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PREFACE

1T has been the purpose of the Author in the composition
of this work to lay before the reader, in a clear and concise
manner, the principles of astronomy, developed and demon-
strated in ordinary and popular language, capable of being
understood by those who may be possessed of an average
amount of general krowledge. Perhaps at no time more than
the present, when by the influence of the Oxford and Cam- -
bridge middle-class examinations, the education of the youth
of the present generation is receiving unusual attention, has
‘the want been more felt of elementary works on the different
branches of scientific knowledge, possessing sound and reliable
information expressed in language attractive to the reader.
The study of such works would prepare him for more ad-
vanced treatises on the separate sciences.

In the present edition of this work the Editor has endeavoured
80 to arrange the various sections of the science, as to exhibit
to the inquiring reader the various movements and physical
peculiarities of the different members of the solar system, with-
out embarrassing his mind with mathematical symbols; for
though symbolical explanations may seem to the advanced
student to be a necessary adjunct for the proper elucidation of
the different problems, yet it not unfrequently happens that
the reader, with less mathematical proficiency, would altogether
fail in the study of this science, were it not for the assistance
afforded by popular and elementary works written in a lan-
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guage comprehended by all.. To the student of the higher or
mathematical branches of astronomy, this work, however, will
also be found interesting and instructive, as he will find
informatien of the most valuable kind in it, for much of whick
he may look in vain in works of higher pretensions.

It is well known that many students pass through their
educational course without acquiring even a general know-
ledge of geometry and algebra. To all such persons, mathe-
matical treatises on astronomy must be sealed books. Such
students, notwithstanding their inability to understand works
of that kind, may acquire a considerable acquaintance with
this science, by consulting the various divisions of a work
like the present, which though free from the usual symbols
of mathematical explanations, is founded on reasoning suffi-
ciently satisfactory and conclusive.

The rapid succession of discoveries by which astronomical
knowledge has been exfended during the last twenty-two years
has rendered elementary works on astronomy, published pre-
viously to 1845, to a certain extent, obsolete; while the in-
creasing taste for the cultivation of the gcience, and the multi-
plication of private observatories and amateur observers, Liave
created a demand for treatises, which shall comprise not only
explanations of the movements of the earth and the other
bodies of the solar system, but also illustrations of the physical
appearances of the different planets, the information on which
can only otherwise be obtained by reference to the Transactions
of the various scientific societies of different countries, formed
for the encouragement of astronomy and the other physical
sciences.

In illustration of this, we have only to refer the reader to
the results which have been obtained from the researches of
original inquirers, and from the labours of observers, which
bave been carefully reviewed, and from which large selections
bave been made, and presented to the reader in a popular and
instructive form. In cases where the subject required graphic
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illustrations for its better elucidation, and when such repre-
sentations could be obtained from original and authentic
sources, they have been unsparingly supplied.

As examples of this we may refer among the planetary
objects to the beautiful delineations of the Moon and Mars
by MM. Beer and Midler; those of Jupiter by Sir John
Herschel and M. Miidler; and those of Saturn by MM. Dawes
and Schmidt: among cometary objects, to the magnificent
drawings of Encke’s comet by M. Struve, and to those of
Halley's comet by MM. Struve, Maclear, and Smyth; and
among stellar objects, to the splendid selection of stellar
clusters and nebule, which are reproduced frum the originals
of the Earl of Rosse and Sir John Herschel. We also draw
attention to the remarkable drawings of solar spots by MM.
Capocci and Pastorff, delineations of which will be found in
this volume.

To have entered into the details of the business of an obser-
vatory, beyond those explanations which are necessary and
sufficient to give the reader a general notion of the processes
by which the principal astronomical data are obtained, would
not have been compatible with the popular character and
limited dimensions of such a treatise as the present.

It has, nevertheless, been thought advisable to insert in the
body of the work, short notices of the most remarkable astro-
nomical instruments, celebrated as examples of beauty of
construction combined with unusual stability. Most of these
instruments, especially the great equatorial, recently erected
at the Royal Observatory, Greenwich, are magnificent models
of engineering skill, and reflect honour on all who may have
assisted in their construction. Well executed drawings ot
most of these astronomical instruments will be found inserted
in the chapter devoted to this subject, the originals for some
of which have been cither supplied by or made under the
superintendence of the eminent astronomers under whose
direction the instruments are placed.
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The progress of astronomical discovery has in no section of
the science shown greater activity than in that treating of the
numerous planets composing the solar system, to which have
been added since the year 1845, no fewer than one hundred
and forty-two planets whose orbits, without exception, are
included between those of Mars and Jupiter. The reader will
find in the chapter under the name of ‘“The Planetoids,”
information regarding the discovery of each of these planets,
‘together with other matter relating to them, the planets being
arranged in the order of their discovery. The Editor is not
aware of any work containing so much information on the
planetoids, whose existence was known at the date of passing
the chapter through the press.

In the body of the work, chiefly on account of the limited
extent of the volume, subjects which require some amount of
mathematical elucidation are necessarily omitted. Those of
our readers who wish to enter upon the study of the theoretical
branches of the science, such as the theory of planetary per-
turbations, or the lunar theory, &c., should select those works
which are specially prepared for students in the universities,
on each of these important subjects. Our limits will not
allow us to include them without sacrificing other instructive
matter which agrees more with the objects and intentions of
this work. The reader will, however, find inserted in the
concluding chapter, further explanations on a few questions
which in an earlier portion of the work have been partially
treated on in the text.

The tabular numbers representing the principal elements of
the various members composing the solar system, have been
selected from the most recent authorities. Those tables which
are the result of computation, bave all undergone rearrange-
ment and recalculation, and the separate numbers will, it
is hoped, be consequently received with some degree of
confidence.



NOTE TO THE FOURTH EDITION.

IN preparing this Edition, the Editor has not considered it
necessary to make any serious alteration in the material or
arrangement adopted in the Second and Third Editions. The
work has, however, been carefully revised, and corrections
made where required. It is very probable that the mean
equatorial horizontal parallax of the sun, as determined
from the observations of the late transit of Venus, may differ
slightly from 894, the value adopted in the calculations of
the data depending upon it contained in this volume; but us
it ig not likely that any considerable alteration will be made
in the adopted value, which is founded on so many recent in-
dependent determinations, it will be better to adhere to it in
popular works on astronomy, till the coefficient of the solar
parallax is definitively settled from the observations of the
transits of Venus of 1874 and 1882. The final value will
probably be found to lie between 8-85 and 8":gs5. Chapter
XV. contains brief notices of the discovery of fifty-five
additional minor planets, and in Chapter XXIII. the elements
of the orbits of all the planets are given, arranged in the
order of the distances of the planets from the sun. These
elements are derived from the most recent authorities.!

A few brief notes on various astronomical subjects are
inserted in the Appendix. )

E. D.

KmBroox=, Brackurata : Sept. 1, 1875.

! Since the final revision of Chapter XV. two additional minor
planets have been discovered; (is7) Protogeneia by M. Schulhof, at
Vienna, on July 11, and (1) (not yet named) by M. Prosper Henry, at
Paris, on August 7, 1875.
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Reference is frequently made in the text of this volume to the
paragraphs contained in the “ Handbooks of Natural Philosophy,”
by Dr. Lardner, which bear on the same subject as that under
discussion. The name of the work corresponding to each letter of
reference is therefore inserted below s an assistance to the reader,
who will find in these separate treatises several explanations of
subjects which tend to elucidate more clearly those given in this
volume,

The volume on MEcHANICS is referred to by the letter M.
HYDROSTATICS ]
” { PNEUMATICS ¢ » »  HorP.
HEear J
” OptICs ” » O
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ASTRONOMY.

CHAPTER I
METHODS OF INVESTIGATION AND MEANS OF OBSERVATION.

1. The solar system.— The earth, which in the economy of the
universe has beconie the habitation of the races of men, is a globular
mass of matter, and one of an assemblage of bodies of like form
and analogous magnitude which revolve in paths nearly circular
round a common centre, in which the sun, a globe having dimen-
sions vastly greater than all the others, is established, maintaining
physical order among them by his predominant attraction, and
ministering to the well-being of the tribes which inhabit them by
a fit and regulated supply of light and heat.

This group of bodies is the SoLar SysIEMN.

2. The stellar universe.— In the vast regions of space which
surrcund this system other bodies similar to the sun are placed,
countless in number, and most of them, according to all probability,
superior in magnitude and splendour to that luminary. With
these bodies, which seem to be scattered throughout the depths of
immensity withouf any discoverable limit, we acquire some ac-
quaintance by the mere powers of natural vision, aided by those of
the understanding ; but this knowledge has received, especially in
modern times, prodigious extension from the augmented range
given to the eye by the telescope, and by the great advances which
have been made in mathematical science, which may be considered
as conferring upon the mind the same sort of enlarged power as the
telescope has conferred upon the eye.

3. Subject of astronomy —origin of the name.—The in-
vestigation of the magnitudes, distances, motions, local arrange-
ments, and, so far as it can be ascertained, the physical condition
of these great bodies composing the UNIVERSE, constitutes the
subject of that branch of science called AsTrRoNoMY, a term derived

320 B



2 ASTRONOMY.

from the Greek words asryp (aster), A sTAR (under which all the
heavenly bodies were included), and »opo¢ (nomos), A LAW— the
science which expounds the Laws which govern the motions of the
Stars.

4- It treats of inaccessible objects.— It is evident, therefore,
that astronomy is distinguished from all other divisions of natural
science by this peculiarity, that the bodies which are the subjects
of observation and inquiry are all of them INaccesstBLE. Even
the earth itself, which the astronomer regards as a celestial object
—an aornu,—is to him, in a certain sense, even more inaccessible
than the others ; for the very fact of his place of observation being
confined strictly to its surface, an insignificant part of which alone
can be observed by him at any one moment, renders it impossible
for him to examine, by direct observation, the earth As A wHOLE,—
the only way in which he desires to consider it,—and obliges him
to resort to a variety of indirect expedients to acquire that know-
ledge of its dimensions, form, and motions which, with regard to
other and more distant objects, results from direct and immediate
observation. This circumstance of having to deal exclusively with
inaccessible objects has obliged the astronomer to invent peculiar
modes of reasoning, and peculiar instruments of observation, adapted
to the solution of such problems, and to the discovery of the neces-
sary data.

5. Direction and bearing of visible objects.— The eye esti-
mates only the direction or relative bearings of objects within the
range of vision, but supplies no direct means of determining their
distances from each other, or from the eye itself. -

The absolute direction of a visible object is that of a straight line
drawn from the eye to the object.

The relative direction or bearing of an object is determined by
the angle formed by the absolute direction with some other fixed
or known direction, such as that of a line drawn to the north, south,
east, or west,

6. They supply the means of ascertaining the distances
and positions of inaccessible objects. —By comparing the re-
lative bearings of inaccessible objects, taken from two or more
accessible points whose distance from each other is known, or can
be ascertained by actual measurement, the distances of such inac-
cessible objects from the accessible objects, from the observer, and
from each other, may be determined by computation. Such dis-
tances being once known, become the data by which the mutual
distances of other inaccessible objects from the former, and from
each other, may be in like manner computed ; so that, by starting
in this manner from two objects whose mutual distance can be
actually measured, we may proceed, by a chain of computations, to
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determine the relative distances and positions of all other objects,
however inaccessible, that fall within the range of vision.

7. Angular magnitude —its importance. — It will be appa-
rent, therefore, that ANGULAR MAGNITUDE plays a most prominent
part in astronomical investigations, and it is, before all, necessary
that the student should be rendered familiar with it.

8. Division of the circle —its nomenclature. — A circle is
divided into four equal arcs, called quadrants, by two diameters
AA’ and BB intersecting at right angles at

the centre ¢, fig. I.

The circumference being supposed to be
divided into 360 equal parts, each of \
which is called a DEGREE, a quadraut will . .

consist of 9o degrees.

Angles are subdivided in the same man-
ner as'the arcs which measure them, and
accordingly a right angle, such as AcB,

being divided into go equal angles, each
of these is a DEGREE. Fig. 1.

If an angle or arc of ane degree be di-
vided into 60 equal parts, each of these is called a MINUTE.

If an angle or arc of ome minute be divided into 60 equal
parts, each such part is calied a second.

Angles less than a second are usually expressed in decimal parts
of a second.

Degrees, minutes, and seconds of SPACE are usually expressed by
the signs °, /, ”/; thus 23° 30’ 40”°g means an angle or arc which
measures 23 degrees, 30 minutes, 40 seconds, and g tenths of a
second.

The letters m and s are generally used to express minutes and
seconds of Trme. Thus, 23" 30™ 409, expresses an interval of
time consisting of 23 hours, 30 minutes, 40 seconds, and g tenths
of a second. This symbolical distinction in representing time and
space is found not only a practical convenience in computations
where both must necessarily appear, but it is alsp & means of pre-
venting many errors which may easily occur, when one set of
symbols is used in both cases.

9. Methods of ascertaining the direction of a visible and
distant object.— It might appear an easy matter to observe the
exact direction of any point placed within the range of vision,
since that direction must be that of a straight line passing directly
from the eye of the observer to the point to be observed. If the
eye were supplied with the appendages necessary to record and
measure the directions of visible objects, this would be true, and
the organ of sight would be in fact a philosophical instrument.

B2




4 ASTRONOMY.

The eve is, however, adapted to other and different uses, and con-
structed to play a different part in the animal economy; and
invention has been stimulated to supply expedients, by mneans of
which the exact directions of visible distant points can be ascer-
tained, observed, and compared one with another, so as to supply
the various data necessary in the classes of problems connected
with astronomy, some of which we shall have occasion hereafter
to advert to.

10. Use of sights.— The most simple expedient by which the
visual direction of a distant point can be determined is by s1eHTS,
which are small holes or narrow slits made in two thin opaque
plates placed at right angles, or mearly 8o, to the line of vision,
and so arranged, that when the eye is placed behind the posterior
opening the object of observation shall be visible through the
anterior opening. Fvery one is rendered familiar with this
expedient by its application to fire-arms as a method of ¢ taking
aim.”

This corrtrivance is, however, too rude and susceptible of error
within too wide limits, to be available for astronomical purposes,
though occasiorally it is used in large instruments as an assistance
in setting for bright objects.

11. Appilication of the telescope to indicate the visual
direction of micrometrio wires.— The telescope (0. 501) sup-
plies means of determining the direction of the visual ray with all
the necessary precision,

If T 1, fig. 2, vepresent the tube of a telescope, T the extremity
in which the abject-glass is fixed, and T’ the end where the images

-3

T

se

a3
.

Fig. 2.

of distant objects to which the tube is directed are formed, the
visual dircction of any ohject will be that of the line & ¢ drawn
from the image of such object formed in the field of view of the
telescope to the cemtre ¢ of the object-glass, for if this line he
continued it will pass through the object &.

But since the ficld of view of the telescope is a circular space of
definite extent, within which many objects in different directions
may at the same time be visible, some expedient is necessary by
which one or more fixed points in it may be permanently marked,
or by which the entire field may be spaced out as a map, by the
lines of latitude and longitude.

This is accomplished by & system of fibres, or wires (3. 38) o
thin that even when magnified they will appear like hairs, Iy
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instruments of great precision, the web of a peculiar kind of
spider is used for this purpose. These wires are extended in
frame fixed within the eye-piece of the telescope, so that they
appear when seen through the eye-glass like fine lines drawn
across the field of view, They are differently arranged, according
to the sort of observation to which the instrument is to be applied.

12. Line of collimation.—In some cases two wires intersect
at right angles at the centre of the field of view, dividing it into
quadrants, as represented in fig. 1. The wires are so adjusted that
their point of intersection ¢ coincides with the axis of the telescopic
tube ; and when the instrument is so adjusted that the point of ob-
servation, a star for example, is seen precisely upon the intersection
c of the wires, the line of direction, or visual ray of that star, will
be the line &' ¢, fig. 2, joining the intersection ¢, fig. 1, of the wires
with the centre ¢, fig. 2 of the object-glass.

The line & ¢, fig. 2, is technically called the lire of collimation.

13. Application of the telescope to a graduated instru-
ment. —The telescope thus prepared is attached to a graduated
instrument by which angular magnitudes can be observed and mea-
sured.  Such instruments vary infinitely in form, magnitude, and
mode of mounting and adjustment, according to the purposes to
which they are applied, and to the degree of precision necessary in
the observations to be made with them. To explain and illustrate
the general principles on which they are constructed we shall take
the example of one, which consists of & complete circle graduated
in the usual manner, being the most common form of instrument
used in astronomy for the measurement of angular distances.

Such an apparatus is represented in fig. 3. The circle A B ¢ b,
on which the divisions of the graduation are accurately engraved, is

connected with its centre by a series of spokes x y z. At its centre
is a circular hole, in which an axle is inserted so as to turn emoothly
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in it, and while it turns to be always concentric with the circle A
Bcp. To this axle the telescope a b is attached in such a man-
ner that the imaginary line & ¢, fig. 2, which joins the intersection
of the wires, fig. 1, with the centre of the object-glass, shall be
parallel to the plane of the circle, and in a plane passing through
its centre and at right angles to it.

At right angles to the axis of the telescope are two arms, m n,
which form one piece with the tube, so that when the tube is turned
with the axis to which it is attached, the arms m n shall turn also,
always preserving their direction at right angles to the tube.
Marks or indices are engraved upon the extremities m and n of the
arms which point to the divisions upon the LIMB (as the divided
arc is called).

A clamp is provided on the instrument, by which the telescope,
being brought to any desired position, can be fixed immovably in
that position, while the observer examines the divisions upon the
limb to which the indices m and n are directed.

Now let us suppose that the visual angle under the directions of
two distant objects within the range of vision is required to be
measured. The circle being brought into the plane of the objects,
and fixed in it, the telescope is moved upon its axis until it is
directed to one of the objects, so that its image shall coincide exactly
with the intersection of the wires. The telescope is then clamped,
and the observer examines the divisions of the divided limb, to which
one of the indices, m for example, is directed. This process is
called “reading off.”  The clamp being disengaged, the telescope
is then in like manner directed to the other object, and being
clamped as before, the position of the index is again ¢ read off.”
The difference between the numbers which indicate the position of
the same index in both cases, will evidently be the visual angle
under the directions of the two objects.

As a means of further accuracy, both the indices m and » may be
« read off,” and if the results differ, which they always will slightly,
owing to various causes of error, a mean of the two may be taken.

1t is evident that the same results would be obtained if, instead
of making the telescope move upon the circle, it were immovably
attached to it, and that- the circle itself turned upon its centre, as
a wheel does upon its axle, carrying the telescope with it. "In
 this case the divided limb of the circle is made to move before
a fixed index, and the angle under the directions of the objecta
will be measured by the length of the arc which passes before the
index. .

Such a combination is represented in section in fig. 4, where T
ia the telescope, p the pieces by which it is attached to the circle a
w seen edgewise, the axis of which n works in a s0lid block of metal.
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The fixed index ¥ is directed to the graduated limb which moves
before it.

Fig. 4.

This is the most frequent method of mounting instruments used
in astronomy for angular measurement.

14. Expedients for measuring the fraction of a division.—
It will happen in general that the index will be directed, not to any
exact division, but to some point intermediate between two divi-
sions of the limb. In that case expedients are provided by which
the distance between the index and the last division which it has
passed, may be ascertained with an extraordinary degree of
precision.

15. By a vernier.—This may be accomplished by means of a
supplemental scale called a VERNIER. (P 229.)

16. By a compound miocroscope, and
micrometric screw.—The same object may,
however, be attained with far greater accu-
racy by means of a compound microscope
mounted as represented in fig. 5, so that the
observer looks at the index through it. A
system of cross wires is placed in the field
of view of the microscope, and the whole may
be so adjusted by the action of o fine screw,
that the index shall coincide precisely with
the intersection of the wires. The screw is
then turned until the intersection of the cross Fig. 5.
is brought to coincide with the previous divi-
sion of the limb; and the number of turns and fraction of a turn
of the screw will give the fraction of a degree between the index
and the previous division of the limb.

It is necessary, however, to ascertain previously the value of a
complete revolution of the screw. This is easily done by placing the
cross-wires which are carried by the micrometric screw, on conse-
cutive divisions of the limb.  Dividing, then, the value in arc be-
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tween two divisions, which is always known, by the number of turns
and fraction of a turn, the arc which corresponds to one complete
revolution of the micrometric screw, will be found.

17. Observation and measurement of minute angles.—
‘When the points between which the angular distance required to
be ascertained are so close together as to be seen at one and the
same time within the field of view of the telescope, a method of
measurement is applicable, which admits of even greater relative ac-
curacy than do the methods of observing large angular distances.
This arisés from the fact that the distance between such points may
bedetermined by various forms of micrometric instruments, in which
fine wires, or lines of spider's web, ure mdved in a direction per-
pendicular to their lenyth, so as to pass successively through the
points whose distance is to be observed.

18. The parallel wire micrometer.— Onc of the forms of
micrometric apparatus used for this purpose is represerted in trans-
verse section in fig. 6. This, which is called the PARALLEL WIRE

Fig. 6.

MICROMETEE, consists of two sliding frames, across which the parallel
wires or threads ¢ D are stretched. These frames are both moved
in a direction perpendicular to that of the wires by screws, con-
structed with very fine threads, and called from their use MICRO-
METER-SCREWS. This frame is placed in the focus of the
object-glass of the telescope, so that the eye viewing the objects
under observation sees also distinctly the parallel and movable
wires. These wires are moved by the screws until they pass
through the points, whose distance asunder is to be measured.
This being accomplished, one of them is moved until it coincides
with the other, and the number of turns and parts of a turn of the
screw necessary to produce this motion, gives the angular distance
between the points under observation.

In this, as in the case explaired in (16) it is necessary that the
angle corresponding to one complete revolution of the micrometer-
screw be previously ascertained ; and this is done by a process
precisely similar to that explained in the former case. An object
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of known angular magnitude, as, for example, a foot rule at the
distance of a hundred yards, is observed, and the number of tuwms
necessary to carry the wire from end to end of its image is ascer-
tained. The angle such a rule subtends at that distance being
divided by the number of turns and parts of a turn, the quotient is
the angle corresponding to one complete revolution of the screw.

19. Measurement of the apparent diameter of an object.—
‘When an object is not too great to be included in the field of view
of the telescope, its apparent diameter can be measured by such an
apparatus. To accomplish this, these screws are turned until the
wires ¢ and D, fig. 6, are made to touch opposite sides of the disk
of the object. One of ‘the screws is then turned until the wires
coincide, and the number of turns and parts of a turn gives the
apparent magnitude.

20. The double image micrometer.—The method in general
practice in large observatories for the measurement of apparent -
diameters of planets and angular distances of binary stars, is by
means of the DoUBLE IMAGE MICROMETER. This apparatus con-
sists of a four-glass eye-piece, in which the lenses are so arranged,
that the axis of the pencil of rays from each point of an observed
object, passes through the centre of the lens which is next to the
object-glass. One half of this lens is fixed, the other is moved by
a micrometer-screw with a graduated head. The instrument is
furnished with a small graduated circle, by which the angles of
position of objects may be measured.

In the field of view two iinages are seen, one of them being fixed,
the other movable by the aid of the micrometer-screw. The -
diameter of an object is therefore found by placing one edge of the
movable object in coincidence with the edge of the fixed object,
and then reading the divisions on the micrometer-head. The screw
is then turned until the movable image is on the opposite side of
the fixed image when they are placed in coincidence as before.
The difference of the two micrometer readings is twice the diameter
of the object in terms of revolutions of the micrometer-screw. The
value of one revolution being known, the angular measurement is
easily determined.
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CHAPTER 1I.

ASTRONOMICAT, INSTRUMENTS, AND THEIR MODK OF USE.

21. Knowledge of the instruments of ob vation n
sary.— Before proceeding to explain the form and density of the
earth, or the general aspect of the firmament, and fixed lines and
points upon it, by which the relative position nnd motions of celes-
tial objects are defined, it will be necessary to explain the principal
instruments with whnch an observatory is furnished, and to show
the manner in which they are applied, so as to obtain those ac-
curate data which supply the basis of those calculations from which
has resulted our knowledge of the great laws of the universe. We
shall therefore here explain the form and use of such of the instru-
ments of an observatory as are indispensably necessary for the
observations by which such data are supplied.

All astronomical observation is limited either to ascertain the
magnitudes, forms, and appearance of celestial objects, or to
determine the places they occupy at any given moment on the
firmament.

To attain the former object, telescopes are constructed with the
- ureatest practicable magnifying and illuminating powers, and so
mounted as to enable the observer with all the requisite facility to
present them to those parts of the heavens in which the objects of
his observation are placed.

To attain the latter, it is necessary to provide an apparatus by
which the direction of the visual line of the object of observation
relatively to some fixed line and some fixed plane can be ascer-
tained. The visual line being the straight line drawn from the eye
of the observer to the object, at the moment of the observation, and
having, therefore, no material tangible or permanent existence, by
which it can be submitted to measurement, it is necessary to con-
trive some material line with which the visual line shall coincide.
The telescope supplies an easy and exact means of accomplishing
this. When it is directed so that the object or its centre, if it have
a disk, is seen upon the intersection of the middle wires in the eye-
piece, the visual direction of the object is the line drawn from the
centre of the object-glass of the telescope to the intersection of the
middle wires.

Now the telescope being attached to a graduated circle is so
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placed, that the line joining the centre of the object-glass with the
intersection of the wires is parailel to a diameter of the circle.
This diameter will therefore be the direction of the visual line. If
the circle thus arranged be so mounted that a line drawn from the
observer to the fixed point of reference, whatever that point be,
shall be parallel also to a diameter of the circle, and if the circle be
so mounted that, however its position may otherwise be chauged,
one of its diameters shall always pass through the fixed point of
reference, the angular distance of the object of observation from the
fixed point of reference will always be equal to the angle formed
by the two diameters of the circle, one of which is parallel to the
line joining the centre of the object-glass, with the intersection of
the wires at the moment of the observation, and the other parallel
to the line drawn from the observer to the fixed point of reference.

But this is not yet enough to determine in a definite manner the
position of the object on the heavens. A great many different
objects may have the same angular distance from the fixed point of
reference. If a plane be imagined to pass at right angles to a line
drawn from the observer to the fixed point of reference, it will
intersect the celestial sphere in a certain circle, every point of which
will obviously be at the same angular distance from the point of
reference. To render the position of the object of observation
determinate, it is therefore necessary to know the position of the
plane of the graduated circle, with relation to a circle whose plane
is at right angles to that diameter of the celestial sphere which
passes through the fixed point of reference.

The plane of the graduated circle may be fixed or movable. If
fixed, its position with relation to the fixed point of reference is
ascertained once for all; after which, the position of the object of
observation will be determined merely by its angular distance from
the point of reference. If movable, it is necessary to provide
another graduated circle, the plane of which is perpendicular to the
first, and upon which some fixed direction is marked. The position
of the plane of the movable circle, which carries the telescope,
with relation to this latter fixed direction, is then ascertained by
the arc of the second graduated circle, which is included between
the movable circle and such fixed direction.

All instruments of observation for determining the pnsition of
objects on the celestial sphere are constructed and mounted on one
or other of these principles; and they differ one from another in
respect to the point adopted as the fixed point of reference, and the
plane at right angles to the diameter of the sphere passing through
that point with relation to which the position of the cirele, if it be
movable, is determined.

The fixed point of reference is, in all cases, either the zenith or
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the pole; and the plane of reference, consequently, either that of
the horizon or theequator.

22. The astronomical clock.— Since the immediate objects of
all astronomical observation are motions and magnitudes, and since
motions are measured by the comparison of space and time, one of
the most important instruments of observation is the time-piece or
chronometer, which is constructed in various forms, according to
the circumstances under which it is used and the degree of accuracy
necessary to be obtained. In a stationary observatory, a pendu-
lum clock is the form adopted.

The rate of the astronomical clock is so regulated that, if any of
the stars be observed which are upon the celestial meridian at the
moment at which the Lands point to o™ o™ o*, they will again
point to o™ o™ o** when the same stars are next seen on the meri-
dian. The interval, which is called a sidereal day, is divided into
twenty-four equal parts, called sSIDEREAL HOURS. The hour-hand
‘moves over one principal division of its dial in this interval. In
like manner the MINUTE and SECOND-HANDS move on divided
circles, each moving over the successive divisions in the intervals of
a minute and a second respectively.

The pendulum is the original and only real measure of time in
this instrument. The hands, the dials on which they play, and the
mechanism which regulates and proportions their movements, are
only expedients for registering the number of vibrations which the
pendulum has made in the interval which elapses between any two
phenomena. Apart from this convenience a mere pendulum uncon-
nected with wheel work or any other mechanism, the vibrations of
which would be counted and recorded by an observer stationed near
it, would equally serve as a measure of time.

And this, in fact, is the method actually used in all exact astro-
nomical observations. The eye of the observer is occupied in watch-
ing the progress of the object moving over the wires (11) in the
field of view of the telescope. His ear is occupied in noting, and

m his mind in counting the successive beats of
the pendulum, which in all astronomical
clocks is go constructed as to produce a suffi-
ciently loud and distinct sound, marking the
close of each successive second. The prac-
tised observer is enabled with considerable
precision in this way to subdivide a second,
and determine the moment of the occurrence
of a phenomenon within & small fraction of
that interval. A star, for example, is seen to
the left of the wire mm' at s, fig. 7, at one beat of the pendulum,
and to the right of it at s’ with the next. The observer estimates

m’

Fig. 7.
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with great precision the proportion in which the wire divides the
distance between the points s and &', and can therefore determine
the fraction of a second after being at s, at which it was upon the
wire m m’.

Although the art of constructing chronometers has attained a
surprising degree of perfection, it is not perfect, and the RATE of
even the best of such instruments is not absolutely uniform. It is
therefore necessary from time to time to check the indications of
the clock by observing its rate. If the clock were absolutely
perfect, the pendulum would perform exactly 86,400 vibrations in
the interval between two successive returns of the same star to the
meridian. Now a good astronomical clock will seldom make so
many as 86,401 nor so few as 86,399 vibrations in the interval. In
the one case its rate would be too fast, and in the other too slow by
1in 86,400. Even with such an erroneous rate the error thrown
upon an observation of one hour would not exceed the 24th part of
asecond. If, hoWwever, the rate be observed, even this error may
be allowed for, and no other will remain save the remote possibility
of a change of rate since the rate was last ascertained.

23. The transit instrument.— All the most important astro-
nomical observations are made at the moment when the objects
observed are upon the celestial meridian, and in a very extensive
class of such observations the sole purpose of the observer is to
determine with precision the time when the object is brought to
the meridian by the apparent diurnal motion of the firmament.

This phenomenon of passing the meridian is called the TRANSIT;
and an instrument mounted in such a manner as to enable an
observer, supplied with a clock, to ascertain the exact time of the
TRANSIT is called 8 TRANSIT INSTRUMENT.

Such an instrument consists of a telescope so mounted that the
line of collimation will be successively directed to every point of
the celestial meridian when the telescope is moved upon its axis
through 180°.

This is accomplished by attaching the telescope to an axis at
right angles to its line of collimation, and placing the extremities
of such axis on two horizontal supports, which are exactly at the
same level, and in a line directed east and west. The line of
collimation when horizontal will therefore be directed north and .
south ; and if the telescope be turned on its axis through 180°,
its line of collimation will move in the plane of the meridian,
and will be successively directed to all points on the celestial meri-
dian from the north to the pole, thence to the zenith, and thence
to the south.

The instrument thus mounted is represented in fig. 8. Two
stone piers are erected on a solid foundation standing east and
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west. In the top of each of them is inserted a metallic support in
the forn of a ¥ to receive the cylindrical extremities of the trans-

Fig. 8.

verse arms A B of the instrument.  The tube of the telescope cp
vonsists of two equal parts inserted in a central globe, forming part
of the transversal axis AB. Thus mounted, the telescope can be
made to revolve like a wheel upon the axis AB, and while it thus
revolves its line of collimation would be directed successively to
all the points of a vertical circle, the plane of which is at right
angles to the axis AB. If the axis be exactly directed east and
west, this vertical must be the meridian.
24. Its aqjustments.— This, however, supposes three condi-
tions to be fulfilled with abeolute precision :
1st. The axis A B must be level.
zndly. The line of collimation must be perpendicular to it.
3rdly. It must be directed due east and west.
In the original construction and mounting of the instrument
these three conditions are kept in view, and are nearly, but cannot
be exactly, fulfilled in the first instance. In all astronomical in-
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struments the conditions which they are required to fulfil are only
approximated to in the making and mounting; but a class of ex-
pedients called ADJUSTMENTS are in all cases provided, by which
each of the requisite conditions, only rearly attained at first, are
fulfilled with infinitely greater precision. ’

In all such adjustments two provisions are necessary: firs, a
method of detecting and measuring the deviation from the exact
fulfilment of the requisite condition ; and secondly, an expedient by
which such deviation can be corrected.

25. To make the axis level.—If the axis AB be not truly
level, its deviation from this direction may be ascertained by sus-
pending upon it & SPIRIT LEVEL.

This consists of a glass tube nearly filled with alcohol or ether,
liquids selected for the purpose, in consequence of the absence of
all viscidity, their perfect mobility, and because they are not
liable to congelation. The tube A B, fig. g, is formed slightly con-

ne 5N

B —

Fig. 9.

vex, and when it is placed horizontally with its convexity upwards,
the bubble a b produced by its deficient fulness will take the high-
est position, and therefore rest at the centre of its length. Marks
are engraved on or attached to the tube at a and & indicating the
centre of its length, The tube is attached to a straight bar ¢, or
s0 mounted as to be capable of being suspended from two points
¢’ V', and is 8o adjusted that when the lower surface of the bar ¢,
or the line joining the two points of suspension ¢’1’, is exactly
level, the bubble will rest exactly in the centre of the tube between
the marks a and b.

To ascertain whether a surface, or the line joining two proposed
points, be level, the instrument is applied upon the one, or sus-
pended from the other. If the bubble rest between the marks a
and b, they are level; if not, that direction towards which it
deviates is the more elevated, and it must be lowered, or the other
raised. The operation must be repeated until the bubble is found
to rest between the central marks a and b, whichever way the
level be placed.
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A level is provided for the transit instrument with two loops of
suspension corresponding with the cyliudrical extremities of the
axis A B, fig. 8, so that its points of suspension may rest on these
cylinders, If it be found that, when the level is properly sus-
pended thus upon the axis, the bubble rests nearer to vne extremity
than the other, it will be necessary to raise that end from which it
is more remote, or to lower that to which it is nearer.

To accomplish this, one of the supports in which the extremity
A of the axis rests is constructed so as to be moved through & small
space vertically by a finely constructed screw. This support is
therefore raised or lowered by such means, until the bubble of the
level rests between the central marks a and §, whichever way the
level be suspended.

26. To make the line of collimation perpendicular to the
axis.— It must be remembered, that the line of collimation is a
line drawn from the centre of the object-glass to the middle wire
in the field of view of the telescope. The centre of the object-
glass is fixed relatively to the telescope, but the wires are so
mounted that their position can be moved through a certain small
space by means of a micrometer-screw. One end of the line of
collimation, therefore, being movable, while the other is fixed, its
direction may be changed at pleasure within limits determined by
the construction of the eve-glass and its micrometer.

To ascertain whether the line of collimation is or is not at right
angles to the line joining the points of support A and B, fig. 8, let
any distant point be observed which may be bisected by the centre
wire. Let the instrument be then reversed upon its supports, the
end of the axis which rested on a being transferred to b, and that
which rested on b to a, and let the same object be observed. If it
still coincide with the centre wire, the line of enllimation is in the
proper direction ; but if not, its distance from the wire will be
twice the deviation of the line of collimation from the perpendicu-
lar, and the wires must be moved by the adjusting screw, until
the centre wire is moved towards the object through half of its
apparent distance from it.

To render this more clear, let A B, fig. 10, represent the direc-
ticn of the axis, ¢ D that of a line exactly at right angles to it, or
the direction which is to be given to the line of collimation, and
let cD’ represent the erroneous direction which that line actually
has. Let s be a distant object to which it is observed to be
directed, this object being seen upon the centre wire. If the
instrument be reversed, the line ¢p’ will have the direction cn”,
deviating as much from ¢ to the right as it hefore deviated to the
left. The object s will now he seen at a distance to the left of the
centre wire which measures the angle v’¢p”, which is twice the
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angle poD’, or the deviation of the line of collimation from the
perpendicular pc.

27. To render the direction of the supports due east and
west.— This is in some cases accomplished by & MERIDIAN MARK,
which is a distinct object, such as a
white vertical line painted on a
black ground, erected at a sufficient \
distance from the instrument in the \
exact meridian of the observatory. 4
If, on directing the telescope to it, ‘-‘
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it is seen on the one side or the other

of the middle wire (which ought to ‘
coincide with the meridian), the \
direction of the axis A B, fig. 8., will 4
deviate to the same extent from the b
true east and west, since it has been .
already, by the previous adjust-
ments, rendered perpendicular to

the line of collimation. The entire
instrun.ent must therefore be shifted
round, until the meridian mark co- 4
incides with the middle wire. This

is accomplished by a provision made

in the support on which the extremity of the axis B, fg. 8., rests,
by which it has a certain play in the horizontal direction urged by
a fine screw. In this way the axis A B is brought into the true
direction east and west, and therefore the line of collimation into
the true meridian.

It will be observed that, in explaining the second adjustment, it
has been assumed that the deviations are not so great as to throw
the object 8 out of the field of view after the instrument is reversed.
This condition in practice is always fulfilled, the extent of deviation
Jeft to be corrected by the adjustments being always very small.

28. Micrometer wires —method of observing a transit.—
In the focus of the eye-picce of the transit instrument, the system
of micrometer wires (11), already mentioned, is placed. This
consists commonly of 5 or 7 equidistant wires, placed vertically at
equal distances, and intersected at their middle points by a hori-
zontal wire, as represented in fig. 7. In instruments which are
adapted to the chronographic method of observing transits, the
number of wires is considerably increased. When the instrument
has been adjusted, the middle wire 2nm’ will be in the plane of the
meridian, and when an object is seen upon it, such object will be
on the celestial meridian, and the wire itself may be regarded as a
small arc of the meridian rendered visible.

c

.
[}
.
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The fixed stars, as will be explained more fully hereafter, appear
in the telescope, no matter how high its magnifying power be, as
mere lucid points, having no sensible magnitude. By the diwrnal
motion of the firmament, the star passes successively over all the
wires, a short interval being interposed between its passages. The
observer, just after the star approaching the meridian enters the
field of view, proceeds to count the seconds of the clock by his ear.
He observes, in the manner already explained, to a fraction of a
second, the instant at which the star crosses each of the wires; and
taking a mean of all these times, he obtains, with a great degree
of precision, the instant at which the star passed the middle wire,
which is the time of the transit. The hour and minute indicated
by the clock is noted after the observation.

By this expedient the result has the advantage of as many inde-
pendent observations as there are parallel wires. The errors of
observation being distributed, are proportionally diminished.

When the sun, moon, or & planet, or, in general, any object
which has a sensible disk, is observed, the time of the transit is
the instant at which the centre of the disk is upon the middle wire.

This is obtained by observing the clock-time when the western
and eastern edges of the disk come in contact respectively with
each of the vertical wires. Taking first & mean of all the observed
clock-times of the transit of the western edge, the time when it is
on the middle wire is found ; and in like manner, the mean of all
the observed clock-times of the transit of the eastern edge will give
the time when that edge is also on the middle wire; the mean of
these transits of the two edges, therefore, determines the clock-
time of the transit of the centre of the disk over the middle wire,
or a mean of all the observed clock-times of the transit of both
edges will give the same result.

By day the wires are visible, as fine black lines intersecting and
spucing out the field of view. At night they are rendered visible
by a lamp, by which the field of view is faintly illuminated.

In many observatories transits are also observed by the chrono-
graphic method, and recorded by the aid of galvanism on a revolv-
ing cylinder. In this case, the clock is provided with means
for sending & galvanic signal to the recording apparatus at every
vibration of the pendulum, causing a puncture to be made on
the paper with which the cylinder is covered. This series of
puuctures form one long spiral line, the prickers being attached to
a travelling frame, which is carried by an uniform-motion clock,
which at the same time causes the cylinder to revolve. The office
of the observer is simply to press an ivory key when the star is
‘passing each wire in the field of view ; this completes the galvanic
circuit and causes a puncture for each wire observed to be made
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between the series of clock punctures. It is a matter of very little
trouble to extract the exact second and fraction of a second at
which the separate observations were made.

The results from this method are comsidered more trustworthy
than those determined by “eye and ear.” From a mean of 101
trausits observed at Greenwich, it was found that the probable
error of one transit by the chronographic method was o*or7, while
by the “eye and ear” it amounted to 0*028. In another deter-
mination on a different priuciple, the excess in' the same direction
amounted to 0*014. Though this amount may seem insignificant
to the reader, nevertheless it is of considerable importance in con-
nection with astronomical observations.*

29. Apparent motion of objects in the field of view.—
Since the telescope reverses the objects observed, the motion in the
field will appear to be from west to east, while that of the firmament
is from east to west. An object will therefore enter the field of view
on the west side, and, having crossed it, will leave it on the east side.

Since the sphere revolves at the rate of 1§° per hour, 15’ per
minute, or 15" per second of time, an object will be seen to pass
across the field of view with a motion absolutely uniform, the space
passed over between two successive beats of the pendulum being
invariably 1§”.

Thus, if the moon or sun be in or near the equator, the disk will
be observed to pass across the field with a vistble motion, the in-
terval between the moments of contact of the western and eastern
edges with the middle wire being 2™ 8¢, when the apparent dia-
meter is 32°. Thus, the disk appears to move over a space equal to
half its own diameter in 1™ 4"

30. Circles of declination, or hour oircles.— Circles of the
celestial sphere which pass through the poles are at right angles to
the celestial equator, and are on the heavens exactly what meridians
are upon the terrestrial globe. They divide the celestial equator
into arcs which measure the angles which such circles form with
each other. Thus, two such circles which are at right angles in-
clude an arc of go° of the celestial equator, and two which form
with each other an angle of 1° include between them an arc of ¥°
of the celestial equator. These CIRCLES OF DECLIXATION, or HOTR
CIRCLES a8 they are called, are carried round by the diurnal motion
of the heavens, and are brought in succession to coincide with the
celestial meridian, the intervals between the moments of their coin-
cidence with the meridian being always proportional to the angle
they form with each other, or, what is the same, to the arc of the
celestial equator included between them. Thus, if two circles of

* Astron. Soc. Notices, Vol. xx. p. 86.
cs3
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declination form with each other an angle of 30° the interval
between the moments of their coincidence with the meridian will
be two sidereal hours.

The relative position of the circles of declination with respect to
each other, and to the meridian, and the successive positions as-
sumed by any one such circle during a complete revolution of the
sphere, will be perceived and understood without difficulty by the
aid of a celestial globe, without which it is scarcely possible to
obtain any clear or definite notion of the apparent motions of ce-
lestial objects.

31. Right ascension.—The arc of the celestial equator be-
tween any circle of declination and a certain point on the equator
called the FIRST POINT OF ARIES, is called the RIGHT ASCENSION of
all objects through which the circle of declination passes. This arc
is always understood to be measured from the point where the circle
of declination meets the celestial equator westward, that is, in the di-
rection of the apparent diurnal motion of the heavens, and it may ex-
tend, therefore, over any part whatever of the equator from o° to 360°.

Right ascension is expressed sometimes according to angulur
magnitude, in degrees, minutes, and seconds; but since, according
to what has been explained, these magnitudes are proportional to
the time they take to pass over the meridian, right ascension is
more frequently expressed immediately by this time. Thus, if the
right ascension of an object is 15° 15’ 157, it will be expressed also
by 1® 1™ 1°

In general, right ascension expressed in degrees, minutes, and
seconds may be reduced to time by dividing it by 15; and if it be
expressed in time, it may be reduced to angular language by mul-
tiplying it by 15.

The difference of right ascensions of any two objects may be as-
certained by the transit instrument and clock, by observing the in-
terval which elapses between their transits over the meridian.
This interval, whether expressed in time or reduced to degrees, is
their difference of right ascension.

Hence, if the right ascension of any one object be known, the
right ascension of all others can be found.

32. Sidereal clock indicates right ascension.—If the hands of
the sidereal clock be set to o® o™ o* when the first point of Aries is
on the meridian, they will at all times (supposing the rate of the
clock to be correct) indicate the right ascension of such objects as
are on the meridian. For the motion of the hands in that case cor-
responds exactly with the apparent motion of the meridian on the
celestial equator produced by the diurnal motior of the heavens.
‘While 15° of the equator pass the meridian the hands move through
1", and other motions are made in the same proportion.
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33. The mural circle.—The transit instrument and sidereal
clock supply means of determining with extreme precision the in-
stant at which an object passes the meridian; but the instrument
is not provided with any accurate means of indicating the point at
which the object is seen on the meridian. A circle is sometimes,
it is true, attached to the transit by which the position of this point
may be roughly observed; but to ascertain it with a precision pro-
portionate to that with which the transit instrument determines
the right ascensions, requires an instrument constructed and
mounted for this express object in a manner, and under conditions,
altogether different from those by which the transit instrument is
regulated. The form of instrument adopted in the most efficiently
furnished observatories for this purpose is the MURAL CIRCLE.

This instrument ie a graduated circle, similar in form and prin-
ciple to the instrument described in (13). It is centred upon an axis
established in the face of a stone pier or wall (hence the name) erected
in the plane of the meridian. The axis, like that of a transit in-
strument, is truly horizontal, and directed due east and west.
Being by the conditions on which it is first constructed and
mouuted, very nearly in this position, it is rendered evactly so by
two adjustments, one of which nioves the axis vertically, and the
other horizontally, by means of screws, through spaces which,
though small, are still large enough to enable the observer to cor-
rect the slight errors of positivn incidental to the workmanship and
mounting.

The instrument, as mounted
and adjusted, is represented in
perspective in fig. 11, where A
is the stone wall to which the
instrument is attached, D the cen-
tral axis on which it turns; and
¥ ¢ the telescope, which does
not move upon the circle, but is
immovably attached to it, so
that the entire instrument, in-
cluding the telescope, turns in
the plane of the eridian upon

the axis p. \
A front view of the circle in
the plane of the instrument is
given in fig. 12.
The graduation is usually Fig. 11.
made on the edge, and not on
the face limb. The hoop of metal thus engraved forms, therefore,

what may be called the tire of the wheel.
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A trough o, containing mercury, is placed on the floor in a con-
venient position in the plane of the instrument, on the surface of

Fig. 12.

which are seen, by reflection, the objects as they pass over the
meridian. The observer is thus enabled to ascertain the directions,
as well of the images of the objects reflected on the mercury, as
of the objects themselves, the advantage of which will presently
appear.

P%onvenient ladders, chairs, and couches, capable of being adjusted
by racks and other mechanical arrangements, at any desired incli-
nation, enable the observer, with the utmost ease and comfort, to
apply his eye to the telescope, no matter what be its direction.

In the Greenwich observatory, the mural circles formerly in use
were six feet in diameter, and consequently about 226 inches in
circumference. Fach degree upon the circumference measuring,
therefore, above six-tenths of an inch, admits of extremely minute
subdivision.

The divisions on the graduated edge of the instrument are num-
bered as usual from o° to 360° round the entire circle. The position
which the direction of the line of collimation of the telescope has
with relation to the o° of the limb is indifferent. Nothing is
necessary except that this line, in moving round the axis p of the
instrument, shall remain constantly in the plane of the meridian.
This condition being fulfilled, it is evident that, as the circle
revolves, the line of collimation will be successively directed to
every point of the meridian when presented upwards, and to every
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point of its reflected image on the mercury when presented down-
wards.

34. Method of observing with it.— The position of the instru-
ment when directed successively to two objects on the meridian, or
to their images reflected on the mercury, being observed, the angular
distance, or the arc of the meridian between them, will be found
by ascertaining the arc of the graduated limb of the instrument,
which passes before any fixed point or index, when the telescop~ is
tulx;ned from the direction of the one object to the direction of the
other.

35. Compound microscopes —their number and use.—This
arc is observed by a compound microscope (16), attached to the
wall or pier, and directed towards the graduated limb. The
manner in which the fraction of a division of the limb is observed
by this expedient has been already explained. But to give greater
precision to the observation, as well as to efface the errors
which might arise, either from defective centreing, or from the
small derangement of figure that might arise from the flexure pro-
duced by the weight of the instrument, several compound micro-
scopes—generally six—are provided at equal distances around
the limb, so that the observer is enabled to note the position
of six indices. The six arcs of the limb which pass under them
being observed, are equivalent to six independent observations, the
mean of which being taken, the errors incidental to them are
reduced in proportion to their number.

36. Circle primarily a differential instrument.—The obser-
vations, however, thus taken are, strictly speaking, only differential.
The arc of the meridian between the two objects is determined,
and this arc is the difference of their meridional distances from the
zenith or from the horizon ; but unless the positions which the six
indices have, when the line of collimation is directed to the zenith
or horizon, be known, no positive result arises from the observations;
nor can the absolute distance of any object, either from the horizon
or the zenith, be ascertained.

37. Method of ascertaining the horizontal point.—The
“reading,” as it is technically called, at each of the microscopes, in
any proposed position of the instrument, is the distance of that
microscope from the zero point of the limb. Now it is evident that
half the sum of the two readings at any microscope, when the
telescope is successively directed to an object and its image on the
mercury, will be the reading at the same microscope when the line
of collimation is horizontal.

38. Method of observing altitudes and zenith distances.—
The mean of the readings of all the microscopes, when the telescope
is directed to the horizon, known as the horizontal point, being thus
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determined, forms a necessary datum in all observations of the
ultitudes or zenith distances of objects. To determine the altitude
of an object, the telescope must be directed to it, so that it shall be
seen nearly bisected by the horizontal wire, near the centre of
the field of view; then by means of a slow motion tangent-screw it
is brought on to the wire and exactly bisected by it, the instrument
being fixed by a clamp. The six microscopes are then read, a mean
of which is taken to obtain a circle reading free from any error due
to excentricity of the circle. The reading when the telescope is
horizontal being known, the difference between these two readings
gives the altitude.

The altitude of an object being determined, its zenith distance
may be found by subtracting the altitude from go”.

39. Method of determining the position of the pole and
equator.—The mural circle may be regarded as the celestial
meridian reduced in scule, and brought immediately under the hands
of the observer, so that all distances upon it may be submitted to
exact examination and measurement. Besides the zenith and hori-
zon, the positions of which, in relation to the microscopes, have just
been ascertained, there are two other points of equal importance, the
pole and the equator, which should also be established.

The stars which are so near the celestial pole that they never set,
are carried by the diurnal motion of the heavens round the pole in
small circles, croseing the visible meridian twice, once above and
once below the pole. Of all the circumpolar stars, the most im-
portant and the most useful to the observer is the pole star, both
because of its close proximity to the pole, from which its distance
is only 13°, and because its magnitude is sufficiently great to be
visible with the telescope in the day. This star, then, crosses the
meridian above the pole and below it, at intervals of twelve hours
sidereal time, and the true position of the pole is exactly midway
between the two points where the star thus crosses the meridian.

If, therefore, the readings of the six microscopes be taken when
the pole star makes its transit above and below the pole, their
readings for the pole itself will be half the sum of the farmer for
each microscope.

The readings for the pole being determined, those which corre-
spond to the point where the celestial equator crosses the meridian
may be found by subtracting the former from go°.

When the positions of the microscopes in relation to the pole and
equator are determined, the latitude of the observatory will be
known, since it is equal to the altitude of the celestial pole.

40. All circles of declination represented by the oircle.—
Since the circles of declination, which are imagined to surround the
heavens, are brought by the diurnal motion in succession to coincide
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with the celestial meridian (30), and since that meridian is itself
represented by the mural circle, that circle may be considered as pre-
senting successively a model of every circle of declination ; and the
position of any object upon the circle of declination is represented
on the mural circle by the position of the telescope when directed
to the point of the meridian at which the object crosses it.

If the object have a fixed position on the firmament, it is evident
that it will always pass the meridian at the same point ; and if the
telescope be directed to that point and maintained there, the object
will be seen at the intersection of the wires regularly after intervals
of twenty-four hours sidereal time.

41. Declination and polar distance of an object.—The
distance of an object from the celestial equator, measured upon the
circle of declination which passes through it, is called its pECLINA-
TION, and is NORTH or 80UTH, according to the side of the equator
at which the object is placed.

The declination of an object is ascertained with the mural circle
in the same manner and by the same observation as that which gives
its altitude. The readings of the microscopes for the object being
compared with their readings for the pole (39), give the polar
distance of the object; and the difference between the polar
distances and go° gives the declination.

Thus the polar distance and declination of an object are to the
equator exactly what its altitude and zenith distance are to the
horizon. But since the equator maintains always the same posi-
tion during the diurnal motion of the heavens, the declination and
polar distance of an object are not affected by that motion, and
remain the same, while the altitude and zenith distances ure con-
stantly changing.

42. Position of an object defined by its declination and
right ascension.— The position of an object on the firmament is
determined by its declination and right ascension. Its declination
expresses its distance north or south of the celestial equator, and
its right ascension expresses the distance of the circle of declina-
tion upon which it is placed from a certain defined point upon the
celestial equator.

It is evident, therefore, that declination and right ascension define
the position of celestial objects in exactly the same manner as
latitude and longitude define the position of places on the earth.
A place upon the globe may be regarded as being projected on the
heavens into the point which formsits zenith ; and hence it appears
that the latitude of the place isidentical with the declination of its
zenith.

43. Bquatorial fustrument. — The exact direction of the nxis
of the celestial sphere being ascertained, it is possible to construct
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an apparatus which shall be capable of revolving upon a fixed axis,
the direction of which shall coincide with that of the sphere; so
that if a telescope were fixed in the direction of this axis, its line of
collimation would exactly point to the celestial pole.

Upon this axis, thus directed and fixed, suppose a telescope to be
so mounted that it may be placed with its line of collimation at any
desired angle with the axis, and let a properly graduated arc be pro-
vided, by which the magnitude of this angle may be measured with
all practicable precision.

