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PREFACE TO THE NINTH EDITION

This edition of Astronomy represents a considerable revision of the pre-
vious editions. An effort has been made to maintain the factual style used
in earlier editions and the general scope and arrangement of the material
remain as before. This is a textbook for two-semester introductory courses
in astronomy at the college level and assumes very little prior background
on the part of the student.

This edition contains a glossary for the first time. It is designed to aid
the student with terms the instructor might use and not explain because
they are so second nature to astronomers. The student is encouraged to
expand the glossary by consulting additional sources. To assist the student
in finding additional reading we continue to include the names of astrono-
mers which may be used as key words in a library search. The references
listed at the end of each chapter are divided into two sections, the first
section contains books considered to be comparable to or simpler than the
text itself, the second section contains books that range from slightly more
advanced to considerably more advanced than the text. A basic reference
shelf is listed after chapter 19. The entire book has been converted to the
metric system, except where familiar usage overwhelmingly dictates to the
contrary, e.g. the 200-inch telescope remains the 200-inch telescope. In
dealing with abbreviations, units, etc., the Style Manual of the American
Institute of Physics has been used.

The list of significant discoveries and improvements since the last edition
is almost staggering even to astronomers. The discovery and identification
of the quasi-stellar objects was so new during the last revision that it was
not seen fit to mention them as such. In this edition we treat them al-
though they remain somewhat mysterious objects. Since that edition, man
has set foot upon the moon, his first feeble step into the cosmos is now
behind him. A new class of objects, the pulsars have been discovered and
present a whole new set of problems, X-ray stars have been discovered;
one y-ray source seems certain; the first large orbiting space telescope has
been successful and has worked for more than a year revising the tempera-
ture scale for stars, etc. Long baseline interferometry is now an everyday
procedure at radio wavelengths and the baselines are intercontinental; a
3°K isotropic background has been observed and it is claimed that gravity
waves have been observed. Objects having masses only slightly greater
than that of Jupiter have been discovered orbiting other stars.

All the achievements and the discoveries mentioned above only skim
the cream off the top of the list. We should mention the discovery of a
new moon of Saturn, closeup pictures of Mars and Venus and the dis-
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covery of organic molecules in interstellar space. It is certain that equally
exciting advances will occur during this edition.

We are indebted to an extremely long list of colleagues who have sup-
plied pictures, diagrams, material in advance of publication, criticisms,
corrections, suggestions, etc. I hope that the reader will note the credit
lines on the illustrations as that is the only way we can call your attention
to the people who have helped us. I would, however, like to acknowledge
the assistance of Catharine Garmany and Haywood Smith in collating the
revised portions, the illustrations and the problems. I would be derelict
not to inform you that my wife Frances has done all the typing.

Laurence W. Fredrick
CHARLOTTESVILLE, VIRGINIA
JANUARY 1971
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INTRODUCTION

Astronomy, the “science of the stars,” is concerned with the physical
universe. This science deals with planets and their satellites, including the
earth and moon, with comets and meteors, with the sun, the stars and
clusters of stars, with the interstellar gas and dust, with the system of the
Milky Way and the other galaxies that lie beyond the Milky Way.

The most comprehensive of the sciences, astronomy is also regarded as
the oldest of all. People of ancient times were attentive watchers of the
skies. They were attracted by the splendor of the heavens, as we are today,
and by its mystery that entered into their religions and mythologies.
Astrology, the pseudo-science which held that the destinies of nations and
individuals were revealed by the stars, provided at times another incentive
for attention to the heavens.

An additional incentive to the early cultivation of astronomy was its
usefulness in relation to ordinary pursuits. The daily rotation of the heavens
furnished means of telling time. The cycle of the moon’s phases and the
westward march of the constellations through the year were convenient for
calendar purposes. The pole star in the north served as a faithful guide to
the traveler on land and sea. These are some of the ways in which the
heavens have been useful to man from the earliest civilizations to the
present.

The value of this science, however, is not measured mainly in terms of
economic applications. Astronomy is concerned primarily with an aspiration
of mankind, which is fully as impelling as the quest for survival and
material welfare, namely, the desire to know about the universe around
us and our relation to it. The importance of this service is demonstrated
by the widespread public interest in astronomy and by the generous
financial support that has promoted the construction and operation of large
telescopes in increasing numbers. Nowhere in the college curricula can
the value of learning for its own sake be more convincingly presented
than in the introductory courses in astronomy.

It is the purpose of astronomy to furnish a description of the physical
universe, in which the features and relationships of its various parts are
clearly shown. At present the picture is incomplete. Doubtless it will
always remain incomplete, subject to improvements in the light of new
explorations and viewpoints. The advancing years will bring added grandeur
and significance to the view of the universe, as they have in the past.

The Sphere of the Stars. As early as the 6th century s.c., Greek scholars
regarded the earth as a globe standing motionless in the center of the
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universe. The boundary of their universe was a hollow globe, having the
stars set on its inner surface. This celestial sphere was supported on an
inclined axis through the earth, on which the sphere rotated daily, causing
the stars to rise and set. Within the sphere seven celestial bodies moved
around the earth; they were the sun, the moon, and the five bright planets.

This view of the universe remained practically unchanged for more than
2000 years thereafter. The chief problem of astronomy was to account for
the observed motions of the seven wandering bodies. The- outstanding
solution of the problem, on the basis of the central, motionless earth, was
the Ptolemaic system.

Copernicus, in the 16th century, proposed the theory that the planets
revolve around the sun rather than the earth and that the earth is simply
one of the planets. The rising and setting of the stars were now ascribed
to the daily rotation of the edrth. The new theory placed the sun and its
family of planets sharply apart from the stars. With its gradual acceptance,
the stars came to be regarded as remote suns at different distances from us
and in motion in various directions. The ancient sphere of the stars re-
mained only as a convention; and the way was prepared for explorations
into the star fields, which have led to the more comprehensive view of
the universe that we have today.

The Solar System. The earth is one of a number of relatively small
planets that revolve around the sun; the planets are accompanied by
smaller bodies, the satellites, of which the moon is an example. These are
dark globes, shining only as they reflect the sunlight. The nine prinicpal
planets, including the earth, have average distances from the sun ranging
from 0.4 to 40 times the earth’s distance. Thousands of smaller planets,
the asteroids, describe their orbits mainly in the middle distances. Comets
and meteroids also revolve around the sun; their orbits are usually more
elongated than are those of the planets, and they often extend to greater
distances from the sun.

These bodies together comprise the solar system, the only known system
of its kind, although others may well exist. A similar planetary system
surrounding the very nearest star could not be discerned with the largest
telescope. Likewise, the telescopic view of our own system from the nearest
star would show only the sun, then having the appearance of a bright star.

The Stars. The sun is one of the multitude of stars, representing a fair
average of the general run. It is a globe of intensely hot gas, 1,392,000
kilometers in diameter, and a third of a million times as massive as the
earth. Some stars are much larger than the sun and some others are much
smaller. Blue stars are hotter than the sun, which is a yellow star. Red stars
are cooler; but all are hot as compared with ordinary standards, and they




are radiating great amounts of energy. The stars are the power plants and
building blocks of the universe.

Vast spaces intervene between the stars. If the size of the sun is repre-
sented by one of the periods on this page, the sun’s nearest neighbor
among the stars, the double star Alpha Centauri, would be shown on this
scale by two dots 16 kilometers away. The actual distance exceeds four
light years; that is, a ray of light, having a speed of 299,793 kilometers a
second, spends more than four years in traveling from that star to the sun.
This is a sample of the spacing of stars in the sun’s neighborhood.

The interstellar spaces are not perfectly empty. In our vicinity and in
many other regions they contain much gas and dust. Clouds of this material
made luminous by nearby stars constitute the bright nebulae. The dust
clouds can be detected by their dimming and reddening of stars behind
them; they are responsible for the dark rifts that cause most of the variety
in the Milky Way.

Our Galaxy is the assemblage of 100,000 million stars to which the sun
belongs. Its most striking feature, as we view it from inside, is the glowing
band of the Milky Way. This system consists in the main of a spheroidal
central stellar region surrounded by a flat disk of stars 30,000 parsecs
in diameter. Imbedded in this disk are spiral arms, containing stars, gas,
and dust. The sun is near the principal plane of the Galaxy; its distance is
about 10,000 parsecs from the center, which is situated in the direction of
the constellation Sagittarius. The sun is included in a spiral arm.

As would be inferred from its flattened form, the Galaxy is rotating
around an axis through its center. In the rotation the sun is now moving
swiftly toward the direction of Cygnus. The period of the rotation in the
sun’s neighborhood is of the order of 200 million years. The more nearly
spherical and more slowly rotating halo of the Galaxy includes the globular
clusters.

The Galaxies. Our spiral galaxy is one of the major building blocks of
the universe. Millions of other galaxies extend into space as far as the
largest telescopes can explore, and many of these are also spirals. They
are retreating from us, and their speeds of recession increase as their
distances are greater. This is the basis for the spectacular theories of the
expanding universe.

Astronomy is a physical science closely related to the others. Its interests
range from the structure and transmutation of the atom to the constitution
and evolution of the universe. Its large optical telescopes are cameras for
recording the proceedings in the laboratory of space, where quantities of
material, extremes of conditions, and lengths of time involved in the ex-
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periments transcend those of operations in the terrestrial physical and
chemical laboratories. The telescopes also have important uses in collecting
the radiations of celestial bodies and in funneling them into physical
apparatus, such as the spectroscope and photoelectric cell.

Radio telescopes of increasing effectiveness are recording cosmic radia-
tions of longer wavelength, extending the inquiries into the daytime and
through cloudy skies. They inform us of features of the universe that may
be entirely concealed from optical telescopes.
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ASPECTS OF THE SKY

THE CELESTIAL SPHERE; ITS APPARENT DAILY ROTATION — DIURNAL
CIRCLES OF THE STARS — THE SUN'S APPARENT ANNUAL PATH —
THE CONSTELLATIONS

At the beginning of the study of astronomy it is convenient to regard the earth
as a sphere situated at the center of a vast spherical shell on which the stars
are set. The stars may accordingly be represented on the surface of a globe
and their positions may be referred to circles on the globe, just as the positions
of towns and ships are denoted on the globe of the earth. It is in order at first
to recall the circles that are employed on the earth’s surface and then proceed
to other coordinate systems.

medium-sized planetarium projector, with a capacity to repro-

uce faithfully the entire celestial sphere and the apparent
iotion of all celestial bodies, and also the trajectory of man-
i:ade spacecraft. (Courtesy of the Minolta Corporation).




4 ASPECTS OF THE SKY

1.1
Circles of the
Terrestrial Sphere

1.2
Longitude
and Latitude

Figure 1.2
Circles of the terrestrial
sphere. The position of a
point on the earth is denoted
by its longitude and latitude.

THE TERRESTRIAL SPHERE

The earth, regarded as a sphere, has an imaginary coordinate system
placed upon it for convenience in locating places and navigating between
two points by ship or air. The coordinates are called longitude and
latitude.

The earth rotates daily from west to east on an axis joining the north and
south poles. Because of its rotation the earth is somewhat flattened at the
poles and bulged at the equator. For the present purpose the flattening
and also the surface irregularities are neglected. If the earth is regarded
as a sphere, any plane passing through its center cuts the surface in a
great circle. A plane through the earth but not through the center cuts the
surface in a small circle.

The equator is the great circle of the terrestrial sphere halfway between
the north and south poles and therefore 90° from each. Meridians are
halves of great circles joining the poles and are therefore perpendicular
to the equator. The meridian of Greenwich, which passes through the orig-
inal site of the Royal Greenwich Observatory in England, is taken as the
prime meridian for reckoning longitude. Parallels of latifude are small circles
parallel to the equator, which diminish in size with increasing distance
from the equator.

The position of a point on the earth’s surface is denoted by the longitude
and latitude of the point. The longitude is measured in degrees along the
equator east or west from the prime meridian to the meridian through the
point. Its value ranges from 0° to 180° either way, and the direction is
indicated by the abbreviation E. or W., or by the minus or plus sign.
If the longitude is 60° W., the point is somewhere on the meridian 60°
west from the Greenwich meridian.

The latitude of a point is its distance in degrees north or south from the
equator, measured along the meridian through the point. Its value ranges
from 0° at the equator to 90° at the poles, and the direction is indicated
by the abbreviation N. or S., or by the plus or minus sign. If the latitude
is 50° N., the point is somewhere on the parallel 50° north from the equa-
tor. When the longitude is also given, the position is uniquely defined.
As an example, the Yerkes Observatory is in longitude 88° 33’ W. and
latitude 42° 34’ N.

Positions of stars on the apparent globe of the sky are similarly denoted.
Although a single system of circles based on the equator suffices for the
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earth, four different systems are required in the sky for the various pur-
poses of astronomy. The three to be described in this chapter are based
on the horizon, celestial equator, and ecliptic. The fourth system, based
on the galactic equator will be discussed in chapter 17.

THE CEBESTIAL "SPEIERE:
ITS APPARENT ROTATION

The stars, apparently at infinity, appear to lie on a sphere. Coordinate
systems can be imagined to be upon this sphere, which seems to rotate
around the earth a little more than once in a day. The coordinates on the
celestial sphere, analogous to those on the terrestrial sphere, are called
right ascension and declination.

The Celestial Sphere is the conventional representation of the sky as a
spherical shell on which the celestial bodies appear projected. Evidently
of very great size, it has the properties of an infinite sphere. Its center
may be anywhere at all and is often taken as the observer’s position.
Parallel lines are directed toward the same point of the sphere, just as
the rails of a track seem to converge in the distance. Each star has its
apparent place on the sphere, where it appears to be; this specifies only the
star’s direction. The apparent distance between two stars is their angular
separation on the celestial sphere.

Apparent places and distances are always expressed in angular mea-
sure, such as degrees, minutes, and seconds of arc. For estimating angular
distances in the sky it is useful to remember that the apparent diameters
of the sun and moon are about half a degree. The pointer stars of the
Great Dipper are somewhat more than 5° apart (Fig. 1.3).

The zenith is the point on the celestial sphere that is vertically overhead.
The nadir is the opposite point, vertically underfoot. These points are
located by sighting along a plumb line, or vertical line.

The celestial horizon is the great circle on the celestial sphere halfway
between the zenith and nadir and, therefore, 90° from each. This is the

*

Figure 1.3
The distance between the
dipper's pointers is about
5 degrees.

1.3
The Celestial
Sphere

1.4
Horizon and
Celestial Meridian
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1.5
Azimuth
and Altitude

Figure 1.5
Location of a star in the
horizon system by azimuth
and altitude.

horizon of astronomy as distinguished from the visible horizon, the fre-
quently irregular line where the earth and sky seem to meet. The horizon
is an example of the circles that are imagined to be on the celestial sphere
for the purpose of denoting the places of celestial bodies, just as circles
such as the equator are imagined on the terrestrial sphere. The horizon
is the basis of the horizon system of coordinates.

Vertical circles are great circles that pass through the zenith and nadir
and are, therefore, perpendicular to the horizon. One of these is the
observer’s celestial meridian, the vertical circle that crosses his horizon
at the north and south points. Another is the prime vertical, which crosses
the horizon at the east and west points.

Celestial circles and coordinates may be somewhat confusing to the reader
at first, because they often have unfamiliar names and also because they are
represented in two dimensions in the diagrams. The use of a celestial globe or
of a blank globe on which the circles can be drawn is likely to contribute to a
clearer understanding of features of the sky described in this and other chapters.
It should preferably be a globe that can be rotated and that has a movable
meridian, so that the direction of the rotation axis can be varied.

The position of a star is denoted in the horizon system by its azimuth
and altitude. The azimuth of a star is the angular distance measured
from the north point toward the east along the horizon to the vertical
circle of the star. It is measured completely around the horizon from 0°
to 360°. Azimuth is sometimes reckoned from the south instead of the
north and occasionally from the north eastward through 180° and then
from the south westward through 180°.

The altitude of a star is its angular distance from the horizon. Altitude
is measured along the vertical circle through the star, having values from

 ZENITH

Nt TH
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o

o
7 0:35
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0° at the horizon to 90° at the zenith. Its complement, zenith distance, is
measured downward from the zenith along the vertical circle. When its
azimuth and altitude are given, the star’s place in the sky is known, as
the following examples illustrate.

1. Point to a star in azimuth 90° and altitude 45°.
Answer: The star is directly in the east, halfway from the horizon to
the zenith.

2. Point to a star in azimuth 180° and altitude 30°.
Answer: The star is directly in the south, one third of the way from
the horizon to the zenith.

3. State the azimuth and altitude of a star that is exactly in the south-
west and two thirds of the way from the horizon to the zenith.
Answer: Azimuth 225°, altitude 60°.

The simplicity of the horizon system recommends it for various pur-
poses in astronomy, navigation, and surveying. It is easy to visualize these
circles and coordinates in the sky. The navigator’s sextant or octant and
the engineer’s transit operate in this system. Azimuths and altitudes of
the celestial bodies are always changing, because of the apparent daily
rotation of the celestial sphere; and at the same instant they change with
the observer’s position on the earth. This necessitates the use of other
coordinate systems as well.

The westward movement of the sun across the sky, which causes the sun
to appear to rise and set, is an example of the motion in which all the
celestial bodies share. It is as though the celestial sphere were rotating
daily around the earth from east to west. This apparent daily rotation,
or diurnal motion, of the heavens is an effect of the earth’s rotation on its
axis from west to east.

Every star describes its diurnal circle around the sky daily. All diurnal
circles of the stars are parallel and are described in the same period of
time; but those of the sun, moon, and planets, which change their places
among the stars, are not quite parallel and have somewhat different
periods. The rapidity with which a star proceeds along its diurnal circle
depends on the size of the circle that is described. The motion is fastest
for stars that rise exactly in the east; it becomes progressively slower as
the rising is farther from the east point, and vanishes at two opposite
points in the sky around which the diurnal circles are described.

The two points on the celestial sphere having no diurnal motion are the
north and south celestial poles. They are the points toward which the earth’s
axis is directed. For observers in the northern hemisphere, the north

1.6

Apparent Daily
Rotation of the
Celestial Sphere

1.7
The Celestial
Poles

7
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North
Celestial Zenith

South Celestiai Pole

Figure 1.8
The celestial equator is in the
plane of the earth's equator.
It crosses the horizon at the
east and west cardinal points
at an inclination equal to the
complement of the observer's
latitude.

1.8
Celestial Equator;
Hour Circles

1.9
Directions in the
Equator System

1.10
Right Ascension
and Declination

celestial pole is situated vertically above the north point of the horizon;
its place is marked approximately by Polaris, the pole star, or north star,
at the end of the handle of the Little Dipper. Polaris is now about 1° from
the pole, or twice the apparent diameter of the moon.

The south celestial pole is depressed below the south horizon as much
as the north pole is elevated in the northern sky. Its place is not marked
by any bright star. This is the elevated pole for observers in the southern
hemisphere.

It is interesting to photograph the diurnal trails of stars around the pole with
an ordinary camera. Set the camera so that it points toward the pole star and
expose a film for several hours on a clear evening, using the full aperture of the
lens and having the focus adjusted for infinity. The trails in the picture are
arcs of diurnal circles, which have the celestial pole as their common center,
Increasing the exposure makes the trails longer, but shows no more stars,

The celestial equator is the great circle of the celestial sphere halfway
between the north and south celestial poles. It is in the plane of the earth’s
equator and is the largest of the diurnal circles. For a particular place on
the earth, the celestial equator has nearly the same position in the sky
throughout the day and year; it is traced approximately by the sun’s
diurnal motion on March 21 or September 23,

Hour circles pass through the celestial poles and are, therefore, at right
angles to the celestial equator. They are half circles from pole to pole,
like meridians of the terrestrial sphere; and they may be considered as
fixed either on the turning celestial sphere or with respect to the observer,
like his celestial meridian.

In the system of circles based on the celestial equator, north is the direc-
tion along an hour circle toward the north celestial pole. South is the
opposite direction. West is the direction of the diurnal motion, which is
parallel to the celestial equator. With these definitions in mind there will
be no confusion about directions in the sky, even in the vicinity of the
pole. As one faces north, the stars circle daily in the counterclockwise
direction. From a star directly above the pole, north is downward and
west is toward the left; from a star below the pole, north is upward and
west is toward the right. It should be understood here that the equa-
torial system is valid only for terrestrial observers.

The right ascension of a star is the angular distance measured in hours,
or degrees, from the vernal equinox eastward along the celestial equator
to the hour circle of the star. The vernal equinox is the point where the
sun’s center crosses the celestial equator at the beginning of spring; the
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hour circle through this point serves the same purpose as the prime
meridian of the earth. Unlike terrestrial longitude, which is measured both
east and west from the prime meridian, right ascension is always meas-
ured toward the east, from O" or 0° at the vernal equinox to 24" or 360°
at the equinox again.

The declination of a star is its angular distance north or south from the
celestial equator. Declination is measured along the hour circle of the star,
its value ranging from 0° at the equator to 90° at the poles. If the star
is north of the equator, the sign of the declination is plus; if the star is
south of the equator, the sign is minus. The places of the celestial bodies
are generally denoted by their right ascensions and declinations in maps
and catalogs.

As an example, the right ascension of the bright star Sirius is 6" 44™,
and the declination is —16° 43’; the star is therefore 6" 44™, or 101°, east
of the vernal equinox and 16° 43’ south of the celestial equator. The fol-
lowing relations can be employed in changing from hours to degrees of
right ascension, or conversely:

¥ = 35° 1948 =am
: o ! =4
It - i Sger 1”7 = .067*

The place of a star is also denoted in the equator system by its hour
angle and declination. In this case the observer’s celestial meridian is the
circle of reference and is considered to have two branches. The upper
branch of the celestial meridian is the half between the celestial poles
that includes the observer’s zenith; the lower branch is the opposite half
that includes the nadir. A star is at upper transit when it crosses the upper
branch of the celestial meridian, and at lower transit when it crosses the
lower branch.

The local hour angle of a star is the angular distance measured along the
celestial equator westward from the upper branch of the observer’s
celestial meridian to the hour circle of the star; or it is the corresponding
angle at the celestial pole. The value of the hour angle ranges from 0°
to 360°. Unlike the right ascension of a star, which remains nearly
unchanged during the day, the hour angle increases at the rate of about
15° an hour, and at the same instant has different values in different
longitudes.

The Greenwich hour angle of a star is its local hour angle as observed
at the meridian of Greenwich. Greenwich hour angles of celestial bodies
are tabulated in nautical and air almanacs at convenient intervals of the
day throughout the year.

North :
Gelestial ZanAt

South
Celestial
Right Pole

Figure 1.10

Right ascension and declina-
tion. Right ascension is mea-
sured eastward from the
vernal equinox, V, along the
celestial equator. Declination
is measured north or south
from the equator.

1.11
Hour Angle
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1.12

The Observer's
Latitude Equals the
Altitude of the North
Celestial Pole

Figure 1.12
The latitude of a place on
the earth equals the altitude
of the north celestial pole at
that place. Astronomical
latitude is defined as the
angle between the vertical
line and the equator plane.
This angle equals the altitude
of the north celestial pole,
because both are comple-
ments of the angle between
the zenith and the celestial
pole. It also equals the decli-
nation of the zenith.

DIURNAL CIRCLES OF THE STARS

The stars seem to move across the sky daily, reflecting the earth’s rotation,
The apparent motion and its angle with the horizon depend on the latitude
of the observer's position.

The astronomical latitude of a place on the earth is defined as the angle
between the vertical line at the place and the plane of the earth’s equator.
Evidently this is also the angle between the directions of the zenith and
celestial equator. As is seen in Fig. 1.12A, this angle equals the altitude
of the north celestial pole as well as the declination of the zenith at the
place. Here we have the basic rule for all determinations of latitude by
sights on celestial objects.

Where irregularities of the earth affect the direction of the vertical
line, the astronomical latitude requires a slight correction to obtain the
geographical latitude. The correction rarely exceeds 30” and is usually
much smaller.

When the latitude of a place is given, the altitude of the celestial pole

A
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is an equal number of degrees, according to the rule. Thus the positions
of the celestial poles and of the celestial equator midway between them
become known relative to the horizon of the place. Because the diurnal
circles of the stars are parallel to the equator, we may now consider how
these circles are related to the horizon for observers at different places
on the earth.

Viewed from the north pole, latitude 90° N., the north celestial pole is
in the zenith and the celestial equator coincides with the horizon. Here
the diurnal circles are parallel to the horizon. Stars north of the celestial
equator never set, and those in the south celestial hemisphere are never
seen. The sun, moon, and planets, which change their places among the
stars, come into view when they move north across the equator and set
when they cross to the south. At the south pole, of course, the south
celestial pole is in the zenith and everything is reversed.

It will be noted later that some statements in this chapter require
slight modification because of refraction of starlight in the earth’s atmo-
sphere.

Viewed from the equator, latitude 0° the celestial poles are on the
horizon at its north and south points. The celestial equator crosses at
right angles to the horizon at its east and west points and passes directly
overhead. All diurnal circles, since they are parallel to the equator, are
also perpendicular to the horizon and are bisected by it. Thus every star
is above the horizon for about 12 hours and is below for the same inter-
val; the daily duration of sunlight is about 12 hours throughout the year.

It is to be noted that places on the equator are the only ones from
which the celestial sphere can be seen from pole to pole, so that all parts
of the heavens are brought into view by the apparent daily rotation.

Zenith

Diurnal
Circle

Celestial
Equator

1.13
At the Pole, Diurnal Circles
Are Parallel to the Horizon

Zenith

Horﬁzon
Figure 1.13

Diurnal circles observed at
the north (or south) pole are
parallel to the horizon.

1.14

At the Equator,

Diurnal Circles Are
Perpendicular to the
Horizon

Figure 1.14

Diurnal circles observed at
the equator are perpendicular
to the horizon.
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1.15
Elsewhere, Diurnal
Circles Are Oblique

Zenith
| Diurnal

N
Se:t(:r/,_,_,.h Circle

North

Celestial

Pol7 4
r

Rises

Figure 1,15
Diurnal circles observed in
latitude 40° N. are obligue.

1.16
Circumpolar
Stars

From points of observation between the pole and the equator, the north
celestial pole is elevated a number of degrees equal to the latitude of the
place, and the south celestial pole is depressed the same amount. Although
the celestial equator still crosses the horizon at the east and west points,
it no longer passes through the zenith, but inclines toward the south, in
the northern hemisphere, by an angle equal to the latitude. Thus the
diurnal circles of the stars cross the horizon obliquely.

The celestial equator is the only one of these circles that is bisected
by the horizon. Northward, the visible portions of the diurnal circles
become progressively greater, until the entire circles are in view; south-
ward from the celestial equator they diminish in size, until they are
wholly out of sight. The changing daily duration of sunlight from sum-
mer to winter serves as an example.

In this oblique aspect of the diurnal motion with respect to the horizon,
the celestial sphere is conveniently divided into three parts: (1) A cap
around the elevated celestial pole, having its radius equal to the latitude
of the place, contains the stars that are always above the horizon; (2) a
cap of the same size around the depressed pole contains the stars that
never come into view; (3) a band of the heavens symmetrical with the
celestial equator contains the stars that rise and set. In latitude 40° N,,
for example, the two caps are 40° in radius, and all stars within 50° of
the celestial equator rise and set.

As one travels south from 40° N, the circumpolar caps grow smaller
and finally disappear when the equator is reached. As one travels north,
the circumpolar caps increase in radius, until they join when the pole is
reached. Here none of the stars rises or sets.

If a star is nearer the celestial pole than the pole itself is to the horizon,
the star does not cross the horizon; it is a circumpolar star. Consequently,
for an observer in the northern hemisphere, a star never sets if its north
polar distance (90° minus its declination) is less than the observer’s
latitude; and it never rises if its south polar distance is less than the
latitude. The following examples illustrate the rule:

1. The Southern Cross, Decl. —60°, never rises in latitude 40° N.,
because its south polar distance of 30° is less than the latitude, It
becomes visible south of latitude 30° N., in Florida and southern
Texas.

2. The bowl of the Great Dipper, Decl. +58°, never sets in latitude
40° N., because its north polar distance of 32° is less than the
latitude. Under the celestial pole its center is still 8° above the
horizon. It rises and sets south of latitude 32° N.

3. The sun on June 22, Decl. +23%°, rises and sets in latitude 40° N.,
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because its north polar distance of 66%° is not less than the latitude.
North of about latitude 66%° N. the sun is circumpolar on that date.

The midnight sun is an example of a circumpolar object. The sun may
be seen at midnight on June 22 about as far south as the arctic circle.
Farther north it remains above the horizon for a longer period, and at
the north pole it does not set for six months.

Figure 1.16

The midnight sun. Multiple-exposure photograph taken at 15-minute intervals, starting
at 11:15 PM on June 19, 1967 at Eagle Summit, Alaska. (Photograph by P. Sheridan.)
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14T
Westward Advance
of the Constellations

1.18

The Ecliptic;
Equinoxes and
Solstices

THE SUN’S APPARENT
ANNUAL PATH

The sun appears to move due to the earth’s orbital motion around it.
The tilt of the earth’s axis on rotation causes the sun fo appear to move
up and down as well.

In addition to their daily westward circling around us, the stars are a
little farther west each evening than they were at the same time the
evening before. A constellation steps forward gradually, night by night,
until it has finally disappeared below the western horizon at that time.
For example, the familiar oblong figure of Orion is seen rising in the east
in the early evening in December. Late in the winter, Orion has moved
into the south at the same hour of the night. As spring advances, it
comes out in the western sky and sets soon after nightfall.

This steady westward march of the constellations with the changing
seasons results from the sun’s apparent eastward movement among the
stars. If the stars were visible in the daytime, as they are in the sky of
the planetarium, we could watch the sun’s progress among them. We
would observe that the sun is displaced toward the east about twice its
diameter from day to day, and completely around the heavens in the
course of a year. The sun’s apparent annual movement around the
celestial sphere is a consequence of the earth’s annual revolution around
the sun.

Not only does the sun move eastward with respect to the stars, but it
oscillates to the north and south as well during the year. The sun’s
apparent path is inclined to the celestial equator.

The ecliptic is the apparent annual path of the sun’s center on the celestial
sphere. It is a great circle inclined 23%° to the celestial equator.

Four equidistant points on the ecliptic are the two equinoxes, where the
circle intersects the celestial equator, and the two solstices, where it is
farthest from the equator. The vernal equinox is the sun’s position about
March 21, when it crosses the celestial equator going north; the autumnal
equinox is the sun’s position about September 23, when it crosses on the
way south. The summer solstice is the most northern point of the ecliptic,
the sun’s position about June 22; the winter solstice is the southernmost
point, the sun’s position about December 22. These dates vary slightly
because of the plan of leap years.
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Solstice

Equinox

The north and south ecliptic poles are the two points 90° from the
ecliptic. They are 23%° from the celestial poles.

The relation between the ecliptic and celestial equator is explained in
Fig. 1.18, in which the earth’s orbit is viewed nearly edgewise. Because
parallel lines meet in the distant sky, the celestial poles, toward which
the earth’s axis is directed, are not displaced by the earth’s revolution
around the sun; similarly the celestial equator is unaffected. Evidently the
angle between the ecliptic and celestial equator is the same as the angle
between the earth’s orbit and equator. This inclination, or obliguity, of the
ecliptic is 23° 27’; it is at present decreasing at the rate of 1’ in 128 years.

The inclination of the celestial equator to the horizon of a particular
place remains almost unaltered; this angle is the complement of the
latitude of the place. Thus in latitude 40° N. the celestial equator is
inclined 50° to the horizon. The ecliptic, however, takes different posi-
tions in the sky during the day.

Because the ecliptic is inclined 23%° to the celestial equator, its inclina-
tion to the horizon can differ as much as 23%°, either way, from that of
the equator. It can be seen with the aid of a globe that the greatest and
least angles between the ecliptic and the horizon in middle northern or
southern latitudes occur when the equinoxes are rising or setting.

In latitude 40° N., when the vernal equinox is rising and the autumnal
equinox is setting, as at sunset on September 23, the angle between the

Figure 1.18

Relation of ecliptic and celes-
tial equator. The inclination
of the ecliptic to the celestial
equatoris the same (23%:°) as
the inclination of the earth’'s
orbit to its equator.

1.19
Relation Between
Ecliptic and Horizon
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1.20
Celestial
Longitude
and Latitude

Celestial Celestial
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Figure 1.19

Relation between ecliptic and horizon. (1) The ecliptic is least inclined to the horizon
in middle northern latitudes when the vernal equinox is rising and the autumnal equi-
nox is setting. (2) The ecliptic is most inclined when the autumnal equinox is rising
and the vernal equinox is setting.

ecliptic and horizon is 50° — 23%° = 26%°. The visible half of the ecliptic
lies below the celestial equator. When the autumnal equinox is rising
and the vernal equinox is setting, as at sunset on March 21, the angle is
50° + 23%° = 73%°. The visible half of the ecliptic is then above the
celestial equator.

It will be noted later that the variation in the angle between the ecliptic
and horizon is involved in the explanations of the harvest moon, the
appearance of the planet Mercury as evening and morning star, and the
favorable seasons for observing the zodiacal light.

The observations of early astronomers were confined for the most part
to the sun, moon, and bright planets, which are never far from the
ecliptic. It was accordingly the custom to denote the places of these
objects with reference to the ecliptic by giving their celestial longitudes
and latitudes. Celestial longitude is angular distance from the vernal equi-
nox, measured eastward along the ecliptic to the circle through the object
that is at right angles to the ecliptic. Celestial latifude is the angular dis-
tance of the object from the eclipticc measured to the north or south
along the perpendicular circle.

The earlier coordinates still find use in problems of planetary motions.
They have been supplanted for most purposes by right ascension and
declination, which are the counterparts of terrestrial longitude and lati-
tude. The newer coordinates might well have been named celestial lon-
gitude and latitude instead, except that these names had already been
appropriated.
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THE CONSTELLATIONS

The stars form interesting patterns, which are well known to many people.
There are dippers, crosses, and a variety of other figures easy to identify
and to remember. In the original sense, the constellations are Hhese
configurations of stars,

Two thousand years ago, the Greeks recognized 48 constellations with
which they associated the names and forms of heroes and animals of
their mythology. The earliest nearly complete account of them that can
be found in libraries today is contained in the Phenomena, written about
270 s.c. by the poet Aratus. In the writings of Hesiod, more than 500
years earlier, and in the Homeric epics the more conspicuous figures,
such as Orion, the Pleiades, and the Great Bear, are mentioned familiarly.
There are reasons for supposing that practically the whole scheme of
primitive constellations was transmitted to the Greeks, having originated
several thousand years before among the peoples of the Euphrates valley.
The 48 original constellations, with certain changes made by the Greeks,
are described in Ptolemy’s Almagest (about a.p. 150), which specifies the
positions of stars in the imagined creatures.

The ancient star-creatures have nothing to do with the science of
astronomy. Their names, however, are still associated with striking group-
ings of stars, which attract attention now just as they did long ago.

The original constellations did not cover the entire sky. Of the 1028
stars listed by Ptolemy, 10 per cent were “unformed,” that is, not
included within the 48 figures. Moreover, a large area of the celestial
sphere in the south, which never rose above the horizons of the Greeks,
was uncharted by them. In various star maps that appeared after the
beginning of the 17th century, new configurations were added to fill the
vacant spaces and received names not associated with mythology. At
present, 88 constellations are recognized (Table 3, Appendix), of which
70 are visible at least in part from the latitude of New York in the course
of a year. :

For the purposes of astronomy, the constellations are regions of the
celestial sphere set off by arbitrary boundary lines. These divisions are
useful for describing the approximate positions of the stars and other
celestial bodies. The statement that Vega is in the constellation Lyra
serves the same purpose as the information that Cleveland is in Ohio.
We know about where it can be found.

1.21
The Primitive
Constellations

1.22
Constellations

as Regions of the
Celestial Sphere
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Figure 1.22

Old and new boundaries of

Orion.

1.23
Names of
Individual Stars

1.24
Designations of
Stars by Letter
and Number

e

—

The boundaries of the majority of the constellations were formerly
irregular. Revised by action of the International Astronomical Union,
in 1928, the boundaries are now parts of circles parallel and perpendicu-
lar to the celestial equator. The boundary lines are not shown in the
star maps of this book.

Fifty or more of the brighter stars are known to us by the names given
them long ago. Some star names, such as Sirius and Capella, are of
Greek and Latin origin; others, such as Vega, Rigel, and Aldebaran, are
of Arabic derivation. The influence of the Arabs in the development of
astronomy is indicated by the frequent appearance of their definite article
al in the names of stars (Algol, Altair, etc.).

Some star names now regarded as personal were originally expressions
giving the positions of stars in the imagined constellation characters.
These descriptive terms, translated from Ptolemy’s catalog into Arabic,
degenerated later into single words. Examples are Betelgeuse (perhaps
meaning armpit of the Central One), Fomalhaut (mouth of the Fish),
Deneb (tail, of the Bird).

The star maps of Bayer's Uranometria (1603) introduced the present plan
of designating the brighter stars of each constellation by small letters of
the Greek alphabet. In a general way, the stars are lettered in order of
brightness, and the Roman alphabet is drawn upon for further letters.
The full name of a star in the Bayer system is the letter followed by
the possessive of the Latin name of the constellation. Thus « Tauri is
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the brightest star in Taurus. When several stars in the constellation have
nearly the same brightness, they are lettered in order of their positions
in the mythological figure, beginning at the head. Thus the seven stars
of the Great Dipper, which are not much different in brightness, are
lettered in order of position.

Another plan, adopted in Flamsteed’s Historia Coelestis (1729), in which
the stars are numbered consecutively from west to east across a con-
stellation, permits the designation of a greater number of stars. The star
61 Cygni is an example. In modern maps of the lucid stars it is usual
to employ the Bayer letters as far as they go, giving the specific names of
the brightest and most notable stars, and to designate some fainter stars
by the Flamsteed numbers.

These are means of identifying the few thousand stars visible to the
unaided eye. Stars are also often referred to by their running numbers
in various catalogues. Probably the most widely used catalogue is the
Bonner Durchmusterung, which is also a set of maps for the epoch 1855.
Stars in this catalogue have the prefix BD. Many special purpose cata-
logues have developed for identifying objects such as double stars, stars
with large motions, etc. Stars become more and more numerous as we
go to fainter limits and the practice now is to give a finding chart if the
object is fainter than the limits of the well known catalogues. Thus, the
many interesting faint objects found by W. Luyten, H. Giclas and others
are given numbers in their respective catalogues and finding charts as
well. The finding charts may be actual photographs or very careful
drawings.

Usually catalogues list their objects in order of increasing right ascen-
sion either for the whole sky or for specified strips of declination. Thus,
the early radio source catalogues such as the third Cambridge catalogue
(numbered sources preceded by the prefix 3C) use the former method.
As the catalogues extend to fainter and fainter limits, more refined
listings will have to be used and eventually the latter method will prob-
ably prevail.

It is easier to identify a star correctly when its brightness is known as
well as its place in the sky. From Ptolemy’s early catalogue to the modern
catalogues and maps of the stars, it has been the custom to express the
relative brightness of a star by stating its magnitude. For radio sources
brightness is expressed in terms of flux units which are the amount of
energy received from the source in terms of a specified unit energy.
Magnitudes could have and eventually will have a similar positive iden-
tification. In fact, magnitudes do have such an identification but it is the
result of tacit agreement and as such rarely expressed, much to the con-
sternation and confusion of the engineer and physicist.

At first, the stars were divided arbitrarily into six classes, or magni-
tudes, in order of diminishing brightness. About 20 of the brightest stars

1.25
Magnitudes
of the Stars

1 flux unit
- 10—26
watt/meter®/Hz
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1.26
The North
Circumpolar Map

were assigned to the 1st magnitude; Polaris and stars of the Great Dip-
per were representatives of the 2nd magnitude; and so on, until stars
barely visible to the naked eye remained for the 6th magnitude.

With the invention of the telescope, permitting the observation of still
fainter stars, the number of magnitudes was increased, while greater
precision in measurement of brightness began to call for the use of
decimals in denoting the magnitudes. Eventually, a factor slightly greater
than 2.5 was adopted as the ratio of brightness corresponding to a dif-
ference of 1 magnitude. Thus a star of magnitude 3.0 is about 2% times
as bright as a star of magnitude 4.0.

The magnitudes assigned to the naked-eye stars by the early astrono-
mers are not altered greatly by modern practice, except those of the very
brightest stars. The original 1st-magnitude stars range so widely in
brightness that the more brilliant ones have been promoted by the mod-
ern rule to brighter classes, and so to smaller numbers. The visual mag-
nitude of the brightest star, Sirius, is —1.4; Canopus is —0.7; Arcturus,
Vega, and Capella, the brightest stars of the north celestial hemisphere,
are not far from magnitude 0; Spica is of magnitude +1.0. We will return
to the question of stellar brightness in more detail in chapter 11.

In maps that follow, the brightness of stars is denoted to whole mag-
nitudes by the symbols, the meanings of which are given in the key
adjoining the circular maps. In the interest of simplicity, two stars of
around the minus 1st magnitude are designated as of magnitude 0, and
a few 5th-magnitude stars as of magnitude 4. Stars fainter than the 4th
magnitude are not generally shown in these maps.

Map 1 represents the appearance of the heavens to one facing north in
middle northern latitudes. At the center is the north celestial pole, the
altitude of which equals the observer’s latitude. Hour circles radiating
from the center are numbered with hours of their right ascensions. Paral-
lels of declination appear as circles at intervals of 10°, from declination
+90° at the center of the map to +50° at its circumference.

The names of the months around the circumference of the map facili-
tate its orientation to correspond with the sky at any time. If the map
is turned so that the date of observation is uppermost, the vertical line
through the center of the map represents the observer’s celestial meridian
at about 9 p.Mm., standard time. The constellations then have the same
position in the map as they have in the northern sky at that hour.

To orient the map for a later hour, turn it counterclockwise through
as many hours of right ascension as the standard time is later than 9 r.m.
For an earlier hour, turn the map clockwise. Thus the map may be made
to represent the positions of the constellations in the northern sky at
any time during the year.
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Maps 2, 3, 4, and 5 show the constellations that appear in the vicinity 1.27
of the observer’s celestial meridian in the evening during each of the Star Maps
four seasons. The maps extend from the north celestial pole, at the top, for the Different
down to the south horizon of latitude 40° N. Hour circles radiating from Seasons
the pole are marked in hours of right ascension near the bottom of the
map. Circles of equal declination go around the pole; their declinations
are indicated on the central hour circle.
Select the map for the desired season; face south and hold it in front
of you. The hour circle above the date of observation coincides with the -
celestial meridian at about 9 r.m., standard time. The stars near this hour
circle are at upper transit at about this time. If the observer is in middle
northern latitudes and is facing south, the stars represented in the upper
part of the map are behind him. The northern constellations are arranged
more conveniently, however, in Map 1; they are repeated in the seasonal
maps to show how they are related to the constellations farther south.
Map 6 shows the region around the south celestial pole that is not
visible from latitude 40° N.

TABLE 1.1
Greek Alphabet
(Small Letters)

Map 1 Map 6
The northern constellations. The southern constellations.
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Figure 1.28
The latitude of a place equals
the zenith distance of a celes-
tial body at its upper transit
of the meridian of the place
plus its declination at that

time. N

1.28
Examples of
the Use of the
Star Maps

Celestial
Pole

North Zenith sze”'

Celestial
Equator

Obs;wer

. On what date is the bowl of the Great Dipper (Map 1) directly

above the celestial pole at 9 r.m., standard time?
Answer: May 1.

. Read from Map 1 the right ascension and declination of 8 Ursae

Majoris (where the handle and bowl of the Dipper join).
Answer: Right ascension 12" 12™, declination +57°.

. On what date is Antares (Map 3) at upper transit at 9 p,m., standard

time? What is its zenith distance at that time in latitude 40° N.?
Answer: July 13. The star is 66° south of the zenith.

. Locate with respect to the constellations (Map 5) a planet in right

ascension 5" 30™ and declination +24°.
Answer: The planet is midway between 8 and { Tauri.

. At what time is Orion (Map 5) directly in the south on March 1?

Answer: Orion is at upper transit at 7 p.m., standard time, on March 1.

. When Orion has been recognized, how can its stars be used for

finding Sirius and Procyon?

Answer: The line of Orion’s belt (8, ¢, and { Orionis) leads to Sirius.
Procyon completes an equilateral triangle with Sirius and Betelgeuse
in Orion.

. How far south must we be in order to view Canopus, Crux, and the

Large Magellanic Cloud (Map 6)?
Answer: At least as far south as latitudes 37°, 30°, and 21° N
respectively.

-

1.28  This is a remarkably successful device for showing a replica of the

The Planetarium  heavens indoors where many people may view it. The word planetarium
refers either to the projection apparatus or to the structure that houses

it. The Adler Planetarium in Chicago, opened to the public in 1930, first

employed a projector of the Zeiss type in America. Others of this type

are now in operation in many major cities throughout the United States

and the world. In addition, comparable large instruments such as the

Korkosz and the Spitz Model B are in international use. Many planetar-
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Figure 1.29
West German Zeiss planetarium projector of the Hayden Planetarium, New York City.
(Courtesy of Carl Zeiss, Inc., New York)

iums, such as the American Museum-Hayden Planetarium in New York
City, present four or five shows daily and change their subject matter
on a monthly schedule. Planetariums serve as a focus for public education
in astronomy by conducting courses and seminars from the most intro-
ductory to very advanced levels.

More than 400 smaller planetariums, for example, the Spitz series and
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REVIEW QUESTIONS

REFERENCES

the Minolta projectors, are employed for instruction in astronomy in
colleges and museums in the United States alone. These planetariums
are often available to the general public on a limited basis.

The value of the planetarium as a teaching tool in spherical geometry
and trigonometry, celestial navigation and practical astronomy is only now
being realized and exploited. When used in practical astronomy, a fuller
use of cloudy nights can be made leaving the clear nights for the use of
telescopes and other equipment.

1. Give brief definitions for:
Horizon Zenith Nadir
Vertical circles  Celestial meridian Prime vertical

2. What is the conventional definition of azimuth as used by astronomers?
What coordinate system uses azimuth as one of its coordinates?

3. Where does the star Regulus never rise? Where does the star Regulus never
set?

4. At what northernmost latitude can one just see the Large Magellanic Cloud?

5. Describe the astronomical coordinate system of right ascension and declina-
tion.

6. Describe a simple method for determining one’s latitude by astronomical
means.

7. What is the brightest star in Cygnus? On what approximate date does this
star transit your meridian at midnight?

8. What object is near the south pole of the ecliptic?

9. What is the name of the sun’s apparent path in the sky? Explain the coor-
dinate system based upon this path.

10. If Capella were the pole star, what would be the approximate declination of
the star called Polaris?
11. Star maps 2 and 4 do not seem to have as many stars as maps 3 and 5; do

your own observations confirm this? What feature in the sky does this
fact seem related to?
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THE EARTH IN MOTION

THE EARTH — THE EARTH'S ROTATION — THE EARTH'S
REVOLUTION — THE EARTH'S PRECESSION —
THE SEASONS

The earth is a glcbe about 12756 kilometers in diameter, slightly flattened at the
poles and bulged at the equator. Its irregular surface is 70 per cent covered with
water, and it is enveloped by an atmosphere to a height of several hundred
kilometers. In addition to principal features of the earth itself, three motions of
the earth and some of their consequences are described in this chapter. These
are: (1) the earth’s daily rotation on its axis; (2) the earth’s annual revolution
around the sun; (3) the earth’s precession, which resembles the gyration of a
spinning top.

'he Earth from Apollo 11, at a distance of 281,000 km. (NASA photograph)
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THE EARTH IN MOTION

2.1
The Earth’'s
Globular Form

THE EARTH

The earth’s size and shape have long been determined by astronomical tech-
nigues. The present method employs earth satellites referenced to the stars.
Satellites measure the earth's gravitational field and its magnetic field.

If the earth were a perfect sphere, after mountains and depressions are
smoothed, all meridians would be circles, so that 1° of latitude would
have the same value in kilometers (km) wherever the degree is measured.
Because the latitude of a place (1.12) equals the altitude of the north
celestial pole at that place, the length of 1° of latitude is the distance we
must go along the meridian in order to have the pole rise or drop 1°;
this distance may be measured by the appropriate method of surveying
and is corrected to average sea level. Many such measurements, usually
over longer arcs, show that 1° of latitude is everywhere nearly equal to
111 km. The results are:

At the equator, latitude  0°, 1° of latitude = 110.6 km
~ At latitude = T

The statute mile, commonly used for measuring land distances in the
United States, is seldom used to express distances by astronomers.
Astronomers generally prefer to use kilometers which is also the distance
unit used by most of the civilized world except in marine, air and space
navigation where the nautical mile* is used.

The nautical mile, employed in marine navigation, is the length of 1’
of a great circle of the earth, regarded as a sphere for this purpose. It

mile n. mile

kilometer a - 0540
statute mile 1609 1 L e
nautical mile 1852 1.151 - L

* Not to be confused with the knof, a unit of speed, not length. One knot equals one nautical
mile per hour.




equals about 6080 feet. Because of its relationship to circular measure
on the earth, the nautical mile is widely used in marine and air navigation.

Although the length of a degree of latitude is everywhere about 111
kilometers, the steady increase in its value from the equator to the poles
is significant. The greater length near the poles shows that the meridians
curve less rapidly there than at the equator. The meridians are ellipses,
and the earth itself approximates an oblate spheroid. For our purposes
we will consider the earth’s figure to be that of an ellipsoid of revolution,
generated by the rotation of an ellipse around its minor axis, which
coincides with the earth’s polar axis. A detailed study of geodetic satellite
results reveals that the earth has a slight bulge in the southern hemi-
sphere and geodesists describe the true figure of the earth as pear
shaped.

The dimensions of the earth are considered to be the dimensions of the
regular spheroid having a surface that most nearly fits the irregular sur-
face of the earth. The dimensions of the infernational spheroid that follow
were calculated in 1909 by the U.S. Coast and Geodetic Survey. This
remains the standard spheroid of reference, although later surveys have
given slightly different values. The dimensions of this spheroid are:

Equatorial diameter = 12756.8 km
Polar diameter 12713.8

[

43.0 km

Difference

The longest arc of a meridian ever surveyed extends from Finland to
the southern end of South Africa, a distance of 10,700 km. By the cal-
culations of the U.S. Army Map Service from these data, completed in
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2.2
The Earth as
an Oblate Spheroid

Figure 2.2

Curvature of a meridian at the pole
and equator. The greater length of
1° of latitude at the pole, which is
exaggerated in the diagram, shows
that the meridian is there a part of

a larger circle.

2.3
Dimensions
of the Earth;
Its Oblateness
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2.4
The Interior
of the Earth

1954, the earth’s equatorial diameter is found to be 12,756.8 km, so that
the circumference at the equator would be nearly 40,075.5 km.

The oblateness, or ellipticity, of the spheroid is found by dividing the
difference between the equatorial and polar diameters by the equatorial
diameter. It is the conventional way of denoting the degree of flattening
at the poles. The small value of this fraction, %g;, for the earth shows that
its flattening is slight. If the earth is represented by a globe 50 centi-
meters (nearly 20 inches) in diameter, the radius at the poles is only
about 1.7 mm less than the equatorial radius, and the highest mountain
is less than 0.3 mm above sea level. It has been said that the earth is more
nearly spherical than are most of the balls in a bowling alley.

The earth’s mass is 5.98 X 10°7 grams, or 6.6 X 10°! short tons. This
value is calculated from the acceleration of gravity at the surface by use
of an appropriate formula (7.21). Dividing the mass in grams by the
volume, which is 1.083 X 10%" cm® we find that the average density of
the earth is 5% times the density of water. This is one of the few data
of observation we have concerning the earth’s interior. Other information
comes from an analysis of various satellite orbits and the transmission
of earthquake waves at different depths. Variations in the earth’s gravi-
tational field are revealed by periodic harmonic terms in formulae repre-
senting a satellite’s orbit. For example, the vast iron deposits in the
Masabi range are clearly revealed by studies of satellite orbits. The
very innermost regions of the earth can be studied by earthquake analysis
as we shall briefly discuss later.

Aside from its atmosphere and hydrosphere, the earth consists mainly
of two parts: the mantle, extending 2,900 kilometers below the crust, and
the core. The crust is the relatively thin layer from the solid surface to the
mantle. The continental crust has an average thickness of 32 kilometers,
but the subocean crust may be as thin as 4 kilometers in some places.
The crust is composed of igneous rocks such as granite and basalt, over-
lain with sedimentary rocks such as sandstone and limestone, all together
about three times as dense as water. It is interesting that this is about the
same density as the moon. The mantle is believed to be composed mainly
of silicates of magnesium and iron.

The outer 1600 kilometers of the core behaves like a liquid; it does not
transmit earthquake waves of the type resembling light waves. The inner
core, 18 times as dense as water and supposedly very hot, is frequently
said to consist mainly of nickel-iron such as occurs in many meteorites.
This impression goes along with the idea that the heavier materials sank
to the bottom when the earth was entirely molten.

