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Author’s Preface

T woULD BE idle to pretend that prefaces are written as they are printed, at the
I beginnings of books. When the preface comes to be written, the author at lastknows
what his book is about and what it can hope to achieve. His mood is such that he
feels he may permit himself a personal or even sententious note. This book is very
different from what either the author or the publishers contemplated when the work
was first proposed. Twenty years ago 1 found myself responsible for launching a
popular science magazine and compelled to develop in a few days a policy for the
magazine itself and a system of advice to potential contributors. One cardinal rule
was “Write about what you know, and not what you think you ought to know”.
In nearly two decades of continuous work as an observational astronomer I have
found myself struggling at first hand, or have been privileged to have a ringside
seat, in most departments of astronomical observation in the optical field. I have
tried to write of this, and to explain how and why these things are done: in the
writing I have found out how incomplete my knowledge was. Such a book may fill a
need : the Mrs. Beeton of astronomy which will contain all recipes and may be held in
one hand while any conceivable operation of astronomy is carried out, has yet to be
written. So far as it goes, the present work may provide the directions for the prepara-
tion of some good plain fare with a few frills. There is no such thing as an average
observatory: always, somewhere, there is practised a more sophisticated method of
carrying out a given operation, but this may require instrumental resources, such as
the largest telescope in the world, which the average astronomer does not possess.
Highly-educated readers will at most points be able to cite instances of equipment
and techniques which surpass those I have mentioned, and the headlong progress of
some departments of modern astronomy will make this, or any book, obsolescent
before it is published.

There is, it appears to me, a need for a kind of manual for the student who aspires
to be a working astronomer, or the physicist who wants to know what goes on in
observatories which will give indications of standard methods and standard topics of
discussion. It should assume a knowledge of physics but not of astronomy. It is
hoped that this is it. Astronomy is an academic science (but in this space-minded age
with more practical applications than would have been imagined a few years ago).
In countries where the climate is indifferent, observational astronomy suffers relative
_neglect in the academic world because it is difficult to fit into the strait jacket of the
academic curriculum with its stress on the award of a research degree such as the



vi Author's Preface

Ph.D. as a mark of originality. How can a professor gamble with a student’s future
by running the risk that no useful body of observations will be obtained because there
may be a run of hopeless weather during the first half of the three years needed for the
degree? Even if successful, wherein would the essental quality of originality lie?
It is safer to stick to the development of some new observational technique, most of
which can be done in the laboratory: then a few observations can be obtained to
show that the method is good, which usually means demonstrating that the “right”
answer is obtained for a number of previously well observed astronomical objects.
All requirements are satisfied: the method is original: the work is sound: the student
gets his degree—and the equipment is probably never used again because the next
student would not be original if he used it. Astronomy as a science is hardly advanced
at all. This is a serious deficiency which afflicts optical astronomy, but not radio
astronomy: for the latter, good climates exist almost everywhere—even Manchester
is one of the world’s leading observational centres. Optical astronomy is a kind of
industry: apart from restricted flashes of genius, most advances in the science
depend on lengthy programmes of observation. The astronomer who spends some
years at the meridian circle, or produces a thousand stellar magnitudes in clusters or
the general field, or engages in such work as the Cape Photographic Catalogue of the
southern sky which took more than twenty-five years to complete, does far more good
to astronomy than the development of most innovations of method. Such a man
becomes immensely experienced, but it is difficult to express this in a form of currency
acceptable in the academic world. This is not to say that new methods should not be
developed. A worth-while new method is one that can be extensively applied after-
wards. If we consider the important new developments in observational techniques
(the majority of which have come from France in recent years) we see that they all
require many years, perhaps a decade, of the most sophisticated development work
before they are brought into use. The electronic camera and the impersonal astrolabe
provide examples.

So it is that many recruits to the astronomical profession have a very limited
experience of optical observational practice: they do not know how to carry out the
standard operations of their trade, and are quite inexperienced in the highly skilled
and demanding task of drafting programmes which will make the most productive
use of that priceless commodity, time at the telescope. It is hard to think of any other
profession in which any substitute would be accepted for skill in its rudiments.

The philosophy of this book is that the Universe is not divisible into thesis-size
fragments, that there is no substitute for clear skies, and that assiduous systematic
observation can alone discover what problems there are to be solved in astronomy.

Royal Observatory,
Cape of Good Hope
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Introduction

STAR is a sphere of gas of great size, with a diameter lying in the range from
A that of a planet to that of the orbit of the Earth round the Sun, that is, roughly,
from 105 to 108 kilometres. Its mass will lie in a range from one per cent of that of the
Sun to about one hundred times that of the Sun. Most stars are composed almost
exclusively of hydrogen with a small proportion of helium and an even smaller
admixture of metals. They owe the major part of their luminosity to energy liberated
by nuclear transformations taking place in the deep interior. For the most part these
transformations result in the transmutation of hydrogen into helium, but many
additional processes can occur in special circumstances. The surface emissivity of
stars is determined by the temperatures of their outer layers, and these lie in the
general range from 3,000°K to about 50,000°K, the upper limit referring to rather
rare types of star. The average separation between stars in the neighbourhood of the
Sun is of the order of 200,000 times the distance of the Earth from the Sun, or about
3 % 1012 kilometres. All stars are in motion, and those near the Sun, and the larger
class of those which belong to our Galaxy, exhibit motions which are a combination
of randomness and order.

Modern information on these topics has been gained by inference from observa-
tional data, using the laws of physics. A surprising proportion of these laws, including
many of immediate practical application to ordinary life, have owed their initial
inspiration and much of their later development to the fact that they are of importance
for astronomical studies. As examples may be cited the mathematics of spherical
trigonometry, the laws of mechanics, the theory of line spectra, the laws of radiation,
and the first outline of a process capable of yielding nuclear energy.

Almost none of the astronomical data sketched in the first paragraph is susceptible
of direct determination. Almost all of modern astrophysics is concerned with bridging
the gulf between the parameters which are directly observable, and the desired
objective. This is the description of the universe and its contents in terms freed from
the restrictions imposed by the Earth-bound situation in which astronomers find
themselves. To them, almost all stars, except the Sun, appear as luminous Euclidean
points. Indeed, it seems very probable that the stars first inspired the definition of a
Euclidean point, as that which has position but no parts. Observational astronomy
is, effectively, restricted to the study of the position of stars, and changes in these: to
the study of star brightness and star colours: and to the spectroscopic analysis of the
light, or rather electromagnetic radiation ingeneral, received fromastronomical sources.
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The introduction of orbiting observatories and interplanetary probes will not
change this situation basically. Certain inferences will be replaced by direct observa-
tion; new ranges of wavelengths or radiation will become accessible ; close-ups of
planets and experiments on samples of planetary and interplanetary matter will
become commonplace. All this is being achieved by the expenditure of money and
effort vastly greater than at any time in the history of astronomy. A fraction of this
in the past would have immensely benefited present-day conventional astronomy.

In the future, as in the past, the stars themselves will remain inaccessible, and we
can expect that many of the basic techniques and ideas of observational astronomy
will remain unchanged for a considerable time to come.



I
Astronomy of Position

1.1 The Celestial Sphere

LL stars, and, with few exceptions, all astronomical bodies, are at distances so

large as to be effectively infinite. To define the position of a star we need specify
only the direction of the line joining the observer to the star. This is equivalent to
regarding all stars as being marked by points on a sphere of large, or infinite, radius,
centred at the observer. A demonstration of such a Celestial Sphere is provided in a
planetarium, where the stars are represented by points of light projected on the
interior surface of a large dome.

Imagine a celestial sphere centred at the centre of a transparent Earth. The points
where the Earth’s axis intersects this sphere are called the North and South Celestial
Poles. A Great Circle on the celestial sphere is the intersection of the sphere with a
plane through its centre. A Small Circle is the intersection with a plane not passing
through the centre. The great circle defined by the plane of the Earth’s equator is
called the Celestial Equator.

Since star distances are effectively infinite, the distribution of star positions on a
celestial sphere centred at any point on the surface of the Earth is the same as for a
celestial sphere centred at the Earth’s centre. The positions of stars relative to the
horizon of an observer on the Earth’s surface do, however, depend on his
geographical position.

1.2 The effects of Latitude

For an observer at the north pole of the Earth, the north celestial pole will be directly
overhead (in the Zenith); the position of the south celestial pole, cut off from view
by the earth, lies in exactly the opposite direction, vertically downwards (in the Nadir).
An observer on the equator of the Earth will have the celestial equator passing from
the east to the west points of his horizon through his zenith. If the bending of light
rays in the atmosphere of the Earth could be neglected, the equatorial observer would
have the north and south celestial poles at the north and south points of his horizon.
These are two special cases of the general rule, readily demonstrable from simple
geometry, that the altitude of the celestial pole which is above the horizon is equal
to the latitude of the observer if refraction is neglected. The Altitude of a point is the
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angular distance, measured on the great circle through the zenith, between the
horizon and the point in question. Zenith Distance is the angle on the same great
circle measured down from the zenith to the point. For an observer at sea with his
eye at only a negligible height above the surface the sum of altitude and zenith
distance is 90°. As the height of the observer increases the sum of the two quantities
increases because the line from the observer’s eye tangent to the surface of the Earth
(i.e. the direction to the horizon) becomes progressively more and more depressed
‘below the horizontal.

Nadir
Figure 1.1: The Celestial Sphere from north latitude &.

Neglecting refraction, an observer at a moderate north (or south) latitude, ¢, will
have the north (or south) celestial pole due north (or south) of him, at an altitude é.
The celestial equator will be a great circle passing from the east to the west points of
the horizon, having its highest point due south (or north) of him at an altitude of
90°—¢. The line joining the north and south points of the horizon, which passes
through the zenith, the elevated pole, and the highest point on the celestial equator is
called the Meridian of the observer (Figure L1).

1.3. The Earth’s Rotation

The effect of the rotation of the Earth is to produce the appearance of rotation of the
celestial sphere as if it were a rigid body, with relative positions of the stars main-
tained, about the axis defined by the north and south celestial poles, in the direction
from east to west. This rotation leaves the poles fixed, and causes the celestial
equator to rotate on itself without change of position. The stars are carried along
with the rotation of the sphere, and a star which is on the meridian of a northern
observer, between the zenith and the south point of the horizon, is at its greatest
altitude at that moment. This crossing of the meridian is known as Meridian Passage
or Transit or Culmination. A star on the celestial equator rises due east and sets due
west. For a northern observer a star south of the equator rises south of east and sets
south of west: (Star No. 1, Figure I1.1). A star north of the equator rises north of east
and sets north of west: (Star No. 2). Stars in a restricted region of the sky near the
north pole do not get down to the horizon even when at their lowest altitude on the
meridian below pole to the north. These stars are known as Circumpolar Stars
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(e.g. Star No. 3), and do not rise or set. They cross the meridian above the horizon
twice in each revolution of the celestial sphere, once above pole (Upper Culmination),
(UC in figure), and once below pole (Lower Culmination), (LC in figure). For a
northern observer there is a region of the sky centred on the south celestial pole
which is always below the horizon.

For a southern observer the senses of north and south in the preceding must be
interchanged. For example, for a southern observer, circumpolar stars occur in a
region near the south celestial pole.

