





























PREFACE.

R

THE READER of this volume is expected to possess such
knowledge of Mathematics as may be gained by studying
the Elements of Euclid and Algebra, together with a rudi-
mentary acquaintance with the geometry of Planes and
Spheres.

While the book is mainly intended for beginners, yet it
is believed that more advanced students may find portions
of it useful. This will perhaps be especially the case in the
last chapter, where a somewhat extended account is given
of the important constants of Astronomy, with references to
the original sources of information.

Many of the illustrations have been taken from Delau-
nay’s ‘Cours Elémentaire d’Astronomie,” and a few from
Secchi’s ¢ Le Soleil,’ from Guillemin’s ‘Le Ciel,” and other
sources. In the last chapter extensive use has been made
of Houzeau’s ¢ Répertoire des Constantes Astronomiques.’

5 L.
DUNSINK : _June 4, 1880. RoBerT S. BaL

In the present edition the work has been revised through-
out. Special care has been taken in the endeavour to bring
the chapter on Astronomical Constants up to a recent
standpoint. The author acknowledges with many thanks
the help he has received from his friend Dr. J. L. E.
Dreyer, Director of Armagh Observatory.

CAMBRIDGE : March 1896, RoBerT S. BaLL,
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ASTRONOMY.

CHAPTER I

ON THE INSTRUMENTS USED IN ASTRONOMICAL
OBSERVATIONS

§ 1. ZIntroduction.—The sun, the moon, and the other
objects which shine in the heavens on a clear night constitute
what are known as the celestial bodies. To study the celestial
bodies is to pursue the branch of science which is called
astronomy. This includes all that can be learned of the
motions of the celestial bodies, of their actual dimensions
and distances, and of their physical constitution.

§ 2. Astronomical Instruments.—The instruments which
are employed in making astronomical observations may be
conveniently divided into three classes. Instruments of the
first class are for the purpose of extending our powers of vision,
so as to permit us to use our eyes to greater advantage than
would be possible without such assistance. By instruments
of this class we .ve enabled to view the features of the
celestial bod: if they were much nearer to us than they
really are. We can thus become acquainted to a certain
extent with the shapes and appearance of many of the
celestial bodies which would otherwise be very imperfectly
known. By the help of these instruments we are also
enabled to perceive large numbers of celestial bodies which

B
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are nof sutﬁciently com:ncuous to be detected by the
unaided eye. The instruments of this class are termed
telescopes.

We shall subsequently see that the position of a celes-
tial body on the surface of the heavens is to be expressed
by certain angular magnitudes, and therefore the means
by which these magnitudes can be determined must be ex-
plained. The various appliances which are used in making
such measurements of angles form the second class of instru-
ments.

The celestial bodies are in constant motion, real or
apparent. In order to study these motions it is not only
necessary to ascertain the different positions which the
bodies assume, but it is also essential to have the means of
measuring with accuracy the intervals of time which elapse
during which the celestial body is passing from one position
to the positions which it subsequently occupies. We must
therefore be pisvided with instruments for the purpose of
measuring time. Clocks or chronometers, therefore, consti-
tute the third class of instruments.

§ 3. Angular Magnitude.—It will first be necessary for
us to consider briefly the circumstances of ordinary vision
with the unaided eye. We shall then be able to compre-
hend what is the nature of the assistance which is afforded
when a telescope is interposed between the eye and a distant
object.

FiG. 1.

Let A B (Fig. 1) be an object viewed by an eye placed at
the position o. Then the line A B which connects two
points of the object is seen to subtend an angle A 0B at the
point o. If the eye be moved to the point o/, which is
at one-half the distance from M, the line A B will subtend an
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angle Ao’ B. It is obvious that the angle Ao’ B is greater
than the angle A0 8 ; and if the line AB be very small in
comparison with its distance from o, the angle A ¢’ 8 will be
approximately double the angle A 0 B. It thus appears that
when the distance of an object is halved the angle under
which the object is seen is doubled. In the same way it
can be shown that if the distance of the object be reduced
to one-third, the angle which it subtends will be increased
threefold, or more generally that if the distance be dimi-
nished in any ratio the angle subtended at the eye will be
increased in the same ratio. It will be convenient to speak
of the angles Ao B, A 0’ B as the apparent magnitudes of the
line A B, and we are thus led to the following law :—

The apparent magnitude of a linear dimension of an
object varies inversely as the distance of the object from the eye.

Since the areas of similar figures are proportional to the
squares of their linear dimensions, it is obvious that the ap-
parent area of an object is proportional te-the square of the
apparent magnitude of one of its dimensions, and hence we
are led to the result that—

T%e apparent area of a distant object varies inversely as
the square of the distance of the object from the eye.. :

§ 4. Brightness of a Distant Object.— A luminous object
whether it shines by its own light or by the light from some
other body reflected
from it, radiates light AT
in all different direc-
tions. Let us consider
a certain point 7 of the
body m (Fig. 2),and en-
quire how the apparent
brightness of this point
depends upon the dis-
tance at which the eye
is placed. . From the
point # rays of light diverge in all directions, and of these

B2
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rays a certain number enter the pupil @ & of the eye. The
rays that enter the pupil will all be contained in the cone
of which 7 is the vertex, while the base of the cone is the
area of the pupil. 1f, however, the eye be moved to a
distance which is one-half its former distance, so that the
pupil occupies the position a’Z/, then the rays which enter
the eye will be those contained in the cone, which has the
pupil at @’ & for its base and the point 2 as its vertex. It
is obvious that the angle @ » 4, which the pupil subtends at
m, is half the angle @’ &', which is subtended when the
pupil moves into the new position. It therefore follows
that the apparent area of the pupil &' & subtended at the
point 7z is four times as large as it is when the pupil has the
position @ &. The quantity of light received by the pupil
from a given point of the body must therefore vary inversely
as the square of the distance. It does not, however, follow
that the brightness of the object increases as the eye ap-
proaches thereto ; for although the quantity of light re-
ceived from a small spot of the body increases as the eye
approaches the body, yet the apparent area of the spot
increases in the same ratio. The quantity of light received
is, therefore, always proportional to the apparent illumi-
nated area, so that the intrinsic brightness of the object is
always the same whatever be the distance from which it is
viewed.

Some modification of this statement would be required
when, as in the case of distant terrestrial objects, a great
thickness of air has to be traversed by the rays. In this
case the absorption of the light by the atmosphere has the
effect of diminishing the brightness of a distant object.

§ 5. Lenses.—Telescopes are usually made by inserting
into a tube a certain number of specially shaped pieces of
glass, termed Zenses. 1t will be necessary for us to describe
some of the different forms of lenses and their properties,
in order to understand the combination of lenses which
forms a telescope.
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If a converging lens p (¥ig. 3) receive a pencil of rays
diverging from a point A, the rays will, after refraction, con-
verge towards a certain fixed point @. A converging lens

FiG. 3.

will act in the same way upon a pencil of rays which diverge
from a point A (Fig. 4) not situated exactly in the axis of
symmetry of the lens, and will bring them to intersect at a.

FiG. 4.

Let us suppose that the point A recedes farther and farther
from the lens, then the point @ will draw in closer and closer
towards it. When the point A has at last withdrawn to such

FiG. s.

a distance that the rays which diverge from it have become
sensibly parallel, the point @ will have moved in to a certain
distance o @, which is called the focal length of the lens (Fig. 5).



6 Astronomy.

The influence of diverging lenses ( Fig. 6) upon a pencil of
light is opposite to that of converging lenses. If a convergent
pencil of rays falls upon a diverging lens
it renders them less convergent, or even
parallel or divergent. If the pencil consists
of parallel rays, the diverging lens renders
them divergent ; if the pencil consists of divergent rays, the
diverging lens will render them more divergent.

§ 6. Formation of Images—An object a B (Fig. 7) is
placed in front of a converging lens, at a distance from that
lens which is greater than its focal length.

This object is supposed either to be self-luminous or to
be illuminated by the rays from some source of light. From
each point of the object a pencil of rays will diverge ; this

FiaG. 6.

FiG. 7.

pencil will fall upon the converging lens, and after passing
through the lens the rays will converge to meet at a point on
the other side of the lens. Thus from the point A of the
image a pencil of rays will diverge, which, after passing
through the lens, converge to the point @. In a similar
manner the pencil of rays proceeding from the point B will
converge to the point &.

It therefore appears that each point of the original
object will be the source of a pencil of rays, which converge
to a corresponding point after passing through the lens. The
figure produced in this way is called an zmage.  1f the object.
A B be at an exceedingly great distance, then the .image will
be formed at the principal focus of the lens.

When we wish to observe the details of a small object it
isusual to employ a single lens for the purpose, which is held
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between the object and the eye. In this way the eye can
be brought much closer to the object than would be possible
for distinct vision without the assistance which the lens
affords. The structure of the eye is such that distinct vision
is only possible when the divergence of the rays which enter
the pupil does not exceed a certain amount. If the eye be
brought too close to an object for distinct vision, then the
divergence of the rays from that object is too large. By
placing a simple converging lens between the eye and the
object the divergence of the rays is diminished, and thus
distinct vision is rendered possible.

This effect of a lens can be illustrated by a figure. Let
A B be a small object which is to be examined, and let it be

’ Fic. 8.

placed detween the lens and its focus F, the eye of course
being situated at the other side of the lens. ‘Therays which
diverge from the point a will, after passing through the lens,
have their divergency diminished ; they will therefore appear
as if they divergedfrom a point @ more remote from the
lens, and situated upon the line joining the centre of the
lens to the point A. In a similar way the rays from the
point B will appear to come from the point 4, and thus the
whole object A B will appear of the same dimensions as its
image @ 4. The distance of the image from the eye will
depend upon the distance of the object from the lens, and
the latter may be adjusted so that the image shall be situated
at the distance of distinct vision. The eye is thus able to
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see distinctly the details of the image, because the image is
larger than the object would appear if it were placed at the
distance of distinct vision and viewed without the aid of
the lens.

§ 7. The Telescope.—The telescope in its most simple
form consists of a combination of two lenses, one of which
forms an image of the distant object while the other mag-
nifies that image.

Let L (Fig. 9) be a lens, called the object lens, which
receives rays coming from a distant object. An image a &
is formed of this object where 0 A and ¢ B are directed from
the centre of the lens to the extremities of the distant
object. The image a & is then magnified by the lens into
the image a’ &#. The lens L’ is termed the eye piece.

F1G. o.

[y

55

T4 o

N

| A
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The distance at which the image @ & is situated from the
object lens depends upon the distance of the object itself
from the object glass. When the latter is so great that the
rays from a point may practically be considered to form a
parallel beam, then the distance from a & to the object glass is
equal to the focal tength of the object glass. This is of course
the case when the telescope is used for astronomical observa-
tions. The distance at which thelens L’ is placed from the
image @ & depends upon the eye of the observer, because
the image a’ &' must lie at .the distance for distinct vision,
which is different in different persons.

We can now ascertain the effect which the telescope
produces in magnifying a distant object. The angle which
the object subtends at the object glass is equal to A ¢ B.
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Since the length of the telescope may be regarded as quite
inappreciable when compared with the distance of the ob-
ject, it follows that A 0 B is also equal to the angle which the
object would subtend if viewed by the unaided eye. But
when we view the object through the telescope we see, instead
of the object, the image @’ #', and this image subtends an
angle 40’ a. It therefore appears that the telescope augments
the angle at which an object is seen in the ratio of the angle
b d ato the angle 4 ¢ a. Since these angles are small we
shall be approximately correct in assuming that the angle
4 0 a bears to the angle 4 ¢’  the same ratio as the distance
from & a to the eye lens bears to the distance from 4« to the
object lens. The distance from 4 ¢ to the eye lens is very
nearly the same thing as the focal length of the eye lens,
because the rays, on emerging from the eye lens, have to
be nearly parallel in order to have them in a suitable form
for distinct vision. We have also seen that the distance
from & a to the object lens is equal to the focal length of the
object lens, and hence we deduce the imqprtant result which
is thus stated:— §

The magnifying power of a ltelescope is equal to the ratio of
the focal length of the object glass to the focal length of the
eye piece.

An important practical consequence follows from this
law. We are enabled, by simply changing the eye piece, to
augment indefinitely the magnifying power of the telescope.
The advantage of increasing the magnifying power beyond
a certain point is, however, neutralised by the fact that the
brilliancy of the object is diminished.

Let us next consider the effect of the telescope upon the
brilliancy with which the object is seen. From each point
of the object a pencil of rays diverge, which may be consi-
dered to be parallel. ‘Thus the entire surface of the object
glass receives rays from each point of the distant object.
These rays, after passing through the object glass, converge
to a point z in the image a & (Fig. 10). Diverging there, they
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fall upon the eye lens, and thence into the eye of the
observer. If the eye lens had not been used, the eye of
the observer would have to be placed at the distance of dis-
tinct vision, about 8 or 10 inches from 7. The beam would

FiG. 10.

accordingly have attained a considerable degree of diver-
gence, and only a portion of the rays would have been able
" to enter the pupil. A portion of the light grasped by the
object glass would therefore have been wasted. By the inter-
vention of the eye piece the eye is enabled to be brought
much closer to the point whence rays are diverging, and
thus the beam is intercepted by the eye while the section of
the diverging cone is still smaller than the pupil. In this
way the eye piece enables us to avail ourselves of all the
light grasped by the object glass.

When all the light enters the pupil, then the quantity of
light which illuminates the point 7 of the image is equal to
the quantity of light which fell upon that point from the
object glass. It is therefore proportional to the area of the
object glass. It should be observed, however, that in what
has been said we have overlooked the loss of light which
occurs in consequence of its absorption by the glass both
in the object glass and the eye piece, and also the loss which
takes place by reflection at the different surfaces ; the effect
of these losses is to render-the quantity of light received by
the eye from a point of the object somewhat less than it
would have been had the object glass and the eye piece
been perfectly transparent.

We have, then, seen that the magnifying power of atele-
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scope depends entirely upon the ratio of the focal lengths
of the object glass and the eye piece, while the quantity of
light transmitted from each point of the object to the eye
depends upon the aperture of the object glass.

It will now be obvious that the quantity of light with
which the image in a telescope is illuminated depends upon
the size of the object glass.  If; therefore, the magnifying
power of the telescope be increased while the aperture of
the object glass remains the same, the intrinsic brilliancy of
the image is diminished, for the same quantity of light has
now to be spread over a larger area.

The same considerations will also explain how it is that
a telescope can render an object visible which, without such
aid, would be invisible. Take, for example, a telescopic
star. The rays from such a star, falling upon the pupil, fail
to produce an impression upon the retina, because the
aperture of the pupil is so small that a sufficiency of rays to
produce the required impression cannot enter the eye.
When the aid of a telescope is called in, all the rays which
fall upon the sutface of the object glass are so modified that
they can enter the eye. In fact, if we may use the illustra-
tion, the telescope acts asa sort of funnel, and poursa large
quantity of the rays in through the small aperture of the
pupil. Omitting the sources of loss already referred to, we
may say that the quantity of light which enters the eye with
the aid of the telescope bears to the quantity which enters
without that aid the same proportion which the area of the
object glass bears to the ares of the pupil.

§ 8. Achromatic Object Glasses—A beam of ordinary
white light consists of a number of rays of different coloured
lights mingled together. When a beam of white light is
refracted through a prism, the different coloured lights are
separated, and what are called prismatic colours are observed.
It will be found that the bluish rays are more bent than the
red, while the greenish tints occupy an intermediate position.
When a beam of white light falls upon a converging lens, the
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blue rays being more bent than the red, the focal length of
the lens for the blue rays is somewhat shorter than it is for
the red. The image of an object which emitted only blue
rays would therefore be formed somewhat nearer to the
object glass than the image of an object which emitted
only red rays. The light from the different celestial bodies
consists generally of a mixture of several different colours,
and it follows that a number of images will be produced at
the foci corresponding to the different colours. Itis true that
these foci are all near together, but the effect is still sufficient
to render the image of the object, as seen through the
object glass, somewhat indistinct and fringed with colours.
It was, however, discovered by Dolland in 1758 that the
difficulty arising from this cause could be obviated. He
found that by a suitable combination of two lenses an
object glass could be constructed, in which the focus of the
red rays and that of the blue rays could be made to coincide.
The achromatic object glass, as this compound lens is termed,
1s shown in Fig. 11.  One of these lenses is convergent, and is
made of what is called crown glass ;
the other is divergent, and is
formed of fint glass. There is a
remarkable difference between the
action of flint glass and crown
glass upon light. If we take a convergent lens of crown glass
and a convergent lens of flint glass, and if these lenses be such
that each of them has the same focal length for the red rays,
then the’ focal length of the blue rays will be shorter for
the flint lens than for the crown. In fact, the effect of the
flint glass in separating the rays of a compound beam is
more marked than that of the crown. If we take a diverg-
ing lens formed of flint glass, and unite it to a converging
lens formed of crown glass, then when a beam of light pours
through the compound lens the red rays are bent by the
converging lens and unbent by the diverging lens ; the blue
tays are also bent by the converging lens and unbent by

FiG. 11.
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the diverging lens. But the lenses can be so apportioned
that the total effect will be to bend the red rays and the
blue rays by the same amount, and therefore to concentrate
them all at one focus. The effect of the union of the two
lenses is thus to produce what is equivalent to a single lens,
which acts equally upon the blue rays and the red rays.
When the blue rays and the red rays have thus been
brought to coincide, the intermediate rays of orange, yellow,
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and green may practically be considered to have been
brought to the same point. The construction of the achro-
matic object glass so that the various corrections shall be
made with nicety is a most delicate mechanical operation.
Until recently good achromatic object glasses above 6 or 8
inches in diameter were very rare, but now object glasses
of 36 inches in aperture and upwards have been success-
fully accomplished. A section of an achromatic telescope
is shown in Fig. 12. The achromatic object glass a is
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fixed at the extremity of a tube, at right angles to its
axis. At Fis the eye piece, which consists of two lenses
fitted into a tube which slides in and out of a tube pc by
the aid of a rack and pinion . The eye piece sometimes
consists of only a single lens, and this arrangement is
undoubtedly preferable when the object under cxamina-
tion is situated near the centre of the field of view. There
is, however, so much distortion produced by a single eye
lens in those objects which lie near the margin of the field
of view that the compound eye piece, consisting of two
lenses, is generally preferred. By its aid the same magnifying
power is retained while the distortion is greatly diminished.
On the other hand, the introduction of a second lens is of
course attended with some sacrifice of light.

In focussing the telescope the eye piece is drawn in or
out by the rack until the object is seen distinctly. If the
telescope be intended for terrestrial objects it is usual to
replace the astronomical eye piece by another eye piece
which contains four lenses. The reason of this is that the
astronomical telescope always exhibits an object turned
upside down, and the second pair of lenses have to be
added to the eye piece for the purpose of showing objects
in their ordinary position.

§ 9. Reflecting Telescope.—Telescopes are also constructed
by means of the re¢flection of light from spherical mirrors.
Suppose a luminous object AB is placed in front of a
spherical mirror M (Fig. 13). The rays from the point a
form a diverging beam, which, after reflection from the
surface of the mirror, form, in accordance with the laws of
reflection, a converging beam, which comes to a focus at the
point a. In a similar way the rays diverging from B are
brought to a focus at the point 4. Thus an image of the
entire object A B will be formed at the position a 2.

There are various different forms in which the principle
_of the mirror can be employed in the construction of a
reflecting telescope. The most simple arrangement, and
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probably the best, is what is known as the Newtonian
telescope (Fig. 14). The rays of light from a distant object
A B fall upon a concave mirror M, and tend to form an image
of the object at the point @ . Before, however, the rays reach
the position a4, they are intercepted by a small diagonal
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mirror N, which directs the rays to the side of the tube,
where they form the image @’ /'. This image is then viewed
by the observer at the side of the telescope with the aid of
the eye piece o.

The magnifying power of a Newtonian reflecting telescope
is equal to the ratio of the focal length of the large mirror to

FIG. 14.
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the focal length of the eye piece. The light-grasping power
is proportional to the area of the large mirror.

The construction of a large mirror is an exceedingly
delicate and difficult operation ; the size is, however, not so
limited as that of achromatic object glasses. The largest
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telescope which has yet been constructed is of the Newtonian
form. This magnificent instrument was constructed by the
late Earl of Rosse at Parsonstown, and the large mirror is six
feetin diameter. The amount of concavity inthe mirror is de-
signedly exaggerated in the figure. In the case of the great
mirror at Parsonstown the depression at the centre is only
about half an inch, and the focal length is about sixty feet.
The polished surface of the mirror differs but little from a
small portion of a sphere with a radius of 120 feet.

Another form of reflecting telescope is represented in
Fig. 15, and is called the Gregorian telescope. In this case
the large mirror M is pierced by a circular aperture, and the
small mirror N is also concave, and is situated in the axis of
the tube. The rays from the distant object, after reflection at
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the surface of the large mirror, form an image of the object at
@ . The rays diverging from this image fall upon the small
mirror at N.  After reflection from the small mirror they are
returned through the aperture in the large mirror, and form
another image at @’ &/. They are then viewed by the eye piece,
placed at o. In the Cassegrain telescope the small mirror is
convex, and is placed at the other side of the focus of the
large mirror.

The mirrors were formerly composed of what is called
speculum metal, an alloy consisting of two parts of copper
and one of tin. Of late years, however, they are usually
constructed of silvered glass.

§ 10. Z%e Measurement of Angles.—If a right angle be
divided into ninety equal parts, each one of the parts thus

" obtained is termed a degree.  If a degree be subdivided into
sixty equal parts, each one of these parts is termed a minute ;
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and if a minute be subdivided into sixty equal parts, each
of these parts is termed a second.

An angle is, therefore, to be expressed in degrees,
minutes, and seconds, and, if necessary, decimal parts of
one second. For brevity certain symbols are used: thus
49° 13/ 114 signifies 49 degrees, 13 minutes, 11 seconds,
and four-tenths of one second.

We shall now explain what is meant by a graduated
circle.  Let the circumference of a circle A D B (Fig. 16)
be divided into 360 parts of equal length. The division
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90°

lines separating these parts are denoted by o°, 1°, 2°, up to
359° It is usual in small circles to engrave upon the circle
only those figures which are appropriate to every tenth
division. The actual numbers found on the circle are,
therefore, 0°, 10°, 20° &c.  There is, however, no difficulty
in finding at a glance the number appropriate to any in-
termediate division. To facilitate this operation the divisions
5° 15°, 25° which are situated half-way between each of the
numbered divisions, are sometimes marked with a larger line,
so that they can be instantly recognised.

The interval between two consecutive divisions on a
c
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circle is often, for convenience, termed a degree. The
reader must, however, carefully remember that the word
degree means an angle and not an arc. With this caution,
no confusion will arise from the occasional use of the word
to denote the small arc of the circle instead of the angle
which this arc subtends at the centre.

For the more refined purposes of science the subdivision
of the circle must be carried much further than the division
into degrees. The extent of the subdivision of each arc of
one degree into smaller arcs depends upon the particular
purpose for which the graduated circle is intended.

The most familiar instance of a graduated circle is the
ordinary drawing instrument termed a profractor. ‘The pro-
tractor is employed for drawing angles of a specified size.
For example, suppose that from a point ¢ in a straight line
aB (Fig. 106) it is required to draw a line c¢D so that the
angle BcD shall be equal to 43°. The centre of the pro-
tractor is to be placed at ¢, and the division marked o° upon
the protractor is to be placed upon the line AB. Then a
dot is to be placed upon the paper at the division 43° and
a line ¢ » drawn through the dot from the point c is the line
which is required.

The extent of the subdivisions is limited by the size of
the instrument. Thus in a protractor six inches in diameter
the length of the arc of one degree is about the twentieth
of an inch. If much further subdivision be attempted, the
divisions are so close together that they cannot be con-
veniently read without a magnifier. A protractor of this
size is, therefore, usually only divided to 3o-minute spaces.

For astronomical instruments the graduated circles are
generally subdivided to a greater extent than 3o-minute
spaces. In theinstrument known as the meridian circle the
divisions of the circles are usually engraved on silver, and
two consecutive divisions are only five minutes, or in some
instruments only two minutes, apart. In the latter case the
entire circumference contains 30 x 360=10800 divisions.
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The circles in this case are about three feet in diameter,
and the divisions are read by microscopes. 3

Mechanical ingenuity has, however, obviated the neces-
sity for carrying the subdivisions of the circumference of a
graduated circle to an excessive degree of minuteness. By
the graduated circles attached to large astronomical instru-
ments we are now able to ‘rcad off’ angles to the tenth
part of a second. If this had to be effected by divisions
alone there would require to be 12,960,000 distinct marks
upon the circumference, and this is clearly impossible
with circles of moderate dimensions. We shall presently
explain the contrivances by which this vast extension of the
accuracy with which angles can be measured has been
obtained.

§ 11. Circular Measure.—There is another mode by which
the magnitude of angles may be expressed, which, though
unsuited for the graduation of astronomical instruments, is
still of the greatest importance in many astronomical calcu-
lations. If we measure upon the circumference of a circle
an arc of which the length is equal to the radius of the circle,
and if we draw straight lines from the two extremities of this
arc to the centre of the circle, the joining lines include a
certain definite angle, which is termed the unit of circular
measure. This is sometimes called the radian. It can easily
be shown that the unit of circular measure is independent of
the length of the radius of the circle. Whether the radius
of the circle be an inch or a yard, the number of degrees,
minutes, and seconds in the radian always remains the
same. .

We can now see how the magnitude of any angle what-
ever may be expressed by the number of radians and frac-
tional parts of one radian to which the given angle is
equivalent. This number is called the circular measure of
the angle. Tt is often necessary to convert the expression
for the magnitude of an angle in radians into the equiva-
lent expression in degrees, minutes, and seconds. To
che

-
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accomplish this we first calculate the number of seconds in
one radian.

Since the circumference of a circle is very nearly equal
to 314159 times its diameter, the arc of a semicircle is very
nearly equal to 3-14159 times the radius. The angle sub-
tended at the centre of the circle by the arc of a semicircle
is of course 180° It therefore follows that 180° must be
almost exactly equal to 314159 radians. By reducing 180
degrees to seconds, and dividing by 3°14159, it is found that
one radian is very nearly equal to 206265 seconds.

It is frequently necessary in astronomical calculations
to make use of the principle that when the length of an arc
of a circle is very small in comparison with the radius, the
length of the arc may generally be taken as the length of
the chord.

To illustrate the application of this principle we shall
state here a problem which very often occurs in astronomy.

A distant object, of which the ap-

parent diameter is a B (Fig. 17),
A subtends a known angle at the

0<| eye placed at 0. If the distance
5 04 from the eye to the object

be known, it is required to find

the length A B. It generally happens in astronomical calcu-
lations that although the length A B may be exceedingly
great, yet the ratio of the length a B to the distance oa
is comparatively small. If a circle be described of which
o is the centre and 0 A the radius, this circle will pass
through the points 4, B, and the length of the chord a®
will practically be equal to the length of the arc. We may
therefore compute the arc instead of the chord. The
angles subtended at the centre of a circle by arcs upon
its circumference are proportional to the lengths of those
arcs; it therefore follows that the required distance a B must
bear to the length o A the same ratio which the angle Aoe
bears to the angle subtended by an arc equal to o A—i.e. to

Fic. 17.
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an angle of one radian. If 6 be the angle 0 A B expressed
in seconds, we therefore have the relation

AB: QA0 : 206265,

from which A B is determined.

§12. Zustruments jfor Measuring Angles.—In practical
astronomy it is frequently necessary to measure the angle
which two distant points subtend at the eye. Take, for
example, two stars, which may beregarded as almost mathe-
matical points on the surface of the heavens; then it may
be required to measure the angle which is formed by
the two lines which may be conceived to be drawn from the
eye of the observer to the two stars. In effecting this mea-
surement it is first of all necessary to bring two radii of a gra-
duated circle into coincidence with the two sides of the angle
which Is to be measured, and then to ascertain the number
of degrees, minutes, and seconds between the two radii.

Before the invention of the telescope one of the methods
of bringing the radius of the graduated circle into coinci-
dence with the visual ray was by the operation known as
‘sighting.’