Much of the increase in the density of the earth toward its center is
caused by increasing compression. Near the center the pressure of the




overlying material rises to the order of 4 X 10'* dynes/cm? (58 million
pounds/in®), or more than 3 million atmospheres. W. H. Ramsey has
suggested that the very dense core may not differ greatly in composition
from the regions above it. The higher density may begin abruptly at the
distance from the center where the pressure becomes great enough to
collapse the molecules.

The earth’s atmosphere is a mixture of gases surrounding the earth’s
surface to a height of several hundred kilometers, From its average pres-
sure of 1.013 X 10° dynes/cm? (~ 1 kg/cm® or 14.7 psi) at sea level,
the mass of the entire atmosphere is calculated to be 5.2 X 10?' grams, or
somewhat less than a millionth the mass of the earth itself. The air
becomes rarefied with increasing altitude so rapidly that half of it by
weight is within 5.6 kilometers from sea level. The lower atmosphere
is divided into two layers: the troposphere and the stratosphere.

The troposphere extends to heights ranging from 16 kilometers at the
equator to 8 kilometers at the poles. It is the region of rising, falling,
and swirling currents, and of clouds that seem too frequently to obstruct
our view of the heavens. The turbulent air makes the stars twinkle and
often causes serious blurring of the view with the telescope. Its chief
constituents are nitrogen and oxygen in the proportion of 4 parts to 1 by
volume, carbon dioxide, and water vapor; there are other gases in rela-
tively small amounts and dust in variable quantity. By their strong absorp-
tion of infrared radiations, water vapor and carbon dioxide are especially
useful in preventing rapid escape of heat from the ground.

The stratosphere rises above the troposphere to an altitude of 72 kilo-
meters. Here the currents are mainly horizontal, and only a little water
vapor remains. Ozone, having molecules composed of 3 instead of 2
atoms of oxygen, is formed by action of the sun’s extreme ultraviolet
radiations on ordinary oxygen molecules, mainly in the lower stratosphere.
The molecules are thereby dissociated into atoms, which by collision with
unaffected oxygen molecules produce ozone. The ozone is subsequently
dissociated by the radiations. By these and other processes the sun’s
destructive ultraviolet radiations are attenuated before they can reach the
ground. These radiations are now studied spectroscopically in photo-
graphs from above the absorbing levels of the atmosphere to determine
what information they bring about the sun itself.

The stratosphere contains one fifth of the entire air mass. To its upper
limit it is still dense enough to make some contribution to twilight, as
is known from the duration of this effect. Twilight is sunlight diffused
by the air onto a region of the earth’s surface where the sun has already
set or has not yet risen. Astronomical twilight ends in the evening and
begins in the morning when the sun’s center is 18° below the horizon;
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2.6
The Upper
Atmosphere

1 Hertz (Hz) =

1 cycle/sec.

k (kilo) = thousand
M (mega) = million

2.7
The Earth’s
Magnetic Field

the fainter stars are then visible overhead in a clear sky. Civil twilight
begins in the morning and ends in the evening when the sun is 6° below
the horizon. This definition applies to the use of automobile headlights,
street lighting, etc., for legal purposes on a clear day. Either twilight
may persist for longer or shorter periods of time depending upon the
inclination of the ecliptic, as discussed in 1.19. The times of sunset and
sunrise and of the end and beginning of astronomical twilight can be
found in some of the almanacs for any date and various latitudes.

The ionosphere is the region of the atmosphere that is most affected by
impacts of high-frequency radiations and high-speed particles from out-
side. Here the molecules of the gases are largely reduced to separate
atoms, and the atoms themselves are shattered into ions and electrons.
The ionosphere is often regarded as the layer between altitudes of 72
and 320 kilometers, where the ionized gases are more abundant, but the
designation may be extended outward to include the entire upper atmo-
sphere.

Three or more fluctuating ionized (12.6) layers of the upper atmosphere
occur at successively higher altitudes. The D layer at the height of 70
to 90 kilometers is attributed to the sun’s Lyman-alpha radiation. The
E layer, at 90 to 130 kilometers, is jonized mainly by X-rays from the
sun’s corona. The F region, at 200 to 240 kilometers, is attributed to far
ultraviolet radiations by helium in the sun. By repeated reflections from
these layers and the ground, radio waves longer than 30 meters emitted
from the ground can travel considerable distances over the earth before
they are dissipated. The shortest of these are reflected from the top layer;
they are employed for long-distance communications, which are inter-
rupted when this layer is disturbed during a severe geomagnetic storm.
Radio waves having lengths shorter than 30 meters generally penetrate
all layers and escape. Conversely these also can come through from out-
side the earth to be received by radio telescopes.

The influx of electrified particles from the sun illuminates the gases of
the upper atmosphere in the airglow and the aurora (10.35). In the lower
ionosphere the resistance of the denser air to the swift flights of meteors
heats these bodies to incandescence, so that they make bright trails across
the sky.

The magnetic field of the earth resembles that of a bar magnet and
hence is referred to as a dipole field. The axis of the field is inclined at a
considerable angle with respect to the earth’s pole of rotation and it
passes very nearly through the center of the earth. Anomalies occur in
the field strength above the surface as well as at the surface and even
under the surface which may be attributed to large masses of electrically




conductive materials or to deposits of materials having a high magnetic
permeability.

The earth’s magnetic field at large distances above the earth (the
magnetosphere) has been studied theoretically in great detail by C.
Stormer. These studies predicted many of the features since confirmed
by rocket and satellite-borne equipment. While Stérmer predicted that
jons with the proper velocities would be trapped by the earth’s magnetic
field, it was somewhat of a surprise when J. A. van Allen and his associ-
ates discovered two belts of very high density (Fig. 2.7), one centered
about 3200 kilometers above the earth and the other at an approxi-
mate altitude of 16,000 kms. These studies, which began with the Inter-
national Geophysical Year during 1957 and 1958 have continued and have
been extended to the interaction of the earth’s magnetic field with inter-
planetary space and the solar wind.

Particles, mostly electrons and protons, trapped in the earth’s magnetic
field spiral back and forth along the lines of force as predicted by the
laws of basic physics. Where the field lines dip down toward the mag-
netic poles the particles penetrate the atmosphere exciting various atoms
and molecules causing auroras and night glow. When large amounts of
particles are emitted during a period of solar activity, violent auroral dis-
plays can occur accompanied by discontinuous radio communications,
violently oscillating compass needles, etc.
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Figure 2.7

Radiation intensity contours
around the earth showing the
concentration in the regions
referred to as the Van Allen
belts.
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2.8
The Earth as
a Celestial Body

Figure 2.8
The Earth from about 281,000 km.
Most of Africa, the Arabian Pe-
ninsula, the Mediterranean and
parts of Europe and Central Asia
can be easily identified in this
spectacularphotograph taken from
Apollo 11. (NASA photograph).

At one point in the south Atlantic Ocean off the coast of southern
Brazil and Argentina, the zone of charged particles comes abnormally
close to the surface of the earth. This region is referred to as the South
AHantic Anomaly and was discovered as a result of space exploration and
research. It is presumably due to a large deposit of magnetically con-
ducting ores.

Because we live here instead of somewhere else in the planetary system,
we do not view the earth in its proper relation to the rest of our com-
munity. From the nearest planets the earth would look like a brilliant
star moving through the constellations; from Mars it would be a fine
evening and morning star. From the outer planets it would be lost in the
glare of the sun. From the nearest star all the planets would be invisible
with the largest telescope, and the sun itself would be only one of the
brighter stars.

Through the telescope the observer from a neighboring planet views
the earth as a disk. He sees it marked by bright regions of snowfields
and clouds, and by dark blue areas of water. He can determine the direc-
tion and period of the earth’s rotation from the movement of surface
markings and notes twilight zones between the day and night hemispheres.
The observer would probably be unable to detect optical evidence of
human life here. He could only consider, as we do for the other planets,
whether conditions on the earth seem suitable for people like himself.
Certainly from the excellent Mercury, Gemini and Apollo orbital photo-
graphs it is impossible to deduce unequivocally the existence of human
life.




THE EARTH’'S ROTATION

The direct probing of space around the earth began effectively in the
late 1940’s with the launching of single stage rockets. According to the
laws of mechanics (Chapter 7), if these rockets could achieve sufficient
horizontal velocity above the very dense atmosphere they could then
orbit the earth without further expenditures of fuel and return direct
information about the earth’s environment via radio transmissions.

The first artificial earth satellite was launched from a multistage
vehicle by Russian scientists on October 4, 1957 and was called Sputnik 1.
Since that time, literally hundreds of earth orbiting spacecraft have been
launched including dozens that were manned by astronauts and cosmo-
nauts. In addition, numerous spacecraft have been sent to the moon,
Venus, Mars and on solar orbits. Probably the most spectacular results
from such spacecraft were those of the Mariner IV, VI and VII missions
to Mars.

We have already discussed some results from space probes (2.7).
Others have been synoptic weather coverage, radio and television relay
stations, etc. Some of the information relayed by unmanned spacecraft,
and particularly from the first space telescopes, will be discussed through-
out this book.

THE EARTH'S ROTATION

Rotation is turning on an axis, whereas revolution is motion in an
orbit. Thus the earth rotates daily and revolves yearly around the sun.
The earth rotates from west to east on an axis joining its north and south
poles. Among the effects of the rotation are the behavior of the Foucault
pendulum, the directions of prevailing winds, the spinning of cyclones, and
the oblateness of the earth.

Although the early Greek scholars cited evidence that the earth is a globe,
they believed with few exceptions that it was motionless. As late as the
time of Copernicus and in fact beyond it, no convincing proof was avail-
able that the earth had any motion at all. The alternation of day and
night and the rising and setting of the stars could mean either that the
heavens are turning daily from east to west or that the earth is rotating
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2.11
The Foucault
Pendulum

A = 15 sine |

2.12

Deflection of
Objects Moving
Horizontally

from west to east; but the second interpretation was generally dismissed
as unreasonable,

Copernicus favored the earth’s rotation because it seemed to him more
probable that the smaller earth would be turning rather than the larger
celestial sphere. His conviction that the earth also revolves around the
sun was likewise unsupported by rigorous proof. In more recent times,
many conspicuous effects of the earth’s rotation have become known.

A freely swinging pendulum affords a simple and effective demonstration
of the earth’s rotation. The experiment was first performed for the public
by the French physicist J. B. L. Foucault in 1851 under the dome of the
Pantheon in Paris. This pendulum consisted of a large iron ball freely
suspended from the center of the dome by a wire 60 meters long and
set swinging along a line marking the meridian. Those who watched the
oscillating pendulum saw its plane turn slowly in the clockwise direction.
They were observing in fact the progressive change in the direction of
the meridian caused by the earth’s rotation under the invariable swing
of the pendulum.

The demonstration was widely acclaimed as convincing proof of the
earth’s rotation, a fact that had not been universally accepted even at
that late date. Similar demonstrations are often given today in plane-
tariums, museums, and elsewhere.

The behavior of the Foucault pendulum is most easily understood if
we imagine it suspended directly above the pole. A meridian there is
turned completely around in a day with respect to the unvarying swing
of the pendulum, always toward and away from the same star. In general,
the observed deviation A of the pendulum from the meridian in 1 hour
is 15° times the sine of the latitude (l). At the pole the rate is 15° an
hour. In the latitude of Chicago it is 10° an hour, so that the plane of the
swing seems to go around there once in 36 hours. The deviation is clock-
wise in the northern hemisphere and counterclockwise in the southern
hemisphere. At the equator there is no deviation at all, because the
meridian also keeps the same direction as the earth rotates.

Because all parts of the earth’s surface rotate in the same period, the
linear speed of the rotation varies with the latitude; it is greatest at the
equator and diminishes toward the poles.

In its flight toward the target, a projectile retains the speed of the east-
ward rotation at the place from which it started, aside from air resistance.
Fired northward in the northern hemisphere, the projectile moves toward
a place of slower rotation; it is therefore deflected ahead of, or to the east
of, the target. If it is fired southward instead, the projectile moves toward
a place of faster rotation; it now falls behind, or to the west of the target.




THE EARTH'S ROTATION 39

In either event the deflection is to the right when the observer faces in the
direction of the flight. If the projective is fired in the southern hemi-
sphere, the deflection will evidently be to the left.

In general, objects moving horizontally above the earth’s surface are
deflected to the right in the northern hemisphere and to the left in the
southern hemisphere. The deflection is relative to a meridian, which is
skewed meanwhile by the earth’s rotation. Although this consequence of
the rotation is not conspicuous in the case of short-range projectiles,
convincing deflections are found in prevailing winds, cyclones, and long
range ballistic missiles.

The general circulation of the atmosphere shows the effect of the earth’s
rotation on the transport of heat from the equatorial to the polar regions.
The warmer air near the equator rises and flows toward the poles. Cooled
at the higher altitudes, the currents descend, especially around latitudes
30°, and flow over the surface. Thus we have the easterly trade winds
of the tropics and the westerlies of the temperate zones (Fig. 2.13) as
these currents are deflected by the earth’s eastward rotation. In addition,
there are easterly surface winds in the polar regions, where the colder
air moves toward the equator.

By this account the prevailing currents in the mid-latitudes, where the
temperature gradients are steepest, are frequently dynamically unstable
and break into large eddies. These are the large-scale cyclonic and anti-
cyclonic vortices of the temperate zones.

2.13
Deflection of
Surface Winds

Figure 2.13

Prevailing surface winds. The
moving air is deflected to the right
in the northern hemisphere and to
the left in the southern hemisphere.
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2.14

Cyclones Show
the Deflection
Effect

Figure 2.14
A cyclone in the northern hemi-
sphere. The whirl is counterclock-
wise, as the wind direction arrows
show.

2.15

Cause of
the Earth's
Oblateness
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The cyclones of the temperate zones are great vortices in the atmosphere
averaging 2500 kilometers in diameter, which migrate eastward and are
likely to bring stormy weather. Marked “low” in the weather map, they
are areas of low barometric pressure into which the surface air is moving.
The inflowing currents are deflected like projectiles by the earth’s rotation,
so that they spiral inward in the counterclockwise direction in the north-
ern hemisphere and clockwise in the southern hemisphere.

Anticyclones, marked “high” in the weather map, are areas from which
the surface air is moving. The outflowing currents are deflected by the
earth’s rotation so that they spiral outward, clockwise in the northern
hemisphere and counterclockwise in the southern hemisphere. Thus the
vortex motions of cyclones and anticyclones are consequences of the
earth’s rotation.

This deflection of moving objects relative to the surface of the rotating
earth is known as the Coriolis effect after the French engineer who first
discussed it a century ago. Its importance extends beyond its meteoro-
logical consequences. Correction for the effect is required in the control
of long-range missiles and in the use of the level bubble, as in the bubble
octant employed on a moving plane.

Another effect of the earth’s rotation is found in the behavior of the
gyrocompass, which brings the axis of its rotor into the plane of the
geographical meridian and thus shows the direction of true north. Still
another effect is the bulging of the earth’s equator.

The effort of a stone to escape when it is whirled around at the end of
a string is an example of the centrifugal tendency of whirling bodies.
Similarly, all parts of the rotating earth tend to move away from the
earth’s axis; the action is greatest at the equator and diminishes to zero
at the poles. This effect at any place may be regarded as the resultant of
two effects operating at right angles to each other:

1. The lifting effect (F) in grams, caused by the earth’s linear velocity (v)
at a point r from the axis, is opposed to the earth’s attraction and
therefore diminishes the weight (W) of an object at that place. This
would cause an object weighed on a spring balance to weigh less at
the equator than at the poles by 1 gram in 289 if the earth were a
sphere. The actual reduction in weight is 1 gram in 190. An object
at the equator also weighs less than at the poles because it is farther
from the center of the earth. Here we have additional evidence of
the earth’s oblateness.

2. The sliding effect of the earth’s rotation is directed along the surface
toward the equator. Yet things that are free to move—the water of
the oceans, for example—have not assembled around the equator,
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as they would have done if the earth were a sphere. The centrifugal
effect of the earth’s rotation has produced enough oblateness of the
earth itself to compensate this sliding effect.

Gravity is the result of the earth’s attraction (gravitation) directed nearly
toward its center and diminished by the lifting effect of the earth’s rota-
tion. The acceleration of gravity, g is the rate at which a falling body
picks up speed; its value at sea level increases from 978.039 cm/sec” at
the equator to 983.217 cm/sec” at the poles. The weight of an object,
which equals its mass multiplied by g, is therefore less at the equator
than at the poles by 5.178/983.217, or 1 gram in 190.

Values of the acceleration of gravity are precisely determined by timing
the swing of a pendulum at different places. For the simple pendulum,
¢ = 47°1/t*, where | is the length of the pendulum in centimeters and t
is the time in seconds of a complete oscillation. It must be pointed out
that the pendulum is a method for determining g The acceleration of
gravity (often called the superficial gravity) actually depends directly on
the mass of the attracting body and inversely on the square of its radius.

A more fundamental constant is the universal gravitational constant G
which has a value of 6.67 X 10~* dyn cm® gm™*. We shall see (7.21) that
the determination of the values of g and G allow us to determine the mass
of the earth, which in turn leads to finding the mass of the moon, which
in turn leads to the mass of the sun. Several experiments, presently in
progress, promise to improve the values of g and G by a factor of 100.
It is surprising to most scientists that G is not known to better than 1 part
in 500. This is because gravity is a weak force making it difficult to
measure accurately.

Figure 2.15

Effect of the earth's rotation on a
body at its surface. The centrifugal
effect directed away from the
earth's axis is resolved into two
effects at right angles. One di-
minishes the weight of the body;
the other urges it toward the
equator.

2.16
Gravity at
the Earth's
Surface

1 gram = 0.035274 ounces
1 pound = 453.59 grams
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247
The Variation
of Latitude
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Figure 2.17

Wandering of the north pole, 1964
to 1968. The path of the pole on
the earth’s surface is shown, with
its position at the beginning of
each year.

2.18
Variations in
the Earth’s Rotation

The declination of the zenith of a place on the earth and therefore the
latitude of the place (1.12) can be determined with remarkable accuracy
by observations of the transits of stars with a photographic zenith tele-
scope. The difference between the latitudes of two widely separated
stations can be measured by this means within 07,01, or about 30 centi-
meters on the earth’s surface. When the latitudes of two places on oppo-
site sides of the earth are measured repeatedly, the values prove to be
continuously varying; if one latitude is increasing at a particular time,
the other is decreasing. Because latitude is reckoned from the equator,
which is midway between the north and south poles, it follows that the
poles are not stationary points on the earth’s surface.

By international cooperation the latitudes of stations at about the same
distances north and south of the equator and in different longitudes
have been determined persistently over the past 60 years. The records
show how the poles have oscillated during that interval. Each pole
describes a complex path, which is always confined within an area
smaller than that of a baseball diamond.

The wandering of each pole may be resolved mainly into two nearly
circular motions. The first, having a period of 12 months and a diameter
of about 6 meters, is ascribed to seasonal variations in the distribution
of ice, snow and air masses. The second, having a period around 14
months and a diameter that has varied from 3 to 15 meters, has a cause
less well agreed upon but is apparently related to the geological history
of the earth. The effects of both are slight shiftings of the earth with
respect to its axis, which keeps a constant direction in space as far as
these are concerned.

There seems to be no possibility of wider migrations of the poles in
the past that might account for the marked variations of climates in
geologic times.

The earth’s rotation has long provided the master clock by which all
terrestrial and celestial events have been timed. It has been known for
some time, however, that the rate of the rotation is not precisely uni-
form. This conclusion is based on studies of periodic celestial motions
that are independent of the earth’s rotation, particularly the monthly revo-
lution of the moon around the earth. If the moon as timed by the earth-
clock is forging ahead of its prescribed schedule, the earth is presumably
running slow. Periodic variations in the rotation have also been detected
with clocks of high precision. The variations in the rate of the earth’s
rotation are classified as periodic, irregular, and secular.

1. Periodic variations are mainly annual and semiannual; they appear to
be caused in large part by winds and tides. The period of the rota-
tion becomes 0°.001 longer near the vernal equinox and 0%.001
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shorter near the autumnal equinox than the average for the year.
The earth-clock, as compared with crystal-controlled clocks, becomes
as much as 0%.03 slow in the former season and the same amount
fast in the latter.

2. Irregular variations. During the past 200 years, the error of the earth-
clock, as determined from studies of the motion of the moon, has
accumulated to 30 seconds, first in one direction and then in the
other. These variations, according to D. Brouwer, are caused by
small, cumulative random changes in the rate of the earth’s rotation.

3. Secular variations. Moon-raised tides in the oceans and in the earth
itself should act as brakes to reduce the speed of the earth’s rotation
and thus to lengthen the day. Recorded observed times of early
eclipses have seemed to show that the earth-clock has run slow by
3% hours during the past 20 centuries as compared with a clock
having a uniform rate.

THE EARTH’S REVOLUTION

It was thought that if the earth revolved around the sun the stars could
be detected oscillating back and forth. In an effort to detect this a much
larger and equally convincing proof of the earth's revolution was dis-
covered. The average radius of the earth’s orbit of revolution is called
the astronomical unit.

The sun’s annual motion among the constellations is not a proof of the
earth’s revolution around the sun, for by itself it might leave us in doubt
as to whether the sun or the earth is moving. With the aid of a telescope,
other annually periodic phenomena are observed, which provide con-
clusive evidence of the earth’s revolution. Among the effects of this kind
are the following.

1. The annual parallaxes of the stars are the periodic changes in the
alignments of the nearer stars relative to the more distant ones.
This effect, which is described in Chapter 11 in connection with the
distances of the stars, is so minute that it was not detected until
the year 1837. The failure to observe it had contributed greatly to

2.19
Evidence of
the Earth’s
Revolution
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Figure 2.19
The sun’s apparent motion among
the constellations is not a con-
clusive proof of the earth’s revolu-
tion. A similar effect would be
observedifthe sunrevolved around
the earth.

2.20
Aberration
of Starlight

Figure 2.20
Aberration of raindrops. The
source of the raindrops is ap-
parently displaced in the direction
of the observer's motion.
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the persistence of the idea that the earth was stationary, until
another effect became known, which serves just as well as a proof
of the earth’s revolution and is much easier to observe.

2. The aberration of starlight was discovered by the English astronomer
James Bradley, in 1727. It is also an annually periodic change in the
directions of the stars.

Raindrops descending vertically on a calm day strike the face of the
pedestrian. Whatever direction he takes, the source of the raindrops seems
to be displaced from overhead in that direction. If he runs instead, the
apparent slanting direction of the rain becomes more noticeable; and if
he drives rapidly, the direction may seem to be almost horizontal. This
is a familiar example of aberration.

Aberration of starlight is the apparent displacement of a star in the direc-
tion the earth is moving. The amount of the displacement depends on
three factors: (1) It is directly proportional to the speed of the earth (v,).
(2) It is inversely proportional to the speed of light (c). Whereas the
moderate speed of the pedestrian in the rain causes a considerable dis-
placement of the source of the raindrop, very swift movement such as
that of the revolving earth is required to produce an appreciable change
in the direction of a star. (3) The displacement is greatest when the earth
moves at right angles to the star’s direction and becomes zero if the
earth moves toward or away from the star.

If the earth were motionless, there would be no aberration of star-
light. If it had only uniform motion in a straight line, the displacement
of the star would be always the same and might therefore be unnoticed.
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If the earth revolves, the changing direction of its motion would cause
the star’s displacement to change direction as well, always keeping ahead
of us, so that the star would seem to describe a small orbit. This is pre-
cisely what the telescope shows. The aberration of starlight is convincing
evidence of the earth’s revolution around the sun.

A star at either pole of the ecliptic has a circular apparent orbit, because
the earth’s motion is always perpendicular to the star’s direction. Because
the earth’s orbit is an ellipse, the true direction of the star is not precisely
at the center of the circle. A star on the ecliptic oscillates in a straight
line. Between the ecliptic and its poles the aberration orbit is an ellipse.
We view these orbits (Fig. 2.21A) flatwise at the ecliptic pole, edgewise
on the ecliptic, and at various angles in between.

The constant of aberration is the apparent displacement of a star when
the earth is revolving at average speed at right angles to the star’s direc-
tion. Its value is the same for all stars regardless of their distance or
direction; it is the radius of the circle at the ecliptic pole, half the major
axis of the ellipse, and half the length of the straight line on the ecliptic.
The value of the constant of aberration is about 20”.5. It is nearly 30 times
as great for all stars as the parallax effect for even the nearest star and
was accordingly the earlier of the two to be detected.
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Figure 2.21B
Aberration of starlight.

Figure 2.21A

Aberration orbits of the stars. The
numbers mark corresponding
positions of the earth in its orbit
and of the stars in their apparent
aberration orbits. The outer figures
show the observed forms of the
aberration orbits.
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2,22
The Earth’s Orbit

2.23

The Earth's
Distance from
the Sun

Figure 2,22
The ellipse. The sum of the dis-
tances from the foci, F, and F,,
is constant and equal to the major
axis, AB. The eccentricity of the
ellipse is the fraction F,C/AC.

The situation is represented by the right triangle of Fig. 2.21B. The
side v, is the earth’s average speed in its orbit, the side c is the speed of
light, and the angle a is the aberration constant. If the earth did not
revolve, so that v, would be zero, 2 would also be zero. If the light were
propagated instantly, so that ¢ would be infinite, # would again be zero.
The observed aberration of starlight demonstrates both the.earth’s revo-
lution and the finite speed of light.

It is an ellipse of small eccentricity with the sun at one focus. It is the
path the earth follows in its revolution around the sun and is not to be
confused with the ecliptic, the great circle that the sun seems to describe
annually on the celestial sphere. The plane of the earth’s orbit is also
the plane of the ecliptic. Because the orbits of celestial bodies are ellipses,
the following definitions will be useful here and elsewhere,

The ellipse is a plane curve such that the sum of the distances from
any point on its circumference to two fixed points within, the foci, is
constant and equal to the major axis of the ellipse (Fig. 2.22).

The eccentricity of the ellipse is half the distance between the foci divided
by half the major axis. It is the conventional way of denoting the degree
of flattening of the ellipse. The eccentricity may have any value between
0, when the figure is a circle, and 1, when it becomes a parabola. The
eccentricity of the earth’s orbit is about 0.017, or %,.

The earth’s mean distance from the sun is 149,598,000 km.; it is half the
length of the major axis of the orbit, or the average between the least
and greatest distances from the sun. This distance is known as the astro-
nomical unit (a.u. or A.U.), because it is frequently taken as the unit in
stating the distances of the nearer celestial bodies. The distances of the
planets from the sun are given in Table 1 (Appendix) in astronomical
units as well as in kilometers.

Figure 2.23
The earth’s orbit. It is an ellipse of small eccentricity (much exaggerated in the diagram),
having the sun at one focus.
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Perihelion and aphelion are the two points on an orbit respectively nearest
and fartherst from the sun; they are the extremities of the major axis.
The earth is at perihelion early in January, when its distance from the
sun is 1.7 per cent, or about 2.5 X 10° kilometers, less than the mean.
It is at aphelion early in July, when its distance is the same amount
greater than the mean. The earth is at its mean distance from the sun
early in April and October, when it is at the extremities of the minor
axis of the orbit.

This preliminary description of the earth’s motion relative to the sun
neglects effects of the attractions of the earth by neighboring bodies and,
of course, the motion of the sun itself.

THE EARTH’S PRECESSION

The direction of the earth’s axis is not fixed in space. It precesses in a
circle around the pole of the earth’s orbit, hence the present pole star will
not be near the pole 5000 years from now.

The axis of a spinning top describes the surface of a cone around a line
perpendicular to the floor. When it stops spinning, the top falls over.
While it continues to spin, the action of gravity does not tip the axis,
but causes instead the conical motion we observe in the same direction
as that of the rotation. This is the precession of the top.

Just as the axis of the spinning top is likely to lean away from the
vertical, so the earth’s axis is inclined 23%° from the perpendicular to
the plane of its orbit, and its equator is inclined to this plane by the same
amount. The attractions of the moon and sun, both nearly in the ecliptic
plane, for the earth’s equatorial bulge try to bring the equator into the
plane of the ecliptic. Because of the earth’s rotation, however, the inclina-
tion is not much affected. Again, as in the case of the top, there is a
conical motion of the axis, but in the opposite direction with respect to
the rotation.

The earth’s precession is a slow conical movement of the earth’s axis
around a line joining the ecliptic poles, having a period of 25,780 years.

The effect we are considering is a change in the axis relative to the
stars. It is unlike the wandering of the terrestrial poles (2.17), which is
caused by a shifting of the earth upon its axis.

2.24
Conical Motion
of the Earth’s Axis
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Figure 2.24
The earth resembles a spinning
top. The effort of the moon, and of
the sun, to bring the plane of the
earth’s equator into the ecliptic
plane combines with the earth's
rotation to produce the conical
precession of the earth’'s axis.

2.25
Precessional
Paths of the

Celestial Poles

Figure 2.25
Precessional path of the north
celestial pole. The celestial pole
describes a circle of 23%° radius
around the ecliptic pole.
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The conical movement of the earth’s axis causes the celestial poles, toward
which the axis is directed, slowly to describe circles around the ecliptic
poles; the radii of the two circles are the same and equal to 23%°, This
is a movement of the poles among the constellations.

As one faces north, the precessional motion of the north celestial pole
is counterclockwise. This pole is now about 1° from the star Polaris,
which it will continue to approach until the least distance of slightly less
than half a degree is reached, about the year 2100. Thereafter, the diurnal
circle of Polaris will grow larger. For those who live in the year 7000,

Cepheﬁs

Pole in™,
7000 A.D.

Ecliptic
‘Fiole

Pole in
14,000 A.D.
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Alpha Cephei will be the nearly invariable pole star, and Polaris will
circle daily around it 28° away.

Because the celestial poles are the centers of regions where the stars
never set or never rise, the precessional motion shifts the constellations
relative to these regions, out of them or into them. The Southern Cross,
which rose and set 6000 years ago throughout the United States, is now
visible only from the extreme southern part of this country.

It is the lunisolar precession that has been described. The sun’s attraction
contributes to this effect as well as the moon’s attraction, but in smaller
amount. Planetary precession is the effect of other planets on the plane of
the equator, so that its intersection with the ecliptic shifts slowly toward
the east along the celestial equator. The result of the two precessions is
the general precession.

A complete account of precession involves additional factors. Because
the inclination of the moon’s path to the plane of the earth’s equator
varies in a period of 18.6 years (5.11), the celestial pole describes a small
ellipse in this period around its mean position in the precessional path.
The semimajor axis of the ellipse is 9”.2 in the direction of the ecliptic
pole. This is the chief term in nutation, the nodding of the pole. Thus the
precessional path of the celestial pole is irregular; it is not exactly circular
and is not precisely the same from one cycle to the next.

The earth’s precession has been defined as a conical movement of the
axis. It may also be regarded as a corresponding gyration of the earth’s
equator and of the celestial equator in the same plane. The intersection
of the ecliptic with the celestial equator slides westward on the ecliptic,
keeping about the same angle between the two. The equinoxes, where

;&*
Y, Former Celestial Equator
Former R.A. V4

Present R.A. Present Equator
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West
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bt

Figure 2.27

Precession of the equinox as seen from the earth. The westward motion of the vernal
equinox, from V, to V,, causes the signs of the zodiac (the 12 equal divisions marked
off from the equinox) to shift westward away from the corresponding constellations.
Right ascensions and declinations of the stars are altered by precession.

2.26
The General
Precession

2.27
Precession of
the Equinoxes
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2.28

Signs and
Constellations
of the Zodiac

the two circles intersect, accordingly shift westward along the ecliptic;
they move in the general precession at the rate of 50.26 in celestial
longitude in a year. This is the precession of the equinoxes.

The annual displacement of the vernal equinox in right ascension is
now 46”.09, or 3%.07, and in declination is 20”.05. Thus the equatorial
coordinates of the stars on the celestial sphere, which are measured from
the vernal equinox, are continuously changing. Accurate catalogs give the
right ascensions and declinations of the stars at a stated time and the
annual variations of these positions caused by precession as well as by the
motions of the stars themselves.

Two other effects of the precession of the vernal equinox are described
in the two following sections. These are the displacement of the signs
of the zodiac relative to the constellations of the same names and the
shortening of the year of the seasons.

The zodiac is the band of the celestial sphere, 16° in width, through which
the ecliptic runs centrally. It contains at all times the sun and moon, and
the principal planets, with the exceptions of Venus and Pluto; these two
and many asteroids are not confined within its limits.

The signs of the zodiac are the 12 equal divisions, each 30° long, which
are marked off eastward beginning with the vernal equinox. The signs
are named from the 12 constellations of the zodiac situated in the respective
divisions over 2000 years ago. The names of the signs and the seasons in
the northern hemisphere in which the sun is passing through them are
as follows:

Aries Libra

Taurus » Spring Scorpius Autumn
Gemini Sagittarius

Cancer ] Capricornus

Leo Summer Aquarius Winter
Virgo j Pisces

Because of the precession of the equinoxes, the vernal equinox has
moved westward about 30°, and the signs have moved along with it,
away from the constellations after which they were named. Thus the
signs and constellations of the zodiac of the same names no longer have
the same positions, When the sun, on March 21, arrives at the vernal
equinox and therefore enters the sign Aries, it is near the western border
of the constellation Pisces and will not enter the constellation Aries until
the latter part of April.
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THE SEASONS

The passing of the seasons is a natural measure of time. The seasons
result from the inclination of the earth’s axis to the plane of its orbit.
The earth’s atmosphere causes the seasons fo lag behind what would be
expected if solar radiation alone was considered.

The year is the period of the earth’s revolution, or of the sun’s apparent 2.29
motion in the ecliptic. The kind of year depends on the point in the sky The Year
to which the sun’s motion is referred, whether this point is fixed or is Of the Seasons
itself in motion. Just as the day in common use is not the true period of
the earth’s rotation, so the year of the seasons is not the true period of
its revolution. Two kinds of year have the greatest use.
The sidereal year is the interval of time in which the sun apparently
performs a complete revolution with reference to a fixed point on the
celestial sphere. Its length is 365%6" 9™ 10° (3659.25636) of mean solar
time, which is now increasing at the rate of 0°.01 a century, in addition
to any change caused by variations in the rate of the earth’s rotation.
The sidereal year is the true period of the earth’s revolution.
The tropical year is the interval between two successive returns of the
sun to the vernal equinox. Its length is 365¢ 5" 48™ 46* (365%.24220) of
mean solar time and is now diminishing at the rate of 0%.53 a century.
It is the year of the seasons, the year to which the calendar conforms
as nearly as possible. Because of the westward precession of the equinox,
the sun returns to the equinox before it has gone completely around the
ecliptic. The year of the seasons is shorter than the sidereal year by the
fraction 50".26/360° of 365.25636 days, or a little more than 20 minutes.

The change of seasons takes place because the earth’s equator is inclined 2.30
23%° to the plane of its orbit. It keeps nearly the same direction in space Cause of
during a complete revolution, each pole is presented to the sun for part the Seasons
of the year and is turned away from it for the remainder of the year.
The amount of the inclination determines the boundaries of the cli-
matic zones. The frigid zones are the regions within 23%° from the poles,
in which the sun becomes circumpolar and where the seasons are accord-
ingly extreme. The forrid zone has as its boundaries the tropics of Cancer
and Capricorn, 23%° from the equator. Here the sun is overhead at
noon at least once a year; the durations of sunlight and darkness never
differ greatly, and temperature changes during the year are not extreme.
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In the temperate zones the sun never appears in the zenith, nor does it
become circumpolar, aside from effects of atmospheric refraction (4.3)
and the considerable size of the sun’s disk.

The inclination of the earth’s equator to its orbit causes the sun’s annual
migration in declination. When the sun is farthest north, at the summer
solstice, its altitude at noon is the greatest for our northern latitudes and
the duration of sunlight is the longest here for the year. At the winter
solstice we have the other extreme, namely, the lowest sun at noon and
the shortest duration of sunlight.

Figure 2.30
The seasons in the northern hemi-
sphere. This hemisphere is in-
clined farthest toward the sun
at the summer solstice (June 22)
and farthest away at the winter v
solstice (December 22). The earth Dacg’;'ber
is nearest the sun early in January.

June
22

2.31 Temperature changes are produced mainly by differences in the insolation,
Seasonal Changes or exposure to sunshine of the regions of the earth’s surface. The daily
in Temperature  amount of the insolation depends on the intensity of the radiation that

is received and the duration of the sunshine.

When the sun is higher in the sky, so that its rays fall more directly
on the ground, the radiation is more concentrated. When the sun is
lower, so that its rays fall more obliquely, a given amount of radiation
is spread over more territory and is less effective in heating any part of
it. The rays from the lower sun also have to penetrate a greater thickness
of the atmosphere and are subject to more absorption. Summer with us
is a warmer season than winter because the two factors conspire to pro-
duce higher temperatures; the sun’s altitude becomes greater and the
daily duration of sunshine is longer.




Sunrise Sunrise

At the time of the summer solstice the sun is higher at noon in the
latitude of New York than it is at the equator, and it is visible for a
longer time, so that the amount of heat delivered in a day is fully 25
per cent greater. Even at the north pole at that time the daily insolation
exceeds that at the equator. The uninterrupted radiation from the circum-
polar sun compensates its lower altitude; but the temperature is lower
at the pole because much of the heat is taken up in the melting of ice.

If the temperature depended on insolation alone, the warmest days in
the United States and Canada should come around June 22 and the
coldest part of the winter about December 22. Our experience, however,
is that the highest and lowest temperatures of the year are likely to be
delayed several weeks after the times of the solstices. The reason is found
in the conservation of heat by the earth and its atmospheric blanket.

It is the balance of heat on hand that determines the temperature. As
with one’s bank balance, the quantity increases as long as the deposits
of heat exceed the withdrawals. On June 22 we receive the maximum
amount of radiation. Afterward, as the sun moves southward, the receipts
grow less, but for a time they exceed the amounts the earth returns into
space. As soon as the rate of heating falls below the rate of cooling, the
temperature begins to drop. In the winter the sun’s altitude at noon and
the daily duration of sunshine increase after December 22. It is not until
considerably later in the season that the rate of heating overtakes the rate
of cooling, so that the temperature begins to rise.
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Figure 2.31

Diurnal circles of the sun in dif-
ferent seasons. The daily duration
ofsunshineislongerinthe summer,
and the sun is higher at noon.

2.32
Lag of
the Seasons
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2.33

The Seasons
in the Southern
Hemisphere

Figure 2.33

Corresponding seasons in the two
hemispheres occur at opposite
times of the year. Northern sum-
mer is represented at the left and
southern summer at the right.

REVIEW QUESTIONS

These differ from those in the northern hemisphere, of course, in that
a particular season occurs at the opposite time of year. Another difference
might be introduced by the eccentricity of the earth’s orbit. Summer in
the southern hemisphere begins at the date of the winter solstice, which
is only a little while before the earth arrives at perihelion, nearest the
sun. It might be supposed that the southern summer would be warmer
than the northern summer, which begins when the earth is near aphelion,
and similarly that the southern winter would be colder than the northern
winter.

The earth’s distance from the sun at perihelion, however, is only about
3 per cent less than the distance at aphelion; and the slightly greater
extremes of temperature that might otherwise be experienced in the
southern hemisphere are modified by the greater extent of the oceans in
that hemisphere. It will be noted later that the conditions that might
produce more extreme temperatures in our southern hemisphere are
repeated in the case of the planet Mars. There the effect is observable
owing to the greater eccentricity of that planet’s orbit.

1. What information helps us infer the conditions in the core of the earth?

2. Earth satellites often orbit the earth in orbits 200 kilometers above the earth.
What part of the atmosphere is this?

3. What is the cause of the aurora?

4. At what latitude north and south does astronomical twilight last all night
on June 21 and December 217

5. What angle does the celestial equator make with the horizon for an observer
at latitude 20°N? At latitude 20°S?

6. Derive the relation for the period of the Foucault pendulum starting with
the relation in section 2.11. This relation may be used to determine
one’s latitude, however, it is almost never used. Why?

7. Explain why anticyclones form around high pressure areas.

8. From information given in section 2.15, show that the equatorial radius of
the earth is larger than the radius of a sphere by the ratio *%4,.




14.

Mars has a mass Y, that of the earth and a radius Y that of the earth,
show that the value of g on the surface of Mars is about 391cm/sec®.

. Give two ways of finding variations in the earth’s superficial gravity.
11.
12,
13,

What is the variation of latitude having a one year period ascribed to?

Give three specific causes for variations in the earth’s rotation.

Why was the aberration of starlight discovered before the parallax effect
(motion of the stars due to the earth’s revolution around the sun)?

What is the cause of precession?
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TIMEKEEPING

THE TIME OF DAY—THE CALENDAR

The natural units of time that we find most suitable for our activites are provided
by two motions of the earth. The day is the period of the earth’s rotation, or of
the resulting apparent rotation of the heavens; it is divided arbitrarily into
smaller units: the hour, minute, and second. The year is the period of the earth’s
revolution around the sun; it is divided naturally into the four seasons. The
two main units and some arbitrary ones are combined conventionally in the
calendar.

The standard time of day in common use is more readily explained if we
first consider the kinds of time of day the astronomers read from the clock in
the sky in order to derive the correct standard time.

Tuning-fork wrist timepiece. (Courtesy of the Bulova Watch Co.)
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THE TIME OF DAY

Telling time vequires general agreement on a zero or reference point. His-
torically this has been the moment the sun crosses the meridian. This
defines the day. Different types of time are used for different purposes,
some as a matter of convenience (zone fime, universal time, etc.) others as a
matter of necessity (sidereal time, atomic time, etc.).

3.1 Two features on the face of a clock are required for showing the time of
Time Reckoning day: first, a time reckoner, the hour hand; second, a reference line, the
line joining the noon mark to the center of the dial. The angle between
the hour hand and the reference line, when it is converted from degrees
to hours and minutes, denotes the time of day. Divisions and numerals
around the dial are added for convenience, and interpolating devices, the
minute and second hands, add accuracy to the reading of the time. In most
ordinary clocks the hour hand goes around twice instead of once in a
day, as it does in the case of the celestial clock.

Figure 3.1
A tuning-fork wrist timepiece.
A minute tuning-fork vibrates
360 times each second, per-
mitting an accuracy of 60
seconds per month and a
chartable rate to one or two
seconds per month. The fork
is driven electromagnetically.
(Courtesyofthe Bulova Watch
Co.)




To observe the time of day from the master clock in the sky, a point
on the celestial sphere is chosen as the time reckoner. The part of the hour
circle joining that point to the celestial pole may be regarded as the hour
hand; it circles westward around the pole once in a day. The reference
line is the observer’s celestial meridian.

It is noon when the time reckoner is at upper transit (1.11), and mid-
night when it is at lower transit of the meridian. A day is the interval
between two successive upper or lower transits by the time reckoner.
Time of day is either the hour angle of the time reckoner if the day begins
at noon (which is true of the sidereal day), or it is the hour angle of the
time reckoner plus 12 hours if the day begins at midnight. These defi-
nitions apply to any kind of local time.

The three time reckoners in use are the vernal equinox, the apparent
sun, and the mean sun. The corresponding kinds of time are sidereal
time, apparent solar time, and mean solar time.

In the upper position of the earth, in Fig. 3.2, it is both sidereal and solar
noon about March 21 for the observer at 0. The vernal equinox and the
sun are both at upper transit over his meridian. By the time the earth
has made a complete rotation relative to the equinox, so that this meridian
is very nearly parallel to its original direction, the earth in its revolution
around the sun has moved to its lower position in the diagram. In the
new position it is zero hours sidereal time of the following day; the vernal
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3.2

The Sidereal

Day Is Shorter
Than the Solar Day

Figure 3.2

The sidereal day is shorter
than the solar day. Because it
is also revolving around the
sun, the earth must rotate
farther after completing the
sidereal day before the solar
day is ended.
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3.3
Sidereal Time

Figure 3.3
A pendulum sidereal clock.
The perfection of the pendu-
lum clock was an early major
advance in timekeeping. The
model here was built by
Parkinson and Frodsham.
(Photograph by H. Bluemel)

equinox on the remote celestial sphere is again at upper transit, so that
the sidereal day is completed. Because of its revolution, however, the
earth must rotate still farther before one solar day has passed.

Now the angle through which the earth revolves in 1 day averages
360°/365.25, or a little less than 1°. It is evident from the figure that
this is also the angle through which the earth must rotate after com-
pleting the sidereal day before the ending of the solar day. Because the
earth rotates at the rate of 15° an hour, or 1° in 4 minutes, the sidereal
day is about 4 minutes shorter than the solar day.

More exactly, the difference is 3™ 55°.909, so that the length of the
sidereal day is 23" 56™ 4°.091 of mean solar time. Owing to the precession
of the equinox (2.27), the sidereal day is actually slightly shorter than
the true period of the earth’s rotation, which is 23" 56™ 4°.099 of mean
solar time.

This is the local hour angle of the vernal equinox and might have been
more correctly called equinoctial time. The sidereal day begins with the
upper transit of the equinox and is reckoned through 24 hours to the
next upper transit. Sidereal time agrees with our solar time about Sep-
tember 21. It gains on solar time thereafter at the rate of 3™ 56° a day,
which accumulates to 2 hours in a month and to a whole day in the
course of a year. Evidently the earth rotates once more in a year than
the number of solar days in the year.
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By our watches a star rises, or crosses the celestial meridian, 4 minutes
earlier from night to night, or 2 hours earlier from month to month, Thus
a star that rises at 10 o’clock in the evening on November 1 will rise at
8 o’clock on December 1. The westward march of the constellations with
the advancing seasons (1.17) is caused by the difference in length between
the sidereal and the solar day.

Sidereal time is kept in the observatories by sidereal clocks, which run 3.4
about 4 minutes faster than ordinary clocks in the course of a day. The Determining the
sidereal clocks at the Naval Observatory and elsewhere are corrected Sidereal Time
frequently by observations of stars. Corrections are required not only
for errors in the running of the clocks themselves, but also because of
unpredictable irregularities in the earth’s rotation. When the correct
sidereal time is known, the corresponding standard time clocks may be
kept right as well.
Sidereal time is determined by observing transits of stars across the
celestial meridian. The rule employed, which can be verified by reference
to Fig. 3.44, is as follows: The sidereal time at any instant equals the right
ascension of a star that is at upper transit at that instant. In order to
apply the rule it is necessary to know precisely when the star is at upper
transit. This can be observed by means of a meridian transit instrument.
The meridian transit instrument in its simplest form is a rather small
telescope mounted on a single horizontal axis, which is set east and west
so that the telescope may be pointed only along the observer’s celestial
meridian. Having directed the telescope to the place where the star will

Figure 3.4A

Relation between the sidereal
time and the right ascension
and hour angle of a star.
Sidereal time equals the right
ascension of a star plus its
hour angle. When the star is
at upper transit (hour angle
zero), the sidereal time equals
the star’s right ascension.
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Equator Equinox
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Figure 3.4B
The 8-inch photographic
zenith tube at the U. S. Naval
Observatory. (Official U.S.
Navy photograph)

soon transit, the observer looks into the eyepiece and watches the star
move toward the middle of the field of view. A vertical wire through the
middle of the field marks the celestial meridian. At the instant that the
star’s image is bisected by the wire, the reading of the sidereal clock is
recorded.

Suppose that the clock reading is 6" 40™ 17°.2 and that the star’s right
ascension is given in an almanac as 6" 40™ 15%.7. The clock is accordingly
1°.5 fast, because at the instant of its upper transit the star’s right
ascension is the correct sidereal time.

Recording devices are employed to time the transits of stars more
accurately than can be done by visual observations. The photographic
zenith tube (Fig. 3.4A) has replaced the simple transit instrument at the
Naval Observatory and in other places. This is a fixed vertical telescope,
with which the stars are photographed as they cross the celestial meridian




nearly overhead. The cone of starlight from the objective is reflected from
a mercury surface before coming to focus on a small photographic plate
below the lens. With this instrument an error of only about 0°.003 is
obtained in a time determination from a set of 18 stars.

Although sidereal time is suited to certain activities of the observatories,
it is not useful for civil purposes, because our daily affairs are governed
by the sun and not by the vernal equinox. Sidereal noon, for example,
comes at night during half of the year.

The apparent sun is the sun we see. The local hour angle of its center
plus 12 hours is the apparent solar time, or simply, apparent time. The
apparent solar day begins at apparent midnight and is reckoned through
24 hours continuously. However, the sun itself is not a uniform time-
keeper; it runs fast or slow of a regular schedule, at times nearly half
a minute a day. The sundial is the only timepiece adapted to the sun’s
erratic behavior.

Two factors contribute chiefly to the irregularity in the length of the
apparent solar day: (1) The variable speed of the earth’s revolution, be-
cause of the eccentricity of its orbit; and (2) the inclination of the ecliptic
to the celestial equator. We are not considering here the further irregu-
larity caused by variations in the rate of the earth’s rotation.

Because the earth’s orbit is an ellipse, the speed of the earth in its revo-
lution around the sun is not uniform (7.25). The closer it is to the sun,
the faster the earth revolves. This relation is expressed precisely as a
particular case of Kepler's law of areas (7.15): The line joining the earth
to the sun sweeps over equal areas in equal intervals of time.

When the earth is near perihelion, early in January, it revolves farthest
in a day. Because the difference in length between the solar day and the

Figure 3.6

The earth’s variable revolution. Since, by Kepler's law of areas, the line joining the
earth and sun sweeps over the same area every day, the earth must revolve farther
in a day when it is nearer the sun.
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more nearly constant sidereal day depends on the daily progress of the
earth’s orbital motion (3.2), apparent solar days would then have the max-
imum length. When the earth is near aphelion, early in July, it makes
the smallest advance in its orbit in a day. Apparent solar days would
then have the minimum length if this were the only cause of their variation.

This effect can also be considered by shifting the attention from the
earth’s revolution around the sun to the consequent apparent motion of
the sun along the ecliptic. It is this motion that delays the sun’s return
to the meridian from day to day. The farther the earth revolves in a day,
the greater is the sun’s displacement along the ecliptic and the greater
for this reason would be the length of the apparent solar day.

Even if the sun’s motion in the ecliptic were uniform, the length of the
apparent solar day would still be variable, because the ecliptic is inclined
to the celestial equator, It is the projection of the sun’s eastward motion
upon the celestial equator that determines the delay in completing the
apparent solar day.

At the equinoxes, a considerable part of the sun’s motion in the ecliptic
is north or south, which does not delay the sun’s return. At the solstices,
where the ecliptic is parallel to the equator, the entire motion is eastward;
moreover, the hour circles are closer together along the ecliptic here.
Therefore, as far as the obliquity of the ecliptic is concerned, apparent
solar days would be shortest at the equinoxes and longest at the solstices.
Both factors act to make the apparent day longest in winter.

The mean solar day, as its name implies, is the average apparent solar day;
its length varies slightly because the earth’s rotation is not precisely uni-
form (2.18). The mean solar day is the interval between two successive
upper or lower transits of the mean sun. The mean sun is an imaginary
point that moves eastward in the celestial equator, completing its circuit
of the heavens in the same period as that of the apparent sun in the
ecliptic. Mean solar fime is time by the mean sun. The mean solar second,
which is 1/86,400 part of the mean solar day, was formerly the basic
unit for all measurements of time.

Mean solar time is reckoned from the beginning of the day at local
midnight through 24 hours to the following midnight. The local mean
time at a particular place is 12 hours plus the local hour angle of the
mean sun. The present usage was adopted in 1925 for astronomical reck-
oning, which had previously begun the day at noon.

Mean time is commonly reckoned in two 12-hour divisions of the day
with the designations a.m. and p.m., but the preference for its continuous
reckoning through 24 hours is found in various places. In astronomical




practice, 6:30 .M., is often recorded as 18" 30™, and in the operation of
ships and airplanes as 1830. Very often times are given in terms of the
mean time at the zero meridian (Greenwich), such time is referred to as
Universal Time. We shall also see later that the motion of the earth in
its orbit and the finite velocity of light cause systematic shifts in the
time of events occurring outside the solar system. To circumvent this,
times of observation are reduced to the center of the sun and are referred
to as Heliocentric time. In the astronomical literature, times that are given,
unless specifically indicated to the contrary, may safely be assumed to
be Heliocentric Universal Time.

The difference at any instant between apparent and mean solar time is
called the equation of time, thus the equation of time equals apparent
solar time minus mean solar time. Four times a year the two agree. At
other times the apparent sun is either fast or slow in the westward diurnal
motion. Early in November the sundial is more than a quarter of an hour
ahead of local mean time. Table 3.I gives the value of the equation of
time at midnight at Greenwich in 1973 or, very nearly, in any other year.

“ Zero date is an astronomical convention for the last day of the previous month.
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(Apparent time faster
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3.10
Universal Time
and Ephemeris
Time

3.1
Atomic Time

The rapid change in the equation of time near the beginning of the
year has an effect that can be noticed by everyone. At this time of year
the earth is nearest the sun and is accordingly revolving fastest. The sun
is then moving eastward along the ecliptic fastest, delaying its rising and
setting as timed by the mean sun. For this reason the sun does not begin
to rise earlier in the morning by our watches until about 2 weeks after
the date of the winter solstice, although it begins to set later in the
evening 2 weeks before that date.

