CHAPTER 17
The Construction of Observational
Star Catalogs

1 HE system of geocentric coordinates which the equator and equinox
of date define on the celestial sphere, and the measures of sidereal and mean
solar time which the equinox and the fictitious mean sun determine, constitute
the fundamental reference system of observational astronomy. Observations
are referred to this reference system of position and time through the intermediary of a fundamental star system consisting of a network of selected
standard reference stars distributed over the celestial sphere, among which
the primary reference circles of the sphere have previously been directly
traced by observing the apparent motions of the Sun and planets relative to
these stars. This system of reference stars is represented by a catalog of their
coordinates relative to the equator and equinox at a particular epoch, with
the variations due to precession and proper motion for obtaining the coordinates at any other epoch.
Observations by means of which the coordinates of selected stars are
determined independently of any previous determinations, by tracing the
circles of the sphere among these stars, are called fundamental observations;
and positions represented by coordinates determined in this way are known
as fundamental positions to distinguish them from positions obtained by
differential observations relative to the standard stars. The practical methods
of establishing a fundamental star system have been different at different
times during the historical development of astronomy, according to the
means of observation available at the time and the order of accuracy that was
needed. However, every method that has actually been used, from ancient
times to the present, has been equivalent to the two separate operations of
(1) measuring the positions of the selected stars relative to one another, and
(2) determining the place of the equator and the equinox among these stars
by observing the apparent motions of the Sun and planets relative to them.
The operation by which the right ascensions and declinations of the fundamental reference stars are actually obtained is the exact reverse of what
might be expected from the conventional formal definitions of these coordinates. It is very literally a determination of the positions of the equator
and the equinox relative to these stars; the stars are not referred to the equator
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and equinox, which cannot be seen, but instead the equator is traced among
the stars, and the position of the equinox determined relative to the stars.
Any individual star catalog which has been constructed by means of
observations that determine the locations of the equator and equinox
independently of previous determinations defines a fundamental system.
However, the star system established in this way is defined only for the
particular epoch of the observations; no one series of observations of the
Sun, planets, and stars can determine the variations due to precession and
proper motion. Moreover, any catalog is inevitably liable to comparatively
large errors of observation, both accidental and systematic; significant
differences consequently exist between different observational catalogs, and
each catalog defines a separate reference system. For these reasons, no
single fundamental observational catalog obtained from one program of
observations at a particular observatory could now be adopted in practice as a
standard reference system.
In order to determine a reference system which will be defined at any epoch,
and which will be as free as possible from observational error, particularly
systematic errors, a star system intended as a standard fundamental system is
established by adjusting and combining a large number of individual fundamental observational catalogs that have been successively constructed at
different epochs during a long interval of time; in this way, a single homogeneous general catalog is obtained, with the variations and proper motions
that are necessary for obtaining the positions of the equator and the equinox
among the stars at any time.
For this purpose, continuous programs of observations of the principal
stars are maintained at several observatories distributed over the world;
and from time to time, the observations at each observatory over a limited
number of years are collected into the form of an observational catalog.
Periodically, the accumulated observational catalogs from the different
observatories are combined into a.fundamental general catalog. The continued
accumulation of observations and the construction of successive fundamental
systems are essential for improving the accuracy of the positions, and
especially for determining more accurate proper motions, in order to meet
the need for increasingly accurate ephemerides of the Sun, Moon; planets,
and principal stars, and for investigations of galactic structure and stellar
dynamics. By the accumulation of great numbers of observations over a
very long interval of time, the positions and proper motions of the fundamental stars become known with high precision, and provide a basis for the
construction of accurate differential observational catalogs of the positions
of numerous other stars.
The particular stars which are regarded as fundamental are determined
by conventional selection, and the distinction between them and other stars
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is somewhat vague; but in general the fundamental stars consist of a limited
number of the brighter stars that have been the most extensively and carefully
observed, and for which several independent and accurate determinations
are available, as distinguished from the great majority of stars, which have
been observed with less precision and principally by differential methods
depending upon previous fundamental determinations. In principle, the
number of stars in a fundamental system is immaterial; but in practice, a
large number of fundamental stars are needed, in order that, in either visual
or photographic observations, a sufficient number of comparison stars may
be nearby any object that is observed. It is desirable to have several different
reference stars available to which the object may be referred, to minimize the
effect of the unavoidable errors of observation; and nearby comparison
stars are necessary, in order that in photographic observations they will be
recorded on the same plate, or in visual observations they may be observed
as nearly as possible at the same instant and with the same pointing of the
instrument as the object, for the determination of instrumental and clock
errors.
During the past two hundred years, many different lists of stars, of ever
increasing number, have been selected for the construction of fundamental
systems that have been more or less widely used for limited periods. The
practices followed in constructing the required fundamental observational
catalogs are the outcome of a gradual historical development beginning in
ancient Greek times. The methods which have been successively developed
differ more or less in the form and details of the actual procedures, but are
essentially equivalent to one another, and are only different practical ways of
realizing the fundamental operations of determining the positions of the
stars relative to one another and the apparent motion of the Sun relative to
the stars. However, so many refinements and auxiliary operations have
been added, in order to obtain the precision now needed, that the procedures
have become very elaborate and complex.
The determination of the relative positions of the stars requires only a
representation of their configurations with one another by means of appropriate angles, and the necessary measurements do not present any difficulty
of principle. The extent to which practical difficulties are encountered
depends on the degree of accuracy required; modern methods demand
refined instruments, skilled observers, and lengthy calculations because of the
high precision now needed. The determination of the equator and equinox
is a much more difficult operation. The equator can be located with moderate
accuracy by determining the position of the celestial pole by observing
circumpolar stars; but to obtain high accuracy, observations of the Sun
relative to the stars are required in addition. The greatest difficulty is in
locating the equinox. The position of the equinox, by definition, must
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necessarily be found by observing, either directly or indirectly, the positions
of the Sun relative to the stars during the course of its apparent annual
motion, in order to locate the point where it crosses the equator. Before the
invention of the telescope, the Sun and the stars could not be seen at the same
time; the Sun was referred to the stars through the intermediary of the
Moon in ancient times, or Venus in later times, which could be observed at
the same time as the Sun and then, when the Sun was below the horizon,
compared with the stars. The comparisons of the stars with one another,
and of the intermediary object with the Sun and the stars, were made by
direct angular measurements before accurate clocks became available.
With the telescope, the brighter stars can be observed in the daytime and
compared directly with the Sun; and the comparisons of the stars with the
Sun and with one another are now made through the intermediary of a
clock. The telescope, moreover, enabled much greater precision in sighting
than had previously been possible.
In determining the position of the equinox among the stars, reliance is not
placed on observations of the Sun alone, because of the practical difficulties
of making the observations with sufficient accuracy. In principle, determinations may also be made from observations of the planets, by relating the Sun
to the planets through the intermediary of their theoretical gravitational
motions; observations of Mercury and Venus have commonly been used
for this purpose, and to some extent other planets, particularly the brighter
minor planets. Likewise, in determining the equator, reliance cannot in
practice be placed entirely on the determination of the pole by observations of
circumpolar stars when high precision is required; and the observations of
the Sun and the planets may also be used for the purpose of locating the
equator.
In contrast to the relatively simple and rapid determination of differential
right ascensions and declinations, the determination of fundamental positions
requires a large amount of time and labor. The fundamental right ascension
and declination of a celestial body cannot be obtained immediately from any
single observation of any kind. The construction of a fundamental observational star catalog requires concurrent observations on a large number of
stars, in addition to the necessary observations of the Sun, supplemented by
observations of planets, over an extended period of time. Thousands of
observations on hundreds of stars over a period of several years are necessary
before the position of any particular star can be determined, and the determination requires critical discussion and complex adjustment of the accumulated
individual observations, involving extensive computations. The successful
performance of the observations, and the construction of an accurate catalog
from them, demand a high degree of skill, ingenuity, and discriminating
judgment, based on long experience.
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In principle, the geometric coordinate system defined by a fundamental
system of reference stars is equivalent to the system determined by the
apparent celestial motions in accordance with the usual formal definitions.
Strictly speaking, however, the geometrical system of circles to which
observed positions are conventionally referred is defined, not in the usual
a priori manner, but by the adopted positions of these circles relative to
selected stars as represented by the right ascensions and declinations in a
particular star catalog. The fundamental star catalog is the only actual
representation of the celestial coordinate system that we have; as such, it is
the most widely used product of astronomy. The fundamental star system
constructed by tracing the primary reference circles among the selected stars,
and secondary systems of additional stars constructed by differential observations relative to the fundamental stars, are the immediate reference systems
on the celestial sphere for the multitudes of other stars, and for the positions
and motions of objects in the solar system. In precise observations, an
observed position of any celestial object must be accompanied by a record
of the comparison stars and of the particular catalog from which their
positions were taken.
Determination of Fundamental Positions by
Meridian Observations
The instrument most commonly employed for the determination of
fundamental positions is the transit circle, also known as the meridian
circle, with which the observations are made entirely on the meridian, and
which came into general use for this purpose during the nineteenth century.
The transit circle is designed to be a telescope movable only in the plane of
the meridian, and therefore mounted on a horizontal east-west axis, with the
line of sight perpendicular to this axis. An observation of a celestial body
with the transit circle consists of determining the reading of a sidereal clock
at the instant of the meridian transit of the body, and observing the meridian
zenith distance by means of a vertical graduated circle. A means for the
physical realization of the necessary reference points in the horizon coordinate
system is incorporated in the instrument by including a mercury basin for
determining the direction of the vertical. The vertical provides a primary
fiducial point on the circle; the reading, corrected for instrumental errors
and refraction, when the telescope is set on the zenith, is the zenith point of
the circle, and its difference from the reading when set on a star is the zenith
distance of the star. In addition, the celestial pole may be located by observing
a circumpolar star at both upper and lower culmination, determining the
polar point of the circle. The meridian may therefore be located, and the
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latitude of the observer obtained at the same time. Through this intermediary
of the local reference system the coordinates of a celestial body in the
equatorial system may be derived from the simple geometrical relations that
connect the two systems in the special case when the azimuth is 0° or 180°.
The declination is directly measurable, since the zenith and the celestial
pole provide reference points for determining it immediately from the
observed meridian altitude; but no fiducial point for the right ascension is
available. Until the equinox has been located, the error of the clock reading
is not known, and the actual sidereal times of meridian transits cannot be
obtained; but the rate of the clock can be determined from the variation
of the clock time of successive transits of the same star, and therefore
differences of right ascension may be measured. The equinox is defined by the
absolute right ascension of the Sun; consequently it cannot be directly
located, and methods must be devised for determining it indirectly through
the intermediary of the observable quantities.
Principles of the Determination of Fundamental Right Ascensions and Declinations

