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PREFACE

HIS book provides an up-to-date and authoritative outline
of our knowledge of the heavenly bodies—their distances,
dimensions, masses, constitutions, temperatures, etc.—and
explains the methods used by the astronomer for acquiring
this knowledge. As far as possible anything except elementary
mathematical treatment of the problems has been avoided in the
text, with the exception of the chapter on Navigation. Where it has
seemed desirable more difficult mathematical matters have been
relegated to footnotes at the ends of chapters or to the Appendices
which, however, are not essential for understanding the subjects
outlined in the text. The various branches of astronomy are dealt
with by specialists, many of them present or past directors of sections
of the British Astronomical Association. As they have all made an
intensive study of their own particular subjects and have had the
experience of assisting the members of their sections who work under
their direction, and also others who consult them for advice and
guidance, they understand the difficulties of beginners and know
how to express themselves in language suitable to the novice as
well as to those who are more advanced.

The Introduction gives a general survey of the universe, from our
own planet to the remote extra-galactic nebulae, and it is hoped
that this chapter will enable readers to gain a balanced perspective
of the subject before they embark on the specialized portions which
are dealt with in the various chapters. After this general view of
the whole universe the first chapter outlines the main features of
the solar system, suggesting a simple model of the Sun and its
family of planets, which can be easily visualized. This model will
assist in giving an idea of the immense distances with which the
astronomer deals, even in the solar system which, compared with
the distances of stars and nebulae, is a mere speck in the universe.

Chapter II deals with the Sun in relation to evolution and the life
of man, its physical features, composition, the process by which its
enormous output of heat and light is supplied and maintained,

*a ix




X PREFACE

its relation to various terrestrial phenomena such as the aurora,
interference with short-wave radio transmission, etc., and also the
methods used for observing sunspots, flares, prominences, and other
features. The author of this chapter is well known for his work
on solar prominences and for the device that he invented several
years ago for facilitating the observations of prominences by the
spectrohelioscope. He has copious illustrations—photographs and
line diagrams—in his chapter.

Chapter III gives a detailed description of the night-to-night lunar
features that can be seen with a small telescope and will prove most
instructive and stimulating to every one who has any interest in our
nearest neighbour—the Moon. The author of this chapter, with his
band of workers on lunar topography, has made a very compre-
hensive investigation of the surface of the Moon, and as a result he
has produced the largest map of the Moon in existence., This is in
twenty-five sections and when assembled is twenty-five feet in
diameter; he is now engaged in producing a still larger map. This
chapter, unlike many of the others, is practically self-contained and
can be read without reference to other parts of the book. Some
who read it will probably want to purchase a small telescope, or, if
they cannot afford this, may feel disposed to make one for them-
selves—not a difficult or expensive matter. Thus equipped they
will find a wonderful recreation in studying some of the larger lunar
formations, with the assistance of the descriptions given in
Chapter III.

In Chapter IV each of the planets is dealt with separately, and
nothing of real interest or importance to readers has been over-
looked; the results of the most recent research on the planetary
features, their atmospheres, physical conditions, dimensions, etc.,
have been included and copious illustrations by photographs and
drawings—some of the latter by the authors themselves—are
included.

Chapter V contains a short account of the minor planets or
planetoids (usually known as asteroids, though the term is mis-
leading), and Chapter VI deals with comets, meteors, and meteorites,
These, with the planets and their thirty-one satellites, complete the
members of the solar system.

‘The Auroraand Zodiacal Light,’ Chapter VII, hasnot beenincluded
under the solar system; the aurora is a ‘border-line case’ between

PREFACE _ xi

nd meteorology. Although its origin comes u.nder the
asrt)r\(r)ilrll?:?zfaastronomy thegy final cause of the phenomenon is largely
of a meteorological character, but it is usually inqluded in astro-
nomical works. It is not a common phenom.enon in the southern
arts of this country, but is frequently seen in the. ngrthern parts
of Scotland. Statistics show that on the average 1t'1s ob§ervedha
hundred times a year in Lerwick, twenty-five times in Edinburgh,
and seven times in London. Most .of the chapter is devoted to
descriptions of its appearance and will prove very helpful to thtc))s:
who have the opportunity of observing this beautiful spectacle, lit
there is also a short account of the causes of the phenomgnon. :
must not be assumed that this explanation settles all the (?,lfﬁcultl?s
connected with the aurora; many unsolved pr.oblems still remain
and probably will remain for a considerable time before the geo-
physicist has provided a complete solution. 4
Except for the Introduction, the book has so far been concerne
with very parochial matters—merely a survey of the sc.)la'.r syst‘em
of which the outermost planet is only about .4,qoo.rmlhon miles
from us. This distance shrinks into utter m51gn1ﬁcance wl}en
compared with the distance of the nearest star, 'Ehe light fr(;)m whl-ch
takes over four years to reach us. Chapter VIII, ‘The Stars, explains
how the depths of space are plumbed and stellar dlst;%nces deter-
mined, how the stars are weighed, the nature of the instruments
used by the astronomer to tell what stars are .made of and what
their temperatures are, how they came into ex15tem.:e, what the.lr
end will be, and so on. Perhaps some who read t}}ls chapter.vglll
wonder why astronomers waste their time in studying such trivial
things as planets and their satellites, comets and meteors, a.nd other
members of the solar system—all mere specks in the immense
universe. They will learn, however, that the so}ar system must be
used as the base for operations, and unless the chstance of the eax:th
from the sun is first known, it would be impossible to proceed with
the computations of the distances of the stars and' nebulae—
galactic and extra-galactic—or of their masses, dlmen51.on.s, move-
ments, temperatures, and many of their other.cl‘laractenstlcs. The
methods adopted by the astronomer for denvmg these are fully
explained in the simplest manner, and the reader will be ?nllghtened
on the step-by-step procedure from the use of. the earth’s dlamete:r
to find the Sun’s distance—the astronomical unit—and then from this
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to find the distances of the stars comparatively close to us—about
a hundred light-years away—and from this to proceed to other
stars and extra-galactic nebulae hundreds of millions of light-years
away. It is a thrilling story and one that cannot fail to impress
every reader with the wonders and majesty of the heavens, as well
as with the power of the human mind to grapple with abstruse
problems which a few hundred years ago seemed incapable of
solution.

Very little up to this point has been said about the instruments
used by the astronomer; this has been relegated to Chapter IX,
which has been purposely reserved for the end of the descriptive
portions because its introduction earlier would have burdened the
minds of readers with many details that would have caused more
confusion than enlightenment. Throughout the book there are
many cross-references, some of them directing attention to the
instruments employed, and it will be found advisable to refer to
these just as the occasion arises. On the whole this will be better
than studying this chapter first of all (though this can be done if
preferred), and the practical application to any specific problem that
arises will then be more obvious.

No work on astronomy is complete without some historical sketch
of the developments in the subject, and this has been provided in
Chapter X, which is divided into two sections, one dealing with
astronomical development from the earliest times to the middle of
the seventeenth century, the other giving a brief outline of the
discoveries and developments from the days of Flamsteed, the first
Astronomer Royal, up to recent times. This is a fascinating story,
showing how the early astronomers formulated the most grotesque
theories about the heavenly bodies and how, during the last four
hundred years, enormous strides have taken place in every branch
of astronomy, in spite of reactionary tendencies and opposition
through bigotry and superstition during the first two centuries of
this period of rapid progress.

The practical application of astronomy to navigation is dealt
with in Chapter XI; this has been compiled by two authors, the
first of whom has had the practical experience of navigation, the
second dealing more especially with the theoretical side. This
chapter may not be easily understood by every reader, and if it
proves too difficult it can be omitted without affecting the sequence

PREFACE X1
ook ; some who are interested in the subject and wl}o have
gii;i}::?ezt mathematical background will,. however, find it verg
helpful, and it provides a useful introduction to a more advance
igation. )
Stug}fagierrl?irlgl, ‘The Road to the Planets,’ for which the'chaurma.n c_)f
the British Interplanetary Society is responsible,' explains how it is
proposed making journeys to other heaven.ly b0(_11§s—the Mot_)-n_ﬁrst
and afterwards the planets. Some may think thisisa fantastlc_ldea,
but it is fairly certain that the attempt to reach the Moon wﬂlfbe
made within the next twenty or t}_urty.{ears, and the scheme for
ing the journey is not so fantastic as it seems.
maclixlggtfar }](III, ‘yNotes on Identiﬁcati}tl)n.,’ supplies the necessary
i ion for identifying the stars in their seasons. )
mf'})‘lrlrel:l al:o(())k ends witl}lnagnumber of Appendices' to explain more
fully certain points in the text. Star Maps are printed on the front
and back end-papers as well as in Chapter XIII.
I should like to acknowledge the assistance rendered by Dr. W. H.
Steavenson, Dr. A. F. O’D. Alexander, and Mr. P. Doig,! who rea%
through the manuscript and galley proofs and.n}ade a number o
valuable suggestions. Where differences of opinion arose—and _111
several cases this has occurred—the final dec151o_ns on controversia
matters were given by the authors of the various chapters, who
must, therefore, accept responsibility for the views exprfassed.
Acknowledgment is also made to a number of publishers and
observatories for permission to reproduce diagrams and photo-
graphs; the names are inserted on these. A very large number
of reproductions has been made from Splendou?' of the Heaz{e.nsﬁ
published in 1923 by Hutchinson. The Council of The Bn‘tls
Astronomical Association and members who have madg Fontnbu-
tions to its publications have also kindly given permission for a
number of plates and diagrams to be reproduced. .
Finally I wish to thank the United States Navy Departmen
Hydrographic Office for permission to reproduce the tabula.r matte;
shown on pp. 478-9, from H.O. 214, Tables of C omputed. Alt;tude an
Azimuth, 1940, and H.O. 249, Star Tables for Air Navigation, 1947,
and also the Controller of H.M. Stationery Office for permission to
reproduce the tabular matter shown on pp. 474-7.
September 1952 M. DAVIDSON.
1 Mr. Doig died shortly before the publication of the book.
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PREFACE TO SECOND EDITION

IN the preparation of this second edition advantage has been taken
of a number of suggestions made by reviewers and correspondents.

The Index has been enlarged, and an additional chapter has been
added dealing with the identification of the stars and planets; this
chapter also includes a number of star maps to supplement those on
the end-papers. A number of extra Appendices have been inserted,
many of which deal with developments in astronomy since the
appearance of the first edition,

M. DAVIDSON.
1954.

INTRODUCTION

A GENERAL VIEW OF THE UNIVERSE

BY M. DAVIDSON, B.A., D.SC., F.R.A.S.

President of the British Astronomical Association, 1936—8

HE first chapter gives a general survey of the solar system,

starting with the Sun which, on the model suggested by

Mr. M. B. B. Heath, is taken as two feet in diameter (its

actual diameter is about 860,000 miles). On this scale the
planet Pluto—so far as we know at present the most distant from
the Sun of the nine planets—is nearly 1§ miles away at its average
distance. On the same scale the nearest star is about 10,000
miles away.

It is easy enough to visualize a distance of a few miles, and those
who do a lot of travelling by road—drivers of motor vehicles, for
instance—can form a rough idea of distances of hundreds of miles,
but distances of thousands of miles are much more difficult to
visualize. When we come to millions of miles it is quite impossible
to form any conception of such distances, and as these figures would
be necessary in dealing with our Galaxy?! if we started with the
Sun two feet in diameter as the basis, a different method will be
adopted in this chapter. We shall start with our Galaxy and
assume that it has a diameter of 1,000 miles, which is more than
twice the distance from Berwick to Land’s End. We shall antici-
pate what is fully described in Chapter VIII by saying that all the
stars you can see with the naked eye lie in our Galaxy, and although
you can see only a few thousand of these there are about 100,000
million altogether.

Suppose that the Galaxy, which is shaped somewhat like a bun,?
has its longest diameter 1,000 miles and its shortest diameter 160
miles; this is like a very flattened bun, six times as long as it is
deep, but even this does not give an adequate representation of the
! See page 346.  * This is only a provisional conception. See page 348.
XV
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Galaxy because the ‘bun’ rapidly tapers off so that towards its
edges its depth is only about 30 to 60 miles. Having formed a
mental picture of this—and it may not be very easy for many
readers to do so but it is the best that we can suggest—now let
us look at what lies in the interior of the bun. (See Fig. 112 and
Plate XXXVIII, Chapter VIIL.)

Imagine that inside the bun there are about 100,000 million tiny
specks, each one with an average diameter ten-thousandth part of an
inch, and that they are all moving round the central portions with
various velocities. Fix your attention for the present on one of
these specks which is about 300 miles from the centre of the bun:
although it would be invisible to the naked eye a microscope
magnifying a thousand times would show it as a tiny sphere
apparently about one-tenth of an inch in diameter. This speck is
our Sun and on closer examination you would see a number of much
smaller specks revolving around it, but of course an ordinary
microscope would be useless for observing these, and you would find
it necessary to use an electron microscope. These very minute
specks—much smaller than the main speck—are the planets, and the
one at greatest distance is two-fifths of an inch away, but of more
interest than Pluto is another speck at one-hundredth of an inch
from the central one. This is our Earth which, on the scale adopted,
is about one-millionth of an inch in diameter. It happens to be
so situated that something we call life has been able to develop on
it and to survive so far because the heat and light from the Sun
are favourable for this, but how far they are favourable for the
same purpose on the other specks is largely a matter of conjecture.

Having formed a mental picture of the Galaxy, now let us turn
to the distances between the specks composing it. In the first
chapter it is shown that, adopting a model of the solar system with
the Sun two feet in diameter, the nearest star is 10,000 miles away,
and this could be taken as a fair representation of the distances
between any one star and its nearest neighbour. On the present
scale, however, where the Sun is a microscopic object, its nearest
neighbour is about 8o yards away. You can, therefore, form a
picture of a very minute speck representing the Sun and another
minute speck representing the nearest star separated by 8o yards,
and about 100,000 million more occupying a space like a bun 1,000
miles long and 160 miles in depth. This is a picture of the Galaxy.

INTRODUCTION xvii

What lies outside this bun—in other words—our Galaxy? The
answer is other galaxies more or less of similar shape in many cases
and some of them about the same size as our Galaxy, thoug_h. many
of them are much smaller. One of the largest of these, visible to
the naked eye in the northern hemisphere, is the Great Nebula_ in
Andromeda.l! On the adopted scale it would be about 8,000 mll.es
away, and although several are known to be nearer to us than this,
there are hundreds of millions of others incomparably more distant.
The zoo-inch telescope at Mount Palomar can photograph galax1§s
more than a thousand times as far away as the Great Nebula in
Andromeda, which would imply on our scale more than 8
million miles. Now turn your attention for a moment to this scale.

We started with the Earth’s diameter as one-millionth of an inch,
in other words, by placing side by side a million specks like that
described earlier, each speck representing the Earth with a diameter
of nearly 8,000 miles, we arrive at galaxies of stars more than
8 million miles away. Perhaps this will enable readers to
appreciate better the magnitude of the universe than to be tol_d that
there are external galaxies a thousand million light-years distant.
The explanation of this term appears elsewhere.? )

This brief survey of the universe should enable readers to gain a
clear perspective of the problems confronting the astronomer.
Formidable as they may seem to be when such immense distances
are to be plumbed from his speck representing the Earth, neverthe-
less he has succeeded in unravelling many of the secrets of the
universe, but many still remain unsolved.

Some may want to know what lies between all these galaxies of
stars which are separated from one another by such immense
distances. The answer is that it is not isolated stars which do not
belong to any galactic system but are wandering about on their
own ; such stars do not seem to exist. All the stars in the universe
appear to belong to some galactic system, and outside this and
between it and the next system there is nothing but scattered
molecules and atoms of various elements—sodium and hydrogen
especially, but many other elements are represented—and cosmic
dust. Although these molecules, atoms, and cosmic dust are so
scattered that the most perfect vacuum that can be produced on
Earth is incomparably more dense than is found in interstellar

1 See page 320. 2 See page 290.
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space, nevertheless it is believed that the total mass of all this
interstellar and internebular matter is about the same as that of
all the stars combined or even much greater. It need scarcely be
added that the temperature in interstellar space is very low—almost
absolute zero.!

The interstellar matter is responsible for raising many complica-
tions in the problems confronting the astronomer, more especially
in his attempts to determine the distances of the external galaxies,
but this is explained later in the book.2 Enough has been said to
assist the reader in realizing the immensity of the universe. In the
first chapter the scale adopted is very suitable for describing the
solar system, but this scale is too large for describing the extent of
one galaxy—to say nothing of hundreds of millions of others. The
scale is nearly a quarter of a million times as great as that used in
the Introduction to describe the Galaxy and its distance from some
of the nearest external galaxies, and this scale will be more fully
appreciated when Chapter VIII has been read. Some might find
it advantageous to re-read the Introduction while they are studying
the contents of Chapter VIII.

BIBLIOGRAPHY

Many of the books on cosmology are beyond the standard aimed at in this
work, but a few can be recommended, amongst which are the following:

Sir James Jeans: The Stars in their Courses, Cambridge University Press,

1931.
W. de Sitter: Kosmos, Harvard University Press, 1932.

Sir Arthur Eddington: The Expanding Universe, Cambridge University

Press, 1933.
Fred Hoyle: The Nature of the Universe, Basil Blackwell, Oxford, 1950.
G. J. Whitrow: The Structure of the Universe, Hutchinson’s University
Library, 1951 (more advanced than the others mentioned).

! In dealing with the heavenly bodies—in particular with the stars—readers
will frequently find that temperatures are expressed in degrees K., not in C.,
which means degrees Centigrade. Sometimes A. is used instead of K., and
these letters signify ‘absolute’ and ‘Kelvin,’ respectively, the latter after
Lord Kelvin. Physicists take as the zero point a temperature 273° Centi-
grade below o° C., which is the absolute zevo, and temperatures reckoned from
this zero point are demoted by A. or K., more frequently the latter. Thus,
300° K. means a temperature 300° C. above —273° C., which implies a
temperature 27° C. 1In the case of very high temperatures it makes little
difference whether we refer to C. or K. For instance, 16,000° K. is the same
as 15,727° C., and as the determination of such high temperatures on the
stars is subject to considerable uncertainty, it makes very little difference
whether we call the temperature 16,000° K. or 16,000° C.” Nevertheless in
many computations physicists use absolute temperatures only, one example
of which occurs on page 332. % See pages 344 ff.

CHAPTER I

THE SOLAR SYSTEM

M. B. B. HEATH, F.r.A.s.

Director of Saturn Section, British Astronomical Association

CONSTITUTION, ORIGIN

HE solar family includes a very large, hot, massive, and
luminous central Sun, with innumerable much smaller
bodies revolving around it in paths varying from near
circularity to very elongated ellipses. The principals of
these dependent orbs are nine planets, one of them our world, all
moving in approximately circular orbits, in the same direction as
the Sun rotates on its axis and roughly in the plane of the Sun’s
equator. These planets also turn on their own axes in a similar
direction to the solar rotation (only the tilt of the axis of Uranus
being unusual)! and most of their satellites revolve around them in
conformity to the general direction. All this, together with its
extreme isolation—for the nearest star is about 6,000 times as far
away as the outermost planet when at its mean distance—shows
that the system is no fortuitous assembly of matter but had some
common origin. What that origin was we know not. Condensation
from a nebula, an encounter with an intruding star both with or
without collision, and the supposition that the Sun was once a
double star whose companion encountered the intruding star—these
and many other theories 2 have been invoked but have been found
more or less inadequate.
There are also vast numbers of yet smaller bodies within the Sun’s
domain. Thousands of little planets called asteroids or planetoids,
and innumerable fragments ranging from great meteorites such as

1 See page 189. 2 Some of these are discussed in the four books
referred to in the Bibliography, page 7.
I



2 THE SOLAR SYSTEM

have fallen on the Earth at rare intervals, down to tiny flashing
‘shooting stars’ of less than pin-head size, and many comets, all
pursue their ways in orbits very different from those of the principal
planets.

A MODEL OF THE SYSTEM

It is impossible to represent on paper the relative sizes and
distances of the Sun and planets because the distances are so much
greater than the sizes. In order to obtain an accurate mental

~ picture of the system we may imagine a globe 2 feet in diameter

to represent the Sun; then Mercury will be represented by a small
shot or moderate pin’s head revolving round the globe at an average
distance of about 83 feet, Venus by a small pea at about 156 feet,
the Earth another small pea at about 215 feet, Mars by a slightly
larger shot than that representing Mercury at about 109 yards,
Jupiter by a fair-sized orange at about 373 yards, Saturn by a large
plum at about £ mile, Uranus by a large cherry at about £ mile,
Neptune by another cherry at about 1-22 miles, and Pluto by a small
pea at an average distance of about 13 miles, but when farthest
from the Sun a little over 2 miles. On the scale of this model the
nearest star is about 10,000 miles away.

APPARENT PLANETARY MOTIONS

Viewed from the Sun the planets would be seen as an orderly
procession, the nearer ones continually catching up and passing the
more distant. Viewed from the Earth, however, these motions
lose all this simplicity and become very complicated. Long ago,
probably as soon as the stellar heavens had been divided into con-
stellations, it was noticed that five bright star-like objects appeared
to move about among them. Prolonged observations showed that
their roamings were confined to a narrow belt in the sky within
which the Sun and Moon appeared to move continually eastward,
and which we call the zodiac. In various periods, the longest being
nearly 30 years, they circled this belt and returned practically to
their original place among the stars, only to recommence their
ceaseless round. Their motions in the zodiac, however, appeared
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very irregular. Mercury and Venus appeared to rece.de from the
Sun up to certain limits and then seemed to approach it, but Mars,
Jupiter, and Saturn were not so limited—they receded f.rom the Sun
until they were opposite to it (and consequently seen in the south

EARTH

{NFERIO!
G ST GREATEST
ELONGATIONg CONUNCTIONNg EIE ST e ATION
WEST EAST

CONJUNCTION

FiG. 1

ORBITS OF THE EARTH AND AN
INFERIOR PLANET

Only two planets, Mercury and Venus,
revolve in orbits inside that of the Earth. The
diagram shows why they are nearest to us in
inferior conjunction, and at their greatest
apparent distance from the Sun at their
elongations. Obviously the Earth can never
get between them and the Sun.

(From Splendour of the Heavens, Hutchinson)

at midnight) before seeming to approach it once more. Meanwhile
they had moved eastward among the stars, slowed down, stopped,
moved westwards, stopped again, and then resumed their eastward
journey. When opposite the Sun they were found to be about
midway between the two stationary points. These errant orbs are
the planets—a word derived from the Greek, meaning a wanderer.
To account for these motions, men, obsessed by the ideas that the
Earth was the centre of the universe and that all celestial motions
must be performed in a circle,! devised extremely complicated
1 See page 409.
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systems of cycles and epicycles to account for the observed appear-
ances, but they never completely succeeded in doing so. The first
step in the right direction was taken by Copernicus, who suggested
that all the planets, the Earth included, revolved round the Sun.

: OPPOSITION
QUADR;TURE EARTH ogruns

NEST EAST

SUN

CONJUNCTION
F1G. 2

ORBITS OF THE EARTH AND AN
EXTERIOR PLANET

The planets from Mars outwards to Pluto
revolve in orbits outside that of the Earth.
The diagram shows why they are nearest to us
at opposition, when the Earth is between
them and the Sun.

(From Splendour of the Heavens, Hutchinson)

Kep_ler followed this up by enunciating his three laws of planetary
motion,' and finally Newton showed that these three laws were the
consequences of his universal law of gravitation.2

THE ASTRONOMICAL UNIT

The mean distance of the Earth from the Sun is used as a unit to
express many distances in the Solar System. In 1930-1 the tiny
asteroid Eros made one of its close approaches to the Earth and

1 See page 418. 2 See page 421I.
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fourteen different countries co-operated in taking nearly 3,000 photo-
graphs of it upon the stellar background. From these the Astro-
nomer Royal, Sir Harold Spencer Jones, deduced a solar parallax
of 8”790, which corresponds to the equatorial radius of the Earth
as seen from the Sun. Adopting Hayford’s value of 3963-35 miles
for that radius we find that the Astronomical Unit is almost exactly
93 million miles.!

PLANETARY ORBITAL ELEMENTS

In order to define the orbit of a planet completely we must have
certain basic quantities known as elements. These are (1) the mean
distance of the planet from the Sun; (2) the eccentricity of its orbit;
(3) the inclination of the plane of the orbit to the plane of the
Earth’s orbit, i.e. to the ecliptic plane; (4) the position of the ascend-
ing node, the point where the two planes intersect when the
planet is moving from the south to the north side of the plane of
the Earth’s orbit; (5) the angle between the ascending node and the
point where the planet is nearest the Sun; and (6) the period of
revolution round the Sun. The connection between (1) and (6) is
explained elsewhere.? Knowing these and the precise position of
the planet in its orbit at some particular epoch, any past or future
position of the planet can be computed in so far as that depends
solely upon the Sun’s attraction.

PERTURBATIONS

The Sun’s mass is about 745 times that of all the planets com-
bined, so it is evident that its attraction is paramount in controlling
the orbits, but the planets also slightly attract each other, giving
rise to small disturbances in those orbits, which are known as
perturbations. The short periodic perturbations never become
large, the greatest being those of Jupiter and Saturn, long known
as the ‘Great Inequality,” having a period of about 913 years.
Even then, as seen from the Sun, Jupiter is only displaced by about
half a degree and Saturn a little more than a degree. The secular
perturbations, however, are of much longer periods—anything from
50,000 to nearly 2 million years. The mean distances of the planets
1 See pages 72, 214. 2See pages 232, 418.
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from the Sun and consequently their periods of revolution remain
unchanged by these, but elements numbered (2), (3), (4), and (5)
change slightly in the course of ages. Laplace and Lagrange,
eminent French mathematicians, showed that these could not alter
the stability of the system to any great extent. The inclinations
and eccentricities oscillate slightly but, according to Brown, cannot
become large in less than many millions of revolutions.

BODE’S LAW

.The name of J. B. Titius of Wittenburg (4. 1796) is associated
with that of Bode—another celebrated German astronomer—in
formulating this law which can be explained very simply as follows:

Write down the numbers o, 3, 6, 12, 24, and so on, each number
after the second being double the one preceding it. We add 4 to
each of these and we have the series of figures 4, 7, 10, 16, 28, and
so on. These give the relative mean distances of the planets from
the Sun, except in the cases of Neptune and Pluto. While the
figures are not exact they are fairly close and have proved very
useful to astronomers on various occasions which are mentioned
later. The table below shows the application of Bode’s law to the
planets.

2 % ©
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According to ; 16 ——8 52

Bode’s law 4 7 28| 52| 100 196 | 388 772

Actual distances| 3.9 | 72 |10| 152 | |52| 954 | 192 |300'7| 3046

'If 10 represents the distance of the Earth from the Sun, the
dfstance of Mercury should be 4, of Jupiter 52, and so on, mean
distances being always used, and the agreement between the figures
computed by Bode’s law and the actual figures are close except in
the cases of Neptune and Pluto. It may be pointed out, however,
that Pluto’s actual distance is practically the same as the distance
of Neptune as found from Bode’s law, and this raises certain prob-
lems which are beyond the scope of this book. The average distance
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of the asteroids fits in satisfactorily with 28—the computed distance
—_and reference is made to this and also to the discoveries of
Neptune and Pluto in other portions of the work.? While no satis-
factory explanation has yet been given of Bode’s law (it was derived
merely from empirical evidence, that is, from a knowledge of the
distances of the planets) it cannot be considered a mere coincidence.

The first four planets, of the Earth’s order of size, are called the
‘terrestrial planets,” while the next four, which are much larger than
the terrestrial planets, are known as the ‘giant planets.” Until
recently it was generally believed that the diameter of Pluto was
about half that of the Earth, but there are now reasons for thinking
that the planet is about the same size as the Earth.?

Reference has been made on page I to suggestions regarding the
origin of the solar system, but it is outside the scope of this book
to deal with these theories, more especially as some of them involve
abstruse mathematical analysis. It should be emphasized that
there is no generally accepted theory at present; all of them present
difficulties and are open to a number of objections—some more
than others. Readers who wish to study this subject more fully
can refer to any of the books mentioned in the list below, in some
of which a comprehensive survey is given of various theories. When
cosmologists attempt to explain a process which took place at least
3,000 million years ago they must necessarily indulge in speculation
because of their ignorance of the conditions prevailing at that time.
For this reason no theories of the manner in which the Sun and its
attendant planets, satellites, and other members of the solar system
were formed, can claim to be final, and plausible as many of them
may seem they must be regarded as largely tentative, based in
many cases on mere ad hoc postulates.
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CHAPTER 1I

THE SUN

F. J. SELLERS, M.I.MECH.E., F.R.A.S.
Director of Solar Section, British Astronomical Association, 1937-51

THE SUN IN RELATION TO THE EVOLUTION AND LIFE OF MAN

OME two or three hundred million years ago the radiation

from the Sun, such as its light and heat, was not very different

either in nature or amount from what it is to-day; so that

during evolution, under the unvarying influence of this radia-
tion, vegetable and animal life, including in the later stages that
of mankind, has steadily and persistently adapted itself to conditions
which are still in existence.

The surface of the Earth had long ceased to be seriously affected
by happenings in its interior, beyond, perhaps, some changes in
local contours, and, although the atmosphere has probably become
less moist, life on this surface has depended almost entirely on the
effects of solar radiation. In fact, man’s existence from his incep-
tion, and his further continued development, have been made
possible and controlled by the Sun.

The primeval forests forming the coal beds, and the waterfalls of
condensed water raised from the sea by evaporation, are also due
to the Sun’s influence, and many of the other effects of solar radia-
tion, more recently discovered, greatly add to man’s indebtedness
to the Sun.

Briefly then, mankind receives from the Sun not only direct heat
and light, but also indirect and artificial heat and light, as well as
his food, his clothing, his fuel and power, his health, in fact every-
thing that tends towards his general well-being.

It is natural, therefore, and not to be wondered at, that, with the

8
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first glimmering of logical intelligence, man should have realized
this to some extent and have worshipped the Sun as the deity from
whom all blessings came. It may seem strange, that in spite of
this it was not until comparatively recently—about 350 years ago
—that the Sun was given anything approaching a central place in
the cosmos.

THE SUN AS A STAR AMONG OTHER STARS—ITS DISTANCE,
MOTION, SIZE, DENSITY, ETC.

Now, of course, we know that the Sun %as a central place, but
only in the midst of its family of planets comprising the Solar
System: that it is, in fact, merely one of the millions of millions of
other stars in the galaxies, and quite an average one at that.

No doubt the Sun evolved much as other stars, and has, until
recently, been regarded as a G-type dwarf star ! which is slowly
cooling. In the last decade or so considerable doubt has been
expressed upon this latter point, as we shall see later, and the Sun
may now be classed as a G-type main sequence star,? still getting
hotter.

If removed to the standard distance from the Earth at which the
Absolute Magnitude 2 of stars is judged to compare correctly their
intrinsic brightness (1o parsecs or 326 light-years, about 200
million million miles), the Sun would shine as a yellowish star of
fifth magnitude, not too easily visible to the naked eye on a clear
moonless night.

The Sun’s brilliance and importance to us are due to its com-
parative nearness. It is 93 million miles away and its light,
travelling at a speed of 186,283 miles a second, takes only eight and
one-third minutes to reach us. The light from the #nex? nearest star,
called Proxima Centauri, takes no less than four years to come and
there are stars many millions of light-years away. It will be
realized, therefore, that the Sun, together with its family of planets,
is extraordinarily isolated in space. It is the only star which we
can observe at close quarters, and like all stars has its own motion;
in fact it is moving at a speed of 12 miles per second towards a
point in the sky situated in the constellation ‘ Hercules,” as explained
elsewhere.*

! See page 326—9. 2 See Appendix I.

3 See page 290. % See pages 297-8.
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The diameter of the Sun is 864,000 miles, rather over 100 times
that of the Earth. In its early stages of development the diameter
was probably much greater; some early type stars of very tenuous
gas have diameters of some hundreds of million miles, but the Sun
has gradually shrunk to its present size.

The Sun is, however, entirely gaseous: its mean density is rather
less than one and a half times that of water, but this varies greatly
from intense compactness at the centre to extreme rarefaction in
the outer parts. )

Having regard to the periodicity of sunspots and other solar
activity, the possibility was considered of the Sun having been, and
perhaps still being, a variable star of the Cepheid or pulsating type,!
and attempts have been made to find a variation in the solar
diameter corresponding with the maxima and minima of activity,
but such variation, if it exists, is so small and the difficulty of
measuring it so great, owing to the turmoil of the surface and
irradiation caused by its intense brilliance, that up to the present
no definite conclusion has been arrived at.

A BRIEF NOTE ON SUNLIGHT AND THE ATOMICITY OF MATTER AND
ENERGY IN RELATION TO SOLAR PHYSICS

In order to secure a better understanding of what follows it is
expedient, before proceeding, to say something about light, radia-
tion energy, and the atom.

Ordinary daylight is radiation from the Sun whose range of
frequencies of pulsation happens to fall within that to which our
eyes are sensitive. We can analyse sunlight by means of a spectro-
scope ? by spreading out a narrow beam of white daylight or sun-
light, issuing from a slit, into a very wide beam, much weakened,
of course, so that the varying range of frequencies of the analysed
light appears in proper order as a kind of scale. This spread-out
beam constitutes the spectrum of sunlight, generally known as the
solar spectrum.

The varying frequencies are interpreted by our sense of sight as
a variation in colour. Thus the colour of objects around us is due
to the property of the surface of the object (or the paint on it) to
select and reflect particular frequencies of pulsation from the general

1See page 315. 2 See pages 61, 367, 395.
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mixed white sunlight. The visible colours range from violet through
indigo, blue, green, yellow, orange, and red until the deeper tones
of red become invisible: but radiation from the Sun extends vastly
farther in either direction beyond the tiny portion within the range
of our vision.  Ultra-violet frequencies, somewhat outside our vision,
are intensely registered by the ordinary photographic plate, while
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THE SOLAR SPECTRUM

Part of the visible spectrum is here shown comprising the spectrum lines
mentioned in the text. Only the more prominent lines are shown, but some
24,000 lines have been mapped in this part of the spectrum. The colours
have no marked boundaries but merge into one another. Fraunhofer’s letters
are given. His A and B lines are in the deep red, where many of the lines
are’due to absorption by the atoms in the Earth’s atmosphere.

infra-red frequencies are particularly associated with heat radiation.
Photographic plates can now be specially made to register infra-
red frequencies and a photograph may be obtained of hot objects,
say a boiling electric kettle, in absolute darkness.

On the assumption that radiation is a wave phenomenon, the
frequency of pulsation results from the number of waves passing a
given point in a given time. As the length of the waves of light
is very small, an average of about 5,455 of an inch, and the speed
of. light propagation very great, 186,283 miles a second, the
resulting frequency of pulsation is of an extremely high order, being,
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for green light, about 600 million million per second. It is more
convenient and easier to think about and to visualize if the wave-
length rather than the frequency is used. For this and other
reasons radiation is generally defined by its wave-length in angstrom
units—one angstrom or ‘A.’ being the 10 millionth part of a
millimetre, or one 250 millionth part of an inch.

The visible part of the solar spectrum ranges from about 4,000 A.
in the violet to 8,000 A. in the deep red: we might say one octave.
It should always be remembered, however, that it is the Jrequency
of pulsation, a direct result of wave-length, which determines the
energy and effect of radiation, and that the shorter the wave-length
the higher the frequency and, generally, as will be seen later when
discussing the quantum, the greater the energy. (See pages 13
and 14.

Ontl)ose examination of the solar spectrum it will be seen to be
crossed by thousands of dark lines, mostly very fine, called Fraun-
hofer Lines because Fraunhofer was the first to study them care-
fully. These lines are really gaps in the scale of wave-lengths or
frequencies where the light is missing or much reduced. The
light due to these particular wave-lengths has been absorbed by the
atoms of gases at the.Sun’s surface or in the Earth’s atmospheres,
as will be further explained later.

The atom has been pictuted as a very miniature solar system in
which the Sun is replaced by a nucleus consisting of protons and
neutrons (in the case of the hydrogen atom there is only one
proton). Around this nucleus revolve a number of electrons, one
in the hydrogen atom, two in the helium atom, three in the lithium
atom, and so on. The proton carries one charge of positive elec-
tricity, but the neutron, which has the same mass as the proton,
does not carry a charge. As the atom is normally electrically
neutral, this implies that the number of electrons, each carrying a
negative charge, which revolve around the nucleus, is the same as
the number of protons. Thus the lithium atom has three protons
and four neutrons in its nucleus, and to neutralize the three positive
charges on the protons there must be three electrons revolving
around the nucleus. These revolving electrons are often known as
‘planetary electrons,” and are regarded as revolving in different
shells—not all the planes of revolution lying in the same plane—
each shell containing a number of electrons, which varies with the
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element. The chemical and physical properties of the atom depend
on the number of electrons in the outer shell. While this mental
picture of the Bohr Afom (after Bohr, a Danish physicist, to whom
this model is largely due) serves most purposes fairly well, it cannot,
be regarded as anything more than a convenient mental represen-.
tation of the atom, and ‘wave-mechanics’ is now largely replacing it.'
The electron may move in many different, but very definitely
fixed, orbits: it cannot take up an intermediate position. In a
normal state it will choose the smallest and easiest orbit nearest the
nucleus. If the atom is
heated or otherwise excited \
by collisions with other

atoms in a gas or by -
electric discharges, etc., the
electron will jump into the
next orbit farther away
from the nucleus, and in
doing so will absordb a
definite amount of energy;
the amount of this energy is
one quantum of a frequency
which depends upon the
particular orbits between
which the electron jumps.
The quantum, which may
be regarded as the atom
of energy, is generally in-
dicated by the letters hv (h
being a constant, called Planck’s Constant, and v (the Greek letter
‘nu’) being the frequency. It will be seen that the quantum
varies in its energy or power to efféct physical changes—the higher
the frequency the more powerful or energetic being the quantum.
Left to itself the electron will fall back again into its original orbit
and will emst, in doing so, this same quantum of energy. This
energy will be registered in the spectrum of hydrogen, as examined
with a spectroscope, by a line in the position of the wave-length, or
wave-frequency, corresponding to the jump that the electron has
made between certain orbits. There are four lines in the visible
part of the hydrogen spectrum, designated by the letters Ha, HB,

ELECTRON

o
NUCLEUS OR PROTON

Fic. 4
HYDROGEN ATOM (Bohr model)
An almost infinitely small nucleus with .
one electron revolving round it. If theatom
is ionized and the electron driven out of it,
the nucleus remains with a positive charge
and is called a proton.
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surface, more will be said about the behaviour of atoms and its
interpretation by the spectroscope. This brief note will help
towards a better understanding of such descriptions.

Hy, and HS, corresponding with the jumps between the 1st and 2nd,
2nd and 3rd, 3rd and 4th, and 4th and 5th orbits.

It is interesting to note that these lines in the visible part of the
hydrogen spectrum, together with several others in the ultra-
violet, form an ordered and regular sequence known as the Balmer
Series. The Balmer Series is confined between wave-lengths 6,563
and 3,646, but there are other series of hydrogen spectra beyond
the range of vision, which likewise follow strict laws, as do, in fact,
all the apparently haphazardly arranged lines in the solar spectrum.
This arrangement resolves itself into perfect order on competent
analysis. When hydrogen or any other gas is present in the Sun,
there are millions of atoms colliding with one another millions of
times per second, and therefore millions of electrons jumping from
one orbit to another and back again. All the various orbits are
occupied by some electrons in some atoms, and jumps are occurring
millions of times per second between each and all the adjacent pairs
of orbits, so that spectrum lines are registered in all possible wave-
lengths or frequencies which are peculiar to hydrogen. The same
applies, of course, to all the other gases in the Sun, so making up
the complete solar spectrum.

If the electron, having been driven outwards from orbit to orbit,
finally reaches the outermost, it will, by the absorption of more
energy, be entirely separated from and driven out of the atom.
The atom is then said to be fonized and is unstable. In the case of
hydrogen the nucleus is left without an electron and is called a
hydrogen ion, or proton, which appears at present to be indivisible.
It is positively charged because of the missing negative electron
and will recapture another electron at the first opportunity. Atoms
with many electrons may be singly, doubly, or trebly ionized and
so on, and the nuclei of the more complicated atoms are composed
of more than one proton and other components.

One must picture the Sun, therefore, as an incandescent mass of
swarming atoms, free electrons, and nuclei partly or almost com-
pletely stripped of their electrons, especially as we approach its
centre, the energy of radiation resulting from all this turmoil always
passing outwards towards its surface. '

This digression into the property and construction of atoms and
their relation to the spectrum has been necessary, and in describing
the composition of the Sun, its radiation and the phenomena of its

THE STRUCTURE AND COMPOSITION OF THE SUN

If a solid lump of some imaginary material, incapable of being
burnt, melted, or gasified at any high temperature, were allowed to
fall into the Sun, it would enter the solar globe for many thousands
of miles before encountering any appreciable. resistance whatever.
This extreme rarefaction in the outer parts of the Sun—a much
higher vacuum than any we can produce on Earth—is difficult to
realize, having regard to the apparent solidity and opacity of the
Sun with its definite, hard-looking edge or limb as seen in the tele-
scope. It is still more so when one remembers that the force of
gravity at the surface of the Sun, due to its enormous mass, is no
less than twenty-eight times as great as that at the Earth’s surface
so that an ordinary man would weigh the equivalent of about tw<;
tons if subjected to such a gravitational field.

: The explanation for this extreme tenuity is that in the Sun, as
in othfer stars, a new force comes into operation, acting outwa:rds
from its centre, as against gravity acting inwards towards the
c'entre. This force becomes important where there is intense radia-
tion from massive gaseous bodies of high temperature. It is known
as Radzqtion Pressure and is due to the perpetual shedding and
recapturing of electrons by the atoms of high temperature gases in
the presence of radiation. These electrons are dispelled and re-
captured in all directions, but those in the direction of the radiation
outwards from the Sun’s centre impart impulses to the atoms in
that direction, whereas other 7andom impulses imparted in various
other di{ections counteract one another, eventually cancelling out
and leaV}ng no integrated directional effect. Thus each atom of the
gas receives thousands of impulses per second from the centre of
the Sun outwards more than in any other direction. At the surface
of the Sun, radiation pressure, assisted by the ordinary pressure
exert.ed by any gas, is nearly but not quite equal to the effect of
g{a'wty, so that the Sun does exhibit a definite surface outline
giving the appearance of a hard edge to the huge solar globe.

The approximate temperature of the surface is 6,000° K.—about

twice t181at of our hottest furnace—and this increases rapidly towards
B 31 5
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the centre. At the centre it is estimated that the temperature is of
the order of 20,000,000° C.,* and the pressure such that one ton of
matter is compressed into two or three cubic inches of space.
Nevertheless, the Sun is entirely gasgous, as stated above, and it
was for some time difficult to reconcile a density greater than that
of any solid we know with a purely gaseous state. It is now
realized that at the extraordinary temperature and pressure ob-
taining near the centre of the Sun, the atoms may be completely
ionized, and their nuclei, stripped of all electrons, forced close
together and yet, owing to their almost infinite smallness, able to
move freely as in a gas. This would be assisted, no doubt, by the
effect of radiation pressure which would be enormously increased
near the solar centre.

The Sun rotates on an axis inclined at an angle of 7°25 to the
perpendicular of the ecliptic or plane of the Earth’s orbit, the
north pole being towards the Earth about 8th September each
year. This rotation is unlike that of a solid body so far, at any
rate as concerns the surface, because the equatorial regions move
with greater angular velocity than those nearer the poles. At
the equator the period of rotation, as deduced from the motion of
sunspots, is 25 days, but at a latitude of 40° or so, north or south,
is 275 days, while at a latitude of about 80° the period, as shown
by investigations in connection with the magnetic poles, is about
30 days. The adopted mean period which occurs at about latitude
15° is 2538 days. This is called the Sidereal Period of Rotation.