Universal time is the local mean solar time at the meridian of Greenwich;
it is based on the earth’s rotation. This is the kind of time in ordinary
use and will remain so, because the observatory clocks that distribute
this time will continue to be corrected for irregularities in the earth’s
rotation by frequent sights on the stars. For the foretelling of celestial
events, however, the irregular rate of the rotation makes it impossible
to predict with very high precision what the universal times of these
events will be.

Beginning with the issues for the year 1960, the American Ephemeris
and Nautical Almanac and the British Astronomical Ephemeris, which now
conform in other respects as well, tabulate the fundamental positions of
the sun, moon, and planets at intervals of ephemeris time.

Ephemeris time runs on uniformly; its constant arbitrary unit equals the
length of the tropical year at the beginning of the year 1900 divided by
31,556,925.9747, which was the number of seconds and fraction in the
year at that epoch. This invariable unit of time is adopted as the funda-
mental unit by the International Committee of Weights and Measures.
Corrections for converting ephemeris time are determined frequently
by observing the universal times when certain celestial bodies arrive at
positions in the sky predicted on ephemeris time. In actual practice,
observations of the moon’s positions among the stars (5.12) seem to be
the most suitable. In the present century, ephemeris time has been gain-
ing on universal time and in 1970 was ahead by 40 seconds.

The household electric clock using a synchronous electric motor is an
example of the replacement of the pendulum and escapement mechanisms
of keeping time by a simple and reliable control of the rate. In this
case it is the 60Hz alternating current carefully controlled at the generat-
ing station that provides the control.

More accurate measurement of intervals of time can be achieved by
means of the quartz-crystal clock. In such a clock a quartz crystal vibrates
at its natural frequency, the resulting electrical effect is amplified and
the ensuing power is used to run a synchronous motor with a small
amount of power being used to restore energy to the crystal to keep it
vibrating. Such clocks have errors on the order of 1 second per decade.




Even more accurate clocks are the atomic clocks, two kinds of which
are in use; one uses the natural frequency of the cesium atom and the
other a natural frequency of the ammonia molecule. In the latter type,
the ammonia molecules will absorb microwave radiation over a very
narrow range in frequency. A microwave system with a tunable generator
(oscillator) at this frequency radiates a container of ammonia molecules
with a receiver at the other side. When the energy received is at a
minimum the generator is exactly on the ammonia frequency. If it drifts
off, the molecules absorb less and the receiver observes an increase in
energy which causes the generator to vary its frequency back to the
minimum. The generator then is at a known frequency and makes a
good clock. These clocks achieve such an accuracy that their error is
only 1 second in 50 years.

Figure 3.11

A cesium beam atomic clock. With an accuracy of one millionth of a second over a
period of three weeks, this clock is a recent major advance in timekeeping. (Official
U.S. Naval Observatory photograph)
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The cesium clock is even more accurate, having an error of only about
1 sec. in 1000 years. This clock makes use of the fact that the cesium
atom acts like a dipole magnet. When the atoms pass through a magnetic
field their poles align with the field and point up or down. Then they
pass through two spaced magnets whose fields are changed opposite to
each other by an alternating oscillator. If the frequency of the oscillator is
exactly right (making it the clock) the alignment of the atoms is exactly
the same as before they entered the oscillating fields and a fixed magnet
can now sort them out in such a way as to give a maximum signal on a
detector. If the frequency of the oscillator drifts, the detected signal drops
and causes the oscillator to retune to the maximum signal again.

At first, atomic clocks were large cumbersome laboratory devices.
Now, clocks accurate to 1 second in 50 years are of such a size as to be
portable by commercial aircraft. Because of this, two or more clocks can
be synchronized at one point and flown thousands of miles for timing
events. Such developments have made long baseline interferometry pos-
sible as we shall see in the next chapter and have contributed to the
mounting excitement pervading modern astronomy.

In any one of the three kinds of local time, a day of 24 hours is completed
when the earth has made one rotation, through 360°, relative to the point
in the sky that serves as the time reckoner. Twenty-four hours of that
kind of time equal 360° or 24 hours of longitude on the earth; and there
is a difference of 15° or 1 hour between the local times of two places that
differ by 15° or 1 hour in longitude.

Thus the difference of local times of the same kind between two places
equals the difference of their longitudes. Transposed, this is the basis of
longitude determinations.

When the local time at one place is given and the corresponding local
time at another place is required, add the difference of their longitudes
if the second place is east of the first; subtract if it is west. In Fig. 3.12
the observer is in longitude 60° W., or 4" W, The local mean time (LMT)
is 9", and the Greenwich mean time (GMT), or universal time, is 13", so
that the difference of 4 hours equals the difference between the observer’s
longitude and that of Greenwich.

Because difference of local time equals difference of longitude, local
mean time becomes progressively later with increasing distance east of
us and earlier west of us. The inconvenience of continually resetting our
watches as we travel east or west is avoided by the use of zone time at
sea and standard time on land. These are conventional forms of mean
time.




Standard meridians are marked on the earth at intervals of 15° or 1
hour in both directions from the meridian of Greenwich. The local mean
time of the standard meridian is the time to be kept at sea by timepieces
in the entire zone within 7%:° east and west of that meridian if the plan
is followed. Zone time for any place is accordingly the local mean time
of the standard meridian nearest the place. Thus the earth is divided into
24 zones, in which the time differs from universal time by whole hours.
There are certain exceptions to the rule; a time zone is occasionally
modified near land to correspond with the time kept ashore.

Standard time on land conforms in a general way with zone time at sea,
but its divisions are less uniform. The boundaries of the standard time
zones have been determined by local preference and may be altered by
legislative action, subject in the United States to approval by the Inter-
state Commerce Commission. Moreover, the plan is not completely
adopted in all parts of the world; the legal times in certain land areas
differ from those in adjacent divisions by a fraction of an hour. Occa-
sionally clocks are set ahead by one or even two hours. Such times are
called “saving” times, though it is not clear what is being saved. For
astronomers, the middle of the night does not change, so they are forced
more or less to remain on standard time. One wonders why working
hours aren’t adjusted rather than setting clocks ahead and back every
year.
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Figure 3.13

Time zone diagram. The num-
bers outside the circle are the
longitudesofthe standard me-
ridians. The numbers inside
are the corrections in hours
from zone time to universal
time.
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Figure 3.14A

Time zones in the Western Hemisphere. The time for each zone at a hypothetically
given hour is shown on top, the numbers below show the corrections in hours from
zone time to universal time. Note also zone adjustments.




Figure 3.14B
Time zones in Australia.

All time divisions are shown in the U. S. Oceanographic Office Time
Zone Chart of the World. It is available from the U. S. Government
Printing Office for a nominal fee. This chart shows how civilization adjusts
its idealized time system to suit its own convenience. The most striking
example of this perhaps is seen in Australia, which spans three time
zones (—8 to —10) but has readjusted the zones to suit its population
pattern. Western Australia is eight hours east of Greenwich and uses
this as its zone time. Eastern Australia is ten hours east of Greenwich and
also uses this as its zone time, but both zones are extended slightly into
the intermediate or central area, which would normally be the ninth-
hour zone and which is very sparsely populated. This is not the only
change, however. In order to make the transition from time in the central
area to the eastern area (where most of Australia’s population resides)
less abrupt, Central Australia is considered as a 9%-hour zone.

Four standard times are employed in the continental parts of the United
States and Canada, namely, Eastern, Central, Mountain, and Pacific stan-
dard times; they are respectively the local mean times of the meridians
75°, 90°, 105°, and 120° west of the Greenwich meridian and are there-
fore 5, 6, 7, and 8 hours slow as compared with universal time. New-
foundland standard time is 3% instead of 4 hours slow. Yukon standard
time is 9 hours slow, and Alaska standard time is 10 hours slow of
universal time.

THE TIME OF DAY
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3.15
The International
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3.16
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Time Service

Certain changes for Canada are shown in the Dominion Operations
Map of 1958. Apart from Quebec, Ontario, and the Northwest Territories,
each division of Canada has adopted a single standard time.

In successive time zones west of the zone including Greenwich, the time
becomes progressively earlier than universal time. In successive zones
east of the Greenwich zone the time becomes later. Finally, in the zone
including the 180° meridian the western half differs by a whole day from
the eastern half. The rule for ships and for airplanes over the ocean is to
change the date at the 180° meridian. At the westward crossing of this
meridian the date is advanced a day, and at the eastward crossing it is
set back a day. Thus if the eastward crossing is made on Tuesday, June
7, the date becomes Monday, June 6.

For the land areas in this vicinity the boundary between the earlier
and later dates is the international date line. This line departs in places
from the 180° meridian so as not to divide politically associated areas;
it bends to the east of the 180° meridian around Siberia and to the west
around the Aleutian Islands.

Time signals based on Naval Observatory time determinations are trans-
mitted from 4 naval radio stations and 2 stations of the National Bureau
of Standards. The signals are seconds of universal time, corrected for
predicted seasonal variations in the speed of the earth’s rotation.

The naval radio stations at Annapolis (NSS) and elsewhere transmit
the time signals during the last 5 minutes preceding hours scheduled in
the Appendix to U.S. Naval Observatory Circular Number 49 (1954). The
schedule is subject to change. The signals are on a variety of frequencies
and represent the seconds beats of the crystal-controlled transmitting
clock. These are on continuous waves and can be heard only with receiv-
ers suited to code reception. The signals are omitted at certain seconds
so that the listener can readily identify the minute and second of each
signal. The beginning of a long dash following the longest break
announces the precise beginning of the hour.

The seconds signals from the standard frequency station WWV at
Fort Collins, Colorado and WWVH in Hawaii, are transmitted con-
tinuously day and night on frequencies of 2.5, 5, 10, 15, 20, and 25 MHz.
They are heard as clicks superposed on standard audio frequencies; they
employ modulated waves and can therefore be heard with ordinary short-
wave radiophone receivers. The seconds clicks are interrupted at the
59th second of each minute. At 2 minutes before the beginning of the
hour and at each multiple of 5 minutes thereafter, the audio tone is
interrupted for exactly 2 minutes for making announcements. In the
United States the signal is available by telephone [303-447-1192].



The Dominion Observatory at Ottawa supplies continuous time service
from three different transmitters on frequencies of 3330, 7335, and
14,670 KHz, respectively, adjacent to the amateur bands. The seconds
signals are omitted each minute on the 29th second and from the 51st to
the 59th second inclusive, when a voice announcement of the time is
given. More than 60 broadcast stations across Canada transmit the
Dominion Observatory time signal at 1 r.m., EST each day. These are
examples of the distribution of the correct time by observatories in
various parts of the world.

THE CALENDAR

Calendars have been employed since the beginnings of civilizations as regis-
ters on which to record past events and to predict future ones that occur
regularly. They have undertaken to combine two or three natural measures
of time, the solar day, the lunar month, and the year of the seasons, in
the most convenient ways; and they have frequently encountered difficulties,
because these measures do not fit evenly one into another. Calendars have
generally been of 3 types: lunar, lunisolar, and solar.

The lunar calendar is the simplest of the 3 types and was the earliest used
by almost all nations. Each month began originally with the “new moon,”
the first appearance for the month of the crescent moon after sunset.
Long controlled only by observation of the crescent, this calendar was
eventually operated by fixed rules. In the fixed lunar calendar the 12
months of the lunar year are alternately 30 and 29 days long, making
354 days in all and thus having no fixed relation to the year of the
seasons. The Mohammedan calendar is a survivor of this type.

The lunisolar calendar tries to keep in step with the moon’s phases and
the seasons and is the most complex of the 3 types. It began by occa-
sionally adding a 13th month to the short lunar year to round out the
year of the seasons. The extra month was later inserted by fixed rules.
The Jewish calendar is the principal survivor of this type.

The solar calendar makes the calendar year conform as nearly as pos-
sible to the year of the seasons and neglects the moon’s phases; its 12
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3.18
The Early
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Calendar

months are generally longer than the lunar month. Only a few early
nations, notably the Egyptians and eventually the Romans, adopted this
simple type.

This calendar dates formally from the traditional founding of Rome in
753 B.c. It was originally a lunar calendar of a sort, beginning in the
spring and having 10 months. The names of those months, if we use
mainly our own style instead of the Latin, were: March, April, May, June,
Quintilis, Sextilis, September, October, November, and December. The
years for many centuries thereafter were counted from 753 and were
designated A.U.C., in the year of the founding of the City. Two months,
January and February, were added later and were eventually placed at the
beginning, so that the number months have since then appeared in the
calendar out of their proper order.

In the 12-month form the Roman calendar was of the lunisolar type.
The day began at midnight instead of at sunset as it did with most
early people. An occasional extra month was added to keep the calendar
in step with the seasons. The calendar was managed so unwisely, how-
ever, by those in authority that it fell into confusion; its dates drifted
back into seasons different from the ones they were supposed to represent.

When Julius Caesar became the ruler of Rome, he was disturbed by
the bad condition of the calendar and took steps to correct it. He par-
ticularly wished to discard the lunisolar form with its troublesome extra
months. Caesar was impressed with the simplicity of the solar calendar
the Egyptians were using, and he knew of their discovery that the length
of the tropical year is very nearly 365% days. The Egyptian calendar
dating from 4236 B.c. used a 360-day year by having 12 months of 30
days each and then adding 5 feast days to the end of the year. Caesar
accordingly formulated his reform with the advice of the astronomer
Sosigenes of Alexandria. In preparation for the new calendar the “year
of confusion,” 46 B.c,, was made 445 days long in order to correct the
accumulated error of the old one. The date of the vernal equinox was
supposed to have been brought thereby to March 25. The Julian calendar
began on January 1, 45 B.C.

It is interesting to note that the Mayas had a similar calendar having
18 months of 20 days each with a five day year end week. The Aztecs
realized the year was actually 365% days and brought the Maya calendar
into line with the seasons by making an intercalation of 12% days every
52 years, a feat the Egyptians never accomplished.

This calendar was of the solar type, and so neglected the moon’s phases.
Its chief feature was the adoption of 365% days as the average length of
the calendar year. This was accomplished conveniently by the plan of
leap years. Three common years of 365 days were followed by a fourth
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year containing 366 days; this leap year in our era has a number evenly
divisible by 4.

In lengthening the calendar year from 355 days of the old lunisolar
plan to the common year of 365 days, Caesar distributed the additional
10 days among the months. With further changes made in the reign of
Augustus, the months assumed their present lengths. After Caesar’s death,
in 44 B.c., the month Quintilis was renamed July in honor of the founder
of the new calendar. The month Sextilis was later renamed August in
honor of Augustus.

Because its average year of 365 6" was 11™ 14° longer than the tropical
year, the Julian calendar fell behind with respect to the seasons about
3 days in 400 years. When the council of churchmen convened at Nicaea
in A.p. 325, the vernal equinox had fallen back to about March 21. It
was at this convention that previous confusion about the date of Easter
was ended.

Easter was originally celebrated by some churches on whatever day the 3.20
Passover began and, by others, on the Sunday included in the Passover Easter
week. The Council of Nicaea decided in favor of the Sunday observance
and left it to the church at Alexandria to formulate the rule, which is as
follows:

Easter is the first Sunday after the 14th day of the ecclesiastical moon
(nearly the full moon) that occurs on or immediately after March 21.
Thus if the 14th day of the moon occurs on Sunday, Easter is observed
one week later. Unlike Christmas, Easter is a movable feast because it
depends on the moon’s phases; its date can range from March 22 to
April 25 and in the epoch year of 2000 it will fall on April 23. There is
some interest expressed by church authorities to make Easter a fixed
holiday, a view that is enthusiastically supported by businessmen. It
would almost be a pity to lose the variety that the moving of Easter gains,
a reason perhaps behind the general resistance to calendar reform as
well (3.22).

Dates of Easter Sunday
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3.21
The Gregorian
Calendar

3.22
Suggested
Calendar Reform

The week of 7 days was introduced in the Roman calendar in the year
321 by the emperor Constantine. The Christian Era for the recording of
dates forward and back from about the time of the birth of Christ is
said to have been introduced in the 6th century, but did not replace
the Roman plan generally until several centuries later.

As the date of the vernal equinox fell back in the calendar, March 21
and Easter, which is reckoned from it, came later and later in the season.
Toward the end of the 16th century the equinox had retreated to March
11. Another reform of the calendar was proposed formally by Pope
Gregory XIIL

Two rather obvious corrections were made in the Gregorian reform.
First, 10 days were suppressed from the calendar of that year; the day
following October 4, 1582, became October 15 for those who wished to
adopt the new plan. The date of the vernal equinox was restored in this
way to March 21. The second correction made the average length of the
calendar year more nearly equal to the tropical year, so that the calendar
would not again get seriously out of step with the seasons. Evidently the
thing to do was to omit the 3 days in 400 years by which the Julian
calendar year was too long. This was done conveniently by making com-
mon years of the century years having numbers not evenly divisible by
400.

Thus the years 1700, 1800, and 1900 became common years of 365
days instead of leap years of 366 days, whereas the year 2000 will remain
a leap year as in the former calendar. The average year of the new calen-
dar is still too long by 26 seconds, which is hardly enough to be trouble-
some for a long time to come. It amounts to almost one day in 3300
years.

The Gregorian calendar was gradually adopted, until it is now in use,
at least for civil purposes, in practically all nations, England and its
colonies including America made the change in 1752, By that time there
were 11 days to be suppressed, for that century year was a leap year in
the old calendar and a common one in the new calendar. September 2
was followed by September 14. The countries of eastern Europe were
the latest to make the change, when the difference had become 13 days.
Russia briefly adopted the Gregorian Calendar in 1918 and then dis-
carded it until 1940.

Irregularities in our present calendar are frequently cited as reason for
reforming it further. The calendar year is not evenly divisible into
quarters; the months range in length from 28 to 31 days, and their begin-
nings and ending occur on all days of the week; the weeks are split
between months. Some people believe that the irregularities should be



corrected. Others are not sure that the improvement would be great
enough to offset the confusion in our records that the change might bring.

Recent proposals for calendar reform are based on the period of 364
days, a number evenly divisible by 4, 7, and also 13, and the addition
of two stabilizing days. An extra day might be added each year in such
a way as not to disturb the sequence of weekdays, and another might be
added every four years in the same manner except in the century years
not evenly divisible by 400. Two proposed calendars have been the 13-
month perpetual calendar and the 12-month perpetual calendar known
as the World Calendar.

The first plan divides the year into 13 months of 28 days each. In this
plan a calendar for one month would serve for every other month for-
ever if it is remembered when to add the two stabilizing days. This pro-
posal met with considerable approval for a time, but lost favor because
it seemed too drastic a change from the present calendar.

The second plan divides the 364-day period into 12 months. The four
equal quarters of the year remain the same forever. Each quarter begins
on Sunday and ends on Saturday. Its first month has 31 days, and its
second and third months have 30 days each. One stabilizing day is added
each year at the end of the fourth quarter; it is called Year-End Day,
December Y, and is an extra Saturday. The second extra day is added
every fourth year, with the usual exceptions, at the end of the second
quarter; it is called Leap-Year Day, June L, and is also an extra Saturday.
This plan is a more moderate change from the present calendar, It was
disapproved by the United Nations in 1956.

Many astronomical observations are recorded in decimals of a day and
it is convenient to have a whole night's observations recorded for the
same day rather than split between two days. The Julian Day is the
number of days that have elapsed since the beginning of an arbitrary
zero day at noon Greenwich mean time on January 1, 4713 B.c. on the
Julian Calendar. The term is thus derived from this calendar but is not
named after Julius Caesar. When the interval between two events is
required, especially where they are widely separated in time, it is easier
to take the difference between the Julian dates than to refer to a calendar
and worry about leap years, etc. The Julian Day numbers are tabulated
for each year in the American Ephemeris and Nautical Almanac. ].D.
2,440,587.5 corresponds to January 1, 1970 at Greenwich mean midnight.

1. Show why the solar day is longer than the sidereal day.
2. What is meant by the apparent sun? :
3. Give the three kinds of local time.

THE CALENDAR

3.23
Julian Day

REVIEW QUESTIONS
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What type of time is related by a constant to atomic time?

. Fomalhaut, &, and 8 Pegasus have very nearly the same right ascension, this

makes the line joining them a useful and easy time reckoner. When
this line defines the meridian on September 21 what is your approxi-
mate local time?

. If the length of days differ at most by % a minute, how is it that the sun-

dial can lag as much as 16 minutes behind local mean time?

. What factors cause the equation of time?

. How does the diurnal motion of the sun differ from that of the stars?
. Where does a given date first appear on the earth?

10.
ik

What is the chief advantage in the use of Julian days and decimals thereof?

Why is the Gregorian Calendar such an improvement over the Julian Calen-
dar?

In this chapter we have, by implication, discussed two types of time, epoch
and interval. Give two examples of each.
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Panoramic view of Mount Wilson Observatory site. (Photograph from the Hale Observa-
tories)







RADIATION AND THE TELESCOPE

REFRACTION OF LIGHT — DISPERSION OF LIGHT; THE
SPECTRUM — THE REFRACTING TELESCOPE — THE
REFLECTING TELESCOPE — THE RADIO TELESCOPE

The principal feature of the optical telescope is its objective, which receives the
light of a celestial body and focuses the light to form an image of the object.
The image may be formed either by refraction of the light by a lens or by its
reflection from a curved mirror. Optical telescopes are accordingly of two
general types: refracting telescopes and reflecting telescopes. In the radio tele-
scopes the radiations in radio wavelengths from a celestial source are collected
by an antenna, from which they are conveyed to receiving and recording
apparatus.

This chapter begins with some features of light, particularly its refraction and
dispersion into a spectrum.

81

t8-inch (112 cm) Schmidt telescope at Mount Palomar. (Photograph from the Hale Observatories)



RADIATION AND THE TELESCOPE

4.1
Light

Figure 4.1
Radiation in a variety of
wavelengths  (exponential
scale).

1 10 10% 108

104 105 105 107 10° 10° 1

REFRACTION OF LIGHT

Radiation crossing the boundary between two media of different densities at
an angle is refracted or bent. This characteristic introduces problems in the
interpretation of the information obtained from any given radiation after it

passes through the ionosphere, the atmosphere, and the planetary and inter-

stellar medium. By the same token, it is the characteristic that allows us to

build some of the telescopes and instruments for collecting and analyzing

the radiation.

Light is propagated in waves which emerge from a source such as a
lamp or the sun not unlike the way that ripples spread over the surface
of a pond when a stone is dropped into the water. When light waves of
appropriate lengths enter the eye, they produce the sensation we call
light in its different colors from violet to red. The visual effect is caused
by a limited range of lengths in the waves that come to us.

Frequency (Hz)
0'° 10! 102 102 1074 10'® 1078 1017 1078 10'® 1020 102! 1022 1028
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Radiation in general emerges from a source in waves of a wide variety
of lengths, from gamma rays having billions of wave crests to the centi-
meter to radio waves as long as several kilometers from crest to crest.
All radiation has the constant “velocity of light” in empty space.

The wavelength A of the radiation is the distance between the same phase
of successive waves, as from crest to crest. The lengths to which the eye
is sensitive range from 4 X 107° cm, for extreme violet light to nearly
twice that length for the reddest light we can see. The photographic range
extends into the ultraviolet and infrared.

The velocity of light c is about 300,000 km/sec. (186,300 miles/sec.).
This is the speed in a vacuum.* The speed is reduced in a medium such
as air or glass, depending on the density of the medium; and in the same
medium the reduction is greater for shorter wavelenghts than for longer
ones,

The frequency p of the radiation is the number of waves emitted by the
source in a second; it equals the velocity of light divided by the wave-
length. Thus the frequency of violet light having a wavelength of
4 X 107" em is 7.5 X 10" Hz.

A ray of light denotes the direction in which any portion of the wave
system is moving. It is often convenient to picture rays of light as radi-
ating in all directions from a source and continuing always in straight
lines as long as they remain in the same homogeneous medium. Thus
light is said to travel in straight lines.

When a ray of light passes from a rarer to a denser medium, as from
air into glass, it proceeds through the denser medium with reduced speed.
If the ray falls obliquely on the surface of the glass, the part of each
wave front on one side of the “ray” enters the glass and has its speed
reduced before the other side enters. The front is therefore swung
around and the ray changes direction (Fig. 4.2). The parallel lines of the
figure represent the progress of the wave after equal intervals of time.

Refraction of light is the change in the direction of a ray of light when
it passes from one medium into another of different density. The change
is toward the perpendicular to the boundary if the second medium (having
an index n’) is the denser, and away from the perpendicular if it is the less
dense (having an index n). When the ray enters the second medium at
right angles to its surface, there is no refraction, for all parts of the
wave front enter and are retarded together.

* We are using speed and velocity here as more or less interchangable terms. Speed is a distance covered in a
given interval of time while technically velocity is a distance covered in a given interval of time in a specified
direction.

1 Hz = 1 cycle/second

4.2
Refraction of Light

Figure 4.2

Refraction of light. A ray of
light passing from a rarer into
a denser medium is refracted
toward the perpendicular to
the boundary between them.
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4.3

Refraction Increases
the Altitude

of a Star

Figure 4.3
Atmospheric refraction in-
creases the star's altitude.
As the ray of starlight is bent
down in passing through the
air, the star is apparently
elevated. A star in the zenith
is not displaced by refraction.

When a ray of starlight enters the atmosphere, it is refracted downward
according to the rule we have noted; and the bending continues until the
earth’s surface is reached, because the density of the air increases down-
ward. The point in the sky from which the light appears to come is
therefore above the star’s true direction. Atmospheric refraction elevates
the celestial bodies by amounts which depend on the distance from the
zenith. The relations are as follows:

Zenith Zenith
Distance Refraction Distance Refraction
or 0'00" 85° 9'45"
20 021 86 1137
40 048 87 14 13
60 140 88 18 06
70 237 89 24 22
80 516 20 34 50
* ®
Star at Zenith //,

These values for average conditions are somewhat altered by variations
in the temperature and pressure of the air.

A star directly overhead is not displaced by refraction, because its rays
are perpendicular to the atmospheric layers. The amount of the refraction
increases as the distance from the zenith increases, but so slowly at first
that for considerably more than halfway to the horizon the effect on the
star’s direction is appreciable only when observed with the telescope. As
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the horizon is approached, the effect becomes more noticeable. A star at
the horizon is raised by refraction more than half a degree, or slightly
more than the apparent diameter of the sun, or moon.

Owing to atmospheric refraction the sun comes fully into view in the 4.4
morning before any part of it would otherwise appear above the horizon, Refraction
and it remains visible in the evening after it would otherwise have passed Effects Near
below the horizon. Thus refraction lengthens the daily duration of sun- the Horizon
shine. Similarly, the risings of the moon and stars are hastened and their

settings are delayed. Refraction also increases by more than half a degree

the radius of the region around the north celestial pole where stars never

set, and diminishes by the same amount the opposite region where stars

never rise (1.15).

Figure 4.4

Apparent flattening of the
setting sun by refraction.
(Yerkes Observatory photo-
graphs)

704 7

Because atmospheric refraction increases with distance from the zenith,
the lower edge of the sun’s disk is raised more than the upper edge.
This apparent vertical contraction becomes noticeable near the horizon,
where the amount of the refraction increases most rapidly with increasing
zenith distance. Thus the sun near its setting and soon after its rising
sometimes appears conspicuously oval.

Another effect near the horizon has no connection with refraction. It
is the well-known illusion that the sun, moon, and constellation figures
seem magnified there.

The twinkling, or scintillation, of the stars, that is, their rapid fluctuations 4.5

in apparent brightness, results from the turbulence of the atmosphere Twinkling of the Stars
within a few miles of the earth’s surface. Currents differing in tempera-

ture and water content cause a varying irregularity in the density of the
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4.6
Dispersion

air through which the rays of starlight pass. By variable refraction and
especially by reinforcement and interference of different parts of the
wave fronts, the starlight comes to us nonuniformly. Alternate fringes
of light and shade cross the line of sight with frequencies up to 1000 Hz
according to G. Keller, and may cause the star to vary by as much as
10 per cent of its average brightness.

The larger planets do not ordinarily twinkle; their steady light dis-
tinguishes them from neighboring stars. Similarly, the moon does not
twinkle, nor does a street light that is close at hand. Like the moon, these
planets are luminous disks, although a telescope is required to show them
as such. While each point of the disk may be twinkling, the effects are
not synchronized; for the rays take slightly different paths thmugh the
air and do not encounter the same irregularities.

Astronomical seeing, referring to the distinctness of the view with the
optical telescope, is also affected by the drifting of the recurrent turbulent
atmospheric pattern across the incoming beam. If the aperture of the
telescope is large relative to the length of the.pattern, the image of a
celestial object is spread and blurred in “bad seeing,” but remains fairly
steady. With smaller apertures the image is not greatly enlarged in these
conditions, but may shift about somewhat in the field of view.

A similar seeing effect is encountered by radio astronomers and is
caused by fluxuations in the ionosphere and the interstellar medium.
The blurring effect of the interstellar medium will set the limit upon
the least resolvable element by interferometric techniques.

DISPERSION OF LIGHT;
THE SPECTRUM

Dispersion is the term given to the variation of the velocity of radiation in
material substances. This property gives us a powerful tool for studying
conditions where the radiation originated. Spreading radiation out in order
of wavelength gives the spectrum of the object.

Whenever light is refracted, it is separated into its constituent colors.
An example is seen in the rainbow, the array of colors from violet to
red that is formed when sunlight is refracted by drops of water. Refrac-
tion, as we have noted, is caused by the change in the speed of light
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when it passes from one medium into another of different density. The
change in speed is greater as the wavelength of the light is shorter. Thus
the amount of the refraction increases with diminishing wavelength. In
the visible spectrum violet light is the most changed in direction, red
the least, and the other colors intermediate.

Refraction of light is accordingly accompanied by its dispersion in order
of wavelength into the spectrum. The visible spectrum from violet to red
comprises only a small part of the whole range of wavelengths radiated
by a source such as the sun. The spectrum goes on into the ultraviolet
in one direction and into the infrared in the other, where it is recorded
by photography and other means.

The spectroscope is the instrument with which the spectrum is observed.
It is employed in the laboratory and in connection with the telescope.

A familiar type of spectroscope consists of a prism of glass, quartz, or
other transparent material, toward which a collimator and view telescope are
directed. The light enters the tube of the collimator through a narrow slit
between the sharpened parallel edges of two metal plates. The slit is at
the focus of the collimator lens; after passing through this lens the rays
are accordingly parallel as they enter the prism. The light is refracted by
the prism and dispersed into a spectrum, which is brought to focus by
the objective of the view telescope and magnified by its eyepiece. When
the eyepiece is replaced by a plate holder, the view telescope becomes a
camera.

If the light is monochromatic, the spectrum is simply the image of
the slit in that particular wavelength; if the light is white, that is, com-
posed of all colors, the visible spectrum is a band, violet at one end and
red at the other, which is formed by overlapping images of the slit in
the different colors. The absence of a certain wavelength in the otherwise
continuous spectrum is detected most easily when the separate images
are so narrow that they overlap as little as possible. This is the reason
for the narrow slit.

Figure 4.6
Formation of a spectrum by
a prism.

4.7
The Spectroscope
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Figure 4.7
A modern reversible grating
spectrograph, which is at-
tached to the telescope
at the Cassegrain position.
(Astrometrics, Inc.)

Blazed Grating

S I 3RO I e e Collimator

Comparison
Source

Thus the spectroscope is an instrument for arraying light in order of
wavelength. Bright lines in the spectrum represent the presence of certain
wavelengths in the light. Dark lines show the absence of certain wave-
lengths. Integrated light is like a set of books in many volumes piled in
disorder, whereas the spectrum of light is like the set arranged in order
on a shelf; if a volume is withdrawn, the vacant space bears witness to
the fact.

The prism spectroscope just described is simplest to understand be-
cause most of us are familiar with the action of lenses and prisms. The
prism spectroscope has the great advantage that it puts all of the light
into a single spectrum. It has the disadvantage that it compresses the
color bands closer and closer together towards the red end of the spectrum.

The scale of the spectrum can be made constant and given almost any
value, large or small, by substituting a grating for the prism. A grating is
a plate on which many parallel grooves are ruled—as many as 10,000 to
the inch (about 4,000 to the centimeter). The grating forms spectra by the
diffraction of light, which occurs when light passes a straight sharp edge
or through a very narrow slit. The intensity of the light is redistributed
by wavelength and in certain directions only. Because early gratings dif-
fracted light in all allowed directions, they could only be used to study
the sun or a few of the brightest stars. Modern gratings are blazed, that
is, their grooves are cut at a slant, (see drawing on margin) looking like
saw teeth rather than troughs, as in the older gratings. This new tech-
nique causes as much as 80 per cent of the light to go into a single order,
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and nowadays grating spectrographs have essentially replaced prism spec-
trographs. We should also point out that mirrors often replace the col-
limator and camera lenses.

There are other two major “spectroscopes” in current use and both
use the interference property of radiation. When light is divided into two
beams, these can be recombined. If one of the two beams traverses a
longer path, however, its intensity at a given wavelength may be increased
or decreased accordingly for the recombination to take place in phase or
out of phase. The Fabry-Perot interferometer is used to look at small
regions of the spectrum with very high resolution. The Michelson inter-
ferometer, long familiar in optics, can also be used for spectroscopy. In
this case there is no spectrograph in the conventional sense and thus
spectroscopy done with a Michelson interferometer is called Fourier trans-
form spectroscopy.

Spectroscopy is achieved in radio astronomy simply by having multiple
receivers tuned to slightly different frequencies. In X-ray astronomy, the
spectrum is obtained by sorting out the radiation with devices that respond
to different energies.

The spectra of luminous sources are mainly of three types:

The bright-line spectrum, or emission-line spectrum, is an array of bright
lines. The source of the emission is a glowing gas, which radiates in a
limited number of wavelengths characteristic of the chemical element of
which the gas is composed. Each gaseous element in the same conditions
emits its peculiar selection of wavelengths and can, therefore, be identified
by the pattern of lines of its spectrum. The glowing gas of a neon tube,
for example, produces a bright-line spectrum.

The continuous spectrum is a continuous emission in all wavelengths.
The source is a luminous solid or liquid, or it may be a gas in conditions
such that it does not emit selectively. The glowing filament of a lamp
produces a continuous spectrum. There may also be emission or absorp-
tion continua (12.7) of limited extent in the spectra of certain gases.,
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4.8
Emission and
Absorption Spectra

Figure 4.8

Bright-line and dark-line
spectra. The spectra of BM
Orionis (top) and 17 Leporis
(bottom) are excellent ex-
amples of stellar emission
line and absorption line
spectra. The comparison
lines are bright-line spectra
free of a background con-
tinuum. (Spectrograms by
Catharine Garmany)
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4.9
The Doppler Effect

Figure 4.9
The doppler effect. The spec-
trum lines are displaced to the
violet when the source is ap-
proaching the observer and to
the red when the source is
receding from him.

The dark-line spectrum, or absorption-line spectrum, is a continuous spec-
trum except where it is interrupted by dark lines. Cooler gas intervenes
between the source of the continuous spectrum and the observer. The
intervening gas is opaque to the wavelengths it emits in the same condi-
tions. The spectrum is therefore the reverse of that of the gas itself; it
is a pattern of dark lines, which identifies the composition of the gas.
Sunlight, having passed through the atmospheres of both the sun and
the earth, produces a dark-line spectrum.

Where the gas consists of molecules such as carbon dioxide or methane,
the spectrum shows bands of bright or dark lines characteristic of these
molecules.

Our discussion emphasizes the radiation arising in a thermal source.
Electrons accelerated in a magnetic field to extremely high velocities
(very nearly the velocity of light) radiate a continuum. The study of
cosmic non-thermal sources is forming a new and exciting chapter in
astronomy.

When the source from which waves are emitted is approaching the
observer, the waves are crowded together, so that the wavelengths are
diminished. When the source is receding, the waves are spread farther
apart, so that their lengths are increased. A familiar example in sound
is the lowered pitch of the whistle as a locomotive passes us. The Aus-
trian physicist C. ]. Doppler pointed out, in 1842, that a similar effect
is required by the wave theory of light.

The Doppler effect as applied to the spectral lines is as follows:

When the source of light is relatively approaching or receding from
the observer, the lines in its spectrum are displaced respectively to
shorter or longer wavelengths by an amount proportional to the speed
of approach or recession.

TO OBSERVER TO OBSERVER
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The amount of displacement of a line in the spectrum is related to
the relative speed of approach or recession by the formula:

change of wavelength (A)\) _ _ relative speed (v)
normal wavelength ()) speed of light (c)

If, for example, the source and observer are relatively approaching at
the rate of 29.5 km/sec, the lines in the spectrum of the source are dis-
placed shortward nearly a ten-thousandth of their normal wavelengths.

The relation just given is adequate when the velocity involved is small
compared to the velocity of light. When the velocity is large, say 30,000
kilometers per second or more, we must use the more general form of
the relation derived by applying the special theory of relativity.

The spectrum of a luminous celestial body gives information as to the
physical state of that body. A bright-line spectrum is produced generally
by a tenuous gas, and a dark-line spectrum by a gas intervening in the
path of the light. The pattern of lines identifies the chemical composition
of the gas producing them.

The selective reflection of sunlight for different parts of the spectrum
by the surface of a planet may inform us of the nature of the reflecting
surface. If a planet has an atmosphere, any dark bands in the spectrum
of the reflected sunlight which do not appear in the spectrum of direct
sunlight give evidence of the chemical composition of that atmosphere.

The Doppler effect in the spectrum of a celestial body informs us
about its motion in the line of sight, whether it is moving relatively
toward or away from the earth and how fast it is moving. Other uses of
spectrum analysis in astronomy will be noted later.

THE REFRACTING TELESCOPE

The refraction of light by transparent materials makes possible the
refracting telescope. The great telescopes of the 19th century were refractors.

Lenses are generally of two kinds: converging lenses, which are thicker
at the center than at the edge, and diverging lenses, which are thinner
at the center. An example of the former is the double convex lens, two
important uses of which are to form a real image of an object and to
serve as a magnifying glass.

A
A
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4.10
Some Uses of
Spectrum Analysis

4.11
Refraction by
Simple Lenses

91
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The focal length of the lens is the distance from the center, C, to the
principal focus, F (Fig. 4.11A), where rays of light parallel to the optical
axis are focused by the lens. When the object is farther from the lens
than is the principal focus, the lens produces a real inverted image of
the object, which may be shown on a screen or photographic plate. As
indicated in the figure, rays passing through the center of a thin lens
are unchanged in direction.

When the object is nearer the lens than the position of the principal
focus, the eye behind the lens sees an erect and enlarged virtual image
of the object (Fig. 4.11B). This is the use of the lens as a magnifier. In
combination, two double convex lenses can serve as a simple refracting
telescope. The first lens is the objective of the telescope, which forms an
inverted image of the object. The second lens, the eyepiece, placed at the
proper distance behind that image, permits the eye to view the object,
which now appears magnified and still inverted. Two other lenses may
be added at the eye end if it is desired to reinvert the image.

Figure 4.11A
The convex lens as an objec-
tive. The lens produces an
inverted real image of the
object.

Object
L ]
Image

Figure 4.11B
The convex lens as an eye-
piece. It produces an erect
and enlarged virtual image.

Image

4.12 The discovery of the principle of the refracting telescope is generally
The Refracting credited to a Dutch spectacle maker. Galileo, in 1609, is credited with
Telescope  being the first to apply this principle in the observation of the celestial
bodies. Two of his telescopes are preserved intact in the Galileo Museum
in Florence, Italy; the larger one, having a paper tube about 1.2 m long
and less than 5.1 cm in diameter, magnifies 32 times. The Galilean tele-
scope has a double concave eyepiece. It has the merit of giving an erect
image of the object observed, but its field of view is small.
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The simple astronomical telescope, which is the basis of modern refracting
telescopes, contains two double convex lenses at a distance apart equal
to the sum of their focal lengths (Fig. 4.12). The objective has the
greater aperture, or clear diameter, and the longer focal length; it receives
the parallel rays from each point of the remote celestial object and forms
an inverted image of the object at the principal focus. The eyepiece, set
in a sliding tube, serves as a magnifier for viewing the image formed by
the objective. As he looks through it, the observer sees an inverted and
enlarged image of the celestial object.

The early refracting telescopes proved disappointing, especially when
larger ones were constructed. The views of the celestial bodies were
blurred. An important cause of the poor definition was the dispersion
of light which accompanies its refraction. A single lens focuses the dif-
ferent colors at different distances from the lens, violet light at the least
distance and red light farthest away (Fig. 4.13A). The image of a star
focused in any particular color is confused with out-of-focus images in
the other colors. This is chromatic aberration.

As long as the telescope contained only single lenses, the only known
way to improve the view was to increase the focal length. Toward the
end of the 17th century, refracting telescopes as long as 46 and 61 meters
(150 and 200 feet) were attempted, but they were so unwieldy that not
much could be done with them.

The new era of the refracting telescope began, in 1758, with the intro-
duction of the achromatic objective. By an appropriate combination of
lenses of different curvatures and compositions it is possible to unite a
limited range of wavelengths at the same focus. The objectives of refrac-
ting telescopes designed for visual purposes are combinations of two
lenses. The upper lens is double convex and of crown glass; the lower
lens, either cemented to the upper one or separated by an air space, is
likely to be plano-concave and of heavier, flint glass. By the use of two

Figure 4.12

The simple refracting tele-
scope. In its simplest form
the refracting telescope con-
sists of two convex lenses
separated by a distance equal
to the sum of their focal
lengths. In modern refracting
telescopes both objective and
eyepiece are compound
lenses.

4.13
The Achromatic
Telescope
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Figure 4.13B
The 40-inch (102 cm) refrac-
ting telescope (largest in the
world) at Yerkes Observatory,
of the University of Chicago,
Williams Bay, Wisc. (Yerkes
Observatory Photograph).

Focus of Focus of
Crown Lens Combination

Crown

Figure 4.13A

Principle of the achromatic objective. The crown lens focuses the different wave-
lengths at different distances, so that a clear image of a star is not obtained anywhere.
The addition of the flint lens increases the focal length and, since it affects the shorter
more than the longer wavelengths, brings the different colors to focus more nearly at
the same point.

lenses other difficulties inherent in the single spherical lens are com-
pensated as well.

The objective of the visual refracting telescope brings together the
yellow and adjacent colors, to which the eye is especially sensitive; but
‘t cannot focus with them the deep red, or the blue and violet light which
most strongly affects the ordinary photographic plate. Evidence of this is
seen in the purple fringe around the image of the moon. Thus a refrac-
ting telescope giving fine definition visually does not by itself produce
clear photographs. When the visual refracting telescope is employed as
a camera, the plate holder replaces the eyepiece. A correcting lens is intro-
duced before the plate, or else a yellow filter is used to transmit only
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The aperture of the objective is usually stated in denoting the size
of a telescope. Thus a 30.5 cm telescope has an objective with a clear
diameter of 30.5 cm. In ordinary refracting telescopes the ratio of aper-
ture to focal length is about 1 to 15 or more, so that a 30.5 cm telescope
is likely to be about 457 cm (4.57 meters) long. Refractors designed for
photography of large areas of the sky have objectives containing more
than two lenses and are referred to as astrographs. These permit shorter
focal ratios, which increase the diameter of the field and also the speed.

THE REFLECTING TELESCOPE

Highly polished surfaces reflect light. If the surface is carefully made it can
focus light and thus serve as an objective for a telescope. All of the great
telescopes of the 20th century have been reflectors.

When a ray of light encounters a polished surface which prevents its
further progress in the original direction, the ray bounds back from, or
is reflected by, the surface. If the mirror is appropriately curved, it forms
the image of an object, taking the place of a lens. Consider, for example,
a concave spherical mirror (Fig. 4.14), having its center of curvature at
C with a radius R and its principal focus at F. Of an object beyond C
the mirror forms an inverted real image, which may be viewed on a
screen or with an eyepiece. Thus the mirror can serve as the objective
of a telescope.

The mirror has the advantage over the lens of being perfectly achro-
matic; there is no dispersion when light is reflected. But the spherical
mirror, in greater degree than the spherical lens, introduces spherical
aberration; the focal point is not the same for different zones of the mirror.
This effect is seen in the caustic curve formed on the surface of a cup of
coffee by light reflected from the sides of the cup. The perfect remedy for
spherical aberration is to make the mirror paraboloidal instead of spherical.

There are other reasons why the objectives of very large telescopes
are mirrors rather than lenses. (1) It is easier to make a disk of glass for
a mirror, because the light does not go through the glass. Striae and
other defects in the disk, which would render it useless as a lens, do

4.14
Reflection from
Curved Mirrors

Cbject

Figure 4.14

Image formed by a concave
mirror. The mirror forms an
inverted real image of the
object that is beyond the
center of curvature.
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4.15
The Reflecting Telescope

Figure 4.15
Four places of focus with the
reflecting telescope. (1) Prime
Focus. The focus of the large
mirror. (2) Newtonian Focus.
The converging beam from
the large mirror is diverted
to the side of the tube by a
small diagonal mirror. (3)
Cassegrain Focus. The con-
verging beam is reflected by
a small mirror through the
central aperture of the large
mirror. (4) Coudé Focus.
Thereturningbeam isdiverted
" by a diagonal mirror down the
polaraxistothe spectroscopic
room.

not make it unfit for use as a mirror. (2) The optician has to figure only
one surface instead of four. (3) The entire back of the mirror can be
supported, whereas the lens is held only at its edge; a large lens may
bend slightly under its own weight, affecting its figure and therefore its
performance. (4) The focal length of the mirror can conveniently be made
shorter than that of the lens (the ratio of aperture to focal length of the
mitror is often about 1 to 5 or less), so that the mounting and dome may
be smaller, with reduction in the cost of construction.

The objective of the usual type of reflecting telescope is a paraboloidal
mirror at the lower end of the tube, which in the largest telescopes is of
skeleton construction. The mirror is a circular block of glass having its
upper, concave surface coated with a thin film of metal such as aluminum.
The light does not pass through the glass, which serves simply to give
the required shape to the metal surface. The large mirror reflects the
light of the celestial object to focus in the middle of the tube near its
upper end and may form an image there. Observations with large tele-
scopes may be made at four different places:

' r Polar Axis
/ //4'/
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1. At the prime focus. This is generally not easily accessible to the
observer except in the largest telescopes.

2. At the Newtonian focus. A smaller plane mirror at an angle of 45°
near the top of the tube receives the converging beam from the
large mirror and reflects it to focus at the side of the tube. In the
visual use the observer looks in at right angles to the direction of
the telescope.

3. At the Cassegrain focus. A small convex hyperboloidal mirror near the
top of the tube reflects the converging beam back through an open-
ing in the center of the large mirror to focus below it. The observer
then looks in the direction of the star as with the refracting tele-
scope.

4. At the coudé focus. The beam returned by the convex mirror is
reflected by a small diagonal plane mirror down the polar axis to
focus in the laboratory where spectroscopic analysis may be made
conveniently.

Several other focus positions enjoy a certain currency, notably the
Nasmyth, which is a variation of the Cassegrain; and the Springfield, the
opposite of the coudé focus. The large mirrors of the Mount Wilson
telescopes (Nasmyth focus) have no openings, and the beam returned
by the convex mirror is reflected to focus at the side by a plane mirror
set diagonally in front of the large one. In the Springfield focus the light
is sent up the polar axis, on top of which is the eyepiece. The observer
can sit in a fixed position and view the image. This focus, popular
among amateurs, is common in smaller telescopes.

The type of reflecting telescope described in the preceding section is
admirable for viewing and photographing limited areas of the heavens.
The Schmidt telescope is useful for photographing large areas and is
employed only as a camera. It is named after its designer, Bernhard
Schmidt, who was an optical worker at the Hamburg Observatory in
Germany.

Y
I

4.16
The Schmidt
Telescope

Figure 4.16A

Optical system of the Schmidt
telescope. The starlight
passes through the correcting
plate before being reflected
by the spherical mirror to
focus on the curved photo-
graphic plate.
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Figure 4.16B
The 48-inch (112 cm) Schmidt
telescope at Mount Palomar.
(Photograph from the Hale
Observatories)

The objective of the Schmidt telescope is a spherical mirror, which is
easy to make but is not by itself suitable for a telescope. Parallel light
rays reflected by the middle of a spherical mirror are focused farther
away from it than are those reflected from its outer zones. The correc-
tion is effected by a thin correcting plate, set at the center of curvature of
the mirror in the upper part of the telescope tube. The correcting plate
is so thin in present telescopes that it introduces no appreciable chro-
matic aberration. It slightly diverges the outer parts of the incoming beam
with respect to the middle, so that the entire beam is brought together
by the mirror on a somewhat curved focal surface. The photographic
plate, suitably curved by springs in the plate holder, faces the mirror
between it and the correcting plate. The size of the telescope is denoted
by the diameter of the correcting plate.
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A large telescope of this kind is the 48-inch (122 c¢m) Schmidt tele-
scope of the Palomar Observatory. Its 72-inch (1.83 meters) mirror has
a radius of curvature of 20 feet (6.1 meters), which is about the length
of the tube. The focal length is 10 feet (3.05 meters). An initial achieve-
ment of this telescope is the National Geographic Society—Palomar
Observatory Sky Survey, a photographic atlas of the heavens north of
declination 27° S. The atlas consists of 879 pairs of negative prints from
blue- and red-sensitive plates, each print 35.6 cm square and covering
an area 7° on a side. The survey reaches stars of the 20th magnitude
and exterior galaxies of the 19.5 magnitude.

Other examples of this newer type are the 24-inch (61 cm) Schmidt
telescope of the Warner and Swasey Observatory, the similar telescope
of the University of Michigan Observatory, the 26-inch (66 cm) telescope
of the Astrophysical Observatory of Mexico, the 80 cm telescope of the
Hamburg Observatory, and the one meter telescope of the Burakan
Observatory in Armenia. The 200 cm reflecting telescope of the German
Academy of Sciences, near Jena, has a spherical mirror that can be
operated with a 1.35 meter correcting plate as a Schmidt telescope. Very
wide-angle 51 cm Schmidt telescopes having three correcting plates and
triaxial mountings have been employed at some stations of the Smith-
sonian Astrophysical Observatory for tracking spacecraft.

The short focal lengths for a given aperture makes the Schmidt a very
fast system. This, along with its large field, makes it an ideal camera for
spectrographs and similar applications.

This system also uses a spherical primary but achieves its correction by
having a concave spherical meniscus lens in place of a corrector plate. The
basic design of the optics was described by A. Bouwers early in the
Second World War, but because of circumstances his work was not
known until the cessation of hostilities. In the meantime, D. D. Maksutov
independently developed the same optical system. Basically this optical
design allows a large well corrected field and puts a very long focal
length system into a small space. This latter characteristic has made it a
popular “small” telescope and telephoto system for photography. The
largest Maksutov-Bouwers telescope is in Chile at the southern station
of the Soviet Union. It has an aperture of about one meter.

Most telescopes are mounted so that they can turn on two axes to follow
the circles of the equatorial system. The polar axis is parallel to the earth’s
axis and is therfore inclined to the horizontal at an angle equal to the
latitude of the place. Around this axis the telescope is turned parallel to
the celestial equator, and so along the diurnal circle of the star. The
declination axis is at right angles to the polar axis; around it the telescope
is turned along an hour circle from one declination to another.

Meniscus
Lens

~. Mirror
Spot

—

Figure 4.17
The Maksutov-Bouwers tele-
scope.
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The
Maksutov-Bouwers
Telescope

4.18
The Equatorial
Mounting
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4.19
Light-Gathering
Power

Each axis carries a graduated circle. The circle on the polar axis denotes
the hour angle of the star toward which the telescope is pointing; and
there may be a dial on the pier, from which the right ascension of the star
can be read directly. The circle on the declination axis is graduated in
degrees of declination. With the aid of these circles the telescope can
be quickly pointed toward a celestial object of known right ascension
and declination. The telescope is then made to follow that object by a
driving mechanism, which is operated either mechanically or electrically.

In the standard type of equatorial mounting for refracting telescopes
(Fig. 4.13B), the polar axis is at the top of a single pier, and the telescope
must be reversed frequently from one side of the pier to the other. In
the type used for most large reflecting telescopes, the long polar axis is
supported by two piers, between which the telescope can swing from
the east to the west horizon without reversal. In the fork type the handle
of the fork is the polar axis and the two arms of the fork carry the
trunnions of the telescope tube.

The equatorial mounting is mechanically the simplest for tracking
celestial objects but for certain purposes an altitude-azimuth mounting, an
altitude mounting or a zenith mounting is best. The alt-azimuth mounting
reduces engineering problems and is used extensively in large radio
telescopes. With the introduction of inexpensive computers this should
become a more popular mounting for all wavelengths. The altitude
mounting has long been used for transit circles and recently for the
very large 91.4 meter (300-foot) telescopes of the National Radio Astron-
omy Observatory. The zenith mounting is popular for time service
observations and just recently has been used for the largest radio tele-
scope: the 305 meter (1000-foot) telescope at Arecibo, Puerto Rico.

The brightness of the image of a star increases in direct proportion to
the area of the telescope objective, or the square of its diameter. This
defines the light-gathering power of a telescope, aside from loss in the optical
parts. Thus a star appears 25 times as bright with the 200-inch (508 cm)
telescope as with the 40-inch (102 cm) Yerkes refractor, and a million
times as bright as with the naked eye if the aperture of the lens of the
eye is taken to be one fifth of an inch.