At oneend A of abar 4 B (Fig. 18) a vertical slit is
fixed, while at the other end B is a pin. The eye being

Fic. 18.

placed at the slit, the bar can be so placed that the object
under observation appears exactly behind the pin. The
bar containing the- sights can turn about the centre of a
graduated circle, of which a quadrant is represented (Fig.
19). When the sights have been properly directed to one
of the objects to be observed, the position of the bar on
the graduated circle is read off. The sights are then
directed to the other object, and the position of the bar
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is again read off. The difference between the two readings
gives the angle between the two objects.

The great drawback to this contrivance is its want of
accuracy, which renders it quite ainfitted for astronomical
observations in the
present state of the
science. In fact, it
is impossible to avoid
errors, which may
amount to some or
even many minutes
of arc, in measuring
angles by such a con-
trivance. Even the
improved sights used
by T'ycho Brahe could
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scarcely distinguish less than a minute. The sighting is
therefore now replaced for astronomical purposes by the
incomparably superior contrivance which the invention of
the telescope has placed in our hands.

At the focus of the object glass of a telescope a dia-
phragm with a circular aperture is placed, and across this
circular aperture two extremely fine lines, usually taken from
a spider’s web, are stretched (Fig. 20). The intersection of
these lines marks a certain point in the field of view, and the
telescope is to be directed to the distant object, so that the
object or a specified point thereof shall coincide with the
intersection of the wires.

It remains to be shown what specific line in the tele-
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scope is to be actually regarded as the line of vision which
is to replace the line joining the two sights in the com-
paratively rude apparatus already described. Let a repre-
sent (Fig. 21) the distant object, the rays from which fall
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upon the object glass at ¢ and are then brought to a focus at
a point B, which coincides with the intersection of the two
cross wires. The rays which fall upon the object glass must
in general be deflected in passing through the glass, but
there is oze ray among those which diverge from a which
the object glass does not deflect. If the line A 5 be drawn,
it cuts the object glass at a pointo. A ray passing along the
direction Ao cannot be deflected by the object glass, for
otherwise it would not travel to the point B after passing
through the object glass. This ray must pass through a
certain point, which is called the optical centre of the object
glass. The line joining the optical centre of the object
glass to the intersection of the cross wires is actually
defined in the telescope itself, without reference to external
objects. This line is adopted as the line of sight of the
telescope, and is known as the gptic axss. It is necessary to
observe that the optic axis need not necessarily coincide
with the actual axis of the cylindrical tube of the telescope
itself, nor is it either the line joining the centres of the
object glass and the eye piece. The eye piece, in fact, may
be displaced without altering the optic axis. - If it be
desired to effect a small change in the position of the optic
axis of the telescope, this is effected by moving the diaphragm
containing the cross wires in a direction transverse to the
tube itself; the line joining the optic centre of the object
glass to the intersection of the cross wires can thus be
moved within certain limits.
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We can now understand how the telescope, when pro-
vided with the cross wires, affords a much more exact
instrument than the sights placed on a bar. In the latter
case the slit of the one sight and the pin of the other have
to be of considerable dimensions, in order to be readily seen,
and consequently the sighting of the object can only be very
coarsely accomplished. But in the telescope the optic
centre of the object glass may be considered almost a
mathematical point, while the intersection of two exceedingly
fine lines is perhaps the most definite method we possess for
indicating the position of a point. It follows that the optic
axis of the telescope has extreme precision, for it is the line
joining two definite points.

The lines furnished by the spider possess in a high
degree the necessary qualities for forming the cross lines
we have described. In the first place, they are exceedingly
fine and uniform in thickness, and they are also sufficiently
elastic to ensure that when once adjusted with the right
degree of tension they shall remain constantly stretched.

The spiders’ webs with which we are all so familiar are
often used for this purpose, but the cocoons formed by some
species of spiders are perhaps the most convenient source
whence these lines can be derived.

At night it is necessary to illuminate the wires, as other-
wise they could not be seen against the dark background of
the sky. This isaccomplished in two different ways. Inthe
first of these methods the light from a lamp is thrown into
the tube, so as to illuminate the entire field, and then the
lines are seen as dark objects against the bright background.
This is the most satisfactory method of rendering the wires
visible whenever it is applicable. In the case, however, of
very faint stars the illumination of the field will sometimes
render them invisible. It then becomes necessary to resort
to a different method of making the wires visible. By
certain optical arrangements, which need not here be de-
scribed, the light from a lamp is thrown across the field so
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that it illuminates the lines while the field still remains
dark. In this case, therefore, bright lines are seen in a dark
field, while in the other dark lines are on a bright field.
Arrangements are provided by which either kind of illu-
mination can be adopted, according to circumstances. The
illuminated lines are, however, not so sharply seen as the
dark lines, and therefore the latter are always preferred
when the objects under examination are sufficiently bril-
liant to be visible in the illuminated field.

The telescope is to be attached to the divided circle
in place of the sights which we have already described.
The optic axis of the telescope could not conveniently
be placed in the actual plane of the divided circle. It is,
however, quite sufficient that it should be parallel thereto,
nor is it even necessary that the optic axis should pass
through a perpendicular to the plane of the graduated circle
drawn through its centre.

Let us suppose that the angle between two distant points
has to be measured. The plane of the graduated circle is
first to be placed so that it passes through the two points;
the telescope is to be turned so that the image of one of the
points coincides with the intersection of the wires. The
graduated circle is then to be ‘read off’ by means of a
pointer, fixed quite independently of the telescope and the
circlee. The reading having been made, the telescope,
bearing with it the graduated circle, to which it is rigidly
attached, is tobe turned round until the optic axis is directed
towards the other point, the plane of the graduated circle
remaining unaltered. The circle is again to be read off by
the same fixed pointer. The difference between the two
readings determines the angle through which the optic axis
of the telescope must be turned in order to be moved from
one object to the other. This angle is the angular distance
of the two objects, which has thus been determined quite
independently of the position of the telescope itself with
respect to the graduated circle.
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The degree of precision which can be attained in the
measurement of angles by the aid of a telescope may be
estimated by a consideration of the thickness of a spider’s
line. A line taken from a cocoon ordinarily used has a
thickness of about o'oo3 inch. In a telescope of about
20 feet focal length the thickness of a line of this size
will subtend at the object glass an angle of about one-quarter
of a second. This, therefore, indicates the degree of ex-
actitude with which the telescope might be directed to-
wards a distant point.

For many purposes it is found more accurate to have
two parallel spider lines tolerably close together, and then to
bring the image of a distant point so as to bisect the distance
between the lines. As the eye can judge with considerable
delicacy of the equality of the distances of the point from
the two lines, this method has much to recommend it for
certain kinds of observation.

§ 18. Method of Reading an Angle—The reading micro-
scope consists of an object glass at B (Fig. 22) and an
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eye piece at A, connected by a
tube. At the focus of the object
glass a pair of cross lines are
inserted, and the diaphragm
which carries the cross lines is
capable of being moved by a
screw, which carries a graduated
head at @. A portion of the
. graduated circle, which is rigidly
attached to the telescope, is shown at ¢ b (Fig. 23). The
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microscope is adjusted so that a distinct image of a portion
of the graduated limb of the circle can be seen when the
eye is placed at a. The appear-
ance presented in the field of the
microscope is shown in Fig. 24.
It may be supposed that the circle I.
is.so divided that the distance from
one division line to the next is

equal to 5 minutes. A few of '
these division lines will be seen in ‘
the field, and also the cross wires =

which are attached to the screw of the micrometer. As
the telescope, carrying with it the graduated circle, is
moved the division marks are seen to move through the
field of the microscope, while the cross lines of course
remain fixed. If the microscope screw be set so that the
divided head stands at zero, then the optic axis of the
microscope intersects the graduated limb of the circle at a
definite point, which is the reading of the circle. If this
optic axis actually passed through one of the division lines,
then this division line would be seen to pass through the
intersection of the cross lines, and the degrees and minutes
corresponding to that division line would be the reading of
the circle.

It will, however, generally happen that the optic axis of
the microscope will intersect the limb of the graduated circle
at a point lying between two adjacent division lines. In
this case the two division lines will be seen, as in Fig. 24, to be
lying one on each side of the point defined by the intersec-
tion of the cross wires. To accomplish the reading of the
circle it becomes necessary to determine the accurate reading,
which corresponds to the point in which the intersection of
the cross wires divides the distance between the two
adjacent divisions. Assuming that the divisions of the
graduated circle increase from the top of the figure to the
bottom, then the distance from the mark 7 to the intersec-

Fic. 24.
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tion of the cross wires has to be ascertained. The distances
between the division lines being 5 minutes, we shall suppose
that the thread of the screw at the head of the microscope
is such that five complete revolutions of the screw would
be sufficient to carry the intersection of the cross wires
from one division line to that next adjacent. It follows
that each revolution of the screw corresponds to one minute
of arc. If, therefore, the head of the screw be subdivided
into sixty equal parts, it is plain that a rotation of the head
through one of these parts will carry the cross lines over a
distance of one second.

The reading is effected by moving the cross lines in the
direction of the arrow until their intersection is brought to
coincide with ».  The number of entire revolutions will
give the number of minutes, and the number of fractional
parts the number of seconds, between the division mark
and the point of the graduated limb, which was intersected
by the optic axis of the microscope when the cross wires
were set at zero.

In order to illuminate the graduated limb at night,
a mirror is placed between the object glass and the
graduated limb. The light from a lamp falling upon the
mirror is reflected upon the limb, while a hole in the centre
of the mirror allows the limb to be seen by the micro-
scope.

§ 14. Error of Eccentricity.—In large circles it is usual
to have four microscopes, or sometimes more, placed sym-
metrically round the circumference, and the reading is made
at each of the microscopes separately. By this means an
important source of error is entirely eliminated. This must
now be explained, and for simplicity we shall take an
example. .

A wmeridian circle was turned through a certain angle,
and the value of that angle was measured by four micro-
scopes placed round the circumference at angles of go® apart.
The value of the angle by
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Microscope I is 104° 56’ 47”1
II. 104 56 5173
ITI. 104 56 471
IV. 104 56 414

If everything had been perfectly right, then it is obvious that
these four angles ought to be equal to each other. But various
sources of error are present.

1. There are doubtless actual errors of judgment in
making the coincidence of the cross wires with the division
mark. These errors are, however, but small, and in a good
instrument should not amount to a single second.

2. There are also errors of workmans/iip in the execution
of the division marks upon the limb of the graduated circle,
and also in the screws of the different microscopes. Still
these errors are but small, and in the instrument with which
the measurements now under discussion were made they
certainly do not exceed a single second.

It is therefore plain that we must look to some other
source for an explanation of the discrepancies between the
four values which have been found.

The chief source of the error is the eccentricity, which
arises from an unavoidable lack of absolute coincidence be-
tween the centre of the graduated circle and the axis about
which the telescope and the graduated circle revolve. The
existence of an error from this cause is inevitable whenever
a graduated circle is mounted upon an axis, but fortunately
we can easily eliminate its effects, so that they shall not
vitiate our results.

It must first be observed that what we wan? fo measure
is the angle A o B (Fig. 25), through which the telescope has
been rotated. What we actually do measure is the number
of divisions of the circle between A and B. It is, however,
obvious that the arc of the circle (which is proportional to
the number of divisions) will not be proportional to the angle
at o, unless the point o, about which the telescope rotates,
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coincides with the centre of the graduations, If, however,
we have two microscopes diametrically opposite, one of them
will indicate the arc a’r’ and
the other the arc A B. Draw
A 3 B ¢ parallel to a A’ ; then

/ since ¢ A’ is equal to A B, the
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sum of the two measured arcs
0 is ¢ B'; but the angle which
c B’ subtends at the circum-
fercnce is obviously equal to
the angle at o. It follows
that 4 c B’ subtends an angle
o at the centre, and therefore
we have the following im-
portant result :—

The arithmetic mean of the readings of two diametrically
opposite microscopes is independent of the error of eccentri-
city.

In the case at present under consideration the mean read-
ings of the diametrically opposite Microscopes I. and III. is

¢
B A

104° 56' 471,
while the mean given by Microscopes II. and IV. is
104° 56/ 46”4

The small discrepancy between these two results may fairly
be attributed to some of the other sources of error to which
we have .referred. It will, therefore, be natural to take the
mean of all four microscopes as the final result, which is
accordingly

: fo4> 56/ 4675,

=3

4 §15. The Measurement of Time.—In many astronomical
investigations it is necessary to have an accurate method of
. measuring time. This is Dest effected by the astronomical
clock. The clock is really only an arrangement for counting
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the vibrations of a pendulum, while at the same time it
sustains the motion of the pendulum. It will first be
necessary to give an outline of the principles upon which
the motion of the pendulum depends.

If a weight A (I'ig. 26) be attached to a cord A B which is
suspended from a fixed point B,
the contrivance forms what is
known as a simple pendulum, B

When at rest the cord will \
hang in the vertical position B c, \
with the weight directly under \
the point of support B. If the 5\
cord Bc be drawn out of the \
vertical position into the position
B A, and if the weight A be re- Y
leased, it will descend until the 4 hA
cord occupies the vertical posi- &
tion Bc, after passing which the
cord will ascend into the position BA’. If we could sup-
pose that the resistance of the air were entirely removed,
then it would be found that the weight would rise at A’
to precisely the same vertical height that it had at a, or
that the angle aBcCis equal to the angle A’Bc.  After a
momentary pause in the position B A/, the weight will again
descend, pass through the position ¢, and rise again to a.
Again pausing, it will commence to descend, and again rise
to 4/, and so on indefinitely. Owing, however, to the resist-
ance of the air, and also, it should be added, to the rigidity
of the cord at the point of suspension, the weight a will
not on each occasion rise quite to the same height that it
occupied before, and consequently the amplitude of the
swing will gradually diminish until finally the weight comes
to rest again in the position c. We shall, however, in what
follows overlook the effect of the resistance of the air ; for
the motion of the pendulum can be indefinitely sustained,
notwithstanding the resistance of the air.

Fic. 26.
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A certain definite time is required for the weight to pass
from the point A to the point A, and we shall first proceed
to enquire into the circumstances by whieh the duration of
that time—called the Zime of vibration—is to be determined.
In the first place, it is to be observed that if the arc A A’ form
but a small portion of the entire circumference of the circle
which could be described around the centre B with the
radius B4, the time taken to move from A to A’is inde-
pendent of the length of the arc. For example, if the length
of the cord A B be one yard, and if the length of the arc a A’
be one inch, then the time taken by the weight to move
from A to A’ is very nearly the same as it would have been
had the arc A ca’ been half an inch or had it been two
inches, the length of the cord AB leing the same in all
three cases. It is no doubt true that there is a minute
difference of time, that the short arc is described in a some-
what shorter time than the long arc; but this difference
bears such an exceedingly small ratio to the total time that
for all practical purposes it may be omitted. We are thus
enabled to state the following remarkable law :—

The time of vibration of a simple circular pendulum
through a small arc is independent of the length of the arc.

This property of the pendulum is often known as its
isochronism.

It is also easy to show that the time of vibration does
not depend upon the zeig/k? of the pendulum. If the weight
a be replaced by one which is double the amount or half
the amount, the time of vibration is still found to be the
same, and still found to be nearly independent of the
length of the arc.

Nor is the case altered when the material of which the
weight of the pendulum is composed is changed. A ball
of lead, of iron, or of wood will vibrate precisely in the
same time, whatever be its weight or whatever be the arc
(supposed " small) through which it swings, provided only
that the length of the cord by which it is suspended remains
unaltered.
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We have thus ascertained that the time of vibration
depends solely upon the length of the cord by which the
weight is supported. It can be shown from theoretical con-
siderations, and it can also be readily verified by actual
experiment, that the following law expresses the true relation
between the length of a pendulum and the time of its
vibration.

The time of vibration of a simple circular pendulum is
proportional to the square voot of its length, and the length of
the pendulum whick at the latitude of London vibrates in one
mean solar second is 36°139 inches.

It will thus be perceived that the pendulum provides
an admirable method of determining intervals of time.
It is only necessary to count the number of vibrations
made by a pendulum of known length, and the required
interval of time is at once ascertained. For this purpose we
must sustain the motion of the pendulum by occasionally
giving it a suitable impulse ; but, owing to the principle
of isochronism, it is fortunately unnecessary to impose
the condition that the arc of vibration shall remain strictly
constant,

§ 16. T%e Clock.—A pendulum of the simple form which
we have been describing would not be adapted for use in a
clock. The pendulum in a clock consists of a heavy mass
of metal attached to a rigid rod, which is suspended from a
fixed point by a steel spring, which acts as a sort of Zinge to
permit the vibrations of the pendulum. It is, however,
possible to apply the principles of the simple circular pen-
dulum to the clock pendulum, only observing that the
length of the circular pendulum, which would vibrate in
precisely the same way as the clock pendulum, is somewhat
less than that of the latter.

The first duty of the clock is to sustain the motion of
the pendulum, which the resistance of the air is constantly
striving to bring to rest. To attain this end the clock is
supplied with a motive power, which gives the pendulum a

D
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small impulse in each vibration, and thus retains the arc of
vibration approximately constant.

The motive power employed in those clocks which are
used for astronomical purposes is generally afforded by a
weight, rather than by a spring. The cord attached to
the weight is wound around a drum, and as the weight

FiG. 27. FiG. 28.

D

descends the drum .is forced to revolve. On the axis
of the drum is a toothed wheel, which sets in motion a
series of toothed wheels, by which the hands are turned
round, and the motion of the whole is controlled by the
pendulum. This control is exercised through the medium
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of that important part of a clock which is known as the
escapement, while the escapement also discharges the im-
portant duty of sustaining the motion of the pendulum.

The action of the escapement may be understood from Fig,
27. A toothed wheel E is connected with the wheelwork driven
by the weight. Above this is suspended a piece A B c D
which is free to oscillate about the centre D. From the axis
D a rod F (Fig. 28) descends, which by means of a fork at
catches the rod of the pendulum. 'Thus as the pendulum
oscillates so does the rod ¥, and hence also the piece A B c.
In the course of the vibration the portion ¢ p enters between
a pair of consecutive teeth of the escapement wheel, and the
tooth then falls upon the arc. In this condition the escape-
ment wheel remains fixed until, in the return motion of the
pendulum, the part ¢ p withdraws from between the teeth suffi-
ciently to allow the point of the tooth toglide down the inclined
face p ¢, and the tooth escapes, as it is called. Immediately
afterwards, however, the tooth at the other side drops upon
the arc at 7, and is there detained until the pendulum gainsa
position which will erable the point of the tooth to slide down
the face 7z It will thus be seen that the revolution of the
escapement wheel, and therefore of the whole train of ‘wheels,
is controlled by the motion of the pendulum. In the act
of descending the inclined planes at p ¢ and » » the point
of the tooth imparts a slight impulse to the piece A B C;
this impulse is, through the medium of the fork ¢, transmitted
to the pendulum, and so the oscillations of the pendulum are
sustained.

When the clock is wound up a store of energy is imparted
thereto, and this is doled out to the pendulum in a very
small impulse which it receives at each vibration. The clock
weight is of such a magnitude that it shall just be able to
counterbalance the retarding forces when the pendulum has
a proper amplitude of vibration. In all machines there is
a certain amount of energy lost in setting the parts in motion
and in overcoming friction and other resistances ; in clocks

D2



36 Astronomy.

this represents the whole amount of the energy consumed,
as there is no external work to be performed.

A good construction of the escapement wheel is essential
to the correct performance of the clock.  Although the
pendulum must have its motion sustained by receiving an
impulse at every vibration, yet it is desirable that the vibra-
tion of the pendulum should be hampered as little as pos-
sible by mechanical constraint. The isochronism of the
pendulum, on which depends its utility as a timekeeper,
is a property of a pendulum which is swinging quite freely.
Hence we must endeavour to approximate the clock pen-
dulum as nearly as possible to a pendulum hung freely.
To effect this and at the same time to maintain the arc of
vibration constant is the property of a good escapement.

The operations are so timed that the pendulum receives
its impulse when at the middle of itsstroke, and the pendulum
is then unacted upon until it reaches a similar position in
the next vibration. There is still a certain resisting force
acting to retard the pendulum ; this arises from the pressure
of theteeth upon the circular surfaces, where some friction is
unavoidable, however carefully the surfaces maybe polished.

It is essential for the correct performance of a clock
that the pendulum should vibrate at a proper rate, as a
very small irregularity may produce an appreciable effect
upon the clock. Thus suppose the pendulum vibrates in
1'0o1 second instead of in one second ; the clock loses one-
thousandth of a second at each beat, and, since there are
86,400 seconds in a day, it follows that the clock will lose
about 86 seconds, or nearly a minute and a half, daily. The
time of vibration depends upon the length of the pendulum,
and therefore the rate of the clock will be constant, pro-
vided the length of ‘the pendulum remain constant. To
alter the rate of the clock the length of the pendulum must
be altered ; thus, for example : if the length of the pendulum
be altered by one-tenth of an inch the clock will lose or gain
nearly two minutes daily, according to whether the pendulum
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be lengthened or shortened. This explains the well-known
practice of raising or lowering the bob of the pendulum when
the clock is going too slow or too fast.

§ 17. 7he Compensating Pendulum.—Let us supposethat
the length of the pendulum has been properly adjusted, so
that the clock keeps accurate time. It is necessary that
the pendulum should not alter in length. But, as all bodies
expand by heat, a pendulum which consists of a single rod
to which the weight is attached must be longer in hot
weather than it is in cold weather, and hence a clock will
generally have a tendency to go faster in winter than in
summer. For a pendulum with a steel rod the difference of
temperature between summer and winter will cause a differ-
ence in the rate of five seconds daily, or about half a minute
in a week. The amount of error thus introduced is of no
great consequence in clocks which are intended for ordinary
use, but in astronomical clocks, where seconds, or even
portions of a second, are of the utmost consequence, in-
accuracies of this magnitude would be quite inadmissible.

There are, it is true, substances—for example, slips of
white deal—in which the rate of expansion is less than that
of steel ; consequently the irregularities introduced by em-
ploying a pendulum whose rod is a slip of deal would be
less than that of the steel pendulum we have mentioned ;
but no substance is known which would not undergo greater
variations than are admissible in the pendulum of an
astronomical clock.

We must, therefore, devise some means by which the
effect of changes of temperature in altering the time of
vibration of a pendulum can be avoided. Various contri-
vances have been proposed for this purpose ; we shall de-
scribe one which is often adopted.

~In Fig 29 is shown what is known as the mercurial
compensating pendulum. The rod @, by which the pen-
dulum is suspended, is made of steel, and at its lower
extremity two cylindrical glass jars are supported, which
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are partly filled with mercury. The distance of the centre
of gravity of the mercury from the point of suspension
is very nearly equal to the length of the simple pendulum,
which would vibrate isochronously with
the compound arrangement here described.
Mercury and steel both expand when their
temperature is raised, but the rates at which
they expand are widely different, and it is
upon this difference in the cogficicnts of
expansion that the action of the compensat-
ing pendulum depends. For a given rise
of temperature the linear coefficient of ex-
pansion of mercury is several times greater
than that of steel. If the height of the
column of mercury in the two jars 4,4 has
a proper ratio to the length of the steel rod,
the compensation will be complete. For
suppose the temperature of the pendulum to
be raised, the steel rod would be lengthened,
and therefore the vessels of mercury would
be lowered. On the other hand, the surface
of the column of mercury in the jars would
be varied by the expansion of the mercury. The centre of
the column of mercury will be raised by half the amount
which its surface is raised. It can be arranged that the
centre of the column of mercury is raised by its own ex-
pansion as much as it is lowered by the expansion of the
steel. By this contrivance the time of oscillation of the
pendulum is rendered independent of the temperature.

The mercurial compensating pendulum possesses the
great advantage that it is easy to alter the quantity of mer-
cury so as to adjust the compensation with precision.

§18. Composition of Light.—We shall now give a brief
account of a very remarkable method which has been ap-
plied with great success to the examination of the heavenly
bodies. This method is termed spectrum analysis. Its
peculiar feature is that, with the assistance of a telescope, it

FiG. 29.
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actually gives us information as to the nature of the elemen-
tary substances which are present in some of the celestial
bodies. To explain how this is accomplished it will be
necessary for us to refer again to some properties of light
which were already alluded to (§ 8). A ray of ordinary
sunlight consists in reality of a number of rays of different
colours blended together. The ¢white’ colour of ordinary
sunlight is due to the joint effect of the several different rays.
We have, however, the means of separating the constituent
rays of a beam of light and examining them individually.
This is due to the circumstance that the amount of bending
which a ray of light undergoes when it passes through a
prism varies with the colour of the light.

§19. Construction of the Spectroscope.—Suppose A BC
(Fig. 294) to represent a prism of flint glass. If a ray of
ordinary white light tra-
velling along the direc-
tion PQ falls upon the
prism at Q, it is bent by
refraction, so that the
direction in which it /
traverses the prism is s
different from the direc- % - &
tion in which it was
moving when it first encountered the prism. The amount
of the bending is, however, dependent upon the colour of
the light. In a beam of white light we have blended
together the seven well-known prismatic colours, viz. red,
orange, yellow, green, blue, indigo, violet. We shall trace
the course of the first of these and the last. The red light
is the least bent ; it travels along (let us suppose) the direc-
tion Q R until it meets the second surface of the prism at R ;
it is then again bent at emergence, and finally travels along
the direction R s. On the other hand, the violet portion of
the incident beam, which originally travelled along the
direction P @, is more bent at each refraction than the red
rays. Consequently after the first refraction it assumes the

FiG. 29a
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direction Q R/, and after the second refraction, the direction
R's’. The intermediate rays of orange, yellow, green, blue,
and indigo, after passing the prism, are found to be more
refracted than the red rays, and less refracted than the
violet rays; they are, therefore, found in the interval
between the lines R s and ®’ 8.

We have therefore, in the prism, a means of decomposing
aray of light and examining the different constituents of
which it is made. We shall now show how this is practi-
cally applied in the instrument
known as the spectroscope. The

A P e

| — = principle of this instrument
Sl ——A§ may be explained by reference
\/\\ to Fig. 298. At s is a narrow

¥ slit, which is supposed to be
perpendicular to the plane of
the paper. Through this slit
a thin line of light passes, and
it is this thin line of light
which is to be examined in the spectroscope. After passing
through s, the light diverges until it falls upon an achro-
matic lens placed at a. This lens is to be so placed that
the distance A s is equal to the focal length of the lens ; it
therefore follows that the beam diverging from s will, after
refraction through the lens A, emerge as a beam of which all
the constituent rays are parallel. Let us now for a moment
fix our attention upon the rays of some particular colour.
Suppose, for example, the 7ed »ays. The parallel beam of
red rays will fall upon the prism p. Since each of these
rays has the same colour, it will, on passing through the
prism, be deflected through the same angle, and, therefore,
the beam which consisted of parallel rays before incidence
upon the prism will consist of parallel rays after refraction
through the prism, the only difference being that the entire
system of parallel rays will be bent from the direction which
they had before. In this condition the rays will fall upon
the achromatic lens B, which will bring them to a focus at a

Fi16. 298,
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point R, where we shall suppose a suitable screen to be
placed. Thus the red rays which pass through the slit at s
will form a red image of the slit upon the screen at =.

But what will be the case with the violet constituents of
the light which passes through s? The violet rays will fall
upon the lens 4, and will emerge as a parallel beam (for we
have supposed the lenses a4 and B to be both achromatic),
the parallel violet beam will then fall upon p, and it will
emerge from p also as a beam of parallel rays. It will, how-
ever, be more deflected than the beam of red rays, but still
not so much so as to prevent it falling upon the lens s,
which will make it converge so as to form an image at T
near to the red image at r, but somewhat below it.

Let us suppose the slit at s to be exceedingly narrow,
and let us suppose that the beam of light which originally
passed through s contained rays of every degree of refrangi-
bility from the extreme red to the extreme violet. We
should then have on the screen an indefinitely great number
of images of the slit in different hues, and these images
would be so exceedingly close together that the appearance
presented would be a band of light equal in width to the
length of the image of the slit, and extending from R to T.
This band, the colour of which gradually changes from red
at R to violet at T, is known as the prismatic spectrum. In-
stead of the screen the eye itself may be employed to receive
the light which emerges from the lens B, so that the spec-
trum is impressed upon the retina. For the more delicate
purposes of spectrum analysis this plan is always adopted.