Thus, let A A%, fig. 13, represent the direction of the axis on
which the instrument is made to revolve. The line A A’, if con-

Fig. 13.

tinued to the firmament, would pass through the pole p. Let co
represent the line of collimation of a telescope, so attached to the
axis at ¢ that it may be placed at any desired angle with it; which
may be accomplished by placing & joint at ¢ on which the telescope
can turn. Let NoN’ be a graduated arc, to which the telescope is
attached at o, and which turns with the telescope round the axis
AA’. When the telescope, being fixed at any proposed angle oca’
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with the axis, is turned round A A’, the line of collimation describes
a cone of which c is the vertex and ca’ the axis, and the extremity
o degcribes an arc 00’ of a circle at a distance from N’ measured by
the angle oca”.

If the line of collimation c o or ¢ o’ be imagined to be continued
to the henvens, it will describe, as the telescope revolves, a circle
00’ on the firmament corresponding to the circle 0 0’, and at the
same angular distance op, ¢/ p from the celestial pole p, as the end
0 or o’ of the line of collimation of the telescope is from N’ or A’
In short, the angle 0 cN’ equally measures the two arcs, the celestial
arc o p and the instrumental arc o ¥’

The instrument thus described in its principle is one of most ex-
tensive utility in observatories, and is called an EQUATORIAL.

In its practical construction it is very variously mounted, and is
generally acted upon by clock-work, which imparts to it & motion
round the axis A A’, corresponding with the rotation of the celestial
sphere.

One of the many mechanical arrangements by which this may be
effected is represented in fig. 14, as given by the Astronomer Royal,
in his lectures delivered at the Ipswich Museum.

Fig. 14.

The instrument is supported upon pivots, so that its axis A’s’ shall
coincide exactly with the direction of the celestial axis. The tele-
scope ¢ D turns upon & joint at the centre, so that different directions
such as ¢’ 1/, ¢” D", may be given toit. The motion upon its axis is
imparted to it by wheel-work E’LE, impelled by clockwork, as
already mentioned.

Having explained the general construction of the principal in-
struments used in astronomical observations, we will now devote
the remainder of this chapter to a description of a few celebrated
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instruments of each class, which are remarkable for their stability
and magnitude.

44. Sir W. Herschel's forty-feet refiector. — This instru-
ment, which is memorable as the first ever constructed upon a
scale of such stupendous magnitude, and still more so for the vast
discoveries made with it by its illustrious inventor and constructor,
is represented in Plate 1I. It is not necessary to give a detailed
account of this celebrated instrument, as it has been dismantled
since the removal of Sir John Herschel from Slough, and has not
been remounted. The total length of the telescope tube was 39 ft.
4 in. and its clear diameter 4 ft. 101in., the diameter of the speculum
being 4 ft., with a reflecting surface of 12°566 square feet.

45. 'The Rosse telescopes. — The lesser instrument, with its
mounting, is represented in Plate III. The speculum is 3 feet
aperture, and 7-068 square feet reflecting surface. The length of
the telescope is 27 feet. It is erected upon the pleasure grounds at
Parsonstown Castle, the seat of its illustrious constructor. The
weight of metal in the speculum is about 13 cwt.

But the most stupendous instrument of celestial investigation,
and by far the largest and most powerful ever constructed, is re-
presented in Plates IV. and V. from drawings made for this work
under the superintendence of his Lordship himself. Plate IV.
presents a south, and Plate V. a north view of the instrument.

The clear aperture is 6 ft., and consequently the magnitude of
the reflecting surface is 28-274 square feet, being greater than that
of Herschel’s great telescope in the ratio of 7 to 3.

The instrument is at present used as a Newtonian telescope
(0.504), that is to say, the rays proceeding along the axis of the
great speculum are received at an angle of 45° upon a second small
speculum, by which the focus is thrown towards the side of the
tube where the eye-piece is directed upon them. Provision is,
however, made to use the instrument also as a Herschelian tele-
scope.

'll‘)he great tube is supported at the lower end upon a massive
universal joint of cast-iron, resting on a pier of stone-work buried
in the ground, and is so counterpoised as to be moved with great
ease in declination. In all such instruments, when it is required
to direct them to an object, they are first brought to the desired
direction by some expedient capable of moving them more rapidly,
and they are afterwards brought exactly upon the object by a slower
and more delicate motion. In this case, the quick motion is given
by a windlass, worked upon the ground by an assistant at the com-
mand of the observer. The slow motion is imparted by a mechan-
ism placed under the hand of the observer.

The extreme range of the telescope in right ascension, when di-
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rected to the equator, is 1 hour in time, or 15° in space; but
when directed to higher declinations, its range is more extensive.

The tube is slung entirely by chains, and is perfectly steady, even
in a gale of wind.

When presented to the south, the tube can be lowered until it
is nearly horizontal ; towards the north, it can only be depressed to
the altitude of the pole. The apparatus of suspension is so arranged
that the instrument may be worked as an equatorial, and it is even
intended to apply a clock-work mechanism to it.

The horizontal axis of the great universal joint, by which the
lower end is supported, carries an index pointing to polar distance,
and playing on a graduated arc of 6 feet radius. By this means, the
telescope is easily set in polar distance. The same object is also
attained, and with greater precision, by a 2o-inch circle attached
to the instrument.

Two specula have been provided for the telescope, one of which
contains 34, and the other 4 tons of metal, the composition of
which is 126 parts in weight of copper to 574 of tin.

The great tube is of wood hooped with iron, and is 7 feet in dia-
meter, and 52 in length. The side-walls, 12 feet distant from the
tube, are 72 feet in length, 48 feet in height on the outside, and
56 feet in the inside. These walls are built in the plane of the
meridian.

The observer stands in one or other of four galleries, the three
highest of which are drawn out from the western wall, while the
fourth or lowest has for its base an elevating platform, along the
surface of which a gallery is moved from wall to wall by a me-
chanism at the command of the observer.

46. The Oxford hellometer.—This class of instrument,
which derives its name from having been first applied to the mea-
surement of the diameter of the sun, consists of a telescope
mounted as an equatorial, the object-glass of which is divided along
a plane passing through its optic axis, each half of the lens being
capable of being moved in its own plane, so that the axes of the
two semi-lenses, being always parallel to each other and to the
axis of the telescope, may be within certain limits separated from
each otlrer, more or less, at the pleasure of the observer.

From what has been explained in general of the structure of an
equatorial instrument (43), and from the drawing of this instru-
ment given in Plate VI., the provisions for the direction of the
telescope in right ascension and declination will be easily compre-
hended. The polar axis, round which the instrument turnsin right
ascension, is fixed upon the face of a block of Portland stone, and
the graduated circle measuring right ascension is seen at the top
and at right angles to the polar axis. This circle receives its
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motion in the usual way, from clockwork, which is attached to
the stone pier, and which, with its impelling suspended weight,
is seen in the drawing. Rods are provided by which the observer
can, at pleasure, set the clock going, or stop it, and connect it
with, or disengage it from, the equatorial circle.

The circle for indicating polar distance or declination is placed
upon the horizontal axis of the instrument, and also appears in the
drawing at the side opposite to that at which the telescope is
attached.

The object-glass of this instrument, sometimes called the “di-
vided object-glass micrometer,” supplies a very accurate method of
measuring angles which do not exceed a certain limit of magmi-
tude.

It appears by the principles of optics, that when the image of
a distant object is produced by a lens, eack point of such image is
formed by rays which proceed from every point of the lens. If,
therefore, a part of the lens be covered by an opaque body or cut
away, each potnt of the image will still be formed by the rays
which proceed from every point of the lens which is not covered or cut
away. The only difference which will be observed in the image
will be, that it will be less strongly illuminated, being deprived of
the rays which it received from the part of the lens covered or cut
away, and that it will be less distinct in consequence of certain
effects of diffraction which need not be noticed here.

It follows, therefore, that half a lens will produce at the focus an
image of a distant object, and if two halves of the same lens be
placed concentrically, they will form two images, the exact super-
pesition of which will, in fact, constitute the image formed by
the complete lens. But if the two halves be not concentrical, the
two images will not be superposed. but will be separated by a space
corresponding with, and proportional to, the distance between the
centres of the two half lenses. Thus, if the lenses be directed to
the sun, two images of the solar disk will be produced at the
focus of the lenses, and these images may be shifted in their posi-
tions, the centres approaching to, or receding from, one another,
according as the centres of the two half lenses approach to, or
recede from, each other; and if the omg'ula.r distance through which
either image moves can be known, it is easy to see how, by this
means, the apparent diameter of such an object as the sun can be
measured. For this purpose, let the two half lenses be first placed
concentrically, so that the two images shall be exactly superposed.
Then let one of the two lenses be moved (the edges of the semi-
lenses being always maintained in contact), until the image, formed
by the semi-lens, which is moved, shall be removed to such a posi-
tion that the two images shall touch each other externally, as in
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fig. 15. In that case it is evident that the centre of the image
formed by the semi-lens which has
been mnoved, must have moved
over a space equal to the diameter
of the image of the disk, and if the
angular value of such space be
known, the apparent diameter of
the sun will be known. Flg. 15.

This was the application of the divided object-glass, from which
the heliometer took its name. The instrument, however, has since
been applied to so many other important purposes, that the name
has ceased to express its uses.

The two semi-lenses forming the object-glass of the heliometer
are set edge to edge in strong brass frames, which slide in grooves
with a smooth and even motion. They are moved by fine screws
which, by the intervention of cog-wheels, are turned by a pair of
rods which pass along the tube of the telescope. The separation
of the centres of the semi-lenses, and consequently the angular dis-
tance hetween the two images, is measured according to a known
scale by the number of turns and parts of a turn of the screw
which are necessary to produce the separation or to bring back the
semi-lenses to a concentrical position, if they are separated.

It is obvious, that the same principle will be applicable to
measure the apparent angular distance between any two objects,
such as two stars, which are so near each other that they may
be seen together in the field of view of the telescope. For this
purpose, let the semi-lenses be first placed concentrically. The two
stars 3 and 8" will then be seen in their proper positions in the
field. Let the semi-lenses be then moved so that two images of
each star will be visible. Let the motion be continued until the
image of the star 8 by one semi-lens coincides with the image of
the other star 8’ by the other semi-lens. The angular distance cor-
responding to the separation of the lenses will then be the angular
distance between the stars.

In this heliometer a very ingenious contrivance is introduced to
enable the observer to read the scale by which the angular magni-
tude corresponding to the separation of the centres of the semi-lenses
is indicated. This is accomplished by placing a scale behind the
object-glass in the interior of the telescope tube, so that it can be
read by means of a long microscope, the eye-glass of which is placed
near the eye-piece of the telescope. This interior scale is illumi-
nated by a piece of platinum wire placed near it, which is rendered
incandescent by & galvanic current transmitted upon it at pleasure
by the observer. This current is produced by a Smee’s battery
placed in a room below that containing the heliometer.
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A very splendid instrument of this class has been erected at the
Pulkowa observatory.

47. The Greenwich transit-cirole.— This instrument, which
has superseded the 10-feet transit instrument and 6-feet mural circle
at the Royal Observatory since the beginning of 1851, has been
constructed on a vast scale of magnitude aud stability. The aper-
ture of the object-glass of the former transit being about § inches,
while that of the mural circle measured only 4 inches, made it
generally impossible to obtain trustworthy observations of the
numerous small planets which had been lately discovered. For
the credit therefore of the rational observatory, it was considered
advisable to erect a more powerful instrument with an object-glass
of increased aperture, and in the form of a transit-circle,

A perspective view of this instrument is presented in Plate VII.,
made from original drawings taken by permission of the Astro-
nomer Royal.

It was also found, by the results of observations made with
the 1o-feet transit instrumnent that, although it was the best of its
class, and had been constructed with the greatest degree of artistic
gkill, it was nevertheless so unstable as to produce errors in the
determination of time, which it was possible, and therefore desir-
able, to remove by introducing improved principles of construction,
which will be presently explained in relation to another instrument
previously erected at the Observatory.

This instrument consists of atelescope fixed between two parallel
circles, one of which is graduated, resting on horizontal supports,
placed on two stoue piers, so that the line of collimation moves in
the plane of the meridian.

The telescope tube, which is nearly 12 feet long, consists of a
hollow cube of metal, to which two large conesare bolted by means
of flanges. At the smaller end of one cone is the object-glass, and
in that of the other the eye-piece. Each of -these cones weighs
1'75 cwt., and the central cube with its pivots weighs 8 cwt. The
whole length of the horizontal axis of the instrument is 6 feet, the
diameter of each of the pivots being 6 inches. The object-glass is
8 inches aperture, its optical power being sufficient for the obser-
vation of the faintest objects which are presented in the ordinary
course of meridional observations.

The parallel circles between which the telescope is fixed, are each
6 feet in diameter, and are firmly attached to cylindrical bands, one
on each side of the central cube of the telescope. The clamping
apparatus is applied to the eastern circle, and the western circle is
graduated. The reading-off is effected by means of six microscopes,
each 45 inches in length, which are simply inclined perforatione
through the western pier, having their eye-pieces arranged on the
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back of the western pier in a circle whose diameter is 21 inches,
and their object-glasses on the eastern side arranged in a circle
about § feet in diameter, pointing to the divisions on the limb of
the graduated circle.

The graduation of the circle is such as to show approximately
zenith distances; while a pointer fixed to a block projecting from
the lower part of the pier, directed to another graduated band on
the outer or eastern side of the circle, is used for setting the tele-
scope, and gives approximately north polar distances. A small
finder, with a large field of view, is attached to the side of the
cone near the eye-piece, for the convenience of setting for large
objects.

A lurge gas-light conveniently placed, illuminates, by means of
a lens for each microscope, the graduated arc of the circle at the
divisions which are viewed by the several microscopes, and also the
field of the telescope.

A variety of other provisions and adjustments are attached to the
instrument, which it would be impossible to render clearly intelli-
gible without reference to the instrument itself, or very detailed and
elaborate drawings of its several parts, which our limits do not
permit us to introduce here.

48. The Pulkowa prime vertical instrument.—This instru-
ment may be summarily described as a transit, whose line of colli-
mation moves in the plane of the prime vertical, instead of that of
the meridian. Nevertheless, its astronomical uses are essentially
distinct from those of the transit instrument (23).

The first instrument made on this principle was erected, in the
beginning of the last century, under the direction of the celebrated
Roemer, whose name is rendered memorable by the discovery of the
mobility of light (§542). 1t was applied by that astronomer chiefly
to observations on the sun near the equinoxes; but none of the
purposes to which it has more recently subserved appear to have
been contemplated, and the instrument was allowed to fall into dis-
use. Its revival, and the idea of its application to various im-
portant classes of observations in the higher departments of practical
astronomy, and more especially to replace the zenith sector in
observations having for their object the more exact determination
of aberration and nutation, and for researches in stellar parallax, is
due to Professor Bessel. Many of the improved details of construc-
tion exhibited in the Pulkowa instrument are, however, due to Pro-
fessor Struve, who, besides, has obtained such remarkable results
by the system of observations which he has made with it.

The Pulkowa prime vertical instrument was constructed, under
the direction of Professor Struve, by Messrs. Repsold, of Hamburg.
Two stone piers being erected in planes at right angles to the me-
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ridian, vertical chairs are fixed upon their summits in such a posi-
tion that the line joining them is in the plane of the meridian.
These chairs are the supports of the cylindrical extremities of the
"horizontal axis of the instrument, which is, therefore, also in the
plane of the meridian. The extremities of this axis project beyond
the chairs and the piers on each side, and the transit telescope is
keyed on to one of them, while a counter-weight is keyed on to the
other. The telescope, having its line of collimation adjusted at
right angles to the horizontal axis, revolves with this axis outside
the piers, in the same manner exactly as the transit telescope
revolves between its piers; and as the line of collimation of the
latter moves in the plane of the meridian, that of the transit tele-
scope of the present instrument moves in the plane of the prime
vertical.

Adjustments are provided in connection with the two chairs, one
of which raises and lowers the axis, and the other moves it in
azimuth, similar exactly to those described in the case of the transit
instrument (25), e seg. By these means, and by proper levels,
the axis is rendered truly horizontal, is brought exactly into the
plane of the meridian, and the line of collimation is brought to
coincide with the plane of the prime vertical by other expedients,
similar in principle to those adopted in the case of the transit in-
strument.

The instrument, mounted on the piers, is represented in Plate
VIIL, as seen from the west, projected on the plane of the meridian,
the telescope being on the north side, and placed so that the line of
collimation is directed to the zenith. The telescope has 7 feet
7 inches focal length, with an object-glass having a clear aperture
of 6-25 inches. The magnifying power commonly used is 270. In
the eye-piece a system of seven parallel vertical micrometer wires
is fixed, similarly to those of the transit instrument (22), and is
similarly used with relation to the clock, as already described in the
case of the latter instrument. A lamp is placed at a convenient
distance from the centre of the telescope, the light of which, ad-
mitted by a plate of glass fixed in the side of the tube, is received
upon a small reflector at 45° within, and reflected along the tube,
80 a8 to illuminate the wires at night.

To enable the observer to direct the telescope to any required
altitude, a small telescope, called a finder, is fixed to the outside of
the great telescope, near the eye-piece, having attached to it a
graduated circle, the plane of which is parallel to the prime vertical,
and also & level. The line of collimation of the finder being pa-
rallel to that of the great telescope, when the former is directed to
any altitude by means of the level and graduated circle, the former
will be similarly directed. This finder appears in the drawing
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outside the teleacope, and a counterpoise to it is represented on the
inside.

The process of reversion of the horizontal axis, which in the
transit instrument is only used for the purpose of adjustment (26),
constitutes, in the case of the prime vertical instrument, an essen-
tial part of every observation. It was, therefore, of the greatest
importance that an easy, expeditious, and safe apparatus for rever-
sion should be provided. This was contrived with great ingenuity
by the makers, and attended with the most successful results, re-
sults to which M. Struve ascribes a great share of the advantage
obtained by this instrument. A part of this apparatus, by which
the horizontal axis, with the telescope, counterpoise, and their ac-
cessories, is elevated from the chairs, is represented in the drawing
above the instrument. The two cords of suspension being attached
by hooks to two points on the axis at equal distances from its
centre, 80 a8 to maintain the equilibrium, the instrument is elevated
by means of a windlass established on the floor below it and be-
tween the piers. When raised to the necessary height, it is turned
through half a revolution in azimuth, so that the ends of the axis
are brought directly over the chairs, into which they are then let
down. So perfect is the performance of this apparatus, that, not-
withstanding the magnitude and weight of the instrument, the
whole process of reversion is completed in sixteen seconds; and the
interval, from the moment the observer completes an observation
with the telescope on the north side, to the moment he commences
it on the south side, including the time of rising from the observing-
couch, disengaging the clamps, withdrawing the key from the mi-
crometer, reversing, directing the instrument on the south side to
the object by means of the finder, closing the clamps, returning the
key to the micrometer, and placing himself on the observing-couch,
is only 80 seconds.

How essential to the practical use of the instrument this celerity
is, will be understood when it is stated, that the same object which
has been observed on one side must be also observed on the other
tn the same transit. The reversion, therefore, must be completed in
less time than that which the object takes by the diurnal motion to
pass over the space commanded by the field of the telescope in the
two positions.

To comprehend the method of applying this instrument to the
purposes of practical observation, it is necessary to remember that
it is only applicable to objects moving in parallels of declination
which intersect the prime vertical. Such objects must have
northern declination (the insirument being supposed to be estab-
lished in a place having north latitude), and a polar distance greater
than that of the zenith of the observatory, that is to say, greater

D2
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than its co-latitude. The parallels over which such objects are
carried by the diurnal motion, all intersect the prime vertical at
two points of equal altitude, one on the eastern, and the other on
the western, quadrant of that circle. In passing from the east
point of intersection to the west point, the object passes over the
meridian, and it is evident that the moment of its meridional transit
is precisely the middle of the interval between its two prime
vertical transits. If, therefore, the exact times of the latter be
observed, the time of the meridional transit can be deduced by a
simple arithmetical process.

When the telescope, being on the north side, is directed and
clamped in its position, the observer awaits the transit, the time
of which he already knows approximately. At the near approach
of the transit he places himself on the observing-couch, and, seeing
the object enter the field, notes the seconds by the clock of its
transits over the seven wires of the micrometer.

The moment the transit over the seventh wire has been observed
he rises and performs all that is necessary for the reversion of the
instrument, which being completed, he again places himself, and
observes the transits over the seven wires on the south side; butin
this case, owing to the change of position, the order of the transits
is reversed.

Now, it is evident that the true moment of the transit over the
prime vertical will be found by taking a mean between the times
of the transits over all the wires at both sides. These observations
being completed, the observer awaits the transit of the object over
the western quadrant of the prime vertical, when he makes a
similar series of observations of transits, first with the telescope on
the south side, in the position it had at the last observation, and
then, after reversion, at the north side. The true moment of the
transit is found, in this case, in the same manner as in the former.

By taking a mean of these two means, or, what would be equi-
valent, a mean of the times of all the twenty-eight trausits, the time
of the meridional transit will be obtained.

The total length of the interval, necessary to observe the transits
over the wires, north and south, in each quadrant of the prime
vertical, is found to be about eleven minutes, less than 1} minute
of which is employed in the reversion of the instrument and
attendant arrangements.

The time which elapses between the observations on the eastern
and western quadrants of the prime vertical, will necessarily vary
with the polar distance of the object, and will be less in proportion
as excess of that distance above the co-latitude is less. The ob-
servations which have been made with this instrument at Pulkowa
have been chiefly confined to stars whose polar distance exceeds the
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co-latitude byless than 2°. In that case, the interval between the
observations, east and west, would be less than three hours,

Professor Struve notices, in strong terms, the advantage which
this instrument possesses over others in respect to the errors arising
from the variation of the inclination of the line of collimation to
the axis of rotation. In the prime vertical instrument, the devia-
tion of the line of collimation from true perpendicularity to the axis
of rotation, is assumed to be invariable only during the short in-
terval of a single observation, whereas, in other instruments, its
invariability is assumed for twelve hours, and in some cases for
months, and even years. It has the further great advantage, that,
by reversion in each quadrant, east and west, all optical imperfec-
tions which affect the precision of the image of the star are abso-
lutely annihilated.®

49. The Greenwich altazimuth instrument.—The purpose
chiefly to which this instrument is applied, is the improvement of
the lunar theory by multiplying in alarge ratio the observations which
can be made from, month to month of the moon in almost every
part of her orbit, thus supplying materials on an increased scale
for a comparison of observed positions of the moon, with places
calculated from tables formed for that purpose from theory. Similar
observations were always made with the mural circle and the transit,
but they were consequently contined to meridional transits. Now,
these transits cannot be observed on the meridian, even when the
firmament is unclouded, for four days before and four days after
the new moon, in consequence of the proximity of that body to
the sun; an interval amounting to little less than one-third of the
month., Besides this, it happens, in this climate, that, at the
moment of the meridional transits at other parts of the month,
the observation is frequently rendered impracticable by a clouded
sky. It was, therefore, highly desirable to contrive some means
of making the observations in extra-meridional positions of the
moon which would bear comparison with those made with the
meridional instruments.

This could obviously be accomplished by means of an ordinary
altitude and azimuth circle; but such an instrument, however
perfect might be its construction, is not susceptible of the necessary
precision. The Astronomer Royal, therefore, conceived the idea of
an instrument on the same principle, which, while it would be
capable of shifting its azimuth, would still be susceptible of as
much precision in each vertical in which it might be placed, as the

® For a detailed account of the Pulkowa prime vertical instrument, see
Description de P QObservatoire Astr ique de Pulkowa, par F. G.W. Struve.
Also Astr ische Nachrichten, No. 468, et seq.
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mural circle has in the meridian. He accordingly proposed to
attain this object by adopting adequate engineering expedients to
produce the necessary solidity and invariability of form. He
adopted, as fundamental principles of construction,—

1. To produce as many parts as possible in a single casting;
2. To use no small screws for combining the parts;
3. To allow no power of adjustment anywhere.

Following out these principles, the instrument represented in
Plate IX. was constructed, under his superintendence, by Messrs.
Ransome and May, engineers, of Ipswich; the graduation and
optical part being executed by Messrs. Troughton and Simms.

The instrument is mounted in a tower, raised to such a height
asto command the horizon in all directions above the other build-
ings of the Observatory, except on the side of the south-east dome
and the octagon room. The foundation of the instrument is a
three-rayed pier of brickwork, carried up nearly to the level of the
floor of the room appropriated to the instrument. Upon this pier
is placed a cylindrical stone pillar, 3 feet in diameter, which
appears in the drawing, and on which the instrument is placed.
This pillar and the pier upon which it reposes are quite indepen-
dent of, and unconnected with, the tower within which it is erected,
and do not even touch the floor of the room through which they

ass,

The fixed horizontal azimuth circle is solidly established upon
this stone pillar. It is a circle 3 feet in diameter, the rim being
connected with the centre in the usual way by spokes. The whole
is constructed of hard gun-metal. In the upper surface of the rim
a circular groove is left, which is filled with & band of silver, on
which the divisions are engraved. This circle is divided into arcs
of §” continuously from 0° to 360°. It is set with the zero towards
the south, and the numbering of the divisions runs from south to
west, north and east. This azimuthal circle was cast in a single
piece, and weighs 441 lbs,

Attached to this, and concentric with it, is another fixed hori-
zontal circle, having teeth on the inside edge, in which the pinions
work by which an azimuth motion is given to the instrument.

There are four microscopes placed at equal distances over the
graduated arc, which are provided with micrometers, by which the
observation in azimuth is read off. These microscopes are attached
to the instrument so as to revolve with it. Their reflectors are
illuminated by a lamp properly placed.

The lower pivot on which the instrument turns is spherical, and
takes a bearing upwards in a socket in the base-plate, and down-
-wards in a cone of hard gun metal. A portion of the weight of
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the instrument is taken off by a counterpoise acting by levers which
push a slider upwards ugainst the pivot. To support the upper
pivot, an iron triangle is established on the three-rayed pier. On
each side of this, is erected another iron triangle, whose plane is
vertical, and whose sides unite in a vertex which forms one of the
angles of a corresponding triangle above. This upper triangle sup-
ports three radial bars, which carry at their point of union the Y in
which the upper pivot plays. The bars of the lateral triangles,
which are apparent in the drawings, pass the holes in the floor with-
out touching it. .

The frame, revolving in azimuth and carrying the instrument
with it, consists of a top and bottom connected by vertical cheeks,
all of cast-iron. The supports of the four microscopes for reading
off the azimuth on the lower circle are cast in the same piece with
these vertical cheeks.

The vertical circle carrying the telescope is 3 feet in diameter,
and, like the azimuth circle, is made of hard gun metal. The
aperture of the object-glassis 3% in. The top and bottom of the
instrument each carries two levels, parallel to the plane of the hori-
zontal axis, used in observations of azimuth; and two levels are
fixed on one of the vertical cheeks parallel to the plane of the
vertical circle, used in observations of zenith distance.

The dome over the instrument is cylindrical, with double sides,
between which the air passes freely. Its diameter is 10 feet.

The drawing represents the instrument us in use. The ladder
revolves in azimuth, round the central pier, — to facilitate which
motion, rollers are placed under it. A metal frame is attached to
the vertical cheek of the instrument, having its edges in a plane pa-
rallel to that of the vertical circle. The eye being directed along
these to view the object, the instrument is placed very nearly in the
proper azimuth, and the telescope is then accurately directed to the
object by the ring-finder. This frame is omitted in the drawing.

The results of the observations made with this instrument are
stated to have fulfilled all the anticipations of the Astronomer
Royal, as well as to the number of observations as to their excel-
lence. The number of observations have exceeded those made
with the meridional instruments in the proportion of about 16 to 9.
Some have been made even within a day of conjunction.

§O. The Northumberland equatorial — Cambridge Obser-
vatory. —The late Duke of Northumberland, who filled during
the latter part of his life the high and honourable office of Chan-
cellor of the University of Cambridge, presented to that university
this instrument, which, successively in the hands of the Astronomet
Royal and Professor Challis, has contributed so effectually to the
advancement of astronomical science.
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The instrument, of which a perspective view is given in Plate X.,
together with a view of the building in which it is erected, consists
of a refracting telescope of 19§ feet focal length and 11} inches
aperture equatorially mounted. The polar axis, as appears in the
drawing, consists of a system of framing composed of six strong deal
poles, attached at the ends to two hexagonal frames of cast-iron,
the centres of which support the upper and lower pivots on which
the telescope revolves. These poles at the middle are braced by
transverse iron bands, and by a system of diagonal rods of deal
abutting near the middle of the poles. These give stiffness to the
entire framing of the polar axis, and maintain the hexagonal frames
square to it. Efficient means are provided to give elasticity to the
supports of the pivots and smoothness to the equatorial motion.

The tube of the telescope is made of well-seasoned deal, and at-
tached to one side of it is a flat brass bar, 6 feet long, carrying a
small graduated arc at right angles to it at one end, and turning at
the other on a pin fixed in the telescope tube at a distance of 30
inches from the axis of revolution. This arc, which is called the
declination sector, serves to measure small differences of declination,
and is read by a micrometer microscope fixed to the telescope tube.

The hour-circle, which measures the equatorial motion, is §3
feet in diameter, and is so arranged that it can be clamped to the
telescope, or disengaged from it, at pleasure. It has two indices
with verniers, one fixed to the support of the lower pivot, and the
other to the hexagonal frame. By setting the latter to a certain
angle, determined by an observation of a star of known right ascen-
sion, the telescope can be directed to any proposed right ascension
by means of the other index. Observations of right ascension can
be made to 1 second of time. The outer rim of the circle is cut
into teeth, which are acted on by an endless screw connected at
pleasure by a brass rod with a large clock, by which a motion can
be given to the telescope corresponding with the diurnal motion of
the heavens,

The hour-circle is clamped to the frame of the axis by a tangent-
screw-clamp fixed to the frame itself, by means of which, with the
aid of a handle extending to the place of the observer, he can,
when the endless screw is applied, give motion to the instrument
through a limited space upon the hour-circle. The rate of motion
given to the hour-circle by the clock is not affected by this move-
ment. The hour-circle, therefore, going according to sidereal time,
small differences of right ascension can be measured by reading off
the angles pointed to by the movable index before and after the
changes of position,

The dome which covers the instrument, and which, as well as
the other details of its erection, was constructed under the direction
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of the Astronomer Royal, who was then the Cambridge astrcnomer,
is supported so as to revolve on free balls between concave chan-
nels, holdfasts of peculiar construction being provided to obviate
the eventuality of the dome being dislodged or blown off by wind
or any other unusual disturbance. The winch which acts on the
machinery for turning the dome, is carried to the observer’s chair,
so that he can, while engaged ina long observation, turn the dome
slowly without removing from his position.

The magnitude of the instrument, and the consequent extensive
motion of the eye-piece, rendered it necessary to coutrive adequate
means by which the observer could be carried with the eye-piece
by a common motion without any personal derangement which
might disturb the observation. This is accomplished by means of
an ingenious apparatus consisting of a frame, of which the upper
edge is nearly a circular arc whose centre is the centre of the tele-
scope, which frame traverses horizontally round a pin in the ficor
exactly below the centre of the telescope, the observer’s chair sliding
on the frame. The observer can, by means of a winch pluced beside
his chair, turn round the frame on which the chair is supported,
and by means of a lever and ratchet wheel he can raise and lower
the chair on the frame. He has also means of raising and depress-
ing the back of the chair so as to give it the inclination he may at
the moment find most convenient.

§1. The Greenwich great equatorial.—This instrument,
which was completed in the beginning of the year 1860, was erected
from designs by the Astronomer Royal, by Messrs. Ransomes and
Co. of Ipswich, the general optical work being performed by Messrs.
Troughton and Simms, of London. It consists of a telescope with
an object-glass by Merz of 12 inches aperture, and about 18 feet
focal length, mounted according to the principle, known as the
English form of equatorial mounting.

No novelty is introduced into the construction of the polar axis,
except that the declination axis is so far advanced in front of the
polar axis, and the upper part of the polar frame is so cut away that
the telescope commands the meridian without interruption to a
short distance beyond the pole. Each cheek of the polar axis is
constructed in the form of a skeleton prism, the pillars being braced
by a series of diagonal tension bars and transversal thrusting bars ;
these are of wrought iron. The upper and lower ovals which carry
these are of cast iron. On the spindle of the lower oval, the hour-
wheel, 6 feet in diameter, on which the clock movement acts, turns
freely ; this wheel can be clamped when necessary to the oval or to
the foundation-plate.

The declination circle, attached to the declination axis, is read
by two microscopes placed in such a position, that though they
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view opposite graduations on a §-feet circle, the eye-pieces are only
a few inches apart. For the illumination of the microscopes the
light enters & hole in the side of the eye-tube, when it is reflected
downwards by diagonal plates of transparent glass; it then falls upon
the limb, whose surface is turned to a concave or dished conical form,
80 that the axis of the microscope is perpendicular to the portion of
the limb under view; the light, therefore, which has been thrown
down that axis is again reflected up the axis to the eye. Thereisa
s-feet clamp circle attached to the opposite cheek of the polar axis,
whose clamp-screw and slow-motion are acted on by long handles
near the eye end of the telescope.

For convenicnce of setting, and for reading small differences of
polar distances, a radial bar is fixed on one side of the telescope,
which turns on a pin near the centre of motion, its graduation being
near the eye end of the telescope; this radial bar is bridled by a
graduated sliding rod, of which the distant end is carried by & pin
«n one cheek of the polar axis.

The instrument is provided with a clock movement, which is a
beautiful specimen of the application of mechanism for driving
smoothly so heavy a mass. From a self-supplying tank placed on
the upper story of the building, a sufficient fall of water is obtained
for working a reaction macbine, which revolves four times in a
second. This, acting through two worms, drives the hour-circle.
The regulation is effected by the contrivance called Sieman’s chro-
nometric governor, acting upon a pendulum having an uniform
conical motion.

The limits of this work do not permit a lengthened detail of all
the peculiarities of this instrument, especially as, in many respects,
the general appearance and many of its parts are very similar to
what is already described in the account of the Northumberland
equatorial. However, as a specimen of astronomical engineering it
i3 considered unique; and the adoption in its construction of every
modern instrumental improvement, together with its great stability,
renders it one of the most important instruments of its class to be
found in any country.

CHAPTER III.

THE GENERAL ROTUNDITY AND DIMENSIONS OF THE EARTH.

§2. The earth a station from which the universe is
observed.— The earth is, in various points of view, an interesting
object of scientific investigation. The naturalist regards it as the
babitation of the numerous tribes of organised beings which are



DIMENSIONS OF THE EARTH. 43

the special subject of his observation and inquiry, and examines
curiously those properties and qualities of soil, climate and atmo-
sphere, by which it is fitted for their maintenance and propagation,
and the couditions which govern their distribution over its, surface.
The geologist and mineralogist regard it as the theatre of vast
physical operations continued through periods of time extending
infinitely beyond the records of human history, the results of which
are seen in the state of its crust. The astronomer, rising above
these details, regards it as a whole, examines its form, investigates
its motions, measures its magnitude, and, above all, ccnsiders it as
the station from which alone he can take a survey of that universe
which forms the peculiar object of hisstudy, and asthe only modulus
or standard by which the magnitudes of all the other bodies in the
universe, and the distances which separate them from the earth and
from each other, can be measured.

§3. W ary to rtain its form, dimensions, and
motions.— But since the apparent magnitudes, motions, and rela-
tive arrangement of surrounding objects severally vary, not only
with every change in the position of the station of the observer, but
even with every change of position of the observer on that station,
it is most necessary to ascertain with all attainable accuracy the
dimensions of the earth, which is the station of the astronomical
observer, its form, and the changes of position in relation to sur-
rounding objects to which it is subject.

54. Porm globular.—The first impression produced by the
aspect presented by the surface of the earth is that of a vast indefinite
plane surface, bro¥en only by the accidents of the ground on land,
such as hills and mountains, and by the more mutable forms due
to the agitation of the fluid mass on the sea. Even this departure
from the appearance of an extensive plane surface ceases on the sea
out of sight of land in a perfect calm, and on certain plains of vast
extent on land, such as some of the prairies of the American conti-
nents.

This first impression is soon shown to be fallacious; and it is
easily demonstrated that the immediate indications of the unaided
sense of vision, such as they are, are loosely and incorrectly inter-
preted, and that, in fact, even that small part of the earth’s surface
which falls at once within the range of the eye in a fixed position
does not appear to be a plane.

Supposing that any extensive part of the surface of the earth were
really a plane, let several stakes or posts, of equal height, be erected
along the same straight line, and at equal distances, say a mile
apart. Let these stakes be represented by ss, 8’ &, s” 8", &c., fig.
16, and let a stake of equal height, o o, be erected at the station of
the observer. Now if the surface were a plane, it is evident that
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the points s, #, #”, &c. must appear to an eye placed at o in the
same visual line, and would each be visible through a tube directed

Fig. 16.

at o parallel to the surface 0s. But such will not be found to be
the case. When the tube is directed to s, all the succeeding points
&, 8”, &c. will be below its direction. If it be directed to #, the
point s will be above, and & and all the succeeding points will be
below its direction. In like manner, if it be directed to s”, the
preceding points s and s’ will be above, and the succeeding points
below its direction. In effect it will appear as though each suc-
ceeding stake were a little shorter than the preceding one. But
as the stakes are all precisely equal, it must be inferred that the
successive points of the surface s, 8", s”, 8", &c. are relatively lower
than the station 0. Nor will the effects be explained by the sup-
position that the surface o 88’ 8", &c., is & descerding but still
aplane surface, because in that case the points s, ¢, 87, &c. must still
be in the same visual line directed from 0. It therefore followa

Fig. 17.

that the surface in the direction o 8 8’ 8” 8", &c. is not plane but
curved, as represented in fig. 17, where the visual lines are in
obvious accordance with the actual appearances as above explained.

Now since these effects are found to prevail in every direction
around the poirt of observation o, it follows that the curvature of
the surface prevails all around that point; and since the extent of the
depression of the points 8, 8',8”, &c. at equal distances from o, are
equal in every direction around o, it follows that the curvature is
in every direction sensibly uniform around that point.

But by shifting the centre of observation o, and making similar
observations elsewhere, and on every part of the earth where such
a process is practicable, not only are like effects observed, but the
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degree of depression corresponding to equal distances from the centres
of observation is the same.

Hence we infer that the surface of the earth, as observed directly
by the eye, is not a plane surface, but one everwalere curved, and
that the curvature is everywhere uniform, at least that no departure
from perfect uniformity in its general curvature exists sufficiently
considerable to be discovered by this method.

But the only form of a solid body which has a surface of uniform
curvature is a sphere or globe, and it is therefore established that
such is the form of the earth.

§5. This conclusion corroborated by circumnavigation.—
If a vessel sail, as far as it is practicable to do so, constantly in the
same direction, it will at length return to the port of its departure,
having circumnavigated the earth, and during its course it appears
to pass over an uniform surface. This is obviously what must take
place so far as regards that part of the earth which is covered with
water, supposing it to be a globe.

56. Corroborated by lunar eclipses.— But the most striking
and conclusive corroboration of the inference just made, and indeed
a phenomenon which alone would demonstrate the form of the earth,
is that which is exhibited in lunar eclipses. These appearances,
which are so frequently witnessed, are caused by the earth coming
between the sun and the moon, 8o as to cast its shadow upon the
latter. Now the form of that shadow is always precisely that
which one globe would project upon another. The phenomenon thus
at once establishes not only the globular form of the earth, but that
of the moon also.

§7. Various effects indicating the earth's rotundity.— The
rotundity of the earth being once admitted, a multitude of its con-
sequences and effects present themselves, which supply corrobora-
tive evidence of that important proposition.

‘When a ship sails from the observer, the first part which should
cease to be visible, if the earth were a plane, would be the rod of the

Fig. 18.

top-mast, having the smallest dimensions, and the last the hull and
sails, being the greatest in magnitude;—but, in fact, the very
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reverse takes place. The hull first disappears, then the sails, and
lastly the top-mast alome is visible by a telescope, appearing like
a pole planted in the water. This becomes gradually shorter, ap-
pearing to sink in the water as the vessel recedes from the eye.

These appearauces are the obvious consequences of the gradual
interposition of the convexity of the part of the earth’s surface over
‘which the vessel has passed, and will be readily comprehended by
the fig. 18.

If the observer take a more elevated position, the same succes-
sion of phenomena will be presented, only greater distances will

. . be necessary to produce the same degree of ap-

. *  parent sinking of the vessel.

Land is visible from the top-mast in approaching
the shore, when it cannot be seen from the deck.

The top of the peak of Teneriffe can be seen from
a distance when the base of the mountain is in-
visible.

The sun shines on the summits of the Alps long
after sunset in the valleys.

An aeronaut ascending after sunset has wit-
nessed the sun reappear with all the effects of
sunrise. On descending, he witnessed a second
sunset.

58. Dimensions of the earth.—Method of
measuring a degree.— Ilaving thus ascertain-
ed that the form of the earth is a globe, it now
remiains to discover its magnitude, or, what is
the same, its diameter.

TFor this purpose it will be necessary first to as-
certain the actual length of a degree upon its sur-
face, that is, the distance between two points on
the surface, so placed that the lines drawn from
them to the centre shall make with each other an
angle of vne degree.
| Let p and p/, fig. 19, represent two places upon
\ the earth's surface, distant from each other from

". 60 to 100 miles, and let ¢ be the centre of the
. earth. Now, let us suppose that two observers at
! the places p and p’ observe two stars s and ¢,
¥ which at the same time are vertically over the two
¢ places, and to which, therefore, plumb-lines sus-

pended at the two places would be directed. The
direction of these plumb-lines, if continued down-
wards, would intersect at c, the centre of the earth.
The visual angle under the directions of these stars s and & at p’

Fig. 19.
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isep #,and at cis sc . But, owing to the insignificant propor-
tion which the distances p p’ and p c bear to the distances of the
stars, the visual angle of the stars, whether seen from p or ¢, will
be the same. If, then, this visual angle at p’ be measured, as it
may be with the greatest precision, we may consider it as the mag-
nitude of the angle p ¢ p’.

Let the actual distance D, between the places p and p/, be mea-
suted or ascertained by the process of surveying, and the number
of seconds in the observed angle s p’ & be expressed by a. If d
express the distance of two points on the earth which would sub-
tend at the centre c an angle of 1°, we shall then have —
a:3600::p:d=0Dp X 36°°
since the number of seconds in a degree is 3600

§9. Length of a degree. — In this way it has been ascertained
that the length of a degree of the earth’s surface is a little less
than 70 British statute miles, and may be expressed in feet (in
round numbers) by 3635,000.

It will therefore be easy to remember that the length of a degree
is as many thousand feet as there are days in the year.

60. Length of a second of the earth.— To find the earth’s
diameter.—Since a second is the 3600th part of a degree, it follows
also that the length of a second is a hundred feet very nearly, a
measure also easily remembered

Nothing can be more easy, after what has been stated, than the
solution of the problem to determine the earth's diameter. If r
express the radius or semidiumeter of the earth ¢ p, a the arc p p’
of the earth’s surface between the two places, fig. 19, and « the
angle p c p’, we shall have

If the distance a be one degree, this will become
,= 365,000
3,000

or very nearly twenty-one million feet, which is equal to 3960
statute miles. So that the diameter of the earth would be 7920
miles, or in round numbers (for we are not here pretending to
extreme arithmetical precision) about 8000 miles.

The process of observation above explained is not in its details
exactly that by which the magnitude of the earth is ascertained,
but it is in spirit and principle the method of observation and cal-
culation. It would not be easy to find, for example, any two

X 206,265 = 20,912,979,
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observable stars which at one and the same moment would be
vertically over the two places p and p’, but any two stars nearly
over them would equally answer the purpose by observing the
extent of their departure from the vertical direction. Neither is it
necessary that the two observations should exactly coincide as to
time ; but these details do not affect the principle of the method,
though they require some consideration to make them clearly in-
telligible.

61. Buperficial inequalities of the earth relatively insig-
nificant. — It is by comparison alone that we can acquire any clear
or definite notions of distances and magnitudes which do not come
under the immediate cognizance of the senses. If we desire to ac-
quire a notion of a vast distance over which we cannot pass, we
compare it with one with which we have immediate and actual
acquaintance, such as a foot, a yard, or a mile. In Astronomy,
baving to deal with magnitudes exceeding in enormous proportions
those of all objects, even the most stupendous, which are so ap-
proachable as to afford means of direct sensible observation, we are
incessantly obliged to have recourse to such comparisons in order
to give some degree of clearness to our ideas, since without them
our knowledge would become a mere assemblage of words, num-
bers, and geometrical diagrams.

When it is stated that the earth is a globe, the first objection
which will be raised by the uninformed student is that the conti-
nents, islands, and tracts of land with which it is covered are marked
by considerable inequalities of level; that mountains rise into ridges
and peaks of vast height; that the seas and oceans, though level at
their swrface in a certain general sense, are agitated by great waves,
and alternately swelled and depressed by tides, and that the solid
bottom of them is known to be subject to inequalities analogous in
character, and not less in depth, than those which prevail on the
land. Since, then, it is the characteristic property of a globe that
all points on its surface are equally distant from its centre, how, it
may be demanded, can a mass of matter, so unequal in its surface as
the earth is, be a globe?

It may be conceded at once, in reply to this objection, that the
earth is not, in the strict geometric sense of the term, a globe.
But let us consider the extent of its departure from the globular
form, so far as relates to the superficial inequalities just adverted to.

The most lofty mountain peaks do not exceed five miles in height.
Few, indeed, approach that limit. Most of the considerable moun-
tainous districts arc limited to less than half that height. No
considerable tract of land has & general elevation even of one mile.
The deepest parts of the sea have not been sounded; but it is
certain that their depth does not exceed the heights of the most
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lofty mountains, and the general depth is incomparably less. The
superficial inequalities of the aqueous surface produced by waves
and tides are comparatively insignificant.

Now, let us consider how these several superficial inequalities
would be represented, observing a due proportion of scale, even on
the most stupendous model.

Construct a globe 20 feet in diameter, as a model of the earth.
Since 20 feet represents 8000 miles, 1-400th part of a foot, or
3-100th parts of an inch, represents a mile. The height, therefore,
of the most lofty mountain peak, and the greatest depth of the
ocean, would be represented by a protuberance or a hole having no
greater elevation or depth than 15-100ths, or about the seventh
part of an inch. The general elevation of & continent would be
fairly represented by a leaf of paper pasted upon the surface, having
the thickness of less than the fiftieth of an inch; and a depression
of little greater amount would express the depth of the general bed
of the sea.

It will therefore be apparent, that the departure of such a model
from the true form of a globe would be in all, save a strictly geo-
metrical sense, absolutely insignificant.

62. Relative dimensions of the atmosphere. — The surface
of the earth is covered by an ocean of air which floats upon it, as
the waters of the seas rest upon their solid bed. The density of
this fluid is greatest in the stratum which is in immediate contact
with the surface of the land and water of the earth, and it di-
minishes in a very rapid ratio in ascending, so that one half of the
entire atmosphere is included in the strata whose height is within
34 miles of the surface. At an altitude of 80 miles, or the hun-
dredth part of the earth’s diameter, the rarefaction must be so ex-
treme, that neither animal life nor combustion could be main-
tained.

The atmosphere, being then limited to such a height, would be
represented on the model above described by a stratum two inches
and a half thick.

63. If the earth moved, how could its motion be per-
ceived t— Nothing is more repugnunt to the first impressions re-
ceived from the aspect of the suiface of the earth, and all upon it,
than the idea that it is in motion. But if this universal impression
be traced to its origin, and rightly interpreted, it will not be found
erroneous, and will form no exception to the general maxim which
induces all persons, not even excepting philosophers, to regard with-
out disrespect notions which have obtained universal popular ac-
ceptation.

‘What is the stability and repose ascribed by the popular judg-
ment to the earth ? Repose certainly absolute, so far as regards all

E
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objects of vulgar or popular contemplation. It is maintained, and
maintained truly, that everything upon the earth, so far as the
agency of external causes is concerned, is at relative rest. Hills,
mountains, and valleys, oceans, seas, and rivers, as well as all artificial
structures, are in relative repose ; and if our observation did not ex-
tend to objects exterior to the globe, the popular maxim would be
indisputable. But the astronomer contemplates objects which
either escape the attention of, or are imperfectly known to man-
kind in general ; and the phenomena which attend these render it
manifest, that while the earth, in relation to all objects upon it and
forming part of it, is at rest, it is in motion with relation to all the
other bodies of the universe.

The motion of objects external to the observer is perceived by
the sense of sight only, and is manifested by the relative displace-
ment it produces among the objects affected by it, with relation to
objects around them which are not in motion, and with relation to
each other. Motions in which the person of the observer partici-
pates may affect the senses both of feeling and sight. The feeling
is affected by the agitation to which the body of the observer is ex-
posed. Thus, in a carriage which starts or stops, or suddenly in-
creases or slackers its speed, the matter composing the person of
the observer has a tendency to retain the motion which it had pre-
vious to the change, and is accordingly affected with a certain force,
as if it were pushed or drawn from restin one direction or the other.
But once in a state of uniform motion, the sense of feeling is only
affected by the agitation proceeding from the inequalities of the
road. If these inequalities are totally removed, as they are in a
boat drawn at & uniform rate on a canal, the sense of feeling no
longer affords any evidence whatever of the motion.

A remarkable example of the absence of all consciousness of
motion, so far as mere feeling is concerned, is presented to all who
have ascended in a balloon. As the aerial vehicle floats with the
stratum of the air in which it is suspended, the feeling of the
acronaut is that of the most absolute repose. The balloon seems
as fixed and immovable as the solid globe itself, and nothing could
produce in the voyager, blindfolded, any consciousness whatever of
motion. When however his eyes, unbandaged, are turned down-
wards, he sees the vast diorama below moving under him. Fields
and woods, villages and towns pass in succession, and the pheno-
mena are such as to impress on the eye, and through the eye upon
the mind, the conviction that the balloon is stationary, and the
earth moving under it. A certain effort of the understanding,
slight, it is true, but still an effort, is required to arrive at the in-
ference that the impressiun thus produced on the sense of vision is
an illusion, that the motion with which the landscape seems to be
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affected is one which in reality affects the balloon in which the
spectator is suspended, and that this motion is equal in speed, and
contrary in direction, to that which appears to affect the subjacent
country.

Now it will be evident, that if the globe of the earth, and all
upon it, were floating in space, and moving in any direction at any
uniform rate, no consciousness of such motion could affect any sen-
sitive being upon it. All objects partaking in common in such
motion, no more derangement among them would ensue than
among the persons and objects transported in the car of the balloon,
where the aeronaut, no matter what be the speed of the motion, can
fill a glass to the brim as easily as if he were upon the solid ground.
Supposing, then, that the earth were affected by any motion in
which all objects upon it, including the waters of the ocean, the
atmosphere, and clouds, would all participate, would the existence
of such a motion be perceived by a spectator placed upon the earth
who would himself partake of it ? It is clear that he must remain
for ever unconscious of it, unless he could find within the range of
his vision some objects which, not partaking of the motion, would
appear to have a motion contrary to that which the observer has in
common with the earth.

But such objects are only to be looked for in the regions of space
beyond the limits of the atmosphere. We find them in the sun, the
moon, the stars, and all the objects which the firmament presents.
‘Whatever motion the earth may have will impart to all these dis-
tant objects the appearance of a motion in the contrary direction.

CHAPTER 1IV.
SPHEROIDAL FORM, MASS, AND DENSITY OF THE EARTH.

64.. Progress of physical investigation approximative. —
It is the condition of man, and probably of all other finite intelli-
gences, to arrive at the possession of knowledge by the slow and
laborious process of a sort of system of trial and error. - The first
conclusions to which, in physical enquiries, observation conducts us,
are never better than very rough approximations to the truth.
These being submitted to subsequent comparison with the originals,
undergo a first series of corrections, the more prominent and con-
spicuous departures from conformity being removed. A second
approximation, but still only an approximation, is thus obtained :
and another and still more severe comparison with the phenomena
under investigation is made, and another order of corrections is

E 2
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effected, and a closer approximation obtained. Nor does this pro-
gressive approach to perfect exactitude appear to have any limit.
The best results of our intellectual labours are still only close
resemblances to truth, the absolute perfection of which is probably
reserved for a higher intellectual state.

The labours of the physical inquirer resemble those of the
sculptor, whose first efforts produce from the block of marble a rude
and uncouth resemblance of the human form, which ouly approaches
the grace and beauty of nature by comparing it incessantly and
indefatigably with the original ; detaching from it first the grosser
and rougher protuberances, and subsequently reducing its parts by
the nicer and more delicate touches of the chisel to near conformity
with the model.

It would however be a great mistake to depreciate on this account
the results of our first efforts in the acquisition of a knowledge of
the laws of nature. If the first conclusions at which we arrive are
erroneous, they are not therefore the less necessary to the ultimate
attainment of more exact knowledge. They prove, ou the contrary,
not only to be powerful agents in the discovery of those corrections
to which they are themselves to be submitted, but to be quite
indispensable to our progress in the work of investigation and dis-
covery.

These observations will be illustrated by the process of instruction
and discovery in every department of physical science, but in none
80 frequently and so forcibly as in that which now occupies us.

65. Pigure of the earth an example of this, — The first con-
clusions at which we have arrived respecting the form of the earth
is that it is a globes and with respect to its motion is, that it is in
uniform rotation round one of its diameters, making one complete
revolution in twenty-four hours sidereal time, or 23® 56™ 4“o9
common or civil time.

66. Globular figure incompatible with rotation. — The first
question then which presents itself is, whether this form and
rotation are compatible ? It is not difficult to show, by the most
simple principles of physics, that they are not; that with such a
form such a rotation could not be maintained, and that with such a
rotation such a form could not permanently continue. And if this
can be certainly established, it will be necessary to retrace our
steps, to submit our former conclusions to more rigorous comparison
with the objects and phenomena from which they were derived, and
ascertain which of them is inexact, and what is the modification
and correction to which it must be submitted in order to be brought
into harmony with the other.

67. Rotation cannot be modified — supposed form may. —
The conclusion that the earth revolves on its axis with a motion
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corresponding to the apparent rotation of the firmament, is one which
admits of no modification, and must from its nature be either ab-
solutely admitted or absolutely rejected. The globular form im-
puted to the earth, however, has been inferred for observations of a
general nature, unattended by any conditions of exact measurement,
and which would be equally compatible with innumerable forms,
departing to a very considerable and measurable extent from that
of an exact geometrical sphere or globe.