The telescope shows stars that are too faint to be visible to the eye
alone. A larger telescope permits us to see fainter stars than does a
smaller one, and extends our view farther into space for objects of the
same intrinsic brightness. Whereas the limit of brightness for the unaided
eye is about the 6th magnitude, stars as faint as the 19th magnitude are
visible with an eyepiece at the prime focus of the 200-inch (508 cm)
telescope; and stars of nearly the 24th magnitude can be detected in
photographs made there.
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The surface of the daytime sky appears less bright with the telescope
than to the eye alone and especially so when higher powers are used.
Because the starlight is concentrated by the telescope, the brighter stars
and planets are visible with the telescope in the daytime.

The image of a star or other point source of radiation is spread by dif-
fraction in the objective of the telescope into a disk surrounded by fainter
concentric rings. Two stars which are closer together than the diameter
of the brighter part of the diffraction disk cannot be separated by any
amount of magnification. This diameter is defined as between points where
the intensity of light is one half that at the center of each disk.

The resolving power of a telescope, which equals this diameter, is the
angular distance between two stars of moderate brightness that can be
just separated with the telescope in the best conditions. The least distance,
d, in seconds of arc is related to the wavelength, A, of the light and the
aperture, 4, of the telescope in the same units by the formula: @’ = 1.22
X 206,265” X M/a. For visual telescopes the formula becomes: d” =
1471/a, where the wavelength is taken to be about 56 X 10~% cm (5600 A)
and the aperture is in centimeters.

Thus with a 10 cm telescope the minimum resolvable separation is
about 174. It is slightly better than 02 for the large Yerkes and Lick
refracting telescopes and is only 0.03 for the 200-inch (508 cm) telescope
on Palomar Mountain. These values are for visual observations. In photo-
graphs with all telescopes the least distance for separation of two stars
is made greater by the spreading of the images in the photographic emul-
sions. We note presently how the longer wavelenghts employed in radio
telescopes affect their resolving power.

Aside from its ability to show fainter objects, a larger telescope has
the advantage of better resolving power; it can show finer detail that
runs together with the smaller instrument. On the other hand, the blurring
of the image by atmospheric turbulence is more pronounced with the
larger telescope. In order to profit by its greater resolving power, the
site of a large telescope must be chosen carefully with respect to the
steadiness of the air at that place.

The correctness of the formula for two stars of equal faintness has
been demonstrated by visual observations with telescopes of various
apertures. For the eye alone the formula does not hold; it gives the
resolving power as about 20” but the least separation the eye can resolve
is several times greater. In fact, the eye is said to be a good one if it can
separate the two stars of Epsilon Lyrae, which are 207" apart. The differ-
ence is ascribed to the coarse structure of the retina of the eye.

4.20
Resolving Power

1A=10"%cm
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4.21
Magnifying
Power

4.22
The Telescope
as a Camera

The magnifying power of a visual telescope is the number of times the
telescope increases the apparent diameter of an object as compared with
the naked-eye view. It equals the focal length of the objective divided
by the focal length of the eyepiece that is used.

The linear size of the image of a particular object formed by the objec-
tive increases directly with the focal length of the objective. The diameter
of the image equals the angular diameter of the object times the focal
length of the objective divided by the value of the radian, 57°.3. Thus
the diameter of the image of the moon, which has an angular diameter
of 14°, formed by an objective of 3 meter focal length is %2° X 300 cm/
57°.3, or about 2.6 cm, this is its size in the photograph when the tele-
scope is used as a camera.

The angular size of the image is greater as the eye is nearer it. The
least distance of distinct vision for the unaided normal eye is 25.4 cm.
With the eyepiece the eye can be brought closer to the image, which
accordingly appears larger. If, for example, the focal length of the objective
is 304.8 cm and that of the eyepiece is 1.27 cm, the object is magnified
240 times.

A telescope is usually provided with eyepieces of different focal lengths
so that the magnification can be varied as desired. There is little gained
by using a power greater than 50 times the aperture in inches because
of the spreading of the light by magnification; and the higher powers
are useful only when the seeing is rather steady. On the other hand, a
power less than 3 times the aperture is unsuitable because the beam of
light entering the eye is then larger than the widest opening of the lens
of the eye at night. Thus with a 25.4 cm telescope the useful magnifying
powers range from 500 down to 30.

Although the sun, moon, and some of the planets appear larger with
the telescope, no amount of magnification with most telescopes can show
the real disk of a star. This is because the diffraction disk is almost always
larger than the angular diameter of the star itself.

Large telescopes and many small ones as well are often employed for
photography. The objective becomes the camera lens and the plate
holder replaces the eyepiece at the focus. During the time exposure the
telescope is turned westward by its driving mechanism to follow the
star in the diurnal motion. Any inaccuracies in the following are corrected
by slow motion devices, either operated by the observer or automatic,
so as to keep a star in the field precisely at the intersection of the cross-
wires of the guiding eyepiece.

By cumulative effect of the light during the exposures, the photographs
can show features too faint to be visible to the eye at the same telescope.
With the addition of a prism or grating they show the spectra of celestial
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bodies, where there is much information not available in the direct views.
The photographs provide permanent records, which the astronomer can
observe leisurely and repeatedly so as to increase the accuracy of his
results. They are of course valuable to the student of astronomy as well.
The reader of this book has before him the prints from many celestial
photographs. He can decide for himself as to the correctness of the
descriptions and might even find in a photograph a significant feature
the astronomer has overlooked.

A limit to the faintness of stars that can be reached by prolonged
exposure is set by the light of the night sky. This illumination, caused
partly by starlight diffused in the atmosphere and especially by the air-
glow (10.35), ultimately fogs the photograph seriously. The limiting
exposure time for direct photography with fast emulsions with the 200-
inch (508 cm) telescope is 30 minutes. The faintest stars that can be
detected in these photographs are of blue magnitude 23.9, a gain of 5
magnitudes over the visual observations with this telescope.

It is difficult to overemphasize the revolutionary effect of the intro-
duction of the photographic plate to astronomy. From the original work
of Bond in 1850, photography has been the mainstay of data collection in
astronomy as the student can gather for himself from the illustrations in
this book. The “information” capacity of even a small photograph is
difficult to match by other techniques and its “storage” lifetime is essen-
tially indefinite. Other data collection techniques have caused equally
great steps in astronomy and are even beginning to challenge the photo-
graphic plate. We will point these techniques out in the course of our
study.

The 200-inch (508 cm) Hale telescope on Palomar Mountain in California
is the largest optical telescope. Next in order of size are the 120-inch
(305 cm) telescope of the Lick Observatory on Mount Hamilton, Cali-
fornia, the 107-inch (272 cm) telescope at the McDonald Observatory on
Mount Locke, Texas, the 102-inch (259 cm) telescope of the Crimean
Astrophysical Observatory, the 100-inch (254 cm) telescope of the Mount
Wilson Observatory in California, the 100-inch (254 cm) Isaac Newton
telescope at Hermontseux, England, the 90-inch (229 c¢m) of the Steward
Observatory on Kitt Peak, Arizona and the 84-inch (213 cm) of the Kitt
Peak National Observatory in Arizona. Half a dozen other telescopes have
objectives 1.8 meters or more in diameter. All are reflecting telescopes.

Refracting telescopes have more moderate apertures. The largest are
the 40-inch (102 cm) telescope (Fig. 4.13B) of the Yerkes Observatory at
Williams Bay, Wisconsin, and the 36-inch (91 c¢m) telescope of the Lick
Observatory.

The construction of larger refractors is not even contemplated, due to

4.23
Large Optical
Telescopes
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4.24
The 200-inch
(508 cm) Telescope

the many advantages of the reflectors. Of these, five major ones are
presently under construction; all with apertures larger than 3 meters:
a six-meter telescope near Zelenchuskaya in the Caucasus, USSR, and
four 3.8-meter telescopes, to be located at Kitt Peak, Arizona, Cerro
Tololo and La Silla, in Chile and in Australia.

This giant telescope on Palomar Mountain is operated by the Hale (for-
merly Mount Wilson and Palomar) Observatories. It is named the Hale
telescope as a memorial to George E. Hale, who was successively director
of the Yerkes and the Mount Wilson Observatory and who had a promi-
nent part in the planning of the Palomar telescope.

The large mirror is a circular disk of Pyrex glass nearly 5.2 meters in
diameter and 68.6 cm thick, having its concave upper surface coated with

Figure 4.24A

The observer's cage at the prime focus observing position of the 200-inch Hale tele-
scope. Note plateholder and guiding eyepiece. (Photograph from the Hale Observa-
tories)




aluminum. Its focal length is 16.9 meters. The back of the disk is cast
in a geometrical rib pattern so that no part of the glass is more than
5.1 cm from the outside air. The telescope tube, 6.1 meters in diameter,
moves in declination within the yoke that forms the polar axis. The
skeleton tube, together with the mirror at the lower end and the observer’s
cage near the upper end, weighs 127 metric tons. In this cage, 1.52 meters
in diameter, the observer is carried by the telescope as he works at the
prime focus—a pioneer feature in telescope construction; the cage obstructs
less than 10 per cent of the incoming light. The telescope is housed in
a dome 41.8 meters in diameter.

With the aid of a corrector lens the photographs at the prime focus
show in good definition an area of the sky 6.1 meters in diameter, or
about 10.2 ¢m in diameter on the plate. When the 104 ¢cm convex mirror
is set in the converging beam, it reflects the light back through the 102 cm
opening in the large mirror to focus below it. The effective focal length
is 81.4 meters at the Cassegrain focus and 155.4 meters at the coudé
focus in the laboratory.

Figure 4.24B
The 200-inch Hale telescope
pointing to zenith. Notice
size of human figure at bottom
of picture. (Photograph from
the Hale Observatories).
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4.25
The 120-inch
(305 cm) Telescope

Figure 4.25
The 120-inch (305 cm) mirror
just being removed from its
aluminizing tank. (Lick Ob-
servatory Photograph.)

This large reflecting telescope at the Lick Observatory resembles the
200-inch telescope in many features of its design. The Pyrex disk of its
mirror also has a ribbed back; it was cast as a trial run for the larger disk
and was originally intended for use in testing that mirror. The 120-inch
(305 cm) mirror has a focal length of (15.24 meters); thus the ratio of aper-
ture to focal length is 1 to 5 instead of the ratio of 1 to 3.3 of the Palomar
telescope. The scale of the photographs at the prime focus is nearly the
same as for the larger telescope, and the light-gathering power is a third
as great. There is an observer’s cage at the prime focus. The dome is
29.6 meters in diameter. In both of these domes there is a gallery where
visitors may view the telescope through a window without interfering
with its operation.




THE RADIO TELESCOPE

As long as astronomical observing was almost entirely visual, the long-
focus refracting telescope was ideal. Added power was effected by making
larger telescopes, culminating in the 40-inch (102 cm) Yerkes refractor.
At the beginning of the present century, photography was rapidly replac-
ing visual procedures for many purposes. Photographic refractors were
being used with focal ratios around 1 to 5 for added speed and width of
field. The new large telescopes were reflectors having about this ratio
and operating as well in the infrared as in the ordinary photographic
range. The Schmidt telescope with a possible ratio as much as 1 to 1
greatly increased the speed and field.

To further increase the effectiveness of optical observing under our
troublesome atmosphere, astronomers are thinking not so much of larger
and still more expensive optical telescopes as of ways to improve the
reception with present ones. Further improvements may be expected in
photographic processes. Photoelectric techniques are developing rapidly.
With a successful electronic image converter at its focus, as W. A. Baum
has remarked, the 200-inch (508 cm) telescope might reach as far into
space as would conventional direct photography with a 5080 cm telescope.

Observations from space will obviously improve our observational
capability. We should also expect to see many more special purpose
telescopes-telescopes for observing specific objects such as the Magellanic
Clouds and for specific tasks such as astrometry and photometry, a trend
radio astronomy has already started.

THE RABIO TELESCOPE

Radiations from the Galaxy at radio wavelengths were first detected, in
1932, by K. G. Jansky of the Bell Telephone Laboratories, who was investi-
gating radio noise. In 1936, G. Reber, an electronic engineer at Wheaton,
Illinois, built a paraboloidal antenna 9.1 meters in diameter for his pioneer
radio map of the Milky Way. In 1946, radio reception from the sun was
announced, the first discrete radio source was discovered, and radar began
to be employed extensively in the recording of meteor rails. The hydrogen
emission line in the radio spectrum was first observed in 1951. By means
of this useful line, spiral arms of our galaxy were traced by astronomers

in 1954. These and other results alveady achieved in this important new
branch of astronomy will be noted in later chapters.

4.26

Possible
Improvements
in Observing
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4.27
Radio Astronomy

Motors

Figure 4.27A
Schematic diagram of the
main elements of a radio-
telescope.

Figure 4.27B
The 300-foot paraboloidal
transit telescope of the
National Radio Astronomy
Observatory. Note the pro-
jection effect in the shadow.
(National Radio Astronomy
Observatory)

This branch of Astronomy is the study of the heavens by use of radio
waves. These waves that can come through to the ground range in
length from a few millimeters, where they begin to be absorbed by
atmospheric molecules, to 20 or 30 meters, where they cannot ordinarily
penetrate the ionosphere. Because of their much greater lengths com-
pared with light waves, the radio waves can pass through the clouds of
our atmosphere and also through the interstellar dust that conceals all
but 5 per cent of the universe from the optical view. Radio reception
from the celestial bodies is as effective by day as by night.

Whereas optical spectra of the celestial bodies contain lines, the radio
spectrum is almost entirely continuous. The remarkable exception is the
line at the wavelength of 21 c¢m, formed by the neutral hydrogen atom
at the ground state. By its Doppler shifts this line provides radio astron-
omy with means of measuring the velocities of sources in the line of
sight.

The observational data in radio astronomy are procured in two ways:
(1) from celestial radiations, and (2) by signals transmitted from the
earth and reflected back from celestial bodies. An advantage of the
second method is that the signals are under the observer’s control; a
disadvantage is that its application is limited to the nearer bodies of the
solar system. The intensity of the reception falls off as the 4th power of
the distance of the reflecting body, whereas in the first method the
intensity inversely as the 2nd power of the distance from the source.
In addition to echoes of radio signals returned from the moon, reflected
beams from Mercury, Venus, Mars, and the sun’s corona have been
detected, and echoes from meteor trails are frequently recorded.




Figure 4.27C
Owens Valley interferometer. (California Institute of Technology)

Cosmic radiations at radio wavelengths arise from two different causes.
The first type is thermal radiation; its spectrum is that of black-body
radiation defined like its optical counterpart by Planck’s formula (10.5)
for a particular temperature. This kind of radiation is strongest in the
centimeter lengths. The second type is nonthermal radiation, which may
be mainly the sort of radiation emitted by fast-moving particles revolving
in the magnetic field of the synchrotron in the radiation laboratory. It is
much stronger in the meter wavelengths than in shorter ones, and is
separated thereby from the thermal radiation.

This electronic device is analogous to the optical telescope. Its antenna,
like the optical objective, serves to collect the radiations and to con-
centrate them on the receiver. Instead of an image of the source of
radiation, we have here only the strength of the signal collected by the

4.28
The Radio Telescope
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Figure 4.28
The CSIRO interferometer.
The large Parkes dish is the
one in the background.
(CSIRO photograph, courtesy
of J. Bolton).

antenna from a particular direction of the sky and recorded by a registering
meter. The receiver output may be registered by a moving-chart pen
recorder, or else by printed numbers or punches on tape.

An important problem of radio astronomy comes from the low power
of the celestial radio source. The total power falling on the entire surface
of the earth from the brightest radio source other than the sun is 100
watts, according to F. D. Drake. Of this amount a large radio telescope
can collect only about 10~'* watts. The problem is to separate the weak
radio signal from the noise within the receiver itself, which may be
thousands of times greater. An effective solution is by use of a maser,
for example, a highly refrigerated and magnetized synthetic ruby, to
amplify the radio signal relative to the receiver noise.

The antennas of radio telescopes may be either revolving single parab-
oloids (Fig. 4.27B) or multiple element collectors built in a variety of
forms. (Fig. 4.28)

Two paraboloid antennas can be coupled as an interferometer (Figure
4.27C) as we have already explained. The resolution of a single parab-
oloid is the same as given in section 4.20. In the case of the interfer-
ometer the denominator is modified by adding the length of the baseline
(S,) measured, as before, in wavelengths as our unit. If we use a 25
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meter telescope at a wavelength of 10 cm, its resolution is very nearly
0.004 radians, or about 14" of arc. Now if we use two such paraboloids
as an interferometer and place them 4 km. apart we can ignore the
factor a, and the resolution is increased to about 0.0000025 radians or
about 0’5 of arc.

With the development of portable atomic clocks (3.11) it is not even
required that the two telescopes be physically connected. Here the trick
is to synchronize two clocks with great precision. One then records on
tape the signal being received by each telescope and the clock pulses
as well. The two tapes are then played together making use of the timing
pulses and the fringes are “observed”. Great care must be exercised
with the clocks and tape recorders and since the baselines are not usually
on an east-west line the results require careful interpretation. This
technique has been used successfully, first by N. W. Broten and his
colleagues with a baseline of 3000 km. giving a resolution of 0.2 sec and
present systems span oceans. We can even look forward to the day when
one of the telescopes will be located on the moon giving a baseline of
38.4 X 10° wavelengths at 10 cm, hence a resolution of about 0.00007
seconds of arc.

Such resolution is required for very distant extra galactic objects and
may be unachievable because of limitations set by interstellar scintillation.
The spectacular results already achieved have led radio astronomers to
suggest that coherent detection techniques using lasers may yield similar
results in the visible spectrum.

This type of radio telescope has as its antenna a “dish” of sheet metal or
wire mesh, resembling in form the mirror of an optical reflecting telescope.
The antenna collects the radio waves from a source and focuses them on
a dipole adjusted to the desired wavelength, from which the energy is
conveyed to the receiver and meter. The paraboloidal telescope is generally
steerable and is usually equatorially mounted, Thus it can be directed
to the right ascension and declination of the point of the heavens to be
investigated, and it can then be made to follow that point in its diurnal
motion.

The University of Manchester in England has a 76.2 meter telescope
at the Jodrell Bank Experimental Station, and the Radio-physics Lab-
oratory in Australia has a 64 meter telescope at a site about 320
kilometers west of Sydney. Stanford University has a 45.7 meter tele-
scope with altazimuth mounting. The National Radio Observatory at
Green Bank, West Virginia, has a 45.2 meter steerable telescope and a
91.4 meter transit-type telescope. The California Institute of Technology
operates twin 27.4 meter paraboloids in Owens Valley about 402 kilometers
north of Pasadena. They are equatorially mounted on flatcars that move

4.29
The Paraboloidal

Type

111



112

RADIATION AND THE TELESCOPE

on north-south and east-west tracks 488 meters long from their intersec-
tion; these telescopes may be used either separately or together as an inter-
ferometer giving high resolution. An increasing number of single steerable
paraboloids in various parts of the world have diameters between 18 and
27 meters. A 305 meter fixed bowl designed by Cornell University scien-
tists is located in a natural depression at Arecibo, Puerto Rico.

4.30 The resolving power of a radio telescope relates to the fineness of detail
Resolving Power that can be distinguished. Calculated by the same formula (4.20) as for

4.31
Multiple Element
Radio Telescopes

the optical telescope, it is the angular distance between two radio point
sources that can be just separated. This critical distance is directly pro-
portional to the wavelength of the radiation and inversely to the diameter
of the antenna in the same units. For this purpose the main beam of the
antenna, where its absorption is greatest, is analogous to the diffraction
disk of the optical -telescope.

Because it works with much longer wavelengths, the paraboloidal radio
telescope is far less effective in separating detail than is an optical objec-
tive of the same diameter. Thus the critical separation for a 15.2 meter
paraboloid at the wavelength of 21 cm is about 48’, compared with the
theoretical separation of 0”.023 for visual light with the 200-inch (508 cm)
Hale telescope. The radio resolution can be improved by employing larger
telescopes and shorter wavelengths, or by interferometer methods pro-
moted in a number of different ways.

Interferometer devices enhance the collecting and resolving powers of
radio telescopes at relatively small expense compared with that of increas-
ing the diameters of single paraboloidal antennas. An example of this
type is the original radio telescope at the Radio Observatory of Ohio
State University, designed and operated by J. D. Kraus and associates
(Fig. 4.31A). The antenna consists of 96 helices mounted on a steel frame
49 meters long. The frame is pivoted on a horizontal east-west axis so
that it may be rotated to face any part of the meridian from the south
horizon to the north celestial pole.

A pioneer example of the multiple element radio telescope was
designed by W. N. Christiansen in Australia for scanning the sun’s disk
in the centimeter wavelengths. It employs an array of 32 paraboloidal
reflectors each 1.8 meters in diameter, which is spread over a line 217
meters long; the resolution is 1 minute of arc. The classic Mills Cross,
designed by B. Y. Mills at Sydney, is a crossed array of dipoles 460
meters long. The new interferometric telescope of Cambridge University,
completed in 1958, has a fixed east-west array of unit parabolas 442
meters long and a second, moveable aerial at a considerable distance.
Multiple element radio telescopes are increasing remarkably in complexity
and effectiveness.



Figure 4.31A
The original Ohio State University radiotelescope, with an array of 96 helixes. (Ohio
State University).

Perhaps the most exciting development in telescopes is the development
of synthetic-aperture telescopes for radio astronomy. Large arrays, such as
the Mills Cross discussed above, become extremely expensive if they are
to achieve the resolution required by astronomy. It is beyond the scope
of this book to develop the analysis used in aperture synthesis, but
basically we can say that if the radiation from the source is correlated,
then the radiation pattern on a series of antennas has a definite pattern
related to a mathematical construct called the Fourier components of the
Fourier transform. If we can observe the components we can obtain the
Fourier transform and hence reconstruct the radiation pattern of the
source.

The first application of this complex development was made by J. H.
Blythe and it has been used very successfully by several observatories.
With the development of electronic phase switching it has been possible to
remove the need for moving telescopes in the system and hence reduce
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N-S Pattern E- W Pattern
N E
Shifter
w S
Receiver
Combined Patterns Difference Combined Patterns
Qutof Phase in Phase

Figure 4.31B

Mills Cross diagram. Subtracting the out-of-phase signal from the in-phase signal
results in a very narrow beam giving high resolution.

the observing time required. Thus a Mills Cross with the cross staff off-
set to form an L, can be made, by phase switching into an aperture
synthesis instrument.

The “final” step has been to supersynthesize the array by using several
telescopes at various positions and using the rotation of the earth to
sample the Fourier components. One rotation of the earth with the
appropriate delays for baseline projections at a given spacing gives a
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set of Fourier components. One or two elements in the array are then
set at different positions and the earth’s rotation builds up another set
of components until all of the components are obtained to synthesize a
map of the brightness distribution.

The first supersynthesis array was developed at Cambridge, England.
NRAO has used their interferometer as a supersynthesis instrument (Fig.
4.31C) and the Dutch opened a very extensive supersynthesis telescope
at Westerborg in 1970.

Figure 4.31C
The National Radio Astronomy Observatory's three-element interferometer, also used
as an aperture synthesis instrument. (NRAO Photograph)
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A grazing incidence X-ray telescope designed for the Apollo manned skylab. Overall
length: 284 cm. (American Science and Engineering, Inc., courtesy of R. Giaconi).
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X-RAY ASTRONOMY

At this writing the youngest branch of observational astronomy is in the
X-ray region of the electromagnetic spectrum. The wavelengths in this region
range from 0.14 to 100A.

These telescopes are really “stacked” detectors contrived to signal the
penetration of radiation of a given energy range and having an electronic
anti-coincidence circuit to be sure that it does not count penetrations
from the wrong direction or crossing only one detector. The simplest
such device is a series of Geiger Counter tubes shielded from penetration
from the side (Figure 4.32). The anti-coincidence circuit is arranged so
that tube A must detect an event before tube C or it is not counted. Such
telescopes are flown in balloons, rockets and satellites and have dis-
covered many discrete sources of X rays.

A more advanced form of X-ray telescope resembles the more con-
ventional telescope. X rays are reflected at angles near grazing incidence
so it is possible to use paraboloidal surfaces to focus X rays on a detector
yielding an image of the source. So far efforts to make such telescopes
have been less than satisfactory but theoretically they should be the ideal
X-ray telescopes. Figure 4.32

REVIEW QUESTIONS
1. Now that we have noted the effect of atmospheric refraction in increasing

the altitudes of the stars, it is in order to re-examine some conclusions
of Chapter 1. Modify the following statements:

(a) The duration of sunshine is 12 hours on days when the sun is at
an equinox.

(b) The polar caps in which the stars never set or never rise have radii
equal to the observer’s latitude.

(c) The midnight sun is visible only within the arctic and antarctic
circles. (State a reason in addition to refraction why this statement
is not quite correct.)

(d) As seen from the north pole the celestial equator coincides with the
horizon.

2. Describe what occurs when a narrow beam of white light is passed through

a glass prism. Suppose that it is monochromatic red light instead.

3. Why has the grating replaced the prism in modern spectrographs?
4. Describe the appearance of: (a) The continuous spectrum; (b) the bright-line
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PROBLEMS

REFERENCES

spectrum; (c) the dark-line spectrum. What is the nature of the source
producing each kind of spectrum?
5. State and explain the effect in the spectrum when the source is approaching
or receding from the observer.
6. When two double convex lenses are appropriately separated to form a simple
refracting telescope, what does each lens contribute?
7. Why does a single lens as an objective produce a blurred image? How is the
definition improved by an achromatic objective?
8. Distinguish between the Schmidt telescope and the ordinary type of reflecting
telescope.
9. Why are all very large optical telescopes reflecting telescopes?
10. The following questions are among those asked by visitors in the dome of
an observatory. How would you answer them?

(a) How much does this telescope magnify?

(b) Does it magnify stars as well as planets?

(c) How far can you see with the telescope?

(d) How can you point the telescope to a star that is invisible to the
naked eye?

(e) Why is this telescope better than a smaller one?

11. Explain that the resolving power of a paraboloidal radio telescope is more
limited than that of an optical telescope of equal aperture.
12. Mention some advantages of the radio telescope in studies of the heavens.

1. The objective of a 1 meter telescope has a focal length of 15 meters. How much
brighter does a star appear through this telescope than to the unaided
eye if the aperture of the lens of the eye is 5 millimeters?

Answer: 40,000 times.

2. What is the magnifying power of this telescope with an eyepiece of 3 cm

focal length?
Answer: 500.

3, What is the theoretical resolving power of this telescope?
Answer: 0014,

4, What is the diameter of the moon’s image as photographed with this telescope?
The moon’s angular diameter is 0°.5.

Answer: The diameter is slightly more than 13 cm.

5. A line at the wavelength of 4000 angstroms (10.21) in the spectrum of a star
is displaced 1 angstrom to the red. Calculate the star’s velocity in the
line of sight (11.9).

Answer: 74.9 km a second, recession.
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THE MOON

MOTIONS OF THE MOON — THE MOON’S SURFACE
FEATURES — THE TIDES

The earth is accompanied in its revolution around the sun by its single satellite,
the moon, which is 3476 Kilometers in diameter, or a little more than one fourth
the earth’s diameter. Although it ranks only sixth in size among the satellites
of the solar system, the moon is larger and more massive in comparison with
the earth than is any other satellite with respect to its primary. The earth-moon
system has more nearly the characteristic of a double planet. OQur knowledge
of the moon is being expanded at a rapid pace due to the use of manned and
unmanned spacecraft.

121
The Moon from lunar orbit. (NASA photograph)
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5.1

Revolution of the
Earth and Moon

Around the Sun
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Figure 5.1
Orbits of the earth and moon
around the sun.

5.2

The Moon’s
Orbit Relative
to the Earth

MOTIONS OF THE MOON

The earth’s revolution around the sun has been hitherto described with-
out reference to the influence of the moon. Because the earth and moon
mutually revolve around their common center of mass once in nearly a
month while they are making the annual journey around the sun, the
orbit of each one relative to the sun is slightly wavy. What we have
called the “earth’s orbit” is strictly the orbit of the center of mass of the
earth-moon system. Imagine the earth and moon joined by a stout rod
between their centers; the center of mass is the point of support of the rod
for which the two would balance.

If the earth and moon were equally massive, the center of mass would
be halfway between their centers. Very slight shifts in the directions of
the nearest planets during the month have revealed that the center of
mass is in fact only 4667 km from the earth’s center toward the moon
and is, therefore, within the earth. Evidently the moon is much the lighter
of the two. A simple calculation shows that its mass is a little less than
Yso of the earth’s mass.

Astronomical diagrams are often unable to keep the same scale of distances
throughout, or of distances and sizes of the celestial bodies. If the distance
between the earth and sun in Fig. 5.1 were made equal to the length of the
printed page, the distance between the earth and moon on that scale would
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scarcely exceed the diameter of a period on the page. A drawing exactly to scale
would show that the annual orbits of both the earth and moon are always concave
to the sun.

The moon’s revolution may be considered in three ways: (1) Its annual
motion around the sun, which is disturbed by the attraction of the earth;
(2) its monthly motion around the center of mass of the earth and moon,
in which the sun is the chief disturbing factor; or what amounts to nearly
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the same effect in this case: (3) its monthly motion with respect to the
earth’s center. It is this relative motion with which we are especially
concerned. The orbit of the moon, for most purposes, is its path around
the earth; it is an ellipse of small eccentricity e = 0.055, having the
earth’s center at one focus.

The moon'’s speed in this orbit averages slightly more than one kilometer
a second. By the law of equal areas (3.6), which applies to all revolving
celestial bodies, the speed is greatest at perigee, where the moon is nearest
the earth, and is least at apogee, where it is farthest from the earth. The
major axis, or line of apsides, revolves eastward once in about 9 years. This
is one of the many variations in the moon’s orbit that arise mainly from
the influence of the sun. The size of the orbit has been determined by
measuring the moon’s parallax.

Parallax is the difference in direction of an object as viewed from two
places, or from the two ends of a base line. As an example of the parallax
effect we may note the shifting of a nearby object against a distant back-
ground when the eyes are covered alternately. For the same base line (B)
the parallax (p) becomes smaller as the distance (D) of the object is in-
creased. When the parallax of an object is measured, its distance may be
calculated, supposing that the direction of the object is perpendicular to
the base line as seen from one end of that line.

Here we have a means of measuring the distances of inaccessible ob-
jects such as the celestial bodies. The parallax of the relatively nearby
moon can be determined by simultaneous observations of its positions
among the stars from two places on the earth a known distance apart.
Whatever stations are used, the observed parallax is standardized by cal-
culating from it the parallax that would have resulted if the base line
had been the earth’s equatorial radius and the moon had been on the
horizon. This equatorial horizontal parallax is regarded as the parallax of
the moon.

Figure 5.3
The moon's directions differ by nearly its breadth as viewed from New York and
San Francisco, or twice its diameter as viewed from the radius of the earth.

Observer

“oon's Orbit

Line of Apsides

Perigee  Earth Apogee

Figure 5.2

The moon's orbit relative to
the earth. The orbit is an el-
lipse of small eccentricity
(much exaggerated in the
diagram) with the earth at
one focus.
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5.4 The parallax of the moon at its mean distance from the earth is 57'262.
The Moon's By the preceding formula the mean distance between the centers of
Distance the earth and moon is 384,404 km. This value is about 60% times the
earth’s equatorial radius. The distance at any particular time may differ

considerably from the average because of the eccentricity of the moon’s
orbit and of variations in it. The distance at perigee may be as small as

356,400 km and at apogee may be as great as 466,700 km.
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ranging tests at the McDonald
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The moon’s distance from us as light travels is 1.28 light seconds; this
is the distance in miles divided by 300,000 km a second, the speed of
light. In 1946, the U.S. Army Signal Corps beamed radar pulses toward
the moon and received the echo of each pulse 2.56 seconds after it was
sent out. This pioneer experiment has been repeated frequently. Naval
Research Laboratory scientists in 1957 measured the two-way travel times
of 60,000 pulses of 10-cm radio waves reflected from the moon. They
found for the moon’s mean center-to-center distance from the earth
384,404 km with an uncertainty of 1 km. This value is in close agree-
ment with the distance found by triangulation.

Lick and McDonald Observatory astronomers using a laser retro-
reflector installed by Apollo 11 astronauts on 20 July 1969 have deter-
mined the distance to the moon at the moment of observation to be
384,404.377 km with an uncertainty of 0.001 km. As timing techniques
improve the uncertainty should decrease even further. If additional retro-
reflectors are installed, a good value for the shape of the moon may be
obtained and the distance to the geometrical center derived.

In its monthly revolution around us the moon moves continuously east-
ward relative to the sun’s place in the sky. The moon’s elongation at a
particular time is its angular distance from the sun. Special positions
receive distinctive names and are known as the aspects of the moon.

When the moon overtakes the sun, generally passing it a little to the
north or south, the elongation is not far from 0°. The moon is in con-
junction with the sun when the two bodies have the same celestial longi-
tude. It is in quadrature when its elongation is 90° either east or west.
The moon is in opposition when its celestial longitude differs by 180°
from that of the sun, so that its elongation is not far from 180°.

Aspects of the planets relative to the sun are similarly reckoned. For
the conjunctions of the planets with the moon and with one another,
however, the predictions in the Diary of the American Ephemeris and Nauti-
cal Almanac are the times to the nearest hour when the two bodies have
the same right ascension.

The changing figures of the waxing and waning moon are among the
most conspicuous of celestial phenomena and were among the first to
be understood. The moon is a dark globe shining only by reflected light.
As it revolves around the earth, its sunlit hemisphere is presented to us
in successively increasing or diminishing amounts. These are the phases
of the moon.

It is the new moon that passes between the sun and the earth, and its
dark hemisphere is toward us. The moon is invisible at this phase except
when it happens to cross directly in front of the sun’s disk, causing an
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Aspects of
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5.6
The Moon’s Phases
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Figure 5.6
The phases of the moon. The outer images show the phases as seen from the earth.

eclipse of the sun. On the second evening after the new phase the thin
crescent moon is likely to be seen in the west after sundown; this was the
signal for the beginning of the new month in the early lunar calendars.
The crescent becomes thicker night after night, until at the first quarter
the sunrise line runs straight across the disk. Then comes the gibbous
phase as the bulging sunrise line gives the moon a lopsided appearance.
Finally, a round full moon is seen rising in the east at about nightfall.

The phases are repeated thereafter in reverse order as the sunset line
moves across the disk; these are gibbous, last quarter, and new again.
The moon’s age is the interval at any time since the preceding new moon.

The limb of the moon is the edge of the moon. The terminator is the
line between the bright and dark hemispheres of the moon; it is the line
of the sunrise before the time of the full moon and of the sunset there-
after. Aside from irregularities in its course, which are caused by the
mountainous character of the lunar surface and are often noticed without
the telescope, the terminator generally appears elliptical, because it is a
circle seen in projection. The full circle coincides with the edge of the
moon at the full phase, whereas at the quarter phases it is turned so that
it runs straight across the disk. Quarter phase occurs slightly before
quadrature (one quarter of the orbit) due to the finite distance of the
sun. Aristarchus used this fact to estimate the distance to the sun around
250 B.C.

The horns, or cusps, of the crescent moon point away from the sun and
show nearly the course of the ecliptic in the moon’s vicinity. Thus the
positions of the thin crescent near moonset and moonrise depend on the
angle then between the ecliptic and horizon (1.19). It is left to the reader
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to explain why the horns are more nearly vertical after sunset in the
spring than in the autumn, as viewed in middle latitudes.

When the moon is in the crescent phase, the rest of its disk is made
visible by sunlight reflected by the earth. The brighter crescent seems to
have a greater diameter than the earthlit part of the disk and so to be
wrapped around it. This illusion of the difference in scale between the
two parts becomes more striking as the quarter phase is approached,
although by this time the earthlight has faded almost to invisibility.

The earth exhibits the whole cycle of phases in the lunar sky, and
these are supplementary to the moon’s phases in our skies. “Full earth”
occurs there at the time of the new moon. Full earthlight on the moon
is many times as bright as is the light of the full moon on the earth.
The earth is not only a larger mirror to reflect the sunshine, but it is
also a more efficient one because of its atmosphere and clouds. Full
earthlight at the distance of the moon is about as bright as twilight on
earth.

Earthlight on the moon is bluer than the direct sunlight, for much of
the earthlight is selectively reflected by our atmosphere, and in this light
the blue of the sky appears.

Astronomically, the month is the period of the moon’s revolution around
the earth. As in the cases of the day and year the different kinds of
month depend on the different points in the sky to which the motion is
referred. The sidereal month is the true period of the moon’s revolution;
it is the interval between two successive conjunctions of the moon’s
center with the same star, as seen from the center of the earth. Its length
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5.7
Earthlight
on the Moon

Figure 5.7

Earthlight on the moon's sur-
face, at the crescent phase.
(Yerkes Observatory Photo-
graph).

5.8

The Sidereal
and the Synodic
Month

Figure 5.8

The synodic month is longer
than the sidereal month. Be-
tween positions 1 and 2 the
moon has made one revolu-
tion, completing the sidereal
month. The synodic month
does not end until the moon
has reached position 3.
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5.9

The Moon

Rises Later from
Day to Day

5.10
The Harvest Moon

averages 279 7" 43™ 11%.5, or nearly 27% days, and varies as much as
7 hours because of perturbations of the moon’s motion.

The synodic month is the interval between successive conjunctions of
the moon and sun, from new moon to new moon again. This month of
the phases is longer than the sidereal month by more than 2 days, the
additional time the moon requires to overtake again the slower-moving
sun. The length of the synodic month averages 29¢ 12" 44™ 25,9, or a little
more than 29% days, and varies more than half a day.

The moon’s eastward progress among the constellations in 1 day aver-
ages 360° divided by the length of the sidereal month, which equals 13°.2.
The moon’s motion in 1 hour is accordingly a little more than half a
degree, or slightly more than its own diameter.

When the eastward motion is considered, as we have just now done,
the moon overtakes the sun at intervals of the synodic month. With re-
spect to the diurnal motion of the heavens, however, the moon keeps
falling behind the sun, so that it returns to upper transit 28.5 times in
29.5 solar days. The interval between upper transits is 29.5/28.5 times
24 hours, or about 24" 50™ of mean solar time. Thus the moon crosses
the celestial meridian about 50 minutes later from day to day in the
average.

The daily retardation of moonrise also averages about+50 minutes, but
the actual retardation may differ greatly from this value, especially in
high latitudes. In the latitude of New York the greatest possible delay
may exceed the least by more than 1 hour. The variation depends mainly
on the angle between the moon’s path, which is not far from the ecliptic,
and the horizon; the smaller the angle at moonrise, the less is the delay
in rising from day to day. As we have already noted (1.19), the ecliptic
is least inclined to the horizon in our northern latitudes when the vernal
equinox rises. When the moon is near that point, its rising is least de-
layed, a circumstance that is especially conspicuous when the moon is
also near the full phase.

The full moon that occurs nearest the fime of the autumnal equinox,
September 23, is called the Harvest Moon. Because the sun is then near
the autumnal equinox, the full moon is near the position of the vernal
equinox and is therefore in that part of its path that is least inclined to
the horizon at moonrise. The peculiarity of the harvest moon, as distin-
guished from other occasions when the moon is near full, is its minimum
delay in rising for a few successive nights. Thus there is bright moon-
light in the early evening for an unusual number of evenings in middle
and higher northern latitudes conveniently occurring at the time of the
fall harvest. A similar effect is observed in corresponding southern lati-
tudes around March 21. The full moon following the Harvest Moon is
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known as the Hunter’s Moon for much the same reason and is convenient
for the fall hunting.

The moon’s path on the celestial sphere during a month is nearly a great
circle that is inclined about 5° to the ecliptic. The path among the con-
stellations for a particular month may be traced by plotting on a celestial
globe the right ascensions and declinations of the moon’s center from
tables in the American Ephemeris and Nautical Almanac. When the plotting
is continued through successive months, it is seen that the path shifts
westward rather rapidly, keeping about the same angle with the ecliptic.

The nodes of the moon’s path are the two opposite points where it
intersects the ecliptic. The ascending node is the point where the moon’s
center crosses the ecliptic from south to north; the descending node is the
point where it crosses from north to south. Regression of the nodes is their
westward displacement along the ecliptic, just as the equinoxes slide
westward in their precessional motion, but at a much faster rate; a com-
plete revolution of the nodes of the moon’s orbit is accomplished in
18.6 years. From this and other changes in the moon’s orbit, for which
the sun’s attraction is mainly responsible, the moon’s course among the
constellations is considerably different from month to month, although
it always remains within the confines of the zodiac.

The moon’s monthly motion around the heavens is rapid and independent
of the earth’s variable rotation. It provides an important means of deter-
mining time on a uniform basis. Positions of the moon have been observed
for a long time on occasions when it transits the meridian or when it
passes in front of stars (6.13). Because the opportunities for such observa-
tions are restricted, astronomers have sought more convenient and
accurate means of determining time by the moon-clock.

Figure 5.10

Explanation of the harvest
moon. Because of its east-
ward motion along its path,
which nearly coincides with
the ecliptic, the moon rises
later from night to night.
For the nearly full moon, the
delay is least in our northern
latitudes in autumn, when the
ecliptic is least inclined to
the horizon at moonrise.
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The dual-rate moon position camera was designed for the purpose by
W. Markowitz at the U.S. Naval Observatory. Attached at the focus of a
telescope of moderate size, its plate carriage is driven by a motor to fol-
low the stars in the diurnal motion. A dark filter of glass placed before
an opening at the center of the carriage is gradually tilted by a motor,
shifting the moon’s image optically so as to hold it stationary with respect
to the stars during the exposure of about 20 seconds.

The photograph, showing the moon and the stars around it, is observed
with a special device where the positions of about 10 stars and 30 to
40 points on the moon’s bright edge are measured. Corrections for
irregularities of the edge have been determined by C. B. Watts. The final
result is the right ascension and declination of the moon’s center at the
universal time of observation. This time may then be compared with the
ephemeris time when the moon is scheduled to reach this observed
position.

The operation of the dual-rate camera, which began in 1952 with the
12-inch refractor of the Naval Observatory, is being extended to observa-
tories in other parts of the world. It can supply uniform ephemeris time
and its relation to the variable universal time, and it will also improve the
understanding of the complex motions of the moon.

Because the moon’s path on the celestial sphere departs only a little
from the ecliptic, the moon moves north and south during the month
about as much as the sun does in the course of the year. Near the
position of the summer solstice the moon rises in the northeast, sets in

Figure 5.13
Effect of regression of the nodes of its path on the moon's range in declination.
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the northwest, and is high in the sky in our northern latitudes at upper
transit. Near position of the winter solstice about 2 weeks later, the
moon rises in the southeast, sets in the southwest, and crosses the
meridian at a lower altitude. An example of the many compensations in
nature is furnished by the full moon which, being opposite the sun,
rides highest in the long winter nights and lowest in the summer.

When the inclination of the moon’s path to the ecliptic is taken into
account, we note that the range in declination varies perceptibly as the
nodes regress. When the ascending node coincides with the vernal
equinox, the moon’s path is inclined to the celestial equator 231%° plus
5°, or 28%°; this occurred in 1968. When the ascending node coincides
with the autumnal equinox, which occurred in 1959, the inclination to
the equator is 23%° minus 5°, or 18%°. Thus the moon’s highest and
lowest altitudes at upper transits in latitude 40° north average in the
first case 781%° and 2114°, respectively, and in the second case 68%° and
31%°—a decrease in range of about 20°.

The variation of 10° in the moon’s maximum declinations north and
south in the 18.6-year cycle is chiefly responsible for nutation, the nodding
of the earth’s axis which accompanies its precessional motion.

The moon rotates on its axis in the same period in which it revolves
around the earth, namely, the sidereal month of 27% days. In consequence
of the equality of the two periods the moon presents about the same
hemisphere toward the earth at all times. It is always the face of the
“man in the moon” that we see near the full phase and never the back
of his head. An examination of the moon’s surface throughout the month,
however, shows that features near the edge of the disk are turned some-
times into view and at other times out of sight. The moon seems to rock
slightly; and these apparent oscillations, or librations, arise mainly from
three causes:

1. The libration in latitude results from the inclination of about 6%°
between the moon’s equator and the plane of its orbit. At intervals
of 2 weeks the lunar poles are tipped alternately toward and away
from us; at times we can see 6%° beyond the north pole, at other
times the same distance beyond the south pole. The explanation
of this libration is analogous to that of the seasons.

Moon’s Orbit

5.14

The Moon’'s
Rotation and
Librations

Figure 5.14A

The moon’s libration in lati-
tude. The inclination of the
moon's equator to the plane
of its orbit causes the moon's
poles to be presented alter-
nately to the earth.
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2. The libration in longitude is caused by the failure of the moon’s rota-
tion and revolution to keep exactly in step throughout the month,
although they come out together at the end. The rotation is nearly
uniform, whereas the revolution in the elliptical orbit is not uni-
form (5.2). Thus the moon seems to rock in an east-west direction,
allowing us to see as much as 7%° farther around in longitude at
each edge than we could otherwise.

3. The diurnal libration is a consequence of the earth’s rotation. Even
if the other librations were absent, so that the same hemisphere
were turned always toward the center of the earth, we on the surface
view the moon from slightly different directions during the day,
and therefore see slightly different hemispheres. From the elevated
position nearly 4000 miles above the center of the earth the observer
can see about 1° farther over the western edge at moonrise and
the same amount over the eastern edge at moonset.

Figure 5.14B

Lunar experiments. E. Aldrin finishing deployment of the seismometer carried bv
Apollo 11. Behind this equipment is the laser retroreflector; direction to the earth
is indicated by the tilt of the reflector’s face and the direction of the seismometer's
antenna. Spacecraft Eagle is in the background. (NASA photograph).
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In addition to the principal librations, there is a slight physical libration,
because the moon’s rate of rotation is not quite uniform. Fully 59 per
cent of the moon’s surface has been visible when the sidereal month is
completed. The remaining 41 per cent is never seen from the earth; and
throughout this region, of course, the earth would always be invisible to
lunar observers.

Measuring the librations has always presented a challenge. Most of our
information is derived from measuring well defined points on the moon
with respect to the moon’s limb and bright stars that appear in the
nearby sky. A more accurate technique is to use well identified radar
reflection points or even better using laser ranging techniques and retro-
reflectors placed at various points on the moon. A start in this direction
was made by the astronauts of Apollo 11 when they placed a retro-
reflector on the moon. Unfortunately, Apollo 12 did not transport similar
equipment to its landing site.

THE MOON'’S SURFACE FEATURES

The unaided eye can discern only the dark areas of the moon’s surface,
which are known as the lunar seas, and occasional irregularities of the
terminator, which suggest that the moon is mountainous. The telescope
shows the mountains themselves and other details of the surface. The
mountains are clearest near the terminator, either the sunrise or sunset
line, where shadows are long and the contrast between mountain and plain
is therefore more pronounced. Spacecraft, manned and unmanned, have
observed and photographed the Moon in a detail unachievable by telescope.

There is no evidence that the moon has any permanent atmosphere.
There is no twilight; the sunrise and sunset lines are abrupt divisions
between day and night. The effect of twilight in prolonging the cusps
of the crescent moon beyond the diameter could be observed if a lunar
atmosphere had a density 10" that of the earth’s atmosphere. No per-
ceptible haze dims our view of the moon, even near the edge where an
atmosphere would be most effective in this respect. When a star is
occulted by the moon, it does not first become fainter and redder, as it

5.15

Absence of
Atmosphere on
the Moon
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Occultation of Antares by the
moon. Notice how the star is
not dimmed in the center
picture due to the absence
of an atmosphere in the
moon. (Yerkes Observatory
photograph)

5.16
Escape of
an Atmosphere

Figure 5.15

would behind a considerable amount of atmosphere. Instead, the star
retains its normal brightness and color until it disappears almost instantly
at the edge of the moon. A detailed analysis of polarimetric data yields
an upper limit of 107'° times that of the earth’s atmosphere. A more
delicate analysis for lunar aurora yields an upper limit of 10 15 and a
very detailed study at radio wavelengths of an occultation of the Crab
nebula by the moon gives an upper limit of something like 6 X 10~
times the earth’s atmosphere. Thus, except for possible temporary gaseous
emissions we can conclude that the moon has no effective atmosphere.

These are indications that the moon has only an extremely rare atmo-
sphere, at the most. The reason is found in the escape of gases from the
weak control of the moon’s attraction.

The molecules of a gas are darting swiftly in all directions and are inces-
santly colliding, so that some are brought momentarily almost to rest
while others are propelled to speeds far exceeding the average. The
speeds increase as the temperature of the gas is raised, and at the same
temperature are greater for lighter gases than for heavier ones.
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The kinetic theory of gases states that the average squared velocity of the
molecules varies directly as the absolute temperature (T) of the gas and
inversely as its mean molecular weight m. The average speed in km/sec
at 0°C is 1.9 for hydrogen, 0.6 for water vapor, and 0.5 for nitrogen and
oxygen. These speeds become 17 per cent greater at 100°C.

The ability of a celestial body to retain an atmosphere around it
depends on the velocity of escape at its surface. This is the initial speed a
molecule or any other object must have in order to overcome the pull
of gravity and to get away. Calculation suggests that a celestial body will
lose half its atmosphere in only a few weeks if the velocity of escape
does not exceed 3 times the mean speed of the molecules in that atmo-
sphere. The required time is increased to a few thousand years if the
factor is 4, and to a hundred million years if the factor is 5 times the
mean speed of the molecules.

The velocity of escape is about 11.2 km a second near the earth’s
surface, without allowance for air resistance, but is only 2.4 km a second
near the surface of the moon. We conclude that the earth can retain
the chief constituents of its atmosphere for an indefinite period, whereas
the moon has been unable to keep any of these gases around it.

The surface temperature of the moon varies from more than 100°C when
the sun is overhead to —50°C at sunset and is reduced to —150°C at mid-
night. These values were determined by Pettit and Nicholson at Mount
Wilson Observatory, who also observed a drop of 150°C in the tempera-
ture in 1 hour during a lunar eclipse. Similar values were obtained by
the spacecraft Surveyor from the surface of the moon.

Such rapid cooling of the surface when the sunlight is withdrawn is
caused partly by the absence of an atmospheric blanket. It is also pro-
moted by the low heat conductivity of the surface material, so that the
heat does not penetrate very far into the interior. In this respect the
material has been likened to pumice or volcanic ash. Records of radiations
from the moon in the radio wavelengths suggest that at only a few meters
below the surface the temperature remains constant at about —40°C.

The albedo, or reflecting power, of the moon is only 7 per cent, in
contrast with the value of 40 per cent for the earth; this refers to the
ratio of the light reflected by the whole illuminated hemisphere of the
moon to the light it receives from the sun. There are marked local
variations from the average, from the darkest parts of the seas to the
very bright floor of the crater Aristarchus. The reflectivity varies
dramatically with the angle between the earth-moon-sun system. This is
known as the moon’s photometric function and rises to a very high peak at
full moon (Fig. 5.17C). With allowance for shadows, the moon’s reflecting
power is comparable with that of rather dark brown rock—brown because
the moonlight is redder than the direct sunlight.
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Vz = 3kT
m
m = mass of
molecule

k = Baltzman constant
Vzesc =GM + m)}
M = mass of moon

r = radius of moon
°C = °K-273

5.17
The Character
of the Moon’s

Surface
150 °K —
L] L]
140K *
L ]
-

. .

130°K - 2
.
-
.00 e

120°K l | I

5 10 15 days

Lunar cooling curve. Adapted
from Surveyor Ill data.



THE MOON

Figure 5.17A
The full moon, printed in the position it appears when seen with the naked eye,
following the astronautical convention. (Yerkes Observatory photograph).
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It is not entirely bare, unbroken rock that we see. Although the rocks
on the moon are not exposed to ordinary weathering by wind and water,
their surfaces have been exfoliated by repeated expansion and contraction
with the great range in the temperatures. The accumulation of meteorites
and fragments of porous rocks shattered by the fall of meteorites add
to the rubble. If we assume that the moon is uniform throughout, this
rock has a density of 3.3 which is comparable to the basaltic lavas. Indeed,
the various soil samplers carried on the Surveyor series spacecraft yielded
a composition of the mare surface in excellent agreement with a basaltic
composition. The Apollo 11 and 12 samples yield far more detail but are
in essential agreement with this conclusion.

The first Apollo sample analysis is too new at this revision to be
presented in detail. A few facts seem to be firm and will probably stand
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Figure 5.17B
An abbreviated identification
chart of features in Fig. 5.17A.
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Figure 5.17C
Lunar photometric function
in Tycho.

up. The ages of the rocks and grits collected run from 2.5 to 3.5 billion
years. A very fine grit of somewhat different composition has an age of
more than 4.5 billion years. This fine grit may originate from impacts in
the lunar highlands or may be ray material from deep craters. It contains
a high degree of aluminum compounds giving it a high reflectivity such
as we see in the highlands.

The rocks examined have been irradiated by space for periods of one
to five hundred million years without being disturbed. Some of the rocks
are essentially round and have been on the surface and turned over often
enough that radiation effects and micro-impact pits are distributed iso-
tropically on them. The periods between reorientations are on the order
of one hundred million years. There are enough differences between the
first two samples to conclude that the moon is heterogeneous and has
had a complex geological history.