As seen from the Earth the period of rotation appears longer, the
mean period becoming 27-27 days, because the Earth travels in its
orbit round the Sun in the same direction, causing an apparent lag
in the solar rotation. This latter period, 27-27 days, is called the
Synodic Period of Rotation, and is nearly always used in defining
solar observations.

The rotational speeds of the various zones of the Sun’s surface
can also be measured by means of the spectroscope. If the spectra
from the limb at the east and west ends of the solar equator be
superimposed it is found that most of the Fraunhofer Lines do not
quite correspond in the two spectra. This is due to what is known

as the Doppler Effect.

1In dealing with very high temperatures it makes little difference whether

they are measured in C. or K. See page xviii.

If a source of light is moving rapidly and
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steadily towards us, the waves are shortened by the amount that
the light source approaches between the setting out of successive
waves. Similarly, the wave-length is increased when the light
source moves away. The light sources from the east and west
limbs of the Sun are respectively approaching and receding, due to
the Sun’s rotation—at a speed of over one mile per second—resulting
in a sufficient difference in wave-length and relative shift in the
Fraunhofer lines to permit of measurement with powerful spectro-
scopes. The various zonal rotations are found, in this way, to
agree well with those deduced from the motion of sunspots, etc.
Hydrogen is by far the most abundant gas in the Sun. The
spectroscope indicates that considerably over go per cent of the
visible gases at the surface are hydrogen, and it is estimated, accord-
ing to some recent work, that about the same, possibly more, is
maintained throughout the solar globe. i
Of the ninety or more elements known to us, some sixty are
found definitely in the Sun and others are doubtful. About half
the remainder are difficult to identify on account of their un-
fa.vpurable spectra. Near the surface, particularly in the cooler
regions of sunspots, the lower temperature allows some compounds
to exist, such as cyanogen (CN) and the hydrides of carbon, nitrogen
and oxygen and some of the metals, but, in the intensely hot inner’
parts the gases can only exist as elements.
At tbe': uppermost level of the Sun’s surface, to be described later
in addltlf)n to the abundant hydrogen, calcium and helium are thé
most evident elements, particularly calcium. Calcium is a con-
siderably heavier gas than either hydrogen or helium, but its
prevalence in the upper solar atmosphere may be attributed to the
fact thgt calcium is easily ionized, and during this process is affected
by rz}d1ati.on pressure upwards more than other gases of similar
itomlc weight. Helium was discovered and named by Sir Norman
inO(t:iclyer because, by means of the spectroscope, it was first detected
e Sun', even before it was known on Earth, but, as we shall
see later, it was very happily named, for it is an extremely im-
Is)ortant, though not necessarily a very abundant, ingredient of the
f(;f[ll.ls rIrf'ortS tI}Illany, but not all, physicist’s, now believe, hydrogen
T an go per cent of the Sun’s mass, helium must be
el 1 y scarce there. . The. solar surface structure and features
more fully described in appropriate sections.
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THE CORONA AND MAGNETIC FIELD

Beyond and outside the ordinary solar surface as seen in the
telescope there exists a vastly more rarefied atmosphere, called the
corona, with a tenuity almost equivalent to the vacuity of inter-
stellar space. Until quite recently the corona could be seen and
studied only during the brief moments when the Sun was totally
eclipsed, the Moon entirely blocking from view the brilliant light
from the Sun, thus allowing the faint corona to become visible.
During the last few years instruments have been devised* which,
used high up on a mountain above the haze and dust-laden lower
atmosphere, make it possible to see at any rate the brighter parts
of the corona at any time in suitable weather conditions without
the necessity of waiting for an eclipse. (See pages 68-9.)

Owing to its extreme tenuity, the atoms in the corona are so com-
paratively far apart that they can travel unusually long distances
before colliding with, or being disturbed by, other atoms. Under
these ¢onditions the orbital jumps of the electrons are unusual, and
it has recently been shown that this can explain the strange lines
seen in the coronal spectrum. These lines were formerly regarded
as indicating an unknown element, which was actually named
‘coronium,” but they are now found to be due to very highly
ionized atoms of nickel, iron, and other elements of the usual
constituents of the chromosphere. Evidence is accumulating to
show that the temperature of the coronal gases is extremely high,
possibly 1,000,000° C. and over. The energy necessary to main-
tain this high temperature would probably be small, as radiation
ilosses in such a rarefied gas would be comparatively insignificant.
It is, nevertheless, somewhat difficult to explain this extremely
high temperature in the coronal gases, seeing that the solar surface
temperature is only 6,000° K. Recently it has been suggested that
influx of interstellar material to the solar atmosphere at a very high
velocity is likely, and would satisfactorily remove the difficulty.
It could give a temperature of over 1,000,000° to this atmosphere.

The general outline of the corona varies with the Sun’s state of
activity, or perhaps this may be according to the variation in the
Sun’s general or local magnetic fields.

The Sun, like the Earth, is a huge magnet, the magnetic poles

1 See page 427.
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PLATE 1II

PHOTOGRAPHS

OF THE CORONA

These photographs were taken during total eclipses of the Sun.
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being about 6° from the poles of the axis of rotation. The Sun’s
general magnetic field, however, is comparatively weak and quite
recently has been reported as almost imperceptible to measure-
ment; it may be variable. Estimates of its intensity have differed
considerably since it was first measured by Hale.

During the period of minimum solar activity, when not disturbed
by strong local fields, the Sun’s general magnetic field is very like
that of an ordinary magnet. At these times the corona assumes a
form with short plumes from the poles, following the magnetic lines
of force, somewhat similar to those which become evident when
iron filings are peppered around a straight steel magnet, but extends
at the equatorial regions to a distance of about a solar diameter on
either side as though bunched together at these positions.

Sunspots themselves also give rise to very much more powerful
local magnetic fields, and during times of maximum activity, when
sunspots are prevalent, the general magnetic field is much disturbed.
The corona, at these times, is very irregular but is more equally
distributed around the solar globe with loops and arches, apparently
following the local magnetic lines of force due to sunspots, but the
polar plumes are not so evident.

THE SOURCE OF THE SUN’S CONSTANT OUTPUT OF ENERGY AND THE 1

NATURE OF ITS RADIATION

The Sun has been radiating energy at a prodigious rate for some
2,000 million years or more. It is still doing so without any
apparent sign of diminution and, so far as we believe at present, is
capable of continuing to do so for many thousands of millions of

years in the future. How this wonderful feat is performed and ]

maintained and what is the mechanism that makes it possible was
for a long time an insoluble problem.

The discovery of radium, and subsequently the better under-
standing of radioactivity, may perhaps be said to have first offered '
a glimmering of the truth. Scientists suggested that radioactivity
in the Sun might account for its observed radiation over a reasonable
period of existence. Unfortunately no radioactive elements are to
be found in the Sun though lead, the ultimate product of exhausted
radioactivity, is present. This seems to show that if the Sun did
at some previous epoch possess radioactive elements, they must
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have long since disintegrated. It was not until the implications of
Reélativity and Quantum mechanics made it evident that the classical
idea of the conservation of matter, as matter, must be discarded,
that the way lay open for a true explanation of the continual
radiation from the Sun and stars.

The great research carried out by Lord Rutherford and continued
by his colleagues and associates, both here and in America, in
liberating sub-atomic energy by breaking up the nuclei of atoms,
has made the physical mechanism of the Sun’s interior more under-
standable. It is now generally admitted that the conversion of
hydrogen into helium would liberate the energy needed to satisfy
the observed radiation from the Sun, and its continuous maintenance.

Rutherford started by bombarding atoms of nitrogen and other
gases with a-rays from radium and other radioactive substances.
He showed that these a-rays were actually fast moving, positively
charged nuclei of helium. By this means, on the rare occasions
when the nitrogen nuclei were struck, he succeeded in breaking up
nitrogen atoms into atoms of oxygen and hydrogen. This opening
result was so surprising that it was at first supposed that nitrogen
could no longer be considered an element. Later fast moving
protons—hydrogen nuclei—were found to give better results than
a-particles as bombarding missiles. A high energy beam of these
protons was produced by accelerating hydrogen nuclei along a
tubular channel in an intense electric field. In this way lithium
bombarded by hydrogen produced helium only. A still more
powerful apparatus was designed, culminating in the cyclotron,
wherein the proton stream takes a spiral path in an enormously
powerful magnetic field and is excited to a potential of a million
volts and more. Neutrons, components of atomic nuclei, which
ha:ve_ no electric charge, were discovered and used as bombarding
missiles and proved still more effective as they were not deflected
from a target in the way that a-particles and protons were on account
of their positive charge.

Now in the central parts of the Sun the temperature is of the
order of 20,000,000° C. and the pressure some thousands of millions
:tfriatmospheres: Under these conditions atomic nuclei will be
enefgdo fofch’theu electr.ons .and f:rushed together, and the kinetic
i ermal motion is estimated to be at least comparable

) probably much greater than, that produced in the
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laboratory under intense electric excitation. Moreover the chances
of collision among the crowded nuclei, and therefore the effect of
the bombarding particles, say hydrogen protons, must be greater
than can be attained in the laboratory. Having this in mind, a
suggestion was put forward in 1939 by Dr. Hans Bethe, an American
physicist, and also by Weizsicker, a German physicist, that a
certain cycle of nuclear reactions, which was defined, converting
hydrogen into helium, may very well happen near the central parts
of the Sun and could account fairly accurately for its observed
radiation. ;

There is not space to give details of this cycle of reactions, but,
according to it, four hydrogen nuclei are converted into one helium
nucleus and #hree quanta of radiation. Carbon and nitrogen are
the only other elements necessary for the operation of this cycle
and they are not in any way altered. The net result is the con-
version of hydrogen into helium, the resulting radiation energy
being liberated. |

This suggested series of reactions has been generally accepted as
being most probably the medium of the hydrogen-helium conversion,
but whether it actually takes place or not, it does seem likely that
the abundant hydrogen in the Sun serves as fuel in that or a
similar process. At any rate it is evident that the building up of
hydrogen nuclei into nuclei of a heavier element—and helium is the
most likely—liberates radiation energy. Suggestions have recently
been made regarding a possible proton-proton reaction.! |

It is possible that there are in addition other reactions at various
depths, adapting themselves to the temperature, pressure, and other
conditions existing at any depth. For instance, the reaction be-
tween hydrogen and lithium and some other light elements takes
place at a much lower temperature and may happen nearer the
surface and, possibly, give rise to local outbursts of sunspots, flares,
etc., to be discussed later, but this is conjecture. On the other hand,
it seems impossible that the heavier elements can be disintegrated
in the Sun, as much higher temperatures would be required.

The supposition that the large supplies of hydrogen in the Sun
are being gradually converted into helium raises another interesting
question, as pointed out by Professor Gamow, namely, is the general
temperature of the Sun rising or falling? The Sun has generally

1 See page 335.
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been referred to as a G-type dwarf star which is cooling, but, pro-
vided that sufficient hydrogen is present, the time taken to com-
plete the cycle of reactions described above will depend upon the
proportion of carbon and nitrogen available in the Sun. Assuming
that this is 1 per cent, which astro-physical evidence seems to show,
then the energy liberated at 20,000,000° would agree with the
observed amount of energy radiated from the Sun. The amount
of helium would gradually increase and to some extent replace the
hydrogen. Helium at high temperatures is more opaque to radia-
tion than hydrogen, therefore there would be a tendency for some
of the liberated energy to be retained, and this might very well
result in a gradual mcrease in the general temperature of the
Sun during the next 10,000 million years or so. This would
mean that the Sun is still a G-type main sequence star® not yet
started on the dwarf stage of its existence. l

Radiation is continually passing outwards from the solar surface,
and it is estimated that some 4 million tons of solar matter are being
converted into energy every second to keep up this radiation.
Almost the whole of this enormous output of energy is dissipated
in space, only an infinitesimal portion, about one 100 millionth,
being intercepted by the planets.

The measurement of the intensity of solar radiation in the form
of heat, received and intercepted by the Earth, is the only direct
means of estimating the total observed radiation mentioned several
times above. A proportion of this radiation is absorbed by our
atmosphere and this necessitates considerable and careful research
to arrive at a true valuation of that received outside, or above, the
atmosphere. This absorption varies, not only with the state of the
atmf)sphere, but according to the wave-length of the radiation
received, so that the latter must be analysed in this respect. Also
measurements must be made through different thicknesses of atmo-
zlf)htt;lre Sfrom varying heights and for different angles of altitude
COndiiiorlll;, as well as at different times under varying atmospheric

The'mstruments used, bolometers (invented by S. P. Langley),
PyrhghomeFers, etc., are very sensitive and all depend upon the
varying resistance to electric current of certain metals when heated.
€ metals, wires, or strips are blackened to ensure absorption and

*p 1 See page 326 and Appendix I.
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eliminate reflection, and their change in resistance can be accurately
determined by noting, by sensitive galvanometers, the change in
the electric current passing through them when heated. The radia-
tion can be spread into a gradation of wave-lengths by means of a
spectroscope so that it can be analytically measured.
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Showing the amount of heat radiated from the Sun. The height of the
curve from the base line indicates the amount of the radiation of different
wave-lengths according to the position along the base line.

Note, the largest portion of intense radiation occurs in the visible part of
the spectrum, between the dotted lines.

Most of the ultra-violet or short-wave radiation from the Sun is
intercepted by our higher atmosphere, and it is found that nearly
all the radiation that reaches the Earth’s surface falls within the
range of wave-lengths peculiar to visible light and in the infra-
red region largely peculiar to heat. This is, perhaps, to be ex-
pected because, doubtless, life on Earth, both animal and vegetable,
has adapted itself to make the most efficient use of the kind of
radiation received during its evolution.

_The accompanying figure shows the smoothed curve, eliminating
breaks due to atmospheric absorption, given by the bolometric
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observations. From a number of records by various observers,
however, the peak of solar radiation is in the blue light. It falls
off rapidly in the ultra-violet, partly due to great absorption in the
upper atmospheric layers, but extends by a gently falling curve,
as shown in the diagram, far into the infra-red. (See Fig. 5.)

The total amount of heat received from the Sun upon a square
centimetre of surface, the plane of which is perpendicular to the
direction of the Sun’s rays, above the atmosphere, and when the
Earth is at its mean distance from the Sun, is found to be 1-94
gram-calories per minute. This is the amount of heat necessary to
raise the temperature of 1 gram of water from o° C. to 1°:94 C. in
one minute—or to raise the temperature of 1 ounce of water
from 32° F. to 35°5 F. in 28} minutes. This is called the Solar
Constant. It varies slightly from time to time, apparently with
the state of solar activity, but its vagaries are not yet thoroughly
understood.

From the value of the solar constant it is possible to calculate the
temperature of the solar surface which radiates this measured heat.
By various computational methods it is found to be from 5,800° C.
to 6,150° C. The exact figure depends largely on whether the Sun
may be considered a perfect radiator—that is, a so-called ‘black
body’ radiator, from the fact that perfect radiation is obtained
from an opening in a heated hollow body blacked inside. Theoreti-
cally the Sun should be a perfect radiator, but actually it is not quite
s0. In any case the round figure of 6,000° C. is very nearly a
correct estimate for the temperature of the solar surface.

Attempts have been made from time to time to use the direct
heat of the Sun to produce power, but in these the same difficulty
presents itself as in the case of ‘harnessing the tides.” Although
the Sun’s rays in the tropics may be sufficiently hot to be very un-
comfortable for human and animal sufferance, they are not very
pot from a power-producing viewpoint. While this source of power
IS enormous in the aggregate, or even over a wide area, it is so
Sparsely distributed that it is impossible to concentrate or focus a
really usefful amount on to a power unit, such as a steam boiler or
heat engine. There is also the added difficulty that, except in
Certain confined areas of the Earth, sunshine is intermittent owing
to weather conditions. The maximum heat-power value from
Vertical sunshine, as in the tropics, is less than half a horse-power
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per square yard of exposed surface, one horse-power being the power
necessary to raise 33,000 lb. one foot in one minute, so that at a
focus of a lens or mirror 12 feet in diameter the theoretical power
value would be about 6 horse-power while the Sun was directly
overhead. In actual practice it would be very much less than this
owing to the low efficiency of such an arrangement. If a boiler
were used most of the heat would be taken up in the preliminary
heating of the water and the latent heat absorption in converting
the water into steam.

In nature, of course, as already mentioned, the direct heat from
the Sun over large areas evaporates water from the sea, which is
later deposited on the land in the form of rain and snow, again over
vast areas, and is then concentrated into rivers, swift-flowing
torrents, and waterfalls which are very efficiently used for power
purposes.

While there are so many efficient and more adaptable sources of
stored solar energy available, it is hardly likely that the direct
application artificially of solar heat for this purpose will find favour.

THE SURFACE OF THE SUN

When we look at the Sun with a telescope, using a protective

solar eyepiece and dark glass, or by projecting its image upon a
white screen, we see its brilliant surface, brighter towards the
centre, with an apparently well-defined hard edge to the disk (called
the limb). There may be sunspots and faculae (bright areas near
the limb), but we will speak of these later. ‘

The surface which we see is known as the photosphere. As already
explained, the outer parts of the Sun consist of very tenuous or
rarefied gas, and it is difficult to say what depth of the surface gases
is necessary to give this opaque appearance, but probably we do
not see far below the surface. If the sky is clear, the atmosphere
very steady, and the seeing conditions consequently good, we may
increase the magnification considerably and concentrate our atten-
tion upon the central parts of the disk. We shall see that the solar
surface is mottled, so to speak, in two ways. There are patches of
white surface separated by slightly darker spaces or divisions, some-
thing like loosely arranged crazy pavement, and the whole surface
consists of very tiny, more or less circular, grains with dark areas
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between. The grains, or granules as they are generally designated,
are actually about 500 miles in diameter. From the Earth they
appear extremely small, subtending an angle of only one second of
arc, equivalent to a halfpenny removed to a distance of about three
and a quarter miles. On closer examination it will be seen that

PLATE III
THE GRANULATION OF THE SOLAR SURFACE

the larger white patches are due to the closer crowding of the
granules in certain parts.

It is not definitely known what is the origin or mechanism of

these granules, but it has been suggested that they are the upper

Parts of columns of hot gases kept slowly in rotation (hence their
Circular form) by the varying speeds of the surface due to the zonal

€érence in speed of rotation, as already explained. (See page 16.)
. € granules normally lie fairly close together, there being about
W0 seconds of arc between their centres. The somewhat darker
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parts between consist no doubt of cooler gas. The granules appear
to be continually in motion and give one the impression that they
jostle one another rather than that they change their relative
positions. They are crowded together in the neighbourhood of sun-
spots, especially between two spots which are very near together.

R. Obs., Greenwich
PLATE TV

THE SOLAR DISK

Showing the falling off of brightness as the edge or limb
is approached.

This crowding gives a still whiter appearance to those parts of the
photosphere where it occurs. The granules are not visible near the

limb, but only in the more central parts of the disk. The high ‘

temperature of the gases comprising the granules, together with the
extremely low pressure at the surface, result in their being highly
ionized, and it is probable that this ionization, combined with the
resulting free electrons, causes the extreme brightness and apparent
opacity of the photosphere and the continuous type of spectrum
which it emits.
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It may be that the convective mechanism of the solar surface is,
in part at least, vested in these granules. If they are fotating
columns of gas (somewhat akin to a forest of waterspouts) the much
hotter gases from below might rise, radiate some of their heat at
the surface and then return as cooler gas between the columns, or if
they are huge clouds of gas (they have been described as bubbles),
they might rise to the surface, discharge their heat, and then sink
and give place to others.

The brightness of the photosphere diminishes towards the limb,
owing partly to the fact that some of the Sun’s radiation, including
light, of course, proceeding radially from a depth in the surface, is
more direct in the central part of the disk, which therefore appears
brightest, and partly because some of the falling off, or darkening,
towards the limb is due to general absorption by the cooler gases in
the Sun’s upper atmosphere. The light has to pass through a
greater thickness of these upper gases as the limb is approached.
Much research is being carried out in the study of the change in the
spectrum (indicating changes in the behaviour of the atoms) of these
upper gases, which can be seen to some advantage near the limb.

SUNSPOTS

Sunspots were first seen, with any kind of precision, by Galileo
and others about 1610, as soon, in fact, as the invention of the
telescope made it possible to see them. Exceptionally large sun-
sPots, however, had been observed by the ancients, without optical
mq, and recorded centuries if not millenniums before then. The
Chinese went so far as to describe some of them as ‘round,’ ‘egg-
shaped,” or ‘bird-like’ and their records have been found quite
useful in later research concerning sunspot periodicity.

When seen with moderate magnification in a telescope, sunspots
tend to give the impression of being rather disfiguring blotches
on the otherwise serene-looking, immaculate solar surface. With
higher magnification it will be noticed that each separate spot

as one or more dark and apparently even-toned nuclei called
umbrae, partly or completely surrounded by a light and, generally,
uneven-toned background or ‘frame’—the penumbra—which in-
Creases the total area of the sunspot considerably, often four or
five times, but this increase is very variable.
The umbrae of sunspots appear intensely dark, but this is due
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to the contrast with the brilliant photosphere. Both are greatly
dimmed by the protective darkening arrangements necessary when
observing the Sun. On the rare occasions when a planet (say
Mercury) transits, that is passes between us and the Sun, it is
quite surprising how very much darker the disk of the planet appears

than the umbrae of sunspots. If sunspots could be seen by them-

selves without the glare of the solar surface, they would be far too
bright to be looked at with the naked or unprotected eye. Professor
Menzel has said that a large sunspot under these conditions would
give as much light as one hundred full moons.

The origin and cause of sunspots is at present unknown, and
exactly what they are can only be deduced from our observation

of them with the various instruments available. In considering

their form and formation it is always very necessary to have in
mind that they occur in the extremely tenuous and rarefied gaseous
medium of the outer Sun, already discussed. How deep they
extend below the surface of the photosphere is not known, but
doubtless this is very variable. Probably they are generally funnel-
shaped vortices, somewhat akin to earthly tornadoes or cyclones,
but this may not apply to all. Evidence of vortical whirls is found
in photographs taken with the spectroscope. The spectroscope
tells us that the umbra of a sunspot is some 1,000° to 1,500° C.
cooler than the surrounding photosphere, this being no doubt due,
in part at least, to the effect of this whirling motion causing the
inner gases to be thrown outwards by centrifugal force and thus
expanded. In any case there is little doubt that the expansion of
the inner gases, however caused, results in a fall in temperature.
This is the converse of the heating effect on a gas by compression
as experienced in a bicycle pump, for instance.

The appearance of the penumbra seems to be due to a general
disturbance of the photospheric granules around the spot umbra.
At the periphery of the penumbra these granules are often crowded
together, giving an extra brilliance to the adjoining photosphere.
This also occurs next the umbra itself at those positions where, as
so often happens, there is no penumbra. In the penumbral area
the granules often appear elongated or otherwise distorted and
more separated. This leaves spaces or lanes of the darker gases
between them, generally more or less radial to the umbra.

Evershed discovered that the Fraunhofer lines of the solar
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spectrum were often distorted in certain ways over sunspots, and
this had been interpreted as indicating a radial motion outwards of
the heavier metallic gases from the umbra across the penumbra and
also a return flow inwards of hydrogen and calcium gases at a higher
level. This is known as the Evershed Effect. |
A ‘pore,’ the tiny beginning of a sunspot, seems to come into being

by the separation or parting of the photospheric granules exposing

a larger patch of the darker and cooler gas between, which becomes

the umbra. Such a pore, if single, generally disappears again in

the course of a few hours. If it persists, however, it gradually

increases in area, the umbra becoming darker; due no doubt to the

cooling consequent upon its expansion, the granules at its periphery

being at first crowded but eventually disturbed and partly separated,
giving rise to the penumbra. As a rule the penumbra does not

appear until the umbra is definitely formed, but there are excep-

tions, especially in complicated groups, where patches of penumbra.
are sometimes found without visible umbrae.

A single pore, appearing alone without neighbours, often develops

into a round or ‘regular’ type of sunspot, with a more or less circular

umbra surrounded by a penumbra of even width about twice the

diameter of the umbra. Regular sunspots, generally speaking, do

not exhibit very much activity (this word to be more clearly

defined later) and do not attain very great dimensions. On the

other hand, they are very persistent, lasting sometimes for several

weeks, in spite of their generally moderate size.

When several pores develop simultaneously in proximity with one

anczther it may mark the beginning of a large and complicated and

active group of sunspots, especially so if there is a long stream of

such pores or a second group in about the direction of the Sun’s

Tfotation. There are plenty of exceptions to this, however, but in

Cases where development continues this may be very rapid. The

Pores increase in size and coalesce, forming perhaps a combined

umbra of irregular shape, surrounded or partly surrounded by the

Common penumbra. Some of the photospheric granules may remain

Compressed between some of the amassed umbrae, forming intensely

brilliant divisions or lanes (generally called ‘bridges’) across or
Partly across the main umbra. On rare occasions some of these
Punches of granules are entirely isolated and appear as photospheric
Islands completely surrounded by the umbra. New pores and
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umbrae continue to appear and grow in size. Large and intricate
groups of sunspots often have as many as one hundred accompanying
pores and small umbrae. In cases where there are two groups of
pores, which are very frequent, each coalescence producing two
main umbrae, the leading one, seen towards the west, is generally the
better defined and more condensed. It often persists longer, be-
coming still more compact, while the eastern spot, the follower, and
its attendant pores gradually disintegrate. Sunspots of a pair of
this kind are often separated by 10° or 15° of longitude and yet are
associated, as we shall see later.

Sunspots vary in size from the most minute pores, hardly visible
in the telescope under high magnification and good seeing conditions,
to enormous outbreaks covering thousands of millions of square miles.
The largest sunspot ever recorded, since reliable observations have
been made, was near the central part of the solar disk on 1947
April 7. It covered 6,100 millionths of the solar hemisphere, that
is, over 6,000 million square miles or about one hundred and twenty
times the area which would be presented by the Earth’s disk at the
distance of the Sun. !
Before discussing the distribution of sunspots and other surface
features and their real and apparent motions, it will be expedient
to study the solar disk as it appears to us from the Earth at different
times in relation to the actual position of the globe of the Sun. For
convenience the solar surface is defined by parallels of latitude and
meridians of longitude similarly to those of the Earth. :
As already stated, the Sun’s polar axis, about which it rotates,
is fixed at an angle of 7°25 to the perpendicular of the ecliptic.
The ecliptic may be considered as the plane in which the Earth
revolves in its orbit around the Sun. About 8th September in each
year the Earth reaches a point in its orbit towards which the
north pole of the Sun inclines. At this date, therefore, the Sun’s
€quator would appear—in imagination, of course, as it cannot be
Seen—as a curved line dipping 7°-25 south of the centre of the solar
disk. Similarly, about 8th March, at an interval of six months,
the Sun’s south pole being towards the Earth, the solar equator
lies north of the centre of the disk by 7°25. Early in December
and June, half-way between these dates, the solar equator lies
Straight across the centre of the disk.

All this is with reference to the ecliptic, but, as the Earth’s equator

Journal of the B.A.A.
PLATE V
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PLATE VI
A GIANT SUNSPOT

Above: The whole solar disk, enabling one to realize the size of the sunspot.
Below: The sunspot in detail.

This sunspot crossed the central meridian of the Sun on 1946 July 26.
It reached a maximum area of 4,700 millionths of the solar hemisphere. It
occurred in nearly the same locality on the Sun’s surface as a previous giant
sunspot in February of the same year and may have been a recrudescence of
this spot which showed great activity.

Its size has since been exceeded by a sunspot of April 1947 which reached
6,100 millionths of the solar hemisphere.
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also slopes at an angle of about 23%5 to the ccliptic, the Sun’s
central meridian and its equator generally lie at an angle with the
north-south and east—west positions of the observer on the Earth.
This angle is a consequence of the combination of the slopes of the
solar and earthly polar axes to the ecliptic. About 5th January
and 5th July, the solar axis does coincide with that of the Earth and
lies due north and south, but early in April and October its angle
is greatest, being about 26°:4 west and east of the north-south line
respectively.

* The accompanying diagram (Fig. 6) shows approximately the
position of the Sun’s globe with reference to its visible disk at
certain times of the year, but the exact positions are given in
astronomical tables, such as the Nautical Almanac.

Three figures only are necessary each day to define the position of
the solar globe at a given hour on that day, namely:

The angle of the central meridian of the Sun (or its polar
axis) to the north point of the disk.

Plus (+) if the c.m. is east of the north point.

Minps (—) if west of the north point.

. The solar (or heliographic) latitude of the centre of the disk.
Plus (+) if it is north latitude, the equator south of it.
Minus (—) if it is south latitude.

. The heliographic longitude of the centre of the disk. This
is the adopted standard longitude from which the mean
solar rotation is derived.

It is often customary, however, to define the longitudinal position
of a sunspot or other phenomenon by stating its longitude in degrees
€ast or west of the central meridian at a given time. With the above
information it is quite easy to determine the exact position of the
solar globe with reference to its visible disk at any time.

Sunspots never appear near the solar poles. They are rarely seen
at higher latitudes than 40° north or south and practically never
at more than 45°, though very minute and evanescent pores have
Occasionally been reported at somewhat higher latitudes. Sun-
Spots do not often appear at less than 2° from the equator. They
are most prevalent between, say, 6° and 28°, but the general latitude
Varies with the state of solar activity, as we shall see later. They



PLATE VII

PHOTOGRAPHS SHOWING
THE MOTION OF SUNSPOTS
ACROSS THE DISK DUE TO
THE ROTATION OF THE SUN
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do not generally move very much from the positions on the surface
at which they first appear, though pairs of spots or extended groups
tend to separate, the leading spots often moving slightly forwards.

All sunspots appear to move across the disk from east to west
with the Sun’s rotation as would be expected, and this movement
partakes of the varying zonal rotational speeds of the surface
already described. This varying surface speed sometimes imparts
to sunspots an apparent motion of their own on the surface. For
instance, if a pair of spots or groups appear at the east limb, the
Jeading spot being nearer the equator, it will apparently gain on
the following spot, the pair becoming rather more separated, and
the angle of the centre line through the spots with the equator will
be slightly flattened. This is not a true individual motion of either
of the spots relatively to the adjoining solar surface and must not
be confused with the kind of actual surface motion of spots
mentioned above.

There is some doubt as to whether the umbrae of sunspots are
at a lower level than the photospheric surface. Possibly some of
them are, for it has been noted that in the case of ‘regular’ type
spots which are among the most permanent, the eastern penumbra
sometimes appears the broader when the spot is near the east limb
and the western penumbra broader when near the west limb. This
is known as the Wilson Effect. It does not always apply, and
moreover very few sunspots are sufficiently permanent to be sure
that this interpretation is correct. In any case such differences in
level that may exist are comparatively very small.

FACULAE

Faculae are extensive and brilliant areas on the solar disk and are
conspicuous nearer the edges, or limb, where the general photo-
spheric surface is somewhat darker. Under perfect seeing condi-
tions, and if proper precautions are taken, they can, however, be
seen at the central parts of a projected image of the solar disk.
They appear to overlie the photosphere, than which they are slightly
brighter, but nevertheless they cannot be seen standing out
beyond the limb. When seen near the centre of the disk they do
Not hide the granules, but whether the granular structure per-
Vades them or is merely seen through them it is impossible to say.
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Faculae are much more generally found around, or in the neigh-
bourhood of, sunspots or other active parts of the surface, such as
in regions where pores are forming or where sunspots have recently
disintegrated and disappeared; in fact, they often give warning to

&zf
R. Obs., Greenwich
PLATE - VII1

SUNSPOT AND FACULAE

the observer of the position of coming sunspot groups. Neverthe-

less, they do sometimes occur where there is no other visible sign

of activity.

Faculae are apparently clouds of the photospheric gases at a

slightly higher level than the surface of the photosphere itself, but
cannot be distinguished from it by observation with the spectro-
scope. Their outline is varied; at some places it consists of brilliant
streaks and at others of fairly even-toned masses.

It is possible that faculae may result, in some way, from the
emission areas of hydrogen and other gases immediately below
them, and around sunspots (to be discussed later) with whose
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outlines they agree more often than chance would lead one to
expect. They are, however, an entirely different phenomenon from
the hydrogen outbursts, or flares, seen in the spectrohelioscope,
poth described later.

THE PERIODICITY OF SUNSPOTS AND SOLAR ACTIVITY GENERALLY

We now have to consider one of the most baffling of the solar
problems, namely, the periodicity of the Sun’s activity.

It has already been stated that sunspots vary very greatly as to
their size. They also vary greatly in their number or daily fre-
quency. Both these variations follow a definite period in their rise
and fall, which averages to just over eleven years.

The cause and mechanism of this periodicity is at present un-
known, and probably will remain so until we know more about the
origin of sunspots. It is almost impossible to dissociate it from
some similarity with the variability of other stars, though perhaps
in a lesser degree. Curiously enough, sunspots had been carefully
observed from about 1611 until 1843 before this periodicity was
definitely established, though the variation in number and size of
sunspots had been recorded more than once. H. Schwabe of
Dessau was the first to recognize a definite period, and shortly
afterwards R. Wolf of Ziirich found from numerous past records of
sunspot observations that such a period did exist and had indeed
existed since sunspots had first been observed with telescopes.
Wolf estimated the average length of the period to be 111 years.

By studying carefully recorded observations Wolf was able to
design a formula which would correlate the counts and records of
sunspots, made by observers with different instruments and under
different conditions of observations, etc.
arrived at and recorded the so-called Wolf Relative Numbers, and
this formula has proved to be very efficient. It is still used, and
the relative numbers, next to actual measurement of daily sunspot
areas, are to-day the best criterion of sunspot activity.
_ The period 11°1 years suffers some variation, as does also the
Intensity of the maxima of activity. Great efforts have been made
t_° find some super-period which would bring these variations into

¢ and enable the exact epoch and intensity of the maxima to be
Predicted, but so far all these efforts have failed. Usually after a

Using this formula he
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The Wolf relative numbers method, described above, is generally
yery closely in accord with the Greenwich areas, but necessitates
co-operative work and organization.

It may be mentioned that at about the time of the minimum of
the period there may be many days together when the solar disk

SUNSPOT CHART, 1928-1950

minimum the rise to maximum is steep, the maximum being often
reached in 3-5 to 4-0 years, the fall to minimum again taking 7-
to 7:5 years. The span of time from minimum to minimum h
varied from about g to 12 or 13 years.

The most accurate records of sunspot prevalence or activity are
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Fic. 8
CURVES COMPARING WOLF RELATIVE NUMBERS AND MEAN
DAILY FREQUENCIES FROM 1928 TO 1950

Note that these two methods of estimating solar activity compare favour-
ably, the two curves being in general agreement, but the maximum M.D.F.
occurred in 1938, whereas that of the W.R.N. occurred in 1937.

YEARS OF MAXIMUM ACTIVITY
FiG. 7
CURVE OF WOLF RELATIVE NUMBERS FROM 1750 TO 1947

Showing periods of solar activity and intensities of maxima and minima.
Notice that both periods and intensities vary considerably.

measurements of the daily total area of all spots seen on the disk
from photographs. These are corrected for foreshortening when
the sunspot is not near the centre of the disk and is therefore seen
in a slanting direction. This method is adopted at the Royal
Greenwich Observatory, where photographs, taken in England or
at the Cape or Kodaikanal in India, are available for nearly every
day in the year. Careful and accurate measurements are made
from these photographs with special instruments and the areas are
recorded in millionths of the solar hemisphere.

This method requires accurate execution and is, therefore, not
easily carried out by the ordinary observer, for whom the simplest
method is to record the daily frequency of sunspot groups. This
gives a fairly close approximation to the Greenwich area records.

appears quite clear, no sunspots being visible, while at maximum 135,
16, or even 17 groups of sunspots, including many hundreds of
umbrae, may be seen day after day.

A curve derived from the Wolf numbers each year since 1750 is
given (Fig. 7), also a curve for the period 1928 to 1950 and a similar
Curve for the same period showing group frequency counts by
members of the Solar Section of the B.A.A. (Fig. 8).

In addition to the variation in size and number of sunspots, there
are many other characteristics of solar periodicity amongst which
the following may be noticed.

The general average latitude of sunspots gradually changes
roughout a solar cycle from about 30° at the commencement to
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about 10° at the end. At the end of a cycle, just before minimum
is reached, most of the spots of the waning cycle will be found at
low latitudes, while at the same time a few of the spots of the new
cycle may be appearing at 30° to 35° north and south of the equator.
This change is generally known as Spoerer’s law of sunspot latitudes,
and E. W. Maunder, of Greenwich Observatory, pictured this
peculiarity of the Sun in a most impressive diagram. He plotted
a chart, using latitudes north and south of the equator as ordinates
(vertical distances on the diagram), and time expressed in years as
abcissae (horizontal distances on the diagram), producing what is
now a classical solar figure, called, from its appearance, the Butterfly
Diagram. (See Fig. 9.)

MAGNETIC FIELDS IN SUNSPOTS

In 1908 G. E. Hale, noticing that in spectroscopic photographs
sunspots often appeared to have vortices of hydrogen around them,
surmised that the resulting swirling motion of electrons should give:
rise to radial magnetic polarity in sunspots and proceeded to test
this. Shortly before this Zeeman had discovered that the Fraun-
hofer lines in a widely dispersed spectrum were each split into two
or three lines if the light causing the spectrum was passing between
the poles of a very powerful magnet. It was known that the
spectrum lines were broader over sunspots, and Hale suspected that
this might be due to the same cause and that with greater power,
that is higher dispersion in the spectroscope, the Zeeman effect
might be disclosed, showing that a magnetic field in sunspots existed.
His surmise proved to be correct in so far that sunspots were found
to be associated with very powerful magnetic fields; but it was also
found, and has been confirmed since, that the direction or sense
of the vortex in a sunspot did not necessarily agree with the direction
of the polarity of the magnetic field found. As often as not it was
opposite, so that sunspot magnetic fields cannot generally be due
to this vortical motion. The latter seems to result principally fro
the effect of the varying zonal rotation speeds of the solar surface.
Evidence derived from spectroscopic examination shows that sun-
spot magnetic fields rapidly weaken above the surface of the
photosphere.

Pairs of sunspots, even when well separated, were found to
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F1c. 9. MAUNDER'S BUTTERFLY DIAGRAM. Described in text.
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possess opposite polarities. If the leading spot of a pair presented

a north magnetic pole upwards from the surface, the following spot
presented a south pole and vice versa. Such pairs are called bi-
polar pairs and, as already stated, are very common. There are
some exceptions, but these tend rather to show that such spots are
not associated and do not constitute a pair. In some cases where
only one spot appeared a trace of the reverse polarity was found
near by—in faculae or flocculi—with no visible sunspot to mark it.

With a few exceptions the leading spots, that is the western spots,
of bi-polar pairs north of the solar equator have the same polarity,
and those in the south the opposite polarity; moreover, again with
a few exceptions, the polarities change over with the new spots of
every solar cycle. During one cycle the western spots of pairs in
the northern hemisphere present a north magnetic pole and those
in the south a south magnetic pole, but in the next cycle this is
reversed, the western spots in the north showing a south pole and
those in the south a north pole.

This has happened at every change of cycle since magnetic fields

in sunspots were discovered, and on this account it may be more
correct to say that the complete solar period is 22-2 years rather
than 11°1.

THE CHROMOSPHERE AND PROMINENCES

So far all that has been described of the solar surface has been
visible with the telescope under ordinary conditions. We now have
to discuss some phenomena which, owing to the brilliance of the
photospheric light, are not so easily observed and require special
apparatus to isolate their radiation from the general glare in order
to make them visible. While it is true that the chromosphere and
prominences may be seen in profile at the limb during the moments
when the Sun is totally eclipsed by the Moon, these opportunities
are so rare and fleeting that much useful research is impossible.

We have seen that the photosphere, in spite of its composition of
extremely rarefied gas, presents, mostly by reason of the granules,
an apparently opaque surface of extreme brilliancy. This surface
radiates light of every visible frequency or wave-length, so that in
the spectroscope a complete or ‘continuous’ spectrum is produced.
Work in the laboratory leads us to expect that only incandescent
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solids and liquids, and gases under very high pressure, show the
continuous spectrum. Doubtless the great depth of the gases com-
prising the photosphere and the high ionization of the atoms and
the masses of free electrons—due to temperature, conditions foreign
to laboratory experience—are responsible for this apparent anomaly.

The chromosphere, so named on account of the rosy hue it gives
to the limb of the Sun during total eclipses, is a layer of incandescent
gas immediately above but in contact with and resting on the
photosphere, rapidly thinning with height to a much greater tenuity
and probably eventually merging into the corona.

In the extreme lower layers of the chromosphere, up to perhaps
only 500 miles or less above the photosphere, the atoms of all the
elements found in the Sun are present, but in the upper layers, to
some 10,000 miles or more, only the lighter or more easily ionized
gases, such as hydrogen, helium, and calcium, with a few others,
seem to exist.

The Fraunhofer lines, dark gaps in the continuous spectrum, are
~ due primarily to the atoms in the lower chromosphere. These
atoms are extremely agitated by thermal collisions, ionization, and
radiation, and their electrons, ‘jumping’ in and out from orbit to
orbit, emit and absorb light of the frequencies corresponding to
- these jumps. So long as the brilliant continuous emission spectrum
of the photosphere acts as a background, only their absorption
jumps outwards are visible as dark Fraunhofer lines corresponding
to these frequencies. When, however, during a total eclipse of the
Sun, the Moon has just covered and blocked out the light of the
photosphere, this lower layer of the chromosphere is seen for an
instant without the bright photospheric background; then the in-
ward or emission jumps of the electrons only are seen. This results
1n a bright line emission spectrum, and therefore there is a complete
Teversal of the ordinary dark line solar spectrum. The Fraunhofer
lines are seen suddenly for a moment, bright against a dark back-
- 8round, and for this reason the lower layer of the chromosphere is
called the Reversing Layer and the momentary bright line spectrum
the Flash Spectrum.

' We must think of the chromosphere, therefore, as a kind of ocean
Ot incandescent gas overlying and spreading all over the brilliant
Photospheric surface of the Sun. Here and there in this vast
S¢ are enormous flames (prominences), some steadily and



PLATE IX

THE ‘FLASH SPECTRUM’

This photograph is taken with a spectru
camera (spectrograph) without a slit,
fine edge of the solar disk, just as the Mo
nearly covers it, constituting a natural sli
This fine edge is the chromosphere, seen 1
profile, and its Fraunhofer lines, curved
reason of the curved edge or natural sli
are all reversed, that is, appear brij
against the dark background. The e
crescences are prominences.

The photograph is, of course, a negati
All the lines, etc., on it should appear brig
on a dark background, not dark on a brig
background. The ‘flash spectrum’ is wi
is called an ‘emission spectrum’ and is
effect of the inward, or emission, jumps
the electrons only being visible against
dark background beyond the bright so
disk. The same applies to the spectrum
the corona (page 19), which is also
. emission spectrum.

Yerkes Obs.
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PLATE X
PHOTOGRAPHS OF PROMINENCES

s are taken with the spectroheliograph, the brilliant solar
blocked out by a metal disk of suitable diameter.

These Photograph
disk being
C
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quiescently glowing, with stems from the chromosphere like forests,
others, especially near sunspots, spurting up with explosive speed
/in the form of tapering jets, curving over to form arches, or flying
'right away high above the surface, and some rushing down into the
solar surface.

The word ‘ prominence’ is ordinarily applied to the incandescent:
gaseous masses of chromospheric material, akin to flames, when seen
in profile standing up from the limb of the Sun. With modern
appliances they may also be seen on the disk, more or less in plan,
as it were, and there is a tendency for the term to become mo e
general, though the words ‘absorption flocculi’ or ‘filaments’ are at
present preferred for them when seen on the disk. (See page 000.)

/

/

2
Fi1G. 10
PROMINENCES SEEN THROUGH THE OPENED SLIT OF THE
SPECTROSCOPE

1. In the ordinary straight slit.
2. In the curved slit. The slit is made to fit the radius of the edge of
the solar image produced by the telescope. This is more generally used for
observing prominences.