68. How rotation would affect the superficial gravity on
a globe.—Let N Q 8, fig 20., represent a section of a globe sup-
posed to have a motion of rota-
tion round the diameter N5 as
an axis. Every point on its sur~
face, such as p or ¥/, will revolve
in a circle, the centre of which
oor o will beupon the axis, and
the radius o P or o’ ¥ will gra-
dually decrease in approaching
the poles N and 8, where no mo-
tion takes place, and will gradu-
ally increase in approaching the \_I_/
equator Q 0 Q, where the circle of
rotation will be the equator itself.

A body placed at any part of the surface, such as P, being thus
carried round in a circle, will be affected by a centrifugal force,
the intensity of which will be expressed by (M. 314)

C=1227XRXN'XW,

Fig. 20.

where R=P o, the radius of the circle, N the fraction of & revo-
lution made in one second, and w the weight of the body, and the
direction of which is p c.

This centrifugal force being expressed by P cisequivalent(M.166),
to two forces expressed in intensity and direction by P m and P n.
The component P m is directly opposed to the weight w of the body,
which acts in the line P o directed to the centre, and has the effect
of diminishing it. The component P n being directed towards the
equator Q, has a tendency to cause the body to move towards the
equator ; and the body, if free, would necessarily so move.

Now it will be evident, by the mere inspection of the diagram,
that the nearer the point P is to the equator @, the more directly
will the centrifugal force P ¢ be opposed to the weight, and con-
sequently the greater will be that component of it, P m, which
will have the effect of diminishing the weight.

But this diminution of the weight is further augmented by the
increase of the actual intensity of the centrifugal force itself in
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approaching the equator. By the above formula, it appears that
the intensity of the centrifugal force must increase in proportion
as the radius R or P o increases. Now it is apparent that » o
increasesgradually in going from P toq, since P’ o’ is greater, and @ 0
greater still than P o; and that, on the other hand, it decreases in
going from P to N or 8, where it becomes nothing.

Thus the effect of the centrifugal force in diminishing weight
being nothing at the pole N ors, gradually increases in approaching
the equator ; first, because its absolute intensity gradually increases ;
and secondly, because it is more and more directly opposed to gravity
until we arrive at the equator itself, where its intensity is greatest,
and where it is directly opposed to gravity.

The effects, therefore, produced by the rotation of a globe, such
as the earth has been assumed to be, are — 1st. The decrease of
the weights of bodies upon its surface, in going from the pole to the
equator; and zndly, A tendency of all such bodies as are free, to
move from higher latitudes in either hemisphere towards the
equator.

69. The figure must be some sort of oblate spheroid. —
Now the effects produced by centrifugal force caused by the rota-
tion of the earth, would be fulfilled if, instead of being an exaet
sphere, it were an oblate spheroid, having a certain definite ellipti-
city,—that is, a figure which would be produced by an ellipse
revolving round its shorter axis. Such a figure would resemble an
orange or a turnip. It would be more convex at the equator than
at the poles. A globe composed of elastic materials would be
reduced to such a figure by pressing its poles together so as to
flatten more or less the surface of these points, and produce & pro-

tuberance around the equator. The
¥ meridians of such a globe would be
ellipses, having its axis as their lesser
axis, and the diameters of the equator
& ?  ag their greater axes.
The form of the meridian would
be suchas is represented in fig. 21,

5 N 8 being the axis of rotation, and
Fig. a1. X Q the equatorial diameter.

70. Its ellipticity must depend on gravity and centrifugal
force.—The protuberance around the equator may be more or less,
according to the ellipticity of the epheroid ; but since the distribu-
tion of land and water is indifferent on the surface, having no
prevalence about the equator rather than about the poles, or vice
versd, it is evident that the degree of protuberance must be that
which counteracts, and no more than counteracts, the tendency of
the fluids, in virtue of the centrifugal force, to flow towards the
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equator. This protuberance may be considered as equivalent in its
effects to an acclivity of regulated inclination, rising from each
pole towards the equator. To arrive at the equator the fluid must
ascend this acclivity, to which ascent gravity opposes itself, with a
force depending on its steepness, which increases with the magni-
tude of the protuberance, or, what is the same, with the ellipti-
city of the spheroid. If the ellipticity be less than is necessary to
counteract the effect of the centrifugal force, the fluid will still
flow to the equator, and the earth would consist, as before, of a
great equatorial ocean separating two vast polar continents. If the
ellipticity were greater than is necessary to counteract the effect of
the centrifugal force, then gravity would prevail over the centri-
fugal force, and the waters would flow down the acclivities of the
excessive protuberance towards the poles, and the earth would
consist of a vast equatorial continent separating two polar oceans.

Since the geographical condition of the surface of the earth is
not consistent with either of these consequences, it is evident
that its figure must be an oblate spheroid, having an ellipticity
exactly corresponding to the variation of gravity upon its surface,
due to the combined effect of the attraction exerted by its consti-
tuent parts upon bodies placed on its surface, and the centrifugal
force arising from its diurnal rotation.

It remains, therefore, to determine what this particular degree of
ellipticity is, or, what is the same, to determine by what fraction
of its whole length the equatorial diameter xQ exceeds the polar
axis N 8.

71. Ellipticity may be calculated and measured, and the
results compared. —The degree of ellipticity of the terrestrial
spheroid may be found by theory, or ascertained by observation
and measurement, or by both these methods, in which case the ac-
cordance or discrepancy of the results will either prove the validity
of the reasoning on which the theoretical calculation is founded, or
indicate the conditions or data in such reasoning which must be
modified.

Both these methods have accordingly been adopted, snd their
results are found to be in complete harmony.

72. Ellipticity calculated. — Theseveral quantities which are
involved in this problem are: —

1. The time of rotation=gr.

2. The fraction of its whole length by which the equatcrial

exceeds the polar diameter=e.

3. The fraction of its whole weight by which the weight of a

body at the pole exceeds the weight of the same body at
the equator = .
4 The mean density of the earth.
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§. The law according to which the density of the strata varies

in proceeding from the surface to the centre.

All these quantities have such a mutual dependence, that when
some of them are given or known, the others may be found.

In whatever way the solution of the problem may be approached,
it is evident that the form of the spheroid must be the same as it
would be if the entire mass of the earth were fluid. If this were
not so, the parts actually fluid would not be found, as they are
always, in local equilibrium. The state of relative density of the
strata proceeding from the surface to the centre is, howerver, not so
evident. Newton investigated the question by ascertaining the
form which the earth would assume if it consisted of fluid matter
of uniform density from the surface to the centre; and the result of
his analysis was that, in that case, assuming the time of rotation to
be what it is, the equatorial diameter must exceed the polar by the
230th part of its whole length, and gravity at the pole must exceed
gravity at the equator by the same fraction of its entire force.

As physical science progressed, and mathematical analysis was
brought to a greater state of perfection, the same problem was
investigated by Clairault and several other mathematicians, under
more rigorous conditions. The uniform density of the constituents
of the earth—a highly improbable supposition — was put aside,
and it was assumed that the successive strata from the centre to
the surface decreased in density according to some undetermined
conditions. It was assumed that the mutual attraction of all the
constituent parts upon any one part, and the eftect of the centri-
fugal force arising from the rotation, are in equilibrium; so that
every particle composing the spheroid, from its centre to its surface,
is in repose, and would remain so were it free to move.

By a complicated and very abstruse, but perfectly clear and cer-
tain mathematical analysis, it has been proved that the quantities
above mentioned have the following relation. Let « express a cer-
tain number, the amount of which will vary with . 'We shall
then have

et+w=r.
Now it has becn shown that when R=23" §6™ 4*09, the number
r will be 1, 8o that in effect
1
e+ w= I_IS'

This result was shown to be true, whatever may be the law ac-
cording to which the density of the strata varies.

It further results from these theoretical researches that the mean
density of the entire terrestrial spheroid is about twice the mean
density of its superficial crust.
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It follows from this that the density of its central parts must
greatly exceed twice the density of its crust.

It remains, therefore, to see how far these results of theory
are in accordance with those of actual observation and measure-
ment.

73 Ellipticity of terrestrial spheroid by observation and
measurement. — If a terrestrial meridian were an exact circle, as
it would necessarily be if the earth were an exact globe, every part
of it would have the same curvature. But if it were an ellipse, of
which the polar diameter is the lesser axis, it would have a vary-
ing curvature, the convexity being grettest at the equator, and
least at the poles. If, then, it can be ascertained by observation,
that the curvature of a meridian is not uniform, but that on the
contrary it increases in going towards the Line, and diminishes in
going towards the poles, we shall ‘obtain a proof that its form is
that of an oblate spheroid.

To comprehend the method of ascertaining this, it must be con-
sidered that the curvature of circles diminishes as their diameters
are augmented. It is evident that a circle of one foot in diameter
has a less degree of curvature, and is less convex than a circle one
inch in diameter. But an arc of a circle of a given angular magni-
tude, such for example as 1°, has a length proportional to the dia-
meter. Thus, an arc of 1° of a circle a foot in diameter, is twelve
times the length of an arc of 1° of a circle an inch in diameter.
The curvature, therefore, increases as the length of an arc of 1° di-
minishes.

If, therefore, a degree of the meridiau be observed, and measured,
by the process already explained (58), at different latitudes, and it
is found that its length is not uniformly the same as it would be if
the meridian were a circle, but that it is less in approaching the
equator, and greater in approaching the pole, it will follow that the
convexity or curvature increases towards the equator, and dimi-
nishes towards the poles; and that consequently the meridian has
the form, not of a circle, but of an elhpse, the lesser axis of which is
the polar diameter.

Such observations have accordingly been made, and the lengths
of a degree in various latitudes, from the Line to 66° N. and to 35°
8., have been measured, and found to varyfrom 363,000 feet on
the Line to 367,000 feet at lat. 66°.

From a comparison of such measurements, it has been ascertained
that the equatorial diameter of the spheroid exceeds the polar by
sko of its length. Thus (72)

=1
300
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74. Variation of gravity by observation.— The manner in
which the variation of the intensity of superficial gravity at
different latitudes is ascertained by meaus of the pendulum, has
been explained in M. §05. From a comparison of these observa-
tions it has been ififerred that the effective weight of & body at the
pole exceeds its weight at the equator by about the y}4th * part of
the whole weight.

75. Accordance of these results with theory.— By compar-
ing these results with those obtained by Newton, on the supposi-
tion of the uniform density of the earth, a discrepancy will be
found sufficient to prove «the falsehuod of that suppdsition. The
value of e found by Newton is 13y, its actual value being 435, and
that of w0 5}y, its actual value being .

On the other hand, the accordance of these results of observation
and measurement with the more rigorous conclusions of later
researches is complete and striking; for instance, if in the relation
between e and 1, explained in (72), we substitute for  the value
1}, determined by observation, we find the result as the value for
e, which is obtained by computation founded on measurement, to be
also, yig.

76. Actual linear dimensions of the terrestrial spheroid.—
It is not enough to know the proportions of the earth. It is re-
quired to determine the actual dimensions of the spheroid. The
following are the lengths of the polar and equatorial diameters,
according to the computations of the most eminent and recent
authorities: —

I Bessel. Alry.
lar di Miles. Miles.
Polar diameter - - - - 89114 7899'170
Equatorial dinmeter - - - 79:36:4 7‘3‘3“
Absolute diflerence - - - 450 478
Excess of the equatorial expressed in} 1 1
l a fraction of its entire lenyth - W W

The close coincidence of these results supplies a striking example
of the precision to which such calculations have been brought.
The departure of the terrestrial spheroid from the form of an ex-
act globe is so inconsiderable that, if an exact model of it turned
in ivory were placed before us, we could not, either by sight or
touch, distinguish it from a perfect billiard ball. A figure of a
meridian accurately drawn on paper could only be distinguished

* Different values are assigned to this — Sir Jobn Herschel prefers I,

the Astronomer Royal 1lgr  We have taken a mean between these estimates,
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from a circle by the most precise measurement. If the major axis
of such an ellipse were equal in length to the page now under the
eye of the reader, the lesser axis would fall short of the same length
less than the fortieth of an inch.

77. Dimensions of the spheroidal equatorial excess. — If
a sphere Ng8gbe imagined to be inscribed within the terrestrial
spheroid having the polar axis X 8, fig. 22., for its diameter, & sphe-
roidal shell will be included
between its surface and that of
the spheroid composed of the
protuberant matter, having a
thickness @ ¢ of 13 miles at the |,
equator, and becoming gradu-
ally thinner in proceeding to
the poles, where its thickness
vanishes. This shell, which 3
constitutes the equatorial ex-
cess of the spheroid, and which .
has a density not more than half the mean density of the earth, the
bulk of which, moreover, would be imperceptible upon a mere
inspection of the spheroid, is nevertheless attended with most
important effects, and by its gravitation is the origin of most
striking phenomena not only in relation to the moon, but also to
the far more distant mass of the sun.

78. Density and mass of the earth by observation. — The
magnitude of the earth being known with great precision, the de-
termination of its mass and that of its mean density become one and
the same problem, since the comparison of its mass with its magni-
tude will give its mean density, and the comparison of its mean
density with its magnitude will give its mass.

The methods of ascertaining the mass or actual quantity of
matter contained in the earth are all based upon a comparison of
the gravitating force or attraction which the earth exerts upon an
object with the attraction which some other body, whose mass is
exactly known, exerts on the same object. It is assumed, as a
postulate or axiom in physics, that two masees of matter which at
equal distances exert equal attractions on the same body must be
equal. But as it is not always possible to bring the attracting
and attracted bodies to equal distances, their attractions at unequal
distances may be observed, and the attractions which they would
exert at equal distances may be thence inferred by the general law
of gravitation, by which the attraction exerted by the same body
increases as the square of the distance from it is diminished.

79. Dr. Iaskelyne’s solution by the attraction of Schehal-
tten.— This celebrated problem consisted in determining the ratie

Fig. 2a2.
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of the mean density of a mountain called Schehallien, in Perthshire,
to that of the earth, by ascertaining the amount of the deviation of
a plumb-line from the direction of the true vertical produced by
the local attraction of the mountain.

To render this method practicable, it is necessary that the moun-
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tain selected be a solitary one, standing on an extensive plain, since
otherwise the deviation of the plumb-line would be affected by
neighbouring eminences to an extent which it might not be possible
to estimate with the necessary precision. It was considered by
Dr. Maskelyne that no eminence sufficiently considerable exists
near enough to Schehallien to produce such disturbance.

The accuracy of this inference is however rather doubtful. Mr.
Airy, who has persorally examined the mountain, says: *The
mountain is nearly surrounded by other mountains, of which one is
much higher than itself; the geology also of the country is compli-
cated.” The exact disturbance due to the attraction of the moun-
tain would for these rensons be extremely difficult to discover.
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The mountain ranging east and west, two stations were selected
on its northern and southern acclivities, so as to be in the same
meridian, or verynearly so. A plumb-line, attached to an instrument
called a zenith sector, adapted to measure with extreme accuracy
small zenith distances, was brought to each of these stations, and
the distance of the same star, seen upon the meridian from the
directions of the plumb-line, were observed at both places.

The difference between those distances gave the angle under the
two directions of the plumb-line. This will be more clearly under-
stood by reference to fig. 23, where P and P’ represent the points
of suspension of the two plumb-lines. If the mountain were re-
moved, they would hang in the directions P ¢ and ¥’ ¢ of theearth’s
centre, and their directions would be inclined at the angle pc P’
But the attraction exerted by the interjacent mass produces on
each side a slight deflection towards the mountain, so that the two
directions of the plumb-line, instead of converging to the centre of
the earth c, converge to a point ¢ nearer to the surface, and form
with each cther an angle pc P greater than pc P’ by the sum of
the two deflections c Pc and c P’ ¢.

Now by means of the zenith sector the distances 8z and 8z’ of
the points z and 2’ from any star such as s, can be observed “with
a precision 80 extreme as not to be subject to & greater error than
a small fraction of a second. The difference of these distances
will be —

8z —8z=z7,

the apparent distance between the two points z and 2’ on the
heavens to which the plumb-line points at the two stations. This
distance expressed in seconds gives the magnitude of the angle
P c ¥ formed by the directions of the plumb-line at the two stations,
which is the sum of the deflection produced by the local attraction
of the mountain.

If the mountain were not present, the angle PcP’ could be
ascertained by the zenith sector; but as the indications of that
instrument have reference to the direction of the plumb-line, it is
rendered inapplicable in consequence of the disturbing effect of the
mountain.

To determine the magnitude of the angle P c P/, therefore, the
direct distance between the stations P and P’ is ascertained by
making a survey of the mountain which, as will presently appear,
is also necessary, in order to determine its exact volume. For
every hundred feet in the distance between P and 2’ there will be
1’/ in the angle P c?’ (60). Finding, therefore, the direct distance
between P and ¥’ in feet, and dividing it by 100, we shall have
the angle P c P’ in seconds,
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In the case of the experiment of Dr. Maskelyne, which was made
in 1774, the angle pcr’ was found to be 417, and the angle
pcp’ §3”. The sum of the two deflections was therefore 12”.

The survey of the mountain supplied the data necessary to de-
termine its actual volume in cubic miles, or fraction of a cubic mile.
An claborate examination of its stratification, by means of sections,

62
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borings, and the other usual methods, supplied the data necessary
to determine the weights of its component parts, and thence the
weight of its entire volume: and the comparison of this weight
with its volume gave its mean density.
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The mean density of the earth resulting from this experiment is
about five times that of water.

80. Cavendish’'s solution. — Atalater period Cavendish made
the experiment which bears his name, in which the attraction
exerted by the earth upon a body on its surface was compared with
the attraction exerted by a large metallic ball on the same body ;
and this experiment was repeated still more recently by Dr. Reich,
and by the late Mr. Francis Baily, as the active member of a com-
mittee of the Royal Astronomical Society of London. All these
several experimenters proceeded by methods which differed only in
some of their practical details, and in the conditions and precautions
adopted to obtain more accurate results.

In the apparatus used by Mr. Baily, the latest of them, the
attracting bodies with which the globe of the earth was compared
were two balls of lead, each a foot in diameter. The bodies upon
which their attraction was manifested were small balls, about two
inches in diameter. The former were supported on the ends of an
oblong horizontal stage, capable of being turned round a vertical
axis supporting the stage at a point midway between them. Let
Jig. 24 represent a plan of the apparatus. The large metallic balls
B and B’ are supported upon a rectangular stage represented by the
dotted lines, and so mounted as to be capable of being turned round
its centre ¢ in its own plane. Two small balls a &, about two
inches in diameter, are attached to the ends of a rod, so that the
distance between their centres shall be nearly equal to B»’. This
rod is supported at ¢ by two fine wires at a very small distance
asunder, so that the balls will be in repose when the rod ¢ &’ is di-
rected in the plane of the wires, and can only be turned from that plane
by the action of a small and definite force, the intensity of which can
always be ascertained by the angle of deflection of the rod aa’. The
exact direction of the rod a o’ is observed, without approaching the
apparatus, by means of two small telescopes Tand 1/, and the extent of
its departure from its position of equilibrium may be measured with
great precision by micrometers.

In the performance of the experiment a multitude of precautions
were taken to remove or obviate various causes of disturbance, such
as currents of air, which might arise from unequal changes of tem-
perature which need not be described here.

The large balls being first placed at a distance from the small
ones, the direction of the rod in its position of equilibrium was
observed with the telescopes TT". The stage supporting the large
balls was then turned until they were brought near the small ones,
as represented at B¥. It was then observed that the small balls
were attracted by the large ones, and the amount of the deflection
of the rod a o’ was observed.
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The frame supporting the large balla was then turned until B
was brought to b, and B’ to ¥, so as to attract the small balls on the
other side, and the deflection of @ @’ was again observed. In each
case the amount of the deflection being exactly ascertained, the
intensity of the deflecting force, and its ratio to the weight of the
balls, became known.

The properties of the pendulum supplied a very simple and exact
means of comparing the attraction of the balls B and B’ with the
attraction of the earth. The balls @ a’ were made to vibrate through
a small arc on each side of the position which the attraction gave
them, and the rate of their vibration was observed and compared
with the rate of vibration of a common pendulum. The relative
intensity of the two attractions was computed from a comparison
of these rates by the principles established in (M. 505). The pre-
cision of which this process of observation is susceptible may be
inferred from the fact that the whole attraction of the balls BB’
upon a a’ did not amount to the zo-millionth part of the weight of
the balls @ &', and that the possible error of the result did not exceed
2 per cent. of its whole amount.

The attraction which the balls B 3" would exert on aa’, on the
supposition that the mean density of the earth is equal to that of
the metallic balls B B’, was then computed and found to be less than
the actual attraction observed, and it was inferred that the density
of the earth was less than that of the balls B 8’ in the same ratio.

The result of this expgriment as determined by Mr. Baily gave
the mean density of the earth 5'67 times greater than that of
water,

The apparatus for determining by immediate observation the
mean density of the earth, will be more easily understood by refer-
ence to_figs. 2§, 26, and 27, assisted by the following explanation.

In fig. 25, the two great balls w W are presented obliquely and
foreshortened, their true position being represented in the ground
plan fig. 26. The small balls a @’ fig. 24 correspond with z z fig. 2§,
and the rod connecting them with A A The two small leaden
balls 2 x are suspended to the extremities of the horizontal
rod A A, supported at its middle point by a vertical metallic
wire / g m. The two wires g A are arranged, connecting the ex-
tremities of A A with the point g, to prevent the flexure of the
rod A A by the weight of the balls 2 z. The suspending wire
lgm, the oblique wires g A, the rod A%, and the balls z x
are enclosed in a lightly constructed case, A B ¢ D E F, to prevent the
least effect of the agitation of the surrounding air. This box is
sustained by four vertical supports, two of which are represented
in 8. The two great balls w w are suspended by two vertical rods
connected above by the piece r P r, which is terminated at p by the
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rod P p, which traverses a fixed beam. A pulley & u is fixed upon
the rod P p, by which the whole apparatus supporting the balls w w
can be turned round the vertical axis.

Let us now suppose the balls w w to be placed in the vertical
plane at right angles to the rod A A. In that position, their attrac-
tions upon the balls x z, being equal and contrary, will equilibrate,

Fig. 25.

and the balls r r will remain undisturbed. If we bring the two
large balls w w into the position represented in fig. 26., they will
attract the small balls r r, and will make the lever A A turn upon
its vertical axis, in consequence of which, a slight degree of torsion
will be given to the wire ! g, which torsion will balance the effect of
the attraction of the balls w w. If the balls w w are turned to the
position w w indicated by the dotted lines, the small balls » x will
be again attracted, but in contrary directions, and with equal forces,
¥
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It is evident that the total angle of torsion through which the
wire ¢ [ will be turned by the rod A A in the two cases, will repre-

Fig. 26.

gent twice the attractive force of the balls in this case, so that half
the angle of torsion will express the actual attraction of the great

Fig. 27.

balls in each of the two positions. By comparing the force of at-
traction with the actual weight of the small balls x, taking account
of the ratio between the distances of the centres of the small and
great balls and the radius of the earth, we have all the data neces-
sary to compare the attraction of the whole mass of the earth upon
the small balls, with the attraction of the mass W upon them.

The actual value of force exerted by the torsion of the wire / g is
determined by turning the balls = x from their position of equili-
brium, and allowing them to vibrate to the right and left alter-
nately of the position of equilibrium. The time of vibration will
in that case determine the force of torsion, upon the same principle
as the time of vibration of a common pendulum determines the
force of gravity.

The mauner in which Cavendish disposed his apparatus in an in-



MEAN DENSITY OF THE EARTH. 67

closed chamber, 80 as to remove it from all disturbing causes arising
from the agitation of the surrounding air, is represented in fig. 27.
The deviation of the lever A k, whether produced by the attraction of
the great balls or by the oscillation of the small ones, on either side
of the position of equilibrium, was observed by the two telescopes
T T directed towards the extremities of the lever A A. Two small
divided rules n n were adapted to the extremities of the lever A A,
and moved with it behind two small openings through which they
were visible by the telescopes T T. The lamps L L projected light
by reflectors upon these two small rules n n. A horizontal rod,
terminated by a button K, communicated by its inner extremity
with the support of the vertical wire / g, by making the button
turn this support round its vertical axis. In this way, the rod A A
would always be adjusted to the position which it ought to have,
when the vertical wire / g suffered no torsion. Finally, a cord
passed through the groove of a pulley u M, fig. 25. fixed horizon-
tally above the piece P . The two cords proceeding from this
issued from the chamber by two lateral openings, passed each other
in the groove of a vertical pulley y, and supported weights destined
to give them the necessary tension. It was sufficient to draw one
of these two cords to turn the pulley M ¥, drawmg with it the two
large balls w W, 8o as to place these two balls in any desired posi-
tion with relation to the apparatus.

81. The Harton pendulum experiments.— The last determi-
nation of the mean density of the earth which it is necessary to
mention, is that resulting from the experiments undertaken by the
Astronomer Royal, Mr. Airy, at the Harton Colliery, near South
Shields, in the month of October, 1854. It would be out of place
here, however, to give a lengthened detail of the various methods
adopted in carrying out this important experiment, a general and
concise outline only must therefore suffice.

The observations atthe mine consisted of accurately noting simul-
umeously at two stations, the vibrations of an invariable pendulum
in comparison with the vibrations of a clock pendulum placed im-
mediately behind, one station being on the surface in a building
prepared for the occasion, and the other almost vertically below, at
a depth of about 1260 feet, the object being to ascertain the differ-
ence of the force of gravity acting on the two detached pendulums.

For this purpose, the detached penduluni was suspended on a
firm iron stand, by means of a projecting piece of hard steel, one
edge of which is ground to a knife-edge, resting on planes of
polished agate.  Friction is thus nearly, if not altogether, avoided.
Behind the pendulum the clock was placed. A small inclined disk
covered with gold leaf, and illuminated by a lamp, was fixed to
the bob of the clock pendulum This disk was viewed at a short

F2
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distance by means of a telescope. Immediately in front of the
disk a long narrow tail projecting from the bob of the detached
pendulum was suspended, the disk being invisible when both
pendulums were in a vertical position. If the clock pendulum
were made to vibrate while the detached pendulum was at rest, its
disk would be seen on both sides of the pendulum tail. A pair of
cheeks was attached to the clock-case between the two pendulums,
having an opening between them which admitted of adjustment.
‘When the detached pendulum was still at rest, the cheeks were
moved towards the centre till the vibrating disk could not be seen
past the edges of the pendulum tail; when this was done satis-
factorily the apparatus was ready for use. Supposing the two
pendulums are both vibrating; if they do not pass the vertical
positions at the same time, the pendulum tail does not cover the
opening between the adjustable cheeks at the instant when the
disk is passing, which is therefore visible to the observer. When
they pass together the disk cannot be seen, the two pendulums being
in coincidence. The exact times of successive coincidences were
observed, from which could easily be inferred the rate of one pendu-
lum over theother. These observations were made simultaneously
at the upper and lower stations on precisely the same system.
Having thus obtained the rate of each detached pendulum in
comparison with its own clock, it was necessary that the compara-
tive rates of the two clocks should be determined with the greatest
accuracy. This was effected by means of galvanic signals, a com-
munication being made between the two stations by wires passing
down the shaft. A galvanic needle was placed near each clock-
face, so that each sigual was observed at the same instant by the
two observers. From these comparisons the rate of one clock over
the other was easily found, and also the comparative rate of the
two detached pendulums.

The observations were completed in three weeks, the detached
pendulums being reversed in the second week ; in the third, the
pendulums were interchanged at the commencement, and in the
middle of the week, forming four complete series of observations.
To eliminate any liability of error which might arise if no inter-
change took place, the detached pendulums were, therefore, alter-
nately mounted at the upper and lower stations. Six observers
from different observatories, under the superintendance of Mr.
Dunkin, of the Royal Observatory, gave their personal assistance.

A careful survey of the neighbouring country was made, as well
as of the different strata which composed the shell between the two
stations. One huudred and forty-two different specimens were
found, and the specific gravity of the principal determined.

The result of the experiment gave 6°57 for the value of the mean
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deusity of the earth above that of water. This result is much
larger than those obtained from former researches, but the Astro-
nomer Royal considers it entitled to compete with the others on, at
least, equal terms.

CHAPTER ¥V

APPAREXT FORM AND MOTION OF THE FIRMAMENT.

82. Aspect of the firmament. —If we examine the heavens
with attention on clear starlight nights, we shall soon be struck
with the fact, that the brilliant objects scattered over them in such
incalculable numbers maintain constantly the same relative posi-
tion and arrangement. Every eye is familiar with certain groups
of stars called constellations. These are never observed to change
their relative position. A diagram representing them now would
equally represent them at any future time ; and if a general map be
made, showing the relative arrangement of these bodies on any
night, the same map will represent them with equal exactness and
fidelity on any other night. There are a few, among many thou-
sands, which are exceptions to this, with which, however, for the
present we need not concern ourselves,

83. The celestial hemispbere.—The impression produced
upon the sight by these objects is that they are at a vast distance,
but all at the same distance. They seem as though they were at-
tached in fixed and unalterable positions upon the surface of a vast
hemisphere, of which the place of the observer is the centre. Setting
aside the accidental inequalities of the ground, the observer seems
to stand in the centre of a vast circular plane, which is the base of
this celestial hemisphere.

84. Horizon and zenith. — This plane, extended indefinitely
around the observer, meets the celestial hemisphere in a circio
which is called the Horrzox, from the Greek word épilerv (orizein),
to ternnnate or bound, being the boundary or Jimit of the visible
heavens.

The centre point of the visible hemisphere — that point which
is perpendicularly above the observer, and to which a plumb-line
suspended at rest would be directed — is called the ZENITH.

85. Apparent rotatiom of the firmament. — A few hours’ at-
tentive contemplation of the firmament at night will enable any
common observer to perceive, that although the stars are, relatively
to cach other, fixed, the l.emisphere, us a whole, is in motion.
Looking at the zenith, constellation after constellation will appear
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to pass across it, having risen in an oblique direction from the
horizon at one side, and, after passing the zenith, descending on
the other side to the horizon, in a direction similarly oblique.
Still more careful and longer continued observation, and a com-
parison, so far as can be made by the eye, of the different directions
successively assumed by the same object, creates a suspicion, which
every additional observation strengthens, that the celestial vault
has a motion of slow and uniform rotation round a certain diameter
as an axis, carrying with it all the objects visible upon it, without
in the least deranging their relative positions or disturbing their
arrangement.

Such an impression, if well founded, would involve, as a neces-
sary consequence, that a certain point in the heavens placed at the
extremity of the axis of its rotation, would be fixed, and that all
other points would appear to be carried around it in circles; each
such point preserving therefore, constantly, the same distance from
the point thus fixed.

86. The pole star. — To verify this inference, we must look for
a star which is not affected by the apparent rotation of the heavens,
which affects more or less every other star.

Such a star is accordingly found, which is always seen in the
same direction, — so far at least as the eye, unaided by more accu-
rate means of observation, can determine.

The place of this star is called the PoLE, and the star is called
the PoLE 8TAR.

87. Rotation proved by instrumental observation. — Mere
visual observation, however, can at most only supply grounds for
probable conjecture, either as to the rutation of the sphere, or the
position of its pole, if such rotation take place. To verify this con-
jecture, to determine with certainty whether the motion of the
sphere be cne of rotation, and if so, to ascertain with precision the
direction of the axis round which this rotation takes place, its
velocity, and, in fine, whether it be uniform or variable, —are
problems of the highest importance, but which are altogether
beyond the powers of mere visual observation unaided by instru-
ments of precision.

88. Bxact direction of the axis and position of the pole.—
Suppose a telescope of low magnifying power, supplied with micro-
metric wires (11), to be directed to the pole star, so that the star
may be seen exactly upon the intersection of the horizontal and
vertical wires. If this star were precisely at the extremity of the
axis of the hemisphere, or at the pole, it would remain permanently
in this position notwithstanding the rotation of the firmament.
Such is not, however, found to be the case. The star will appea
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to move; but if the magnifying power of the telescope be low
enough it will not leave the field of view. It will appear to move
in & small circle, the diameter of which is about 3°. The telescope
may he so adjusted that the star will move in a circle round the
intersection of the wires as a centre, which would be the true posi-
tion of the PoLE, round which the pole star is carried in a circle, at
the distance of about 14°, by the rotation of the sphere.

89. Rotation of firmament proved by equatorial. — Now,
to establish, by means of the equatorial, the fact that the firma-
ment really has a motion of apparent rotation with a velocity
rigorously uniform round the axis, let the telescope be first directed
to any star, o, fig. 13, for example, so that it shall be seen bisected
by the middle wire. The line of collimation will then be directed
to the star, and the angle ocN’ or the arc oN’ will express the
apparent distance of such a star from the pole p.

Let the instrument be then turned upon its axis from east to
west (that is, in the same direction as the rotation of the firma-
ment), through any proposed angle, say 9o°, and let it be fixed in
that position. The firmament will follow it, and after a certain
interval the same star will be seen again bisected by the middle
wire; and in the same manner, whatever be the change of position
of the instrument upon its axis, provided the direction of the tele-
scope upon the arc o N’, fig. 13, be not changed, the star will always
arrive, after an interval more or less, according to the angle through
which this instrument has been turned, upon the middle wire.

It follows, therefore, from this, that the particular star here
observed is carried in a circle round the heavens, always at the
same distance, o p, from the celestial pole.

The same observations being made with a like result upon every
star to which the telescope is directed, it follows that the motion
of the firmament is such that all objects upon it describe circles at
right angles to its axis, each object always remaining at the same
distance from the pole.

This is precisely the effect which would be produced by the ro-
tation of the heavens round an axis directed to the pole from the
place of the observer.

But it remains to ascertain the time of rotation, and whether the
rotation be uniform.

If the telescope be directed as before to any star, so that it shall
be seen on the middle wire, let the instrument be then fixed, being
detached from the clock-work, and let the exact time be noted.
On the following night, at the approach of the same hour, the same
star will be seen approaching to the same position, and it will at
length arrive again upon the wire. The time being again exactly
observed, it will be found that the interval of solar time which
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has elapsed between the two successive passages of the star over the
wire is
23" sém 4-.09.

Such is, therefore, the solar time in which the celestial sphere
makes one complete revolution, and this time will be always found
to be the same, whatever be the star to which the telescope is
directed. .

To prove that not only every complete revolution is performed in
the same time, but that the rotation during the same revolution is
uniform, let the instrument, after being directed to any star, be
turned in the direction of the motion of the sphere through any
proposed angle, go° for example. It will be found that the inter-
val which will elapse between the passage of the star over the
wires in the two positions will, in this case, be the fourth part of
23" 56™ 4* ‘09; and, in general, whatever be the angle through
which the instrument may be turned, the interval between the pas-
sages of the same star over the wires in the two positions will bear
the same proportion to 23" 56™ 4* ‘09, as the angle bears to 360°.

It follows, therefore, that the apparent rotation of the heavens
is rigorously uniform.

It will be observed that the time of one complete revolution is
3™ 5591 less than twenty-four hours, or a common day. The
cause of this difference will be explained hereafter.

9o. Sidereal time.— The time of one complete revolution of the
firmament is called a SIDEREAL DAY. This interval is divided,
like a common day, into 24 hours, each hour into 60 minutes, and
each minute into 60 seconds.

Since in 24 sidereal hours the sphere turns through 360°, and
since its motion is rigorously uniform, it turns through 15°in a
sidereal hour, and through 1° in four sidereal minutes.

91. The same apparent motion observed by day.— It may
be objected that although this description of the movement of the
heavens accords with the appearances during the night, there is no
evidence of the continuance of the same rotation during the day,
since in a cloudless firmament no object is visible except the sun,
which being alone cannot manifest the same community of motion
as is exhibited by the multitudinous objects which, being crowded
so thickly on the firmament at night, move together without any
change in their apparent relative position. To this objection it
may be answered that the moon is occasionally seen in the day-time
as well as the sun ; and, moreover, that before sunset and after sun-
rise the planets Jupiter and Venus are occasionally seen under
favourable atmospheric circumstances. Besides, with telescopes of
sufficient power properly directed, all the brighter stars can be dis-
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tinctly seen when not situated very near the position of the sun.
Now, in all these cases, the objects thus seen appear to be carried
round by the same motion of the firmament, which is so much more
conspicuously manifested in the absence of the sun and at night.

Q2. Certain fixed points and circles necessary to expross
the position of objects on the heavens.— It will greatly con-
tribute to the facility and clearness with which the celestial pheno-
mena and their causes shall be understood if the student will impress
upon his memory the names and positions of certain fixed points,
lines, and circles of the celestial sphere, by reference to which the
position of objects upon it are expressed. Without incumbering
him with a more complex nomenclature than is indispensably neces-
sary for thia purpose, we shall therefore explain some of the prin-
cipal of these landmarks of the heavens.

93. Vertical circles, zenith, and nadir.—If from the place
of the observer a straight line be imagined to be drawn perpendi-
cular to the plane of the horizon, and to be continued indefinitely
both upwards and downwards, it will meet the visible hemisphere
at its vertex, the ZENITH, and the invisible hemisphere, which is
under the plane of the horizon, at a corresponding point called the
Nap1r.

If & plane be supposed to pass through the place of the observer
and the zenith, it will meet the celestial surface in a series of points,
forming a circle at right angles to the horizon. Such a circle is
called a VERTICAL CIRCLE, or, shortly, a VERTICAL.

If this plane be supposed to be turned round the line passing
upwards to the zenith, it will assume successively every direction
round the observer, and will meet the heavens in every possible
vertical circle.

The vertical circles, therefore, all intersecting at the zenith as a
common point, divide the horizon as the divisions of the hours and
minutes divide the dial-plate of a clock.

94- The celestial meridian and prime vertical.— That ver-
tical which passes through the celestial pole is called the MERIDIAN.

The meridian is, therefore, the only circle of the heavens which
passes at once through the two principal fixed points, the pole and
the zenith.

It divides the visible*hemisphere into two regions on the right
and left of the observer ; as he looks to the north, that which is on
his right being called the EasTERN, and that which is on his left
the WESTERN.

Another vertical at right angles to the meridian is called the
PRIME VERTICAL. This is comparatively little used for reference.

95. Cardinal points.— The meridian and prime vertical divide
the horizon at four points, equally distant, and therefore separated
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by arcs of 9o°. These points are called the CARDINAL PoINTS. Those
formed by the intersection of the meridian with the horizon are
called the NorTH and SouTH points, that which is nearest to the
visible pole in the northern hemisphere being the north. Those
formed by the intersection of the prime vertical with the horizon
are called the East and WEsr, that to the right of an observer
looking towards the north being the east.

The cardinal points correspond with those marked on the card of
a mariner's compass, allowance being mads for the variation of the
needle.

96. The aximuth, —The direction of an noject, whether ter-

_restrial or celestial, in reference to the cardinal points, or to the

plane of the meridian, is called its AzzMmvTH. Thus it is said to
have so many degrees of azimuth east or west, according as the
vertical circle, whose plane passes through it, forms that angle east
or west of the plane of the meridian.

Q7. Zenith distance and altitude.— It is always possible to
conceive a vertical circle, which shall pass through any proposed
object on the heavens. The arc of such acircle between the zenith
and the object is called its ZENTTH DISTANCE.

The remainder of the quadrant of the vertical between the object
and the horizon is called its ALTITUDE.

It is evident, therefore, that the altitude of the zenith is 9o°,
and the zenith distance of every point on the horizon is also go°.

The arc of the meridian between the zenith and the pole is the
zenith distance of the pole, and the arc of the meridian between the
pole and the horizon is the altitude of the pole.

98. Celestial equator. — If a plane be imagined to pass through
the place of the observer at right angles to the axis of the sphere,
and to be continued to the heavens, it will meet the surface of the
celestial vault in a circle which shall be go” from the pole, and
which will divide the sphere into two hemispheres, at the vertex
of one of which is the visible or north pole, and at the vertex of
the other the invisible or south pole.

This circle is called the CELESTIAL EQUATOR.

The several fixed points and circles described above will be more
clearly conceived by the aid of the diagram, fig. 28, where o is the
place of the observer, z the zenith, » the pole, 8 zp N the visible, and
speX the invisible half of the meridian; 8EN W is the horizon seen by
projection as an oval, being, however, really a circle ; N and s are
the north and south, and E and W the east and west cardinal points.
The points of the several circles which are below the horizon; are
distinguished by dotted lines. Tbe celestial equator is represented
at xq, and the prime vertical at zwWEz, both being looked at

edgewise.
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A plane X n, drawn through the north cardinal point, cuts off a
portion of the sphere, having the visible pole X at its centre, all of

[3
Fig. 28.

which is above the horizon ; and acorresponding plane, s&, through
the south cardinal point, cuts off a part, leaving the invisible pole
at its centre, all of which is below the horizon.

99. Apparent motion of the celestial sphere. — Now, if the
entire sphere be imagined to revolve on the line pop through the
poles as a fixed axis, making one complete revolution, and in such
a direction that it will pass over an observer at o, looking towards
~ from his right to his left, carrying with it all the objects on the
firmament, without disturbing their relative position and arrange-
ment, we shall form an exact notion of the apparent motion of the
heavens. All objects rise upon the eastern half, sEN, of the
horizon, and set upon the western half, sw~. The objects which
are nearer to the visible pole P than the circle n N never set; and
those which are nearer to the invisible pole P than the circle 8s
never rise. Those which are between the equator Zq and the
circle n N are longer above the horizon than below it; and those
which are between the equator £q and the circle s s are longer below
the equator than above it. Objects, in fine, which are upon the
equator are equal times below and above the horizon.

‘When an object rises, it gradually increases its altitude until it
reaches the meridian. It then begins to descend, and continues to
descend until it sets.



26 ASTRONOMY.,

CHAPTER VL

DIURNAL ROTATION OF THE KARTH.

100. Apparent diurnal rotation of the heavens — its pos-
sible causes.— The apparent diurnal rotation of the celestiul
sphere being such as has been explained, it remains to determine
what is the real motion which produces it. Now it is demonstrable
that it may be caused indifferently, either by a real motion of the
sphere round the observer corresponding in direction and velocity
with the apparent motion, or by a real motion of the earth in the
contrary direction, but with the same angular velocity upon that
diameter of the globe which coincides with the direction of the
axis of the celestial sphere, and that no other conceivable motion
would produce that apparent rotation of the heavens which we
witness. Between these two we are to decide which really exists.

101. Supposition of the real motion of the universe inad-
missible, — The fixity and absolute repose of the globe of the
earth being assumed by the ancients as a physical maxim which
did not even admit of being questioned, they perceived the inevit~
able character of the alternative which the apparent diurnal rota-
tion of the heavens imposed upon them, and accordingly embraced
the hypothesis, which now appears so monstrous, and which is

implied in the term UNIVERSE®, which they have bequeathed to
us.

It is true that owing to the imperfect knowledge which pre-
vailed as to the real magnitudes and distances of the bodies to
which this common motion was so unhesitatingly ascribed, the
improbability of the supposition would not have seemed 8o gross
a3 it does to the more enlightened inquirers of our age. Never-
theless, in any view of it, and even with the most imperfect know-
ledge, the hypothesis which required the admission that the
myriads of bodies which appear upon the firmament should have,
besides the proper motions of several of them, such as the moon
and planets, of which the ancients were not unaware, motions of
revolution with velocities so prodigious and so marvellously related
that all should, in the short interval of twenty-four hours, whirl
round the axis of the earth with the unerring harmony and regu-
larity necessary to explain the apparent diurnal rotation of the
firmament, ought to have raised serious difficulties and doubts.

* UNus, one, and VERSUM, turning, or rotation,—turning with o:e common
motion of rotation.
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But with the knowledge which has been obtained by the labours
of modern astronomers respecting the enormous magnitudes of the
principal bodies of the physical universe, magnitudes compared with
which, that of the globe of the earth dwindles to a mere point, and
their immense distances, under the expression of which the very
power of number itself almost fails, recourse to colossal units
being necessary in order to enable it to express even the smallest of
them, the hypothesis of the immobility of the earth, and the diurnal
rotation of the countless orbs of magnitudes, so unconceivably
filling the immensity of space, once every twenty-four hours round
this grain of matter composing our globe, becomes so preposterous
that it is rejected, not as an improbability, but as an absurdity too
gross to be even for a moment seriously entertained or discuseed.

102. Simplicity and intrinsic probability of the rotation of
the earth.—But if any ground for hesitation in the rejection of
this hypothesis existed, all doubt would be removed by the simpli-
city and intrinsic probability of the only other physical cause which
can produce the phenomena. The rotation of the globe of the earth
upon an axis passing through its poles, with an uniform motion
from west to east once in twenty-four hours, is & supposition against
which not a single reason can be adduced based on improbability.
Such a motion explains perfectly the apparent diurnal rotation of
the celestial sphere. Being uniform and free from irregularities,
checks, or jolts, it would not be perceivable by any local derange-
ment of bodies on the surface of the earth, all of which would
participate in it. Observers upon the surface of our globe would
be no more conscious of it, than are the voyagers shut up in the
cabin of a canal boat, or transported above the clouds in the car of
a balloon.

103. Direct proofs of the earth's rotation,— Irresistible,
nevertheless, as this logical alternative is, the universality and an-
tiquity of the belief in the immobility of the earth, and the vast
physical importance of the principle in question have prompted
inquirers to search for direct proofs of the actual motion of the earth
upon its axis. Two phenomena have accordingly been produced
as immediate conclusive proof of this motion,

104. Proof by the descent of a body from a great height.
— It has been shown (2. 180) that a body descending from a great
height does not fall in the true vertical line, which it would if the
earth were at rest, but eastward of it, which it must, if the earth
have a motion of rotation from west to east.

If a high tower or steeple be erected on the surface of the earth,
it is evident that, in consequence of the revolution of the globe
upon its axis, the top of the tower will be moved in a greater diur-
nal circle than the base c, being more distant fram the common
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centre round which the entire world is moved. The top of the
tower, therefore, and anything placed upon it, has & greater velo-
city from west to east, which is the direction of the earth’s rotation,
than has the bottom.

Now if we imagine a heavy ball to be let fall from the top of the
tower towards the base, this ball will be affected by two motions :
18t that which it has in common with the top of the tower from
west to east, in virtue of the earth’s diurnal motion; and 2zndly,
that vertical motion which it has in falling. The course it will
follow will therefore depend on the combination of these two mo-
tions, and it will strike the ground at a point east of that which
it occupied at the commencement of its fall, by a space equal to

 that through which the top of the tower is carried during the time
of the fall. But during this same interval, the base of the tower is
also moving eastward, but, as has been explained, through a less
space.

PSince the ball is carried eastward through the space through
which the top of the tower is moved, while the base of the tower is
carried eastward through a less space, the ball, instead of falling at
the base of the tower, which it would do, if there were no diurnal
rotation of the earth, will fall just so much east of the base as is
equal to the difference between the motion of the top and the
motion of the bottom of the tower.

This will be rendered more intelligible by fig. 29., in which 4 ¢
may be supposed to represent the tower at the moment when the

ball is disengaged from 4, o

A being the centre of the earth,

I to which the vertical line a ¢

is directed. Let us suppose

3 that in the time of the fall,

_ the earth in its revolution
moves through the angle co ¢'.
In that case the position of
the tower at the moment the
ball comes to the surface of
the earth will be A’ ¢’. The
ball meanwhile, during its fall
retaining the velocity east-
ward, which it had at the mo-
ment it was dismissed from 4,
will fall at a distance east-
\ ward of ¢ equal to A o’. But

Flg. 29, gince A A’ is greater than c ¢,

the distance at which the ball

will strike the ground eastward of ¢ will be necessarily greater
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than ¢ ¢’ by the difference between A A’ and ¢ ¢’. If, then,
wo tuke ¢ B ="A A’, B will be the point at which the ball will
strike the ground, the tower then being in the position A’ ¢’. The
"distance ¢’ B of the point B eastward of the foot of the tower,
will then be the difference between the arc described by the top of
the tower, and the arc described by the bottom of the tower in the
time of the fall.

Since the distance B ¢’ must necessarily be extremely minute, it
might be supposed that such an experiment, however beautiful in
theory, would be impracticable, the quantity which would indicate
the effect of the rotation being smaller than could be correctly
measured. The experiment, nevertheless, was performed with some
success when first proposed on the leaning tower of Bologna, and
has since been repeated, under much more favourable circumstances,
and with results much more exact, by M. Reich in the shaft of a
mine near Freyberg. The depth of the shaft, and consequently
the height of the fall, was in this case 520 feet, and a meaun of
several experiments showed that the eastern deviation amounted to
1°1 inch, while the calculation of the distance eastward, at which
the ball ought to have fallen, allowing for the earth’s actual rota-
tion, was 1'086 inch. The difference between the result of the
experiment and the calculation by theory was, therefore, less than
the seventieth part of an inch.

10§. Foucault's experimental illustrations. —The diurnal
rutation of the earth could obviously be rendered apparent, provided
any line or plane could be found upon the earth’s surface which
would not participate in the motion of rotation, since in that case
the relative position of all objects referred to such line or plane,
would be changed from hour to hour, as the earth turns upon its
axis. It is upon this simple principle that the method of illustra-
tion contrived by M. Leon Foucault, has been based. As this ex-
periment has been repeated in many places, has excited much
attention, and has been the subject of much discussion, it may be
worth while to develop the principles upon which it depends, some-
what fully.

It must be first observed that the rotation of a pendulous mass
around the line of direction of the string by which it is suspended
will not produce any change in the plane of vibration. This may
be easily proved experimentally by imparting to the point of sus-
pension of the pendulum a rotatory motion by which the wire or
string suspending the pendulous mass can be made to revolve.
The pendulum being put in vibration, it will be found that such
motion of rotation will not in any way affect the plane of its
oscillation.

If we suppose a pendulum to be suspended immediately over the
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north pole of the earth and put in vibration, the plane of its oscilia-
tion will not be affected, therefore, by the rotation which its point
of suspension will in that case have in common with the earth.
The earth will, therefore, revolve under the pendulum while the
plane of oacillation retains a fixed direction. The observer, mean-
while, being unconscious of the earth's rotation, the plane of oscilla-
tion of the pendulum will appear to him to have a motion of uni-
form rotation round the axis of suspension, one complete revolution
being made in 23" 56™. This apparent rotation of the plane of
oscillation will moreover take place in the same direction as that
in which the hand of a watch would move, or in which a right
handed screw would be
turned.

Such being the effect pro-
duced upon the observer, it
is not quite correct to say
that this experiment renders
visible the rotation of the
earth, since, in fact, it does
not render that phenomenon
more visible than does the
apparent rotation of the fir-
mament. In the one case,
as in the other, an apparent
motion is perceived, which
is produced by the real rota-
tion of the earth; and it is
only by the result of reason-
ing upon the phenomena that
the observer in the one case,
a8 in the other, arrives at
the conclusion that the ap-
parent motion which he sees
is an optical effect caused by
the real rotation of the earth,
of which he is totally un-
conscious.

The first experiments on
this principle made by M.
Foucault, took place in the
Pantheon at Paris. An iron

Fig. 30. wire about 210 feet in length

was attached by its upper

extremity to a metal plate fixed in the centre of the cupola of the
building. It supported at its lower extremity a large and ponderous
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copper ball. 'When this pendulum was put in oscillation, it moved
between its extreme limits very slowly, the time of oscillation being
about 8 seconds. In order to render more sensible the rotation of
the plane of oscillation round the axis of the pendulum, little mounds
of sand, g, a, fig. 30, were placed upon a circle formed round the axis
of oscillation, and & point projecting from the ponderous ball struck
at each oscillation the ridge of this mound, throwing off a small
portion of the sand; and thus by the coutinued motion of the
plane of oscillation, the top of the ridge was gradually cut off,
leaving a flat surface instead of an angular edge as indicated in
the figure. On starting the pendulum it was of great importance
that at the commencement it should receive no lateral motion,
and that it should be merely abandoned to the action of gravity,
without any other disturbing force. To ensure
this, at the commencement of the operation, the
pendulous ball was drawn to the extreme limit
of its intended range, and tied there by a thread
of silk, b, fig. 31, to a fixed point. It was started
by burning the silk by means of a match or taper,
at a point near the ball.

This experiment has been repeated not only by Fig. 31.

M. Foucault himself, but by many other observers

in different parts of the world, and though it has not, as far asg
we are informed, been continued in any single case so long as to
allow the plane of oscillation to make a complete revolution, its
continuance has been sufficient to determine the angular velocity
of the plane of oscillation.

M. Foucault has more recently contrived another form of experi-
ment, by which the earth’s rotation is demonstrated by exhibit-
ing another apparent motion artificially produced by it. This
second experiment is founded upon a principle of mechanics, in
virtue of which a solid body, whose form is symmetrical with rela-
tion to a particular line, receiving a motion of rotation round that
line, the direction of such axis of rotation will remain invariable
whatever motion of translation may be imparted to the rotating
body. If, therefore, it can be 8o contrived that a body shall be
thus put in rapid rotation round its axis of symmetry, and placed
in circumstances so as not to be disturbed by the force of gravity,
this body, while it is carried round with the diurnal rotation of the
earth, will preserve the direction of its axis of rotation unchanged.
‘While the direction of this axis therefore is fixed, the position of
all bodies round it being continually changed by the rotation of the
earth, an observer, unconscious of the change, will refer the motion
to the axis itsell ; consequently that axis will appear to have such

@




82 ASTRONOMY.

a motion as would result from the relation between the bodies
moved by the earth’s rotation, and its own fixed direction.

M. Foucault has realised this by an instrument to which he has
given the name of gyroscope. A heavy metallic ring a a, figs. 32
and 33, is mounted upon an axis 5, which
is fixed to its centre and perpendicular to its
lateral faces. This disk, which is very
massive, is so furmed, that its matter shall
be principally collected round its circum-
ference, the central part being comparatively
light. The axis b b is supported at its two
extremities by two pivots round which the
disk a a can turn freely. These two pivots
are formed in a ring ¢ ¢ furnished with two
knife-edges like those upon which the beam of a balance is sus-
pended. These knife-edges @ d rest in cavities formed for them at
two opposite points of the vertical ring ee. This ring itself is
suspended by a wire of some length which allows it to turn freely
round the vertical line on which the wire is directed ; and to
prevent the wire with what it supports from receiving a pen-
dulous motion from any disturbing cause, the ring is furnished
below with a fine point, which enters a hole large enough to allow
it to turn freely without friction. This mode of suspension of
the disk a a, and the axis b b, which is united with it, evidently
allows the direction of the axis b & to vary in all possible ways.
By making the ring e ¢ turn round the vertical, which passes
through the suspending wire and through the inferior point, the
axis b & can be directed in any vertical-plane whatever. In like
manner, by making the ring ¢ ¢ turn upon the knife-edges d d, the
inclination of the axis & b can be varied at will, and these two
motions can be produced without any sensible variation whatever.