Suppose that the light which was being examined con-
sisted only of rays of certain special refrangibilities, the
spectrum which would be produced would then only show
images of the slit corresponding to the particular rays which
were present in the beam. Consequently, the spectrum
would be ‘interrupted,’ consisting of a number of detached
lines, and the character of the spectrum would reveal the
nature of the light of which the beam was composed.

This may be made to give us most valuable information



42 Astronomy.

with reference to the nature of the source from which the
light emanates. In order to concentrate as much light as
possible on the slit of a ¢spectroscope,’ this slit is placed
in the focus of an astronomical telescope, and instead of the
single prism P (Fig. 29B) a train of prisms is generally used
to increase the dispersion of the parallel rays coming from
the ‘collimating lens’ A. The lens B belongs to a small
viewing telescope which can be turned slightly along a
graduated arc so as to bring different parts of the spectrum
into the field of view, and enable the observer to measure
the relative positions of the various lines in the spectrum,.
If a glass tube contain a small quantity of gas, and if an
electric current be passed through the tube, the gas inside
the tube may be raised to a temperature so exceedingly high
that it will become luminous, and the light which emanates
from it can be examined by means of the spectroscope. It
is found that gases under low pressure yield a spectrum con-
sisting of bright lines (really separate images of the slit), the
same gas always giving the same lines, so that the nature of
the gas under observation may be ascertained from its spec-
trum. Anincandescent solid or liquid body or a gas under
high pressure emits light of all refrangibilities, and there-
fore yields a continuous spectrum. On the other hand, a
gaseous substance absorbs from light passing through it
exactly the same rays which its own spectrum shows. The
spectrum of the sun therefore consists of a continuous band
of all the colours from red to violet, interrupted by a great
number of dark lines caused by absorption of light passing
from the body of the sun through the gaseous atmosphere
of that luminary, and by measuring the positions of these
lines and comparing with tables of the spectral lines of the
various chemical elements (prepared from spectroscopic
researches in the laboratory), the nature of the gases consti-
tuting the solar atmosphere may be ascertained (see § 70).
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CHAPTER IL

THE EARTH.

§ 0. Form of the Earth.—To an observer who is limited,
as we are, to the surface of the earth, the contrast is at
first sight very wide indeed between the appearance of
the earth and the appearances presented by the sun and
moon. The earth appears to be a flat plain, more or less
diversified ; the sun and moon appear to be globular ; the
earth appears to be at rest, while the sun and moon are ap-
parently in constant motion ; and, lastly, the earth appears to
have a bulk incomparably greater than that of either the
sun or the moon.

If, however, we could change our point of view to a
suitable position in space, we should form a more just con-
ception of the relation of the earth to the sun and moon.
We should then see that each of the three bodies was really
spherical, that each of them was really in motion, and that
the earth, though larger than the moon, was very much less
than the sun.

It need hardly be said that it is impossible for observers
on the earth to obtain such a bird’s-eye view as we have
here described. A balloon might indeed convey the ob-
server to a point from which he would have a very extensive
view, but it would be necessary to ascend to a height vastly
beyond that to which any balloon could attain before the
shape of the earth would be discerned as we discern the
shape of the sun and the moon. Our knowledge of the
figure of the earth is only to be attained by indirect means,
the nature of which we shall now explain.

The most simple method of becoming actually convinced
that the surface of the earth (or rather of the sea) is 7of an
indefinitely extended plain is by taking a station on a high
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cliff near the sea-side, from which an uninterrupted view of
the sea can be obtained. We shall also suppose that a
number of vessels are dotted over the surface of the sea at
different distances, and that the'station which the observer
has chosen is af a greater vertical height above the sea than
are the tops of the masts of any of the vessels.

If the surface of the sea extended as an indefinite plane,
then this plane must be intersected by a line drawn from
the eye of the observer to the topmost point of the mast of
any one of the vessels. It is, therefore, obvious that the
entire of each of the vessels must be seen projected upon the
surface of the water. But this is obviously not the case.
The view which the observer has of the sea is shown in Fig,
30. The vessel in the foreground is no doubt entirely

FiG. 30.

projected on the surface of the sea, but the more distant
vessel is almost entirely projected against the sky, while the
most distant vessel of all is so far from being projected on
the surface of the water that the hull of the vessel is
rendered invisible by the interposition of a protuberant
mass of water, while the masts are seen projected against
the sky. We are, therefore, forced to the conclusion that
the sea is not a flat plain, but that it is a convex surface.

At whatever part of the earth the observations which we
have just described be made, it is invariably found that the
surface of the ocean is convex. The degree of the curvature
may be estimated by the distance at which the hull of the
vessel becomes invisible. The observer being stationed at

‘a certain height, and the hull of the vessel having a certain
size, the greater the curvature the less is the distance at
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which the hull is invisible, Tested in this way, the curvature
of the ocean appears nearly uniform over its entire extent.
The surface which has a curvature which is uniform at all
points must be a sphere. We are hence forced to the
conclusion that the surface of the sea is approximately
spherical.

It is somewhat more difficult to perceive that the general
surface of the land is also approximately spherical. The
irregularities on the surface of the earth, arising from hills
and mountains and valleys, appear at first sight to preclude
the possibility of making any general statement with refer-
ence to the figure of the earth. It is, however, to be observed
that these irregularities on the surface are of quite trivial
extent in comparison with the vast bulk of the earth itself.

It has been found that the figure of the earth, though
very approximately a sphere, differs therefrom to an appre-
ciable extent. It appears that the true figure of the earth
is nearly that of the surface produced by the revolution
of an ellipse Apsc (Fig. 3t) about its minor axis AB.
The eccentricity of the ellipse is designedly much exagge-
rated in the figure. According
to the careful investigations of FiG. 3r.

Colonel A. R. Clarke, C.B., we L) ety

have the following dimensions of 1
the ellipsoid of revolution which
most closely approximates to the € D
figure of the earth :—Let a, &
be the equatorial and polar semi-

diameters respectively, then A
a = 6378207 metres = 20926062 feet,
b = 6356584 metres = 20855121 feet ;
while for the ellipticity
£ = a__b =2 L 1

@ 29408

! For certain purposes, and perhaps on the whole, the actual figure
of the earth can, it is believed, be represented with still greater accuracy
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It having been ascertained that the earth has an aproxi-
mately spherical figure, the next important point is to show
that the earth is free in space, and not supported by or
attached to any other object. This is clear from the
circumstance that though the surface of the earth has been
traversed in nearly every direction, no trace has been found
of any such support or connection, and we must therefore
admit that the earth is really an isolated object. At first it
may seem difficult to believe that this is really the case. It
might be thought that, as the earth is not supported, it
ought to fa// somewhere or other. This will be subse-
quently explained.

§ 1. The Atmosphere.—At the exterior of the surface of
the earth, and entirely enveloping the earth, is what is known
as the atmosphere. At whatever height we ascend upon
the mountains, we still find that air is present. We know
that there is a limit to the atmosphere ; but the height
is far greater than any to which we can attain, though
we can ascertain its amount to some degree of approxi-
mation.

It can easily be shown that air is a substance which has
weight. A glass balloon filled with air weighs more than it
does when all the air has been removed from it. Air is
eminently compressible, and the air near the surface of the
earth, which has to bear the weight of all the superincum-
bent air, is much more compressed than the air which is

as an ellipsoid with three unequal axes. Colonel Clarke gives for the
lengths of the semiaxes—

20926629 feet
20925105 feet
20854477 feet

6378390 metres,
6377920 metres,
6356390 metres.

a
b
¢

nn
[ T |

The ellipticities of the two principal meridians are
ol 1
289'5 and 295°8;

The longitude of the greatest axis is 8° 15’ W,
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higher up. It follows that the density of the air is a maxi-
mum at the surface of the earth, and that it diminishes as
we ascend until the confines of the atmosphere are reached,
where the density is zero. It is, therefore, plain that the real
height of the atmosphere must be much greater than it
would have been were the atmosphere homogeneous through-
out.

We shall subsequently allude tothe phenomena of skooting
stars, and we shall show by what observations their height
is ascertained. It is known that these objects only become
visible when they enter our atmosphere, and therefore we
have the means of ascertaining a minor limit to the height
of the atmosphere. It is found that shooting stars are some-
times seen at a height of more than two hundred miles, and
therefore the atmosphere must
extend to at least that height.
There can be little doubt that
for a very great depth at the
upper surface of the atmo-
sphere the density is exceed- M
ingly small.

$ 22. Atmospheric Refrac- + B
tion.—In viewing a celestial
body we have always to look
completely through the atmo-
spheric shell by which the
earth is surrounded. This ¢
produces an apparent dis-
placement of the celestial body by what is called refraction.
Let p £ (Fig. 32) be the surface of any transparent medium,
and let a ray A B fall upon the surface DE at 8. Then
when the ray enters the medium it undergoes a certain
deflection, insomuch that it pursues the path B c instead
of the original path. The angle A B M is called the angle of
incidence, and the angle ceM is the angle of refraction
where M M’ is perpendicular to the surface DE. The rays.AB

FiG. 32.
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and cB both lie in a plane which contains the normal,
and the sine of the angle of incidence is in a constant ratio
to the sine of the angle of reflection.

We can now explain the effect which the atmosphere
has on the refraction of the light from a celestial body—
suppose a star. We may for this purpose assume the earth
to be a spherical body whose centre is at o (Fig. 33). The
atmosphere may then be considered to consist of a number
of concentric spherical
shells, each of uniform
density, but the density
of each shell being
greater than that of the
shell immediately out-
sideit. Ifthese shellsbe
regarded as indefinitely
thin, this supposition
may accurately repre-
sent the atmosphere of
our earth.

A ray of light, after
passing through space
in the direction E @, falls
upon the first layer of
atmosphere at @ ; after
entering the layer the
ray moves along the di-
rection @ &, which is less
inclined to o @ than was
the original line E a.
Having traversed the first layer, the ray enters the second
layer ; it is again deflected into theline 4 «. The same process
goes on as the ray enters each successive layer, until finally
it reaches the eye at the point A on the surface of the earth.
The actual direction of the ray at the moment it entered the
eyeis A E. This, then, will be the direction in which the

FiGc. 33.
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star is seen, and therefore the real position of the star would
be judged erroneously.

The line o A points upwards to the zenith of the
observer at A. The angle subtended at the eye by the
zenith point and the star is the zenith- distance of the star.
The apparent zenith distance of the star is represented by
the angle z A ¥. The real zenith distance of the star is the
angle between A z and a line through A parallel to « E.
Thus the effect of refraction is always to diminish the zenith
distance of a star, or to make the star appear nearer to
the zenith than it would be were refraction absent. The
effect of refraction on a star actually at the zenith is zero,
while the effect is a maximum on a star situated on the
horizon.

To compute with accuracy the precise amount of devia-
tion which a ray of light experiences in traversing the entire
thickness of our atmosphere, it would appear to be necessary
to know the precise density of each of the shells of which
we have supposed the atmosphere to be constituted. Our
knowledge of the pressure and temperature in the upper
regions of the atmosphere is, however, so imperfect that it
is impossible to form any accurate law which connects the
alteration of density in the atmosphere with the increase of
height. 1t is, however, fortunate that the refraction can be
computed in a much more simple manner whenever the
zenith distance is comparatively small.

The thickness of the atmosphere is, even on the largest
estimation, only a very small fraction of the radius of the
earth. We may therefore, without appreciable error, consider
the surface of the earth to be a plane, and consequently on
this assumption the successive shells of different densities
will be horizontal layers. When this assumption is made,
the problem of computing the refractions becomes greatly
simplified. It is, under these circumstances, quite unneces-
sary to know what the densities of the successive layers may
be, or to what height the atmosphere extends. The refrac-

E
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tion will, in fact, be the same as if the entire atmosphere
were of absolutely uniform density throughout, that density
being the same asis indicated by the barometer and thermo-
meter at the surface of the earth at the moment when the
observation is made.

This very remarkable result can be demonstrated with
facility,. Let M, M/, M”, M"’ represent media of different
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degrees of refrangibility, through which a ray of light
originally moving in the direction A B is to be refracted.
It is assumed that the bounding surfaces of these media are
all parallel planes. After refraction in the medium M the
ray travels in the direction B c, then it is refracted by the
medium M’ into the direction ¢ D, and so on till in the last
medium the ray has the direction £ F. Itis to be proved
that the direction E F is the same as it would have been had
the ray a B fallen directly upon the medium m"’ without the
intervention of M, M’, and M’. It should, however, be
observed that we are here only concerned with the dzrection
of the ray ; the absolute situation, no doubt, is to a certain
extent altered by the superincumbent media.

This will be made clear by Fig. 35. A Bisa ray of light
which impinges upon a single medium M bounded by two
parallel planes. After refraction at the first surface the ray




The Earth. 51

traverses the direction B b, then falls upon the second surface
and emerges in the direction ¢ . Since the surfaces are
parallel, it is clear that the ray B D makes the same angle with
the normal at B which it does with the normal at b ; it there-
fore follows that after emerging from the medium at D the
ray ¢ D must be inclined to the normal at b at the same
angle at which A B was inclined to the normal at B, and that
consequently the ray A B is parallel to the ray ¢ . Hence
the effect of the transmission of a ray of light through a
medium bounded by parallel planes is merely to change
the situation of the ray while leaving its direction unaltered.

This principle can be applied to the explanation of the
property illustrated in Fig. 34. After the ray has traversed
M we may suppose it emerges parallel to its original direction,
and then immediately impinges upen M’ in the same way ;
after passing M’ it emerges still parallel to A B and falls
upon M ; thence emerging parallel to its original direction,
the ray falls upon M. It is, therefore, obvious that the
refraction produced by the medium M’ is the same as if the
ray A B had directly impinged thereon.

It will be observed that the entire argument depends
upon the parallelism of the planes bounding the surfaces of
the media. The actual bounding surfaces in the atmosphere
being curved surfaces closely approaching to spheres, the
property we have just proved is only approximately true. It
has, however, been found that for all zenith distances not
exceeding 75° the calculations made upon this assumption
are sufficiently accurate for most purposes.

When the zenith distance exceeds 75° the amount of
the refraction depends upon the constitution of the different
layers of the atmosphere. It is also subject to considerable
changes in accordance with the variations in the temperature
and pressure of the atmosphere.

The following table gives the amount of the refraction at
different zenith distances from o° to 9o°, the height of the
barometer being 30 inches and the temperature being 50° :—

E2
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Apparent || Apparent .! Apparent f

Zenith | Refraction ||  Zenith Refraction | _Zenith Refracticn

Distance Distance | |" Distance |

— T

o oo | 35 40118 70O 2 38’-8
5 51 10 489 75 3343
10 10°3 45 582 8o 5 19°8
I5 156 | 50 1 93 85 9 548
20 21'2 || 55 1234 87 14 28°1
25 272 | 60 1 406 89 24 212
30 336 || 65 2 43 90 33 4673

Thus, for example, the apparent zenith distance of an
object being 60°, the real zenith distance is found by
augmenting the apparent zenith distance by 1’ 40”6, and
therefore the true zenith distance is 60° 1/ 40'+6.

At moderate zenith distances we have the following
law :—

The amount of refraction is proportional to the tangent of
the zenith distance.

From the table of refractions it appears that the refraction
at the zenith distance 45° is 53”2, whence we must have in
general the expression

582 tan z

for the value of the refraction at the distance z. It is, how-
ever, obvious that this law is incorrect near the horizon.
Under these circumstances the tangent of z approaches to
infinity, while the observed value of the refraction at the
horizon is 33" 46""3.
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CHAPTER IIL

THE DIURNAL MOTION OF THE HEAVENS.

§ 23. TV Celestial Bodies.—On a clear night the surface
of the heavens glitters with innumerable points of light,
commonly called stars. The objects which are popularly
known by this term comprise two different classes. The
great majority belong to what are called fixed stars, while
a few are known as planets.

The first feature of the jfixed sfars to which we must
direct attention is their apparent fixity in the heavens with
respect to each other. If we form figures by lines, joining
the different stars together, then it is found that these
figures remain unaltered even while centuries pass away. In
fact, if we could regard the surface of the heavens as a vault
of solid material, the stars appear as if they were rigidly
stuck on the interior of this vault.

The planets, on the other hand, do not remain fixed ;
they are, as their name implies, wanderers, and they move
about on the surface of the heavens among the stars. The
word planet is usually restricted to a very special group of
objects. There are other celestial bodies which are also
wanderers. Among these we may mention the moon, the
satellites of the planets, and comets.

At a superficial glance a planet resembles an ordinary
fixed star so closely that it is difficult to realise how funda-
mental and important is the distinction which separates
them. To test whether an object is really a planet or a
fixed star the position of the object should be carefully
noted with respect to the bright stars in its vicinity. After
some time the object should be again examined and the
place compared with the adjacent fixed stars. If it be found

- that the place has altered, then the object isa planet. There
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is, however, another method of discriminating between a
star and a planet, which has the advantage of enabling the
decision to be pronounced immediately without waiting
until the planet, shall disclose its real character by move-
ment. If a telescope be directed to a fixed star the object
appears to be merely a point of light. No increase in the
power of the telescope will enable us to see the dimensions
of the small point from which the light comes, although the
brilliancy is increased with each increase of the power of
the telescope. The case is, however, widely different when
the telescope is directed to a planet. It is then seen that
the planet really has a circular disk of dimensions which are
quite appreciable. This test can be applied with facility to.
all the more conspicuous planets. In the case of planets
which are extremely minute or extremely distant this test
cannot be applied easily. In fact, there are numbers of
planets so minute that the telescope cannot show them to
be different from the stars in their vicinity. In these cases
the motion test has to be applied.

§ R4, The Celestial Sphere.—A sphere is a surface such
that every point upon it is equidistant from one point in the
interior which is called the centre. Ifa plane be drawn through
the centre of the sphere it cuts the sphere in a circle which
is called a great circle. A plane which cuts the sphere, but
which does not pass through the centre, has also a circle
for the line along which it intersects the sphere ; this is
called a small circle. The radius of a great circle is of
course equal to the radius of the sphere. The radius of a
small circle may be of any length less than the radius of the
sphere. 'We may suppose that a sphere is produced by the
revolution of a circle about its diameter, and the radius of
the sphere is then ‘equal to the radius of the circle from
which it has been produced.

Let o be the centre of a sphere, and A B any two points
on its surface. Then a plane through the three points
0 A B cuts the sphere in a great circle. This may, for
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simplicity, be termed the great circle A B. The length of
the arc of the great circle connecting two given points on a
sphere of known radius is most conveniently measured by
the angle which the arc subtends at the centre.

If we imagine the angle of a pair of compasses to be
placed at the eye while each leg of the compasses is directed
towards a particular star, the angle between the legs of the
compasses is said to be the angular distance between the
two stars. By an instrument founded on this principle, it is
possible to measure the angular distance between two stars
with great accuracy, and from such measurements a celestzal
globe can be constructed. Two points, A and B, are first to
be marked on the surface of the globe, so that the angle
which A and B subtend at the centre of the globe is equal
to the angle subtended at the eye by the two stars to
which A and B correspond. The angular distance of a third
star s is to be measured from both A and B, and the star s
is to be marked on the globe, so that the two arcs s a and
s B shall subtend at the centre of the globe the angles which
have been observed. In this way all the principal stars on
the surface of the heavens may be accurately depicted upon
the surface of a globe.

We shall now introduce a convention which is very
useful. The stars are, no doubt, at very varied distances
from the earth, but, nevertheless, we have seen that the
appearance of the heavens can be adequately represented on
a globe where all the stars are at the same distance from the
centre. Let us suppose a colossal globe to be described
with the earth at its centre and an enormously great radius.
Then if the stars were all bright points stuck on the interior
surface of this globe, the appearance of the heavens would
be the same as we actually find it. This imaginary globe
we call the celestial sphere.

§85. The Fixed Stars—It may be observed that the
planets which can be conspicuously seen with the unaided
eye are only five in number (viz. Mercury, Venus, Mars,
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Jupiter, Saturn). Uranus can be seen like a very faint star,
and one or two of the remaining planets have occasionally
been detected by exceptionally sharp vision. It is thus
evident that of the vast multitude of celestial objects visible
to the unaided eye every clear night, by far the greater
number are fixed stars.

The first feature connected with the stars to which we
shall direct attention is their very different degrees of bright-
ness. Astronomers have thus been led to classify the stars
accordingly. About twenty of the brightest stars in the
heavens are said to be of the first magnitude. Among these
we may mention a few which are particularly conspicuous
in northern latitudes. The brightest star in the whole
heavens is Sirius. Then come Arcturus, Vega, Capella,
Aldebaran, Rigel, Spica, and Betelgeuze.

Next in order to the stars of the first magnitude come
those of the second magnitude. Of these we may mention,
as examples which must be familiar to many, the four
brightest stars in the constellation sometimes known as Ursa
Major, the Great Bear (Fig. 36).

The stars immediately below those of the second magni-
tude in brightness are called stars of the third magnitude ;
next come the fourth, and so on down to the very smallest
stars that can be seen in the most powerful telescopes.
According to Engelmann, the number of stars of each of the
first nine magnitudes is as follows :—

st . . I9 4th . . 490 7th . . 19,900
ZandEN NG sth . . 1,400 8th . . 68,000
grd . . 200 6th . . 4,900 oth . .241,000

From this it will be seen that the fainter stars are much
more numerous than the brighter ones. The number of stars
of each magnitude is greater than the number in any pre-
ceding magnitude, and less than in any following magnitude.
The stars of each magnitude are about 2} times brighter
than those of the next magnitude below, so that the light of
a star of the first magnitude is a hundred times as great as
that of one of the sixth.
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Of the total number of stars only a comparatively small
number are visible to the unaided eye. Stars of the fifth
magnitude are faint, those of the sixth very faint, and it
requires very good vision to perceive stars of the seventh
magnitude without the assistance of a telescope. The
number of stars which can be seen with the unaided eye in
England may be estimated at about 3,000.

It is hardly possible to form any very accurate conception
of the numbers of the stars of each magnitude when that
magnitude is expressed by alarger number than nine. This
arises partly from the prodigious numbers of the stars, and
partly from some uncertainty with which the estimation of
the magnitudes of very small stars are attended. Argelander
has published a most valuable catalogue of the stars in
the northern hemisphere. This catalogue is accompanied
by a series of maps on which these stars are depicted. All
stars of the first nine magnitudes are included in this
catalogue, as well as a very large number of stars which are
between the ninth and tenth magnitudes. The total number
of stars contained in the catalogue and on the maps amounts
to 324,188.

Maps have been formed of isolated portions of the
heavens which include stars much smaller than those here
referred to. Some of these maps contain stars of the
eleventh and twelfth magnitudes, if not actually smaller.
The enormous numbers of the very small stars render the
formation of such maps exceedingly laborious. The total
number of stars visible in powerful telescopes doubtless
amounts to many (perhaps very many) millions. A survey of
the starry contents of the heavens now being made by
photography tends still further to increase our estimate of
the number of the stars.

The prodigious multitudes of minute stars with which
the heavens are strewn is well illustrated by the nature of
what is commonly known as the M7/ky Way. The milky
way is an irregular band of faint luminosity which encircles
the whole heavens, and may be seen on any dark and clear
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night in the absence of the moon. The telescope shows
that this faint luminosity really arises from myriads of
minute stars, which, though individually so faint as to be
invisible to the naked eye, yet by their countless numbers
produce the appearance with which doubtless everyone is
familiar.

§ 26. Constellations.—For the purpose of marking out
different regions in the heavens, modern astronomers have
retained the method which was principally due to the
poetical imagination of the ancients. 'The whole surface of
the celestial sphere is, on this method, supposed to be
covered by imaginary human figures, and representations of
other objects. The stars on each of these figures are by
some grotesque conception supposed to point out the form
of the object. In this way different regions of the heavens
are known by special names, and the stars on each of these
regions are collectively termed a constellation. We thus
have, for example, the constellation of Orion, Ursa Major,
Ursa Minor, Leo, Lyra, &c. &c.

This arrangement provides a very convenient method of
indicating the stars. Itis for this purpose only necessary
to mention the name of the constellation to which the star
belongs, and to append a letter or number by which the
different stars of each constellation may be distinguished.
Bayer published in the year 1603 a series of maps of the
stars, in which the letters of the Greek alphabet were
attributed to the principal stars of each constellation. To the
brightest star of the constellation the letter a was as-
signed, the next brightest is denoted by /3, the next
by v, and so on throughout the alphabet. When all the
Greek letters have been exhausted, the remaining stars
in the constellation are usually denoted by Latin letters and
numbers.

It is exceedingly desirable that the learner should make
himself acquainted .with the principal constellations. To
facilitate him in doing so, we shall give a few outline charts,
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in which the brighter stars in several of the constellations
will be shown.

There is no difficulty in recognising at once the con-
stellation of Ursa Major, of which the seven principal stars

Fic. 36.
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are shown in Fig, 36. This constellation is perhaps the
most conspicuous object in the northern skies, and in these
latitudes it never sets. Ursa Major can thus be seen every
clear night in the year, and in April it is near the zenith at
11 .M. - When once this group of stars has been recognised,
many of the other important stars and constellations can be
determined with facility.

We shall first point out how the position of the Pole
Star is to be ascertained by the help of Ursa Major. If
we imagine aline drawn through the stars 3 and « in Ursg

Fic. 37.
Y =Y
3 2
N S L X
31 s
#¢ Ko el
] L
g P\t e B
S Sk e s S
Y* TR Y Pole Star § ..-\*‘1
NERRE e =~ §v +
g § e

Major and then continued on from a to a distance which is
about five times the distance from 3to «, the extremity of this
line will be found to be close to a bright star. This bright
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star is called the Pole Star. The Pole Star is also the star
a of the constellation Urse Minor, Fig. 37. This group
contains seven principal stars, of which 3 and v, in addition
of course to the Pole Star, are the most conspicuous. The
point which is known as #%e pole of the heavens, lies exceed-
ingly near to the Pole Star (Fig. 37), whence the latter has
received its name.

If we join ¢ in Ursa Major to the Pole Star, and produce
the joining line nearly as far on the other side of the Pole
Star, we come to a remarkable group of stars, forming the
constellation Casséopeia.  ‘Thus Ursa Major and Cassiopeia
are so situated, that the Pole Star lies almost exactly half-
way between them. These are the constellations which
should first be made familiar to the eye and memory of the
student, and then he can proceed to the others now to be
described.

The great Sguare of Pegasus is a remarkable group.
Unlike Cassiopeia and Ursa Major, the constellation now
under consideration rises and sets daily. It cannot be seen
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. conveniently during the spring and summer, but during
autumn and winter the four stars forming the great Square
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of Pegasus form a remarkable object every evening. These
stars are of the second magnitude. The square may be
determined by drawing two lines through « and § Urse
Majoris to the Pole Star. These lines continued on beyond
Cassiopeia to about the same distance as Cassiopeia is from
the Pole Star, include between them the great square of
Pegasus (Fig. 38).

Three of the stars in the square, viz. a, 3, y, belong to
the constellation Pegasus, but the fourth star, which is also
marked «, belongs to the constellation Andromeda, of which
it is the brightest object. Two other stars, 3and v, belong-
ing to Andromeda can also be readily determined from the
circumstance that they are near the corner of the square,
where a Andromedze is situated (Fig. 38). The line joining
f3 and y in Andromeda, produced away from Pegasus,
points to the brightest star « in the constellation Perseus.

The seven stars, viz. a Persei, a, 3, v Andromedz, and
a, 3, v Pegasi, form a very remarkable group of stars, and
once they have been recognised they will aid in the indica-
tion of several other constellations.

«a Persei lies between two other stars y and ¢ belonging
to the same constellation. These stars form an arc (Fig. 39)
which, produced on a little distance,
includes the bright star Capella, belong-
ing to the constellation Awriga. On
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the convex side of this arc lies the Copella™_ 2;,’*
i X &

remarkable variable star 3 Persei, more /
usually known as Aol If the arc 7,’;'5 g(’
formed by v, a, & Persei be prolonged § Algol
so as to be concave towards Algol, it FR
points out the stars ¢ { Persei; and /"' _
continued on further in the same direc- i Pleiades

tion, we come upon the very remarkable

group of small stars close together which are called the
Pleiades.

