of
what f, might be. However, observations with the Hubble Space Telescope
and other instruments have shown that planetary formation is not a fluke. It
happens with other stars besides our own Sun. Some estimates of f, range
up to 0.5; that is, half of all new star systems include planets. Let’s be more
conservative and estimate that only 1 in 5 stars have planets. Thus f, = 0.2.

PLANETS SUITABLE FOR LIFE: n.

Suppose that we look at a large number of star systems with planets. Some
of these planets will have environments suitable for the evolution of life as
we know it; others (probably most) will not. If we are able to look at a large
enough sampling of star systems with planets, we will come up with a num-
ber #n,, the average number of life-supporting planets per planetary system.
The fact that a planet can support life does not necessarily mean that life
exists but only that the environment is such that life could exist there. We
have seen only one planetary system thus far in enough detail to get any
idea of the value of #n,, and statistically, it is nowhere near enough. We
might guess that n, = 1 if our Solar System is an average one. However,
the more we get to know our planet Earth, the more we realize what a spe-
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cial place it is. Again, let’s be conservative and suppose that there exists a
planet suitable for life on only 1 out of every 2 star systems that have planets.
Then n, = 0.5.

DEVELOPMENT OF LIFE: fi

If a planet is ideal for the development of life, there is no guarantee that life
arises and evolves. A large asteroid or comet impact would cut evolution
short if it were violent enough. An unfavorable change in the behavior of
the parent star also would snuff out life. A close call with a passing celes-
tial object, such as a neutron star or a black hole, would disrupt the order-
ly nature of the planetary orbits of the star system. The big question is this:
Was life created, and did it get going on its evolutionary way on Earth
because of a series of flukes so rare as to have a “combined probability” of
almost zero? Scientists have created complex molecules thought to be the
precursors of living matter in a laboratory, but this is not the same thing as
synthesizing life and demonstrating that its formation is a common thing.

The best we can do with respect tof, the proportion of planets suitable
for life on which life actually develops, is make a wild guess. Let’s call it
0.1, that is, only 1 out of every 10 planets with a good climate can
support life.

EVOLUTION OF INTELLIGENCE: f;

On Barth, life evolved to near perfection in the form of the dinosaurs.
However, none of them had brain power approaching that of primates such
as morkeys, let alone human beings. If it were not for a supposed small aster-
oid or comet splashdown around 63 million years ago, the dinosaurs would
still be here, and the Earth would be a vastly different place. Many evolu-
tionary scientists think that Homo sapiens wouldn’t exist. Evolution would
never have produced our forebears. Dinosaurs would have eaten them!

Major cosmic collisions, once life has started to evolve on a planet, are
not too likely. According to the model of Solar System evolution currently
accepted, by the time life was underway on Earth, most of the debris from
the primordial solar disk had been swept up into the planets and their
moons. But minor collisions are common; we can expect that there will be
more of these on Earth yet to come. Interestingly, these minor collisions
can serve as a catalyst for evolution, not a fatal blow, as would be the case
with a major collision.
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What proportion f; of planets where life has gotten started undergo evo-
lution to the point where intelligence arises? The answer to this question
dictates the range of values we can realistically assign to f. Evolution and
natural selection seem to be relentless processes; we have seen adaptation
of species all the way down from ourselves (if we consider Homo sapiens
a species of animal) to bacteria that develop immunity to antibiotics and
viruses that evolve new forms, evading extermination. Given the relent-
lessness of the evolutionary process and the relative likelihood of changes
in the environment that spur the emergence of new evolutionary pathways,
we might assign f; a value of about 0.1. This is a conservative estimate.

TECHNOLOGICAL ADVANCEMENT: f,

Evenif a life form develops intelligence, it might not reach the level where it
communicates by radio. On Earth, dolphins (porpoises) and whales can be
considered intelligent to a degree. However, they lack hands with which to
construct machines. Some porpoises have brains large enough to suggest that
their intelligence surpasses that of Homo sapiens in some ways, but even if
that is true, “dolphin smarts™ are qualitatively different from “human smarts.”

Suppose that there exist planets covered by oceans teeming with marine ani-
mals having intelligence greater than our own. These animals would not have
the physical ability to develop radio transmitters and receivers, cars, boats, and
airplanes. They would have no need of these devices (as some people argue
humanity has no need of radios, cars, boats, and airplanes). What proportion f,
of intelligent species goes on to manufacture the means to communicate among
the stars and to conduct their own SETT programs? It is hard to say. Let us sup-
pose that 1 out of 10 planets with intelligent life harbors civilizations capable
of communicating by radio; then that proportion f; is equal to 0.1.

Some scientists lump f; and f; together as a product because there is dis-
agreement on exactly what level of brain power constitutes intelligence.
Let’s get around this problem by estimating that f; f, = 0.01.