This apparatus has been constructed with the most exquisite de-
gree of perfection by M. G. Froment of Paris, so that the centre of
gravity of the disk a ais precisely upon its axis of rotation, and the
centre of gravity of the range ¢ ¢ is found also exactly upon the
axis of the two knife-edges d d. It follows from this, first, that
gravity has no effect whatever upon the motion of rotation of the
disk round its axis of symmetry ; and secondly, that it cannot in any
manner tend to vary the inclination of the axis b b, by making the
ring ¢ ¢ turn round the line of suspension formed by the knife-edges.

To perform the experiment, the part of the apparatus which is
represented separately in fig. 32 is taken off, and is placed on a
muachine adapted to impart to the disk a  an extremely rapid motion
of rotation by means of the small-toothed pinion 0. When the

Fig. 3a.
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disk is thus put in rotation, it is again placed with the ring cc in
the position indicated in fig. 33. The axis ) having thus the hori-

Fig. 33.

zontal direction, makes an angle with the axis of the earth, and
will consequently appear to be moved round this line; but this
apparent motion can only be produced in so far as the ring ¢ c turns
by degrees round the knife-edges dd, and at the same time the
vertical ring e e turns round the sustaining wire. This last move-
ment can be observed by the aid of a microscope m placed near the
apparatus, and directed to a small divided plate ¢ which the ring
ee carries. The divisions of this little plate pass one by one before
the micrometer wires of the microscope absolutely in the same
manner as stars are observed to pass before the micrometer wires
of an astronomical telescope.

The appurent motion is obviously due to the rotation of the earth

G2
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referred to the fixed direction of the axis of symmetry of the rota+
ting ring.

106. Analogy supplies evidence of the earth's rotation. —
The ‘obvious analogy of the planets to the earth, which will appear
more fully hereafter, would supply strong evidence in favour of the
earth’s rotation, even if positive demonstration were wanting. All
the planets are globes like the earth receiving light and heat from
the same luminary, and, like the earth, revolving round it. Now
all the planets which we have been enabled to observe have motions
of rotation on axes, in times not very different from that of the
earth.

107. Pigure of the earth supplies another proof.— Besides
these, it has been shown in a preceding chapter that another proof
of the rotation of the earth is supplied by a peculiar departure from
the strictly globular form (68).

108. How this rotation of the earth explains the diurnal
phenomena.— We are then to conclude that the earth, being a
globe, has a motion of uniform rotation round a certain diameter.
The universe around it is relatively stationary, und the bodies
which compose it being at distances which mere vision cannot
appreciate, appear as if they were situate on the surface of a vast
celestial sphere in the centre of which the earth revolves. This
rotation of the earth gives to the sphere the appearance of revolving
in the contrary direction, as the progressive motion of a boat on a
river gives to the banks an appearance of retrogressive motion ; and
since the apparent motion of the heavens is from east to west, the
real rotation of the earth which produces that appearance must be
from west to east.

How this motion of rotation explains the phenomena of the rising
and setting of celestial objects is easily understood. An observer
placed at any point upon the surface of the earth is carried round
the axis in a circle in twenty-four hours, so that every side of the
celestiyl sphere is in succession exposed to his view. Ashe is carried
upon the side opposite to that in which the sun is placed, he sees
the starry heavens visible in the absence of the splendour of that
luminary. As he is turned gradually towards the side where the
sun is placed, its light begins to appear in the firmament, the dawn
of morning is manifested, and the globe continuing to turn, he is
brought into view of the luminary itself, and all the phenomena of
dawn, morning, and sunrise are exhibited. While he is directed
towards the side of the firmament in which the sun is placed, the
other bodies of inferior lustre are lost in the splendour of that lumi-
nary, and all the phenomena of day are exhibited. When by the
continued rotation of the globe the observer begins to be turned
away from the direction of the sun, that luminary declines, and at
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Jength disappears, producing all the phenomena of evening and sun-
set. .

- Such, in general, are the effects which would attend the motion
of a spectatar placed upon the earth’s surface, and carried round with
it by its motion of rotation. He is the spectator of a gorgeous
diorama exhibited on a vast scale, the earth which forms his station
being the revolving stage by which heis carried round, so as to view
in succession the spectacle which surrounds him.

. These sppearances vary withthe position assumed by the observer
on this revolving stage, or, in other words, upon his situation on the
earth, as will presently appear.

109. The earth's axis.—That diameter upon which it is neces-
sary to suppose the earth to revolve in order to explain the pheno-
mena is that which passes through the terrestrial poles.

110. The terrestrial equator, poles, and meridians.—If the
globe of the earth be imagined to be cut by a plane passing through
its centre at right angles to its axis, such a plane will meet the
surface in a circle, which will divide it into two hemispheres, at'the
summits of which the poles are situate. This circle is called the
TERRESTRIAL EQUATOR.

That hemisphere which includes the Continent of Europe is'
called the NORTHERN HEMISPHERE, and the pole which it includes
is called the NORTHERN TERRESTRIAL POLE; the other hemisphere
being the SOUTHERN HEMISPHERE, and including the SOUTHERN
TERRESTRIAL POLE.

If the surface of the earth be imagined to be intersected by planes
passing through its axis, they will meet the surface in circles which,
passing through the poles, will be at right angles to the equator.

. These circles are called TERRESTRIAL MFERIDIANS, and will be seen

delineated on any ordinary terrestrial globe.

111. Latitude and longitude. — The positions of places upon
the surface of the earth are expressed and indicated by stating their
distance north or south of the equator, measured upon a meridian
passing through them, and by the distance of such meridian east or
west of some fixed meridian arbitrarily selected, such as the me-
ridian passing through the observatory at Greenwich. The former
distance, expressed in degrees, minutes, and seconds, is called the
LaTITUDE, and the latter, similarly expressed, the LoNGITUDE of
the place.

112. Fixed meridians — those of Greenwich and Paris. —
As no natural phenomenon is found by which a fixed meridian from
which longitude is measured can be determined, astronomers and
geographers have not agreed in the arbitrary selection of one. The
meridians of the Greenwich and Paris observatories have been
taken, the former by English, and the latter by French authorities,
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a8 the starting-point. To reduce the longitudcs expressed by
cither to the other, it is only necessary to add or subtract the angle
under the meridians of the two observatories, the most recent deter-
mination of which has been ascertained to be 2° 20’ 95, the
meridian of Paris being east of that of Greenwich.

113. How the diurnal phenomena vary with the latitude.
—Let 8 E NQ, fig. 34, represent the earth suspended in space, sur-
rounded at an immeasurable distance by the stellar universe. The
magnitude of the earth being abeolutely insignificant compared
with the distances of the stars, the aspect of these will be the same

Fig. 34

whether they are viewed from any point on its surface, or from its
centre. The observer may therefore, whatever be his position on

o
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the earth, be considered as looking from the centre of the celestial
sphere.

Let us suppose, in the first place, the observer to be at o, a point
on its surface between the equator & and the north pole x, the lati-
tude of which will therefore be 0 &, and will be measured by the
angle oc . If a line be imagined to be drawn from the centre ¢
through the place o of the observer, and continued upwards to the
firmament, it will arrive at the point z, which is the zenith of the
observer. If the terrestrial axis 8 N be imagined to be continued
to the firmament, it will arrive at the north celestial pole n and the
south celestial pole s. If the plane of the terrestrial equator £ q be
supposed to be continued to the heavens, it will intersect the surface
of the celestial sphere at the celestial equator @ g.

The observer placed at o will see the entire hemisphere Az A’ of
which his zenith z is the summit; and the other hemisphere 4 s 4’
will be invisible to him, being in fact concealed from his view by
the earth on which he stands.

It is evident that the arc of the heavens zn between his zenith
and the north celestial pole consists of the same number of degrees
as the arc oN of the terrestrial meridian between his place of ob-
servation o and the north terrestrial pole n. The zenith distance
therefore of the visible pole at any place is always equal te the actual
distance expressed in degrees of that place from the terrestrial pole,
and as this distance is the COMPLEMENT ®* OF THE LATITUDE, it
follows that the zenith distance of the visible pole is the comple-
ment of the latitude, and that the altitude of the visible pole is equal
to the latitude of the place.

114. BMethod of finding the latitude of the place. — The
latitude of the place of observation may therefore be always deter-
mined if the altitude of the celestial pole can be observed. If there
were any star situate precisely at the pole, it would therefore be
sufficient to observe its altitude. There is, however, no star exactly
at the pole, although, as has been already observed, the POLE 8TAR is
very nearit. The altitude of the pole is found, therefore, not by one,
but by two observations. The pole star, or any other star situate
near the pole, is carried round it in a circle by the apparent diurnal
motion of the sphere, and it necessarily crosses the meridian twice
in each revolution, once above, and once below the pole. Its altitude
in the latter position is the least, and in the former the greatest it
ever has ; and the pole itself is just midway between these two ex-
treme positions of this circumpolar star. To find the actual altitude
" of the pole, it i3 only necessary therefore to take the mean, that is,

* The complement of an angle or arc is thas number of degrees Ly which
it differs from go°. Thus 30° is the complement of 60°.
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half the sum of these two extreme altitudes, By making the same
observations with several circumpolar stars, and taking a mean of
the whole, still greater accuracy may be attained.

115. Position of celestial equator and poles varies with
the latitude.— Since the altitude of the celestial pole is every-
where equal to the latitude of the place, and since the position of
the celestial equator and its parallels in which all celestial objects
appear to be moved by the diurnal rotation, varies with that of the
pole, it is evident that the celestial sphere must present a different
appearance to the observer at every different latitude. In proceed-
ing towards the terrestrial pole, the celestial pole will gradually
approach the zenith, until we arrive at the terrestrial pole, when
it will actually coincide with that point; and in proceeding towards
the terrestrial equator the celestial pole will gradually descend
towards the horizon, and on arriving at the Line it will be actually
on the horizon.

116. Parallel sphere seen at the poles.— At the poles, there-
fore, the celestial pole being in the zenith, the celestial equator
will coincide with the horizon, and by the diurnal motion all objects
will move in circles parallel to the horizon. Every object will
therefore preserve during twenty-four hours the same altitude and
the same zenith distance. No object will either rise or set, at least
so far as the diurnal motion is concerned.

This aspect of the firmament is called a PARALLEL SPHERE, the
motion being parallel to the horizon.

117. Right sphere seen at the equator.— At the terrestrial
equator, the poles being upon the horizon, the axis of the celestial
sphere will coincide with a line drawn upon the plane of the horizon
connecting the north and south points. The celestial equator and its
parallels will be at right angles to the plane of the horizon ; and
since the plane of the horizon passes through the centre of all the
parallels, it will divide them all into equal semicircles.

It follows, therefore, that all objects on the heavens will be equal
times above and below the horizon, and that they will rise and set in
planes perpendicular to the horizon.

This aspect of the firmament is called a RIGHT SPHERF, the diurnal
motion being at right angles to the horizon.

118. Oblique sphere seen at intermediate latitudes. — At
latitudes between the equator and pole, the celestial pole holds a
place between the horizon and the zenith determined by the latitude.
The celestial equator @ g, fig. 34, and its parallels, are inclined to
the plane of the horizon atangles equal to the distance of the pole
from the zenith, and therefore equal to the complement of the la-
titude. The centres of all parallels to the celestial equator @ ¢
which are between it and the visible pole are above the plane of the
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horizon, between cand N, and the centres of all parallels at the other
side of the equator below it. The parallels, such as ¥ m’ and
{m, will therefore be all divided unequally by the plane of the
horizon, the visible part  # being greater than the invisible part
m’ ¢’ for the former, and the invisible part m r greater than the
visible part ! r for the latter.

It follows, therefore, that all objects between the celestial equator
e g and the visible pole N will be longer above than below the ho-
rizon, and all objects on the other side of the equator will be
longer below the horizon than above it.

A paralle] A’ & to the celéstial equator, whose distance from the
visible pole is equal to the latitude, will be entirely above the ho-
rizon, just touching it at the point under the visible pole; and a
corresponding parallel 4 %, at an equal distance from the invisible
pole, will be entirely below the horizon, just touching it at the point
above the invisible pole.

All parallels nearer to the visible pole than A’ &’ will be entirely
above the horizon, and all parallels nearer to the invisible pole than
h k will be entirely below it.

Hence it is that, in European latitudes, stars within a certain
limited distance of the north or visible celestial pole never set, and
stars at a corresponding distance from the south or invisible celestial
pole never rise.

The observer can only see these by going to places of observation
having lower latitudes.

This aspect of the firmament is called an 0BLIQUE SPHERE, the
diurnal motion being oblique to the horizon.

119. Objects in celestial equator equal times above and
below horizon. — Whether the sphere be right or oblique, the
centre of the celestial equator being on the plane of the horizon,
one half of that circle will be below, and the other above the horizon.
Every object upon it will therefore be equal times above and
below the horizon, rising and setting exactly at the east and west
points.

In the parallel sphere, the celestial equator coinciding with the
horizon, an object upon it will be carried round the horizon by the
diurnal rotation, without either rising or setting.®

120. Meothod of determining the longitude of places.—
This perfect uniformity of the earth’s rotation, inferred from the

* The teacher will find it advantageous to exercise the student in the suh-
ject of the preceding paragraphs, aided by an armillary sphere, or, if that Le
not accessible, by a celestial globe, which will serve nearly as well. Many
questions will suggest themselves, arising out of and deducible from what
has been explained above, with respect to the various altitudes of the sphere
in different latitudes.
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observed uniformity of the apparent rotation of the firmament, is
the basis of all methods of determining the longitude. The longi-
tude of & place will be determined if the angle under the meridian
of the place, and that of any other place whose longitude is known,
can be found. But since, by the uniform rotation of the globe, the
meridians of all places upon it are brought in regular succession
under every part of the firmament, the moments at which the two
meridians pass under the same star, or, what is the same, the mo-
ments at which the same star is seen to pass over the two meridians,
being observed, the interval will bear the eame ratio to the entire
time of the earth’s rotation as the difference of the longitudes of the
two places bears to 360° ‘

To make this more clear, let us take the case of two places p and

¥, fig. 35, upon the equator. If c be the centre of the earth, the
angle p ¢ P’ will be the difference between

=, the longitudes. Now, let the time be ob-
\ / # served at each place at which any parti-

/! cular star 8 is seen upon the meridian. If

/ the motion of the earth be in the direction
! of the arrow, the meridian of P will come

/ to the star before the meridian of ». This

/" necessarily supposes P to be east of »’, since

H the earth revolves from west to east. Let
/ the true interval of time between the

/ passage of s over the two meridians be ¢,

let T be the time of one complete revolution

of the globe on its axis, and let L be the

difference of the longitudes, or the angle

/ \ P ¢ P’; we shall then have

t:T:iL: 360°%

" /

—
——

=
£

Fig 35. L= % x 360°

But in the practical solution of this problem a difficulty is presented
which has conferred historical celebrity upon the question, and
caused it to be referred to as the type of all difficult enquiries. It
is supposed, in what has just been explained, that means are pro-
vided at the two places P and P’ by which the absolute moments of
the transit of the astar over the respective meridians may be ascer-
tained, so as to give the exact interval between them. If these times
of trausit be observed by any form of chronometer, it would then be
necessary that the two chronometers should be in exact accordance,
or, what is the same, that their exact difference may be known.
It a chronometer, set correctly by another which is stationary at
oce place P, be transported to the other place P’ this object will be
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attained, subject, however, to the error which may be incidental to
the rate of the chronometer thus transported. If the distance be-
tween the places be not considerable, the chronometers may thus
be brought into very exact accordance; but when the distance is
yreat, and that a long interval must elapse during the transport
of the chronometer, this expedient is subject to errors too con-
siderable to be tolerated in the solution of a problem of such capital
importance. *

It will be apparent that the real object to be attained is, to find
some phenomenon sufficiently instantaneous in its manifestation to
mark, with all the necessary precision, a certain moment of time.
Such a phenomenon would be, for example, the sudden extinction
of a conspicuous light seen at once at both places. The moment
of such a phenomenon being observed by means of two chrono-
meters at the places, the difference of the times indicated by them
would be known, and they would then serve for the determination
of the difference of the longitudes by the method explained above.
Several phenomena, both terrestrial and celestial, have accordingly
been used for this purpose. Among the former may be mentioned
the sudden extinction of the oxyhydrogen or electric light, the ex-
plosion of a recket, &c.; among the latter, the extinction of a star
by the disk of the moon passing over it, and the eclipse of the
satellites of Jupiter, phenomena which will be more fully noticed
hereafter.

121. XLunar method of finding the longitude.— The change
of position of the moon with relation to the sun and stars being
very rapid, affords another phenomenon which has been found of
great utility in the determination of the longitude, especially for
the purposes of mariners. Tables are calculated in which the
moon’s apparent distances from the sun, and many of the most
conspicuous fixed stars, are given for short intervals of time, und
the exact times at Greenwich when the moun has these distances
are given. If then the mariner, observing with proper instruments
the position of the moon with relation to these objects, compares
his observed distances with the tables which are supplied to him in
the Nautical Almanac, he will find the time at Greenwich corres-
ponding to the moment of his observation; and being always, by
the ordinary methods, able to determine by observation the local
time at the place of his observation, the difference gives him the
time required for a star to pass from the meridian of Greenwich to

* During the determination of the longitude of the island of Valencia, on
the western coast of Ireland, in the vear 1844, which was performed by
transporting a considerable number of chronometers between Greenwich and
that island, it was found that the effect of travelling on pocket chronometers,
carefully packed, was to cause them to lose 0*7 per day over their stationary
rates. !
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the meridian of the place of his observation, or vice versd; and thia
time gives the longitude, as already explained.

This last is knowu as the LUNAR METHOD OF DETERMINING THE
LONGITUDE. ‘

In practice, many details are necessary, and various calculations
must be made, which cannot be explained here.

122. Method by the electric telegraph. — The determina-
tion of differences of longitude by the aid of galvanism, when the
two observing stations are connected by a line of electric telegraph,
has been generally adopted since the year 1853, not only for the
eimplicity of the method of observation, but for the great accuracy
of the result obtained. A galvanic signal is transmitted from
one station to the other, causing a simuitaneous deflection of the
needles ot the galvanometers at the two stations, the clock-time
being recorded by an observer. These signals are generally con-
tinued through an interval of time previously agreed upon, which
in most cases is one hour. To destroy the etlect of a constant error
urising from the retardation of the gulvanic current, which would
result if all the signals were sent from one station, it is the general
rule that during the first quarter of an hour the signals are made
at one station, as at Greenwich for instance : during the second
quarter they are transmitted from the other station, such as Paris:
in the third quarter, Greenwich would signal ; and in the last, the
signals would be received from Paris.

The true sidereal time at which the signal was observed is found
by carefully determining the ervor of the clock by transits of a
series of special stars which are observed if possible at the two vb-
servatories, The difference of longitude is thus easily obtained by
simply taking the diltference between the sidereal times correspond-
ing to the respective signals observed at the two stations.

The telegraphic method has been successfully employed in
many important determinations, especially on twe occasions be-
tween Europe and America, and more recently between Porth-
curno, Cornwall, and the transit of Venus station on Mokattam
Heights, near Cairo. In the latter, the signals were passed with
the greatest succeas through 3180 miles of cable, without any break
of continuity, the retardation of the current being about 1*3.

123. Parallels of latitude.— A series of points on the earth
which are at equal distances from the equator, or which have the
same latitude, form a circle parallel to the equator, called a
PARALLEL OF LATITUDE.

Thus all places which have the same latitude are on the same
parallel.

All places which are on the same meridian have the same longi-
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CHAPTER VIL

ANNUAL MOTION OF THK EARTH.

1z4. Apparent motion of the sun in the heavens.— Inde-
pendently of the motion which the sun has in common with the
entire firmament, and in virtue of which it rises, ascends tv the
meridian, and sets, it is observed to change its position from day to
day with relation to the other celestial objects among which it is
placed. In this respect, therefore, it differs essentially from the
stars, which maintain their relative positions for months, years,
and ages, unaltered.

If the exact position of the sun be observed from day to day and
from month to month, through the year, with reference to the
stars, it will be found that it has an apparent motion among them
in a great circle of the celestial sphere, the plane of which forms
an angle of 23° 28’ with the plane of the celestial equator.

125. Ascertained by the transit instrument and mural
circle.—This apparent motion of the sun was ascertained with
considerable precision before the invention of the telescope and the
subsequent and consequent improvement of the instruments of
observation. It muy, however, be made more clearly manifeat by
the transit instrument and mural circle.

If the transit of the sun be observed daily (28), and its right
ascension be ascertained (31), it will be found that from day to day
the right ascension continually increases, so that the circle of de-
clination (30) passing through the centre of the sun is carried with
the sun round the heavens, making a complete revolution in a year,
and moving constantly from west to east, or in a direction contrary
to the apparent diurnal motion of the firmament.

If the point at which the sun’s ceuntre crosses the meridian daily
be observed with the mural circle (34), it will be found to change
from day to day. Let its distance from the celestial equator, or
its declination, be observed (41) daily at noon. It will be found
to be nothing. on the 21st of March and z1st of September, on
which days the polar distance of the sun's centre will be therefore
go°. The sun’s centre is, then, on these days, in the celestial
equator. After the 21st of March the sun's centre will be north of
the equator, and its declination will continually increase, until it
becomes 23° 28’ on the 21st of June. It will then begin alowly to
decrease, and will continue to decrease until the 21st of September,
when the centre of the sun will again be in the equator. ~After that
it will pass the meridian south of the equator, and will consequently
have south declination. This will increase, until it becomes 2 3° 28’
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on the 21st of December; after which it will decrease until the
centre of the sun returns to the equator on the 213t of March.

By ascertaining the position of the centre of the sun’s disk from
day to day, by means of its right ascension and declination (42),
and tracing its course upon the surface of a celestial globe, its path
is proved to be a great circle of the heavens, inclined to the
equator at an angle of 23° 28’.

126. The ecliiptic.—This great circle in which the centre of
the disk of the sun thus appears to move, completing its revolution
initin a year, is called the EcLIPTIC, because solar and lunar eclipses
can never take place except when the moon is in or very near it.

127. The equinoxial points.— The ecliptic intersects the,
celestial equator at two points diametrically opposite to each other,
dividing the equator, and being divided by it into equal parts.
These are called the EQUINOXIAL POINTS, because, when the centre
of the solar disk arrives at them, being then in the celestial
equator, the sun will be equal times above and below the horizon
(119), and the days and nights will be equal.

128. The vernal and autumnal equinoxes.—The cquinoxial
point at which the sun passes from the south to the north of the
celestial equator is called the VERNAL, and that at which it passes
from the north to the south is called the AUTUMNAL, equinoxial
point. The TIMES at which the centre of the sun is found at
these points are called, respectively, the VERNAL and ATIUMNAL
EQUINOXES.

The vernal equinox, therefore, takes place on the z1st of March,
and the autumnal on the 21st of September.

129. The seasons.—That semicircle of the ecliptic through
which the sun moves from the vernal to the autumnal equinox is
north of the celestial equator; and during that interval the sun
will therefore be longer above than below the horizon, and will
pass the meridian above the equator in places having north lati-
tude. The days, therefore, during that half-year will be longer
than the nights.

That semicircle through which the centre of the sun moves from
the autumnal to the vernal equinox being south of the celestial
equator, the sun, for like reasons, will during that half-vear be
longer below than above the horizon, and the days will be shorter
than the nights, the sun rising to a point of the meridian below
the equator.

The three months which succeed the vernal equinox are called
8PRING, and those which precede it WINTER; the three months
which precede the autumnal equinox are called sSUMMER, and those
which succeed it AUTUMN.
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130. The solstices.—Those points of the ecliptic which are
midway between the equinoxial points are the most distant from
the celestial equator. The aves of the ecliptic between these points
and the equinoxial points are therefore go°. These are called the
SOLSTITIAL POINTS, and the times at which the centre of the solar
disk passes through them are called the soLsSTICES.

The summer solstice, therefore, takes place on the 21st of June
and the winter solstice on the 21st of December.

This distance of the summer solstitial point north, and of the
winter solstitial point south of the.celestial equator is 23° 28",

The more distant the centre of the sun is from the celestial
equator, the more unequal will be the days and nights (108), and
consequently the longest day will be the day of the summer solstice,
and the shortest the day of the winter solstice.

It will be evident that the seasons must be reversed in southern
latitudes, since there the visible celestial pole will be the south
pole. The summer solstice and the vernal equinox of the northern,
are the winter solstice and autumnal equinox of the southern hemi-
sphere. Nevertheless, as the most densely inhabited and civilised
parts of the globe are in the northern hemisphere, the names in re-
ference to the local phenomenu are usually preserved.

131. The zodiac.—The apparent motions of the planets are
included within a space of the celestial sphere extending a few de-
grees north and south of the ecliptic. The zone of the heavens in-
cluded within these limits is called the zop1ac.

132. The signs of the zodiac.—The circle of the zodiac is
divided into twelve equal parts, called si6ns, each of which there-
fore measures 30°. They are named from principal constellations,
or groups of stars, which are placed in or near them. Beginning
from the vernal equinoxial point they are as follows: —

. Sign. Sign.

1. Aries (the ram) - - - O Z Libra (the balsnce) - - 0y
2. Taurus (the bull) - - -3 . Scorpto (the scorpion) - - m
3, Gemini (the twins) - - 1| 9. Sagittarius (the archer) « - 2
4. Cancer (the crab) - - - 10 Capricornus (the goat) - -V
. Leo (the lion) - - - 11 Aquarlus (the waterman) -
g. Virgo (the virgin) - « NP | 12. Pisces (the fishes) - - ¥

Thus, the position of the vernal equinoxial point is the First
POINT OF ARIES, and that of the autumnal the FIRST POINT oF
nrBRA. The summer solstitial point is at the FIRST POINT OF CANCER,
and the winter at the FIRST POINT OF CAPRICORN.

133. The tropics.—The points of the ecliptic at which the
centre of the sun is most distant from the celestial equator are also
called the TROPICS,—the northern being the TROPIC OF CANCER, and
the southern the TROPIC OF CAPRICORN,
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This term TROPIC is also applied in geography to those parts of
the earth whose distances from the terrestrial equator are equal to
the greatest distance of the centre of the solar disk from the celestial -
equator. The NORTHERN TROPIC is, therefore, a parallel of latitude
23° 28’ north, and the soUTHERN TROPIC a parallel of latitude 23°
28’ south of the terrestrial equator.

134. Celestial latitude and longitude. — The terms latitude
and longitude, as applied to objects on the heavens, have a signi-
fication different from that given to them when applied to places
upon the earth. The latitude of an object on the heavens means its
distance from the ecliptic, measured in a direction perpendicular to
the ecliptic; and its longitude is the arc of the ecliptic, between the
firet point of Aries and the circle which measures its latitude, taken,
like the right ascension, according to the order of the signs.

Thus since the centré of the sun is always on the ecliptic, its lati-
tude is always 0°%. At the vernal equinox its longitude is 0°, at
the summer solstice it is 9o°, at the autumnal equinox 180° and at
the winter solstice 270°.

135. Annual motion of the earth.—The apparent annual
wotion of the sun, described above, is a phenomenon which can only
proceed from one or other of two causes. It may arise from a
real annual revolution of the sun round the earth at rest, or from a
real revolution of the earth round the sun at rest. Either of these
causes would explain, in an equally satisfactory manner, all the cir-
cumstances attending the apparent annual motion of the sun around
the firmament. There is nothing in the appearance of the sun itself
which could give a greater probability to either of these hypotheses
than to the nther. If, therefore, we are to choose between them,
we must seek the grounds of choice in some other circumstances.

It was not until the revival of letters that the annual motion of
the earth was admitted. Its apparent stability and repose were
until then universally maintained. An opinion so long and so
deeply rooted must have had some natural and intelligible grounds.
These grounds, undoubtedly, are to be found only in the general
impression, that if the globe moved, and especially if its motion had
so enormous a velocity as must be imputed to it, on the supposition
that it moves annually round the sun, we must in some way or other
be sensible of such movement.

All the reasons, however, why we are unconscious of the real
rotation of the earth upon its axis (102) are equally applicable to
show why we must be unconscious of the progressive motion of
the earth in its annual course round the sun. The motion of the
globe through space being perfectly smooth and uniform, we can
have no sensible means of knowing it, except those which we possess
in the case of a boat moving smoothly along a river: that is, by
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looking abroad at some external objects which do not participate in
the motion imputed to the earth. Now, when we do look abroad
at such objects, we find that they appear to move exactly as sta-
tionary objects would appear to move, seen from a movable station.
It is plain, then, if it be true that the earth really has the annual
motion round the sun which is contended for, that we cannot expect
to be conscious of this motion from anything which can be observed
on our own bodies or those which surround us on the surface of the
earth: we must look for it elsewhere.

But it will be contended that the apparent motion of the sun,
even upon the argument just stated, may equally be explained by
the motion of the earth round the sun, or the motion of the sun
round the earth ; and that, therefore, this appearance can still prove
nothing positively on this question. We have, however, other
proofs, of a very decisive character.

Newton showed that it was a general law of nature, and part,
in fact, of the principle of gravitation, that any two globes placed
at a distance from each other, if they are in the first instance
quiescent and free, must move with an accelerated motion to their
common centre of gravity, where they will meet and coalesce ; but
if they be projected in a direction not passing through this centre of
gravity, they will both of them revolve in orbits around that point
periodically.

Now the common centre of gravity of the earth and sun, owing
to the immense preponderance of the mass of the sun (M.309 ), is
placed at a point very near the centre of the sun. Round that,
point, therefore, the earth must, according to this principle,
revolve.

1 36. Motion of light proves the annual motion of the earth.
— Since the principle of gravitation itself might be considered as
more or less hypothetical, it has been considered desirable to find
other independent and more direct proofs of a phenomenon, go
fundamentally important and so contrary to the first impressions of
mankind, as the revolution of the earth and the quiescence of
the sun. A remarkable evidence of this motion basbeen accordingly
discovered in a vast body of apparently complicated phenomena
which are the immediate effects of such a motion, which could not
be explained if the earth were at rest and the sun in motion, and
which would be inexplicable on any other supposition save the
revolution of the earth round the sun.

It has been ascertained that light is propagated through space
with a certain great but definite velocity of about 184,000 miles
per second. That light has this velocity is proved by the body of
optical phenomena which cannot be explained without imputing
to it such a motion, and whicl are perfectly explicable if such a

n
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motion be admitted. Independently of this, another demonstration
that light moves with this velocity is supplied by an astronomical
phenomenon which will be noticed in a subsequent part of this
volume.

137. Aberration of light. — Assuming, then, the velocity of
light, and that the earth is in motion in an orbit round the sun with a
velocity of about 19 miles per second, which must be its speed if it
move at all, as will hereafter appear, an effect would be produced
upon the apparent places of all celestial objects by the combination
of these two motions which we shall now explain.

It has been stated that the apparent direction of a visible object
is the direction from which the visual ray enters the eye. Now
this will depend on the actual direction of the ray, if the eye which
receives it be quiescent ; but if the eye be in motion, the same effect
is produced upon the organ of sense as if the ray, besides the motion
which is proper to it, had another motion equal and contrary to that
of the eye. Thus, if light moving from the north to the south with
a velocity of 184,000 miles per second be struck by an eye moving
from west to east with the same velocity, the effect produced by the
light upon the organ will be the same as if the eye, being at rest,
were struck by the light having a motion compounded of two
equal motions, one from north to south, and the other from east
to west. The direction of this compound effect would, by the
principles of the composition of motion (M.172), be equivalent to a
motion from the direction of the north-east. The object from which
the light comes would, therefore, be apparently displaced, and
would be seen at a point beyond that which it really occupies in the
direction in which the eye of the observeris moved. This displace-
ment is called accordingly the ABERRATION OF LIGHT.

This may be made still more evident by the following mode of
illustration. Let o, fig. 36, be the object from which light comes in
the direction 0 0 ¢”. Let e be the place of the eye of the observer
when the light is at o, and let the eye be supposed to move
from e to ¢’ in the same time that the light moves from o to ¢”.
Let a straight tube be imagined to be directed from the eye at e to
the light at o, so that the light shall be in the centre of its opening,
while the tube moves with the eye from 0 e to o”” ¢’ maintaining
constantly the same direction, and remaining parallel to itself: the
light in moving from o to ¢”, will pass along its axis, and will arrive
at ¢’ when the eye arrives at that point. Now it is evident that
in this case the direction in which the object would be visible,
would be the direction of the axis of the tube, so that, instead of
appearing in the direction o 0, which is its true direction, it would
appear in the direction o o/ advanced from o in the direction of
the motion e ¢” with which the observer is affected.
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The motion of light being at the rate of 184,000 miles per
second, and that of the earth (if it move at all) at the rate of 19
miles per second, it follows, that the pro-
portion of o¢” to ee” must be 184,000 to
}9, or 10,200 to 1.

The ANGLE OF ABERRATION 0 00’ will v
with the obliquity of the direction e ¢”of the
observer's motion to that of the visual ray
o¢’. In all cases the ratio of o¢”’ to ee”
will be 10,200 to 1. If the direction of the
earth’s motion be at right angles to the di-
rection o0 ¢” of the object o, we shall have
the aberration equal to 20”°44.

If the angle o e” e be oblique, it will be
necessary to reduce e ¢’to its component at
right angles too ¢”, which is done by multi-
plying it by the trigonometrical sine of the
obliquity o ¢’ e of the direction of the object
to that of the earth’s motion.

According to this, the aberration would
be greatest when the direction of the earth’s
motion is at right angles to that of the object,
and would decrease as the angle of obliquity
decreases, being nothing when the object is
seen in the direction in which the earth is
moving, or in exactly the contrary direction.

The phenomena may also be imagined by
considering that the earth, in revolving round the sun, constantly
changes the direction of its motion ; that direction making a com-
plete revolution with the earth, it follows that the effect produced
upon the apparent place of a distant object would be the same as if
that object really revolved once in a year round its true place in a
circle whose plane would be parallel to that of the earth’s orbit,
and whose radius would subtend at the earth an angle of 20”42,
and the object would be always seen in such a circle go° in advance
of the earth's place in its orbit.

These circles would be reduced by projection to ellipses of
infinitely various excentricities, according to the position of the
object with relation to the plane of the earth’s orbit. At a point
perpendicularly above that plane, the object would appear to move
annually in an exact circle. At points nearer to the ecliptic, its
apparent path would be an ellipse, the excentricity of which would
increase as the distance from the ecliptic would diminish, according
to definite conditions.

Now, all these apparent motions are actually observed to affect

M2

Fig. 36.



100 ASTRONOMY.

all the bodies visible on the heavens, and to affect them in precisely
the degree and direction which would be produced by the annual
motion of the earth round the sun.

As the supposed motion of the earth round the sun completely
and satisfactorily explains this complicated body of phenomena
called aberration, while the motion of the sun round the earth would
altogether fail to explain them, they afford another striking evidence
of the annual motion of the earth.

138. Argument from analogy. — Another argument in favour
of the earth’s annual motion round the sun is taken from its analogy
to the planets, to all of which, like the earth, the sun is a source of
light and heat, and all of which revolve round the sun as a centre,
having days, nights, and seasons in all respects similar to those
which prevail upon the earth. It seems, therefore, contrary to all
probability, that the earth alone, being one of the planets, and by
no means the greatest in magnitude or physical importance, should
be a centre round which not only the sun, but all the other planets,
should revolve.

139. The diurnal and annual phenomena explained by
the two motions of the earth.— Considering, then, the annual
revolution of the earth, as well as its diurnal rotation, established,
it remains to show how these two motions will explain the various
phenomena manifested in the succession of seasons.

Fig. 37. Fig. §8.

While the earth revolves annually around the sun, it has a motion
of rotation at the same time upon a certain diameter as an axis,
which is inclined from the perpendicular to its orbit at the angle of
23° 28". During the annual motion of the earth this dinmeter
keeps continually parallel to the same direction, and the earth com-
pletes its revolution upon it in twenty-three hours and fifty-six
minutes. In consequence of the combination of this motion of ro-
tation of the earth upon its axis with its annual motion around the
sun, we are supplied with the alternations of day and night, and the
succession of seasons.

When the globe of the earth ia in such a position that its north
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pole is turned towards the sun, the greater portion of its northern
hemisphere is enlightened, and the greater portion of the southern
hemisphere is dark. This position is represented in fig. 37, where
N is the north pole, and 8 the south pole. The days are therefore
longer than the nights in the northern hemisphere. The reverse is
the case with the southern hemisphere, for there the greater seg-
ments of the parallels are dark, and the lesser segmente enlightened ;
the days are therefore shorter than the nights. Upon the equator,
however, at &, the circle of the earth is equally divided, and the days
and nights are equal. When the south pole is turned towards the
sun, which it does exactly at the opposite point of the earth's annual
orbit, circumstances are reversed ; then the days are longer than the
nights in the southern hemisphere, and the nights are longer than
the days in the northern hemisphere. At the intermediate points
of the earth’s annual path, when the axis assumes a position perpen-
dicular to the direction of the sun, fig. 38, then the circle of light
and darkness passes through the poles; all parallels in every part of
the earth are equally divided, and there is consequently equal day
and night all over the globe.

In the annexed perspective diagram, fig. 39, these four positions
of the earth are exhibited in snch a manner as to be clearly in-
telligible.

Fig. 39

In this diagram, the observer is supposed to view the earth
from the north side of the ecliptic, therefore, on the z1st of June,
the north or upper pole is turned in the direction of the sun; on
the 218t of December, the south or lower pole is turned in that
direction. On the days of the equinoxes, the axis of the earth
is at right angles to the direction of the sun, and it is equal day
and night everywhere on the earth, -
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The annual variation of the position of the sun with reference
to the equator, or the changes ot its declination, are explained by
these motions. The summer solstice—the time when the sun's
distance from the equator is the greatest—takes place when the
north pole is turned towards the sun; and the winter solstice— or
the time when the sun’s distance south of the equator is greatest—
takes place when the south pole is turned toward the sun.

In virtue of these motions, it follows that the sun is twice a year

vertical at all places between the tropics; and at the tropics them-
selves it is vertical once a year. In all higher latitudes the point
at which the sun passes the meridian daily alternately approaches
to and recedes from the zenith. From the 21st of December until
the 218t of June, the point continually approaches the zenith. It
comes nearest to the zenith on the 21st of June; and from that
day until the 218t of December, it continually recedes from the
zenith, and attains its lowest position on the latter day. The dif-
ference, therefore, between the meridional altitudes of the sun on
the days of the summer and winter solstices at all places will be
twice twenty-three degrees and twenty-eight minutes, or forty-six
degrees and fifty-six minutes. In all places beyond the tropics in
the northern hemisphere, therefore, the sun rises at noon on the 2 1st
of June, forty-six degrees and fifty-six minutes higher than it rises
on the 218t of December. These are the limits of meridional altitude
which determine the influence of the sun in different places.
*+ 140. Mean solar or civil time.— It has been explained that
the rotation of the earth upon its axis is rigorously uniform, and is
the only absolutely uttiform motion among the many and com-
plicated motions observable on the heavens. This quality would
render it a highly convenient measure of time, and it is accordingly
adopted for that purpose in all observatories. The hands of a
sidereal clock move in perfect accordance with the apparent motion
of the firmament,

But for civil purposes, uniformity of motion is not the only
condition which must be fulfilled by a measure of time. It is
equally indispensable that the intervals into which it divides dura-
tion should be marked by conspicuous and universally ohservable
phenomena. Now it happens that the intervals into which the
diurnal revolution of the heavens divides duration, are marked by
phenomena which astronomers alone can witness and ascertain, but
of which mankind in general are, and must remain, altogether
unconscious,

141. Civilday — noon and midnight. —Astronomical day.
— For the purposes of common life, mankind by general consent has
therefore adopted the interval between the successive returns of the
centre of the sun's disk to the meridian, as the unit or standard
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measure of time. This interval, called a cIVIL DAY, is divided into
24 equal parts called HOURS, which are again subdivided into
minutes and seconds, as already explained in relation to sidereal
time. The hours of the civil day, however, are not generally
counted from o to 24 as in sidereal time, but are divided into two
equal parts of 12 hours, one commencing when the centre of the sun
is on the meridian, the moment of which is called Xoo~ or MIDDAY,
and the other 12 hours later when the centre of the sun must pass
the meridian below the horizon, the moment of which is MIDNIGHT.

For civil purposes, this latter moment has been adopted as the
commencement of one day, and the end of the other.

In observatories, and for astronomical convenience generally, the
day commences at noon, and ends at the succeeding noon, the
hours being counted from o® to 24" This mode of reckoning is
called an ASTRONOMICAL DAY.

142. Difference between mean solar and sidereal time.—
A solar day is evidently longer than a sidereal day. If the sun did
not change its position on the firmament, its centre would return to
the meridian after the same interval that elapses between the suc-
cessive transits of a fixed star. But since the sun, as has been
explained, moves at the rate of about 1° per day from west to east,
and'since this motion takes place upon the ecliptic, which is inclined
to the equator at an angle of 23> 28’, the centre of the sun increases
its right ascension from day to day, and this increase varies according
to its position on the ecliptic. When the circle of declination on
which the centre of the sun is placed at noon on one day returns to
the meridian the next day, the centre of the sun will have left it,
and will be found upon another circle of declination to the east of
it; and it will not consequently come to the meridian until a few
minutes later, when this other circle of declination, by the diurnal
motion of the heavens, shall come to coincide with the meridian.

Hence the solar day is longer than the sidereal day.

143. Difference between apparent noon and mean noon.
— But since, from the cause just stated and another which will be
presently explained, the daily increase of the sun’s right ascension
is variable, the difference between a sidereal day and the interval
between the successive transits of the sun is likewise variable, and
thus it would follow that the solar days would be more or less
unequal in length.

144. Mean solar time — Equation of time.— Hence has
arisen an expedient adopted for civil purposes to efface this inequa-
lity. An imaginary sun is conceived to accompany the true sun,
making the complete revolution of the heavens with a rigorously
uniform increase of right ascension from hour to hour, while the
increase of right ascension of the true sun thus varies. The
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time measured by the motion of this imaginary sun is called MEAN
SOLAR TIME, and the time measured. by the motion of the true sun
is called APPARENT BOLAR TIME.

The difference between the apparent and mean solar time is called
the “ EQUATION OF TIME.”

The variation of the increase of the sun's right ascension being
confined within narrow limits, the true and imaginary suns can
never be far asunder, and consequently the difference between mean
and apparent time is never considerable.

The time indicated by a sun-dial is apparent time, that indicated
by an exactly regulated clock or watch is mean time.

The correction to be applied to apparent time, to reduce it to
mean time is often engraved on sun-dials, where it is stated how
much “ the sun is too fast or too slow.”

145. Distance of the sun. —Although the problem to deter-
mine with the greatest practicable precision the distance of the sun
from the earth is attended with great difficulties, many phenomena
of easy observation supply the means of ascertaining that this
distance must bear a very great proportion to the earth’s diameter,
or must be such that, by comparison with it, a line 8coo miles in
length is almost a point. If, for example, the apparent distance of
the centre of the sun from any fixed star be observed simultane-
ously from two places upon the earth, no matter how far they are
apart, no difference will be discovered between them, unless means
of observation susceptible of extraordinary precision be resorted to.
However, it may be stated here that the apparent diameter of the
earth as viewed from the sun amounts to no more than 179, or
about the 108th part of the apparent diameter of the sun as seen
from the earth. The distance of the sun is equal to about 11,555
diameters of the earth, and amounts therefore to nearly NINETY-
ONE AND A HALF MILLIONS OF MILES.

146. Orbit of the earth elliptical.—In what precedes, we
have considered the path of the earth around the sun, called by
astronomers its ORBIT, to be a circle, in the centre of which the
centre of the sun is placed. This is nearly true, but not ex-
actly so, as will appear from the following observed phenomena.

Let a telescope supplied with micrometric wires be directed to

N
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Fig. 40. Fig. 41. Fig. 2.

the sun, and the wires so adjusted that they shall exactly touch
the upper and lower limbs, as in fig. 40. Let the observer then
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watch from day to day the appearance of the sun and the position
of the wires; he will find that, after a certain time, the wires will
no longer touch the sun, but will perhaps fall a little within it, as
represented in fig. 41. And after a further lapse of time he will find,
on the other hend, that they fall a little without it, as in fig. 42.

Now, as the wires throughout such a series of observations are
maintained always in the same position, it follows that the disk of
the sun must appear smaller at one time, and larger at another—
that, in fact, the apparent magnitude of the sun must be variable.
It is true that this variation is confined within very small limits,
but still it is distinctly perceptible. What, then, it may be asked,
must be its cause? Is it possible to imagine that the sun really
undergoes a change in s size? This idea would, under any circum-
stances, be absurd; but when we have ascertained, as we may do,
that tho change of apparent magnitude of the sun is regular and
periodical — that for one half of the year it continually diminishes
until it attains a minimum, and then for the next half year it in-
creases until it attains a maximum — such a supposition as that of a
real periodical change in the globe of the sun becomes altogether
incredible.

If, then, an actual change in the magnitude of the sun be impos-
sible, there is but one other conceivable cause for the change in
its apparent magnitude—which is, a corresponding change in the
earth’s distance from it. If the earth at one time be more re-
mote than at another, the sun will appear proportionally smaller.
This is an easy and obvious explanation of the changes of appear-
ance that are observed, and it has been demonstrated accordingly to
be the true one.

On examining the change of the apparent diameter of the sun, it
is found that it is least on the 1st of July, and greatest on the 31st
of December; that from December to July, it regularly decreases;
and from July to December, it regularly increases.

Since the distance of the earth from the sun must increase in the
same ratio as the apparent diameter of the sun decreases, and vice
versd (0.3 51), the variation of the distance of the earth from the sun
in every position which it assumes in its orbit can be exactly ascer-
tained. A plan of the form of the orbit may therefore be laid down,
having the point occupied by the centre of the sun marked in it.
Such a plan proves on geometric examination to be an ellipse, the
place of the sun being one of the foci.

147. Method of describing an ellipse —its foci, axis, and
excentricity.—If the ends of a thread be attached to two points
less distant from each other than its entire length, and a pencil be
loopedyin the thread, and moved round the points, s0 as to keep the
thread tight, it will trace an ellipse, of which the two points are the
FOCI.
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The line drawn joining the foci, continued in both directions to
the ellipse, is called its TRANSVERSE, o} MAJOR AXIS,

Another line, passing through the middle point of this at right
angles to it is called its MINOR AxIs,

The middle point of the major
axis is called the CENTRE of the
ellipse.

The fractional or decimal num-
ber which expresses the distance

B of the focus from the centre, the

s ¢ semiaxis major being taken as
the unit, is called the excentricity
of the ellipse.

In fig. 43, c is the centre, 8
Fig. 43. and 8’ the foci, A B the trans-

verse axis.

The less the ratio of 8 8’ to A B, or what is the same, the less the
excentricity is, the more nearly the form of the ellipse approaches
to that of a circle, and when the foci actually coalesce, the ellipse
becomes an exact circle.

148. Excentricity of the earth’s orbit.—The excentricity of
the elliptic orbit of the earth is so small, that if an ellipse, represent-
ing truly that orbit, were drawn upon paper, it would be distinguish-
able from a circle only by submitting it to exact measurement. The
excentricity of the orbit has been ascertained to be only 0-01677.
The semi axis major, or mean distance, being 1'0000, the greatest
and least distances of the earth from the sun will be—

B 8 = 1'0000 + 0'01677 = 1'01677
4 8 = 1°0000 — 0’01677 = 0'98323.

The difference between these extreme distances is, therefore, only
003354. So that the difference between the greatest and least
distances does not amount to so much as four hundredths of the
mean distance. -

149. Perihelion and aphelion of the earth.— The positions
A and B, where the earth is nearest to, and most distant from, the
sun are called PERIHELION and APHELION.

The positions of these points are ascertained by observing
the places of the sun when its apparent diameter is greatest and
least.

It is evident from what has been stated that the earth is in aphe-
lion on the 18t of July, and in perihelion on the 1st of January.

Contrary to what might be expected, therefore, the earth is more
distant from the sun in summer than in winter.
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150. Variations of temperature through the year.— The
succession of spring, summer, autumn, and winter, and the variations
of temperature of the seasons — so far as these variations depend on
the position of the sun — will now require to be explained.

The influence of the sun in heating a portion of the earth’s sur-
face, will depend partly on its altitude above the horizon. The
greater that altitude is, the more perpendicularly the rays will fall,
and the greater will be their calorific effect.

The calorific effect of the sun’s rays on a surface more oblique to
their direction than another will then be proportionably less.

If the sun be in the zenith, its rays will strike the surface per-
pendicularly, and the heating effect will therefore be greater than
when the sun is in any other position.

The greater the altitude to which the sun rises, the less obliquely
will be the direction in which its rays will strike the surface at
noon, and the more effective will be their heating power. So far,
then, as the heating power depends on the altitude of the sun, it
will be increased with every increase of its meridian altitude.

Hence it is that the heat of summer increases as we approach the
equator. The lower the latitude is, the greater will be the height
to which the sun will rise. The meridian altitude of the sun at
the summer solstice being everywhere outside the tropics forty-six
degrees and fifty-six minutes more than at the winter solstice, the
heating effect will be proportionately greater.

But this is not the only cause which produces the greatly supe-
rior heat of summer as compared with winter, especially in the
higher latitudes. The heating effect of the sun depends not alone
on its altitude at midday ; it also depends on the length of time
which it is above the horizon and below it. While the sun is above
the horizon, it is continually imparting heat to the air and to the
surface of the earth ; and while it is below the horizon, the heat is
continually being dissipated. The longer, therefore, —other things
being the same, — the sun is above the horizon, and the shorter time
it is below it, the greater will be the amount of heat imparted to
the earth every twenty-four hours. Let us suppose that between
sunrise and sunset, the sun, by its calorific effect, imparts a certain
amount of heat to the atmosphere and the surface of the earth, and
that from sunset to sunrise a certain amount of this heat is lost :
the result of the action of the sun will be found by deducting the
latter from the former.

Thus, then, it appears that the influence of the sun upon the
seasons depends as much upon the length of the days and nights as
upon its altitude ; but it so happens that one of these circumstances
depends upon the other. The greater the sun’s meridional altitude
is, the longer will be the days, and the shorter the nights ; and the
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less it is, the longer will be the nights, and the shorter the days.
Thus both circumstances always conspire in producing the increased
temperature of summer, and the diminished temperature of winter.

151. Why the longest day is not also the hottest. — The
dog-days.— A difficulty is sometimes felt when the operation of
these causes is considered, in understanding how it happens that,
notwithstanding what has been stated, the 2 18t of June—when the
sun rises the highest, when the days are longest and the nights
shortest—is not the hottest day, but that, on the contrary, the dog-
days, as they are called, which comprise the hottest weather of the
year, occur in July and August; and in the same manner, the 21st
of December—when the height to which the sun rises is least, the
days shortest, aud the nights longest—is not usually the coldest
day, but that, on the other hand, the most inclement weather occurs
at a later period.

To explain this, so far as it depends on the position of the sun
and the length of the days and nights, we are to consider the follow-
ing circumstances : —

As midsummer approaches, the gradual increase of the tempera-
ture of the weather has been explained thus: The days being con-
siderably longer than the nights, the quantity of heat imparted by
the sun during the day is greater than the quantity lost during the
night; and the entire result during the twenty-four hours gives an
increase of heat. As this augmentation takes place after each suc-
cessive day and night, the general temperature continues to increase.
On the 218t of June, when the day is longest, and the night is
shortest, and the sun rises highest, this augmentation reaches its
maximum ; but the temperature of the weather does not therefore
cease to increase. After the 218t of June, there continues to be
still & daily augmentation of heat, for the sun still continues to im-
part more heat during the day than is lost during the night. The
temperature of the weather will therefore only cease to increase
when by the diminished length of the day, the increased length of
the night, and the diminished meridional altitude of the sun, the
heat imparted during the day is just balanced by the heat lost
during the night. There will be, then, no further increase of tem-
perature, and the heat of the weather will have attained its maxi-
mum.

But it might occur to a superficial observer, that this reasoning
would lead to the conclusion that the weather would continue to
increase in its temperature, until the length of the days would
become equal to the length of the nights; and such would be the
case, if the loss of heat per hour during the night were equal to
the gain of heat per hour during the day. But such is not the
case ; the loss is more rapid than the gain, and the consequence is
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that the hottest day usually comes within the month of July, but
always long before the day of the autumnal equinox.

The same reasoning will explain why the coldest weather does
not usually occur on the 21st of December, when the day is shortest
and the night longest, and when the sun attains the lowest meri-
dional altitude. The decrease of the temperature of the weather .
depends upon the loss of heat during the night being greater than
the gain during the day ; and until, by the increased length of the
day, and the diminished length of the night, these effects are
balanced, the coldest weather will not be attained.

These observations must be understood as applying only so far
as the temperature of the weather is affected by the sun, and by
the length of the days and nights. There are a variety of other
local and geographical causes which interfere with these effects,
and vary them at different times and places.