Joining the Pole Star to Capella, and producing the join-
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ing line beyond Capella, the splendid constellation of Oriox
is arrived at (Fig. 40). The brightest star of this constellation
is a Orionis, often called Betelgeuze, which is remarkable for
itsruddy hue. The Belt of Orion is formed by the three stars
J, ¢, . 'The belt is surrounded by the quadrilateral formed
by the four stars a, 3, v, x. Of the seven stars « and §3 are

FiG. 40. Fic. 41.
Aldebaran 3 ¥
LN
. ko
T ot
Pl \ 2
Orion; %' A
f” 5 *\ ‘| \\
'5----..* Y -~-"*¢z
3 Sirius & ¥
\
of the first magnitude, while the five ‘\
remaining stars are of the second mag- !
nitude.

The three stars in the Belt of Orion \
point downwards to a most conspicuous \
star called .Sir7us. 'This is by far the \
most brilliant of all the stars. In con- )
junction with a few inconspicuous |
stars it forms the constellation of Canzs \‘z"""
ﬂf({ﬂ”‘- Pollur 3¢ “|

If the line of the Belt of Orion be \
prolonged in the other direction, it ‘\
points out the star Aldebaran. This !
is the brightest star in the constellation \
of Zaurus. ¥ Procyon 3

The line joining the stars 3 and & in Ursa Major, and
produced on sufficiently far, points out the two stars of the
second magnitude termed Castor and Pollux in the constel-
lation Gemini (Fig. 41). This same line continued a little
farther passes near the star Procyon, of the first magnitude,
in the constellation of Canis Minor (Fig. 41).
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The line joining the two stars «, 3 in Ursa Major, pro-
longed on beyond f3 to a distance five times as far as from a
to /3, points out the constellation of
Leo (Fig. 42). The starsin this con-
stellation have a remarkable form.  §,& 2

. . B 0
The four principal stars—a, 3, v, & g
—are shown in the figure. «, other- .
wise called Regulus, is of the first \‘f\.*.--—“')‘-:m
magnitude. The three remaining =
stars of the quadrilateral are of the ’/
second magnitude, i

The tail of Ursa Major, when /
prolonged, points to the brilliant ;
star of the first magnitude called
Arcturus, which is the principal
object in the constellation Bootes !
(Fig. 43). The stars 3, v, ¢, ¢ in /
the same constellation are also T
shown in the figure. Ursq 7,

Close to Bootes, and in a direc-
tion which may be found by following the line of the stars
B, 8, £ ¢ in Ursa Major, is the constellation Corona Borealis.
This consists of a number of stars arranged nearly in a semi-
circle, the largest of them being of the second magnitude.
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If a line be drawn through a and y in Ursa Major, and
if this line be curved so as to present its convexity towards
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One of the most brilliant stars in the northern sky is the
bright star in the constellation Zyre, which is known gene-
rally by the term Fega.  Vega may readily be recognised as
the vertex of a nearly right-angled triangle constructed on
the line joining the Pole Star to Arcturus. Four other stars'
in the constellation Lyra form a parallelogram which may
be noticed. These stars are 3, v, ¢, Z.

The constellation Cygrnus will be recognised as lying
between Vega and the great Square of Pegasus. There are
five principal stars in Cygnus which form a remarkable con-
figuration (Fig. 46).
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The last constellation which will be noticed is Aguila.
This will be easily determined, because a line drawn from
Vega across (3 Cygni passes a little above the group of three
stars which form the most conspicuous part of Aquila (Fig.
46). The star a Aquile, othervmse called Altair, is of the
first magnitude.

§ 7. Diurnal Motion of the Heavens.— After the learner
has become familiar with the appearance and names of the
leading constellations, he is recommended to notice the
apparent movements which they perform on the surface of
the heavens.

The constellation Ursa Major is to be looked at early in
F
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the evening, and its position with regard to the trees, or
houses, or other terrestrial objects is to be noted. If the
observation be renewed a few hours later, a very remarkable
change will be perceived. The relative positions of the stars
have not indeed altered. All the angular distances between
the several pairs of stars in the constellation are the same
on the two occasions. Nor have the stars changed their
positions with reference to the stars in the adjacent constel-
lations, but the whole system of stars has moved bodily.

Observation will also show that the position of the Pole
Star does not appreciably change its place either with respect
to the stars or with respect to the terrestrial objects by which
its position may be indicated. At different hours of the
night, or at different seasons of the year, the Pole Star will
constantly be seen in the northern sky at about the same
elevation above the horizon. We shall hereafter have to
explain that with more careful methods of measurement this
statement would not be found strictly accurate. The Pole
Star does really change its position, though the amount of
that change is not sufficient to be readily appreciable in the
coarse, naked-eye observations which we are at present dis-
cussing.

A marked contrast is thus perceptible between the fixity
of the Pole Star and the large movements which are made
by the stars in Ursa Major. It is, however, to be noticed
that the two stars a and 3 (Fig. 37), which point towards
the Pole Star, continue to point to the Pole Star, nothwith-
standing the great movements which they undergo in com-
mon with all the other stars of the constellation. The idea
is thus suggested that the stars of Ursa Major really move
as if they were all fastened together by invisible rods, and as
if each of the stars was also fastened by an invisible rod to
the Pole Star, about which the whole system is free to turn.
If the observations be renewed at intervals through the
night, and then with the help of a telescope through the
following day, it would be seen that Ursa Major, after as-
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cending from the east, passes over the observer’s head, then
down towards the west, under the Pole Star in the north,
and round again to the east, and the observer would find
that in about twenty-four hours the constellation had re-
turned to its original position.

This movement of the constellations by which each of
them moves (or appears to move) round the heavens in
about twenty-four hours is termed the Diurnal Motion. 1t
will be instructive to trace the same series of movements in
some other celestial objects. Take, for example, the re-
markable group of small stars known as the Pleiades (Fig,
39). This beautiful group is visible at night throughout the
greater part of the year, but it need not be looked for from
the middle of April to the middle of June. Winter is the
best season for observing it. In November this little group
may be detected in the east shortly after sunset. It will
then gradually rise until about midnight, when it reaches
its greatest height. After passing the highest point the
group begins to descend, and gradually gets lower and lower,
until it disappears in the west. There is, however, this very
remarkable difference between the motion of the Pleiades
and that of Ursa Major. The latter could be followed (with
a telescope) through a complete revolution (at least in our
latitude), but this is not the case with the Pleiades, for they
actually disappear in the west, and after some hours reappear
again in the east. If, however, the time be noted which
elapses between two consecutive returns of the Pleiades to
the same position, the interval will be found to be equal to
the time of revolution of Ursa Major.

§28. Zhe Equatorial Telescope.—To study the apparent
diurnal motion of the heavenly bodies with the accuracy
which its great importance demands, we call in the aid of
the astronomical instrument called the Zguatorial Zelescope.

The equatorial in its essential features consists of an
astronomical telescope attached at its centre o to an axis A B,
called the polar axis. The telescope is capable of being

F2
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turned round the axis passing through o, while the polar

axis is capable of being turned round the two pivots at a

and B. By the combination

of these two motions it is pos-

sible to direct the telescope

2 towards any required point.

To render this instrument

serviceable for astronomical

A purposes, the polar axis must

be carefully adjusted in a very

special direction. The axes

of the two pivots at A and B

being supposed to form parts of the same straight line, the

direction of this straight line should point towards a par-

ticular point on the surface of the heavens in the immediate

vicinity of the Pole Star. This point is the Pol. It will

be subsequently explained how this adjustment of the polar

axis of the equatorial is to be made, but for our present pur-
pose we may assume that the adjustment is perfect.

The equatorial telescope may be employed in watching
the apparent diurnal movement of a star by the following
method. Point the telescope to the star shortly after the
star has made its appearance in the east. Then camp the
telescope so that it can no longer turn around the axis
through o, but leaving the polar axis carrying the telescope
along with it quite free to turn round the pivots A, B. It
will then be found that by the simple operation of turning
the polar axis round at the proper speed, the star can be
kept continually in the field of view, although the magnitude
of the angle B 0 Q made by the telescope with the polar axis
remains unaltered.

To appreciate the full significance of the lesson which
the observations with this instrument teaches, let the tele-
scope be directed to any other star. For this purpose it
must be unclamped, and after the angle B0 @ has been
suitably altered, so as to enable the star to be seen in the

Fi1G. 47.
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telescope, the instrument is again clamped, so as to pre-
serve the angle BoQ from alteration. It is again found
that the movement of the star can be followed by simply
rotating the polar axis, which carries with it the telescope.

If the polar axis of the equatorial be not directed exactly
to the correct point of the heavens, it will not be found that
the diurnal motion of a star can be followed by simply
rotating the polar axis without altering the angle BoO Q.
It is to be particularly observed that when the polar axis
is set correctly for one star it is set correctly for all stars.
The Pole Star itself is no exception to this law. If the
instrument be directed to the Pole Star, we shall now see
what the coarser methods of observing failed to indicate
—namely, that the Pole Star is itself in motion. In this case
the telescope, when adjusted on the Pole Star, is inclined at a
very small angle to the polar axis. The angle B0 Q is, in
fact, only about 1° 15",

The other extremity of the polar axis may be supposed
to be prolonged downwards through the earth, and it will
then point towards a point in the southern heavens which is
called the South Pole. It happens, unfortunately for astro-
nomers in the Southern hemisphere, that there is no bright
star situated so conveniently near to the South Pole as the
Pole Star is to the North Pole. i
These two poles of the celestial ';'
sphere are of the very utmost im- SN

portance in astronomy. / ‘
The polar axis of an equatorial

having been correctly adjusted, we
shall suppose that its direction is
EP (Fig. 48); and if P be the point
in which the direction of the polar
axis intersects the celestial sphere,
then p is the pole of the heavens.
Let s denote the position of a star on the celestial sphere
which is being observed, then the axis of the telescope
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has the direction Es. We have seen that the diurnal mo-
tion of the star can be followed by rotating the telescope
about the polar axis without at the same time making any
alteration in the angle at which the telescope i1s inclined to
the polar axis. Let us, then, suppose that the star, in con-
sequence of the diurnal motion, assumes the various posi-
tions L,n, N, &c. When the star has arrived at 1, the
telescope must have moved into such a position that its
axis is directed along the line E L. It follows that the angle
between the polar axis and the telescope must be equal to
the angle PE L. But this angle has remained unchanged
notwithstanding the diurnal motion, and therefore we see
that the angle PEs is equal to the angle peL. The arcs
ps and PL on the surface of the celestial sphere subtend at
the centre the angles PEs and PEL respectively, and as
these two angles are equal the two arcs must also be equal.
In the same way it is shown that the arcs p n, PN, &c., are
each equal to ps.

We have therefore ascertained that the diurnal move-
ment of a star on the celestial sphere is always subject to
the condition that the length of the arc drawn from the pole
to the star is a constant. From s let fall a perpendicular
s H upon the polar axis PE. Then, since the length of Es,
the angle PES, and the right angle at H remain unaltered
during the motion of the star, it follows that the triangle sEx
remains unaltered, and therefore also the lengths of the
sides EH and sH. The line sH will therefore be always
contained in the plane drawn through the point H per-
pendicular to the axis Epr. The path of the star will
always be in this plane, and, as the path is also on
the celestial sphere, it follows that the actual path appar-
ently described by the star will be the intersection of a plane
and a sphere, and will therefore be a small circle of the
sphere. The same process may be applied in the case of
other stars, and therefore we are led to the following very
important result :—
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The apparent diurnal motions of the stars are performed
in small circles of the celestial spheve, and all these small circles
lie in a system of parallel planes.

The next question to be considered is the raZ at which
the apparent motion of each star in its small circle is per-
formed. While the star moves from s to L (Fig. 48) the
polar axis of the telescope must be rotated through an angle
equal to that between the planes s Eand PLE. This angle
is equal to that between the two arcs of the celestial sphere
psand P L. Thus while the star moves from s to L the polar
axis of the telescope must be turned through an angle s p L.
By means of a graduated circle, called the hour circle, of
which the plane is perpendicular to the direction of the
polar axis, it is easy to measure the angle through which the
polar axis has been rotated when the telescope is turned
from the position & s to the position E L.  The observations
are, then, to be made in the following manner :—When the,
star is at s, and when the telescope is pointed to it, note
the position of the polar axisas indicated by the hour circle,
and also the time as shown by a clock, and repeat the
observation when the star arrives at other points r, M, N of
its path. From the readings of the hour circle the angles
SPL LPM, MPN, &c, become known, while from the
recorded clock times we have the times of moving from s
to L, from L to M, and from M to N, &c. It is, then, found
that the #me intervals arve proportional to the angles through
which the polar axis has been rotated. ‘The distance through
which the star appears to move is therefore proportional to
the time, and hence we have the following important law of
the diurnal motion :—

The velocity of a star in the small circle which it appears
¢ describe in the diurnal motion ts uniform.

It follows from this law that when the equatorial telescope
is to be moved so as to keep the star continually in the field
of view, the angular velocity with which the polar axis re-
volves must be uniform. Tosecure this condition a clockwork
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arrangement is usually attached to the telescope, which carries
the polar axis (and of course the telescope attached thereto)
with the correct velocity.

So far we have only been considering the movement of
a single star in its small circle. We have now to make a
comparison between the movements of different stars in their
appropriate small circles. This can also be effected by the
equatorial, in the following manner :—Point the telescope to
a star, and note the time when the star passes the centre of
the field ; then, without altering the position of the telescope
or the polar axis, observe the time when the star, after having
performed a complete revolution of the heavens, returns again
to the centre of the field. This time will be found to be
equal to

23h 56™ 48

Turn the telescope to any other star, and make the same
observation. It will be found that for the second star the
time will be precisely the same. This conclusion may be
extended to other stars, and thus we are led to the following
important result 1~

Thee time occupied by a star in performing its diurnal path
around the heavens, is the same for all stars, and is equal fo
23" 56™ 4° of mean solar time.

§29. Circes of the Celestial Sphere—The study of the
apparent diurnal motion of the heavens is of such funda-
mental importance that we shall proceed to illustrate it in
a somewhat different manner. It will first be necessary to
explain some terms which are of frequent use.

An observer, situated on a ship out of sight of land, ob-
serves that the celestial sphere is bounded by a circle, below
which he cannot see. This circle, when regarded as one of
the great circles of the celestial sphere, is the /orzzon.

If a weight be suspended by a thread from a fixed point,

+then when the weight is at rest the thread is said to be
zertical. That point of the heavens to which the thread
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points, and which it would appear to reach if it could be
prolonged indefinitely upwards, is the zenitk, while if the
direction of the thread be prolonged downwards through
the earth it will point to that part of the celestial sphere
which is termed the zadlr.

A straight line which is perpendicular to a vertical line is
called a /fortsontal line, and all the straight lines which can
be drawn perpendicular to a vertical line through any one
point in it lie in one and the same plane, which is called a
horizontal plane.

If the face of an observer in the northern hemisphere be
directed towards that part of the heavens where the sun is
at noon, the part of the heavens in front of him is termed the
sout/, that behind him is the 707#%, while the east is on his
left hand and the wes# upon his right.

The great circle of the celestial sphere which passes
through the poles, and also through the zenith, is called the
meridian. ‘The meridian may also be defined as the great
circle which passes through the north and south points of
the horizon, and also through the zenith.

FiG. 49.

Let the circle 1 M 1’ (Fig. 49)represent the horizon, and
let z be the zenith, the position of the observer being at o.
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If M be the south point of the horizon, then the great circle
z M is a portion of the meridian. Let E c E' represent
the apparent path of a star. Let u be the point on the
horizon vertically beneath the star in the position E. This
point will be found by drawing a great circle from z to E,
and producing it on to cut the horizon at . The angle
EO0H is termed the alfitude of the star at . It is observed
that the altitude of the star increases until the star arrives
at the meridian z M, which it crosses at the point c. When
the star has this position its altitude is the arc ¢ M, or the
angle which that arc subtends at o. The altitude at this
point is a maximum, and the star is said to culminate. After
passing the meridian the star moves along the arc ¢ £/, and
begins to descend towards the horizon ; when it reaches the
point E' its altitude is only £’ 0 ¥/, and this altitude gradu-
ally diminishes until the star crosses the horizon, or sezs, as it
is called. In the case here represented only a portion of
the path of the star is visible, the remainder lying below
the plane of the horizon. It is important to observe that
the path of the star is symmetrical with respect to the
meridian. It cuts the meridian at right angles, and at
equal distances on either side of the meridian the altitudes
are equal.

§30. Circumpolar Stars.—In this case we have supposed
the star is placed at a considerable distance from the
pole ; let us now take the case of a star situated compara-
tively near the pole. For this purpose the observer must
turn his face towards the north (Fig. 50). P is the pole, z is
the zenith, and the great circle z? is the meridian which
cuts the horizon at the northern point. Let E denote the
position of the star, which is in the act of crossing the meri-
dian by the diurnal motion. Then in the course of a little
less thantwelve hours the star will have moved round to the
position E’ below the pole. We have already seen that the
diurnal motion is performed subject to the condition that
the distance from the pole to the star measured along the
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celestial sphere remains constant ; we must therefore have
the arc p E equaltothearc p £. The star, when at the posi-
tion E, is said to be at its upper culmination, while at & the
star is at its Jower culmination.

F1G. s0.
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A star which is situated at a distance from the pole
which is less than the altitude of the pole above the horizon
will be visible both at upper and lower culmination. Such
a star will never either rise or set, and is said to be a cir-
cumpolar star. If, however, the distance from the star to
the pole be exactly equal .to the altitude of the pole, then
the star at its lower culmination will just graze the horizon.
If the polar distance of the star exceed the altitude of the
pole, then the star will pass below the horizon, and its lower
culmination will not be visible.

It should be mentioned that the phenomena we have
described are to a certain small extent modified by the
influence of atmospheric refraction. For example, the arcp E
(Fig. 50) is not precisely equal to the arc P /, because the
refraction has acted unequally upon the position of the star
in both cases. We can, however, allow for the amount of
refraction, and .thus we can ascertain what the distances
would be if we could see them without the modification
which the atmosphere produces. When these allowances
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have been made it is found that the laws enunciated are
accurately fulfilled.

§ 81. T7he Globe—We are now in a position to form a
distinct idea of the varied series of phenomena which the
diurnal rotation brings before us.

Let us take a globe a (Fig. 51), which is movable about
an axis PQ. ‘Theaxis P q is supported by a ring M M, which
is sustained by another ring Hu. We may conceive the
axis P Q to be adjusted so
that it is parallel to the line
joining the two poles of the
heavens or to the polar axis
of the equatorial (Fig. 47).
The plane H H is to be made
horizontal. Then the globe
may be taken to represent
the celestial sphere, of which
p,Q are the two poles, the
ring H H indicates the hori-
zon, while M M, which passes
through the zenith and the
pole P, is the meridian. On
this globe we may suppose
that the principal stars of the
celestial sphere are marked
in their proper relative places,
and thus we have a miniature representation of the celestial
sphere.

The globe is supposed to be free to turn around the
polar axis P Q, and we may assume that by suitable clock-
work such a motion is given to the globe as will turn it
round its axis in 23h 56m 4%, while the velocity with
which the motion is effected is uniform. It is easy to show
_that under these circumstances all the phenomena of the
diurnal motion will be faithfully represented.

A star will, in consequence of this motion, gradually
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ascend above the circle HH and thus 74se ; it will ascend
farther and farther until it reaches the meridian M,
or culminales ; after culmination it will gradually descend
again to HH, or s¢/. So also a circumpolar star will be
seen to pass the meridian M M at its upper culmination, and
then in 11t 58% 27 afterwards to cross the meridian at
the lower culmination.

It will further be seen that the laws of the diurnal
motion will be preserved in this miniature representation
of the phenomenon. In the first place, the distance from
the pole to the star measured along the surface of the sphere
remains unaltered ; the velocity of each star in its path is
also obviously uniform, while the time of a complete revo-
lution is the same for each star as the time of revolution of
the sphere—i.e. 23% 56™ 4°.

We are, therefore, led to the important conclusion that
the apparent diurnal motion of the heavens is performed in
the same manner as if all the stars were actually stuck on
the surface of a hollow sphere which revolved uniformly
about an axis passing through its two poles in 23" 56m 4.

The period of revolution of the celestial sphere is prac-
tically a constant quantity. It is, therefore, very natural to
adopt this period as the unit of time, and it is known as the
stdereal day. The sidereal day is subdivided into twenty-
four hours, each hour into sixty minutes, and each minute
into sixty seconds. An interval of time expressed in these
fractional parts of a sidereal day is termed sidereal time.
The difference, amounting to nearly four minutes, by which
the sidereal day falls short of the ordinary day of civil
reckoning will be subsequently explained.

The polar axis of an equatorial telescope prolonged both
ways to the celestial sphere cannot be distinguished from
the axis about which the celestial sphere rotates. This
is true wherever the equatorial be situated. It would,
therefore, appear that the axis of the celestial sphere may
be considered to pass through any point on the surface of
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the earth. It is, however, obvious that there is really but
one axis about which the celestial sphere is turning. The
only way by which these discrepancies can be reconciled is
by supposing that the dimensions of the earth are exceed-
ingly small in comparison with the distance at which the
stars are situated. The axis must actually occupy some de-
finite position in the earth ; but the earth is, comparatively
speaking, so small that the observer must always be so near
to the axis that the observed phenomena are the same as
they would be were he actually situated on the axis. The
polar axes of the equatorials all over the earth are absolutely
parallel to each other, and they all intersect the celestial
sphere in two small regions which for all practical purposes
are undistinguishable from the north and south poles of the
celestial sphere.

§32. Rotation of the Earth.—The apparent diurnal
motion of the heavens might be no doubt explained by
the hypothesis that the celestial bodies were all attached
to the interior surface of a colossal globe of which the earth
was the centre, and that this globe revolved around one of
its diameters once every sidereal day. There is, however,
another method of explaining the diurnal motion, which
demands our careful attention. The earth itself is, as we
have seen, an isolated body in the universe, and is attached
to no other object. What is there, then, to prevent the
earth being actually in motion? Tt may be said that we,
as dwellers on the earth, do not feel the motion ; but this
is no argument. If you are seated in the cabin of a canal
boat and have no opportunity of looking out, you cannot
tell whether you are in motion or not. If you can look out
and see the trees and other objects on the bank apparently
moving, you will at once refer the motion to yourself and
acknowledge the trees are at rest. In this way if the earth
were moving equably it would be impossible for us to detect
that motion except by comparing our positions with the
positions of external objects. It is, therefore, reasonable
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for us to ask whether we can obtain from external objects
any information of the state of the earth as to rest or
motion. ' ‘

A solid body like the earth may have either of two
different descriptions of movement, or, more generally, it
may possess both forms of movement combined together.
The body may have a movement of translation, by which
all points of the body are at any moment moving in parallel
lines, or it may have a movement of rotation about an axis,
or it may have, and generally has, the movements of trans-
lation and of rotation combined. Setting aside for the
present the question of translation, let us enquire whether
the earth possesses the features that we might expect if it
were actually rotating about an axis. The celestial bodies
are the only external objects by the observation of which
we are to see whether the earth has any movement of rota-
tion or not. If the earth be rotating in the opposite direction
about the axis of the sphere, and with the uniform velocity
which would complete the revolution in a sidereal day, then
the apparent diurnal motion would be completely explained.
We have, therefore, two solutions of the problem of the ap-
parent diurnal motion. We may suppose that the celestial
sphere is revolving around the earth from east to west, while
the earth is at rest; or we may suppose that the celestial
sphere is at rest, and that the earth is revolving from west
to east, and thus produces the apparent motion.

Which of these two solutions are we to adopt? We
shall see hereafter that many of the celestial bodies are
vastly larger than the earth, that they are situated at very
great distances from the earth, and that some of these dis-
tances are very much greater than others. It therefore
seems much more reasonable to suppose that the earth,
which is a comparatively small body, should be in a con-
dition of rotation rather than that the vast fabric of the
universe should all be moving round the earth once every
day. Astronomers, therefore, now universally admit that
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the true explanation of the apparent diurnal motion of the
heavens is to be found in the fact that the earth revolves
on its axis once every sidereal day from west to east.

§88. Shape of the Earth connected with its Rotation.—A
remarkable confirmation of this conclusion is presented by
the shape of the earth itself Conceive a straight line
drawn from the centre of the earth towards the north pole
of the celestial sphere. This straight line will cut the surface
of the earth in a point which is called the north pole of the
earth. By means of the surveying operations which have
determined the figure of the earth we are enabled to ascertain
the point on the earth’s surface which is the extremity of the
shorter axis of the ellipse by the rotation of which the figure
of the earth can be produced. It will be noticed that the
apparent diurnal motion has nothing whatever to do with
the surveying operations, so that it is exceedingly remark-
able to find that the north pole of the earth is close to,
if not actually identical with, the extremity of the shorter
axis of the ellipse. Thus we see that the axis about which
the earth actually rotates coincides with the shortest diameter
of the earth. In this we have another very remarkable
proof of the reality of the earth’s rotation. It is generally
believed that at some very remote epoch the earth was in a
fluid or a semifluid condition. At the time that this was so
the effect of the centrifugal force would make the earth bulge
out at the equator and flatten it down at the poles, and
thus impart to it the shape of an ellipsoid of revolution.
The shortest axis of this ellipsoid would coincide with the
axis of rotation. We are thus led to the belief that the
observed coincidence between the axis of the apparent
diurnal rotation of the celestial sphere and the shortest
axis of the earth is a proof that the apparent diurnal motion
of the heavens is really due to the rotation of the earth
on its axis.

§ 34. Definition of Terms.—To enable us to define the
positions of the various celestial bodies on the surface
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of the celestial sphere’ it is necessary to imagine certain
circles traced upon its surface, with reference to which
the positions of the bodies may be specified. There is
considerable convenience in choosing these circles, so as
to be symmetrical with reference to the diameter of the
celestial sphere about which the apparent diurnal motion is
performed.

Let the point ¢ be the centre of the celestial sphere
(Fig. 52), and let the diameter P Q be the axis of the ap-
parent diurnal rotation. The earth may be regarded as
a particle of exceedingly small
magnitude situated at the centre
c. If through the point c a
plane be drawn which is per-
pendicular to the polar axis P Q,
this plane will cut the surface
of the celestial sphere in a great
circle E E, which is called the
celestial equator. The celestial
equator divides the celestial
sphere into two equal portions,
in which the poles P and
occupy two symmetrical positions. The hemisphere which
contains the north pole is called the northern hemisphere,
while that which contains the south pole is termed the
southern hemisphere. ‘

If the celestial sphere be cut by a plane s s which is
parallel to the plane of the equator, the section of the
celestial sphere is termed a parallel. The circles TT and
R R are also parallels. The effect of the diurnal motion is
to make each star move around the celestial sphere in the
parallel which is appropriate to it. A plane passing through
the axis PQ cuts the celestial sphere in a circle, called a
declination circle.

By the aid of the various parallels and declination circles
drawn upon the surface of the celestial sphere we are

G
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enabled to specify the position of a star on that sphere
with the greatest facility. It must be understood that we are
not now speaking of the absolute position of the body in
space ; for this it would be necessary to know the actual
distance of the body from the earth, of which in the great
majority of cases we are entirely ignorant. What we now
refer to is merely the direction in space where the body is
situated.

Tet A be a star on the celestial sphere. Then we are to
draw a great circle from the pole through 4, and this great
circle cuts the equator at the
point M. Taking an arbitrary
point o0 upon the equator from
which to make our measure.
ments, it is clear that the
declination circle pa @ will be
completely defined if we know
the length of the arc om. If
the distance of A from M be
also known, then we have a
complete method of specifying
the position of the point A.
Instead of the arcs oM and A M we may speak of the angles
which those arcs subtend at the centre of the celestial sphere,
and thus we may define the posmon of the star A by two
angles.as well as by their corresponding arcs.

The arc o M, which is the distance between the declina-
tion circle passing through A and the standard point o, is
called the 77ght ascension of the star A ; while the arc A u,
which is the arc of the great circle drawn through the star
perpendicular to the equator, is termed the declination.

The position of -a star is thus completely specified
when its right ascension and declination are known. It is
only necessary to mark off a distance o M upon the equator
equal to the given right ascension, and take off the
distance M A equal to the given declination. In this way

Fic. s53.
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the position of the star can be expressed in ‘a manner
which is quite unambiguous. If the right ascension of the
star only were given, then all we would know as to its posi-
tion is that it is somewhere on the declination circle passing
through A. If the declination of the star only were given,
then all that would be known is that the star lies somewhere
on the ‘parallel’ passing through a.