Until 1868 prominences were only seen during total solar eclipses.
During the eclipse of that year the bright line or emission spectra
of the prominences were particularly noticed by Janssen and
Lockyer, quite independently, and each conceived the idea that it
should be possible to see these spectra, and therefore locate promi
nences in full sunlight, without waiting for an eclipse. Both triec
and found that not only were the emission spectra visible, but tha
by slightly opening the slit of the spectroscope the whole prominence,
if not very large, could be seen in its true outline, and even a large
one could be seen piecemeal through the widened slit. This was
especially easy and satisfactory if the Ha line, that is Fraunhofer’
line ‘C,’ the strongest line of hydrogen in the red part of the
spectrum, was placed on the slit for the observation. '

Since then prominences have been systematically observed and
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recorded in this way, and it is still the best method for observing
the fine detail and contrast in brightness, though several other
methods have been devised since.

Prominences obey, but to a lesser extent, the sunspot frequency
law. They are larger, more frequent, and more intense during
periods of maximum activity,
especially in sunspot zones, but they |
often appear in higher latitudes, even
at the poles.

As seen in the spectroscope with 2
opened slit, the upper surface of the
chromosphere presents numberless
points and jagged teeth which appear 3
to be flames, and are in fact very
small prominences. When a sunspot
is on or near the limb, these points or 4
jets in the vicinity are often larger
and more brilliant, frequently leaping
up as very bright spurts, sometimes to 5
great heights, often curving over until
the point enters the region of the sun-
spot umbra or penumbra, as if drawn 6
into it, as it probably is.

Prominences may be very definitely
classified. The type just described 7
was named by Pettit the ‘surge’ or

‘sunspot’ type, and this has many Pt
variations but is generally very TYPES OF PROMINENCES
brilliant and rapidly moving. There 1. Surges. 2. Rockets.
are several eruptive types which m A RCTRE e 1 DIAAY
P yP aY  and active. Often associated

Oor may not be associated with sun-
spots. They often take the form of
arches, the gases seeming to rise from
the chroxposphere up one root of the
:-H}:lh, whlcl} is very bri_lliant, and curve over to reach the chromo-
olr) teﬁe ﬁgam at. any distance from 20,000 to 300,000 miles away;
. dii interactive’ type, the material rising at two points, each
iy g over to the other, so that the gaseous material flows in
directions over the top of the arch or bridge so formed.

with sunspots near the limb.
5. Quiescent pyramids.
6. Quiescent, trees or forests.
7. Quiescent, large arches.




Royds, Kodatkanal

PLATE XI

REMARKABLE PROMINENCE

A ‘rocket’ type of prominence which reached a height of nearly 600,000
miles from the surface of the Sun.

Other eruptive prominences, known as the ‘rocket’ type, spu .

rapidly from the chromosphere and travel at enormous, explost
speed, radially or almost radially from the Sun. In one instan
such a prominence was recorded at Kodaikanal, on 1928 Novem
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109, as reaching a height of 567,000 miles, considerably over half
the diameter of the Sun. (See Plate XI.)
Some prominences apparently rotate in the nature of a water-

Eclipse, 29th May 1919. Sobral, Brazil. Greenwich Exped.
PLATE XII

REMARKABLE PROMINENCE
The famous 1919 eclipse prominence, fully described in text.

(Sigﬁlslitdor» tomgdo. These sometimes remain in one position for a

. Con(zlrable tlme,_ an.d. thf: so—galled ‘coronal’ prominences appear

de ense .from. 1nv1§1b111ty, high above the chromosphere, and to
scend rapidly into it.



52 THE SUN

Lastly there is the ‘quiescent’ type of prominences. These are
not generally so dense or brilliant as the above described more
active prominences, but are much larger and visually more massive
They are often in the form of huge pyramids or pyramidal arches;
and still more often of a series of arches with numerous stems or
roots, giving one the impression of a fiery forest. They sometimeg
attain enormous dimensions and remain without much alteration
during weeks or even months, often eventually disappearing sud-
denly by rising bodily and floating upwards to disperse intg
invisibility. One of this type of prominence figures as almost a
classic example on the photographs of the total eclipse of the Sun
in 1919. It first appeared on the east limb on 22nd March, s
latitude 35° south of the equator. It increased in height and
intensity on each successive appearance at the east and west limbs
as the Sun rotated, and on 28th May, over two months later, was
76,000 miles high and 400,000 miles long. On 29th May, the day
of the eclipse, it began to rise at 2 h. 57 m., and some five hours
later had reached a height of nearly 500,000 miles and had almost
disappeared. (See Plate XII.)

During the last fifteen years or so, series of photographs of promi:
nences have been taken at about two-minute intervals and these
have then been combined on a cinematograph film, the intervals
between each picture being thus diminished some 400 to 600 times
Much has been learnt from these motion pictures as to the behavio
. of prominences, and much of this behaviour is at present in
explicable. New problems have arisen of which the solution wil
be difficult. One of the most surprising facts is the large proportion
of chromospheric gas which appears to materialize, or condense,
high above the chromosphere and descend to it. Surge-type
prominences frequently ascend in a curved path and then ret
along the same path in such a way that one must conclude that this
motion is controlled by electric or magnetic fields. These appar:
ently fixed curvilinear paths along which the prominence gases
seem to be constrained to flow in either direction are quite common
in these motion pictures. In some cases doubt must be expressed
as to whether the motion seen is truly a motion of the incandescen
gases or whether a mass of gas is stationary and successive portions

of it are lighted up, their atoms excited into emission by heat,
electric, or other agencies.

THE SUN 53

SPECTROSCOPIC OBSERVATIONS OF THE SOLAR DISK

By means of the spectroheliograph and spectrohelioscope, the
different elements and levels in the chromosphere may be observed
over the Sun’s disk. With the former instrument photograPhs
may be taken in any selected wave-length, all other light .bemg
eliminated. Seeing that the upper chromosphere is constituted
mostly of hydrogen, calcium, and helium, photographs are usually
taken either of the hydrogen, using the broadest and most con-
venient hydrogen line Ha (Fraunhofer’s C line), or of the calcium,
using the very broad line ‘K’ at the violet end of the spectrum.
The only available helium line. D; is too narrow and evanescent for
satisfactory photography.

The spectrohelioscope (see pages 62-3) is a similar but visual instru-
ment and allows the hydrogen content of the chromosphere over
the disk to be visually observed to the exclusion of all other light.
The advantage of the spectrohelioscope lies in its ability to enable
the disk to be kept under continuous observation. What is ob-
served is much the same with either instrument so far as concerns
hydrogen, but the spectrohelioscope is not suitable for observing
the calcium at the violet end of the spectrum, for which the photo-
graphic instrument—the spectroheliograph—is almost exclusively
used. .

Some illustrations of photographs in hydrogen by the spectro-
heliograph are given, and in the account of observations with the
spectrohelioscope which follows, reference may be made to these
illustrations.

If the slit of the spectrohelioscope is placed in the continuous
spectrum, that is, not on any particular Fraunhofer line, sunspots
with umbrae and penumbrae are seen much as with the ordinary
telescope, but faculae and the granules are not observed. This may
be due to want of contrast, which is considerably reduced. If,
however, the slit is placed exactly on the Ha (Fraunhofer C line)
and seeing conditions are suitable, the disk immediately becomes
full of detail, due to the hydrogen in the chromosphere.

Prominences on the disk appear as dark, often sinuous, markings.
'ljhey are darker than the disk background because only the absorp-

ON—outward jumps—of the electrons of their atoms are observable.
€0 a prominence is partly on the disk but extends beyond the



54 THE SUN

limb, the portion on the disk is darker than the disk but the portion
beyond the limb is brighter than its dark background. The reader
should refer to the paragraph under ‘Chromosphere,” in which the
cause of the difference between the Fraunhofer solar spectrum and
the flash spectrum seen at eclipses is explained. This applies also
to the change from absorption dark outlines of prominences on the
disk to emission outlines at the limb. Prominences which are
brilliant at the limb, such as the surge type seen near sunspots, are
intensely dark on the disk, often appearing considerably darker
than the umbrae of sunspots. They move and alter in shape very
quickly and their motion in the line of sight, that is, towards or
away from the observer, may be seen and its velocity measured.
Motion fowards the observer, that is, upwards from the disk if:
near its centre, called a minus sight-line motion, can be seen and
measured by moving the slit slightly off the Ha line towards the
blue end of the spectrum, the absorption outline becoming mos
intense at a particular displacement of the slit. The measurement
of this displacement indicates the velocity of motion upwards, as.
has been already explained, by the Doppler effect. For any given
wave-length, such as Ha, the velocity in line of sight is proportional
to the amount of displacement of the slit necessary, plus or minus
according to which way such displacement has to be made.
The sight-line motion of prominences at the limb may be studied.
in the same way; this will be the component of the motion tangential
to the limb.
The helium content of prominences may be observed by setting
the slit of the spectrohelioscope on the helium line D, and any
difference in outline from that in Ha is then recorded.
Sunspots are nearly always surrounded, or partly surrounded, b;
bright patches of emission hydrogen, generally with a definite out=
line. It has already been mentioned that faculae (not, of course,
seen in the spectrohelioscope) often follow somewhat similar out-
lines, but so far there is no evidence that faculae in any way result
from, or are dependent upon, this emission hydrogen.
In addition to the absorption outlines (prominences) and the:
emission outlines around sunspots the disk has a network of bright
or darker markings, sometimes including spiral whirls around the
umbrae of sunspots. The small absorption markings of this net-
work generally appear linear or sinuous in hydrogen as opposed to
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the surface markings as seen in photographs taken with the spectro-
heliograph in calcium. These latter have a distinctly mottled
appearance.

Probably the most useful observations with the spectrohelioscope
are the detection and examination of the behaviour of ‘flare’
outbreaks. These have very definite and striking terrestrial reper-
cussions in radio fade-outs and radio interference, aurorae, and
magnetic storms, as we shall see later.

FLARES

These are sudden appearances of excessively bright patches of
emission hydrogen which reach maximum intensity very rapidly,
generally within a few minutes, and die down more slowly. They
almost invariably occur in the vicinity of active sunspots and often
in sunspot groups which are irregular in form and quickly changing,
either growing or disintegrating. The intensity of the activity in
a sunspot group has, apparently, a closer association with or more
effect in producing a flare than its size, though large groups are
often the more active, but not always so. Flares are classed as
I, 2, or 3 intensity. This is an arbitrary classification that depends
on the size, that is the area covered, and the brightness. Some

endeavour is being made to render this classification more definite,

but at present no very satisfactory agreement has been reached.
A major flare of Class 3 may be considerably brighter than the
continuous spectrum near the Ha line. The brightness of the flare
is estimated by means of a photometer?! which places the flare
patch alongside a portion of the continuous spectrum 15 A. away,
Wwhere it so happens there are no appreciable Fraunhofer lines.
:l‘he area of the flare is more difficult to estimate accurately because
lts.outlines are often in the form of streaks spread for several
he}lqgraphic degrees. Class 1 flares are often minute but very

rilliant points, possibly several near one another, but they fade
Mmore quickly than major flares. Flares appear to remain at one

Vel and do not show appreciable motion upwards or downwards
Wlth respect to the solar surface. They do, however, sometimes
SPread very rapidly over the surface. Major flares may be observed
;'Ilso'm HB, in the blue part of the spectrum. Their brightness in
HB is perhaps a better indication of intensity than in Ha, especially

e 1 See pages 399—402.
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in the absence of a sensitive photometer. On extremely rare occa-
sions flares have been so brilliant that they have been seen with the
ordinary telescope as whiter patches on the photosphere; that is,

by many people without some filter, and in any case violet or
altra-violet is very injurious to the eyes. The calcium lines in the
more visible part of the spectrum are thin and weak and very

Evershed

Kodaikanal
PLATE XIII

SPECTROHELIOGRAMS

Photographs of the solar disk taken with the spectroheliograph.

1. Taken on the Ha line in hydrogen light. Note the bright ‘flare’
emission and its streaky formation, in the northern hemisphere. Also the
dark absorption filaments, indicating prominences on the disk. The one on
the north-east limb, top left, is partly on the disk, and in the original photo-
graph can be seen partly beyond the limb as a prominence in profile, brighter
than the background.

PLATE XIV

2. Taken on the K line of calcium. Note the mottled appearance
of the disk in calcium.

unsatisfactory. However, photographs in calcium are, on the other
hfmd, entirely satisfactory. Calcium photoheliograms are entirely
dlfferen_t from those in hydrogen, as may be seen by a comparison
of the 1llgstrations. Calcium photographs of the solar disk show
: ;xcesswp and.large type of mottling or flocculi with very decided
: extensive brlght areas around sunspots and also in other parts.

4 ilsl ph?tographlr.lg calcium the K line is almost invariably used.
- thmm'e cqnvement than the nearby H line, also due to calcium,
1s line lies very close to a line due to another element. The

without the assistance of the spectroscope to eliminate all but
hydrogen light.

Satisfactory visual observations in calcium have not, so far, been
made. The K Fraunhofer line in the violet cannot be seen at all
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K line is an extremely broad line, its full width being due to masses
of calcium in the lower chromosphere. It is often reversed at its
centre by a bright line and sometimes doubly reversed, appearing
with a fine dark line at the centre of all. These finer central lines,
either bright or dark, are due to the calcium at higher levels where
the gas is more tenuous and more highly ionized. It is possible,
therefore, by setting the slit of the spectroheliograph on these
central portions of the line, to photograph the calcium content of
the chromosphere at different levels. The mottled appearance or
flocculi seen at the lower levels seems to correspond with the uneven
surface of the lower chromosphere seen in profile at the limb. At
higher levels the darker markings are longer and more sinuous and
correspond more with the prominence absorption outlines seen in
the photographs taken in Ha.

unwanted light to pass through. Mirrors of quartz or pyrex glass,
which do not appreciably expand with the heat, are more suitable
than those of ordinary glass. Generally speaking, a small objective
lens of from 4 to 6 inches aperture is adequate for solar observation,
and very useful work can be done with even smaller lenses of good
quality.

OF LIGHT AND HEAT

__ _— —TO |EYEPIECE

[107,

SPECIAL INSTRUMENTS USED FOR SOLAR OBSERVATION
Astronomical instruments have been dealt with in another part FROM TELESCOPE

of this book,! but the observation of the Sun is so very different T —
from that of other celestial bodies and objects that it is expedient i S OF N A
: L p T N
to describe the special instruments necessary for this purpose here — ﬂ)ﬂv 8 LﬁrEAT

instead of under the Instrument Section.

Solar telescopes. ~There is plenty of light from the Sun and a good
deal of heat which is often a nuisance. Telescopes of large aperture,
that is, of great light-gathering power and capable of revealing fine
resolution or ability to show minute detail, are not required for
solar observation. The heat of the Sun tends to disturb the air so
that the almost perfect steadiness and fine conditions of seeing,
which are sometimes available in night observation, are never
present for solar observation. For this reason the capabilities of an
objective lens of only 5 or 6 inches aperture or diameter are sufficient,
and larger lenses are not ordinarily necessary.

Refracting telescopes (those with lens objectives) are preferred to
reflecting telescopes the mirrors of which tend to become heated by
the Sun, their figure and image-forming properties being thereby
distorted, whereas the heat mostly passes through lenses. Mirrors
without any added reflecting surface, such as silver or aluminium,
are sometimes useful if the cell (or mount) of the mirror and the
lower end of the telescope tube are open to allow the heat and

1 See Chapter IX. i

Fi1G. 12

THE SOLAR DIAGONAL

The image is reflected from the plane unsilvered surface to the eyepiece.

?hi:i?;) eper cent of the unwanted light and heat is thrown out at the end of

The Sun should never be observed directly through a telescope, even
though the eye may be protected by a darkened glass. This glass may
be. suddenly splintered by the concentrated heat and the eyesight
ruined.
There are various kinds of solar eyepiece in use. The most
tommon and quite satisfactory is a short right-angled tube with
a plane glass reflector (unsilvered) at its corner. (See Fig. 12.) The
end of the tube directly opposite the telescope is open. About
gzdper cent of the heat and light pass through the reflecting glass
A out at t}}e end of the tube, the remaining 10 per cent being
- redicted at right angles, and the solar image is observed in this
ced light with an eyepiece and a darkened glass. The back of
- '0€ glass reflector is at an angle to the front surface, the reflection
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A fixed telescope does not necessarily require a tube if the
observing room—behind the lens—is reasonably dark. In many
cases it is found convenient to mount the lens horizontally at the
top of a tower, directing its focal axis vertically and forming its
solar image on a horizontal screen at the bottom of the tower or on
the slit of a spectroscope or other apparatus. The coelostat and
control mirror are then fixed just above the objective lens. This
arrangement may avoid trees and secure more steady air and seeing
conditions. It is more affected by wind, but this difficulty is often
overcome by an outer strong and rigid tower or tube around the
telescope proper and not in any way connected to it.

The Solar Spectroscope. The spectroscope is described under
Instruments.! The form used for solar observation is similar in
principle to that used for stars and planets, but, there being plenty
of light, it is generally much more powerful, that is, it gives a much
greater dispersion or spreading of the spectrum. To attain this
end diffraction gratings instead of prisms are generally used as the
dispersing agent, and longer foci for the collimator lenses or mirrors
are employed. Any spectroscope incapable of showing the D
Fraunhofer lines of sodium well separated, with the nickel line
between them, is inadequate for solar work. A small solar spectro-
scope is used mostly on the ordinary refracting telescope of from
4 to 6 inches aperture for the observation of prominences as already
explained.

The Spectroheliograph is an instrument for photographing the
calcium at different levels or the hydrogen on the Sun’s disk. It
acts eventually as a light-filter which only allows to pass, and there-
fore to photograph, light of certain definite chosen wave-lengths.
A certain amount of success has been achieved in the construction’
of a real filter for this purpose (see Monochromator below), but at
Present the spectroscopic method employed in the spectrohelio-
graph is more efficient. It is merely a photographic spectroscope ?
(called a spectrograph) of high dispersion with a means for isolating
i':‘y very narrow part of the spectrum, that is any particular wave-
&ngth. This is achieved by means of a second slit immediately in
m;)nt of the.photograppic plate. If this second slit is placed exactly
of Iithe K l}ne of calcium, a photograph will show a narrow strip
; ght which will be due to the calcium on that particular strip of

1 See pages 395-6. % See pages 396—7.

from the inside of the glass being deflected so that it does not form
a double image with the primary reflection from the front of the
reflector. Most solar eyepieces are constructed on this basic prin-
ciple, but there are various devices for controlling the amount of
light admitted to the eye to suit the conditions of seeing. If light
be polarized by passing it through a specially designed prism of
quartz, called a Nicol Prism, its waves are confined to one plane.
If, then, a second Nicol prism is inserted and arranged so that it
can be turned axially with the first, the light can be gradually
reduced and almost cut off by turning the second prism until it
admits only light-waves at right-angles to those admitted by the
first prism. This system is sometimes used for controlling the light
after its reflection from the plane glass, or a photographic ‘wedge’
—a dark glass of varying density—may be moved in a slide across
the eyepiece until the best seeing is obtained. In this connection
it should be remembered that under certain conditions, such as fog,
a small reduction in the light is adequate and the seeing may be
excellent because fog generally means that the air is steady.

Probably the best way of observing the solar disk and sunspots
with an ordinary telescope is to project its image on to a smooth
white card. This will dispense with the solar eyepiece and dispose
of all danger to the eyes. A low-power eyepiece fitted to the tele-
scope, preferably a Huyghenian?® or other type with uncemented
lenses to avoid damage by the heat, will project the whole solar
disk on to a screen held by rods to the telescope tube and at about
8 or 10 inches from the eyepiece. The diameter of the projected
disk may be adjusted by the distance of the screen from the eye-
piece. A standard of 6 or 8 inches will admit of printed disks being
used with parallels of latitude and meridians of longitude so that
by properly adjusting for the current position of the solar globe
with the visible disk, as already explained, the heliographic position
of sunspots and faculae, etc., may be determined.

For many purposes in solar observation a long focus is an advan- :
tage and sometimes a necessity. Solar telescopes are therefore often .
of the fixed type, either horizontal or vertical. In this case the Sun’s
rays are fed to the lens by means of a coelostat, generallywith a second
mirror to control the position of the solar image. A description of
the coelostat, which includes a fixed telescope, is given elsewhere.?

1 See page 387. 2 See page 394-.
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the Sun’s disk whose image was focused on, and admitted through,
the first or primary slit of the spectroscope. If now the Sun’s
image is caused to move across the first slit and at the same time
the photographic plate is caused to move across the second slit
exactly in time with it, there will result a composite photograph
of a succession of strips of the calcium on the Sun, side by side,
until the whole disk is photographed. If the motion is smooth and
regular and exactly ‘in step,” the strips in the photograph merge -

Fi1c. 14

SOLAR IMAGE 1
" ANDERSON’S ROTATING PRISMS

FOCUSED
\ . : . .
DIFFRACTION GRATING ~ Used in the spectrohelioscope with fized slits. Four passages of the portion

~ of the Sun’s image falling upon the prism are caused to pass across the slit
N
\ 3@

for every rotation.
L OSCILLATING SLIT BAR
FiG. 13

was invented many years ago by Young, to enable him to see
~ prominences without waiting for a total eclipse of the Sun). When
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- it was discovered that prominences could be seen quite well with
—E the ordinary spectroscope by slightly opening the slit, Young’s
rinvention was dropped until resuscitated by Hale for observing
' . ‘ | ] ! - the hydrogen on the solar disk. Hale so
Diagram showing the gene%::s::i?:f?g::’:t'of Hale's spectrohelioscope. t ‘_ma_nged the optical axes of th.e instrument
- that the first and second slits could be —

- placed close together. The two slits were -. i
arranged in line with each other at either '=-- w13
end of a light metal bar mounted on a ! SR LI
- central pivot about which it could be ) [
ked or rapidly oscillated. This bar, in '
entral position, was vertical and the
Sun’s image was focused on the upper slit, FIG. 15
- the light rays passing through the slit to Ty ;
~ @ concave mi feet behind it. Thi b s

€ mirror 15 leet behind it. S This glass deflects the
feturned the light by reflection in a parallel Ha line by a small
fam to a diffraction grating mounted {?friz‘gid g 5 iy
behind and between the two slits. The Pl Is);igncip?en ot
grating dispersed the beam into a :ﬁf;af't;on E,f:sed indboltlh
ciieli:tfrrl(l)z, f.h ff)ortlo'n of which fell by Ande:-sgnsprlisxe;&an b
i grating on to a second
~hcave mirror immediately underneath the first. Any portion
L the spectrum could be directed to this mirror by slightly turning

into one another and a smooth photograph of the entire disk in.
calcium is obtained. It is obvious that the desired motion may be
attained either by moving the whole spectroscope, the Sun’s image
and the photographic plate remaining stationary, or, conversely, by
keeping the spectroscope fixed and moving the Sun’s image and the
photographic plate together. This latter may be accomplished by
allowing the Sun’s image to move naturally across the first slit by
reason of the Earth’s rotation, and moving only the photographi
plate exactly in unison with it. With the spectroheliograph,
photographs, or spectroheliograms, as they are called, are ob-
tained in calcium, at different levels according to the narrowness
and position of the slit on the K line, as already explained, and
hydrogen, using the Ha line (Fraunhofer’s C line) at the red end of
the spectrum.

The Spectrohelioscope is almost an exact counterpart of the spectro=
heliograph except that it is adapted for visual instead of photo-
graphic use. The modern design is due to G. E. Hale (though it
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the grating, controlled by a micrometer screw. This portion of
the spectrum was reflected back by the second and lower mirror
in focus on the second or viewing slit. Thus any desired line of
the spectrum could be placed exactly on the viewing slit at the
lower end of the bar. This slit was observed with a low-power
eyepiece. With the Ha line adjusted exactly on the slit and the
bar stationary, a mere very thin line of red light only could be seen,
but when the bar was rapidly oscillated by means of an electric
motor a much wider apparent opening presented itself owing to
persistence of vision, disclosing an appreciable part of the solar disk
in hydrogen only. The upper or first slit also oscillated with the
bar, causing the whole spectrum to oscillate so that the Ha line
also oscillated in unison with the second or lower viewing slit, but
the solar image and the eyepiece being fixed, it was possible to
obtain a steady view of the Sun in hydrogen. Any part of the
solar disk could be placed on the first slit by the telescope controls
already described. (See Fig. 13.)

While the Hale spectrohelioscope was still more or less in the
experimental stage, Dr. Anderson suggested the alternative arrange-
ment mentioned above under the Spectroheliograph, in which the
slits and spectrum remain fixed and the solar image and eyepiece
move in unison. The slits were one above the other as before, but
fixed. Immediately in front of them were two long prisms of square
section mounted on a common, spindle which could be rapidly

PLATE XV

PHOTOGRAPHS OF THE HALE SPECTROHELIOSCOPE

This spectrohelioscope was made to G. E. Hale’s design by Mr. A. M. New-
10, a well-known amateur solar observer. It is now in use at the Royal
Greenwich Observatory, Herstmonceux, fixed alongside a similar instrument
om Greenwich, which was originally the first spectrohelioscope in general
Use in this country.

I and 2 show the solar telescope of 20-ft. focus. The mirrors themselves
Were not actually in their cells when these photographs were taken.

3 and 4. Two views of the body of the instrument, showing the slits,
A!.'l'derson prisms, and motor driving them, also the eyepiece and line shifter
adjustment and measuring circle underneath.

5. Back view of the body, showing the diffraction grating and line shifter.
4 6. The_ collimating mirror frame (mirrors themselves not in place). The
.lli’Per mirror returns the light beam received through the first and upper

t to the grating and the lower one returns this beam, reflected from the
8rating a5 5 spectrum, to the second and lower slit and eyepiece.
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which is about 5 of a millimetre or 335 of an inch. To get
ood results it is necessary that the width of the Ha line or the
thin central part of the K line shall be wider than this so that
the width of the slit will be completely covered by the spectrum
line; this means a well-dispersed spectrum. It is found that with
a diffraction grating of 15,000 lines to the inch, a collimation, or
focal length of the spectroscope, of about 15 feet is required. This
also means that to secure a solar disk image of 2 inches in diameter,
the focal length of the telescope objective lens must be nearly
feet.
ZODzﬁ’mction Grating. It may be expedient here to say a few words
about this instrument, but there is not space to give a detailed
description of its working.
It consists of a metal plate, accurately flat and of highly re-
flective surface, such as speculum metal or other metal aluminized,
ruled by means of a delicate precision machine with excessively fine
lines very close together and evenly spaced. The usual standard
is about 15,000 lines to the inch, that is, 150 lines in every hundredth
of an inch. The very fine strips of metal between the rulings retain
- their highly reflective property and when daylight or sunlight falls
- on this plate its reflection is spread out into varying wave-lengths,
forming a solar spectrum, by reason of the evenly and closely spaced
strips of reflective surface. The diffraction grating gives a much
more accurately spaced spectrum than prisms.
This type, a reflecting grating, is generally used, but celluloid
replicas of the ruled surface may be obtained, and when mounted
. on glass form transmission gratings which transmit the spectrum
- through them instead of reflecting it. The same effect may often
be seen in those closely ribbed, iridescent buttons, or in the very
- thin oil films formed when oil is spilled on the road.
 The Monochromator. This is a light-filter of somewhat compli-
3 Fated construction, invented by Bernard Lyot. It passes only a
- Darrow spectral band in which the Ha line is central. Unfortu-
‘Mately a great deal of light is lost, and this loss increases rapidly
;“ the band of the spectrum passed is narrowed. With a band of
f0m 3 to 5 A, wide around Ha it is possible to see prominences
,‘fell. The band passed has been reduced to about 1'5 A., but
1 il on the solar disk requires more light and a still narrower
d, and so far the spectrohelioscope is more satisfactory for this

rotated by an electric motor. The rotating prisms were of nearly
half-inch square section and mounted with their angles exactly i
line (later one very long prism to cover both slits has been used)
The effect of the rotating prism is to cause, by refraction through
the thick glass, a rapid and successive passage of the portion of th
solar image falling on the prism to move over the first slit and, i
a similar manner and exactly in time with it, successive passages
of the point of vision over the second or lower slit. The result i
the same as before—a portion of the Sun is seen in hydroge
light. (See Fig. 14.) .

This prism arrangement proved to be more satisfactory than the
original slits in an oscillating bar and was adopted by Hale in his
later designs.

However, oscillating slits ave certain technical advantages ovel
revolving prisms, and a spring system, designed by the writer, i
which the two slits are parallel and side by side, has proved ven
satisfactory in a number of spectrohelioscopes, including one at th
Royal Observatory, Edinburgh. With this arrangement there an
no pins or spindles and therefore no wear of any kind, and it i
possible greatly to increase the amplitude of oscillation and yel
maintain perfect synchronization between the second slit and th
Ho line. With slits long enough and the spring system slightly
enlarged it would be possible to view the whole solar disk at a time

Hale also designed a simple method for displacing the Ha line by
an accurately measured amount to right or left, thus affording &
means for ascertaining the sight-line velocity of observed pheno:
mena by the Doppler effect, already explained. A piece of plan
glass, about ¢ of an inch in thickness, is mounted on a vertica
spindle immediately behind the second or lower slit, so that it car
be deflected in line with the slit. The amount of the deflection i
determined by the angle through which the glass is turned, thi
being shown on a quadrant which may be calibrated in angstron
units. The effect is, of course, to cause a visible shift of the Ha line
due to the varying refraction through the glass according to the
amount of deflection. Hale called this the Line shifter. (See Fig. 15,

Both the spectroheliograph and the spectrohelioscope require lon
focal lengths in both telescope and collimator, which are inte
dependent, so as to obtain sufficient spreading or dispersion of the
spectrum. There is a limit to the practicable narrowness of slits

!
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purpose. It would require much space to describe this instrument
fully; but briefly its effect depends on the polarization of light and
its passage through a series of quartz blocks each double the thick
ness of the preceding one. Suffice it to say then that by this
means it is possible to admit only a series of evenly spaced bands
of the spectrum, which become narrower as more quartz blocks are
used. By choosing the correct thickness for the first and thinnest
quartz block, it is possible to centralize one of the bands admitted
on Ha. The remainder of the bands admitted may be cut out by
ordinary light-filters. Satisfactory construction of this instrument
is difficult and requires great optical skill, and moreover it is very
sensitive to change in temperature. At the moment it is more or
less in the experimental stage, but when perfected it is quite possible
that it may supersede the spectrohelioscope. j
The Coronagraph. This instrument was also designed and first
used by Lyot in 1931. It was known, of course, that scattered
and reflected sunlight prevented the possibility of seeing the corona
except during total eclipses when this extraneous light from the
Earth’s atmosphere was cut off by the Moon. Several attempis
had been made to see it from the summits of high mountains, above
the denser parts of the atmosphere, but these had all failed. Lyot
recognized that a very considerable portion of this unwanted
scattered, and reflected light proceeded from the telescope itself.
He therefore set to work to make the coronagraph, which is merely
a special design of telescope from which this defect is eliminated as
far as possible.
The main objective lens, rather under 6 in. in diameter, is o

a single plano-convex type! of a fine quality of glass, free from
bubbles or striae, ground and polished with extreme care to avoid
the slightest scratches, any of which defects would give rise
scattered light. This was mounted in a long tube, extending foi
some distance beyond the objective to prevent side dayligh
falling upon it. The blackened inside of the tube was covere
with a special liquid to obviate reflection, and the cell of the len:
was silvered and shaped so as to reflect the sunlight falling upon ¥
around the lens straight out again without falling upon the insid:
of the extension tube. The solar image formed by the lens fel
upon a silvered- disk, very slightly larger than the image itselt
1 See page 364.
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This disk was set at an angle so that the bright sunlight falling
upon it was reflected out through a ‘window’ in the side of the tube,
none of it falling on the inside of the tube itself. A second single,
carefully prepared lens was mounted immediately behind the
silvered disk and beyond that a diaphragm and screen, so that, as
far as possible, only the light from the corona was allowed to pass
to an achromatic lens producing an image of the corona, more
or less free from extraneous light, which could be viewed or
photographed.

Lyot employed this instrument at a special observatory on the
summit of the Pic du Midi in the Pyrénées. Prominences were very
well seen and, under good atmospheric conditions, photographs and

- spectrograms of the inner corona were obtained which have added

much to our knowledge. By combining the coronagraph with the
monochromator, Lyot was able to obtain still better results.

SOLAR ACTIVITY AND TERRESTRIAL PHENOMENA

As was pointed out at the beginning of this chapter, our existence
pere and all earthly phenomena are primarily due to the Sun’s
influence. We must, however, avoid the tendency to attribute all
local earthly disturbances, such as weather, earthquakes, floods,

- €fc., to some definite happening on the Sun, such as a large sunspot,
~ for instance.

The Earth is less than one-hundredth of the diameter
of the Sun, and although it is possible that the average weather all

_ over the Earth and during many years may have some correlation
- with the solar period of activity, there is no evidence whatever that

such local events can be attributed to particular solar influence.
Many years ago Douglass discovered that the yearly growth rings,

peen 1n felled trees, especially in the sequoia, showed in general a
- Variation, gradual in strength or prominence, every eleven years or
%9, corresponding with the solar period, which seems to show that
Hlere may be a long-term variation in the moisture, or some other

acteristic of the weather, due to solar variation. Many writers
Suggested various other correlations, such as crops, lake levels,

grtic a-ntd antarctic ice, etc., but all these generally fail under close
AMination.

: " ,UP to the present the only correlation for which we have definite

dence is between solar flares and disturbance of the ionosphere or
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upper atmosphere. This causes fading in short-wave radio trans:
mission, generally followed by magnetic storms and sometimes by
aurorae. When a major flare first appears on the Sun there is,
with very few exceptions, a simultaneous fading of short-wave, long
distance radio transmission and also effects, known as ‘solar noise,”
on radar instruments. The fact that these phenomena are simul-
taneous indicated that they are radiation effects, radiation travelling
to the Earth at the same speed as the light by which we see the
flare. In most cases this is followed, about 24 to 30 hours after-
wards, by a magnetic storm, that is, a disturbance in the Earth’s
magnetic field, causing the magnetic compass needle to wander ang
become unreliable, and often an aurora is seen in the northern o
southern latitudes towards the Earth’s poles. These effects ar
apparently caused by electronic particles ejected from the flare;
is estimated that these particles would require about 24 to 30 hour,
to reach the Earth. They occur only when the flare is not too fa
from the centre of the Sun’s disk, whereas the radio fade-outs ar
liable to occur whenever the flare is visible, even if near the liml
of the Sun. The aurorae, which occur in the upper, more rarefie
atmosphere, are probably closely connected with the magne
disturbance and are caused by the electronic particles; they
be likened to the lighting up or glowing of vacuum tubes whe
excited by a spark coil which produces a stream of electron
through them.!
Much research is being carried out in the investigation of thes
geophysical effects of solar flares. There is often a 27-day 1€
currence of slight electronic effects corresponding with the synodi
rotation of the Sun,? which seem to be due to certain active region
on the solar surface that are not easily defined.

not know the cause of the solar period, though it may be closely
connected with the origin of sunspots. We know very little about
the reason for the corona, or why, as divulged by the motion pic-
tures, more prominence matter seems to condense from the corona
and fall into the solar globe than that which leaves it.
A new field in solar research, and for that matter in general
astronomy, is opening in radio and electronic observation which, at
' present, is quite in its infancy. Flares can already be detected by
electronic observation even when clouds obscure the Sun, but their
exact position on the Sun’s surface cannot be located. However
this defect appears already to be on the point of solution. ,
Considerable research is being carried out in England, Australia,
- and America investigating this short-wave electronic radiation from
the Sun—Solar Noise, as it has been termed, from the hi'ssing sound
first noticed on certain receiving instruments. Bursts of solar noise
occur apparently simultaneously with the outburst of flares and
other activity. It has been difficult to correlate definitely the
location on the solar surface of the source of these bursts with the
position of flares observed. Recently, however, observational
methods have been so improved that the source of the radiation
can now be located to within about two minutes of arc.
This radiation from the Sun seems to require a very high tem-
perature of the order of 1,000,000° C. or over and may originate in
the corona over flare outbursts. Experiments at total solar eclipses
when the changes in radiation can be measured as the Moon
gradually occults the Sun seem to show that this radiation proceeds
;rom a disk area larger than the visible solar disk.
: A§ already stated, however, this new method of observation is at
 Present only at the commencement of its development. Most of
! the effor'.c so far has been towards improving the instruments, and
fl’tl‘h.aps in a few years’ time, when solar activity again approaches
mal;(ln?um, considerable new knowledge of the Sun may be acquired.
§ Luring the'past twenty years or so the spectrohelioscope, by
; KIng it possible for the Sun to be kept continuously under observa-
' has added very greatly to our knowledge, and doubtless will
: ttllue to do so, aided and possibly superseded by the new instru-
g or filter, the monochromator. Photographs of the solar
SPectrum whilst flares are at maximum intensity, which observation
Mt the spectrohelioscope makes possible, have proved extremely

FUTURE POSSIBILITIES FOR SOLAR RESEARCH

From what has gone before the reader will gather that mankin
really knows very little about the origin and causes of what he1
able to observe in connection with the Sun. It appears obvig
that research in the future, as in the present, will be mainly directe
towards learning more about these causes. We do not know th
origin or cause of sunspots, or even exactly what they are. We ¢

1 See page 268. 2 See page 16.
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useful, and much information is yet to be gained from this technique.

Finally, the improvement and perfecting of instruments which
are more or less experimental at present, such as the monochromator,
cinematograph recording of solar happenings, and especially the
electronic observational possibilities, must help our researchers to
discover many things, some of which may hardly be dreamt of at
the present moment. '

CHAPTER III

THE MOON

Note on finding the mean distance of the Earth from the Sun. On page 4 and
elsewhere ! reference is made to this distance, which is known as the astro
nomical unit, and the following brief outline describes the principles involved
in its calculation. It is necessary to anticipate some later matter in the book.

If P is the periodic time of a planet and « its mean distance from the Sur
the former being expressed in sidereal years and the latter in astronomica
units, then? P?2=q® The periodic time of the planet Eros is about 1:7€
years; the square of 1-76 is 3-0976, the cube root of which is 1-4577, and hence
the mean distance of Eros is 1°4577. The mean distance of Eros, the Earth
or any other planet is easily calculated for any time when the elemen s,
referred to earlier,® are known, and the Nautical Almanac gives these distances
for the Earth for every day of the year. Suppose we take any arbitrary
date, say May 21, when the distance of the Earth from the Sun is abou
1-0123, and calculation shows that at the same time the distance of Ero
from the Sun is 1-1843, then, if the Sun, the Earth, and Eros are in a line 2
that time (this has been assumed to simplify the problem but actually it doe
not occur), the distance of the Earth from Eros is 0-1720 astronomical unit

Now suppose the distance between the Earth and Eros is found by trigone
metrical methods ¢ to be 16 million miles at the same time, then 16 millio;
miles =0-172 astronomical unit, or 1 A.U=093 million miles, approximately

In 1930-1 Eros approached the Earth to within 16 million miles an
twenty-four observatories co-operated in observing its exact positions, fros
which Sir Harold Spencer Jones completed his calculations in 1941 and foun
its distance from the Earth and Sun, thus deducing the most recent value @
the astronomical unit. The angle subtended by the Earth’s equatoriz
radius at the Sun’s mean distance, the Sun being on the horizon, is know
as the solar parallax, the value of which is 8”-790. The corresponding valu
for the Moon is over 57”.

Dr. H. P. WILKINS, Fr.r.A.s.

Director of Lunar Section, British Astronomical Association

GENERAL REMARKS

F all ce?lestial bodies or objects the Moon is one of the
most interesting and always attracts the most casual
observer. Sometimes it hangs in the sky like a golden

: crescent—a bow of light; at others it is half lit up, while

.at full it appears as a great round ball of light so brightly li’ghting

- up the sky that only the more brilliant stars remain visible to the

naked eye.

, The earliest men were struck by the brightness of this beautiful

- orb, and long before the dawn of history men had noticed two
fa:cts abou"c the Moon: firstly, it seemed to change its shape from

- night to night, from the crescent mentioned above to the broad
gound face of the full Moon; and secondly, they saw that, unlike thé

. [thu;; the Moon was spotted and shaded, and these spots, whatever

R l;lature, were always there. Whether the Moon was a crescent

et ! t up or full, the same spots were seen in the same positions’

N ! - and it was soon recognized that the Moon always turned the '

S. A. Mitchell: Eclipses of the Sun, Columbia University Press, 1923. face towards us, otherwise the spots would appear to m (Slame
A giorg}?t dAbetti: The Sum, 1938, English translation, Crosby, Lockwo - @Ppearance of the face of the Moon would :fll’;c)er P
chfald 8 Lt Our Su, The Blakiston Co., Philadelphia and Torom 3 I‘II!Ithe people ac.tually thought that the Moon was a body
B et of fhe Dridah A sironomins Associcrion, vol. xil Ch really changed its shape, but as time went on doubts were
Part 2, The Sun. ‘ Tessed. It was noticed that when the Moon was a thi
Most modern text-books on astronomy have a g°,°d chapter or two on & “Test of the face could be diml i m e
Sun, such as W. T. Skilling and R. G. Richardson’s 4stronomy, Chapman whole body w th y-seen' So that it was evident that
R y was there all the time. .The fact that the crescent
ays near the place of the Sun while the full Moon was more

Hall Ltd., 1947. A very good book, though rather old, is C. G. Abbo
The Sun, L. Appleton & Co., New York and London, 1911.

S Opposite to the Sun’s place clearly proved that the Moon was
73

1 Pages 214, 437- 1 Page 418. 3 Page 5. 4 Appendix IL.
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who will take the trouble to look at the Moon with such an instru-
ment will find a wonderful spectacle displayed. The face of the
man,’ or whatever other shape his fancy may have suggested, has
disappeared and he will see a silvery globe or ball, with here and
there dark grey patches, evidently plains or low-lying areas, while
all over the rest of the face are large numbers of round objects, and
these are the so-called craters or mountains of the Moon.

1f the Moon is a crescent or a half-disk some of these round objects
will be seen to stand on the line between the dark and light portions,
and are filled with blackness. Others, farther from this line, are
partly filled with this darkness, from which it is not difficult to see
that the round objects are elevations, that is, mountains, and the
blackness within them is only shadow; in other words, that the
Moon, like our own Earth, is lit up by the Sun and that on our
satellite, as with us, the mountains throw shadows.

a dark body, having no light of its own but was merely illuminated
by the Sun, and thousands of years ago it was known, at least to
the more educated and observant men, that the Moon was a body
revolving around the Earth. The fact that its size was nearly
always the same proved that its distance was more or less constant,
a dark world, like the Earth itself.

THE MOON’S SURFACE FEATURES

The dusky markings on the face or disk, as it is technically called,
of the Moon were thought by some people to be forests, by other:
to be a reflection of the seas and lands of our own Earth, while othe;
people thought that they were caused by mountains and plains;
The Moon is in fact too far off for the surface details to be clearly
seen; it merely presents a patchy appearance, and these patche
happen to resemble the outlines of a human face, as observers
see for themselves if they will look at the Moon when it is f
There are the two eyes, a rather curved nose, and a mouth, and thest
features have for ages been known as the “Man in the Moon.’