On referring to the annual motion of the earth round the sun, it
appears that the position of the sun within the elliptic orbit of the
earth is such that the earth is nearest to the sun about the 1st of
January, and most distant from it about the 1st of July. As the
calorific power of the sun’s rays increases as the distance from the
earth diminishes, in even a higher proportion than the change of dis-
tances, it might be expected that the effect of the sun in heating the
earth on the 1st of January would be considerably greater than on the
1st of July. If this were admitted, it would follow that the annual
motion of the earth in its elliptic orbit would have a tendency to
diminish the cold of the winter in the northern hemisphere, and
mitigate the heat of summer, so as to a certain extent to equalise
the seasons; and, on the contrary, in the southern hemisphere,
where the 18t of January is in the middle of summer and the 1st
of July the middle of winter, its effects would be to aggravate the
cold in winter and the heat in summer. The investigations, how-
ever, which had been made in the physics of heat, have shown that
that principle is governed by laws which counteract such effects.
Like the operation of all other physical agencies, the sun’s calorific
power requires a definite time to produce a given effect, and the heat
received by the earth at any part of its orbit will depend conjointly
on its distance from the sun and the length of time it takes to tra-
verse that portion of its orbit. In fact, it has been ascertained that
the heating power depends as much on the rate at which the sun
changes its longitude as upon the earth’s distance from it. Now it
happens that, in consequence of the laws of the planetary motions,
discovered by Kepler, and explained by Newton, when the earth is
most remote from the sun its velocity is least, and consequently the
hourly changes of longitude of the sun will be proportionally less,
Thus it appears that what the heating power loses by augmented
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distance, it gains by diminished velocity; and again, when the earth
is nearest to the sun, what it gains by diminished distance, it loses
by increased speed. There is thus a complete compensation pro-
duced in the heating effect of the sun, by the diminished velocity of
the earth which accompanies its increased distance.

This period of the year, during which the heat of the weather
is usually most intgnse, was called the CANICULAR DAYS, or noe
paYs. These days were generally reckoned as forty, commencing
about the 3rd of July, and received their name from the fact,
that in ancient times the bright star Sirius, in the constellation
of Canis major, or the great dog, at that time rose a little before
the sun, and it was to the sinister influence of this star that
were ascribed the bad effects of the inclement heat, and especially
the prevalence of madness among the canine race. Owing to a
cause which will be explained hereafter (the precession of the equi-
noxes), this star no longer rises with the sun during the hot season.

CHAPTER VIIL
ATMOSPHERIC REFRACTION, AND PARALLAX.

152. Apparent position of celestial objects affected by re-
fraction.—The ocean of air which surrounds, rests upon, and extends
z g to a certain limited height above

{ the surface of the solid and liquid

/ matter composing the globe, de-
| creases gradually in density in rising

| from the surface (H. 223); that

| when a ray of light passes from a
i rarer into a denser transparent me-
i dium, it is deflected towards the
i perpendicular to their common
surface ; and that the amount of

.

v . such deflection increases with the
— f 4 difference of densities and the angle
— - \ of incidence (0. 9z). These pro-
w perties, which air has in common

with all transparent media, produce

Fig. 44 important effects on the apparent

positions of celestial objects.
Let 8 a, fig. 44, be a ray of light coming from any distant ob-
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ject, 8, and falling on the surface of a series of layers of transpa-
rent matter, increasing in density downwurds. The ray 8 a, pass-

T
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e

Pig. 48.

ing into the first layer, will be deflected in the direction a a’ to-
wards the perpendicular, and passing through the lowest layer, it
will be still more deflected, and will enter the eye at e, in the
directivn a”’ e; and since every object is seen in the direction from
which the visual ray enters the eye, the object 8 will be seen in
the direction e #, instead of its true direction @ 8. The effect,
therefore, is to make the object appear to be nearer to the zenithal
direction than it really is.

And this is what actually occurs with respect to all celestial
objects seen, as such objects always must be, through the atmo-
sphere. The visual ray 8 D, fig. 45, passing through a succession
of strata of air, gradually and continually increasing in density,
its path will be a curve bending from D towards A, and convex
towards the zenithal line A z. The direction in which the object
will be seen, being that in which the visual ray enters the eye, will
be the tangent A s to the curve at A. The object will therefore be
seen in the direction A s instead of » 8.

It has been said that the deflection produced by refraction is in-
creased with the increase of the angle of incidence. Now, in the
present case, the angle of incidence is the angle under the true
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direction of the object and the zenithal line, or, what is the same,
the zenith distance of the object. The extent, therefore, to which
any celestial object is disturbed from its true place by the refraction
of the atmosphere, increases with its zenith distance. The refrac-
tion is, therefore, nothing in the zenith, and greatest in the horizon.

153. Law of atmospheric refraction.—The extent to which
a celestial object is displaced by refraction, therefore, depends upon
and increases with its distance from the zenith ; and it can be shown
to be a consequence of the general principles of optics, that when
other things are the same, the actual quantity of this displacement
(except at very low altitudes) varies in the proportion of the tan-
gent of the zenith distance.

This law prevails with considerable exactitude, except at very
low altitudes, where the refractions depart from it, and become un-
certain.

154. Quantity of refraction.— When the latitude of the ohser-
vatory is known, the actual quantity of refraction at a given alti-
tude may be ascertained by observing the altitudes of a circumpolar
star, when it passes the meridian above and below the pole. The
sum of these altitudes would be exactly equal to twice the latitude
(114) if the refraction did not exist, but since by its effects the

_ star is seen at greater than its true altitudes, the sum of the alti-
tudes will be greater than twice the latitude by the sum of the two
refractions. This sum will therefore be known, and being divided
between the two altitudes in the ratio of the tangents of the zenith
distancea the quantity of refraction due to each altitude will be
known,

The pole star answers best for this observation, especially in
these and higher latitudes, where it passes the meridian within
the limits of the more regular influence of refraction; and the
difference of its altitudes being only 3° no considerable error
can arise in apportioning the total refraction between the two
altitudes.

155. Tables of refraction. — To determine with great exacti-
tude the average quantity of refraction due to different altitudes,
and the various physical conditions under which the actual refrac-
tion departs from such average, is an extremely difficult physical
problem. These conditions are connected with phenomena subject
to uncertain and imperfectly known laws.  Thus, the quantity of
refraction at a given altitude depends, not only on the density, but
also on the temperature of the successive strata of air through which
the visual ray has passed. Although as a general fact, it is appa-
rent that the temperature of the air falls as we rise in the atmo-
sphere, yet the exact law according to which it decreases is not
fully ascertained. But even though it were, the refraction is also
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influenced by other agencies, among which the hygrometric condi-
tion of the air holds an important place.

From these causes, some uncertainty necessarily attends astro-
nomical observations of objects near the horizon, and some em-
barrassment arises in cases where the quantities to be detected by
the observations are extremely minute. Nevertheless, it must be
remembered that, since the total amount of refraction is never con-
siderable, and in most cases it is extremely minute, and since,
small as it is, it can be very nearly estimated and allowed for, and
in some cases wholly effaced, no serious obstacle is offered by it
to the general progress of astronomy.

Tables of refraction have been constructed and calculated, partly
from observation and partly from theory, by which the observer
may at once obtain the average quantity of refraction at each alti-
tude; and rules are given by which this average refraction may be
corrected according to the peculiar state of the barometer, thermo-
meter, and other indicators of the physical state of the air.

156. Average quantity at mean altitudes.— While the re-
fraction is nothing in the zenith, and somewhat greater than the
upparent diameter of the sun or moon in the horizon, it does not
amount to so much as 1’, or the thirtieth part of this diameter, at
the mean altitude of 45°.

157. REffect on rising and setting.—Its mean quantity in
the horizon is 33/, which being a little more than the mean appa-
rent diameters of the sun and moon, it follows that these objects, at
the moment of rising and setting, are visible above the horizon, the
lower edge of their disks just touching it, when in reality they are
below it, the upper edge of the diak just touching it.

The moments of rising of all objects are therefors accelerated, and
those of setting retarded, by refraction. The sun and moon appear
to rise before they have really risen, and to set after they have really
set; and the same is true of all other objects.

158. General effect of the barometer on refraction. — Since
the barometer rises with the increased weight and density of the air,
its rise is attended by an augmentation, and its fall by a decrease, of
refraction. It may be assumed that the refraction at any proposed
altitude is increased or diminished by the 3ooth part of its mean
quantity for every tenth of aninch by which the barometer exceeds
or falls short of the height of 30 inches.

159. Rffect of thermometer.— As the increase of tempera-
ture causes a decrease of density, the effect of refraction is diminished
by the elevation of the thermometer, the state of the barometer
being the same. It may be assumed, that the refraction at any pro-
posed altitude is diminished or increased by the 4zoth part of ita

4
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mean amount for each degree by which Fahrenheit's thermometer
exceeds or falls short of the mean temperature of §5°.

160. Twilight caused by the refiection of the atmo-
sphoro.—The sun continues to illuminate the clouds and the su-
perior strata of the air after it has set, in the same manner as it
shines on the summits of lofty mountain peaks long after it has de-
scended from the view of the inhabitants of the adjacent plains.
The air and clouds thus illuminated, reflect lizht to the surface
below them; and thus, after sunset and before sunrise, produce that
light, more or less feeble according to the depression of the sun,
called TwILIGHT. Immediately after sunset the entire visible atmo-
sphere, and all the clouds which float in it, are flooded with sunlight,
and produce, by reflection, an 1llummat10n little less intense than
before the sun had disappeared. According as the sun sinks lower
and lower, less and less of the visible atmosphere receives his light,
and less and less of it is transmitted by reflection to the surface,
until at length, and by slow degrees, all reflection ceases and night
begins.

The same series of phenomena are developed in an opposite order
before sunrise in the morning, commencing with the first feeble
light of dawn, and ending with the full blaze of day, when the disk
of the sun becomes visible.

161. Owval form of disks of sun and moon explained.—One
of the most curious effects of atmospheric refraction is the oval form
of the disks of the sun and moon, when near the horizon. This
arises from the unequal refraction of the upper and lower limbs.
The latter being nearer the horizon is more affected by refraction,
and therefore raised in a greater degree than the upper limb, the
effect of which is to bring the two limbs apparently closer together,
by the difference between the two refractions. The form of the
disk is therefore affected as if it were pressed between two forces,
one acting above, and the other below, tending to compress its ver-
tical diameter, and to give it the form of an ellipse, the lesser axis
of which is vertical, and the greater horizontal.

162. PARALLAX.—Since the apparent place of a distant object
depends on the direction of the visual line drawn from the observer
to such object, and since while the object remains stationary the
direction of this visual line is changed with every change of position
of the observer, such change of position produces necessarily a dis-
placement in the apparent position of the object.

This apparent displacement of any object seen at a distance, due
to the change of position of the observer, is called PARALLAX.

It follows that a distant object seen by two observers at different
places on the earth is seen in different directions, so that its appa-
rent place in the firmament will be different. It would therefore
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follow, that the aspect of the heavens would vary with every change
of position of the observer on the earth, just as the relative position
of objects on land which are stationary changes when viewed from
the deck of a vessel which sails or steams along the coast. But it
8o happens, that even the greatest difference of position which can
exist between observers on the earth’s surface is so small compared
even with the nedrest bodies to the earth, that the apparent dis-
placement, or PARALLAX, thus produced is very small; while for the
most numerous of celestial objects, the stars, it is absolutely in-
appreciable by the most refined means of observation and measure-
ment.

Small as it is, however, so far as relates to the nearer bodies of
the universe, it is capable of definite measurement, and its amount
for each of them supplies one of the data by which their distances
are calculated.

163. Apparent and true place of an object. — Diurnal
parallax.— When an object is within such a limit of distance as
would cause a sensible displacement to be produced when it is
viewed from different parts of the earth’s surface, it is convenient,
in registering its apparent position at any given time, to adopt
some fixed station from which it is supposed to be observed. The
station selected by astronomers for this purpose is the centre of the
earth. The direction in which an object would be seen if viewed
from the centre of the earth is called its TRUE PLACE. The direction
in which it is seen from any place of observation on the surface is
called its APPARENT PLACE, and the apparent displacement which
would be produced by the transfer of the observer from the centre to
the surface or vice versd, or, what is the same, the difference between
the true and apparent places, is called the DIURNAL PARALLAX.

In fig. 46, let c represent the centre of the earth, P a place of
observation on its surface, 0 an object seen in the zenith of p, 0’ the
same object seen at the zenith distance oPo’, and 0” the same
object seen in the horizon.

It is evident that o will appear in the same direction, whether it
be viewed from Por c. Hence it follows that in the zenith there is
no diurnal parallax, and that there the apparent place of an object
is its true place.

But if the object be at o’, then the apparent direction is p ¢/,
while the true direction is ¢ 0’, and the apparent place of the object
will be &, while its true place will be ’; and the diurnal parallax
corresponding to the zenith distance o P 0’ will be ¢ @’, or the angle
¢ o’ a’, which is equal to P o’c.

As the object is more remote from the zenith the parallax is

augmented, because the semidiameter ¢ P of the earth, which passes
1a



116 ASTRONOMY.

through the place of observation, is more and more nearly at right
angles to the directions ¢ o’ and P 0",

* i

B

Fig. 46.

164. Horizontal parallax.— When the object is in the horizon,
as at 0”7, the diurnal parallax becomes greatest, and is called the
HORIZONTAL PARALLAX. It is the angle »o”c which the semi-
diameter of the earth subtends at the object.

165. Annual parallax.—If the earth be admitted to move
annually around the sun, as a stationary centre, all observers placed
on its surface, seeing distant objects from points of view so extremely
distant one from the other as are the opposite extremities of its orbit,
must necessarily, as might be supposed, see these objects in very
different directions.

To comprehend the effect which might be expected to be produced
upon the apparent place of a distant object by such a motion, let E
%’ E” B, fig. 47, represent the earth’s annual course around the
sun as seen in perspective, and let o be any distant object visible
from the earth. The extremity E of the line E 0 which is the visual
direction of the object, being carried with the earth round the circle
E E'E” ¥/, will annually describe a cone of which the base is the
path of the earth, and the vertex is the place of the objecto, While
the earth moves round the circle & E”, the line of visual direction
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would therefore have a corresponding motion, and the apparent
place of the object would be successively changed with the change of
direction of this line. If the object be
imagined to be projected by the eye upon
the firmament, it would trace upon it a
path 0o’ o” 0, which would be circular or
elliptical, according to the direction of the
object. 'When the earth is at k, the object
would be seen at o; and when the earth
is at B, it would be seen at o”. The extent
of this apparent displacement of the object
would be measured by the angle & o &7,
which the diameter E E” of the earth’s path
or orbit would subtend at the object o.

It has been stated that, in general, the
apparent displacement of a distant visible
object produced by any change in the
station from which it is viewed is called
PARALLAX. That which is produced by
the change of position due to the diurnal
motion of the earth being called pIURNAL
PARALLAX, the corresponding displacement
due to the annual motion of the earth is
called the ANNUAL PARALLAX.

The greatest amount, therefore, of the
annual parallax for any proposed object is
the angle which the semidiameter of the
earth’s orbit subtends at such object, as the
greatest amount of the diurnal parallax is
the angle which the semidiameter of the
earth itself subtends at the object.

166. Its effects upon the bodies of
the solar system apparent.— The effects
of annual parallax are observable, and in-
deed are of considerable amount, in the
case of all the bodies composing the solar
system. The apparent annual motion of the sun is altogether due
to parallax. The apparent motions of the planets and other bodies
compoesing the solar system are the effects of parallax, combined
with the real motions of these various bodies.

167. General absence of parallax explained by great dis-
tance.— With a few exceptions, no traces of the effects of annual
parallax have been discovered among the innumerable fixed stars
by which the solar system is surrounded, and since, nevertheless,
the annual motion of the earth in its orbit rests upon a body of evi-

Fig. 47.
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dence and is supported by arguments which must be regarded as
conclusive, the absence of parallax can only be ascribed to the fact
that the stars generally are placed at distances from the solar system
compared with which the orbit of the earth shrinks into a point,
and therefore that the motion of an observer round this orbit, vast
as it may seem compared with all our familiar standards of magni-
tude, produces no more apparent displacement of a fixed star than
the motion of an animalcule round a grain of mustard seed would
produce upon the apparent direction of the moon or sun.

168. Absence of sensible parallax of fixed stars.— When,
on any clear night, we contemplate the firmament, and behold the
countless multitude of objects that sparkle upon it, remembering
what a comparatively small number are comprised among those of
the solar system, and even of these how few are visible at any one
time, we are naturally impelled to the inquiry, Where in the uni-
verse are these vast numbers of objects placed ? ’

Very little reflection and reasoning, applied to the consideration
of our own position and to the appearance of the heavens, will con-
vince us that the objects that chiefly appear on the firmament,
must be at almost immeasurable distances. The earth in its annual
course round the sun moves in a circle, the diameter of which is
about 200 millions of miles. We, who observe the heavens, are
transported upon it round that vast circle. The station from which
we observe the universe at one period of the year is, then, 200
millions of miles from the station from which we view it at another.

Now it is a fact, within the familiar experience of every one,
that the relative position of objects will depend upon the point
from which they are viewed. If we stand upon the bank of a river,
along the margin of which a multitude of ships are stationed, and
view the masts of the vesscls, they will have among each other a
certain relative arrangement. 1f we change our position, however,
through the space of a few hundred yards, the relative position of
these masts will not be the same as before. Two which before lay
in line will now be seen separate; and two which before were
separated are now brought into line. Two, one of which was to
the right of the other, are now reversed ; that which was to the
right, is at the left, and vice versd » nor are these changes produced
by any change of position of the ships themselves, for they are
moored in stationary positions. The changes of appearance are the
result of our own change of position ; and the greater that change of
position is, the greater will be the relative change of these appear-
ances. Let us suppose, however, that we are moved to a much
greater distance from the shipping ; any change in our position will
produce much less effect upon the relative position of the masts;
perhaps it will require a very considerable change to produce a per-
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ceivable effect upon them. Therefore, in proportion as our distance
from the masts is increased, so in proportion will it require a greater
change in our own position to produce the same apparent change in
their position.

Thus it is with all visible objects. 'When a multitude of station-
ary objects are viewed at a distance, their relative position will
depend upon the position of the observer ; and if the station of the
observer be changed, a change in the relative position of the objects
must be expected ; and if no perceptible change is produced, it must
be inferred that the distance of the objects is incomparably greater
than the change of position of the observer.

Let us now apply these reflections to the case of the earth
and the stars. The stars are analogous to the masts of the ships,
and the earth is the station on which the observer is placed. It
might have been expected that the magnitude of the globe, being
eight thousand miles in diameter, would produce a change of posi-
tion of the observer sufficient to cause a change in the relative
position of the stars, but we find that such is not the case. The
stars, viewed from opposite sides of the globe, present exactly the
same appearance ; we must, therefore, infer that the diameter of
the earth is absolutely nothing compared to their distance.

But the astronomer has still a much larger modulus to fall back
upon. He reflects, as has been already observed, that he is enabled
to view the stars from two stations separated from each other, not
by 8000 miles, the diameter of the earth, but by 200 millions of
miles, that of the earth’s orbit. He, therefore, views the heavens
on the 18t of January, and views them again on the 1st of July, the
earth having in the meanwhile passed to the opposite side of its
orbit, yet he finds, to his amazement, that the aspect is the same.
He thinks that this cannot be —that so great a change of position
in himself canunot fail to make some change in the apparent position
of the stars ;—that, although their general aspect is the same, yet
when submitted to exact examination a change must assuredly be
detected. He accordingly resorts to the use of instruments of ob-
servation capable of measuring the relative positions of the stars
with the last conceivable precision, and he is more than ever con-
founded by the fact that still no discoverable change of position is
found.

For a long period of time this result seemed inexplicable, and
accordingly it formed the greatest difficulty with astronomers, in
admitting the annual motion of the earth. The alternative offered
was this; it was necessary, either to fall back upon the Ptolemaic
system, in which the earth was stationary, or to suppose that the
immense change of position of the earth in the course of half a
year, could produce no discoverable change of appearance in the
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stars; a fact which involves the inference that the diameter of
the earth’s orbit must be a mere point compared with the distance
of the nearest stars. Such an idea appeared so inadmissible that
for a long period of time many preferred to embrace the Ptolemaic
hypothesis, beset as it was with difficulties and contradictions.

Improved means of instrumental observation and micrometrical
measurement, united with the zeal and skill of observers, have at
length surmounted these difficulties; and the parallax, small in-
deed but still capable of measurement, of several stars has been as-
certained.

169. Methods of ascertaining the parallax of fixed stars.
—It will easily be imagined that astronomers have diligently
directed their observations to the discovery of some change of ap-
parent position, however small, produced upon the stars by the
earth’s motion. As the stars most likely to be affected by the
motion of the earth are those which are nearest to the system, and
therefore probably which are brightest and largest, it has been to
such chieflv that this kind of observation has been directed ; and
since it was certain that, if any observable effect be produced by the
earth’s motion at all, it must be extremely small, the nicest and
most delicate means of observation were those alone from which the
discovery could be expected.

One of the earlier expedients adopted for the solution of this pro-
blem was the erection of a telescope, of great length and power, in
a position permanently fixed, attached, for example, to the side of a
pier of solid masonry erected upon a foundation of rock. This in-
strument was screwed into such a position that particular stars, as
they crossed the meridian, would necessarily pass within its field of
view. Micrometric wires were, in the usual manner, placed in its
eye-piece, so that the exact point at which the stars passed the me-
ridian each night, could be observed and recorded with the greatest
precision. The instrument being thus fixed and immovable, the
transits of the stars were noted each night, and their exact places
when they passed the meridian recorded. This kind of observation
was carried on through the year; and if the eerth’s change of posi-
tion, by reason of its annual motion, should produce any effect upon
the apparent position of the stars, it was anticipated that such effect
would be discovered by these means. After, however, making all
allowance for the usual causes which affect the apparent position of
the stars, no change of position was discovered which could be as-
signed to the earth’s motion.

170. Professor Henderson's discovery of the parallax of
a Centauri.— Notwithstanding the numerous difficulties which
beset the solution of this problem, by means of observations made
with the ordinary instruments, Professor Henderson, during his resi-
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dence as astronomer at the Royal Observatory at the Cape of Good
Hope, succeeded in making a series of observations upon the star
designated a in the constellation of the Centaur, which, being after-
wards submitted by him to the proper reductions, gave a parallax of
about 1”7, Subsequent observations made by his successor, Mr.
Maclear, at the same observatory, partly with the same instrument,
and partly with an improved and more efficient one of the same
class, have fully confirmed this result, giving 0'9187, or }3ths of a
second as the parallax.

It is worthy of remark, that this conclusion of Messrs. Hender-
son and Maclear is confirmed in a remarkable manner, by the fact
that like observations and computations applied to other stars in the
vicinity of « Centauri, and therefore subject to like annual causes
of apparent displacement, such as the mean annual variation of
temperature, gave no similar result, showing thus that the displace-
ment found in the case of « Centauri could only be ascribed to par-
allax,

Since the limits of error of this species of observation affecting the
final result cannot exceed the tenth of a second, it may then be as-
sumed as proved, that the parallax of a Centauri is about 1”, and
consequently that its distance from the solar system ig such that
light must take more than three years to move over it.

171. Parallax of a few stars ascertained. — Notwithstanding
the great number of stars to which instruments of observation of
unlooked-for perfection, in the hands of the most able and zealous
observers, have been directed, the results of such labours have
hitherto been rather negative than positive. The means of obser-
vation have been so perfect, and their application so extensive, that
it may be considered as proved by the absence of all measurable
displacement consequent upon the orbital motion of the earth that,
a very few individual stars excepted, the vast multitude of bodies
which compose the universe and which are nightly seen glittering
in the firmament, are at distances from the solar system greater than
that which would produce an apparent displacement amounting to
the tenth of a second. This limit of distances is, therefore, ten par-
allactic units, or about two million times the space between the
earth and sun. :

The parallax of the following stars has been determined
within some degree of probability from the observations of
MM. Henderson, Bessel, Kriiger, Struve, and C. A. F. Peters.
The names and amount of parallax of each star are a Centauri,
0”976; 61 Cygni, 0"348; Lalande 21258, 0”:260; Oeltzen-
Argelander 17,4156, 0”247; Groombridge 1830, 0”°226; a
Lyre, 0”155 ; Sirius, 0”'150; « Ursse Majoris, 0”'133; Arc-
turus, 0”:127; Polaris, 0”-067 ; and Capella, 0”:046.
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The parallax of the first'nine of these stars may be considered
a3 having been ascertained with tolerable certainty and precision.
The very small amount of that of the last two is such as to render
it more doubtful. What is certain, however, in relation to these is,
that the actual amount of their parallax is less than the tenth of a
second.

CHAPTER IX.
PRECESSION AND NUTATION.

172. Bffects which would be produced if a satellite were
attached to the surface of the earth at the equator.— If the
earth were attended by a second satellite, revolving cloge to its sur-
face and in the plane of its equator, the periodic time of the satellite
would be considerably less than that of the moon, in a ratio which
is easily ascertained.

But such a satellite would be subject to the disturbing action of
the sun, which would produce in its orbit inequalities similar in
kind to, but different in magnitude from, those produced by the sun’s
disturbing force on the moon’s orbit. Its nodes, that is, the equi-
noxial points (inasmuch as its orbit is by the supposition the plane
of the equator), would receive a slow regressive motion ; and its
inclination, that is, the obliquity of the ecliptic, would be subject
to a variation whose period would depend on that of the successive
returns of the sun to the same equinoxial point.

This satellite would also be subject to the disturbing action of the
moon, which would affect it in & manner nearly similar ; since, in
that case also, the disturbing body would be exterior to the disturbed.
It would impart to the line of nodes of the supposed satellite, that
is, to the intersection of the plane of its orbit with the plane
of the earth's equator, a retrograde motion upon the former plane ;
and since that plane is inclined at a very small angle to the plane
of the ecliptic, this would produce a like retrograde motion of the
equinoxial points upon the ecliptic.

A variation of the inclination of the plane‘of the equator to that
of the moon’s orbit, and, therefore, to the plane of the ecliptic,
would also be produced, the period of which would depend on the
moon's motion.

But the moon's orbit would also be disturbed by the attraction of
the supposed satellite. A regressive motion would be imparted to
the line in which the plane of its orbit intersects that of the equator,
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and a periodical variation of inclination would likewise be produced,
depending on the. period of the supposed satellite.

Let us now imagine that the supposed satellite, instead of revolv-
ing in a short period, moves with a much slower motion, and revolves
in 23 hours and §6 minutes, the time of the earth’s rotation. The
inequalities which it suffers and which it produces, will then be
changed only in their magnitudes and periods, but will retain the
same general character. But the supposed satellite now having the
same motion precisely as the surface of the earth close to which it
is placed, may be imagined to adhere to that surface, so as to form,
in fact, a part of the earth, without in any way deranging the con-
clusions which have been deduced above.

173. Like effects would be produced by any number of
such satellites, or what would be equivalent, by the sphe-
roidal form.— But the same observations would be equally appli-
cable to any number of satellites similarly placed and similarly mov-
ing, which might, therefore, be imagined to be successively attached
to the surface of the globe at and near the equator, until such a pro-
tuberance would be formed uponit, as would in effect convert it into
the form of an oblate spheroid, such as the form of the earth is
known to be.

It is, however, to be further considered, that the effects of the dis-
turbing forces which thus act upon this protuberant matter. are
necessarily modified by the inertia of the spherical mass within it,
to which it is imagined to be attached. The protuberant mass
which alone is acted on by the disturbing forces, cannot obey any
action of these forces, without dragging with it this vast spherical
mass to which it is united. The motions and changes of motion,
therefore, which it receives, will be rendered slower in proportion
to the mass with which such motions must be shared.

These observations are obviously applicable equally to any of the
other planets, which being attended by satellites, have the spheroidal
form.

174. Procession of the equinoxes.—Since, therefore, we may
consider the spheroidal protuberance round the terrestrial equator as
a satellite attached to the earth, it will follow that the general effect
of the sun’s disturbing force acting upon it, will be to impart to
its nodes, that is, to the equinoxial points, a retrograde motion,
which will be much slower than that which they would receive
from the same cause, if this protuberant matter were not compelled
to carry with it the mass of the earth contained within it.

The moon exercises a like disturbing force which produces a like
regression of the nodes of the equator on the moon’s orbit; and that
orbit being inclined at a small angle to the ecliptic, this is attended
with a like regression of the equinoxial points.
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The mean annual regression of the equinoxial points upon the
plane of the ecliptic arising from these causes, is §01.

175. The sun returns to the equinoxial point before com-
pleting its revolution. — Since the equinoxial points thus move
backwards on the ecliptic, it follows that the sun, after it has in its
annual course passed round the ecliptic, will arrive at either
equinoxial point before it has made a complete revolution. The
equinoxial point being 50’1 behind the position it had when the
sun started from it, the sun will return to it after having moved
through 50”1 less than a complete revolution. But since the
mean hourly apparent motion of the sun is 147”8, it follows that
the centre of the sun will return to the equinoxial point, 20™ 203
before completing its revolution.

176. Bquinoxial and sidereal year.— Hence is explained the
fact, that while the sidereal year, or actuul revolution of the earth
round the sun, is 365¢ 6 9™ 10*38, the equinoxial revolution, or
the time between two successive equinoxes of the same name, is
3654 5 48 5o*4, the latter being less than the former by 20™ 20"

The successive returns of the sun to the same equinoxial point
must, therefore, always precede its return to the same point ef the
ecliptic by zo™ 20" of time, and by 50”1 of space.

177. Period of the precession. —To determine the period in
which the equinoxial points moving backwards constantly at this
mean rate would make a complete revolution of the ecliptic, it is
only necessary to find how often 50”1 must be repeated to make
up 360°, or, what is the same, to divide the number of seconds in
360° by 5o°1, which gives 25,868 years.

178. XIts eflect upon the longitudes of celestial objects.—
Although this motion, slow as it is, is easily detected from year to
year by modern instruments, it was not until the sixteenth century
that its precise rate was ascertained. Small as is its annual amount,
its accumulation, continued from year to year for a long period of
time, causes a great displacement of all the objects in the heavens,
in relation to the equinoxial points from which longitudes and right
ascensions are measured. In 716 years, the equinoxes retrograde
1°, and therefore, in that time, the longitudes of all celestial objects

. of fixed position, such as the stars, have their longitudes augmented
1°* Since the formation of the earliest catalogues in which the
positions of the fixed stars were registered, the retrogression of the
equinoxial points has amounted to 30°, so that the present longitudes
of all the objects consigned to these catalogues, is 30° greater than
those which are there assigned to them.

179. Precession of equinoxes produces a rotation of the
pole of the equator round that of the ecliptic. — If two diame-
ters of the celestial sphere be imagined to be drawn, one perpen-
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dicular to the plane of the equator and the other to that of the
ecliptic, the angle included between them will obviously be equal
to the angle under the equator and ecliptic; and since the extremities
of these diameters are the poles of the equator and ecliptic, it follows
that the arc of the heavens included between these poles is equal
to the obliquity of the ecliptic.

But since & plane passing through these diameters is at right
angles both to the equator and ecliptic, the line of equinoxes orthe
intersection of the planes of the equator and ecliptic, will be at
right angles to that plane. If, therefore, the equinoxial points
revolve round the ecliptic in a retrograde direction, it follows
that the plane passing through the diameters above mentioned, and
through the poles of the two circles to which the line joining these
points is at right angles, will revolve with a like motion, round
that diameter of the sphere which is at right angles to the plane of
the ecliptic, and which therefore terminates in its poles. But since
the pole of the celestial equator is upon this circle at a distance
from the pole of the ecliptic equal to the obliquity of the ecliptic,
it follows that the pole of the equator will be carried round the
pole of the ecliptic, in a lesser circle parallel to the plane of the
ecliptic, with a retrograde motion exactly equal to that of the
equinoxial points.

180. Distance of pole of equator from poleof ecliptic
varies with the obliquity. —And since the distance of the pole
of the equator from that of the ecliptic must always be exactly
equal to the obliquity of the ecliptic, it follows that every change
which may take place, from whatever cause, in the position of the
plane of the equator, whether the change affect the angle at which
it is inclined to the ecliptic, or the position of the equinoxial points,
must be attended with a corresponding change, either in the ap-
parent distance of the pole of the equator from that of the ecliptic,
or in the rate or direction of the motion of the latter round the
former. .

181. Pole star varies from age to age.—As the pole of the
equator is carried with this slow motion round the pole of the ecliptic,
its position for all popular, and even for some scientific, purposes is
usually indicated by the nearest conspicuous star, for it rarely
happens that any such star is found to coincide with its exact place.
Such star is the pole star, for the time being; and it is clear from
this motion of the pole, that the pole star must necessarily change
from age to age.

The present polar star is a star of the second magnitude in the
constellation called the “ Lessor Bear,” and its present distance
from the exact position of the pole is 1° 22".

The motion of the pole as above described, however, is such
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that this distance is gradually diminishing, and will continue to
diminish until it is reduced to about half a degree; after which it
will increase, and after the lapse of a long period of time, the pole
will depart from this star, and it will cease to bear the name, or
serve the purposes, of a pole star.

182. Former and future pole stars. — If upon any star-map a
circle be traced round the pole of the ecliptic at a distance from it
of 23°§, such circle will pass through all positions which the pole
of the equator will have in time to come, or has had in time
past; and it will then be easily seen which are the conspicuous
stars in whose neighbourhood it will pass in after ages, and near
which it has passed in past ages, and which will become in future,
or have been 1n past times, the pole star of the age.

In 12,000 years from the present time, for example, it will be
found that the pole will pass within a few degrees of the star of
the first magnitude in the coustellation of ¢ Lyra,” called « Lyre.

In tracing back in the same manner the position of the pole
among the stars, it is found that at an epoch 3970, or nearly 4000
years, before the present time, the pole was §5° 15’ behind its
present position in longitude; and at this time the nearest bright
star to it was the star y, in the constellation of ¢ Draco.” The
distance of this star, at that time, from the pole must have been 3°

’ zsll.

4’4.1 83. Remarkable circumstance connected with the pyra~-
mias.—In the researches which have been made in Egypt, a
somewhat remarkable circumstance has been discovered, having
relation to this subject.

Of the nine pyramids which still remain standing at Gizeh, six
have openings presented to the north, leading to straight passuges
which descend at an inclination varying from 26° to 27°, the axes
of the passages being in all cases in the plane of the meridian of
the pyramid. Two pyramids, still standing at Abousseir, have
similar openings leading to passages having similar directions.

Now, if we imagine an observer stationed at the bottom of any
of these passages, and looking out along its axis as he would look
through the tube of a telescope, his view will be directed to a point
upon the northern meridian of the place of the pyramid at an alti-
tude of between 26° and 27°, corresponding with the slope of the
passage. This is precisely the altitude at which the star y Draconis
must have passed the meridian below the pole, at the date of 3970
years before the present time, allowing for the difference of position
of the pole according to the principle affecting the precession of the
equinoxes explained above. Now, the date of the construction of
the pyramids corresponds almost exactly with this epoch; and it

cannot be doubted, that the peculiar direction given to thnese
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ges must have had reference to the position of y Draconis, the
pole star of that age.

184. Wutation.— The regression, already explained, of the equi-
noxial points upon the ecliptic, must be understood as their mean
change of place produced by the disturbing forces of the sun and
moon upon the protuberant matter of the equator in long periods of
time. But this regression is not produced at a uniform rate. The
disturbing forces vary in their actions according to the general
principles already explained, with the angles formed by lines drawn
from the sun and moon to the centre of the earth with the plane of
the equator. So far as relates to the sun, this variation in its eftect
goes through all its changes within a year. In the case of the
moou, it will obviously vary from month to month and fromn year
to year, with the change of position of the moon’s nodes; and as
these nodes have a regressive motion making a complete revolution
in about nineteen years, the variation of the effect of the moon's
disturbing force will pass through all its changes within that period.
The regressive motion imparted to the equinoxial points, and also
to the pole of the equator in moving round the pole of the ecliptic,
as already described, by the sun and moon, is therefore subject to
an alternate increase and decrease, whose period is a year for the
sun, and nineteen years for the moon.

But these are not the only effects produced upon the position of
the pole of the equator by the disturbing action of the moon and
sun. According to the effects of the orthogonal component of the
disturbing force, it will be easily understood that the protuberant
matter of the equator being regarded as a satellite disturbed by the
sun and moon, the inclination of the plane of the equator to the
ecliptic will be subject to a variation proceeding from the disturb-
ing force of the sun, whose period will be a year; and its inclina-
tion to the plane of the moon’s orbit will be subject to a like
variation whose period is about nineteen years. These changes
of the inclination of the plane of the equator to that of the
ecliptic and the moon's orbit will be attended with a correspond-
ing motion of the pole of the equator to and from the pole of the
ecliptic.

This alternate approach and recess of the pole of the equator to
and from the pole of the ecliptic, combined with thealternate increase
and decrease of its regressive motion, is called the NUTATION ; that
part of it due to the sun being called the solar nutation ; and that
due to the moon, the lunar nutation.

The solar nutation is an inequality of so small amount as alto-
gether to escape observation, and therefore must be looked upon to
have a merely theoretical existence.

It is otherwise, however, with the lunar nutation. By the alter-
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nate increase and decrease of the regressive motion of the pole,
combined with its alternate approach and recess to and from the
pole of the ecliptic, the pole is moved in such a manner that, if it

Fig. 48.

were affected only by the disturbing force
of the moon, it would describe an ellipse
such as A B ¢ D, fig. 48 ; the major axis of
which would be in the direction A E of the
pole of the ecliptic, and would measure
18”5, while the minor axis would be at
right angles to this direction, and would
measure 13”°74.

But while the pole of the equator de-
scribes this ellipse completing its revolution
in nineteen years, it is carried by the common
motion of precession, in a retrograde direc-
tion, as already described, at the rate of
50”1 in each year, and will, therefore, in
nineteen years be carried through 15”5 in
its motion round the pole of the equator.
Now, by combining this motion with the
elliptic motion already described, it will be
easily seen that the pole of the equator
would, in revolving round the pole of the
ecliptic, alternately approaching to it and
receding from it through 9”25, describe
an undulating line such as is represented in

7/i9.49, where P represents the pole of the ecliptic.
185. Bquation of the equinoxes.— Since the regression of the

e

equinoxes does not take place
at an uniform rate, but is subject
to variations, alternately in-
creasing and decreasing during
every nineteen years, its true
place will differ from its mean
place. If we conceive an ima-
ginary equinoxial point moving
backward, with an uniform mo-
tion at the rate of §o”'1, the

S

place of such point would be the
s mean place of the equinoxial
IVJ./ point. The true place would

Fig. 49-

vary from this, preceding it when
the disturbing force augments

the rate at which the equinoxial point moves, and falling behind it
when it decreases that rate.
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The distance between the true and imaginary equinoxial points
is called the EQUATION OF THE EQUINOXES.

The mean place of the equinox for any proposed time is given by
tables; and the equation of the equinoxes for the proposed time
gives the quantity to be added to, or subtracted from, the mean place,
to find the true place.

186. Proportion of the mean precession due to the dis-
turbing forces of the moon and sun.— If the entire amount of
the mean precession in a given time be expressed by 7, the part due
to the moon will be §, and that due to the sun will be 2.

187. Like effects produced in the case of other planets.—
These disturbing effects produced upon the plane of the planet’s
equator, are not confined to the case of the earth. All the planets
which have the spheroidal form, are subject to similar effects from
the sun's attraction on their equatorial protuberance, the magnitude
of these effects being, however, less as the distance from the sun is
increased. In the case of the major planets, the sun’s disturbing
action on the planet's equator, proceeding from this cause, will be
altogether insensible. .

The disturbing forces of the satellites exerted upon the plane of
the equator, in the cases of the major planets, however, must be
considerable in magnitude, especially 8o far as relates to the inner
satellites, and very complicated in its character, the precession and
nutation of each of the satellites separately being combined in
affecting the actual position of the pole of the planet.

Since, however, these phenomena are necessarily local, and
manifested only to observers on the planet, they offer merely spe-
culative interest to the terrestrial astronomer.

CHAPTER X.

THE MOON.

188. The moon an object of popular interest.— Although
it be in mere magnitude, and physically considered, one of the most
insignificant bodies of the solar system, yet for various reasons, the
Mo0N has always been regarded by mankind with feelings of pro-
found interest, and has been invested by the popular mind with
various influences, affecting not only the physical condition of the
globe, but also the phenomena of the organised world. It has been
as much an object of popular superstition as of scientific observa-
tion. These circumstances, doubtless, are in some degree owing to

K
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its striking appearance in the firmament, to the various changes of
form to which it is subject, and above all to its proximity to the
earth, and the close alliance between it and our planet.

189. xts aistance.—The distance of the moon from the earth
is assumed to be about thirty times the earth’s diameter, or in
round numbers 238,800 miles.

190. Linear value of i’ on it.—The linear value which cor-
responds to the visual angle of one second of space on the surface
of the moon is 1°1§8 mile.* Any space, therefore, upon the moon,
measured by its visual angle, can be reduced to its actual linear
value, provided its direction be at right angles to the visual ray,
which it will be if it be at the centre of the lunar disk. If it be
between the centre and the edges it will be foreshortened by the
obliquity of the moon’s surface to the line of vision, and, conse-
quently, the linear value thus computed will be the real linear
value diminished by projection, which, however, can be easily
allowed for, 8o that the true linear value can be obtained for every
part of the lunar disk.

I91. Its apparent and real diameter.—The apparent dia-
meter of the moon is subject to a slight variation, owing to a cor-
responding variation due to the small ellipticity of its orbit. Its
mean value is found to be 31’ 9”58, or, from the most exact
methods, 2164 miles.

Since the superticial magnitude of spheres is as the squares, aud
their volume or solid bulk as the cubes, of their diameters, it follows,
that the superficial extent of the moon is about the fourteenth part
of the surface, and its volume about the forty-ninth part of the
bulk, of our globe.

192. Apparent and real motion.— Tho moon, like the sun,
appears to move upon the celestial sphere in a direction contrary to
that of the diurnal motion. Its apparent path is a great circle of
the sphere, inclined to the ecliptic at an angle of about 5° 8’ 48”.
It completes its revolution of the heavens in 27¢ 7" 43™.

This apparent motion is explained by a real motion of the moon
round the earth at the mean distance above mentioned, and in the
time in which the apparent revolution is completed.

193. Hourly motien, appareat and real.— Since the time
taken by the moon to make a complete revolution, or 360° of the
heavens, is 274 7° 43", or 65572, it follows, that her mean ap-
parent motion per dayis 13° 10’ 35”, and per hour is 32’ 56,
which is a little more than her mean apparent diameter. The rate
of the moon’s apparent motion on the firmament may therefors be
remembered by the fact, that she moves over the length of her own
apparent diameter in an hour. '

* For the method of determining the linear value of an arc of 1°, 1’, or 1”
at a distant object, see Chapter XXIIL
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Since the linear value of 1” at the moon's distance is 1°158 mile,
the linear value of 1’ is 69 miles, and, consequently, the real motion
of the moon per hour in her orbit, is 2289 miles. Her orbital
motion is therefore at the rate of 38} miles per minute.

194. Orbit elliptical.— Although in its general form and
character the path of the moon round the earth is, like the orbits
of the planets and satellites, circular, yet when submitted to accu-
rate observation, we find that it is strictly an ellipse or oval, the
centre of the earth occupying one of its foci. This fact can be as-
certained by immediate observation upon the apparent magnitude
of the moon. It will be easily comprehended that any change
which the apparent magnitude, as seen from the earth, undergoes,
must arise from corresponding changes in the moon’s distance from
us. Thus, if at one time the disk of the moon appears larger than
at another time, as it cannot be supposed that the actual size of the
moon itself could be changed, we can only ascribe the increase of
the apparent magnitude to the diminution of its distance. Now we
find by observation that such apparent changes are actually observed
in its monthly course around the earth. The moon is subject to a
small though perceptible variation of apparent size. We find that
it diminishes until it renches a minimum, and then gradually in-
creases until it reaches a maximum.

When the apparent magnitude is least, it is at its greatest
distance, and when greatest, at its least distance. The positions
in which these distances lie are directly opposite. Between
these two positions the apparent size of the moon undergoes a
regular and gradual change, increasing continually from its mini-
mum to its maximum, and consequently between these positions
its distance must gradually diminish from its maximum to its
minimum. If we lay down on a chart or plan a delineation of
the course or path thus determined, we shall find that it will re-
present an oval, which differs however very little from a circle;
the place of the earth being nearer to one end of the oval than the
other.

195. Moon's apsides —apogee and perigec — progression
of the apsides. —The point of the moon’s path in the heavens at
which its magnitude appears the greatest, and when, therefore, it
is nearest the earth, is called its PERIGEE; and the point where ita
apparent size is least, and where, therefore, its distance from the
earth is greatest, is called its APOGEE. These two points are called
the MOON’s APSIDES,

If the positions of these points in the heavens be observed ac-
curately for a length of time, it will be found that they are subject to
a regular change ; that is to say, the place where the moor appears
smallest will every month shift its position; and a corresponding

K2 N
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change will take place in the point where it appears largest. The
movement of these points in the heavens is found to be in the same
direction as the general movement of the planets; that is, from
west to east, or progressive, This phenomenon is called the Pro-
GRESSION OF THE MOON’S APSIDES.

The rate of this progression of the moon's apsides makes a com-
plete revolution in a similar direction as the motion of the moon, in
3232°5753 mean solar days, or nearly nine years.

1g6. Moon's nodes —ascending and descending node —
their retrogression. —If the position of the moon’s centre in the
heavens be observed from day to day, it will be found that its
apparent path is a great circle, making an angle of about §° with
the ecliptic. This path consequently crosses the ecliptic at two
points in opposite quarters of the heavens. These points are called
the MooN’s NoDES. Their positions are ascertained by observing from
time to time the distance of the moon’s centre from the ecliptic,
which is the moon’s latitude ; by watching its gradual diminution,
and finding the point at which it becomes nothing; the moon’s
centre is then in the ecliptic, and its position is the NopE. The node
at which the moon passes from the south to the north of the ecliptic
is called the ASCENDING NODE, and that at which it passes from the
north to the south is called the DESCENDING NODE.

These points, like the apsides, are subject to a small change
of position, but in a retrograde direction. They make a complete
- revolution of the ecliptic in a direction contrary to ths motion of the
sun in 186 years, being at the rate of 3’ 10”6 per day.

197. Rotation on its axis. — While the moon moves round the
earth thus in its monthly course, we find, by observations of its
appearance, made even without the aid of telescopes, that the same
hemisphere is always turned towards us. We recognise this
fact by observing that the same marks are always seen in the
same positions upon it. Now in order that a globe which revolves
in a circle around a centre should turn continually the same
hemisphere towards that centre, it is necessary that it should make
one revolution upon its axis in the time it takes so to revolve.
For let us suppose that the globe, in any one position, has the
centre round which it revolves north of it, the hemisphere turned
toward the centre is turned toward the north, After it makes a
quarter of a revolution, the centre is to the east of it, and the
hemisphere which was previously turned to the north must now be
turned to the east. After it has made another quarter of a revolu-
tion the centre will be south of it, and it must be now turned to the
south. In the same manner, after another quarter of a revolution,
it must be turned to the west. As the same hemisphere is succes-
sively turned to all the points of the compass in one revolution, it
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is evident that the globe itself must make a single revolution on its
axis in that time.

It appears, then, that the rotation of the mocn upon its axis,
being equal to that of its revolution in its orbit, is 27¢ 7" 43™,
or 655" 43™ The intervals of light and darkness to the inhabitants -
of the moon, if there were any, would then be altogether different
from those provided in the planets ; there would be about 327" §2=
of continuea light alternately with 327" §2™ of continued darkness;
the analogy, then, which, as will hereafter appear, prevails among
the planets with regard to days and nights, and which forms a main
argument in favour of the conclusion that they are inhabited globes
like the earth, does not hold good in the case of the moon.

198. Inclination of axis of rotation.— Although as a general
proposition it be true that the same hemisphere of the moon is al-
ways turned toward the earth, yet there are s: .all variations at the
edge called librations, which it is necessary to notice. The axis
of the moon is not exactly perpendicular to its orbit, being inclined
to the ecliptic at the small angle of 1° 30’10”°8. By reason of
this inclination, the northern and southern poles of the moon lean
alternately in a slight dugree to and from the earth.

199. Libration in latitude. — When the north pole leans
towards the earth, we see a little more of that region, and a little
less when it leans the contrary way. This variation in the
northern and southern regions of the moon visible to us, is called
the LIBRATION IN LATITUDE.

200. Libration in longitude.-—In order that in a strict sense
the same hemisphere should be continually turned toward the earth,
the time of rotation upon its axis must not only be equal to the
time of rotation in its orbit, which in fact it is, but its angular velocity
on its axis in every part of its course, must be exactly equal to its
angular velocity in its orbit. Now it happens that while its angular
velocity on its axis is rigorously uniform throughout the month, its
angular velocity in its orbit is subject to a slight variation; the
consequence of this is that a little more of its eastern or western
edge is seen at one time than at another. This is called the LIBRA-
TION IN LONGITUDE.

201. Diurnal libration.— By the diurnal motion of the earth,
we are carried with it round its axis; the stations from which we
view the moon in the morning and evening, orrather when it rises
and when it sets, are then different according to the latitude of the
earth in which we are placed. By thus viewing it from different
places, we see it under slightly different aspects. This is another
cause of a variation, which we see in itseastern and western edges :
this is called the DIURNAL LIBRATION.

202. Phases of the moon.— While the moon revalves round
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the earth, itsilluminated hemisphere is always presented to thesun;
it therefore takes various positions in reference to the earth. In
Jiy. 50, the eftects of this are exhibited. Let E 8 represent the di-

Fig so.

rection of the sun,and Fthe earth : when the moon is at ¥, between
the sun and the earth, its illuminated hemisphere being turned
toward the sun, its dark hemisphere will be presented toward the
earth ; it will therefore be invisible. In this position the moon is
said to be in coNyUNCTION.

‘When it moves to the position c, the enlightened hemisphere
being still presented to the sun, a small portion of it only is
turned to the earth, and it appears as a thin crescent, as represented
at c. '

‘When the moon takes the position of q, at right angles to the sun
it is said to be in QUADRATURE; ono half of the enlightened hemi-
sphere only is then presented to the earth, and the moon appears
halved as represented at g.

‘When it arrives at the position @, the greater part of the en-
lightened portion is turned to the earth, and it is gibbous, appearing
as represented at g.

When the moon comes in OPPOSITION to the sun, as seen at F,
the enlightened hemisphere is turned full toward the earth, and the
moon will appear full as at £, unless it be obscured by the earth’s
shadow, which rarely happens. In the same manner it is shown
that at ¢’ it is again gibbous; at @’ it is halved, and at ¢’ it is a
crescent.

When the moon is full, being in opposition to the sun, it will
necessarily be in the meridian at midnight, and will rise nearly as
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the sun sets, and set nearly as the sun rises; and thus, whenever
the enlightened hemisphere is turned toward us, and when, therefore,
it is the most capable of benefiting us, it is above the horizon all
night ; whereas, when it is in conjunction, as at N, and the dark
hemisphere is turned toward us, it would then be of no use to us,
and is accordingly above the horizon during the day. The position
at Q is called the “ first quarter,” and at @’ the “last quarter.” The
position at ¢ is called the first octant; @ the second octant; ¢’ the third
octant ; and ¢’ the fourth octant. At the first and fourth octants
it is a crescent, and at the second and third octants it is gibbous.

203. Synodie period or common month.— The apparent
motion of the moon in the heavens is much more rapid than that of
the sun ; for while the sun makes a complete circuit of the ecliptic in
36525 days, and therefore moves over it at about 61/ per day, the
moon moves at the rate of 13° 10” 35” (193) per day. As the sun
and moon appear to move in the same direction in the firmament,
both proceeding from west to east, the moon will, after conjunction,
depart from the sun toward the east at the rate of about 12° g’ per
day. If then, the moon be in conjunction with the sun on any given
day, it will be 12° ¢’ east of it at the rame time on the following
day ; 24° 18’ east of it after two days, and so on. If, then, the moon
set with the sun on any evening, it will, at the moment of sunset
on the following evening, be 12° g’ east of the sun, and at sunset
will appear as a thin crescent, at a considerable altitude; on the
succeeding day it will be 24° 18’ east of the sun, and will be at
a still greater altitude at sunset, and will be a broader crescent.
After seven days, the moon will be removed nearly go® from the
sun; it will be at or near the meridian at sunset. It will remain
in the heavens for about six hours after sunset, and will be seen in
the west as the half-moon. Each successive evening increasing its
distance from the sun, and also increasing its breadth, it will be
visible in the meridian at a later hour, and will consequently be
longer apparent in the firmament during the night —it will then be
gibbous. After about fifteen days, it will be 180° removed from
the sun, and will be full, and consequently will rise when the sun
sets, and set when the sun rises—being visible the entire night.
After the lapse of about twenty-two days, the distance of the moon
fro. the sun being about 270°, it will not reach the meridian
until nearly the hour of sunrise ; it will then be visible during the
last six hours of the night only. The moon will then be waning,
and toward the close of the month will only be seen in the morn-
ing before sunrise, and will appear as a crescent.

If the earth and sun were both stationary while the moon revolves
round the former, the period of the phases would be the same as
the period of the moon. But from what has been expleined, it will
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be evident that while the moon makes its apparent revolution of
the heavens in about 27°3 days, the sun advances through somewhat
more than 27° of the heavens, i the same direction. Before the
moon can reassume the same phase, it must have the same position
relative to the sun, and must, therefore, overtake it. But since it
moves at the rate of about 1° in two hours, it will take more than
two days to move over 27°. Hence the syNopICc PERIOD, or lunar
month, or the interval between two successive conjunctions, is about
two days longer than the sidereal period of our satellite.

The exact length of the synodic period is 29¢ 12" 44™ 2*-87, or
29°53059 mean solar davs.

204. Mass and density. — The result of the most recent solu-
tions of this problem, by various methods and on different data,
proves that the mass or quantity of matter composing the globe of
the moon is a little more than the 8oth part of the mass of the
earth ; or, more exactly, if the mass of the earth consist of a
million of equal parts, the mass of the moon will be equal to

12,500 of these parts.

Since the volume or bulk of the moon is about the soth part
of that of the earth, while its mass or weight is little more than
the 8oth part of that of the earth, it follows that its mean density
must be little more than half the density of the earth.

205. No air upon the mooan. — In order to determine whether
or not the globe of the moon is surrounded with any gaseous
envelope like the atmosphere of the earth, it is necessary first to
consider what appearances such an appendage would present, seen
at the moon’s distance, and whether any such appearances are
discoverable.