The point o, from which the right ascensions of the stars
are measured, might be chosen anywhere. For example, we
might agree that o should be defined to be the point in
which a declination circle, passing through a certain con-
spicuous star, such as Vega or Sirius, cuts the equator.
Astronomers have, however, adopted a different method,
and the point o is defined by the motion of the sun, in a
manner which will be explained subsequently.

Right ascensions are measured from west to east, and
increase from o° to 360°. Declinations are measured above
and below the equator, and are taken as positive when the
star lies between the equator and the north pole, and
negative when the star lies between the equator and the
south pole.

§ 35. The Transit Instrument.—For the determination
of the right ascensions of the celestial bodies use is made
of the fransit instrument, the
principle of which will now be
described. =

A telescope A B (Fig. 54)is
fixed to an axis xv, the direc- ’J
tion of which is at right angles x
to the line of collimation of the E—qi
telescope. The shapes of the
axis and the telescope are so
designed as to secure as much
rigidity as possible. At the ex-
tremities of the axis are two

cylindrical pivots X, v, which turn in suitable bearings sup-
G2
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ported on solid masonry piers L, M. The transit instrument
is capable of turning around these pivots, but it can have
no other motion. As the axis of A B is at right angles to
the line of pivots X v, the movement of the line A B must
obviously be limited to the plane perpendicular to x v.

In the focus of the object glass of the telescope are

stretched a number of parallel spider-lines a B, &c. (Fig. 55).

Fio. 55 I‘ hese lines are plaped perpen-

o dicular to the axis xvy, and

A therefore parallel to the plane in

which the movements of the axis

of the telescope are confined.

These lines are at equal dis-

C ) D tances apart, and their number

depends upon the particular

kind of observations which are

L/ made. It is sometimes as low

5 as five, and sometimes as great

as twenty-five. The vertical

system of spider lines is also crossed at right angles by one
or more horizontal spider-lines ¢ .

When the telescope is pointed to a star the image of the
star is formed in the same plane which contains the system
of spider lines. Consequently, when the eye piece has
been adjusted, the star and the spider lines will be clearly
seen together. If the telescope be at rest the apparent
diurnal motion of the celestial sphere carries the star across
the spider lines one after the other; and the instrument
must be adjusted so that the path of each star across the
field will be parallel to the horizontal wire ¢ b, and therefore
parallel to the axis about which the telescope revolves.

We have now to explain how the transit instrument is to
be adjusted and placed in its proper position. If the point
0, which is the intersection of the horizontal line with the
centra) vertical line, be joined by an imaginary line to the
centre of the object glass, this line is the axis of collimation.

o
g
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The pivots at x and v, about which the instrument rotates,
are presumed to be perfectly cylindrical, and the diameters
of these cylinders are presumed to be equal and their axes to
be collinear. The straight line which contains the axes of the
two pivots is the axis around which the telescope revolves.

The first adjustment of the transit instrument which we
shall consider is purely instrumental. It consists in fixing
the telescope to the axis in such a manner that the line of
collimation shall be exactly perpendicular to the axis of
revolution. The astronomical instrument maker can, no
doubt, effect this adjustment to a high degree of approxima-
tion so far as mere mechanical measurement is concerned.
But the delicacy of astronomical observations renders errors
visible which would entirely elude a less subtle method of
detecting them, and it is therefore necessary to point out
how we can avoid the effects of the errors into which inac-
curacies in the construction of the instrument would lead us.
This is attained not so much by endeavouring to correct
these errors as by ascertaining their amount and then allow-
ing for the effects which they produce on the various obser-
vations. For the present, however, we shall merely point
out how the errors can be detected.

§86. Error of Collimation.—The amount by which the
angle between the line of colli- P
mation and the axis of revolu-
tion exceeds or falls short of a
right angle is termed the ersor
of collimation.

Let a B (Fig. 56) be the axis
of revolution and x v be the
line of collimation. (We have A <
purposely greatly exaggerated
the error of collimation in the
figure.) Suppose that the tele-
scope is pointed to a fixed object, suitably placed at a con-
siderable distance, and that a certain point p of the object

I
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is noted, of which the image in the field of view is coinci-
dent with the point o in the field of view (Fig. 55). Let
the telescope be lifted from its bearings and replaced with
the pivots reversed—i.e. the pivot which was previously at
the west is now at the east, and 7ue versi—and let the
telescope be again directed to the distant mark. If the axis
of collimation be at right angles to the axis of revolution,
then it is plain that the line of collimation would still point
in the direction which it had before the reversal. But if the
two axes are not at right angles, then the line of collimation,
instead of having the direction X v, will have the direction
x’v/.  This will be made manifest at once from the circum-
stance that the point of the distant body, which had its
image at o before the reversal, will not have its image at
that point after the reversal. This points out the method
of correcting the error of collimation. It is to be remem-
bered that the line of collimation is found by joining o to
the centre of the object glass. The system of spider lines
are set in a frame, and this frame is attached to the tube of
the telescope by adjusting screws. If the frame be moved
by these screws, then the point 0 is moved, and thus the
line of collimation is moved. To getrid of the error of
collimation it is therefore necessary to move the frame con-
taining the system of wires until the point on the distant
mark whose image coincides with the point 0 is the same
after the reversal of the instrument as it was before.

When this adjustment has been made the line of colli-
mation moves in a plane, and this plane cuts the celestial
sphere in a great circle. 1t is the object of the subsequent
adjustments to arrange that this great circle shall be cosncident
with the meridian.

§ 87. Error of Level—The second adjustment which we
shall describe consists in placing the axis of revolution in a
horizontal plane. This is most directly accomplished by
means of the spirit level A A (Fig 57), which is suspended
between the arms B, B. These arms are provided with hooks
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at the extremities, by means of which the level can be sus-
pended from the pivots in the manner shown in Fig. 58. The
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bubble in the level assumes a certain position, which can
be read off by means of a graduated scale. The level is
then to be reversed, so that the hook which previously hung
from one pivot now hangs from the other, and after allowing
a few moments for the bubble to come to rest its position is
to be read off again. If the two pivots be accurately hori-
zontal, then the position of the bubble will be the same after
the reversal as it was before ; but if there be the slightest
departure of the bubble from its original position the axis of
revolution is not horizontal. This can, so far as its grosser
portion is concerned, be corrected by raising or lowering
one of the bearings of the pivots until the bubble retains the
position after reversal which it had before.

We may here mention that by the help of the level we
can also scrutinise another detail in which the instrument
may be more or less imperfect. We have assumed that
the diameters of the two cylinders which constitute the
pivots are equal, but this may not be (indeed, generally is not)
strictly true. Their equality may be tested in the follow-
ing way :—Adjust the pivots so that they appear horizontal ;
then reverse the axis of the telescope, so as to interchange
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the pivots in the bearings, just as was done in the case of
determining the collimation. If the pivots be equal the
level will show that they are horizontal after the reversal ;
but if the two pivots, being horizontal before the reversal,
are found not to be horizontal after the reversal, then the
pivots are not of the same size. By these observations the
actual difference (if any) between the diameters of the two
pivots can be ascertained, and the effect of this difference
upon the observations can be calculated and allowed for.
By the adjustment of the bearings the greater portion
of the error of level can be actually corrected, but it is not
possible to make this adjustment as perfectly as the accuracy
of astronomical observations requires. Even if the axis were
once made level, it would not remain so. Slight changes in
the temperature, and possibly changes in the earth itself,
alter to a minute extent the piers upon which the bearings
rest. ‘The levelis thus continually undergoing small fluctua-
tions. The effect of these may be obviated by deter-
mining, in the course of the observations each night, the
actual inclination of the axis, and then correcting the obser-
vations by calculation, so as to reduce them to what they
would have been, had the telescope been perfectly adjusted.
§ 88. Error of Azimuth.—By correcting the telescope
for the error of collimation it is provided that the line of
collimation moves in a plane perpendicular to the axis of
revolution. The effect of making the line of pivots hori-
zontal is to cause this plane to pass exactly through the
zenith.  All the planes passing through the zenith are
vertical planes, and the last adjustment of the transit instru-
ment consists in so placing it that the particular vertical
plane to which the movements of the telescope are restricted
shall coincide with the meridian of the place. As the
meridian is defined to be the great circle which passes
through the zenith and the celestial pole, the adjustment
now under consideration will be secured if the plane in
which the telescope moves be caused to pass through the
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celestial pole. For this purpose we have to resort to obser-
vations of the stars, as it is by this means alone that this
adjustment can be effected.

It is easy to arrange the bearings so that the axes of
the pivots shall lie approximately in its correct position due
east or west, or, what is the same thing, that the central
spider line shall be very close to the meridian. If the Pole
Star were actually at the pole, then it would only be necessary
to move one of the bearings horizontally northwards or
southwards until the Pole Star, when viewed through the
telescope, would be seen to coincide with the central wire.
As the Pole Star is really a degree and a half from the pole,
the operation is not quite so simple. Still the Pole Star
(like every other star) crosses the meridian twice in every
revolution of the celestial sphere. The times at which the
Pole Star is on the meridian can be found from the ¢ Nautical
Almanac,’” and the approximate adjustment of the transit in-
strument may be made by making the observation at that
time, and then moving the bearing until the Pole Star is
seen to coincide with the central wire.

Though this adjustment is susceptible of a considerable
degree of accuracy, yet, just as in the case of the level, it is
hopeless to attempt to place the instrument absolutely
correctly. Nor, if it were once placed in the true position,
would it be safe to calculate that that position would be
retained. It is therefore necessary, on each occasion when
the telescope is used for accurate observations, to have the
means of computing to what extent the axis of revolution
really departs from the true east and west position. This
is called the error of azimuth.

For the determination of the error of azimuth we require
the assistance of a good clock, and we choose for the obser-
vations some conspicuous star situated near the pole, pre-
ferably the Pole Star itself. Leta ceb (Fig. 59) represent
the apparent path of the Pole Star in its diurnal motion, the
point o, which is the centre of the circle A ¢ B D, being of
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course the celestial pole. The meridian passes through the
pole, and we may denote that small portion of the meridian
which lies within the circle by the
line AB. The telescope having
Aw been approximately adjusted, the
vertical circle which the axis ofcol-

limation describes will pass very
close to the pole, and we may de-
° note that portion of it which lies
within the path of the Pole Star
by the line Er. The diameter
oS of the small circle A B is less
than three degrees of arc on the

celestial sphere, and consequently we may often regard
A B and EF as straight lines, though of course they are really
parts of great circles. In a period of one sidereal day the
Pole Star moves completely round the circle A ¢ B D ; this
motion is described uniformly, so that the time taken to
move from a through c to B is equal to the time taken to
move from Bthrough o to A. The telescope being directed
to the Pole Star, the time is tobe noted when the star crosses
the central wire of the system ; the star is then at the point
E. Afteran interval somewhat exceeding half a sidereal day
the Pole Star will again be visible at its lower culmination,
and will again cross the central wire of the system at the
point F. The instant of crossing is to be again noted by
the help of the clock. In another period of somewhat less
than half a sidereal day, the star will have returned to upper
culmination, and the clock time is to be taken again when
the star is at . If the telescope were correctly adjusted, so
that the vertical circle described by the line of collimation
coincided with A B, then the time interval between the
observed upper and lower culmination would be equal to
that between the lower and upper ; if, however, the telescope
be not perfectly adjusted, there will be a discrepancy between
these two intervals, arising from the fact that the arc Ec F
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exceeds the arc E D F. Itis thus easy to see that by these
observations we have the means of ascertaining if the tele-
scope be correctly placed, while if the telescope be not

i |

i

correctly placed the observations give the means of ascer-
y taining how much that place is erroneous. I
3 The general appearance of the transit instrument as it is
' actually used in astronomical observations is shpwn in Fig.
;: 60. The bearings of the pivots repose on massive masonry
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piers ¢, c. In order to ensure that the form of the pivots
shall not be injured by friction, the weight of the telescope
and axis is to a large extent relieved by the counterpoises
D, D, which, by means of hooks B, B furnished with friction
rollers, support the instrument. Just sufficient pressure is left
on the pivots to ensure that they shall work steadily in the
bearings. When the telescope is used at night it is necessary
to make provision for illuminating the spider lines, which
would otherwise be invisible against the dark sky. There
are various methods for effecting this illumination. In the
instrument shown in Fig. 6o this is effected by a lamp,
which is attached to the centre of the tube of the telescope.
By suitable arrangement of reflectors the light from the
lamp is brought down to the spider lines, which are close to
the eye piece.

§ 39. Determination of Right Ascensions.—We have ex-
plained (§ 34) that the right ascension of a star is the arc
on celestial equator between the declination circle passing
through the star and a standard point upon the equator.
We may also define the right ascension to be the angle be-
tween the declination circle drawn through the star and the
declination circle drawn to the standard point of the equator.
If, therefore, we can measure the angle between these two de-
clination circles we have ascertained the right ascension.

The transit instrument and its auxiliary, the astronomical
clock, enable us to measure the angle be ween the two
declination circles. ~When the instrument is properly
adjusted, the central wire of the system may be regarded as
lying in the plane of the meridian ; so that the moment the
image of a star is seen to cross the central wire, at that
moment the star is actually crossing the meridian. For the
present we may suppose that the right ascensions are to be
measured from the declination circle which passes through
some bright star—for example, Sirius—and to illustrate the

* method of observing we shall show how to find the right
ascension of some other star—for example, Vega.

The first thing to be done is to regulate the clock for
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accurate sidereal time. For this purpose the transit instru-
ment is to be directed to any convenient star, and the time
shown by the clock is to be noted when the star passes
across the central wire of the instrument. At its next
transit the same star is to be observed, and if the clock be
going correctly it will show an interval of twenty four
hours (sidereal time) between the two observations. This
interval is equivalent to 23h 56™ 4% of ordinary civil time.
It is almost immaterial which star be chosen for this
purpose ; the interval will be the same for all stars, so
that if the clock be correct for one star it will be correct
for all. It is, however, convenient to choose a star which
is at a considerable distance from the pole, for then its
apparent motion is rapid and the moment of its transit
across the central wire can be ascertained with accuracy.
On the other hand, it is not convenient to choose a star
which is low down at the time of transit. Observations made
near the horizon are always liable to be influenced more or
less by atmospheric disturbances, which do not affect to so
great an extent the observations which are made when the
star has a suitable altitude.

If the astronomical clock do not show the correct
interval of twenty-four hours of sidereal time between the
two transits of the star, then the length of the pendulum
must be altered by screwing the bob up if the clock be going
too slow, or screwing the bob down if the clock be going too
fast. It will not be possible to make the clock go with
perfect accuracy, but it is made to go very nearly right, and
the amount which it gains or loses in twenty-four hours is
determined. This error is called the rafe of the clock, and
the test of a good clock is sought not in the amount of the
rate, but in the uniformity with which the rate is maintained.
When the rate has been determined, then the time indicated
by the clock at which a transit or other phenomenon occurs
can be corrected, so as to render the observation as service-
able as if the clock had actually no rate.

When Sirius approaches the meridian the transit instru-
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ment is to be pointed so that the star enters the field of
view, and at the moment when it crosses the central wire
the time shown by the clock is to be noted. After a time
Vega approaches the meridian ; the instrument is to be
pointed at Vega, and again the clock time is to be noted as
Vega crosses the central wire. The interval between the
two observations (corrected, if necessary, for the rate of the
clock) will give the difference between the right ascension of
Sirius and of Vega ; for when Sirius was on the meridian
the declination circle passing through Sirius must have coin-
cided with the meridian, and when Vega was on the meridian
the declination circle passing through Vega must have coin-
cided with the meridian. The celestial sphere turns round
in twenty-four hours ; therefore a declination circle is carried
through an angle of 360° in twenty-four hours, so that in
one hour the declination circle moves through an angle
of 15°. If we turn the time interval between the two obser-
vations into an equivalent angle at the rate of 15° for each
hour, we obtain the angle between the declination circle
passing through Sirius and that through Vega, which is of
course the difference between the right ascensions of the two
stars. .
It is generally more convenient to speak of right ascen-
sions as time intervals in hours, minutes, and seconds than
to turn them into arcs expressed by degrees, minutes, and
seconds. The reduction from one form of expression to
the other is exceedingly simple. Thus we have—

15° correspond to 1 hour.
15/ - 1 minute.
15" Y 1 second.

We have still to explain the true origin from which
astronomers measure right ascensions. We may anticipate
a future chapter so far as to state that there is on the
_ celestial sphere a certain important point called the zernal
equinox. Like every other point on the heavens, the vernal
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equinox crosses the meridian in virtue of the diurnal motion.
The astronomical clock should be so adjusted that its hands
should indicate of o™ o* at the time when the vernal equinox
is crossing the meridian.  If the clock do this correctly, then
the time shown by the clock when any star crosses the meridian
(allowing, if necessary, for the errov of the clock) is the right
ascension of that star.

We shall suppose that the astronomical clock is going
correctly, so that it has neither error nor rate, and also that
the transit instrument has been correctly adjusted. The
following is then the actual course of observations by which
the right ascension of a star or any other celestial body is
to be found : —

The observer first points the telescope at the right
elevation. To enable this to be done a small graduated
circle (shown in Fig. 60) is attached to the side of the tele-
scope near the eye piece. The arm carrying the index is
furnished with a spirit level, and when the index is directed
to the proper point on the graduated circle the telescope
must be moved until the level is horizontal. In this way
the observer is able to ensure that the object which he is
anxious to observe shall enter the field of the telescope.
When the telescope has been set the observer takes his seat
at the eye end, and after a glance at the clock commences
to count the seconds. 1If the star betowards the south, then
the image of the star enters the field of view, in virtue of
the diurnal motion, at the right hand of the observer, and ap-
proaches the vertical wires. Let x (Fig. 55) be the position
which the star has at one tick of the clock ; then by the
next tick it will have passed across the wire and be found
at y. The experienced transit observer will rapidly estimate
to a fraction of a second the instant when the star coincided
with the wire, and he will note this down. Without taking
his eye from the telescope he repeats this operation for each
of the five wires, and he takes the mean of the five observa-
tions for the time of transit over the middle wire. By this
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method the time of transit is ascertained with much greater
accuracy than would be practicable with the single observa-
tion at the central wire.

In some of the more important observatories this method
of taking transits has been replaced by what is called the
chronographic method. The chronograph consists essentially
of a drum covered with paper, which revolves uniformly by
clockwork. A galvanic arrangement is provided, by which,
when the observer depresses a key, a small mark is made
upon the drum. At each vibration of the pendulum of the
clock a current is made, which also impresses a mark upon
the drum. When the mark made by the observer is com-
pared with the marks made by the clock, the time at which
the observer depressed the key can be determined. In
taking a transit by this method the observer depresses
the key each time the star crosses one of the vertical
wires. There is thus a record made upon the drum,
from which the true time of transit is ascertained.

§ 40. Zhe Meridian Circlee—To know the position of a
celestial body we require to determine both its right ascension
and dec/ination. We have already explained how the former
element is found, and it remains to show how the latter is

Fic. 6e. ascertained. For this purpose we
may employ the instrument known
as the meridian circle or transit circle,
which, indeed, comprises the proper-
ties of a transit instrument with those
additional arrangements which fit it
for the measurement of declinations.

The principle of the meridian
circle is shown in Fig.61. It consists
primarily of a transit instrument A B
of the same construction as that
already described. Attached to the
. axis, near each of the pivots, is a graduated circle, the plane

of which is perpendicular to the axis of the pivots. One of
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these circles is shown in the figure. These circles are fixed
to the axis, so that they revolve when the telescope revolves.
The circles are divided primarily into degrees, the numbers
of which run continuously from o° to 359°. Each of these
degrees is again subdivided, the extent of the graduation
being limited by the size of the circles. In some of the
best instruments each degree is subdivided into thirty equal
parts, of which each part is therefore equivalent to two
minutes. The reading of these circles is effected by micro-
scopes, which, as explained in § 13, subdivide the circle, so
that the actual readings are recorded in tenths of a second
of arc. It is usual to have four microscopes, at distances of
90°, for the purpose of eliminating the errors arising from the
eccentricity of the circle, as well as certain other errors in
the graduations themselves, which are of a periodic nature.
For the purposes of the general description now about to be
given it will be convenient to speak of the reading of the
circles as if it could be simply performed by a pointer x v
(Fig. 61).

As the diurnal motion of the heavens carries the star
which is being observed across the field of view, the ob-
server moves the telescope so that the line in which the star
moves shall coincide with the horizontal wire ¢ b, Fig. 55.
To enable this adjustment to be made with the delicacy
which is necessary, a slow motion is arranged, by which the
telescope can be moved by a handle in the hand of the
observer. After the star has passed out of the field the
position of the graduated circle is read off, and the result is
recorded to the tenth of a second.

A single observation of this kind is, however, insufficient
to give us any information as to the declination of the star.
We must, further, have the means of pointing the telescope
to some accurately defined spot on the celestial sphere.
Take, for example, some standard star—suppose Sirius—then,
if we observe Sirius in the way we have described, and if
we then observe some other star of which the place is to be

H
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determined, the difference between the readings of the circle
m the two cases will be the difference between the declina-
tions of the two objects.

In making these calculations due allowance has to be
made for the effect of refraction upon the position of each
star. This is done as follows :—When Sirius is observed,
the star is elevated by refraction to an amount which is
nearly proportional to the tangent of the zenith distance.
After the position of the circle has been read off we correct
the result to what it would have been had the telescope
been depressed into the position in which it would have
been directed had we been able to view Sirius without the
intervention of the atmosphere. In the same way the
reading of the circle when the telescope has been directed
to the unknown star must also be corrected for refraction,
and it is the difference between these two corrected readings
which is to e taken as the difference between the declina-
tions of the two stars.

It may, perhaps, be urged that the zenith distance of the
object, on which the refraction depends, cannot be known
until the observations have been completely corrected, and
that thus it would seem that we required to know the
zenith distance before we could find the zenith distance. In
reply it may be observed that, as the refraction is compara-
tively small, a small error in the zenith distance will only
affect the refraction computed therefrom to an inappreciable
extent. We may, therefore, first compute an approximate
value of the zenith distance by omitting the refractions.
By this approximate value of the zenith distance of the
unknown object its refraction may be computed with suffi-
cient accuracy, and then the difference of declinations can
be found with precision.

In the list of standard stars published in the ¢ Nautical
Almanac’ every year their declinations are recorded for
. each day. By comparison with the declination of these
standard stars we have thus the means of deducing the
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declinations of unknown objects from the observatiors made
by the meridian circle. It is, however, necessary to point
out how the declinations of these standard stars are them-
selves obtained.

If the pole were a visible point on the celestial sphere,
then we could turn the telescope to that point, read off the
circle, then turn the telescope on the star and read off the
circle again. 'The difference between these two readings—cor-
rected, of course, for refraction—would be the distance on the
celestial sphere from the pole to the star, or what is called
the polar distance of the star. If this polar distance be
subtracted from go° the difference is the distance from the
star to the celestial equator, or the declination of the star.

There is, however, no star or other mark accurately
placed at the pole, and therefore we have to resort to an
indirect operation for ascertaining declinations. If we were
enabled to point the telescope accurately to the zenith, and
then read off the circles, and if we then turned the telescope
to the star and read off again, the difference between the
two readings corrected for refraction would be the zeniti
distance of the star, There is, however, no point at the
zenith, just as there was no point situated at the pole, and
therefore we have no means of knowing when the telescope
is pointed precisely towards the zenith. We /Zave, Zowever,
the means of pointing the telescope accurately towards the
nadir, and thus we have the means of ascertaining the
distance on the celestial sphere from the unknown object to
the nadir ; then, by subtracting this from 180° we find the
zenith distance of the object.

The surface of a liquid at rest is a horizontal plane. A
perpendicular to such a plane points upwards towards the
zenith and downwards towards the nadir.

A basin of mercury is placed underneath the meridian
circle, so that when the telescope is pointed with its object
glass vertically downwards the mercury is immediately
underneath it. A lamp being placed near the eye end of

"2
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the telescope, a simple contrivance enables a little light to
be admitted, which illuminates the spider lines. On looking
through the eye piece we are then able to see the spider
lines, and also their reflections from the surface of the
mercury.

To show how by this means we are cnabled to point
the telescope so that its line of collimation is accurately
directed towards the nadir, we refer to Fig. 62. Let A B be

the line of collimation of the tele-
scope, P Q the surface of the mer-
cury, and the cross at o the inter-
T , section of the horizontal and verti-
& : A cal spider-lines. The rays of the
3\ light, diverging from the illuminated
\ wires at o, pass down the tube
of the telescope to the object glass
\ at B. As a beam of parallel rays
falling from a star on the exterior
of the object glass are turned into
a beam of rays which converge to
the point o, so a beam of rays
diverging from o and falling on the
object glass emerge therefrom as a parallel beam, and in
this condition they encounter the surface of the mercury.
By the laws of reflection of light the beam, after reflection
from the mercury, will travel in a direction parallel to the
line R c,s0 that R c and B R make equal angles with the
vertical line R T perpendicular to the surface of the mercury.
In the circumstances which are represented in the figure it is
obvious that the beam, after reflection, will pass away from
the telescope altogether, so that the reflected image of the
wires will not be seen.
But suppose that the telescope were placed with its axis of
collimation exceedingly close to the vertical line R T ; then
. the beam of rays, after reflection from the mercury, would in
a great part fall again upon the object glass of the telescope:

FiG. 6z.
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These rays were parallel before reflection from che mcrcury,
and they will remain parallel after reflection ; they are there-
fore in a fit condition for coming to a focus again at the
object glass of the telescope. On looking into the telescope
we then see the system of spider lines, and together with
them the images produced by the reflection. The images
are somewhat fainter than the original lines, but are still
quite distinct. By means of the slow motion of the telescope
the relative position of the lines and reflected images can
be altered, so that the horizontal line can be made absolutely
coincident with its reflected image. When this is so, the axis
of collimation of the telescope must be directed perpen-
dicularly to the surface of the mercury, and must therefore
point exactly to the nadir. While the telescope has this
position, the circle is to be read off, and the reading thus
obtained gives a standard by which the zenith distances
of other stars may be ascertained. The difference between
the position of the circle when the telescope is directed to the
nadir, and the position when the telescope is directed to
the star, is the apparent nadir distance of the star. The
supplement of this distance, duly corrected for the effect of
refraction, is the true zenith distance of the star at the place
of observation.

§ 41. Zatitude.—The zenith distance of a star is not so
convenient as the declination when the position of the star
is to be recorded in a catalogue. This arises from the cir-
cumstance that although the zenith distance of the same
star is almost absolutely constant at the same spot on the
earth’s surface, yet, when the locality of the observer is
changed, it generally happens that the zenith distance of the
stars is also changed. This does not arise from any
change in the positions of the stars themselves on the
celestial sphere, but it is due to the fact that the position of
the zenith on the surface of the celestial sphere depends upon
the position of the observer on the earth. It is, consequently,
more convenient to refer the position of the stars to points
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fixed on' the celestial sphere “than to those which depend
upon the place from which they are to be observed. It is,
therefore, necessary to explain how, when the zenith distance
of the star has been measured, the declination of the star can
be computed.

Let c represent the centre of the earth, and let R be a
point on the earth’s surface. Through c draw aline ¢ » point-
ingto the pole of the heavens. This line cuts the surface of the
earth in the two points which are known as the north and
south poles respectively. Through the centre of the earth

draw a plane ¢ H perpendicular

, to the axis ¢ p. This plane

\ /0 cuts the surface of the earth in

‘\ / £ a great circle which is known as
1
\
v

FIc. 63.

/ / the earth’s equator. If we re-
VS / gard the earth as spherical, then
\ a line drawn from any point R
o on the surface of the earth to
the earth’s centre makes with the
equator an angle RcH, which
1s the Zatitude of the point R.

An observer stationed at the
point r will see the pole of the
celestial sphere in the direction
R Q, which is parallel to c p.

A tangent plane drawn
through the point R perpendicular to the radius ¢ r forms
the plane of the horizon. This plane cuts the plane contain-
ing ¢r and c p in the line R A. This line R A is in fact
the direction of the north point of the horizon drawn from
the situation of the observer. The angle between R @ and
R A is the altitude of the pole above the horizon.

Since the revolution of the celestial sphere does not alter
the position of the pole, the altitude of the pole is a constant
" at any poinut on the earth. The actual altitude of the Pole
Star varies through a range of nearly three degrees.