For a long time nothing more was known; indeed it seemed hope
less to expect anything else unless men either travelled to
Moon or brought the Moon nearer to them; both seemed equall
impossible of achievement. But the human mind is inventive, ant
Galileo’s telescope, constructed in 1609, enabled men to visit
Moon, so to speak, without leaving the Earth. The telescope is a
instrument which first forms an image or picture of some object
and this image is then magnified so that, when the telescope
turned on the object, it looks larger than it does to the naket
eye.! Now if a thing is made to look bigger it is just the same thi
as bringing it nearer, and for the first time men could see what th
dusky spots on the face of the Moon really were and the science @
selenography began. (Selenography is the delineation of the Moon'
features; Selene was the goddess of the Moon in Greek mythology:

The Moon is only just too far off for the features to be seen sa at
factorily by the naked eye, so that quite a low magnifying power W
show their true nature. A good field-glass or a pair of binocularsis @
that is needed to give a true picture of our satellite—another nam
for the moons of the various planets, including the Earth. Any on

1 See pages 371 ff. ‘

MOUNTAINS AND CRATERS ON THE MOON

It is, however, somewhat difficult to realize that the bright spots
are mountains until it is remembered that we are looking at the
Moon from a rather peculiar position. On the Earth we see moun-
tains from the side, but we look down on the mountains of the
Moon just as if we were in an aeroplane flying at a great height
above its surface. A moment’s thought will show that we cannot
expect to see the mountains from the side except those which
actually happen to lie on the round edge of the Moon; these are
seen from the side just as we see mountains on the earth, only of
Course we look at the Moon’s mountains from a vastly greater
distance.
As soon as these points are realized we cannot help marvelling
Qt the wonderful spectacle presented to our view. The rings or
- Craters seem innumerable; in some regions, especially towards the
ttom or south, as seen in binoculars, they crowd together until
surface there looks just like a honeycomb.!
- 'The difference between a_ terrestrial and an astronomical telescope is
er;ggdi l_[111'1 Chapter IX. If an astronomical refracting telescope is used
ho ages are produced, and the north of the Moon will appear at the
om and its south at the top to an observer in the Earth’s northern

lzhere, and vice versa in the southern hemisphere. The illustrations
he lunar features as seen through a terrestrial telescope.
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pall, for we see very plainly not only the bright portion but also
the dark part faintly illuminated against the dark sky.

For a long time men were puzzled to account for this faint shining
of the dark part, and it was not until the fifteenth century that the
true explanation was discovered. If we remember that the Sun is
shining on our own Earth as well as on the Moon it will be seen that,
to other heavenly bodies, such, for example, as the Moon, the Earth
must shine just as the Moon does to ourselves. From the Moon
the Earth must look like a great ball of light—much larger than the
Moon does to us because the Earth is so much larger than the Moon.
It has indeed been calculated that the Earth reflects about sixty
times as much light as the Moon does,* and if we also bear in mind
that, as seen from the Moon, the Earth looks ‘full’ when the Moon
is ‘new’ to us, it will be seen that when the Moon is a crescent the
Earth is nearly “full.” It acts, in fact, asa great moon to the Moon.
We all know how brightly our landscapes are sometimes lit up by
the full Moon, and hence it is no wonder that the lunar landscape
~ is lit up so much that it becomes visible to us and thus enables us
~ to see the dark part against the evening sky. It is the reflection
- of a reflection, for the Earth is so brightly lit up by the Sun that,
acting as a mirror, the Earth reflects part of the light on to the
Moon and the Moon in turn is so brightly lit up that it again reflects
part of this light back to us. Of course the part of the Moon thus
~ lit up by the Earth is not nearly so bright as the part directly lit
up by the Sun, that is, the crescent, but it is sufficient to enable us

' :gi;ee the dark part. This phenomenon is known as the ‘earth-
3 e

The craters will be seen to be of all sizes and shapes, although
the majority are more or less round. Some are very large, others
are mere pits of shadow. For instance, near the centre of the disk
a very large one will be noticed which, when we come to apply
‘measurements, turns out to be nearly a hundred miles across from
one side to the other. In order to distinguish the craters from each
.other the custom arose of giving them names, chiefly those of famous
men, and this large crater near the centre is known as Ptolemy.

The dark patches which, to the naked eye, combine to form the
outlines of the face of the Man in the Moon are, as already stated,
when seen with optical aid, in reality great plains. Now in the
days when the telescope had just been invented and men gave.
names to the spots on the Moon, these plains were thought to be
seas, because water was supposed to reflect less light than land,
and they were given fanciful names such as the ‘Sea of Rains,” the
‘Sea of Clouds,’ or the ‘Ocean of Storms.” Although we now know
that they are not seas (there is almost certainly no water on the
Moon), the names given 300 years ago have been retained, and
have the names given to the craters.

BEST TIME FOR LUNAR OBSERVATIONS

The best time to look at the Moon is when it is a crescent or a
half-moon, not when it is full. A moment’s thought will show that
when the Moon is full it is, so to speak, behind the Earth as seen
from the Sun, and thus more or less directly opposite to the Sun
as seen from the Earth, so that the Sun’s light falls directly on to
the surface turned towards us, and therefore there are no shadows
Thus at full Moon we do not get that impression of hill and hollow
which is so strikingly evident in the crescent or half-moon. The
full Moon indeed looks, when seen through the telescope, like a ball
of light with the dark plains clearly seen, but very few crater:
are recognizable. (See note on page 109.)

Let us suppose that we have binoculars, or perhaps a smal
telescope, and look at the Moon from night to night from the time
when it first appears as a fine crescent in the evening sky to th
time when it is full and rises about the time the Sun sets. '

The crescent Moon is hanging in the sky like a silver bow;
use our little telescope and it is immediately transformed into

SOME CONSPICUOUS CRATERS, MOUNTAINS, AND SEAS

Having satisfied ourselves as to the explanation of this appearance
- We turn to the bright crescent. Several craters are seen along the
llqe dividing the dark and the bright portions; three near the
middle of the crescent are especially prominent and are known as
: grt?nus, Vendelinus, and Petavius. Petavius in particular is a
Splendid object; we can clearly see the walls which seem to cast a
Shadow on part of the interior, while in the centre is a mountain
From this peak a dark line will be seen to extend to the
1 See Appendix III.
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surrounding wall. This line is one of the so-called ‘clefts,” whi
seem to be great cracks in the surface. Many are known, but fe
are so prominent as that within Petavius, which can easily be se
in the smallest telescope. A little plain, known as the Sea of Co

flicts, will also strike the eye. This is the first plain to be sel
after new Moon, and for this reason it is the first to disappear aft
full. It will be seen to be not perfectly level, but a few ridge
long winding banks somewhat like railway embankments, will |
noted on its dark surface. It is evidently surrounded by hi
mountains, for they cast long black shadows across the plai
Towards the top or north of the crescent craters are few, but ¢
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th.e south they are crowded, each with the shadow inside i

with peaks within them, while others again are smoo:;lcfeailt(’i St(;i:;
vary greatly in size. Finally, we will be struck by the sharp points
of light of the crescent, the cusps as they are called, and they will
be seen to be drawn out into a series of dots of light, evidently the
Sll.mr{nts of mountains lit up by the Sun while their bases are
S 111 in shadow. These mountains at the bottom, known as the
Leibnitz Mountains, are the highest on the Moon: some of the

- Peaks are as high as any on the Earth, and one or two are even

higher,
Ths next night, or better still two nights later, the Moon being
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about four days old,! the crescent is bolder and wider and the Moon
does not set so soon after the Sun. The Sea of Conflicts has lost all
shadow and now appears as an oval spot near the bright round
edge, while Petavius is now almost lost in the brightness of that
part. But new craters and plains have made their appearance.
On the edge of the Sea of Conflicts we are attracted by a golden
tinted area. This is called the Marsh of Sleep, and on its edge is
a brilliant star-like crater. From this, long bright rays stretch
across the dark surface of the Sea of Conflicts. This brilliant crater
is called Proclus, and quite recently it has been discovered that
the inside is no longer such a pure white as it used to be, but dusky;
also bright streaks can be seen, but we do not know what causes
them. Towards the north, that is, the top if we are using an
ordinary terrestrial telescope or a pair of binoculars, are some
craters and a large grey plain, much larger than the Sea of Con-
flicts. This is called the Sea of Serenity or Sea of Calm and is
half visible, the line between the dark and bright portions crossing
it. On its edge some craters will be seen, of which parts seem to
have been washed away: for instance, there is one large one called.
Posidonius, and we can see how the wall on the side facing the
‘sea’ is thinner than on the opposite side, and at one point there is
a break without any wall at all. Near the middle of the crescent
is a very grand group of craters which has just come into the sun-
light. There are three of these called Theophilus, Cyrillus, and
Catharina. Theophilus is evidently newer than Cyrillus, because it
has partly overlapped the latter. In the centres of Theophilus and
Cyrillus are mountain peaks which cast long shadows on the interiors.
Catharina contains all manner of objects, and one of the chief of
these is a ring on the floor, a crater within a crater. These three
grand craters lie on the borders of a little plain known as the Se
of Nectar. Between it and the Sea of Conflicts is another plain,
on the edge of which lie the craters of Petavius and Langrenus,
which we noted in the fine crescent. This plain, called the Sea of
Fertility, is rather rough and contains numerous ridges. In it are
two little craters called Messier and Pickering, and we note that
two very peculiar light streaks st-etch towards the east, giving the

1 The Nautical Almanac and other publications give the dates of new Moon,
but about two days must elapse before observations are possible; the slender
crescent near new Moon is difficult to see. i

. Sea of Vapours, and in this

- through
- & very peculiar object—a spiral or snail-shaped mountain.
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appearance of a comet’s tail. Now the earlier observers declared.
that the. two craters were exactly alike, whereas the smallest tele-
scope will show that now they are quite different. One is oval
from north to south while the other is oval from east to west. Some
astronomers think that a change of some sort has happened to
these craters. '

Belovgf the Sea of Nectar is a mountain range called the Altai
Mountains, but they are best seen after the full Moon, for then the
shagows stretch across the plain, whereas now there is little shadow
to be seen.

SURFACE FEATURES AT HALF MOON

Perhaps the best view is obtained when the Moon is a half-moon
at the first quarter. All the seas we already know and anothe1:
called the Sea of Peace are visible, but the craters already described
are on}y patches on the bright surface because the sunlight is
streaming down directly upon them. All along the line between
the da'rk and the light portions numerous craters can be seen, some
of which are much larger than any previously referred to.’ For
example, negrly in the centre of the Moon is a very large one called
Ptolemy, which is over go miles across. Although Ptolemy is so large
?.nd the §urrounding walls rise thousands of feet, any one situated
in the middle would not see a trace of them because the Moon is
such a small world that the curve of the surface is much sharper
than that _Of the Earth. Below Ptolemy a string of large craters
stretches right down to the bottom of the Moon and their names
can be found from the map. There is a great mass of craters quite
close to the round edge of the Moon, and we see one crater standing
;)ut above the others. This is called Tycho, about which we shall
;:srllll‘,irl?soricse lzitter on. '(éompared with these huge craters our

; e insi ius is li
e oge e it sa %?;s Sc.ant, for the crater of Vesuvius is little

Now if we look above Ptolemy we see a little plain called the
: plain is a very curious object. It is
great crack in the surface of the Moon and passes right
a small crater called Hyginus. Just to the north of it is

a sort of

A grand range of mountains separates the Sea of Vapours from
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another plain which is partly lit up. This is the Sea of Rai THE MOON ABOUT TWO DAYS BEFORE FULL

which joins on to the Sea of Serenity: it will be better seen in a da
or two. Near the place where the two seas join we will notice
bright spot shining like a patch of snow. This is called Linné a
has a curious and interesting history. Two astronomers, Lohrman
and Madler, who lived in the early part of the nineteenth centur
drew maps of the Moon, and they showed and also described Lint
as a deep crater full of shadow at certain times, whereas now W
have only to glance at it to see that Lgmé is not a crater at a 1
but merely a white patch, so that it looks as though some chang ~ About

has taken place. Perhaps the walls have crumbled and fallen interestinz.da%hzr St::laooafft}gr the first
either because a meteor struck this part or from other caus of mountains separating it f?(lJrrlrsx 31 en

Fi

oxus an e other called Aristotl i o

Surrounded by rows of little hills i ahie Tt e
‘ : and i

feet; in the centre is the usual peak. i Wl s Semaanicof

LUNAR FEATURES A FEW DAYS AFTER FIRST QUARTER

quarter the view is still more
ow plainly seen and the range
Sea of Vapours is very distinct.



—3

84 THE MOON

This range is called the Apennines, and that the chief peaks are
very high is evident from the long black shadows they cast. The
range is so prominent that it can even be seen with the naked eye
as a sort of spike jutting out into the still dark part of the Moon.
In a small telescope the hills and the valleys between them will be
plainly seen. On the other side of the Sea of Rains, that is, on the
north or top, is also a mountain range, or rather two ranges, one
called the Caucasus and the other the Alps. Some of the peaks in the
Alpsrise to 12,000 feet; the highest is called Mont Blanc, after the
highest mountain in our own Alps. One peak in the Caucasus
rises 19,000 feet above the plain. What a wonderful sight it would
be to any one on the Moon, with its towering spire gleaming white
against the dark sky, for on our satellite, which has no air or water,
the sky must be almost black, not only by night but also during
the day, and a day on the Moon lasts fourteen of our days. On the
surface of the Sea of Rains, and not far from the Apennines,
three craters at once catch the eye. There are two somewhat
small ones, one above the other, and to the left of these is a large :
one with a wide wall and a smooth floor. This crater is called
Archimedes and is about 50 miles across. With large and very
powerful telescopes some tiny craters have been seen within
Archimedes. i

There is one thing about the Alps which can be seen in the
smallest telescope, and that is a great valley cutting right through
them. It looks as though a gigantic chisel had been driven through
the mountains, and the valley is supposed by some people to have
been caused by a meteor ploughing its way ages ago. Other people
think it was caused by a moonquake, but there is necessarily con-
siderable speculation on such matters.

MEASURING THE HEIGHTS OF THE LUNAR MOUNTAINS

How can we find out the heights of the mountains on the Moon
since we cannot go there to measure them? Even on the Earth
men have not yet climbed all the mountains; Mount Everest has not
been conquered, but we know its height. This has been done by
two people with small telescopes, both looking at the mountain-top
through their instruments and measuring certain angles. The two
people and the mountain-top are at the three angles of a triangle;

THE SEA OF RAI

Paris Obs. From ‘Paris Lunar Atlas’

PLATE XVI
NS, ARCHIMEDES, AND THE ALPINE VALLEY
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and, knowing the distance between the two observers, they can
calculate the distance of the mountain, from which, having also
found its angular elevation, they can calculate its height. Now
although we cannot go to the Moon and set up instruments there,
we can measure the height of its mountains by a somewhat similar
method. Aswe have seen, the mountains cast long shadows, and the
length of the shadow of any object depends upon the height of the
source of light. We all know that the shadows of things are longest
in the mornings and the evenings, when the sun is low down, while
at midday the shadows are shortest. Here then we have the clue.
We can measure the length of the shadows of the moon mountains |
and calculate the height of the Sun * as it would be seen by any one
‘'on that part of the Moon. Then all we have to do is to ask ourselves
what height the mountain must be to cast a shadow of such a
length if the Sun is at such an altitude in the sky of the Moon.

On the tenth night after the new Moon the shadows of the
Apennines are not so long and pointed, but the Alps still show much
shadow, and at the end the crater of Plato is just coming into the
sunlight. What a grand object this is, even in a small telescope!
‘The floor or inside is very smooth and level, and the shadows of the
peaks of its surrounding wall of mountains stretch over the surface
like the spires of some great cathedral. At least three such spires
can be seen, the longest nearly reaching the other side, and this is
60 miles away. Plato seems to get darker night by night, and at
full Moon it looks like a great dark oval. It has been thought tha ‘
this may be caused either by some change in the surface or by
spreading of some strange form of vegetation. Having had a look
at Plato we glance at the other parts of the Moon, and beyond the
tip of the Apennines, and therefore almost due south of Plato, i
another grand crater called Copernicus. This is one of the ver}
finest on the Moon, over 50 miles from one side to the other, with
group of little hills in the centre and a great wall rising over 11,000
feet above the interior. All around Copernicus the surface is ver
disturbed and little ridges run from the walls for nearly 100 e
on every side. With large telescopes vast numbers of tiny crater:

1 This does not mean its height in miles but refers to its angular elevatior
or altitude. This is the angle between the observer’s horizon and a lin
drawn from him to the Sun. A full description of the method, which involves
a number of mathematical computations, is given by Thomas L. MacDonz {
in Goodacrte’s The Moon, pages 361-4.
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can be seen nestling between the ridges. Copernicus is evi

situated on a raised part of the surfaie, for wa): can see St}fewg(lf)ﬁg(}i’
nsing up towards it on all sides, and it is prdbably the result of a
great upheaval millions of years ago. i
on’lj(t) the south of Copernicps the Sea of Clouds can be seen, and
likel s right is a most peculiar object which looks for all the world
wau'c’l'rqler or straxght-edge. This object, known as the ‘straight
E 1s in reality a great cliff over 60 miles long and almost perfectly

raight. By some people it is called the ‘railway.’

On
A lt)he southern border of the Sea of Clouds we notice a crater
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from which part of the wall has vanished; this is Pitatus. Beyond
this is a great mass of craters among which one stands out above
the others; this is the crater Tycho, 50 miles across, and interesting
because of all craters it is the most prominent at full Moon. Still
farther south, and not far from the edge, is a vast pit called Clavius,
and this is no less than 145 miles in diameter. Can we imagine a
great pit 145 miles across entirely surrounded by mountains, and
the inside very deeply sunk so that from the top of the highest
part of the wall to the interior is over 3 miles? Soon after first
quarter Clavius appears as a great oval patch filled with black
shadow, and can just be detected by the naked eye. The smallest’
telescope will show that on the inside are many little craters, of
which the largest are arranged in a beautiful curve.

FEATURES A FEW DAYS BEFORE AND AT FULL MOON

About two days before full Moon still more of the Moon’s surface
is lit up, and the very first glance reveals a brilliant spot on the
line between the dark and bright portions. This is the crater
Aristarchus, the brightest object on the entire Moon, as brilliant as
newly fallen snow and in striking contrast with the now very dark
Plato. So brilliant is Aristarchus that it can sometimes be seen on
the dark part when the Moon is a crescent. Sir William Herschel
saw it like this and thought it was a volcano in activity!

And now we have arrived at the full Moon. Just before this we

cannot help noticing the great craters coming into the sunlight.
For instance, nearly in the middle of the edge is a very large dark
one known as Grimaldi, almost as big as a small ‘sea,” while still
farther south is the largest of all the Moon’s craters, known as
Bailly, after a famous French astronomer of the eighteenth century.
Bailly is no less than 180 miles across and is full of ridges and
craters.

If we remember that the diameter of our satellite is 2,160 miles,
so that it is about 1,000 miles from the centre to the edge, we have
a measure by means of which it will be easy to estimate the size
of the various craters and ‘seas.’

The full Moon looks attractive to the naked eye but very little
can be seen in the telescope because, as already explained, no
shadows are then visible. What will strike us are the long, bright

Paris Obs. From ‘Paris Lunar Atlas’

PLATE XVII
THE MOON PHOTOGRAPHED NEAR FULL
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rays which seem to surround the craters Tycho, Copernicus, and
Aristarchus. The rays around Tycho are so numerous that they
give the full Moon the appearance of a badly peeled orange. Some !
astronomers think that the rays are great cracks filled with a very
white kind of lava; others believe they were caused by a meteor
striking the surface and splashing the material all around.

There are two chief theories about the craters: one is that they
are the remains of vast volcanoes in eruption millions of years ago,
the other that the Moon was pelted by large meteors which actedasa
sort of natural atom bomb digging great pits and throwing up the
walls, thus forming the craters we see to-day. We must remember
that the Moon is a small world, and because of its small size and
also its comparatively low density—three-fifths that of the Earth—
the force of gravity there is much less than on the Earth. It has
indeed been calculated that the pull on the Moon’s surface is only:
one-sixth of that on the Earth’s surface, so that a man on the Moon
could jump six times * as high or throw a ball six times as far as he
could on the Earth. Some think it quite possible that the craters are
really volcanoes, which for this reason would naturally be large:
than any on the earth; and if we believe meteors were the cause of
the craters we have to explain how it is that the Earth now shows so
few signs of them. It may be pointed out, however, that the craters,
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‘on the other side, i.e. east of the S i i
gy un, as a crescent in the evening
During all this time we can see the chi
| ] chief craters as one after th
O'Fh}elr tlgey become filled with shadow and disappear in the advarfcinge
night, but now the shadows are cast the opposite way to what the
were when the Moon was increasing. Y
Tllljse, then, are the sights which any one can see who takes the
tronzl 1?‘ to look at the Moon even with the smallest telescope or
goo t111110culars. If'we had a very large telescope we should see
more, thousands of tiny craters, cracks, and other objects, but even

with the largest telescope in the world i
: I t . , the new 200-inch on Mount
Palomar in California, we could not approach the Moon sufﬁciezlli?y

close to see living creatures even if the

to . ' y were larger than eleph
But it is not impossible that it will be a commgnplace a cI:)ena:tlltS.
or so hence, for men actually to visit the moon in a "s ace-sh'r}:
propelled by atomic power. ’ N

A TRIP TO THE MOON

Suppose, then we were about to visit the Moon in such a “ship,’

what would we see during our journey?

We set off at night, the Moon being just after first quarter, and

sim;e w'ith atomic power we should be able to
fntlr.e journey would take only a few hours. g\c/)'el“,;r};of)a;lst’a'ft’clf];
eaving the Earth we should come out of its shadow and see the Sun
:g:m{ a strange Sun shinix}g in a black sky, for we have now left
makae.lsmosp};{ere'and there is none of that scattering of light which
k. c]eoalrl;rs gl'l gk:sawlzh;er (()iomd?..t Aht'ealdy the Moon seems brighter
earer, ¢ roceed 1t gets larger and larger. Soo
Ct;:redliztltr;lgulssh the various ‘seas’; there is the Sef of Coniilicvtvs?
B i eAea of Serenity, and the Sea of Rains is just coming
e .r ts we near the Moc?n we notice that the Apennines are
E towar?j eat range of mountains, for we can see the peaks jutting
B s ulsdand the shadows black and forbidding before our
- .Shi wmid ‘never do to land among those formidable peaks as
: ‘urfacepozv:)ﬁ inevitably be destroyed, so we steer to the smooth
gl e sea not far from popemicus, the highest summits of
B ... fe Just catching the sunlight. Before stepping out we must
3 eful to put on our ‘space-suits,” otherwise we should find it

if formed by large meteors striking the Earth, would be destroyed in
time by the action of air and water. -So the above objection is not

really valid.

THE WANING MOON

After full Moon the bright surface begins to get smaller night after
night—the Moon wanes, as we say. The first parts to go are those
which first appeared in the crescent, the Sea of Conflicts and
Petavius. About seven days after full the Moon is at its last
quarter when one half is lit up. It now rises about midnight, ant
can only be seen well in the early morning. The half-moon now
gives place to the crescent, the dark part becoming faintly visible
and the Moon finally disappears in the glow near the Sun, to reappe al

1This refers to the man’s centre of gravity, not to his feet. On the Eart!
an average height for the rise of a man’s centre of gravity in a high jump X
about 4 feet, and hence would be about 24 feet on the Moon.
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impossible to breathe, for the Moon has no atmosphere. As soon
as we step from the ship we feel very light, and we remember that
on the Moon the force of gravity is only one-sixth of what it is on
the Earth. For the fun of it we could make a jump or two, and
what jumps they would be! It would be quite easy to jump over
a good-sized house; not that we should find any houses there, for it
is difficult to imagine there can be any life without air and water.
Long ago the Moon may have had an atmosphere and water, and
if so many forms of life could then have flourished; now all the
evidence we should be likely to find would be the fossils in the
rocks. And talking of rocks, what a rocky place the Moon would
seem—bare rock everywhere, even the surface of the ‘sea’ or plain
was once liquid lava and now cold and solid! From our location
the newly risen Sun gives little heat to the surface, although it glows
in the sky without a single cloud. The absence of air means
that the heat of the Sun is not retained as it is on the Earth and the
cold is intense, at least in the early morning and again in the late
afternoon. Slowly, very slowly, the Sun mounts up in the sky, for
the Moon, like the Earth, turns on an axis, but so slowly that it takes
a sidereal month (which is about 27} days) to make one rotation,
whereas the Earth takes only a day. In fact, if we had a good
cycle we could keep pace with its turning, and, moving with the Sun,
sce the Sun above us, but to do so we should require good roads,
which, so far as we know, do not exist on our satellite! If, how-
ever, there were good roads we might accomplish the feat with an
ordinary ‘push-bike,” because the diminished force of gravity
previously referred to would assist in attaining a high speed, and
except for the fact that we should require rest and sleep, we could
move all the time with the Sun. This assumes equatorial regions,
but in higher latitudes we could accomplish the feat by walking.
Thus in latitude 66° it would be necessary to move with only
two-fifths of the speed required at the equator to keep pace with
the Sun. i
Near noon, when the Sun is high in the sky, in the Moon’
equatorial regions it gets very hot indeed, almost as hot as boilin
water, and at a point directly under the Sun a temperature of more
than 130° C. exists, so we are glad to shelter from the heat and glare
We must also take precautions against dangers other than sun
stroke, or rather from a very special kind of sunstroke caused b
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the ultra-violet rays. On the Earth the layer of ozone in our
atmosphere protects us from this, but on the Moon there is no such
layer to protect us, so that we should have to use shields to cut off
these c%a_ngerous rays. Almostasdangerouswould be the ever-present
Posmblhty of a meteor hitting us. Without an atmosphere no warn-
ing would be given, and during our journey it would be neces-
sary to adopt means—deflection plates—to ward off meteors. If
one did str{ke the ship it would go right through, for meteor; are
like very minute planets revolving around the Sun and move round
the Sun with §peeds greater than that of the Earth. A device to
Prer:nt the ship’s atmosphere escaping if small meteors penetrated
its sides has been suggested, and would probably be used.

tl}e Moon no sound is ever heard. Sound is caused by waves in the
air, ‘and on an airless world like the Moon no sounds could be
carried. _It is a world of eternal silence, a world where the largest
cannon might be fired without the least sound being heard. Looking
up the sky appears black, and we note with surprise that some stars
are visible even though the Sun has risen. By day as well as night
thfa star_s can be seen, strange stars which never twinkle but alwgys
§hme _w1th a steady light, for the twinkling we associate with stars
is entlrely due to sudden temperature changes in our atmosphere
The Sun is seen to have an apparently slow movement amongst the;
stars—a strange spectacle for people born on the Earth.

But at?ove everything else we should be interested in the Earth
from which we have just come. Where is it? Right over our
heads, shining in the sky like a great Moon, but at this moment a
crescent. As the morning wears on (and how slowly it seems to
go!) the Earth still hangs overhead, but the Sun seems to approach
1tlm Usually th'e _Sun passes above or below the Earth, but at certain
# es—‘and this is one of them—it actually goes behind the Earth.

owly it moves; half of it has disappeared, but still the light hardl
;eéems to have diminished; when it has nearly disappeared we shaﬂ
enchantgd by the wonderful spectacle. Although the Sun has
sptarses:[e(}i1 _behind the Earth it is still visible as a bright red light
E 1(1: lllng' for a considerable distance around the dark globe. This
B ght is so intense that the moonscape is lit up by it. To any
thato'n the Earth the Moon would seem to be eclipsed, and we know
it is a very common thing for the eclipsed Moon to loom deep

The first thing that would impress us would be the silence, for on'
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Sun takes place, the dark moon-ball would appear to be surrounded
by a bright halo of red light. Instead of that we see no such halo
around the dark Moon. True there is a halo, but this has nothing
to do with the Moon and is white, not red, being indeed the well-
known solar corona.l

Another thing which would strike our explorers on the Moon
would be the duration of the eclipse. With us a total eclipse of the
Sun lasts only a short time, never as long as eight minutes and
nearly always much less, because the Moon looks only just large
enough to cover the Sun, but to the ‘Moon people’ the Earth looks
nearly four times as large as the Sun, and so their eclipses of the Sun
Jast longer than those seen by Earth dwellers. During this time,
when the Sun is covered up by the Earth, the temperature falls very
much. We know this because with certain delicate instruments we
can detect the heat which the Moon sends us, and this is, of course,
only reflected Sun heat, the Moon itself having neither light nor
heat. But whenever an eclipse of the Moon takes place its heat
at once begins to fall, and when the Moon is quite covered it sends
us no heat at all.

That is how it is on the Moon. When the Sun is high in the sky
it is very hot, when the Sun is low down it is very-cold, and during
the night, or when the Earth cuts off the Sun’s light and heat, it is
extremely cold.

Still, we have not come all the way to the Moon to admire the
Ear!:h but to see the Moon, and since we are close to Copernicus the
obvious thing to do is to visit this celebrated crater. Long before
we arrive at the crater itself we should have to pick our way across
the ridges which surround it. At first these ridges are mere mounds,

but as we proceed they get bigger and higher, and before long we
sh.ould arrive at the very rough outer terraces, great steep mountains

with equally deep gulleys between them. Then the actual slopes

of the crater would be reached, and we could easily climb these, for

they are not very steep on this outer side, and we can climb six times

- as fast on the Moon as on the Earth. As we go up more and more

of the surrounding country becomes visible, until suddenly we

arrive at the summit and find ourselves standing on the edge of a

:‘Vast round pit or cauldron. We are looking down into the crater

- of Copernicus. As far as the eye can see the walls can be traced,

1 See page 18.

red. When we on the Earth see an eclipse of the Moon, to any
one then on the Moon the Sun would be eclipsed by the Earth; only
these eclipses of the Sun are different from our Sun eclipses, for with
us the Sun and the Moon look about the same size, whereas from the
Moon the Earth looks much larger than the Sun. Then, seen from
the Moon, the Sun can be entirely hidden or totally eclipsed for a
much longer time than is possible with our Earth’s Sun eclipses. i
This red light around the Earth, as seen from the Moon, is not
equally bright all round; in some parts it is very intense while at
other points it is almost too faint to be seen, and at one or two
points it is wanting altogether. From the Moon it is quite easy to
see why this is so. The parts where the red light is most intense
are places on the Earth where the weather is clear and fine, with
no clouds, while other places have cloudy weather. If the weather
is fine the rays of the Sun pass through our atmosphere, and when
they come out again and begin their long journey to the Moon they
are much redder than when they entered the air. Every one knows
how in fine weather the Sun sets red, in fact if we see a red sunset
‘we say it will be a fine day to-morrow. On the other hand, if there
'are many clouds about we get no red sunset but a greyish one, and
rain is possible before many hours have passed. The fact is that,
the atmosphere sorts out the various coloured rays which together
make up white light, scattering the blue ones while allowing the red
rays to pass more freely. Now when the Earth comes between the
Sun and the Moon, as happens when an eclipse of the Moon takes
place, the various countries which lie on what to the ‘people in the
Moon’ would be the edge, have different weather. One place has
fine weather and the red light shines out; at another place the
weather is cloudy and the result is that hardly any red light passes,
so that part of the Earth looks dark. Hence, whenever we see an
eclipse of the Moon and it looks very red when the total eclipse is
in progress, we know that the weather is fine at those places which,
for the ‘Moon people,’ seem to lie on the edge of the Earth. (The
expressions ‘people in the Moon,” ‘ Moon people,” are used for con=
venience of description. There is not, of course, any implication
{ {1 that such people exist.)
l So you see it makes a great difference whether a planet has an
atmosphere or not. If the Moon had an atmosphere, then, when
it was passing in front of the Sun as it does when an eclipse of the
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for the opposite side is nearly 60 miles away and to us the crater
fills the landscape. Looking down we see that the inside slopes
are much more rugged and much steeper than the outer ones; the
floor or bottom of the crater is evidently much lower than the out
surface. But we cannot see the slopes immediately beneath our
feet, for they are in shadow and on the Moon the shadows are
terribly black. On the Earth our atmosphere reflects a certair
amount of sunlight into the deepest shadows, but on the Moon there
is no atmosphere and so everything in shadow is intensely black.

Still, we can see the jagged outline of the shadow cast on th
floor far below us, and the smaller shadows thrown by the group of
hills which rise in the centre of the crater. Everywhere there is the
same desolation, black shadows, glaring light, rocks, rocks every:-
where, no trace of vegetation, and, of course, no birds or insects o1
animals. It is a volcanic wilderness, a scene of grandeur but alsg
a scene of lifelessness.

If we had gone to any other part of the Moon we should have
found the same general picture: the silence, the rocky surface, th
black shadows, and the brilliant light. Truly the Moon is a strangg
world, a place where everything always seems the same, withou
change or motion or life.

Yet perhaps we are a little too hasty after all. If we had visite
Eratosthenes instead of Copernicus, and they are not very far apart
we would have seen strange dusky patches spreading up the slope
and even overflowing the crater wall. Even from the Earth thes
patches can be plainly seen and our explorers might possibly dis
cover that the patches are really caused by a low type of vegetatior
something quite peculiar to the Moon, and which is brought ou
by the light and heat of the Sun, just as our vegetation flourishes.

This at any rate was the explanation given by a well-know!
student of the Moon, the late Prof. W. H. Pickering, who had a
observatory in Jamaica. Here he studied these strange movin|
spots from night to night and drew up elaborate charts of Erato:
thenes and was firmly of the opinion that they were caused by som
low form of life, perhaps the only life on the Moon at the presen
time. Whether this is so or not, any one can see the dark spots )
Eratosthenes changing their shapes from night to night, and evel
if the professor is wrong it is thrilling to be able to watch the:
moving spots and to think that they may be due to living object:

Our explorers would be able to settle once and for all the question
as to the cause of the craters of the Moon. As pointed out on
age 90, some astronomers believe that they were caused by vol-
canic action long ago, and that the craters are in reality the craters
of gigantic volcanoes. If this is so what a grand sight it must have
peen when they were in full activity. Just try and imagine
yolcanoes 50, 70, or even 100 miles across, all steaming and glowing
with molten lava. It is true that they are very much larger than
any on the Earth, but they certainly look like ancient volcanoes.'
Many astronomers believe, however, that they were really caused
by meteors striking the surface. If we drop things into clay, or if
we have a mass of paste and force air through it, we make little
‘craters’ very like those on the Moon, even to the walls around
them and a little hill in the middle. Also, as many people will
know, bombs cause craters which are often deep pits with steep
slopes, and just like the appearance of the Moon craters to us.
Perhaps the Moon craters were formed by both volcanic action
and meteors.

This suggests that possibly new craters may still be formed on
the Moon. As we have seen, it is believed that Linné has changed
and Messier also seems to have changed its form. Then we have
seen that there are some strange spots which, in the case of Eratos-
thenes, can actually be seen to spread from night to night. It
looks, therefore, as though the Moon may not after all be a dead
world where nothing ever happens, as a great astronomer of the
past declared, but a world strange indeed to ourselves, but never-
theless a world where life of some sort may still exist and where
changes take place.

As we said at the beginning, we see only one side of the Moon or,
to be quite accurate, a little more than one half. The Moon slowly
turns on an axis just as regularly as the Earth does, taking about a
- month to do it, so that the day up there lasts about fourteen of our
days, and, of course, the night on the Moon also lasts about fourteen
O.f our nights. The path of the Moon around the Earth is not a
Clrf:le but an ellipse, and our satellite sometimes moves more
- quickly than at other times, its speed being greater the closer it is
to the Earth. But the Moon rotates about its polar axis with a
Speed that is almost uniform, and obviously this uniform speed
does not keep in step with the other variable speed all through the
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Copernicus. Any one can see for himself that these strange streaks
look exactly like paint marks. It is as though someone had dipped
a vast brush in white paint and lightly drawn it over the Moon’s
surface. The bright streaks do not hide anything: they pass over
the plains and mountains alike and are best seen at full Moon.
When the Moon is a fine crescent and the earth-shine is bright we
can faintly trace some of the streaks, so this proves that they are
there all the time. When, however, there is much shadow about, as
there always is except at full Moon, the dark shadows break up the
streaks and they are not seen well, but at full Moon the Sun is
shining more or less directly on to the surface and then the bright
streaks shine out in all their glory. All sorts of theories have been
proposed to account for them. We have already mentioned the
idea that they are great cracks now filled with a white lava, and
also the idea that they were caused by a meteor striking the Moon
and splashing the soil all around. Another theory is that they
may be caused by salts oozing out from the soil. In India we find
something similar, and long white lines of salts dry out as the day
advances, until under the hot sun they appear as bright lines.

Of course there are all manner of curious and very interesting
objects on the Moon which we have no space to describe, and the
features we have mentioned for each night are but the most
prominent of the multitude. The entire surface of the Moon is rough
and ‘t\;lrarted,’ and compared with it our Earth seems remarkably
smooth.

month, although they balance over this period. A little thought
will show that under these circumstances we can occasionally see
farther round the eastern and western sides of the Moon’s disk.

Again, the Moon’s axis of rotation is inclined at an angle of about
61° to the perpendicular to its orbit (the corresponding figures
for the Earth ! are about 233°). For this reason, during a revolution
round the Earth, the Moon’s north and south poles are alternately
turned towards and away from the Earth. In consequence of thig
people on the Earth see a little beyond each pole during the month
which implies that more than half the Moon’s surface can be seen,
irrespective of the other effect which gives a view of portions of
the Moon’s surface on the eastern and western sides of its disk. -

There is also another effect due to the position of an observer on
the surface of the Earth. In the northern hemisphere a little morg
of the Moon’s northern portion, and in the southern hemisphere a
little more of its southern portion, are visible. For a similar reaso
we see a little farther round the Moon’s western side when it i
rising and a little more round its eastern side when it is settin|
than we should do if we were in a place where the Moon happene
to be vertically overhead. In these ways we get peeps at parts o
the other side of the Moon. In the past some astronomers thought
that the other side might be different from the side we always see
and that perhaps there are seas there and forests and other sign
of life. But from the glimpses that we get of that other side ¥
find that it is in no way different from the side we know so well
There are craters, hills, and plains, so it looks as though the en tir
moon were covered with the same features. Of course the view
we get of the other side are not very good: we only just glimps
them round the edge of the moon-ball and cannot see them squarel
as we can the side facing us. Nevertheless 59 per cent of the Moon’
surface is seen from the Earth, though only 41 per cent is alway
visible from the Earth.? :

LUNAR FEATURES COMPARED WITH TERRESTRIAL FEATURES
¢ In one way the Moon is the exact opposite of the Earth. Every
- one }mows that on the Earth the seas are chiefly in the southern
- .hemlsphere as a glance at an atlas will show, but on the Moon the
~seas,’ that is, the low-lying plains which if any water did exist on
, the Moon would really be seas, are nearly all in the northern
hemisphere. We can see this quite clearly without any telescope,
for we have only to glance at the full Moon with the naked eye to
See that the dark patches are on the top or north. So in this
Particular the Moon is the opposite of the Earth.

, .In another way the Moon is very different from the Earth, and that
r In the amount of light it reflects. The Earth has an atmosphere,

BRIGHT STREAKS ON THE MOON
The most mysterious of all the features of the Moon are th
strange bright streaks that we mentioned as surrounding Tycho an

1 See page 206.
2 The three effects referred to are known respectively as libration in longl
tude, libration in latitude, and diurnal libvation.




100 THE MOON THE MOON IOI

always containing more or less cloud, and the result is that, seen
from another planet, it must appear very bright indeed. But
airless Moon has no clouds to turn their ‘silver lining” and is really
a very bad reflector of the Sun’s light. If we look carefully at the
Moon when it is a crescent, first in the evening sky and afterwards
when it is waning and appears as a crescent in the morning sky
just before dawn, we shall be struck by the greater brightness of he
dark part of the Moon faintly lit up, as we know, by the light the
Earth reflects upon it, when the Moon is a crescent in the mornin
sky than when it is visible in the evening. It is said that this
brightness of the ‘old Moon’ was noticed many years ago, and me
came to the conclusion that there must be some great continent i
the southern hemisphere which was the cause of this lighting up
the Moon. This continent was afterwards discovered and is non
other than Australia, so the existence of Australia was known lon
before it was reached by Europeans.

This statement appears in Popular Astronomy, page 100, by N. (
Flammarion, the famous French astronomer (1842-1925), translate
by J. Ellard Gore. A similar statement is made by R. A. Procte
in The Moon, third edition, pp. 135-6, and also in other astronomic:
books. The effect referred to was supposed to have been notice
by navigators in the East, but the writer of this chapter cann
accept any responsibility regarding the authenticity of the stor}
It may, however, be pointed out that many hundreds of years
the Polynesians were excellent mariners and are known to hay
steered by the stars. They also constructed crude but very effectiy
instruments for determining their positions at sea, and it is by n
means improbable that the story originated with them. Irrespec iv
of the source of its origin, the story is of some interest for present-da
astronomers. '

We have mentioned the remarkable mountain peaks which
often appear right in the centres of the craters and that some.
them have little craters on their tops. In some craters these peal
stand up high above the floor, in other cases they are much lowe
while in many craters we can see only the little ‘pips’ of peak
Evidently this means that the craters were once filled with flui
lava and this rose to different levels in various instances. The!
may indeed have been cases where the lava rose so high that
quite covered the peaks, and in fact we know of several craté

which, while they have regular walls and the outside slopes, have no
pollow on the inside. The crater is flat, so that it looks like the
stump of a tree. One of these is called Wargentin, and lies quite
close to the edge of the Moon on the east or left-hand side. On
the whole, however, the mountains of the moon are hollow moun-
tains, strange to us because they have no tops.
We must not think that there are no mountains like those on the
Earth, although it is easy to see that they are far fewer than the
craters. On the Sea of Rains, a little way below Plato, is a fine
mountain, standing quite alone and casting a long and pointed
shadow in the sunlight. This mountain is called Pico and it rises
sheer from the ‘sea,” as though the bottom parts had been buried
by the lava forming the ‘sea.’” It rises to 8,000 feet, twice as high
as Ben Nevis in Scotland, the highest mountain in Great Britain.
Not far away is another very similar mountain, which does not rise
quite so high, and this is called Piton. Both are easily seen in a
small telescope or binoculars, and Piton is especially remarkable
because sometimes it glitters and sends out rays like a searchlight,
a fact which we cannot explain.
It may be that parts of the Moon are composed of some substance
which glows when bombarded with electrons—something after the
~ manner of the ends of the cathode ray tubes used in television sets.

We know that the Sun sends out all manner of rays and also electrons
- which from time to time reach the earth.. Why should they not
- reach the Moon as well and, striking the surface, as the Moon has
no air to ward them off, make the surface at those points glow and
- glitter just as we see Piton do?