1.4 Celestial Coordinates: Declination

The two coordinates defining positions on the sky are known as Right Ascension
and Declination and are closely analogous to longitude and latitude measured on the
surface of the Earth. Declination is discussed first. It is defined as the angular distance
of a point on the celestial sphere north or south of the celestial equator, the former
being counted positive and the latter negative. The maximum numerical value of
declination is 90° corresponding to the positions of the celestial poles. The computa-
tion of the meridian altitude of a star of north declination, 8, observed from north
latitude, ¢, is, apart from atmospheric refraction, a mere matter of addition and

subtraction (Figure 1.2). If §; < ¢, the star culminates south of the zenith, at an
altitude of 90° — ¢ + 8,. If 8, > 4 the star will culminate north of the zenith at an
altitude of 90° + ¢ — 8,. A star of declination 8, is at a polar distance of 90° — §,.
If this is less than ¢, the altitude of the pole, then the star in question will be circum-
polar, i.e. we must have ¢ + 8, > 90° for a star to be circumpolar, and its altitude
at lower culmination is ¢ + 8; — 90°. It follows that, on the Earth’s equator no
stars are circumpolar, while at either pole all stars having declinations of the same
sign as the latitude are circumpolar, the remainder being invisible. The range of
declinations invisible from a given latitude is given by the rule that all stars south of
declination ¢ — 90° (a negative value) are invisible from north latitude #. The ranges
of invisible declinations and circumpolar declinations refer to equal areas of sky.

1.5. Hour Angle and Sidereal Time

Since the effect of the rotation of the Earth on its axis is to cause the celestial sphere
to rotate as a rigid body, a star which is on the meridian of a given place at a particular
moment, will again be on the meridian of that place after an interval of time equal to
the period of rotation of the Earth on its axis relative to the stars. This interval is
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adopted as the standard interval of time in positional astronomy, and is known as the
Sidereal Day, and the corresponding flow of time is called Sidereal Time. Its passage
is indicated by suitably rated clocks, with subdivisions of the sidereal day into hours,
minutes, and seconds of sidereal time according to the usual scheme. If a star is on the
observer’s meridian at a given moment, then, after the lapse of one sidereal hour, the
celestial sphere will have rotated through an angle of 15°, corresponding to a full
circuit of 360° in 24 sidereal hours. When this has happened, we say that the Hour

Figure 1.3: The Hour Angle
of the star is H.

Angle of the star is 1 hour, or 15°. Hour angles are thought of as being measured at
the north or south celestial poles, as if a pointer pivoted there, and fixed to the sky,
had turned over an immovable angular scale. The hour angle of a body on the
meridian is zero, and if its coordinates on the sky are fixed, its hour angle increases
steadily at the rate of 15° per hour. Hour angles are reckoned as positive for bodies
west of the meridian and negative for those which are east, or 360° may be added as
required to make all positive and to lie between 0° and 360°. They may be expressed
either in angular or time measure (Figure 1.3).

1.6. The Ecliptic and Equinoxes

To complete the definition of the system of astronomical coordinates, a reference
point on the celestial equator is adopted. This point, variously known as the First
Point of Aries or the Vernal Equinox is designated by the symbol , supposed to
represent the horns of a ram (Aries = ram). It is one of the intersections of the
celestial equator with the great circle marking the apparent path of the Sun round
the sky in the course of a year. The apparent movement of the Sun is a reflex of the
orbital motion of the Earth. As the Earth moves it causes, or would cause, if the Sun
were not so bright, the Sun to be seen projected against different stellar constellations
at different seasons of the year. The apparent path of the Sun among the stars is
called the Ecliptic and is the trace on the celestial sphere of the plane of the orbit of
the Earth round the Sun. This plane is inclined to the plane of the celestial equator
at an angle of about 23° 27'. This is the angle between the Earth’s axis and the normal
to the plane of the Earth’s orbit, and is known as the Obliquity of the Ecliptic. The
coordinates of the Sun are thus continually changing. Its declination reaches its
maximum positive value of about -+ 23° 27’ near June 21, its maximum negative
value of about — 23°27' near December 21. The Sun crosses the equator, at zero
declination on dates near March 21 and September 21 each year, the former being the
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crossing from south to north (negative to positive declinations). This intersection of
the ecliptic and equator is the Vernal Equinox, and marks the beginning of spring in
the northern hemisphere of the Earth. The other intersection is called the Autumnal
" Equinox (Figure 1.4).

}23’27’ 2327
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Figure 1.4: The Ecliptic and the Celestial Equator.

1.7. Local Sidereal Time and Right Ascension

Local Sidereal Time at any place at any moment is the local hour angle of the vernal
equinox at that moment. We especially distinguish Greenwich Sidereal Time as the
hour angle of the vernal equinox from a point on the Greenwich meridian. The
Right Ascension of a point is defined as the local sidereal time of meridian passage of
that point. For a fixed point the right ascension is the time interval, measured on a
sidereal clock, which has elapsed since the vernal equinox was on the meridian.
Right ascension thus increases eastwards and is reckoned in hours, minutes, and
seconds of time from zero up to 24 hours. Alternatively it may be reckoned in
degrees, minutes and seconds of arc by conversion at the rate of 15° per hour. A
conversion table is given in the Astronomical Ephemeris. For a moving body, such as
the Sun, for which the right ascension continually increases, or such as a planet or
comet, for which the right ascension is changing, although not always in the same
sense, right ascension is determinable as the local sidereal time at the moment of
meridian passage. Right ascensions at other times must be found by calculation from
formulae or by interpolation.

Some simple relations are given for reference: at a place in west longitude A, at a
given moment, let the local sidereal time be 7, and let the hour angle of a fixed
object be H. At the same moment the Greenwich sidereal time will be T + A, and
the Greenwich hour angle of the same object will be H + X. More generally, the
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local sidereal time and the local hour angle of the same object as observed at the
same moment from a place in west longitude A’ willbe 7 + A — Xand H 4+ A — X’
respectively. At a later time T + AT the corresponding times at other places will
have increased by 4T, and H will have increased to H + 4T. In these computations
all quantities must be in the same measure, either time or angle (Figure L.5).

Ce\est'lal Sphere

Greenwi, .

Figure 1.5: Relations for Hour Angle, Local Sidereal Time, Right Ascension and Longitude.

1.8. Equatorial Mounting of Telescope

To permit pointing of a telescope at any point in the sky requires a mounting incorp-
orating two mutually perpendicular axes. In the most usual system, called Equatorial
Mounting, one axis, the Polar Axis, points to the elevated celestial pole, and is
therefore inclined at an angle ¢ to the horizontal for an observatory in latitude ¢.
The axis perpendicular to this, called the Declination Axis, is equipped with a gradu-
ated circle which permits setting to any desired declination. The polar axis is motor
driven at the diurnal rate. In many instruments one bearing of the polar axis in-
corporates a movable circle which can be clamped to the drive. At the beginning of
an observing session this is turned so that the correct sidereal time is read off on a
fixed pointer, and it is then clamped. The operation of the drive ensures that correct
sidereal time continues to be read on the fixed pointer. To set to any desired right
ascension, the telescope is rotated so that a pointer attached to the movable part of
the mounting shows the correct right ascension on the circle. The telescope is then
clamped so that it is turned by the drive and remains pointed to the chosen right
ascension. The systematics are illustrated in Figures 1.6(a) and (b).

In instruments with a single circle, moving with the telescope, the hour angle of the
desired object (= sidereal time — RA) must be set, the time being read from a
clock in each case. In instruments without circles, where the readings are shown on
dials by servo mechanisms connected to the axes, the subtraction required to pass
from right ascension to hour angle is performed mechanically or electronically by
combining the sidereal clock reading with the servo output from the polar axis.

We discuss more fully later the change in altitude of a point produced by refraction
of light rays in the Earth’s atmosphere. If a telescope is adjusted so that the polar
axis is inclined at the true latitude, ¢, meridian settings near the zenith, where
refraction has no effect, will be correctly shown on the declination circle. Settings
near the pole will show small errors. If the polar axis is pointed to the refracted pole,
settings at high declinations will be correct, but there will be small errors near the
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zenith. It is much easier to compensate for the latter by making the small adjustments

known as Guiding than it is in the former case, where the errors occur at high
declinations. A
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Figure 1.6.

(a) Schematics of equatorial telescope mounting for latitude ¢. The polar axis
is in the meridian tilted at angle ¢. The telescope is shown set to a star of declina-
tion, 3, at hour angle H. (b) Schematics for telescope setting in right ascension:
Circle A is driven at the diurnal rate. Graduated circle B can be turned so that
the fixed pointer, P, indicates correct local sidereal time, and A and B are locked
by Clamp 1. P continues to indicate correct sidereal time (about 2t 20™ in the
figure). Circle Cis an integral part of the polar axis (the telescope tube is indicated
in miniature), and this is turned until the desired right ascension is shown on
pointer, Q (about 4% 30™ in the figure). The telescope is then locked by Clamp I
and continues to point to the selected star.

1.9. Other Systems of Coordinates

The simplest system for mounting a telescope consists in the provision of horizontal
and vertical axes, like a piece of artillery. This permits training horizontally (in
Azimuth) and in altitude. Both settings alter continuously as the celestial sphere
rotates. This altazimuth system of mounting is mainly of importance in surveying
and navigation. However, several of the largest steerable “dishes” used in radio
astronomy are altazimuth mounted, because of the difficulty of constructing very
large inclined tracks or bearings capable of sustaining high mechanical loads.
Computers are used to convert from RA and declination to altitude and azimuth,
and to provide the variable drive rates needed in both the latter coordinates.

A more important system of celestial coordinates is that of celestial latitude and
longitude. These are based on the ecliptic and its pole, and find application in
studies of the solar system. In these coordinates the motion of the Earth round the
Sun results in a solar movement against the star background such that the latitude of
the Sun is always very near zero, while its longitude increases not quite uniformly at
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an average rate of slightly less than a degree per day, corresponding to a complete
circuit in the course of a year.

1.10. Changes in Astronomical Coordinates

Various causes produce small changes in the astronomical coordinates of stars, some
of which depend on position in the sky, while others are peculiar to the individual
stars concerned.

In the former category is the phenomenon of Aberration. In a non-relativistic
treatment, with the Earth swimming round the Sun in a fixed aether, and with the
light rays from the stars travelling in the same medium, it can easily be shown that the
combination of orbital velocity with the velocity of light leads to apparent displace-
ments of position of all the stars in the sky.

These take place toward the point on the sky towards which the Earth is
instantaneously moving. If © is the longitude of the Sun, then for a circular orbit the
direction of motion of the Earth would be towards the point V, with coordinates in
celestial longitude and latitude, (® — 90°, 0°). The aberrational displacement of a
star is towards V, and for any star is equal to 20”496 sin V %, where V % is the angle
between the directions to the star and V. The Constant of Aberration, 20"-496, is very
close, in radian measure to the ratio of the mean orbital velocity of the Earth
(29-8 kmy/s) to the velocity of light (299,793 km/s).} The functional form states that
the aberrational displacement is proportional to the vector component of orbital
motion of the Earth perpendicular to the line of sight to the star.

For an exact treatment relativity theory should be used; the ellipticity of the Earth’s
orbit and the variable orbital velocity must be considered, and also the rotation of the
Earth on its axis. In addition the orbital motion of the Earth should be referred to
the centre of mass of the solar system and not to the Sun. All these modifications are
small, but not all are negligible for accurate work. They contribute to the extent that
they modify the instantaneous value and direction of the observer’s velocity in space.