4
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As the angle A R C is a right angle, it is obvious that
the two angles Q R A and H R c taken together must also
make up a right angle. In the triangle H R C, since HR is
parallel to c P, the angle at # must be a right angle, and
therefore the sum of the angles HRC and HCR is also a
right angle. It follows that the angle Q R A is equal to
the angle r ¢ H, but Q R A is the altitude of the pole and
R Cc H is the latitude, whence we have the following very
important proposition :— :

The altitude of the pole above the horizon is equal to the
latitude of the place.

§42. Phenomena dependent on Change of Place—The
proposition just proved will explain the series of changes
in the appearance of the heavens which are presented to a
traveller who makes a considerable change in his latitude.
We may, for the sake of illustration, suppose that the traveller
starts from the North Pole and travels along a meridian to
the South Pole. When at the North Pole, it is plain that his
latitude is 9o°, and, therefore, the altitude of the celestial
pole will be go° In this case the celestial pole will be
actually coincident with his zenith. The horizon of the
observer being at all points go° from the celestial pole in
his zenith, must in this case be the celestial equator. The
diurnal motion of the celestial sphere will cause the stars to
revolve in small circles which are all parallel to the horizon.
The phenomena of the rising or the setting of the stars would
be unknown. Each star preserves constantly the same alti-
tude above the horizon. A star on the horizon would never
ascend higher, and a star below the horizon would never
cross the horizon and come into view. The observer would
thus never have an opportumity of beholding more than one-
half of the celestial sphere, so that (assuming the stars to
be uniformly spread over the celestial sphere) about half
the celestial objects in the universe would never be seen
by him.

1f the traveller shift his station to a latitude which, for
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the sake of illustration, we shall suppose to be 45°, the ap-
parent movements of the celestial sphere will have become
much modified. The pole of the heavens will no longer be
at the zenith, but will have an altitude equal to the latitude,
i.e. 45°. If a star be situated within a distance of 45° from
the pole, then this star will obviously never be able to pass
below the horizon, for the polar distance of the star is con-
stant, and the nearest point of the horizon to the pole is 45°
All stars within 45° from the pole will, therefore, be continu-
ally above the horizon, and they are called Circumpolar Stars.

In the case of a star visible at the latitude of 45° which
had a polar distance exceeding 45° the phenomena of rising
and setting will be observed. If the polar distance, for ex-
ample, be 60° ie. if the declination of the star be 30° then
the star will set by crossing below the horizon at one of the
two points of the horizon which are at a distance of 60°
from the pole. A star situated on the equator and, there-
fore, at a distance of go° from the pole, will cross the horizon
at rising and setting in those two diametrically opposite
points Which are go° from the pole.

Stars having south declination will also be seen, provided
that their declination does not exceed a certain amount.
This amount may be determined as follows. As the nearest
point of the horizon to the pole is at a distance of 45°, so
the most distant point of the horizon from the pole is 180°
—45°=135° It therefore follows that if a star is to be
visible at that latitude, the polar distance of the star must
not exceed 135°, or, what is the same thing, the south declina-
tion must not exceed 45°

Continuing his journey, we may suppose that the traveller
reaches the equator, where, his latitude being zero, the pole
has sunk to the horizon. = All the stars rise and set perpen-
dicularly to the horizon, and the phenomena of circumpolar
stars are anknown. In this position all the stars in both
" hemispheres will be visible, and each one will continue
above the horizon for half a sidereal day. There is thus a
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remarkable contrast between the appearance of the celestial
sphere as seen from the equator and as seen from either of
the poles. In the former case all the celestial sphere is
above the horizon in the course of a revolution. In the
latter only one-half the celestial sphere is ever visible.

As the traveller enters the southern hemisphere of the
earth, the north pole of the heavens sinks below his horizon
and the south pole begins to rise. There does not happen
to be any bright star indicating the position of the south
pole in the convenient way in which the Pole Star shows
the position of the pole in the northern hemisphere. At
the south latitude 45° the phenomena already described at
the latitude of 45° north are presented in an inverse manner,
the circumpolar stars being now the stars which surround
the south pole. i
It will be useful to state more fully the conditions under
which a star or other celestial object is visible at a given
latitude at one or both of its culmi-
nations. Since the elevation of the SO
pole is equal to the latitude of the

place, it follows that the angular £
S .7[0

distance between the zenith and the
pole is equal to the complement of
the latitude of the place, or to what
is called the cw/atitude.

In Fig. 64 let P denote the pole,
z thé zenith, and s, s’ the positions
of a star at upper and lower culminations respectively. Let
¢ be the latitude, and & the declination of the star.

Then the zenith distance of the star at its lower culmi-
nation is z s/, but

zs'=zP+PS
=90—¢+90—(“‘=180-q)—3.

In order that a star may be visible, it is necessary that
its zenith distance at the time of observation be less than
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90°  Hence for a star to be visible at the moment of
lower culmination we must have

180—0—08<90°
or % 0>90°—¢.

We thus have the following result :—

When the north declination of a star exceeds the colatitude,
both culminations of the star will lake place a{oz'c the orizon
of a station in the northern henisphere.

Next suppose a southern star at T. The zenith distance
of the star is z T, but

ZT=PT—P2Z

=90+3—(90—9¢)

=0+¢.
Hence when the upper culmination of the star takes place
above the horizon, we must have 2

d+¢<90®
or d<90—¢;

and we have the following result :—

When the south declination of a star is less than the
colatitude, then the upper culmination of the star will take
place above the horizon of a station in the northern hemi-
sphere.

For example, the latitude of Greenwich is 51° 28’ 38"+,
and therefore the colatitude is 38° 31’ 21”:6. 'The upper
culmination of every star in the northern hemisphere will
be seen at Greenwich, as well as of all the southern stars
whose south declination does not exceed —38° 31/ 21"6.

All stars are visible at both culminations at Greenwich
of which the declinations exceed + 38° 31’ 21+6.

These statements require some modification on account
of the effects of refraction, but this need not be considered
"at present. It should also be observed that, owing to the
loss of light incurred when the rays have to pass through a
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great thickness of the atmosphere, stars cannot be seen when
close to the horizon. The actual rising or setting of a star
is perhaps never witnessed.

§43. Determination of Latitude—Since the altitude of”
the pole above the horizon is equal to the latitude, the
angular distance from the zenith to the pole is equal to the
complement of the latitude, or the w/atitude. By suitable
observations made with the meridian circle the colatitude
can be ascertained, and thence the latitude is known. We
select for this purpose a circumpolar star, preferably the Pole
Star itself, and we determine the zenith distance of the star
at its upper and then at its lower culmination.

Let zs, z s’ (Fig. 64) be the zenith distances at upper
and lower culmination respectively, then if refraction be
omitted, we have

zr=% (zs4259'),
or the cwlatitude is the arithmetic mean of the zenith distances
of a crcumpolar star at upper and lower culmination.

Owing, however, to the effect of refraction, the actual
distances z p found by different circumpolar stars will be
seen to vary. A star, for example, which, at its lower
culmination, passed close to the horizon would be largely
affected by refraction, while at its upper culmination it would
be but very slightly affected ; the Pole Star would be affected
very nearly equally on both occasions. We have seen that
the refractions of stars are nearly proportional to the tangent
of the zenith distance. They are therefore equal to this
tangent multiplied by a certain coefficient, termed the
coefficient of refraction, which has to be determined by
observation. It is by observations of the kind we are de-
scribing that the coefficient of refraction is to be determined.
This coefficient must have such a value that, when the
corresponding corrections are applied to the zenith distances,
the resulting values of the colatitude shall be all equal from
whatever star they have been derived. In this way the
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colatitude has been ascertained, and therefore also the
latitude.

The declination of a star can now be readily found.
For the declination ¢ is the complement of the polar dis-
tance, which is equal to the zenith distance at upper cul-
mination added to the colatitude. If z be the zenith
distance, and X the latitude, we have therefore

90°-—0=2+ go°—A\
whence 0=A—2
or 04 z=\

We therefore see that—

The zenith distance of a star at upper culmination added
1o its declination is equal to the latitude,
and also it can be easily shown that—

The zenith distance of a star at lower culmination added
1o 1ts declination is equal o the supplement of the latitude.

§ 44. Numerical lllustration.—In applying the correction
for refractions, it is necessary to take account of the tem.
perature of the air (¢ degrees Fahr.), as well as its barometric
pressure (% inches of mercury). The following formula,
which has been derived from the observations we have just
described, fairly represents the refractions except in the
neighbourhood of the horizon.

v/
1 H —_— o T
Refraction (in seconds)=992 fGofrtanz

For the sake of illustration we shall show how the lati-
tude of Dunsink Observatory and the declination of the star
v Draconis have been ascertained by observations of this
star at its upper and lower culmination respectively.

At the lower culmination the nadir distance of the star

was observed, and appeared to be
104° 56’ 46”8
The zenith distance is therefore

750 3I 13”'2-
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Twelve hours later y Draconis crossed the meridian
again, and its south zenith distance on that occasion was
found to be

o

1° 53 1876.

We have first to correct these apparent zentth distances
for the effect of refraction, so as to bring them to what they
would have been had the atmosphere been absent. It
appears that at the time of lower culmination the temperature
was 40° and the barometric pressure is 29”:86. Under
these circumstances the refraction is

3, 411/.9‘
Thé corrected value of the zenith distance at the lower cul-
mination is
750 6/ 5 5//.1
The observations at the upper culmination are also affected
to a small extent by refraction, the amount being
111.9‘
Applying this correction, we have for the zenith distance at
upper culmination the result

i’ 53
We therefore have the following two equations from which
the latitude X and the declination & are to be ascertained :—

180—7\=75° 6! 55//.1+3
)\=I° 53/ 20/ 5+3,

! 20//.5'

whence we deduce -

A=530 231 12”'7

GE=IE T U85 OG0 (08

By repeating these observations, using different stars for

the purpose, the latitude can be determined with great
accuracy, and in the case of those observatories which are
furnished with large meridian instruments the latitude is
known accurately to a small fraction of a second.
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§45. Star Catalogues—The results of the observations
on the positions of the stars are given in what are called
Star Catalogues. These catalogues contain the appropriate
designation of the star, either by a special name, or more
usually by the constellation in which it lies, together with
the number or letter by which the star is distinguished.
Then follow columns containing the right ascensions and
declinations of the stars, and it is usual to place the stars in
the catalogue in the order of their right ascensions. Such
catalogues of stars are of the greatest service in astronomy.
When once the place of a star has been accurately found
and recorded, that place becomes a faithful point of reference
from which other measurements can be made. For example,
suppose a comet appears which cannot be conveniently
observed by a meridian instrument; it is only necessary
to select some star in the neighbourhood of the comet,
whose place is known by the catalogue. It is then easy to
determine the difference of the right ascensions and de-
clinations of the star and the comet by means of an equa-
torial telescope, which can be directed to whatever point of
the heavens the comet may happen to be situated. These
differences being determined, the absolute position of the
comet is deduced, because the right ascension and declination
of the star is known from the catalogue.




III

CHAPTER 1IV.

APPARENT MOTION OF THE SUN.

§ 46. Annual Motion of the Sun.—Passing from the
consideration of the apparent diurnal rotation of the heavens,
which is, as we have seen, due to the rotation of the earth
upon its axis, we must proceed to consider the movements of
those heavenly bodies which do not occupy a fixed position
with regard to the stars and constellations. Among this
class of bodies we can have no hesitation in regarding the
sun as the most important as far as the inhabitants of the
earth are concerned. We shall therefore begin by studying
the nature of those movements on the surface of the celestial
sphere which are performed by the sun.

It is, in the first place, obvious tlmt the sun partakes in
the apparent diurnal rotation of the heavens which we have
already considered. Like the stars, the sun rises in the
east, and having run its course across the heavens, it descends
again to set towards the west. When, however, we study
the apparent movements of the sun with more attention, we
see that the motions of the sun are not simply due to the
apparent motion of the entire celestial sphere, but that the
sun actually possesses a certain motion on the sphere, which
is blended with the apparent motion which it also receives
by the diurnal rotation of the sphere. The actual move-
ments of the sun are, however, so slow when compared with
the movement arising from the apparent diurnal motion,
that it requires some little attention to perceive them. The
difficulty would be greatly lessened if it were possible to see
the stars on the celestial sphere in the neighbourhood of the
sun. No doubt it is possible by the aid of telescopes to see
bright stars in the daylight, but these stars to be visible
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must be at least 15° from the sun, otherwise the overwhelm-
ing brilliancy of the sun would obliterate the feeble rays
from the star. There are, however, several indirect methods
by which we can easily see that the circumstances attending
the apparent motions of the sun are different from those
connected with the stars. In the first place, if we note care-
fully the point of the heavens at which a s#a7 first becomes
vigible after it has risen, and if we compare this position
with the surrounding terrestrial objects, we shall find that the
point of the horizon at which the star actually rises is con-
stant, so that it remains from one end of the year to the
other at the same distance from the north or south point.
This constancy of the point of rising is an obvious conse-
quence of the diurnal motion of the heavens, when it is
remembered that the star remains in a constant position on
the surface of the celestial sphere. The rising of the sun is,
however, very different from that of a star ; for the point of
the horizon at which the sun rises changes periodically. This
is seen by noting the pésition of the sun at sunrise with regard
to the adjacent terrestrial objects. If the distance of the point
at which the sun rises from the southern point of the hori-
zon be measured, it is found that this distance fluctuates
between certain limits, and the period in which these
changes are accomplished is one year. Precisely similar
phenomena are witnessed at sunset ; the point at which the
sun descends below the horizon oscillates between certain
limits. This is seen in a very striking manner at certain
places on the western coasts of Europe, where the sun
appears to set in the sea, and where the point at which it
sets is easily defined by the aid of islands which are seen
near the horizon.

There is also another point in which the movement ot the
sun is seen to differ from the apparent movements which the
stars make in virtue of the diurnal rotation of the heavens.
When a star culminates, the altitude of that star is a maxi-
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mum. It is easily perceived that this maximum altitude of
a fixed star is always the same, whatever may be the season
of the year at which it is observed. This is, however, not
the case with the sun. At or near noon each day the sun
culminates, but everybody knows that the altitude which
the sun has at culmination is far from constant. In winter
the sun is low when it culminates, while in summer it is
high. In the arctic regions this feature of the sun’s move-
ments is so strongly marked that in midwinter the sun
actually does not come above the horizon at all, while in
midsummer the sun never sets. These points of contrast
between the movements of the sun and those of the stars
can only be explained by the supposition that the posi-
tion of the sun on the celestial sphere is constantly chang-
ing. We can confirm this by observing the heavens in
the west as soon after sunset as the decreasing twilight has
rendered the stars visible. If we.note the positions of
the stars with respect to the terrestrial objects, and if the
observation be repeated after an interval of two or three
weeks, it is seen that the stars which at the first observation
were considerably above the western horizon at sunset have
now closely approached it. Again repeating the observation
after the same interval, it will be found that the stars
already mentioned are now actually below the horizon at
sunset. After the lapse of some time it will be found that
these stars, having ceased to be visible in the west after
sunset, will become visible in the east shortly before sunrise.
These phenomena can only be explained by the supposition
that the sun is in motion on the surface of the celestial
sphere.

It will be instructive for the learner to observe these
phenomena for himself, and it may facilitate his doing
so if we describe the appearance presented by a certain
region of the heavens at the different seasons. We shall again
take for the purpose of illustration the well-known group in

!
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the constellation Taurus known as the Pleiades (§ 27), and we
shall describe the position occupied by the Pleiades at
eleven o'clock p.M. on the nights of January 1, March 1,
May 1, July 1, September 1, November 1. If the weather
be unfavourable on any of the nights we have named, then
the next fine night af #ie same four will answer instead.
We shall also assume that the observer is situated in the
northern hemisphere, at about the latitude of the British
Islands.

At eleven p.M. on January 1, the Pleiades may be found
high up in the sky, a little to the west of south. At the
same hour on the evening of the 1st of March they will be
visible rather low in the west. On the 1st of May they are
not visible ; on the 1st of July they are not visible. On the
1st of September they are visible low in the east. On the
1st of November they are high in the heavens, a little to the
east of south. On the next 1st of January they will be
in the same position as they were on the last, and in the
course of the following year the same cycle of changes
which we have described will be repeated.

It would therefore seem as if the Pleiades were at first
gradually moving from the east to the west, that then they
dipped below the horizon, and after a short time reappeared
again in the east, so as to regain at the end of a year the
position they had at the beginning.

The reader will, it is hoped, not confuse the annual
motion which we are here considering with the apparent
diurnal motion previously discussed (§27). In the apparent
diurnal motion the phenomenon is observed by looking
out at different hours on the same night. To observe
the apparent annual motion we must look at the same
hour on different nights separated by a considerable in-
terval.

We shall now endeavour to explain the apparent annual
motion of the Pleiades. We have chosen the hour at
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eleven p.M. because by this time in the summer months
the heavens are sufficiently dark to enable the stars to be
visible. We might, however, have traced the same series
of changes had we adopted any other constant hour, and
used a telescope whenever the daylight would not permit
the stars to be seen without its aid. It will also be under-
stood that the Pleiades have merely been taken as an illus-
tration : many other objects would have answered equally
well.

We must first ask, What does eleven p.M. really mean?
It will be necessary to anticipate to some trivial extent
certain points to be more fully discussed hereafter ; we may,
however, assume that the sun crosses the meridian each day
very near noon, and that, consequently, at eleven P.M.
the sun has passed the meridian about eleven hours pre-
viously. We find that at eleven p.m. on March 1, the
Pleiades are farther from the meridian than they were
at eleven p.M. on January 1. But as the sun is nearly at
the same distance from.the meridian in the two cases, it
follows that the Pleiades must be nearer to the sun on
March 1 than on January 1. It is, therefore, plain that
the relative positions of the sun and the Pleiades on the
surface of the heavens must be changing. By comparing
the sun in the same way with any other stars, it is found
that the stars to the east of the sun appear to be ap-
proaching the sun. But we have already noticed that
the positions of the stars 7zze7 se do not change, and there-
fore we are obliged to come to one of two conclusions :
either, firstly, that all the stars in the universe have an
annual motion from east to west relatively to the sun,
which remains fixed, or that the sun has an apparent
annual motion from west to east, while the stars remain
fixed. We cannot hesitate to choose the latter alterna-
tive as the correct one. The apparent diurnal motion we

have already explained to be due to the real rotation of
12
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the earth upon its axis. Were this rotation to cease, the
stars would appear immovable, but the apparent annual
motion of the sun among the stars would remain as before.
In the discussions of the motion ot the sun, which we shall
now commence, we shall only consider the apparent annual
motion of the sun among the stars, for, of course, that part
of the sun’s apparent motion which is due to the diurnal
motion which it shares in common with the stars needs no
other explanation than the rotation of the earth upon its
axis.

$ 47. Observations of the Sun.—We shall first consider
how the position of the sun may be ascertained by observa-
tions made with instruments capable of giving numerical
results. The instruments first to be described are of ex-
ceadingly simple construction, and though the results they
give are only to be regarded as coarse approximations,
yet in the early epochs of astronomy it was by their means
that acquaintance was made with the apparent movements
of the sun, and that the laws of those movements were dis-
covered.

The most simple instrument of the class now under con-
sideration depends upon the shadow which the sun casts on
a fixed object. As the sun moves, the shadow moves in a
corresponding manner, and by the measurements of the
position of the shadow on the plane the movements of the
sun can be deduced. This instrument in its simplest form
is represented in Fig. 65. Arod aBis fixed vertically, so
as to project from the horizontal plane anc. On this
plane a line A c is traced north and south for the purpose of
facilitating the measurements.

The shadow of the vertical rod a B occupies the position
a D on the horizontal plane, and by the position and length
of this shadow the position of the sun can be ascertained.
The plane & A D which contains the rod and its shadow is
vertical, and the intersection of this plane with the hori-
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zontal plane makes with the line A c an angle equal to
the azimuth of the sun. Thus the azimuth of the sun can
be ascertained by measurement of the anglesa c. Itisalso
casy to obtain the zenith distance of the sun. For the line
joining the end of the shadow D to the top B of the rod
must point directly towards the sun, and as the line a B
points directly towards the zenith, it follows that the angle
zBS or A B D must be equal to the zenith distance of the
sun. Theangle B A D being a right angle, it follows that the

Fic, 65.

tangent of the zenith distance is equal to A D<A B, and, as
A B is constant, it appears that the tangent of the zenith dis-
tance of the sun is proportional to the length of the shadow.
At noon each day the zenith distance of the sun is at its
smallest value, and the shadow of the sun, which is then
on the line ac, has its smallest value also. It is, however,
found that the length of the shadow at noon is different on
different days. In midsummer the length of the shadow
has its minimum value, and as the season advances so does
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the length of the shadow, until in midwinter the length
attains its greatest value. This shows that the zenith dis-
tance of the sun at noon has its least value in midsummer,
and its greatest value in midwinter, and by measurement
of the length of the shadow and dividing the result by the
length of the vertical rod, the tangent of the zenith distance
can be computed.

The accuracy of this instrument is greatly impaired by
the circumstance that the apparent size of the sun is so con-
siderable. Each luminous point on the surface of the sun
emits rays of light, and will throw a shadow of the vertical
rod. We thus see not a single shadow, but a great number
of shadows partially superposed on each other. This com-
posite nature of the shadow entails a certain degree of
ambiguity and want of sharpness in the shadow itself, and is
a very serious obstacle in the way of exact measurement.
So crude an instrument as this is therefore quite unsuited
for the exact measurements required in modern astronomy.

It has been sought in some degree to rectify the uncer-
tainty attendant upon measurements of the shadow by using

FiG. 66. Fia. 67.

a modified form of this instrument, shown in (Fig. 66). The
vertical rod A B (Fig. 66) carries at its summit a plate B
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pierced with a small orifice. The shadow of this plate is
thrown on the horizontal plane, and the measurements are
made from-the point A to the centre of the illuminated disk
(Fig. 67). In this way it is found that measures can be
made with a considerably greater degree of precision than is
attainable when the extremity of the shadow of the rod is
the point whose distance is to be measured. It might be
thought that if the orifice were made exceedingly small
the point in the centre of the shadow of the disk would
also be an exceedingly small point ; but in this case again
the apparent size of the sun intervenes, and prevents the
point in the centre of the shadow from being so sharply
defined, as it would be were the apparent diameter of the
sun smaller than it actually is.  All instruments of this class
are, however, replaced for accurate work by suitably
mounted telescopes, which enable measurements to be made
that are incomparably more accurate than anything which
can be attempted by the contrivances we have just been
describing.

Before the indications of these accurate instruments can
make known to us the precise place of the sun, it is neces-
sary to have some acquaintance with the apparent shape and
form of the sun’s disk as we see it. We shall therefore first
turn our attention to this subject. The disk of the sun on
the celestial sphere appears, at first sight, to be a circle : it is,
however, necessary to make the shape of this disk the sub-
ject of exact measurement, in order to show how far the disk
is exactly circular, and also to determine the angular value of
its radius.

§48. Zhe Micrometer.—The instrument which is used in
these investigations is generally attached to the eye end of a
telescope, and is employed for measuring the dimensions of
the images of the objects in the field of view. There are
several different contrivances used : we shall describe the
form which is known as the parallel wire micrometer.

In the focus of the object glass of the telescope are
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stretched three spider lines. Two of these are parallel, and
the third is at right angles to them. FEach of the parallel
wires is mounted in a frame, by which it is enabled to be
moved parallel to itself in the plane of the focus, and the
movements of the two wires are completely independent.
The movement of each wire is effected by a screw called
the micrometer screw, and it is on the accuracy with which this
screw is made that the utility of the micrometer mainly
depends. If the screw be strictly uniform in the shape of
its thread, then the distance through which the wire is moved
is always proportional to the number of whole revolutions
and parts of a revolution which the screw has made.
Means are provided by which the entire number of revolu-
tions by which the screw has been turned from a standard
position can be ascertained. The head of the screw is also
usually subdivided into hundredths, and by estimation each
hundredth part may be subdivided into tenths. It is there-
fore possible to record the distance through which the screw
has been moved from a standard position accurately to the
thousandth part of a revolution. The single wire which
intersects the movable wires passes through the centre of
the field of view. It has no motion of the kind we have just
described, but, in common with the two movable wires
and the eye piece, is capable of being rotated around the
axis of the telescope. There is also a graduated circle
attached to the micrometer, so as to enable the angle,
through which the micrometer has been rotated, to be
ascertained.

To illustrate the method of using this instrument we
shall suppose the case of three stars in the field of view, and
we shall describe how the relative positions and distances of
these stars are to be ascertained. To enable the measure-
ments to be made with facility and accuracy the micrometer
ought to be attached to a telescope, which is mounted
equatorially (§ 28), and which is furnished with a clock-work
apparatus. When the clock is going the stars will remain
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constantly in the field of view, and the attention of the
observer will not be distracted by the diurnal motion, which,
if uncompensated by the action of the clock, would entirely
preclude any accurate results. The circles which are
attached to the telescope are not employed in connection
with the measurements now to be described. 1In fact, in an
equatorial instrument, these circles are generally only
intended for the purpose of pointing the telescope in the
right direction, so as to bring the right object into the field
of view, but they are not generally intended to serve any
purpose in the making of exact measurements.

For convenience we speak of the three stars as 4, B, c,
and we propose to measure the sides and angles of the
triangle A B c. The triangle which we see is of course not
the actual triangle, which has the three stars at its vertices :
it is only the projection of this triangle on the surface of the
celestial sphere which is amenable to our measurements.
Thus the triangle with which we are dealing is really a
spherical triangle, but as the field of view is always only a
very minute portion of the entire celestial sphere, it follows
that the portion of the celestial sphere visible in the tele-
scope differs but little from an exact plane, and may gene-
rally for our present purposes be simply regarded as a plane.
We have then to measure the angles subtended by the sides of
the plane triangle, A B, by the aid of the micrometer. We
proceed as follows. Turn the micrometer, and of course its
wire system also, so as to place the single wire approximately
parallel to one of the sides of the triangle (suppose A B);
then, by means of the slow movements which are provided
for the purpose of slightly changing the telescope in right
ascension and declination, bring the telescope into such a
position that the stars A and B are close to the single wire.
Then adjust the single wire so that it passes symmetrically
across the two stars. The two movable wires are next
to be placed so that one of the wires is exactly on 4 and
the other on B. These adjustments having been carefully’
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made, the micrometer is to be read off. First the posi-
tion of the graduated circle is to be noted, and then the
positions of the screws, as well as the indications of their
graduated heads, are to be recorded. Without altering the
position of the single wire, the two movable wires are to be
brought into coincidence, and the indications of the screws
are again to be read off. It is thus known how far cach of
the wires has been moved from the point where they
coincide to the position which it occupied when it was
coincident with the star, and thus the entire distance be-
tween the two stars, expressed in lerms of the revolutions of the
screws, 1s ascertained.

The whole micrometer is now turned so as to bring the
single wire across A ¢, and the operations already described
are to be repeated. The difference between the readings
of the graduated circle in the two positions of the micro-
meter will give the angle B Ac, while the readings of the
screws gives the distances A B and A c, so that the whole
triangle is ascertained. The results may be verified by
actually measuring the distance between B and ¢, and com-
paring it with the distance ascertained by calculation.

It remains, however, to show how the apparent distances
thus found, which are expressed by the arbitrary value of
the revolutions of the screw, can be evaluated in angular
magnitude. In fact, what we want actually to find is the
angle which two stars—a and B, for example—subtend at
the eye. It therefore becomes necessary to ascertain the
number of seconds of arc which are equivalent to one
revolution of the screw. We may put the question now
under consideration in a somewhat different manner. Sup-
pose that two stars on the surface of the celestial sphere
were separated by a distance equal to one revolution of the
micrometer screw : it is required to find how many seconds
of arc these stars subtend at the eye. There are different
methods by which this important problem may be solved.
One of these methods depends upon direct measurement,
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while others are founded upon astronomical observations.
We shall proceed to describe the two processes, taking first
the method of direct measurement.