The celestial equator, defined by the diurnal motion, is determined by the
celestial pole alone; but because of instrumental and observational errors,
the polar point of the circle cannot be reliably determined without referring
the necessary observations to the primary fiducial point fixed by the vertical.
Likewise, the circle reading at the transit of a celestial body must be referred
to the vertical, and the declination obtained from the meridian altitude, not
from the polar point alone. In precise determinations of fundamental
declinations, therefore, both the zenith point and the polar point are required.
In principle, the declination of the Sun is not necessary for determining the
declinations of the stars ; but in practice, to obtain high accuracy, determinations of the equator from the stars, and independently from the Sun and
planets also, are essential in order to eliminate the instrumental and observational errors as well as possible. The directly measured declinations of the
Sun, planets, and stars are the apparent declinations; and they determine the
instantaneous location of the celestial equator relative to the observed
apparent positions. These declinations obtained from the meridian altitudes
may be used with the differences of right ascension obtained from the clock
times of meridian transit, to represent the positions of the stars relative to one
another and relative to the Sun; to obtain the positions relative to the
equinox, a practicable means of determining the actual right ascension of the
Sun is required.
No serious difficulty of principle is encountered in devising methods for
tracing the ecliptic, defined by the apparent annual motion of the Sun, and
locating the intersection with the celestial equator that defines the vernal
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equinox; but in practice, the determination of the position of the equinox
among the stars with very great accuracy is the most difficult problem in
meridian astronomy, because observations of the Sun are peculiarly liable
to large errors. To fix the place of the Sun on the celestial sphere and obtain
its position relative to the equinox, an independent coordinate in addition
to the declination is required. Since no fiducial point is available by means of
which the right ascension may be directly measured, the necessary second
coordinate that is observed is the obliquity of the ecliptic, which may be
obtained from the declinations of the Sun at the times of the solstices; and
practical procedures that have been devised for determining the right ascension
are based on the principle that from the observed obliquity, and the observed
declinations of the Sun during the course of its apparent annual motion, the
right ascensions of the Sun may be calculated trigonometrically. In this way,
the instantaneous position of the equinox relative to the observed, place of
the Sun at any time may be determined; and by directly comparing the
position of the Sun with a star by any practicable means, the position of the
equinox relative to the star is obtained.
This fundamental procedure was explicitly followed in the methods that
were used for constructing the earliest catalogs based on meridian observations. The right ascension of the Sun was calculated from the directly observed declination. The computed right ascension of the Sun determined the
clock correction at the instant of the meridian passage of the Sun; and with
this clock correction, the apparent right ascension of a star that transited the
meridian very shortly before or after the Sun could be immediately obtained.
In this way, from immediate observational comparisons of the Sun with
nearby bright stars in the daytime, fundamental right ascensions were
directly determined for a few individual stars; and the other stars were
referred to these primary stars. However, as an actual practical procedure,
the method in this elemental form is not satisfactory, because of the unavoidable errors of observation. Consequently, for the purpose of minimizing
errors and facilitating the determination of corrections for them as well as
possible, the early procedures have since been elaborated by refinements and
modifications in details, and by the successive addition of auxiliary operations,
supplementary procedures, and indirect equivalents of the direct procedures,
until the intricate details of the complex technique tend to obscure the
essential equivalence of the practical methods to the basic principles.
The determination of declinations from meridian altitudes, and of differences of right ascension from clock times of transit, eliminated the direct
angular measurements that had previously been necessary to determine the
positions of the stars relative to one another by the ancient methods, and
avoided the indirect comparison of the stars with the Sun through the
intermediary of the Moon or Venus that had been necessary to locate the
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Sun among the stars. For locating the equinox relative to the Sun, the
calculation of the right ascension of the Sun from the observed declination
replaced the ancient method in which the position of the Sun had been
obtained from the solar tables and the equinox had consequently depended
on the observations from which the constants in the theory of the Sun had
been determined.
Because of the rate of the clock, the clock correction does not remain
exactly the same, even during the interval required for the comparison of the
Sun with a nearby star. Greater accuracy may be obtained, and the limitation
to a small number of very bright stars that can be observed during the day
close to the Sun may be removed, by determining the clock rate from the
corrections obtained on successive days. This rate may be used to interpolate
the clock corrections to the instants of observations of stars which transit the
meridian at any interval before or after the Sun, during either the day or the
night, to determine their positions relative to one another and to the Sun.
Equivalently, but more accurately, instead of determining clock corrections
and rates from the computed right ascension of the Sun, the rate alone may
be obtained, and the differences of the right ascensions of the stars from one
another determined, by observations of only the stars, which are more
accurate than observations of the Sun, and which, furthermore, enable any
variations that may occur in the clock rate to be determined also. The rate
may be obtained from the differences in the clock times of transit of the same
star on successive nights; and by observing a selected list of stars near the
celestial equator, where the rapidity of the diurnal motions enables the
instant of transit to be determined with the greatest accuracy, the effects of
variations in the rate are included. The determination of the clock rates and
the relative positions of the stars in this way, independently of observations
of the Sun, is now the generally adopted procedure. The location of the
equinox and the clock corrections are determined from the meridian transits
of the Sun; but in determining the corrections, and comparing the stars
with the Sun, the clock readings at the transits of the Sun are corrected for the
clock rate obtained from the stars.
Moreover, only the stars observed at night are used to determine the
clock rate; and the immediately observed declinations of the Sun and the
day stars, like the clock corrections, are reduced to the system of the night
stars by determining corrections for the systematic differences which in
general exist between day observations and night observations. Furthermore,
instead of the immediate observational comparison of selected stars with the
Sun for determining the equinox alone, an intermediary comparison of the
observed declinations of the Sun with the theoretical declinations from
the solar tables is made from which a determination of the equator that is
independent of the stars is obtained, and corrections to the tabular longitude
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of the Sun and tabular obliquity are determined. The right ascension of the
Sun is calculated from the corrected longitude and obliquity to determine
the equinox. This method is an indirect way of comparing the star with the
tabular place of the Sun, in which the tabular place is first corrected by
actual observations of the Sun; and it has the advantage of being more
accurate than either taking the place of the Sun directly from the tables or
computing the right ascension from the immediately observed declination.
In addition, the observations of the Sun are usually supplemented by
observations of the inner planets. The determination of the position of the
equinox among the stars necessarily depends upon a comparison of the stars
with the Sun, but the comparison may be made indirectly. In particular,
the planets are related to the Sun through the intermediary of the gravitational
theories of their motions, and the same principles as applied in using direct
observations of the Sun may be extended to a planet. In the past, determinations of the equinox have depended principally on observing the Sun;
but even with the most improved means of observation, the Sun cannot be
observed with great accuracy, and a highly precise determination of the
equinox cannot be obtained, regardless of the details of the procedure
adopted. It has therefore become the practice not to rely entirely on observations of the Sun; and with the continued development of more exact planetary
theories, it may be expected that increasing reliance may be put on the
planets, particularly the brighter minor planets.
In putting the principles of these methods into practice, many variations
are commonly found in the details of the instruments and of the actual
working procedures at different observatories and in successive programs of
observation. The selection of the practical procedures is guided by their
relative advantages in avoiding or minimizing instrumental and observational errors to as great an extent as possible, according to the circumstances
and available facilities at the time. The transit circles and their accessories,
the observing procedures, and the reduction of the observations to catalog
form, are usually described more or less fully in the observatory publications
where the results are collected. Essentially, however, the methods are the
same, and have been established in substantially their present form for many
years. The practical determination of fundamental positions by meridian
observations will therefore be exemplified here by the procedures followed
at the U.S. Naval Observatory.*
* A detailed illustrated description of the 6-in. transit circle at this observatory is published in Pub. U.S. Nav. Obs., Ser. 2 XVI, Pt. II (1950). A concise description of the
construction of an observational catalog is given in the introduction to the catalog prepared
from observations with the 9-in. transit circle during 1935-1945, Pub. U.S. Nav. Obs.,
Ser. 2 XV, Pt. V (1948); the most elaborate and detailed published description is the
account of the 1903-1911 program, in Pub. U.S. Nav. Obs., Ser. 2 IX.
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The Transit Circle