Figure 5.17D

Lunar stone collected by Astronaut Conrad during the Apollo 12 mission. It is desig-
nated Sample 12006,1 and is of igneous origin. The stone measures 7.2 centimeters
between the jaws of the display pedestal. (NASA photograph).

it
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The seismic experiments so far seem to indicate that there is very little
activity within the range and sensitivity of the seismometers. Surely
there are seismic events such as slides, for example, for there is visual
evidence of these in pictures, but they must be rather rare and are
probably induced by the solar heating and cooling cycle. What seismic
activity there is correlates well with tidal effects of the earth on the moon
at perigee. The near surface of the moon appears to be extremely rigid
since the impact of the lunar rocket ascent stage after Apollo 12 left the
surface caused the moon to “ring” for about fifty minutes. This inter-
pretation seems reasonable since we must remember the fact that such a
rigid surface is able to support the highlands and mascons (5.18) despite
its relatively low density.

The mapping of the details of the lunar surface dates from 1610, when
Galileo made the first map of the moon as observed with the telescope.
He had recognized the lunar mountains and had called the large dark
areas “seas,” a misnomer that persists in the present nomenclature.

J. Hevelius, at Danzig in 1647, published a lunar map showing 250
named formations; the names were after terrestrial features they may
have seemed to resemble. All that survive from this plan are the names
of 10 mountain ranges, including the Apennines and Alps. J. B. Riccioli,
at Bologna in 1651, chose the more enduring plan of naming the lunar
craters and some other features in his map after distinguished former
scholars; he selected names such as Copernicus, Tycho, and Plato.

Many lunar maps have since been made, often including more detail
than was contained in previous ones. Especially noteworthy in the 19th
century were the maps by Beer and Midler, at Berlin in 1837, and by
J. Schmidt, at Athens in 1878. The most detailed recent map, showing
at least 90,000 formations, was constructed by H. P. Wilkins, former
director of the Lunar Section of the British Astronomical Association.
Some of the later map makers have extended Riccioli’s system to smaller
features and have assigned them names of contemporary observers.

Selenography reached a high point of activity during the 1960’s as the
lunar exploration effort was intensified. The U. S. Geological Survey
began its effort on a part-time basis using the McCormick refractor in
Charlottesville, Virginia. It later centered its effort in Flagstaff, Arizona
where the Aeronautical Chart and Information Center was doing its
mapping at the Lowell Observatory. This latter organization produced
excellent maps which the Geological Survey and other groups all over
the world used for their interpretive work.

Extensive Orbiter series spacecraft photographs were used to complete
the mapping efforts. Along with the photographs, the moon’s magnetic
and gravitational fields were mapped through the use of orbit-tracking

5.18
Selenography
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data. The magnetic field of the moon was known to be essentially zero,
so nothing surprising was turned up, but a quite different story developed
in the gravitational mapping.

The physical shape of the moon has long been known to resemble
that of an egg, with the elongated end pointing generally towards the
earth. The gravity field for such a body can be predicted and its effect
upon an orbiting test probe (the spacecraft) can be given in the form of
complex power series. Incremental differences from the predictions leads
to the conclusion that there are many local mass concentrations, called
mascons, relatively near the surface of the moon in several of the maria.
An earth analogy would be the Mesabi Range in Minnesota. The mascons
are apparently most numerous on the “earth” side of the moon.

The moon, even to the naked eye, presents detail in the nature of dark
and bright areas. The large dark areas were designated as maria (plural
of Latin mare, or sea) before we knew their true nature and retain these
designations for historical reasons. Mare Tranquilitatis (Sea of Tranquility)
is an excellent example of a relatively smooth lunar mare. Similar small
areas off a larger mare often received the designation of gulfs or bays
of which Sinus Iridum (Bay of Rainbows) is an example. Ranger, Surveyor
and Zond spacecraft have shown the maria to be boulder strewn plains
with a coarse sand like structure. In fact the first team of astronauts to
circumnavigate the moon described the surface by the term “dirty sand”.
The maria are pockmarked with small craterlets formed from secondary
impacts and, presumably, slumps. All of the maria studied by the Surveyor
spacecraft were essentially identical. The far side of the moon is remark-
ably free of large maria in sharp contrast with the near side.

Under oblique lighting the most striking features of the moon are the
craters. These range in size from great craters such as Copernicus (60km
across) down to as small as 30cm. Craters have a variety of general fea-
tures, some craters have bright ray structures, some craters have raised
rims, some have central peaks. Some, such as Aristarchus, have rough
bright saucer shaped floors, while others have smooth dark floors resem-
bling maria, as in the case of Plato. Some astronomers claim that the great
walled plains such as Clavius (200km across) are actually craters. The
far side of the moon is heavily cratered. Its most striking feature is Mare
Ovientalis, actually a series of ringed craters the outermost of which is
fully 900km across. Enough of this feature was revealed at extreme libra-
tions to enable G. P, Kuiper and his co-workers to give its true form in
1959. Mare Nubium resembles Mare Orientalis but must be much older.

The rays radiating from certain craters were shown by the Ranger VII
Spacecraft to be ejecta blankets and secondary craters caused by impacts
of debris from the primary crater. The most striking ray pattern is that



Figure 5.19
The moon from lunar orbit. This excellent photograph by C. Gordon shows wrinkle
ridges, chain craters and, just in front of Crater Enke (the pentagonal crater in the

center), a very sharp rille. The large crater at the top on the terminator is Kepler.
(NASA photograph).

radiating from Tycho. The most unusual craters are the rimless, almost
circular ones that often occur in chains. These may be the result of
slumping into a lava tube.

Rilles, or clefts which are sometimes 1km across and hundreds of
kilometers long in some cases, are interesting features. They are of two
classes, relatively straight almost linear and very twisted following a
tortuous path. The origin or cause of the rilles is not clear. They may
be related to graben or possibly slumps into lava tubes. Occasional
faults such as the Straight Wall resulting from a 300m vertical shift in
the plain floor are found. It would be hard not to associate these with
earthquake like activity on the moon. Faults are of great geologic interest
since they expose ancient interior rock to investigation and have little
of the errosive effects suffered by most of the lunar surface.

A very common feature of the lunar surface is the existence of domes.
These mound structures range from very small to several kilometers in
diameter and height. They very much resemble pingos and have raised
the tantalizing possibility that there may be sub-surface ice on the moon.
Certain irregular lunar craters resemble open pingos such as are found
.'on the Canadian shield.
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Among the few formations that have any resemblance to terrestrial
mountain ranges are the three that form the western border of Mare
Imbrium; they are the Apennines, Caucasus, and Alps. Like others that
border the seas, these mountains slope more abruptly on the seaward
side and more gradually in the opposite direction. They are surmounted
by many peaks, the highest ones rising nearly 6100m above the plain.

Still greater heights are measured in the Leibnitz and Doerfel moun-
tains near the south pole and almost beyond the edge of the moon; some
of those peaks have elevations of 8000m, almost as high as Mount
Everest. Heights on the moon, however, are less easily compared because
they are referred to the neighboring plains; and the plains themselves
are at different levels.

The height of a lunar mountain is determined in one way by measuring
the length of its shadow and by calculating the sun’s altitude above the
horizon as seen then from that point on the moon. The height may also
be found by measuring the distance of the summit from the terminator
as it catches the first rays of the rising sun or the last rays of the setting
sun. At those instants the illuminated top of the peak looks like a little
star out in the dark beyond the terminator. A sketch of either situation
will show that enough data are then known to calculate the height of the
mountain by solving a right triangle.

A very interesting feature is the wrinkle ridge. It is a raised irregular
hummocky ridge with very gentle slopes. The heights are on the order
of 300 meters and they may have a width up to 30 kilometers. An analogy
with the eroded Appalachian ridges is commonly drawn, but their origin
and history must be quite different.

Names for features on the moon developed in a rather disorderly fashion.
Most of the earliest names are retained in the current lunar nomenclature
for sentimental reasons. In 1932 the International Astronomical Union
adopted an extensive list of about 5000 designated lunar features. Since
that time a series of rules have been developed that have been more or
less adhered to.

The rules are rather general. All names should be latinized. Craters,
walled plains and rings should be named after deceased astronomers and
prominent scientists. Mountain-like chains should be named after terrestrial
features. Large dark areas should receive names indicating psychic states
of mind. Rifts and valleys should be named after the nearest designated
crater. Less outstanding features should be designated by their coordinates.

These rules were brought into sharp focus with the first photography
of the moon’s far side. From the first composite picture of the far side
18 names were proposed and adopted by the L.A.U. Later some 230 names
were proposed, but not acted upon because excellent photographs were
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then available which contradicted some of the earlier named features.
In fact, of the original 18 farside features 11 names had to be withdrawn
including Montes Sovietici (the Mountains of the Soviets) which appeared
very prominently in the Lunik III pictures.

In order to avoid similar embarrassment from over-interpretation in
the future, the I.A.U. in 1967 decided that the names applied to features
on the farside should follow the earthside naming scheme and have about
the same density of named features. Features on the excellent Aero-
nautical Chart and Information Center charts were numbered and an
international committee was assigned the task of assigning names,

The two predominant theories called upon to explain the surface features
are 1) impacts of meteors and 2) volcanism. Both theories have always
been accepted, but one or the other has predominated at various times
depending upon the current evidence and the astronomer.

During the recent “pre-space age era” the meteoritic theory generally
held sway. With the intensification of lunar observing due to man’s
exploration of space, gaseous emissions referred to as “red spots” have
been observed giving some support to the volcanic concept and a moon
that is not completely “dead”. Actually, gaseous emissions have been
observed for centuries but have not generally been accepted. The detec-
tion of “hot spots” by infra-red scans across the surface of the moon and
independent observation of the same red spots have revived the concept
of an active moon. Students of the moon, such as G. P. Kuiper, are even
studying active earth volcanoes for clues as to the shape, size and struc-
ture that one should expect of lunar craters,

Many craters are the result of an impacting body. An example of such
a crater would be Tycho with its rays of debris stretching out thousands
of kilometers. Even more spectacular is the magnificent concentric ringed
system of Mare Orientalis. Perhaps the strongest support for the impact
theory can be derived from the very heavy cratering on the far side of
the moon. This can be explained analytically if we assume that most
large meteors have orbits close to the plane of the ecliptic. The earth
would then tend to shield the near side of the moon although the ratio
of the relative exposures is only slightly different from unity. None-
theless, this slight difference operating over eons becomes effective.
During the past decade evidence of very large impact craters on the
earth has increased substantially. These craters are very old and have suf-
fered erosion from wind and rain to the point that they are almost oblit-
erated. They seem not to be preferentially distributed which would be
in agreement with theory since the rotation of the earth exposes all sides
equally.

Orbiter photographs clearly show lava flows overlapping other features.

5.21
Origin of the
Surface Features
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This is convincing evidence of volcanic activity on the moon. Some
craters, for example Ritter and perhaps Aristarchus, appear to be dead
caldera in appearance. Many rilles appear to be collapsed lava tubes while
others are clearly faults and are thus at least seismic in origin. The lava
flows, rilles and faults could result from activity triggered by an impact.
Certainly the impact that caused Tycho would have seismic effects felt
everywhere on the moon.,

THE TIDES

The rise and fall of the level of the ocean twice at any place in a little
more than a day has been associated with the moon from early times.
Newton correctly ascribed the tides in the ocean to the attractions of both
the moon and sun and accounted for their general behavior by means of
his law of gravitation.

To simplify the explanation of the tides we may imagine, as Newton did,
that the whole earth is covered by very deep water. Because the gravita-
tional attraction between two bodies diminishes as their separation is
greater, the moon’s attraction is greatest for the part of the ocean directly
under the moon and is least for the part on the opposite side of the earth.
The ocean is accordingly drawn into an ellipsoid of revolution, which
in the absence of other effects would have its major axis directed toward
the moon. This axis rotates eastward, following the moon in its monthly
course around the earth.

Meanwhile, the earth is rotating eastward under the tide figure. The
earth makes a complete rotation relative to a particular point in that
figure once in a lunar day, which averages about 24" 50™ of solar time.
High tide occurs at a place of observation at intervals of 12" 25", and
low tide at times halfway between them. These are occasions when the
ocean level at the place is the highest and lowest, respectively, for that
particular cycle.

_ Thus a succession of tide crests move westward around the earth. They
are displaced behind the moon in its diurnal motion by friction with the
ocean floor, because the water has not the depth required by the simple




static theory, and their progress is interrupted by land masses. High tide
and the transit of the moon are generally far from simultaneous. The
difference in time between these occurrences varies from place to place
and is best determined by observation.

The sun also causes tides in the ocean. It can be shown that the tide-
producing force of a body varies inversely as the cube of the distance
of that body and, accordingly, that the sun, despite its far greater mass,
is less than half as effective as the moon in raising tides on the earth.

The two sets of tides may be considered as operating independently,
the relative positions of their crests varying with the moon’s phases. The
spring tide occurs when the moon is new or full. Because the moon and
sun are then attracting from the same or opposite directions, lunar and
solar tides reinforce each other. The neap fide occurs when the moon is at
either quarter phase. Then the moon and sun are 90° apart in the sky,
so that one set of tides is partly neutralized by the other. When the moon
is new or full and also in perigee, the difference in level between low
and high tides is especially great.

The earth itself, like the ocean, is deformed by lunar and solar tides,
but to a much smaller extent. Consequently, the observed tides in the
ocean represent the differences between ocean and earth tides and to a
lesser extent other tide-raising forces. We have already seen that the
rotating earth causes an equatorial bulge. The rotation axis of this bulge
is not perpendicular to the line joining the two bodies which complicates
the moon’s tidal action. There is another not inconsequential force which
arises from the earth’s rotating around the center of mass of the earth-
moon system. This force tends to reinforce the lunar tides because it
acts along the line joining the two bodies with a period of 27% days and
has a greater effect on the side opposite the moon.

Quarter Moon

Full Moon

Spring Tides Neap Tides
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5.23
Spring and Neap Tides

Figure 5.23

Spring tides and neap tides.
Spring tides occur at new and
full moon, when lunar and
solar tides reinforce each
other. Neap tides occur at
the quarter phases when one
setoftidesispartly neutralized
by the other.
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5.24
Tidal Friction

5.25

Tidal Theory
and the Origin
of the Moon

The tides in the oceans and in the earth itself act as a brake on the earth’s
rotation; they tend to be held in position by the moon and sun and to
impose some restraint on the daily rotation of the earth. The tides would
accordingly be expected to reduce the speed of the rotation and to grad-
ually lengthen the day (2.18). An increase in the period of the earth’s
rotation at the rate of 0°.0016 a century has been derived by comparing
the observed times of early eclipses with the times when they would have
occurred if the earth’s rotation had remained perfectly uniform.

Although the rate of increase might seem negligibly small, the dif-
ference in the times has accumulated to a considerable amount within
the period in which eclipses have been recorded. The error of a mean
solar clock compared with a clock having constant rate is %af* seconds,
where in this case %a = 0°.0008 X 365% X 100, or about 29 seconds,
and f is the number of centuries intervening. In 20 centuries the error in
the earth-clock had amounted to 11,600 seconds, or about 3% hours.
Tidal friction in the shallow seas has been assigned as sufficient reason
for this effect. However, the actual rate of increase in the period of the
earth’s rotation and its cause as well may require further study.

The moon turns one hemisphere toward the earth, and some other
satellites do the same with respect to their primaries. Such effects have
been ascribed to tidal friction within the bodies themselves, which would
have been unassisted by ocean tides. These bodies have no oceans and
probably never had any.

There are four theories extant explaining the origin of the moon. The
first is that the moon is a fragment of the earth, the second is that the
moon was formed from the same nebula that formed the solar system,
the third is that the moon is a captured body, and a fourth evokes a
mechanism of accretion to build up the moon. For any one of these to
be valid it must be compatible with the theory of tides.

Because of fidal friction the earth’s period of rotation increases. Since
angular momentum must be conserved, the moon moves away from the
earth. At a distance of about two earth radii reinforcing tides occur that
serve to break up any large massive body so we can only discuss the tidal
effects beyond this point. At 2.5 earth radii the length of the month was
then something like a quarter of its present value, and the day was a
still smaller fraction of the present day. Under the action of the tides
both month and day slowly increased in length, the month at first faster
than the day. Eventually the day will lengthen at a faster rate than the
month, until the two become equal to 47 of our present days.

At that remote time in the future, when the moon is much farther
away than it is now, the earth-moon system will be internally stable; the
earth will turn one hemisphere always toward the moon, just as the moon



Figure 5.25

Surveyor Il in Lunar Crater. C. Conrad is shown detaching parts of the television
camera. Note the half covered rocks and completely uncovered rocks on the slopes
of the crater. The Spacecraft Intrepid is in the background. (NASA photograph)

now presents one hemisphere to the earth. If it happens not to be our
hemisphere that is turned moonward, the moon may become one of the
sights to see on a trip abroad. At that stage the lunar tides cannot alter
the system, but the solar tides will still operate on it and will force the
earth and moon out of step again. The history of the system will then be
repeated in reverse order, according to the theory, until the moon is
brought back close to the earth, perhaps to be destroyed into a ring of
debris.

Several observed features of the moon lead to the suspicion that the
moon is composed of crystal rock materials such as basalt. This is
deduced from the moon’s photometric function, the dielectric constant
at the surface, and the mean density. The theory is that the moon tore
away from the earth from what is now the Pacific Ocean. Mechanically
this theory suffers from a grievous difficulty because it has the moon
moving through the tidally destructive zone.
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REVIEW QUESTIONS

The nebular hypothesis, discussed more fully in section 9.29, is more
appealing in that the moon is formed simultaneously with the earth and
from the same material thus avoiding the objections to the fission theory.
The capture of a minor planet has certain appeal as well, but it requires
such exact conditions to explain, first: the capture itself, second the
circular orbit, and third, the fact that the capture process would deposit
four times the energy required to melt the moon into the moon, that
it has not been given too much serious thought in the last few decades.
The acretion theory is beginning to receive serious support in that it over-
comes most objections and accounts for some of the problems of con-
serving angular momentum. In this theory small particles “stick” together
and become larger. The larger particle then sweeps up more particles
which stick to it, etc., until all of the particles are swept up.

Exploration of the moon will certainly answer the questions concerning
the moon’s origin and thus shed some light upon the origin of the earth
and the more general problem of the origin of the solar system. The
moon, long considered a dead body, may not be so. Observations of
transient phenomena have increased. These are usually in the form of
pink or red spots resembling escaping gases. A simple seismometer on
the surface of the moon may answer this question.

The exploration of the moon holds more than passive interest for
astronomers. The moon may prove to be an excellent base for observing
all the way from y radiation to the infrared. The lack of an atmosphere
has obvious observational advantages. The location of a radio observatory
on the far side of the moon would give radio astronomy reception free
of earth noise contamination and allow observing at very low frequencies.

1. Give the four theories used to explain the origin of the moon. Why is one
of these rejected? What can help select the correct one of the other
three?

2. What are the points when the moon is nearest and farthest from the earth
called?

3. What is meant by the aspects of the moon? List three aspects and indicate
them on a simple diagram.

4. How could the ancient astronomer Aristarchus give the distance to the sun
by observing the moon’s phases? What units would he have used?

5. What is the difference between the sidereal and synodic months?

6. What are the principle lunar librations and their causes?

7. Why do we feel that the moon’s surface is primarily composed of basaltic
lava?

8. Explain the observational and theoretical reasons for our assertion that the
moon has no atmosphere.



9. The velocity of escape from the surface of the moon is essectially a constant
for a probe of small mass. If a gas molecule of mass m at temperature
T can just escape the moon, what must the temperature be to allow a
gas molecule of mass 2m escape?

10. Show that the velocity of escape for a spacecraft on the moon is approxi-
mately 0.05 that of the same spacecraft on the earth. Does this suggest
a further use of the moon not discussed in the text?

11. Suppose that your lunar map did not contain the names of rilles. How would
you find Hadley Rille?

12. Show with the aid of a diagram why the moon raises tides on opposite sides
of the earth.
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Dome of the McDonald Ob-
servatory, University of Texas.
(McDonald Observatory pho-
tograph)






ECLIPSES OF THE
MOON AND SUN

Eclipses of the moon occur when the moon, at the full phase; passes through
the earth’s shadow and is thereby darkened. Eclipses of the sun occur when the
moon, then at the new phase, passes between the sun and the earth, so that its
shadow falls on the earth; the observer within the shadow sees the sun wholly
or partially hidden by the moon.

Because the earth and the moon are globes smaller than the sun, the 6.1
shadow of each one is a cone having its apex directed away from the sun. Shadows of the Earth
This region, from which the sunlight is geometrically entirely excluded, and Moon
is the umbra of the shadow and is sometimes called simply the shadow.
It is surrounded by the larger inverted cone of the penumbra, from which
the sunlight is partially excluded. There is no way of observing the
shadows except as they encounter objects that shine by reflected sunlight.
The average length of the earth’s shadow is 1,382,400 km as may
be easily calculated from two similar triangles having as their bases the

151
Total solar eclipse, May 20, 1947, Bocainva, Brazil. (Georgetown University photograph)



152

ECLIPSES OF THE MOON AND THE SUN

6.2

The Moon

in the Earth's
Shadow

Figure 6.1

Cause of lunar and solar eclipses. When the moon is opposite the sun's position in
the sky, it is eclipsed by the earth’s shadow. When the moon is between the sun and
the earth, its shadow falls on a portion of the earth; within this region the sun is
eclipsed.

diameters of the earth and sun. By a similar procedure it is found that
the length of the moon’s shadow averages 373,370 km when the moon
is between the sun and the earth. Because these shadows are more than
100 times as long as their greatest widths, they cannot conveniently be
represented in diagrams in their proper proportions.

If a screen could be placed opposite the sun’s direction at the moon’s
distance from us, the umbra of the earth’s shadow falling normally upon
the screen would appear as a dark circle about 9170 km in diameter.
Always opposite the sun, this shadow moves eastward around the ecliptic
once in a year. At intervals of a synodic month the faster-moving moon
overtakes the shadow and, whenever it then encounters the shadow,
enters at the west side and moves through at a rate that is the difference
between the speeds of the moon and the shadow; the hourly rate is about
30’, or very nearly the moon’s apparent diameter.

Umbral eclipses of the moon are total and partial. The longest eclipses
occur when the moon passes centrally through the shadow; the duration
of the whole eclipse in the umbra is then about 3P 40™, and of the total
phase is 1" 40™. Noncentral eclipses are shorter, depending on how
nearly the moon’s path approaches the center of the shadow. When the
least distance from the center exceeds the difference between the radii
of the shadow and moon, there is no total phase.

A lunar eclipse is visible, weather permitting, wherever the moon is
then above the horizon, that is, from half of the earth and also the part
that is rotated into view of the moon while the eclipse is in progress.
The times when the moon enters and leaves the penumbra and umbra
and of the beginning and end of totality are published in advance in
various almanacs.
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In the 6-year interval from 1972 to 1978 inclusive there are 11 umbral
lunar eclipses scheduled, which are visible from a considerable area of
the United States and Canada. Six of these are total.

The moon is darkened so gradually in its passage through the penumbra
of the shadow that this phase of the eclipse is less conspicuous. Soon
after the moon enters the umbra, a dark notch appears at the eastern edge
and slowly overspreads the disk. So dark in contrast is the shadow that
the moon might be expected to vanish in total eclipse. As totality comes
on, however, the entire moon is usually plainly visible.

Even when it is totally eclipsed, the moon is still illuminated by sun-
light. The light filters through the earth’s atmosphere around the base of
the shadow and is refracted and diffused into the shadow and onto the
moon. Red predominates in this light for the same reason that the setting
sun is red. On rare occasions there is so much cloudiness around the
base of the shadow that the eclipsed moon is very dim.

Penumbral eclipses occur when the moon passes through the penumbra
of the earth’s shadow without entering the umbra. The darkening of the
part of the moon in the penumbra is visible to the eye when the least
distance of the edge of the moon from the umbra does not exceed 0.35
of the moon’s diameter. The darkening is detected in the photographs
when the least distance does not exceed 0.65 of the moon’s diameter,
and by photometric means when the distance is still greater.

Figure 6.2

Path of the moon through
the umbra of the earth’'s
shadow during the eclipse
of February 10, 1971. Uni-
versal times are given.

6.3
Eclipses
of the Moon
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Umbra Penumbra

——m—

Sunlight

Moon

Figure 6.3A

Visibility of the moon in total eclipse. Sunlight is diffused by the earth’s atmosphere
into the shadow and onto the eclipsed moon.

Figure 6.3B

The moon in the penumbra of the earth’s shadow, during eclipse of March 23, 1951.
(Griffith Observatory photograph).
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Lunar eclipses’ cooling curves.

Lunar eclipses, at times very spectacular, offer very little of a scientific
nature. Cooling curves obtained at different wavelengths as the earth’s
shadow sweeps across the moon, offer clues to the nature of the surface
material. Such observations led to the discovery of “hot spots” which
are either areas of high heat capacity or areas where a warm interior
material is fairly near to the surface such as would be the case in volcanic
areas on the earth. Some of the “hot spots” coincide with reported areas
of transient activity on the moon (5.21). Typical cooling curves are given
in Figure 6.3C. Note that the cooling curve shown in Section 5.17 is
essentially an extension of these eclipse cooling curves.

In average conditions the umbra of the moon’s shadow fails to reach the
earth. The average length of this part of the shadow is 373,370 km, which
is almost 4800 km less than the mean distance of the moon’s center from
the nearest point of the earth’s surface. The fact that the umbra occasion-
ally extends to the earth at solar eclipse results from the eccentricity of
the earth’s orbit around the sun and of the moon’s orbit around the earth.
At aphelion the length of the umbra is increased to 379,800 km and at
perigee the moon’s center may be as close as 350,000 km to the earth’s
surface. In these extreme conditions the umbra may fall on the earth
29,800 km inside the umbra’s apex.

6.4
The Moon’s Shadow
on the Earth
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Moon

Figure 6.4A

Annular eclipse of the sun. The umbra of the moon’s shadow does not reach the earth's
surface. Within this shadow geometrically produced, a thin ring of the sun's disk
remains visible around the moon.

Figure 6.4B

Path of total eclipse. The moon's revolution causes the shadow to move in an easterly
direction over the earth's surface. From within the umbra the eclipse is total. Else-
where within the larger circle of the penumbra the eclipse is partial.
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Figure 6.5A
The progression of the 1955 annular eclipse as seen from Mergui, Burma. (George-
town University photograph)

A total eclipse of the sun occurs when the umbra of the moon’s shadow
falls on the earth. If the observer is then within the umbra, he sees the
dark circle of the moon completely hiding the sun’s disk. The umbra can
never exceed 427 km in diameter when the sun is overhead.

An annular eclipse occurs when the moon is directly between us and
the sun, but the umbra of the shadow does not reach the earth. If the
observer is within the circle of the umbra produced beyond its apex
(Fig. 6.5A), he sees the moon’s disk projected against the sun; the dark
disk then appears slightly the smaller of the two, so that a bright ring,
or annulus, of the sun remains uneclipsed. Annular eclipses are 20 per
cent more frequent than total eclipses.

Around the small area of the earth in which the eclipse appears total
or annular at a particular time, there is the larger partly shaded region
of the penumbra, from 3200 to 4800 km in radius. Here the eclipse is
partial; the moon hides only a fraction of the sun’s disk, the fraction
diminishing with increasing distance from the center of the shadow. When
the axis of the shadow is directed slightly to one side of the earth, only
the partial eclipse can be seen.

6.5
Totat and Annular
Solar Eclipses

Figure 6.5B

The so-called ““‘diamond-ring
effect”, 1963. (Leander
McCormick Observatory
photograph)
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6.6 As the moon revolves around us, its shadow moves generally eastward
Path of the by the earth at the rate of about 3380 km an hour. Because the earth’s
Moon’s Shadow  rotation at the equator is at the rate of 1674 km an hour, also eastward,
the effective speed of the shadow at the equator, when the sun is over-
head, is 1706 km an hour. In other parts of the earth where the speed
of rotation is less, the effective speed of the shadow is greater. The speed
may reach 8000 km an hour when the sun is near the horizon. Con-
sidering the high speed of the shadow and its small size, it is evident
that a total eclipse of the sun cannot last long in any one place; the
maximum possible duration scarcely exceeds 7™ 30° but can be extended
by use of high flying aircraft. An annular eclipse may last a little longer.
The partial phase accompanying either type of eclipse may have a dura-
tion of more than 4 hours from beginning to end.

The path of total eclipse, or of annular eclipse, is the narrow track of
the central part of the shadow as it sweeps generally eastward over the
earth’s surface, from the time it first touches the earth at sunrise until
it departs at sunset. Meanwhile, the penumbra moves over the larger
surrounding region in which the eclipse is partial.

TABLE 6.1
Lunar Eclipses®
(Ephemeris Time)

MOON ENTERS TOTAL ECLIPSE MIDDLE OF TOTAL ECLIPSE MOON LEAVES
BEGINS ECLIPSE ENDS

1970 Feb 21 Partial
e oANg 1T Partial

08°30"7

Feb 10 Total 07"03"8 ~ 08"26™8
Aug 6 Total == 18 53 .8 - 20339
> Jan 30 Total 10 35 .8 o222
_ Jul 26 Partial
Jan 18 Penumbral 21 17.9
Jun 15 Penumbral 20507
Jul 15 Penumbral - 11 39 .2 -
Dec 09-10 Partial 0109.8 01 45 1 02 20 .4
Jun 4-5 Partial 2039 5 22 16.7 2353 .9
Nov 29 Total 1329 .3 14 35 .8 1514 1 15 52 4 1658 .9
May 25 Total 04 00 .8 05 04 .2 05 48 .8 06 33 .3 07 36.7
Nov 18-19 Total 20 39 4 22 03 .4 22 24 .2 22449 00 09 .0
May 13 Partial 19165 19565 1
 Apr 14 Penumbral see o o0
Nov 17 Penumbral
_Apr 4 Partial ~ 0331.0
. Sep 27 Penumbral =0
Oct 26 Penumbral sl e
Mar 24 Total 14336 15 87 .6 - 1623.2 17 08.9 1812.8
Sep 16 Total 17 21.0 18 25 .2 19 05 .0 19 44 .7 20 48 9
Mar 13 Partial 1929 .7 2108 .8 22 48 1
Sep 6 Total 09 18.7 1032 1 1055 .0 1117 .9 12313
1980 Mar 1 Penumbral
Jul 27 Penumbral

Aug 25 Penumbral

= Courtesy of R. Duncombe, U.S. Naval Observatory
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Figure 6.6
Photographicsequencetaken
from a stationary satellite
during the total solar eclipse
of March 7, 1970. The umbra
of the moon's shadow is
clearly visible on its path
from the Gulf of Mexico to
Nova Scotia. (NASA photo-
graph)
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An eclipse occurs occasionally in which the umbra touches the earth
at the middle of its path, but fails to reach the surface at the beginning
and end of its path. Such an eclipse begins as annular, changes to total,
and later reverts to the annular type.

Oppolzer's Canon der Finsternisse contains the elements of solar and
lunar eclipses between 1208 B.c. and 2163 a.p., and also maps showing
the approximate paths of total and annular solar eclipses during this
interval. More accurate data concerning eclipses are published in various
almanacs for the year in which each occurs. Paths of total eclipses for
many years in advance are published in U.S. Naval Observatory Circulars.

The dates, durations at noon, and land areas in which the principal
total solar eclipses are visible from 1970 to 1980 inclusive are shown in
table 6.11.

TABLE 6.1

Total and Annular
Solar Eclipses in

the Decade 1970-1980*%

GENERAL AREA

DATE TYPE DURATION (min)

‘Mexico, Eastern U.S.A,,

- Canada
- 8. Pacific Ocean

~ Antarctic

N. America
~ S. America

S. America, N. Africa
S. America

S. Indian Ocean :
Africa, Asia Minor, S.E. Asia

i

4> 4> 4> -HA>>

. America
Antarctic
Africa, India, S.E. Asia
_ Pacific, S. America

> > —A-A>

A = Annular, T = Total *Courtesy of R. Duncombe, U. S. Naval Observatory

6.7 A total solar eclipse ranks among the most impressive of celestial phe-
The Sun in  nomena. Although the details vary considerably from one eclipse to
Total Eclipse  another, depending on the diameter of the shadow and other factors,
the principal features to be noted are much the same on all these

occasions.

The eclipse begins at a particular place with the appearance of a
dark notch at the sun’s western edge. Thereafter the sun is gradually
hidden by the moon. When only a narrow crescent of the sun is left, an
unfamiliar pallor overspreads the sky and landscape. Immediately before



Figure 6.7A (Left)
The face of the sun at the start of the March 7, 1970 eclipse. Notice three spot groups.
(Photograph by Pocahontas)

Figure 6.7B (Right)

The total solar eclipse of May 20, 1947 at Bocainva, Brazil. Note the round structure
of the corona, typical of periods of maximum solar activity. Compare with Figure 10.29A.
(Georgetown University Observatory photograph)

totality the sky darkens rapidly; shadow bands, like ripples, move across
white surfaces; some animals become disturbed and some flowers begin
to close. As the umbra of the shadow rushes in on the observer, the
remaining sliver of the vanishing sun breaks into bright “Baily’s beads”
and quickly disappears. The so-called “Baily’s beads” are caused by
the rim of the sun when it shines through the irregularities on the limb
of the moon. With the coming of totality the corona bursts into view;
it is brightest close to the eclipsing moon and fades out in streamers.
Flame-like prominences sometimes appear; their bases near the west edge
of the sun are gradually uncovered, while those around the east edge are
hidden as the moon moves across. Some bright stars and planets in the
sun’s vicinity may become visible to the unaided eye.

Totality ends as abruptly as it began. The corona vanishes, and the
features of the partial eclipse recur in reverse order.

As spectacles to be long remembered, total eclipses of the sun have a
popular appeal that may lead to further interest in astronomy. These
brief occasions when the sun’s disk is completely hidden by the moon
also offer opportunities for observing features near the sun’s edge that
are ordinarily concealed by the glare of the sunlight. Available then for
study are details of the corona, some that cannot be seen at all at other
times and some that can be observed when there is not an eclipse only
by use of special devices. The visibility of objects near the sun’s place

6.8
Value of Total
Solar Eclipses
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Figure 6.8
Apparent displacement of a
star near the sun's edge. By
the theory of relativity, star-
light passing near the sun
deflected so that the star is
apparently displaced outward
from the sun’s position.

6.9
Eclipse Seasons

in the sky has permitted the search for a once suspected planet nearer
the sun than Mercury’s distance, the discovery of certain comets, and a
successful test of the theory of relativity.

The theory of relativity requires that stars close to the sun’s place be
apparently displaced slightly away from the center of the sun; the pre-
dicted maximum displacement, for a star at the sun’s edge, is 1!75.
According to the theory, space around a massive body is warped, thus a
photon travelling along a straight line (“geodesic”” is the correct term)
appears to be deflected. Such displacements of stars were first observed
by English astronomers at an eclipse in 1919 and have been verified at
subsequent eclipses. The procedure has been to compare photographs of
the region of the sky immediately around the eclipsed sun with other
photographs of the same region taken at night at another time of the year.
A comparison by G. Van Biesbroeck at the solar eclipse of 1952 February
25 showed an average displacement of 1’70 at the sun’s edge.

Solar eclipses are particularly useful in helping to clarify the dates of
early events in history, because the dates and paths of the eclipses are
precisely determined. This has proven very helpful also in locating ancient
towns and cities whose exact geographical situation had been obliterated
by the effects of time, but of which some historical or legendary mention
existed. Lunar eclipses have been of some value in this respect also.

Eclipses of the sun and moon occur respectively when the moon is new
and full. Although these phases recur every month, eclipses come less
frequently. The reason is that the moon’s apparent path on the celestial
sphere is inclined 5° to the ecliptic. Each time when the moon overtakes
the sun, or the earth’s shadow opposite the sun, both sun and shadow
have moved eastward on the ecliptic from the previous positions. Travel-
ing in its path inclined to the ecliptic, the moon passes north or south of
the sun and shadow, unless the two are near the intersections of the
moon’s path and the ecliptic. Only then can the moon eclipse the sun
or be eclipsed in the shadow of the earth.

Eclipse seasons occur around the times when the sun passes one of the
nodes of the moon’s path. As the nodes regress rapidly westward, the
eclipse seasons come more than half a month earlier from year to year.
The interval between two successive arrivals of the sun at the same
node is the eclipse year; its length is 346.620 days. The eclipse seasons in
1972 are in January and July.
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Figure 6.9

The inclination of the moon's orbital plane to that of the earth prevents the occurrence
of eclipses except during two opposite seasons, such as b when the sun is near the
line of nodes of the moon's path. At other times, as at a, the moon cannot pass
between the earth and the sun or through the earth's shadow.

The solar ecliptic limit is the angular distance of the sun from the node
at which it is grazed by the moon, as seen from some point on the earth.
Within this distance the sun will be eclipsed; beyond it an eclipse cannot
occur. The value of this limiting angular distance varies with the changing
linear distances from us, and therefore the apparent sizes, of the sun and
moon, and with fluctuations in the angle between the moon’s path and
the ecliptic. The extreme values, or major and minor limits, are respec-
tively 18° 31" and 15° 21’. When the sun’s center is beyond the major
limit, an eclipse is impossible; when it is within the minor limit, an
eclipse is inevitable.

The lunar ecliptic limit (Fig. 6.10) is likewise the greatest distance of the
sun from the node at which a lunar eclipse is possible. The major and
minor limits for umbral eclipses are 12° 15" and 9° 30/, and for penumbral
eclipses are the same as for solar eclipses.

6.10
Solar and Lunar
Ecliptic Limits
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6.11
Frequency of Eclipses

6.12
Recurrence
of Eclipses

Figure 6.10

The lunar ecliptic limit. In order to eclipse the moon, the earth's shadow must be near
one of the nodes of the moon's path. The greatest distance of the center of the shadow
from the node, or of the sun's center from the opposite node, at which an eclipse is
possible is the lunar ecliptic limit.

The number of eclipses during each eclipse season is determined by com-
paring the double ecliptic limits with the distance the sun moves along
the ecliptic in a synodic month with respect to the regressing node; this
distance is 29.5/346.6 of 360°, or 30°.6. The question is whether the sun,
and the earth’s shadow opposite it, can possibly pass through the eclipse
region without being encountered by the moon. They can do so if the
double ecliptic limit is less than 30°.6, although usually they may not
escape even then. If the double limit is greater than 30°.6, one eclipse
must occur at each node, and two are possible. Because the eclipse year
is 18.63 days shorter than the average calendar year, the first eclipse
season may return before the end of the calendar year, and in this event
one additional eclipse may result.

Two solar eclipses of some kind must occur each year; for twice the
minor solar ecliptic limit is 30°.7. Five may occur, and as many as 3 of
these may be total or annular. Two lunar eclipses of some kind must
occur each year, and 5 are possible; of these no umbral lunar eclipse
need occur, but 3 are possible.

The minimum number of eclipses in a year is therefore 4, 2 of the
sun and 2 of the moon which may both be penumbral. The maximum
number is 7. Thus solar and lunar eclipses are equally frequent for the
earth as a whole, although many penumbral lunar eclipses among them
cannot be detected. At any one place, lunar eclipses are seen the more
often because of the greater area of the earth from which a lunar eclipse
is visible.

The saros is the interval of 18" 11%? (or a day less or more, depending
on the number of leap years included) after which eclipses of the same
series are repeated. It is equal to 223 synodic months, which contain
6585.32 days, and is nearly the same in length as 19 eclipse years (6585.78
days). Not only have the sun and moon returned to nearly the same posi-
tions relative to each other and to the node, but their distances from us
are nearly the same as before, so that the durations of succeeding eclipses
in a series also differ very little. Knowledge of the saros, as it applies to
cycles of lunar eclipses at least, goes back to very early times.
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Figure 6.12
Paths of a family of solar eclipses through the year 2045.

The effect of the one-third of a day in the saros period is to shift the
path of the following eclipse 120° west in longitude, and after 3 periods
around to nearly the same part of the earth again. At the end of each
period the sun is nearly a half-day’s journey, or about 28’, west of its
former position relative to the node. Thus a gradual change in the char-
acter of succeeding eclipses in a series is brought about, together with a
progressive shift of their paths in latitude.

Eclipses at intervals of the saros accordingly fall into series, each series
of solar eclipses containing about 70 eclipses in a period of about 1200
years. A new series is introduced by a small partial eclipse near one of
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6.13
Occultations
by the Moon

the poles. After a dozen partial eclipses of increasing magnitude and
decreasing latitude of their paths, the series becomes total or annular
for 45 eclipses, reverts to about a dozen diminishing partial eclipses, and
finally disappears at the opposite pole. A family that begins at the de-
scending node enters at the south pole and exits at the north pole, one
beginning at the ascending node moves in the opposite direction. The
family represented by the eclipses of 1955 and 1973 is remarkable be-
cause the descending node occurs near perigee and hence the durations
of totality are not far from the greatest possible one. Figure 6.12 shows
six eclipses from this family and graphically demonstrates the progressive
shifting of the path of totality.

There are twelve notable families of total solar eclipses in progress at
present. A family of lunar eclipses runs through about 50 saroses in a
period of about 870 years.

In its eastward movement around the heavens the moon frequently passes
over, or occults, a star. Because the moon moves a distance equal to its
own diameter in about an hour, this is the longest duration of an occulta-
tion. The star disappears at the moon’s eastern edge and emerges at the
western edge. Observations of the times of such occurrences have been
useful for determining the moon’s positions at those times for comparison
with its predicted positions. These data are now obtained more con-
veniently and precisely with the dual-rate moon position camera (5.12).

The predicted times of disappearance behind the moon and of subse-
quent reappearance of the brighter stars and planets, which were formerly
published in the American and British Almanacs, have been omitted from
these almanacs beginning with the year 1960. The predictions for 12
stations in the United States and Canada are now included annually in
a special Occultation Supplement in Sky and Telescope.

Figure 6.13A
Jupiter and its satellites emerging from behind the moon. (Griffith Observatory photo-

graph)
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o« =35x%x10°d
d = aperture in cm.

REVIEW QUESTIONS

Occultations by the moon are interesting to watch with the telescope
or with the unaided eye when the occulted objects are bright enough.
The abruptness of disappearance or of reappearance convinces the ob-
server that the moon has not sufficient atmosphere around it to dim
appreciably and redden the objects near the moon’s edge and that the
apparent diameters of stars are very small. The disks of stars require
only a hundredth of a second or less for complete occultation. A. E.
Whitford, employing a fast photoelectric system, first demonstrated the
difference in the apparent diameters of several stars by observing these
intervals, Physical optics tells us that a knife edge diffraction pattern will
appear just before occultation and that the amplitude of the pattern is
different for a true point source and an object with a discernible disk.
The least detectable disk (a) is simply a constant times the ratio of the
telescope aperture to the distance to the moon. This method thus far has
not enjoyed as much success as simple theory indicates it should. The
differing conditions at the limb of the moon, as well as seeing, narrow
declination limits, finite spectral bands and the response time of the
electronics are a few of the reasons for this.

The occultations of planets by the moon are sometimes spectacular.
The unusual photographs of Jupiter and its satellites emerging from be-
hind the moon were taken on the morning of January 16, 1947. The moon
was then in the crescent phase between last quarter and new. The dark
side from which the planet is emerging was illuminated by earthlight.
The oval dark spot in the upper part of the pictures is Mare Crisium.
The times are Pacific standard.

Jupiter disappeared behind the bright edge of the moon at 4 o’clock
that morning and reappeared about 50 minutes later at the western edge.
The first photograph, taken at 4:50, shows the 4th and 1st satellites
already in sight. In the second photograph, taken at 4:54, the planet has
just cleared the moon’s edge, and in the third picture, taken at 5:03, the
3rd satellite has appeared. The 2nd satellite is readily seen in the original
negative but is less clearly shown in the print; it is near the left edge of
the planet’s disk, having emerged at 3:57 from occultation behind the
planet.

1. What do we mean when we say the moon has undergone a penumbral
eclipse?

2. If there is an umbral eclipse of the moon on March 21, what is the approxi-
mate right ascension and declination of the moon at mid-eclipse?

3. Explain why lunar eclipses are more commonly seen although they occur
less frequently than solar eclipses.
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4. Why are some solar eclipses annular and others total?

5. The solar eclipse of 2089 Oct 4 begins at 97°E longitude, 29°N latitude.
The next eclipse of this series begins at 23°W, 25°N on what date?
What are the coordinates and date for the beginning of the second
eclipse of this series after the 2089 eclipse?

6. Assuming that the eccentricity of the earth’s orbit is .0102, show that the
earth’s shadow is longer at aphelion by a factor of 51/49 compared to
the length at perihelion.

7. Define the ecliptic limit. How does it vary?

. How many solar eclipses must occur each year?

9. Discuss the value of solar and lunar eclipses.

10. Of what value are lunar occultations?

[54]
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THE SOLAR SYSTEM

THE PLANETS IN GENERAL — THE PATHS OF THE PLANETS — THE
LAW OF GRAVITATION

The solar system consists of the sun and the many smaller bodies that revolve
around the sun. These include the planets with their satellites, and the comets
and meteors. It is a large system; the outermost planet, Pluto, is about 40 times
as far from the sun as the earth’s distance, and the majority of the comets have
the aphelion points of their orbits still more remote. In comparison with the
distance of even the nearest star, however, the interplanetary spaces shrink to
such insignificance that we look upon the solar system as our own community
and the other planets as our neighbors.

61" Astronomic reflector building. U.S. Naval Observatory,
Flagstaff Station, Arizona. (Official U.S. Navy photograph)
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7 &5

The Principal
and Minor
Planets

7.2

The Planets
Named and
Classified

THE PLANETS IN GENERAL

The planets are classified by the positions with respect to the earth
and their composition, The visible planets were long known to be different
from the stars by their motions and lack of twinkling. Study has revealed
an orderly arrangement for the motions and spacings of the planets.

The word planets (wanderers) was originally used to distinguish from the
multitude of “fixed stars” the celestial bodies, except the comets, that
move about among the constellations. Seven of these were known to early
observers: the sun, the moon, and the 5 bright planets, Mercury, Venus,
Mars, Jupiter, and Saturn, the last of which was believed to be almost
as remote as the sphere containing the stars themselves. Thus Omar
Khayydm ascended in his meditation “from earth’s center through the
seventh gate” to the throne of Saturn—from the center of the universe,
as he understood it, almost to its limits.

With the acceptance of the Copernican system, the earth was added
to the number of planets revolving around the sun, and the moon was
recognized as the earth’s satellite. Uranus, which is barely visible to the
unaided eye, was discovered in 1781. Neptune, which is too faint to be
seen without the telescope, was found in 1846. The still fainter Pluto,
discovered in 1930, completes the list of the 9 known principal planets.
In the meantime, in 1801, Ceres, the largest of the asteroids, or minor
planets, was detected.

The planets in order of average distance from the sun are:

Mercury 1
Venus

Earth

Inferior planets
Inner planets

Mars
The Asteroids or Minor planets

Jupiter
Superior planets- Saturn
lUranus Outer planets
|Neptune J,
Pluto
U

As shown above, the planets are classified either as inferior or superior
depending on whether their orbits around the sun are respectively smaller
or larger than the earth’s; or as inner or outer according to their relative
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position inside or outside the orbital region of the asteroids. The inner
planets are sometimes referred to as ferrestrial, while the outer planets
are called gaseous and also jovian.

Planets are relatively small globes, which revolve around the sun and
shine by reflected sunlight. Five of the principal planets look like brilliant
stars in our skies, while a sixth is faintly visible to the naked eye. Exam-
ined with the telescope, the larger and nearer planets appear as disks.
The stars themselves are remote suns shining with their own light; they
appear only as points of light even with the largest telescopes.

The bright planets can often be recognized by their steadier light when
the stars around them are twinkling. All planets can be distinguished by
their motions relative to the stars. The right ascensions and declinations
of the principal planets and four asteroids are tabulated in the American
Ephemeris and Nautical Almanac at convenient intervals during the year;
their positions in the constellations can be marked in the star maps for
any desired date.

The planet Mercury is occasionally visible to the naked eye in the
twilight near the horizon, either in the west after sunset or in the east
before sunrise. Venus, the most familiar evening and morning “star” is
the brightest starlike object in the heavens. Mars is distinguished by its
red color; at closest approaches to the earth it outshines Jupiter, which
is generally second in brightness to Venus. Saturn rivals the brightest
stars and is the most leisurely of the bright planets in its movement
among the stars.

The revolutions of the principal planets around the sun conform approxi-
mately to the following regularities, which seem to have survived from
an orderly origin and evolution of the planetary system (9.32):

1. The orbits are nearly circular. They are ellipses of small eccentricity,
but with more marked departures from the circular form in the cases
of Pluto and Mercury.

2. The orbits are nearly in the same plane. With the prominent excep-
tion of Pluto, the inclinations of the orbits to the ecliptic do not
exceed 8°; so that these planets are always near the ecliptic and are
generally within the boundaries of the zodiac.

3. The revolutions are all direct, that is, in the same direction (west to
east) as the earth’s revolution. This is the favored direction of revo-
lution and rotation of all planets and satellites, as compared with
retrograde motion (east to west), except for the rotation of Venus
and the revolution of a few minor satellites of Jupiter and Saturn.

4. The distances of the planets from the sun are given approximately
by the relation referred to as the Titius-Bode Relation (7.5).

7.3

Planets
Distinguished
from Stars

7.4

The Revolutions
of the Principal
Planets
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Approximate orbits of the principal planets. The orbits are in general nearly circles
with the sun at the common center and are nearly in the same plane. The orbit of

Pluto departs most conspicuously from these regularities.

The conspicuous departures from these regularities may be equally
significant, as we note later, in showing alterations in the planetary sys-
tem subsequent to its formation. As an example, it has been proposed
that Pluto may have been a satellite of Neptune, which escaped from
that planet. This theory, however, is not seriously considered at the present.

7.5 A convenient relation first proposed by Titius and championed by Bode
Bode's is obtained by writing the numbers 0, 3, 6, 12, 24, . . ., doubling the
Relation number each time to obtain the next one, then by adding 4 to each num-
ber and dividing the sums by 10. The resulting series of numbers, 0.4,

0.7, 1.0, 1.6, 2.8, . . . , represents the mean distances of the planets from

the sun, expressed in astronomical units (Table 7.I). The astronomical

unit is the earth’s mean distance from the sun.
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MEAN DISTANCE
FROM SUN

PERIOD OF
REVOLUTION

Bode's
Relation

Million
Kilometers

Astron.
Units

Mean
Synodic

Sidereal

414 5

467

778 399

1430 378

£ oaghe 370

4497 367
5912

- 367

There was at the time when Bode called attention to the relation,
however, one exception to it; the number 2.8 between the numbers
for Mars and Jupiter corresponded to the mean distance of no known
planet. Bode pointed out that the success of the relation in other respects
justified a search for the missing planet. The discovery of Uranus, in
1781, at a distance in satisfactory agreement with the series extended one
term further, so strengthened his position that a systematic search for
a planet at 2.8 A.U. was undertaken by a group of European astronomers,
As it turned out, the asteroid Ceres was discovered accidentally by Piazzi,
in 1801, at the expected distance of 2.8 astronomical units. This is very
nearly the average distance of the many hundreds of asteroids since
discovered. The Titius-Bode Relation does not, however, predict Neptune.
That is why it is not called a law.

The sidereal period of a planet is the interval between two successive re-
turns of the planet to the same point in the heavens, as seen from the
sun. It is the true period of the planet’s revolution around the sun. This
interval ranges from 88 days for Mercury to 248 years for Pluto.

The synodic period is the interval between two successive conjunctions
of a planet with the sun, as seen from the earth; for an inferior planet
the conjunctions must both be either inferior or superior (Fig. 7.7). It
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TABLE 7.1
Distances and Periods
of the Planets

A + B2"
10

where
A —

=
i

—00,0,1,2,...

7.6
Sidereal and
Synodic Periods
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is the interval after which the faster-moving inferior planet again over-
takes the earth, or the earth again overtakes the slower superior planet.
The relation between the two periods for any planet is:

1 ' 1 1
— e T : =
sidereal period ~ earth’s sidereal period

synodit': period

where the upper signs are for an inferior planet and the lower signs are
for a superior planet. This is merely the statement of the fact that the
rate at which the other planet gains on the earth, or the earth gains on
the other planet, is the difference of the angular rates of their revolutions
around the sun.

Mars and Venus have the longest synodic periods for the principal
planets (Table 7.I) because they run the closest race with the earth. The
synodic periods of the outer planets approach the length of the year as
their distances from the sun, and therefore their sidereal periods, increase.

7.7 Because the inferior planets, Mercury and Venus, revolve faster than the
Aspects and  earth does, they gain on the earth and therefore appear to us to oscillate

Phases of the to the east and west with respect to the sun’s place in the sky. Their

Inferior Planets ;
Superior

Conjunction

Figure 7.7

Aspects and phases of an

inferior planet, The aspects

differ from those of the moon.

“ The phases are the same as
the moon's.

v

Greatest E. N Crescent Sreatest W.
Elongation : Elongation
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aspects are unlike those of the moon (5.5), which has all values of elon-
gation up to 180°.