By means of an accurately graduated scale we can
measure the actual distance in inches or fractions of an
inch at which the wires are separated. We are then to
measure the distance from the wires to the optical centre
of the object glass, which is in fact the focal length of the
object glass. The angle subtended at the object glass by
the two points in which the fixed wire intersects the mov-
able wires, is obviously equal to the angle which the stars
subtend at the centre of the object glass when the stars are
situated at the two points of intersection. But the angle
subtended by the two points at the centre of the object
glass is easily found when the measurements have been
made. The distance between the points divided by the
focal length gives the circular measure of the angle, and
multiplying the circular measure by 206265, we obtain the
required angle in seconds. The difficulty attending this
method of determining the value of the micrometer screw
principally arises from the uncertainty with which the
measurements of the distance of the wires and the focal
length of the telescope are affected. - Any error in the
determination of the distance between the wires will pro-
duce a corresponding error in the determination of the
value of the screw. This source of uncertainty may to a
large extent be obviated by separating the wires as far as
possible, so that the distance between them shall be fifty or
more revolutions of the screw. Any error that is made in
the measurement of the distance will thus be subdivided by
fifty, when we come to the evaluation of a single revolution,
and thus when two stars, tolerably near together, are
measured, the error arising from using the incorrect value
of the micrometer screw will be intrinsically insignificant.
The measurement of the focal length of the telescope is
also a matter of some difficulty. It is no doubt easy to
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define the focal length to be the distance from the optical
centre of the object glass to the point where all the con-
stituents of a beam of parallel light falling on the object
glass converge. ‘The optical centre, however, is not a point
which is accessible to measuring instruments, nor is it easy
to find at what point of the thickness of the object glass it
is really situated. There is thus no insignificant degree of
uncertainty about the actual focal length of a telescope.
These causes render the method of determining the value
of the micrometer screw by direct measurement to be of
comparatively little reliability and it is seldom resorted to
in practice.

With a telescope which is really well and steadily
mounted, the value of the micrometer screw is most con-
veniently and accurately found by observations of the Pole
Star. For this purpose a clock or chronometer accurately
rated to sidereal time is required. The micrometer is first
to be adjusted so that the Pole Star, when carried by the
diurnal motion, will run accurately along the fixed wire.
The two movable wires are then to be placed at a con-
venient distance apart, and the telescope is to be firmly
clamped in right ascension. The time shown by the clock
is to be noted when the Pole Star crosses the first of the
wires, and then when it crosses the second wire. The dif-
ference between the tworecorded times, corrected, ifnecessary,
for the rate of the clock, gives the time occupied by the
Pole Star in passing from one of these wires to the other.
This determination should be repeated several times, and
the mean of the several results chosen as the final value.
It is desirable, for the reasons already explained, to have the
interval between the two wires as great as possible. On the
other hand, the success of the method depends entirely upon
the telescope remaining absolutely fixed while the Pole Star
is crossing the interval between the two wires. If this dis-
‘ tance be too great, some uncertainty is apt to arise, par-
ticularly when the telescope is not mounted in a very
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substantial manner. When the observations are finished,
it is usually necessary to make some trifling allowance on
account of refraction. What we actually observe is the
time in which the image of the Pole Star as deranged by
refraction moves over a certain distance. What we want
to find is the time in which the image of the Pole Star would
have moved over the same distance had there been no such
thing as atmospheric refraction. We do not enter into the
details of the method by which the small correction which
the time is to receive is computed ; indeed, except for the
more refined branches of observational astronomy, such
accuracy is not required. We shall therefore proceed at
once to show how from the observed time which the Pole
Star requires to move over a certain number of revolutions
the value of a single revolution is to be ascertained.

We bave already explained how the declination of a
celestial object is determined, and we may therefore assume
that the declination of the Pole Star is known. The Nautical
Almanac contains the apparent declination of the Pole Star
for every day in the year, and we cannot do better than
adopt the declination there given as the basis of the cal-
culations which are to be made. From the declination the
polar distance can be ascertained, and in this way the
dimensions of the small circle on the celestial sphere, in
which the Pole Star moves in its diurnal motion, is known.
The Pole Star performs its journey round this circle in
twenty-four hours of sidereal time. As we know the length
of the circumference of the small circle expressed in degrees,
minutes, and seconds, we are able to ascertain the number
of degrees, minutes, and seconds that the Pole Star travels
in a given time. We are, therefore, able to find the distance
in minutes and seconds which the Pole Star will accomplish
in the time which it takes to move from one of the wires to
the next, and thus we are enabled to ascertain the minutes
and seconds of arc on a great circle by which those two
wires are separated. As we also know the number of revo-
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lutions of the micrometer screw which corresponds to the
interval between the two wires, we are enabled to deduce
the value of one revolution.

A word should be added as to the grounds on which
the Pole Star is chosen for the purpose of these observations.
There is really no particular virtue about the Pole Star for
this purpose, save that it is near the pole. Any other star
tolerably near the pole would do equally well. For some
reasons, indeed, a star a little more removed from the pole
than the Pole Star is perhaps preferable. But a star very
far from the pole moves across the field of view so rapidly
that a small error in the determination of the time of transit
from one wire to the other will be a comparatively large
fraction of the total time observed ; by choosing a star
close to the pole, the interval of time will be greatly in-
creased, and the effect of an error in the time will have a
much less appreciable effect.

The Pole Staris attended by a small companion star, which
is visible in a small telescope and is a very conspicuous object
in a large telescope. In the latter case it is often preferable
to use the companion of the Pole Star, rather than the Pole
Star itself. The moment vhen the small star crosses the
wire can generally be more accurately noted than in the case
of the larger star. In this case, of course, it is the declination
of the companion which must be employed in the calcula-
tions instead of that of the Pole Star.

Another method of finding the values of the micro-
meter screw has also much to recommend it. This
consists of measuring with the micrometer the distance of a
pair of stars which have already been measured by a previous
observer, and of which the distance is therefore known.
For the application of this method, certain stars in
the Pleiades (§ 27) are especially suitable. The arcual
distances of several of the stars in this group have been
accurately determined by Bessel, and by these the value
of the revolution of a screw in any micrometer can be
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readily ascertained. It is only necessary to choose two of
Bessel’s stars which are at a suitable distance for the par-
ticular micrometer under consideration, and then to measure
them with the micrometer. By comparing this with
Bessel’s measures, the number of seconds of an arc of the
great circle on the celestial sphere which corresponds to
a certain number of revolutions and parts of a revolution
of the micrometer screw is determined.  From this of course
itis easy to ascertain the number of seconds of arc in one
revolution.

The value of a revolution of the micrometer screw
depends, as we have seen, upon the focal length of the
telescope as well as upon the actual linear distance between
the wires. The latter generally, and perhaps the former
also, depends to a certain extent upon the temperature of
the instrument. The effect of temperature upon the value
of the screw can only be obtained empirically. This is
done by using any of the methods we have described,
and noting the temperature by a thermometer. These
observations being repeated at different seasons, when the
temperature is different, enable a table to be formed which
will give the value of the screw for any given tempe-
rature.

§ 49. Apparent Diameter of the Sun.—Having determined
the value of the micrometer screw, we shall now show how
it may be used for measuring the apparent dimensions of
the sun on the surface of the celestial sphere. For this
purpose the micrometer should be fitted to a telescope
mounted equatorially, and the telescope being directed to
the sun, should be clamped in declination while the clock
movement carries it on in right ascension. The single
wire should be placed on that diameter of the sun which
it is proposed to measure, and the movable wires are
then to be brought so as to form tangents to the disk of the
sun at the extremities of the diameter. Itis important in
placing the wires to observe that the screws are always
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turned in the same direction ; for example, it is a convenient
rule whenever a wire is being set to draw it up to its final
position, so that its motion is towards the head of the screw.
If this precaution be not taken, irregularities will be apt to
arise from the presence of a certain degree of shake in the
bearings of the screw. After the two movable wires have
been set, the positions of the screws are to be read off and
recorded. We may then proceed in two different methods :
the simplest method is that already described, of bringing
the two wires into coincidence, reading off the screws, and
then calculating the distance in arc through which each
screw has been moved. This metlod is, however, very in-
ferior to the somewhat more tedious plan of reversing the
wires, i.e. moving the wire from one extremity of the diameter
to the other, and wziee zersd, and then reading the screws
again. It can be proved that the required length of the
diameter is equal to the arithmetical mean of the distances
over which the two screws have been moved. After a
measure has been made in this way, it is desirable to turn
the entire micrometer through 180° and then repeat the
measurement and adopt the mean of the results as the final
value of the sun’s diameter. Ifincreased accuracy be desired,
it is well to make two settings of the wires before reversal,
then two settings after reversal, and the same series again
after the micrometer has been turned through 180°.

§50. The Heliometer.—Another instrument which may
be used for the purpose of measuring the diameter of the sun
is termed the heliometer, and is founded upon quite a different
principle to the parallel wire micrometer. The heliometer
is essentially an achromatic telescope, the object glass of
which is divided in half by a plane which passes through
the optic axis of the telescope. If the disc in Fig. 68 re-
present the object glass, then the diameter of the disc shown
in the figure is the line in which the object glass is cut.
" One half of the object glass A may be fixed in the tube of
the telescope, but the other half B is mounted in a frame so
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that it moves in a plane perpendicular to the optic axis of
the telescope, and is thus enabled to assume the position
shown in Fig. 69. The movement of Biseffected by a screw
which has a graduated head, and also an arrangement by
which the entire number of revolutions can be counted.
It is thus possible to measure with the greatest accuracy the
precise distance through which the half of the object glass
has been moved, and it is by the indications of this screw
that the measurements are effected by the heliometer.

To understand the action of this instrument let us first
suppose the heliometer to be directed to some small celestial
object—a fixed star, for example—and let us see what effect
the movement of the half of the object glass will have on
the appearance of the field of view. When the two halves

Fic. 68. Fi1G. 69.

of the object glass are together in the position shown in Fig.
68, then the instrument performs exactly in the same way
as an ordinary astronomical telescope ; but when the two
halves of the object glass have the relative positions shown
in Fig. 69, the condition of affairs is altered. It is to be
remembered that the function of an achromatic object glass
is_to convey to a single point all the rays of a parallel beam
falling upon it near the direction of its optic axis. Every part
of the object glass bends the rays which it receives in the
required direction. It therefore appears that if parts of
the object glass were covered over, the rays which fell on
the uncovered portions would be brought to a focus and
form an image of the object, which would only differ from
the image formed by the whole object glass in being
proportionally less brilliant. When, therefore, the object
K
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glass has been divided in the heliometer, each portion
of the glass forms its own image of the object. If
the two halves are in the position of Fig. 68, the two
images made by the two halves are coincident ; but when the
halves are in the position of Fig. 69, the two images are
separated by a distance which depends upon the distance
through which one half of the glass has been displaced
relatively to the other.

We can now understand how this instrument can be
applied to the measurement of the apparent diameter of the
sun. When the two halves are coincident, the image of the
sun appears single in the telescope, because in this case the

separate images formed by the two halves of

Fic. 7e. the object glass are superposed ; but when the
halves are separated, then the image of the
sun produced by the moving half of the object
glass withdraws from the other, and a double
image of the sun is the restlt. The observer
at the eye piece having the movement of the
half object glass under his control, gradually
increases the separation, until the two images
of the sun s and s’ are in contact, and in fact
just on the point of being separated. It is
then clear that the image of the sun has moved through a
distance equal to D ¢, or the apparent diameter of the sun.
The actual distance through which the half object glass
has been moved is ascertained from the screw, and hence
we learn the apparent diameter of the sun in terms of the
revolutions of the screw.

By this means we are enabled to determine the apparent
diameter of the sun in terms of the revolutions of the screw,
which moves the half of the object glass. It remains to
point out how the actual distance in arc of the celestial
sphere, which corresponds to a revolution of this screw, can
be ascertained. This may be found by drawing a circle of
white on a black ground and observing this circle with the




Apparent Motion of the Sun. 131

heliometer, when placed at a considerable distance. If the
diameter of .the circle is known, and also its distance from
the telescope, then the angle which a diameter of the circle
subtends at the object glass of the telescope can be calcu-
lated. By the screw of the heliometer, the white circle can
be measured in the same manner we have just described
with reference to the sun. We have thus the means of find-
ing the actual value of a revolution of the micrometer screw,
and therefore of determining the apparent diameter of the sun.

Either the wire micrometer or the heliometer may be
employed to determine the shape of the sun’s disk as it
appears- to us. For this purpose it is only necessary to
measure different diameters of the sun drawn through the
centre in various directions. It appears from these measures
that the lengths of the various diameters are all equal, and
therefore the measurements show that the sun’s disk is not
appreciably distinct from a perfect circle. The diameter
of this circle is not always the same. In midwinter its ap-
parent diameter is 32’ 36"/, and in midsummer 31’ 32 : these
are the extreme limits within which the fluctuations of the
diameter are confined. We shall generally not be far wrong
in assuming the sun’s diameter to have its mean value of 32'.
We shall subsequently explain the cause of these apparent
fluctuations in the diameter, and it is only necessary here to
remark that they are not due to any intrinsic changes in the
body of the sun itself.

1t is very instructive to contrast the circular figure of the
sun with the elliptical figure of the earth. If the sun really
presented to us the figure of an ellipse similar to that which
is produced by a section of the earth drawn through its polar
axis, there would then be a difference of no less than %"
between the greatest diameter of the sun and the least
diameter. A difference so great as this would be readily
appreciated in measurements so exact as those which can
be made with the heliometer or the parallel wire micro-

meter. We are therefore led to the conclusion that even if
K 2
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the figure of the sun (or rather that projection of the figure
which we see in the celestial sphere) be elliptical, its
ellipticity must be very much smaller than the ellipticity
of the section of the earth which is obtained by a plane
drawn through the polar axis.

§ 51. Effect of Refraciion.—To observe that the apparent
disk of the sun is circular, the opportunity should be chosen
when the sun is situated at a considerable altitude above the
horizon. When the sun is very low down, the refraction of
the atmosphere surrounding the earth distorts the apparent
disk of the sun, so that it is no longer circular, but assumes
approximately the form of an ellipse with its smaller axis
vertical. It is not difficult to explain how refraction causes
this curious transformation in the apparent shape of the sun.
It will be remembered that the effect of refraction on a
celestial body is to raise the apparent place of that body up
towards the zenith. It therefore follows that the entire disk
of the sun is raised up by refraction, so as to appear higher in
the heavens than it would do if we could see the sun without
the intervention of the atmosphere. But besides this effect
of refraction in bodily raising the whole image of the sun, it
has also the effect of slightly distorting that image. The
upper edge of the sun is nearer to the zenith than the lower
edge, the difference in the zenith distances being of course
equal to the diameter of the sun, when the highest point of
the sun is compared with the lowest point. The refraction,
however, increases with the zenith distance, and hence it
follows that while both the upper and lower edges of the sun
are raised by refraction, the lower edge is raised more than
the upper edge ; consequently, in the refracted image of the
sun, the vertical distance, between the highest point and the
lowest point, must be less than it would be in an unrefracted
image. Refraction, however, can have no appreciable effect
in altering the length of the horizontal diameter of the sun.
" But if the vertical diameter be shortened while the hori-
zontal diameter is unchanged, the image of the sun has
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ceased to be circular, and has assumed a form which is
nearly that of an ellipse.

When the sun is actually at the horizon, the effects pro-
duced by atmospheric refraction are of a very marked
character. Let us take the case when the sun appears
to be on the point of setting, and select for special con-
sideration that particular phase in which the lower edge
of the sun appears just to have come in contact with the
horizon.

The appearance of the sun in these circumstances is re-
presented in Fig. 71 ; the horizontal line is the horizon,
and the elliptical figure
s’ denotes the apparent
shape of the sun, the == N
lower edge being in
contact with the hori-
zon. At the moment
when the sun appears b .
to have this dislzgrted e e
shape, and to be just in
contact with the hori-
zon, -the real position
of the sun is altogether
below the horizon at s. !
The atmospheric refraction has both raised the sun above
the horizon to the position s’, and also altered its shape.
The amount of the distortion of the figure when the sun
is in this position is very considerable ; in fact, the vertical
diameter is shortened to the extent of one-sixth part of its
total amount. This distortion, though necessarily always
present, decreases very rapidly indeed, as the altitude of
the sun above the horizon is augmented. At the altitude
of 45° the sun’s vertical diameter is only diminished by 1",
which is about one three-hundredth part of the effect which
is produced near the horizon.

When the sun is in the vicinity of the horizon, either

FiG. 71.
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shortly after rising or shortly before setting, it is often re-
marked that his apparent size secems considerably greater
than when he is high in the heavens at noon. This is
really only an illusion, but none the less it is worthy of a
word of explanation. Measurement lends no countenance
tothisillusion. We have already seen that the horizontal dia-
meter is unchanged as the sun approaches the horizon, while
the vertical diameter is actually shortened. The apparent
dimensions of the sun, when tested by measuring instruments,
are therefore less near the horizon than high up, though
to the unaided eye the reverse seems the case. The
explanation of this illusion is found in the circumstance
that near the horizon we tacitly compare the size of the sun
with the various terrestrial objects in its vicinity. We can-
not then fail to observe that the sun is more distant from
us than any of the terrestrial objects. Ordinary experience
shows us that if two objects subtend the same angle at the
eye, the more distant of the objects must be larger than the
other. Hence, seeing that the sun is more distant than
any terrestrial object, and yet observing that the apparent
dimensions of the sun are considerable, we naturally con-
sider the sun to be larger than in the case where, as it is
high in the heavens, we have no terrestrial objects with which
to compare it.

§62. Right Ascension and Declination of the Sun.—As
the apparent disk of the sun is circular, it is convenient to
define the position of the sun on the celestial sphere by the
position of the centre of the circlee. We may therefore
speak of the right ascension and declination of the sun,
meaning thereby the right ascension and declination of the
sun’s centre. The centre of the sun, being only marked out
by geometrical considerations, is not a visible point capable
of being observed by the telescope, like a star. We are
. therefore obliged to resort to indirect means to ascertain the
position of the sun’s centre.

For this purpose the meridian circle which we have
described in § 40 is very suitable. It is, however, necessary,
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when employing a telescope to observe the sun, to take
precautions which will counteract the effects of the excessive
heat and light of the sun. For this purpose a diaphragm
may be placed over the end of the telescope, which inter-
cepts a portion of the sun’s rays before they fall upon
the object glass. The total light and heat received at the
eye piece is thus reduced to a fraction of what it would be
were the telescope to be used in its ordinary condition.
But even with this precaution the light and heat, though
greatly reduced, are still too considerable to allow the un-
protected eye to be placed at an ordinary eye piece.
Further protection is afforded by using an eye piece modi-
fied in a suitable manner. The most simple arrangement
for this purpose is to cover the eye piece with a piece of
glass which, though very deeply coloured, is still sufficiently
transparent to allow a portion of the sun’s light to pass
through it. One disadvantage of this contrivance is that
the observer retains no power of adjusting the light so as to
make the image more or less brilliant according as circum-
stances may require. This difficulty has been obviated by
using eye pieces of a more elaborate construction, one of
which may be here referred to.

It is well known to those who are acquainted with the
properties of light, that when a beam of rays falls upon a
plane glass surface at a particular angle, the rays which are
reflected from that surface are polarised. 1If a polarised
beam fall perpendicularly upon a plate of the mineral called
tourmaline, the amount of light which will pass through the
tourmaline depends entirely upon the position of the plane
of polarisation of the rays with respect to a certain axis of
the tourmaline. When this axis is parallel to the plane of
polarisation, the tourmaline is comparatively transparent.
When this axis is normal to the plane of polarisation the
tourmaline is almost opaque. By rotating the plate of tour-
maline in its plane, the quantity of light which is transmitted
can be varied at will. This property of polarised light is
applied in the construction of a solar eye piece. The rays
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from the sun, after passing through the object glass and
down the tube of the telescope, fall on the glass plane near
the eye piece. A great portion of those rays pass directly
through the glass and never reach the eye of the observer.
A portion of the rays are, however, reflected from the plate,
and the plate being placed at the proper angle, the reflected
beam is polarised, and in this state falls upon the eye piece.
Between the eye of the observer and the first lens of the
eye piece a plate of tourmaline is interposed. This is so
mounted as to be capable of being rotated, and by its aid
the observer has the most complete control over the degree
of illumination of the image. A very simple eye piece is that
of Herschel, in which a piece of unsilvered glass reflects
about a tenth part of the rays coming from the object glass
at right angles and sends them through an ordinary eye
piece, after which their intensity is further reduced by means
of a piece of neutral tinted glass.

With his eye protected by one of the methods we have
described, or by other analogous contrivances, the observer
proceeds to determine the right ascension and declination
of the sun by observations made with the meridian circle.
As the centre of the sun is not a recognisable point, the
observations are always made by noting the contact of the
circular margin of the sun’s disk, or what is technically called
the Zimé of the sun, with the wires stretched in the focus of
the telescope. As the sun enters the field of view, the
observer counts the seconds in the same way as if he were
observing a star, and he notes the times when the preceding
limb touches the first and subsequent wires, from which he
can ascertain the moment when the preceding limb of the
sun crosses the central wire ; then allowing for the errors
of the instrument, he deduces the right ascension of the sun’s
preceding limb. The observer also notes the contacts of
the following limb of the sun with the successive wires, and
+in that way the right ascension of the following limb is
determined. As the disk of the sun is known to be circular,
we can find at once the right ascension of its centre by
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taking the mean of the right ascensions of the preceding and
following limbs. At the same time as these observations are
made, the meridian circle will also enable the declination of
the sun’s centre to be determined. While the sun is passing
across the wires, the telescope is to be moved so as to bring
the horizontal wire to touch the upper limb of the sun. The
four microscopes are then to be read off rapidly, and ere the
sun has passed out of the field the telescope is to be moved
so as to bring the horizontal wire into coincidence with the
sun’s lower limb, and the microscopes are to be read again.
From the indications of the microscopes the declinations of
the upper and lower limbs of the sun are to be ascertained
in the way already explained (Chap. III.), due allowance
being made for the effect of refraction. The mean of these
observations gives the declination of the sun’s centre.

If we determine the right ascension and declination of
the centre of the sun on different days, we shall find that
neither of thesc quantities remains constant. The right
ascension, for example, is continually increasing. Ex-
pressing the right ascension in arc of a great circle, we find
that the daily increase is about 1°. If the right ascension
be expressed in the more usual method as an interval of
time, then it appears that the daily increase of the sun’s right
ascension is about 4 minutes. Nor are the variations in the
declination more difficult to recognise. The northern declina-
tion of the sun in the spring gradually increases until it
reaches a maximum in midsummer of about 23° 27’; after
attaining this value, the declination decreases, rcaches zero
in the autumn ; then the centre of the sun crosses the equator,
till in midwinter the southern declination has attained the
same value as the northern declination had in midsummer.
Again the sun approaches the equator, and crossing it, the
declination repeats the cycle of changes to which we have
referred.

The changes in right ascension and declination of the
sun stand out in marked contrast to the fixity of the right
ascension and declination of the stars ; they indicate that the
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sun is not at rest upon the surface of the heavens, but that it
has, orappears to have, a motion which is constantly changing
its position with respect to the stars and constellations.

As the right ascension of the sun is increasing, the return
of the sun to the meridian, when expressed in sidereal time,
i1s later and later each sidereal day. The difference
being on an average about four minutes, the interval
between two successive transits of the sun’s centre across
the meridian is four minutes longer than the sidereal
day. Thus, if a star came on the meridian to-day at the
same moment as the sun’s centre, when the star reached
the meridian to-morrow, the sun would have moved
away from the place it originally occupied, and its centre
would not cross the meridian until about four minutes after
the star.

§83. Mean Time and Siderea! Time.—The interval
between two successive transits of the sun is called an appa-
rent solar day ; and as the sun is of such transcendent im-
portance to the earth, it is necessary to regulate our ordinary
avocations by solar days rather than by sidereal days. There
is, however, an apparent difficulty in adopting the solar day
as the measure of time. The interval between two con-
secutive returns of the centre of the sun to the meridian is
not exactly constant. The sun, in fact, does not augment
its right ascension with uniformity, but the motion is some-
times more rapid than at other times. The length of the
apparent solar day is thus not absolutely constant, though
the limits between which it fluctuates are narrow. We there-
fore introduce the conception of the mean solar day, of which
the length is equal to the average of a very great number
of consecutive apparent solar days. 'This mean solar day
is the unit used for all ordinary civil reckoning: its duration
is absolutely constant, and generally different from, though
always very close to, the length of the apparent solar day.

The mean solar day is equal to 24® 3™ 5656 of sidereal
time. The mean solar day is (like the sidereal day) sub-
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divided into twenty-four hours, each hour into sixty minutes,
and each minute into sixty seconds.

The reader may, perhaps, think that needless complexity
is introduced by using two different methods of measuring
time. He might suppose that simplicity would be gained
cither by making all astronomical measurements in ordinary
mean solar time, or possibly he might suppose that the
sidereal day could be used for ordinary civil purposes.
We must therefore show why the two distinct measures of
time must be maintained.

The great convenience which sidereal time possesses for
astronomical purposes arises from the circumstance that
when sidereal time is used each star crosses the meridian
daily at the same moment of time. Thus when the sidereal
clock is going correctly, a star which crosses the meridian
at 4" zom to-day will cross it at the same hour to-morrow,
and every day (subject only to very minute variations,
which need not be further considered at present). The
time of culmination as shown by a sidereal clock is, in fact,
the right ascension of the star. If we were to take the
time from an ordinary mean solar clock, then the time of
culmination of the star would be continually changing, being
about four minutes earlier every day. The inconvenience
arising from this would be intolerable, so that the sidereal
clock must be the regulator of time in the observatory. For
the ordinary purposes of life, on the other hand, sidereal time
would not answer. We are obliged to regulate the time
used in daily life by the movements of the sun. Our notion
of a day is so inseparably connected with the sun that the
length of the day must be the average duration of the appa-
rent diurnal revolution of the sun around the earth. Custom
has decreed that our measurement of time shall commence
from a moment which is always close to the time of cul-
mination of the sun, and at that moment a correct mean
solar clock should show oh o™ o, or, as it is more commonly
called, twelve o’clock. When we speak of any other hour—for
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example, 2 p.M.—then everyone knows that the sun has at
that hour passed the meridian about two hours previously.
But were we to attempt to use sidereal time, endless con-
fusion would be the consequence. By the sidereal clock
the sun comes on the meridian about four minutes later every
day, so that in a month the time of culmination would have
changed by a couple of hours, and in the course of a year
the time of culmination would have been at every hour of
the twenty-four. We are therefore obliged to use a mean-
time clock regulated by the sun for the purposes of civil
life, while in the observatory we use a sidereal clock regulated
by the stars.

In consequence of the continual increase in the right
ascension of the sun, it is found that after the lapse of 365
days, or, more strictly, of 365-2421 days, the right ascension
has gained 360°, or twenty-four hours of sidereal time. At the
same time it is found that the movements of the sun in
declination have also run through their cycle, so that at the
close of the epoch just mentioned, which is approximately
3651 days, the right ascension and declination of the sun
have both regained the values they had at its commence-
ment. The sun has, therefore, in the course of this time
1eturned to the point of the heavens from which it originally
departed.

§ 54. The Ediptic—To ascertain what the actual move-
ments of the sun during the interval have been, we make
use of a celestial globe. By the observations of the right
ascension and declination of the sun’s centre made at stated
intervals of time, we are enabled to plot down on the celes-
tial globe the actual position which the centre of the sun
occupied on the celestial sphere at the corresponding epochs.
When this is done we find that all the points, which have
teen laid down, lie on the circumference of a great circle,
and we therefore see that the sun moves in a great circle
on the surface of the celestial sphere. This great circle is
called the ec/zptic. ‘
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It is desirable to dwell for a moment on the important
result which is thus obtained. That the path of the sun on
the celestial sphere must be a closed curve of some kind is
obvious from the consideration that, at the termination of a
period of 3651 days, the sun returns to the position which
it originally had at the commencement of that period. The
number of closed curves which can be drawn on the surface
of a sphere are of course of unlimited variety. If, however,
the sun’s motion takes place in a plane, then its apparent
motion on the surface of the sphere can only be in such a
curve as lies on the surface of the sphere, and also in a
plane ; but a section of a plane by a sphere is a circle, and
as the sun appears to move in a circle, it follows that the
sun moves in a plane. There is a very remarkable circum-
stance with respect to this plane, for as the circle in which
the sun moves is a great circle, the plane must pass through
the centre of the celestial sphere. The earth is stationed
at the centre of the celestial sphere, and hence we see that
the apparent motion of the sun takes place in a plane
which passes through the earth.