According to ordinary and popular notions, it is difficult to sepa-
rate the idea of an atmosphere from the existence of clouds; yet
to produce clouds something more is necessary than air. The
presence of water is indispensable, and if it be assumed that no
water exist, then certainly the absence of clouds is no proof of the
absence of an atmosphere, Be this as it may, however, it is cer-
tain that there are no clouds upon the moon, for if there were, we
should immediately discover them, by the variable lights and
shadows they would produce. If there be, then, an atmosphere
upon the moon, it is one entirely unaccompanied by clouds.

One of the effects produced by a distant view of an atmosphere
surrounding a globe, one hemisphere of which is illuminated by
the sun, is, that the boundary, or line of separation between the
hemisphere enlightened by the sun and the dark hemisphere, is not
sudden and sharply defined, but is gradual —the light fading away
by slow degrees into the darkness.

It is to this effect upon the globe of the earth that twilight
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is owing, and such a gradual fading away of the sun's light is
discoverable on some of the planets, upon which an atmosphere is
observed.

Now, if such au effect of an atmosphere were produced upon
the moon, it would be perceived by the naked eye, and still more
distinctly with the telescope. When the moon appears as a cres-
cent, its concave edge is the boundary which separates the en-
lightened from the dark hemisphere. When it is in the quarters,
the diameter of the semicircle is also that boundary. In neither of
these cases, however, do we ever discover the slightest indication of
any such appearance as that which has just been described. There
is no gradual fading away of the light into the darkness; on the
contrary, the boundary, though serrated and irregular, is neverthe-
less perfectly well-defined and sudden.

All these circumstances conspire to prove that there does not
exist upon the moon an atmosphere capable of reflecting light in
any sensible degree.

The magnitude and motion of the moon and the relative
positions of the stars are so accurately known, that nothing is
more easy, certain, and precise, than the observations which may
be made with the view of ascertaining whether any stars are ever
seen which are sensibly behind the edge of the moon. Such
observations have been made, and no such effect has ever been
detected. This species of observation is susceptible of such ex-
treme accuracy, that it is certain that if an atmosphere existed
upon the moon & thousand times less dense than our own, its pre-
sence must be detected.

Bessel has calculated that if the difference between the apparent
diameter of the moon, and the arc of the firmament moved over
by the moon’s centre during the occultation of a star, centrically
occulted, were admitted to amount to so much as 2, and allowing
for the possible effect of mountains, by which the edge of the disk
is serrated, taking these at the extreme height of 24,000 feet, the
density of the lunar atmosphere, whose refraction would produce
such an effect, would not exceed the g68th part of the density of
the earth’s atmosphere, supposing the two fluids to be similarly
constituted. Nor would this conclusion be materially modified by
any supposition of an atmosphere composed of gases different from
the constituents of the earth’s atmosphere.

The earth’s atmosphere supports a column of 30 inches of
mercury ; an atmosphere 1000 times less dense would support
a column of three-tenths of an inch only. We may therefore
consider it as an established fact, that no atmosphere exists on
the moon having a density even as great as that which remains
under the receiver of the most perfect air-pump, after that in-
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strument has withdrawn from it the air to the utmost extent of its
power.

If further proofs of the nonexistence of a lunar atmosphere
were required, Sir J. Herschel indicates several which are found
in the phenomena of eclipses. In a solar eclipse the existence of
an atmosphere having any sensible refraction, would enable us
to trace the limb of the moon beyond the cusps externally to the
sun’s disk, by a narrow but brilliunt line of light extending to
some distance along its edge. No such phenomenon has, however,
been seen.

If there were any appreciable quantity of vapour suspended
over the moon’s surface, very faint stars ought to disappear behind
it before the moment of their occultation by the interposition of
the moon’s edge. Such, however,is not the case. When occulted
at the enlightened edge of the lunar disk, the light of the moon
overpowers them and renders them invisible, and even at the dark
edge the glare in the sky, caused by the proximity of the enlightened
part of the disk, renders the occultation of extremely minute stars
incapable of observation.

206. Moonlight not sensibly calorific. — It has long been an
object of inquiry whether the light of the moon has any heat, but
the most delicate experiments and observations have failed to
detect this property in it. The light of the moon was collected
into the focus of a concave mirror of such magnitude as would
have been sufficient, if exposed to the sun’s light, to evaporate gold
or platinum. The bulb of a differential thermometer, sensitive
cnough to show a change of temperature amounting to the jooth
part of a degree, was placed in its focus so as to receive upon it
the concentrated rays. Yet no sensible effect was produced. We
must, therefore, conclude that the light of the moon does not
possess the calorific property in any sensible degree. But if the
rays of the moon be not warm, the vulgar impression that they
are cold is equally erroneous, We have seen that they produce no
effect either way on the thermometer.

207. Mo liquids on the moon.—The same physical tests
which show the nonexistence of an atmosphere of air upon the
moon are equally conclusive against an atmosphere of vapour. It
might, therefore, be inferred that noliquids can exist on the moon's
surface, since they would be subject to evaporation. Sir John
Herschel, however, ingeniously suggests that the nonexistence of
vapour is not conclusive against evaporation. One hemisphere of
the moon being exposed continuously for 328 hours to the glare of
sunshine of an intensity greater than a tropical noon, because of the
nbsence of an atmosphere and clouds to mitigate it, while the other
is for an equal interval exposed to a cold far more rigorous than
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that which prevails on the summits of the loftiest mountains or in
the polar region, the consequence would be the immediate evapora-
tion of all liquids which might happen to exist on the one hemi-
sphere, and the instantaneous condensation and congelation of the
vapour on the other. The vapour would, in short, be no sooner
formed on the enlightened hemisphere, than it would rush to the
vacuum over the dark hemisphere, where it would be instantly
condensed and congealed, an ¢ffect which Herschel aptly illustrates
by the familiar experiment of the cRYoPEORUS, The consequence,
as he observes, of this state of things would be absolute aridity
below the vertical sun, constant accretion of hoar frost in the
opposite region, and perhaps a narrow zone of running water at the
borders of the enlightened hemisphere. He conjectures that this
rapid alternation of evaporation and condensation may to some extent
preserve an equilibrium of temperature, and mitigate the severity
of both the diurnal and nocturnal conditions of the surface. He
admits nevertheless that such a supposition could only be compa-
tible with the tests of the absence of a transparent atmosphere even
of vapour within extremely narrow limits; and it remains to be
seen whether the general physical condition of the lunar surface as
disclosed by the telescope be not more compatible with the suppo-
eition of the total absence of all liquid whatever.

It appears to have escaped the attention of those who assume the
possibility of the existence of water in the liquid state on the moon,
that in the absence of an atmosphere, the temperature must neces-
sarily be, not only far below the point of congelation of water, but
even that of most other known liquids. Even within the tropics,
and under the line with a vertical sun, the height of the snow line
does not exceed 16,000 feet; and nevertheless at that elevation,
and still higher, there prevails an atmosphere capable of supporting
a considerable column of mercury. At somewhat greater elevations,
but still in an atmosphere of very sensible density, mercury is con-
gealed. Analogy, therefore, justifies the inference that the total,
or nearly total, absence of air upon the moon is altogether incompa-
tible with the existence of water, or probably any other body in the
liquid state, and necessarily infers a temperature altogether incom-
patible with the existence of organised beings in any respect ana-
logous to those which inhabit the earth.

But another conclusive evidence of the nonexistence of liquids on
the moon is found in the form of its surface, which exhibits none of
those well understood appearances which result from the long con-
tinued action of water. The mountain formations with which the
entire visible surface is covered are, as will presently appear, uni-
versally so abrupt, precipitous, and unchangeable, as to be utterly
incompatible with the presence of liquids.



140 ASTRONOMY.

208. Absence of air deprives solar light and heat of their
utility.—The absence of air also prevents the diffusion of the
solar light. The general diffusion of the sun’slight upon the earth
is mainly due to the reflection and refraction of the atmosphere,
and to the light reflected by the clouds; and that without such
means of diffusion, the solar light would only illuminate those places
into which its rays would directly penetrate. Every place not in
full sunshine, or exposed to some illuminated surface, would be
involved in the most pitchy darkness. The sky at noon-day would
be intensely black, for the beautiful azure of our firmament in the
day-time is due to the reflected colour of the air.

Thus it appears that the absence of air must deprive the sun’s
illuminating and heating agency of nearly all its utility. If no
diffusion of light and no retention and accumulation of heat, such
as an atmosphere supplies, prevail, it is impossible to conceive the
existence and maintenance of an organised world having any analogy
to the earth.

209. As seen from the moon, appearance of the earth
and the irmament.— If the moon were inhabited, observers placed
upon it would witness celestial phenomena of a singular description,
differing in many respects from those presented to the inhabitants
of our globe. The heavens would be perpetually serene and
cloudless. The stars and planets would shine with extraordinary
splendour during the long night of 328 hours. The inclination of
her axis being only §°, there would be no sensible changes of
season. The year would consist of one unbroken monotony of
equinox. The inhabitants of one hemisphere would never see the
earth: while the inhabitants of the other would have it constantly
in their firmament by day and by night, and always in the same
position. To those who inhabit the central part of the hemisphere
presented to us, the earth would appear stationary in the zenith,
and would never leave it, never rising nor setting, nor in any degree
changing its position in relation to the zenith, or horizon. To those
who inhabit places intermediate between the central part of that
hemisphere and those places which are at the edge of the moon's
disk, the earth would appear at a fixed and invariable distance from
the zenith, and also at a fixed and invariable azimuth, the distance
from the zenith being everywhere equal to the distance of the
observer from the middle point of the hemisphere presented to the
earth. To an observer at any of the places which are at the edge
of the lunar disk, the earth would appear perpetually in a fixed
direction on the horizon.

The earth shone upon by the sun would appear as the moon does
to us; but with a disk having an appareut diameter greater than
that of the moon in the ratio of 79 to 21, and an apparent superficial
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magnitude ubout fourteen times greater, and it would consequently
have a pmportionately illuminating power.

Earth light at the moon would, therefore, be about fourteen times
more intense than moonlight at the earth. The earth would go
through the same phases and complete the series of them in the
same period as that which regulates the succession of the lunar
phases, but the corresponding phases would be separated by the
interval of half a month. When the moon is full to the earth, the
earth is new to the moon, and wvice versi: when the moon is a
crescent, the earth is gibbous, and vice versd.

The features of light and shade would not, as on the moon, be all
permanent and invariable. So far as they would arise from the
clouds floating in the terrestrial atmosphere, they would be variable.
Nevertheless, their arrangement would have a certain relation to
the equator, owinyg to the eftect of the prevailing atmospheric
currents parallel to the line.* This cause would produce streaks of
light and shade, the general direction of which would be at right
angles to the earth’s axis, and the appearance of which would be in
all respects similar to the BELTS which, as will appear hereafter, are
observed upon some of the planets, and which are ascribed to a like
physical cause.

Through the openings of the clouds the permanent geographical
features of the surface of the earth would be apparent, and would
probably exhibit a variety of tints according to the prevailing
characters of the soil, as is observed to be the case with the planet
Mars even at an immensely greater distance. The rotation of the
earth upon its axis would be distinctly observed and its time ascer-
tained. The continents and seas would be seen to disappear in suc-
cession at one side and to reappear at the other, and to pass across
‘the disk of the earth as carried round by the diurnal rotation.

210. Why the full disk of the moon is faintly visible
near new moon.— Soon after conjunction, when the moon appears
as a thin crescent, but is so removed from the sun as to be seen at a
sufficient altitude after sunset, the entire lunar disk appears faintly
illuminated within the horns of the crescent. This phenomenon is
explained by the effect of the earth shining upon the moon, and
illuminating it by reflected light as the moon illuminates the earth,
but with a degree of intensity greater in the rekio of about 14 to 1.
According to what has just been explained, the earth appears to the
moon nearly full at the time when the moon appears to the earth as
a thin crescent, and it therefore receives then the strongest possible
illumination. As the lunar crescent increases in breadth, the phase
of the earth as seen from the moon becomes less and less full, and

‘ the intensity of the illumination is proportionately diminished.

* See Chapter on the tides and trade winds.
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Hence we find, that as the lunar crescent passes gradually to the
quarter, the complement of the lunar disk becomes gradually more
faintly visible, and soon disappears altogether.

211. Physical condition of the moon’s surface.—If we
examine the moon carefully, even without the aid of a telescupe,
we shall discover upon it distinct and definite lineaments of light
and shadow. These features never change; there they remain,
always in the same position upon the visible orb of the moon.
Thus the features that occupy its eentre now, have occupied the
same pogition throughout all human record. We have already
stated that the first and most obvious inference which this fact
suggests, is that the same hemisphere of the moon is always
presented towards the earth, and consequently, the other hemisphere
is never seen. This singular characteristic which attaches to the
motion of the moon round the earth, seems to be a general
characteristic of all other moons in the system. Sir William
Herachel, by the aid of his powerful telescopes, observed indications
which render it probable that the moons of Jupiter revolve in the
same manner, each presenting continually the same hemisphere to
the planet. The cause of this peculiar motion has been attempted
to be explained by the hypothesis that the hemisphere of the
satellite which is turned toward the planet, is very elongated and
protuberant, and it is the excess of its weight which makes it tend
to direct itself always toward the primary, in obedience to the
universal principle of attraction, Be this as it may, the effect ie,
that our selenog-mphlcal knowledge is necessarily limited to that
hemisphere which is turned toward us.

But what is the condition and character of the surface of the
moon? What are the lineaments of light and shade which we see
upon it? There is no object outside the earth with which the
telescope has afforded us such minute and satisfactory information.

If, when the moon is a crescent, we examine with a telescope,
even of moderate power, the concave boundary, which is that part
of the surface where the enlightened hemisphere ends and the dark
hemisphere begins, we shall find that this boundary, is not an even
and regular curve, which it undoubtedly would be if the surface
were smooth and regular, or nearly so. If, for example, the lunar
surface resembled in its general characteristics that of our globe,
supposing that the entire surface is land, having the general cha-
racteristics of the continents of the earth, the inner boundary of
the lunar crescent would still be a regular curve broken or inter-
rupted only at particular points. Where great mountain ranges,
like those of the Alps, the Andes, or the Himalaya, might chance
to cross it, these lofty peaks would project vastly elongated shadows
along the adjacent plains; for it will be remembered that, being
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situated, at the moment in question, at the boundary of the
enlightened and darkened hemispheres, the shadows wculd be
those of evening or morning; which are prodigiously longer than
the objects themselves. The effect of these would be to cause gaps
or irregularities in the general outline of the inner boundary of
the crescent. With these rare exceptions, the inner boundary of
the crescent produced by a globe like the earth would be an even
and regular curve.

Such, however, is not the case with the inner boundary of the
lunar crescent, even when viewed by the naked eye, and still less
80 when magnified by a telescope. )

It is found, on the contrary, rugged and serrated, and brilliantly
illuminated points are seen in the dark parts at some distance from
it, while dark shadows of considerable length appear to break imto
the illuminated surface. The inequalities thus apparent indicate
siugular characteristics of the surface. The bright points seen
within the dark hemisphere are the peaks of lofty mountains tinged
with the sun’s light. They are in the condition with which all
travellers in Alpine countries are familiar; after the sun has set,
and darkness has set in over the valleys at the foot of the chain, the
sun still continues to illuminate the peaks above.

The sketch of the lunar crescent given in fig. 51, being & re-
presentation of the moon when visible in the east, shortly before
sunrise, and about two days previously to conjunction with the sun,
will illustrate these observations,

The visible hemisphere of our
satellite has, within the last
quarter of a century, been sub-
jected to the most rigorous exa-
mination which unwearied in-
dustry, aided by the vast im-
provementwhich has been effected
in the instruments of telescopic
observation, rendered possible ;
and it is no exaggeration now to
state that we possess a chart of
that hemisphere which in accu-
racy of detail far exceeds any
similar representation of the
earth’s surface.

Among the selenographical
observers, the Prussian astrono-
mers, MM. Beer and Madler,
stand pre-eminent. Their descriptive work, entitled Der Mond,
contains the most complete collection of observations on the

Fig. s1.
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physical condition of our satellite, and: the chart, messuring 37
inches in diameter, exhibits the most complete representation of
the lunar surface extant. Besides this great work, a selenographic
chart was produced by Mr. Russell, from observations made with
a seven-foot reflector, a similar delineation by Lohrmann, and,
lastly, a very complete model in relief of the visible hemisphere by
Madame Witte, an Hanoverian lady.

To convey to the student any precise or complete idea of the mass
of information collected by the researches and labours of these
eminent observers, would be altogether incompatible with the
necessary limits of a work like that which we have undertaken.

We shall therefore confine ourselves to a selection from some of
the most remarkable results of those works, aided by the telescopic
chart of the south-eastern quadrant of the moon’s disk, given in
Plate 1., which has been reduced from the great chart of Beer and
Miidler, the scale being exactly one half of that of the original.

212. GENEBAL DESCRIPTION oF THE MOON’S SURFACE.

(a) Description of the chart, Plate I.— The entire surface of the visible
hemisphere of the moon is thickly covered with mountainous masses and
ranges of various forms, magnitudes, and heights, in which, however, the
prevalence of a circular or crater-like form is conspicuous. The mere in-
spection of the chart of the S.E. quadrant, Plate 1., will render this evident ;
and the other three quadrants of the disk do not differ from this in their
general character.*

(b) Causes of the tints of white and grey on the moon’s disk. — The various
tints of white and grey which mark the lineaments observed upon the disk
of the full moon arise partly from the different reflecting powers of the
matter composing different parts of the lunar surface, and partly from the

¢ It must be observed that the chart represents the moon’s disk as it is °
seen on the south meridian in an astronomical telescope. As that instru-
ment produces an inverted image, the south pole appears at the highest and
the north pole at the lowest point of the disk, and the eastern limit is on
the right aud the western on the left of the observer, all of which positions
are the reverse of those which the same points have when viewed without a
telescope, or with one which does not invert. The longitudes are measured
east and west of the meridian which bisects the visible disk. The original
chart is engraved in four separate sheets, each representing a quadrant of
the visible hemisphere. The names of the various selenographical regions
and more prominent mountains are indicated on the chart, and have been
taken generally from those of eminent scientific men. The meridians drawn
on the chart divide the surface into zones, each of which measures five de-
grees of longitude, and the parallels to the equator divide it into zones,
having each the width of five degrees of latitude. The moon’s diameter
being lesa than that of the earth in the ratio of about 21 to 79, a degree of
lunar latitude is less than 6o geographical miles in the same proportion, and
is, therefore, equal to 16 geographical miles. This supplies a scale by which
the magnitudes on the chart, Plate I., may be approximately estimated.
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different angles at which the rays of the solar light are incident upon them.
If the surface of the lunar hemisphere were uniformly level, or nearly so,
these angles of incidence would be determined by the position of each point
with relation to the centre of the illuminated bemisphere; and, in that case,
the tints would be more regull.r and would vary in relation principally to
the centre of the disk; but, owmg to the great inequalities of level, and

the vast and plicated which project from every part
of the surface, and the great depths of the cavities and plains which are sur-
ded by the circul in ranges, the angles of incidence of the

solar rays are subject to extreme and irregular variation, which produce
those lineaments and forms tinted with various shades of grey and white
with which every eye is familiar.

(¢) Shadmos visible only in the phases — they supply measures of heights and
depths.— When the moon is full, no shadows upon it can be seen, because,
in that position, the visual ray coinciding with the luminous ray, each object
is directly interposed between the observer and its shadow. As the phases
progress, however, the shadows gradually come into view, because the visual
ray is inclined at a gradually increasing angle to the solar ray, and, in the
quarters, this angle having increased to go°, and the boundary of the en-
lightened hemisphere being then in the centre of the hemisphere presented
to the observer, the position is most favourable for the observation of the
shadows by which chiefly, not only the forms and dispositions of the moun-
tainous masses and the intervening and enclosed valleys and ravines are
ascertained, but their heights and depths are measured. This latter problem
is solved by the well-understood principles of geometrical projection when
the directions of the visual and solar rays, the position of the object, and
of the surface on which the shadows are projected, are severally given,

(d) Uniform patches, called oceans, seas, &c., proved to be irregular land
surface.— Uniform patches of greater or less extent, each having an uniform
grey tint more or less dark, having been supposed, by early observers, to be
large collections of water, were designated by the names, OCRANUS, MAKE,
PaLus, LAcus, SiNus, &c.  These names are still retained, but the increased
power of the telescope has proved that such regions are diversitied, like the
rest of the lunar surface, by inequalities and undulations of permanent forms,
and are therefore not, as was imagined, water or other liquid. They differ from
other regions only in the magnitude of the mountain masses which prevail
upon them. About two-thirds of the visible hemisphere of the moon con-
sists of this character of surface. Examples of these are presented by the
Mare Nubium, Oceanus Procellarum, Mare Humorum, &c., on the chart.

(e) Whiter spots, mountains.— The more intensely white parts are moun-
tains of various magnitude and form, whose height, relatively to the moon’s
magnitude, greatly exceeds that of the most stupendous terrestial emi-
nences; and there are many, characterised by an abruptness and steepness
which sometimes assume the position of a vast vertical wall, altogether
without example upon the earth. These are generally disposed in broad
masses, lying in close contiguity, and intersected with vast and deep valleys,
gullies, and abysses, none of which, however, have any of the characters
which betray the agency of water.

(f) Classes of circular mountain ranges.— Circular ranges of mountains
which, were it not for their vast magnitude, might be inferred from their
form to have been volcanic craters, are by far the most prevalent arrange-

L
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ment. These have been denominated, according to their magnitudes, BuL-
WARK PraiNg, Rixaé MouNTalNs, CRATERS, and HoLks.

(9) Bulwark plains.— These are circular areas, varying from 40 to 120
miles in diameter, enclosed by a ring of mountain ridges, mostly continuous,
but in some cases intersected at one or more points by vast ravines. The
enclosed area is generally a plain on which mountains ef less height are
often scattered. The surrounding circular ridge also throws out spurs, both
externally and internally, but the latter are generally shorter than the for-
mer. In some cases, however, internal spurs, which are diametrically op-
posed, unite in the middle 8o as to cut in two the enclosed plain. In some
rare cases the enclosed plain is uninterrupted by mountains, and it is almost
invariably depressed below the general level of the surrounding land. A few
instances are presented of the enclosed plain being convex.

The tai circle losing these vast areas is seldom a single
ridge. It consists more generally of several concentric ridges, one of which,
however, always dominates over the rest and exhibits an unequal summit,
broken by stupendous peaks, whick here and there shoot up from it to vast
heights. Occasionally it is also interrupted by smaller mountains of the
circular form.

Examples of bulwark plainsare presented in the cases of Clavius, Walter,
Regiomontanus, Purbach, Alphons, and Ptolem#us.

The diameter of Clavius is 124 miles ?, and the enclosed area is 12,000
square miles. One of the peaks of the surrounding ridge shoots up to the
height of 16,000 feet.

The diameter of Ptolem#us is 100 miles, and it encloses an area of 6400
square miles. This area is intersected by numerous small ridges, not above
a mile in breadth and 100 feet in height. Ptolem#us is surrounded by
very high mountains, and is remarkable for the precipitous character of its
inner sides.

The other bulwark plains above named have neurly the same character,
but less dimensions.

(h) Ring mountains.—These circular formations are on a smaller scale
than the bulwark plains, varying from 10 to §0 miles in diameter, and they
are generally more regular and more exactly circular in their form. They
are sometimes found upon the ridge which encloses a bulwark plain, thus
interrupting the continuity of its boundary, and sometimes they are seen
within the enclosed area. Sometimes they stand in the midst of the maria.
Their inner declivity is always steep, and the enclosed area, which is always
concave, often includes a central mountain, presenting thus the general
character of a volcanic crater, but on a scale of magnitude without example
in terrestrial volcanoes. The surface enclosed is always lower than the
region surrounding the enclosing ridge, and the central mountain often rises
to such a height that, if it were levelled, it would fill the depression.

(i) Tycho, a ring mountain. — The most remarkable example of this class
is Tycho (see chart, lat. 42° long. 12°). This object is distinguishable
without a telescope on the lunar disk when full; but, owing to the multitude
of other features which become apparent around it in the phases, it can then
‘be only distinguished by a perfect knowledge of its position, and with a good
telescope. The enclosed area, which is very nearly circular, is 47 miles in

* The geographical mile, or the sixtieth part of a degree of the earth’s
meridian.
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diameter, and the inside of the enclosing ridge has the steepness of a wall.
Its height above the level of the enclosed plain is 16,000 feet, and above
that of the external regions 12,000 feet. There is a central mount, height
4700 feet, besides a few lesser hills within the enclosure.

(k) Craters and holes.— These are the smallest formations of the circular
class. Craters enclose a visible area, containing generally a central mound
or peak, exhibiting in a striking manner the volcanic character. Holes
include no visible area, but may possibly be craters on a scale too small to
be distinguished by the telescope.

Formations of this class are innumerable on every part of the visible sur-
face of the moon, but are no where more prevalent than in the region around
‘Tycho, which may be seen on a very enlarged scale in Plate XI., which
repr that ring ain and the adjacent region, extending over six-
teen degrees of lutitude, and from sixteen to twenty degrees of longitude.

(D) Other mountain formations.— Besides the preceding, which are the
most remarkable, the most characteristic, and the most prevalent, there are
various other forms of mountain, classified by Beer and M#dler, but which
our limits compel us to omlt.

(m) Singular and p d optical ph of r streaks. —
Among the most remarkable phenomena presemed to lunur obsetvers. is the
systems of streaks of light and shade, which radiate from the borders of some
of the largest of the ring mountains, spreading to distances of several hun-
dred miles around them. Seven of the mountains of this class, viz., Tycho,
Copernicus, Kepler, Proclus, Anaxagoras, Aristarchus, and Olbers are seve-
rally the centres round which this extraordinary radiation is manifested.
Similar ph a, less conspi ly developed, however, are visible around
Mayer, Euler, Aristillus, Timocharis, and some others.

These phenomena, as displayed when the moon is full around Tycho, are
represented in Plate XII. on the saine scale as Plate XI.

These radiating streaks comimence at a distance of about 20 miles outside
the circular ridge of Tycho. From that limit they diverge and overspread
fully a fourth part of the visible hemisphere. On the S. they extend to the
edge of the disk; on the E. to Hainzel and Capuanus; on the S.E. to the
Mare Nubium; on the N. to Alphons; on the N.W. to the Mare Nectaris,
and to the W, 80 as to cover nearly the entire south-western quadrant.

They are only visible when the sun’s rays fall upon the region of Tycho
at an incidence greater than 25°, and the more perpendicularly the rays fall
upon it, the more fully developed the phenomena will be. They are, there-
fore, only seen in their splendour, as represented in Plate XII., when the
moon is full. As the moon moves from opposition to the last quarter, the
streaks therefore gradually disappear, and the shadows of the mountain
formations are at the same time gradually brought into view, so that the
aspect of the moon undergoes a complete transformation. This change may
be very well exhibited by holding the Plate XII. before a window to which
the back of the observer is turned. He will then see the phenomena as they
are presented on the full moon. Let him then turn slowly upon his heel
until his face is presented to the window, holding the paper between his eyes
and thelight. The Plate XI. will then be seen by means of the transparency
of the paper, and it will gradually become more and more distinctly apparent
as he turns more directly towards the light.®

* This ingenious expedient is suggested by Midler. It must be remem.
L2
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Although the mountain formations generally disappear under the splen-
dour of these radiating streaks, some few, as will be perceived on Plate XII,,
continue to be visible through them.

None of the numerous selenographic observers have proposed any satis-
factory explanation of these phenomena, which are exhibited nearly in the
same manner around the otber ring mountains above named. Schriter
supposed them to be mountains, an hypothesis overturned by the observa-
tions since made with more powerful instruments. Herschel, the elder,
suggested the idea of streams of lava; Cassini imagined they might be
clouds; and others even euggested the possibility of their Leing roads!
Midler imagines that these ring mountains may have been among the first
selenological formations; and, consequently, the points to which all the
gases evolved in the formation of our satellite would have been attracted.
These emanations produced effects, such as vitrification or oxydation, which
modified the reflective powers of the surface. We must, however, dismiss
these conjectures, however ingenious and attractive, referring those who
desire to pursue the subject to the original work.

(n) Environs of Tycho.— This region is crowded with hundreds of peaks,
crests, and craters (see Plate X1.); not the least vestige of a plain can any-
where be discovered. Towards the E. and S.E. craters predominate, while
to the W. chains parallel to the ring are more numerous. On the S. the
mountains are thickly scattered in confused masses. At a distance of 1§ to
2§ miles, craters and small ring mountains are seen, few being circular, but
all approaching to that form. AN are surrounded by steep ramparts.

(n) Wilhelm I.— This is a considerable ring mountain S.E. of Tycho.
The altitude of its eastern parapet is 10,000 feet, that of its western being
only 600o. Its crest is studded with peaks; and craters of various magni-
tudes, heights, and depths, surrounding it in great numbers, and giving a
varied appearance to the adjacent region.

(p) Longomontanus. — A large circular range, having a diameter of 8o
miles, enclosing a plain of great depth. The eastern and western ridges
rise to the height of 12,000 to 13,000 feet above the level of the enclosed
plain. Its shadow sometimes falls upon and conceals the numerous craters
and promontories which lie nearit. The whole surrounding region is savage
and rugged in the highest degree, and must, according to Midler, have
resulted from a long succession of convulsions. The principal, and ap-
parently original, crater has given way in course of time to a series of new
and less violent eruptions. All these smaller formations are visible on
the full moon. but not the principal range, which then disappears, though its
place may still be ascertained by its knowr‘ position in relation to Tycho.

(9) Maginus. — This range N.W. of Tycho (see Plate 1.) has the appear-
ance of a vast and wild ruin. The wide plain enclosed by it lies in deep
shade even when the sun has risen to the meridian. Its general height is
13.000 feet. A broad elevated base connects the numberless peaks, terraces,
and groups of hills constituting this range, and small craters are numerous
among these wild and confused masses. The central peak A is a low but

Lered, however that, while Plate X1. represents the region as it appears in a
telescope which inverts, Plate XII., represents it as if it were reflected in a
mirror, or as it would be seen with a telescope having a prismatic eye-
piece, :






XIII.

PLAN OF THE LUNAR MOUNTAIN GASSENDI, BY MADLER,
From observations with the Dorpat Telescope.



THE MOON. 149

well-defined hill, close to which is a crater-like depression, and other less
considerable hills.

(r) Analogy to terrestrial volcanoes more apparent than real — enlarged view
of G di.— The volcanic character observed in the selenographic forma-
tion loses much of its analogy to like formations on the earth’s surface
when higher magnifying powers enable us to examine the details of what
appear to be craters, and to compare their dimensions with even the most
extensive terrestrial craters. Numerous examples may be produced to illus-
trate this. We have seen that Tycho, which, viewed under a moderate
magnifying power, appears to possess in so eminent a degree the volcanic
character, is, in fact, a circular chain enclosing an area upwards of fifty
miles in diameter. Gassendi, atother system of like form, and of still more
stupendous dimensions, is delineated in Plate XIII, as seen with high
magnifying powers. This remarkable object consists of two enormous cir~
cular chains of mountains, the lesser, which lies to the north, measuring
16} miles in diameter, and the greater, lying to the south, enclosing
an area 6o miles in diameter. The area enclosed by the former is
therefore 214, and by the latter 2827 square miles. The height of the
lesser chain is about 10,000 feet, while that of the greater varies from 3500
to 5000 feet. The vast area thus enclosed by the greater chain includes, at
or'near its centre, a prircipal central mountain, having eight peaks and an
height of 2000 feet, while scattered over the surrounding enclosure up-
wards of a hundred taing of less iderable elevation have been
counted.

It is easy to see how little analogy to a terrestrial volcanic crater is pre-
sented by these characters.

The preceding selections, combined with the charts, Plates I.,
XI., XII., and XIIIL., will serve to show the general physical character
of the lunar surface, and the elaborate accuracy with which it has
been submitted to telescopic examination. In the work of Beer
and Madler a table of the heights of above 1000 mountsins is given,
several of which attain to an elevation of 23,000 feet, equal to that
of the highest summits of terrestrial mountains, while the diameter
of the moon is little more than a quarter that of the earth.

213. Observations of Herschel.— Sir John Herschel says,
that among the lunar mountains may be observed in its highest
perfection the true volcanic character, as seen in the crater of
Vesuvius and elsewhere ; but with the remarkable peculiarity that
the bottoms of many of the craters are very deeply depressed below
the general surface of the moon, the internal depth being in many
cases two or three times the external height. In some cases, he
thinks, decisive marks of volcanic stratification, arising from a
succession of deposits of ejected matter, and evident indications of
currents of lava streaming outwards in all directions, may be clearly
traced with powerful telescopes.

214. Observations of the Barl of Rosse. — By means of the
great reflecting telescope of Lord Rosse, the flat bottom of the
crater called Albategnius is distinctly seen to be strewed with
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blocks, frot visible with less powerful instruments; while the ex-
terior of another (Aristillus) is intersected with deep gullies
radiating from its centre.

21§. Supposed influence of the moon on the weather. —
Among the many influences which the moon is supposed, by the
world in general, to exercise upon our globe, one of those, which
has been most universally believed, in all ages and in all countries, is
that which it is presumed to exert upon the changes of the weather.
Although the particular detai's of this influence are sometimes
pretended to be described, the only general principle, or rule,
which prevails with the world in general is, that a change of weather
may be looked for at the epochs of new and full moon: that is to
say, if the weather be previously fair it will become foul, and if
foul will become fair. Similar changes are also, sometimes, though
not so confidently, looked for at the epochs of the quarters,

A question of this kind may be regarded either as a question of
science, or a question of fact.

If it be regarded as a question of science, we are called upon to
explain how and by what property of matter, or what law of nature
or attraction, the moon, at a distance of a quarter of a million of
miles, combining its effects with the sun, atfour hundred times that
distance, can produce those alleged changes. To this it may be
readily answered that no known law or principle has hitherto
explained any such phenomena. The moon and sun must, doubt-
less, affect the ocean of air which surrounds the globe, as they affect
the ocean of water— producing effects analogous to tides ; but when
the quantity of such an effect is estimated, it is proved to be such
as could by no means account for the meteorological changes here
adverted to. ‘ }

But in conducting investigations of this kind we proceed alto-
gether in the wrong direction, and begin at the wrong end, when
we commence with the investigation of the physical cause of the
supposed phenomena. Our first business is carefully and accurately
to observe the phenomena of the changes of the weather, and then
to put them in juxtaposition with the contemporaneous changes of
the lunar phases. If there be any discoverable correspondence, it
then becomes a question of physics to assign its cause.

Such a course of observation has been made in various observa-
tories with all the rigour and exactitude necessary in such an
inquiry, and has been continued over periods of time so extended,
as to efface all conceivable effects of accidental irregularities.

We can imagine, placed in two parallel columns, in juxtaposition,
the series of epochs of the new and full moons, and the quarters,
and the corresponding conditions of the weather at these times, for
tifty or one hundred years back, so that we may be enabled to ex-
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amine, as a mere matter of fact, the conditions of the weather for
one thousand or twelve hundred full and new moons and quarters.

From such a mode of observation and inquiry, it has resulted
conclusively that the popular notions concerning the influence of the
lunar phases on the weather have no foundation in theory, and no
correspondence with observed facts. That the moon, by her gravi-
tation, exerts an attraction on our atmosphere cannot be doubted ;
but the effects which that attraction would produce upon the
weather are not in accordance with observed phenomena; and,
therefore, these effects are either too small in amount to be appre-
ciable in the actual state of meteorological instruments, or they are
obliterated by other more powerful causes, from which hitherto they
have not been eliminated. It appears, however, by some series of
observations, not yet confirmed or continued through a sufficient
period of time, that a slight correspondence may be discovered
between the periods of rain and the phases of the moon, indicating
a very feebie influence, depending on the relative position of that
luminary to the sun, but having no discoverable relation to the lunar

- attraction. This is not without interest as a subject of scientific
inquiry, and is entitled to the attention of meteorologists; but its
influence is so feeble that it is altogether destitute of popular interest
as a weather prognostic. It may, therefore, be stated that, as far
as ohservation combined with theory has afforded any means of
knowledge, there are no grounds for the prognostications of weather
erroneously supposed to be derived from the influence of the sun
and moon.

Those who are impressed with the feeling that an opinion so
universally entertained even in countries remote from each other,
as that which presumes an influence of the moon over the changes
of the weather, will do well to remember that against that opinion
we have not here opposed mere theory. Nay, we have abandoned
for the occasion the support that science might afford, and the light
it might shed on the negative of this question, and have dealt
with it as & mere question of fact. It matters little, so far as this
question is concerned, in what manner the moon and sun may pro-
duce an effect on the weuather, nor even whether they be active
causes in producing such effect at all. The point, and the only
point of importance, is, whether, regarded as a mere matter of fact,
any correspondence between the changes of the moon and those of
the weather exists? And a short examination of the recorded facts
proves that IT DOES Nor.

216. Other supposed lunar influences. — But meteorological
phenomena are not the only effects imputed to our satellite: that
body, like comets, is made responsible for a vast variety of inter-
ferences with organised nature. The circulation of the juices of
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vegetables, the qualities of grain, the fate of the vintage, are all
laid to its account ; and timber must be felled, the harvest cut down
and gathered in, and the juice of the grape expressed, at times
and under circumstances regulated by the aspects of the moon, if
excellence be hoped for in these products of the soil.

According to popular belief, our satellite also presides over human
maladies ; and the phenomena of the sick chamber are governed by
the lunar phases; nay, the very marrow of our bones, and the
weight of our bodies, suffer increase or diminution by its influence.
Nor is its imputed power confined to physical or organic effects; it
notoriously governs mental derangement.

If these opinions respecting lunar influences were limited to
particular countries, they would be less entitled to serious con-
sideration; but it is & curious fact that many of them prevail and
have prevailed in quarters of the earth so distant and unconnected,
that it is difficult to imagine the same error to have proceeded
from the same source.

Our limits, and th2 objects to which this volume is directed,
render it impossible here to notice more fully the physical and-
physiological influences imputed to the moon, more especially as
these influences, though interesting in themselves, have but an
indirect connection with lunar astronomy.

217. The lunar theory.—This important branch of theoretical
astronomy is far too advanced for theze pages, as of all the plane-
tary movements, those of the moon are the most complicated. In
a maritime country like England, whose seamen have to depend
8o much on lunar observations at sea, the subject is of the highest
importance, and the observation of the moon is therefore one of
the principal daily duties at the Royal Observatory. Since the
publication of the results of the lunar observations made there
since 1750, some of the greatest mathematical astronomers have
reinvestigated the peculiar movements of the moon, with the object
of improving the lunar theory. Among them may be mentioned
Professor Hansen of Gotha, Professor Adams of Cambridge, M.
Delaunay of Paris, aud Sir George Airy, the Astronomer Royal.
From the published theory of Professor Hansen, lunar tables have
been formed and adopted in the calculations of the Nautical
Almanac, and they are considered very far in advance of the tables
of Burckhardt which they superseded, although Iansen’s lunar
theory is far from being perfect. M. Delaunay's researches on the
theory in the most important sections were completed at the time
of his lamented death, but ceriain portions of his work remaining
untinished have prevented his theory from assuming the practical
form of tables, and it is not therefore available for easy comparison
with the observations,
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CHAPTER XI.
THE TIDES AND TRADE WINDS.

218. Correspondence between the recurrence of the tides
and the diurnal appearance of the moon. — The phenomena
of the tides of the ocean are too remarkable not to have attracted
notice at an early period in the progress of knowledge. The
intervals between the epochs of high and low water everywhere
corresponding with the intervals between the passage of the moon
over the meridian above and below the horizon, suggested naturally
the phyrical connection between these two effects, and indicated
the probability of the cause of the tides being found in the motion
of the moon.

219. Brroneous notions of the lunar influence. — There
are few subjects in physical science about which more erroneous
notions prevail among those who are but a little informed. A
common idea is, that the attraction of the moon draws the waters
of the earth toward that side of the globe on which it happens
to be placed, and that consequently they are heaped up on that
side, so that the oceans and seas acquire there a greater depth than
elsewhere ; and that high water will thus take place under, or
nearly under, the moon. But this does not correspond with the
fact. High water is not produced merely under the moon, but is
equally produced upon those parts most removed from the moon.
Suppose a meridian of the earth so selected, that if it were con-
tinued beyond the earth, its plane would pass through the moon ;
we find that, subject to certain modifications, a great tidal wave,
or what is called Aigh water, will be formed on both sides of this
meridian ; that is to say, on the side next the moon, and on the
side remote from the moon. As the moon moves, these two great
tidal waves follow her. They are of course separated from each
other by half the circumference of the globe. As the globe re-
volves with its diurnal motion upon its axis, every part of its
surface passes successively under these tidal waves; and at all
such parts, as they pass under them, there is the phenomenon of
high water. Hence it is that in all places there are two tides
daily, having an interval of about twelve hours between them.
Now, if the common notion of the cause of the tides were well
founded, there would be only one tide daily — viz., that which
would take place when the moon is at or near the meridian.

220. Themoon's attraction alone will not explain the tides.
— That the moon's attraction upon the earth simply considered
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would not explain the tides is easily shown. Let us suppose that
the whole mass of matter on the earth, including the waters
which partially cover it, were attracted equally by the moon; they
would then be equally drawn toward that body, and no reason
would exist why they should be heaped up under she moon ; for
if they were drawn with the same force as that with which the
solid globe of the earth under them is drawn, there would be no
reason for supposing that the waters would have a greater tendency
to collect toward the moon than the solid bottom of the ocean on
which they rest. In short, the whole mass of the earth, solid and
fluid, being drawn with the same force, would equally tend toward
the moon ; and its parts, whether solid or fluid, would preserve
among themselves the same relative position as if they were not
attracted at all.

221. Tides caused by the difference of the attractions on
different parts of the earth. — When we observe, however, in a
mass composed of various particles of matter, that the relative
arrangement of these particles is disturbed, some being driven in
certain directions more than others, the inference is, that the com-
ponent parts of such a mass must be placed under the operation of
different forces : those which tend more than others in a certain
direction being driven with a proportionally greater force.  Such
is the case with the earth, placed under the attraction of the moon.
And this is, in fact, what must happen under the operation of an
attractive force like that of gravitation, which diminishes in its
intensity as the square of the distance increases.

Let A, B,¢, D, E, ¥, @, B, fig. 52, represent the globe of the
earth, and, to simplify the explanation, let us first suppose the
entire surface of the globe to be covered with water. Let ¥, the
moon, be placed at the distance MH from the nearest point of the

Fig. sa.

surface of the earth. Now it will be apparent that the various
points of the earth’s surface are at different distances from the
moon M. A und G are more remote than H; B and F still more re-



THE TIDES AND TRADE WINDS. 155

mote ; cand E more distant again, and D more remote than all. The
attraction which the moon exercises at H is, therefore, greater than
that which it exercises at A and @, and still greater than that
which it produces at B and  ; and the attraction which it exercises
at D is least of all. Now this attraction equally affects matter in
every state and condition. It affects the particles of fluid as well
as solid matter; but there is this difference, that where it acts
upon solid matter, the component parts of which are at different
distances from it, and therefore subject to different attractions, it
will not disturb the relative arrangement, since such disturbances
or disarrangements are prevented by the cohesion which character-
ises a solid body ; but this is not the case with fluids, the particles
of which are mobile.

The attraction which the moon exercises upon the shell of
water, which is collected immediately under it near the point z,
is greater than that which it exercises upon the solid mass of
the globe; consequently there will be a greater tendency of this
attraction to draw the fluid which rests upou the surface at m
toward the moon, than to draw the solid mass of the earth which
is more distant.

As the fluid, by its nature, is free to obey this excess of attrac-
tion, it will necessarily heap itself up in a pile or wave over =,
forming a convex protuberance, as represented between r and 1.
Thus high water will take place at H, immediately under the
moon. The water which thus collects at & will necessarily flow
from the regions B and ¥, where therefore there will be a diminished
quantity in the same proportion.

But let us now consider what happens to that part of the earth
p. Here the waters, being more remote from the moon than the
solid mass of the earth under them, will be less attracted, and
consequently will have a less tendency to gravitate toward the
moon. The solid mass of the earth, pH, will, as it were, recede
from the waters at », in virtue of the excess of attraction, leaving
these waters behind it, which will thus be heaped up at n, so as to
form a convex protuberance between /and &, similar exactly to
that which we have already described between r ands. As the
difference between the attraction of the moon on the waters at z
and the solid earth under the waters is nearly the same as the
difference between its attraction on the latter and upon the waters
at n, it follows that the height of the fluid protuberances at z and
n are equal. In other words, the height of the tides on opposite
sides of the earth, the one being under the moon and the other
most remote from it are equal.

It appears, therefore, that the cause of the tides, so far as the
action of the moon is concerned, is not, as is vulgaily supposed,



156 ASTRONOMY.

the mere attraction of the moon; since, if that attraction were
equal on all the component parts of the earth, there would assuredly
be no tides. We are to look for the cause, not in the attraction of
the moon, but in the tneguality of its attraction on different parts
of the earth. The greater this inequality is, the greater will be
the tides. Hence, as the moon is subject to a slight variation of
distance from the earth, it will follow, that when it is at its least
distance, or at the point called perigee, the tides will be greatest ;
and when it is at the greatest distance, or at the point called
apogee, the tides will be least ; not because the entire attraction of
the moon in the former case is greater than in the latter, but be-
cause the diameter of the globe bearing a greater proportion to the
lesser distance than the greater, there will be a greater snequality
of attraction. ‘

222. Effects of sun’s attraction.— It will occur to those who
bestow on these observations a little retlection, that all which we
have stated in reference to the effects produced by the attraction of
the moon upon the earth, will also be applicable to the attraction
of the sun. This is undoubtedly true ; but in the case of the sun
the effects are modified in some very important respects. The sun
is at 400 times a greater distance than the moon, and the actual
amount of its attraction on the earth would, on that account, be
160,000 times less than that of the moon; but the mass of the
sun exceeds that of the moon in a much greater ratio than that of
160,000 to 1. Jt therefore possesses a much greater attracting
power in virtue of its mass, compared with the moon, than it loses
by its greater distance. It exercises, therefore, upon the earth an
attraction enormously greater than the moon exercises. Now, if
the simple amount of its attraction were, as is commonly sup-
posed, the cause of the tides, the sun ought to produce a vastly
greater tide than the moon. The reverse is, however, the case,
and the cause is easily explained. Let it be remembered that
the tides are due solely to the inequality of the attraction on
different sides of the earth, and the greater that inequality is, the
greater will be the tides, and the less that inequality is, the less
will be the tides.

In the case of the sun, the total distance is 12,000 diameters of
the earth, and consequently the difference between its distances
from the one side and the other of the earth will be only the
12,000th part of the whole distance, while in the case of the moon,
the total distance being only 30 diameters of the earth, the differ-
ence of the distances from one side and the other is the 3oth part
of the whole distance. The inequality of the attraction, upon which
alone, and not on its whole amount, the production of the tidal
wave depends, is therefore much greater in the case of the moon.
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According to Newton's calculation, the tidal wave due to the moon
is greater in height than that due to the sun in the ratio of 58 to
23, or 24 to I very nearly.

223. Cause of spring and neap tides.— There is, therefore, a
solar as well as a lunar tide wave, the former being much less
elevated than the, latter, and each following the luminary from
which it takes its name. When the sun and moon, therefore, are
either on the same side of the earth, or on the opposite sides of the
earth —in other words, when it is new or full moon — their effects
in producing tides are combined, and the spring tide is produced,
the height of which is equal to the solar and lunar tides taken
together.

On the other hand, when the sun and moon are separated from
each other by a distance of one fourth of the heavens, that is,
when the moon is in the quarters, the effect of the solar tide has a
tendency to diminish that of the lunar tide.

The tides produced by the combination of the lunar and solar tide
waves at the time of new and full moon are called S8PRING TIDES ;
and those produced by the lunar wave diminished by the effect of
the solar wave at the quarters are called NEAP TIDES.

224. Why the tides are not produced directly under the
moon. —If physical effects followed immediately without any
appreciable interval of time the operation of their causes, then the
tidal wave produced by the moon would be on the meridian of the
earth directly under and opposite to that luminary ; and the same
would be true of the solar tides. But the waters of the globe have
in common with all other matter, the property of inertia, and it
takes a certain interval of time, to impress upon them a certain
change of position. Hence it follows that the tidal wave produced
by the moon is not formed immediately under that body, but follows
it at a certain distance. In consequence of this, the tide raised by
the moon does not take place for two or three hours after the moon
passes the meridian ; and as the action of the sun is still more feeble,

. there is a still greater interval between the transit of the sun and
occurrence of the solar tide.

2235. Priming and lagging of the tides.— But besides these
circumstances, the tide is affected by other causes. It is not to the
separate effect of either of these bodies, but to the combined effect
of both, that the effects are due ; and at every period of the month,
the time of actual high water is either accelerated or retarded by
the sun. In the first and third quarters of the moon, the solar tide
is westward of the lunar one; and, consequently, the actual high
water, which is the result of the combination of the two waves, will
be to the westward of the place it would have if the moon acted
alone, and the time of high water will therefore be accelerated. In
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the second and fourth quarters the general effect of the sun is, for
a gimilar reason, to produce a retardation in the time of high water.
This effect, produced by the sun and moon combined, is what is
commonly called the préming and lagging of the tides. The highest
spring tides occur when the moon passes the meridian about an
hour after the sun ; for then the maximum effect of the two bodies
coincides.

226. Researches of Whewell and Lubbook.— The subject of
the tides has of late years received much attention from several
scientific investigators in Europe. The discussions held at the an-
nual meetings of the British Association for the Advancement of
Science, on this subject, have led to the development of much useful
information. The laboursof Professor Whewell have been especially
valuable on these questions. Sir John Lubbock has also published
a valuable treatise upon it. To trace the results of these investi-
gations in all the details which would render them clear and intel-
ligible, would greatly transcend the necessary limits of this volume.
We shall, however, briefly advert to a few of the most remarkable
points connected with these questions.

227. Vulgar and corrected establishment.— The apparent
time of high water at any port in the afternoon of the day of new
or full moon, is what is usually called the establiskment of the port.
Professor Whewell calls this the vulgar establishment, and he
calls the corrected establishment the mean of all the intervals of the
tides and transit of half a month. This corrected establishment is
consequently the luni-tidal interval corresponding to the day on
which the moon passes the meridian at noon or midnight.

228. Diurnal inequality. —The two tides immediately follow-
ing one another, or the tides of the day and night, vary, both in
height and time of high water at any particular place, with the dis-
tance of the sun and moon from the equator. As the vertex of the
tide wave always tends to place itself vertically under the luminary
which produces it, it is evident that of two consecutive tides, that
which happens when the moon is nearest the zenith or nadir will be
greater than the other ; and, consequently, when the moon's decli-
nation is of the same denomination as the lutitude of the place, the
tide which corresponds to the upper transit will be greater than
the opposite one, and vice versd, the difference being greatest when
the sun and moon are in opposition, and in opposite tropics. This
is called the DIURNAL INEQUALITY, because its cycle is one day;
but it varies greatly at different places, and its laws, which ap-
pear to be governed by local circumstances, are very imperfectly
known.

229. Local effects of the land upon the tides.— We have
now described the principal phenomena that would take place were
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the earth a sphere, and covered entirely with a fluid of uniform
depth. But the actual phenomena of the tides are infinitely more
complicated. From the interruption of the land, and the irregular
form and depth of the ocean, combined with many other disturbing
circumstances, among which are the inertia of the waters, the
friction on the bottom and sides, the narrowness and length of the
channels, the action of the wind, currents, difference of atmospheric
pressure, &c. &c., great variation takes place in the mean times and
heights of high water at places differently situated. .

230. Velocity of tidal wave.— In the open ocean the crest
of tide travels with enormous velocity. If the whole surface were
uniformly covered with water, the summit of the tide wave, being
mainly governed by the moon, would everywhere follow the moon’s
transit at the same interval of time, and consequently travel round
the earth in a little more than twenty-four hours. But the cir-
cumference of the earth at the equator being about 25,000 miles,
the velocity of propagation would therefore be about 1,000 miles
per hour. The actual velocity is, perhaps, nowhere equal to this,
and is very different at different places. In latitude 60° south,
where there is no interruption from land (excepting the narrow
promontory of Patagonia), the tide wave will complete a revolution
in & lunar day, and consequently’travel at the rate of 670 miles an
hour. On examining Dr. Whewell’s map of cotida! lines, it will
be seen that the great tide wave from the Southern Ocean travels
from the Cape of Good Hope to the Azores in about twelve hours,

_and from the Azores to the southernmost part of Ireland in about
three hours more. In the Atlantic, the hourly velocity in some
cases appears to be 10° latitude, or near 700 miles, which is almost
equal to the velocity of sound through the air. From the south
point of Ireland to the north point of Scotland, the time is eight
hours, and the velocity about 160 miles an hour along the shore. On
the eastern coast of Britain, and in shallower water, the velocity is
less. From Buchanness to Sunderland it is about 60 miles an hour:
from Scarborough to Cromer, 3§ miles; from the North Foreland to
London, 30 miles; from London to Richmond 13 miles an hour in
that part of the river. (Whewell, Phil. Trans. 1833, 1836.) It is
scarcely necessary to remind the reader that the above velncities
refer to the transmission of the undulation, and are entirely dif-
ferent from the velocity of the current to which the tide gives
rise in shallow water.

231. Range of the tides.—The difference of level between .
high and low water is affected by various causes, but chiefly by the
configuration of the land, and is very different at different places.
In deep inbends of the shore, open in the direction of the tide wave
and gradually contracting like a funnel, the convergence of water
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causes a very great increase of the range. Hence the very high
tides in the Bristol Channel, the Bay of St. Malo, and the Bay of
Fundy, where the tide is said to rise sometimes to the height of one
hundred feet. Promontories, under certain circumstances, exert an
opposite influence, and diminish the magnitude of the tide. The
observed ranges ‘are also very anomalous. At certain places on the
south-east coast of Ireland, the range is not more than three feet,
while at a little distance on each side it becomes twelve or thirteen
feet; and it is remarkable that these low tides occur directly
opposite the Bristol Channel where (at Chepstow) the difference
between high and low water amounts to sixty feet. In the middle
of the Pacific it amounts to only two or three feet. At the London
Docks, the average range is about 22 feet; at Liverpool, 15§
feet ; at Portsmouth, 125 ; at Plymouth, also 125 ; at Bristol, 33
feet.