After passing superior conjunction beyond the sun, the inferior planet
emerges to the east of the sun as an evening star and slowly moves out
to greatest eastern elongation. Here it turns west and, apparently moving
more rapidly, passes between us and the sun at inferior conjunction into
the morning sky. Turning east again at greatest western elongation, it returns
to superior conjunction. Greatest elongation does not exceed 28° for
Mercury and 48° for Venus.

The phases of the inferior planets resemble those of the moon (5.6).
As these planets revolve within the earth’s orbit, their sunlit hemispheres
are presented to the earth in varying amounts; they show about the full
phase at the time of superior conjunction, the quarter phase in the aver-
age near the elongations, and about the new phase at inferior conjunction.

Because the superior planets revolve more slowly than the earth does,
they move eastward in the sky more slowly than the sun appears to do,
so that they are overtaken and passed by it at intervals. With respect to
the sun’s position they seem to move westward (clockwise in Fig. 7.8),
and to attain all values of elongation from 0° to 180°. The aspects of the
superior planets are the same as those of the moon.

Jupiter, as an example, emerges from conjunction to the west of the sun.
It is then visible as a morning star, rising at dawn in the east. Jupiter
appears to move westward with respect to the sun, because its eastward
motion is not as fast as that of the sun. As Jupiter slips westward it
comes successively to western quadrature when it is on the meridian at
sunrise, to opposition when it is on the meridian at midnight, and to east-
ern quadrature when it is on the meridian at sunset. Setting earlier from
night to night as it approaches the next conjunction with the sun, the
planet is finally lost in the twilight in the west.

The superior planets do not exhibit the whole cycle of phases that the
moon shows. At the conjunctions and oppositions their disks are fully
illuminated, and in other positions they do not depart much from the
full phase; for the hemisphere turned toward the sun is nearly the same
as the one presented to the earth.

The phase angle is the angle at the planet between the directions of the
earth and sun; divided by 180°, it gives the fraction of the hemisphere
turned toward the earth that is in darkness. The phase angle is greatest
when the planet is near quadrature; the maximum value is 47° for Mars,
12° for Jupiter, and is successively smaller for the more distant planets.
Thus the superior planets show nearly the full phase at all times with
the conspicuous exception of Mars, which near quadrature resembles the
gibbous moon.

7.8

Aspects and
Phases of the
Superior Planets

Conjunction

Full
! W. raturi
E. Quadrature T Quadrature

Opposition

Figure 7.8

Aspect and phases of a su-
perior planet. The aspects
are similar to those of the
moon. The only phases are
full and gibbous.
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7.9
Apparent Motions
Among the Stars

THE PATHS OF THE PLANETS.

The first task of astronomy as a science was to explain the peculiar
apparent motions of the planets with a simple, elegant theory. The
accomplishment of this task led naturally to Kepler's celebrated laws and
the scale of the solar system and has profoundly effected mankind’s
philosophical thought.

It is instructive to observe not merely that the planets move among the
constellations, but also the complex paths they follow. Mars serves well
as an example. Two or three months before the scheduled date of an
opposition of Mars, note its position in the sky relative to nearby stars,
and mark the place and date on a star map. Repeat the observation about
once a week as long as the planet remains in view in the evening sky.
A smooth curve through the plotted points, as in Fig. 7.9, represents the
apparent path.

Against the background of the stars the motion is generally eastward,
or direct, the same as the direction of the revolution around the sun. Once

Figure 7.9
Predicted path of Mars during the favorable opposition of 1973.

2hp2 154
16 Aug.
Mars 1973
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during each synodic period the planet turns and moves westward, or
retrogrades, for a time before resuming the eastward motion. Thus the
planets appear to move among the stars in a succession of loops, making
progress toward the east and generally not departing far from the ecliptic.

The earth’s eastward movement in its orbit around the sun tends to shift
the planets backward, toward the west, among the stars. It is the same
effect that one observes as he drives along the highway; objects pass by,
and those nearer the road go by more rapidly than do those in the dis-
tance. This effect combines with the planets’ real eastward motions to
produce the looped paths that are observed.

A superior planet, such as Mars, retrogrades near the time of oppo-
sition; for the earth then overtakes the planet and leaves it behind. The
direct motion becomes more rapid near conjunction, where the planet’s
orbital motion and its displacement caused by the earth’s revolution are
in the same direction.

An inferior planet retrogrades near inferior conjunction. This can be
shown by extending the lines in Fig. 7.10 in the reverse direction, where-
upon it is evident that the earth—an inferior planet relative to Mars, and
then near inferior conjunction as viewed from that planet—is retrograding
in the Martian sky. Mercury and Venus exhibit this effect to us. In gen-
eral, a planet retrogrades for us when it is nearest the earth.

As long as the earth was believed to be stationary at the center of the
system, the looped paths of the planets had necessarily to be ascribed
entirely to the movements of the planets themselves, Complex motions
such as these called for a complex explanation. The problem was finally
simplified by the acceptance of the earth’s revolution around the sun.
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7.10

Retrograde
Motions Explained

Figure 7.10

Retrograde motion of a su-
perior planet. Positions of
the earth at intervals of a
month are numbered on the
inner circle. Corresponding
positions of Mars in its orbit
are similarly numbered on
the outer circle. As seen
from the faster-moving earth,
Mars retrogrades at positions
4 and 5, around the time of
opposition.
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7.1
The Earlier
Geocentric System

As early as the 6th century B.c., the earth was regarded by the Greek
scholars as a stationary globe. Supported on an axis through the earth,
the sky was a hollow concentric globe on which the stars were set; it
rotated daily from east to west, causing the stars to rise and set. Within
the sphere of the stars the sun, moon, and five bright planets shared in
the daily rotation. They also revolved eastward around the earth, pausing
periodically to retreat toward the west against the turning background of
the constellations. The geocentric system remained almost unchallenged
for more than 2000 years and was amplified meanwhile in attempts to
account for the retrograde movements of the planets.

The problem of the planetary motions that the early scholars undertook
to solve was simply kinematical. By what combination of uniform circular
motions centered in the earth could the looped movements be repre-
sented? The most enduring solution of the early problem is known as
the Ptolemaic system, because it is described in detail in Ptolemy’s Almagest.
In the simplest form of the system each planet moved uniformly in a
circle, the epicycle, while the center of this circle was in uniform circular
motion around the earth.

The working out of the solution consisted in obtaining by trial and
error a better fit between the pattern and the apparent paths of the
planets among the stars. The undertaking held the attention of astrono-
mers, especially in the Arabian dominions, from Ptolemy’s time to the
revival of learning in Europe. Eventually the whole construction became
cumbersome, but without satisfactory improvement in representing the
observed planetary motions.

Figure 7.11
The Ptolemaic System of planetary motions.
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Nicolaus Copernicus (1473-1543) inaugurated a new era in astronomy by
discarding the ancient theory of the central, motionless earth. In his book,
On the Revolutions of the Celestial Bodies, published shortly before his death,
he showed that all these motions could be interpreted more reasonably
on the theory of the central sun. He assumed that the earth revolves
around the sun once in a year and rotates daily on its axis.

In the Copernican system the sun was stationary at the center. Around
it the planets revolved uniformly in circles, including the earth and its
attendant, the moon. Epicycles were therefore still required, but their
number was now smaller. With the additional assumption of the earth’s
rotation from west to east, the daily circling of all the celestial bodies
from east to west became simply the scenery being passed by.

No longer required to rotate around the earth, the sphere of the stars
could be imagined larger than before. This altered condition and the sun’s
new status as the dominant member of the system prepared the way for
the thought that the stars are remote suns.

It is not surprising that the heliocentric theory met with disapproval
on almost every hand; for it was a radical departure from the common-
sense view of the world that had persisted from the very beginning of
reflections about it. The new theory was supported at the outset by no
convincing proof; its greater simplicity in representing celestial motions
was the only argument Copernicus could offer in its defense. Moreover,
it seemed to be discredited by the evidence of the celestial bodies them-
selves, as Tycho presently discovered.

Tycho Brahe (1546-1601), native of the extreme south of Sweden, then
a part of Denmark, spent the most fruitful years of his life at the fine
observatory that the king of Denmark had financed for him on the island
of Hven, about 32 km northeast of Copenhagen. During the last two
years of his life, his observations were made at a castle near Prague.

The instruments of Tycho’s observatory were mainly constructed of
metal; they had larger and more accurately divided circles than any pre-
viously used. His improved methods of observing and his allowance for
effects of atmospheric refraction, which observers before him had ne-
glected, made it possible to determine the places of the celestial bodies
in the sky with the average error of an observation scarcely exceeding a
minute of arc. This was remarkable precision for observations made
through the plain sights that preceded the telescope.

Tycho was unable to detect any annual variations in the relative direc-
tions of the stars, which he believed would be noticeable if the earth
revolved around the sun. Either the nearer stars were so remote (at least
7000 times as far away as the sun) that their very small parallaxes could
not be observed with his instruments, or else the earth did not revolve
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around the sun. Because the first alternative required distances that
seemed impossibly great to him at the time, Tycho rejected the Coper-
nican assumption of the earth’s revolution. However, in 1577 an event
occurred that shook his belief. In that year a great comet appeared and
Tycho’s own observations showed that it was farther away than the moon.
Since previously comets were believed to be atmospheric phenomena,
here was an upsetting event that clearly required an unusual orbit in
the Ptolemaic system to explain it.

As a substitute for the Copernican system, the Tychonic system again
placed the earth stationary at the center. In that system the sun and moon
circled around the earth, but the other planets revolved around the sun.
Aside from slight effects that could not have been detected without a
telescope, the Tychonic and Copernican systems were identical for calcu-
lations of the positions of the planets.

Tycho’s most noteworthy contribution to the improvement of the
planetary theory was his long-continued determinations of the places of
the planets in the sky, their right ascensions and declinations at different
times, especially of the planet Mars. These data provided the material
for Kepler’s studies, which resulted in his three laws of planetary motions.

Johannes Kepler (1571-1630), a German, joined Tycho at Prague in 1600
and, as his successor, inherited the records of Tycho’s many observations
of the places of the planets. Beginning with the recorded places of Mars,
Kepler at first undertook to represent them in the traditional way by
combinations of epicycles and eccentrics, but was unable to fit all the
places as closely as their high accuracy seemed to require. Experimenting
further with ellipses having the sun at one focus, he was astonished to
see the large discrepancies between observation and theory disappear.

Tycho's observations of the planets’ right ascensions and declinations
gave only their directions from the earth at the various dates. Kepler
required for his studies their directions and distances from the sun. This
he accomplished by the following device, as Fig. 7.14 is intended to
show.

Consider the case of Mars, having a sidereal period of 687 days, and
neglect for the present purpose the inclination of its orbit to the ecliptic.
Compare two observations of the planet’s position made 687 days apart.
At the end of this interval Mars has returned to the same place in its
orbit, while the earth is 43 days’ journey west of its original place.
Accordingly, the observed directions of Mars on the two occasions differ
widely and, by their intersection, show where the planet is situated in
space. By comparing such pairs of observations in different parts of the
planet’s orbit it is possible to determine the form of the orbit and its
size relative to the earth’s orbit.
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Kepler’s first two laws of the planetary motions were published in 1609;
in his book entitled Commentaries on the Motion of Mars. The third, or
harmonic law, the formulation of which gave him greater trouble, appeared
in 1618, in his book The Harmony of the World. Kepler’s laws are as follows:

1. The orbit of each planet is an ellipse with the sun at one of its foci.

2. Each planet revolves so that the line joining it to the sun sweeps
over equal areas in equal intervals of time.

3. The squares of the periods (p) of any two planets are in the same
proportion as the cubes of their mean distances (a) from the sun.

These laws assert that the planets revolve around the sun, but they
do not necessarily include the earth as one of the planets. It was not yet
possible to choose between the Copernican and Tychonic systems. The
laws bring to an end the practice of representing planetary movements
only by combinations of uniform circular motions. The third law deter-
mines the mean distances of all the planets from the sun in terms of the
distance of one of them, when their sidereal periods of revolution are
known. The usual yardstick is the earth’s mean distance from the sun,
which is accordingly called the astronomical unit.

The problem of determining the scale of the solar system as accurately
as possible is often called the solar parallax problem, because the sun’s
geocentric parallax may be regarded as the required constant. The cor-
responding value of the astronomical unit gives the linear scale. By

Figure 7.14

Kepler's method of deter-
mining the orbit of Mars.
Pairs of apparent places of
Mars separated by its sidereal
period of 687 days gave the
planet's direction and dis-
tance in astronomical units
from the sun.
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international agreement the astronomical almanacs since 1896 have
adopted 8”.80 as the value of the solar parallax. The earth’s mean dis-
tance from the sun is accordingly considered to be about 149.6 million
kilometers.

Because the relative dimensions of planetary orbits are given by Kepler’s
third law restated to include the masses (7.22), one distance determined
in the system provides the scale in miles as well as another distance.
The many projects for obtaining the scale of the solar system have
employed observed positions of planets that approach the earth nearer
than the sun’s distance. The optical result believed to have the highest
order of precision was derived in 1950 by Eugene Rabe of the Cincinnati
Observatory from his studies of the orbit of the asteroid Eros as perturbed
by the principal planets. His value of the earth’s mean distance from the
sun is 149.6 million kilometers.

Radio methods of observing the scale of the system are also being
employed effectively. The timing of many radar echoes from the planet
Venus near its inferior conjunction in April, 1961, gave remarkably
consistent results. These programs were reported by Millstone radar,
Goldstone radar, and three other radio observatories and later extended
through several conjunctions. The average value of the solar parallax
was about 87.7942 and the corresponding value of the earth’s mean
distance from the sun was about 149.6 million kilometers, or 92,950,000
miles.

While Kepler was engaged in his studies of planetary orbits, Galileo
Galilei (1564-1642), in Italy, was finding evidence with the telescope in
favor of the Copernican system.

Galileo’s discovery of four bright satellites revolving around the planet
Jupiter dispelled the objection that the moon would be left behind if the
earth really revolved around the sun. His discovery that Venus shows
phases like those of the moon discredited the specification of the Ptole-
maic system (Fig. 7.11) that kept the planet always on the earthward
side of the sun, where it could never increase beyond the crescent phase.
His explanation that the movements of spots across the sun’s disk are
caused by the sun’s rotation provided an argument by analogy for the
earth’s rotation as well.

Galileo’s chief contribution to the knowledge of the planetary move-
ments was his pioneer work on the motions of bodies in general. His
conclusion that an undisturbed body continues to move uniformly in a
straight line, or to remain at rest, and his studies of the rate of change of
motion of a body not left to itself prepared the way for a new view-
point in astronomy. The interest was beginning to shift from the kine-
matics to the dynamics of the solar system—from the courses of the
planets to the forces controlling them.
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After explaining the paths of the planets it then became necessary to find
out what caused them to follow Kepler's laws. In a relatively brief period
Isaac Newton expounded the required law and laid the groundwork for the
detailed study of mechanics and its application to the heavens which is
called celestial mechanics. The force, which Newton called gravity, is
classified as a weak force in modern physics and is still poorly understood.

The concept of forces acting throughout the universe originates in our
own experience with the things around us. If an object at rest, that is free
to move, is pulled or pushed, it responds by moving in the direction of
the pull or push. We say that force is applied to the object and, with
allowance for disturbing factors such as air resistance and surface friction,
we estimate the force by the mass of the object that is moved and the
acceleration, or the rate at which its motion changes. In general, the
acceleration of a body anywhere in any direction implies a force acting
on it in that direction. The amount of the force is found by multiplying
the mass of the body by its acceleration, or f = ma.

Acceleration is defined as the rate of change of velocity. Since velocity is
directed speed, acceleration may appear either as changing speed or
changing direction, or both. A falling stone illustrates the first case; its
behavior is represented by the relations:

v =1, + af; s = vot + Yat?,

where v, is the speed when first observed, a is the acceleration of about
980.621 cm/sec® toward the earth, and v and s are the speed and the
distance the stone has fallen after f seconds. If the stone starts at rest
(vo = 0), it will fall about 490 c¢m in the first second, 1470 cm in the
next second, and so on, increasing speed at the rate of 980 cm/sec?.

A planet moving in a circular orbit illustrates acceleration in direction
only; the speed is constant. If the planet describes an elliptic orbit, the
speed also changes in accordance with Kepler’s second law.

The conclusions of Galileo and others concerning the relations between
bodies and their motions were consolidated by Isaac Newton (1642-1727),
in his Principia (1687), into three statements, which are substantially as
follows:
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Figure 7.19
The earth's revolution ex-
plained by the laws of motion.
At the position E the earth
if undisturbed would con-
tinue on to A. It arrives at
E' instead, having in the
meantime fallen toward the
sun the distance EB.
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1. Every body persists in its state of rest or of uniform motion in a
straight line, unless it is compelled to change that state by a force
impressed upon it.

2. The acceleration is directly proportional to the force and inversely
to the mass of the body, and it takes place in the direction of the
straight line in which the force acts.

3, To every action there is always an equal and contrary reaction; or,
the mutual actions of any two bodies are equal and oppositely
directed.

The first law states that a body subject to no external forces moves uni-
formly in a straight line forever, unless it happens never to have acquired
any motion. Up to the time of Galileo, the continued motion of a planet
required explanation; since that time, uniform motion is accepted as no
more surprising than the existence of matter itself. Changing motion
demands an accounting.

The second law defines force in the usual way. Because nothing is said
to the contrary, it implies that the effect of the force is the same whether
the body is originally at rest or in motion, and whether or not it is acted
on at the same time by other forces.

The third law states that the force between any two bodies is the same
in the two directions. The earth attracts the sun just as much as the sun
attracts the earth, so that fg = fz or mga = mgag. But the effects of the
equal forces, that is, the accelerations, are not the same if the masses are
unequal; the ratio of the accelerations is the inverse ratio of the masses
affected.

By means of his laws of motion and by mathematical reasoning, Newton
succeeded in reducing Kepler's geometrical description of the planetary
system to a single comprehensive physical law. It will serve our present
purpose simply to outline the sequence and chief results of Newton’s
inquiry.

By Kepler’s first law, the path of a planet is an ellipse; it is continually
curving. Consequently, the planet’s motion is continually accelerated and,
by the second law of motion, a force is always acting on the planet.

Since the planet moves, by Kepler’s second law, so that the line joining
it to the sun describes equal areas in equal times, it is easily proved that
the force is directed toward the sun. Kepler had suspected that the sun
had something to do with the planet’s revolution, but he did not under-
stand the connection. Later this second law becomes nothing more than
a statement of the conservation of angular momentum.

Again from Kepler's first law, since the orbit is an ellipse with the
sun at one focus, it can be proved that the force varies inversely as the
square of the planet’s distance from the sun. An elliptic orbit would also
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result if the force varied directly as the distance, but in this event the
sun would be at the center of the ellipse, not at one focus.

From Kepler’s third law and the third law of motion, it can be shown
that the attractive force between the sun and any planet varies directly
as the product of their masses. In addition, Newton discovered that the
moon’s revolution is controlled by precisely the same force directed
toward the earth. Although his experience did not extend beyond the
solar system, he concluded that this force operates everywhere. These
were the steps that led to the formulation of the law of gravitation:

Every particle of matter in the universe attracts every other particle
with a force that varies directly as the product of their masses, and
inversely as the square of the distance between them.

The law of gravitation provides the key for the interpretation of celestial
motions. It is therefore important to understand the meaning of the law.
The statement is where f is the force, m, and m, are the masses of the
two particles, and 4 is their distance apart.

1. The constant of gravitation, G, is defined as the force of attraction
between two unit masses at unit distance apart. If m; = m, = 1
gram, and 4 is 1 centimeter, then G = f. It is believed to be a
universal constant, like the speed of light; but it is even more
remarkable as a constant, for the speed of light is reduced by an
interposing medium such as glass, whereas the force of gravitation
is unaffected by anything placed between the attracting bodies.

The value of this constant is best determined in the physical
laboratory by the method first employed by the English scientist
Henry Cavendish about 1798. It consists in measuring the attrac-
tions of metallic balls or cylinders. Heyl’s determination at the
National Bureau of Standards in 1942 gave the value G = 6.673 X
10°% cm® sec™? g~'. Thus the attraction between gram masses 1 cm
apart is only a 15-millionth of a dyne. Although it is very feeble
between ordinary bodies, the gravitational force becomes important
between the great masses of celestial bodies. The Gaussian constant
of gravitation is much used in astronomical calculations; it is the
acceleration produced by the sun’s attraction at the earth’s mean
distance from the sun.

2. The attraction of a sphere is toward its center, as though the whole mass
were concentrated there. Because of their rotations the celestial bodies
are not spheres, but the flattening at their poles is often so small
and the intervening spaces are so great that the distances between
their centers may be used ordinarily in calculating their attractions.
The attraction of a spheroid in the direction of its equator is greater
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than that of a sphere of the same mass, and is smaller in the direction
of its poles.

3. The acceleration of the attracted body is independent of its mass. If the
force, f,, on this body is replaced by the equivalent my; in the
statement of the law of gravitation, the mass, m,, cancels out, and
the acceleration of the attracted body does not depend on its own
mass. Galileo is said to have demonstrated this fact by dropping

Gm, large and small weights from the leaning tower of Pisa. They fell

d? together, thereby discrediting the traditional idea that heavy bodies
fall faster than light ones.

The second, or attracting body, as we have chosen to consider it,
is itself attracted and has the acceleration a, = Gm,/d” in the direc-
tion of the first. In Galileo’s experiment this factor need not be
taken into account; it becomes important when the two bodies have
comparable masses. The acceleration of one body with respect to

G(my + my) the other is the sum. Thus the relative acceleration of two bodies

42 varies directly as the sum of their masses.

4. Two bodies, such as the earth and sun, mutually revolve around a common
center between them. Imagine the earth and sun joined by a stout rod.
The point of support at which the two bodies would balance is the
center of mass (or barycenter); it is the point around which they
revolve in orbits of the same shape. If the masses of the two were
equal, this point would be halfway between their centers. Because
the sun’s mass is 332,000 times as great as the earth’s mass, the
center of mass is not far from the sun’s center. The relation is:

o, + a; =

Sun’s center to center of mass _ earth’s mass
Earth’s center to center of mass ~ sun’s mass

The distance from the sun’s center to the center of mass of the
earth-sun system is therefore 1.496 X 10° km divided by 332,000
which equals 450 km, where we have taken the earth’s values to
actually be those of the earth-moon system and their barycenter.

7.22 In its original form (7.15), Kepler’s harmonic law gave a relation between

Kepler's the periods of revolution and the distances of the planets from the sun.

Third Law  As it is now derived from the law of gravitation, the relation involves
Restated  the masses of the planets as well; it is as follows:

The squares of the periods of any two planets, each multiplied by the
sum of the sun’s mass and the planet’s mass, are in the same proportion
as the cubes of their mean distances from the sun.

Consider two planets, Mars and the earth. Let m represent the mass,
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P the sidereal period of revolution of the planet, and a its mean distance
from the sun. The revised harmonic law is in this case:

_(ms + my)P°ys _ a’ys
(ms + mp)P?pg 4’ pg

The law in its original form was not far from correct, because the masses
of all the planets are so small in comparison with the sun’s mass that the
ratio of the sums of the masses is nearly unity.

Let the units of mass, time, and distance in the above relation be
respectively the sun’s mass (neglecting the inconsiderable relative mass of
the earth), the sidereal year, and the earth’s mean distance from the sun.
The denominators then disappear because their terms are all unity.
Further, in the place of Mars and the sun take any mutually revolving
bodies anywhere, denoting them by the subscripts 1 and 2. They may
be the sun and a planet, a planet and its satellite, or a double star. In
the more general form Kepler’s third law becomes:

The sum of the masses of any two mutually revolving bodies, in ferms
of the suns mass, equals the cube of their mean linear separation, in astro-
nomical units, divided by the square of their period of revolution, in years.

In this way the masses of the sun and of planets having satellites have
been determined, the masses of the second bodies of the pairs being
small enough in these cases to be neglected in comparison. The formula
does not serve for the solitary planets, such as Mercury and Pluto, nor
for the asteroids, the satellites themselves, the comets, and the meteor
swarms. Their masses become known only in case they noticeably dis-
turb the orbits of neighboring bodies.

We have noted (7.21) that two bodies, such as the earth and sun, mutually
revolve afound their center of mass, which is nearer the more massive
body, so that the less massive component has the larger orbit. It can be
shown (1) that the orbits are independent of any motion of the center of
mass, that is, of the system as a whole; (2) that the individual orbits are
the same in form, and that this is also the form of the relative orbit of one
body with respect to the other. The relative orbit is often the only one
that can be calculated; it is the one understood when one body is said
to revolve around another.

Kepler’s first law states that the orbits of the planets are ellipses.
Newton proved that the orbit of a body revolving around another in
accordance with the law of gravitation must be a conic, of which the
ellipse is an example.

a

-
m1+m2=P—122—
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7.24 The conics, or conic sections, are the ellipse, parabola, and hyperbola.
The Conics They are sections cut from a circular cone, which for this purpose is a
surface generated by one of two intersecting straight lines when it is
turned around the other as an axis, the angle between them remaining
the same.

The ellipse (eccentricity O to nearly 1) is obtained when the cutting
plane passes entirely through the cone, so that the section is closed.
When the plane passes at right angles to the axis, the eccentricity of the
ellipse is zero, and the section is a circle.

The parabola (eccentricity 1) results when the cutting plane is parallel
to an element of the cone. This curve extends an indefinite distance,
the two sides approaching parallelism. All parabolas, like all circles, have
the same form but not the same size. The orbits of many comets are
nearly parabolas.

The hyperbola (eccentricity greater than 1) is obtained when the cone
is cut at a still smaller angle with the axis. It is an open curve like the
parabola, but the directions of the two sides approach diverging straight
lines. If a star passes another and is deflected by attraction from its

Figure 7.24 original course, the orbit is hyperbolic.
The conics.

7.25 The particular conic in which a celestial body revolves is determined by

Form of the the central force and the velocity of the body in the orbit; for it is evident

Relative Orbit  that the curvature of the orbit depends on the deflection of the body in

VE = Gm, + m,) (g 1) the direction of its companion and the distance it has moved forward

’ meanwhile in the orbit. This conclusion, among others, is obtained for-

mally from the equation of energy, which is not derived here (see margin).

where V is the velocity of revolution when the two bodies are at the
distance r apart, and a is half the major axis of the resulting orbit.

It can be seen from this equation that the semimajor axis lengthens
as the velocity is greater assuming a given periapsis distance. For a
moderate speed, the orbit is an ellipse; for increasing speeds the length
and eccentricity of the orbit grow greater, until a critical speed is reached
at which the orbit becomes a parabola.

If the orbit is a circle, then a = r in the above formula, so that V?
is proportional to 1/r. If the orbit is a parabola, a is infinite and V* is
proportional to 2/r. Therefore, if the speed of a body revolving in a
circular orbit is multiplied by the square root of 2, or about 1.41, the
orbit becomes a parabola. Because the earth’s orbit is nearly circular,
the parabolic velocity at our distance from the sun is the earth’s velocity,
29.8 km a second, multiplied by 1.41, which equals 42 km a second. If
its velocity should ever become as great as this value, the earth would
depart from the sun’s vicinity. Many comets and meteors, having their
aphelion points far beyond the orbit of Neptune, cross the earth’s orbit
with speeds of this order.

r a
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These are the specifications necessary to define it uniquely and to fix the 7.2g
place of the revolving body in the orbit at any time. The elements of the
elliptical orbit of a planet, with their symbols, are the following:

&

Inclination to ecliptic, i. If the plane of the orbit is inclined to the
ecliptic plane (i denotes the numerical value of the inclination), the
line of their intersection is the line of nodes, which passes through
the sun’s position. The ascending node is the projection on the ecliptic,
from the sun, of the point at which the planet crosses the ecliptic
plane going from south to north.

. Longitude of the ascending node, Q. It is the celestial longitude of this

node as seen from the sun, that is, the angle between the line of
nodes and the direction of the vernal equinox. It fixes the orientation
of the orbit plane, and, together with the inclination, defines this
plane precisely.

Angle from the ascending node to the perihelion point, w. It is measured
from the ascending node along the orbit in the direction of the
planet’s motion, which must be specified; it gives the direction of
the major axis of the orbit with respect to the line of nodes, and
thus describes the orientation of the orbit in its plane.

The foregoing are said to be the orientation elements.

Semimajor axis, a. This element, which is also known as the planet’s
mean distance from the sun, defines the size of the orbit and, very
nearly, the period of revolution; for by Kepler's third law, P is
proportional to 4” regardless of the shape of the ellipse.

The semimajor axis is spoken of as the scale element.

. Eccentricity, e. The eccentricity of the ellipse is the ratio ¢/a, where

¢ is the sun’s distance from, the center of the ellipse (one half the
distance between the foci). These five elements define the relative
orbit uniquely.

. Time of passing perihelion, T. This element and the value of the period

of revolution permit the determination of the planet’s position in
the orbit at any time.

If the orbit is circular, the longitude of perihelion drops out; if
it is a parabola, the semimajor axis, which is then infinite, is replaced
as an element by the perihelion distance, g, which defines the size of
the parabola.

The last two elements along with the period are referred to as the
dynamical elements.

When the elements become known, the position of the planet or comet
at any time can be computed; this, combined with the earth’s position
in its orbit at that time, gives finally the apparent place of the object as
seen from the earth, its right ascension and declination. A tabulation

The Elements
of the Orbit
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Figure 7.26

The orbit of a planet. The
plane of the planet's orbit is
inclined to the plane of the
earth's orbit, represented by
the plane of the paper.

7.27
Perturbations

of such places at regular intervals, often of a day, is an ephemeris. The
astronomical almanacs give such tabulations for the sun, moon, principal
planets, and certain asteroids for each year in advance.

Thus far we have dealt with the revolution of a body around the sun
generally as though the body were acted on only by the sun’s attraction.
This is the problem of two bodies, which is solved directly and completely
in terms of the law of gravitation. However, the body is subject to the
attractions of other members of the solar system as well, so that it departs
in a complex manner from simple elliptic motion. Thus we have in
practice the problem of three or more bodies, the solution of which is more
troublesome. It is fortunate for the orderly description of the planetary
movements that the masses of the planets are small in comparison with
the sun’s mass and that their distances apart are very great. If it were
not so, the mutual disturbances of the revolving bodies would introduce
so much confusion that simple approximations, such as Kepler's laws,
would have been impossible.

Because the sun’s mass is dominant in the solar system, it is possible
to derive at first the planet’s orbit with reference to the sun alone and
then to consider the departures from simple elliptic motion that are
imposed by the attractions of other members of the system. Perturbations
are the alterations so produced. As examples, the eccentricities and
inclinations of planetary orbits fluctuate, perihelia advance, and nodes
regress. All perturbations are oscillatory in the long run, so that they
are not likely to alter permanently the general arrangement of the solar
system.
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The orbits of artificial satellites revolving near the earth are strongly
perturbed by the oblate earth, effects that are not considerably confused
with perturbations by the sun. These orbits are also perturbed by resis-
tance of the earth’s atmosphere, giving information as to the density of
the upper atmosphere at different elevations. As an example, consider
the perturbations of satellite 1957-alpha (2.9) as reported by the Smith-
sonian Astrophysical Observatory from many observed positions of the
rocket shell. The main perturbations of the orbit were:

1. Regression of the nodes, where the orbit crossed the plane of the earth’s
equator. The earth’s equatorial bulge tended to pull the satellite’s
orbit into the equator plane, thus decreasing the original 65° inclina-
tion of the orbit. This tendency was resisted by the satellite’s revo-
lution. The result was a gyroscopic westward shifting of the orbit
around the earth. The nodes regressed at the rate of 3°.1 a day,
or three complete turns in about a year. For comparison (5.11) the
nodes of the moon’s path make a complete turn around the ecliptic
in 18.6 years and the earth’s precession takes almost 26,000 years.

2. Advance of perigee. The elliptical orbit of the satellite turned in its
plane at the rate of 0°.4 a day, the perigee advancing in the direc-
tion of the revolution. The moon’s perigee advances much more
slowly.

3. The effect of air resistance was to make the satellite spiral toward the
earth, revolving faster and in an orbit of decreasing eccentricity.
L. G. Jacchia had drawn attention to semiregular fluctuations in the
decrease of the revolution periods. These he attributes to correspond-
ing variations in density of the earth’s upper atmosphere produced
by variability in intensity of short-wave solar radiations.

Events in the heavens and in the laboratory are usually represented
practically as well by the formulas of either Newton or Einstein. A few
exceptional cases are known where the predictions on the two theories
differ significantly enough to be subject to the test of observation. These
involve the presence of large masses or very high speeds. In such cases
the observational evidence supports the theory of relativity.

The first test case was the rate of rotation of the major axis of Mercury’s
orbit. The perihelion point for this planet advances eastward at the rate
of 573" a century, whereas the rate predicted by the Newtonian theory
on the basis of the attractions of other planets is 43" less. Albert Einstein
explained, in 1915, that the whole advance is predicted by the relativity
theory; and smaller similar advances in the orbits of Venus and the
earth are now known to be more accurately predicted by this theory,

A challenge to this simple explanation has been advanced by R. H.
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REVIEW QUESTIONS

Dicke who has shown that if the core of the sun is oblate and rotating
as a solid body it would explain the excess perihelion advance equally
well. Special experiments on board spacecraft orbiting the sun can settle
this problem one way or another.

At this point it is probably useful to point out that the two other
“lassical” astronomical test cases for relativistic effects are under chal-
lenge as well. The apparent outward displacement of stars from the sun’s
place in the sky (6.8) rests upon the success of an exceedingly difficult
experiment that has been, so far, far from convincing, although this impres-
sion has been somewhat changed by a study of the positions of two radio
sources as they passed near the sun (the interferometric measurements
are too new for inclusion here). The redward displacement of the lines
in the spectra of a very dense star (11.30) due to the gravitational retarda-
tion of the outward moving photon is also being challenged because of the
difficulty of measuring a real displacement in diffuse lines. At the surface
of the sun the displacement amounts to 1 A in the visible region of the
spectrum.

There are however, relativistic effects that are quite apparent, the exis-
tence of synchrotron radiation and its spectral changes as the velocities of
the particles approach the speed of light, for one, and the red shifts of
galaxies (18.25) that are greater than one, for another. Still another is the
very precise relativistic shift in the Massbauer effect. What we are trying to
point out is not that one theory is better than another, but that the theory
of relativity, which does a little better than the older Newtonian mechan-
ics, may now be supplanted by an even more sophisticated theory.

1. Give three ways to distinguish the planets from the stars.

2. How do the planets most naturally divide: for kinematical studies? for

physical studies?

3. Give the principle regularities of the solar system and the outstanding
exceptions to these.

_ What is meant by the terms: synodic period, sidereal period?

. How do the phases of the inferior planets disprove the Ptolemaic system?

. Why was Tycho unable to prove the Copernican theory?

. Weight is the local force of attraction on one body by another. The density
of Uranus and Jupiter is about the same, but Jupiter has a diameter 3
times that of Uranus. What is the ratio of weights on Jupiter compared
to Uranus?

8. While it is difficult to rank the achievements of men, would you consider
Tycho’s work more important than Kepler's?
9. What are the three classes of orbital elements?

10. In two general classes of effects the relativity theory gives results different

from Newtonian Mechanics. What are these two general classes?

N o ke
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PLANETS AND THEIR
SATELLITES

MERCURY — VENUS — MARS, THE RED PLANET —

THE ASTEROIDS — JUPITER, THE GIANT PLANET — SATURN
AND ITS RINGS — URANUS AND NEPTUNE — PLUTO —
TABLES OF THE PLANETS AND SATELLITES

Several centuries of patient study have pieced together the story of the planets.
This study began with Galileo Galilei in 1609 with the application of the tele-
scope to the moon, Venus, Saturn and Jupiter and has literally exploded during
the past 10 years with the application of radio, radar and unmanned space-
craft to planetary study. Detailed knowledge of the planets provides a severe
test for our theories on the origin of the solar system.
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Mars’ south polar cap region, from Mariner VI. (NASA photograph)
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8.1
As Evening
and Morning Star
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Figure 8.1
Mercury is most conspicuous
as evening star near its

greatest elongations in the
spring.

8.2
Viewed with
the Telescope

MERCURY

Mercury is the smallest principal planet; its diameter, 4640 kilometers, does
not greatly exceed the moon's diameter. Its surface features seem to resemble
those of the moon rather than the earth. The nearest planet to the sun,
Mercury revolves around the sun once in 88 days and rotates on its axis
in 59 days.

Mercury is occasionally visible to the naked eye for a few days near the
times of its greatest elongations, which occur about 22 days before and
after the inferior conjunctions with the sun. Because the synodic period
is only 116 days, three eastern and as many western elongations may
come in the course of a year. They are not equally favorable for two
reasons. (1) Mercury’s apparent distance from the sun at greatest elonga-
tions ranges from 28° when the planet is also at aphelion to only 18°
at perihelion. (2) Because the planet is always near the ecliptic, it is
highest in the sky at sunrise or sunset when the ecliptic is most inclined
to the horizon. This condition is fulfilled for us in middle northern
latitudes (1.19) when the vernal equinox is setting and the autumnal
equinox is rising.

For the second reason, Mercury is most likely to be visible as an evening
star near its greatest eastern elongations that occur in March and April,
and as a morning star near its greatest western elongations in September
and October. It then appears in the twilight near the horizon, at times
even a little brighter than Sirius, and twinkling like a star because of its
small size and low altitude.

The terms evening star and morning star refer most often to appearances
of inferior planets, particularly Venus, in the west after sunset and in the
east before sunrise. The terms are applied as well to superior planets
that are visible in the evening and morning sky, respectively.

Mercury shows phases, as an inferior planet should do (7.7). The phase
is full at superior conjunction, quarter near greatest elongation, and new
at inferior conjunction. The best views are likely to be obtained in the
daytime, when the planet can be observed at higher altitudes. Faint dark
blotches on the small disk, which may resemble the lunar seas, have
been discerned by experienced observers and are recorded in some
photographs. The conclusion, from these observations, that the period of
Mercury’s rotation is 88 days has proven to be erroneous. Radar studies
have shown that the true rotation period is very nearly 59 days.



The radar technique consists of transmitting and receiving a series of
radio pulses at the planet and measuring the spread in frequency in the
reflected pulses. This spread in frequency is caused by the Doppler effect
and arises from two sources, the true rotation (w;) of the planet and
an apparent rotation (w,) introduced by a perspective effect. The instan-
taneous rotation (w) giving rise to the frequency spread is the sum of the
two rotations. When pulses of a precise frequency strike a rotating body
the receding limb shifts the radiation to a lower frequency when it strikes
and is reflected and the converse for the other limb.

Figure 8.2
Apparent forward rotation of an inferior planet as it passes the earth.

Aw

The apparent rotation can best be seen with the aid of Figure 8.2.
When the limb components are resolved into their radial components one
limb appears to be approaching (or receding) faster than the other is
approaching (or receding). This apparent difference in velocity gives rise
to a spread caused by the Doppler effect and is the key to determining
the sense of the planet’s true rotation. For inferior planets the sense of
w, is always that of direct rotation and tends to zero at the planets’ elonga-
tions. Thus, if w; and w, have the same sense, that is, if w, is also direct,
the sum (w) will have a maximum as the planet goes through inferior
conjunction. This is the case with Mercury. If the rotation of the planet
would be retrograde, w; would be opposite in sign to w, and « would go
through a minimum at inferior conjunction.
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8.3
Mercury
Resembles
the Moon

8.4

Transits of
Mercury and
Venus

This planet does not greatly exceed the moon in diameter and mass and,
therefore, in surface gravity. Its low velocity of escape suggests scarcely
better success than the moon has had in retaining an atmosphere. Its
reflecting power is about as low as the moon’s, and this small efficiency
as a mirror probably has the same cause, namely, the reflection of sun-
light from a rough surface having no atmosphere around it. That the
planet is at least as mountainous as the moon is shown by the similar
great increase in its brightness as the shadows shorten between the
quarter and full phases. It is even probable that its surface is also heavily
cratered.

Since Mercury has very little or no atmosphere, its surface is subjected
to a much more intense heating by the sun. Early infrared measures by
E. Pettit and S. B. Nicholson gave an average bright side temperature of
about 610°K. Their efforts to delineate a temperature for the dark side
were unsuccessful, and a temperature near absolute zero has long been
assumed. Several investigations cast doubt upon this assumption, but
none were convincing enough until K. I. Kellermann obtained a dark
side temperature of 290°K at A 11.3 cm by measuring from full phase
to crescent phase. At the time, this result led to considerable theorizing
centered on a possible atmosphere, but as we have just seen, it can now
be explained by Mercury’s rotation. Also, the 11.3 cm measurement
integrates the disk temperature at an effective depth of about 11 cm below
the surface. Later, M. A. Kaftan-Kassim and Kellermann obtained a tem-
perature of about 210°K working at A 1.9 cm. Further, their plot of phase
against temperature showed a minimum prior to inferior conjunction
which is consistant with forward rotation of the body. This result antici-
pated the radar results discussed previously.

The inferior planets usually pass north or south of the sun at inferior
conjunction. Occasionally they fransit, or cross directly in front of the
sun, when they appear as dark dots against its disk. The additional con-
dition necessary for a transit is similar to the requirement for a solar or
lunar eclipse; it is that the sun must be near the line of nodes of the
planet’s orbit.

The sun passes the intersections of Mercury’s path with the ecliptic
on May 8 and November 10. Transits are possible only within 3 days
of the former date and within 5 days of the latter. This difference in the
limits, which is caused by the eccentricity of the planet’s orbit, makes
the November transits twice as numerous as those in May.

About 13 transits of Mercury occur in the course of a century, the
latest one, on May 7, 1970. Transits scheduled for the remainder of the
century are given on Fig 8.4B and occur on November 10, 1973, November
13, 1986, November 6, 1993, and November 15, 1999, which will be a



grazing transit. Transits of Mercury can be timed rather accurately and
have been useful for improving our knowledge of the planet’s motions.
They cannot be viewed without a telescope.

Transits of Venus are possible only within about 2 days before or
after June 7 and December 9, the dates when the sun passes the nodes
of the planet’s path. They are less frequent because the limits are nar-
rower and also because conjunctions come less often. Transits of Venus
now come in pairs having a separation of 8 years. The latest pair of
transits occurred in 1874 and 1882; the next pair is due on June 8, 2004,
and June 6, 2012. After a while there will be a long period when they
occur singly. These transits are visible without a telescope, either by
projection or by using a blackened piece of film.
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Figure 8.4A

Transit of Mercury on 9 May
1970. This excellent photo-
graph in Ha light shows
Mercury on the left central
portion of the sun. Accurate
measurements of sunspot
diameters can be made on
such occasions. (Courtesy of
H. Caulk and R. W. Hobbs,
NASA Goddard Space Flight
Center)

Figure 8.4B
Transits of Mercury, 1970~
1999.
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and Morning Star

8.5
As Evening

Figure 8.5

Changingphaseand apparent

size of Venus.

VENUS

Venus, the familiar evening and morning star, is the brightest planet. It
outshines all the other celestial bodies except the sun and moon, and near
the times of greafest brilliancy it is plainly visible to the naked eye at
midday, when the attention is directed to it. The second in order from the
sun, this planet revolves next within the earth’s orbit at the mean distance
of 108.9 million kilometers from the sun, completing its revolution once in
225 days. Its orbit is the most nearly circular among the principal planets.
Although Venus resembles the earth in size, mass, and distance from the
sun, it is quite dissimilar in its higher surface temperature, in the scarcity
of free oxygen in its atmosphere, and is different from all of the major
planets in that its rotation is retrograde.

Because the orbit of Venus is within the earth’s orbit and nearly in the
same plane with it, this planet, like Mercury, appears to oscillate to the
east and west of the sun’s position. At superior conjunction its distance
from the earth averages 260 million kilometers, or the sum of the earth’s
and its own distance from the sun. From this position Venus emerges
slowly to the east of the sun as evening star; it comes out a little higher
from night to night and sets a little later after sunset, until it reaches
greatest eastern elongation 220 days after the time of superior conjunction.

The entire westward movement to greatest western elongation is accom-
plished in 144 days. Midway, the planet passes nearly between the sun
and the earth into the morning sky. At inferior conjunction it averages
only 41 million kilometers from the earth, or the difference between the
earth’s and its own distance from the sun. This is the closest approach
of any principal planet, although some minor planets come at times still
closer to the earth. Turning eastward again after greatest western elon-

East = ————— West
""O- T
o

Conjunction



gation, Venus moves slowly back to superior conjunction, again requiring
220 days for this part of the journey. The synodic period is accordingly
584 days.

Greatest brilliancy as evening and morning star occurs about 36 days
before and after the time of inferior conjunction. On these occasions
Venus is 6 times as bright as the planet Jupiter and 15 times as bright
as Sirius, the brightest star.

As a visual object with the telescope the conspicuous feature of Venus
is its phases, first seen by Galileo, in 1610. The phase is full at superior
conjunction, quarter at greatest elongation, and new at inferior conjunc-
tion; but a thin extended crescent usually remains at the last-named
aspect, because as a rule the planet crosses a little above or below the

sun.

GREATEST GREATEST
SUPERIOR ELONGATION INFERIOR ELONGATION
CONJUNCTION EAST CONJUNCTION WEST
1970 Jan. 25 1970 Sep. 1 1970 Nov. 10 1971 Jan. 20
1971 Aug. 27 1972 Apr. 8 1972 June 17 1972 Aug. 27
1973 Apr. 9 1973 Nov. 13 1974 Jan. 23 1974 Apr. 4
1974 Nov. 6 1975 June 18 1975 Aug. 27 1975 Nov. 7
1976 June 18 1977 Jan. 24 1977 Apr. 6 1977 June 15
1978 Jan. 22 1978 Aug. 29 1978 Nov. 7 1979 Jan. 18
1979 Aug. 24 1980 Apr. 5 1980 June 15 1980 Aug. 24
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8.6

Through the
Telescope;
the Phases

TABLE 8.1
Configuration of
Venus, 1970-1980

Figure 8.6

Venus near the quarter phase.
In violet light (left) and red
light (right). (Photographs,
April 8, 1950, by Gerard P.
Kuiper, McDonald Observa-
tory)
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Unlike the moon, which is brightest at the full phase, Venus attains
greatest brilliancy in our skies when its phase resembles that of the
moon 2 days before the first quarter. At the full phase the planet’s appar-
ent diameter is 10”; at the new phase it is more than 6 times as great,
because the distance from the earth is then reduced to about one sixth
the former value. The increasing apparent size more than offsets the
diminishing fraction of the disk in the sunlight, until the crescent phase
is reached. At greatest brilliancy the crescent sends us 2% times as much
light as does the smaller, fully illuminated disk.

The physical diameter has been measured in many ways: micrometer
measures, timing of transits, and radar. The micrometer measurements
are difficult because it is difficult to delineate the true limb of the planet.
The transit measures yield a radius of 6065 km, while the best radar
value is 6,050 km. Because of the directness of the radar technique, we
prefer the latter value.

8.7 The planet’s surface is totally obscured by clouds although occasional
The Atmosphere  streaks in the clouds can be seen through the telescope. As a result the
and Surface  rotation period of Venus can not be directly determined. V. M. Slipher,
on the basis of his spectroscopic observations, maintained that its rota-
tion was very slow and could even be retrograde, but others set the
period from 30 days down to a day in the direct sense. Radar studies

have settled this problem following the method explained in 8.2.
Radar studies give a period of 243 days, thus the rotation is retro-
grade. These results had been anticipated from temperature studies by
F. D. Drake whose work at A 10 cm showed the dark side temperature
reached a minimum of about 580°K after inferior conjunction. This was
confirmed by C. H. Mayer and his colleagues working at A 3 cm giving a
dark side temperature of 550°K. The spacecraft Venera 4 made a direct
measurement on the ground, which gave 544°K. Thus we must conclude

that any water on Venus is in the vapor form.

Fortunately, the same spacecraft sampled the primary constituents and

P ﬁrl:?fr:;'il:r;‘f» days retrograde) water proves to be very scarce, certainly less than 1% (only 10" that
* K of the earth) in agreement with the microwave studies mentioned above
.'. - since even a small amount of water vapor would absorb the radiation.

. » Carbon dioxide, as anticipated from ground based studies makes up 90%

.'. -__ﬂ!'/g;;“;m’“ius of the Cyrinthean atfnosphere, nitrogen 7% fmd oxygen about 1%. ;

ST g e Venera 4 and Mariner V reveal that there is a very small or no magnetic

== e

il S R TR T field. Thus energetic particles from the sun and intergalactic space freel
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penetrate the atmosphere. This gives rise to a very thin ionosphere which
Venus Radar Rotation Curve was measured by these two spacecraft and by Mariner II several years




MARS, THE RED PLANET

earlier. From these studies we conclude that the surface and atmosphere
are not very hospitable to terrestrial beings.

There is a discrepancy between the two spacecraft concerning the sur-
face temperature and pressure. An analysis of simultaneous radar and
Mariner V data yields a surface temperature of 700°K and a surface pres-
sure of 100 atmospheres, in contrast to the Venera 4 values of 544°K
and 22 atmospheres. The discrepancy can only be reconciled by assuming
that Venera 4 deployed its lander at twice the programmed altitude. If
this is so, then there is excellent agreement with the temperatures deduced
from the Mariner II data.

Precision studies of the radar scattering of Venus done by R, M. Gold-
stein and R. L. Carpenter revealed surface features confirming the retro-
grade rotation and giving a very accurate rotation period. Venus has several
large areas that give a high backscattering and are thus not smooth, even
probably highlands. The survey shows numerous small bright spots along
with broad areas of low backscattering. The latter, dark to radar, must be
relatively smooth, undulating surfaces, not unlike the moon’s maria which
present low backscattering to radar also.

MARS, THE RED PLANET

Mars is next in order beyond the earth. This red planet revolves around
the sun once in 687 days and rofates on its axis once in 24" 37™, Its
diameter is about 6760 Km, or slightly more than half the earth’s diameter.
Viewed with the telescope its surface exhibits a variety of markings.

The persistent idea that Mars contains certain forms of life has made this
planet an object of special interest, particularly at its closest approaches

to the earth,

As a superior planet, Mars is best situated for observation when it is
opposite the sun’s place in the sky; it is then nearer us than usual and
is visible through most of the night. Because of the considerable eccen-
tricity, 0.09, of its orbit, Mars varies greatly in its distance from the earth
at the different oppositions. The distance exceeds 97 million kilometers
when the planet is near its aphelion, and may be slightly less than 56
million kilometers at the favorable oppositions, when it is also near its

8.8
Oppositions
of Mars
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1975 Orbit of Mg rs

Figure 8.8
Varying distances of Mars from the earth at oppositions between 1954 and 1971, show-
ing the favorable oppositions of 1956 and 1971.

perihelion. Oppositions of Mars recur at intervals of the synodic period,
which averages 780 days, or about 50 days longer than 2 years. Thus
they come in alternate years and each time about 50 days later than
before.

Favorable oppositions occur at intervals of 15 or 17 years, usually in
August or September, because on August 28 the earth has the same helio-
centric longitude as the perihelion of Mars. On these favorable occasions
Mars appears brighter in our skies than any other planet except Venus.
It may then attain an apparent diameter of 25", so that a magnification
of only 75 times makes it appear with the telescope as large as the moon
does to the unaided eye. Much of our knowledge of Mars has been gained
around the times of the favorable oppositions. The dates of oppositions
of Mars from the favorable opposition of 1971 to 1999 are given in
Table 8.II. After the opposition of 1971, a pair about equally favorable
will occur in 1986 and 1988.
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NEAREST MILLIONS TABLE &.l1
YEAR OPPOSITION EARTH OF KM DIAMETER MAGNITUDE Oppositions of Mars

43 Lk 1971-1999
1971 Aug. 10 Aug. 12 56.3 2419 =06
1973 Oct. 24 Oct. 17 65.2 21.4 —2.2
1975 Dec. 15 Dec. 9 84.5 16.5 —1.5
1978 Jan. 22 Jan. 19 97.7 14.3 —1.0
1980 Feb. 25 Feb. 26 100.7 13.8 —0.9
1982 March31 April 5 95.1 14.7 —1.1
- 1984 May 11 May 19 79.7 17.6 -1.6
1986 July 10 July 16 60.5 a0 - g3
1988 Sept. 22 Sept. 22 589 288 —2.5
- 1990 Nov. 27 Nov. 20 77.4 18.1 : —-1.7
- 1993 Jan. 8 Jan. 3 93.7 14.9 —1.2
1995 Feb. 12 Feb. 11 101.2 13.8 —0.9
1997 Marchi17 March20 98.6 14.2 —1.0
1999 April 29 May 1 86.6 16.2 —1.4

Abstracted from material furnished by Dr. R. Duncombe, U. S. Naval Observatory

Viewed with the telescope in ordinary conditions, Mars is likely to be 8.9
disappointing even when it is nearest us. The finer markings of its surface Mars Through
are often blurred by turbulence of our air and are also frequently dimmed the Telescope
by haze in the atmosphere of the planet itself. On rare occasions, when
our air is unusually steady and the planet’s atmosphere has cleared for
a time, the surface features of Mars become surprisingly distinct with
telescopes of only moderate size. (Plate II)

The white polar caps are the most conspicuous visual features; they
are areas covered with snow to a thickness perhaps not exceeding several

Figure 8.9A

Seasonal changes in the south polar cap of Mars, observed in spring (left) and in
summer (right). The pictures were taken on July 4, 1954 and August 23, 1956 re-
spectively. (Lowell Observatory photographs)
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Figure 8.9B
Mars' south polar cap region, from Mariner VII. (NVASA photograph)

centimeters on the average although drifts several meters deep occur. The
snow appears to be of carbon dioxide instead of water.