The trahsit circle is designed and constructed for the specific purpose of
obtaining the greatest possible precision in the angular measurements, both
fundamental and differential, that are required in positional astronomy.
The telescope is a visual refracting telescope of moderate size, usually not
exceeding 6 or 7 in. in aperture. The primary function of the telescope in the
instruments of positional astronomy is for precision in sighting; a secondary
purpose is the observation of faint objects, but the larger the telescope, the
less precise the instrument becomes, because of the weight of its moving
parts. Observations with transit circles are therefore necessarily restricted
to the brighter stars. Faint objects, and objects which are not observable at
their meridian passages, must be observed differentially with other types of
instruments.
As the axis on which the telescope is mounted is turned, the telescope
rotates about a fixed horizontal east-west line. The axis rests on pivots at
its extremities, in Y-bearings on the tops of two fixed piers ; the Y-bearings
are used instead of round bearings, to prevent any rolling or shaking of the
pivots as the instrument turns. The axis may be lifted from the Y's and
reversed. A graduated circle, usually from 2 to 4 feet in diameter, is firmly
attached to the axis, beside the telescope, with its plane perpendicular to the
axis, and turns with the telescope ; this circle is read by microscopes attached
to the pier. Many instruments have two circles, either or both of which
may be used.
Any star brighter than the limiting magnitude for the telescope may be
observed as it passes across the field of view in its diurnal motion, during the
interval when it is close to the meridian. During the motion of the star across
the field, its precise position is determined by means of a double-slide filar
micrometer, mounted on the eye end of the telescope and containing in the
focal plane of the objective a reticle of vertical and horizontal wires or
threads, made of spider webs attached to movable frames. To determine the
time of meridian transit, a sidereal clock of the highest precision is required,
with such auxiliary apparatus as is necessary for determining the clock times
at which observations are taken.
The early micrometers had from 5 to 15 or more fixed vertical wires in the
reticle, and one cr two movable horizontal wires; sometimes a movable
vertical wire, and one or more fixed horizontal wires were also included.
As a star passed across the field, the observer kept it bisected by a horizontal
wire, or else kept it midway between two close horizontal wires, by turning a
screw that moved the micrometer slide holding the horizontal wires; and the
times at which the star crossed the vertical wires during its passage were
recorded. The central vertical wire represents the meridian; and the object
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in having a number of other vertical wires is to obtain greater accuracy by
taking the mean of several observations instead of depending on only a
single one; the average of the times of transit across the different wires is
called the mean thread.
The earliest meridian observations were made by the "eye and ear"
method; the observer, having the timepiece near him, listened to the clock
beats and estimated as closely as he could, in seconds and tenths of seconds,
the moment when the star crossed a wire in the reticle. This method of
observation later was replaced by the "key and chronograph" method, in
which the instants at which a star crossed the fixed vertical wires were
electrically recorded on a chronograph by pressing a hand key to close a
circuit. The hand key, in turn, was superseded by the use of the traveling
wire micrometer, in which the reticle of fixed vertical wires is replaced by a
movable vertical wire carried by a micrometer screw that can be turned at any
desired rate; the observer moves this wire across the field at the speed
required to keep the star continually bisected, and an electric contact is
automatically closed, and a record made on the chronograph, as the screw
reaches certain points in every revolution where the moving wire is at the
particular positions corresponding to the former fixed wires.
The traveling wire micrometer was developed in practical form by J.
Repsold between 1889 and 1895, with a hand-driven mechanism; and it
greatly reduced the personal errors that were characteristic of observations
with fixed wire. As later improved by driving the wire mechanically, and
afterwards electrically, this form of micrometer eventually came into standard
use with transit circles. The vertical wire is now usually driven by an electric
motor which without regulation would move the wire at nearly the same
speed as that at which the stellar image moves across the focal plane; the
observer adjusts the speed of the motor at will, to keep the star accurately
bisected. The micrometer of the 6-in. transit circle at the U.S. Naval Observatory has been described in detail by Watts.* The vertical wire is driven
by a synchronous motor, and the position of the moving wire is recorded at
specific intervals during its passage across the field, by photographing
the divided head of the micrometer screw, eliminating both key and
chronograph.
The zenith distance at transit is obtained from the orientation of the
telescope in the plane of the meridian, and the position of the horizontal
micrometer wire with which the star is bisected during its passage across
the field. The angle through which the screw controlling the micrometer
slide is turned to bring the horizontal wire, known as the zenith distance
thread, into coincidence with a stellar image is indicated by graduations on
* C. B. Watts, Astr.Jour. 50, 179-182 (1944), and Pub. U.S. Nav. Obs. Ser. 2 XVI,
Pt. II.
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the head of the screw in fractions of a revolution, which may be read or
photographically registered. The orientation of the telescope is given by the
reading of the vertical graduated circle that is clamped to the telescope
axis; for the purpose of accurately reading the circle, an even number of
microscopes, usually 4 or 6, are mounted firmly on one of the piers that
support the instrument. They are equally spaced around the circle, and each
carries a micrometer, or a photographic film on which the portion of the
circle within the field of the microscope may be registered. The mean of the
readings from all the microscopes is conventionally taken as the circle
reading, which increases the accuracy of the reading and also partly eliminates
any small errors from eccentric mounting of the circle. The microscope
micrometers are so constructed that if the telescope is rotated slightly while a
star image is kept bisected with the zenith distance micrometer, the microscope micrometers meanwhile being kept trained on the same divisions of
the circle, the reading of the zenith distance micrometer will increase by the
same amount as the readings of the other micrometers decrease; the sum of
the readings of the zenith distance micrometer and the microscope micrometers is therefore constant at a particular zenith distance, insofar as all the
parts of the instrument remain perfectly rigid. The sum of the circle reading
and the zenith distance micrometer reading is the reading of the instrument
in the declination coordinate.
The numerical reading of the instrument at any particular zenith distance
depends upon how the circle and the microscopes happen to be placed;
to obtain the actual zenith distance, the reading of the instrument at a
reference point having a known relation to the zenith must be determined.
Such a fiducial point is provided by the direction of gravity; to determine it,
the telescope is pointed downward toward a basin of mercury, and the sum
of the micrometer readings is noted when the zenith distance wire is in
coincidence with its own reflection in the mercury. This sum is the zenith
point of the instrument; subtracting it from the instrumental reading for a
star gives the apparent zenith distance of the star at the moment of observation.
The readings for the zenith distance bisection of a star are usually recorded
for at least two points during the passage across the field, at particular
vertical wires, on either side of meridian transit, and their mean taken as the
reading at transit.
In the case of the Sun and other bodies with appreciable disks, the observations are made on the limbs; and the zenith distance and time of meridian
transit for the center are obtained by means of corrections for the sidereal
interval required for the semidiameter to pass the meridian, and, if necessary,
corrections for defective illumination of the observed limb.
The instrument should be adjusted so that the moment of observation at
which the clock time and the circle reading are determined is the moment of
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meridian transit. This requires the mean thread to coincide with the meridian
in all positions of the telescope, necessitating that the axis be perfectly
horizontal in an exact east and west direction, and that the line of sight to the
mean thread be exactly perpendicular to the axis. The zenith distance thread
should be accurately horizontal, and all the wires exactly in the focal plane.
However, it is not possible to adjust any instrument perfectly, nor would an
instrument remain in perfect adjustment even if it were brought there;
likewise, the instrument and its accessories cannot be made perfect in
construction. Furthermore, every observation is subject to the usual errors
of observation that are inevitable on the part of the observer. The determination of the true clock time and zenith distance of meridian transit therefore
requires corrections to be applied to the actually observed clock time and
circle reading, to allow for all these defects of the instrument and errors on the
part of the observer as far as it is possible to do so. The errors cannot be
completely removed by this process, however, and the observations will still
be affected by small remaining inaccuracies ; but the residual error may be
further reduced by a judicious choice of routine procedures to be followed
in making the observations.
Among the procedures that have been introduced to eliminate some of the
errors arising from the personal equation of the observer is the practice of
attaching to the eyepiece a prism which when rotated through 90° reverses the
apparent direction of motion of the star across the field, and also the top and
bottom of the field. Each star is observed during part of its passage across
the field with the prism in one position, and during the remaining part with
the prism in the other position, to eliminate the type of personal equation
called bisection error.
Another standard procedure is the use of wire mesh screens which may be
brought in front of the objective, to reduce the observed stars to approximately the same apparent magnitude, for the purpose of eliminating an
effect known as the magnitude equation. This effect is a systematic difference
between the positions obtained on the average for bright stars and the
positions obtained for faint stars, which arises from optical defects of the
instrument and from personal equation. The observer has a tendency to
record the meridian passage of a bright star slightly earlier than if the star
were faint; with the former fixed wires, the extreme difference for some
observers was as great as 0s. 1. The traveling wire has greatly diminished
this error, but it is likely to be appreciable. The use of screens also has the
further advantage of giving smaller images, which may be observed more
accurately than large images.
A further type of personal error is the tendency of the observer to set the
zenith distance wire slightly above or below the actual position of the star.
In order that the eyepiece may be conveniently accessible in any position of
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the telescope tube, the observer is in a reclining position on an adjustable
couch. When a star culminates south of the zenith, the observer's head is
north of the piers; when the culmination is north of the zenith, his position
is reversed, with his head toward the south, and his directions of "above"
and "below" are reversed with respect to the stars. Consequently, in the
declinations determined at a given observatory, a discontinuity appears just
at the zenith of the observatory.
The magnitudes of the systematic errors due to the different types of
personal equation are characteristic of each observer, and must be determined
for each individual by means of investigations especially designed for the
purpose, in order to apply corrections for them in reducing and adjusting
the observations. Likewise, investigations of the systematic errors peculiar
to each particular instrument are required. Some of the instrumental errors
can be determined only by means of observations of stars for this particular
purpose; the others may be determined by methods which do not involve
astronomical observations.
Among the instrumental errors that can be determined without recourse to
observations of stars, the principal ones that affect the measurements of
zenith distance are :
(1) the imperfections of the precision screws in the zenith distance
micrometer, and in the microscope micrometers;
(2) the errors made in constructing and graduating the circle;
(3) the flexure, caused by nonhomogeneous bending of different parts
of the instrument under their own weight as the telescope is rotated about
its axis.
The errors that affect the observed time of meridian transit are:
(1) the collimation error, i.e., the angle by which the line of sight to the
mean thread departs from perpendicularity to the axis of rotation of the
telescope;
(2) the level error, or amount by which the axis of rotation is tilted from
the horizontal ;
(3) the pivot errors, which arise because the pivots at the two ends of the
axis are not parts of one and the same perfect geometrical cylinder.
In addition to determining these errors as well as possible and correcting
the observations for them, the residual errors inevitably still remaining are
partly eliminated by (1) making all the observations with the same limited
portions of the screws, (2) rotating the graduated circle around the axis to a
different orientation in its own plane, at intervals during each program; and
(3) occasionally raising the whole instrument from the Y's and rotating
it about a vertical axis through 180°, an operation known as reversing
the instrument; the two positions are distinguished by being designated as
clamp E and clamp W, or circle E and circle W, according as the declination