232. Tides affected by the atmosphere.—Besides the nu-
merous causes of irregularity depending on the local circumstances,
the tides are also affected by the state of the atmosphere. At Brest,
the height of high water varies inversely as the height of the
barometer, and rises more than eight inches for a fall of about half
an inch of the barometer. At Liverpool, a fall of one-tenth of an
inch in the barometer corresponds to a rise in the river Mersey of
about an inch; and at the London Docks, a fall of one-tenth of an
inch corresponds to a rise in the Thames of about seven-tenths of
an inch. With alow barometer, therefore, the tide may be expected
- to be high, and vice versd. The tide is also liable to be disturbed
by winds. Sir John Lubbock states that, in the violent hurricane
on the 8th of January, 1839, there was no tide at Gainsborough,
which is twenty-five miles up the Trent— a circumstance unknown
before. At Saltmarsh, only five miles up the Ouse from the
Humber, the tide went on ebbing, and never flowed until the river
was dry in some places ; while at Ostend, towards which the wind
was blowing, contrary effects were observed. During strong north-
westerly gales, the tide marks high water earlier in the Thames
than otherwise, and does not give so much water, while the ebb
tide runs out late, and marks lower; but upon the gales abating
and weather moderating, the tides put in and rise much higher,
while they also run longer before high water is marked, and with
more velocity of current : nor do they run out solong or so low.

233. The trade winds.—The great atmospheric currents thus
denominated, from the advantages which navigation has derived
from them, as well as other currents arising from the same causes,
are produced by the unequal exposure of the atmospheric ocean,
which coats the terrestrial globe, to the action of solar heat; the
expansion and contraction that air, in common with all gaseous
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bodies, suffers from increase and diminution of temperature; the
tendency which lighter fluids have to rise through heavier; and,
lastly, the rotation of the earth upon its axis.

The regions in which the TRADES prevail are two great tropical
belts extending through a certain limited number of degrees north
and south of the line, but not prevailing on the line itself, the
atmospherical character of which i3 an almost constant calm. The
permanent currents blow in the northern tropical belt from the
north-east, and in the southern from the south-east.

On the other hand, in the higher latitudes of both hemispheres
the prevalent atmospheric currents are directed from west to east,
redressing, as it were, the disturbance produced by the trades.

To understand the cause of these phenomena, it is necessary to
remember that the sun, never depagting more than 234° from the
celestial equator, is vertical daily to different points around the
tropical regions, the rotation of the earth bringing these points
successively under his disk. The sun, at noon, for places situated
on the equator, is never so much as 234° from the zenith, while the
extreme zenith distance of the sun at noon, for places within the
tropics, can never exceed 47°. The intertropical zone from these
causes becomes much more intensely heated upon its surface,
than the parts of ¢ither hemisphere at higher latitudes, This
heat, reflected and radiated upon the incumbent atmosphere,
causes it to expand and become specifically lighter, and it ascends
as smoke and heated air do in o chimney. The space it deserts
is filled by colder and therefore heavier air, which rushes
in from the higher parts of either hemisphere; while the air thus
displaced, raised by its buoyvancy above its due level, and un-
sustained by any lateral pressure, flows down towards either pole,
and, being cooled in its course and rendered heavier, it descends to
the surface of the globe at those upper latitudes from which the
air had been sucked in towards the line by its previous ascent.

A constant cireulation and an interchange of atmosphere between
the intertropical and extratropical regions of the earth would thus
take place, the air ascending from the intertropical surface and
then flowing towards the extratropical regions, where it descends to
the surface to be again sucked towards the line.

But in this view of the effects, the rotation of the earth on its
axis is not considered. In that rotation the atmosphere participates.
The air which rises from the intertropical surfaces carries with it
the velocity of that surface, which is at the rate of about 1000
miles an hour from west to east. This velocity it retains to a
cousiderable extent after it has passed to the higher latitudes and
descended to the surface, which moving with much less velocity from
west to east, there is an effective current produced in that directica,

b
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equivalent to the excess of the eastward motion of the air over the
eastward motion of the surface of the earth. Hence arises the
prevalent westward winds, especially at sea, where causes of
local disturbance are not frequent, which are so familiar, and one
of the effects of which has been, that, while the average length of
the trip of good sailing vessels from New York to Liverpool has
been only twenty days, that of the trip from Liverpool to New York
has been thirty-five days.

By the friction of the earth, and other causes, the air, however,
next the surface, at length acquires a common velocity with it, and
when it is, a8 above described, sucked towards the line to fill the
vacuum produced by the air drawn upwards by the solar heat, it
carries with it the motion from west to east which it had, in common
with the surface, at the higher latitudes. But the surface at the
line has a much greater velocity than this from west to east. The
surface, therefore, and all objects upon it, are carried against the
air with the relative velocity of the surface and the air, that is to say,
with the effect of the difference of their velocities. Since the
surface, and the objects upon it, are carried eastward at a much less
rate than the air which has just descended from the higher latitudes,
they will strike against the air with a force proportional to the dif-
ference of their velocities, and this force will have a direction con-
trary to that of the motion of the surface, that is to say, from east
to west.

But it must be considered that this eastward force, due to the
motion of the earth’s surface, is combined with the force with which
the air moves from the extratropical regions towards the line.
Thus, in the northern hemisphere, the force eastward is combined
with the motion of the air from north to south, and the resultant
of these forces is that north-east current which actually prevails ;
while, for like reasons, south of the line, the motion of the air from
south to north, being combined with the force eastward, produces
the south-eastern current which prevails south of the line.

‘Were any considerable mass of air, as Sir J. Herschel observes,
to be suddenly transferred from beyond the tropics to the equator,
the difference of the rotatory velocities proper to the two situations
would be so great, as to produce, not merely & wind, but a tempest
of the most destructive violence ; and the same observation would
be equally applicable to masses of air transported in the contrary
direction. But this is not the case; the advance of the air is gradual,
and all the while the earth is continually acting on the air, and by
the friction of its surface accelerating or retarding its velocity.
Supposing its progress to cease at any point, this cause would almost
immediately communicate to it the deficient, or deprive it of the
excessive motion of rotation, after which it would revolve quietly
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with the earth and be at relative rest. We have only to call to
mind the comparative thinness of the coating of air with which the
globe is invested (62) and its immense mass, exceeding, as it does
the weight of the atmosphere at least 100,000,000 times, to appre-
ciate the absolute command of any extent of territory of the earth
over the atmosphere immediately incumbent upon it.

It appears, therefore, that these currents, as they approach the
equator on the one side and the other, must gradually lose their
force ; their exciting cause being the difference of the magnitude of
the parallels of latitude ; and this difference being evanescent near
the line, and very inconsiderable within many degrees of it, the
equalising force of the earth above described is allowed to take full
effect : but, besides this, the currents directed from the two poles
encounter each other at the line, and destroy each other’s force.
Hence arises the prevalence of those calms which characterise the
line.

CHAPTER XII.

THE SUN.

234. Apparent and real magnitude. —Owing to the ellipti-
city of the earth’s orbit, the distance of the sun is subject to a peri-
odical variation, which causes, as has been already explained, a
corresponding variation in its apparent magnitude. Its greatest
apparent diameter, when in perihelion, is 32’ 364, or 1956”4,
and its least apparent magnitude, when in aphelion, is 31’ 32", or
1892”. Its mean apparent diameter is therefore 1924"2.

The real magnitude of the sun may be easily inferred in round
numbers from that of the moon. The apparent diameter of the
moon being equal in round numbers to that of the sun, and the
distance of the sun being 384 times greater than that of the moon,
it follows that the real diameter of the sun must be 384 times
greater than that of the moon. It must, therefore, be on this
supposition 831,000 miles. By methods of calculation sus-
ceptible of closer approximation than this, it has been found that
the magnitude is 852,900 miles, or 107} times the diameter of
the earth. -

The linear value of 1’ at the distance of the sun, is 443 miles.

235. Magnitudoc of the sun illustrated. — Magnitudes such as
that of the sun so far transcend all standards with which the mind
is familiar, that some stretch of imagination, and some effort of
the understanding, are necessary to form a conception, however
imperfect, of them. The expedient which best serves to obtaip
some adequate idea of them is, to compare them with some

M2
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standard, stupendous by comparison with all ordinary magnitudes,
yet minute when compared with them.

The earth itself is a globe nearly 8000 miles in diameter. If the
sun be represented by a globe nine feet four inchesin diameter, the
earth would be represented by a globe an inch in diameter. If the
orbit of the moon, which measures 478,000 miles in diameter,
were filled by a sun, such a sun might be placed within the actual
sun, leaving between their surfaces a distance of nearly 200,000
miles. Such a sun, seen from the earth, would have an apparent
diameter little more than half the diameter of the actual sun.

236. Surfce and volume.—Since the surfaces of globes are
as the squares, and their volumes as the cubes, of their diameters,
it follows that the surface of the sun must be 11,620 times, and
its volume 1,252,000 times, greater than those of the earth.

Thus, to form a globe like the sun it would be necessary to
roll nearly thirteen hundred thousand globes like the earth into
one.

It is found, by considering the bulks of the different planets,
that if all the planets and satellites in the solar system were
moulded into a single globe, that globe would still not exceed the
five-hundredth part of the globe of the sun; in other words, the
bulk of the sun is five hundred times greater than the aggregate
bulk of all the rest of the bodies of the system.

237. Its mass and density.—By methods of calculation
and observation, which will be explained hereafter, the ratio of
the mass of matter composing the globe of the sun, to the mass
of matter composing the earth, has been ascertained to be 315,000
to 1.

By comparing this proportion of the quantities of ponderable
matter in the sun and earth with their relative volumes, it will
be evident that the mean density of the matter composing the
sun must be about four times less than the mean density of the
matter composing the earth; for although the volume of the
sun exceeds that of the earth in the ratio of 1,252,000 to 1, its
weight or mass exceeds that of the earth in the lesser ratio of
315,000 to 1, the latter ratio being four times less than the
former. Bulk for bulk, therefore, the sun is four times lighter
than the earth. .

Since the mean density of the earth from Mr. Baily’s determina-
tion is §67 times that of water (80), it follows that the mean
density of the sun is 1°42 times, or about one half, greater than
that of water. This value would be increased to 1°64 using the
mean density of the earth 6°57, as obtained from the Harton pen-
dulum experiments (81).

From the comparative lightness of the matter composing it,
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Herschel infers the probability that an intense heat prevails in
its interior, by which its elasticity is reinforced, and rendered
capable of resisting the almost inconceivable pressure due to
its intrinsic gravitation, without collapsing into smaller dimen-
sions.

238. Form and rotation — axis of rotatiomn. — Although to
minds unaccustomed to the rigour of scientific research, it might
appear sufficiently evident, without further demonstration, that
the sun is globular in its form, yet the more exact methods pur-
sued in the investigation of physics demand that we should find
more conclusive proof of the sphericity of the solar orb than the
mere fact that the disk of the sun is always circular. It is barely
possible, however, improbable, that a flat circular disk of matter,
the face of which should always be presented to the earth, might
be the form of the sun; and indeed there are a great variety
of other forms which, by a particular arrangement of their mo-
tions, might present to the eye a circular appearance as well as
a globe or sphere. To prove, then, that a body is globular, some-
thing more is necessary than the mere fact that it always appears
circular.

When a telescope is directed to the sun, we discover upon it
certain marks or spots, of which we shall speak more fully pre-
sently. We observe that these marks, while they preserve the
same relative position with respect to each other, move regularly
from one side of the sun to the other. They disappear, and con-
tinue to be invisible for a certain time, come into view again on
the other side, and 8o once more pass over the sun’s disk. This is
an effect which would evidently be produced by marks on the
surface of a globe, the globe itself revolving on an axis, and
carrying these marks upon it. That this is the case, is abuu-
dantly proved by the fact that the periods of rotation for all these
marks are found to be exactly the same, viz. about twenty-five
days and a quarter, or more exactly 254 7® 48™. Such is, then,
the time of rotation of the sun upon its axis, and that it is a
globe remains no longer doubtful, since a globe is the only body
which, while it revolves with & motion of rotation, weuld always
present the circular appearance to the eye. The axis on which
the sun revolves is very nearly perpendicular to the plane of the
earth’s orbit, and the motion of rotation is in the same direction as
the motion of the planets round the sun, that is to say, from west
to east.

239. Spots. — One of the earliest fruits of the invention of the
telescope was the discovery of the spots upon the sun; and the
examination of these has gradually led to some knowledge of the
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physical constitution of the centre of attraction and the common
fountain of light and heat of our system.

‘When we submit a solar spot to telescopic examination, we
discover its appearance to be that of an intensely black irregulacly
shaped patch, generally edged with a penumbral fringe. When
watched for a considerable time, it is found to undergo a gradual
change in its form and magnitude; at first increasing gradually in
size, until it attain some definite limit of magnitude, when it ceases
to increase, and soon begins, on the contrary, to diminish ; and its
diminution goes on gradually, until at length, the bright sides
closing in upon the dark patch, it dwindles first to 8 mere point,
and finally disappears altogether. The period which elapses be-
tween the formation of the spot, its gradual enlargement, subse-
quent diminution, and final disappearance, is very various. Some
spots appear and disappear very rapidly, while others have lasted
for weeks and even for months.

The magnitude of the spots, and the velocities with which the
matter composing their edges and fringes moves, as they increase
and decrease, are on & scale proportionate to the dimensions of the
orb of the sun itself. When it is considered that a space upon the
sun’s disk, the apparent breadth of which is only a minute, actually
measures 26,580 miles, and that spots have been frequently ob-
served, the apparent length and breadth of which have exceeded
2/, the stupendous magnitude of the regions they occupy may be
easily conceived. .

The velocity with which the luminous matter at the edges of
the spots occasionally moves, during the gradual increase or dimi-
nution of the spot, has been in some cases found to be enormous.
A spot, the apparent breadth of which was 9o, was observed by
Mayer to close in about 40 days. Now, the actual linear dimen-
sions of such a spot must have been 39,870 miles, and conse-
quently, the average daily motion of the matter composing its
edges must have been 1000 miles, a velocity equivalent to nearly
42 miles an hour.

240. Cause of the spots —physical state of the sun’s sur-
face.— Various hypotheser have been put forward to explain the
origin of the solar spots, and of the physical constitution of the sun.
Wilson’s theory that the sun consists of a non-luminous globe
covered with a light stratum of incandescent matter, and adopted
with some moditications by Sir W. Herschel, was for some time
recognised as the most probable explanation of the constitution of
the sun and its envelopes. But since the discoveries of Kirchhoff,
this theory has been replaced by one far more probable derived
from the spectrum analysis of the light of the solar atmosphere.

That the apots are excavations, and not mere black patches on -
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the surface, is proved by the following observations: If we select
& spot which is at the centre of the sun's disk, having some defi-
nite form, such as that of a circle, and watch its changes of ap-
pearance, when, by the rotation of the sun, it is carried toward
the edge, we find, first, that the circle becomes an oval. This,
however, is what would be expected, even if the spot were a
circular patch, inasmuch as a circle seen obliquely is foreshortened
into an oval. But we find that as the spot moves toward the
side of thesun's limb, the black patch gradually disappears, the
penumbral fringe on the inside of the spot becomes invisible, while
the penumbral fringe on the outside of the spot increases in appa-
rent breadth, so that when the spot approaches the edge of the
sun, the only part that is visible is the external penumbral fringe.
Now, this is exactly what would occur if the spot were an exca-
vation. The penumbral fringe is produced by the shelving of the
sides of the excavation, sloping down to its dark bottom. As the
spot is carried toward the edge of the sun, the height of the inner
side is interposed between the eye and the bottom of the excava-
tion, 80 as to conceal the latter from view. The surface of the
inner shelving side also taking the direction of the line of vision
or very nearly, diminishes in apparent breadth, and ceases to be
visible, while the surface of the shelving side next the edge of the
sun becoming nearly perpendicular to the line of vision, appears of
its full breadth.

In short, all the variations of appearance which the spots undergo,
as they are carried round by the rotation of the sun, changing their
distances and positions with regard to the sun’s centre, are exactly
such as would be produced by an excavation, and not at all such
as a dark patch on the solar surface would undergo.

Zz41. Sun invested by two atmospheres, and a luminous
stratum, or chromosphere.—From the many explanations of the
protable formation of the solar spots, it is generally admitted that
they are cavities in the photosphere. Careful observation will
reveal a continuous variation in the form of the spots, and drawings
made of them from day to day, or even from hour to hour, will
clearly show the constant disturbance of the matter in their
ueighbourhood. This fuct, ccmbined with the appearance of the
penumbral edges of the spots, led Sir W, Herschel to believe that
the nucleus, or globe of the sun, is invested by two atmospheres,
one being like our own, non-luminous, and the superior one being
that alone in which light and heat are evolved. From recent
observations, however, it is assumed that the solar photosphere,
emitting light of every refrangibility, is surrounded by an atmo-
sphere of & lower temperature, and this again by the chromo-
sphere, a stratum composed chiefly of incandescent hydrogen gas.
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242. Spots may mot be black.— We are not warranted in
assuming that the black portion of the spots are surfaces really
deprived of light, for the most intense artificial lights which can be
produced, such, for example, as that of a piece of quicklime exposed
to the action of the compound blow-pipe, when seen projected on
the sun’s disk, appear as dak as the spots themselves; an effect
which must be ascribed to the infinitely superior splendour of the
sun's light. All that can be legitimately inferred respecting the
spots, then, is, not that they are destitute of light, but that they
are incomparably less brilliant than the general surface of the sun.

243. Spots variable.—The prevalence of spots on the sun’s
disk is both variable and irregular. Sometimes the disk will
be completely divested of them, and will continue so for weeks or
months; sometimes they will be spread over certain parts of it
in profusion. Sometimes the spots will be small, but numerous ;
sometimes individual spots will appear of vast extent; sometimes
they will be manifested in groups, the penumbree or fringes being
in contact.

The duration of each spot is also subject to great and irregular
variation. A spot has appeared and vanished in less than twenty-
four hours, while some have maintained their appearance and
position for nine or ten weeks, or during nearly three complete re-
volutions of the sun upon its axis.

A large spot has sometimes been observed suddenly to crumble
into a great number of small ones.

.244. Prevall generally in two parallel zones.— The only
circumstance of regularity which can be said to attend these re-
markable phenomena is their position upon the sun. They are
invariably confined to two moderately broad zones parallel to the
solar equator, separated from it by a space several degrees in breadth.
The equator itself and this space which thus separates the macular
zones, are absolutely divested of such phenomena.

Thus, for example, in the latter part of 1836 and the beginning
of 1837, when a large number of spots became apparent, their
position was such as is represented in fig. 53, where E Q represents
the sun’s equator, and m m’, n n’, the northern, and p p’, ¢ ¢’ the
southern macular zones.

245. Observations and drawings of M. Capocci. — Amongst
the numerous astronomers who have devoted much time and
attention to this subject, and who have made most important
contributions by their observations and researches, we may mention
M. Capocci, of Naples, Dr. Pastorff, of Frankfort (on the Oder), Sir
John Herschel, M. Schwabe, of Dessau, and Mr. Carrington.

M. Capocci made a series of observations on the spots which were
developed on the sun's disk in 1826, when he recognised most of
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the characters above described. He observed that, during the
increase of the spot from its first appearance as a dark poiut, the

Fig 53

edges were sharply defined, without any indication of the gradually
fading away of the fringes into the dark central spot, or into each
other; a character which was again observed by Sir J. Herschel,
in 1837. He found, however, that the same character was not
maintained when the sides began to contract and the spots to
diminish : during that process the edges were less strongly defined,
being apparently covered by a sort of luminous atmosphere, which
often extended so completely acruss the dark nucleus as to throw a
thin thread of light across it, after which the spot soon filled up
and disappeared. Capocci concurs with Sir W. Herschel in
regarding the internal fringes surrounding the dark nucleus as the
section of the inferior stratum of the atmosphere which forms the
coating of the sun ; he nevertheless thinks that there are indications
of solid as well as gaseous luminous matter.

Capocci also observed veins of more intensely luminous matter
on the fringes converging towards the nucleus of the spot, which
he compares to the structure of the iris surrounding the pupil of the
eye.

-
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The drawings of the spots observed by M. Capocei, given in
Plate XIV., will illustrate these observations. Itisto be regretted,
however, that he has not given any measures, either in his memoirs
or upon his drawings, by which the position or magnitude of the
spots can be determined.

246. Observations and drawings of Dr. Pastorfl, in 1826.
— Dr. Pastorff commenced his course of solar observations as early
as 1819. He observed the spots which appeared in 1826, of
which he published a series of drawings, from which we have
selected those given in Plate XV. from observations made in Sep-
tember and October, contemporaneously with those of M. Capocci.
Pastorff gives the position of all, and the dimensions of the
principal spots. The numbers on the horizontal and vertical lines
express the apparent distances of the spots severally from the limb
of the sun in each direction. The actual dimensions may be
estimated by observing that 1”7 measured at right angles to the
visual ray represents 443 miles.

247. Observations and drawings of Pastorff in 1828.—In
May and June, 1828, a profusion of spots were developed, which
were observed and delineated by Pastorff with the most elaborate
accuracy.

In Plate XVL, fig. 1 represents the positions of the spots as they
appeared on the disk of the sun on the 24th of May, at 10 A.x,
and figs. z, 3, 4, and 5, represent their forms and magnitudes. The
letters A, B, C, D, in fig. I, give the positions of the spots marked by
the same letters in figs. 2, 3, 4, and §.

The dimensions of the principal spot of the group A were
stupendous ; measured in a plane at right angles to the visual line,
the length was 44,300 miles, and the breadth 26.580.

The apparent breadth of the black bottom of the spot was 40”,
which corresponds to an actual breadth of 17,720 miles. So that
the globe of the earth might pass through such a hole, leaving a
distance of nearly §000 miles between its surface and the edges
of the chasm.

The superficial dimensions of the several groups of spots observed
on the sun on the 24th of May, at 10 A. M., including the shelving
sides, were calculated to be as follows: —

Group A, principal spot .’*l" ;‘sg:o“.éo%"“‘

Ditto, smaller lpou - = 736,000.000

Group B - : : - : = 290,000,000
Group C - - - - - - - 232.003.000
Group D - - - - - - = 304,000.000

Total area - - - - m.ooo.ooo

Thus it appears that the principal spot of the group A covered a
space equalto littleless than five times the entire surface of the earta;
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and the total area occupied by all the spots collectively amounted
to more than twelve times that surface.

On the days succeeding the 24th of May, all the spots were
observed to change their form and magnitude from day to day.
The great spot of the group A, which even when so close to the
limb of the sun as §’, or a sixth of the apparent diameter, still
measured 80” by 40”, was especially rapid in its variation. Its
shelving sides, a8 well as its dark bottom, were coustantly varied,
and luminous clouds were seen floating over the latter.

After the disappearance of this laige spot, and several of the
lesser ones of the other groups, a new spot of considerable mag-
nitude made its appearance on the 13th of Jume, at the eastern
edge of the disk, which gradually increased in magnitude for
eight days. On the 21st of June, at half-past g in the morning,
the disk of the sun exhibited the spots whose position is represented
in fig. 6, Plate XVI., and whose forms and magnitudes are indicated
in figs. 7, 8, 9, and 10.

The chief spot of the group A was nearly circular, and measured
64” in apparent diameter, the diameter of its dark base being
about 30”, which, without allowing for projection, represent
actual lengths of 28,352 iles,and 13.290 mules, the former being
above 34 times, and the latter nearly i § times the earth’s diameter.
The process of formation of this spot, surrounded by luminous
clouds, was clearly seen. The shelving sides were traversed by
luminous ravines or rills, converging towards the centre of the
black nucleus, and exhibiting the appearance which Capocci
compared to the structure of the iris.

On the same day (21st), another large spot, B, fig. 8, appeared,
which measured 60” by 40”.

Pastorff rejects the supposition that these spots were the mere
reappearances of those which had been observed on the 24th of
May, since they differed essentially in their form, and still more in
their entourage.

248. Observations of 8ir J. Herschel in 1837.—Sir J.
Herschel, at the Cape of Good Hope, in 1837, observed the spots
which at that time appeared upon the sun, and has given various
drawings of them in his Cape Observations. These diagrams do
not differ in any regpect in their general character from those of
Capocci and Pastorfl. Sir J. Herschel recognised on this occasion
the striated or radiated appearance in the fringes already noticed by
Capocci and Pastorfl. He thinks that this structure is intimately
connected with the physical agency by which the spots are
produced.

249. Boundary of fringes distinctly defined.—I¢ is ob-
served by Sir J. Herschel that one of the most universal and
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striking characters of the solar spots is, that the penumbral fringe
and black spots are distinctly defined, and do not melt gradually
one into the other. The spots are intensely black, and the penum-
bral fringe of a perfectly uniform degree of shade. Ir some cases
there are two unuances of fringe, one lighter than the other; but in
that case no intermixture or gradual fading away of one into the
other is apparent. * The idea conveyed,” observes Sir J. Herschel,
¢“is more that of the successive withdrawal of veils, —the partial
removal of definite films, — than the melting away of a mist or the
mutual dilution of guseous media.” This absence of all gradation,
this sharply marked suddenness of transition, is, as Sir. J. Herschel
also notices, entirely opposed to the idea of the easy miscibility of
the luminous, non-luminous, and semi-luminous constituents of the
solar envelope.

250. Observations of M. Schwabe.—In 1826 M. Schwabe
first entered on these researches, which have been continued to the
present time. For more than thirty years the sun scarcely appeared
above the horizon, without being confronted by M. Schwabe's tele-
scope, and it is found from his results that on an average, observa-
tions of the spots were made on 300 separate days in a year. A
scrutiny of the sun’s disk made so continuously was sure to produce
some vuluable addition to this branch of astronomical investigation.
It has been already mentioned that the number of spots visible at
one time is very variable, the surface of the sun being sometimes
entirely free and at other times the reverse is shown. Now it
appears from M. Schwabe's observations that this variation in the
frequency of solar spots, is not accidental, but that they pass through
the phases of maximum and minimum in a period of about
ten years. This periodicity has since been confirmed by other
cbservers.

It has been long known that the intensity of the magnetic decli-
nation is subject to a daily variation, which is supposed to be con-
nected in some way with the sun; but it has also been determined
that this daily variation is liable to another variation whose period
from minimum to maximum and from maximum to minimum is
also about ten yeara, The equal periodicity of the two phenomena
may reasonably be supposed to have a common origin, and the .
solar observations made by Mr. Carrington, and at the Kew
Observatory, seem to bear out the opinion that the agreement
cannot be referred to a simple coincidence of facts.

251. Solar facules and lucules.—Independently of the dark
spots just described, the luminous part of the solar disk is not
uniformly bright. It presents a mottled appearance, which may be
compared to that which would be presented by the undulated and
agitated surface of an ocean of liquid fire, or to a stratum of lue
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minous clouds of varying depth and having an unequal surface, or
the appearance produced by the slow subsidence of some flocculent
chemical precipitates in a transparent fluid, when looked at per-
pendicularly from above. In the space immediately around the
edges of the spots extensive spaces are observed, also covered with
strongly defined curved or branching streaks, more intensely lumi-
nous than the other parts of the disk, among which spots often break
out. These several varieties in the intensity of the brightness of
the disk have been differently designated by the terms facules and
lucules. These appearances are generally more prevalent and
strongly marked near the edges of the disk.

252. Xirchhoff's solar researches.—The theory proposed
by Sir W. Herschel, in explanation of the constitution of the
solar atmosphere, obtained general acceptance till modified by the
observations of MM. Kirchhoff and Bunsen, who in 1860 an-
nounced that the dark absorption, or Kraunhofer, lines visible in
the solar spectrum invariably coincide with corresponding lines in
spectra of the incandescent vapours of various metals and gases.
The conclusions of these eminent physicists were soon confirmed
by tBe observations of others, and are now placed beyond doubt.
Our conceptions of the physical constitution of the solar photo-
sphere have therefore been considerably modified ; & result due
entirely to the joint application of the spectroscope for the analysis
of the solar light in combination with the light emanating from
the incandescent vapours of metals and gases. \Vhen Kirchhoff
discovered that the double line in the solar spectrum, designated
by Fraunhofer by the letter D, was identical in position with the
double bright line in the spectrum of sodium, he was led to con-
clude that the metal sodium must be present in an incandescent
state in the sun’s photosphere, the reversal of the lines being
caused by an absorption of the corresponding coloured rays in the
photosphere, while passing through less heated vapours of the
same refrangibility. One of the original experiments of Kirchhoft
gives a good example of his method of research. It has been thus
graphically described by Dr. Roscoe. * Judge of the astonishment
of Kirchhoff when he observed that dark solar lines occurred in
positions coincident with those of all the bright iron lines! Exactly
as the sodium lines were identical with Fraunhofer's line D, so for
each of the iron lines—of which Kirchhoff and Angstrom have
since mapped no less than 460—a dark solar line was seen to cor-
respond. Not only had each iron line its dark representative in
the solar spectrum, but the breadth and degree of shade of the two
sets of lines were seen to agree in the most perfect manner, the
brightest iron lines corresponding to the darkest solar lines. To
those who have not themselves witnessed this coincidence it is
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impossible to give an adequate idea by words, of the effect pro-
duced on the bebolder, when, looking into the spectroscope, he
sees the coincidence of every one of perhaps a hundred of the iron
lines with adark representative in the sunlight; and theidea that
iron is contained in the solar atmosphere flashes at once on his
mind.”

253. Physical constitution of the photosphere.—From the
epectroscopic observations of Kirchhoff and subsequent observers,
it is sufficiently proved that the solar photosphere is composed of
the incandescent vapours of a number of metalsand guses of which
many are common to those found on the earth. The principal of
these are sodium, potassium, magnesium, manganese, calcium,
chromium, iron, nickel, and hydrogen gas. The spectrum lines of
these substances agree most perfectly with the corresponding
lines in the solar epectrum, not only in position, but also in inten-
sity. For example, the brighter a line appears in its spectrum, so
wuch the darker will its curresponding line be in the solar spectrum.
In addition to the metals named above, partial coincidences of the
lines give some probability of the existence in the photosphere of
barium, cobalt, copper, gold, and zinc. The presence of silver,
mercury, lead, and tin has not been detected.

254. Incandescent coating of the sun gaseous.—In a sub-
sequent chapter, extracts are given from the accounts of several
observers of the total eclipses of the sun of 1851 and 1860. The
remarkable phenomena seen on these occasions are described suf-
ficiently to show that the general results of the spectroscopic
observations had been foreshadowed by most of the observers,
During the total eclipse ot July 18, 1868, the attention of the
observers was directed principally to the spectrum analysis of the
rose-coloured prominences, with a view of determining whether
they were visible by means of the reflected light of the sun or by
their own incandescence. The spectroscope revealed at once that
these emanations were really massds of glowing gaseous vapour.
M. Janssen, who observed at Guntoor, India, contrived an
apparatus by which he was able to see the promineuces in full
daylight, and he conclu:ced that these bodies are formed of in-
candescent hydrogen, and that they are the seats of rapid move-
ments, of which no terrestrinl phenomena can give an iden.

255. Prominences seen in daylight by Mr. Loockyer and
M. Janssen.—It is a remarkable coincidence that while M.
Janssen was still in India, Mr. Lockyer, without any knowledge
of his observations, aleo observed the prominences in daylight, by
employing a spectroscope of yreat dispersive power. He also
detected the existence of a gaseous stratum consisting principally
of hydrogen covering the whole surface of the sun, and which is
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evidently similar matter to that clearly shown in the drawings
of several observers of preceding solar eclipses and termed sierra.

256. The solar envelopes.—There can therefore be no doubt
that the central globe of the sun is surrounded by a photosphere
containing the incandescent vapour of numerouvs metals and gases ;
that the exterior portion of this photosphere must consist of
vapours of the same metals in a lower state of temperature, the
whole being surrounded by an exterior coating formed principally
of incandescent vapour of hydrogen gas. This outer stratum has
received the name of chromosphere.

257. Violent solar outbursts.—The spectroscope also reveals
some of the effects produced by the enormous forces acting on the
solar surface. Jets of glowing vapour have been observed to dart
forth suddenly, rushing upwards to a height of many thousands of

miles. This activity is continually going on in the chromosphere,
and in comparison with the movements of the terrestrial atmosphere
it is something terrific. In an eruption witnessed on one occasion
by Professor Young, of Dartmouth, U.S., the upper portions of
some detached filaments were in ten minutes driven upwards to
about 200,000 miles from the surface of the sun.

258. 8ir J. Herschel's hypothesis to explain the solar
spots.—The region of the spotsbeing two zones parallel to the solar
equator, manifests a connection between these phenomena and the
sun’s rotation. The like regions on the earth are the theatres of
the trade-winds and anti-trades, and of hurricanes, tornadoes,
waterspouts, and other violent atmospheric disturbances. On the
planets the same regions are marked by belts, appearances which
are traced by analogy to the same physical causes as those which
produce the trades and other atmospheric perturbations prevailing
in the tropical and ultra-tropical zones. Analogy, therefore, sug-
gests the inquiry, whether any physical agencies can exist upon the
sun similar to those which produce these phenomena on the earth
and planets.

So far as relates to the earth it is certain, and 8o far as relates to
the planets probable, that the immediate physical cause of these
phenomena is the inequality of the exposure of the earth’s surface
to solar radiation, and the consequent inequality of temperature
produced in different atmospheric zones, either by the direct or
reflected calorific rays of the sun, combined with the earth’s rota-
tion (233). But since the sun is itself the common fountain of
heat, supplying to all, and receiving from none, no similar agency

can prevail uponit. It remains, therefore, to consider whether the
play of the physical principles which are in operation on the sun
itself, irrespective of any other bodies of the system, can supply an
explanation of such a local difference of temperature as, combined
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with the sun’s rotation, would produce any special physical effects
on the macular zones, by which the phenomena of the spots might
be explicable.

The heat generated by some undiscovered agency upon the sun
is dispersed through the surrounding space by radiation. If, as
may be assumed, the rate at which this heat is generated be the
same on all parts of the sun, and if, moreover, the radiation be
equally free and unobstructed from all parts of.its surface, it is
evident that an uniform temperature must be everywhere main-
tained. But if, from any local cause, the radiation be more ob-
structed in some regions than in others, heat will accumulate in
the former, and the local temperature will be more elevated there
than where the radiation is more free.

But the only obstruction to free radiation from the sun must arise
from the atmosphere with which, to a height so enormous, it is
surrounded. If, however, this atmosphere have everywhere the
same height and the same density, it will present the same ob-
struction to radiation, and the effective radiation which takes place
through it, though more feeble than that which would be produced
in its absence, is still uniform.

But since the sun has a motion of rotation on its axis in
254 7° 48™, its atmosphere, like that of the earth, must participate
in that motion and the effects of centrifugal force upon matter so
mobile : the equatorial zone being carried round with a velocity
greater than 300 miles per second, while the polar zomes are
moved at a rate indefinitely slower, all the effects to which the
spheroidal form of the earth is due will affect this fluid with an
energy proportionate to its tenuity and mobility, the consequence
of which will be that it will assume the form of an oblate sphe-
roid, whose axis will be that of the sun's rotation. It will flow
from the poles to the equator, and its height over the zones con-
tiguous to the equator will be greater than over those contiguous
to the poles, in a degree proportionate to the ellipticity of the
atmospheric spheroid.

Now, if this reasoning be admitted, it will follow that the ob-
struction to rudiation produced by the solar atmosphere is greatest
over the equator, and gradually decreases in proceeding towards
either pole. The accumulation of heat, and consequent elevation
of temperature, is, therefore, greatest at the equator, and gradually
decreases towards the poles, exactly as happens on the earth from
other and different phiysical causes.

The effects of this inequality of temperature, combined with the
rotation, upon the solar atmosphere, will of course be similar in
their gereral character, and different only in degree from the phe-
nomena produced by the like cause on the earth. Inferior currents
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will, as upon the earth, prevail towards the equator, and superior
counter-currents towards the poles (233). The spows of the sun
would, therefore, be assimilated to those tropical regions of the earth
in which, for the moment, hurricanes and tornadoes prevail, the
upper stratum which has come from the equator being temporarily
carried downwards, displacing by its force the strata of luminous
matter beneath it (which may be conceived as forming an habitually
tranquil limit between the opposite upper and under currents), the
upper of course to a greater extent than the lower, and thus
wholly or partially denuding the opaque surface of the sun below.
Such processes cannot be unaccompanied by vorticose motions,
which, left to themselves, die away by degrees, and dissipate, with
this peculiarity, that their lower portions come to rest more
speedily than their upper, by reason of the greater distance below,
as well as the remoteness from the point of action, which lies in a
higher region, so that their centre (as seen in our waterspouts,
which are nothing but small tornadoes) appears to retreat up-
wards.*

Sir J. Herschel maintains that all this agrees perfectly with
what is observed during the obliteration of the solar spots, which
appear as if filled in by the collapse of their sides, the penumbra
closing in upon the spot and disappearing afterwards.

It would have rendered this ingenious hypothesis still more
satisfactory, if Sir J. Herschel had assigned a reason why the
luminous and subjacent non-luminous atmosphere, both of which
are assumed to be gaseous fluids, do not affect, in consequence of
the rotation, the same spheroidal form which he ascribes to the
superior solar atmosphere. ‘

259. Calorific power of solar rays.— The intensity of heat
on the sun’s surface has been found to be seven times as great as
that of the vivid ignition of the fuel in the strongest blast furnace.
This power of solar light is also proved by the facility with which
the calorific rays pass through glass. Herschel found, by experi-
ments made with an actinometer, that 810 per cent. of the calo-
rific rays of the sun penetrate a sheet of plate glass o'12 inch
thick, and that 85-g per cent. of the rays which have passed through
one such plate will pass through another.t

260. Probable physical of solar heat. — One of the
most difficult questions connected with the physical condition of
the sun, is the discovery of the agency to which its heat is due.
To the hypothesis of combustion, or any other which involves the
supposition of extensive chemical change in the constituents of
the surface, there are insuperable difficulties. Conjecture is all

* Herschel’s Cape Observations, p. 434- t Ibid. p. 133.
N
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that can be offéred. But it is not too much to assume that a
violent chemical action is continually going on, as is evident by
the terrific outbursts of luminous vapours which the spectroscope
has revealed to us; and it may reasonably be supposed that when
these forces are exhibited, intense heat must be the primary cause
of such violent solar disturbances, which are able to drive matter
upwards to a height of 200,000 miles.

CHAPTER XIII.
THE BOLAR SYSTEM.

2061. Perception of the motion and position of surrounding
objects depends upon the station of the observer.— The
facility, clearness, and certainty with which the motions, distances,
magnitudes, and relative position and arrangement of any surround-
ing objects can be ascertained, depends in a great degree, upon the
station of the observer. The form and relative disposition of the
building, streets, squares, and limits of a great city, are perceived,
for example, with more clearness and certainty if the station of the
observer be selected at the summit of a lofty building, than if it
were at any station level with the general plane of the city itself.
This advantage attending an elevated place of observation is much
augmented if the objects observed are affected by various and
complicated motions inter se. A general, who directs the evolutions
of a battle, seeks an elevated position from which he can obtain, as
far as it is practicable to do so, a bird's eye view of the field ; and
it was at one time proposed to employ captive balloons by which
observers could be raised to a sufficient elevation above the plane
of the military manceuvres.

All these difficulties, which arise from the station of the observer
being in the general plane of the motions observed, are, however,
infinitely aggravated when the station has itself motions of which
the observer is unconscious; in such case, the effects of these
motions are opticelly transferred to surrounding objects, giving them
apparent motions in directions contrary to that of the observer, and
upparent velocities, which vary with their distance from the
observer, increasing as that distance diminishes, and diminishing
as that distance increases,

All such effects are imputed by the unconscious observer to so
many real motions in the objects observed ; and, being mixed up
with the motions by which such objects themselves are actually
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affected, an inextricable confusion of changes of position, apparent
and real, results, which involves the observer in obscurity and
difficulty, if his purpose be to ascertain the actual motions and
relative distances and arrangement of the objects around him.

262. Peculiar dificulties presented by the solar system.
— All these difficulties are presented in their most aggravated
form to the observer, who, being placed upon the earth, desires to
ascertain the motions and positions of the bodies composing the
solar system. These bodies all move nearly in one plane, and
from that plane the observer never departs : he is, therefore, deprived
altogsther of the facilities and advantages which a bird’s eye view
of the system would afford. He is like the commander who can
find no station from which to view the evolutions of the army
against which he has to contend, except one upon a dead level with
it, but with this great addition to his embarrassment, that his own
station is itself subject to various changes of position, of which he
is altogether unconscious, and which he can only ascertain by the
apparent changes of position which they produce among the objects
of his observation and inquiry.

The difficulties arising out of these circumstances obstructed for
ages the progress of astronomical science. The persuasion so
universally entertained of the absolute immobility of the earth, was
not only a vast error itself, but the cause of numerous other errors.
It misled inquirers by compelling them to ascribe motions to
bodies which are stationary, and to ascribe to bodies not sta-
tionary, motions altogether different from those with which they are
really affected. )

26 3. General arrangement of bodies composing the solar
system.—The solar system is an assemblage of great bodies,
globular in their form, and analogous in many respects to the earth.
Like the earth, they revolve round the sun as a common centre, in
orbits which do not differ much from circles : all these orbits are
very nearly, though not exactly, in the same plane with the annual
orbit of the earth, and the orbital motions all take place in the
same direction as that of the earth. .

Several of these bodies are the centres of secordary systems,
another order of smaller globes revolving round them respectively
in the same manner, and according to the same dynamical laws as
govern their vwn motion round the sun.

264. Planets primary and secondary. — This assemblage of
globes which thus revolve round the sun as a common centre, of
which the earth itself is one, are called PLANETS ; and the second-
ary globes, which revolve round several of them, are called
SECONDARY PLANETS, SATELLITES, Or MOONS, one of them being our

N2
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moon, which revolves round the earth as the earth itself revolves
round the sun.

265. Primary carry with them the secondary round the
sun.—The primary planets which are thus attended by satellites,
carry the satellites with them in their orbital course ; the common
orbital motion, thus shared by the primary planet with its second-
aries, not preventing the harmonious motion of the secondaries
round the primary as a common centre.

266. Planetary motions to be first regarded as oircular,
uniform, and in a common plane. — It will be conducive to the
more easy and clear comprehension of the phenomena to consider,
in the first instance, the planets as moving round the sun as their
common centre in exactly the same plane, in exactly circular orbits,
and with motions exactly uniform. None of these suppositiona
correspond precisely with their actual motions ; but they represent
them so very nearly, that nothing short of very precise means of
observation and measurement is capable of detecting their departure
from them. The motions of the system thus understood will form
a first and very close approximation to the truth. The modifica-
tions to which the conclusions thus established must be submitted,
80 as to allow for the departures of the several planets from the
plane of the ecliptic, of their orbits from exact circles, and of their
motions from perfect uniformity, will be easily introduced and com-
prehended. But even these will supply only a second approximation.
Further investigation will show series after series of corrections,
more and more miuute in their quantities, and requiring longer and
longer periods of timeto manifest theeffects to which they are directed.

267. Inferior and superior planets.— The concentric orbits
of the planets then are included one within another, augmenting
successively in their distances from the centre, 8o as in general to
leave a great space between orbit and orbit.

Those planets which are included within the orbit of the earth
are called INFERIOR PLANETS, and all the others are called surE-
RIOR PLANETS.

268. Periods. — The PERIODIC TIME of a planet is the interval
between two successive 1eturns to the same point of its orbit, or,
in short, the time it takes to make a complete revolution round the
sun. It is found by observation, as might be naturally expected,
that the periodic time increases with the orbit, being much longer
for the more distant planets; but, as will appear hereafter, this
increase of the periodic time is not in the same proportion as the
increase of the orbit.

269. Synodic motion.—The motion of a planet considered
merely in relation to that of the earth, without reference to its
actual position in its orbit, is called its sYNopIc MoTION.
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270. Geocentric and heliocentric motions.—The position
and motion of & planet as they appear to an observer on the earth
ure called GEOCENTRIC *; and as they would appear if the observer
were transferred to the sun, are called HELIOCENTRIC. '

271. Hellocentric motion deducible from geocentric.—
Although the apparent motions cannot be directly observed from
the sun as a station, it is a simple problem of elementary geometry
to deduce them from the geocentric motions, combined with the rela-
tive distances of the earth and planet from the sun ; so that we are in
a condition to state with perfect clearness, precision, and certainty,
all the phenomena which the motions of the planetary system would
present, if, instead of being seen from the movable station of the
earth, they were witnessed from the fixed central station of the
sun.

272. Elongation.— The geocentric position of a planet in rela-
tion to the sun, or the angle formed by lines drawn from the earth
to the sun and planet, is called the ELoNGATION of the planet, and
is EAST or WEST, according as the planet is at the one side or the
other of the sun.

273. Conjunction.—When the elongation of a planet is nothing,
it is said to be in CONJUNCTION, being then in the same direction as
the sun when seen from the earth.

274. Opposition.— When the elongation of a planet is 180°,
it is said to be in OPPOSITION, being then in the quarter of the
heavens directly opposite to the sun.

It is evident that a planet which is in conjunction, passes the
meridian at or very near noon, and is therefore above the horizon
during the day, and below it during the night.

On the other hand, a planet which is in opposition, passes the
meridian at or very near midnight, and therefore is above the
horizon during the night, and below it during the day.

275. Quadrature. — A planet is said to be in quadrature when
its elongation is 9o°.

In this position it passes the meridian at about six o’clock in
the morning, when it has western quadrature, and six o’clock in
the evening, when it has eastern quadrature. It is, therefore, above
the horizon on the eastern side of the firmament during the latter
part of the night in the former case, and on the western side during
the first part of the nightin the latter cuse. It is a morning star
in the one case, and an evening star in the other.

276. Synodic period. — The interval which elapses between
two similar elongations of a plenet is called the sYNopIC PERIOD of

* From the Greek words y7 (g2) and siAcws (helios), signifving the earth
and the sun.
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the planet. Thus, the interval between two successive oppositiom
or two successive eastern or western quadraturés, is the synodic
period.

277. Inferior and superior conjunction. — A superior planet
can never be in conjunction except when it is placed on the side of
the sun opposite to the earth, so that a line drawn from the earth
through the sun would, if continued beyond the sun, be directed to
the planet. An inferior planet is, however, also in conjunction
when it crosses the line drawn from the earth to the sun, between
the earth and sun. The former is distinguished as sUFERIOR and
the latter as INFERIOR conjunction.

As inferior conjunction necessarily supposes the planet to be
nearer to the sun than the earth, and opposition supposes it to be
more distant, it follows that inferior planets alone can be in
inferior conjunction, and superior planets alone in opposition.

278. Direct and retrograde motion.— When a planet appears
to move in the direction in which the sun appears to move, its
apparent motion is said to be pIRECT; and when it appears to move
in the contrary direction, it is said to be RETROGRADE.

The apparent motion of an inferior planet is always direct, except
within a certain elongation east and west of inferior conjunction,
when it is retrograde.

27Q. Conditions under which a planet is visible in the
absence of the sun.—It is evident that to be visible in the
absence of the sun, a celestial object must be so far elongated from
that luminary as to be above the horizon before the commencement
of the morning twilight, or after the end of the evening twilight.
One or two of the planets have, nevertheless, an apparent magni-
tude 80 considerable, and a lustre 8o intense, that they are sometimes
seen with the naked eye, even before sunset or after sunrise, and
may, in general, be seen with a telescope when the sun has a
considerable altitude. In most cases, however, to be visible without
a telescope, a planet must have an elongation greater than 30°
to 35°.

gg an instance of the visibility of a planet to the naked eye
during the day time, it may be mentioned that Venus has fre-
quently been seen at Greenwich, between one and two o’clock in
the afternoon, when the planet was near the meridian, and under
favourable circumstances with a brilliant sky.

280. Bvening and morning star.— Since the inferior planets
can never attain so great an elongation as go°, they must always
pass the meridian at an interval considerably less than six hours
before or after the sun. If they have eastern elongation they pass
the meridian in the afternoon, and are visible ubove the horizon
after sunset, and are then called EVENING sTARs. If they have
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western elongation they pass the meridian in the forenoon, and are
visible above the eastern horizon before sunrise, and are then called
MOKNING STARS.

281. Appearance of superior planets at various elonga-
tions.— A superior planet, having every degree of elongation east
and west of the sun from 0° to 180°, passes the meridian during
its synodic period at all hours of the day and night. Between
conjunction and quadrature, its elongation east or west of the sun
being less than go°, it passes the meridian earlier than six o’clock
in the afternoon in the former case, and later than six o’clock in
the forenoon in the latter case, being, like an inferior planet, an
evening star in the former, and a morning star in the latter case.

At eastern quadrature it passes the meridian at six in the even-
ing, aud at western quadrature at six in the morning, appearing
still as an evening star in the former, and as a morning star in the

- latter case.

Between the eastern quadrature and opposition, the elongation
being more than go° east of the sun, the planet must pass the
meridian between six o’clock in the evening and midnight, and is
therefore visible from sunset until some hours before sunrise.
Between western quadrature and opposition, the elongation being
more than go°® west of the sun, the planet must pass the meridian
at some time between midnight and six o’clock in the morning,
and it is therefore visible from some hours after sunset until sun-
rise.

At opposition the planet passes the meridian at midnight, and is
therefore visible from sunset to sunrise.

282. Phases of a p.anet.— While a planet revolves, that
hemisphere which is presented to the sun is illuminated, and the
other dark. But since the same hemisphere is not presented
generally to the earth, it follows that the visible hemisphere of the
planet will consist of a part of the dark and a part of the enlight-
ened hemisphere, and, consequently, the planet will exhibit PEASES,
the varieties and limits of which will depend upon the relative
directions of the lines drawn from the earth and sun to the planet.
It is evident that the section of the planet at right angles to a line
drawn from the sun to its centre is the base of its enlightened
hemisphere, while the section at right angles to a line drawn from
the earth to its centre, is the base of its visible hemisphere. The
less the angle included between these lines is, the greater will be
the portion of the visible hemisphere which is enlightened.

283. Perihelion, aphelion, mean distance.— That point of
the elliptic orbit at which a planet is nearest to the sun is called
PERIHELION, and that point at which it is most remote is called
APHELION.
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The MEAN DISTANCE of a planet from the sun is half the sum of
its greatest and least distances.

284. Major and minor axes, and excentricity of the orbit.
—The fig. 54 represents an ellipse, of which F is the focus and ¢
the centre. The line ¢ F continued to P and A is the MAJOR AXis,
sometimes called the transverse axis. Of all the diameters which
can be drawn through the centre ¢, terminating in the curve, it is
the longest, while M cM’, drawn
at right angles to it, called the
MINOR AXIS, i8 the shortest. The
line FM’, which is equal to P,
half the major axis, and there-
fore to half the sum of the great-
est and least distances of the
ellipse from its focus, is the MEAN
DISTANCE.

A planet, is, therefore, at its mean distance from the sun when it
is at the extremities of the minor axis of its orbit.

There is another point ¥ on the major axis, at a distance ¥ ¢
from the centre, equal to Fc, which has also the geometric pro-
perties of the focus. It is sometimes distinguished as the EMPTY
Focus of the planet’s orbit.

Ellipses may be more or less EXCENTRIC, that is to say more or
less oval. The less excentric they are, the less they differ in form
from a circle. The degree in which they have the oval form,
depends on the ratio which the distance F ¢ of the focus from the
centre, bears to P c, the semi-axis major. Two ellipses of different
magnitudes in which this ratio is the same, have a like form, and
are equally excentric. The less the ratio of ¢ F to ¢ P is, the more
nearly does the ellipse resemble a circle. This ratio, is, therefore,
called the EXCENTRICITY.

The excentricity of a planet’s orbit will, therefore, be that number
which expresses the distance of the sun from the centre of the
ellipse, the semi-axis major of the orbit being taken as the unit.

285. Apsides, anomaly.—The points of PERIHELION and
APHELION are called by the common name of APSIDES. _

If an eye placed at the sun F look in the direction of P, that point
will be projected upon a certain point on the firmament. This is
called the PLACE OF PERIHELION. .

The angle formed by a line drawn from the sun to the place p of
a planet, and the major axis of its orbit, or, what is the same, the
angular distance of the planet from its perihelion, as seen from the
sun, is called its ANoMALY.

If an imaginary planet be supposed to move from perihelion to
aphelion, with any uniform angular motion round the sua in the
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same time that the real planet moves between the same points
with a variable angular motion, the anomaly of this imaginary
planet is called the MEAN ANOMALY of the planet.

286. Place of perihelion.—The PLACE OF PERIDELION is ex-
pressed by indicating the particular fixed star at or near which the
planet at P is seen from ¥, or, what is the same, the distance of
that point from some fixed and known point in the heavens. The
point selected for this purpose is the vernal equinoxial point, or the
first point of Aries. The distance of perihelion from this point, as
seen from the sun, is called the LONGITUDE OF PERIHELION, and is
an important condition affecting the position of the planet’s orbit in
space.

287. Bxoentricities of orbits small.— The planets’ orbits,
like that of the earth, though elliptical, are very slightly so. The
excentricities are so minute, that if the form of the orbit were
delineated on paper, it could not be distinguished from a circle
except by very exactly measuring its breadth in different direc-
tions.

288. Law of attraction deduced from elliptic orbit.— As
the equable description of areas round the centre of the sun proves
that point to be the centre of attraction, the elliptic form of the
orbit and the position of the sun in the focus indicate the raw
according to which this attraction varies as the distance of the
planet from the sun varies. Newton has demonstrated, in his
PriNcreIa, that such a motion necessarily involves the condition
that the intensity of the attractive force, at different points of the
orbit, varies inversely as the square of the distance, increasing as the
square of the distance decreases, and vice versd.

289. The orbit might be a parabola or hyperbola.— Newton
also proved that the converse is not necessarily true, and that a
body may move in an orbit which is not elliptical round a centre
of force which varies according to this law. But he showed that
the orbit, if not an ellipse, must be one or other of two curves,
a PARABOLA or HYPERBOLA, having & close geometric relation to
the ellipse, and that in all cases the centre of force would be the
focus of the curve.