Each snow cap is deposited in a large area around the pole during the
winter season of its hemisphere. It shrinks with the approach of summer,
and sometimes in its retreat toward the pole it leaves behind one or more
white spots isolated for a time as though on the summit or colder slope
of a hill. A cap normally forms under an atmospheric veil, but its dis-
appearance can usually be followed without obstruction by haze or clouds.

Three fifths of the surface of Mars has a reddish hue that accounts
for the ruddy glow of the planet in our skies. These brighter areas are
desert expanses, the source of dust storms that obscure the darker mark-
ings. From their effect on the sunlight they reflect, the red areas are
identified by Dollfus with pulverized limonite, the hydrated ferrous oxide.
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The dark areas, originally supposed to be water areas, have been named
seas, lakes, bogs, canals, and so on; and these designations have survived,
like the lunar “seas.”

The nomenclature of Mars was revised by the International Astro-
nomical Union in 1958. The number of proper names for the large regions
is reduced to 128, which are generally the same as before. Small details
are designated in the revision only by their approximate Martian longi-
tudes and latitudes. The official list of names and the maps for identifying
the various features are shown in Sky and Telescope for November 1958.

One of the most controversial aspects of telescopic studies of Mars
has been the existence of “canals.” These were first reported in 1877 by
G. V. Schiaparelli and have been seen and studied by many observers
since, but especially by Percival Lowell. Recent observations (8.12) indi-
cate that the markings observed must be related more to climatic condi-
tions than to linear markings. Since their visibility correlates with the
seasonal variations they may actually delineate mountain ranges whose
relief is enhanced by a thin deposit of hoar frost on one flank of the
range.

The period of rotation is about 24" 37™. The rotation of Mars has the same
direction as the earth’s rotation, and its period so nearly equals the earth’s
period that at the same hour from day to day almost the same face of
the planet is presented to us, except that everything has stepped back-
ward 10°. Thus the markings pass slowly in review, completing their
apparent backward turning in about 38 days.

The inclination of the planet’s equator to the plane of its orbit is nearly
the same as the angle between the earth’s equator and the ecliptic plane.
The orientation of the axis differs at present about 90° from that of the
earth; its northern end is directed toward the neighborhood of the star
Alpha Cephei, not far from the position our own north celestial pole will
have 6000 years hence.

Mars presents its poles alternately to the sun in the same way that the
earth does, because of the similarity of its axial tilt. The seasons resemble
ours geometrically, although they are nearly twice as long as ours. The
winter solstice of Mars occurs when the planet has the same heliocentric
longitude that the earth has about September 10 and not long after the
time of its perihelion, when Mars has the same direction from the sun
that the earth has on August 28. Summer in its southern hemisphere is
therefore warmer than the northern summer, which comes when the
planet is near the aphelion point in its orbit, and its southern winters
are colder than the northern ones. For the same reason, the earth’s
southern hemisphere would have the greater seasonal range in tempera-
ture if there were no compensating factor (2.33).

8.10
Rotation
of Mars

8.11
The Seasons
of Mars
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8.12
Mar's Surface

Although the whole variation in our distance from the sun is only 3
per cent, Mars in its more eccentric orbit is 20 per cent, or more than
42 million kilometers, farther from the sun at aphelion than at perihelion.
The seasonal difference in the two hemispheres is noticeable. The south
polar cap attains an area of the order of ten million square km and the
northern cap about 8 million. It is the south polar cap that is toward the
earth at the favorable oppositions, and this is accordingly the one that
more often appears in photographs. Changes in features other than the
polar caps are observed as well.

With the shrinking of each polar cap the region around the cap dark-
ens, and the darkening gradually extends as far as the equator. The dark
areas become more distinct and some of them take on a greenish hue.
As summer progresses in that hemisphere, the markings fade. The times
of the Martian year when the dark markings change in intensity and
color are such as would be expected if the changes are caused by the
growth and decline of vegetation. Kuiper's studies of sunlight reflected
from the green areas seem to rule out familiar seed plants and ferns. They
might be compatible with the presence of something like our lichens and
hardy mosses, appearing sporadically in lava basins otherwise like those
of the lunar maria.

The remarkable spacecraft Mariner IV after a historic journey, tape
recorded 11 pairs of close up photographs as it swung past the planet
and then transmitted them back to earth. The photographs revealed a
surface heavily cratered like the surface of the moon. R. Baldwin in the
1950’s hypothesized that this should be the case. Counts of craters as
a function of size are in close agreement with similar counts on the
moon. Also, many craters show a characteristic central peak which leads
one to suspect that the origin is identical on both bodies. Age estimates
based on the photographs give a value of approximately 3 X 10? years.

Figure 8.12

Mars from the approaching Mariner VII, showing the planet's features and per-
ceptible rotation. Time interval between the two exposures: 42 minutes. (NASA photo-
graph)
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Mars, like Venus, is a dry planet essentially devoid of life. The notion
persists that elementary living organisms thrive on Mars and in its
atmosphere. Mariner IV failed to observe a magnetic field (<3 X 10°*
that of the earth) and hence protection for these primitive organisms from
ultraviolet and particle radiation is lacking.

An even more exciting feat was performed by the spacecraft Mariner VI
and VIL The two spacecraft were launched within two weeks of each other
and performed flawlessly in achieving their goal of photographing Mars
from a distance and close up. Their photographs (Figure 8.12) confirmed
the Mariner IV results, provided great detail of the south polar cap (Fig.
8.9B) and removed all doubt that non-accidental linear markings exist
on Mars. The canali had to be mental constructs due to the poor reso-
lution of earth-based telescopes. Large craters and even concentrically
ringed craters of the Mare Oriental type were photographed.

The hazy atmosphere of Mars itself affects the view of the planet’s sur-
face. The haze is sometimes so thick that the surface markings become
indistinct even in the red photographs. Kuiper concludes that the haze
is caused by ice crystals and resembles the cirrus clouds of our own
atmosphere. The haze is partly dissipated where the air of the planet is
warmer; it is condensed into visible clouds where the air is colder. Thus
the blue photographs show white clouds over the polar regions, and they
also reveal small clouds forming near the sunset line and disintegrating
near the sunrise line. Clouds of yellow dust from the deserts sometimes
add to the indistinctness of the view.

These yellow and white clouds form at extremely high altitudes which
makes them quite visible. Mars” low surface gravity is responsible for
this. The surface pressure on Mars is only about 1.5% that on the earth,
but at an altitude of 50 kilometers the density of Mars’ atmosphere ex-
ceeds that of the earth’s and consequently supports clouds at very high
altitudes. By the same token, Mars” ionosphere, caused by solar radiation,
must be proportionately higher than that of the earth and this has been
confirmed by Mariner spacecraft observations.

8.13
Mar's
Atmosphere

Figure 8.13
Mars through its hazy and
clearer atmospheres. Photo-
graphed on May 28 and June
21,1969. (Lowell Observatory
photograph)
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8.14
The Climate
of Mars

8.15
The Satellites
of Mars

At times the haze clears rapidly over a large area of the planet; it
cleared near the oppositions of 1909, 1924, and 1941, but disappointed
the observers by failing to do so at the otherwise favorable opposition
of 1956. The 1969 photographs in Fig. 8.13 were both taken in yellow
light only 24 days apart. We note the cloud above the polar cap in the
veiled view at the left and how much more distinctly the Syrtis Major
and other surface markings appear through the clearer atmosphere in
the view at the right.

The atmosphere of Mars is considerably rarer than ours. The low reflect-
ing power, 0.15, of the planet and the relative distinctness of the surface
markings lead to this conclusion, while the low velocity of escape, 5 km
a second, gives a reason for it. The chief constituent of the atmosphere
is probably nitrogen, which is not expected to show in the spectrum.
Kuiper finds that carbon dioxide is twice as abundant as in our atmos-
phere. He estimates that free oxygen must be less than 1 per cent and
water vapor only a tenth of 1 per cent of our supply.

The surface temperature of Mars rises in the tropics at times above
the ordinary freezing point of water, as radiometric measures show. The
mean temperature for the entire surface is minus 50°C, compared with
15°C above zero for the earth. Mars is generally a cold desert expanse;
its average climate might be approached by our bleakest desert if it could
be raised into the stratosphere. Nevertheless, scientists have believed that
the dark markings with their seasonal changes might be areas of very
hardy vegetation.

Mars’ satellites were discovered at the favorable opposition of 1877 by
Asaph Hall at the Naval Observatory, who named them Phobos and
Deimos (Fear and Panic, the companions of Mars). They are very small,
probably not exceeding 10 miles in diameter, and are so near the planet
as to be invisible except with large telescopes at favorable times. Their
color, as measured photoelectrically by Kuiper, is nearly neutral gray,
not yellowish like moonlight.

Phobos, the inner satellite, revolves at the distance of 9280 kilometers
from the center of Mars and 5900 kilometers from its surface. It com-
pletes a sidereal revolution in only 7" 39™, a period less than one third
of the period of the planet’s rotation in the same direction. As viewed
from the planet it rises in the west and sets in the east. No other known
satellite in the solar system revolves in a shorter interval than the rota-
tion period of its primary.

The distance of Deimos from the center of Mars is 23360 kilometers
and its period of revolution is 30" 18™. It is smaller than the inner satellite
and only a third as bright. One recent study of the periods suggested



that the satellites were spiralling in toward the planet. This raised con-
siderable speculation that they were artificial objects. Extensive study by
D. Pascu fails to reveal any such changes.

More than 100 years before the discovery of these satellites, Voltaire
mentions them in the story of Micromegas; and Swift's Gulliver, in re-
porting the scientific achievements of the Laputans, refers to their obser-
vations of two satellites of Mars, “whereof the innermost is distant from
the center of the planet exactly three of his diameters, and the outermost
five; the former revolves in the space of ten hours, and the latter in
twenty-one and a half.”

THE ASTEROIDS

The asteroids, or minor planets, are the thousands of small bodies which
revolve around the sun mainly between the orbits of Mars and Jupiter.

The term “asteroid” (starlike) describes the appearance of almost all of them
with the telescope. With the single exception of Vesta they are invisible

to the naked eye. Ceres, the largest asteroid, is 768 kilometers in diameter.
The majority are less than 80 kilometers and some are known to be
scarcely a mile in diameter. The combined mass of all the asteroids is
probably not greater than 5 per cent of the moon's mass.

Many asteroids have irregular forms, as shown by their periodic fluctu-
ations in brightness in their rotations. This suggests that some smaller
asteroids may be fragments of larger ones and that larger ones may have
been chipped by collisions.

Ceres, the first known asteroid, was discovered accidentally by G. Piazzi
in Sicily, on the first evening of the 19th century, because of its motion
among the stars he was observing. It proved to be a minor planet revolv-
ing around the sun at a mean distance 2.8 times the earth’s distance.
This was the planet for which some other astronomers were searching
because it seemed to be required by the Titius-Bode Relation (7.5). A
second asteroid, Pallas, was found in the following year by an observer
who was looking for Ceres; and this discovery promoted the search for
others.

THE ASTEROIDS

8.16
Discovery of
the Asteroids
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Figure 8.16A
Trails of three asteroids.
(Photographed at Kénigstuhl-
Heidelberg)

Figure 8.16B
Recovery of the minor planet
1322, Copernicus. The round
image in the center is the
minor planet. The star images
are trailed. (Photograph by
Frank K. Edmondson, Goethe
Link Observatory)

The search was carried out visually for nearly a century. The observer
at the telescope compared the stars in a region of the sky with a chart
previously made of the region. If an uncharted star was seen, it was
watched hopefully for movement among the stars that would reveal its
planetary character. By this slow procedure, 322 asteroids had been dis-
covered by 1891, when Max Wolf at Heidelberg was the first to apply
photography in the search. In this modern method a time exposure of
an hour or so is made with a wide-angle telescope. A fast-moving asteroid
appears as a trail among the stars in the developed negative.

Hundreds of asteroids are now picked up each year in celestial photo-
graphs, often in the course of other investigations, and most of them
are not observed thereafter. F. K. Edmondson and associates at the Goethe
Link Observatory, Indiana University, have recovered many asteroids that
might otherwise have been lost. Their procedure has been to shift the
10-inch Cooke telescope to follow the expected motion of the object



during each exposure. In their photographs the stars appear as short
trails and the asteroids as points (Fig. 8. 16B), thus permitting the re-
covery of objects too faint to be detected if they were allowed to trail.
Asteroids are designated by a circle with a number inside it. The number
is usually the order in which it was discovered. Thus, Danae was the
sixty-first asteroid discovered and is designated as .

When its orbit has been reliably determined, an asteroid receives a per-
manent running number and a name that is less often used unless the
object has unusual interest. The numbered asteroids exceed 1600. New
asteroids, as their discoveries are reported, are given temporary designa-
tions by the central bureau under the direction of Paul Herget at Cincin-
nati Observatory.

The orbits have more variety than those of the principal planets.
Although the majority are not far from circular and only slightly in-
clined to the ecliptic, some depart considerably from the circular form
and are not confined within the bounds of the zodiac. As an extreme
case, the orbit of Hidalgo has an eccentricity of 0.66 and is inclined 43°
to the ecliptic; its aphelion point is as far away as Saturn. The revolutions
of all asteroids are direct. The periods are mainly between 3% and 6 years.

The asteroid orbits are not distributed at random through the region
between the orbits of Mars and Jupiter. There are gaps in the neighbor-
hoods of distances from the sun where the periods of revolution would
be simple fractions, particularly one third, two fifths, and one half, of
Jupiter’s period. The avoidance of these distances, first announced, in
1866, by Kirkwood at Indiana University, is ascribed to frequent recur-
rences there of disturbances by Jupiter.

There are accumulations instead of gaps, however, at distances where
the fractions are not far from unity. The situation is especially interesting
where the period of revolution of asteroids is the same as Jupiter’s period.

Long ago, the mathematician J. L. Lagrange discovered a particular solu-
tion of the problem of 3 bodies and concluded that when the bodies occupy
the vertices of an equilateral triangle the configuration may be stable.
Although no celestial example was then known, he took as a hypothetical
case a small body moving around the sun in such a way that its distances
from Jupiter and the sun remained equal to the distance separating those
two bodies. If the small body is disturbed, it will oscillate around its
vertex of the triangle.

More than a dozen asteroids are examples of this special case. Achilles
was the first of these to be discovered, in 1906. Named after the Homeric
heroes of the Trojan War, they are known as the Trojan group. In their
revolutions around the sun they oscillate about two points east and west
of Jupiter, which are equally distant from that planet and the sun.

THE ASTEROIDS

8.17
The Orbits of
the Asteroids

8.18
The Trojan
Asteroids
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8.19
Asteroids that
Pass Near Us

Figure 8.19
Orbits of four unusual aster-
oids. Broken lines represent
the parts of the orbits south
of the plane of the ecliptic.
(Adapted from a diagram by
Dirk Brouwer)

Several asteroids are known to come within the orbit of Mars and to
pass nearer the earth’s orbit than does any one of the principal planets.
Some of these come in closer to the sun than the earth’s distance. They
are generally very small and are faint even when they are passing nearest
us. The chance of discovering them as they speed by is so slight as to
suggest that they are numerous.

Eros, discovered in 1898, is 168.9 million kilometers from the sun at
its perihelion. Its least distance from the earth’s orbit, also near the
perihelion point, is less than 22.4 million kilometers. The most favorable
oppositions of this 24-km asteroid are infrequent; the latest occurred in
1931, providing data for a re-examination of the value of the astronomi-
cal unit (7.16). The next close approach will come in 1975. Eros held the
distinction of being the most neighborly of the planets until the discovery
of Amor, in 1932. This asteroid comes to perihelion 16 million kilometers
outside the earth’s orbit.

Apollo, also discovered in 1932, has its perihelion inside the orbit of
Venus and passed within 4.8 million kilometers of our orbit. Adonis, dis-
covered in 1936, has its perihelion slightly farther than Mercury’s mean
distance from the sun; it passed about 1.6 million kilometers from the
orbits of Venus, the earth, and Mars. Hermes, discovered in 1937, may
have come even nearer the earth than did the other two. These three
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asteroids are about 1.6 kilometers in diameter. They were visible for
such short intervals that their orbits were not very reliably determined.
There is small chance of their being sighted again.

More recently, photographs by C. D. Shane and C. A. Wirtanen with
the 20-inch astrographic camera at Lick Observatory revealed the long
trails of other asteroids near the earth. In 1949, Walter Baade noticed a
long trail in a photograph with the 48-inch Schmidt telescope; it proved
to be the trace of the only known asteroid that crosses inside Mercury’s
orbit. Named Icarus, this object comes at its perihelion less than 32 million
kilometers from the sun.

Many asteroids have irregular shapes, so that they fluctuate periodically 8.20
in brightness as they rotate and present varying cross sections for the Irregular Shapes
reflection of sunlight to us. Eros is an example. Its brightness alternately Oof Asteroids
increases for 79 minutes and then diminishes during an equal interval.
The amplitude of the fluctuation varies conspicuously. At times the great-
est brightness is three times the least; at other times the difference is
slight.

The explanation is that Eros is shaped roughly like a brick 23 kilo-
meters in length and 8 kilometers in width and thickness. It rotates on
an axis through the middle of the brick from top to bottom, once around
in 5" 16™. When its edge is toward us, the asteroid presents its larger
sides and smaller ends in turn, becoming brighter and fainter in the

§ > : s S 5 Figure 8.20

sunlight twice during each rotation. When Eros is in another part of its Light curve of Danae (Aster-
orbit where its top or bottom are more nearly toward us, its variation oid (61). The almost regular
in brightness as it rotates is considerably less. repetition of the light varia-

Photoelectric studies of representative asteroids by G. P. Kuiper and tionsindicates a roughly sym-
associates, mainly with the McDonald 82-inch telescope, have shown that ™Metrical object, but clearly

% 3 A z . not a spherical one. (Adapted

over 90 per cent of the asteroids are variable in brightness. The rotation fom Astiogheion) Journel
periods range from 2" 52™ to 20 hours. The rotation axes appear to have o, 137, by permission. Ob-
random orientation. At least one asteroid, Eunomia, has retrograde rota- gervations by H. J. Wood Il
tion with its equator only slightly inclined to the ecliptic. and G. P. Kuiper)
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8.21
Jupiter's
Cloud Markings

Their irregular shapes suggest that the majority of asteroids are frag-
ments resulting from collisions of larger bodies or have been nicked by
collisions. Many fragments could have been thrown into orbits of higher
eccentricity and inclination to the ecliptic than those of the bodies before
collision. Some might then pass close to the earth and might even collide
with the earth. Thus many meteorites may well be fragments of asteroids.

JUPITER, THE GIANT PLANET

Jupiter is the largest planet and is more massive than all the others
combined. It is brighter in our skies than any other planet except Venus and
occasionally Mars. At somewhat more than 5 times the earth’s distance from
the sun, it revolves in a period of nearly 12 years, so that from year to

year it moves eastward among the stars through one constellation of the
zodiac. Jupiter's banded disk and 4 bright satellites are easily visible

with a small telescope. It has 12 known satellites in all, the largest

number for any planet.

Viewed with a large telescope, Jupiter exhibits a variety of changing detail
and color in its cloudy atmosphere. Brown bands parallel to the planet’s
equator appear on a yellowish background. The banded structure is asso-
ciated with the rapid rotation. Jupiter’s rotation is direct and its period
is less than 10 hours, which is the shortest for all the principal planets;
the speed of the rotation at the equator exceeds 40,000 km per hour.

Irregular cloud markings and bright and dark spots break the continuity
of the bands. Some are short-lived and change noticeably from day to
day, suggesting considerable turmoil beneath the cloud levels. Other spots
persist for a very long time. Especially remarkable in this respect is the
Great Red Spot, which has been visible for at least a century. This elliptical
brick-red spot has been as long as 48,000 kilometers and as wide as 13,000
km. It drifts about like a solid floating in the near liquid lower atmosphere.
(Plate 1II)

The positions of many markings vary as well as their forms, so that
the rotation periods determined from two spots are not likely to agree
precisely. A bright spot in a latitude somewhat south of the Great Spot
has a period of rotation 20 seconds the shorter of the two; it drifts by
the Spot and gains a lap on it in about 2 years.
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Our understanding of the physical status of the planet is based mainly
on observed features at and above the level of the obscuring clouds. The
temperature at this level is —130°C as determined by the radiometric
measures. It is slightly greater than the temperature that would be ex-
pected from heating only by radiation from the distant sun.

The light we receive from Jupiter is sunlight that has been reflected
by the planet’s clouds and has passed through the small amount of its
atmosphere above the cloud level. The spectrum of this light is the solar
spectrum with additional molecular bands of methane and ammonia, and
fine traces of molecular hydrogen. No other molecules or elements have
been reported. Methane is gaseous at this low temperature; its ordinary
boiling point is —162°C. Ammonia freezes at —78°C; this constituent
must be present as crystals, which partly sublime in the feeble sunlight.
Methane and ammonia are among the impurities in Jupiter’s atmosphere,
which like the sun must be composed mainly of hydrogen and helium.

Radiation from Jupiter in the radio wavelengths was first noticed by
B. Burke and K. Franklin, and is of three observed types: (1) thermal
emission consistent with the temperature already stated; (2) nonthermal
emission that issues in short blasts from the planet’s ionosphere; (3) non-
thermal emission of a different type, which is weak and only at micro-
wave frequencies. It is believed to come from an equivalent of the ter-
restrial Van Allen belt. This radiation belt is presumably more extensive
and the accompanying magnetic field is stronger than are those of the
earth (2.7).

It is interesting to note that the nonthermal emission that issues
as bursts is apparently related to the positions of the satellites, especially
lo (Galilean satellite I). It seems almost 100% certain that bursts will
occur when Jupiter's magnetic pole sweeps past lo and this body is in
the proper position. Additional burst-like activity may be correlated with
the solar cycle and solar flares.

Conditions below the cloud level of Jupiter are derived somewhat
imperfectly by analysis from observed data about the planet as a whole.
Wildt has remarked that the study of the internal structure of a cold
planet presents many more difficulties than does the analysis of the
interior of a star.

8.22
The Constitution
of Jupiter

Figure 8.22

Near infrared spectra of
Saturn (upper band) and
Jupiter (lower). The dark
lines of ammonia (arrow) are
stronger in Jupiter's spec-
trum. (Photograph by Theo-
dore Dunham, the Hale Ob-
servatories)
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8.23
The Interior
of Jupiter

Figure 8.23
Jupiter in violet light (left)
and infrared light (right).

Notice the difference in the
apparent diameter of the

planet as seen in the two
spectral regions. (Lick Ob-
servatory photographs)
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The amount of the bulging of Jupiter’s equator provides one clue to con-
ditions in the interior. With its swift rotation the planet would be even
more oblate than is observed if its mass were not highly concentrated
toward its center. Other indications of what is hidden beneath the clouds
are the low temperature and low average density, about 1.3 times the
density of water, of the whole planet, which requires very light material
in the outer parts.

Hydrogen is the predominant chemical constituent in recent theoretical
models of Jupiter designed by R. Wildt, W. C. DeMarcus, and others.
Conditions in the interior are considered highly uncertain. The com-
pression below the cloud levels must eventually reach a critical value
where there is no distinction between the gaseous and liquid states. At
an undetermined distance below this level even the hydrogen should be
converted to a solid state. The conclusion is that Jupiter has little resem-
blance to the earth. Indeed, some astronomers believe that Jupiter was
an incipient star and only the presence of numerous other planets in
similar nearly circular orbits kept it from being so. We will examine
these views more carefully in Chapter 16.

Jupiter has a magnetic dipole field revealed by the nonthermal syn-
chrotron emission. A detailed study shows that the magnetic axis is quite
displaced from the center of the planet and tilted with respect to the
axis of rotation as well. We refer to such an object as an “oblique rotator”
and we will encounter this situation in the stars later.
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Jupiter’s 12 known satellites are sharply divided into three groups: the
inner satellites and the two groups of outer satellites. The 5 inner satel-
lites have direct revolutions in orbits that are nearly circular and nearly
in the plane of the planet’s equator. Four of these are bright enough to
be readily visible with a small telescope.

The four bright satellites were discovered by Galileo on January 7, 1610.
They were independently discovered the following evening by the German
astronomer Marius who gave them their names. They are generally desig-
nated, however, by numbers in order of their distances from the planet.

The 1st and 2nd satellites are about as large as the moon. The 3rd and
4th are 50 per cent greater in diameter; they are the largest of all satellites
and are comparable in size with the planet Mercury. Spectrometer trac-
ings in the infrared suggest that the 2nd and 3rd satellites may be covered
with snow. At their greater distance from the sun the combined light of
all four upon Jupiter is not more than 30 per cent of the light of the full
moon on the earth. Their periods of rotation and revolution are the same.
After the four bright ones, the numbering of the other satellites is in
order of their discovery. The Sth satellite differs from the others of its
group in its small size. Nearest of all to the planet and more difficult to
observe on this account, it is the swiftest of all satellites, revolving at the
rate of 1600 kilometers a minute.

8.24
The Inner
Satellites

Figure 8.24

Jupiter and its four bright
satellites. The lower photo-
graph was taken four hours
later than the upper one.
(Official Navy photographs of
D. Pascu)
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Figure 8.25

Orbits of Jupiter's satellites,
showing marked changes in
two orbits during a single
revolution. (Diagram by Seth
B. Nicholson)

8.25
The Outer
Satellites
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The orbits of the outer satellites show considerable eccentricity and incli-
nation to the ecliptic. All seven are small and very faint. They were dis-
covered photographically, the latest one by S. B. Nicholson in 1951; he
remarks that the 12th satellite is slightly fainter than the 10th, which
itself is not brighter than the light of a candle at the distance of 4800
kilometers. The 6th satellite is the only outer one that would be visible
from Jupiter without a telescope.

These satellites are in two groups. One group contains the 6th, 7th,
and 10th satellites, which have direct revolutions at the average distance
of a little more than 11 million kilometers from the planet, and in periods
around 260 days. The outer group contains the 8th, 9th, 11th, and 12th
satellites. These have retrograde revolutions at the average distance of
about 22 million kilometers and in periods around 700 days; they are
the most distant of all satellites from their primaries. Jupiter’s control over
these remote satellites is disputed by the sun, which by its attraction
greatly disturbs their orbits.
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Data on the outer satellites (see Appendix Table 2 at the end of this
book) are as given by Nicholson. The order of mean distance of the outer-
most four from the planet, as he points out, is subject to change in a few
years by perturbations by the sun. The diameters of the faint satellites are
estimated from their brightness, and the values he considers perhaps
somewhat too great.

The orbits of the four bright satellites are always presented nearly edge-
wise to us. As these satellites revolve around Jupiter, they accordingly
appear to move back and forth in nearly the same straight line. The for-
ward movement takes them behind the planet and through its shadow,
although the 4th satellite often clears both; the backward movement
takes them in front of the planet, when their shadows are cast upon its
disk. These occultations, eclipses, transits, and shadow transits add interest
to observations of Jupiter with the telescope. The times of their frequent
occurrences are predicted in some of the astronomical almanacs,

Figure 8.26A
Phenomena of Jupiter's satellites as observed from the earth after Jupiter's opposition.
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Figure 8.26B

Transit of Jupiter’s tenth satellite. The shadow is clearly visible on both photographs,
the satellite, only in the right one, shortly after having ended its transit. Notice also the
rotation of the red spot. Time interval between exposures: 36 minutes. (Lowell Observa-
tory photograph)

8.26

Eclipses and
Transits of the
Bright Satellites

223



224

PLANETS AND THEIR SATELLITES

8.27
The Constitution
of Saturn

8.28
Saturn’s Rings

SATURN AND ITS RINGS

Saturn is the most distant of the bright planets from the sun and was the
most remote planet known to early astronomers. At nearly twice the distance
of Jupiter, it revolves around the sun in a period of 29%2 years, This

planet ranks second to Jupiter in size, mass, and number of known satellites.
Saturn has the least mean density and the greatest oblateness of any prin-
cipal planet. It is unique in the possession of a system of rings that encircle
the planet and make it one of the most impressive of celestial objects viewed
with the telescope.

Saturn resembles Jupiter in many respects. The atmospheric markings are
likewise arranged in bands, which are here more regular and less distinct.
A broad vyellowish band overlies the equator, and greenish caps surround
the poles. The absorption of ammonia in the spectrum is much weaker,
while that of methane is stronger than in Jupiter’s spectrum. At the lower
temperature of —150°C at the cloud levels of Saturn the ammonia gas is
more nearly frozen out, so that the sunlight analyzed in the spectrum has
penetrated farther down through the methane of the planet’s atmosphere.
Nonthermal radio energy has not been reported from Saturn. The thermal
radiation at Adcm agrees with the infra red temperature of —150°C cited
above, (Plate IV)

Saturn’s period of rotation at its equator has been determined spectro-
scopically as 10" 02™. Long-enduring spots, which can show the period
more reliably, are rare. A period of about 10" 14™ has been derived from
several white spots in the equatorial zone, and a second period of about
10" 40™ has been found for other spots around latitude 60°. T. A. Cragg
at Mount Wilson Observatory concludes that Saturn rotates in these two
basic systems instead of having a steady increase of period with increas-
ing latitude. The rapid rotation combined with the large size and low
density of the planet can account for its conspicuous oblateness. Hydrogen
is the main constituent, as in the case of Jupiter.

Saturn is encircled by three concentric rings in the plane of its equator.
They are designated as the outer ring, the middle or bright ring, and the
inner or crape ring. The rings are invisible to the unaided eye and were
therefore unknown until after the invention of the telescope. The diameter
of the entire ring system is 275,000 kilometers, or 2.3 times the equatorial
diameter of the planet (119,000 kilometers). Because they have nearly
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twice the diameter of Jupiter and are about twice as far from us, the
rings have about the same apparent diameter as that of Jupiter.

The bright ring is 26,000 kilometers in width and its outer edge is as
luminous as the brightest parts of the planet. It is separated from the
outer ring by the 4,800-km. gap known as Cassini's division after the name
of its discoverer. This is the only real division in the rings. There is no
gap between the bright ring and the crape ring.

A surprising feature of the rings is that they are extremely thin; their
appreciable thickness can scarcely exceed 16 kilometers.

The rings are inclined 27° to the plane of the planet’s orbit and they
keep the same direction during the revolution around the sun. Thus their
northern and southern faces are presented alternately to the sun and also
to the earth; for as viewed from Saturn these two bodies are never more
than 6° apart. Twice during the sidereal period of 29% years the plane
of the rings passes through the sun’s position. It requires nearly a year
on each occasion to sweep across the earth’s orbit. As the earth revolves
in the meantime, the rings become edgewise to us from 1 to 3 times,
when they disappear with small telescopes and are only thin bright lines
with large ones. :

Rings Edgewise
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The latest widest opening of the northern face of the rings occurred in
1959, when Saturn was near the position of the winter solstice. The latest
edgewise presentation occurred late in 1965 and again in 1966. The fol-
lowing widest opening of the southern face of the rings will come in
1974.

When the rings are widest open, their apparent breadth is 45 per cent
of the greatest diameter and one sixth greater than the planet’s polar
diameter. On these occasions Saturn appears brighter than usual, because
the rings at this angle reflect 1.7 times as much sunlight as does the planet
alone. When it is also near perihelion and in opposition, Saturn appears
twice as bright as Capella.

8.29

Saturn’s Rings
at Different
Angles

Figure 8.29

Cause of the different aspects
of Saturn’'s rings. The plane
of the rings is inclined 27°
to the plane of Saturn’s orbit.
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8.30
Discrete Nature
of the Rings

Figure 8.30A
The original discovery plate
of the rotation of Saturn's
rings by Keeler. The moon
form’s the comparison spec-
tra. (Courtesy of W. Beardsley,
Allegheny Observatory)

Saturn’s rings consist of multitudes of separate particles revolving around
the planet in nearly circular orbits in the direction of its rotation. They
have the appearance of continuous surfaces because of their great dis-
tance from us. G. P. Kuiper’s infrared studies with the lead sulfide cell of
the sunlight reflected from the rings suggest that they are composed of
ice particles, although L. W. Fredrick has discovered a broad band in the
rings’ reflection curve centered at 1.06 microns that is not present in the
reflection spectrum of H,O ice crystals. Ammonia ices have not been
studied yet. Bright stars and Saturn’s brighter satellites can be seen
through the rings which confirms their multi particulate nature, but the
most convincing argument is due to spectroscopy.

The Doppler effects (4.9) in the spectrum of Saturn’s rings (Fig. 8.30A)
first demonstrated by J. E. Keeler, show that the inner parts of the rings
revolve around the planet faster than the outer parts, just as a planet
that is nearer the sun revolves around it faster than one that is farther
away. The reverse would be the case if the rings were continuous surfaces;
for all parts would then go around in the same period, and the outside
having farther to go would move the faster. The behavior of the spectrum
lines is explained by Fig. 8.30B, where the slit of the spectroscope is
placed along Saturn’s equator. The upper parts of the planet and the
rings are here approaching the observer, and the lower parts are receding
from him.

The revolution periods of the outer edge of the outer ring and the
inner edge of the bright ring are respectively 14" 27™ and 7" 46™, and
the material in the crape ring goes around in still shorter periods. Because
Saturn’s equator rotates in about 10 hours, it is evident that the outer
parts of the ring system move westward across the sky of Saturn. A con-
siderable part of the bright ring, however, and all of the crape ring must
rise in the west and set in the east as seen from the surface of the planet,
duplicating the behavior of Phobos (8.15) in the sky of Mars.

.
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The rings’ origin is associated with their nearness to the planet. Accord-
ing to a theory that was invoked in this respect long before the spectro-
scopic evidence was available, a solid ring so close to the planet would be
shattered by the gravitational strain to which it would be subjected,
whereas a ring of many small pieces would be reasonably stable. A liquid
satellite of the same density as the planet would be broken into small
fragments by the tide-raising force of the planet if its distance from the
center of the planet is less than 2.4 times the planet’s radius.

All parts of Saturn’s rings are well within this critical distance, but the
nearest satellite is safely outside. Because a stable satellite could not have
formed at the distance of the ring, the ring must have formed directly as
such. The mass of the ring system is not known from observation but
may be similar to that of the innermost satellite of Saturn.

Saturn has ten known satellites. The brightest, Titan, is visible with a
small telescope as a star of the 8th magnitude. Five or six other satellites
can be seen with telescopes of moderate aperture; they appear as faint
stars in the vicinity of the planet and are easily identified by means of
convenient tables in some of the astronomical almanacs. Phoebe, the most
distant satellite, has retrograde revolution like Jupiter’s outer satellites;
all the others have direct revolutions. The tenth satellite, Janus, was dis-
covered by A. Dollfus in 1967.

Two of Saturn’s satellites are known to rotate and revolve in the same
periods, as is shown by their variations in brightness in the periods of
their revolutions. Evidently their surfaces are irregular in form or are
uneven in reflecting power. lapetus is the most remarkable in this respect;
it is five times as bright at western as at eastern elongation.

Titan, the largest of Saturn’s satellites, is remarkable in three respects.
(1) It is the only satellite in the solar system definitely known to have an

Figure 8.30B

Doppler effects in the spec-
trum of Saturn and its rings,
explaining Figure 8.31A.

8.31

The Origins
of Saturn's
Rings

8.32
The Satellites
of Saturn



228 PLANETS AND THEIR SATELLITES

8.33
Stability
of Atmospheres

TABLE 8.1l
Critical Velocities for
Retention of Atmospheres

atmosphere. G. P. Kuiper has recognized methane bands in its spectrum,
and he points out another feature probably associated with the atmo-
sphere: (2) The color of Titan is orange. It seems to him likely that the
color is caused by action of the atmosphere on the surface material,
analogous to the oxidation supposed to be responsible for the orange
color of Mars. (3) Lyot and Dollfus have found limb-darkening on Titan’s
disk, such as is shown by the sun but not by the moon and Jupiter's
satellites.

Kuiper also concludes from their very high reflecting power, 0.8, that
the inner satellites of Saturn have icy surfaces, and from their low den-
sities that they are probably composed primarily of ice.

Whether a planet or satellite can retain an atmosphere depends on the
velocity of escape (5.16) at the surface of the body. It also depends on
the mean speed of the molecules in the atmosphere, whether they can
become high enough to effect an escape. This speed increases with the
temperature of the gas and decreases with increasing weight of the mole-
cules. J. H. Jeans showed that an atmosphere is likely to be retained for
astronomical periods of time if the mean speed of its molecules is less
than 20 per cent of the velocity of escape. For some gases in our own
atmosphere the mean speeds at 20°C are: 2.2 km/sec for Hy, 0.8 for CH,
and NH,, 0.6 for N,, 0.5 for O, and CO,.

Table 8.1, adapted from data by Kuiper, lists planets and satellites for
which the critical velocities are not less than the lowest speed we have
given for the gas molecules. These critical velocities are the escape
velocities for each body multiplied by the 4th root of its distance in
astronomical units from the sun to eliminate the temperature difference,
and then reduced to 20 per cent.

Aside from hydrogen, which would be predicted in any considerable
amount only around the four giant planets, the dividing line in the table
comes below Titan; and this is in fact the division between bodies having
known atmospheres and those for which atmospheres have not been
detected. Pluto and Triton, where atmospheres are suspected from the
strength of their ultraviolet reflections, are not included in the list because
of uncertainties in some of the data.
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URANUS AND NEPTUNE

These planets rank fourth and third respectively to Jupiter in size and mass.
They obviously belong to the gaseous planets. Uranus is unusual in that its
axis of rotation lies almost in the plane of the ecliptic.

Uranus was discovered in 1781 by William Herschel in England; he was
observing a region in the constellation Gemini when he noticed a green-
ish object that appeared somewhat larger than a star. The object proved
to be a planet more remote than Saturn and was given the name Uranus.
An examination of the records showed that Uranus had been seen 20
times in the hundred years preceding its discovery; each time the position
had been measured and set down as that of a star.

Because no orbit could be found to fit the older positions satisfactorily,
it was necessary to wait for later ones. At length, in 1821, a new orbit
was calculated with allowance for the disturbing effects of known planets.
It was not long, however, before Uranus began to depart appreciably from
the assigned course, until in 1844 the difference between the observed
and calculated positions in the sky had increased to more than 2/, an
angle not perceptible to the unaided eye but regarded as an intolerable
discrepancy by astronomers. There seemed no longer any doubt that the
motion of Uranus was being disturbed by a planet as yet unseen.

U. J. Leverrier in France discovered Neptune in 1846. From the dis-
crepancies in the motion of Uranus he was able to calculate the place of
the disturber among the stars. All that remained was to observe it. An
astronomer at the Berlin Observatory searched with the telescope for the
new planet and soon found it within a degree of the specified place in
the constellation Aquarius. The discovery was acclaimed as a triumph
for the law of gravitation, on which the calculation was based. J. C. Adams
in England had successfully completed a similar calculation, but did not
obtain effective telescopic cooperation.

The first planet to be discovered telescopically, Uranus is barely visible
to the naked eye. It has direct revolution in a period of 84 years at 19
times the earth’s distance from the sun and rotates once in 10% hours,
having its equator inclined nearly at right angles to the ecliptic. Nearly
48,000 km in diameter, Uranus appears with the telescope as a small disc
on which markings are not clearly discernible. The spectrum shows dark
bands of methane and also a broad absorption band in the near infrared,
recorded by Kuiper and identified by G. Herzberg with molecular hydro-
gen. This was the first direct evidence of the hydrogen molecule in the

8.34
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8.36
Neptune

Figure 8.35
Four satellites of Uranus. Left: February 7, 1970, from left to right: Titania, Umbriel,
Ariel and Oberon. Right, from left to right: Titania, Ariel (above Uranus), Umbriel and

atmospheres of the major planets. More recently, C. C. Kiess detected
molecular hydrogen in the spectrum of Jupiter,

Uranus has five known satellites. The 5th, which is fainter and nearer
the planet than the others, was discovered by Kuiper in 1948. The
nearly circular orbits of the satellites are presented to the earth at various
angles as the planet revolves; they were edge-wise to us in 1966 and will
be flat-wise in 1987.

This planet has nearly the same size as Uranus and seems to resemble
it closely in other respects. Its diameter was recently measured by
G. Taylor by means of stellar occultations to be 50,000 km. Neptune
has direct revolution in a period of 165 years at a distance 30 times the
earth’s distance from the sun, and it rotates in the same direction once
in 15.8 hours, according to the spectroscopic measures. Always invisible
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Oberon. The fifth satellite, Miranda is inside the halation ring from the overexposed
image of Uranus. (Photographs by Elizabeth Roemer, Lunar and Planetary Laboratory,
University of Arizona's Catalina Station)

to the naked eye because it is so remote from the sun and earth, Neptune
appears with the telescope as a star of the 8th magnitude. Very weak
markings have been discerned on its small greenish disk.

Neptune has two known satellites. The first, Triton, is somewhat larger
than the moon and is slightly nearer the planet than the moon’s distance
from the earth. Its mass, as determined by H. L. Alden, is 0.022 times
the earth’s mass, or nearly twice the mass of the moon, and it may have
an atmosphere. Triton has a retrograde revolution around the planet,
contrary to the direction of the planet’s rotation.

The second satellite, Nereid, discovered by Kuiper in 1949, is much
the smaller, fainter, and more distant from the planet; the distance ranges
from about 1.6 to 9.6 million kilometers. The satellite has a direct
revolution once in nearly a year in an orbit having an eccentricity of
0.75, the greatest for any known satellite.

Figure 8.36
Neptune andits inner satellite.
(Lick Observatory photo-
graph)
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8.37

Pluto
A
d in au’s

PLUTO

This most remote planet was discovered, in 1930, by C. W. Tombaugh at
the Lowell Observatory as the successful result of a search for a planet
beyond Neptune. The first two letters of the planet’s name are the initials
of Percival Lowell, who had initiated the search a quarter of a century
before. From its small size and its unusual orbit for a principal planet,
it is believed that Pluto was originally a satellite of Neptune, although
recent studies have cast some doubt on this assumption.

Pluto is visible with the telescope as a star now of visual magnitude
14.9, and 0.8 magnitude fainter in blue light. Its diameter is 5700 km, as
measured by Kuiper with a disk meter on the 200-inch telescope. This
figure is strengthened by a recent near occultation that set an upper limit
of 6800 kilometers. Unless its density is greater than would be expected,
its mass does not exceed a tenth of the earth’s mass. Calculation of the
mass from perturbations is difficult and the latest study sets the mass at
0.18 that of the earth; this is somewhat less than previous values, but is
still believed large since it yields a minimum density of 6.5.

The noon equatorial equilibrium temperature (T,,,,) at the average dis-
tance of Pluto is only between 40° to 60°K. On the night side the tem-
perature must drop to something like 10°K. If Pluto has an abundance
of gases they must all be frozen out excepting molecular nitrogen and
hydrogen. Assuming that our estimate of a mass of 0.1 earth masses is
correct, the escape velocity is around 5 km/sec and the velocity critical
to retaining an atmosphere is about 1.0 km/sec. At the temperature and
pressures encountered at Pluto only the hydrogen could escape if even
that. On the dark side the molecular nitrogen and oxygen rains or snows
out. The pools of liquid and frozen nitrogen may well be the cause of
the changing albedo of Pluto as they warm up and vaporize on the sunlit
side. Marked changes correllating with the planet’s heliocentric distance
will determine whether or not this picture is correct.

The period of Pluto’s rotation is 6.390 days, as determined by M. F.
Walker and R. Hardie and by Kuiper from photoelectric measures of its
periodic fluctuations in brightness. Non-uniformities of its surface cause
a variation of 0.1 magnitude in the brightness of the planet in the course
of a rotation; the range is great enough to suggest that the axis is more
nearly at right angles to than along the line of sight.



Figure 8.37
Two photographs of Pluto, showing motion of planet in 24 hours. (Photograph from
the Hale Observatories)

At its mean distance of 39% astronomical units, or 5800 million kilometers,
from the sun, Pluto has a direct revolution around the sun once in 248
years. Its orbit is inclined 17° to the ecliptic, the highest inclination for
any of the larger planets, so that Pluto ventures at times well beyond
the borders of the zodiac. With respect to its origin it might be included
among the principal planets only for convenience in the descriptions.

The high eccentricity, 0.25, of Pluto’s orbit introduces another feature
that is unique among the larger planets. At aphelion Pluto is 2880 million
kilometers beyond Neptune’s distance from the sun, whereas at peri-
helion it comes 56 million kilometers nearer the sun than the orbit of
Neptune. There is no danger of collision in our times, however; in their
present orbits the two planets cannot approach each other closer than
384 million kilometers.

In Fig. 7.4 the plane of the page represents the ecliptic plane. The
portion of Pluto’s orbit south of this plane is indicated by the broken
line in the figure. At the time of its discovery the planet was near the
ascending node of its path. It will reach perihelion in 1989.

Some of the data on the planets and satellites in Tables 1 and 2 (Appendix)
are taken from the American Ephemeris and Nautical Almanac. The adopted
length of the astronomical unit is 149,600,000 kilometers. Data on the
outer satellites of Jupiter are as given by Nicholson. Dimensions of some
planets and satellites are derived by Kuiper from his measures of the
apparent diameters with a disk meter, and the magnitudes of the satel-
lites of Uranus are estimates by the same authority.

The diameters of a number of small satellites are uncertain, as is
indicated by the question marks after their values in the table. Where the
satellites do not show appreciable disks, the diameters are calculated from
the observed brightness and assumed albedo.

8.38
The Orbit
of Pluto
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REVIEW QUESTIONS

REFERENCES

FOR FURTHER STUDY

1. If we could observe Mars through opposition using radar, what would the
observed frequency spread as a function of time look like?

2. If Mercury is at perihelion in the autumn, can we, as a rule, observe it at
the end of astronomical twilight? What conditions are most favorable
for observing Mercury?

3. Mercury’s rotation period is % its period of revolution. Explain how this
could have led the visual observers to deduce that the rotation period
equalled the revolution period.

4. How does a phase lead or lag in temperature minimum near inferior con-
junction indicate the sense of a planet’s rotation. What assumptions are
made?

. We generally credit our atmosphere for protecting us from most meteors
and erosion for eradicating the results from those that do strike the
earth. What does the presence of craters on Mars tell us about Mars?

. What conclusions can be obtained from observing the surface of Jupiter?

. Explain the characteristics and three types of radio radiation from Jupiter.

. What role does Jupiter play in the distribution of the asteroids?

. What observations show that Saturn’s rings are not solid? How do we know
that the rings are very thin?

10. Why is Titan considered an unusual satellite?

11. What is unusual about Neptune?

12. Pluto’s orbit has a major axis (a) of 39.52 a.u. and an eccentricity (e) of 0.25.
At perihelion a planet’s distance is given by a X (1 — e) and at aphelion
by a X (1 + e). How much farther from the sun is Pluto at aphelion than
at perihelion?

13, Determine the mass of Jupiter relative to the mass of the earth using data
in Table 2 (Appendix). Check your results in Table 1 (Appendix). Do
the same for Uranus using Arial.

o
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Administration Building, Lowell Observatory, Flagstaff, Arizona. (Lowell Observatory
photograph)






BETWEEN THE PLANETS

COMETS — METEORS AND METEOR STREAMS — METEORITES AND
METEORITE CRATERS — THE INTERPLANETARY MEDIUM —
THE PROBLEM OF THE ORIGIN OF THE SYSTEM

The description of the solar system continues with an account of the comets,
meteors and the interplanetary medium. Comets revolve around the sun gen-
erally in highly eccentric orbits. Streams of meteoroids are products of the
disintegration of comets. The meteors themselves make bright trails across the
night sky when they chance to plunge into our atmosphere. Meteorites come
through to the ground, and large ones may have momentum enough to blast
out craters in the earth’s surface. Some meteorites are believed to be fragments
of shattered asteroids.

Comet Humason in 1962. (Official U.S. Navy Photograph)
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9.1
Discovery of
Comets

COMETS

Characteristic of all comets, and the only conspicuous feature of many, is
the foggy envelope of the coma. The coma surrounds a rather small nucleus
of frozen material. A comet's tail fans out in a dirvection away from the sun.

Comets are sometimes discovered at the observatories in examinations of
photographs taken for other purposes. They have frequently been found
by amateur astronomers who search for comets. The chief requirements
for a comet hunter are a small telescope, much perseverance, and a catalog
of nebulae and star clusters that could be mistaken for comets, although
the motion of a comet among the stars will soon identify it. The western
sky after nightfall or the eastern sky before dawn are the most promising
regions for the search.

The report of the discovery of a comet, giving the comet’s position and
the direction of its motion among the stars, may be made to the Central
Bureau of Astronomical Telegrams at the Copenhagen Observatory, or
to the Smithsonian Astrophysical Observatory, Cambridge, Massachusetts,
the central station in the United States for such astronomical news,
which forwards the announcement to other observatories in the United
States, Canada and Mexico. As soon as three positions of the comet have
been observed at intervals of a few days, a preliminary orbit is calculated.
Then it is usually possible to decide whether the comet is a new one or
the return of a comet previously recorded, and what may be expected
of it. Further observed positions provide data for the calculation of a
more definitive orbit.

An average of 5 or 6 comets are picked up each year; usually two of
these are returns of comets that have appeared before, and the rest are
new ones. Comets that are bright enough to be visible without a telescope
average less than one a year, and only rarely is a comet spectacular
enough to attract the attention of those who are not astronomers.

A comet is designated provisionally by the year of its discovery fol-
lowed by a letter in the order in which the discovery is announced; an
example is Comet 1956 h. The permanent designation is the year (not
always the year of discovery) followed by a Roman numeral in order
of perihelion passage during that year; an example is Comet 1957 IL
Many comets, especially the more remarkable ones, are also known by
the name of the discoverer, or discoverers, or of the astronomer whose
investigations of the comet entitle him by common consent to the dis-
tinction; Halley’s comet (9.6) is an example.



Figure 9.1A

Comet 1969g, Tago-Sato-
Kosaka. Note the detailed
structure around the coma
and in the tail. This plate
was taken on December 28,
1969whenthe cometwas high
out of the ecliptic in the
southern hemisphere. (Curtis
Schmidt telescope of the Uni-
versity of Michigan at the
Cerro Tololo Inter-American
Observatory)

Figure 9.1B

Comet Ikeya-Seki photo-
graphed by H. Giclas against
the morning dusk. Notice the
tail structure. (Lowell Ob-
servatory photograph)
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9.2 A comet has no permanent individuality by which it may be distinguished

The Orbits  from other comets. The only identification mark is the path it pursues
of Comets  around the sun. The orbits of 566 comets listed in J. G. Porter’s catalog
of 1961 are known with varying degrees of precision. The comets fall

into two groups, with a somewhat indefinite dividing line between them:

1.

Comets having nearly parabolic orbits. The orbits of many comets are
so nearly parabolas that it is difficult to tell the difference, from the
small portions of the orbits near the sun in which the comets can
be seen. These orbits extend far out beyond the planetary orbits,
and the undetermined periods of revolution are so long that only
one appearance of each comet has thus far been recorded. In this
sense they are “nonperiodic comets.” The orbits are often highly
inclined to the ecliptic. The revolutions of half of these comets are
direct and of the other half are retrograde.

. Comets having definitely elliptic orbits. The orbits of “periodic comets,”

having periods not exceeding a few hundred years, are more closely
allied to the organization of the rest of the solar system. Although
most of these orbits are also highly eccentric, they are more moder-
ately inclined to the ecliptic, and the revolutions of the comets are
mainly direct. The majority of all periodic comets are associated with
the planet Jupiter (9.4).

9.3 Tables 9.1 and 9.1l contain selected lists of recently observed comets.

Some Recently
Observed Comets

TABLE 9.1
Recent Bright Hyperbolic
or Very Long Period Comets

PERIHELION INCLINATION
COMET PASSAGE 3 [ ) OF ORBIT

* Comet Humason was not very bright but was a very Interesting comet
** Comet Pereyva has estimated perihelion distances of as little as 0.003 A.U.
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FIRST SEEN LAST SEEN PERIOD (YEARS) PERIHELION D, (a.u.) TABLE 9.1l
: N . Some Recently Observed

Periodic Comets

“ Comet Schwassmann-Wachmann 1 Is due to encounter Jupiter soon, large orbit changes are expected.

The first table lists some of the brighter non-periodic comets for which
parabolic orbits have been calculated. Note that about half of these comets
have direct revolutions (i less than 90°) and the others retrograde (i
greater than 90°). The brightest comets in this list were 1969 i, 1947 n,

Figure 9.3

Three views of Comet Bennett, taken on the first, fourth and tenth days of April, 1970,
respectively and showing unusual activity in the tail. (X-ray film photograph by W.
Sopstyle, NASA Wallops Station)




242

BETWEEN THE PLANETS

9.4
Jupiter's Family
of Comets

and 1948 1, which had the small perihelion distances of 0.54, 0.11, and
0.14 astronomical units, respectively, Two rather bright comets, 1956 h
and 1957 d, were of considerable public interest because it is rather
unusual for two comets bright enough to be observed with the naked
eye to appear in the same year.