AVERAGE LIFESPAN OF TECHNOLOGICAL
CIVILIZATIONS: L

Once a civilization has become intelligent and has developed radio, and
once it has tumed its electromagnetic “ears” and “voice” to the heavens,
how long will such beings remain capable of communicating? It is temnpting
to suppose that curiosity would drive any intelligent species, anywhere in
the universe, to seek out life in other star systems, but we do not know this.
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There is a dark point here: As part of our technological “progress,” we
humans have created weapons of destruction that could annihilate our
whole population or at least throw us back to near stone-age conditions.
How likely is this? How long can we expect our society to exist as we know
it, with radio telescopes and SETT programs? Let’s say that a civilization
lasts for L years before evolving out of existence. What is the value of L?
Again, the best we can do is make a guess. During the 1960s and 1970s, at
the height of the Cold War, many people became convinced that human civ-
ilization on Earth was doomed to bomb itself out of existence, and soon.
Today this view is not as widespread, but unless and until Homo sapiens
gets rid of its “war gene,” the danger remains.

Suppose that a planetary population, at least some of whom can commu-
nicate by radio, maintains this level of sophistication for at least 10,000 years
before something—war, famine, disease, or asteroid impact—puts an end to
it. Then L = 10,000. However, even in this case, after the disaster has passed,
evolution would continue along its way, and in some cases this would lead to
another technologically advanced civilization. This would multiply the value
of L. Nevertheless, let’s be conservative and set L = 10,000,

THE COMPLETE FORMULA

The Drake formula in its entirety consists of the product of all the preceding
factors and generates a number &. This is the number of technologically
advanced civilizations that we should expect to find in the Milky Way galaxy:

N=Rf,n. il L

Let’s calculate N. Here are the values we have suggested for the vari-
ables in the Drake formula:

R =10

=02

n, = 0.5

fi=01
fif, = 0.01

L = 10,000

This yields a final estimate of ¥ = 10. That is, based on the guesses
made here as to the values of the variables, we can imagine that there
are 9 technologically advanced civilizations in the Milky Way besides
our own.
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If these worlds are more or less evenly spaced in the spiral arms of the
galaxy, it is unlikely that we will ever communicate with them by radio
because the latency will be too great (unless, by coincidence, one of the
other civilizations is within a few light-years of us). However, we have the
capacity to hear signals from one of these societies even if we can never
send a reply and expect it to be heard within an individual human lifetime,
and even if what we hear represents the distant past (an extreme form of
time-shifting communication). Thus SETT continues. The “odds™ are slim.
The potential rewards are enormous, even if it is nothing more or less than
the joy of knowing that we are not alone in the Cosmos.

The Final Answer

The estimates made in this chapter for variables in the Drake formula are
mine; they don’t necessarily reflect those of scientists in general. Many
respected academics have come up with values of N much larger than the
number obtained in this chapter. However, there are some people who
refuse to accept that N can be anything but 1.

A final, definitive answer to the question of whether or not other
advanced, intelligent civilizations exist in our galaxy or in the Universe as
a whole will elude all of humanity until contact is actually made, if it is
ever made. The issue remains open. The jury is out. Some comfort might
be gained from reverting to hard-line wariness of the “probability fallacy”
and proclaiming that we know but one thing for certain: Hither there is
advanced extraterrestrial life or else there is not. What do you think?

Refer to the text if necessary. A good score is 8 correct. Answers are in the back of
the book.

1. Tau Ceti is a notable star
(a) because it emits a large amount of energy at 21 cm.
(b) because it has several known Earthlike planets.
(c) in the sense that it has been closely examined by SETI scientists.
(d) for no reason.
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2. The hydrogen emission wavelength of 21 cm might be used by extraterrestrial
civilizations as
(a) areference wavelength for space communications by radio.
(b) a means of eliminating a planetary energy crisis.
(c) a method of obtaining high-speed propulsion for space ships.
(d) nothing; it is a logical wavelength to avoid.

3. The product of all the variables in the Drake equation stands for
(a) the number of advanced civilizations in our galaxy.
(b) the number of planets in our Solar System that have life on them.
(¢) the number of stars in the Universe that have planets.
(d) the probability that extraterrestrial life exists.

4. Suppose that a biclogical cell is capable of replicating itself and does so exactly
once every 24 hours. If we start with one cell, how many cells will we have after
7 days, assuming that none of the cells die?
(a) 14
(b) 32
(c) 64
(dy 128

5. Suppose that the scenario described in the preceding question is allowed to go on
for an indefinite time. Suppose also that the cells can supply their own food by
photosynthesis. What will eventually limit the growth of the population of cells?
(a) The intensity of the light from the Sun
(b) The amount of available physical space on the planet
(c) The temperature
(d) The length of the growing season

6. The value of L in the Drake equation depends on
(a) how soon, or if, technologically advanced civilizations die off or annihilate
themselves.
(b) how far a planet orbits from its parent star.
(c) the tilt of a planet on its axis.
(d) the proportion of stars that have planets with conditions suitable for life.

7. 'The purpose of SETI is
(a) to travel to other worlds.
(b) toencourage space aliens to land on Earth.
(c) to figure out what unidentified flying objects actually are.
(d) to find conclusive evidence of an advanced civilization on another planet.

8. The impact of a small asteroid on a planet
(a) can cause massive species extinctions.
(b) can spur the emergence of new species.
(¢) can cause a change in the planet’s climate.
(d) More than one of the above
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