390

17. Construction of Observational Star Catalogs

clamp or the circle is east or west of the telescope. Sometimes the eyepiece
and the objective are also interchanged.
The determination of instrumental errors for which astronomical observations are required is a part of the observing routine. These errors include
the error of adjustment of the axis of rotation in azimuth, which affects the
observed time of transit; and the inclination of the zenith distance thread to
the horizontal, which affects the observed zenith distance.
The errors of the adjustments for collimation, level, and azimuth cannot
be relied upon to remain constant. The reading of an instrument when it is
set on the same fixed point may vary from day to day, or even from hour to
hour, due to variations of external conditions; e.g., temperature changes
may cause unequal and variable expansion and contraction of different
parts of the instrument. The errors in collimation, level, and azimuth, and
likewise the zenith point, must therefore be determined at frequent intervals
during the observations, in order that the corrections applied to each
observation may as nearly as possible be determined for the instant of the
observation.
The imperfections of construction in the micrometer screws and the
pivots, and the errors in the graduation of the circle, are investigated when the
instrument is originally put into service, and are reinvestigated whenever it
appears desirable. The fixed instrumental constants must also be determined,
particularly the angular equivalents of the intervals between the vertical
micrometer wires, and of one revolution of each of the micrometer screws.
Observations for Fundamental Determinations of Star Positions

Although, in determining fundamental right ascensions and declinations»
none of the star positions can be regarded as known, it is nevertheless now
always possible to take advantage of previous determinations to save labor,
and yet avoid making the results dependent on these previous ones. This is
accomplished in practice by adopting provisional positions for at least some
of the stars, and following procedures that determine corrections to these
adopted provisional coordinates, rather than explicitly determining the
coordinates directly. However, the method used for determining these
corrections is equivalent to the procedure previously described for determining
the actual coordinates, and it strictly maintains the fundamental character
of the results; the finally derived positions are entirely independent of the
initially adopted provisional positions.
For this method to be advantageous in practice, the provisional positions
should be sufficiently accurate for the squares of their errors to be negligible
in the mathematical operations. The positions of a large number of stars are
now known with sufficient accuracy to satisfy this condition. Approximate
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values of the coordinates of the brighter stars, and of the principal
astronomical constants, have been known since antiquity; and after the
earliest fundamental catalogs of fair precision had been constructed during
the first part of the nineteenth century, the later fundamental determinations
took the more expeditious form of continually improving the older catalogs
by deriving corrections and extensions to them from additional and more
accurate observations.
In the practical procedure now generally followed for constructing a
fundamental observational catalog, observations are required of:
(1) A selection of stars well distributed in the equatorial zone, —30° <
δ < + 30°, for which the best available, previously determined right ascensions
are provisionally adopted. These stars, called clock stars, are especially
for the purpose of determining fundamental right ascensions. They comprise
the greater number of the stars for which the provisional positions are
adopted ; and they include some stars which are observed during the daytime
as well as at night.
(2) A list of circumpolar stars, δ > 80°, for which provisional positions
are adopted. These stars are included for the purpose of determining the
azimuth error, and are known as azimuth stars.
(3) Selected circumpolar stars which at their lower transits culminate at
large zenith distances, included for the determination of refraction and
latitude.
(4) The Sun and planets, particularly the inner planets, for the determination
of the equinox and the equator.
(5) Stars distributed throughout the circumpolar zone, for determining the
corrections in declination that vary with zenith distance, to obtain corrections
to the equator point.
(6) A general list of stars for which positions are to be determined relative
to one another and to the clock stars.
The stars selected for observation with transit circles are from among
the brighter stars—in general, brighter than about magnitude 9. A fundamental system must necessarily be based mainly on bright stars, for several
reasons: Its construction requires observations by day as well as by night;
the smaller the instrument, the greater the precision that can be obtained
with it, because of its lesser liability to flexure and other disturbances; and
finally, the accuracy of meridian observations falls off as the limiting magnitude of the telescope is approached. For some purposes, such as surveying
with portable instruments, bright stars are specifically needed; and in
general, the brighter stars are sufficiently numerous, and well enough distributed over the sky, to form a reference system that is adequate for all
practical purposes. The fundamental system need only provide enough
precise reference points to meet the requirements of the methods that are
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available for accurate differential determinations; e.g., highly accurate star
places can now be obtained with great efficiency by means of photography,
provided the necessary reference stars are available in any area of the size
over which plates can be extended.
Every day, weather permitting, the observing program is in general as
follows, with variations in details: Early each evening, observations are made
of two azimuth stars, and of a few clock stars. The azimuth stars should be
about 12h apart in right ascension, so that one is observed at its upper
transit and the other at lower transit at nearly the same time. Then for a few
hours observations are made of the transits of stars from the general list,
care being taken to have a fair distribution of stars all along the meridian;
the circumpolars are observed at their lower transits as well as at the upper
transits. Interspersed among these observations are a few more clock stars,
with care to have the clock stars likewise well distributed through the 60° arc
of the meridian that is included within the clock zone. Another similar
series of observations is commenced a few hours before dawn, this time
concentrating the clock stars rather toward the later part of the night, and
observing the same two azimuth stars that were observed at their opposite
transits the evening before. About two hours before apparent noon, day
observations are commenced. For about four hours, all clock stars that are
bright enough to be seen at meridian transit are observed, and at apparent
noon the Sun is observed. The planets Mercury and Venus may also be
included in the day program.
At intervals during these observations, determinations are made of the
collimation, level, and azimuth errors, and the zenith point. For use in
correcting the observations for refraction, the thermometer and barometer
are frequently read. From time to time, observations for special purposes
are also made, e.g., occasional determinations of the inclination of the
zenith distance thread.
The collimation error is usually determined by means of horizontal
collimators—two telescopes mounted horizontally on piers, one to the north,
the other to the south, so that when the transit circle telescope is horizontal
it points directly into one of them; in the focal plane of each collimator
objective is a cross hair. The straight line that passes through the optical
center of the transit circle telescope objective and is perpendicular to the
rotation axis of the telescope is called the collimation axis. As the telescope
is rotated, the collimation axis sweeps out the collimation plane, and describes
on the celestial sphere a great circle which would coincide with the meridian
if the instrument had no azimuth or level errors. In general, the line of sight
to the mean thread (i.e., the line through the mean thread and the optical
center of the objective) will not lie exactly in the collimation plane, and will
describe on the celestial sphere a parallel small circle. The angle between
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the line of sight and the collimation axis is the distance of the mean thread
east or west of the collimation plane. This angle which the line of sight
makes with the collimation plane is called the collimation constant; it is
reckoned positive when the small circle described on the sphere by the mean
thread intersects the horizon to the east of south. To determine it, the
transit circle is pointed at one collimator, and the cross hair observed, then
at the other collimator; the angular amount by which the cross hair of the
second differs in position from the first is twice the collimation constant,

FIG. 59. Collimation error.

since azimuth errors are eliminated and the level error may be neglected for
this purpose.
The correction τ to the observed time of transit for the collimation error
alone, neglecting other errors of adjustment, may be obtained from the law of
cosines in the triangle formed by the star S at transit across the mean thread,
the celestial pole, and the west point W of the horizon (Fig. 59). The point
W is at the angular distance 90° + c from any point of the small circle
described on the sphere by the mean thread, where c is the collimation constant. With sufficient accuracy, since c and r are small,
T = c sec (5,
in which δ is the declination of the star.
When the collimation constant has been found, the level error may be
determined by pointing the telescope downward toward the mercury basin
located directly below, and observing the angular distance between the
central vertical wire of the micrometer and its reflected image. At the same
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time the nadir is determined with the zenith distance thread, as previously
described.
The angle which the rotation axis makes with the horizontal, reckoned
positive when the west end of the axis is too high, is called the level constant.
The correction to the observed time of transit for the level error alone,
neglecting other errors of adjustment, may be found from the law of sines
in the triangle formed by the south point M of the horizon, the celestial
pole, and the star S (Fig. 60). At upper culmination, with sufficient accuracy

FIG. 60. Level error: B, western end of axis; SM, collimation plane.

for this purpose, MS may be taken equal to the meridian altitude 90° —
{φ — δ), where φ is the latitude of the instrument. Then, denoting the level
constant by b,
T = b cos(9? — δ) sec δ,
since b and τ are small.
The azimuth error may be determined from observations of the azimuth
stars, corrected for collimation and level errors. By observing the stars in
pairs at both the upper and lower culminations, the clock errors and effects
of errors in the provisional star places may be eliminated. However, the
azimuth of the axis of rotation is continually varying, partly because of
irregular disturbances of the instrument from temperature changes and other
external influences, and partly because the meridian itself oscillates over the
surface of the Earth as a result of the motion of the geographic poles.
Therefore in practice the azimuth is determined relative to two artificial
stars placed on heavy piers at some distance north and south of the transit
circle, which are called meridian marks or mires. The azimuths of these
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marks are determined from the observations of the azimuth stars; they vary
more slowly and regularly than the azimuth of the transit circle, and by
observing the marks the azimuth error of the instrument may be determined
at any instant as frequently as desired.
In the evening and morning determinations of azimuth error from the
culminations of a pair of circumpolar stars, the two stars are observed, one
at upper culmination and the other at lower culmination, at nearly enough
the same time for the clock correction Δί to be considered constant during the
interval. When the western end of the axis is to the south of the exact west
point, transits across the mean thread take place east of the meridian when
the telescope is pointing south of the zenith, and west of the meridian when
pointing north of the zenith. Both culminations of the azimuth stars are
north of the zenith, and therefore each star is observed too late at upper
culmination, and too early at lower culmination. When the azimuth error
is in the opposite direction, upper culmination is observed too early, and
lower culmination too late. In either case, denoting by rx and τ 2 the consequent corrections to the observed times of transit of the two stars for the
azimuth error alone, and by tx and t2 the sidereal clock times of transit
corrected for the other instrumental errors, we have
tx + Δί + Ti = OL19
t2 + Δί + τ 2 = α2.
An expression for the azimuth correction may be obtained from the law
of sines in the triangle formed by the zenith Z, the pole, and the star S at
transit across the mean thread (Fig. 61). The angle which the rotation axis