Aberration as described produces continually changing displacements in the
apparent position of a star. A star at the pole of the ecliptic describes an almost
circular path in the course of a year, while one located on the ecliptic oscillates back
and forth along it. In any discussion of star positions the time dependent effects of
aberration must be removed so as to produce star positions as viewed from a point
moving with the centre of mass of the solar system.

There is, in addition, a correction, constant for each star, and peculiar to it, which
is not removed. Light from a star may take many years to reach the Earth, so that the
observed star position is not the contemporary one, but an antedated one corres-
ponding to the light time from the star to the Earth. During this time the star may
have moved through a perceptible angle. Light time corrections are applied in the
case of planets because of their high rates of angular motion.

1.11. Precession and Nutation

The choice of a system of coordinates based on the axis of rotation of the Earth is
compulsory for the reasons of practical utility outlined above. However, the spatial
direction of the axis of the Earth is not fixed because of the effects known as Precession

+ The adopted value in the calculations of the Astronomical Ephemeris is 20”-47. The quoted
value is a recent determination.
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and Nutation. It is possible to define a fixed plane in the solar system known as the
invariable plane, which is normal to the resultant angular momentum vector of the
entire solar system. This plane is close to the plane of the orbit of the Earth (and the
planets in general), about the Sun. For the moment we take the Earth’s orbital plane
as identical with the invariable plane. The axis of the Earth is inclined to the normal
to this plane at about 23°27'. The Earth is not spherical, but is flattened at the
poles, so that its shape approximates to an ellipsoid of ellipticity 1/298:20. This
figure is the most accurate modern value deduced from studies of changes in the
orbits of artificial satellites. The Earth may thus be thought of as a sphere with a
belt of additional matter round its equator. The attractions of the Sun and Moon,
plus relatively small contributions from the planets, produce a couple tending to
turn the axis of the Earth more nearly perpendicular to the orbital plane. The axial
rotation of the Earth makes the effect gyroscopic. The action of the couple does not
change the inclination of the Earth’s axis, but causes it to describe a cone in space,
with the normal to the orbital plane as the axis of the cone. The period of one circuit
in this conical motion is 25,725 years. This is the phenomenon of Precession (of the
Equinoxes). The north and south celestial poles are not fixed points, but, to a first
order, describe circles on the sky about the poles of the ecliptic, the angular radii of
these circles being about 23° 27’. Because the ecliptic is close to the invariable plane,
the poles of the ecliptic are nearly fixed (Figure 1.7).

N
. Direction
@ Orbital Plane of' Couple
U Earth
Pole of S
Ecliptic

Figure 1.7: Precession of the Equinoxes: The mechanical couple produced by the

oblateness of the Earth, causes the axis of the Earth to describe a cone in space.

When the axis moves on the celestial sphere from P; to P,, the right ascension of
the star increases from 9,1 to y,IL.

The phenomenon of precession has been known since its discovery in Hellenistic
times by Hipparchus. The dynamical theory, starting with Newton, which explains it
in terms of the mass distribution of the Earth and the dimensions and masses of other
bodies in the solar system, should be thought of as being under continuous review as
measuring accuracy improves. The movement of the Vernal Equinox in longitude,
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i.e. along the ecliptic, caused by precession is at the rate of about 50”27 per year at
the present time.

The figure would be about one part in 400 larger if only the Sun and Moon were
operative: the small reduction is due to the action of the other planets. These also
have the effect of causing a small progressive reduction of the obliquity of the
ecliptic by about 0”5 per annum. Precession increases the right ascension of a star
on the celestial equator by about 3-07 seconds of time per annum, or about 46”-1 in
angular measure. The reduction to this value from the figure first quoted is due to the
obliquity of the ecliptic. For a star at right ascension o and declination 8 first order
formulae for the annual changes in coordinates are given by

4 a =38073 + 18:336 sin o tan & 48 =20"04cosa

More elaborate formulae are required for star positions near the celestial poles.

The word Nutation describes the fact that the spatial motion of the Earth’s axis is
a combination of the steady precessional advance with a number of smaller, oscil-
latory terms caused by a variety of gravitational interactions of the Earth with the
Moon, Sun and planets. As an example, the fact that the Moon is now to the north
and now to the south of the Earth’s orbital plane introduces a series of such oscil-
latory effects. They can now be computed from formulae derived from the gravi-
tational theory of the solar system, and are usually expressed functionally as the sum
of many trigonometric functions, of which the arguments are functions of the time.
Their relative importance can be judged from the sizes of the numerical coefficients.
By far the largest term in the expression for nutation in longitude is one of lunar
origin with an amplitude of 17”-2. The corresponding terms in the expression for the
obliquity of the ecliptic has an amplitude of 9”-2. The terms themselves have a period
of about 6,798 days (about 19 years), and are related to the fact that the orbit of the
Moon, which is inclined to the ecliptic at an angle of 5° 09’, cuts the latter in two
points, (the Moon’s nodes), which move round the ecliptic in approximately this
time. Since the most important effect on the obliquity of the ecliptic is this term in the
nutation formula, the value 9” -2 is called the Constant of Nutation. On the other hand,
the term Constant of Precession as used by Newcomb is the value of a certain expres-
sion derived from the dynamics of the Earth-Moon system. When combined with
the planetary precession and multiplied by the cosine of the obliquity, the result
approximates to the general precession in longitude.

From the foregoing discussion it will be clear that to arrive at the true astronomical
coordinates of a point at any moment, the instantaneous positions of the equinox and
equator as affected by precession and nutation must be used as the frame of reference.
We shall later have to meet the difficulty that since we have defined local sidereal
time as the hour angle of the equinox, this will, by a very small quantity, increase
non-uniformly owing to the oscillatory effects of nutation. We shall, temporarily
evade this difficulty by assuming that we have available a clock which indicates local
sidereal time with an error not exceeding a few milliseconds, and shall consider how
astronomical coordinates are determined by means of the classical meridian
instrument, the Transit Circle.

1.12. The Transit Circle
If the refraction of the Earth’s atmosphere is neglected, the meridian altitude of a
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star is simply expressed in terms of the latitude of the observatory and the declination
of the star. Its right ascension is determined as the local sidereal time of meridian
passage. The transit circle is an instrument for the determination of these quantities.
It consists of a telescope mounted orthogonally on a single east-west axis, which is
carefully levelled, so that, in principle, the telescope is constrained to move exactly
in the meridian (Figure 1.8(a) ). If the telescope is pointed to a suitable zenith distance
for the observation of a given star, then this, if above pole at meridian passage, will
be seen by the observer to enter the field from the eastern side and to pass across it to
the west. The apparent declination is determined from the altitude to which the
telescope is elevated, and the apparent right ascension from the sidereal time at
which the star crosses the centre of the field. However, no instrument is perfectly
constructed or adjusted, and the major part of the theory of the transit circle and the
technical refinements of its operation are concerned with the detection and correction
of instrumental defects. The accuracy sought is very high. Millisecond accuracy is
now readily available from quartz clocks, and in a millisecond a star on the equator
moves through an angle of 0”015, or about one fourteen-millionth of a radian. For
a transit telescope of two metres focal length this corresponds to a seventh of a
micron in the focal plane, and to one quarter of this on the circumference of a
divided circle of diameter one metre. Accuracies of this order are certainly not
obtainable for a single observation of a star. It is clearly essential to aim at the
control of adjustments and errors all over the instrument within a few microns at
most. Errors are broadly of two kinds: inherent errors in the construction of the
instrument which change slowly and need to be reinvestigated only at long intervals:
rapidly varying errors depending on, for example, meteorological conditions, which
have to be redetermined frequently, sometimes as often as several times during each
observing session.

The elevation of the transit telescope is read off on a divided circle fixed to the
axis, of which the graduation intervals may be 5 minute of arc. In such a case it
is necessary to determine the errors of the 4,320 division marks on the circle, a
laborious process undertaken by well-established methods. Once done it will not
usually need to be repeated for decades. Readings for observational purposes
are made at six equally disposed points round the circle by interpolation between
the graduations. At one time this was generally done by means of microscopes
with movable micrometer wires for the determination of the position of a fiduciary
mark relative to the neighbouring division marks. In modern instruments the circle
is photographed and the same results obtained by measuring the films on suitable
measuring machines. Six measuring stations are employed because the mean of
the six values is unaffected by small displacements of the centre of the circle relative
to them.

The axis bearing surfaces on which the instrument rests are ground as accurately
as possible to cylindrical form. They rest on vees carried on the tops of the two piers.
To minimise wear most of the weight of the instrument is carried on counterpoises
leaving only a resultant load of about twenty pounds, adequate to secure proper
mechanical contact between the pivots and the vees. Even so, once every few years a
programme of measurements is undertaken to determine the errors of form of the
pivots, and to trace how these change with wear. Corrections for pivot errors are
made to right ascension observations.
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Figure 1.8: Principles of the Transit Circle.

(a) Schematics of the Instrument. (b) Nadir Observations. Figures 1-6 show the
six fixed positions for reading the circle. (c) Determination of Level Error.
(d) Atmospheric Refraction: The true direction to the star is OQ, the observed
direction, OP. (e) Effect of level error on transit times. The time correction
required, AT, corresponds to the angle QP%. (f) Azimuth Error. (g) Effect of
azimuth error. The time correction required, 47, corresponds to the angle QP%.
(h) Effect of collimation error. Time correction required, 47, corresponds to
angle QP*. (j) Determination of collimation error.
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We may now suppose that we have the means to make an accurate reading of the
circle indication corresponding to any elevation of the instrument.

1.13. The Variation of Latitude (Polar Movement)

The meridian altitude of a star is related to its declination and to the latitude of the
observatory by formulae already given. The axis of the Earth is not fixed in the body
of the Earth, but wanders from its mean position by a variable amount of up to
about 10 metres, corresponding to about 0”3 in angular measure. The deviations
can for the most part be expressed as the sum of two periodic terms. The deviations
are measured at observatories specially equipped for the task. The photographic
zenith tube, described later is one such instrument. The deviations cause changes in
the coordinates (both latitude and longitude) of all observatories, and the published
values can be used to correct transit circle measures made at any given observatory.

1.14. Nadir Observations

To determine the apparent zenith distance of a star the circle reading corresponding
to the zenith must be found. This is done by making observations of the nadir about
once every two hours during observing sessions. The telescope is pointed vertically
downwards towards a bath of mercury installed between the piers. The normal to
this surface defines the instantaneous direction of the vertical. By means of a special
eyepiece and a source of illumination the observer can see both the micrometer wires
in the eye end of the instrument and their reflections in the mercury surface. He uses
the wire in the east-west direction to find the micrometer reading at which the wire
coincides with its own image. From the screw characteristics of the micrometer and
from the circle reading can be derived the accurate circle reading corresponding to
the zenith. These results are employed together with observational results on stars
observed between the nadir observations to derive for them accurate values of
zenith distances at their moments of transit (Figure L8(b) ).

The observer also has a micrometer wire or wires which run in the north-south
direction and are movable perpendicular to themselves by a second micrometer
head. The observer also determines the micrometer reading at which this wire
coincides with its image. From the screw characteristics and the dimensions of the
instrument can be inferred the extent to which one end of the supporting axis is
higher than the other. This is known as Level Error. Interpolated values of level error
are used in the correction of right ascension observations made between nadir
settings (Figure L.8(c)).