The second table lists some comets of short period and shows the
dates through 1970 when their latest returns were observed. The dates
do not appear for two entries because these comets, then having orbits
of unusually small eccentricity, could be observed at every opposition
with the sun.

The Schwassmann-Wachmann comet, 1925 II, revolves entirely between
the orbits of Jupiter and Saturn. It was the first comet to be observed
near its aphelion. Normally of the 18th magnitude, it is unique in ex-
hibiting large and rapid flare-ups, for which the reason is unknown; an
increase of 5 magnitudes or more in brightness has occurred within less
than a day. Around the year 1974 the comet’s orbit will be made even
more nearly circular by close approach to Jupiter.

Oterma’s comet had a nearly circular path around the sun between
the orbits of Mars and Jupiter from 1943, the year of its discovery, until
1961. By prolonged close approach to Jupiter in the following few years,
according to P. Herget, the eccentricity of the comet’s orbit and the revo-
lution period have been drastically increased.

Two dozen or more comets of very short period have orbits closely re-
lated to the orbit of Jupiter. In each case the aphelion and one of the
nodes are near the orbit of Jupiter, so that the comets often pass close
to the planet itself. These are members of Jupiter's family of comets. Their
close approaches to the giant planet result in such great perturbations of
their orbits that the configuration of the family is not stable.

The periods of revolution of these comets around the sun are mostly
between 5 and 9 years, averaging a little more than half of Jupiter's
period with a gap between 55 and 6.2 years (similar to the asteroid
gaps). The orbits are generally not much inclined to the ecliptic and
the revolutions are all direct. The comets themselves are never con-
spicuous objects; a few become faintly visible without the telescope when
they pass near the earth.

Encke’s comet, discovered in 1786, was the first member of Jupiter’s
family to be recognized, in 1819. Its period of revolution, 3.3 years, is
the shortest of any known comet. Its aphelion point has been drawing in
toward the sun and is now a whole astronomical unit inside Jupiter’'s
orbit. Forty-eight appearances of this comet have been recorded as ob-
served between 1786 and 1968.



Jup'-.ter‘s Orbit

The relation between Jupiter and its family of comets makes it seem
probable that the planet has acquired the family by capturing some of
the comets that chanced to be passing by. The low inclinations of the
orbits and the direct motions of all comets in the family suggest that
the process is selective. Comets having original orbits of sufficiently large
perihelion distance and low inclination, so that they moved parallel to
Jupiter for a time, are the most likely to be captured; their orbits may be
made progressively smaller at successive encounters until they become
members of the family.

The capture process was invoked in former times to account for all
periodic comets. It was supposed that comets were casual visitors from
outside the solar system and that only those captured by planets pro-
longed their stay with us. It now seems probable that all comets we see
are natives of this system.

This famous comet, the first known periodic comet, is named in honor
of Edmund Halley, who predicted its return. Halley calculated as a
parabola the orbit of the bright comet of 1682 and noted its close
resemblance to the orbits that he had similarly calculated for earlier
comets of 1531 and 1607 from records of their places in the sky. Con-
cluding that they were appearances of the same comet, which must there-
fore be moving in an ellipse, Halley predicted that it would return again
in 1758. The comet was sighted that year according to prediction; it
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Figure 9.5

Orbits of four comets of
Jupiter's  family. Encke's
comet has the smallest known
orbit.

9.5
The Capture
of Comets

9.6
Halley's Comet
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Figure 9.6A
Halley's Comet at its latest appearance in 1910. (Lick Observatory photograph)

Figure 9.6B

Orbit of Halley's Comet, which passed aphelion in 1948 and will return to perihelion
in 1986.

returned again in 1835 and 1910. Halley’s comet is the only conspicuous
comet having a period less than 100 years. The revolution is retrograde.

Twenty-eight observed returns of this comet have been recorded, as
far back as 240 s.c. It was Halley’s comet that appeared in 1066, at the
time of the Norman conquest of England. The period has varied nearly
5 years meanwhile, because of disturbing effects of planets; the average
interval between perihelion passages is 77 years. The comet, which has
now passed its aphelion beyond the orbit of Neptune, is one of about
ten comets forming a family associated with this planet. It will return
to perihelion in 1986.



This includes the great comets of 1668, 1843, 1880, 1882, and 1887. These
comets passed unusually close to the sun and their orbits seemed prac-
tically identical. They were evidently parts of a single comet, which was
disrupted at a previous close approach to the sun. The separate parts
were dispersed in orbits of different sizes and, therefore, with periods of
different lengths. All the orbits closely resemble the orbit of the original
comet in the vicinity of the sun.

Comet 1882 II, the most spectacular of the group, was one of the
brightest comets of modern times, plainly visible in full daylight. It
passed through the sun’s corona, within 500,000 km of the sun’s surface,
with a speed exceeding 1.5 X 10° km/h. Effects of tidal disruption dur-
ing the close approach were evident soon afterward. The nucleus of
the comet divided into four parts, which spread out in the direction of
the revolution. These are expected to return as four comets between the
25th and 28th centuries,

Comet tails are classified into three types: Type ], relatively straight tails
consisting of ionized molecules; Type I, curved tails consisting of dust; and
Type III, strongly curved fine dust tails. A comet’s tail develops as it
approaches the sun, the dust tails reflecting more light due to the inverse
square law and the gaseous tails glowing as the sun’s radiation becomes
more intense. Comets generally show only dust tails until they come
within three, or even two, astronomical units of the sun. Then a gaseous
tail develops as well. Comet Mrkos exhibited both types of tails quite
clearly,

The tail of a comet generally points directly away from the sun, being
repelled by a force exceeding that of the sun’s attraction. The repulsive

Figure 9.8
Tail of a comet directed away from the sun.
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force is usually ascribed to the pressure of the sun’s radiation, perhaps
increased irregularly by collision with streams of high-speed particles
emerging from the sun. By Kepler's third law the material of the tail
revolves around the sun at a slower rate as it moves outward, falling
more and more behind the head of the comet. Thus the tail is generally

P2 « a3 curved, the dusty part the more strongly because this material is likely
to be repelled less rapidly than the gases of the tail.

Meanwhile, some heavier meteoroidal products of the comet’s disinte-
gration may fan out behind the comet along the orbit plane, as they did
conspicuously from a bright comet in 1957 (Fig. 9.10). In most cases the
dust and meteoroidal material remain close to the orbital plane.

9.9 The spectrum of a comet is characterized by bright bands that are pro-
The Spectrum duced by gases set glowing by the sun’s radiation. The gases are com-
of a Comet posed mainly of ionized molecules of carbon (C,), methyne (CH), hydroxyl
(OH), ammonia radicals (NH, and NH), and cyanogen (CN). These are
rather unstable and are soon transformed into more durable molecules,
such as carbon monoxide, carbon dioxide, and nitrogen, as they are driven
from the coma into the tail. The unstable constituents of the coma are
formed by action of sunlight on parent molecules of methane, ammonia,
and water in the nucleus. These materials remain frozen there when the
comet is far from the sun, and begin to evaporate as it approaches the
sun.

Bright lines of sodium may become prominent in the spectrum, and
lines of iron and nickel have been seen, when a comet is sufficiently
heated by close approach to the sun. A faint replica of the solar spec-
trum also appears, showing that a comet shines partly by reflected sun-
light. The dark-line spectrum is generally the only feature when a comet
is more than 3 astronomical units from the sun.

Figure 9.9
Spectrum of Halley's Comet. (Lowell Observatory photograph)
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Comet Arend-Roland (1956 h) was of special interest because it showed
a sunward antitail in addition to an ordinary tail that became 20° to 30°
long to the unaided eye. This nonperiodic comet has a retrograde motion
in an orbit inclined 60° to the ecliptic. It reached perihelion on April 8,
1957, at one third of the earth’s distance from the sun. On April 25 the
earth passed through the plane of the comet’s orbit. For a week around
that date the antitail was conspicuous; it progressed from a stubby fan
to a narrow spike as long as 15° on April 25, then reverted to a short,
broad fan, and soon disappeared.

The sunward antitail was produced by meteoric material fanning out
in the plane of the comet’s orbit. The material in the fan was too diffuse
to be easily visible far from the comet’s head when presented broadside
to us. When the layer was seen nearly on edge, it appeared as a long,
narrow spike. Whipple has pointed out that Comet 1862 III similarly
spread meteoroidal material along the orbit plane to produce the stream
of the Perseids, or August meteors.

Comet Seki-Lines (1962 ¢) also showed an antitail. This nonperiodic
comet became a bright object to the unaided eye because its head passed
on April 1, 1962 only 4 million km from the sun’s photosphere. In Alan
McClure’s unusual photograph the ordinary tail appears 15°, or 50 million
km, in length and the antitail is a stubby fan.
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Figure 9.10

Comet Arend-Roland on April
27, 1957. Notice the sunward
antitail of meteoric material.
(H. L. Giclas, Lowell Observa-
tory photograph)

9.10
Comets with
Sunward Antitails
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9.11
The Nature
of a Comet

9.12
The Origin
of Comets

A comet’s nucleus is a very porous structure of ices having meteoric
material embedded in them, according to the theory by F. L. Whipple.
The ices are chiefly of methane, ammonia, and water. The meteoric mate-
rial is generally in small particles and is composed of iron, nickel, calcium,
magnesium, silicon, sodium, and other elements. The nucleus of a comet
is only a mile or so in diameter.

Some of the ices evaporate at each approach to the sun. The gases
issue explosively into the coma, carrying the meteoric fragments with
them, and are then swept out through the tail or scattered along the
orbit. Whipple estimates that a comet evaporates /i, of its mass around
each perihelion passage. That it is not dissipated more rapidly is because
the surface of the nucleus becomes increasingly gritty; the meteoric mate-
rial protects the ices underneath until the structure collapses. After many
returns, the comet disappears. The meteoric material originally embedded
in the ices continues to revolve around the sun as a meteor stream.

An important feature of the theory accounts for the spiral motions of
some comets. The issuing of gas from the sunward side of the comet
causes a jet propulsion action on the nucleus in the direction of the sun.
If there is delay in setting the evaporation going, the comet’s rotation
swings a component of the propulsion along the orbit. Where the rota-
tion is in the opposite direction to the revolution, the rotation diminishes
the speed in the orbit, so that the comet begins to spiral in toward the
sun. This effect seems to explain the hitherto perplexing behavior of
Encke’s comet (9.4). The opposite effect, where the comet rotates in the
same direction as its revolution, is illustrated by d’Arrest’s comet.

Until 1577 comets were generally believed to be an awesome atmospheric
phenomenon. Later comets were believed to be interlopers from inter-
stellar space, some being captured to form the Jupiter family as we have
seen. However, as the techniques of celestial mechanics became more re-
fined and as the observational material became more accurate, it was
discovered that no comet orbit was clearly hyperbolic. If all the comets
belong to our solar system then we must explain their origin and this
explanation must fit into any theory about the origin of the solar system. -

J. Oort has proposed an icebox theory to explain the comets. In this
theory there is a belt of debris stretching out as far as one light year
from the sun. The debris is the remnant of the nebula that formed the
solar system. Since the nebula formed in the interstellar medium, the
primary constituents are frozen molecules and, consequently, dust. Clumps
of this material form and probably enlarge by accretion.

The clumps are moving at velocities on the order of only 0.1 km/sec.
A transient disturbance is all that is required at these distances and
speeds to alter the direction and start the clump moving inward on a



METEORS AND METEOR STREAMS 249

long journey toward the sun. The disturbing force could be a passing
star or, more likely, the sum of forces from the major planets. If this
theory is correct and these clumps are remnants of the solar nebula, we
are nearly at the point where we can collect a piece of this nebula. While
not easy, it will be possible to have a spacecraft intercept and analyze
the contents of a parabolic comet or better still, return it to earth for
analysis,

METEORS AND METEOR STREAMS

Meteoroids are stony and metallic particles revolving around the sun,
which become separately visible as meteors only when they plunge into the
earth’s atmosphere. Melted and vaporized then by impact with the air
molecules, they produce luminous trails across the night sky. Unusually
bright ones are called fireballs. In addition to the sporadic meteors that
seem to be moving independently, there are swarms and streams of
meteoroids revolving around the sun, which cause “meteor showers” when
they encounter the earth. A number of streams are identified with the
orbits of comets from which they originated.

The total number of meteor trails brighter than visual magnitude +5
over all the earth’s surface is determined by G. S, Hawkins as 90 million
in a 24-hour period. The meteors producing these trails add several metric
tons a day to the earth’s mass. The number of trails visible to a single
observer in this period is usually very small. The recorded hourly rate
is likely to increase somewhat through the night. In the evening we are
on the following side of the earth in its revolution, where we are pro-
tected except for the meteoroids that overtake the earth. In the morning
we are on the forward side, more exposed to the incoming meteoroids.

The swiftness of the meteor flights across the sky also increases through
the night. At our distance from the sun the speeds of the meteoroids in
their eccentric orbits approach the parabolic value of 42 km a second
(7.25). Their speeds relative to the earth accordingly range from 42 minus
km/sec for meteors that overtake us to 42 plus km/sec for head-on
collisions, with some addition for the earth’s attraction.

Figure 9.13

Meteor flights are swifter
after midnight. In the morn-
ing we are on the forward
side of the earth in its revo-
lution.

9.13
The Influx
of Meteors

1 metric ton = 1000 kg
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9.14
Meteor Trails
and Trains

9.15

Meteors as
Members of

the Solar System

The trails of meteors are the bright streaks they produce in the flights
through the air. The faster meteors generally appear in the photographs
at a height of about 130 km and disappear at 95 km; the slower ones
begin at 95 km and have been followed to a height of 40 km.

As its flight is resisted by the air molecules, the meteor is heated to
incandescence and fused. The brightness of the trail depends on the
kinetic energy of the meteor, that is, on its mass and the square of its
velocity. The brightness also depends on the density of the air and the
compactness of the meteor itself. Many meteoroids, presumably from
the outer parts of comet nuclei, are extremely porous and fragile; these
are likely to be shattered in their flights through the air and to collapse
with bursts of added brightness.

In addition to their momentary trails, the meteors sometimes leave
bright trains along their paths. These are cylinders of expanding gases,
which remain visible from a few seconds to generally not longer than
half an hour, and are often twisted by air currents. A rarer type of meteor
train appears in the noctilucent clouds recorded especially by Canadian
observers. They are dust trains in the wakes of very bright fireballs, and
are best seen in the twilight when they are high enough to be illuminated
by sunlight.

When the velocity of a meteor as it enters the atmosphere is known, it
is possible to calculate its orbit around the sun and to determine among
other results whether the meteor was a member of the solar system or
came from outside it. Measuring the linear speed and the actual direction
of the trail involves a parallax problem requiring positions of the trail
among the stars as observed from two stations. The Harvard program,
directed by Whipple, employs for this purpose two Baker-Schmidt cam-
eras, having apertures of 30 cm and focal lengths of 20 cm, at stations
in New Mexico 35 km apart. A similar pair is operated north of Edmonton
by Canadian observers. The two cameras are directed toward the same
point in space 80 km above the ground. The trail of any bright meteor
that passes through this region is recorded by both cameras and is inter-
rupted in the photographs at intervals of a small fraction of a second by
rotating shutters in front of the films so as to facilitate the timing.

Several thousand trails have been doubly photographed in New Mexico
by such procedure, and many of these have been analyzed for velocities
and orbits under the leadership of L. G. Jacchia. Some of the sporadic
meteors had orbits of the Jupiter-family comet-type (9.4) with direct
motions and low inclinations to the ecliptic. Some others were of the
long-period type with random directions and inclinations. None of these
had a reliably determined hyperbolic orbit. Like the meteors in streams
the sporadic meteors had elliptical orbits and so were members of the
solar system.



The speed by itself is enough to determine the status of the meteor
in this respect. If the speed on entering the atmosphere, with allowance
for the motions and attraction of the earth, is as great as 42 kilometers
a second, the velocity of escape from the sun at the earth’s distance, the
meteor may have come from outside the solar system. If the speed is
less than this critical value, the meteor is a member of the system.

The echoes of radio beams returned from the ionized trails of meteors
have been observed at Ottawa to determine the speeds of meteors. The
beams are emitted either continuously or in pulses, and the echoes are
automatically recorded. D. W. R. McKinley’s records of more than 10,000
meteors down to the 8th visual magnitude include not one where the
original speed was certainly as great as the velocity of escape. Thus the
fainter meteors as well as the brighter ones appear to be members of
the solar system.

The spectra of meteor trails have been photographed in considerable
numbers in recent years, particularly by P. M. Millman in Canada and
J. A. Russell in California. These objective prism and grating spectra give
an idea of conditions to which the meteors are subjected in their flights
through the air and of the chemical compositions of the meteors them-
selves.

A meteor spectrum is an array of bright images of the trail in the
various wavelengths of the emitted light. The character of the lines de-
pends on the temperature to which the meteor is raised by the air resis-
tance. The spectrum of a swifter meteor is likely to contain prominent H
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Figure 9.15

Trail of a very bright meteor.
Polaris is the short bright
star trail near the center of
the concentric trails. (Smith-
sonian Astrophysical Obser-
vatory photograph)

9.16
Spectra of
Meteor Trails



Fig. 9.16
Spectrum of meteor. (Photograph by G. Harvey, NASA Langley Research Center)
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and K lines of ionized calcium. In the spectrum of a very bright Perseid
meteor of 1968, G. Harvey’s photograph (Fig. 9.16) shows more than 100
bright lines, from which he identified the presence of nine neutral ele-
ments: Fe, Mn, Ca, Si, Al, Mg, Na, N, and H, and also four ionized
elements: Fe, Ca, Si, and Mg. Nitrogen and some oxygen lines are fre-
quently produced in the air that is itself heated by the meteor’s flight.

Multitudes of meteoroids revolving together around the sun constitute a
meteoroid swarm. When the meteoroids are considerably extended over a
similar part of their orbits in the sun’s vicinity as is often the case, they
form a meteoroid stream.

Because the meteoroids in a stream are moving in nearly parallel paths
when they encounter the earth, their bright trails through the air are
nearly parallel. Just as the rails of a track seem to diverge from a distant
point, so the trails of meteors in a shower appear to spread from a point
or small area in the sky. The radiant of a meteor shower is the vanishing
point in the perspective of the parallel trails; it is located by extending
the trails backward.

Meteor showers and the streams that produce them are generally named
after the constellation in which the radiant is situated, or else after the
bright star near the radiant at the maximum of the display. Examples are
the Perseids and the Beta Taurids. The place of the radiant in the sky
drifts from day to day during the progress of the shower, as the earth
keeps changing its position with respect to the orbit of the stream. A
stream is sometimes named after the comet with which it is associated.

Thus the Draconids are also known as the Giacobinids.

9.17
Meteoroid Streams
and Showers

Figure 9.17

Leonid meteor shower of
1966. Notice the well-defined
radiant, and a non-shower
meteor (upper left, the longest
of all trails in the picture).
(Photograph by D. McLean)
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Figure 9.18
Orbits of Alpha Capricornid
Meteors. The trails were
photographed on the days
in July and August shown on
the orbits, which are pro-
jected on the ecliptic plane.
(Diagram by Frances W.
Wright, L. G. Jacchia, andF. L.
Whipple, Harvard Observatory
Meteor Program)

9.18
The Orbits of

Shower Meteors

9.19
Some Noteworthy
Meteor Showers
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The orbits of a dozen meteors of the Alpha Capricornid stream (Fig.
9.18) show how widely the aphelia of a stream may be scattered in
space. These are determined from double-station trails photographed by
the Harvard meteor program between July 16 and August 22. This ex-
ample may be somewhat extreme because there may be more than one
stream involved, as the investigators explain. Viewed as a single stream,
the shower at maximum display has its radiant northeast of Alpha
Capricorni, and it may be associated with Comet 1948 n.

A meteor shower occurs only when the orbit of the swarm intersects
or passes near the earth’s orbit and when the swarm and the earth arrive
together at the intersection. The position of this point on the earth’s
orbit determines the date of the shower. If the swarm is condensed, the
interval between showers depends on the period of revolution of the
swarm and its relation to the length of the year. Streams may spend
more than a year in crossing the earth’s orbit, or may be so scattered,
as in the case of the Perseids, that we encounter some of their members
every year. Some streams that formerly produced spectacular showers no
longer do so because their orbits have been altered by disturbing effects
of planets.

The Perseids furnish the most conspicuous and dependable of the annual
showers. Their trails are visible through 2 or 3 weeks, with the greatest
display about August 12. Their orbit is inclined 65° to the ecliptic plane
and passes near the orbit of no other planet. Next in order of numbers
and annual reliability are the Orionids and the Geminids. Among the
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less frequent showers, the stream of the Leonids, revolving around the
sun in a period of 33 years, produced in 1833 and 1866-67 the most
spectacular showers of modern times. At later returns, however, the
Leonids appeared only in sprinkles until 1967, when a spectacular shower
occurred late one morning over Mexico, the United States and Western
Canada.

The Draconids gave the most remarkable showers of the present cen-
tury. They revolve in the orbit of the Giacobini-Zinner comet, a member
of Jupiter’s family (9.4) first noticed in 1900; the comet itself revolves
around the sun in a period of 6% years. The main body of the swarm
and the earth have arrived together at the intersection of their paths in
October at intervals of 13 years.

After nightfall on October 9, 1933, the skies of western Europe were
streaked with meteor trails coming from the head of Draco. Before night
began in America, that shower was over. America’s turn came on Octo-
ber 9, 1946, 2 weeks after the comet had passed by. For a few hours on
that evening there were fine displays wherever the skies were clear. At
the height of the shower some observers counted as many as 100 trails
a minute despite the bright moonlight, which obscured the fainter ones.
A recurrence of the Draconid shower on the night of October 9, 1959,
was watched for, but only a few trails were observed. Indeed, an abun-
dant shower was not expected, because a close approach to the planet
Jupiter had altered the orbit of the stream.

Observers at the Jodrell Bank Station of the University of Manchester in
England have made systematic surveys of meteor activity by means of
radar echoes. With this technique they are unhampered by cloud or day-
light. They not only have investigated radiants conforming closely to
previous results of evening observers, but also have discovered radiants
of showers observable only in the daytime.

The daytime activity they have observed includes a number of showers
of very short period. Among the daytime showers of June are the Zeta
Perseids, the Arietids, and the Beta Taurids. An unexpected display of
Draconids was recorded for 2 hours on the afternoon of October 9, 1952.
Evidently an advance contingent of the meteor stream was encountered by
the earth half a year before the associated comet was scheduled to reach
the intersection with our orbit.

The Draconids are by no means unique in their association with a comet.
When meteoroidal material is released from the ices of a comet’s nucleus
(9.10), the material may become a meteoroid stream extending along the
comet’s orbit. Table 9.III, which is taken from more extended data by
F. L. Whipple and G. S. Hawkins in the Handbuch der Physik, volume 52,
1959, lists major meteor showers and the comets associated with them.

9.20
Daytime
Meteor Showers

9.21

Association of
Meteoroid Streams
and Comets
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TABLE 9.10l
Meteor Showers
and Associated Comets

The table gives in each case the date of maximum display in universal
time, the position of the radiant so that it may be located in the star
maps, and the name of the parent comet when it is known.

Two meteor showers are associated with Encke’s comet. They are the
daytime Beta Taurids of June and the Taurids of November; they come
from the same extended stream that the earth encounters before and
after the perihelion passage of the stream. Two showers are associated
less certainly with Halley’s comet; they are the Eta Aquarids of May
and the Orionids of October. The radiants assigned in the table to the
Delta Aquarids and the Taurids are each the means of two radiants several
degrees apart.

A remarkable case of the dispersal of a comet into a meteor stream is
that of Biela’s comet, a member of Jupiter’s family having a period of
6% vyears. At its return to the sun’s vicinity in 1846, the comet had
divided into two. The divided comet reappeared with greater separation
in 1852 and has not since been seen. Traveling in the orbit of the lost
comet, the Andromedids, or Bielid meteors, gave fine showers in 1872,
1885, and 1898, and nearly disappeared thereafter. Perturbations by
planets have shifted the orbit of the main body of the swarm, according
to Hawkins, so that it now passes 3.2 million km from the earth’s orbit
at the closest point.

MAXIMUM
SHOWER DISPLAY
(UT DAT

RADIANT AT MAX. ASSOCIATED COMET
(EQUINOX OF 1950) (AND NOTES)

* Shower in daytime.
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METEORITES AND
METEORITE CRATERS

A meteorite is a mass of stony or metallic material, or both, which
survives its flight through the air and falls to the ground. The fall is
frequently accompanied by flashes of light and by explosive and roaring
sounds, effects that may be magnified in the reports of startled observers.
Most meteorites are found on the ground or buried a little way in it. A
few very large ones have blasted out the pits we call meteorite craters,
Many meteorites are believed to be fragments of shattered asteroids.

Meteorites are often found in groups. Either they entered the atmosphere
as a compact swarm, or they arrived as single bodies which were shat-
tered in the air by the shock of their reduced speed or when they struck
the ground. The individuals of a large group may be distributed over an
elliptical area several miles long in the direction of the forward motion.
Whenever meteorites are picked up almost immediately after landing,
they are likely to be cool enough to be handled comfortably. In their
brief flights through the air the heat has not gone far into their cold
interiors, and the melted material has been mostly swept away from their
surfaces,

Individuals from nearly 1600 falls have been recovered, according to
E. C. Leonard’s catalog of meteoritic falls. The majority of these were not
seen to fall, but their features definitely distinguish them from the native
rocks. Meteorites are generally named after the locality in which they
were found; examples are the Canyon Diablo, Arizona, meteorites, and
the Willamette, Oregon, meteorite. Collections are exhibited in the
Chicago Natural History Museum, the American Museum of Natural
History, New York City, the Arizona State University at Tempe, and
many other places.

Characteristic of most meteorites is the thin, glassy, and usually dark
crust. It is formed from the fused material which was not swept away
and which hardened quickly near the end of the flight through the air.
The surface is often irregular, being depressed in places where softer
materials melted faster, and raised in other places where drops of molten
spray fell and hardened.

If the meteorite was shattered shortly before reaching the ground, the
fragments have irregular shapes. If the individual had a longer flight
through the air, it was shaped by the rush of hot air. Some individuals

9.22
The Fall of
Meteorites
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External
Appearance
of Meteorites
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9.24
Structure and
Composition

1ton = 907.2 kg
loz = 283 g
11lb = 0.45 kg

Figure 9.24A (left)
Furnas County, Nebraska,
meteorite. A stony meteorite
weighing at least a ton. (Offi-
cial photograph of the Insti-
tute of Meteoritics, University
of New Mexico)

Figure 9.24B (right)
Etched section of Knowles,
Oklahoma, meteorite. The
banded pattern characterizes
most iron meteorites. (Ameri-
can Museum of Natural His-
tory, New York)
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turned over and over as they fell and were rounded. Others kept the
same orientation and became conical, a common form.

Meteorites are essentially of two kinds, the stones (aerolites) and the
irons (siderites). There are gradations between them (siderolites) from
stones containing flecks of nickel-iron to sponges of metal with stony
fillings. Inside their varnish-like crusts the stony meteorites are often grayish,
having a characteristic granular structure that serves to establish their
celestial origin. The rounded granules are crystalline; they are mainly
silicates, of which the most common are iron-magnesium silicates, such
as olivine and enstatite, similar to those in our igneous rocks. Quartz
is very rarely a constituent.

The largest known stony meteorite, weighing somewhat more than
907 kilograms, fell on February 18, 1948, in Furnas County, Nebraska
(Fig. 9.24A); it is preserved at the University of New Mexico. Another
unusually large individual, now in the Chicago Natural History Museum,
fell at Paragould, Arkansas, in 1930; it weighs 340 kilograms. Stony
meteorites do not often have the large dimensions of many irons, partly
because they offer less resistance to fracture and erosion.

Tron meteorites are silvery under their blackened exteriors; they are com-
posed mainly of nickel-iron alloys, especially kamacite and taenite. Where
they occur in crystal forms, a characteristic pattern of intersecting crystal
bands (Fig. 9.24B), parallel to the faces of an octahedron, may be etched
with dilute nitric acid on a plane polished section.

Micrometeorites are so minute that they are not greatly altered when
they enter the atmosphere. The presence of micrometeoroids in inter-
planetary space is indicated by the scattered sunlight of the zodiacal light
(9.31). Meteoritic dust is also produced by the larger meteoritic bodies
themselves, when they are either crumbled by collision or are partly
melted to form oxidized droplets in the air.




Figure 9.25
Ahnighito meteorite on scale at the Hayden Planetarium, New York City. (American
Museum—Hayden Planetarium)

About 35 known individual meteorites weight more than 907 kilograms
(2000 lbs.), according to Leonard. Almost all are nickel-iron meteorites.
With the exception of the Furnas County stone, two stony-irons, and a
1800 kilogram individual piece from the 1947 Siberian fall, their falls
were not observed. The two largest irons on record are the Hoba meteorite
and the Ahnighito meteorite (Fig. 9.25).

The Hoba meteorite lies partly buried in the ground in the Grootfontein
district, Southwest Africa. Its rectangular exposed surface measures
2.8 X 3 meters and its greatest thickness is more than one meter; its
weight is unknown. The Ahnighito meteorite is the largest of three irons
that the explorer R. E. Peary found near Cape York in northern Greenland,
in 1894, and brought back to New York. It measures about 3.5 X 2.1
X 2 meters and weighs a little more than 31,000 kilograms. This meteor-
ite is exhibited in the American Museum—Hayden Planetarium, New
York City, on the scales with which it was first accurately weighed, in
1956.

The Willamette meteorite, also in the Hayden Planetarium, is the largest
found in the United States. A conical mass of nickel-iron, weighing about
13,600 kilograms, it was discovered in 1902 south of Portland, Oregon.
Large cavities in the base of the cone, which lay uppermost for a long
time, were formed by weathering. Three large iron meteorites, each
weighing more than 9070 kilograms, were found in Mexico. They are the
Bacubirito (26,300 kg), the Chupaderos (19,000 kg, in two pieces that fit
together), and the Morito (10,000 kg). The last two may be seen in the
School of Mines, Mexico City.

9.25
Large Iron
Meteorites
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9.26 Two Siberian Falls of large meteorites in the present century have attracted
Two Siberian Falls much attention. The first occurred on June 30, 1908, in the forested area
of the Tunguska River in central Siberia. The meteorite appeared as a
brilliant fireball in full daylight from hundreds of miles away. Its mass
is unknown. The trees were felled within a radius of 30 to 50 kilometers;
they lay without bark and branches, and with their tops pointing away
from the center of the area. Many craters were blasted out near the
center, the largest one 50 meters in diameter. Although larger remnants
of the Tunguska meteorite have not been recovered, soil samples from the
region are said to contain microscopic chips and spherules of nickel-

iron dust,

The second fall occurred on February 12, 1947, over a 2.5-square km-
area on the western spurs of the Sikhote-Alin mountain range in south-
east Siberia. The original body broke into many pieces in the atmosphere
and came down as an “iron rain,” the initial pieces being further frac-
tured as they struck the ground. The area was pitted with 200 small holes
and larger craters, the largest one 30 meters in diameter. The field was
strewn with an estimated 91,000 kg of nickel-iron fragments. An interest-
ing feature of the fall, described by E. L. Krinov, was a wide gray band
of dust in the wake of the brilliant meteorite; the dust remained visible
for several hours in the daytime sky and gradually settled to earth as
microscopic droplets.

9.27 This famous crater, located near Canyon Diablo in northeast Arizona,
The Barringer is a circular depression in the desert 1280 meters across and 174 meters
Meteorite Crater  deep; the depth is measured from the rim, which rises to an average
height of about 40 meters above the surrounding plain. Thirty tons of
meteoritic iron have been picked up within a distance of 10 kilometers
around the crater. The largest individual unit, weighing more than
640 kg, is exhibited in the museum on the north rim of the crater.
Samplings in a survey directed by J. 5. Rinehart indicate that the total
amount of crushed meteoritic material around the crater weighs 10,900
metric tons.

1 metric ton = The rocks below the crater floor are crushed to a depth of several
1000 kg = hundred feet and give evidence of having been highly heated. Millions
2204.6 Ib. of kilograms of limestone and sandstone were displaced outward to form

the crater wall, and loose blocks of rock weighing up to 6300 metric tons
lie around the rim.

The meteorite that produced the Barringer crater is estimated to have
had a diameter of 60 meters and to have weighed at least 900,000 metric
tons. When an object of this size encounters the earth, its speed is not
greatly reduced by air resistance. When it strikes the ground, at least



Figure 9.27
Barringer meteorite crater near Winslow, Arizona. (Meteor Crater Society photograph)

the outer parts of the meteorite and the ground in contact are intensely
heated and fused. The gases expand explosively, blasting out the crater
and scattering whatever may be left of the meteorite over the surrounding
country.

As fragments of colliding asteroids (8.20), the meteorites would usually
revolve around the sun from west to east, as do all asteroids, so that
they would be overtaking the earth when they encounter it. Thus the
majority of crater-forming meteorites strike the ground with relative
speeds not great enough to cause the vaporization of their entire masses.
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9.28

Other Meteorite
Craters

Only an occasional meteorite would be likely to have its orbit so greatly
altered that it could land on the earth’s advancing hemisphere. Then
its higher relative speed might cause an impact of such violence as to
leave only microscopic remnants of the intruder for the collectors. The

Tunguska fall of 1908 is cited as an example.

More than a dozen other craters or groups of craters in various parts of
the world have been definitely considered to be of meteoritic origin.
Among the largest is the Wolf Creek crater in West Australia, having a
diameter of 850 meters at the bottom and a depth of 50 meters. These
were formed by impacts of meteorites within the last million years. The
scars of earlier falls have gradually vanished as readily recognized fea-
tures of the landscape. Erosion has reduced the heights of their rims,
and sedimentation has filled their depressions. A few “fossil craters”
scarcely noticeable on the ground have been observed in aerial photo-
graphs. Examples are the Brent and Holleford craters in Ontario, described
by C. S. Beals. Their diameters are 3 and 2.5 kilometers, respectively,
and their ages are estimated as 500 million years.

The geologist R. S. Dietz has undertaken to increase the list of recog-
nized meteorite craters, where the surface structure itself is inconclusive
and where no meteoritic remnants have been reported. He points out in
Scientific American for August 1961 that the shock generated by the impact
of a meteorite in producing a large terrestrial crater transcends that of
any volcanic or other earthly explosion. Conclusive evidence of such
superintense shock waves are recognized by the unusual fracture pattern
in rock fragments known as shatter cones and also by a form of silica
known as coesite, that is produced under extremely high pressure.

An example of a region having shatter cones is the Steinheim Basin in
southern Germany, formerly believed to be the site of a great volcanic
explosion. Another of several examples mentioned by Dietz is the Vrede-
fort Ring in the Transvaal of South Africa; the entire deformation is
200 Kilometers in diameter, comparable with the largest lunar craters.
Coesite, the second shock-wave product, is reported present in the
vicinities of the Giant Kettle in southern Germany, the Wabar craters
of Arabia, the large Ashanti crater in Ghana, and elsewhere.

V. E. Barnes believes that the glassy stones known as tektites are solidi-
fied droplets of molten rock that were splashed into the air by the impact
of large meteorites at these and other sites. But the distribution of tektites
along long linear areas has led other astronomers to believe that these
bodies were actually splashed out of the moon as molten rock resulting
from meteoritic impacts. The composition of lunar material returned by
Apollos 11 and 12 is quite different from that of tektites.
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INTERPLANETARY MEDIUM

Gases, particles, radiation and dust occupy the spaces between the planets.
Active sampling of this space by various spacecraft have greatly expanded
our knowledge of the interplanetary medium over the past decade.

Long before the space age, evidence for the existence of the interplanetary
medium accumulated and yielded some clues as to its nature. Screwlike
motions in the tails of comets—for example, Comet Whipple-Fedtke-
Tevzadze—give clear evidence of an interplanetary magnetic field. Similar
conclusions were reached by studying the behavior of the earth’s mag-
netic field. Scintillations in radio intensities led to the belief that a
knotty stream of electrons and ionized particles are constantly flowing
in the solar system and are associated with the “solar wind” (glossary).

All of the interplanetary space probes have carried detectors for
measuring the composition of the interplanetary medium, its densities,
its magnetic field, etc. Plasma clouds originating at the sun have been
measured moving at 2,000 kilometers per second and the magnetic field
strength has been measured at about 10™* gauss.

The primary constituents of the medium are electrons, protons, helium
nuclei and dust. It appears that the particles and magnetic field have
their origin in the sun while the dust component is debris left from the
original nebula from which the solar system formed or is material being
swept up as the sun moves through the Galaxy. The dust concentration
increases between the earth and Mars and decreases between the earth
and Venus as shown by the various Mariner missions. This observation
can be explained by radiation pressure and may be related to the asteroid
belt as well. Even so, the larger dust grains, called micromeferoids, are not
nearly so numerous as predicted. The general dust component is the
cause of the Zodiacal Light and probably the Gegenschein as well (9.31).

The faint triangular glow of the zodiacal light in the sky is best seen in
middle northern latitudes in the west after nightfall in the spring and in
the east before dawn in the autumn. In corresponding southern latitudes
it is best seen after sunset in September and before sunrise in March.
Broadest near the horizon, where it is then 30° or more from the sun, it
tapers upward to a distance of 90° from the sun’s place below the horizon.
Because the glow is almost symmetrical with respect to the ecliptic, it

9.29
Evidence for the
Interplanetary Medium

9.30

Composition of
the Interplanetary
Medium

9.31
The Zodiacal Light
and the Gegenschein
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Figure 9.31
The Zodiacal Lightand Comet
lkeya-Seki, October 31, 1965.
The bright star at the top is
Regulusinthe constellation of
Leo. Note how much brighter
the Comet's tail is as com-
pared to the Zodiacal Light.
(Photograph by H. Gordon
Solberg, Jr., Las Cruces,
New Mexico)

reaches a higher altitude and is easier to observe at those seasons when
the ecliptic is most inclined to the horizon.

In the tropics, where the ecliptic is more nearly perpendicular to the
horizon, the zodiacal light is visible throughout the year in both the
evening and morning. The glow is said to extend in a narrow band along
the ecliptic entirely around the heavens. It also becomes visible at total
solar eclipse immediately around the sun, where it blends with the sun’s
true corona (10.31).

The zodiacal light is attributed to sunlight scattered by a ring of meteoric
dust particles that are revolving around the sun near the ecliptic plane.
Whipple suggests that the supply of dust may well be continually replen-
ished by disintegrating comets; else it would be depleted as the dust
grains fall into the sun or are dispersed by pressure of the sun’s radia-
tions.

The gegenschein, or counterglow, is a very faint, roughly elliptical glow
extending about 20° along the ecliptic and 10° in celestial latitude. It
is centered 2° or 3° west of the point in the sky opposite the sun and is
variable in form and position. This glow is visible to the unaided eye in
the most favorable conditions, especially when it is viewed in the fall
projected against the dull region of the constellations Pisces and Cetus.
It is readily photographed with a very wide-angle camera or recorded
with a photoelectric cell. Among the several explanations of the glow,
the hypothesis that it is sunlight scattered by a dust-tail of the earth
seems plausible at present but is not at all final, according to J. C. Brandt.
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THE ORIGIN OF THE SYSTEM

Once the general characteristics of the solar system became known mankind
has tried to explain the systems origin. Any theory must not only explain
the regularities of the system, but must also provide for any major
irregularities. Some 22 major theories have been advanced since the first
one by Descartes in 1644.

Theories of the origin of the solar system are often known as hypotheses
in deference to the style set by the distinguished pioneer P. S. de Laplace.
These accounts are generally related to the problem of the birth of the
sun itself. The theory must ultimately meet certain “boundary conditions”
such as: the system must be older than 5 billion years (the age of the earth
by radiocactive dating) but younger than the Universe, it must produce
a sun that is extremely stable in its energy output and, hopefully, it will
produce a system in accord with the Titius-Bode Relation (7.5), although
the latter is not a very strong boundry condition. By a current theory,
which we examine later (16.15), the sun and the other stars evolved from
contracting clouds of cosmic gas. How could a planetary system have
formed around a youthful sun? The question is specifically about the
solar system because this is the only known system of its kind. A success-
ful answer to the question must conform to physical principles and must
result in the system as it is known today.

The larger planets, as we have seen (7.4), have direct revolutions
around the sun in nearly circular orbits, which are nearly in the same
plane; they generally rotate in this direction as well. The larger satellites
revolve around their planets and rotate on their axes in a similar manner.
The less massive members of the system—the smaller satellites, the
asteroids, and the comets and meteoroids—follow these regularities less
faithfully, a fact that must be accounted for,

Theories of the origin of the solar system have been devised almost
entirely during the past two centuries. The earlier of these theories were
concerned with the mechanical features of the system, the later ones
with characteristics of individual members as well, such as their com-
positions and densities. All the theories encounter problems of quantity
and distribution of angular momentum.

‘The angular momentum of a revolving body, such as a planet revolving
around the sun or a particle of a rotating globe, is the product of the
mass, the square of the distance from the center of motion, and the rate
of angular motion. The principle of the conservation of angular momen-
tum asserts that the total angular momentum (the sum of all these
products) of an isolated system is always the same.

9.32
The Nature of
the Problem

9.33
Angular Momentum
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j = mr’w
] =3j =K
K, a constant

9.34
Nebular Hypothesis

9.35
Value of the
Nebular Hypothesis

Consider a rotating globe of gas. The total angular momentum is found
by summing the products of mass, square of distance from the axis of
rotation, and angular velocity for all molecules of the gas. Suppose now
that the globe shrinks, the mass remaining the same. Because the distances
of the molecules from the axis are diminishing, the angular velocities
must increase to maintain the same angular momentum. Thus the shrink-
ing of the globe increases the speed of its rotation.

A successful theory of the evolution of the solar system must account
not only for the present total angular momentum of the system but also
for the distribution of the momentum. The sun’s rotation contributes only
2 per cent to the total angular momentum of the solar system, whereas
Jupiter’s revolution accounts for 60 per cent and the four giant planets
carry nearly 98 per cent of the total.

Most theories of planetary evolution have begun with a solar nebula,
a rotating gaseous envelope surrounding the primitive sun in the course
of its development. As examples we select the earlier hypothesis of Laplace
and the recent accounts of C. F. von Weizsdcker and G. P. Kuiper.

The nebular hypothesis of Laplace, published by him in 1796, is the most
celebrated although not the first of the early attempts. Another hypothesis
of the nebular origin of the solar system, proposed by Immanuel Kant
in 1755, had not received much attention and was apparently unknown
to Laplace.

Laplace’s account begins with a gaseous envelope surrounding the
primitive sun and having direct rotation around it. As the envelope con-
tracted, it therefore rotated faster and bulged more and more at the
equator. When the centrifugal effect of the rotation at the equator became
equal to the gravitational attraction toward the center, an equatorial ring
of gas was abandoned by the contracting mass. Successively smaller rings
were subsequently left behind whenever the critical stage was repeated.
Each ring gradually assembled into a gaseous globe having its circular
orbit around the sun the same as the ring from which it was formed.
Many of the globes developed satellites in a similar manner as they
condensed into planets.

This process was intended to result in a system having the orderly
motions we have noted for the principal members of the solar system,
where the rings of Saturn might seem to have remained to demonstrate
the correctness of the theory.

The simplicity of the nebular hypothesis and the weight of its dis-
tinguished authorship combined to elevate it to a leading place among
astronomical theories throughout the 19th century. It served as a power-
ful stimulus to scientific thought not only in astronomy but in allied
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sciences as well; and it led the way to ideas of orderly development in
other fields. As its deficiencies were gradually recognized, they gave
warning of situations to be avoided in subsequent theories. These are
chiefly as follows:

1. Some of the steps outlined in the hypothesis could scarcely have
occurred because of the tendency of gas to disperse. The gaseous
rings, for example, would not be expected to assemble into planets.

2. The hypothetical solar system would not have conformed to the
actual one in the amount and distribution of angular momentum.
Calculations show that in order to have abandoned the ring from
which Neptune was formed the system must have possessed a total
angular momentum 200 times as great as the present total. In
addition, the hypothesis requires that the greater part of the present
angular momentum should appear in the sun’s rotation where only
2 per cent is actually found.

3. The organization of the solar system is more complex than was
known in the time of Laplace. Many exceptions have since been
discovered, as we have seen, to the regularities that his theory under-
took to represent. Moreover, the compositions of the planets and
their atmospheres were unknown at that early time.

The failure of Laplace’s nebular hypothesis to reproduce the present solar
system acceptably suggested eventually the trial of a different process.
About the year 1900, the geologist T. C. Chamberlin and the astronomer
F. R. Moulton proposed the planetessimal hypothesis. They imagined that
another star passed close enough to the sun to cause the emergence from
it of much gas by excessive prominence activity. The gaseous envelope
thus formed around the sun condensed into small solid particles, called
planetessimals, which assembled to produce members of the planetary
system. This and an alternate tidal hypothesis were dismissed later as
unprofitable, The interest of scientists subsequently reverted to the
nebula surrounding the primitive sun as a more promising approach to
the evolution of the system.

In 1945 the physicist C. F. von Weizsicker proposed a revised version
of the nebular hypothesis. The nebula was divided for planetary develop-
ment—not by rotational instability, as in Laplace’s theory, but by turbulent
vortices caused by its rotation in accordance with Kepler’s third law. The
nebula was assigned an original mass a tenth of the sun’s mass, or 100
times the present combined mass of the planets, and a composition
mainly of light chemical elements like the composition of the sun. After
their lighter gases had mostly escaped, the planets such as the earth
were left with their present increased percentages of heavier elements.

9.36
Some Later Theories
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9.37

The Protoplanet
Hypothesis and the
Accretion Hypothesis

9.38
The Role of
Magnetic Fields

The protoplanet hypothesis, published in 1949 by G. P. Kuiper, is a
more recent development of the nebular theory. In it, the author avoids
the difficulties of the Laplace hypothesis by allowing the solar nebula to
contain enough material of solar composition for the present planets
with their selective compositions to have formed. The excessive mass
causes the rotating nebula to break up and protoplanets to form in the
fragmented nebula. The envelopes of the planets were largely composed
of hydrogen, helium, water vapor, ammonia, methane and neon, as will
always be true for gases of solar composition kept at low (planetary)
temperatures. This point later becomes essential to the development of
star formation and agrees well with the observation results.

Kuiper’s theory explains the spacing of the planets fairly well. It treats
the major satellites’ formation in the same way as that of the planets and
therefore explains the ordered process of rotations and revolutions. The
primary difficulty in this theory is that the various protoplanet nebulae
overlap as do the various protosatellite nebulae. To overcome this prob-
lem and solve the distribution of angular momentum, W. H. McCrea
has proposed an Accretion theory.

In McCrea’s theory the nebula that forms the solar system is in the
form of density concentrations that he calls blobs. The sun consisted
originally of several blobs that coalesced and eventually became the
center of the solar system. The more rapidly moving blobs tore away, in
a sense, and are lost from the system, while the slower moving blobs
slowly coalesced into planets and lesser bodies. The remaining lesser
material enlarged the planets by accretion.

Kuiper’s theory is consistent with most of the facts, but he has also
called attention in his papers to observations which his general theory
does not incorporate. This theory is primarily explained in terms of
hydro-dynamics, but a rigorous application leaves the sun with more
angular momentum than it actually has.

Hoyle has proposed a more elaborate theory involving magnetic fields
which follows earlier work by E. Fermi and Chandrasekar. This theory
calls upon the magnetic field of the protosun to transfer its angular momen-
tum to the planets. It is entirely possible that magnetohydrodynamics, as it
is called, may add a refinement (in order) to the original von Weizacker
theory that will in turn sharpen the Kuiper theory—in itself, an extension
of the von Weizacker theory as we have pointed out.

The existence of magnetic fields in planets is not, per se, fundamental
(except in so far as life on earth is concerned). Such fields depend more
on the phase of substances within the planet, ie. the temperature and
pressure, and its rotation than on any fundamental characteristic of the
nebula itself.



. What are the general characteristics of the periodic comets?
What are the two major families of comets?
. Describe the spectrum of a comet.
Describe the three types of comet tails.

Why are there more meteors after midnight then before?
What is the difference between a meteor and a meteorite?
Discuss the spectrum of a meteor.
Explain the Zodiacal light.

9. What are the primary constituents of the solar wind?
10. Describe Kuiper’s protoplanet hypothesis. Does Oort’s theory for the origin
of comets fit into this hypothesis?
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The 140-foot (42.6 m) steer-
able antenna of the National
Radio Astronomy Observatory
at Green Bank, W. Virginia.
(NRAO photograph)
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THE SUN

INNER STRUCTURE AND MOTION OF THE SUN — THE SUN’S
RADIATION AND TEMPERATURE — THE SUN’S VISIBLE SURFACE;
SUNSPOTS — THE CHROMOSPHERE AND CORONA —
ASSOCIATED IONOSPHERIC DISTURBANCES

The sun is the dominant member and the power plant of the solar system.
It is also the only star that is near enough to us to be observed in detail. Qur
account of the sun is accordingly associated with the descriptions of the planetary
system which precede and with those of the stars in the following chapters.

271

Solar prominences. (Photograph from the Hale Observatories)
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10.1
Structure of
the Sun

Figure 10.1
The sun on September 15,
1957. Note the large number
of spots and also the limb-
darkeningeffect. (Photograph
from the Hale Observatories)

INNER STRUCTURE AND MOTION
OF THE SUN

The sun is a globe of very hot gas having a visible surface 1,390,000 km
in diameter, or 109 times the earth’s diameter. The sun is therefore 1%
million times as large in volume as the earth, and its mass is one third of
a million times as great as the earth’s mass. Its average density is one
fourth the earth’s mean density, or 1.4 times the density of water.

The interior of the sun, below the visible surface, is known to us only
indirectly from theoretical researches. Its temperature increases from 6000°K
at the deepest visible level to thirteen million degrees at the center. The
outer layers of the sun merge gradually one into another. Conditions in
the sun’s interior are discussed in Chapter 12, and the problem of the
sun’s evolution is considered in Chapter 16.

The photosphere is the visible surface, the shallow layer from which the
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continuous background of the solar spectrum is emitted. It is mottled by
brighter granulations and faculae and is often marked by darker sunspots.
The gases above the photosphere constitute the sun’s atmosphere.

The chromosphere is so named because of its red color, caused mainly
by the glow of hydrogen. It extends several thousand miles above the
photosphere. Its lowest stratum, sometimes called the reversing layer, is
the source of most of the dark lines of the solar spectrum. The prominences
appear above the chromosphere, at times attaining heights of many
hundred thousand kilometers. They are visible during total solar eclipses
and with special apparatus on other occasions.

The corona appears around the sun during total eclipses as a filmy
halo of intricate structure. Its inner parts can be observed with the
coronagraph at other times.

The gradual movement of sunspots across the disk of the sun is a well-
known effect of the sun’s rotation. A spot now near the center of the
disk will disappear at the edge in about a week. Two weeks later the
spot will reappear at the opposite edge if it lasts that long, and after a
week more it will again be seen near the center of the disk. The interval
after which a long-lived spot comes around again to the same place on
the disk of the sun is about 2 days longer than the actual period of the
sun’s rotation in that latitude, because of the earth’s revolution in the
meantime.

The sun’s rotation is in the same sense as the earth’s rotation and
revolution, from west to east. Thus the spots on the hemisphere which
faces us are carried across the disk from east to west with respect to
directions in the sky. Because the sun’s equator is inclined 7° to the
ecliptic plane, the paths of spots are slightly curved. The curvature is
greatest in March, when the southern end of the sun’s axis is most
inclined toward us, and again in September, when its northern end is
most inclined toward us. In June and December the spots move across
the disk in lines more nearly straight.

Unlike the earth, where the surface is constrained to rotate all in the
same period, the period of the sun’s rotation is longer as the distance from
its equator is greater. The period at the equator is about 25 days. It has
increased to 27 days in latitude 35°, beyond which the spots rarely appear.
The further lengthening of the period toward the poles is established
by spectroscopic observations.

The speed of the sun’s rotation in a particular latitude can be deter-
mined by photographing on the same plate the spectra of the west
(receding) and the east (approaching) edges, and comparing the two
(Fig. 10.2B). The solar lines in the first spectrum are displaced toward
the red by the Doppler effect; in the second spectrum they are displaced

10.2

The Sun’s
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Figure 10.2A
Sunspots show the sun's
rotation. This large group
of 1947 lasted more than 3
months. (Photograph from the
Hale Observatories)

toward the violet. Half the difference in the positions of the lines repre-
sents the apparent speed of the rotation in that latitude, and from it the
actual period can be derived. The period of the sun’s rotation as deter-
mined from the spectra increases progressively from less than 25 days at
the equator to as much as 33 days in latitude 75°.

We have no direct information about how the interior of the sun
rotates. R. H. Dicke has recently measured the oblateness of the sun and
found it larger than the usual rotating models would predict it to be.
He explains this by assuming that the relatively small radiative core
of the sun is rotating very rapidly, perhaps as fast as a complete revo-

.
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