FIG. 61. Azimuth error: A, western end of axis; ZS9 collimation plane.
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makes with the prime vertical, taken positive when the west end of the axis
is too far south, is called the azimuth constant a. With sufficient accuracy
for this purpose, ZS is the meridian zenith distance. The correction for
azimuth error at upper culmination is therefore
T = a sin(<p — <5) sec δ,
since a and τ are small; at lower culmination
T = a sin(<p + à) sec (5.
From the evening observations of the two azimuth stars, denoting the
factors of a by Al9 A2, we obtain by subtraction
(h - h) - (<*i - a2) = <AX - A2)9
from which a may be found. The value obtained is made up of both the
azimuth constant and the errors in the provisional star places; but the same
pair of stars being observed the following morning, a similar determination
may be made in which the errors in the adopted positions enter with the
opposite sign. The mean of the evening and morning determinations is
therefore free from the errors in the provisional positions of the stars, and
may be adopted as the true azimuth of the meridian marks.
Azimuths determined in this way are known as fundamental azimuths, to
distinguish them from other determinations which are affected by errors in
the positions of the azimuth stars. Summer azimuth stars cannot be observed
both above and below the pole on the same or nearly adjacent nights.
Summer azimuths are not fundamental, and corrections to the azimuths of
the meridian marks deternpned from only one culmination must be reduced
on the same basis as corrections to star places.
The corrections for flexure in the various parts of the instrument are the
most difficult to determine, and the most uncertain. The effects of flexure
of the telescope tube and the circle that vary as the sine of the zenith distance
can be investigated with the collimation apparatus; and the effects that vary
as the cosine of the zenith distance may be minimized by balancing observations of all stars uniformly about the reversal of the instrument.
In a typical average program, each star in the general list may be observed
twice every year. The observations are continued over as long a period as is
necessary for the objectives of the particular program, usually several years.
At intervals during the program the instrument is reversed. The graduated
circle is occasionally rotated to a different position, to smooth out residual
errors in declination from errors in the graduation of the circle that are not
completely eliminated by applying the known division errors. By the
reduction and adjustment of the entire accumulation of observations as a
whole, an observational star catalog is constructed.

FUNDAMENTAL POSITIONS BY MERIDIAN OBSERVATIONS

397

The Reduction of Meridian Observations

From the clock times of the observed transits of a celestial body across the
set of vertical micrometer wires or the equivalent, and the readings of the
micrometer and the circle microscopes, obtained during the passage of
the body across thefield,the clock time of transit across the local meridian and
the zenith distance at transit are determined by means of the angular equivalents of the wire intervals and of the readings of the micrometer and
microscope screws, and by corrections for instrumental errors, and the usual
reductions for refraction and reduction to the center of the Earth.
The instrumental errors due to defects of construction of the instrument,
for which corrections must be applied, include (1) the errors in the micrometer screws and microscope screws, comprising periodic and progressive
errors, and the error of runs in the adjustment of the circle microscopes
(i.e., the amount by which several revolutions of the screw overrun the
corresponding multiple of the adopted value of one revolution) which may be
varied by adjusting the distance of the microscope objective from the circle
and thus altering the size of the image ; (2) the division errors in the graduation
of the circle ; (3) the irregularities of the pivots ; and (4) the effects of flexure.
The corrections for these errors may be determined from the results of the
investigations of the instrument that have been made. The corrections for
instrumental errors of adjustment are obtained from the determinations of
level, collimation, azimuth, and inclination of the zenith distance thread that
are made at intervals during the observations.
The reduction of the mean thread to the meridian requires corrections
for the errors of collimation, level, and azimuth ; and, in addition, a correction
for diurnal aberration. The variations in the azimuth error are partly due to
the variations of the meridian. In practice, the correction for diurnal
aberration is conventionally included in the correction for collimation;
and the corrections for level, azimuth, and collimation with the diurnal
aberration included are combined into a single reduction. To obtain an
expression for this reduction, the three errors may either be considered
together or treated independently since the corrections are so small that they
may be added to one another.
Adding the three corrections gives the reduction in the form known as
Mayer's formula,
T = {a sin(<p — ô) + b cos(<p — δ) + c} sec ô.
An equivalent expression which in practice is often more convenient may be
obtained directly by considering the three errors together (see Fig. 62).
The west end of the axis is directed toward a point Q on the celestial sphere
at an altitude b because of the level error, and at azimuth 90° + a, reckoned
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FIG. 62. Reduction to the meridian: P, celestial pole; Z, zenith; and PZ = 90° — φ.

from north through west, because of the azimuth error; and the central
wire describes a small circle about Q as its pole, with angular radius 90° + c,
because of the collimation error. Denoting the declination of Q by n,
and its hour angle by 90° — m9 we have from the law of cosines in the
triangle formed by the celestial pole, the point Q, and the point X where the
star transits the central wire,
— sin c = sin n sin δ — cos n cos δ sm(r — m),
in which, from the triangle formed by the pole, the zenith, and the point g,
cos a tan m = cos φ tan b + sin φ sin a,
sin n = sin φ sin b — cos φ cos b sin a;
and therefore, with sufficient accuracy,
m = b cos φ + a sin φ,
n = b sin φ — a cos ç>,
T = m + n tan <5 + c sec <5.
This form of the reduction is known as BesseF s formula; it may be obtained
algebraically from Mayer's formula by expanding the sine and cosine of
φ — ό, and substituting m and w. In practice, the diurnal aberration is
added to c, giving
T = m + n tan δ + (c — 0S.021 cos <p) sec <$.
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Another form of the reduction is HanserC s formula,
T = b sec φ + n(tan ô — tan φ) + c sec <5,
which may be derived by eliminating a from the expressions for m and n,
obtaining
m = b sec φ — n tan <p,
and substituting this expression for m in Bessel's formula.
This correction to the mean of the recorded times of the observed transits
across the vertical wires, and a further correction for the pivot errors, reduce
the mean thread to the clock time of meridian transit, since refraction and
geocentric parallax act in a vertical circle and have no effect. Except for the
inevitable residual error due to the impossibility of determining the instrumental and observational errors perfectly, the sidereal clock time of transit
is the sum of the apparent geocentric right ascension and the clock error,
the sidereal time being referred to the instantaneous meridian. The variation
of the meridian due to the motion of the geographic pole is very apparent
in the observed azimuth errors of transit circles. Were the instrument
invariable in position on the surface of the Earth, and fixed exactly in the
plane of the meridian of figure, the azimuth constant at any time would be,
in accordance with (118),
a — y sin(r + X) sec <p,
where (γ, Γ) are the coordinates of the instantaneous pole relative to the
mean pole, and λ is the west longitude of the instrument. At upper culmination, therefore,
τχ = y sin(T + A)(tan φ — tan à).
For a close circumpolar star, this may be quite large; and the systematic
difference between upper and lower culminations does not average out in an
annual mean, because of the 14-month component.
The clock errors, which are required in order to obtain the right ascensions,
are subsequently found by determining corrections to the adopted provisional
right ascensions of the clock stars from the observations of their relative
positions and the comparisons with the Sun.
To obtain the zenith distance at meridian transit, the readings of the
zenith distance micrometer screw and the circle microscope micrometer
screws, corrected for the errors in the screws, are converted to their angular
equivalents by means of the predetermined values of one revolution. The
mean of the microscope readings, corrected for the division errors of the
circle, is the circle reading; adding to it the mean of the zenith distance
micrometer readings for all the zenith distance bisections, corrected for the
inclination of the zenith distance thread and for the flexure of the instrument,
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gives the corrected reading of the instrument in the declination coordinate.
Subtracting the zenith point gives the observed zenith distance at the mean
of the bisections; but since the zenith distance bip
sections are made east and west of the meridian,
this value obtained from their mean is the zenith
distance at an hour angle t which depends upon the
particular vertical wires where the bisections were
made. A further correction is therefore required to
reduce the observed zenith distance to the value
at meridian transit, because of the curvature of the
parallel of declination which the star follows during
its passage across the field.
The reduction to the meridian for the curvature
of the diurnal path, and the correction for the
FIG. 63. Reduction for
curvature and inclination. inclination of the zenith thread, may be found from
the triangle formed by the celestial pole P, the star
S at hour angle t, and the point O where the thread crosses the meridian at an
angle 90° + J and at polar distance 90° — δ'. In this triangle, (Fig. 63) by
Eq. (3),
tan J
tan ô = tan o'icos t — sin t
sin δ'
which may be written in the form
tan δ'
tan J
—2 sin2Ji — sin t
1 + tan Ô tan δ' I
sin
Since t, J and ô — δ' are small, it is sufficient in the right-hand member to
regard δ and δ' as equal, and take

tan(o - ό') =

δ - δ' = - è sin 20(2 sin2Ji + sin t — ].
I
sin δ)
The value of J may be determined by comparing observations of a star
taken at considerable distances on both sides of the central vertical thread.
Putting / = 0 gives the reduction to the meridian alone, for which ordinarily it is sufficient to take

-*~0-

sin 2(5.