1.15. The Determination of Declinations

When the declination of a star is to be determined the transit telescope is set to a
circle reading which will cause the star to transit near the centre of the field. The
observer takes up his position and waits for it to enter the field from the eastern side.
Near the actual time of transit the observer will be occupied in determining the side-
real time of meridian passage, as described below, for the determination of the right
ascension of the star. He makes the declination observations just before and just
after transit. He does this by moving the east-west micrometer wire (the declination
wire) perpendicular to itself so as to bisect the star image. Having done this he makes
a mental note of the micrometer reading. This is done twice before transit and twice
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after transit, and the mean of the four readings gives a measure of the distance above
or below the centre of the field at which the transit occurred. A star not on the
equator is moving on a small circle on the celestial sphere, making its path in the
eyepiece slightly curved. The micrometer measures are corrected for this, the correc-
tion being a function of declination. The micrometer measures, combined with the
circle reading give the equivalent circle reading on the meridian for the moment of
transit. Combination with the nadir reading interpolated to the time of observation
gives the apparent zenith distance of the star at the moment of transit.

We have already seen how the division errors of the circle will be applied to declina-
tion measures. In addition two further errors must be corrected. The first is a
correction for the flexure of the instrument due to its deformation under its own
weight. This is determined at the same time as collimation error for which the
procedure is described below, with the transit telescope in a horizontal position. It
is usually assumed that the flexure correction with the instrument at zenith distance
z, is given by f'sin z, where fis the flexure for the horizontal position. This assumption
is open to some doubt for so complex a structure as a telescope, and instrumentalists
have devoted considerable attention to the possibility of determining flexure correc-
tions continuously.

1.16. Atmospheric Refraction

The correction for atmospheric refraction has already been mentioned several
times. Light rays entering the atmosphere of the Earth along an inclined path do not
travel in straight lines, but as they pass downwards through atmospheric layers of
increasing density are refracted so as continually to diminish the inclination of the
ray to the vertical. A telescope on the Earth’s surface which receives the light from a
star is pointed in the direction of the tangent to the path. The zenith distance of this
direction is smaller than the zenith distance of the true direction to the star. The
difference is the refraction (Figure 1.8(d) ). A first order theory, in which the atmo-
sphere is regarded as stratified in plane parallel layers gives a formula for the refraction
of 58” tan z, where z is the zenith distance of the star. The total angular deviation of
a light ray from empty space down to an observatory depends on the refractive
index of the air in the neighbourhood of the observer. More accurate refraction
tables incorporate atmospheric pressure, temperature and humidity of the air, and
to make use of them transit observers must make frequent observations of these
meteorological parameters by means of instruments installed in and near the
telescope house. Theories of refraction are being continually revised, and at high
zenith distances the curvature of the atmospheric layers and anomalous effects have
to be taken into account. Useful transit observations are rarely made near the
horizon, but even at an altitude of 15° the first order formula and more elaborate
formulae may differ in their results by as much as 5”. Satellite observations for
objects not completely clear of the atmosphere, in which the whole of the refraction
is not to be applied, have been of use in recent refraction studies.

It is by no means easy for a single observatory to determine refractions experi-
mentally. It is easy to see in a general way how the problem can be approached.
Observations of upper and lower culminations of a circumpolar star can yield a
good approximation to the altitude of the refracted pole. If a functional form for
refraction can be adopted, the constants in it can be found from observations of
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stars of a variety of declinations above and below pole, and tables gradually built up.
However, to observe the same star above and below pole on the same night requires
a night twelve hours long, and at low latitudes the circumpolar region is small. It is
no surprise that the basic work on refractions was undertaken in high latitudes, and
that for example, one much used set of tables was compiled at Pulkovo near Lenin-
grad. There are dangers in the use of tables compiled at high latitudes by other
observatories since the vertical distribution of the atmosphere varies with latitude,
and astronomical determinations of latitude might erroneously include some un-
known fraction of the refraction. Artificial satellite observations are playing an
important part, both in revealing the vertical distribution of the atmosphere, and in
the production of ever more accurate geodetic positions for a limited number of
widely-spaced stations on the surface of the Earth.

The assumption that the atmosphere is stratified in level layers is sometimes open
to question. For example, at the Cape, there are strong seasonal winds, from the
south-east in summer and from the north-west in winter. These imply a horizontal
pressure gradient transverse to the meridian which is seasonal in its effects, which
could introduce lateral refraction varying with right ascension. At high zenith
distances lateral refraction is certainly important. Some years ago a Dutch expedition
went to Kenya to make observations of stellar declinations from a point at high
altitude above the sea precisely on the equator. All the stars should rise vertically at
azimuths around the horizon directly indicating their declinations. The effects of
refraction should have been to cause only vertical displacements, but in fact quite
marked lateral refractions occurred which made the observations less valuable than
they were expected to be.

1.17. Instrumental Errors and Right Ascensions

The standard theory of the transit circle shows how to allow for a variety of instru-
mental errors in the observation of right ascensions. Level error, already mentioned,
is produced if one end of the axis is higher than the other. If this error alone is
present, the true meridian is replaced by a false one which passes through the north
and south points of the horizon, but not through the zenith. If the error of level is an
angle, 4, the zenith displacement of the false meridian is also 4, and for a star of
declination 8 which transits at zenith distance z the angular displacement of the false
meridian is 4 cos z, corresponding to an error of hour angle (i.e. of transit time) of 4
coszsec d = 4cos (¢ — 8)sec 8. The transit occurs early, so that the correction to be
applied to the observed time is positive, if the western end of the axis is the higher.
(Figure 1.8(¢) ).

Azimuth error is produced by a deviation of the axis of the instrument in the
horizontal plane from the east-west direction (Figure L.8(f)). This error alone
produces a false meridian which passes through the zenith, not through the north
and south points of the horizon, but through two opposite points each displaced by
a small angle 4'. The displacement at zenith distance zis 4’ sin z, and this gives an
error in transit time of 4’ sin (¢ — 8) sec 8. If the eastern end of the axis is displaced
to the north, transit occurs too soon for stars south of the zenith observed from a
north latitude, and the correction to the observed times is positive (Figure 1.8(g) ).

In some books one will find a description of the determination of azimuth error
from the almost simultaneous determination of transit times of two stars of known
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coordinates near the pole and near the equator respectively. The argument is quite
correct, but it is not clear how one is to observe accurate stellar positions unless one
has previously evaluated azimuth error in some transit instrument and made correc-
tions for it. The fundamental condition which can be reproduced without reference
to previous authority is that, after correcting all other errors, the azimuth is free
from error if above-pole and below-pole transits of the same circumpolar star on
the same night are separated by precisely twelve hours of sidereal time. One has to
suppose that the instrument remains stable during the interval, and one has to keep
in mind short-term effects such as changes in aberration, nutation, latitude and
possibly others, depending on the accuracy which is aimed at. There is no quick
fundamental method, and a fundamental investigation is a long-drawn-out matter
during which the coordinates of circumpolar stars are steadily improved. When this
has been achieved a continuous check can be kept on the azimuth correction by the
observation of circumpolar stars above and below pole.

Alternatively use may be made of azimuth marks. In the Gill Reversible Transit
Circle at the Cape such marks are provided in the meridian, north and south of the
instrument, and distant some 85 yards from it. The primary marks are located at the
bottoms of vertical pits dug down to unweathered rock. The transit instrument can
be turned horizontal to observe secondary marks which are placed precisely over the
primary ones. This is done by the method of making a cross-wire coincide with its
image in a mercury bath placed at the bottom of the pit. The cross-wire is at the
focus of a lens placed just above the mercury bath, so that the primary mark is the
centre of the lens. These marks can be relied upon to remain stable for some weeks
at a time, and observations of the marks will reveal variations in azimuth error. The
deviations of the line of marks from the true meridian can be determined from
observations of azimuth stars made at convenient times when observing conditions
are especially favourable. :

Collimation error is produced by deviation of the optical axis from exact
perpendicularity to the mechanical axis of the instrument. Presence of this error
causes the instrument to sweep out a false meridian which is a small circle parallel to
the true meridian and displaced by an angle 4” from it, where 4” is the angular
deviation from exact perpendicularity. It produces an error of timing of a transit
equal to 4" sec & (Figure 1.8(h) ). For a northern instrument, if displacement due
to collimation error is to the east when the instrument is pointed south, the observed
transit occurs early and the correction is positive.

Collimation error can be determined by the aid of two long-focus fixed horizontal
telescopes set up north and south of the transit instrument. Ports are opened in the
central cube of the transit instrument so that the two collimators can observe each
other along a horizontal line passing through the centre of rotation of the transit
telescope. Each has micrometer wires in its eyepiece which can be brought into
coincidence with the images of the corresponding wires in the other collimator.
When the collimators are adjusted, the transit instrument is pointed to one collimator
by turning it horizontal, and the micrometer wires in its eyepiece brought into
coincidence with those of the collimator. The transit instrument is then turned over
to the other collimator. The wires will now not be in coincidence. The deviation left
and right is twice the collimation error, while the vertical deviation is twice the
horizontal flexure (Figure 1.8(j) ).
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A further correction to the observed time of transit of a star is that due to the
aberrational effect of the rotation of the earth on its axis. It is equal to 0s-021 cos
4 sec 8 for stars on the meridian.

1.18. Observational Determination of Right Ascensions

Having enumerated all these errors we can describe the method for observing a star.
The eye end of the transit circle is a complex piece of mechanics. We have already
noted that it incorporates a declination wire moved by a micrometer head, used not
only for declination observations, but also for nadir and flexure observations. The
right ascension wire is also controlled by a micrometer head and is used for observa-
tions of level and collimation errors. This wire can also be driven across the field
by a motor drive with an infinitely variable gear. The object of this is to make
observations of right ascension impersonal, that is, independent of the reaction time
of the observer.

Before observing a star at declination 3 the observer sets the variable gear to give a
drive speed equal to the diurnal rate, ie. 15" cos 3 per second of sidereal time. In
addition he can advance or retard the moving wire by operating a differential control.
When the star appears he first makes two declination settings as already described.
He then operates his differential control so as to bisect the star image with the
moving right ascension wire, and maintains this bisection as best he can throughout
the time of transit. As the carriage carrying the moving wire passes over certain
contacts, these record the time electrically. In some cases this is done on a two-pen
chronograph, one pen showing the beats of the sidereal clock, the other, the pulses
from the contacts. In other cases the time may be recorded by a printing chronograph
or on a decatron display, or the result may be punched directly on to a computer
card. When the transit is complete the observer will make his second pair of declina-
tion settings. Still further to eliminate personal bias, the eye end may be fitted with a
reversing prism which the observer inverts between passage over the first and second
symmetrical patterns of contacts. This means that he sees the second half of the
transit with the star apparently moving in the reverse direction and any systematic
tendency to hook to one side of the mark ought to be compensated. Bright stars are
dimmed by placing wire screens over the objective since it is known that exceptionally
bright stars tend to be observed systematically differently from faint ones.

This complication of equipment entails a further series of instrumental investiga-
tions to evaluate the mechanical characteristics of the positions of the contacts, the
screw intervals and the properties of the timing gear.