UNFORMED LUNAR CRATERS

- There are some other peculiar objects on the Moon that we have
not mentioned yet, because they are not quite so easy to see as the
great craters and the plains. Here and there we find what one
Would take for domes—just like the domes of St. Paul’s or the
'lAlbert Hall. We know that they cannot actually be buildings, for
vthey are of enormous size, and so we conclude that they are in
teality rounded hills. They are great rounded swellings and some
astronomers believe that they are craters which never formed, in
Other words, that the gases working their way up from the inside
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of the Moon had not sufficient strength to burst open the crust and
form craters, but merely caused the crust to swell up into blisters.
Very often these domes have a tiny crater on their tops, and
several are cut right through by one of the clefts or cracks. One
of these domes lies close to the ‘railway’ which is visible soon after
first quarter, and this is cut through by a crack. A little to the
east of Copernicus there is quite a cluster of domes which can be
seen in a telescope of only 2-in. aperture, and many readers will
have a telescope of that size. The largest of all the domes is
within a very large crater called Darwin, close to the south-east edge
of the Moon, and this dome is so big that it fills this part of the
crater. A strange thing about these domes is that until quite
recently very few were known, but within the last twenty years
large number has been discovered, which suggests that perhaps
they are still being formed. ‘
We left our explorers perched on the summit ridge of Copernicus
and gazing down into the interior which was half filled with shadow.
Even they would find it difficult to realize that the crater is 56 miles
across, especially because, since there is no air on the Moon, object:
far away would look as sharply defined as those close at hand—a
very different thing from what we find on the Earth, where distar
mountains look mere pale outlines because we are viewing them
through a considerable thickness of atmosphere. On the Moon
however, where all atmosphere is lacking, everything is brigh

and sharp.
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edge of an enormous pit; a stupendou
benea,t13 our feet and we are loollzing doivnguillftgaél:&%ienlyL%I;irimd
down’ is the proper term, for Clavius is a great pit ;re dee I;g
sunk mde.ed below the outside level. From where we’ stanryd n fhy
western side we see the inside far below us, and from our c())siti :
the ground slopes steeply downwards with great cracks and tll)lmblog
masses gf rocks‘ everywhere, down and still down, droppin :
.thfee miles until _at last the floor is reached. AI,ld W}I;zlx)t E E:er
it is! A great plain so big that we cannot see the end of it - neithgr
can we trace the wall all round. On the floor we see the’ small ’
craters we noted through our telescope and many more besides ’
too small to be seen except with the very largest instruments B—t
the travellers would see them all quite close at hand. What‘ a Sf
of mystery, a gulf so big that Wales could easily be dropped intg it
Surely no meteox.' could have made this vast pit; it mustpﬁave be1 '
formed by the sinking of the crust of the Moon, and the tumbleg
;:ﬁkzn a:ll ?erl(;un(;lN us a.re1 éioubtless but the mark’s left as the ﬂo?)r
: e could s i
Cl:;;ri::lst }::ng still find marvellzeg)da;jt?:lsn(;) I;I:VGD T St
ut the Sun is beginning to get low in the sk
through our space-suits, so we take a last lo?),kar;:1 tCl}Z\(z:iotig ;:)faefzps
resuming our climbing over craters and still more crater e
soithwards towards the pole. ot
s we approach the pole an enormous mountain ran
‘tlhe ho(;'lzclm. 'At ﬁrs’g we see only the tops of mountg:ir?f I;i?crliigg
-al%nanthg eaming yvhlte against the black sky, but as we still go
I’ gnd zur;lo;:}t’aglsr I.s:(;rrtl) tot }Il'lse hi%er and higher, until at last
their majesty—and how ma};estizr?fxe IO“L 'they s e in.al
have been to Switzerland and seen };:hOOA' I‘)erhaps S rmes
been to India and seen the Himala i o iions el
] yas, but the m i
::i’gl gtgihzmg at are far greater than any on the Egrtl;lt.am’ls'owl:eg;
e f'ine Sety are mu.ch more rugged a.nd barren. On the Earth even
E, mountains have had their sides smoothed by the winds
4 y streams or frost, but on the Moon there is none of these
j’ ngs, and so the mountains are jagged and rough beyond any-
b gE \:eﬂll(now of on the Earth. Then again they are higher than
E rl mountains, whose heights are always reckoned from
vel. That great peak, for instance, which rears itself S0

SCENERY AT THE SOUTH POLE OF THE MOON

Before returning to the Earth we simply must have a peep at th
parts of the Moon near the south pole, at Clavius and the gigant!
ranges on the edge. We indeed saw them from the Earth with ot
little telescope, but they would look very different to any one 0
the Moon itself. Let us therefore visit Clavius, which we alread
know is over 145 miles from one side to the other. A very tediou
walk it would be, for to reach Clavius we have to make our wa
over a great mass of craters—nothing but craters—for in this pat
of the Moon there are no plains or indeed any level ground at al
One crater cuts into another—it is up and down all the time.
last we find ourselves on a gentle rise, and suddenly we are on t&
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boldly into the sky, is at least a thousand feet higher than Mount
Everest, while in the far distance is another spire which is at
least two thousand feet more lofty. One thing which strikes us is
the absence of any ice or snow on the peaks, a very different state
of things from that on the earth where the tops of high mountains
are all capped with an icy mantle. So lofty are these Moon moun-
tains that their tops know no night; the sun always shines ug
there, and they may be called the ‘Mountains of Eternal Light
rather than by their true name of the Leibnitz Mountains.!

But if the Sun never sets on the Leibnitz mountain peaks it doe
on their bases, and even as we look it sinks slowly below the
horizon. Night is coming on, the long night of the Moon, as lon
as fourteen of our nights. But now the cold becomes unbearable
even though we have electrically heated suits, for during the nigh
of the Moon the temperature falls very low; that of the centre 0
the dark side (the side away from the Sun) has been measured an;
found to be about —150° C.! We could never stand it and so ¥
must hurry to get into our space-ship and, when we have warme
ourselves up a little, we will take off for.our home in space, the Eartl

We have a good view of the Moon as we slowly leave it, but w
have not yet said what the Moon is. ' Trueitisa world—a strang
world—very different from our own, but how was it formed an
what is its importance in the universe?

Moon there would be only very small tides, so that ships would
never come up the Thames without its influence in producing tides,
this influence being more than twice that of the Sun.

We have just said that the Moon is a great ball, and so it is, for
it is over 2,000 miles across, yet if we compare it with the Earth we
cannot call it anything but small. The earth is nearly 8,000 miles
across, so that it is very much larger than the Moon. It all
depends what we compare the Moon with; compared with ourselves
it is enormous; compared with the Earth it is small; compared with
the Sun it is like a speck of dust placed beside a ping-pong ball.

OCCULTATIONS

The Moon is, as we know, a solid ball, and it is also nearest to the
Earth of all the bodies in space. (Meteorites and meteors are
exceptions.)*  Now since it is a solid ball and travels around the
Earth once a month, it follows that it must hide from our view any
other object in the sky which happens to lie in its path. The Sun
is very much farther from us than the Moon, but sometimes the
Moon passes between us and the Sun and, of course, hides the Sun
from our sight. We call this an eclipse of the Sun, that is to say,
- ahiding of the Sun by the Moon. In the same way the Moon passes
in front of stars and, of course, hides them for the time being.
When the Moon thus passes in front of a star we say that there is
- an occultation. Really it is an eclipse of the star by the Moon, but
 the word occultation is used because, whereas the Sun and the Moon
look roughly the same size so that the Moon can hide the Sun for
only a short time, a star looks so small in comparison with the
Moon that it is swallowed up for quite a long period, often about
an hour.

An occultation of a star is a very beautiful sight, and one easy
tQ see even in a pair of binoculars. Especially beautiful is the
mcultation of a bright star by the crescent Moon, for then we can
5€€ not only the bright crescent but also the dark part faintly lit
Up by the Earth’s light. Thus we can actually see the dark edge
- the Moon getting nearer and nearer to the star, until at last the
V shines as a point of light actually on the edge of the Moon.
€ must keep a close watch, for suddenly, even as we look, the
1 See pages 241 ff.

ORIGIN OF THE MOON

Some astronomers think that the Moon is nothing more than
bit of the Earth which broke off thousands of millions of years ag
when the earth itself was a great molten ball. Others believe
the Moon never was a part of the Earth, but that it was a litf
planet which came so near to the Earth that our planet ‘capture
it, and ever since has forced it to revolve around us. Nobod
really knows. What we do know is that the Moon is a great ba
cold and solid, the faithful companion of the Earth, revolvil
B around us once a month, and acting as a mirror to reflect to ou

1 selves the Sun’s light so as to brighten up our nights. We al
know that it is the chief cause of the tides and that without ¢

1 Perpetual light from the Sun on lunar mountains could’ occur only
those which are near either pole of the Moon.
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star disappears. One moment it is shining brightly, the next it hag
vanished as though it never existed. This sudden vanishing of a
star is always striking, and is another proof, if we need any proof
after our journey, that the Moon has no atmosphere. In a simila
way, when the occultation is about to end, we must carefully watch
at the other side of the Moon, for suddenly the star will shine
where a moment before there was nothing. Not only are these
occultations beautiful sights, but it is possible to do work of rea
scientific value by carefully timing the disappearance or reappear
ance of the star, having set our watches by the radio time ‘pips,
For if this is done we can fix the exact place of the Moon in the sk
at those times, and this information is of value in improving ou
“Tables of the Moon’ as they are called. From these tables v
predict eclipses, the tides, and other things, so anything which w
improve them is of great importance.

It may be explained that in spite of calculations of the positior
of the Moon, there are frequently small discrepancies between
predicted and observed positions. Careful observations of th
times of occultations are of great assistance in correcting the ta bt
lated positions of the Moon. ~Although such corrections are alway
very small—of the order of a second or two of arc, or less—they a
important for various purposes. |

Of course, not only stars are thus hidden by the Moon; som
tim es a planet is occulted, and the occultation of a planet is eve
more interesting than that of a star. It is easy to see why
should be so, for even in the largest telescopes a star is only a pok
of light, but most planets viewed with only a moderate-siz
telescope look like a small Moon, that is, they have a definite s
Jupiter and Mars, for instance, show broad faces in the telescoj
and we can see markings on them, while Saturn is seen surround
by its marvellous rings, and Venus and Mercury appear as the Mo
does, sometimes as a crescent, then half lit up, and finally as a fu
round face. When a planet is occulted it obviously cannot vani
at once as a star does, because of its size. It is a very wonderf
sight to see Saturn hidden by the Moon; first of all part of £
rings is hidden; then Saturn itself begins to disappear, and tak
several seconds as it glides behind the Moon. Saturn looks d
compared with the Moon, but Venus is so brilliant that in co!
parison with it the Moon seems like a badly tarnished mirror.

Any one .wishing to observe occultations should look up before-
hand the times which appear in the Nautical Almanac or in The
Handbook of the British Astronomical Association.r These are given
in Greenwich Mean Time, for various observatories and explanations
are prov1.ded for computing the times at other places the latitudes
and longitudes of which are known. As some readers may find
these cor_nputations difficult they are recommended to start their
observations some minutes before the predicted times, because
otherwise they may miss the occultations. As the min’utes pass
the particular star under observation will be seen to get closer and
closer to the Moon, although of course it is actually the motion of
the Moon around the Earth which is bringing it nearer to the
difectlon of the star. Then, having noted the time to the nearest
‘minute, start counting the seconds and so determine the exact
instant at which the star disappears.- With practice it will be
possible to estimate fractions of a second. From the times as
observed, ?.nd knowing the longitude and latitude of the place, the
mathematlca_tl astronomer will find the position of the Moon ir; the
- sky at the time. The difference between this and that supplied in
~ the tables w1'll at once give the error of these, and therefore how
much alteratl(_)n is required. Apart from the interesting spectacle
- such observations—very simple to perform—will, as already stated’
prove of.deﬁnite scientific value, and may indeed earn the observexi
a niche in astronomical fame. But naturally everything depends
upon the care taken to get the exact times when the star vanishes

- and reappears again, and a cheap stop-watch 1
accuracy of the timing. p stop would enhance the

HINTS ON OBSERVING THE MOON

It is hardly necessary to say that in order to observe the Moon
O any other object in the heavens we should go outside. If we
;have no garden and are compelled to take our peeps from a room
we must gf course select one that faces the south, for that is the:
- r¢5;tctlon in w.hlch the Sun, Moon, and planets are best seen in the
, hern hemisphere. It will be necessary to open the window;
;; iy people try to have a look at the Moon without doing this anci
S0 wonder why the view is bad and distorted. The window

! Sce page 474.




108 THE MOON

glass, being an imperfect sheet, will spoil the picture given by
best telescope. Even binoculars perform very much better if useg
out of doors. Still, if we have to use a room, open the windoy
and have no fire in the room, otherwise the heated air will caus
everything to jump about or ‘boil,’” as observers say. But in
open air, resting the telescope on some support so as to steady it
all the wonderful features we have described in this chapter w
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chort time necessary to become acquainted with the princi

c : con rincipal
features,_and then, taking his instrument, spend many alzld e\in
more delightful hours in viewing the Moon itself.

Note. As many maps of the Moon give only the Latin names of its

seas, the following list of seas wi i i i
B e roadon g s with their Latin equivalents may be

English -
be clearly seen. . Sea o;zgcz(;sl 1 B ]I:“f’" .
From what we have said every one will agree that the Moon .. ,, Rains e I:rflé;%;fn
by far the best and the most interesting of all objects in the sky » . Serenity " Sevesiinlis
When we look at it with the naked eye we see the dark marking o ggggécts »  Crisium
which we now know to be great plains, and with the simplest " " Pertilit » Tranquillitatis
s . N . .. A »o» y . Foecunditatis
instruments we can make a delightful journey to this shining wor. » » Nectar . Nactavis
We find it covered with strange things of all sizes, shapes, a o %louds . Nubium
brightness; we see mountains rising from the surface, and castir Hiﬁﬁ}iﬂs 5 }’Iapomm
long black shadows behind them; great cracks, mighty valleys, an Smyth’s Sea 5,:;:‘,2:"”’
long mysterious rays are all plainly revealed and, best of all, i i%'ll(the?l Sea . Australe
scene changes night after night, presenting a spectacle full of cha e geath Lacus Mortis
E hese thi for himself 8155 TACR OIS »  Sommiorum
and always new. Every one can see these things for himself, Marsh of Sleep Patus Sommts
every one can have some sort of optical aid, even if it is only Ocean of Storms Oceanus Procellarum
Bay of Rainbows Sinus Iridum

pair of binoculars. N J
ote on the light of the Moon. Some readers might gain the impression from

reading page 76 that the crescent or half-moon gives more light in proportion

CONSTRUCTION OF A SIMPLE TELESCOPE ‘than full moon, but the opposite to this takes place. At first quarter, when

If any reader happens to be one of those unfortunate mortz
who possesses no instrument and cannot afford to buy one, he m b : less—about
still see these wonders, for it is easy to make a telescope of suffici: ,zttoiizh\?isl?lflteziﬁzﬁt a’Ir‘:: irrfglufltion&f L e qua?t)e? j;
power. All that is wanted will be a cardboard tube and a specta uding the dark seas at that time,
lens with as long a focus as possible. Mounting this at one end
the tube and having a smaller tube sliding within at the other en
with a simple lens of short focus, known as the eyepiece, we hz
a telescope quite capable of revealing most of the features describt
If the eyepiece is convex the instrument is an astronomical telesco
and if concave it is a terrestrial telescope.! Such a telescope m
be constructed for a few shillings, for the lenses can be picked
anywhere, and the only thing required is a little patience
common sense in fitting the tubes together.
Such then is the Moon, our Moon, the faithful companion of
Earth, and in leaving it we hope that many a reader will spend
1 See footnote, page 75.
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stellar magnitude ! inferior to Sirius, and as bright a

) s C
(a far so'utherr% star not visible in England) whenga mommzn(s)fglrs
Telescopically it may appear about a third of a magnitudé brighte1:

CHAPTER 1V than Sirius in special circumstances. Identification of the planet
; 9
THE PLANETS (1)
.0
- \‘65%
\\'/
‘\1( L,
MERCURY AND VENUS ¥
DIRECTION E A
M. B. B. HEATH, F.R.A.S. \OFSEmNc\,\ & ’%
Director of Saturn Section, British Astronomical Association PATR s . DIRSEEC-'-E!&% OF
S oF : .
MERCURY *ANErs~dyenus
A i ~ SUNSET
Visibility. Mercury, the planet nearest to the Sun, is usually lo HORIZON __ TWILIGHT AND HAZE N PNt
to the naked eye in blazing sunlight and there is even a gap / WK
telescopic observation around the time of inferior conjunction. . N2y
Great Britain during the most favourable apparitions the plan ' ,
can never set more than a little over two hours after the Sun /
4

rise more than about two hours before it. Mercury is only s
with the unaided eye when it is rather near the horizon in |
evening or morning twilight. In the former it may become Vvisi
about three-quarters of an hour after sunset, in the latter it fa
out about three-quarters of an hour before sunrise. Thus seen
usually resembles a rosy twinkling star, particularly if viewed W
field-glasses, but both colour and scintillation are due to low altitu
Seen in a powerful telescope in full daylight and high in the $
the planet is a dull livid white colour with only a slight yellow
. tinge. .
Those who wish to see this elusive orb without instruments sho
look for it a little before those elongations which happen in
spring when the planet is an evening star, or a little after th
elongations in the autumn when the planet is a morning st
When about four-fifths illuminated and in the most favours
circumstances, such as occurred in 1950 and will recur in 1957

1963, Mercury can appear as an evening star only about
110

Fic. 23
COMPARATIVE VISIBILITY OF THE INNER PLANETS AS
EVENING STARS

Their path is roughly in the eclipti i
) ) { , ecliptic, which makes a much st
with the horizon in spring than in autumn evenings. Consequeiﬁ;pf}ie;nag,ll':

much better seen as eveni i i
: 2 ng stars in spring and conversel
reason, as morning stars in autumn. g ol Ll s

(From Splendour of the Heavens, Hutchinson)

Is sometimes assisted by the proximity of the much more brilliant

Venus or of the crescent Moon, particulars of which may be found

from a current astronomical almanac.

trigirtb”i t;}mperature, speed. Mercury’s orbit has a greater eccen-

E y 2 than that of any other planet in the solar system, Pluto

E Smany qf the asteroids alone excepted. Thus its distance from
un varies from about 284 million miles at perihelion (its nearest

. 1 See pages 287-8. 2 See page 123.
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distance from the Sun) to about 43% million miles at aphelion (its
greatest distance from the Sun). In the former position its sun-
ward surface is scorched by a heat more than ten times as great as
that received by the Earth on the same area, and the temperature
under a vertical Sun is quite
high enough to melt lead,
Even at its farthest from the
Sun the heat is about 4% times
that received by our world on
an equal area. In these cir
cumstances the Sun as see
from Mercury exhibits a disk
whose diameter varies betweer
a little over three times
more than twice the appareni
solar diameter seen by us.
The inclination of the orbi

4 to the plane of the Earth’s orbi
is also greater than that of th
Fic. 24 other planets (Pluto and man
In 1930, between 14th April and 4th asteroids again excepted), bein
degrees to almost exactly 7°.

May, Mercury was only a few
the right of the more brilliant Venus,and  Ag might be expecte d froi

was so seen on several evenings when the .
sky was clear. its nearness to the Sun, Me

(From a drawing by M. B. B. Heath) CUTY travels around it fasts
than any of the other planet

but owing to the eccentricity of the orbit its speed varies with
considerable limits, namely from about 35 miles per second wh
nearest the Sun to about 23 miles per second when farthe
from it.
Period of revolution. Mercury makes a complete revolution rout
the*Sun in just under 88 days, but in consequence of the Eartl
motion in its own orbit the mean synodic period, or inter
from one inferior conjunction to the next, is about 116 days, subje
to a considerable variation either way. Thus generally there a
in each year either four appearances as a morning star and thr
as an evening star or vice versa, and the planet returns to the sa '
phase on an average about 17 days earlier than in the previo

%% Venus

5
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Qistance from Earth, size. The distance of Mercu
varies very c?nsid(?rably. At the nearest inferior cl;}:ljng:l:itl)lj 3:1 51(;
about 50 mllhpn miles away, but at the farthest superior conjunction
ﬂ'le distance increases to about 136 million miles. The apparent
diameters range from 12”7 to 4”7 from which we conclude thI;t th
real diameter of the planet is about 3,100 miles.! °

((qoo

Fi1G. 25
COMPARATIVE SIZES OF MERCURY AT DIFFERENT PHASES

- The planet when full is farther awa
t € y from the Earth th it i
crescent, so its disk appears smaller. It has not been obseargegl:tni;tfelrio:

conjunction (other than in transit i i
e g B L sy s;.l,' but in favourable circumstances can be

(From a drawing by M. B. B. Heath)

Mass, gravity, density. It is very difficult to d i
of Mercury, due to the fact that itrias no satellit:,tz;lrtniu:r?otrlelz\f:: ?:
;o small and so near the powerfully attracting Sun that its pertur-
ative effects on the other planets are but little. Newcomb esti
mated that the amount of matter in the Sun is about 71 milliolx;

- times that in Mercury, which makes the ;
L : planet’s mass only ab
; 35 that of the Earth and the force of gravity on the surfacg gf (t);:;

planet about 0-29 that on the Earth’s surface. Thus a body which

- weighs 1 pound here would wei

_ : gh only about 4} ounces on Mercu

4 txl'.hx:esdf}?sny of Mercury, based on the above data, is about f(:l}lll.‘

p.- at of water, so we may reasonably suppose that the planet
omposed of rocks not very unlike those of the Earth.

Phases. Revolving in an orbit within that of the Earth, Mercury

~Must exhibit phases. These can b

E A . e observed telescopicall -
‘ w‘;ll:ily when the ple}net is at about half-phase or is a c%escefl't I]):l:t
en then so fza§11y as can those of Venus. The planet is, not
SWays equally brilliant even at the same phases. At its greatest

!lon ati " v
I gation it may be as bright as —o-24 or as faint as +o'57

1 See page 303.
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Fic. 26
CHART OF MERCURY ]
T 3 . . don 33-indl

By E. M. Antoniadi, from his own observations w1thv the Meu 3 :
refray.’ctor. Owing to libration, the point which is ver’tlcally below the «'v.
swings backwards and forwards along the line Z"ZZ’. Areas_occasionalll
seen whitish or white on the limb are indicated by b, those brilliant on th
limb by b/

(From B.4.A4. Journal, 45, 6)

magnitude. The apparent distance of Mercury fronl the Sun
greatest elongation may vary from a little lt.ass‘tha.n 18° to nea.rly

Markings, rotation. In 1889 Schiaparelli discovered markings O
the disk, and these did not move for several hours. Tl_xey' have bee
confirmed and added to by others, notably Antqmad1,. and th
general opinion now is that Mercury revolves on its axis once i

‘atmosphere.

MERCURY 115

eighty-eight days and so always presents more or less the same face
to the Sun. In these circumstances the sunward side must be very
hot and the opposite side intensely cold. Owing to libration,* how-
ever, these extremes are parted by a belt in which the Sun rises
above the horizon and drops back again, and here there must be
great variations of temperature. In large instruments the markings
have been seen to approach and recede from the terminator by
amounts corresponding to this libration. Sometimes even in good
seeing conditions the disk is practically featureless, the markings
being replaced by pale livid patches which Antoniadi suggested
may be clouds composed of very fine dust floating in a tenuous
A bright area is often seen at or near the north cusp,
and occasionally on the limb as well. The south cusp is often
slightly shaded, and this is probably the cause of its apparent
blunting near half phase, as reported by Schréter and many others.

Surface. The albedo or reflecting power of the surface of Mercury
is very small, slightly less even than that of the Moon. Approxi-
mately only about 7 per cent of the light falling upon it is reflected
back into space. The rate at which the brightness varies with the
phase tends to show that the surface is probably very rugged as
suggested by Zollner. In 1893 Miiller pointed out that the light
curves of Mercury and the Moon agreed in an astonishing manner,
and Lyot, by means of a greatly improved polarimeter which he
had himself designed, found that the polarization curve also re-
sembled, and was very close to, that of the Moon, and concluded
that the surface may be covered with volcanic ash.

Atmosphere. In consequence of the low velocity of escape at the
planet’s surface Mercury must long since have lost all the lighter
gases, but a very thin atmosphere of the heavier gases may still be
retained. Definite proof of such an atmosphere has recently been
obtained by A. Dollfus, using the 60-cm. telescope at the Pic du
Midi; as well as indications that the surface may well be similar to
that of our Moon. The atmosphere, however, is far too rarefied to
be seen as a ring of light around the planet near transit, as with
Venus, and may exert a pressure as low as I mm. of mercury.
Even when Lyot photographed the planet as a dark spot projected
on the inner corona of the Sun, 1937 May 11, no such light-ring
Was recorded.

1 See page 98.
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1946 June 20 1949 April 25

1949 May 8 1951 April 9
T1G. 27
OBSERVATIONS OF MERCURY
i i duce
Made with 9}- and 1o}-inch reflectors by M. B. B. Heath. To reprod
these drawingsi it has been necessary to exaggerate the dusky markings

consifierably. (From drawings by M. B. B. Heath)

Transits. Occasionally when Mercury is at inferior conjunction
it is seen with the telescope as a small, round black dis.k traversing
the Sun’s bright face, but the planet can only so transit when it 15
also at or near a node, that is, within a few days of 7th May qr
of gth November. Gassendi was the first ever to observe a transit
of Mercury on November 7, 1631. The next transits will be omn
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1953 November 14 and 1957 May 5. These transits are not only
interesting spectacles—accurate observations and measurements of
them are utilized to correct still further the planet’s place and its
pasic orbital elements.

VENUS

Apparent movements. Unlike Mercury the planet Venus is any-
thing but a shy or elusive object. Even the most unastronomically
minded must at some time have asked the name of that brilliant
white ‘star’ which becomes visible soon after sunset long before
any of the stars can be seen. In these circumstances Venus has
emerged from the Sun’s overpowering rays where it has been at
superior conjunction on the far side of the Sun. Evening by
evening the apparent distance or elongation from the Sun increases,
and the planet sets later and later until it reaches its greatest
elongation east of the Sun. Thereafter it appears to approach the
Sun, slowly at first but ever more rapidly, so that in a few weeks it
is too near it to be seen with the unaided eye. Passing through
inferior conjunction, more or less between us and the Sun, it next
reappears after a few weeks in the morning sky before sunrise. It
then moves outward from the Sun, rising earlier on each successive
morning, until it attains its greatest elongation west of the Sun.
Thereafter it again appears to approach the Sun until it is at superior
conjunction once more and the cycle starts all over again.

As we might expect, such a conspicuous object has been known
from the very earliest times and has been mentioned by ancient and
modern writers alike. It is the only planet mentioned by Homer
in his /liad and he describes it as the most beautiful star in the
firmament, calling it Hesperos when an evening star and Eosphoros
when a morning star. Among the more modern poets Blackmore,
Dryden, Longfellow, Milton, Pope, Spenser, and Tennyson extol
the beauty of the planet or refer to it as the harbinger of eventide
or dawn.

Orbital and synodic periods. Venus revolves around the Sun in an
orbit well outside that of Mercury but within that of the Earth.
Its mean distance from the Sun is a little over 67 million miles, but
the orbit is so very nearly circular that this distance does not vary
by as much as a million miles. In consequence its orbital speed
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and some of the small asteroids approach the Ear
The apparent angular diameter (:I;f;.nges from :bglttmf;? 2100521}:.
and from these measures we deduce that the diameter of Ven‘tls,
is about 7,700 miles, or only some 220 miles less than the Earth’s
The mass of the planet has been derived from its perturbations of
the Earth and Mars. In this way the Sun’s mass is found to be
about 418.,000 times that of Venus, so Venus has a mass about
0-82, density about 0-89, and surface gravity about 0:86, of those
of tlie Elarth. Thus in all these respects, as well as in si'ze, Venus
zg)st:ri)sey resembles the Earth that it has been called its twin

Visibility. Whenever visible to the naked eye the planet i
a very brilliant star-like object. Its s’cellary magn?tudzt;if;iﬁgyj
maximum 'of- —4°4 and it is over two and a half times brighter at
greatest brilliancy than at superior conjunction. Maximum bright-
ness always occurs when the planet is between 0-25 and 0-28 illu-
rmnated‘, and it then appears in the telescope as a lovely crescent
resembling the waxing Moon at about five days old or the wanin
Moon about twenty-four days old. Around about these timei
Venus can be seen with the unaided eye in full daylight provided
one knows exactly where to look, while on a dark sky it shines so
brightly as to cast a distinct shadow on any white surface

Phases. The phases of Venus are easily seen in small te'lescopes
?.nd were first announced by Galileo, who succeeded in seeing them
in the crescent and slightly gibbous aspects. A good instrument
will ren(_ier the‘ planet visible all around its orbit—as a round disk
at superior conjunction, and also (unlike Mercury) when the crescent
- has become a mere hair-like line of light. In the crescent phases

- many telescopic observers in full daylight have described the space
lrﬁlde'the crescent as being slightly darker than the outside sky
i(;J en in seeing conditions when it was difficult to accept this as ar;
] usion or contrast effect. On a darkening sky the unilluminated

£0rtloq of the p}anet has appeared to some observers faintly lit by
smgrfeylsh, reddish, or brownish glow not unlike the ‘ear(. hine’
e o?’ ;}Ee’ crescent Moon. The phenomenon is known as the
'Who]}l’y li%]us’o I_;).ut it has been suggested that the appearance is
Surface. From the variation of brightness with the phase we

conc] y i i
| =|tllc‘:ie that the reflecting surface of Venus is much smoother than

varies but little from an average of about 22 miles per second, and
the heat and light received from the Sun remain nearly constant at
about twice that received by our world on an equal area. Seen
from the Earth the greatest apparent distance or elongation of
Venus from the Sun can vary only between about 45° and 47°.
The revolution around the Sun is performed in a little under 225
days, but the mean synodic period (the interval from one inferior
conjunction to the next) is about 584 days, subject to a variation
of about 4 days either way. '
Now it happens that 13 revolutions of Venus are nearly equal
to 8 terrestrial years, consequently all the phases, elongations, and
conjunctions in any 8-year period are repeated in the next, but
about 2 or 3 days earlier. Moreover 5 synodic periods are also
nearly equal to 8 of our years, whence it is easy to see that inferior
conjunction can only happen around about one of five different’
dates. At the present time (1951) it must occur either about the
end of January, mid April, third week in June, beginning of
September, or mid November. Inferior conjunctions in February,
March, May, July, October, and December cannot now take place
though they have done so in the past and will again do so in the:
future.
Favourable appearances. Obviously all these apparitions will not
be equally favourable at any particular place. At the present time,
in middle northern latitudes the most favourable and prolonged
appearances of Venus, both as an evening and morning star, occur
in those years when inferior conjunction takes place in June or
September, such as will happen in 1956 and 1959 respectively. In
1953 Venus will also be moderately well placed for observation as
an evening star at the beginning, and a morning star at the end
of the year, but in 1957 and 1938 it will be badly placed for north Iz
observers. §
Inclination. The orbit of Venus is tilted nearly 33° to the plane
of the Earth’s orbit. This is more than that of any of the planets
except Mercury and Pluto (minor planets are not included).
Distance from Earth, size, mass, density. The planet’s distance
from the Earth varies enormously, giving a corresponding change
in the apparent size of the telescopic disk. At superior conjunctior
Venus is about 160 million miles away, but at inferior conjuncti
its distance is only 26 million miles. Only the Moon, a few comets
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that of either the Moon or Mercury. The albedo of the planet is
about &, which is near what would be the case if the planet were
cloud-covered or if its atmosphere were charged with fine dust,

When Venus and Mercury are seen in the same telescopic field, as '
by Nasmyth on September 28, 1878, comparisons of their surface
brightnesses are easily made. On that occasion Venus looked like

O O

GIBBOUS SUPERIOR

B TP CONJUNCTION
OR
GREATEST HALF-PHASE
BRILLIANCY
NEAR INFERIOR CONJUNCTION
Fic. 28

COMPARATIVE SIZES OF VENUS AT DIFFERENT PHASES

The planet is roughly six times as far away from the Earth when full as if
is when at inferior conjunction. Thus it appears six times as large in the latter
position as it does in the former. Unlike Mercury, Venus can be seen wher

the phase is as little as 0-00T.
(From a drawing by M. B. B. Heath)

clean silver, Mercury more like lead or zinc. Yet the positions o
Mercury, Venus, and the Earth in their orbits were such that
Mercury had the same reflecting power as Venus its surface woul
have appeared five and a half times as bright as that of the latter.

Markings. Such markings as can be seen are very faint, diffuse
and ill-defined. They are more conspicuous when photographed i
ultra-violet light and appear to be of atmospheric origin. W
probably never see the solid surface of the planet. Brightish are:
sometimes appear at the cusps and there is usually some faif
shading on the terminator, particularly at about half-phase.

Rotation, temperature. We do not know how long it takes th
planet to turn round on its axis. Various periods, varying from
little less than 24 hours to 225 days, have been proposed. J.D.C
sini in 1667 thought he had found a period of 23 hours 16 minute
Schroter and De Vico much later deduced one about 5 minuf
longer. Bianchini observed spots in 1726-7 and inferred a rotatic
in 24 days 8 hours. The short periods are now inadmissible, sin

VENUS

May 9th

May ISth

May 2Ist

May 24 th

June 14th

June |7 th

July 30 th

August 7th

September Ist

Patches, slightl i
t 3 y bri,
Occasionally observed
Teéproduce these drawin,
areas a great deal.

Fi1c. 29

ATMOSPHERIC EFFECTS ON VENUS

I2T1

ghter than the general background of the planet, are

both at the cusps and on the terminator. In order to

gs it has been necessary to exaggerate the dusky

(From The Heavens and thei
an v Story, bv A.
by permission of the ngoi"’th Pr?slg) W. Maunder,

f th,

" _a?yvg;rs;-iet ycc(;)rfrect. tthe spectroscope * would have disclosed the

- ¢ points on opposite sides of the disk if th i
anything much under 20 days, though one of 35 to eop ?:lr:;Od

! See pages 16-17. X b
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would probably escape detection. Observations made at Lowell
and Mount Wilson Observatories support each other by indicating
that the velocity of rotation is not large enough to measure spectro-
scopically. Measurements of heat radiated from the dark side show
it to be both considerable and fairly uniform so Venus can hardly
always present the same face to the Sun, as Schiaparelli thought.

Fi1G. 30
THE ATMOSPHERE OF VENUS

When Venus transits the Sun a bright spot A is first seen. This gradually
extends to B and C, and when the planet is about half immersed appears as
a bright semi-ring outside the Sun, caused by refraction of sunlight by the
atmosphere of Venus. When about fully entered upon the Sun, a dark
shading (known as the ‘black-drop ’) is seen between the planet and the sola
limb, hence it is very difficult to determine the exact moment of true contact.

(From Splendour of the Heavens, Hutchinson)

According to Wildt the temperature on the day side of the planet
under a vertical Sun is probably as high as that of boiling water. =

Atmosphere. There is no doubt that Venus has a considerablée
gaseous envelope. When it is near inferior conjunction the cusps
have faint extensions, which may even form a complete ring of light
around the dark disk, due to diffuse reflection by an atmospheres
Moreover when projected on the Sun’s limb at the time of transit
a much brighter ring, due to refraction, surrounds the dark disk
Absorption bands in the spectrum of the light received from Venus
show that the heavy gas carbon dioxide is certainly a constituen 3
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of its atmosphere, being in quantity possibly 200 times as great as
in our own, but the exact amount is uncertain.

Transits. When Venus is both at inferior conjunction and at or
near a node 1t appears as a round black spot moving across the
bright solar disk. This can only occur around about 7th June or
8th December. The first transit to be observed was seen only by
Horrocks (who had computed its occurrence) and by his friend
Crabtree, December 4, 1639. It was followed by four transits
June 6, 1761, June 3, 1769, December 9, 1874, and December 6,
1§82, observations of which were used to determine the Sun’s,
distance from the Earth. It will be noticed that the transits occur
in pairs. T.he next pair will be 2004 June 8 and 2012 June 6. In
Great Brlt:.a.m the former will be completely visible, first external
cc.)r}tact being well after sunrise, at the latter only the egress is
visible. They will not be used to determine the astronomical unit
the method having been superseded by a more accurate one based
on the parallax of the minor planet Eros.!

Note on the eccentricity of an orbit. In Fig. 89, page 221, if C i
of the line 4P, vs_fhich passes through S, thi Sl?;’l,p agd CA' ;r CCIIDS fshZ:rf:tt;g
by a, the eccentricity ¢ of the ellipse is SCfa. CA or CP is the semi-major
axis of the elhpse and is also the mean distance of the comet from the Sllm
The same applies to the orbits of the planets and minor planets, but in the
former S is much closer to C, the centre of the ellipse, than in the’ case of th
comets, and hence ¢ is smaller in the former. ’ '

1 See page 5
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deduced by E. M. Antoniadi from movements of presumed clouds, '
with estimated speeds up to 25 miles per hour. (g) Appearances
like mist and hoar-frost. (10) Reasonable midday temperatures in
the tropics but severe night and winter cold. (11) Similar rotation
period (or day): 24 hours 37 minutes 222 seconds. (12) Longer
year: 687 terrestrial or 670 Martian days. (13) Similar tilt of axis:
inclination of equator to orbit-plane about 24° (Mars), 233° (Earth),
so Martian seasons are analogous, but longer. (14) Equatorial
diameter 4,216 miles, twice the Moon’s, rather over half the Earth’s
volume 2 of the Earth’s; surface area equalling Europe and Asia.
(15) Mass only § the Earth’s mass; surface gravity only 0-38 of the
Earth’s, so a man weighing 10 stone would weigh under 4 stcne on
Mars. (16) Mean density % of the Earth’s or nearly four times
that of water, greater than that of any other planet but Venus.
ok (17) Atmospheric density perhaps 1 of that at the top of Everest:
Director of the Jupiter Section, British Astronomical Association pressure at the surface only about 8 per cent of the Earth’s, probably
suitable only for creatures with body temperature under 60° F.
MARS Orbit, distances, oppositions. Mars’s orbit, inclined only 1:9°
. ‘ on as magnification gives - to the Earth’s orbit-plane, is more elliptical than that of any major
Tk Efmh.-hke ?l%net'}’erggzloifoiseﬂso‘zhat diskgshows markings, - planet except Pluto’s and Mercury'’s. pOnly 129 million mil}:as frc])m
Mags 4 gk wrotc? e lobe spread wi'th blue-green patches on an ~ the Sun at perihelion, Mars is 154 million miles away at aphelion,
white spots cro’wn’ip % = es show the actual surface of this beautiful ~ the mean being 141} million miles, about 1} times the Earth’s
orange g‘round- . eesclt()ip and of all planets Mars most resemble mean solar distance. Mars is (from the Sun) the next planet
e ne1ghbourmghW0r r’e important differences also, apparent I beyond the Earth, and periodically comes nearer the Earth than
the Earth.- Bt Tpere ? of c}&racteristics of Mars: 1 any other celestial body save the Moon, some asteroids, occasional
the following summary hrinking in its summer, spreading if comets, and Venus. But the variation in the Earth-Mars distance
(1) Polar snow-caps ;atl::l y ircling Mars’s globe in the norther: is enhanced by the eccentricity of Mars’s orbit and by the ellip-
winter. (2) A reddish be enct t tghe terrestrial desert belt fro ticities of the two orbits being in different directions. The Earth
tropics: PIObab.ly a countirpureer(:ish and brownish surface areas is farthest (about 95 million miles) from the Sun in early July;
Sahara to (?JObl- (3) Dusky g hape but undergoing seasonal Mars’s solar distance is least with Mars in the direction from the
permanent in genera% Si,zizi]iixllitys ?:leour, and outline, suggestir - Sun in which the Earth lies on 23rd August.
1rregula_r change]s? 0 hich moun’ta.inS (5) No seas or even lake Mars’s mean orbital speed is 15 miles per second, but appreciably
vegetation. (4) blew tlg osrhers éoxitaining carbon dioxide, M fBSte-r around perihelion, slower around aphelion. The Earth,
(6) A 90nsldera e a Ilr)l tP v about & of the water vapour an moving on the average 3} miles per second faster on a much smaller
sl met}{me(;f ‘tlheo ozygen ix‘lt 0'che Earth’s atmosphe ~ 0rbit, catches up with and passes Mars, causing an opposition about

not exceeding 1560 ATl every 780 days. If the Earth pass imately between M
| ; t or sand clouds) ry 7 y e passes approximately between Mars
(7) Extensive yellow veils (probably dust o | and the Sun about 23rd August, the Earth-Mars distance is the

: : : ibly moist cloud :f. ,
smaller occasional moving white patches (possibly Minimum, 35 million miles (129—94). This happened on August 23

g g% insieni howers. (8) Light wind
ain (if any) limited to insignificant s Y02 ore : .
1 ( };’)Atmospheﬁc and physical details on pages 137-47- 924, the closest opposition since Mars began to be systematically
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CHAPTER 1V (continued)

THE PLANETS (2)

MARS, JUPITER, SATURN, URANUS,
NEPTUNE, AND PLUTO

A. F. O'D. ALEXANDER, M.A., Pn.D., F.R.A.S.
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observed. If the Earth passes Mars about 22nd February (where
the separation between their paths is widest), the Earth-Mai
distance is 63 million miles (154—091), the most distant oppositi
possible. When the Earth and Mars are on opposite sides of
Sun their separation can be as great as 248 million miles.
variation of Mars’s orbital speed causes successive winter oppositio
to occur at shorter intervals than summer ones, SO in every fift
years there are two close summer (perihelic) oppositions and fi
distant ones, as the following list shows:

Opposition Earth-Mays (miles) Opposition Earth-Mars (mi
1939 July 23 36,171,000 1950 March 24 60,700,000
1941 October 10 38,508,000 1952 May I 52,400,000
1943 December 5 50,599,000 1954 June 24 40,300,000

1946 January 14 59,800,000 1956 September 10 35,400,000

1948 February 18 63,000,000

MARS 127

1o 20 3
_? 40 5o ‘60 70 80 go e 1o 120 130 140 150 160 170 180

NORTH

50 60 70 80 go 100 mo 130 130 ‘lqn 15; ;60 ;70 'IB:M

1903

ERCATOR’S PROJECTION

nomical Association’s Mars Section, 1900-1I.
(British Astronomical Association: 5th Mars Report)

Martian seasons. Mars’s axis, though not vertical to its orbit-
pl:%ne, has a fixed direction in space, so its tilt from the view-
point of Sun and Earth continually varies. At perihelion Mars’s
soufch pole tilts towards the Sun, as does the Earth’s at its peri-
heh'on.. Conseqt{ently Mars’s southern hemisphere is in full view at
gell‘:hlciahc oppositions (e.g. 1939, 194I), its northern hemisphere at
tp elic ones (e.g. 194_6, 1948). Mars is too distant for satisfactory
(elesqulc) observation except during the few months around
:lfglosmons every alternate year. The season is always late spring,
b (;netr:, or ea.rly autumn in the Martian hemisphere tilted earth-
ke at opposition. Neither hemisphere is ever so well seen in its

ter. The lengths of the Martian seasons (in terrestrial days)

A?Ef):tsouther.n spring (northern autumn) 146; southern summer
- (Dorthern winter) 160; southern autumn (northern spring) 199;
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southern winter (northern summer) 182. Mars’s southern hemi-
sphere has therefore a shorter warmer summer but a longer colder
winter than the northern. Hence the south polar cap melts more
rapidly and completely than the northern, sometimes entirely dis-
appearing in its late summer, yet in winter can extend to a latitude
circle of 60° diameter, the northern cap only to one of 50°.

Fi1G. 32
OPPOSITIONS OF MARS, 1939-71
Earth-Mars separation at each opposition shown by

straight line joining orbits. Perihelion of Mars, P; of
Earth, P’. Earth months shown.

Visibility. Perihelic oppositions should be very favourable for
observation because Mars, then at 150 times the Moon’s distance,
is near enough to subtend an angle up to 25 seconds. Magnified
72 diameters the disk appears through a telescope as large as the
full Moon to the naked eye. A magnification of 144 gives the disk
the (naked eye) width of a forefinger or waistcoat button held at
arm’s length, and some prominent markings are visible in a 3-inch’
aperture telescope. But at June and July oppositions Mars’s near-
ness is outweighed for observers as far north as England by the.
planet’s low altitude and unsteady image through the turbulent
horizon atmosphere. At aphelic oppositions (January-March) Mars:
is much higher in the English sky and its northern hemisphere well
placed for observation, but the apparent diameter, at most 15 seconds
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O,f arc, requires a magnification of 240 to reach ‘waistcoat button’
51ze.and apertures below 5 inches are ineffectual.

Fine detail requires large apertures (1} to 3 feet); even they show
!ess on Mars than strong binoculars do on the Moon. Good detailed
images (?f Mars are seen most frequently at observatories on isolated
mc?untalns: in dry regions of fairly low latitude (Flagstaff, Mount
Wilson, Pic-du-Midi); periods of perfect seeing even there may last
one second or less. Terrestrial air currents play havoc with Mars’s
image, and Martian atmospheric obscurations affect it also.

Fic. 33

_ Martian longitude 120° from left
limb (about 180°) to right (about
300°), where Syrtis Major is much
fore-shortened. Dark area right of
centre: Utopia.

A. F. OD Alexander, 5}-in. O.G.
1950 April 6. w=243°; é=+24°

Mars’s rotation advances the central meridian 14°-62 in longitude
per hour (e.g. 10°; 24°-62; 39°24), but Mars’s slightly longer day
moves the meridian back about 9° daily (e.g. next day at same hours:
e 15°-6g; 3o°-24), enabling an observer to ‘tour’ all round thf;
plan?t within six weeks. Foreshortening leaves at most 120° of
longitude .available for observation at one time. To the unaided
?I‘};f Mars is merely a brilliant orange-red ‘star’ even at opposition.
E ough the planet appears fully illuminated at oppositions, the

arth would then show only a thin crescent to Mars. '
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markings were permanent but varied slightly in appearance, as if
occasionally obscured by Martian clouds. He also showed that the
changing size of the polar caps corresponded to Mars’s seasons and
suggested (1784) that they were snow-covered areas.