Let the sphere P @ (Fig. 72) represent the celestial sphere,
of which the points P and
@ are the north and south
poles respectively. The
great circle CEAE is the
celestial equator.  The
ecliptic is the great circle
A B C D, which intersects
the equator in the points -
A G, called the Eguinoxes.
The plane of the ecliptic is
inclined to the plane of the
equator by an angle which
is called the Obliguity of
the Ecliptic, and is equal
to about 23°27’. The points on the ecliptic B b, which are

FiG. 72.
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situated at the middle points B and p of the semi-circum-
ferences A B c and A D ¢, are termed the So/stices.  The sun
moves round the ecliptic in the direction indicated by the
arrow. He passes through the point a about March 21,
whence that point is termed the Verzal/ equinox. In three
months afterwards, about June 22, he reaches p, the summer
solstice, and c, the autumnal equinox, on September 23, and
D, the winter solstice, on December 22.

§58. Day and Night—To study the variations in the
length of the day, a celestial globe is specially convenient

(Fig. 73). The earth is supposed to have shrunk into a
small point at the centre o of the celestial globe. The plane
of the horizon, drawn at the place where the observer is
supposed to be stationed, must cut the celestial sphere in a
great circle. ‘This great circle corresponds to thering HF H,
which is attached to the frame by which the globe is sup-
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ported. A celestial object will be visible to the observer if
it be on that part of the globe which is above the plane
H F H. All objects on the hemisphere below that plane are
invisible.

To examine the variations in the length of the day, the
globe must first be set correctly for the latitude of the place
where the observer is stationed. We have shown in § 41
that the elevation of the pole of the heavens above the
horizon is equal to the latitude. To set the globe it is,
therefore, necessary to place the axis P Q, about which the
globe revolves, so that it makes with the plane H F H an
angle equal to the latitude.

Let z be the zenith ; then the great circle passing through
z and p is the meridian, which of course cuts the horizon
at right angles. The meridian on the globe is represented
by the ring H z M. The great circle E F G, drawn perpen-
dicular to the polar axis P @, is the equator. Since two
great circles must mutually bisect each other, it is obvious
that the equator is bisected by the horizon at F and ¢, and
therefore half of ‘the equator is below the horizon and half
is above. A celestial object which is situated on the equator
will, in the course of one revolution of the heavens, remain
above the horizon for precisely the same time that it is below.
When the sun is in the equator the length of the day must
be equal to the length of the night. If the sun always
moved in the equator then'the day and night would be con-
stantly equal. The path of the sun lies, however, in the
ecliptic, which crosses the equator at the vernal and autumnal
equinoxes. ‘The sun is, therefore, in the equator when, and
only when, he is in the act of passing through one or other
of the equinoctial points on March 21 or September 23.
At either of the dates mentioned the length of the day is
equal to the length of the night.

After passing the vernal equinox on March 21 the sun
gradually increases his declination. The path of the sun as
caused by the driurnal rotation ceases to be a great circle
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after the equinox is passed. It is then a small circle, of
which the dimensions gradually decrease until June 22, when
the sun having attained its greatest north declination, the
small circle which it appears to describe in virtue of its
apparent diurnal rotation is a minimum. At a date inter-
mediate between March 21 and June 22 the path of the
sun will be the small circle 11 (Fig. 73). It is plain
that this circle is bisected by the great circle F P G, and
therefore the part of the small circle, which is above the
plane of the horizon, is greater than that which is below it.
When the’sun appears to move in this circle it continues
above the horizon for a longer period than it is below, and
consequently the length of the day exceeds that of the night.
The disparity between the length of the day and night will
increase as long as the sun increases in north declination,
until the difference attains its maximum value on June 2z,
when the sun, having attained the declination of 23° 27/, is
in the summer solstice. In this case the sun passes the
meridian at the point &, the distance @ & being equal to
23° 27,

The sun having passed the summer solstice, begins
to return towards the equator. On September 22 the sun
reaches the equator, and the length of the day is again
twelve hours, and equal, of course, to the length of the night.
After this date the sun is below the equator, its south
declination gradually increasing to the value 23° 27, which
it has on December 22. The sun each day after passing
the autumnal equinox will describe a small circle of the
celestial sphere parallel to the plane of the equator, and
lying to the south of it. The dimensions of this circle
gradually diminish, until the winter solstice is reached. Let
J J be the circle described by the sun on a date between the
autumnal equinox and the winter solstice. Part of this
circle is above the plane of the horizon and part is below,
and it is easy to see that the latter part is greater than the
former. The plane P F Q must obviously bisect this circle,
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and the two points of bisection, and therefore more than
half the circle, are below the plane of the horizon.

When the apparent diurnal motion of the sun is per-
formed in this circle j j, the sun is below the horizon for a
longer period in each revolution than it is above, and hence
the day is shorter than the night. The disparity between
the length of the day and that of the night goes on augment-
ing until the winter solstice, when the shortest day is attained.
In the movement of the sun from the summer solstice to the
winter solstice we see that the length of the day changes
from its greatest value to its least. After passing the winter
solstice the same series of changes in the relative lengths of
the day and night is repeated in the inverse order, and in
the course of 3654 days, or one year, a complete cycle of
changes has been gone through and a new cycle is com-
menced. :

There are, however, remarkable phenomena connected
with the recurrence of day and night in countries near either
of the poles, that merit special attention.

The globe is set in Fig. 74 so as to correspond to a con-
siderable northern latitude, which we shall suppose is not less
than 66° 33. The distance of the pole p from the zenith z
is equal to the complement of the altitude of the pole, and
as the altitude of the pole is equal to the latitude, it follows
that the zenith distance of the pole in the present case is
less than 23° 27’. Let us now consider the circumstances
under which the sun can rise above the horizon in a case
like the present. Whenever the sun is above the horizon,
its distance from the zenith must be less than go° The
zenith distance of the sun is always smaller when the sun is
on the meridian than when the sun is either approaching to
the meridian or after he is past it. We have, therefore, to
see under what circumstances the sun, when on the meridian,
is above the horizon, or, what is the same thing, when the
meridian zenith distance of the sun is smaller than go°. To

give definiteness to what we have to say on this subject, let
T
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us take in the first instance a latitude of 75° so that the
angle between z and P is equal to 15°. The distance from
the pole to the equator is equal to go°® : hence the distance
in the present case from the zenith to the equator is go°
—15°=75° If then the sun were on the equator, its zenith

distance at the moment of culmination would be 75°. The
sun must then be visible every day, because the zenith dis-
tance at culmination is less than 9o°. As the sun moves
from the equinox towards the summer solstice, the meridional
zenith distance gradually diminishes. When the sun is at
the solstice, its declination is 23° 27’. It is, therefore, north
of the equator by this amount, and consequently the zenith
distance at culmination is 75°—23° 27'=51° 33". The sun
crosses the meridian twice daily, viz. at noon and at mid-
night ; in the former case the zenith distance has its smallest
value, and in the latter the zenith distance has its greatest
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value. We have seen that the southern point E of the
equator is 75° from z. ‘The northern point of the equator
is below the horizon, and its distance from z must be go°
+15°=105°% On June 22, when the sun is in the summer
solstice, the north declination is 23° 27/, and when the sun
is on the meridian at midnight it will be 23° 27’ nearer the
zenith than the north point of the equator. It follows that
the zenith distance of the sun at midnight will be rosg°
—23°27'=81°33". As thisislessthan go°, we learn the very
remarkable fact that the sun under these circumstances does
not descend below the horizon at all, so that, in fact, as long
as this state of things continues we have perpetual day.
Thus is explained the midnight sun in the Arctic regions.

It is plain that as the sun sets every day, even in mid-
summer, in the latitude of the United Kingdom, while ‘it
does not set at midsummer in the latitude of 75°, there must
be some intermediate latitude where the sun just reaches the
horizon at midnight in midsummer. The determination of
this latitude is very easily effected by the celestial globe.
The polar distance of the sun is equal to the complement of
the declination, and therefore at midsummer the polar dis-
tance is 66° 33’.  When the sun is on the horizon at midnight,
the polar distance of the sun must be equal to the altitude
of the pole; but the latter is the latitude, and hence when
the sun is on the horizon at midnight in midsummer the
latitude must be 66° 33’. The parallel which passes through
all the points which have the north latitude 66° 33’ is called
the Arctic Circle. At all places to the north of this circle
the sun remains above the horizon, even at midnight, for a
certain portion of the summer. The number of days in the
year during which the midnight sun is to be seen increases
as the latitude increases, and may be found as follows. :

After the sun has passed the vernal equinox its declina-
tion gradually increases, and the amount by which the
diurnal circle dips below the horizon gradually diminishes

until a declination is attained, when the diurnal circle 11
L2
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(Fig. 74) just grazes the northern point of the horizon. On
the day when this declination is attained, the sun’s centre
will therefore not set. The next day the sun’s centre will at
midnight be some distance above the horizon, and the mid-
night sun will be continually witnessed until, after passing
the summer solstice, the sun has returned so far towards
the autumnal equinox that he is again pertorming his diurnal
motion in the circle 1 . At midnight the centre of the sun
will then just graze the horizon, and on the following revolu-
tion the centre will pass below the horizon. When the
equinox has been reached, the length of the night has become
equal to that of the day, and the length of the latter gradually
diminishes until the sun has attained a declination so far to
the south that the circle j j, which its centre describes, only
just grazes the horizon. In this case when the sun is on
the meridian at noon, its centre has just reached the horizon,
and on the following day the centre of the sun will not
reach the horizon at all. Perpetual night will then reign
until the sun, having attained the winter solstice, has moved
so far towards the equator that it again performs its diurnal
motion in the circle J . When this point has been attained
the centre of the sun just grazes the horizon at noon, and
the following day the sun may be seen to rise : the length of
the day then gradually increases, and the cycle already
described is repeated.

It should also be observed that the limits of latitude in
which perpetual day is enjoyed at midsummer are identical
with the limits in which perpetual night is found in mid-
winter. At the winter solstice, the south declination of the
sun is 23° 27’.  If, therefore, the sun at culmination in the
winter solstice be on the horizon, the southern point of the
equator will be 23° 27’ above the horizon. The meridional
distance from the zenith to the equator will therefore be
9o°—23° 27'=066° 33'. Tt is, however, easy to see that this
is the altitude of the pole, and therefore the latitude of the
place. Tt follows that in all localities of which the latitude
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exceeds 66° 33’ there will be perpetual day for a certain
period at midsummer, and perpetual night for a correspond-
ing period at midwinter.

To take an extreme case, let us consider the condition of
day and night which could be presented to an observer who
was stationed at the latitude of 9o°, or, in other words, at the
pole itself. The pole would then coincide with the zenith,
and the celestial globe adapted to these circumstances is

shown in Fig. 75: The equator, being at every point go°
distant from the pole, must now be coincident with the
horizon, and the small circles in which the stars revolve
will be all parallel to the plane of the horizon. The altitude
of a star would then be a constant, and the phenomena of
rising and setting stars would be unknown. Ifthe sun were
actually fixed in the ecliptic it would then always describe
the same small circle, and would be visible or not, according
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as that point of the ecliptic lay in the half which was
above or below the plane of the horizon. As, however, the
sun moves in the ecliptic, it will be seen constantly through
part of the year, and remain invisible during the remainder.
Suppose, for example, that the sun is in the vernal equinox.
The centre of the sun is then on the equator, and as the
equator is coincident with the horizon, the centre of the sun
will lie on the horizon. The diurnal motion will, therefore,
carry the sun round the horizon. As the declination increases
the sun will gradually become elevated above the horizon,
so that it will really describe a sort of spiral on the celestial’
sphere, each revolution being at a greater altitude than the
preceding one, until the summer solstice is attained, when
the sun will revolve nearly in a small circle parallel to the
horizon, at an altitude of 23° 27’.  After the summer solstice
has passed, the spiral course of the sun will recommence, but
its motion will now be gradually downwards, so that after a
number of complete revolutions it will again have reached the
horizon. ‘Thus an observer stationed at the north pole
will find the sun above his horizon during the whole interval
from the vernal to the autumnal equinox. After the latter
equinox the sun descends below the horizon, and performs
a spiral movement in the southern hemisphere, until, at
the winter solstice, it has attained the south declination of
23° 27’. It then commences to return towards the horizon,
to reappear in the northern hemisphere after the vernal
equinox. At the north pole, therefore (neglecting small
variations), one half of the year is day and the other half is
night. Finally, let us take the other extreme case of an
observer who was stationed at the equator. The globe set
for this case is shown in Fig. 76. As the latitude is now
equal to zero, the elevation of the pole above the horizon
must be zero, and therefore the pole must actually lie in the
_plane of the horizon. All the small circles which are de-
scribed by the celestial bodies must, therefore, be perpen-
dicular to the plane of the horizon. It is easy to see that
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half of each circle lies below the plane of the horizon, and
half is above. Thus every celestial object will (so far as
the diurnal motion is concerned) be above the horizon for
half the day, and below it for the other half. The sunis no
exception to this statement : the small circle in which the
sun moves each day is bisected by the horizon, and therefore
the day and night are of equal length.

At the equinox the sun at rising is stationed precisely at

Fic. 76..

the east point of the horizon ; it then ascends to the zenith,
and descends again to set in the western point of the horizon.
After the vernal equinox is past, the sun has moved into
the northern hemisphere, and the small circle described in
the diurnal motion, though still perpendicular to the plane
of the horizon, cuts the horizon at points less than go°® from
the north point. Thus each day the sun rises somewhat to
the north of due east, ascends perpendicularly till it cul-
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minates at a point on the meridian to the north of the zenith,
then descends to set perpendicularly at a point of the
horizon somewhat to the north of west. The magnitude of
the diurnal circle gradually decreases until the summer
solstice is reached, when the sun at noon is 23° 27’ to the
north of the zenith ; the circle afterwards increases till it be-
comes a great circle passing through the zenith at the
autumnal solstice, and then repeats in the southern hemi-
sphere the series of changes that we have described in the
northern.

We give here a table for determining the length of the
longest and shortest day in the different latitudes, from the
equator up to 66° 33'.

Latitude. Longest Day. Shortest Day.

o° gal = 12h om
5 12 17 II 43
10 TG I1 25
15 12 53 i1 7
20 13 13 10 47
25 13 34 o 20
30 13 56 10 4
35 14 22 9 38
40 14 51 9 9
45 15 26 8 34
50 16 9 7 5I
55 17 7 6 53
6o 18 30 5 30
65 21 9 B 3O
66° 33’ 24 o© o o

At localities above the latitude of 66° 33’ the length of
the longest day is never less than twenty-four hours, while
there is no day at all during a certain period at midwinter. It
" is, however, of interest to calculate the connection between
the latitude and the number of days during which the sun does
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not set in summer or rise in winter.

in the following table.

North Sun does not set
Latitude. for about
66° 33 1 day

70 65 days
75 103

8o 134

85 161,

90 186 5

The results are given

Sun does not rise

for about

1 day

6o days
97 »»
27
153 »
179 ,

§96. Zones into whick the Farth is divided.—The
parallels which pass through all the points of latitude 66° 33’

in either hemisphere, con-
veniently mark off two
important regions in the
vicinity of the north and
south poles respectively.
These parallels are repre-
sented by A a’ and BB
(Fig. 77), and the regions
which they define are
APA and BQB. The
northern circle A A’ is
called the Arclic Circe,
while B B’ is the Antarctic
Circle.  The regions with-

FiG. 77.

in these circles are characterised by the presence of con-
tinual day at midsummer, and continual night at midwinter.
They are the coldest portions of the earth, and are known
as the North Frigid Zone and South Frigid Zone respectively.

Another natural division of the earth is presented by
the equator E E/, which divides the portion of the earth
between the Arctic and Antarctic circle into equal parts.
There is also a natural division by means of the circles
¢ c’and D D', which are known as the Tropic of Cancer and
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the Tropic of Capricorn. It will be necessary to explain
the significance of these circles.

The sun at midday attains its greatest elevation above
the horizon, so that the zenith distance of the sun is then a
minimum. At midsummer the sun at noon is nearer to the
zenith than it is at any other season. In European latitudes
it is always seen that even when the sun has its greatest
altitude it is still at a considerable distance from the
zenith. The question, therefore, arises as to whether there
are any localities on the earth’s surface at which the sun,
when its altitude is greatest, is actually situated at the zenith.

The altitude of the pole being equal to the latitude, the
angular distance from the pole to the zenith is equal to the
complement of the latitude, or to what is called the co-
latitude. If, therefore, the sun at its moment of culmination
be situated in the zenith, the polar distance of the sun must
be equal to the co-latitude. The polar distance of any
celestial object is, however, equal to the complement of its
declination. It is, therefore, evident that when the sun is
in the zenith, the complement of its declination must be
equal to the complement of the latitude. but this can only
be the case when the latitude is equal to the declination;
and hence we find that the sun will culminate in the zenith
whenever its declination is equal to the latitude.

As the ecliptic is inclined to the equator at the angle of
23° 27, the greatest declination which the sun can have is
23° 27/, and this is only attained when the sun is at the
summer or winter solstice. As the sun can only attain the
zenith when its declination is equal to the latitude, and as
the greatest declination is +23° 27/, it follows that the sun
cannot attain the zenith of localities which are situated at a
greater distance north and south of the equator than 23° 27".
The north and south parallels, which correspond to this
latitude, bound the regions in which it is possible for the
sun to attain the zenith.

As the sun in the course of the year passes through every
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phase of declination between +23° 27’ and —23° 27/, so it
follows that the sun will appear during the year at, or close
to, the zenith of every place contained between these two
parallels. It would not be correct to say that the sun would
actually culminate in the zenith, for it will generally happen
that at the time when the sun passes close to the zenith, its
declination on two consecutive days will be one a little
greater and the other a little less than the latitude. The
sun will, therefore, on one day culminate a little on one
side of the zenith, and the following day it will be a little on
the other side.

The circles ¢ ¢’ and D D/, bounding this very naturally
marked region on the surface of the earth, are known as the
tropies. 'The name is given to them from the circumstance
that an observer on one of these circles will, as midsummer
approaches, find the sun daily approach nearer and nearer to
the zenith at the moment of culmination, until on midsummer
day the culmination will be exceedingly close to the zenith.
The centre of the sun will then be actually in the zenith if
it should happen that the moment of culmination is identical
with the moment when the sun has actually attained its
greatest north declination. After this point has been
attained, the sun will then begin to Zwr7n back, for at the
next culmination it will be a little south of the zenith in the
northern hemisphere, or north of the zenith in the southern
hemisphere.

A resident, either on the equator or at any station inter-
mediate between the two tropics, will have the sun in his
zenith twice each year. Suppose, for example, that the lati-
titude of the place be +10° At the vernal equinox the
sun’s declination is zero, but it gradually increases, and,
when it attains the value of. 10°, being then equal to the
latitude, the culmination must take place at the zenith.
After the declination of 10° is passed, the sun gradually
moves to the summer solstice, when its declination is 23° 27/,
and then, in commencing to return towards the cquator,
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the declination diminishes down to 10°, and, therefore, the
culmination is again at the zenith. We thus see that a
station in the northern hemisphere which has a latitude less
than 23° 27’ will have the sunin its zenith on two occasions
between the vernal and the autumnal equinox.

At a place situated on the equator, the latitude is of
course zero, and hence the declination of the sun must be
zero when it culminates at the zenith. This is only the
case at the vernal and autumnal equinox. It is casy to
show that in the southern hemisphere the sun is twice near
the zenith, between the autumnal and the vernal equinox,
provided the latitude is less than 23° 27’ south of the
equator.

The regions between the equator and the tropic of
Cancer on the one hand, and the equator and the tropic
of Capricorn on the other, are known as the noréz and
south torrid zomes respectively. The region between the
tropic of Cancer and the arctic circle is the north temperate
zone, while that between the tropic of Capricorn and the
antarctic circle is the south temperate zone. Each of the
two hemispheres into which the equator divides the earth
is thus conveniently divided into three zones, and the boun-
daries are indicated in a very natural manner, by the
apparent annual movements of the sun.

§ 87. Effect of Refraction on the Length of the Day.—In
what we have hitherto stated with respect to the variation
in the length of the day, in different seasons of the year and
at different latitudes on the earth, we have overlooked the
effect of atmospheric refraction in changing the apparent
place of the sun. It is, therefore, necessary to point out
briefly the modifications which must be introduced into our
results when refraction has to be taken into account. In
the tables given on pages 152—3, it has been assumed that the
day commences at the moment when the centre of the sun
is actually on the horizon, as it would be seen were there
no atmosphere. The refraction of the atmosphere tends to
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raise all objects towards the zenith, and at the horizon this
is no less than 33’. In fact, as we pointed out in § 51, the
sun’s centre appears to be on the horizon, while 7 reality
the sun’s centre has to ascend 33’ in order to be on the
horizon. It therefore follows that, as the sunrise is appa-
rently accelerated and sunset retarded, the length of the
day really appears longer than calculations show, which
neglect the effect of the atmosphere.

At the north pole the effect of refraction upon the length
of the day is indicated in a somewhat remarkable manner.
We shall only consider the position of the centre of the sun,
so that some modifications are required when the dimensions
of the sun are taken into account. When the sun, in pass-
ing from the winter solstice to the vernal equinox, has ap-
proached so near to the latter that its south declination is
33/, then the refraction of the atmosphere raises the sun’s
centre to the horizon, and the perpetual daylight of summer
has commenced. Again, when the sun, after passing the
summer solstice, is again descending to the horizon, the
refraction appears to retard its setting, so that it is not
until the sun’s centre has really passed below the horizon
to the distance of 33’ that the phenomenon of setting is
witnessed. Remembering that for an observer stationed at
the north pole the celestial equator is coincident with the
horizon, we see that the arctic day will be enjoyed during
the whole time that the sun moves from 33’ south decli-
nation to +23° 27’ north declination at the solstice, and
then back again to 33’ south.

§68. Twilight—The atmosphere has also an effect
upon the duration of daylight, which arises from a dif-
ferent source. After the sun has set, his rays still tra-
verse the higher regions of the atmosphere, and illuminate
the particles which the air retains in a state of suspen-
sion. This light from above diffuses a certain amount
of illumination on the surface of the earth, which gra-
dually decreases in intensity as the sun sinks below the
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horizon, The twilight in the evening is generally known
as dusk, while that which precedes the rising of the sun
is known as the dawn. Were it not for the effect of the air,
the brightness of the day would totally cease when the
last portion of the sun’s disk disappeared below the horizon
at sunset, and the daylight’ would only commence when
the disk commenced to ascend above the horizon at
sunrise.

The twilight either at dusk or dawn is only seen when
the sun is within a certain distance of the horizon. ‘The
exact amount of the distance appears to be dependent upon
the state of the atmosphere. It may, however, be generally
stated that the distance is about 18°. The dusk is thus
usually visible until the centre of the sun has been carried
by the diurnal motion to a perpendicular distance of 18°
below the horizon. Similarly the earliest glimpses of dawn
may be caught when the sun, in his approach to the horizon,
has attained a distance of only 18° therefrom. It will of
course be understood that the distance from the horizon
which is here alluded to is the distance of the sun from
the nearest point of the horizon, or the arc which is inter-
cepted by the plane of the horizon on the great circle drawn
from the zenith to the sun. This will not, of course, be
generally coincident with the actual course in which the sun
is apparently moving by the diurnal motion, The sun will
generally have to move over a distance considerably greater
than 18° before it reaches the horizon after the first glimpses
of dawn have been perceived.

The duration of the twilight either at dusk or dawn
will be found to vary very considerably at different
seasons, as well as at different latitudes. To take a sim-
ple case, let us suppose the observer to be stationed at
the equator, and let us calculate the duration of twilight
when the sun is at either of the equinoxes. Under these
circumstances, as the sun is actually situated in the celestial
equator, and as the equator passes through the zenith, the
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diurnal motion of the sun will be effected in the great circle
which passes through the zenith and the eastern and
western points of the horizon—the circle, in fact, which is
often known as the prime wvertical. Before sunrise the sun
will ascend perpendicularly to the horizon, and after sunset
it will descend perpendicularly below it. The twilight will
therefore continue in this special case during the time when
the sun moves through an arc of 18° on the celestial sphere,
in virtue of the apparent diurnal motion. As the diurnal
motion completes its revolution in twenty-four hours, a point
on the equator which moves through 360° in one revolution
must move through 15° in one hour. To move through an
arc of 18° a time of 1" 12™ will therefore be required.
Hence it appears that under the circumstances we have
described the twilight at dusk and at dawn will last for a
period of 1h 12m,

At other places or seasons the duration of twilight can
be found by the celestial globe with sufficient accuracy for
most purposes. First set the globe to the latitude of the
place by placing the axis of the celestial sphere at the
correct inclination to the horizon. Then find on the globe
the point on the ecliptic which the sun occupies on the day
in question, and place this point on the horizon. The angle
through which the globe must be rotated in order to bring
the point from the horizon to a distance of about 18° below
it, converted into time at the rate of 15° to an hour, is the
duration of twilight.

It is well known that in our latitude, at midsummer, the
night is never perfectly dark even at midnight. Looking
towards the northern horizon, the midnight twilight is seen
to come from that region, and its origin can easily be
explained. When the sun crosses the meridian at midnight,
its distance below the horizon is greater than when the sun
is at any other point of its diurnal path ; if, therefore, the
depression of the sun below the horizon at midnight be not
greater than 18°, the sun will, during the entire night, be
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within 18° of the horizon, and consequently the twilight will
never cease.

At midsummer, the sun’s declination being 23° 27/, the
polar distance of the sun is go°—23° 27'=066° 33. If
therefore, the sun be 18° below the horizon, the elevation of
the pole above the horizon will be 66° 33'—18°=48° 33
It therefore appears that when the latitude of the place is
48° 33’, the sun at midsummer will only just attain the
distance below the horizon at which twilight ceases. Atany
latitude exceeding 48° 33’ we shall, then, have twilight at
midnight in midsummer. Take, for example, the latitude
of 53°. The elevation of the pole above the horizon is
therefore 53° and consequently the distance of the mid-
summer sun below the horizon at midnight is 66° 33'—53°
=13° 33. As this is less than 18°, the twilight will still be
seen at midnight.

Similar considerations will also enable us to find the
number of days at agiven latitude during which the midnight
twilight will be seen. At the latitude of 53°, which we may
adopt as before, for the sake of illustration, the elevation of
the pole is, of course, 53°. If the sun comes to the meridian
at midnight at a point which is 18° below the horizon, the
distance from the pole to the sun is 53+418°==71°. The
declination of the sun is equal to the complement of the
polar distance, and hence the declination is go—71=19°.
The midnight twilight will therefore be perceived whenever
the declination of the sun exceeds 19°. To find the
number of days during which the midnight twilight continues,
it is therefore only necessary to find the number of days in
which the sun moves from the declination 19° to the
summer solstice, and then back again to the declination 19°.
In the particular case now before us, the number of days is
about 74.

The effect of twilight in mitigating the darkness of the
long arctic winter should also be noted. In midwinter the
sun does not ascend above the horizon in the arctic regions,
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but if the sun approaches the horizon to a distance less than
18°, the twilight of course becomes visible. At the winter
solstice, the south declination of the sun is 23° 27’. If the
sun at culmination be 18° below the horizon, it follows that
the equator must cut the meridian at an elevation of 23° 23’
—18°=35° 27’ above the southern horizon ; but it is easy to
show that this must be the complement of the elevation of
the pole above the horizon. The whole semicircumference
of the meridian is made up of the elevation of the pole,
the altitude of the point on the equator, and the distance
from the pole to the equator. As this last is equal to
90°, the two former must be complementary. The elevation
of the pole at that latitude in the arctic region, where the
midday sun in winter just comes near enough to the horizon
to afford a glimpse of twilight, is go°—5° 27/=84° 33’ ; at
lower latitudes the number of days in which twilight is
witnessed in midwinter gradually increases. Within the
distance of 5° 27’ from the pole, there are a certain number
of days every winter, during which not even a glimpse of
twilight announces the fact that the sun has reached the
meridian at noon. This number gradually increases from
the latitude of 84° 33’ to the pole.

As the sun approaches the winter solstice, its south
declination gradually increases, until about the r3th of
November the Sun has descended 18° below the equato