After all the corrections are in and the records reduced, the final result is the
instantaneous value of the declination of the star together with the sidereal clock
time of the transit over the true meridian. In the course of the programme there may
be included certain stars of which the coordinates are very exactly known which will
be used to determine the error of the sidereal clock. While these may continue to be
observed as a precaution, modern methods of timekeeping are so accurate as to be
preferable to the values derived from the observation of clock stars. In this case the
local sidereal clock as regulated by observations made with other instruments, or by
time signals, may be used. If the observations are made in terms of a clock keeping
mean sidereal time, the coordinates observed with the transit circle will be with
respect to the mean equinox of date. Differential observations with respect to stars of
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known coordinates will yield positions referred to the true equinox of date and the
error of the clock determined from observations of the standard stars will incorporate
both the real error and the effect of polar movement on longitude.

1.19. Summary of Transit Circle Procedure

To wind up this part of the exposition we summarise the procedures involved in
transit circle observations:

Declinations: Division Errors of Circle; Nadir observation; Flexure;
Refraction; Latitude variation; Curvature correction of
micrometer observations.

Right Ascensions: Level error; Azimuth error; Collimation error; Aberration

due to Earth’s rotation; Clock error; Pivot errors.
Further to reduce errors, the instrument is reversed on its piers once every few weeks,
L.e. raised and turned so that what was the eastern end of the axis now rests on the
western vee and vice versa. At long intervals the objective and eye end may be
interchanged to opposite ends of the telescope tube.

One of several colleagues who read this work in manuscript objected at this point
that the fundamental determination of star coordinates had not been adequately
covered because the method of determination of geographical coordinates had not
been described. This is a valid objection to be overcome in one way by requiring,
transit observations of the Sun, so that the actual equator and equinox can be
determined. Alternatively, and probably preferably because of the cumulative
accuracy attainable, geographical positions will henceforth be determined by means
of artificial satellites designed for geodetic purposes.

1.20. Time and Timekeeping

The notion of time is inseparable from philosophical concepts which defy definition.
Time is thought of as an entity which flows uniformly, while a clock is a device which
stores the contemporary indication of time and makes it available to us. We recognise
that some clocks are imperfect, and we improve their performance by making
corrections to their indications. These are derived by intercomparing the imperfect
clock with a more perfect one. This does no more than shift the problem by one
remove, and implies that our ultimate recourse is to the more perfect clock. This in
its turn may have errors only demonstrable by comparisons with a yet more perfect
standard. We seem never to be able to reach finality. Indeed this sequence of
comparisons with time standards of greater and greater perfection epitomises the
history of timekeeping. The basic principle of horology has almost always been to
select some oscillatory or vibratory physical phenomenon, and to postulate that this
has a standard frequency which does not change. The selected phenomenon is made
to operate as a clock by some counting mechanism which keeps the score of how
many oscillations have occurred in a given time. The earliest clocks were interval
timers—devices which marked the passage of a given interval of time by the flow of a
certain quantity of water or sand through an orifice, or by the burning of a candle of
a certain length. By repetition, e.g. by inverting the sandglass immediately the sand
had finished running through, a crude clock system included in the foregoing
definition could be achieved. The earliest clocks of any precision relied on the
synchronous property of a pendulum. In their highest development pendulum
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clocks achieved a remarkable precision. A good, well-mounted pendulum clock
with a one second beat (two seconds for the full double swing to left and right) can
be made to run with a rate of only a few tenths of a second per day, and erratic
errors of about the same order. This does not, however, provide an absolute physical
standard if the pendulum is exposed to the vagaries of temperature and pressure of
the atmosphere. In addition the length of a seconds pendulum depends on the
acceleration of gravity at the place where it is mounted, and it is not unknown for a
pendulum to lengthen perceptibly over many years due to metallic creep. The
highest development of the pendulum clock was the form known as the Shortt
free-pendulum type. In these clocks a master pendulum was swung in a moderate
vacuum and maintained at a constant temperature. The actual indications of the
clock, such as driving of dials, and provision of beat signals was done by a second
clock, known as the slave, which was deliberately adjusted to run slightly slow. The
two clocks beat independently except that, every 30 seconds, an impulse came from
the master pendulum which operated a mechanism forcing the slave pendulum into
phase with the master if it had lagged significantly behind. At the same moment
an impulse from the slave operated a remontoire device giving a slight push to the
master pendulum, thus restoring to it the energy which it had lost during the previous
half minute. Shortt clocks of this type were capable of giving rates of the order of a
few hundredths of a second per day, with erratic errors of the same order. They
were accurate enough to give the first indications of irregularities in the rate of
rotation of the earth.

Pendulum clocks must all now be regarded as antiques, although some are so
beautifully constructed as to be very valuable and desirable, and quite accurate
enough for domestic timekeeping. The pendulum clock was replaced by the quartz
clock, depending on vibrations of a quartz crystal maintained piezo-electrically by
means of an electronic circuit. In one of the most modern forms the quartz is cut
from natural crystal, with a particular orientation relative to the optic axis, in the form
of a ring about 5 cm in diameter. The exciting electrodes are thin metal films deposited
on the faces of the crystal. The whole is carefully temperature-controlled, and
mounted, usually in a deep cellar, on a carefully designed anti-vibration mounting.
The basic vibration frequency of 100,000 cycles per second is normally used, and is
electronically divided to yield a continuous thousand cycle note, or seconds pips, or
any desired variant. Quartz clocks give an accuracy much better than a millisecond
per day, and can be used for prediction and signal control for intervals of some days
or weeks ahead. This accuracy is sufficient for most astronomical purposes, and
readily demonstrates seasonal variations in the rate of rotation of the Earth. The
quartz clock is now an article of commerce and even portable models, used for
example in geodesy, have an accuracy in the millisecond range.

Increasing accuracy has been made possible by the application of electronic
techniques, and these in turn have made severe demands on horological techniques
particularly in the field of the standardisation of frequencies. There are legal and
economic demands for the close specification of frequencies in television and other
communications systems, and in radar and electronic navigation devices. In principle,
any two frequencies, no matter how high and no matter how little different, can be
compared by measuring the beat frequency between them. In order to convert a
frequency standard into a clock a means of counting beats must be provided, and,

B
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in e}ddition, there must be an assurance that the frequency is constant. All the
devices so far mentioned rely on the perfection of their construction, and are not
automatically related to the constants of physics.

1.21. The Caesium Clock

Once the field of very high frequencies became accessible through electronic develop-
ments a link was sought with atomic properties which would provide a standard of
frequency defined in terms of the constants of nature. Attempts to use intrinsic
oscillations of the ammonia molecule turned out less successfully than was at first
hoped. A frequency standard and a system of timekeeping related to fundamental
atomic properties came with the introduction of the caesium clock through the work
of Dr. Louis Essen of the British National Physical Laboratory and his associates.
The ground state of the caesium atom has two components separated by a small
energy difference corresponding to a frequency which is low for an atomic transition,
and very high for a frequency in the electronic range. The value now adopted is
9, 192, 631, 770 Hz (i.e. 10 Hz to the nearest order of magnitude). It is a quantity
related to the general constants of nature because it can be calculated from the
known structure of the caesium atom. The transition arises from the interaction of
the spin of the valency electron of the atom and that of the nucleus. The magnetic
moments of the caesium atom are different in the two states and this property has
been used in the construction of the caesium clock in which the atomic frequency is
made to control an electronic frequency which can then be used for frequency
standardisation and timekeeping. The principles used are illustrated in Figure 1.9.
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Figure 1.9: Diagram of the caesium clock, showing (above) the arrangement of
the apparatus, and (below) the paths followed by atoms in the beam with deflec-
tions greatly magnified. (By permission of Dr. L. Essen.)

All the components are enclosed in a highly evacuated chamber. Caesium is heated in
an oven maintained at about 80°C and from this source caesium atoms stream out
as a thin beam at about 200 metres per second. They then pass between the poles of a
magnet designed to give a strong non-uniform magnetic field. Those in one com-
ponent of the hyperfine ground state are deflected in one direction: those in the
other in the opposite direction. In each case the angles are very small. A narrow
slit at the centre of the apparatus allows those atoms which have emerged from the
oven in particular directions and have been appropriately deflected, to pass through.
Symmetrically placed at the farther end of the vacuum tube is a second magnet
identical with the first. If an atom in hyperfine state No. 1 has passed through the
slit, and is still in this state, then it will be deflected by the second magnet in the same
sense as by the first. The same is true of atoms in hyperfine state 2. If, however,
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during flight down the tube, an atom has been changed from one hyperfine state
to the other, the second magnet will deflect it back towards the axis of the instru-
ment, and atoms having this property will converge again towards a point on the
axis of the instrument at a position symmetrical with respect to the exit from the
oven. At this last named point a detector is placed. This consists of a heated tungsten
wire to which any caesium atom arriving there will give up its valency electron,
leaving it as a positively charged particle. A collector plate near the tungsten wire is
maintained at a negative potential, and attracts the positive ions to it. The resulting
current is allowed to leak away through a high resistance, and the strength of this
measures the number of caesium atoms which have reached the detector. So long as
the ions in flight do not change from one hyperfine state to the other this number
will be small. To cause the atoms to make this change two cavity resonators are
introduced in positions symmetrical with respect to the slit. By means of a tuned
circuit having a frequency close to the caesium frequency the resonators are excited
through a wave guide. When the chosen frequency is very close to the caesium value
the radio frequency field induces transitions from one hyperfine state to the other in
the caesium atoms during flight, and an increased number reach the detector. By
maximising the output from the detector the frequency of the input can be kept
coincident with the caesium frequency. The object of a number of the instrumental
refinements is to keep the width of the frequency maximum as narrow as possible.
The original equipment gave a precision of about one cycle per second (one part in
101%) but this has now been improved to one part in 10! or one microsecond per
day. This standard of accuracy is greatly superior to that which can be obtained by
direct astronomical determination, and provides a means of calibrating quartz clocks
and of standardising frequencies. The caesium clock may be regarded as providing
the modern standard of frequency related to the constants of general physics, though
it does have the disadvantage that it cannot, so far, be kept running indefinitely.

1.22. Astronomical Aspects of Time

It might be imagined that once the caesium clock had defined the second in terms of
an atomic hyperfine transition expressible in terms of the basic constants of physics,
there would no longer be any need to have an astronomical standard of time as well.
This may well be correct, but it is undoubtedly the case that most of the terminology
used in discussions of time is of astronomical origin. Moreover the original definition
of a second is as a subdivision of the minute, hour and day, and if we can define a
second to one part in 101 then we need to examine the astronomical concept of the
day with a correspondingly close scrutiny. Finally, astronomy frequently has reference
to phenomena which occurred in the past, and even in the recent past electronic
methods for the exact specification of time did not exist.