These three sorts of curves, the ellipse, the parabola, and hyper-
bola, are those which would be produced by cutting a cone in
different directions by a plane, and they are hence called the coxic
SECTIONS.

2g0. Conditions which determine the species of the orbit.
—The conditions under which the orbit of a planet might be a
parabola or hyperbola, depend on the relation which the velocity
of the motion of the planet, at any given point of the orbit, bears
to the intensity of the attractive force at that point. It is demon-
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strable that, if the velocity with which a planet moves at any given
point of its orbit were suddenly augmented in a certain proportion,
its orbit would become a parabola, and if it were still more
augmented, it would become an hyperbola.

The ellipse is a curve which, like the circle, returns into itself, so
that a body moving in it must necessarily retrace the same path in
an endless succession of revolutipns. This is not the character of
the parabola or hyperbola. They are not closed curves, but consist
of two branches which continue to diverge from each other without
ever meeting. A planet, therefore, which would thus move, would
pass near the sun once, following a curved path, but would then
depart never to return.

291. Law of gravitation general.— The elliptic form of the
orbit of a planet indicates the law which governs the variation of
the sun’s attraction from point to point of such orbit; but beyond
this orbit it proves nothing. It remains, therefore, to show from
the planetary motions round the sun, and from the motions of the
satellites round their primaries, that the same law of attraction by
which the intensity decreases as the square of the distance from
the centre of attraction increases, and vice vered, is universal.

The attraction exerted upon any body may be measured, in
general, as that of the earth on bodies near its surface is measured,
by the spaces through which the attracted body would be drawn
in a given time. It has been found, that the attraction which the
earth exerts at its surface, is such as to draw a body towards it
through 193 inches in a second. Now if the space through which
the sun would, by its attraction at any proposed distance, draw a
hody in one second, could be found, the attraction of the sun at
that distance could be exactly compared with, and measured by
the attraction of the earth, just as the length of any line ordistance
is ascertained, by applying to it, and comparing it with, a standard
yard measure.

292. Inclination of the orbits —mnodes.— For the sake of
illustration, we will suppose the planets to be moving in the plane
of the earth’s orbit. If this were strictly true, no planet would
ever be seen on the heavens out of the ecliptic. The inferior
planets, when in inferior conjunction, would a/ways appear as spots
on the sun; and when in superior conjunction, they, as well as the
superior planets, would a/iways be behind the sun’s disk. This is
not the case. The planets generally, superior and inferior, are
seldom seen actually upon the ecliptic, although they are never far
removed from it. The centre of the planet, twice in each revolution,
is observed upon the ecliptic. The points at which it is thus found
upon the plane of the earth’s orbit are at opposite sides of the sun,
18¢” asunder, as seen from that luminary. At one of them the
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planet passes from the south to the north of the ecliptic, and at the
other from the north to the south.

293. Wodes, ascending and descending.—Those ponts.
where the centre of a planet crosses the ecliptic, are called its NoDES,
that at which it passes from south to north being called the AscEND-
ING NODE, and the other the DESCENDING NODE.

While the planet passes from the ascending to the descending
node, it is north of the ecliptic; and while it passes from the
descending to the ascending node, it is south of it.

All these phenomena indicate that the planet does not move in
the plane of the ecliptic but in a plane inclined to it at a certain
angle. This angle cannot be great, since the planet is mnever
observed to depart far from the ecliptic. With a few exceptions
which will be noticed hereafter, the obliquity of the planets’ orbits
do not amount to more than 7°.

294. The zodiac.— Most of the planets, therefore, not departing
more than about 8° from the ecliptic, north or south, their motions
are limited to a zone of the heavens bounded by two parallels to
the ecliptic at this distance, north and south of it.

295. To determine the real diameters and volumes of the
bodies of the system.— The apparent diameter of a planet at a
known distance being observed, the real diameter may be computed
by multiplying the linear value of 1”” at the distance of the object,
by its apparent diameter expressed in seconds of space.

The disks of the inferior planets not being visible at inferior con-
junction when their dark hemispheres are presented to the earth, and
being lost in the effulgence of the sun at superior conjunction, can
only be observed between their greatest elongation and superior
conjunction, when they appear gibbous. The distance of the planet
from the earth is computed in this position by knowing the distances
of the planet and the earth from the sun, and the angle under the
lines drawn from the sun to the earth and planet, which can always
be computed. This distance being obtained, the linear value of 1”
at the planet being multiplied by the greatest breadth of its gibbous
disk, the real diameter will be obtained.

Observations of Venus are, however, occasionally made very
near to superior conjunction, the disk of the planet being at the
time apparently circular, but of limited magnitude, owing to the
comparatively great distance of the planet from the earth.

In the case of the superior planets, their diameters may be best
obtained when in opposition, because then they appear with a full
disk, and, being nearer to the earth than at any other elongation,
have the greatest possible magnitude. Their distance from the earth
in this position, is always the difference between the distances of
the earth and planet from the sun.
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When the real diameters are found, the volumes can be ohtained,
since they are as the cubes of the real diameters.

296. Methods of determining the masses of the bodies of
the solar system.— The work of the astronomer is but imperfectly
performed when he has only mentioned the distances and magni-
tudes, and ascertained the motions and velocities, of the great bodies
of the universe. He must not only measure, but weigh these
stupendous masses.

The masses or quantities of matter in bodies upon the surface of
the earth are estimated and compared by their weights — that is,
by the intensity of the attraction which the earth exerts upon them.
It is inferred that equal quantities of matter at equal distances
from the centre of the earth are attracted by equal forces, inasmuch
as all masses, great and small, fall with the same velocity (M. 231).

The intensity of the attraction with which the earth thus acts
upon a body at any given distance from its centre depends on the
mass or quantity of matter composing the earth. If the mass of
the earth were suddenly increased in any proposed ratio, the weights
of all bodies on its surface, or at any given distance from its centre,
would be increased in the same ratio, and in like manner, if its
mass were diminished, the weights would be decreased in the same
ratio. In short, the weights of bodies at any given distance from
the earth’s centre would vary with, and be exactly proportional to,
every variation in the mass of the earth.

A further explanation of the method of determining the masses
of the ditlerent bodies of the solar system, will be found in the
concluding chapter of this volume.

297. To determine the masses of planets which have no
satellites. — The masses of the bodies composing the solar system
are measured, and compared one with another, by ascertaining, with
the necessary precision, any similar effects of their attractions, and
allowing for the effects of the difference of distances. The effects
which are thus taken to mensure the masses, and to exhibit their
ratio to the mass of the sun in the case of planets attended by
satellites, is the space through which a satellite would be drawn by
its primary, and the space through which a planet would be drawn
in the same time by the sun. These spaces indicate the actual
forces of attraction of the planet upon the satellite and of the sun
upon the planet, and when the effect of the difference of distance is
allowed for, the ratio of the mass of the planet to the mass of the
sun is found.

In the case of planets not attended by satellites, the effect of
their gravitation is not manifested in this way, and there is no
body smaller than themselves, and sufficiently near them to exhibit
the same easily measured and very sensible effects of their attrac-
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tion, and hence there is considerable difficulty, and some uncertainty
as to their exact masses.

208. Mass of Mars estimated by its attraction upon the
earth. — The nearest body of the system to which Mars approaches
is the earth, its distance from which in opposition is nearly fifty
millions of miles, or half the distance of the earth from the sun.
Now, since the volume of Mars is only the sixth part of that of the
earth, it may be presumed that, whatever he its density, its mass
must be 8o small that the effect of its attraction on the earth at a
distance so great must be very minute, and therefore difficult to
ascertain by observation. Nevertheless, small as the effect thus
produced is, it is not imperceptible, and a certain deviation from the
path it would follow, if the mass of Mars were not thus present,
has been observed. To infer from this deviation the mass of Mars
is, however, & problem of much greater complexity than the deter-
mination of the mass of a planet by observing its attraction upon
its satellite. The method adopted for the solution of the problem
is a sort of “ trial and error.”” A conjectural mass is first imputed
to Mars, and the deviation from its course which such a mass would
cause in the orbital motion of the earth is computed. If such
deviation is greater or less than the actual deviation observed, an-
other conjectural mass, greater or less than the former, is imputed
to the planet, and another computation made of the consequent
deviation, which will come nearer to the true deviation than the
former. By repeating this approximative and tentative process a
mass is at length found, which, being imputed to Mars, would
produce the observed deviation ; and this is accordingly assumed to
be the true mass of the planet.

In this way the mass of Mars has been approximatively esti-
mated to be about the eighth part of the mass of the earth.

The smallness of this mass compared with its distance from the
only body on which it can exert a sensible attraction will explain
the difficulty of ascertaining it, and the uncertainty which attends
its value.

299. Masses of Venus and Mercury.—1he same causes of
difficulty and uncertainty do not affect in so great a degree the
planet Venus, whose mass is somewhat less than that of the
earth, and which moreover comes when in inferior conjunction
within about thirty millions of miles of the earth. The effects of
the attraction of the mass of this planet, upon the earth’s orbital
motion are therefore much more decided. The deviation produced
by it, is not only easily observed and easured, but it affects in a
sensible manner the position of the plane of the earth’s orbit. By
the same system of *trial and error,” the mass of this planet is
ascertained to be an eighth less than that of the earth.
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The difficulties attending the determination of the mass of Mer-
cury are still greater than those which affect Mars, and its true
value is still very uncertain. Attempts have lately been made to
approximate to its value, by observing the effects of its attraction on
one of the comets.

300. Methods of determining the mass of the moon. —
Owing to its proximity and close relation to the earth, and the
many and striking phenomena connected with it, the determination
of the mass of the moon becomesa problem of considerable import-
tance. There are various observable effects of its attraction by
which the ratio of its mass to those of the sun or earth may be
computed.

301. Ist. By nutation. — It has been shown that the attractions
of the masses of the sun and moon upon the protuberant matter
surrounding the equator of the terrestrial spheroid produce a
regular and periodic change in the direction of the axis of the earth,
and consequently a corresponding change in the apparent place of
the celestial pole. The share which each mass has in these effects
being ascertained, their relative attractions exerted upon the redun-
dant matter at the terrestrial equator ie found, and the eftect of the
difference of distance being allowed for, the ratio of the attracting
masses is obtained.

302. 2ndly. By the tides.— It has also been shown that, by
the attractions of the masses of the sun and moon, the tides of the
ocean are produced. The share which each mass has in the pro-
duction of these effects being ascertained, and the effect of the
difference of distance being allowed for, the ratio of the masses of
the sun and moon is obtained.

303. 3rdly. By the common centre of gravity of the moon
and the earth. —It has been stated that the centre of attraction
round which the moon moves in her monthly course is the centre
of the earth. This is nearly, but not exactly true. By the law of
gravitation the centre of attraction is not the centre of the earth,
but the centre of gravity of the earth and moon, that is, a point
whose distance from the centre of the earth has to its distance from
the centre of the moon the same ratio as the mass of the moon has to
the mass of the earth. (M. 309.) Around this point, which is within
the surface of the earth, both the earth and moon revolve ina month,
the point in question being always between their centres. If, then,
the position of this point can be found, the ratio of its distances
from the centres of the earth and moon will give the ratio of their
masses.

Now, the monthly motion of the earth round such & centre
would necessarily produce a corresponding apparent monthly
displacement of the sun. Such displacement, though small (not



THE SOLAR SYSTEM. 191

amounting to more than a few seconds), is nevertheless capable of
observation and measurement. The exact place of the sun’s centre
being therefore computed on the supposition of the absence of the
moon, and compared with its observed place, the motionof the
earth’s centre and the position of the point round which it revolves
has been determined, and the relative masses of the earth and
moon thus found.

304. 4thly. By terrestrial gravity. —By whut has been al-
ready explained, the space through which the moon would be drawn
towards the earth in a given time by the earth’s attraction can be
determined. Let this space be expressed by s. The linear velocity
v of the moon in its orbit can also be determined. Now, if r be

the radius of the orbit, we shall have r = g%.

We find, therefore, the radius vector of the moon’s orbit by
dividing the square of its linear velocity by twice the space through
which it would fall towards the earth in the unit of time. But
this radius vector is the distance of the moon’s centre from the
common centre of gravity of the earth and moon. The distance of
that point, therefore, from the centre of the earth, and con-
sequently the ratio of the masses of the earth and moon, will be
thus found.

All these methods give results in very near accordance, from
which it is inferred that the mass of the moon is not less than the
seventy-fifth, nor greater than the ninetieth part of the mass of the
earth, but from the most trustworthy determinations it is con-
sidered to be about the eightieth part of the earth’s mass.

305. To determine the masses of the satellites.—'I'he same
difficulties which attend the determination of the masses of the
planets not accompanied by satellites, also attend the determination
of the masses of satellites themselves, and the same methods
are applicable to the solution of the problem. The masses of the
satellites of Jupiter and the other superior planets are ascertained in
relation to those of their primaries by the disturbing effects which
they produce upon the motions of each other.

306. Classification of the planets in three groups— First
group —the terrestrial planets.—Of the planets hitherto dis-
covered, three which present in several respects remarkable ana-
lngies to the earth, and whose orbits are included within a circle
which exceeds the earth’s distance from the sun by no more than
one-half, have been from these circumstances denominated TERRES-
TRIAL PLANETS. Two of these, MERCURY and VENUS, revolve
within the orbit of the earth ; and the third, MaRs, revolves in an
orbit outside that of the earth, its distance from the earth when in
opposition being only half the earth’s distauce from the sun. A
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supposed new planet, which has received the name of VuLcax,
and whose orbit is included within that of Mercury, must be added
to this group.

307. Second group —the planetoids.—A chasm having a
width measuring little leas than four times the earth’s distance,
separated, for many ages after astronomy had made considerable
progress, the terrestrial planets from the more remote members of
the system. The labours of observers since the beginning of the
present century. but chiefly since 1845, have filled this chasm with
no less than 148 small planets, distinguished from all the other
bodies of the system by their extremely minute magnitudes, and by
the circumstance of revolving in orbits very nearly equal. These
bodies have been distinguished by the name of ASTEROIDS or
PLANETOIDS, the latter being preferable as the most characteristic
and appropriate.

308. Third group — the major planets. — Outside the plane-
toids, and at enormous distances from the sun and from each other,
revolve four planets of stupendous magnitude —named JUPITER,
SATURN, UraANUS, and NEPTUNE : the two former being visible to the
naked eye, were known to the ancients; the two latter are tele-
scopic, and were discovered in modern timnes.

CHAPTER XIV.
THE TERRESTRIAL PLANETS.

1. Vurcaw.

309. The supposed new inferior planet. — The supposed new
inferior planet, which has received the name of VuLcax, is believed
by many, from sufficient proofs having been given by the discoverer,
to be in reality a member of the solar system. Some degree of
doubt, however, will necessarily be attached to the existence of
this planet, until its identity be established by further observa-
tions.

It will be sufficient therefore here to state that on the 26th of
March, 1859, a small dark body was seen to pass over a portion of
the sun's disk by M. Lescarbault, a physician at Orgdres in the
department Eure et Loire, France, having every appearance of being
a planet, whose orbit would be included within that of Mercury.
From his observations, which were registered in a very careful,
though homely, manner, as well as from his replies to a very esvere
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cross-examination by M. Le Verrier, who had undertaken to prove
the truthfulness of the discovery, that astronomer was convinced .
that he ought not to doubt the reality of the observation, or the
good faith of the observer.

From the observations of M. Lescarbault, it is supposed that the
distance of Vulcan from the sun is about fourteen millions of miles;
its period less than 20 days; the inclination of its orbit 12 or 13
degrees; and the longitude of the ascending node 13 degrees.

This suspected planet has been systematically looked for at
several- of the principal observatories, at those tiines when its
orbit would have been projected on the sun's disk. The search,
however, has not been successful. M. Liais, an observer of con-
siderable practice, who happened to be engaged in the observation
of solar phenomena, at Rio Janeiro, at the identical moment
of M. Lescarbault’s alleged discovery, feels certain that no object
of & planetary nature was visible at that particular time. It is
pow considered by most practical astronomers that the existence of
this supposed object is, to say the least, very doubtful.

1I. MBRCURY.

" 310. Period.—If we except Vulcan, MERCURY is the nearest
of the planets to the sun, and that which completes its revolution
in the shortest interval of time.

The synodic period of this planet, determined by immediate ob-~
servation, is 115°88 days. Its mean sidereal period is 87°97 days.

If the earth’s period be expressed by I, that of Mercury will
therefore be 0-2408.

311. Mean and extreme distances from the sun and earth,
—The excentricity of the orbit of Mercury is much more consider-
able than those of the planets generally, being a little more than
0'2056, expressed in parts of the mean distance. The distance of
the planet from the sun is, therefore, subject to a variation,
amounting to so much as a fifth part of its mean value, its mean
distance being about 3§} millions of miles. The greatest and least
distances from the sun are, therefore,

424 millions of miles in aphelivn
28 » ” perihelion.
The distance is, therefore, subject to a variation in the ratio of § to
7 very nearly.
The mean distances of the planet from the earth are, therefore,
56 millions of miles at inferior conjunction
126, ” superior conjunction.

These distances are subject to an increase and diminution of

seven and one-third millions of miles due to the excentricity of the
o
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orbit of the planet, and one million and a-half of miles due to the
excentricity of the orbit of the earth.

312. Greatest elongation. —Owing to the ellipticity of the
planet’s orbit, the greatest elongation of Mercury is subject to some
variation. Its mean amount is 22°°5.

313. Seale of the orbit relatively to that of the earth. —
The orbit of Mercury and a part of that of the earth are exhibited on
their proper scale in fig. §5, where 8 is the earth’s distance from
the sun, and m m’”” m the orbit of the planet. The lines E m” drawn
from the earth touching the orbit of the planet determine the
positions of the planet when its elongation is greatest east and west
of the sun. The points m are the positions of the planet at
inferior and superior conjunction.

314. Apparent motion of the planet. — The effects of the
combination of the orbital motions of the planet and the earth upon
the apparent place of the planet will now be easily comprehended.

Since the meau value of the greatest elongation m” E8=1224°.
the arc mm”=674° and therefore m” mm” =67}4° X 2=135°.

The times of the greatest elonga-
tions east and west therefore divide
the whole synodic period into two
unequal parts, in one of which,
that from the greatest elongation
east through inferior conjunction
to the greatest elongation west,
the planet gains upon the earth
135°; and in the other, that from
the greatest elongation west,
through superior conjunction to
the greatest elongation east, it
gains 360°—135°=225° Since
the parts into which the synodic
period is thus divided are propor-
tional to these angles, they will
be (taking the synodic period in
round numbers as 116 days),
Fig. ss.

135 =

300 X 116 = 434 days.

225

360

And since the former interval is divided equally by the epoch of
inferior, and the latter by the epoch of superior, conjunction, it
follows, that the intervale between inferior conjunction and greatest

X 116 = 724 days.
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elongation are 213 days, and the intervals between superior con-
junction and greatest elongation are 36} days.

The interval between the times at which the planet is stationary,
before and after inferior conjunction, is subject to some variation,
owing to the excentricities of the orbits both of the planet and the
earth, but chiefly to that of the planet's orbit, which is considerable.
If its mean value be taken at 22 days, the angle gained by the
planet on the earth in that interval being 6874, the angular distances
of the points at which the planet is stationary from inferior con-
junction as seen from the sun would be 34°-2, which would
correspond to an elongation of about 21°, as seen from the earth.
This result, however, is subject to very great variation, owing to
the excentricity of the planet's orbit and other causes.

315. Conditions which favour the observation of an
inferior planet. —These conditions are threefold : 1. The mag-
nitude of that portion of the enlightened hemisphere which is
presented to the earth. 2. The elongation. 3. The proximity of
the planet to the earth.

Since it happens that the positions which render some of these
conditions most favourable render others less so, the determination
of the position of greatest apparent brightness is somewhat compli-
cated. When the planet is nearest to the earth its dark hemisphere
is presented towards us ; besides which, being in inferior conjunction,
it rises and sets with the sun, and is only present in the day time.
At small elongations in the inferior part of the orbit its distance
from the earth is not much augmented, but it is still overpowered
by the sun’s light, and would only appear as a thin crescent when
it would be possible to see it. At the greatest elongation, when
it is halved, it is most removed from the interference of the sun,
but is brightest at a less elongation, even though it moves to a
greater distance from the earth, since it gains more by the increase
of its phase than it loses by iucreased distance and diminished
elongation.

Owing to the very limited elongation of Mercury, that planet,
even when its apparent distance from the sun is greatest, sets in the
evening long before the end of twilight; and when it rises before
the sun, the latter luminary rises so soon after it that it is never
free from the presence of so much solar light, which renders it
extremely difficult to see the planet with the naked eye.

In these latitudes Mercury is therefore only occasionally seen
with the naked eye. It is said that Copernicus himself never saw
this planet, a circumstance which, however, may have been owing,
in a great degree, to the unfavourable climate in which he resided.
Inlower latitudes, where the diurnal parallels are more nearly
vertical and the atmosphere less clouded, it is more frequently

o1
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visible, and there it is more conspicuous, owing to the short
duration’ of twilight. .

316. Apparent diameter — its mean and extreme values.
— Owing to the variation of the planet’s distance from the earth,
its apparent diameter is subject to a corresponding change. At its
greatest distance its apparent diameter is 447, and at its least
distance 114", its value at the mean distance being 64”.

The apparent diameter of the moon being familiar to every eye
supplies a convenient and instructive comparison by which the
apparent magnitudes of other objects may be indicated, and we
shall refer to it frequently for that purpose. The disk of the full
tuoon subtends an angle of 1800” to the eye. It follows, therefore,
that the apparent diameter of Mercury when it appears as a thin
crescent near inferior conjunction is about the 150th part, near the
greatest elongation it is the 28oth part, and near superior con-
junction the 4ooth part of the apparent diameter of the moon.

317. Real diameter.—The real diameter has been assumed,
from some recent measures, to be about 3058 miles.

318. Volume.—Assuming that the diameter of Mercury equals
3058 miles, it follows that its volume would amount to about the
1gth part of that of the earth.

" The relative volumes are represented by u and E, fig. 6.

319. Mass and density. —Some un-
certainty has hitherto attended the cal-
culation of the density and mass of this

u @ planet, owing to the absence of a satel-
lite. The disturbances produced by it
upon the motion of Encke's comet (a
Fig. 6. body which will be described in another
chapter) have, however, supplied the
meats of & closer approximation to it. By this means it has been
found that if M’ express the mass of the planet, and M that of the
earth, we shall have :
w_ 100
M 15450
80 that the mass is 15} times less than that of the earth.

The density of the planet relatively to that of the earth, deter-
mined from the above, would equal 1-20. Other estimates make
it 1-12. So that it may be inferred that the density of Mercury
exceeds that of the earth by an eighth to a fifth; this result is,
however, problematical.

320. Solar light and heat.—The apparent magnitade of the
sun is greater than upon the earth, in the same ratio as the distance
isless ; and owing to the considerable ellipticity of Mercury’s orbit,
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it kas apparent magnitudes sensibly different in different parts of
Mercury’s year. The apparent mean diameter of the sun as seen

Fig. 57. Fig. §8.

from the earth being 32’ 47, its apparent diameter seen from
Mercury will be in perihelion 104”3, in aphelion 68”7, and at
mean distance 82"9.

Thus the apparent diameter when least, is twice, and when
greatest, thres times, that which the sun appears from the earth
when at its mean magnitude.

In figs. 57, 58, the relative apparent magnitudes of the sun, as
seen from the earth and from Mercury, at the mean distance and
extreme distances, are represented at E,M,,aud M”. If E be
supposed to represent the apparent disk of the sun as seen from the
earth, M will represent it as it appears to Mercury at the mean
distance, M’ at aphelion and M” at perihelion.

Since the illuminating and heating power of the sun’s rays,
whatever he the physical condition of the surface of the planet,
must vary in the same proportion as the apparent area of the sun’s
disk, it follows, that the light and warmth produced by the sun on
the surface of the planet will be greater in perihelion than in aphe-
lion, in the ratio of g to 4, and, consequently, there must be a suc-
cession of seasons on this planet, depending exclusively on the
ellipticity of the orbit, and having no relation to the direction of its
axis of rotation or the position of the plane of its équator with
relation to that of its orbit. The passage of the planet through its
perihelion must produce a summer, and its passage through aphe-
lion a winter, the mean temperature of the former, ceteris paribus,
being above twice that of the latter.

If the axis of the planet be inclined to the plane of its orbit,
another succession of seasons will be produced, dependent on such
inclination and the position of the equinoxial points. If these points
coincide with the apsides of the orbit, the summers and winters
arising from both causes will either respectively coincide, or the
surnmer from each cause will coincide with the winter from the
other. In the former case the intensities of the seasons and their
extreme temperatures will be augmented, by the coincidence, and
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in the latter they will be mitigated, the summer heat from each
cause tempering the winter cold from the other.

If, on the other hand, the line of apsides be at right angles tn
the direction of the equinoxes, the summer and winter from each
cause will correspond with the spring and autumn from the other,
and a curious and complicated succession of seasons must ensue,
depending on the degree of obliquity of the axis of the planet.
compared with the effects of the excentricity of its orbit.

In comparing the calorific influence of the sun on Mercury and
the earth, it must be remembered that the actual temperature pro-
duced by the solar rays, depends on the density of the atmosphere
through which they pass, by which the heat is collected and
diffused. The density of the sun's rays above the snow-line in the
tropics is as great as at the level ¢f the sea, but the temperatures of
the air and surrounding objects are extremely different. Notwith-
standing, therefore, the greater density of the solar rays, the atmo-
spheric conditions of the planet may be such that the superficial
temperature may not be different from that of the earth.

The intensity of the solar light must be greater than at the earth
in the ratio of four to one when the planet is in aphelion, and nine
to one when in perihelion. Its effects on vision, however, may be
rendered the same by the mere adaptation of the contractile power
of the pupil of the eye. (0. 362.)

321. Method of ascertaining the diurnal rotation of the
planets.—One of the most interesting objects of telescopic inquiry
regarding the condition of the planets is, the question as to their
diurnal rotation. In general, the manner in which we should seek
to ascertain this fact would be, by examining with powerful tele-
scopes the marks observable upon the disk of the planet. If the
planet revolve upon an axis, these marks, being carried round with
it, would appear to move across the disk, from one side to the other;
they would disappear on one side, and, remaining for a time
invisible, would reappear on the other, passing, as before, across the
visible disk. Let any one stand at a distance from & common ter-
restrial globe, and let it be made to revolve upon its axis : the spec-
tator will see the geographical marks delineated on it, pass across
the hemisphere which is tirned towards him. They will suc-
cessively disappear and reappear. The same effects must, of course,
be expected to be secen upon the several planets, if they have a
motion of rotation resembling the diurnal motion of our globe.

322. Difficulty of this question in the case of Mercury. —
This is & species of observation which has not yet been successfully
made in the case of Mercury. Sir John Herschel, who has enjoyed
more than common advantages for telescopic observation under dif-
ferent climates, affirms, that little more can be certainly affirmed of
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Mercury than that it is globular in form, and exhibits phases, and that
it is too small and too much lost in the constant and close effulgence
of the eun to allow the further discovery of its physical condition.
Other observers, however, claim the discovery of indications not
only of rotation but other physical characters. Schréter says, that
by examining daily the appearance of the cusps of the crescent, he
ascertained that it has a motion of rotation in 24 g™ 28

323. Alleged &iscovery of mountains.— The same observer
claime the discovery of mountains on Mercury, and even assigns
their height, estimating one at 2132 yards, and another at 18,978

ards.

Y These observations, not having been confirmed, must be con-
sidered apocryphal.

III. VENus.

324. Period.—The next planet proceeding outwards from the
sun is Venus, which revolves in an orbit within that of the earth,
und which, after the sun and moon, is the most splendid object in
the firmament.

The synodic period, ascertained by observation, is 584 days. Her
mean sidereal period deduced from this is, therefore, 22§ days.

By other methods it is more exactly determined to be 2247
days.

If the earth’s period be taken as the unit, that of Venus will,
therefore. be 0°6125.

325. Mean and oxtreme distances from the sun and
earth. — The distances of Venus from the earth at inferior con-
junction, greatest elongation, and superior conjunction, are about

25,296,000 miles at inferior conjunction,
62,500,000 miles at greatest elongation,
157,564,000 miles at superior conjunction.

The excentricity of its orbit being less than 0-co7, these distances
from the earth are subject to very little variation from that cause.
The extreme distance of the planet from the sun is

654 millions of miles in perihelion, and
664 9 » aphelion.

The distances of Venus from the earth are subject therefore to an
increase and diminution, amounting to half a million of miles, due
to the excentricity of the planet’s orbit, and one and a half million
of miles due fo that of the earth’s orbit.

326. Greatest elongation.—The mean amount of the greatest
elongation of Venus has been found by observation to be about 45°

or 46°.
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327. Scale of the orbit relative to that of the earth.— The
relation of the orbit of Venus to the earth is represented in fig. 59,
where 8 E represents the earth’s distance from the sun, and v 8 v the
mean diameter of the planet’s orbit on the same scale. The angles
8 E v represent the greatest elongation of the planet, which is about
46°. The lesser elongations v"" E 8 are those at which the planet
appears with less than a full disk, or gibbous, as at v'”, or as a
crescent, as at v'.

328. Apparent motion.—Since the mean value of the greatest
elongation is ascertained to be 46°, the angle at the sun, v’ s E =
44°, and consequently the angle v”sv”, included between the
greatest elongations east and west, is 88°, Since the time taken
by the planet to gain this angle upon the earth bears the same ratio
to the synodic period as this angle bears to 360°, the intervals into
which the synodic period is divided by the epochs of greatest elon-
gation, are

88
360 X 584 = 142'8 days.

272 = .
36 X §84 = 4412 days,

The intervals between inferior conjunction and greatest elonga-
tion are therefore 713 days, and the intervals between superior
conjunction and grentest elon-
gation are 2204 days.

329. Stations and retro-
gression.— From a compari-
son of the orbital motions and
distainces of the earth and
planet, it is found that the
epochs at which it is stationary
are about twenty-one days be-
fure and after inferior conjunc-
tion. Now, since the planet
gains 0°-612¢ per day upon the
earth, this interval corresponds
to an angle of 12°:g at the
sun, which corresponds to an
elongation of about 2 §° or 26°.

The arc of retrogression is
little less than a degree.

330. Conditions which
favour the observation of Venus.— This planet presents itself
to the observer under conditions in many respects more favourable

Fig. 59.
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for telescopic éxamination than Mercury. The actual diameter
of Venus is more than twice that of Mercury. It approaches
nearer to the earth in the inferior part of its orbit in the ratio of
13 to 30. It elongates itself from the sun to the distance of 46°,
while the elongation of Mercury is limited to 224°. The latter is
never seen, except in strong twilight. Venus, especially in the
lower latitudes, is seen at a considerable elevation long after the
cessation of evening and before the commencement of morning
twilight, and when she has a gibbous or a crescent phase. - The
planet appears brightest when its elongation is about 40° in the
superior part of her orbit.

331. Evening and morning star.— Lucifer and Hesperus.
— This planet for these reasons is, next to the sun and moon, the
most conspicuous and beautiful object in the firmament. When it
has western elongation, it rises before the sun, and is called the
MORNING 8TAR. When it has eastern elongation, it sets after the
sun, and is called the EVENING STAR.

The ancients gave it in the former position, the name of LtcrFer
(the harbinger of day), and in the latter that of HESPERUS.

332. Apparent daiameter.— Owing to the grent diflerence
between its distance from the earth at inferior and superior
conjunctions, the apparent diameter of this planet varies in magni-
tude within wide limits. At superior conjunction it is only 10”,
from which to inferior conjunction it gradually enlarges until it
becomes 62”, and in some positions even so much as 76”. At its
greatest elongation its apparent diameter is about 25, aud at its
mean distance 164”.

333. Dificulties attending the tel pic observation of
Venus. — Notwithstanding this, the greatest difficulties have
attended the telescopic observation of this planet when any special
accuracy is required. Its intense lustre dazzles the eye, and ag-
gravates all the optical imperfections of the instrument. In some
cases, however, the image of the planet is improved and the great
Justre destroyed, if a slightly green-coloured glass be placed before
the eye-glass of the telescope, in a similar manner as darkened
glasses are used for observations of the sun.

The low altitudes at which the observations are generally made,
constitute another difficulty, the irregular effects of refraction
interfering muterially with the appearance. Some observers have
consequently contended that the best position for observations
upon it, is near superior conjunction, when its phase is full, and
when by proper expedients it may be observed at midday within
a few degrees of the sun’s disk.

The planet can, however, be favourably observed with amoderately
good telescope, about the time of greatest elongation, during any
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part of the day within the limits of three hours before and after
the meridian passage, by taking the precaution of using the slightly
coloured glass previously mentioned.

334. Real diameter. — The linear value of 1” at Venus, when
she appears as a thin crescent near her inferior conjunction, is
122°6 miles. At this distance her apparent diameter is 61”; and
her real diameter about 7510 miles. The magnitude of Venus is,
therefore, nearly equal to that of the earth.

335. Mass and density.—By the methods already explained,
it has been ascertained that the mass of Venus is less than that
of the earth in the ratio of 89 to 100: and as the volumes are
nearly equal, their densities are also nearly equal.

336. Superficial gravity. — All the conditions which affect
the gravity of bodies on the surface of Venus being the same, or
nearly 8o, as those which aftect bodies on the earth, the superticial
gravity is nearly the same.

337. Bolar light and heat. — The density of the solar rays is
greater than upon the earth in the inverse ratio of the squares of
the numbers 7 and 10, which express their distances from the sun.
The intensity is, therefore, greater at Venus in the ratio of 2 to 1.

The relative apparent magnitudes of the sun’s disk at Venus and
the earth are represented at v and E, fig. 60. Owing to the very
small excentricity of the orbit,
this magnitude is not subject-
to any very sensible variation.
R 338. Rotation — pro-

Fig. 6o. bable mountains. — Al-
though there is very little
doubt of the fact that this planet has a diurnal rotation analogous
to that of the earth, the observations which might have been ex-
pected to demonstrate it in a satisfactory manner have been
obstructed by the causes already noticed (333). Nevertheless
Cassini, in the 17th century, and Schréter towards the close of
the 18th, with instruments very inferior to the teleacopes of the
present day, deduced from the phases a period of rotation in
complete accordance with the results of the most recent obser-
vations.

These astronomers found that the points of the horns of the
crescent observed between inferior conjunction and greatest
elongation, appeared at certain moments to lose their sharpness, and
to become as it were blunted. This appearance was, however, of
very short duration, the horn after some minutes always recovering
its sharpness. Such an effect would obviously be produced by a
Iocal irregularity of surface on the planet, such as a lofty mountain
.which would throw a long shadow over that part of the surface
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which would form the point of the horn. Now, admitting this to
be the cause of the phenomenon, it ought to be reproduced by the
same mountain at equal intervals, this interval being the time of
rotation of the planet. Such a periodical recurrence was nccord-
ingly ascertained.

339. Observations of Cassini, Herschel, and Sohriter. —
From such observations the elder Cassini, 8o early as 1667, inferred
the time of rotation of the planet to be 23 16™, & period not very
different from that of the earth. Soon after this, Bianchini, an
Italian astronomer, published a series of observations tending to
call in doubt the result obtained by Cassini, and showing a period
of §76 hours. Sir.William Herschel resumed the subject, aided
by his powerful telescopes, in 1780, but without arriving at any
satisfactory result, except the fact that the planet is invested with
a very dense atmosphere. He found the cusps (contrary to the
observations of Cassini, and, as we shall see, of more recent astro-
nomers) always sharp, and free from irregularities. Schriter made
a series of most elaborate observations on this planet, with a view
to the determination of its rotation. He considered not only that
he saw periodical changes in the form of the points of the horns,
but also spots, which had sufficient permanency to supply satisfactory
indications of rotation. From such observations he. inferred the
time of rotation to be 23" 21™ 798. From observations upon
the horns, he inferred also that the southern hemisphere of the
planet was more mountainous than the northern; and he attempted
from observations on the hluntness periodically produced on the
southern point of the crescent, to estimate the height of some of the
mountains, which he inferred to amount to the almost incredible
altitude of twenty-two miles.

340. Observations of MM. Beer and Mddler. — Time of
rotation.— Although the estimate of the planet's rotation resulting
from the observations of Schroter, corroborating those of Cassini,
has been generally accepted by the scientific world, the question was
pot regarded as definitively settled ; and a series of observations was
made by MM. Beer and Méadler, between 1833 and 1836, which
went far to confirm the conclusions of Cassini and Schriter; and
the still more recent observations of De Vico at Rome may be
considered as removing all doubt that the period of the planet’s
rotation does not vary much from 234"

341. Beer and Midler's diagrams of Venus. — In fiy. 61,
are represented a series of eighteen diagrams of the planet, selected
from a much greater number made by MM. Beer and Midler at the
dates indicated above. These drawings were taken when the
planet was approaching inferior conjunction, the planet being
observed either before sunset or during twilight,
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If the surface of the planet were exempt from considerable
inequalities, the concave edge of the crescent would be a sensible
ellipse, subject to no other deficiency of perfect regularity and
sharpness, save such as might be explained by the gradual faintnese

1 3 5 7 9 11 13 15 17

2 4 6 8 10 12 14 16 18
Fig. 61.

of illumination due to the atmosphere of Venua. The mere
inspection of the diagrams is enough to show that such is not the
appearance of the disk. Irregularities of curvature and of the forms
of the cusps are apparent, which can only arise from corresponding
irregularities of the surface of the planet. If the want of sharpness
in the horns of the crescent arose from any effect produced by the
terrestrial atmosphere on the optical image of the disk it would
equally affect both cusps. Several of the diagrams, for exampie
Jigs. 1, 2, 3, 7, 8, 15, 17, are at variance with such an hypothesis,
the cusps being obviously different in form.

In corroboration of the observations of Schroter, it was ascer-
tained that the southern cusp was subject to greater and more
frequent changes of form than the northern, from which it was
inferred that the southern hemisphere of the planet is the more
mountainous. It is remarkable that the same character is found
to prevail on the moon.

It was not only observed that the irregularities of the concave
edge of the crescent were subject to a change visible from 5™ to
5™, but that the same forms were reproduced after an interval
of 234", subject to an error not exceeding from § to 10 minutes.

342. More recent observations of De Vico.— M. De Vico,
observing at a still later date at Rome, favoured by the clear eky
of Italy, mede several thousand measurements of the planet in its
phases, the general result of which is in such complete accordance
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with those of MM. Beer and Madler, that the fact of ‘the planet’s
rotation may be now regarded as satisfactorily demonstrated, and’
that its period does not differ much from 23" 15"

343. Direction of the axis of rotation nnmornlned.—- If
such difficulties have attended the mere determination of the
rotation, it will be easily conceived that those which have at-
tended the attempts to ascertain the direction of the axis of
rotation have been much more insurmountable. The observations
above described, by which the rotation has been established,
supply no ground by which the direction of the axis could be
ascertained. No spot has been seen, the direction of whose motion
could indicate that of the axis. It was conjectured, with little
probability, by some observers, that the axis was inclined to the
orbit at the angle of 75° This conjecture, however, has not been
confirmed.

344. Twilight on Venus and Mercury.— The existence of
an extensive twilight in these planets has been well ascertained.
By observing the concave edge of the crescent which corresponds
to the boundary of the illuminated and dark hemispheres, it is
found that the enlightened portion does not terminate suddenly,
but there is & gradual fading away of the light into the darkness,
produced by the band of atmosphere illuminated by the sun which
overhangs a part of the dark hemisphere, and produces upon it the'
phenomena of twilight. ‘

Some observers have seen on the dark hemisphere of the planet
Venus a faint reddish and greyish light, visible on parts too distant
from the illuminated hemisphere to be produced by the light of
the sun. It was conjectured that these effects are indications of
the play of some atmospheric phenomena in this planet similar to
the aurora borealis.

1t may be stated generally, that so far as relates to the physical
condition of the inferior planets, the whole extent of our certain
knowledge of them is, that they are globes like the earth, illu-
minated and warmed by the sun; that they are invested with
atmospheres probably more dense than that of the earth ; and since
observations render probable the existence of vast masses of clouds
on Venus, if not on Mercury, analogy justifies the inference that
liquids exist on these planets.

345. Spheroidal form unascertained —suspected satellite.
— One of the phenomena from which the rotation, as well as the
direction of the axis, might be inferred, is the spheroidal form of
the planet. To ascertain this by observations of the disk, it would
be necessary to see the planet with a full phase. But when the
inferior planets havethat phase, they are near superior conjunction,
and therefore lost in the solar light. It has been nevertheless
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contended, that when Venus is most remote from her node, she is
sufficiently removed from the plane of the ecliptic to be observed
with a good telescope at noon when in superior conjunction. No-
observation, however, of this kind has ever yet been made, and the
spheroidal form of the planet is unascertained.

This planet was observed with the transit-circle at the Royal
Observatory, Greenwich, on the 19th of February, 1858, when
very near superior conjunction, the interval of time between the
passages of the planet and sun over the meridian being less than .
six minutes. The image of Venus was, however, very tremulous.

Several observers of the last two centuries concurred in main-
taining that they had seen a satellite of Venus. Cassini, the elder,
imagined he saw such a body near the planet on the 25th of
January, 1672, and again on the 27th of August, 1686 ; Short, the
well-known optical instrument maker, on the 3rd of November,
1740 ; Montaigne, the French astronomer, in May, 1761 ; several
observers in March, 1764, all agree in reporting observations of
such a body. In each case the phase was similar to that of Venus,
and the apparent diameter about & fourth of that of the planet. By
collecting these observations, Lambert computed the orbit of the
supposed satellite.

In opposition to all this, it may be stated that notwithstanding
the immense improvement in optical instruments, and especially
in the construction of telescopes of power far surpassing any of
which the observers before the present century were in possession,
no trace of such a body has been detected, although observers have
increased in number, activity, and vigilance, in a proportion
greater still than that of the improvement of telescopes. It must,
therefore, be concluded, at least for the present, that the supposed
appearances recorded by former observers were illusive.

IV. Mags.

346. Position in the system. — Proceeding outwards from the
sun, the next planet in the order of distance is the earth. The
next in succession is Mags, whose orbit circumscribes that of the
earth.

347. Pertod.— The synodic period of Mars is found by observa-
tion to be 780 days, and the sidereal period 68698 days.

The earth’s period being taken as the unit, the period of Mars
will therefore be 1-881.

348. Mean aistance from the sun.—The mean distancs of
Mars from the sun is 15237, that of the earth being unity; or in,
round numbers about 139 millions of miles.

349. Bxcentricity —mean and extreme distances from the
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sun and earth.— The excentricity of the orbit of Mars being
about 0'0933, the distance from the sun is subject to a variation,
“the extreme amount of which is less than one-tenth of its mean
vawue. The extreme distances are
1524 millions of miles in aphelion,
126} millions of miles in perihelion.

It appears, therefore, that the mean distances of the planet from
the earth ure

In opposition - - 473 miliions of miles,

In conjunction - - 230% millions of miles,

In quadrature - - 104 millions of miles,

These distances are subject to variation, whose extreme limit
is about 1§ millions of miles, owing to the combined effects of the
excentricities of the two orbits. Although the mean distance of
the planet in opposition from the earth is about half the distance
of the sun, it may in certain positions of the orbit come within a
distance of 35 hundredths of the sun’s distance. In the opposition
which took place in September, 1830, the distance of the planet
was only 38 hundredths of the sun’s mean distance.

350. Scale of orbit relatively to that of the earth.— If s,
JSiy. 62, represent the position of the sun, and s x the distance of
Mars, the orbit of the earth will be represented by E "¢’ 'E".

351. Division of the
synodic period.—The
earth is at E” when
Mars is in conjunction,
at E’ when in quadrature
west of the sun, at E
when in opposition, and
at E” when in quadrature
east of the sun.

The angle of elonga-
tion s E'M being go°,
and the mean value of
8 M being 1°52z, that of
8 E’ being expressed by
1, it follows that the
angle E’sM will be about
48° and therefore E’sE"’
=180°—48°=132".

Siuce the synadic pe-
riod is 780 days, the
mean time between qua- g bu.
drature and opposition

will be
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48 = v
365 X 780 = 104 days;
and the mean time between quadrature and conjunction will be

a3z =3
360 X 780 .286 daysv." N

.- 352. Apparent motion.—The yarious changes of the apparent
positions of the planet and sun during the synodic period may,
therefore, be easily explained. At conjunction the earth being at
£, the planet and sun pass the meridian together. In this case,
the planet being ‘above the horizon only during the day, is not
visible. After conjunction, the planet passes the meridian in the
forenoon, and is therefore visible above the eastern horizon before
sunrise. Before conjunction it passes the meridian in the after-
noon, and is therefore visible above the western horizon after
sunset.

- At the time of the western quadrature, the earth being at E’, the
planet passes the meridian about 6 A.x., and at the time of western.
quadrature, the earth being at £”, it passes the meridian about 6 p.x.
The planet has these positions about 286 days, more or less, after
und before its conjunction.

At the time of opposition, the earth being at k, the planet passes
the meridian at midnight ; and is therefore above the horizon from
sunset till sunrise. Before opposition it passes the meridian before
midnight, and is above the horizon chiefly during the later part of
the night, and after opposition it passes the meridian after mid-
night, and is therefore above the horizon chietly during the earlier
part of the night. .

The interval during which it is visible more or less in the
nbsence of the sun, being that during which it passes from western
to eastern quadrature through opposition is, in the case of Mars,
208 days.

353. Stations and retrogression. —The elongations at which
Mars is stationary, and the lengths of his arc of retrogression, vary
to some extent with the distances of the planet from the sun and
earth, which distances depend on the ellipticity of the two orbits,
and the direction of their major axes. In 1860, Mars was in
opposition on the 17th of July, and was stationary on the 17th of
June and 18th of August. The right ascension on these days was,

17th of June . na. = 20" 13" 49°
18th of August R.A. = 19 27 19
Difference = 46 30

1t follows, therefore, that the extent of retrogression in right
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ascension at this opposition was 46™ 30, which reduced to angular
magnitude is 11° 37’ 30”.

354. Phases.—At opposition and conjunction the same hemi-
sphere being turned to the earth and sun, the planet appears with
a full phase. In all other positions the lines drawn from the planet
to the earth and sun, making with each other an acute angle of
greater or leas magnitude, the phase will be deficient of complete
fulness, and the planet will be gibbous, more so the nearer it is to
its quadrature, in which position the lines drawn to the earth and
sun make the greatest possible angle, which being the complement
of E'8 M, fig. 62, will be 9g0°—48°=42°. Of the entire hemisphere
presented to the earth, 138° will therefore b enlightened and 42°
dark. The corresponding form of the disk, as can easily be deduced
from the common principles of projection, will be that which is re-
presented in fig. 63, the dark part being indicated by the dotted line.

The gibbosity will be less, the nearer the planet approaches to
opposition or conjunction.

155. Apparent and real diameter.—The apparent diameter
of Mars in opposition varies between rather wide limits, in conse-
quence of the variation of its distance from the earth in that
position, arising from the causes explained above. When at its
mean distance at opposition the apparent
magnitude does not exceed 16”, and at con-
junction it isreduced to 3”:7.

In 1830, soon after opposition, when its
distance from the earth was 384 millions
of miles, it exhibited a diameter of 234”;
the linear value of 1” at that distance being
1857 miles, which gives for the real diameter
4363 miles.

356. Solar light and heat. —The mean Fig. 63.
distance of the earth from the sun being
less than that of Mars in the ratio of 10 to 15, the apparent dia-
meter of the sun as seen from Mars will be less than its diameter
us seen from the earth in the same ratio. If E, fig. 64, represent
the apparent disk of the
sun as seen from the
earth, x will represent
its apparent disk as seen

from Mars,
Since the density of
the solar radiation de- Fiz. 64

creases as the square of
the distance increases, its density at Mars will he less than at the
earth in the ratio of 4 to g.

l'
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So far as the illuminating and heating powers of the solar rays
depend on their density, they will, therefore, be less in the same
proportion.

357. Rotation. —There is no body of the solar system, the
moon alone excepted, which has been submitted to such rigorous
and successful telescopic examination as Mars. Its proximity
to the earth in opposition, when it is seen on the meridian at
midnight with a full phase, affords great facility for this kind of
observation.

By observing the permanent lineaments of light and shade
exhibited by the disk, its rotation on its axis can be distinctly
seen, and has been ascertained to take place in 24 37™ 237,
the axis on which it revolves appearing to be inclined to the
plane of the planet’s orbit at an angle of 28° 27°. The exact
direction of the axis is, however, still subject to some uncer-
tainty.

35y8. Days and nights.— It thus appears that the days and
nights in Mars are nearly the same as on the earth, that the year
is diversified by seasons, and the surface of the planet by zones
and climates not very different from those which prevail on our
globe. The tropics, instead of being 23° 28, are 28° 27’ from
the equator, and the polar circles are in the same proportion more
extended.

359. Seasons and climates.—The year consists of 668 Mar-
tial days and 16 hours, the Martial being longer than the terrestrial
day in the ratio of 100 to 97.

Owing to the excentricity of the planet's orbit, the summer on the
northern hemisphere is shorter than on the southern in the ratio of
100 to 79, but owing to the greater proximity of the sun, the
intensity of its light and heat during the shorter northern summer
is greater than during the longer southern summer in the ratio of
145 to 100. From the same causes, the longer northern winter
is less inclement than the shorter southern winter in the same
proportion.

There is thus a complete compensation in both seasons in the
two hemispheres.

The duration of the seasons in Martial days in the northern
hemisphere is as follows :— spring 192, summer 180, autumn 1 §o,
winter 147.

360. Observations and researches of Messrs. Beer and
Miialer.— It is mainly to the persevering labours of these eminent
observers that we are indebted for all the physical information we
possess respecting the condition of the surface of this planet.
'I'neir observations, commenced at an early epoch, were regularly
organised at the time of the opposition of 1830, with a view to
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ascertain with certainty and precision the time of rotation of the
planet, the position of its axis, and, so far as might be practicable,
a survey of its surface. These observations have been continued
during every succeeding opposition, in which the planet having
northern declination rose to a sufficient altitude, and was made
visible by a telescope by Fraunhofer of four and a half feet focal
length, parallactically mounted, and moved by clockwork, so as to
keep the planet in the field of view notwithstanding the diurnal
motion of the earth.

361. Areographic character.— That many of the lineaments
observed are areographic, and not atmospheric, is established be-
yond all contestation by their permanency. They are not always
visible, and when visible not always equally distinct; but are
observed to retain the same forms, no matter how distant may be
the intervals at which they may be submitted to examination.
The elaborate researches and observations of MM, Beer and Midler,
which commenced with the opposition of 1830, were continued
with unwearied assiduity in every succeeding opposition of the
planet for twelve years, so far as the varying declination and the
state of the weather at the epochs of the oppositions permitted.
The same spots, characterised by the same forms, and the same
varieties of light and shade, were seen again and again in each
succeeding opposition. Changes of appearance were manifest, but
through those changes the permanent features of the planet were
always discerned ; just as the seas and continents of the earth may
be imagined to be distinguishable through the occasional openings
in the clouds of our atmosphere by a telescopic observer stationed
on Mars.

362. Telescopic views of Mars — areographic charts of the
two hemispheres.— A large collection of drawings of the various
hemispheres of Mars presented to the observer has been made by
MM. Beer and Midler. Thirty-five were made during the oppo-
sition of 1830, upwards of thirty during that of 1837, and forty
during that of 1841, from a comparison of which, charts were
made, showing the permanent areographic lineaments of the
northern and southern hemispheres.

In Plate XVII. we have given six views, selected from those
of Beer and Midler, with the dates subjoined. In Plate XVIII.
are given the areographic charts of the two hemispheres. It will
be observed, that as each spot approaches the edge of the disk, its
apparent form is modified by the effect of foreshortening, owing to
the obliquity of the surface of the planet to the visual ray.

363. Polar snow observed.— All the lineaments exhibited in
these drawings were found to be permanent, except the remarkable
white spots which cover the polar regions. These circular areas

ra
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presented the appearance of a dazzling whiteness, and one of them
was 80 exactly defined and so sharply terminated, that it seemed
like the full disk of a small and very brilliant planet projected
upon the disk, and near the edge of a larger and darker one. The
appearance, position, and changes of these white polar spots have
suggested to all the observers who have witnessed them, the sup-
position that they proceed from the polar snows accumulated
during the long winter, and which, during the equally protracted
summer by exposure to the solar rays, more full by 7° than at the
poles of the earth, are partially dissolved, so that the diameter of
the snow circle is diminished.

The increase and diminution of this white circle takes place at
epochs and in positions of the axis of the planet such as are in
complete accordance with this supposition.

364. Position of areographic meridians determined.— The
leg and foot-shaped spot marked pn in the southern hemisphere,
was distinctly seen and delineated in all the oppositions. This was
one of the spots from the apparent motion of which the time of rota-
tion was deduced.

The spot a in the southern hemisphere connected with a large
adjacent spot by a sinuous line, was also one of those whose posi-
tion was most satisfactorily established. This spot was selected, as
the observatory of Greenwich has been npon the earth, to mark the
meridian from which longitudes are reckoned.

The spot e f h, chiefly situate in the southern, but projecting into
the northern hemisphere, between the goth and 105th degrees of
longitude, was also well observed on repeated occasions.

According to Midler, the reddish parts of the disk are chiefly
those which correspond to 40° long. and 15° lat. S.

The two concentric dotted circles marked round the south pole,
indicate the limits of the white polar spot as seen on different occa-
sions in 1830 and 1837. The redness of this planet is much more
remarkable to the naked eye than when viewed with the telescope.
In some cases, during the observations of MM. Beer and Madler, no
redness was discoverable, and when it was perceived it was so faint
that different observers at the same moment were not agreed as to
its existence. It was found that the prevailing colour of the spots
was generally yellow rather than red.

Independently of any effect which could be ascribed to projection
or foreshortening, it was found that the lincaments were always
seen with much greater distinctness near the centre of the disk
than towards its borders. Thisis precisely the effect which might
be expected from a dense atmosphere surrounding the planet.

365. Possible satellite of Mars. — Analogy naturally suggests
the probability that the planet Mars might have a moon. These
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attendants appear to be supplied to the planets in augmented

numbers as they recede fr