The observed apparent zenith distance corrected for refraction, and in the
case of the Sun, Moon, and planets for parallax, gives the geocentric meridian
zenith distance, since on the meridian the diurnal aberration in zenith
distance vanishes. This corrected value is the difference between the apparent
geocentric declination and the latitude of the instrument, except again for a
residuum of errors that have not been completely eliminated.
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Reductions of observations of the Sun, Moon, and planets involve
additional allowances for semidiameter, defective illumination when necessary,
and individual motion during meridian passage of the disk in order to derive
the position of the center of the disk from observations on the limbs.
The latitude, which is required in order to obtain the declinations, may
either be an adopted predetermined value or may be obtained by subtracting
the observed polar point of the circle from the zenith point. The polar point
(i.e., the reading of the instrument in the declination coordinate when set on
the celestial pole) is the mean of the readings at the upper and lower transits
of a circumpolar star, corrected for refraction and for the change in the
apparent declination of the star between the culminations. However, it is
affected by instrumental and observational errors, including changes in the
positions of the microscopes during the interval between the culminations,
and, like the zenith point, cannot be depended on to remain constant;
otherwise declinations could be derived independently of latitude, by subtracting the polar point from the reading of the instrument at the meridian
transit, and it would not be necessary to determine the zenith point. In
practice, the zenith point is essential, since gravity provides the only dependable reference direction that is immediately accessible at all times with which
to determine a fiducial point for the instrumental reading; and to determine
the polar point, the readings at the upper and lower culminations of the star
must be referred to the zenith point, and their mean corrected for the variations of the zenith point. The determination of the polar point is an important
part of a program of fundamental observations ; but usually, in reducing
the observations, an adopted fixed latitude is used to derive provisional
declinations, which are afterward corrected, first for the continual variation
of the latitude that accompanies the motion of the geographic pole, and
second for any constant error in the adopted latitude that subsequent analysis
of the results may show to be necessary.
To derive the right ascensions and declinations from the clock times and
the zenith distances at meridian transit which are obtained by the reductions
of the individual observations, a complex further process of adjustment of
all the observations collectively is required, in order to determine the clock
errors and the errors in the refractions and the latitude, and to minimize as
far as possible the residual instrumental and observational errors, particularly the remaining miscellaneous systematic errors. An individual
observation of a single star, even after correction and reduction, is inevitably
of uncertain accuracy and limited value; from the several observations of
each of a large number of stars, extending over several years, together with
observations of the Sun and planets, a far more accurate observational
catalog of star positions may be constructed by mear/s of a discussion of the
whole mass of observations together.
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Adjustment of the Observations

The principal part of the adjustment consists of determining corrections
to the provisional positions of the clock stars and the circumpolar stars, in
order to find the clock errors and to derive corrections for the systematic
errors in the declinations.
The provisional star positions are apparent positions, usually taken from
the national ephemerides, for the times of the observations. They therefore
depend upon the adopted constants of precession, nutation, and aberration,
as well as upon the original catalog places; the adopted values of these
constants, too, are always subject to correction, but they are in general now
so well known that significant corrections to them can be determined only
from a series of observations much more extensive than is conducted for the
construction of a star catalog. Proper motions also are usually involved in
the adopted apparent places, but the method of adjustment leaves the final
results independent of the proper motions. The derivation of proper
motions from the observational data embodied in successive catalogs, and the
determination of the constants of precession, nutation, and aberration, are
therefore separate from the construction of the individual fundamental
observational catalogs.
The required corrections to the provisional star positions are of two kinds :
(1) corrections for the error in the adopted positions of the equinox and the
equator among the stars, which do not alter the positions of the stars relative
to one another; and (2) corrections to the relative positions. The determination of the correction to the position of the equinox requires the observations
of the Sun and the planets; and in practice, these observations are also
necessary for determining the correction to the equator. The corrections to
the relative positions may be determined from the observations of the stars
alone.
The first step in the adjustment is the determination of corrections to the
provisional right ascensions of the clock stars. With some variations in
details, which may be ascertained from individual published catalogs, the
procedure for obtaining these corrections is based on regarding each of the
required corrections to the adopted right ascensions as made up of four
parts which are separately determined: (a) a constant part, the algebraic
mean of all the corrections, which is called the equinox correction; (b) a part
which varies with the declination according to a law which must be empirically
determined from the observations made on these stars; (c) a part which
similarly varies with the right ascension; and (d) the remaining part of the
total correction, sometimes called the accidental part because it arises from
the accidental errors of the observations upon which the provisional positions
were based. This separation into four components is possible because the
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provisional right ascensions may be considered to form a more or less
imperfect system', that is, the corrections to the right ascensions of any two
stars which are near each other on the celestial sphere will be more or less
similar in amount. A perfect system, as distinguished from a "correct"
system, would be one in which no accidental error was present, and the
corrections to the adopted positions would approach exact equality as the
angular distance between two stars approached zero.
These corrections to the clock star places must be determined by successive
approximations. A first provisional value of the clock rate may be determined from the condition that the interval between consecutive transits
of the same star, corrected for change in apparent place, is one apparent
sidereal day; the amount by which the interval shown by the clock differs
from this is the daily rate. To avoid the effects of personal equation, the
determination may be restricted to observations of the same star by the
same observer. If the clock is a very good one, the interval need not be
restricted to one day, but may be several days. For this purpose the actual
clock readings could be used, but the most convenient procedure in practice
is to derive a tentative clock correction from each observation of every clock
star, by subtracting the clock reading from the adopted right ascension; a
daily rate may be determined from each star with the series of these observed
corrections obtained from this star on successive nights, since in taking the
differences of the successive corrections the error in the adopted right
ascension is eliminated.
The mean of all determinations from the observations of every clock star
over a period of a week, or possibly several weeks, will give a provisional
clock rate that is sufficiently precise to reduce the clock times of all the
transits observed on a given night to what they would have been had the
clock error remained constant through the night at the value it had at some
selected instant, say, midnight; an observation that was made at this instant
gives a provisional value for the clock error at that time. Equivalently, the
mean of all the observed clock corrections on one night may be taken as the
provisional or preliminary correction on that night at the mean of the times of
observation, and the rate determined from a comparison of these means on
successive nights. These provisional rates, being independent of the errors
in the adopted right ascensions, are highly accurate, although subject to
slight corrections during the further adjustment of the observations.
Clock correction differences between pairs of observers may be tabulated,
and the value of each observer minus the mean of the observers obtained with
the condition that the sum of all the personal equations vanishes. These
relative personal equations may be applied to all the clock corrections
before using the corrections in the discussion. Absolute personal equations
may be determined with a personal equation machine.
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From the provisional clock error for a particular instant on each night as
determined from the adopted right ascensions, and the provisional clock
rate, a preliminary clock error for every observation on that night is found.
Correcting the clock times of transit by means of the preliminary clock errors
gives the observed right ascensions. They differ more or less from the
adopted provisional right ascensions, and the differences represent corrections
to the provisional values, but the mean of the corrected right ascensions of
all the stars observed on any one night is the same as the mean of the provisional values, and therefore these observed right ascensions are still not
completely corrected. Unlike the clock rate, the clock corrections determined
on any one night are in error by the mean of the errors in the adopted right
ascensions of the clock stars used to determine them; and this mean error
will be contained in all the right ascensions derived from the observations
for this particular group of stars. That is, the observed right ascensions are
not completely independent, because the right ascension of each star is
derived from the provisional right ascensions of all the stars observed, itself
included. In particular, if the entire group is affected by any constant error
common to all, the results will all be affected by this same error.
In combining the results for a year or a series of years, the final resultant
error in the observed right ascension of any particular star will be the mean
of the errors in the adopted right ascensions of all the stars with which it was
compared and of the errors of observation in making the comparison.
These stars will comprise only a part of all the clock stars; but if the only
errors in the provisional right ascensions of the individual clock stars were
the accidental errors, each independent of the others and as likely to be
positive as negative, the final results would be free from any systematic
error except the constant equinox correction. In general, however, the adopted
provisional right ascensions are affected by systematic errors; and the
effects of these errors on the preliminary clock corrections must be determined
and eliminated as well as possible. The aforementioned systematic error in
the provisional right ascensions that depends on the declination is largely due
to residual collimation errors from imperfect corrections for instrumental
errors in the original observations on which the catalog was based, to
variations of personal equation with declination because of the different
rates of the diurnal motion at different declinations, and to other miscellaneous causes. The error depending on the right ascension tends to be
introduced and perpetuated by the necessity of always determining preliminary clock corrections from observations of stars in the same restricted
region of right ascension. Systematic errors from diurnal temperature
variations or other diurnal influences are largely eliminated by observations
extending over an entire year, since the stars at any particular right ascension
culminate during the course of the year at every hour of the day in succession.
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With the provisional clock errors, the correction Δα^ that depends on the
declination may be determined as follows. The preliminary clock errors
determined for the different stars observed on a single evening or morning
by the same observer are averaged, and the mean subtracted from the
individual values. The residuals will be free from the constant error, while
the error that depends on the right ascension will be present to only a small
amount because the observations extend over a limited range of right
ascension. If all the residuals so obtained for the stars observed over an
entire year are collected into groups according to the declinations, say in
five groups, and the means for the different groups be plotted as ordinates
against the declinations as abscissae, the effects of the errors depending on
right ascension and the accidental errors are much reduced, and it will be
found that a smooth curve can be passed through the plotted points. If
similar curves be drawn for each of the other years, it probably will be
found that the curves corresponding to the same position of the instrument
resemble each other closely, but they may differ widely from the curves for
the reversed position. This will be the case if some of the instrumental
errors have not been completely corrected; or this effect may also be
produced by lateral flexure, or bending of the instrument perpendicular to
the meridian, for which no satisfactory means of correction has ever been
devised.
In general, if all the curves agree well with one another, confidence may be
felt in the results. If they disagree markedly, collateral investigations may be
needed to determine the reason, or some special treatment may be given to the
observations as dictated by circumstances. If the agreement is reasonably
good, the mean of the curves may be taken, and the ordinate of the mean
curve for each star may be applied as a correction to the provisional right
ascension and to the provisional clock error.
A similar method may be used to determine the correction Δαα that
depends on right ascension; but now, instead of grouping the observations
made in different declinations at nearly the same time, it is necessary to
consider observations made at different right ascensions. The conditions of
observation tend to perpetuate the systematic errors that vary with right
ascension, since the preliminary clock correction for any particular star on a
given night is in general derived from only the clock stars that transit within
a few hours of this star, and therefore this correction contains the mean of the
errors of clock stars that are confined to a limited range of right ascension.
Hence, if the errors of the adopted right ascensions are systematically
different in different right ascensions, a similar error will tend to be produced
in the preliminary clock corrections, though reduced in magnitude since
in forming the mean for the night the error of each adopted right ascension
is divided by the total number of clock stars observed. As the adopted right
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ascensions are repeatedly corrected in successive programs of observation,
these systematic errors will be successively smoothed out and will tend to
approximate the form
Δαα = a cos a + b sin a.
That is, there will be a periodic error in the right ascensions of the clock
stars, which can be eliminated only by comparing the clock errors derived from
stars as far apart as possible in right ascension.
The two separate tours of clock star observations, one in the early evening
and the other in the late morning, may be used for this purpose. In practice,
many diverse methods have been followed, depending on circumstances—e.g.,
different groupings in right ascension, and various different processes of
curve-fitting, harmonic analysis, and least squares adjustments.
To determine the corrections for the accidental errors of the provisional
right ascensions, all of the observations made during one night, corrected
for the clock rate and for the systematic errors that vary with declination and
right ascension, are averaged; and for each star, the residual clock error
from this mean is computed. That is, the procedure is similar to the process
used in determining Δαό, but instead of collecting the residuals by zones of
declination, all of the residuals for a particular star are collected, and their
mean is the correction for that star.
After all these corrections have been determined as well as possible, and
applied to the adopted provisional right ascensions of every clock star, the
resulting right ascensions of the clock stars and the corrected clock errors
for all the observations remain affected only by the constant equinox error,
which is the same for all the stars. With these corrected clock errors in place
of the original observed clock corrections, a second approximation may be
obtained, by repeating the entire procedure as far as necessary, to derive a
definitive clock system. From the corrected clock errors, definitive clock rates
may be found, though they will differ only very slightly from the provisional
rates; the observations of clock stars on each night, corrected for the
definitive rate, then give the definitive clock errors.
To the times of transit of the general list stars on each night, correclted for
the clock rate, is now applied the mean of the clock errors for the nigh t, with
the proper sign. This reduction places the general list stars on the ) same
system as the fundamental stars, since it has been made with clock corn actions
obtained from the clock stars, and with systematic corrections in right
ascension and declination obtained from the discussion of the obsen nations
of the fundamental stars.
The results are the apparent right ascensions of all the stars observed,
except for the equinox correction. They constitute the equivalent of the
previously described system of differences of the right ascensions of the stars
from one another that was explained in the account of the theoretical