We refer first to certain elementary definitions of astronomical origin. In previous
sections we have defined sidereal time at any place as the hour angle of the vernal
equinox. This specifies the posture of the Earth at the given time with respect to the
mean system of the stars. Ordinary civil timekeeping specifies the posture of the
Earth with respect to the Sun. Now the apparent movement of the Sun is a reflex of
the motion of the Earth in its orbit. The orbit of the Earth is not circular but elliptical
and during the northern winter the Earth is, by chance, at a smaller distance from the
sun than during the northern summer. Considerations of angular momentum,
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expressed as Kepler’s second law (the law of equal areas) show that the rate of angular
advance of the Earth in its orbit will be greater when the Earth is near the Sun
(near perihelion) than when it is more remote (near aphelion). The rate of advance of
the Sun round the sky will not therefore be uniform from one season of the year to
another. In addition the path of the Sun against the stars is along the ecliptic and
not along the equator. The remarks just made show that the rate of increase of the
Sun’s longitude, measured along the ecliptic, is not uniform. However, even if the
advance of the Sun in longitude were uniform, the rate of change of right ascension
would not be. If the Sun were to increase its longitude by an amount 4 near the
equinoxes, the increases in right ascension would be approximately 4 cos e« where
e is the obliquity of the ecliptic. Near the solstices, an increase in longitude of 4
would correspond to an increase in right ascension of 4 sec ¢. The ordinary needs of
civil life must be regulated with some reference to the hour angle of the Sun and it
follows that, since the rate of increase of right ascension of the Sun varies by some
ten per cent on either side of its mean value, then the actual Sun is not suitable as a
reference body for timekeeping. In place of the real Sun a fictitious body which
advances at a uniform rate round the equator is used. This body is called the Mean
Sun: its relation to the actual Sun at any time can be computed from the characteri-
stics of the orbit of the Earth around the Sun. As an introductory definition, requiring
reconsideration in a very exact discussion, we define Greenwich Mean Time, or
Universal Time as 12h + Greenwich Hour Angle of the Mean Sun. This gives a time
reckoning system which keeps in step on the average with the real Sun and has a
clock reading of 12h at the middle of the day.

The non-uniform motion of the real Sun has the consequence that it transits
usually before or after mean noon, the moment of transit of the mean Sun. During
the first three months of the year the Sun transits after mean noon, the difference
reaching a maximum of about 14 minutes. For about seven weeks around May it
transits a little before mean noon. From mid-June until the end of August it transits
a little after noon, and thereafter until nearly the end of the year it transits before
noon with a maximum difference of 16 minutes. The deviations of the real Sun from
uniformity are thus very large. They define what is called the Equation of Time
expressible either as equal to Apparent Solar Time minus Mean Time, or as R.A.
Mean Sun—R.A. Sun which follows a double wave curve as described above. In
certain books the opposite sign convention to that used here is employed. Since
Universal Time has become available throughout the world by radio transmission the
Equation of Time has become of less explicit importance even for surveying and
navigational purposes and is often no more than implied in modern astronomical
texts. In amateur usages, such as the construction of sun-dials, or in sun-compasses
used in desert navigation during the last war, it is clearly of direct importance.

Since Universal Time is defined by means of an hour angle, the rules described
above for the computation of hour angles in longitudes different from that of
Greenwich will apply for the computation of local mean time at other places. By
convention the local mean time appropriate to a standard meridian, almost always
an integral number of hours different from the Greenwich meridian, is used in each
territory of the world. Thus Britain normally keeps Greenwich Mean Time through-
out, even though the local mean time may differ from this by several minutes. Again
the eastern states of the U.S.A. keep a Zone Time which is 5 hours slow on G.M.T.,
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while Japan keeps a Zone Time which is 9 hours fast. Legislation is often introduced
to change the Zone Time by an integral number of hours during the summer. The
standard times of the various territories of the world are listed in the Air Almanac,
though it is usually not possible to keep pace with all the legislative decisions con-
nected with the introduction of summer time. In making computations of phenomena
the first step should always be to express all zone times in their G.M.T. equivalents
and then to compute hour angles from the accurate geographical coordinates of the
place of observation.

1.23. The Relation between Mean and Sidereal Time

The interval between successive meridian passages of a star, more specifically, of the
vernal equinox, defines a sidereal day. This is divided into 24 hours, and so on, and
thus defines the second, minute, hour and day of sidereal time. Since the Mean
Sun advances round the equator, increasing its right ascension by 24h in a year, or
approximately 3m 56s per day, the interval between successive passages of the mean
sun across the meridian of any place is about 24h 3m 56s of sidereal time. This is
equated to 24 hours of mean time, which is that kept by ordinary clocks for civil
purposes, and by subdivision hours, minutes and seconds of mean time are defined.
A sidereal clock thus gains one day of sidereal time on a mean time clock in the
course of a year. An interval of 365} days of mean time is equal to 366} days of side-
real time. There is a difference of one between the number of revolutions of the Earth
with respect to the Sun and with respect to the stars in the course of a year. An
alternative expression of the relationship is shown in Figure 1.10 where the Earth is
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Figure 1.10: The Earth’s movement in a solar day. Point P comes back beneath

the_ Sun. The Earth advances about a degree in its orbit. The originally antipodal

point, Q, beneath the star at E, has advanced a degree past the star at E,. The

solar day is longer than the sidereal day by about 3™ 565, during which the
Earth rotates through nearly a degree.

pictured in the same position relative to the Sun at two positions separated by a day.
Since, during this time the Earth has advanced in its orbit by about one degree, it
must, as judged by the stars, turn on its axis through this angle beyond the point at
which it is in the same position relative to the stars. The time required to turn through
this angle is the interval of 3m 56s noted above.

Because of the extreme accuracy with which intervals of time can now be measured,
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it is necessary to define nomenclature with great care. Because of precession and
nutation the equinox is continually changing its position among the stars. Apparent
sidereal time at any place is the hour angle of the equinox of that moment. Because
of the irregular movement of the equinox this is not a uniformly increasing quantity.
Mean sidereal time is the hour angle of the mean equinox. This is a fictitious point
analogous in conception to the Mean Sun, in which the oscillatory irregularities due
to nutation are smoothed out. The difference of apparent sidereal time minus sidereal
time is known in a similar way as the Equation of the Equinoxes and is tabulated in the
Astronomical Ephemeris. During 1965 for example, the equation of the equinoxes
has a mean value near — Is with a range of + 0-1s during the year. Apart from
corrections for variation of latitude and irregularities in the Earth’s rotation, which
are allowed for in the determination of time, mean sidereal time is the quantity which
would be shown on a sidereal dial or distributed for timing purposes within an
observatory. Universal Time may now be defined as the Greenwich Hour Angle
Plus 12 hours, of a point on the equator whose right ascension from the mean
equinox of date is given by

R = 18h 38m 455-836 + 86 40184s-542 T + 0s-0929 7

where T is the number of centuries, each reckoned as containing 36,525 days of
universal time, which have elapsed since Greenwich mean noon on 1900 January 0.
This formula is closely similar to one given by Newcomb for the right ascension of
the Mean Sun, although differing from it on an important point of principle. It
shows how Universal Time is constructed according to this formal definition, from
mean sidereal time and from apparent sidereal time, which are determined by
methods indicated below, from stellar observations.

1.24. Ephemeris Time

We are now in a position to relate astronomical timekeeping with the time of physics.
The essential point about sidereal time is that it relates the position of the Earth with
respect to the stellar system, and this is of great importance for many practical
astronomical applications. On the other hand as we have mentioned already, the
period of rotation of the Earth is not constant, so that to the accuracy now required
we cannot make this the basis of a uniformly flowing time. To resolve this dilemma
we postulate the existence of a uniformly flowing time, which we identify with the
independent variable of physics, the variable which is called “time” in Newton’s
Laws of Motion and all physical applications. This may seem to introduce a tauto-
logy. The grandest verification of Newton’s Laws was that they enabled astronomers
to calculate the motions of the planets and to predict their positions in advance.
Now it is assumed that Newton’s Laws, modified as they may be in certain cases by
relativity considerations, are correct, and that discrepancies between theory and
prediction are not to be attributed either to defects of theory or to imperfect calcula-
tions, but, in the main, to irregularities of the Earth’s rotation. This is not as un-
reasonable as it might seem. Methods of calculation are now so refined as to eliminate
errors of manipulation. Moreover the phenomenon, at one time unexplained, that all
bodies in the solar system were ahead of their ephemeris positions by amounts in
proportion to their mean motions, a phenomenon naturally most pronounced in the
case of the Moon, is most naturally explained by a slowing down of the Earth’s



Astronomy of Position 25

rotation rate. For this there is physical justification since tidal friction in shallow
seas is a known cause for the retardation of the rotation of the Earth. The physical
explanation for all the features including seasonal irregularities in the rotation of the
Earth does not yet appear to be perfectly clear.

Now that we have introduced Ephemeris Time, several points already mentioned
require revision. The caesium frequency quoted above should now be given as cycles
per second of ephemeris mean time. The expression R given above, with the time
variable now given as centuries of ephemeris mean time of 36,525 days, is strictly the
expression for the right ascension of the Mean Sun. The quoted expression with the
argument in terms of Universal Time still defines U.T.

Determinations of the difference between ephemeris time and universal time
depend essentially on observations of phenomena of the Moon because of its high
angular motion. Examples are the determinations of the times of mid-eclipse for
solar eclipses, and the study of the times at which the Moon passes in front of stars
(occultations). An alternative method proposed by Markowitz was to photograph
the Moon against the star background by a camera incorporating devices to dim the
bright light of the Moon and to compensate its motion during exposure.

Ephemeris time is conventionally reckoned from the epoch designated as 1900
January O at E.T. 12h and the reduction from Universal to Ephemeris Time is
tabulated in the Astronomical Ephemeris. During the twentieth century the difference
has shown a general increase from — 3s-79 in 1900-5, being + 20s-48 in 1920-5,
4+ 24s-30 in 1940-5, and + 33s-20 in 1960-5. The earlier values are part of a longer
tabulation published by Brouwer in 1952. More recent values have become available
from studies of lunar phenomena and the difference is only known with any precision
usually some years in arrears. For many purposes approximate values for the future
are produced by extrapolation. The modern practice of the ephemerides is to produce
exact predictions in ephemeris time from which approximate predictions in Universal
Time are found by using extrapolated values of the difference E.T. — U.T. Com-
parison of prediction and observation then helps towards a definitive determination
of the difference. The short-term variations of the rate of rotation of the Earth, and
the secular run of the difference E.T. — U.T. are illustrated in Figures .11 and 1.12.
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Figure 1.11: Variations in the rate of rotation of the Earth (U.T. 1 — Cs). (By
permission of Messrs. Butterworth and Dr. L. Essen.)
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It is useful to note that the Ephemeris second has an alternative astronomical
definition, namely “as the fraction 1/31 556 925-9747 of the tropical year for
1900 January O at 12h E.T.”. The Tropical Year is the interval during which the
Sun’s mean longitude referred to the mean equinox of date increases by 360° and is
the scientific definition of that which is meant by the ordinary usage of the term
“year” in which the seasons recur. The difficulty of such a definition of Ephemeris
Time is that it does not define a standard available for new comparisons. The
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Figure 1.12: Values of AT = E.T. — U.T. in the 20th century.

definition in terms of the caesium frequency now provides such a calibration.
However, astronomers often have to refer back to epochs when the only calibra-
tion available was an astronomical one, so that this definition is of astronomical
importance. The only difficulty in the use of the caesium calibration is the possibility
that if the constants of nature are determined by the distribution of all the material
in the universe, and if the universe is expanding, then the gravitational unit of time
expressed by Ephemeris Time might steadily diverge from the atomic time unit.
With the accuracy of measurement now available it is possible that such a deviation
might be detectable.