Nature of polar caps. A theory that the polar whiteness is
solidified carbon dioxide is demolished by the experimental results
of Faraday. These prove that under the lower Martian atmospheric
pressure, carbon dioxide could not remain solid at temperatures
above —150° C. and would not liquefy on melting but evaporate.
Mars’s polar caps appear to liquefy at the edge; their minimum
temperature, from recent radiometrical estimates, is —70° C.; and
recent infra-red light tests in America indicate a likeness to frozen
water, not carbon dioxide snow, so Herschel’s theory is confirmed.

Early maps. Patient observation (1830-9), including the close
1830 opposition, with a telescope of hardly 4 inches aperture,
enabled Beer and Médler to publish (1840) the first map of Mars,
with lines of latitude and longitude. Thus they founded the science
of areography (geography of Mars; Greek: ‘Ares’). Other maps
followed, including R. A. Proctor’s (1869) based on W. R. Dawes’s
drawings; Kaiser’s (1872); N. E. Green’s (1877). But all were
rendered obsolete by the amazing discoveries of Schiaparelli at the
oppositions of 1877, 1879, and 188I.

Schiaparelli. In the historic year 1877 Asaph Hall (Washington)
discovered Mars’s two satellites and Giovanni Schiaparelli (Milan)
remapped Mars and detected the famous canals. Having a new
83-inch aperture refractor, Schiaparelli decided to use the favourable
opposition to determine accurately the Martian latitudes and longi-
tudes of a series of points on Mars’s surface. Pursuing this modest
objective he was astounded at the complexity of surface detail
revealed by exceptional seeing conditions. He detected hundreds
of additional features and found that the shapes and positions of
several of the few dozen depicted (and named after astronomers) on
published maps were inaccurate. He therefore decided to construct
an entirely new map with a new nomenclature, based partly on
ancient names of Mediterranean and Middle East lands and seas,
partly on names in the Bible and classical mythology. So he
renamed Kaiser Sea, Syrtis Major (old name for Gulf of Cyrenaica);
Dawes Sea, Solis Lacus (Lake of the Sun, or Caspian Sea); Delarue
Ocean, Mare Erythracum (Indian Ocean). The group Hooke Sea,

discoveries. Remarkable advances were achie\.'ed by pioneers
witE}stlrjr}lall imperfect telescopes. Galileo (16-10) 'notlce(.l that Mlars
does not always look circular. The phase is glpbous. neve11*v[ ess
than & of the disk is illuminated, corresponding to the Moon
Within7 four days of full. Fontana (1636) first glimpsed dusky
markings, but too vaguely to draw them. Huyghens (November 28,

Fa 34 )
Farliest sketch of Mars's surface: Syrtis
Major by Huyghens, 28 November, 1659.
(From Splendour of the Heavens, Hutchinson)

1650) made the first drawing—of Syrtis Major, the fnost promm]:lnt.
dark marking. This sketch, nearly three cgnt.urles old, ena 35
Mars’s rotation period to be calculated to within 5 of ‘a secony
The markings were soon seen to have permanept shapes; Fonta:n:
(1638) and Hooke (1666) observed them moving across the d&s
through the planet’s rotation. J. D. Cassini (1665), calcglafte :
rotation period 40 minutes longer than the Earth s—w1th}n_ It
minutes of the correct figure. He also discovered (1666) the brilliant 1
white patches, which Maraldi (1719) inferfed were polar caps, as
their positions seemed fixed compared with the dark marllcmfls‘-
Maraldi also found their size variable and that they were sligh 3
eccentric to the poles. William Herschel confirmed that the dar
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F1G. 35A

Mars, 1879—Schiaparelli
(From Splendour of the Heavens, Hutchinson)

Fi1G. 35B

Mars, 1877—Schiaparelli
Left: Torked Bay central. Right: Solis Lacus central.
(From Splendour of the Heavens, Hutchinson)
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Cassini Land, Dawes Ocean, Lockyer Land, became Mare Tyr-
rhenum (Tyrrhenian Sea), Ausonia (Italy), Mare Hadriacum
(Adriatic), Hellas (Greece). Mythological names include Mare
Sirenum (Sea of the Sirens), Elysium, Atlantis. His Mars maps
and names, with additions by Lowell and Antoniadi, form the basis
of modern areography.

Schiaparelli’s canals. Following convention, Schiaparelli named

dark areas mare (sea), sinus (gulf or bay), fretum (strait), lacus
(lake) according to size and shape, and detecting many narrow
dusky streaks crossing light areas, naturally called them canali, a
term (already used by Secchi) meaning channels. Unfortunately
‘canali’ was translated canals, implying an artificial origin that
Schiaparelli never intended to convey. Though a few of the
largest darkest canals had been drawn by earlier observers from
Herschel to Dawes, the announcement of the discovery of many
fainter ones was received with uncompromising scepticism. In
1879 Schiaparelli saw the canals again, and many more, drawing
them as narrower straighter lines. Worse still (1881), he not only
made them more geometrical but even said that some had doubled:
markings like tram-lines appeared on his drawings. ‘His critics
were dumbfounded,” wrote Dr. R. L. Waterfield; ‘nobody had so
much as seen these geometrical lines; surely their duplication could
only be a proof that Schiaparelli was a victim of illusions!’
Schiaparelli’s revolutionary discoveries started a tremendous
controversy among astronomers. He continued observing through
many oppositions, but realizing that his eyesight was weakening,
would not publish any observations made after 18go. E. M. An-
toniadi, severe critic of canals, wrote of him: ‘As an observer
Schiaparelli was our master in everything, his great artistic talent,
his numerous original discoveries on Mars . .. the fact that his
“canals” correspond after all to details quite different . . . but real
. . . make him the first planetary astronomer of modern times. . ..’
Lowell’s canal theory. Generally repudiated in Europe the canals
found support in America. Lowell founded (1894) Lowell Obser-
vatory, Flagstaff, Arizona, for the observation of planets, particularly
Mars. Using apertures of 18 inches and later 24 inches, he and his
colleagues discovered narrow canals in great number until his Mars
Mmaps were covered with a network of geometrical lines. A multi-
tude of canals, single and double, seemed to radiate from the polar
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caps, many intersec
narrowness, straightness, an
natural explanations such as rive

ting at dusky spots named oases. Their
d frequent intersections discouraged
r-beds or surface cracks, so Lowell j

F1c. 36

Chart of northern hemisphere of Mars by Schiaparelli, 1888, showing canals,
many double, radiating from melting north polar cap (centre).
(From Splendour of the Heavens, Hutchinson)

boldly asserted that they were artificial; the vegetation growing
along watercourses constructed by intelligent Martians to irrigate
their arid planet from the melting polar snows! This sensational
theory was strenuously opposed, and now has few, if any, adherents.
It fitted the phenomena, including seasonal colour changes an

Or optical effects.
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fgemmation (dogbling)'of canals, but this was no proof of the theor
or an assumption of intelligent activity would explain almost -
phenomenon, as.Waterfield has pointed out. o

Fic. 37
Mars, 7 October, 1894. A.Stanley
Williams, first man in England to
detect fine canals; 6}-inch aperture.

(From Splendour of the Heavens, Hutchinson)

Canals disputed. Most E
R Europez'm ast.ronomers endeavoured to
: s. Extremists said they were pure illusions

. Fic. 38
anals from Aurorae Sinus drawn b i

: Schia-
parelli (left), Antoniadi (right), yBg.e}:?s

(central) drawn dark i
el sy rk and narrow but sinuous

(British Astronomical Association: gtk Mars
Report)

But faint canals had, b

gt _ , by 1890, been det

e:Ir:rt;}Ill gat Nice) and Stanley Williams, and l:?ter by man;ci‘f}?efsy
eless there were suspicious circumstances: canals appeareci
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MARS 13%
and Lowell’s artificial-looking sharp lines.

photographs by H. Camichel (Pic dIl)l Midi) st]rzci;cglljlzerrlzsgﬁfg?etrxﬁars
beautiful .drawmgs by Rev. Dr. T. E. R. Phillips and An’conia.d'ny

The fa1¥1t ‘canals are fugitive, some, then others, a earl:

morr'lentarlly in good seeing, but not long enough to be ph‘otopfa hlendg
During the 1956 opposition cinephotography, if used v%it]? th.
zloo—mch telescope which could photograph Mars in exposures ?
;%5 of a second or less, might reveal the structure of faint canals ’

single one day, double the next, single to one observer, double to
another the same night; some seemed too narrow for detection
with the telescopes employed; excellent observers with large tele-
scopes failed to see them while others using small ones drew them.
English observers, notably N. E. Green (1879), noticed that many
canals were edges to lightly shaded areas. Major P. B. Molesworth

Fi1c. 39

Solis Lacus region in 1909 according to Lowell, 17th September (left);
Antoniadi, 6th and 11th October (centre); Lowell Observatory photograph,
18th October (right). Note resemblance of Antoniadi’s drawing to the

photograph.

(British Astronomical Association: gth Mars Report)

PLATE XVIII
MlARS PHOTOGRAPHS BY H. CAMICHEL
(Pic du Midi Observatory, 1948 March 3 and 14)

said they were streaks rather than lines. He and Antoniadi, using
large telescopes, resolved many into discontinuous lines of dusky
spots—a B.A.A. Mars Section triumph. Antoniadi’s lifelong con=
tention was: nobody had ever seen a true rectilinear canal on
Mars; all were on spotted irregular tracks, rugged grey borders, or
isolated complex patches. (See Appendix XI (1).) 1

G. de Vaucouleurs points out that the canals found by Schiaparelli
seventy years ago, whether unbroken formations or not, are still
seen in the same places, share in the seasonal cycle, and can develop
into prominent dark bands (e.g. Cerberus, Nepenthes-Thoth) lasting
years or decades, and become faint and insignificant again. Some
at least obey the laws of perspective as real markings should.

The term ‘ canal’ is still used, conveniently describing a particula®
type of marking on Mars without any implication about its nature.
Though most canals are now considered curved, broad, and diff
many observers admit that some can appear narrow and sha
some double on occasion. The dispute was partly one about dif:
ferent styles of drawing: Antoniadi’s natural-looking soft shading

Deserts, plateaux. There is strong evi
serts, ur. Th g evidence (from albedo, Lyot’s?
gte)::zgrsn?::tr},l Ku(lipert s? infra-red light tests) that the lightozjirezgtals'e
a dusty cover resembling brown, fi i i
rather than iron oxides, the i g do L
th ; yellow veils probably being of simi
composition. Itisuncertainwhetherthere ntains nig ]
2,500 feet, the only suspected elevati bet mour{talﬂs vl
- . ] evations being bright spots in t
arr:gn;(s)l ii.gp.lglx Ol}zmpl?l)l, })osmbly snow-capped gr cloEd-c;;pe}:ie
eaux (e.g. Thyle I, II; Argyre II; Ol i ’
Caps melt tardily. The atmos ’ TR T T
t tardily. phere has possibly flattened
sand erosion, if it ever had mountai Suipta-Shid
; ; tains. (See A di
Melting polar caps. Schia i e,
/ Z parelli observed that th i
1 : e pol -
tl?:.i (Elsappeared more ’rapldly from dusky than light g?oi;(viv h:;led
e southern cap’s last vestige was at about latitude 84;" 5

!Dr. Bernard L
f t, famous F h i
R yo : _ French inventor and
’ Dillfuée (ijeatKh ( 1952 A_prxl 2) is a serious misfortune toasscffgrilc()emer, whose
T uiper, director of Yerkes Observatory, U.S.A 2 i
y on the planets and their satellites and atmosp,herés. o B Em
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The caps photograph in both ultra-violet and infra-
red, suggesting both overlying vapour and surface whiteness.
De Vaucouleurs outlines their seasonal cycle somewhat as follows:
Towards winter’s end in each hemisphere the cap, emerging very
large and dull from its cloudy veil, shrinks slowly at first, becoming
brilliantly white. Cracks appear by mid spring; fragments break
off. Inlatespring when melting is most rapid a dark fringe is promi-
nent. Though dismissed by Antoniadi as a contrast effect, the fringe
seems mainly real, being darker near duller parts of the cap and not
disappearing when viewed through a red screen. It is possibly not
but ground several hundred miles wide dampened by
During summer the cap becomes very small, finally
disappearing under 2a whitish veil until late winter.
The caps are presumably of ice, snow, or frost not thicker than a
few inches. Though they probably melt to water at the edge, most
shrinkage would be by evaporation, considering the low atmo-
spheric pressure. The fissures, detached parts, and brightest areas ,
appear always at the same places. Why do the Martian snow-
caps come nearer the equator in their winters, shrinking much:

more in their summers than the Earth’s caps? The reasons are:
bsence of seas and the atmospheric

138
longitude 40°.

a polar sea,
melting ice.

the seasons are twice as long; the a
dryness make snowfall lighter; the ellipticity of Mars’s orbit enta
greater difference between summer warmth and winter cold.
Dark regions. Though perhaps former sea-beds, the dark areas
are certainly not seas. J. Phillips (1863) and Schiaparelli remarked
that the maria did not reflect the Sun’s image as sheets of wat
should. Final proof came when W. H. Pickering (who publish
many valuable reports on Mars) traced (1892) several canals acro
Mare Erythraeum, and Lowell and A. E. Douglass found (1894) al
the maria crossed by canals.
Confirming earlier observations by Liais and Trouvelot, Lowe
and Douglass noted (1896—7) the colour change of the southerf
maria towards midsummer from green to brown, then yellow
Antoniadi and Baldet (1924), using the Meudon 32-inch refractor
saw discoloration coming from the south polar region turn SO e
canals brown and most—not all—of the greenish areas browik
brown-lilac, or carmine. Antoniadi found that the brown colouring
did not usually last long and varied in (Martian) date of arrivak
He did not confirm the further change to yellow. G. Fournier ant

SCHIAPARELLI (1879) BurTon (1882) SCHIAPARELLI (1881)

SCHIAPARELLI (1888) GUILLAUME (1890) GALE (1892)

PHILLIPS (1899) MoOLESWORTH (1903)

Pu o
ILLIPS (1QI1) THOMSON (1916)

PHILLIPS (1918)

. 5 FiG. 40
HANGES IN SYRTIS MAJOR, 1879-1918

(H Tho s Wi
) mSOn, i i
collection of dra ings. Hutchinson: Splendom' Of the Heaven s)
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equator and crossing into the tropics of the other i

some areas (e.g. Mare Erythraeum) have a double }slzerllsli)slfa}ieze,clseo
By summer most dark areas have changed from greenish to brow};is};
hues. .Dur.mg_' summer the polar regions become pale\ again. Th

qarken.mg is inclined to follow great canals (e.g. Hellespon.tus) ir?
line with cap fissures; this may be a flow of surface water. Th

wave of general darkening, probably produced by moisture.tran 4y
ferred th'rough the atmosphere, advances two and a half times -
fast—cstimated speed 28 miles per day—on a broad front as

SCHIAPARELLI SCHIAPARELLI
(1881-2) (1883—4) L]

o H - H
N rd
-

SCHROTER

el ﬁﬁj

SCHIAPARELLI  STANLEY WILLIAMS GALE ANTONIADI 14
(1888) (1890) (1892) (1896)
Fi1G. 41
CHANGES IN TRIVIUM CHARONTIS REGION

(British Astronomical Association: 3rd Mars Report)

MOLESWORTH

GENTILI
(1903) (Pic du Midi, 1941)
Fi1G. 43
UNUSUAL APPEARANCES OF THE FORKED BAY
(Left: British Astronomical Association: ‘

G. de Vaucouleurs® have described the chief seasonal changes
which seem strictly connected with polar cap shrinkage: In early

6th Mars Report. Right: issi

¢ 5 ght: By permission
of Société Astronomi d;
Bulletin, April 1943.) AR e,

Certain dark markings show re

( . dark : gular seasonal extensions i

f:;;glltlb.ouruzg .hght' regions—e.g. Syrtis Major’s autumn encf'o:gfj

P into L.lbya. Epcroachments and/or changes of shape and
ensity at irregular intervals have been observed, especially of

* DOLLFUS ALEXANDER ALEXANDER Solis Lacus, Mare Cimmeri

Pic pu Mipr, 1048 1950 . netium, Nepenthes-Thoth, Trivium e

; 1946) F( 48) (x050) _ and (at recent oppositions) Utopia. Charontis,
1G. 42 b

RECENT IMPRESSIONS OF TRIVIUM CHARONTIS REGION

[* By permission of Société Astronomique de France from L’Astronomi
September 1947.]

se::ziziztiﬁzntgheory. }]lixplz.lnations, other than vegetation, of the
ason es, such as alterations in the degree of h dr, i
. . at
m:;lss Izi.lnacll1 ;a(lit..;,i slflzletxp uncconvmcmg, but the vegetazion tll(l)::logf
ifficulties. Could vegetati i
. diff getation withstand th
s;;ggrz:;clure varu}tlons, low pressure, and dryness? Antoniailiggzai—:
ey at %VIars s rather low density favours porousness and tl%e
o chay of underground water. But why should presumed mois-
.. nge tints .from green to brown? Also there is the lack
ygen and failure of Martian green areas to darken in red

spring the circumpolar area becomes very dark, the bro
darkening extending rapidly over the temperate zone, reaching t

1 Members of the Commission de Mars, Société Astronomique de France
whose observers, following the tradition of their founder Camille Flammarion
celebrated historian of Mars observations, have contributed much to O
knowledge of Martian features.
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light :! evidences against plants with chlorophyll. The only possible
vegetation seems to be dry lichens, mosses, or green algae (the family
of seaweeds, pond scums, and certain microscopic plants). In some
algae under suitable conditions photoreduction instead of photo-
synthesis occurs, oxygen compounds, not free oxygen, being pro-
duced.? E. J. Opik’s strong argument for some form of Martian

Fi1c. 44
Yellow obscuration in Mars’s atmosphere as seen by E. M. Antoniadi
at Meudon, November 3-December 23, 1911
(British Astronomical Association: 10th Mars Report)

vegetation ‘defying the sand drifts and feeding on the dust,” is that
nothing else could prevent the (probably low-level) dark areas
from being swamped by desert dust, and the whole planet except
the poles assuming a uniform orange-yellow colour.

Atmosphere. Though very sensitive tests failed to detect water
vapour or oxygen in Mars’s spectrum, Kuiper found (1947) carbom:

1 Kuiper, examining the surface of Mars by infra-red light, found the green
spots were only about half the intensity of the so-called deserts. As gr
plants on Earth strongly reflect the near infra-red and appear whi
when photographed through an infra-red filter, the green spots on Ma
appearing dark, could not consist of seed plants and ferns of terrestriat
type. Also it is thought that the cold of the Martian nights would freeze
the water in such plants. .

2 This was pointed out by James Franck, an American scientist.

(a) ®)
T. E. R. PHILLIPS
9}-in. Spec. April 19, 1903.
w=252° ¢=+24°

P. B. MOLESWORTH
12§-in. Spec. April 14, 1903.
w=200° ¢=-+24"

G) @)

A. F. O'D. ALEXANDER T. E. R. PHILLIPS

5%-in. O.G. 1946 February 23. 12}-in. Spec. September 18, 1909.
w=285% ¢=-143° w=310°% ¢=—20°
F1G. 45
ELYSIUM AND SYRTIS MAJOR REGIONS

Spec.=reflector. 0.G.=refractor.
w=DMartian longitude of central meridian.

¢=Martian latitude of centre of disk, + north, — south latitude.

(a, b, d from British Astronomical Association: 6th and 9th Mars Reports)
F
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dioxide (lines) in the infra-red spectrum, less than on Venus but
probably more abundant than on the Earth. Photographs in light
of various colours indicate an atmosphere 60 miles deep, with
yellow cloud-like patches in the lowest layer; then a ‘violet layer’
powerfully absorbing and scattering short-wave light; above that
whitish or ‘blue’ patches (estimated heights 6 to 19 miles) visible
in violet light, invisible in red, possibly corresponding to terrestrial
fog and cirrus. The presence and effect of the ‘violet layer’ in
Mars’s atmosphere is evident on comparing photographs of
Mars taken with filters of various colours. Whereas the surface
features photograph clearly in yellow light and even more so in
red and infra-red, yet photographs in blue, violet, or ultra-violet
show no surface features as a rule, though occasionally registering
indistinctly one or two of the most prominent surface markings.
This important discovery was made at the 1924 and 1926 opposi-
tions of Mars by the American astronomers W. H. Wright and
F. E. Ross. Kuiper (1948), using narrow-band filters, found that
the Martian atmosphere was opaque for wave-lengths below 4500 A.
and nearly transparent for those longer than 5000 A. He also found
the haze least dense on what must have been the warmest part of
the planet at the time, and that white clouds often formed near
the sunset edge, while others near the sunrise edge seemed to break
up. Hence Mars is thought to have a light scattering atmo-
sphere with much haze, gathering in cold conditions but dissipated:
by warmth. Vast yellow veils (1909, 1911) obscured millions of
square miles of Mars for weeks, according to reports of the B.A.A:
Mars Section (whose director, 1896-1917, was Antoniadi). Tem-
porary white edges to dark areas when near the sunrise limb wer
regarded by Antoniadi as mere contrast effects, but Lyot’s polari
meter indicates that they are probably hoar -frost. Various'
investigators by different methods, all involving doubtful assump-
tions, obtained very similar values—mean about 3 inches—for the
atmospheric pressure at Mars’s surface.

Temperature. Solar heat reaching Mars is probably only 40 per
cent of the Earth’s quota. Using sensitive thermocouples attached
to large telescopes, Pettit and Nicholson (Mount Wilson), Menzel,
Coblentz, and Lampland (Flagstaff) obtained (1922, 1924, 1926) the
first Martian surface temperature readings: Bright tropical regions
at noon, 50° to 68° F. (10° to 20° C.); dark tropical areas, 68° t

(@) (]
A. F. O'D. ALEXANDER
5-in. O.G. 1943 December 2o.
w=350° ¢=—10°

W. H. STEAVENSON

w=353°% ¢=+23°

(c) ()
.P. B. MOLESWORTH T. E. R. PHILLIPS
r2}-in. Spec. March 7, 1901. 8-in. O.G. l.VIarch 9, 1918
w=28° ¢=+420° w=137° ¢=+z,2°9 '
F1G. 46
SINUS SABAEUS AND MARE ERYTHRAEUM REGIONS

b : ’
(b from Hutchinson'’s Splendour of the Heavens (permission ot Astronomer

I‘Dy ) ¢, d from British Astronomi al Associa 1 & v
al » 6
) C ssociation: 7!h and 1 ﬂh Mars

Greenwich 28-in. O.G. April 22, 1918.
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E. M. ANTONIADI
Meudon 323-in. O.G. Octoberon,
1909. w=76°% ¢=—22°.

()
A F. O’'D. ALEXANDER

53-m. O.G. 1950 April 2o0.
w=88° ¢=+23°

F1G. 47
AURORAE SINUS, SOLIS LACUS, MARE SIRENUM REGIONS
(a b, d from British Astronomical Association: 6t4 and gth Mars Reports)

T. E. R. PHILLIPS
o}-in. Spec. May 7, 1903.
w=80°% ¢=+25%

(@)
E. M. ANTONIADI
Meudon 32}-in. 0.G. November 5
1909. w=197° = —24°.
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86° F. (20° to 30° C.) and even higher; high latitudes at winter
noon, 32° to 68° F. (0° to 20° C.) under clear sky but —40° C. under
high ‘blue’ cloud. The south polar temperature in late summer
may be from 0° to 20° C. [Note.—These are sunlit surface tem-
eratures, not air shade temperatures (the terrestrial standard).]
Satellites. In Gulliver’s Travels (1726) Swift said of the fictitious
Laputan astronomers: ‘They have likewise discovered two lesser

F1Gc. 48
MARS WITH ITS MOONS
Phobos (left), Deimos (right), drawn by W. H. Steavenson.
(From Splendour of the Heavens, Hutchinson)

stars, or satellites, which revolve about Mars, whereof the inner-
most is distant from the centre of the primary planet exactly 3 of
his diameters, and the outermost 5; the former revolves in the
space of 10 hours, and the latter in 211’ This was the most
extraordinary piece of guess-work in literature, because two tiny
satellites were found 151 years later! whose distances from Mars’s
centre are 5,800 miles (1} diameters) and 14,600 miles (3} diameters),
and whose revolution periods are 7 hours 39 minutes and 30 hours
I8 minutes respectively. Phobos (‘panic’), the nearer, is the only
known satellite to revolve round its planet more quickly than the
Planet rotates. It revolves in less than % of Mars’s rotation period
and therefore rises in the west, rushes across the sky, and sets in the
€ast 4 hours later, changing within that time from new to full or
full to new. Deimos (‘fear’) revolves in little longer than Mars
Totates, so Deimos stays above the Martian horizon for three days
Without setting, going through all its phases twice over in that time.

! By Asaph Hall, Washington. (See Appendix XI (3).)
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As moons they are ineffectual. Phobos (estimatf:d dia.mctcr
15 miles) is never above the horizon in higher Martian latitudes
than 6g°. At the equator Phobos gives Mars only g5, Deimos 1700

of the Moon’s light on Earth. Deimos may have only half Phobos’s

Earth’s mass, Jupiter cannot be of similar composition. Like the
other great planets Jupiter has a low mean density, only } of
the Earth’s density or 1'34 times that of water. It is evident
from observation that the planet’s globe consists partly of a deep
and stormy atmosphere. Dr. R. Wildt has estimated the diameter
of Jupiter’s metallic rocky core at about 37,000 miles, encased in
ice about 17,000 miles thick and an atmosphere 8,000 miles deep.
‘Ice’ here includes vapours such as water, methane, and ammonia
condensed under high pressure, and only the outer layers of the
deep ‘atmosphere’ would contain gases in a normal state.

Dr. W. H. Ramsey’s theory of hydrogen planets. Wildt’'s view was
generally held until quite recently, but a different conclusion is
reached in an investigation by Dr. W. H. Ramsey, who has kindly
sent the writer an advance copy of his paper on ‘The Constitution
of the Major Planets,” which has since appeared in the Monthly
Notices of the Royal Astronomical Society, 111, 5, 195I. Ramsey
finds that Wildt’s models for the major planets are based on too
low assumed densities for the core and ‘ice’ layer, and shows that
the hydrogen content of Jupiter must be about 8o per cent by
mass—of Saturn about 60 per cent—the hydrogen being molecular
in the outer layers but metallic in the inner. This would sufficiently
account for the low mean densities of these two planets. Uranus
and Neptune, denser in proportion to mass, cannot have such a
hydrogen preponderance, but must consist mainly of somewhat
denser materials, e.g. water, methane, and ammonia. Yet even
they must contain only rather small percentages of metallic iron
and oxides of iron, magnesium, and silicon, which make up the
bulk of the terrestrial planets. Ramsey considers that the total
mass of ‘ice’ and terrestrial material in Jupiter is probably about
twenty times, and in Saturn about seven times, the Earth’s mass.

Distance, year, day. At a mean distance of 483 million miles,
more than five times as far as the Earth, Jupiter travels
around the Sun in a somewhat elliptical orbit, inclined only 1°-3
to the ecliptic. Jupiter’s mean orbital speed is 8 miles a second
and its year 1186 terrestrial years. This planet travels almost
erect, the plane of its equator tilting only 3° from its orbit-plane.
- Jupiter’s rotation on its axis, discovered by J. D. Cassini, is ex-
- tremely rapid for its huge bulk, the equatorial rotation period (or
day) being only g hours 504 minutes, representing a speed exceeding

— 0 [} €0 120 180
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Fi1c. 49

Map of Mars, 1947-8, as observed by A. Wilkinson; 12-in. Spec.

diameter. From the Earth they are no .brighter than a man’s hand
in sunlight 100 miles distant, and require very large telescopes to
be detected. Their mass and surface gravity are extremely small;
a man would weigh on either but a few ounces and could never
move freely without bouncing off the ground.

JUPITER

The giant planet. Beyond Mars and the belt of the asteroids ,
Jupiter, the largest, most massive, and most turbulent planet, “{h
volume and mass exceed those of all the other Planets .combu_l d.
It powerfully affects the motion of less massive bodlcs——mm
planets, meteor swarms, and comets—which approach near enougik
having deflected some into new orbits. Its surface gravity 1s 2:04
times the Earth’s: a man weighing 10 stone would not be
than about a stone lighter or heavier on Uranus, Saturn, or Neptune,
but would weigh over 26 stone on 'Juplter. . :

This huge planet has a mean diameter of 86,700 miles, nea:‘
eleven times the Earth’s diameter, and thgrefore 1,312 Earth
might be packed within it. But as its mass is only 317 times th€
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28,000 miles an hour, 27 times the Earth’s rate of spin. There are
therefore about 10,500 Jovian days in one Jovian year. The
rotation speed is such that the centrifugal force, in spite of the great
surface gravitation, causes considerable polar flattening (%), though
less than on Saturn. Jupiter’s polar diameter is nearly 6,000 miles
less than its equatorial diameter of 88,700 miles. This rapid rota-

tion and solar heat doubtless produce atmospheric currents parallel
s

have timed, only two systems of longi

. syst gitude are needed: System I
for the equator and 10° latitude north and south; System Inyor the
rest of 'the planet. But currents of differing speed complicate
matters: certain features in the same latitude may move at different
;ates an]?in the san}e feature’s speed may vary. Rotation periods
or markings on Jupiter range betwe i
o St B0l wintes g en 9 hours 48 minutes and

Visibility and appearance. To the unaided eye Jupiter seems a‘
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Belts and zones of Jupiter (and also Saturn)

Rotation periods of Red Spot, South Tropical Disturbance, and the =
(British Astronomical Association: Jupifer Reports.)

atmospheric currents on Jupiter
(From diagram by T. E. R. Phillips in Scientia and Hutchinson’s Splendour

of the Heavens.) brilliant star, second only to Venus though occasionally outshone

by Mars. A very small telescope, even strong bi
' ; g binoculars, can
;hgt)ﬂ:;?r:gd golden'dlsk (with perhaps a glimpse of the da:{clggé
P and U t}al four l.mghter moons, a charming sight and one of the
. e 16g t Galileo whel} observed through his new telescope in
e \?i,thl qu.hA larger instrument shows more reddish-brown
i 1rlg t zones be?ween, both belts and zones variegated
# Sizesgu ;r dark and brlght' spots and streaks of different tints
e tl'mn rielzquent changes in bezlts and spots display the atmo-
g e oil, and atmosp.here with curvature of the globe make
R el st appear to terminate short of the limbs. At various
- great variety of colour is seen: shades of brown, red, pink
ge, yellow, green, blue, and purple have been recorded ;,IS weli

as : =
.‘ g:er and white, Stanley Williams even suspected regular

to the equator and preserve them owing to the deep atmosphere,
so the cloud belts appear as bands parallel to the equator, a d
irregularities on them can be seen with a telescope to mov
appreciably on the disk in }-hour or less. ,

Differential rotation. J. D. Cassini and Schroter noticed tha
Jupiter, like the Sun and Saturn, has different rotation speeds if
different latitudes, proving that the visible surface is not solid
The equatorial zone rotates fastest, the areas next to the pok
regions slowest. The equatorial rotation period is about 5 minute!
shorter than the others, which differ from each other only B
fractions of a minute. Hence for observers to work out the 1o ‘
tude of any marking whose transit across the central meridian the
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orial belts corresponding to the Jovian The Red Spot. Jupiter’s great Red Spot or a prototype was dis-
cov.ered 'by R Hooke (1664). J. D. Cassini investigated its rotation
penoq; it disappeared and reappeared several times and was finally
lost sight of in 1713. The Red Spot of to-day, or its Hollow, was
drawn by Schwabe (1831) and has been regularly observed s’ince
e5pec%ally by the members of the Jupiter Section from 189gI. B3;
1878_ it had developed to an ellipse stretching 30,000 miles in Jovian
longitude and 7,000 miles in latitude—about equal in area to the
Earth"s entire surface. At that date it also reached maximum
1r%ten51ty, ch.anging from a pale pinkish to a deep brick-red colour
Since 1882 it has often looked more the shape of a capsule witI;
pointed e-:n.ds and has faded at times almost to invisibility, now and
then reviving (as in 1920, 1926, and 1936), but not, excei)t in 1936
to the 1r1t‘en51ty of 1878-81. Peek has described its modern appear:
ance as ‘a dark ellipse with a comparatively light interior.” It

seemed (1949) sometimes salmon pink, sometimes colourless
The Spot is situated in a curious Hollow in the south side ‘of the
_south equatorial belt. Peek has affirmed that whenever the Spot
is conspu;upusly dark, what seems to be an atmospheric condensa-
tion, avmd_mg the Spot itself, obliterates the Hollow and makes the
§outh tropical zone brilliantly white; not a mere contrast effect, for
it has been verified by ultra-violet photographs. The Spot’s redziish
colour has also been photographically confirmed, as it shows u
most darkly and clearly in ultra-violet or violet photographs, less 1E

green or yellow, and is invisible in red or infra-red. ’
Tl}e Red Spot’s position does not remain fixed. Its range in
longltudoe (1831-1938) was 1,046°, nearly equivalent to three circuits
gX360 ) round the planet. From the Jupiter Section’s statistics
eel< showed that the Spot moved forward in Jovian longitude
477 (1891—1910), then backward 313° (1910-29), and again forward
gneth oscillations, 8‘I° (1929-38). The Red Spot cannot thereforé
a'tta;ched to Jupiter’s surface but must float in the atmosphere
‘}:’gcugs permanence argues a much greater solidity than that of a;
e hWlldt considers that at a relatively small depth, Jupiter’s
|3 - lisp ‘(ere must be compre.ssed to a density equivalent to that of
i ?}1:1 or solid state of its materials, and that at great depths
ey ?' é)'ermanent gases such as hydrogen and helium may be-
: Surfaczo i ’Il‘fledey a pressure a million times that at the Earth’s
. e Red Spot may, therefore, be a solid body floating in

colour changes in the equat

ear.
Work of Jupiter Section. Almost everything known about the

currents and disturbances in Jupiter’s atmosphere during the past
sixty years has been found out through the observations of the
members of the B.A.A. Jupiter Section, chiefly by timing transits
of disk markings across the central meridian. The section throve
under the inspiring directorship for thirty-three years of one of the

Fi1G. 52
T. E. R. PHILLIPS
18-in. Spec. 1932 March 18.
v w;=71°, 0, =323°
Both equatorial belts disturbed.
Jovian longitudes of central meridian, System T (II).]

(British Astronomical Association: 29th Jupiter Repori)

[y, wy=

greatest of planetary observers, the Rev. Dr. T. E. R. Phillips, and
of his successor, B. M. Peek. Detailed reports of observations from
1891 to 1947 have been published. Other outstanding observers
in this section, past and present, include A. Stanley Williams who
initiated the systematic observation of surface markings, and by
1896 had discovered eleven of the atmospheric currents; P. B. Moles-
worth, discoverer of the South Tropical Disturbance (19o1), who
timed over 12,000 transits of spots within two years; W. F. Denning
M. A. Ainslie, F. J. Hargreaves, Dr. W. H. Steavenson, W. E. Fox,
and E. J. Reese (in U.S.A.). Most of the information in the next few
paragraphs is derived from the work of this Jupiter Section.
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i s mi d lower
Red Spot: top—]. Gledhill, January 23, 1870; middle an )
af'cex"5 thepSpot olfeca'Le prominent—W. F. Denning, about 1882 and

886. i
Sk - (From Splendour of the Heavens, Hutchinson)
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an ocean of permanent gases. A comparatively small change in the
level of the Spot, Peek considers, could account for all its velocity
and colour changes, and when it darkens appreciably its rotation
period always seems to increase.

Phillips drew attention to the curious fact that while the Spot in
general appears to repel surrounding matter, the Hollow being
usually separated from it by a clear interval, yet it seems to attract
the South Tropical Disturbance, either end of which markedly
accelerates when approaching and is retarded when receding from
the Spot.

Fic. 54

E. M. Antoniadi’s drawing, May 21, 1901, of the Red Spot in its Hollow and
(to the right) part of the South Tropical Disturbance following it.

(From Splendour of the Heavens, Hutchinson)

South Tropical Disturbance. Though Dr. E. B. Knobel before
1890 observed a similar feature, the South Tropical Disturbance is
generally considered to have started in 1gor with a dark marking
across the zone which rapidly expanded in longitude. The Dis-
turbance has since been a regular though intermittent feature of
Jupiter, showing great changes in motion, extent, and shape.
Formerly about 25° long, it has never extended over less than 100°
of longitude when active since 1916, and since 1930 has exceeded
200°. The two ends have generally been well marked, dark, and
concave, the rest often vague and confused. At first the ends of
the Disturbance, rotating in 20 seconds less than the Red Spot,
used to circulate round the planet and overtake that Spot again in
two years. Conjunctions of Disturbance and Red Spot have since
been less frequent but nine have occurred in forty years. When
they meet the Disturbance temporarily pushes the Red Spot
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EM A
Fic. 55 [E. M. Antoniadi. " 3
i i ; ing round,
4 iadi’s diagram of the South Tropical Disturbance flowing
angogéc‘:ll;:gg:g ltshg‘?Rg;d Spot. Middle a}ndh loae;;i: élllj) td;g\gug:ﬂ({l)\&;;ﬁ g
H -in. 0.G.) of the ke _
A it & o 32gtdmdo(?xble) south equatorial belt below.

south temperate belt above an

(From Splendour of the Heavens, Hutchinson)

d or below it. In years when the Dis-
most of the south equatorial belt have
minent. (See AppendiX.

forward while flowing roun
turbance, the Hollow, and
' disappeared, the Red Spot has been more pro

XI (4).)
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Circulating Current. Spots are rarely found on Jupiter to move
in latitude, and this lends unusual interest to the Circulating
Current, discovered by the Jupiter Section’s observers and described

FiG. 56
B. M. PEEK

12-in. Spec. 1934 April 19
w,=167° wy=35°
Above the middle is a row of the
spots in the Circulating Current and
to their right the ‘smoke-stack’
at the preceding end of the South
Tropical Disturbance.

by B. M. Peek, when director. At intervals between 1919 and
1934, dark spots, starting near the following end of the Red Spot
Hollow, appeared to drift backward along the northern edge of the
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T. E. R. Phillips’s diagram of the Circulating Current between the two ends
of the South Tropical Disturbance. The Red Spot and Hollow are to the
left, in the Disturbance.

(British Astronomical Association, 29tk Jupiter Report)

South tropical zone as far as the preceding end of the South Tropical
Disturbance. Apparently this barred their progress, turning them
Southward across the zone, and reversed their motion, so that they
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then moved forward along the southern edge of the zone. About
1930—4 this forward movement appeared to be along the track of
a narrow horizontal belt like a smoke trail running from a vertical
dark streak like a chimney (nicknamed ‘the smoke-stack’) at the
front of the Disturbance. What happened to the spots when they
reached the other end of the Disturbance and whether they were
then diverted northward across the zone, completing their circuit,
could not be observed. The Circulating Current extends only along
the part of the zone not occupied by the Disturbance and therefore
encounters the latter at both ends of its course.

F16. 58 ]
The ‘ smoke-stack’ drawn by B. M. Peek

South equatorial belt upheavals. Sometimes the southern com-
ponent of the double south equatorial belt, along with the Red
Spot Hollow, fades, almost vanishing for one to three years, and the.
South Tropical Disturbance dies down. Then comes a major out-
burst on the belt, heralding the return of the missing features.
Such upheavals occurred in 1919-20, 1928-9, 1938, 1943, 1949, and.
1952-3. They generally operate in two branches, one spreading
forwards along the northern edge, the other backwards along the
southern edge of the belt. They encircle the planet, meet again,
and pass each other, preserving their original motion. The up
heaval produces many spots, light and dark, and many rapid
changes of detail. In 1928 the spots were at first deflected by the
Red Spot, but when the latter faded they crossed right over the
area without deflection. The reappearance of the preceding end of
the South Tropical Disturbance, however, seemed to bar their pro-
gress. Irradiating bright spots, projecting beyond the terminator,
formed part of this display. .