FUNDAMENTAL POSITIONS BY MERIDIAN OBSERVATIONS

407

principles of determining fundamental right ascensions. Their derivation
from initially adopted provisional right ascensions is merely a convenient
practical method for obtaining the differences of right ascension (i.e., the
relative positions) by observation; and in this method the equinox defined
by some particular catalog, after elimination of catalog errors in the relative
positions, is used as an arbitrary zero point to which to refer the observed
relative positions in right ascension.
The location of the equinox among the stars must depend fundamentally
upon observations of the Sun; but before the equinox correction can be
determined, corrected declinations of the stars must be derived by means
of an adjustment in which corrections are determined to the latitude and the
refraction that were used in reducing the observations of zenith distance.
The variation of latitude is commonly obtained from the results of observations with other instruments for that particular purpose (e.g., from the
International Latitude Service). The constant part of the correction to
the latitude, and the corrections to the refraction are derived from the
observations of the stars included for this purpose in the program, as
follows.
The provisionally determined declinations of selected circumpolar stars
are reduced to a common equinox, and corrected for variation of latitude.
The mean for each star is then taken, keeping the observations at upper
transit separate from those at lower transit; and the below-pole declination
δ' of each star is subtracted from the above-pole declination δ. From these
differences, corrections may be determined to the provisional latitude and to
the adopted constant of refraction; an error in the constant of refraction
causes the differences to vary with zenith distance, while a constant error in
the adopted latitude affects all by the same constant amount, according to
the law

<5' - <5 = 2 Δ9? + AJl(tan z + tan z').

The two errors may therefore be separately determined; and all the observed
declinations corrected accordingly.
Other systematic errors in refraction may occur, depending on circumstances. In particular, the refraction in a northerly direction may be different
from the amount in a southerly direction. Moreover, in the reductions for
refraction, the water vapor correction is often neglected, and this may
introduce appreciable systematic errors with an annual period, depending
on local conditions.
The introduction of corrections for the variation of latitude after the polar
motion was first established caused a discontinuity in the declinations determined at successive epochs, which must be taken into account in comparing earlier with later catalogs. Likewise, determinations of the equinox
are affected through the declination of the Sun; the effect depends upon
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geographic location, and may partly explain some of the discordances
among the earlier determinations of the equinox at different observatories.
In principle this should accomplish a determination of a system of fundamental declinations. In practice, however, it is found that the results thus
obtained at different observatories show serious systematic differences.
They agree better near the celestial pole than elsewhere; at the equator,
discrepancies amounting to a large fraction of a second of arc exist, sometimes 1" or 2". The reason is that the pole is located among the stars with high
precision, since only a small arc of the graduated circle is utilized when
observing close circumpolars, and small arcs may be more accurately measured
than large ones. The extension of the declination system from the pole to
the equator is in a very real sense an extrapolation, subject to all the usual
uncertainties inherent in any extrapolation. The corrections for refraction
andflexureat the pole differ greatly from their values at large polar distances;
and since a star always culminates at nearly the same altitude, any systematic
error depending on zenith distance is repeated in all the observations and is
not eliminated by averaging a long series. Systematic errors of the form
Δδδ are thus introduced, and errors of the form Δόα may also occur. Residual
errors in flexure, latitude, and refraction cancel one another at the pole,
but may accumulate to large amounts at great polar distances. Instrumental
flexure and local irregularities in refraction are especially troublesome.
Other, though less satisfactory, methods may also be used to determine
declinations. In the foregoing method the declinations, unlike the right
ascensions, are not found by deriving corrections to adopted provisional
values. However, provisional declinations may be adopted for a selected
group of fundamental stars, and the declinations of other stars determined
by differential observations relative to the fundamental stars. Each observation of a fundamental star gives provisional values for both the equator
point and the polar point of the instrument at the time of observation. The
mean of the equator points or polar points from all the observations during
one night is adopted as the value with which to derive declinations for the
general list stars observed on that night.
In this method the effects of systematic errors in the adopted declinations
may be eliminated by making the differential comparisons only with fundamental stars that are within ten or twelve degrees of the pole, where the
systematic errors are very small and may be practically eliminated by
determining the polar point at both upper and lower culmination. The
adopted declinations may be corrected to agree with those determined by
the circumpolar observations themselves.
Alternatively, the differential comparisons may be made only with fundamental stars that are within some one zone of declination, five or ten degrees
in breadth. The systematic differences within such a zone may be regarded as
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evanescent, and if the list stars also lie within the same zone their observed
declinations are affected only by a common constant error of the fundamental
declinations in the zone. This constant error enters with opposite signs
above and below the pole, and may be determined from the systematic
difference between the declinations of the same stars observed above and
below the pole.
The equator may also be found by observing the same stars with the same
instrument at two geographic locations, one in the northern hemisphere and
one in the southern. However, the location of the equator among the stars
may be determined with high accuracy from observations of the Sun and
planets, and this method appears to be the best way of correcting the systematic error of an instrumental system in declination. For this purpose, and to
determine the equinox correction to the right ascensions by means of a
comparison of the stars with the Sun, the daytime observations of stars are
required.
Determination of the Equator and the Equinox

The clock times of the observed meridian transits of the Sun and planets,
corrected by means of the definitive clock corrections and rates determined
from the night stars, are the observed values of the right ascensions of the
Sun and planets referred to the provisional equinox that is defined by the
adopted right ascensions of the clock stars as corrected for all errors except
the constant equinox error. These observed right ascensions are therefore
equivalent to the observed differences between the right ascension of the Sun
or a planet and the right ascensions of the stars; this is the form in which the
position of the Sun among the stars is expressed, in practice, and a further
determination of its absolute position relative to the equinox is required in
order to determine the equinox error of the system and obtain the actual
right ascensions. Corrections to the observed right ascensions of the Sun
and planets for errors of observation are also necessary. Furthermore, from
the observed declinations of the Sun and planets, a correction to the provisional declination system derived from the night star observations is determined by an independent location of the equator.
The observed right ascensions of the Sun and planets are on the same
system as the stars, because only clock corrections derived from night star
observations are used in determining right ascensions. The observations of
the day stars are used only for investigating the systematic differences between
day observations and night observations. It cannot be safely assumed
that the observations of the Sun and planets, necessarily made in the daytime
with the Sun shining into the transit house and perhaps on the instrument, are
homogeneous with observations made at night. Clock errors are determined
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from day stars in the same way as from night stars, and are used in
various ways in the investigation of the differences between day and night
observations; in particular, they are compared with the clock errors determined at night, and this renders observations of the Sun of value even on
days when day stars cannot be observed. However, the day clock errors are
not used to determine right ascensions; the primary purpose of including the
day stars is for placing the observed declinations of the Sun and planets on the
same system as declinations of the night stars. For this purpose, the observed
declinations of the day stars are carefully compared with the results of the
night observations on the same stars. If necessary, empirical corrections are
derived, which when applied to day observations should place them on the
same basis as night observations. These corrections are applied to the
observations of the Sun and planets, and place them on the provisional
declination system defined by the observed declinations of the night stars.
The observed right ascensions and declinations of the Sun, the planets,
and the stars are then all comparable with one another, and it remains to
locate the equator and the equinox in this system by determining their
positions relative to the observed places of the Sun and planets.
In principle, from the observed apparent declinations of the Sun throughout
the year, the equinox may be located by calculating the right ascensions
from the relation
sin a = cot e tan ό,
in which the obliquity e is determined from the observations near the solstices.
Differentiating this relation,
cos α Δα = cot € sec2d Δο — tan δ cosec2€ Ae,
from which