1.25. Universal Time

Astronomical observations as described below yield precise values of apparent
sidereal time from which mean sidereal time can be derived by the application of the
equation of the equinoxes. The formula quoted above shows that Universal Time is
rigidly related to mean sidereal time. To produce a system judged uniform by a
precision clock, the observed value of Universal Time designated as U.T. O must be
corrected for variations in the meridian due to polar motion (yielding what is called
U.T. 1) and for seasonal variations in the rotation of the Earth (yielding what is
called U.T. 2). The last named is the basis of the transmission of radio time signals
which are sent out from stations in about twelve countries of the world. However,
since in every case a radio signal is transmitted from a precision clock of which the
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error has been determined from astronomical observations at some time in the
recent past, the signals radiated are provisional, and their actual errors are deter-
mined and published later by the Bureau International de I'Heure. It would be
inconvenient if the transmissions were corrected too frequently by small quantities,
and the convention has been adopted of correcting signals only when an appreciable
error has accumulated. The practice is to make changes by steps of 50 milliseconds as
required, and the various time services coordinate their work so as to make these
jumps at the same time. Users of precise signals thus make comparisons with the
emitted signals and apply the published corrections when these appear.

1.26. The Determination of Time: The Photographic Zenith Tube

It will be clear that a great many conventions have necessarily been incorporated
into the technique of timekeeping. It remains true, however, that observations of
transits of stars with known right ascensions will yield instantaneous determinations
of apparent sidereal time. If these depend, as in a transit circle, on a human measurer,
they are not likely to be accurate enough for modern purposes. Various efforts have
been made to make transit observations more accurate by the use of photoelectric
devices or by moving photographic plates. At the present time, however, the most
accurate means for the determination of time is provided by the photographic zenith
tube. These instruments are used to observe a set of stars near our own zenith
which are closely tied to the stars belonging to a certain catalogue, called the FK4
(Fourth Fundamental Catalogue; revision by Heidelberg, 1963). The positions of all
these stars have been exhaustively discussed in the light of all the foregoing complica-
tions: they have been observed a vast number of times: the adopted positions have
been discussed at great length to reconcile them with the ephemerides of the Sun and
planets and with the values of the constants adopted for these computations. These
1,535 stars enshrine the practical definition of the system of stellar coordinates. Their
apparent right ascensions and declinations will vary owing to the effects of precession,
nutation and aberration, but the apparent positions of any of them can be computed
at any time, and are published in advance. Observation of the transit times of a
selection of these stars or of other stars closely tied to them will give, after application
of the appropriate corrections, a determination of the error of the sidereal clock
used at the transits.

If a transit circle were used, corrections for the various instrumental effects and
for refraction and flexure of the tube would have to be applied. The photographic
zenith tube, which is a fixed telescope pointing to the local zenith, eliminates correc-
tions for flexure and refraction, and can be designed so as to eliminate many of the
other instrumental errors. The instrument consists of an objective lens mounted in a
horizontal plane above a bath of mercury which serves as a mirror (Figure 1.13).
Only stars close to the zenith (usually within about 15’) are imaged, by passage of
the rays through the lens, reflection in the mercury surface, and convergence to the
surface of a photographic plate mounted face down horizontally immediately below
the lens. The system is so designed that one of the nodal points of the objective lies
in the chosen focal plane, so that the positions of the star images are not affected
by errors due to tilt and lateral displacement of the lens. The use of the mercury
bath as a reflector automatically incorporates the direction of the local vertical in
the instrument. The plateholder is not fixed but is mounted on a carriage which can
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be traversed in the east-west line at a rate which compensates for the rotation of the
Earth. If the plate were stationary a star passing near the zenith would mark on it an
east-west track with a slight curvature arising from the fact that these stars move on
small circles as the celestial sphere rotates. If the plate is traversed at the correct rate,
and an exposure made, the image will be a point, and much fainter stars can be
photographed than would register a trail on a fixed plate. The position of the point
image is displaced on the plate from the point corresponding to the zenith by a

N, Lens

Rotary

IRy

Plate

_—~Mercury Bath

T TLIT TRy

Figure 1.13: The Photographic Zenith Tube: A parallel bundle of light rays
arrives from a star, the central one passing through a nodal point, N, of the lens.
The emergent pencil is centred on the other nodal point, N, which lies in the
focal plane occupied by the plate. Some of the rays are stopped by the small
central obstruction of the plate and its holder, but the remainder converge after
reflection in the horizontal surface of the mercury bath to form an image at P.
By definition of the nodal points, the axis of the convergent pencil at N, is
parallel to the incident direction at Nj.

distance in the north or south direction defined by its zenith distance. The carriage
and its driving mechanism, and the objective lens are mounted as a unit (the rotary)
which can be turned by a motor through 180° about the axis of the lens. After
rotation the plate carrying the first image of a given star has been turned through
180°, so that a second exposure will give a second image displaced from the first in the
north-south direction by an amount corresponding to twice the zenith distance of the
star at its meridian passage. In a complete observation each pair of exposures is
repeated, so that there are four exposures of each star which have been obtained in a
total interval of about two minutes. If the exposures are taken at approximately
equal intervals the four images on the plate will lie at positions close to the vertices of
a parallelogram; two of the parallel edges define the directions of motion correspond-
ing to the east-west movement across the meridian. Essentially these sides define the
east-west direction, while the separation perpendicular to this gives twice the zenith
distance of the star at transit. If its declination is known, an instantaneous value of the
latitude is found. The determination of time depends on registering the position of
the plate carriage at selected times in terms of the standard clock. The methods of
incorporating the time definition in the sequence of operations have varied from
observatory to observatory, but if we assume that contacts are incorporated which
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are operated when the plate carriage is in a particular position relative to the rotary,

then at these recorded instants the position of the zenith and meridian on the plate
are the same for all four exposures. The positions of two of the images as they appear
on the developed plate have been reflected across the plate by the rotation round this
(unmarked) point. Thus the first and last exposures (one before and one after the
meridian) are, say, on the right, while the middle two, also one east and one west,
are on the left (Figure 1.14). We follow the exposition of D.S. Perfect, and we have
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Figure I.14: Layout of PZT plate: Points 2’ and 4’ are transferred to symmetrical
positions across the plate centre by reversals of the rotary, bringing the star
images to positions 2 and 4.

Let the times of the four exposures in terms of the clock be t,, t,, t; and t,. For
the first two images let the star, in terms of the plate scale, be at distances x, and x,
east of the meridian, and for the last two let it be at distances x, and x, west of the
meridian. Let the time of meridian passage be t,, in terms of the clock, and let the
speed of movement of the image, neglecting track curvature, be v. Then at time ¢,,

the image is x, east of the meridian, and
L =1, — xllv

and at time ¢, the image is x, west of the meridian, so that
ty =1y + X4fv

whence the time of meridian passage is given by
tm = 3(t, + 1) — 3(x4s — X))o

Now x, — x, is the overhang of the parallelogram at one end and is measurable
provided the plate is correctly lined up in a two-coordinate measuring machine as it
can be if the east-west direction is identified by two of the parallel sides of the figure.
The speed v is not known, but can be found by measuring images 2 and 3 at the other

side. The two sets of differences then enable v to be found and hence tm, the time of
transit. The exact method of reduction, i.e. whether ,, is found directly, or whether

the offset from the meridian at the mean of the recorded times is found, varies from

one observatory to another.
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The very exactly performed sequence of reversals of the rotary and other operations
are not done manually, but by a sequence controller, and all the operations are
automatic, being initiated by pressing a button in a control house remote from the
instrument. This merely provides the coarse selection, and the subsequent operations
are initiated at a predetermined moment: in some cases the operations are timed to
occur at a particular fraction of a second in terms of standard clock output which
takes the form of a phonic motor which is never stopped, driven by a 1,000 Hz
current generated by the quartz crystal clocks. Photographic zenith tubes, of which
there are about a dozen in the world, most of them with focal lengths of about
4 metres have proved capable of determining time, using catalogues of zenith stars
locked into the FK4 system, with an uncertainty of the order of 3 or 4 milliseconds
from a whole night of observation, and of the order of about one twentieth of a
second of arc for the determination of latitude. Since the restriction of observations
to zenith stars is a severe limitation of choice, it is necessary for each P.Z.T. observa-
tory to derive its own catalogue of stars for observation, many of which may be rather
faint, and to tie these as closely as possible into the FK4 system by preliminary
observations.

1.27. The Impersonal Astrolabe of Danjon

This is an instrument designed by André Danjon, the famous French astronomer,
for the observation of stars at a constant apparent altitude in any part of the sky.
The results may be used for the determination of time and latitude and for the
improvement of star positions. The principle of the prismatic astrolabe has long
been known, and in its original form remains valuable for survey purposes. The
instrument (Figure 1.15) receives two parallel beams from the same star. One is
reflected in a pool of mercury, i.e. a horizontal surface. It passes into a 60° prism
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Figure L.15.

(a) The simple astrolabe. For a star at zeniﬂ} distance 30°, the direct and reverse

images coincide at F. However, an error in focusing, say, on to a plane F’,

produces a spurious separation of the images. (b) The Wollaston prism produces

two emergent beams from each incident one. D, and R, are masked off: D, and

R, are parallel, and produce images of which the separation is unaffected by

focus changes. Their separation depends on s, i.e. on the longitudinal position of
the Wollaston prism.
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mounted with its-edge horizontal, passing into the glass at normal incidence, and
being internally reflected at the upper face. It passes through the vertical base of the
prism at normal incidence, and enters a horizontal telescope, which forms an image
from this beam. The second beam strikes the upper face of the prism at normal
incidence, is internally reflected at the lower face, and, leaving the glass at normal
incidence, passes into the same telescope, where a second image of the star is formed
close to the first. If the angle of the prism is precisely 60°, then, when the images are
coincident the apparent zenith distance of the star is 30°. In practice the prism angle
may be treated as an unknown to be determined, but the zenith distances of stars
observed with the instrument are always very close to 30°. Danjon pointed out that
in this form of the astrolabe each beam occupied half the area of the objective of the
viewing telescope, so that as the rays came to a focus, the two converging pencils were
inclined to each other, and that, in consequence, changes in the focal setting of the
eyepiece could alter the apparent separation of the images. To overcome this he intro-
duced, between the objective and the focal plane, a carefully designed Wollaston
prism, so that each beam from the star itself produced two images. One of each is sup-
pressed by diaphragms, while the remaining two are formed by beams parallel to the
optic axis of the viewing telescope. The separation between them depends on the sepa-
ration between the central rays of the two incident beams of starlight at the points where
they strike the first face of the Wollaston prism. The prism is driven longitudinally
by a screw with a micrometer head. If it is moved towards the objective the emergent
parallel beams are separated by a larger distance. If it is moved towards the eyepiece
the distance decreases to zero and further movement causes a separation in the
opposite sense. Since the images are now formed by parallel beams, changes of focus
have no effect on their apparent separation, but movement of the Wollaston prism
does cause changes. During an observation the zenith distance of a star is changing,
and this would cause a change in the vertical separation of the images but for the
mode of use of the Wollaston prism. This is driven along at such a rate as to com-
pensate the change due to changing zenith distance, and the observer operates a
differential control superposed on this drive so that he always maintains the two
stellar images, in principle, coincident. In fact, by tilting the leading edge of the
prism slightly, the two images are formed separated by a small horizontal interval,
so that the observer has to maintain them side by side between a pair of parallel
cross-wires. The actual observation consists in automatically recording the position
of the prism while the observer maintains this condition. Either the times when the
prism passes through standard positions are recorded, or the positions of the prism
at certain standard intervals of time are registered, both in terms of a precise clock.
Either procedure has the advantage over the original astrolabe of permitting the
observer to make the images coincide over a period of time during which several
observations can be made, whereas in the original instrument coincidence occurs
only at a single instant. The latter procedure has the advantage of permitting
observations near the meridian where altitudes change so slowly that the moment
of passage of the prism through the position corresponding to an exact zenith
distance of 30° becomes ill-defined.