- narrow zone between.
- oscillate in longitude like the Red Spot, but on a much smaller
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R. A. McIntosh has described his individual impression

fifth notab}e upheaval (July-October 1949) as obszrvedoirf §i;
Zealand with a 14-inch aperture reflector: A small bright spot
expanded in ten days spanning the space between the belt’s com-
ponents and 10° in longitude. About twenty more bright spots
formed su(':cesswely in the same place, following one another along
the belt ‘like pearls on a string.” A dusky shading filled the area
round about them. Dark spots also appeared. The spots spread
around the planet, the ends meeting in front of the Red Spot which
blocked the dark material, turning it from the southern to the
northern component with reversed motion. Matter moving along
th.e north.en} .component, however, seemed to pass the Red Spot
wlth. undiminished speed, round masses appearing flattened while
passing. On reaching their starting place again, the clouds did not
mix with those of the original ‘cloud-belt,’ but piled upon the northern
side of the'belt, moving in a narrow band along that edge. Dark
blol?s forming ahead of the advancing end of the upheaval moved
rapx(f!ly backwar.ds, passing over the bright spots at a higher level
At times material seemed to come from the adjoining equatoriai
zone to feed the disturbance. (See Appendix XI (5),)

_Rapul currents ; oscillating spots. Phillips described spots occa-
flonally. seen on the southern edge of the north temperate belt as
the swiftest current known on Jupiter,” their rotation period being
9 hours 49 minutes, seven minutes less than the normal for the
region. While spots in one current sometimes seem influenced or
even controlled by a neighbouring current, Peek drew attention to

- the anomaly in the north temperate region of two rapid belt

currents, both often observed with a very slow current in the
Occasionally individual spots on Jupiter

scale.
Atmosphere. Very dark lines and bands in the spectra of Jupiter

- and the other great planets long puzzled astronomers until Wildt

(1932) determined theoreticall
; y that these bands should be produced
by ammonia (NH,) and methane (CH,), a conclusion coII)npletely

\Verified by 1 : ,
‘Spectra, y laboratory experiment and improved photography of

Methane is a poisonous product of decayi

i S ying vegetable
ttter encountered in marshes and coal-mines. Whygshogld the
great planets have atmospheres so unlike the Earth’s? One cause
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is extremely low temperature due to distance from the Sun, but
the main reason is mass. This not only accounts for the depth and
enormous pressure of their atmospheres, but explains why they
must have retained all the gases originally there, including great
quantities of hydrogen. Their ‘velocities of escape’ (on Jupiter s
37 miles per second) are too great to lose even hydrogen, though it
cannot be detected from their spectra, being masked by the strong
lines of solar hydrogen. If, as seems possible, they were once
molten, Jupiter and the other giants probably had atmospheres
mainly of hydrogen, with much helium and some water vapour,
carbon oxides (chiefly monoxide), and nitrogen. As they cooled
the following reactions would occur at successive temperature
stages: the carbon oxides would combine with hydrogen, forming Saturn’s Phoebe and were once thought to be captured asteroids
methane and water; then hydrogen and nitrogen would combine ~ but this theory is no longer favoured. Jupiter XII magnitude’
into ammonia: the water would condense to an ocean, absorbing I 183, some I3 million miles from the planet—moving,in a nearly
some ammonia and ammonium salts; the ocean would freeze, and | circular but highly inclined and retrograde orbit—was detected by
nearly all gases except hydrogen, helium, and methane would: Nicholson on plates taken on 1951 September 29 and October 24
solidify out of the atmosphere. But on Jupiter, with a temperature with the Mount Wilson 100-inch telescope. Nicholson, like Galileo
of —216° F. (—138° C.), a certain amount of ammonia could stay has thus discovered four Jovian satellites. ’ '
in the atmosphere, partly as gas but mainly as droplets or crystals. Galilean satellites : dimensions and phenomena. Io, Europa, Gany-
These may cause the reddish colours, which may, however, be due mede, and Callisto (Jupiter I to IV) are called’ the ‘G;llilea,n'
to nitrogen dioxide or unusual sodium compounds or to minute satellites because Galileo discovered them. Their respective dis-
solid metallic particles scattered in great quantities in the Jovia tances from Jupiter are about 260,000, 417,000, 665,000, and
‘clouds.” Under the extraordinary conditions of pressure, solid 1,176,000 miles: from one to five times the Moon’; dist:,ance’ from
particles and ammonia crystals may float in methane gas, liquid the Earth. But they have to circle round much faster than the
hydrogen on compressed helium gas, and in the depths of Jupiter’s Moon does, their revolution periods ranging from 1} to 16} days
atmosphere there is probably no clear separation between gases i Io a little over, Europa a little under, 2,000 miles in diameter aré
solid, liquid, and gaseous states. Surface markings are believed ta similar in size to the Moon; Ganymede and Callisto, each more than
arise from eruptions of dense viscous gases from below. 3,000 miles in diameter, are slightly larger but m{J.ch less massive
Swmaller satellites. Jupiter’s eight smaller moons have no names, than Mercury. They would be visible to the unaided eye were
merely the numbers V to XII. They range in magnitude from they farther from Jupiter’s glare, as their brightness varies around
about 14 to 19, roughly 1,000 to 100,000 times fainter than Jupiter’s mean magnitudes of about 5 to 6. Brightness and approximate
four larger satellites. Jupiter V, discovered by Barnard (1892), I alignment with Jupiter’s equator make them easy to find with
the nearest of all to the planet, 112,000 miles distant, about 100 - small telescopes, and their rapid changes of position are fascinatin
miles in diameter, and circles round it in 12 hours. Far beyon - to amateur astronomers. 2
the larger moons, at distances of about % million miles and with These moons are frequently occulted or eclipsed by Jupiter or in
revolution periods about 250 days, there is a group of three litth ~ transit across the planet’s disk accompanied by their round black
SI}adows, and occasionally one satellite eclipses another. The
different directions, except at opposition, of Sun and Earth from

satellites: Jupiter VI and VII, discovered by Perrine (1904, 1905),
and Jupiter X, discovered by S. B. Nicholson (1938). These three
cannot collide as they all have highly inclined orbits in different
planes. Another group of three is found at about 14 million miles
from Jupiter, taking 700 to 750 days to circle round it; the first
two of these also have greatly inclined orbits. This group com-
prises Jupiter VIII, discovered by P. J. Melotte (1908), and
Jupiter IX and XI, discovered by Nicholson (1914, 1938). All
these seven have very eccentric orbits and are very small, IX, X,
and XI being probably a mere few miles in diameter and X is visible
only on photographs taken with very large telescopes. Jupiter
VIII, IX, and XI have retrograde motion round their planet like

1 Moreover absorption lines of cool hydrogen would only occur far in th
nltra-violet of the spectrum and be blocked by the terrestrial atmosphere.
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Jupiter, can cause a satellite to disappear, eclipsed by t’he Planet,
when well outside Jupiter’s limb, or to cross the planet’s disk .far
from or overlapping its own shadow, or the shadow to be crossing
when the satellite is not. Unless in front of a dark belt or very
close to the limb, satellites are much harder to detect on the disk
than their shadows. The predicted dates and times of these

@)

Fi1Gc. 59

: : : : S o a3 _radii of orbits

A hypothetical situation of the Galilean satellites: (2) in plan—radii o :
approiﬁnately to scale (28 : 45 : 72 : 126); (b) as seen from the Earthl. ‘?hal,o v
of III in transit; I eclipsed by Jupiter; 1I partially eclipsed by (large
aperture could show this).

phenomena for each year are given in the B.A.A. H andbook, and
transits and occultations can be watched with a fairly sma}l te'l
scope. But a large instrument is needed to see a satellite’s disK&
markings or its shape when partially eclipsed by another or partially
occulted by Jupiter. L :

The Galilean satellites rendered one distinguished service t0
science. From the variation in the time intervals between successive
eclipses of each satellite Olaus Roemer in 1675 deduced that light »
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previously thought to move instantaneously, must take a finite
time to traverse the diameter of the Earth’s orbit.!
Galilean satellites: mass, surface markings. Ganymede is about

Fi1G. 60
T. E. R. PHIiLLIPS

F1c. 61

B. M. PEEx
12-in. Spec. 1927 October 10
@;=222° w,=242°

The black spot cutting the south
limb (fop) is Sat. IV’s shadow. The
black spot on the right is the shadow
of Sat. I, which is also seen in transit
asa faint grey spot some way left of its
shadow. The north equatorial belt
is disturbed, but the south equatorial
belt is quiet and its south (upper)
component is missing. The loop in
the South Tropical Zone (upper left)
is an object nicknamed the ‘false
Red Spot.’

twice as massive as the Moon; the other three are similar to the
Moon in mass, Europa being the least massive. Callisto, nearly as
large as Ganymede, has about % its mass and a mean density 1-3
times that of water. These satellites, perhaps rocky like the Moon,
but much better reflectors, may be thickly coated with frozen
Bases. Ability to retain an atmosphere is based on mass and low
temperature combined, Ganymede ranking next after the planets
With known atmospheres. Pic du Midi observations by Lyot and
Others have confirmed the formation of white veils on Ganymede,
1 See pages 370, 422.

18-in. Spec. 1933 March 9
@, =129° w,=185°

By the limb (left) Sat. I (Io) is
partly occulting its shadow. On the
disk also (lower vight) are Sat. IV
(Callisto) and its shadow. The Red
Spot is seen above and to the right
of the centre. Eight belts (two
double) are shown.

_(British  Astronomical Associa-
tion, 29th Jupiter Report.)
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possibly indicating an atmosphere, but there is no evidence yet of
an atmosphere on Callisto.
At the Pic du Midi Observatory during September—October 1941

%1

Fic. 62
Left: Occultation of Sat. IV by Sat. II, 1932' Ja'nua.'i'}.r 8—T. E. R. PHILLIPS,
Centre - Occultation of Sat. I by Sat. IV, 1932 February 18—B. M. PEEK.
Right: Same as centre—T. E. R. PHILLIPS.
Note the duskier tone of IV (Callisto)
(British Astronomical Association, 29th Jupiter Report)

H. Camichel, M. Gentili, and B. Lyot, in very favourable seeing
conditions, independently made 245 disk drawings of the Galilean
satellites, using a telescope with object-glass 38 cm. in diameter and
magnifications of 500 and goo. They found Europa white and very

Fic. ‘63

Eclipse of Sat. T by IV during occultation of 1 by Jupiter, 1932 February 18—
W. H. STEAVENSON. Left at g hrs. 343 min.; others at intervals of 1 min. after, =

(British Astronomical Association, 29th Jupiter Report)

brilliant ; To appreciably larger than Europa but paler and yellowish}
Callisto much larger than Io but of very weak lustre and dull chest-
nut tint; Ganymede, the largest, like Io in brightness and colour.
They arranged the drawings of each satellite in order of longitude
on its orbit and by comparing the positions of surface markings,

JUPITER 165

(a) ()
I (Io) IT (Europra)
1941 October 8 1941 September 26

() (@
IIT (GANYMEDE) IV (CarLisTO)

1941 September 20 1941 September 23
Fic. 64

From sketches by H. Camichel, M. Gentili, and B. Lyot, Pic du Midi
Observatory

(By permission of Société Astronomique de France, from Bulletin, April 1943)

C0r_1cluded that all these four moons revolve round Jupiter with
axis approximately perpendicular to orbit-plane, and that the revo-
lution period of each is about equal to its rotation period. These
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satellites therefore may keep the same side always facing Jupiter
as the Moon does to the Earth.

Maps based on the drawings show that Io has darkish poles
(making it look elongated when in transit), but several light areas
along the equator separated by dusky north—-south bands, while
Europa has light poles but a wide dusky equatorial belt with three
dark spots on the equator. Ganymede has two white areas, a little !
eccentric, near the poles, the larger by the north pole, and two dark }
belts parallel to the equator with at least two dark spots on each;
the darkest spot adjoins the white north polar area. Callisto,
similarly to Ganymede, has a little white cap at the south pole and
small light patches near the north pole, one rather brilliant, but no
dark spot of definite longtitude in the dusky equatorial region.

The Pic du Midi observers afterwards compared their results with
those of previous observers, including Holden, Barnard, Antoniadi,
and W, H. Pickering, and found many points of agreement, especially
on Io and Ganymede, while one of the dark spots detected on
Europa corresponded with one found (1927) by Antoniadi. (See
Appendix XI, p. 507.) '

THE PLANETS

SATURN

Vanishing rings. Galileo was puzzled. Pointing his newly in-
vented telescope at Saturn, he saw, not one globe but three in a TowW.
About a year afterwards he had another surprise: the smaller
flanking globes had vanished. The following year they reappeared.
Thus early did Saturn, by optical tricks and startling changes, begin
to perplex astronomers. :

This first enigma was due to the imperfections of primitive
telescopes, which could not show a true image of the planet’s rings.
The wide ‘ansae’ (handles) of the rings appeared to some observers ‘
as smaller globes, either attached or self-contained; to others as
bright ‘ears’ or ‘handles’ at the planet’s sides. Huyghens (1656)
solved the mystery, publishing the result in 1659, saying that Saturn
was girdled by ‘a flat ring nowhere touching the planet.” This ring ™
is now known to comprise at least three concentric rings.

Their disappearance and reappearance, so mystifying to Galileo,
arise from their changing aspect, as viewed from the Earth. Every
fifteen years these thin, flat appendages come into line with the
Earth, seeming to close to an edgewise position, being then hard to
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detect even with the largest modern telescopes. Occasionally they
vanish completely for a day or so. This can occur when they are
exactly edgewise to the Earth, or edgewise to the Sun, so that only
their fringe is illuminated, or when the Sun shines obliquely on one

Fic. 65

lé;arly seveznteenth-century Saturn drawings: 1I.
2. SCHEINER (1614); 3. GASSENDI (1645); 4. HEVELIUS (diagram); 5. RiccioLt
(1648-9); 6. DIvINI (1646-8); 7. FONTANA (1639); RICCIOI),I 5(1615,6); 8.
BiANCANI (1616); GASSENDI (1638-9, 1646); 9. FONTANA, etc. (1644—5).

From H ! i i .
k. c(avens.) uyghens’s Systema Saturnium and Hutchinson’s Splendour of the

GALILEO, etc. (1610);

face of the rings and observers have a very oblique view of the
other face.

Saturn’s orbit is tilted 2}° to the Earth’s orbit-plane. Hence
Eartl'l and Sun are generally at different elevations above or below
the ring-plane, sometimes the Earth higher, sometimes the Sun, and
occasionally even situated one above it, the other below.

Opening and closing of the rings. Like the Earth, Saturn moves
arounq the Sun with axis not vertical to its orbit-plane but tilted.
tl‘he‘ rings are exactly in the plane of Saturn’s equator, which is
Inclined about 28° to the Earth’s orbit-plane and remains fixed with
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reference to the stars as Saturn travels around the Sun. Thus from
the Earth, which is much nearer the Sun, the rings are viewed at
an ever-changing angle, from above, edgewise, from below, edge-
wise again, successively.

FiG. 66

Huyghens's explanation of the changing aspect of Saturn’s rings.

(From Huyghens's Systema Satwrnium and M. Davidson’s From Atoms to
Stars (Hutchinson, 1952).)

In 1936 the planet’s equator was practically in line with Eart}'t
and Sun, so the rings appeared edgewise. Thereafter Satu'rns
south pole turning more and more towards Earth and Sun,_t}}e rings
appeared to open out wider until, by 1943, they were hiding the
planet’s northern hemisphere from view, and the far edge of the
outer ring could be seen beyond Saturn’s south Pole. From 1943
to 1950 this process was reversed, the tilt appearing to lessen, th.e
rings narrowing, disclosing more and more of the northern hemi-
sphere, and becoming edgewise again in 1950-I.

During the next seven years the rings will open out on the reverse
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side, gradually covering the planet’s southern hemisphere, Saturn’s
north pole being turned more and more towards Earth and Sun,
and the far edge of the outer ring projecting beyond that pole in
1958. Another closing up will bring back the edgewise position by
1966. Then the whole sequence will begin again.

If it had a flat ring in the plane of its equator the Earth would
give a similar performance (from the Sun’s viewpoint) though in
1 year instead of 29} years. The terrestrial ring would be edge-
wise to the Sun about 21st March and 23rd September; it would
appear to open out and hide the southern hemisphere from the Sun
from March to June, gradually closing again from June to Sep-
tember. A similar opening out and veiling of most of the sunlight
from the northern hemisphere (September to December) would be
followed by a gradual reversal (December to March).

The opening and closing of Saturn’s rings is therefore analogous
to the seasons on Earth, important
differences being: Saturn’s rings, orange ,
and its remoteness from the Sun, >
making its seasons thirty times as
long, and all unutterably cold.

Major P. H. Hepburn, a former
director of the B.A.A. Saturn
Section, suggested a simple model
to demonstrate the ring positions,
made from an orange, a penknife,
a flat, circular cardboard ring,

CARDBOARD
RING

{ PENKNIFE WITH
INCLINED BLADE

Fic. 67
and a block of wood, as shown P.H.Hepburn’s model (Hutchinson:

in the illustration. If the model Splendour of the Heavens)

is placed at eye-level, the observer, by walking round it, will see the
whole cycle of ring positions roughly reproduced.

Some early discoveries. Huyghens, who first recognized the ring,
also noticed that Saturn like Jupiter had dusky belts parallel to its
equator, and once counted as many as five. He (1655) discovered
Titan, Saturn’s largest and brightest moon. Hadley! observed
changes in the shape and number of the belts on the globe, and that
the ring seemed thinner at its outer edge, and that globe and ring
cast shadows upon each other.

From changes in the belts Halley deduced that Saturn rotates

! According to R. A. Proctor, in Saturn and its System, page 57.
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on an axis perpendicular to the ring-plane. Maraldi made a clever
observation (1714) just before the rings vanished. He noticed the
two ansae alternately disappearing, and inferred that the ring-
system rotates in its own plane about Saturn. i
Cassini’s discoveries. Meanwhile J. D. Cassini had drawn attention
(1675) to the ring being ‘divided by a dark line into two equal
‘parts, of which the interior and nearer one to the globe was very
bright, and the exterior part slightly dark.” The dark line is called
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J. D. Cassini’s 1676 drawing, the first
showing Cassini’s division
(From Splendour of the Heavens, Hutchinson)

Cassini’s Division, but acentury passed before it was accepted as a
true gap between the rings. The greyish-white outer ring is now
known as ring A, the brilliantly white one inside the division as
ring B. Cassini discovered (1671-84) four moons and, being attache d
to Paris Observatory, wished to call them after Louis XIV. Fortun
.ately they bear the more poetic names of Iapetus, Rhea, Dione,
‘and Tethys. Cassini noticed the great variation in brightness of
Iapetus, inferring that half the surface must reflect better than the
other half, and that Iapetus probably always keeps the same face
{towards Saturn (as the Moon does to the Earth), an opinion sup
ported by Newton and later by Herschel. '
¢ Cassini’s son Jacques, and Thomas Wright of Durham, made
far-seeing suggestion that the rings might be composed of
satellites. 1
I Herschel's discoveries. By carefully measuring the position and
width of Cassini’s division on both faces of the rings and showing
that the measurements agreed, William Herschel proved it to be @

- Went to Bond (in America) and Dawes
- Tediscovering ring C (1850).
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gap right through the ring-system. This was but one of a splendid
list of achievements. He found that ring B was wider than A.
He thought he glimpsed, as had Cassini and Hadley, other fainter
ring divisions, but with his usual caution said they needed more
‘confirmation. He discovered the two faint innermost satellites
Mimas and Enceladus. By timing ;
successive appearances of spots he
made a good estimate of the rota-
tion period. He noted a variation in !
‘brightness of the polar regions, finding
each pole whiter after being turned
away from the Sun for some years
and darkening while tilted towards
the Sun. But he held that nearly
a century of such observations was
needed to establish the regularity of
the change. He concluded (1790)
that the rings were very thin and
made one of the first estimates of
their thickness. Noticing that as
satellites disappeared behind the
globe their light seemed to fade
gradually, he inferred that Saturn
had an atmosphere.
| The crepe ring. Almost the only important feature overlooked
by Herschel was the crepe ring, which he drew (1793) but doubtless
assumed to be a belt. This almost transparent, innermost ring is
also traceable on drawings by Campani (1664), Picard (1673), and
Hadley (1720). It was probably first seen as a ring, being traced
In the ansae as well as across the globe (1828) by an assistant at
Rome Observatory. But this discovery passed unnoticed, as did
Galle’s accurate measurement (1838) of the width. So the credit
(in England) for independently
: Lassell suggested the name by re-
marking, when shown ring C by Dawes, that it was ‘something
€ a crepe veil covering a part of the sky within the inner ring.’
Appearance and colours. To naked-eye observers Saturn looks
€ a bright star with softer, creamier lustre than the brilliant
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Saturn and its six inner moons:

I. MiMas; 2. ENCELADUS; 3

TETHYS; 4. DIONE; 5. RHEA;
6. TiTAN

(From R. A. Proctor’s Saturn
and its System (Chatto &
Windus, 1882).)

~Venus anqg Jupiter. Through a telescope it has a most beautiful
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o and wonderful appearance with its delicate tints and shadings and
amazing ring; clear in its perfect outline, yet seeming to melt at the
edges into the sky. The brightest features usually are the brilliant
Y white outer part of ring B and the equatorial zone. (The light
) areas of the globe are called zones; the dusky stripes belts.)
k Ring A seems greyish-white, the crepe ring blue-grey or slate, the
south equatorial belt a soft orange-brown; sometimes one of the

Fi1c. 70
S. MURAYAMA (Tokio). 8-in. O.G. 1948 March 30 i

repe ring, Encke’s and Cassini’s divisions, thg globe’s shadow across
Show CthP; ringgs, and the south equatorial belt delicately shaded.

FiGc. 72

W. H. SteavENnsoN. Greenwich 28-in. O.G. November 16, 1920, about
nine days after the plane of the rings passed through the Earth. The ring’s
unilluminated face is seen faintly by sunlight penetrating through the rings,
appearing segmented and with a delicacy of shading the observer said was
impossible to reproduce exactly.

polar areas is yellowish, the other greenish. The globe’s usual tone
is cream or yellow. When the rings are open, the satellites are seen
above, below, or alongside the planet, and transits (crossings in
front) and occultations (disappearances behind) do not occur, but
there are many of both for about two years when the rings are
nearly edgewise. Then the rings have sometimes appeared cut up
nto bright segments, which may be thicker parts, and the inner-
most moons, passing directly before or behind the edgewise rings,
€an present the beautiful spectacle (in large telescopes) of jewels
threaded on a golden wire.

Visibility. Saturn’s disk, the ring (when open), and Titan can be
Seen with very small telescopes, perhaps even with strong binoculars.
But for details on the globe and ring-system a telescope of at least

FiG. 71
L. F. BaLL. 1o0-in. Spec. 1950 March 9

a satellite, and the duskiness of the polar regions:
ble only in the ansae of the narrowing rings.

Shows belt shadings, a sz
Cassini’s division is Vvisl
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5 inches in aperture is needed, and one much larger for fine detail,
especially when the rings are edgewise. Cassini’s division, easily
seen as a black curve in each ansa, is much more difficult to trace
along the front of the rings, even when they are rather open. Rhea
and Iapetus (at brightest) are visible with a 3-inch, Dione and,
Tethys with a 4-inch, aperture; the other moons require larger
telescopes.

Dimensz'm%s. Saturn, second largest of the planets, has a diameter
of 75,100 miles at the equator, but only 67,200 miles if measured
from pole to pole. The globe therefore bulges at the equator and
is even more flattened at the poles than Jupiter. The ring-system is
on a colossal scale, spanning 169,300 miles from tip to tip: more
than twenty-one times the Earth’s diameter. The Earth could
easily fit between Saturn’s globe and the inside edge of the rings:

FiG. 73

H., P. WiLkINs. March 2, 1921. Dione on the
line of the edgewise rings approaching the planet,
to be eclipsed 2 hrs. 10 min. later.

Shadows. Optical illusions; distortions by Saturn’s atmosphere;
ring irregularities of surface, brightness, and thickness: all these
have been suggested to explain the queer shadow effects. The
globe casts a black shadow athwart the far part of the rings adjacent
to it as if a slice had been cut out right across the rings. As the
Earth passes Saturn at opposition this shadow crosses behind the:
globe to appear at its other side, but the illusion of a thin line of
shadow lingers temporarily on the original side. Also the shadow’s
outline across the rings sometimes looks distorted and, by a con=
trast effect, a small patch of the rings adjoining the shadow may
seem brighter than all the rest. ‘

Equally intriguing is the shadow of the bright rings on the globe
According to the positions of Earth and Sun it sometimes adjoins
the outer edge of ring A, sometimes is hidden by the rings, sometimes
mingles with the crepe ring and its faint shadow, and often looks®
widest at its extremities. When the rings are edgewise and barely
visible the ring shadow across the globe is sharpest and blackest;
i being cast by the rings in maximum depth.

Fic. 74
Photograph by H. Camichel, Pic du Midi Observatory.
The rings are wide open, covering the northern hemisphere. The globe’s

1946 February 11.

shadow on the rings and Cassini’s division isti
S > are ve
in brightness between rings A and B is strikingr.y e e trast

the gap is nearly 9,000 miles wide. The crepe ring’s wi i
10,000 miles; that of ring B 16,500 miles; oprassirgxi’s ‘gi‘igo:
nearly 1,800 miles; of ring A 10,000 miles.
Wfl‘l_le extraordinary thing about the rings is their extreme thinness
illiam Herschel’s estimate (1790) was only 856 miles yet eub-
sequent authqn’ties have reduced this more and more,: Schr}iter
(IgOS), 539 miles; Sir John Herschel (about 1850), less than 220
an ;?, I\QN and G. Bond (1857.), less than 43 miles; more recently,
Be;ll b usse!l, less tha'n 13 miles; and Dr. Bell, less than 10 miles,
et ased his calculation on the visibility of bright thin lines on a
dark background and of small, highly reflecting satellites, taking

Into CEriccount the doubtful visibility, even in the largest telescopes
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E. M. ANTONIADL. 1036 July 2. The ed

Fic. 75

Fic. 76

i -i April 10.
 MuravaMA (Tokio). 8-in. Spec. 1950
wige but a glimése of Cassini’s division in the ansae.

shadow of the rings can be seen.

gewise rings and their black shadow.
(British Astronomical Association, Journal, 47, 7, May 1937)

The rings almost edge=
Several belts and the
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of the rings when exactly edgewise. In proportion to their immense
size the rings are much thinner than a sheet of foolscap paper is
in relation to its surface area.

Distance, year, day. The orbit being elliptical, Saturn’s distance
from the Sun ranges from 841 million to 931 million miles, the mean
being 886 million miles, and the planet takes 29} years to travel
round the Sun. To reach one’s third birthday on Saturn a long life
would be needed. From the high degree of flattening a rapid
rotation can be inferred, and in the equatorial region Saturn spins
at 23,000 miles an hour, the rotation period (or day) being 10 hours
14 minutes, not much longer than Jupiter’s, so some 25,000 brief
days make up a Saturnian year. On Saturn’s globe, rotation periods
increase steadily with latitude to nearly an hour longer at 57° than
at the equator, showing that the markings observed are atmospheric,
not surface features.

It is very convenient for observers that Saturn rotates seven
times in about twenty minutes less than three days; any unusual
feature should be in nearly the same position at almost the same
time every third day.

Mass, density, temperature, atmosphere. Saturn’s volume is
734 times the Earth’s, but its mass is only 95 times the Earth’s
mass. Consequently it is the least dense of all the planets, having
only half Jupiter’s density, and only {% that of water. This is below
that of any known solid except lithium, similar in fact to the
density of newly fallen, unpacked snow. The startling deduction
is that if Saturn were a wholly solid body it would float in water
even more easily than pumice does. Hence the solid part may be
much smaller than it appears. Wildt’s estimate of diameter of the
metallic rocky core is 28,000 miles, within a layer of ammoniated
ice 6,000 miles thick and an atmosphere 16,000 miles deep.! Though
the rate of spin is less than Jupiter’s, the concentration of mass to
the centre is even greater than for Jupiter, and that is why the
polar flattening is so extreme.

The spectrum shows that Saturn’s atmosphere is a poisonous one
like Jupiter’s, but containing less ammonia and more methane. As
the temperature is believed to be —243° F. (—153° C.), about 27° F.,
(15° C.) colder than Jupiter’s, more of the ammonia has probably
been frozen out of Saturn’s atmosphere.

! But see page 149.
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Resemblances to Jupiter. Tt is evident that, apart from its unique
ring, the resemblances of Saturn to Jupiter are very striking: in
size, shape, shifting cloud-belts parallel to the equator, colours,
and general appearance of the globe; in temperature and atmo-
sphere; in rapid and differential rotation; and also in having a
large family of satellites; and in hydrogen content.

ments varied in amount, all the lines being slanting, and the dis-
Place.ments were greatest for the inner edge of ring B. This made
it evident not only .that the rings were rotating faster than the
gl;be,ﬂbut that tlga inner edge of ring B was rotating faster (by
21 miles a second) than the outside of ring A i

with Kepler’s third law, prov- ¢ n accordance

Nine and a half. Almost the only resemblance of Saturn to the o that the i
Earth is the tilt of its axis. But thereisa numerical relationship, ng fa ol e rings must con- POSITION OF SLIT
a pure coincidence but a useful aid to memory: Saturn’s mean SIStt.o 1 multitudes of separate et e e
diameter is 9} times the Earth’s; it is g} times as far from the Sun; P‘"Zrv lct eS¢ ) . Ab ] [
its mass is g5 times the Earth’s mass; and its year is 29} years. H Szrz:fe of lthel ”’Zig particles. / % by T
Nature of the rings. For two centuries after discovery the bright : t 1 Cafcuhate. that if the LA
rings were generally believed to be solid, rigid, and opaque. The ¥ hmass of the rings were as
finding of the crepe ring raised doubts: through its filmy trans- fcr}llzc 1:; ?7%}?6 of the mass of
parency the edge of the globe was seen undistorted ; so Bond revived th planet, they would dlstur’b ‘ R
Jacques Cassini’s theory of small satellites to explain this ring. o movel.nents of Saturn’s
Moreover several nineteenth-century observers detected faint divi- mnel: s;zla.telhteS. Clerk Maxwtell
cions in the rings, as Cassini and Herschel had done. Though wfotrh: ot thelaverage deleSltY 1\
impermanent, except possibly Encke’s division in the outer part 2he de::;%S a; gss than 535 of Z A o
of ring A, these faint lines parallel to the ring edges suggested gaps E ver an lnf'f ! a?tum. More- Ji e
or cracks rather than shadows due to surface irregularities. wed re ge ta (fm bwhen pulver- 1w/ ] _[
But it was the mathematicians who ‘shattered’ the rings. La- S cts far better than it L T
place had already shown that the planet’s pull would disrupt solid " esinlarge piecesand obgerva-
ion shows that the brighter Fia. 77

rings unless they were very narrow, eccentrically placed, and un-
equally weighted in their various parts: an arrangement that seemed
too artificial to exist. J. Clerk Maxwell (1857) proved mathe-
matically that the rings could be neither solid nor fluid without
going to pieces. His conclusion was: ‘ The only system of rings which
can exist is one composed of an indefinite number of particles,
revolving round the planet with different velocities according tc
their respective distances.’ These particles could be solid or liquid,
he said, provided that they were independent; Jacques Cassini’s
theory was upheld. i

Spectroscopic proof. Keeler (1895) proved Maxwell’s conclusion
by the spectrum, which he photographed with the slit parallel to
the major axis of the rings. The lines of the spectrum of half the
globe and rings were slightly displaced towards the blue, indicating
approach; those of the other half of both towards the red, indicating
recession ; so both globe and rings were rotating. But the displa

rines refl : The shifts and sl
th agn roc(]i(:t hg;lt much better lines ab, AB, ang aclgssgivtvhetggfc?:;
surfaces do. The globe and rings rotate, the rings faster

ring particles must therefore than the globe and the inner edge of

be small: bits of rock, pebbles, ring B faster than its outer edge.

S ’
and dust less fine than white (Egvg::lctl:erfxr]n%lizss&(;ge)’ ”)d S

fiour, or perhaps even minute
ice crystals.! Revolving in a huge swarm round Saturn, they
lvlvoulg tend by col}ision§ to grind one another to powder. ’There
Bais deen ml.lch dlscfusswn 'whether the greater brilliance of ring
) ue to its particles being more tightly packed than those in
other' rings, or more finely powdered but equally sparse, or of
a more highly reflecting substance. ’
su?e:::z f(;:' ring divisions. The American astronomer Kirkwood
e ri ; ;i g at ‘_the reason why there were gaps at certain distances
4 e un in the belt of asteroids, was that the revolution
The reflection spectrum of the rings is similar to that of Mars’s polar caps.
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periods of small bodies in those situations would cause them to be
pulled out of their orbits by Jupiter. The same argument explains
the divisions in Saturn’s rings. A particle in Cassini’s division
would have a revolution period half that of Mimas, one-third that
of Enceladus, one quarter that of Tethys. Hence one or other of
these inner satellites of Saturn would pull upon the particle about
gvery 11 or 22 hours, forcing it into a different orbit out of Cassini’s

Fic. 78

E. J. Reese (a skilful American amateur) here shows a minor division in
ring B, Cassini’s and Encke’s divisions, the crepe ring, globe and ring shadows,
brighter areas, and several belts.

division into one of the adjoining rings. A similar argument applies
less strongly to the junction of rings C and B, to perhaps six con-
centric circles within ring B and three in the outer part of ring
A, one of which corresponds to Encke’s division. Theoretically
divisions might be expected in these places, and the perturbing
effect of Mimas, only 30,000 miles outside ring A, must be very
strong. Since 1942 American observers have fairly often glimpsed
in the ansae a gap between rings B and C, and two faint divisions
in ring B, as well as Encke’s inring A. (See Appendix XI (7))
Translucency of the rings. Their solidity demolished by mathe=
matics and the spectroscope, are the bright rings at least opaque?
No, even this illusion was dispelled by skilful observations. On
examining photographs of Saturn taken at Mount Wilson an
Lowell Observatories, Hepburn found (1914) the globe visible
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through ring A, but some doubted this interpretation. Observa-
tional proof came on February 9, 1917, when two B.A.A. members
Instructor-Captain M. A. Ainslie with a g-inch aperture reﬂectm:
and J. Knight with a 5-inch refractor, independently watched a
star cross behind ring A from the inner to the outer edge. It was
din}med but remained visible throughout, twice brightening a little
as it passed behind faint divisions of the ring.

On March 14, 1920, W. Reid, D. G. McIntyre, and others at
Rondebosch, S. Africa, watched an orange-coloured star greatly
dimmet.fl crossing behind ring B, and were even able to see it for
some distance behind the limb of the globe. The observation, made
with a 6-inch refractor, proved that the brightest ring is trans’lucent
and that the outer part of the globe is atmospheric.

S us;?ected spread of rings. Otto Struve considered that the width of
the bright rings was gradually but continuously increasing by the
approach of the inner edge to Saturn’s equator. Estimates of this
width ipdicated an increase of over 4,500 miles in two centuries, while
successive .estimates of their thickness lessened. The crep,e ring
s§emed _to improve in its visibility. R. A. Proctor surmised that the
rings might be spreading; the inner, duskier part of ring B might be-
come a new crepe ring, and ring C become gradually wider and/or
brighter. It may take centuries to test this theory. But several
observers claimed to have detected (19o7-8) a very faint dusky ring
outside ring A, so transparent as to be usually invisible.

Satellites. The inner satellites: Mimas, Enceladus, Tethys, Dione
aqd Rl‘lea range in distance from Saturn, from 113,000 to ,330 ooc;
miles, in revolution period from 22} hours to 44 days, and in ésti—
mated diameter from about 400 to 1,100 miles. Of these Rhea is
t}Te largest, brightest (magnitude 10), and most distant from Saturn.
Titan,® which moves round Saturn in 16 days at a distance of
760,000 miles, is believed to exceed 3,500 miles in diameter: larger
than Mercury and nearly twice the Moon’s mass. Kuiper found
(1944) from Titan’s spectrum an atmosphere of methane. Bond
d1§covered. (1848) Hyperion, nearly a million miles from Saturn
with a period of 21 days and magnitude 15. The mean distance o%
lTapetus exceeds 2 million miles and its period is 79% days. When
at western elongation Iapetus outshines Rhea; at eastern elongation
it is fainter than Tethys: a variation between about magnitudes

1 See Appendix XI (8).
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has sprung many surprises: outbr <
?ql??rtlo:al bfalt,) tivn&eclii Ey W.H. Haae:lfslic.)%flgzi{r: ploefrsldolré 'f]heRsec;zgi
a merica), W. E. Fox, and others, showed d'e arturé f
normal rotation period; one dark patch (northpt eate it}
agcelerated in a few weeks to a rotation peri proagvalg
minutes. Haas, F. H. Thornton, and E. PI.) (I:‘l;)i}:) fobgse}rlxc;::(ris t1515
remarkable raggedness, faintness, and narrowness of the crepe rine
(;ut;mm 1047), angl R'eese. by many careful estimates found tha%
the temporary decline in width exceeded 1,000 miles. Most of thi
re(gnt v\VVorl;{wa:.Ss done with fairly small telescopes . it
r. W. H. Steavenson (1950 Ma i 25-
rCefra_ct.?r, .fo.upd the inner p(al?tsof rin?;&ubsrl?ggl'ltgr itsx;lrrll Crhinga I;B?rtz:lnrg
; ;StS}llr: ?1 (rill‘xlislzlsln lllllllllvglolr:;et?éy pa;e 'th These peculiareffects he asc,ribed
‘ : n o e nearly closed rings, the S
ot : gs, the Sun
rmgi) 12; ef:onmdera.bly less elevation than the Earth above the
Imaginary visit to Saturn. If a rocket-ship could leave the Earth’
orbit at 25,000 m.p.h.,? an explorer might reach Saturn in abo :
3% years. He would need to take all means of sustenance, ox g
and protection against the crushing atmospheric pressure ar;d dgggf’
cold. He would not select the polar regions where the Sun sets f y
nights of 15 years and the rings are always hidden by the elcs)bg’ls.
f[:uirﬁftu.re. Bu.t if he journeyed southward from latitude 6g3° N
toiling in the viscous atmosphere, he would see at night the rin <
Just abovg the southern horizon and ever higher as he went soutgs'
a gre:at scintillating arch reflected on the icebound land, but blockedi
glit t{n th.e c‘entre by’the hqge oval shadow of the glgbe. In the
‘ zr 131'11:: in ‘summer the rings would form an enormous arch of
sgen s g Ilriust, while the ’Emy Sun, showing a disk g of the area
. racegm arth, would §hme feebly‘ amidst the ammonia clouds as
R reced across the sky in five or six hours. But in the ‘winter’
thzw'eak néxngls zould darke-n the land like a curtain of fog dimming
g’ sSh :ig t, and the icy garm.md_ would be striped with mottled
P adow interspersed w1t1; sunlit spaces under the ring
ions. At the equinoxes, the rings being edgewise to the Sun,

Probably only the bright curved out :
to catch the sunlightg. onter edge ofwing A would be et
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g and 11. W. H. Pickering discovered photographically (1898) a
ninth satellite, Phoebe, and even announced a tenth, but that
proved to be a mistake. Phoebe (magnitude 14) is believed not to
exceed 50 miles in diameter, and at a mean distance from Saturn
of 8 million miles it takes 550 days to circle round in a retrograde
sense, the opposite way to the movement of the other moons. Its
orbit, like that of Iapetus, is steeply inclined to the planet’s
equatorial plane, approximately in which the other seven moons
revolve. Phoebe’s and Hyperion’s orbits are the most eccentric in
the Saturnian system, but less so than those of Jupiter VII, VIII,
IX, XI, and XII. Several of Saturn’s moons, having highly
reflecting surfaces and seemingly very low densities, have even
been supposed to be mere balls of ice or packed snow.

Origin of satellites and rings. As the outer edge of ring A comes
inside ‘Roche’s limit,’ ! the calculated distance within which a
satellite would be torn to pieces by the tidal pull of the planet, it
used to be thought that the rings are the debris of a former moon
which met this fate. A diametrically opposite theory has recently
been propounded: that the inner satellites have condensed out of a
former gigantic ring. It is considered that this would explain how
Titan comes to possess an atmosphere similar to that of its parent
planet. '- '

Observations by Saturn Section. Saturn’s most famous spot, an
elliptical white one in the equatorial zone, much larger than the
Earth, was discovered (1933 August 3) by Will Hay and (inde-
pendently) by A. Weber. Many observations by members of the
B.A.A. Saturn Section showed that the spot had a variable rotation
period of about 10} hours. The Section dates from 1891, and
earlier leading members, including Denning, Rev. Dr. T. E. R.
Phillips, and A. S. Williams, determined rotation periods for in-
frequent remarkable spots, the Section’s greatest achievement being
the visual proof (already mentioned) of the translucency of the rings.
Since 1046 regular observers have made many observations (in
England unless otherwise stated), some of their work being:
J. R. Bazin and M. B. B. Heath, variations in brightness of satellites;
Heath, varying latitudes of belts; L. F. Ball and R. L. T. Clarkson,
changing tints, especially of polar areas; E. K. White ? (Canada),
shadows and faint ring divisions. Saturn, superficially so placid,

1 See footnote, page 219. 2 See footnote, page 183.

1
Al}szrsmmbers of the American Association of Lunar and Planetary
.5 2 See also page 204.
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In the equatorial region at night the small moons would best be
seen, sometimes perhaps five in the sky together, none appearing
more than one-quarter the size of the full Moon, and frequently
eclipsed. On the equator at an equinox at night a short vertical
bright line (of ring) might be seen above west and east horizons in
turn. By day a dark line would halve the sky, blotting out the
zenith Sun, and a belt of dusky shadow lie across the ground.

Visiting the innermost satellite Mimas, the traveller, reduced in
weight to a few pounds, leaping upwards at each step, and needing
artificial pressure besides oxygen to compensate for the lack of
atmosphere, would get an impressive view of Saturn and the rings
rotating. The globe would seem 5,000 times the size of the full
Moon and the rings edgewise would stretch 170°, almost right across
the sky. Eclipses of the Sun would last much longer than on Earth,
occurring daily, and then the other near satellites would look like
little crescent moons, the crescents turned opposite ways on the two
sides of Saturn. When the planet was at first quarter, not half but
only a sector would as a rule be fully illuminated, the rest of the
sunward half being lightly shadowed by the rings.

enthusiasm as a hobby and became the greatest of amateur astro-
nomers, for he was at once a tireless and careful observer, of keen
eye and sound judgment, and a highly skilled craftsman v:/ho built
larger and bfetter telescopes than any of that time. Hé made the
discovery quite unexpectedly while engaged, with a 6-2-inch aperture
rei‘iector, on a survey of the stars, and he recorded it as foll(I))WS'

On Tuesday the 13th of March (1781), between ten and eleven in
the evening, while I was examining the small stars in the neighbour-
hood of H Geminorum, I perceived one that appeared visibly

°
- pTau

Tau

|39‘ «125 Tau
Tau
+ 58 132 Tau

.3Gem .-
o -"  iGem URANUS

NGem + Mi

URANUS

Di : : . ' ogTau
iscovery. Prior to the late eighteenth century there is no record
of the discovery of a planet. Mercury, Venus, Mars, Jupiter, and
Saturn, being easily seen with the unaided eye as bright wandering
stars, had been known as such to the peoples of antiquity. The
invention of the telescope revealed their disks and the brighter moons
of Jupiter and later those of Saturn, but there was no reason to
suppose the existence of planets beyond Saturn, and hence no
incentive to search for them. The accidental finding of Uranus
(1781) was therefore an astonishing event in astronomical history, a
sort of celestial ‘discovery of America.’ Literally a new world had
been found, so remote that its advent doubled the radius of the
known planetary system of the Sun. It led directly to the later
discoveries of Neptune and Pluto, and began the search for unknown
planets which is still adding to the long catalogue of the asteroids.
Uranus was found by William Herschel, a Hanoverian who h

settled in England when a young marmn, earning his living as an
organist and music teacher. He took up astronomy with imme

Fi1c. 79
Where Herschel found Uranus, March 13, 1781.

larger than ‘fhe rest; being struck with its uncommon magnitude
I compared it to H Geminorum and the small star in theg uartilf;
bfatween Auriga and Gemini, and finding it to be much lar % th
either of them, suspected it to be a comet.’? s il
Oﬂliigs}clhgldmlght ea§ﬂy have overlooked the tiny disk, as many
R ad done previously. Subsequent research into past records
owed that Uranus had actually been observed and had had its
si(;:?on measured no less than nineteen times in the preceding
ke 7 );gars. .Flamsteed, the first Astronomer Royal, had done
: A51x imes in 1690, 1712, and 1715, without suspecting that the
ccording to Dr. Ste g i T
%‘l)lrigri‘ll;sa?}?j:he ‘small :,t\;igsgnb{ia(jﬁr;uil;;’u ’i‘r;ull'si,nwggo]s‘: (;:: iist‘ fi Ggmi-
nearest naked-eye object to Uranus at discovery angd isuo;elcs)fsa..

‘quartile,” o i :
B o ;fl:;l‘:)(‘lnlateral, of stars: 125, 132, 139, and 136 Tauri (B.4.4.
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ot a star, and owing to the inferior quality of their
good observers had been equally deceived.

d the disk at once and thereupon used various eye-
ed in strict proportion to the magnification,
while the images of comparison stars were not increased in the same
ratio and their light was less dimmed by magnification. He con-

tinued the observations whenever possible for several weeks, charting
he stars, working out its speed of motion,

the planet’s path among t
and measuring by micrometer the apparent size of the disk. Though
he noted that there was no sign of a tail or beard and that the disk
was well defined, he still referred to it as ‘the comet.” This was
cautious and correct, for many comets had been discovered before,
but never a planet. Other astronomers, though told where to look,
had difficulty at first in picking it out from among the stars. Further
observations, however, showed beyond doubt that the path of the
strange object could not be that of a comet: it must be a planet.
The discovery was brought to the notice of George III who soon
afterwards made a grant of £200 per annum to Herschel, enabling
him to devote the rest of his life to astronomy.
Name. Out of loyalty and gratitude to his royal patron, Herschel
wanted to call his new planet the Georgian Star. He also felt that
this would indicate the country and period of discovery and was
more modern and suitable than seeking a name in Graeco-Roman
mythology. Others wished to name it Herschel. But tradition in
the end prevailed and the new planet now goes by the name of an
ancient Greek deity, Uranus, though one of its symbols, ¥, recalls
the discoverer.
Distance, year, day. The mean distance of this planet from
the Sun is 1,783 million miles, twice as far as Saturn and nineteen
times as far as the Earth. Travelling on a nearly circular path,

inclined less than one degree to the Earth’s orbit, Uranus, proceeding
at about 4 miles a second, takes 84 years to go round the Sun once.
Since discovery it had completed only two circuits by March 1949

The irregularity of the motion of Uranus along its orbit will be deal
with in the next section, for this concerns very vitally the discove
of Neptune. (See page 192.)

Percival Lowell and Dr. V. M. Slipher measured (1912) the
placement of the lines in the planet’s spectrum and found a rotatio
speed of 10} miles a second, making the rotation period (or day)
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Uranus only 10 hours 45 minute
; s. The planet’s im
{Iear th&lso contains 68,450 of these brief days. L. né:ﬁ;lgjellloii
‘m;r:l\l'gcrl tlll)serva.tory confirmed the rotation period by a different
'p1anet’s_bn' geh tobservatlon and timing of regular changes in the
plan ness, caused by its diverse marki i
Jupiter and Saturn, has much i P ey
L . polar flattening due t i i
Size, mass, density. The diame i g R i
» Mass, 2 ter is 32,000 miles, f i
the Earth’s, so Uranus is a lar : W
. i ge planet though smaller th i
and Saturn. A planet with satelli 4 o
] . tes can be ‘weighed’ b
tion from their distances and revoluti o O
i ution periods, using the 1
gravitation. The mass of Uranus turn ’ Mkt
L t to be rather 1l in
relation to the volume; though i the 1 “Uranus
2 gh 64 times the Earth’s vol
has a mass less than 15 times the E ’ e
. . arth’s mass. The ity
is therefore simil iter’ Sl
fs the imilar to Jupiter’s and only about 1} times that of
Visibility and appearance. Tho i i
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y ﬁzlagfizzz Stz'%t oftﬁattis.f The most extraordinary thing about Uranus
sive of its axis. While Jupiter hi

Sun almost erect and the Earth o iewes Ve
' : ‘ and Saturn in a leaning positi

Uranus, like a trick rider, crawls around recumbent, not xgneri'el; li(l):t’

remains gaseous at very low temperatures. Other gases such as
oxygen, carbon dioxide, water vapour, and even ammonia are
probably frozen out of the atmosphere of Uranus.