In its developed form the Danjon astrolabe is mounted in a rigid metal box with the
optical train folded by means of plane mirrors to secure greater rigidity and compact-
ness. The box can be rotated about a vertical axis to bring stars at all azimuths under
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observation, and the action of turning operates a gear box which changes the drive
rate of the Wollaston prism to that appropriate to the chosen azimuth. Observations
are made on stars from the FK4 in groups of 28, and an accuracy per group rather
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Figure 1.16: Diagram of the Impersonal Astrolabe: 1, mercury bath; 2, prism;

3, objective lens; 4, plane mirror; 5, plane mirror; 6, 7, 8, Wollaston prism on its

longitudinal screw; 9, inverting prism; 10, eyepiece. The structure below com-

prises the mount on which the instrument may be turned to different azimuths,

the motor for driving the Wollaston prism, and the gearing producing a mean

drive rate appropriate to the chosen azimuth. (By permission of Dr. B. Guinot
and the editors of Revue d’Optigue).

higher than that given by the P.Z.T. has been claimed for measures of time and
latitude variation, though the reductions are more complicated. For the improvement
of the catalogue positions of stars observed between groups the general principles
are (i) that an error in declination of the star place alters the interval between rising
and setting passages over the 30° zenith distance line from the expected value; (ii) that
an error in right ascension moves the mean of the times of passage across this line,
rising and setting, from its expected value. The instrument can only smooth out
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errors, but the results show that this is being achieved. Comparisons between transit
circle and astrolabe observations at Herstmonceux indicate certain regions where
errors of star places are considerable: these peaks are absent from comparisons
between the Herstmonceux astrolabe and the Pulkovo photoelectric transit instru-
ment. The important feature of the astrolabe is that it is an extra-meridian instrument
which can link together stars widely separated in right ascension, only observable
with a transit circle many hours apart. With the latter instrument the connection
between stars far apart in right ascension is long enough to permit periodic errors to
creep in. The astrolabe itself has its own errors, including the fact that it is not
perfectly impersonal, but these errors are not likely to be the same as those affecting
transit circle measures, so that it may become easier to evaluate both types.

1.28. The Mirror Transit

The P.Z.T. and the impersonal astrolabe are efforts to do some of the jobs originally
undertaken by means of transit circles more expeditiously and accurately. However
even the ordinary operations of the transit circle have been critically reviewed, and it
has been emphasised that many of the corrections, such as, for example, collimation
and flexure, are determined by separate observations, with the instrument in a
position different from that to which the correction will apply. What is required is a
continuous monitoring of the instrumental effects, much as the P.Z.T. and astrolabe
continuously monitor the direction of the vertical. Danjon has discussed this point
and has proposed a scheme whereby the transit telescope has a bi-prism mounted in
front of the objective. Stars thus produce two images moving in opposite directions,
and the moment of transit is determined from their coincidence. This depends on the
position of the bi-prism, but this is monitored by autocollimators observing its two
faces mounted along an east-west line. Another scheme abolishes the transit telescope
and replaces it by a plane mirror which reflects the starlight into one or other of two
horizontal fixed telescopes mounted north and south. In the form of this proposed
by Atkinson, the supports for the mirror are highly sophisticated, as they must be to
maintain the desired geometrical conditions, and its position is monitored by auto-

collimators observing reflections in flats ground on the east and west edges of the
mirror.

1.29. Mean and Apparent Places of Stars

We now see how the apparent places of stars with reference to the true or mean
equinox and equator of date may be determined. The apparent coordinates include
the effects of aberration and of parallax. The latter is discussed below, and, in all but
a few cases produces negligible effects in the present context. If we eliminate these
effects we arrive at the stellar coordinates which would have been determined had the
observations been made from the Sun. We describe these as heliocentric Dpositions.
The term, Mean Place, describes the heliocentric position of a star as referred to
some mean equinox and equator. The term Epoch is commonly used to designate the
date of the observation and the mean equinox and equator of the same date. In the
present sense, a transit circle programme will produce apparent places, from which
mean places can be deduced by correcting for aberration and parallax, which have a
variety of epochs. To facilitate inter-comparisons, these must be referred not to the
mean equinox and equator of date, but to the mean equinox and equator of certain
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standard dates. Standard dates are almost invariably, for stellar observations, chosen
at the beginning of a Besselian year. The beginning of the Besselian year is the
moment when the right ascension of the Mean Sun, as affected by aberration (a
practically constant quantity) measured from the mean equinox is 18h 40m (280°).
This instant is always very close to the beginning of the calendar year, though the
incidence of Leap Years causes it to vary its calendar date by about a day. The
beginning of the Besselian year for 1950 is designated as 1950-0, and so on. The
reduction of apparent places for an epoch such as 1963-2345 to the mean places,
for 1963-0 involves the application of corrections for aberration, precession, and
nutation which depend on the position of the Sun, and to a lesser extent on positions
of other bodies in the solar system, at the epoch of observation. The method of
carrying out reductions either from apparent to mean places or vice versa, within
the same year, is given in terms of formulae set out in the Explanation to the
Astronomical Ephemeris. They involve both the coordinates of the star and certain
functions largely dependent on the position of the Sun, which vary from day to day.
The latter are tabulated in the form of Day Numbers, and two forms, Besselian Day
Numbers and Independent Day Numbers are available for use in different algebraic
forms of the reduction formulae. The day numbers segregate into two groups, those
concerned with aberration, and those concerned with precession and nutation. It
should be noted that the definitions of the day numbers were modified in 1960.
For very accurate work higher order terms and terms derived from the short period
terms of nutation are to be included.

Different astronomical purposes require different levels of accuracy. The highest
possible accuracy is required in the computation of apparent places of FK4 stars
and a separate publication is available for each year giving the apparent places of
these stars at upper transit at Greenwich at ten-day intervals for most stars, and
daily for circumpolar stars.

Catalogues of star positions, which may require many years for their completion,
are further reduced to the beginnings of standard Besselian years, such as 19000,
1950-0 or 2000-0. These reductions are carried out by the application of corrections
for precession. An approximate formula for precessional corrections has already
been given above, but for long intervals account must be taken of secular variations
which enter owing to the changes of coordinate values produced by precession, and
for high declinations more elaborate formulae must be used. The Astronomical
Ephemeris now gives constants and formulae for exact reductions between the
beginning of the Besselian year for the year of issue, and the equinox 1950-0.

If now we arrive at the situation where a difference in coordinates is found between
the mean place of the same star for, say, epoch 1920, referred to the mean equinox
and equator for 1950-0, and the mean place for epoch 1960 referred to the same
equinox and equator, then we can infer that the difference has been caused by some
real change in position of the star. These positional changes are all very small, so
that scrupulous accuracy is required in the reduction of the star positions to mean
places referred to the same equinox and equator.

1.30. Astronomical Causes of Positional Changes: Annual Parallax

It is still not correct to say that we have eliminated all effects due to the orbital
motion of the Earth. One, always very small effect, results from the fact that the stars



Astronomy of Position 35

are not at an infinite distance. As the Earth moves in its orbit the direction of the
line of sight from the Earth to the star changes, by angles which are larger for
relatively nearby stars, and smaller for more remote ones. These changes in position
can be measured relative to the general background of very faint, and presumably
very remote, stars, for which the effect is quite negligible. If that diameter of the
Earth’s orbit be drawn which is perpendicular to the direction from the Sun to the
star, then the maximum parallactic displacement occurs when the Earth is at the
extremities of this diameter. This maximum angle of displacement on either side of
the mean position is expressed in radians as r/d, where, neglecting eccentricity, r is the
radius of the orbit of the Earth about the Sun (the astronomical unit = 149-600
million kilometres), and d is the distance of the star. This angle is called the (annual)
parallax of the star and is invariably expressed in seconds of arc (Figure 1.17). The
standard unit for the measurement of stellar distances is the parsec, namely the
distance of a star having a parallax of one second of arc. Since 1 radian = 206,265",
1 parsec = 206,265 astronomical units = 3-0857 x 102 km.

In the light-time measure often used in popular writings, one parsec equals 3-262
light-years, that is, the distance traversed by a photon in so many years. A useful

Figure 1.17: Definition of the Annual Parallax of a
Star at distance d from the Sun.

approximate relation is that a body moving at 1 km/s takes 1 million years to cover a
distance of one parsec. This relation is correct to about 3 per cent. The introduction
of the parsec puts distances and parallaxes in a simple inverse relation, D = 1/p, in
the appropriate units.

The path followed by a star due to parallactic motion is a conical projection of the
orbit of the Earth round the Sun, the vertex of projection being the star, and the
plane of projection the normal to the line of sight at a distance corresponding to
that of the faint comparison stars. At the pole of the ecliptic the path is circular: on
the ecliptic it degenerates into a straight line segment. For other positions the
apparent path is an ellipse with the major axis parallel to the ecliptic. Maximum
displacements occur when the longitude of the Sun differs by 90° from that of the
star.

No star is so near that it has a parallax of one second of arc: the triple system
formed by Alpha Centauri and Proxima Centauri has a parallax of about # of a
second of arc, which is the largest known. The number of known stars within 20
parsecs is of the order of 1,000, the majority of which are faint. Methods for the
measurement of parallaxes are described in the section on Astronomical Photography

below.
1.31. Proper Motions

The term proper motion is the somewhat archaic name used to describe the change in
apparent position of a star which results from its motion in space relative to the Sun.
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Only the component of motion of the star perpendicular to the line of sight has any
effect on its position. If the transverse component of velocity relative to the Sun be
V kilometres per second, then the proper motion p in seconds of arc per year is
given by the relation

V =4-740 u/p

where p is the parallax measured in seconds of arc. The total proper motion u is
often divided up into components, p, and u;, parallel and perpendicular to the
celestial equator, that is, in the directions of right ascension and declination. These are
the quantities found when proper motions are determined from the changes in right
ascension and declination over a long period of time, the positions at the two epochs
being referred to the same equator and equinox so that apparent changes due to
precession are eliminated. If the change in right ascension per annum is expressed in
seconds of time and called p,, this must be multiplied by 15 cos 8 to obtain the change
of position in seconds of arc parallel to the equator. Thus with u, in seconds of time
and p; in seconds of arc we have for w in seconds of arc

u? = (15 cos 8) %u,® + p,*

Occasionally proper motions are expressed in terms of centennial motion. The
effects of parallax on the position of a star are oscillatory: those of proper motion are
cumulative. In principle, only a lapse of time, in practice rarely less than several
decades, is needed for the determination of a proper motion. The longer the temporal
baseline, the greater the accuracy attainable, or the smaller the motion that may be
measured, though this argument may be vitiated by a steady decrease in accuracy
of the earlier positions the further back we go. The formula shows that for a cross-
velocity of average size, say 20 km/s, the proper motion will be about four times the
parallax, though individual cases may depart widely from this.

1.32. Orbital Motion

This is introduced here only for completeness in enumerating astronomical causes of
positional displacement. It is discussed in detail later. Many stars are double or
multiple, and their components orbit each other under their mutual gravitational
attractions. If the angular separation between components is large enough for them
to be separately observable, changes in relative position with time may be detectable,
although often only in a very long time. Even if the components are not seen
separated, orbital motion may produce a shift in the position of the combined image
(the photocentre) if the two are unequal in brightness. In a few isolated cases these
positional changes can be discussed from transit observations. One such case is that
of the brightest st