Observation strongly supports these opinions. The spectrum of
the planet shows abundant methane but only a trace of ammonia,

Fic. 8o

W. H. STEAVENSON. Io-in. aperture.
September 1915. Uranus, showing a
broad white zone between two dusky belts.

(From Splendour of the Heavens, Hutchinson)

OBERON (3 positions)

Fic. 81

Satellite orbits when a

E pole of Uranus turns -
wag.d, Uranus then appears circular. Ragia{rtlc:f
gr its approximately to scale (5 : 8 : 11 : 18 : 24)
axlllngoisteafln'dueCtm}l:S of the north poles of Oi)ergr;
and ia are shown, i

e b i, assuming that they revolve

in contrast to Jupiter, the brownish colour of whose belts may be
due to ammonia. If, as'is possible, there are no opaque clouds on
Uranus, their absence would enable sunlight to penetrate deeper
into the methane layers, accounting for the great intensity of the
methane bands in the spectrum. Moreover since methane strongly
absorbs red and yellow light, a deep atmosphere of this gas would
give Uranus its pale bluish colour.

From the low mean density and the degree of flattening, Dr. R.
Wildt has estimated the metallic rocky core at only about 14,
miles in diameter, covered by a layer of “ice’ some 6,000 miles thick
and an ‘atmosphere’ 3,000 miles deep. These together make U
the globe of 32,000 miles diameter as seen from the Earth. (

also page 149.)

on its side but tipped over still m i
. ore. The axis instead of bei
illllzrte i(;r lg:fsbvertxcglti:}? t{lle orbit-plane, is tilted 98° from the (\)rert'zz:Jg
; eyon e horizontal. This has curious ,
: : effects. -
;Zr:}:ar:ns(,iorai;amels seet Ilglrl::mu(s1 with equator nearly upright fsromoitt)s
poles at the sides, while at oth i
Poles faces the Earth. The relli Gl e
1 : satellites therefore t 1
Planet in orbits almost verti i onc of oribetetd
. ical to the ecliptic i i
? rbit; ' ptic instead of h
Eraﬂl}?htlﬁ inclined. With respect to its north pole, Uranus Ei:ﬂtt}?i
and the other planets has a direct (anti-clockwise) spin on its
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that of a number of faint stars seen by him close to Uranus on the
previous night, two had disappeared.. His comment was charac-
teristic: ‘Had I been less acquainted with optical deceptions, I
should immediately have announced the existence of one or more
satellites to our new planet; but it was necessary that I should have
doubts. The least haziness, otherwise imperceptible, may often
obscure small stars.’ :

His subsequent actions help to explain his outstanding achieve-
ments and reputation as an astronomer. He spent the next six
clear nights in noting carefully all the faint stars in the vicinity of
the planet. By the end of this time Herschel was fairly certain that
one at least of the two ‘stars’ first suspected was really a satellite.

i i i i tor in the same sense.'
axis and the satellites circle arou..nd its equa s
But since the whole system is tilted over by more than 9o°, the
rotation of the planet and the revolution of its moons are-techm_ca]ly
retrograde (clockwise) as projected on to the plane of its orbit.

ORBIT OF

The next night he watched especially the other ‘star’ for over
three hours, finding that it changed position more quickly than the

T But he resolved to try to watch it actually in motion. On 7th
February he observed Uranus and this ‘star’ continuously for nine
N hours. He saw that it was accompanying the planet and he was
: able to follow the satellite along a considerable arc of its orbit. He
' gave up the vigil at 3 a.m., but only because further observation

i g:_?g_g& of that part of the sky was blocked by his house.

ied i first and so presumably was travelling on a smaller orbit nearer to
[ Uranus. He calculated that this inner satellite circled the planet
o in 8% days, the other in 134 days. He drew them in the places he
vt expected them to occupy in relation to Uranus on 1oth February,
"\? and when that night came was delighted because: ‘The heavens
Fic. 82

now displayed the original of my drawing.” Thus were discovered
first Oberon and then Titania.

Lassell found (1851) two more moons nearer to the planet than
Titania. These were Umbriel and Ariel with revolution periods
around Uranus of 4 and 24 daysrespectively. While Oberonrevolves
at a mean distance of about 360,000 miles, Ariel, the nearest of these
four, .is at only one-third of Oberon’s distance. The surprising
thing is that Dr. Kuiper announced (1948) the discovery of a fifth
moon, Miranda, even nearer, at about 46,000 miles from Uranus and
taking only 34 hours to scurry round its path. This very faint and
active little body of about magnitude 17 and perhaps less than 200
miles in diameter, was found by photography with the 82-inch
McDonald reflector, only two or three minutes’ exposure being
required, though it could not be seen visually, owing to its nearness

ranus (poles flattened) sideways to the Earth,
Wigl Obergx’l or Titania (three positions). Their
anticlockwise motion becomes clockwise (retro-
grade) when projected on to a plane parallel to
the orbit-plane.

iscoveries of satellites. Uranus, the third largest planet, h'flppe S
toge suitably jéscorted on its travels by the third larg.est retinue O :
moons. Five of these small bodies have so f:au" been discovered ;
they did not all escape the vigilance of Sir William Herschel. A v
finding Uranus he confidently hoped to deteg:t one or more satellites
but for a time he searched in vain. Early in 1787 an improvement
he had made in the light grasp of his telescope t.ancoura.tged him
resume the quest. This time he met with almost me&ate success,
for on 12th January (the second night of observation) he noticed
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to the planet. The other four, though probably larger than the
current estimates of 400 to 1,000 miles in diameter, are all smaller
than the Moon.
Brightness of Satellites. A large telescope is required to see any
of these small faint moons. Until recently Oberon and Titania
were usually rated at magnitude 14, Ariel and Umbriel at 16 to 17.
But Dr. W. H. Steavenson after a series of observations (1947-8)
with his 30-inch reflector, finds that their brightness, especially that
of Ariel and Umbriel, has been underestimated owing to their near-
ness to the planet whose light swamps their own. He says in fact
that Ariel and Umbriel can only be seen clearly with the 30-inch
when Uranus is covered by a field bar. He estimates the magni-
tudes as follows: Titania and Ariel 137, Oberon 138, Umbriel 14-5.
Steavenson also found that Oberon and Titania vary appreciably

in brightness from night to night, probably because some parts of
their surface reflect better than others. He had noticed this about
twenty years previously when a side of Uranus was towards the
Earth, but he was surprised to observe the variation again distinctly
(1946-8) when one pole of Uranus was turned almost directly earth-
ward. If these two moons were travelling upright on their paths
around the planet they should at this time also have been keeping
one pole towards the Earth and not have shown this change of light.
Steavenson has therefore suggested that Oberon or Titania or both
may revolve around Uranus at a considerable tilt, perhaps even
lying on their sides, as Uranus does on its journey around the Sun.

192

NEPTUNE

Method of discovery. The story of the tracking down of Neptun
is among the most remarkable in the history of astronomy and of
science. Success was due, not to skilful recognition of an intrudi ng
star as a planet, but to long, laborious, intricate calculations by two
young mathematicians of genius. Telescopes played a minor part
in the exploration of a certain area of sky for a planet which must
be there. Good and ill fortune affected the search, but ultimate
victory was assured by mathematical reasoning. g

Problem of Uranus. It all arose from the irregularity of the motior
of Uranus. Accurate observations often have a future importanc
quite unrealized by the observer. So it was with the nineteen early
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records of Uranus’s position, made at dates between 16go and its

fliscoyery by Herschel (1781). One of these early records was
inscribed on a paper bag that had contained hair powder. As may

be guessed, that observer was no Herschel; otherwise he should have

discovered Uranus in 1769, when he had the good fortune actually
to observe it on four consecutive nights and twice more within nine
days. But Le Monnier did not compare his observations; six of
his ‘stars’ were really one moving planet.

Within their limitations, however, all the pre-discovery observa-
tions were sound: their accuracy was vindicated by Bessel in 1840.
They should have been extremely useful because, extending over so
many years, they gave widely separated points on Uranus’s path.
This should have enabled the elements (basic dimensions) of the
orbit to be so well determined that future positions of the planet
could be accurately predicted. Unfortunately when A. Bouvard
came to work out the elements, making due allowance for the pulls
of Jupiter and Saturn on Uranus, he could not find an orbit into
which both the early observations and those of 1781-1820 would
fit even approximately. Thus he had to base his tables of Uranus
(published 1821) on the later observations alone. He suggested
that the impossibility of reconciling the two sets of positions might
be due either to inaccuracy of the earlier ones, or to some unknown
influence on the planet.

As time went on the situation steadily worsened. Observations
after_ 1820 showed Uranus falling farther and farther behind its
prgdlcted places. By 1834 the pull of a remote planet was already
being suggested as the cause. In 1837 G. B. Airy, the new Astro-
nomer Royal, wrote: ‘The errors of longitude are increasing with
‘fear'ful rapidity.” But he was dubious about the unknown planet.
'If it b'e the effect of any unseen body,” he wrote, ‘it will be nearly
impossible to find out its place.” The accumulation of data for
several centuries, he considered, would be required as a basis for
such calculations.

_No longer able to blame the early observations for the continuing
misbehaviour of Uranus, Airy was inclined to suspect errors in the
calculation of the orbit, and even to share, with a few other astro-
nomers, doubts whether the law of gravitation was absolutely
Correct at such great distances from the Sun.

Wilder theories were mooted at this time: a resisting medium; an
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crucial test, whether Adams’s solution explained the error in the
radius vector of Uranus. ,

The shy diffident Adams, now much discouraged, found letter

writing difficult and to him Airy’s question seemed trivial and the
answer obvious, so he did not reply to it for a year. Also it hap-
pened that Adams’s solution had made him wish to change slightly
his assumed distance for the unknown planet. This involved re-
working all his calculations, and being much interrupted, he was
unable to send his improved but not very different results to Airy
until September 1846.
Challis and Airy had been handed the clue to the most perplexing
astronomical mystery of the day. It is strange that during that
autumn they made no attempt to follow it up. But as Challis him-
self said afterwards, the idea of a telescopic search based on ‘merely
theoretical deductions’ was so novel that ‘while much labour was
certain, success appeared very doubtful.’

Airy had long been interested in the problem, and with his energy
and forcefulness was just the man to organize a search, success in
which would have added still more to the growing prestige of the
Royal Observatory under his leadership. But he seems to have
doubted the care and accuracy of mathematicians, though one him-
self, and to have been unduly impressed with the risks of error.
Also he felt debarred from further action by Adams’s failure to
answer his question, to which he attached great importance. He
could not understand Adams’s silence. Had his crucial question
upset the solution?  Airy had always thought the problem insoluble.

Mathematical confirmation. Meanwhile a French mathematician
of the first rank, U. J. J. Le Verrier (aged 35), with faith in New-
ton’s law and the unknown planet equalling that of Adams, solved
the problem independently. His solution, presented to the French
Academy, was published in June 1846, and as soon as it reached
England, Airy read it with ‘delight and satisfaction,” for Le Verrier
plaged the disturbing planet within one degree of the position
assigned to it by Adams. Airy’s doubts were now at an end, but

undetected satellite; a collision with a comet. But no one could
explain why a resisting medium should afflict Uranus and no other
planet; how a large massive satellite could possibly have gone un-
detected; or how it or a collision could continue to slow down the
planet’s motion.
By 1845 Uranus was out of place by the ‘intolerable quantity’ of
two minutes of arc, a difference that could hardly be detected with
the unaided eye, but more than enough to darken the lives of
astronomers and mathematicians. Yet the dawn was at hand.
Mathematical solution. On July 3, 1841, a gifted young mathe-
matical student at Cambridge, John Couch Adams, had made the
memorable entry in his diary of a resolve, as soon as possible after
taking his degree, to investigate the irregularities in the motion of
Uranus, find out whether they were due to an undiscovered planet,
and if so try to work out its orbit, so that it might be found in the
sky. In January 1843 he took his mathematical degree with more
than double the marks of the second highest candidate. He began
his difficult task and obtained a rough solution the same year.
Then he applied through Professor Challis, director of Cambridge
Observatory, to the Astronomer Royal for full particulars of the
errors of position of Uranus. These were promptly supplied. ]
By September 1845 Adams (then only twenty-six years old) had
virtually solved the intricate problem. He had calculated from its
effects on Uranus the probable mass, orbit, and position in the sky
of the disturbing planet. ’
Misunderstandings and delay. Adams gave Challis a copy of his
results and wanted to explain them personally to the Astronomer
Royal. Challis wrote introducing him, but Adams did not apply
for a definite appointment. This was unfortunate, for Airy was an
extremely busy man, much occupied with observatory routine and
practical affairs outside, advising the government on all manner of
subjects from lighthouses to railways. Adams called at Greenwich
three times in September and October in vain. The first time Airy
was in France; the second out; the last time he was in but apparently: e i : - ) .
did not receive Adams’s message. Pained at what seemed like a unfnivert eless put his S al question t,o Ee Yerner sa, yet
refusal to see him, Adams departed, leaving a brief statement of his E Er unately made no mention of Adams’s solution. Le Verrier
results. Not knowing how they had been calculated Airy was L Of&p ed promptly and fully, as.ked for a sea:rch to be made, and
sceptical. He wrote a fortnight later, thanking Adams and ex: 1 plaered fto work out and send Airy exact particulars of the expected
pressing interest, but asking a question he thought would be @ . Pace of the new planet.
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Search and discovery. Airy did not reply to Le Verrier, but
hurried on the search. As he thought the telescopes at Greenwich
were inadequate, he urged Challis to begin immediately with the
Northumberland refractor at Cambridge, then one of the largest in
the world. He sent a detailed scheme of search and offered the
help of an assistant from Greenwich: The trouble was that no
satisfactory star chart was available, so Challis had to chart a}l the
faint stars down to magnitude 11 in the fairly large region assigned

|
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DISCOVERY OF NEPTUNE

Left: A corner of Galle’s map; right: the
corresponding patch of sky showing where
Galle found Neptune (marked by arrow), and
where Le Verrier calculated the planet would
be (cross).

(From Splendour of the Heavens, Hutchinson)

by Airy. He was so busy with this—Challis charted over 3,000
star positions—that there was no time to compare the observations.

actually charted it on 4th and 12th August, when the telescope was
directed towards the place indicated by Adams. But he did not
realize that these two ‘stars’ were the planet in two positions.
Early in September W. Lassell, a very skilful amateur astronomer,
was also asked to search, but he was laid up; yet another misfortune
for England. ‘ E

The scene now shifts to Berlin Observatory. On September 23,
1846, exactly a year after Adams’s first call to see Airy, Dr. J. G
Galle, then assistant astronomer, received a letter from Le -*
giving the expected position of the disturbing planet and suggesting
a search. When this was being discussed a young astronomes
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D’Arrest, said that the relevant part of the sky might be included
on a new star chart not yet distributed. This proved correct, so
on the same evening the search began, Galle at the g-inch aperture
refractor calling out the stars, D’Arrest checking them on the chart.
When they had reached an area near one corner of the chart Galle
described the position of an eighth magnitude star. D’Arrest
replied: ‘That star is not on the map.” Neptune was found,! less
than one degree from the place Le Verrier had predicted. Two
nights later its motion had been confirmed and its disk measured.

The situation was (in 1946) humorously summed up by P. J.
Melotte: ‘A great catch had been made by Galle, and Le Verrier
was the successful bowler. On the other hand the batsman should
have been stumped during the previous over’ off the other bowler
‘if the wicket-keeper had not fumbled the ball.’2

But at the time the affair caused no amusement though much
heat and rancour. Rejoicings in France at the great achievement
of Le Verrier were sadly interrupted by Sir John Herschel’s announce-
ment of Adams’s independent solution. National pride was aroused
on both sides of the Channel and a most deplorable controversy
ensued; many and unfair attacks were made, especially on Airy.
The modest and gentle Adams made no claim and no complaint.
He and Le Verrier became the best of friends, and are now accorded
equal honour for the greatest mathematical triumph of the age.

Why Uranus lagged behind. When discovered (1781) Uranus hap-
pened to have just entered the half of its orbit nearer to Neptune
and in 1822 it passed Neptune, making its closest approach, as it
does once every 172 years. So Bouvard’s calculations of the orbit
of Uranus were based on a period (1781-1820) when that planet’s
speed was faster than normal, being accelerated by the increasingly
strong forward pull of Neptune. ~After 1822 Neptune was, of course,
pulling against the motion of Uranus and slowing it down.

What would have happened had Uranus been in 1781 on the
opposite side of its orbit? In that case it would have been getting
very distant from Neptune during the énsuing forty years, and the
latter’s effect would have been so slight that no irregularity in the
motion would probably have been noticed until the last quarter of
the nineteenth century. Neptune might then have been found by

1 About 1° north of a point ope-third of the distance from « Aquarii to p
Capricorni. 3 J.B.A.A., 57,1, I3.
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y mathematics. In any event
d, perhaps by as much as half
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observation before being deduced b
its discovery would have been delaye
a century.

Distance, day, year.
Neptune had actually been o

path is very nearly a circle. The rotation period (or day) was com-
puted by J. H. Moore and D. H. Menzel from small variations in its
light, in the absence of definite markings or measurable shift of
spectral lines. Regular fluctuations in light indicate that brighter
or darker parts of the planet are coming round to the front through
its rotation. Neptune’s day seems to be 158, or perhaps only
13-8, hours, giving over 91,000 short days in its long year. Like the
other large planets its poles are flattened by the rapid rotation.

Size, mass, density. Neptune's great distance and small disk
made the size difficult to determine, and until recently it was thought
to be as large as Uranus or even larger. However, Kuiper (1949)
found the diameter to be only 27,600 miles, about % that of Uranus
or 3} times the Earth’s. This value was obtained by using an
artificial disk and a double-image micrometer with the 8z-inch
aperture McDonald reflector.

Being much nearer to Uranus’s orbit than Adams and Le Verrier
could have foreseen, Neptune is able to exert its pull on Uranus
without being so massive as they had estimated. But though a
little smaller than Uranus, Neptune is the more massive of the two.
From the distance and revolution period of its chief satellite, Nep-
tune’s mass has been calculated at seventeen times the Earth’s.
Its mean density is therefore 2-2 times water, so it is the densest of
the great planets, and according to Wildt’s calculation probably has
a metallic rocky core about 12,000 miles in diameter, an ice layer
about 6,000 miles and an atmosphere some 2,000 miles deep.!

Visibility, temperature, atmosphere. Neptune is visible, as an
eighth magnitude star, in a small telescope, but not to the naked
eye. A large telescope is needed to show properly the bluish-white
disk. No cloudlike belts can be seen, probably because the crystals
of ammonia have settled out of the hydrogen layer, making the
atmosphere clearer of cloud.? The temperature is estimated at
—330° F. (—200° C.), somewhat lower than Uranus’s. There is
only a trace of ammonia in the spectrum, but the bands of methane
are even stronger than those of Uranus’s spectrum, probably
because sunlight penetrates even deeper into the methane layer.

Discoveries of satellites. It will be remembered that in the race to
fing Neptune by observation, Lassell was a non-starter (owing to a
SPrained ankle). But the man who was to discover two more moons
! See also page 149. 2 See Appendix XI (9).

A search of past records r?vealed that
bserved twice as a ‘star’ by Lalande

1822

1810
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ing how Neptune accelerated Uranus
?;gzv—ll 8gzz and retarded Uranus after 1822.

(Hutchinson: Splendour of the Heavens)

i tury before its dis-

. These observations, made half a cen . g
gjv?e?y helped greatly in computing the actual orbit of the %qv?
moviné planet. Adams and Le Verrier had had tlg aéc,sumle as ;(1w 1?;?;1; !

lati i ith Bode’s law

of their calculations that in accordance wi v

i lative distances of other planets iro .
P should ¢ i distance of Uranus. It will
Neptune should be at twice the distan : :
IS):I;)ecaﬁgd that Adams’s solution showed h(xin'ic thst thlse;)g‘:fgtti ;;)1 l:z
n 1

ichtly reduced. Neptune actually proved to be an exc 1
illhgs‘.n lazv, the mean distance from the Sun beli]-g 2,7?1_:, n}::ﬂalll%rll sxmleIsI;
bout 1} times Uranus’s distance or 30 times the th's. :
?:g ;hfto's ilea.n distance is nearly the same as Neptune's should
5 ; 3
been to comply with Bode’s law. |
hagliptime takes nearly 165 years to journey around the St;n a;ltt‘;
will not finish one circuit since discovery until the year 20II.

1 See page 6.
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of Uranus a few years later, quickly showed his rare skill as an
observer. Using his 2-foot aperture reflector he managed to discover
Triton, Neptune’s fourteenth magnitude satellite, on October 10,
1846, less than three weeks after Neptune itself was found.
Triton, though too distant to measure exactly, is believed to be
about 3,000 miles in diameter. If so it is much larger than the
Moon and more of the size of Mercury and of Jupiter’s largest
satellites, Ganymede and Callisto. At only about 220,000 miles
from Neptune, Triton circles round it in less than six days in retro-
grade (clockwise) motion, whereas Neptune’s rotation and movement
around the Sun are anti-clockwise, which is orthodox: for planets.
Also, though Neptune’s orbit is almost in the same plane as the -
Earth’s, Triton’s track is tilted at about 35° to both these orbit-
planes. Triton is large and cold enough to have an atmosphere,
probably of methane, and Kuiper (1944) found 2 suspicion of this
in the spectrum.
Kuiper also discovered (1949) by photography with the 82-inch
reflector an additional but tiny and distant moon (now named
Nereid) of Neptune. Van Biesbroeck (also of Yerkes Observatory)
has found Nereid to have the most eccentric orbit (eccentricity 0-76)
of any satellite, the distance from Neptune ranging from under
1 million to over 6 million miles. Nereid’s period of revolution is
359 days and its motion round Neptune is direct. From its
extreme faintness (magnitude 19:5) this little moon is estimated to
be, like Uranus’s Miranda, less than 200 miles in diameter. £
so small and far, can shed on Neptune only a minute fraction of the
Moon’s light on the Earth, and Triton, though large and close, i8
not a brilliant object in the Neptunian sky, as it would give only
255 of the light the Earth gets from the full Moon.

PLUTO

ke Neptune, was discovered through mathe:
matical calculations, based on the irregular motion of Uranus
11l luck again delayed discovery, this time for eleven years.
there was no international rivalry. The finding of Pluto was al
all-American success, and photography (not available in the searcl

for Neptune) ultimately played a decisive part.
Perturbations caused by Jupiter, Saturn, and Neptune had no

Discovery. Pluto, li
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’S,lenffvt;;lnx (a;;countefd f(l)]r1 the vagaries of Uranus. Therefore Perci
v mous for his Mars observations) began (1 |
;Z;i :x?i f:(li)lglt:ztthehmass, u;ﬁosition', and orbit ofga sép%%ss)esazrcaurllz-
. ! net, whose pull on Uranus might clear up th e
ing discrepancies in the observations. His results WI:zre ;Jg?s?lmci
( §9I41 c:inl_y two years before he died. Other mathematicians w .
; :I(:es'u ying the problem, notably W. H. Pickering (another famc?;e
Igogn]c):::t lt)(l;n;?;rr}; ;)btsenlller). bEis first solution had appeared ir?
; : ater he published a revised one, including i
;};isizlggéaiﬁﬁs snI'l_Iall irregularities of Neptune’s mot{olr?call;odmgHue1
on Humason (Mount Wilson Observat ‘
graph the sky in th i POV
gapl y e region where he expected the planet might be
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ally graphed by Humason more th i
;E?&%nb:; 2:1v1;l'uck11y 1: :vas not detected. The image ha;;:rﬁact; ir(;
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on another. So the search seemed ve ful s o]
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: ; 3-inch refractor was used
{i?ew;l;ri oer_lI eo:)()sgll;\zlatory, and Clyde Tombaugh was in chzsiig,e :(1);
: ; ong-exposure photographs to cover syst i
zti‘lnl,y thet appropriate part of the sky, each section being pho}t’Zg?:al?e(;
¥ :)ce at an 1nterval' of two or three days. The pairs of platesphad
anye gg;‘:zltﬂlt}; eiéaglged under a blink microscope, which would make
at had moved in the interval j
the plate. The movement would indi it Sitpn di o
indicate the presence of
or planet. After some months of labori + ootbedin s i
nounced (1930 March 13) that he h et il G
ad found and followed
:;nrzgg theustar.s, and that its distance, position, pathov:ﬁd 5 hel:g
i thwe thh Lov&fell’s prediction. It was, in fa,ct onlp 5°
i e p051t19n assigned by both Lowell and Picke;'ing yand
calcuﬂli?;f]nt It))lgil)xtnessf (ngnitude 14-8) confirmed Picke,ring's
: A was found in the same constellati ini, i
which Uranus had been disc j e
; overed just 149 years previousl
Toni i.;srt ;Il‘lléenc;rézscalllrs}szpcﬁntm%lt, but a grave onlz, was ?tzimass
3 ull on Uranus and Nept / ;
should have been twice % g i
. the Earth’s (accordi i i
b > ording to Picker
mes (according to Lowell). But it proved to be smallelxr’l %%;af‘;ﬁg

P E . .
arth, though its size could not until recently be measured at all

1See page 402.
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This is because, although it is discernible with an 8-inch telescope,
it does not show a disk even in the 100-inch.

In 1950 March, with a disk meterfitted to the 200-inch telescope and

a magnification of 1,140, Dr. G. P. Kuiper and M. Humason measured
the disk, finding its diameter less than 3,700 miles—less than half
the Earth’s diameter and intermediate between those of Mars and
Mercury. It could not exert its assumed pull on Neptune unless its
density is 40 or 50 times that of water. As the Earth’s mean
density, the greatest known among planets, is only 5% times that of
water, the probability is that Pluto’s mass corresponds to its size
and does not exceed {4 the Earth’s mass. Hence it cannot have
produced the effects on which Lowell and Pickering based their
calculations, and its appearance at the place they predicted now
looks like a remarkable coincidence. Nevertheless Pluto might
well have escaped discovery but for the work of Lowell and his
observatory, and it seems fitting that the first two letters of ‘Pluto’
and its symbol P should commemorate Percival Lowell.
} Moreover, the struggle to vindicate Pluto has not been abandoned.
h Recent experiments?! by D. Alter, G. W. Bunton, and P. E. Roques
at Griffiths Observatory, indicate that if Pluto had a mottled
surface (suggested fifteen years ago by the late Dr. A. C. D. Cromme-
lin), its apparent diameter may be due to specular reflection and
thus much smaller than the true value. Such mottling could arise
from frozen surface pools of gases from a former atmosphere.
Pluto’s temperature is now too low for an atmosphere unless com-
posed of hydrogen, helium, or neon.

Distance and orbit. At a mean solar distance of 3,666 million miles,
Pluto’s average orbital speed is only 3 miles a second, slow com-
pared with the Earth’s 184 and Mercury’s 30 miles per second.
Pluto’s year is therefore 248 terrestrial years. Though most major
planets have nearly circular orbits, its path (like Mercury’s) is very
eccentric, its solar distance being at aphelion nearly 50 times the
Earth’s, but at perihelion (in 198¢) just under 30 times, which is
inside Neptune’s orbit. However, Pluto’s path never crosses Nep-
tune’s and there is no more chance of a collision than (say) between
a Metropolitan and a Bakerloo train at Charing Cross, for its orbit-
Plane is inclined 17° to the ecliptic plane, to which the other chief
Planetary orbits (except Mercury’s) are inclined only 1° to 3°. In
1 See page 440.
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PLATE XIX

TO -
THE DISCOVERY OF PLU . a
How Pluto (shown by arrows) was discoveclieidvI byhcgmgfartl\?f nggssky‘
farch 2 an arch 5,
tor hotographs, of 1930.1V :
Sx};frv?l‘heybfight naked-eye star is & Geminorum.
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the eccentricity and tilt of its orbit Pluto more resembles comets 2
and asteroids than major planets. This suggests that, just as there ~ BIBLIOGRAPHY
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PLANETARY

Mercury Venus Earth
Distance from Sun (millions of miles)
Mean - B 36-0 672 929’
Mean Distance from Sun
(Astronomical Units) B 0°39 072 1-00
Sidereal Period—revolution round 024 062 1-00
Sun (years)
Mean Synodic Period—between
Oppositions or * Inferior Con-
junctions (days) *115-88 *58392 —
Eccentricity of Orbit B 0206 0007 0017
Inclination of Orbit to Ecliptic B 7°0 3°4 o%o
Inclination of Equator to Orbit ? ? 23%'45
Mean Orbital Velocity (miles per 8
second) W el 27 W
. : Equatorial W 3,100 7,700 { 7,927
Diameter (miles) {Polar 7,900
Apparent Diameter at Mean Oppo-
sition or * Inferior Conjunctions *10°9 *60-8 -
(seconds of arc)
Volume (Earth=1) w 006 092 1-00
Mass (Earth= I) w 0'04 0-81 100
Density (Water=1) w 38 486 552
Surface Gravity (Earth=1) w 027 085 100
Velocity of Escape (miles per
second) W 22 63 70
Rotation Period B| 88 days ? 5 weeks | 23h 56m
Surface Temperature { F. W 770° 140° ? 140°
(maximum) C. w 410° 60° ? 60°
Gases identified in Atmosphere = cO; 0, N, H,0,
CO,, etc.
Albedo w 0-07 059 ?o5
The above figures have been compiled from different sources and th

of the British Astronomical As
sometimes a compromise between different results.

contrary is stated.
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sociation; W, Whipple’s Earth, Moon,
Where any of

24 37m

Mars Jupiter Saturn Uranus Neptune Pluto
141°5 4833 886 1783 2793 3666
I-52 5'20 9'54 19-18 3007 3952
1-88 11-86 2946 8401 1648 2484
77994 308:88 37809 36966 36748 36673
0093 0:048 0056 0:047 0009 0°249
1°:9 1°3 2°%5 0°8 1°8 17°1
25%2 3%1 26°75 98° 29° ?
150 81 6:0 42 34 30
4,216 88,700 75,100 2,001
{ g { i 32,000 T 27,600 <3,700 ?
17-88 {46-86 { 19°52
7 4374 1746 376 23t [<oz3]
015 1,312 T 734 64 42 o1 ?
011 317 94'9 147 17°2 o1 ?
396 1°34 071 1:27 22 ?
038 264 117 092 147 ?
31 37 22 13 14 2
I oh s50m:5 h
{ II gh 55m.7 Eq. 10h 14m | 10h45m 01_15131;‘%;“] ?
86° —216° —243° ? i
. ? —300 ? —330° ? —348
30 —138° —153° ? —185° ? —2go° ? —211“
CO,, H,0 CH,, NH, CH,, NH; | CH,, (NH,;) | CH,, (NHy) —
015 044 042 ?0'45 ? 052 ?

—

hm . . .
e uncertainty in many cases regarding their accuracy. B denotes The Handbook

H
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’“n::S; A, Antoniani’s results; and T, the figures given in the text, which are
appears on the first column it refers to everything in the row unless the




SATEL! pata (mainly from B.A.4. Handbook)
i m—
Planet Discoverer Mean DlS.tanCG from Planet Esfcima;ced RPeri?d of | pocentrici i Mas.s_ APPﬁr:gl:lti tit:élar
and and (Astronomical (Thousands Diameter evopution of Orbit {ouities. (at Mean Opposi-
Satellite Date units) of miles) (miles) | round Planet 10,000 million) [ ¥ " ERLl ta%}::zil
d. h. m.
Earth
Moon — 0002 571 239°'1 2,160 27 7 43 00549 3674 —12°5
Mars
I Phobos Hall, 1877 0000 062 725 58 15°? 7 39 o017 10 to 12
II Deimos Hall, 1877 o000 156 095 146 7? 1 6 18 0003 11 to 12
f“f‘;i’ 0-002 3;2 56 262-2 2,000+ : 1 18 28 429'4 53 to 58}
rona ) 0004 4 2 417°2 2,000+ ? 3 13 14 |{ Small and 242°1 57 to 6°4%
ﬁxEé’augmede Clilpe, 2530 0007 155 9 6655 320042 | 7 3 43| variable 7627 o to 531
IV Callisto o012 58 5 1,179 3100+? | 16 16 32 4300 61 to 64}
V (unnamed) Barnard, 1892 0:00I 207 112°3 1007 II 57 —
VIt " Perrine, 1904 0076 605 7,124°5 e 250 16 0'155 147
VIIt . Perrine, 1905 0.078 516 7:302°% ilas 260 I 0207 17'5 to 18
VIII*t ,, Melotte, 1908 0157 2 14,6208 739 0-38 17
IX*t Nicholson, 1914 o158 1 14,6940 14? 745 0-248 B
Xt . Nicholson, 1938 0077 334 7-192°3 A few 254 5 0°1405 19
XI* " Nicholson, 1938 0150 834 14,0280 miles? 692 12 0:2068 19
XIT*t . Nicholson, 1951 o147t 13,000:0 % 6007+ Small 18:3
Saturn i
I Mimas W. Herschel, 1789 0:00I 240 I 1133 400—7? 22 37 0-019 0175 12°1
1I Enceladus W. Herschel, 1789 0-00I 590 9 1487 400+ ? 1 8 53 00046 0714 -7
III Tethys J. D. Cassini, 1684 o-001 969 4 183-2 700+ ? 1 2r 18 o0 3-099 10-6%
IV Dione J. D. Cassini, 1684 0002 522 4 234°6 900? 2 17 41 0:002 5328 10-7%
V Rhea J. D. Cassini, 1672 0003 522 6 3276 1,100? 4 12 25 0:0009 1142 10}
VI Titan Huyghens, 1655 0-008 166 7595 3,500? I5 22 41 0-0289 607:6 83 -
VII Hyperion | W. C. Bond, 1848 0009 892 9 920°1 200? 21 6 3% 0119 15
VIIIt Iapetus| J.D. Cassini, 1671 0023 797 © 2,213°2 1,000°? 79 7 56 0'029 9 to 11}
IX*t Phoebe | W.H. Pickering, 1898 | 0086 593 8,053°4 50? 550 10 50 0-166 14
Uranus
I* Ariel Lassell, 1851 o001 282 119°2 1 1,000? 2 12 29 — 13+7]|
II* Umbriel Lassell, 1851 ooor 785 9 700? 4 3 28 — 14°5|
II* Titania " W. Herschel, 1787 0002 930 3 1,000°? 8 16 56 — 13-7|
IV* Oberon W. Herschel, 1787 0-003 918 7 1,000? 13 11 7 — 13-8||
Vv* Miranda Kuiper, 1948 o000 825t 200? 1 9 50 — 17
Neptune
1*+ Triton Lassell, 1846 000z 363 5 3,000? 5 21 3 — 1,800 14]]
II Nereid Kuiper, 1949 003t 200? 359+ 076 19'5
* Motion refrograde.  Orbit highly inclined. [Note: eters very uncertain.] t Variable. || Steavenson.
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CHAPTER V

MINOR PLANETS

A. F. O’D. ALEXANDER, M.A., PH.D., F.R.A.S.

FIRST DISCOVERIES

IGHTEENTH-CENTURY hopes of discovering one fair-

sized planet between Mars and Jupiter were disappointed.

Four dwarfs, each under 500 miles in diameter, were found

instead: Ceres (by Piazzi, January I, 1801), Pallas (by Olbers,
1802), Juno (Harding, 1804), Vesta (Olbers, 1807). A section
through the centre of Ceres (the largest) would nearly cover the
British Isles; through that of Juno (the smallest), Wales. Pallas
boasts an orbit highly inclined (nearly 35°) to the ecliptic. Vesta,
the brightest (magnitude 6), is occasionally visible to the unaided
eye. Though seen in small telescopes, they show disks only in very
large instruments, and from their star-like appearance are often
called ‘asteroids.” Dr. Olbers (German amateur astronomer) sug-
gested that they are fragments of a former planet which exploded,
and that other fragments should exist. But mainly owing to the
lack of satisfactory star charts, no more were found for thirty-eight

years.

ADDITIONS

After fifteen years’ search Hencke discovered Astraea (1845): ‘
New star charts (used to find Neptune) helped the discoveries of =
Hebe (1847), Iris and Flora (from London, 1847), Metis (1848),
Hygeia (1849), all with diameters less than 100 miles. Four more
additions (1850) provoked the Royal Astronomical Society’s com-
ment that this rate of increase could ‘hardly be expected to con=
tinue very long.” But by 1870 there were 109 with numbers, names,
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and computed orbits; by 18go discoveries totalled
rbits; 287,
between the orbits of Mars and Jupiter. s
Arguments over choice of;names convulsed the 1850s. Purists

opposed any but names’of goddesses mentioned in the classics.

CERES

485m

o
/Ch(z FIFTH
OF MOON

\ AND

\\ JUPITER
\ v
\J18m.

Fic. 85

Minor planets and satellites of planets (Jupiter V, Phoebe, Phobos)
compared in size with the British Isles ’

(From Splendour of the Heavens, Hutchinson)

When'Hinq (London) discovered (1852) and named the twelfth
?(S:t(.%r?ld ‘Victoria,” but Americans rejected the name, substituting
‘Aho, .the, Astronomer Royal (Sir George Airy) was indignant.
de:%:hna, called z_xfter Von Zach’s observatory at Notre Dame
g / 1111532, pliﬁgfggﬂﬁ ‘éhe t(ﬁassi.cal tradition, and modern Philis-
» , i PR is 3 fie
burghia,” ‘ Rockefellia,’ ‘ChIi)cazon!lth B e e
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olf (Heidelberg) discovered Minor
In a time exposure of an hour or
ided on the stars, asteroids
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Multiplication. In 1891 Max W
Planet No. 323 by photo_graphy.
two with a photographic telescope gu

Moon 2160 Miles

diameter

3
Juno
118 Miles
dism 2

2
Pallas
304 Miles
diam

St ith the Moon
i lanets compared in size Wit e Moon.
he largest mOEE (From Splendour of the Heavens, Hutchinson)

(known also as planetoids) move sufficiently to register as little trails

he plate. This powerf d 1 1
;rrlogu?:tilc))n’ era of asteroid discovery. Within ten years Wolf an

lisa over 8o, C. H. F. Peters
is had found about 100 each, Pa : : o
S\l;:rﬂ(s)? a?l to be surpassed later by Remmut}'l (Hexc};ll:;e(r)i)l W1189
980 inc’luding rediscoveries and single observations. bu y

al new method ushered in the ‘mass S
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of Reinmuth’s asteroids were numbered, compared with 228 of
Wolf’s eventual total of 582, for not only naming but numbering in
order of discovery had to be abandoned. Nowadays some get
names, usually feminine, but asteroids of special interest are given
masculine names. Those with accurately computed orbits receive
definitive numbers. Successive systems of provisional designation
were, as Dr. J. G. Porter has shown,! swamped by the flood of
discoveries: (1) year and letter—a few months used up the alphabet ;
(2) double alphabet—used up in 15 years; (3) double letter with year
—the double alphabet was run through nearly thrice by 1925.
Since then the double alphabet has been started afresh each year,
the first letter denoting 4alf-month of discovery (e.g. early February
1951: 1951 CA, CB, CC . ..). This allows for two new asteroids a
day, with provision for excess. A Mount Wilson photographic
search (1938) for additional satellites of Jupiter, revealed on the
plates two new satellites and thirty-one new asteroids. By 1939
discoveries totalled 2,799, of which 1,489 had numbers. There
were 216 discoveries in 1948 and 275 in 1949. The 1950 list contains
1,568 orbits.

Hubble estimated that the 100-inch telescope could photograph
30,000 if confined to this task; Baade’s statistical estimate is
44,000. Most recent additions are very faint, the average magnitude
at discovery by 1938 being 14'3. To compute a reliable orbit
requires at least three accurate observations separated by several
weeks. Only about 20 per cent of those found nowadays can be
sufficiently observed, so the proportion with reliable orbits lessens
as the total mounts. Losing them is hard to avoid; Aethra was
missing 1873-1922, though specially searched for because of its very
eccentric orbit. Frequent perturbations by Jupiter and Saturn
make future movements of asteroids uncertain and complicated to
calculate, but mass production methods have arrived with the
American use of electronic computing machines.

Eros. Witt (Berlin) discovered (1898) the remarkable little planet
known at first as DQ, temporarily in America as ‘Pluto,’ finally as
433 Eros. Its mean solar distance, 136 million miles, was the
Smallest then known for an asteroid, and it can come within 14
million miles of the Earth. Close approaches of Eros: 30 million

1]'oumal of the British Astronomical Association, 61, 1, 1950 December
Tesidential Address.
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miles (1go1), 16 million miles (1931), were used, like those of
Victoria, Iris, and Sappho previously, to measure the astronomical
unit (mean Earth-Sun distance). The method by which this is done
is explained elsewhere. 1 At least eighteen asteroids show light
variation in periods of about 3 to 9 hours, including Vesta, Iris,
Eunomia, Sirona, and Tercidina. Eros (period about 5% hours) is
not always variable. F.G. Watson considers Eros is about 14 miles
long, 4 miles wide, irregularly shaped and rotating about its minor
axis. Van den Bos actually observed (1931) with a large refractor
its shape and light change. When the Earth is in Eros’s equatorial
plane, end and side views alternating produce large light change;
when a pole faces earthward, variation is inappreciable. Such
asteroids may be irregular splinters of a fragmented planet. ,
Albert group. No. 719 Albert, 887 Alinda, and 1036 Ganymede
(not Jupiter’s satellite) form a group of planetoids with very eccentric
orbits. They travel out almost to Jupiter’s path and in almost to
the Earth’s. Though remaining outside the Earth’s orbit they
move, owing to their orbital eccentricity (about 0-54), faster than
the Earth when near it, so, like Eros, they can be in opposition,’
without appearing to move backwards. Ganymede’s orbital in-
clination to the ecliptic is considerable (26°). Their close approaches
to the Earth’s orbit about every four years might sometimes make
them useful for measuring the astronomical unit, but Albert, very
faint, is missing since its brief discovery visit (1911). Jupiter may
have pulled it into a different path. y
Near visitors. Some recently discovered asteroids come much
nearer the Earth than Eros does. No. 1221 Amor, found (1932) by
Delporte (Belgium) who recovered it (1940) from the computed
orbit, was only about 10 million miles away at discovery and has a
large eccentricity (0:448). Though not crossing the Earth’s orbit
Amor overtakes and passes us, moving nearly 30 per cent faster
than the Earth. This asteroid can have three oppositions at one
visit, the middle one when it overtakes the Earth, the others when
(from the Sun’s viewpoint) the Earth appears to overtake Amor.
Apollo, found (1932) by Reinmuth, came within about 2 milliof
miles of the Earth and was the first asteroid with an orbit know
to extend inside those of the Earth and Venus. Such planets ar€
both exterior and interior; Apollo, best seen at opposition, can hav
1 See page 72. i

inferior conjunctions and transit the Sun, th
e oy , though far too small to

Adonis, another Delporte discovery (1936), was about a million

______
S~

APOLLO

Fic. 87
Earth’s orbit (dark circle) with the orbi i
1 its of the planetoids Adonis and A
?‘I;t(i rtstézt(izzgnzﬁi ]%r:rlzi ,Z,n;dr g:1g§. Al: thola orbits are in different plz::les Ie):101§
( rbit-plane at only two points, th A
cro(sg lines). Parts of orbits south of the Earth’sp orbit-plaer’l