, Λ , 2Δ€
2Δ<3
cot α Δα H
=
sin 2e sin 2δ
Therefore in practice only the observations of the declination near the times
of the equinoxes give an accurate determination of the equinox by this
method. Near the solstices, the calculated right ascensions of the Sun are
inaccurate, because in addition to the errors to which observations of the
Sun are especially liable, the effect of errors in the obliquity is a maximum.
Near the equinoxes, a highly precise value of the obliquity is not necessary
in order to obtain accurate right ascensions, and moreover a small error has
opposite effects at different seasons. The obliquity may be obtained with
sufficient accuracy for this purpose from the observations near the solstices,
by calculating it from the observed right ascension and declination, since the
error in the right ascension then has little effect.
However, the obliquity and the equinox are now known with more
accuracy than any individual redeterminations by special observations for
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the purpose at the times of the solstices and equinoxes could give. Further
improvement can be made only by determining corrections to them by means
of discussion and adjustments of long continuous series of observations of
the Sun, planets, and stars. Therefore, in place of a direct determination
of the equinox by calculating the right ascension of the Sun from its immediately observed declination and the observed obliquity, and comparing
with the observed right ascension or directly with a star, it is more advantageous in practice to compare both the observed declination of the Sun
and its observed right ascension with a solar ephemeris computed from an
adopted theory of the Sun. Corrections to the theoretical tabular coordinates are derived from a discyssion of the residuals O—C in much the
same way as corrections to the adopted provisional right ascensions of the
stars are determined by a comparison with the observed right ascensions, and
similarly for the planets.
An equinox error occurs only in the star system. There is no equinox
error in the theory of the Sun; but the tabular places of the Sun and planets
must be supposed liable to error from imperfections of the theories. Since
the observed places are referred to the star system, the residuals O—C
comprise:
(a) the equinox error of the star system;
(b) errors in the ephemeris positions of the Sun and the planets, from
errors in the tabular obliquity of the ecliptic and in the tabular longitudes;
(c) accidental and systematic errors in the observations of the Sun and
planets; and
(d) the error in the equator of the star system.
The residuals must therefore be analyzed to determine the correction for
errors of observation and to obtain corrections to the tabular longitudes
and obliquity, as well as to determine the equinox and the equator.
The location of the equator is derived from the declination residuals, and
these residuals also determine the corrections to the tabular obliquity and
tabular longitudes. The ephemeris declinations of the Sun, corrected for the
latitude of the Sun, depend upon the longitude λ computed from the adopted
theory and the adopted obliquity. Differentiating the relation
sin à = sin e sin A,
and substituting
cos λ = cos a cos <5,
cos e sin λ = sin a cos δ,
gives for each observation of the Sun an equation of condition
cos a sin e Δλ + sin a Ae + Δ 0 = ô0 — <5C,
in which Δ 0 is the constant error common to all the observed declinations
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of the Sun because of the error in the equator of the star system to which
the observations are referred. The observed declinations are corrected for
day error and for the latitude of the Sun before forming the residuals. The
periodic terms in the residuals have a period of one year; the term due to the
error in the obliquity is in phase with the declination, while the term due to
the error in longitude is one quarter period out of phase.
The solution of these equations of condition by the method of least
squares determines the corrections Δ 0 to the equator, and ΔΑ, Δβ to the
tabular longitudes and obliquity. If considered advisable, ΔΑ may be
expressed in terms of corrections to the values of the orbital elements of the
Earth that were used in constructing the. theory, and a solution made for
these corrections.
The value of Δ 0 obtained from the least square solution is applied as a
correction to the previously determined declinations of the equatorial stars.
This is essentially an application of the principle that a constant error
cannot be produced by errors in longitude or obliquity, and therefore
on the average the correction to the tabular declination of the Sun for errors
in theory must be zero, since the ecliptic is a great circle and consequently
intersects the equator in two points exactly 180° apart. Hence, after the
observations of the Sun have been placed on the declination system of the
stars, the mean value of the declination residuals, if different from zero,
should be interpreted as an error in the declinations of the stars, and should
be subtracted from the previously determined declinations of the stars near
the equator in order to obtain definitive values.
It is not so clear what should be done with the declinations of the stars
intermediate between the equator and the pole. The error must be distributed in some way so that it varies from its full amount at the equator
to zero at the pole, and how this is to be done is a matter for discriminating
judgment. In general the polar point determined by observations of circumpolar stars, the nadir point found with a mercury horizon, and the equator
point derived from the Sun are not in agreement with the adopted refraction
and observed horizontal flexure; an adjustment of some kind is necessary.
New solutions for refraction change the polar point, and may change the
latitude deduced from the polar point and nadir point; but differential
effects near the pole remain about the same, and declinations may be
unaffected.
The corrections to instrumental declinations found by observations of the
Sun and inner planets bring the equator points of all modern observational
catalogs very close together; but neither of the two systems established from
the polar point and from the equator point of an instrument can be carried
through 90° on the circle, and the declinations midway between pole and
equator are inevitably the weakest.
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When the equator has been located among the stars, and the determination of the fundamental declinations of the stars therefore completed, the
equinox correction may be determined. For this purpose, the corrections
to the tabular longitudes and tabular obliquity found from the declination
residuals are used.
For each observation of the Sun, the correction to the longitude of the
Sun obtained from the declination residuals is converted into a correction
to its tabular right ascension by the formula
Δα = cos e sec2<5 ΔΑ — cos a tan ô Δβ,
which is derived by differentiating
tan a = cos e tan λ
and eliminating λ by means of this relation itself and the relations
cos λ = cos a cos δ,
tan € sin a = tan ô.
This gives the actual right ascension of the Sun,
a = a c + Δα.
Since the correction Δα to the tabular right ascension has been determined
from the observed declination of the Sun, the procedure is equivalent to the
computation of the right ascension from the observed declination, but the
directly observed declination has first been reduced to the definitive declination system of the stars. If the observations are about equally distributed
through all the months of a year, the mean value of cos a tan ô is practically
zero, and that of cos e sec2<5 is nearly unity, so that in the mean for the year
it is sufficient to take Δα = ΔΑ.
Since the observed right ascension of the Sun has been reduced to the
definitive clock system, it differs from the true right ascension by only the
equinox error of the star system E. The actual right ascension is therefore
a = a 0 + E,
and equating this to the above value obtained by calculation gives the
equinox error,
E = Δα - (α 0 - a c ).
The algebraic mean of the values of E for all the observations may be
adopted as the equinox correction, to be applied to the right ascensions of
all the stars in order to complete the determination of fundamental right
ascensions.
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From the observations of the planets, corrections are obtained to the
equator, and to the obliquity and the equinox, by the same fundamental
principles as used for the Sun; and the individual corrections determined
from the Sun and from each planet are combined into a weighted mean to
obtain a definitive correction. The mean heliocentric orbit of a planet
projected on the celestial sphere is a great circle, and as in the case of the
Sun, the error in the tabular declination due to errors in the theoretical
orbital motion must therefore average zero. Any systematic departure
of the observed from the computed place to the north or south may be
attributed to a systematic error in the equator point, and consequently,
except for systematic errors in the observations of the planet, the observed
constant error in the tabular declinations that is given by the mean value of
O—C represents an error in the declination system of the stars. The declinations of the fundamental equatorial stars, to which the observed declinations
of the planets are referred, may be expected to have a systematic error that is
nearly constant along a parallel of declination and not greatly different at
different declinations within the zodiacal limits. The mean value of the
correction to the declinations of the equatorial stars may therefore be
determined by including a constant correction to the tabular declination of
the planet in the equations of condition. Likewise, the equinox error in the
right ascensions of the clock stars produces a constant error in the observed
right ascensions of a planet; but no constant error can be produced by errors
in the orbital elements of either the Earth or the planet, and on the average
the correction to the tabular right ascension is zero. Consequently, if the
observations are well distributed around the orbit of the planet, and not
affected by systematic errors of observation, the mean value of O—C is to be
interpreted as an error in the equinox of the right ascension system.
The first extensive practical utilization of planetary observations for
determining the equator and the equinox was by Newcomb. In earlier times,
dependence had been placed entirely on observations of the Sun, and the
results showed serious systematic effects of the unavoidable errors in these
observations. It has now become the usual practice to include the bright
inner planets, and sometimes other objects, to strengthen the results obtained
from the Sun. The observations must be well distributed completely around
the orbit of the planet, in order that a constant error in right ascension may
not be introduced by errors in the orbital elements as well as by the equinox
error. The inferior planets are the most advantageous for this purpose. The
superior planets, observed only near opposition, are less favorable; few
series of observations that are suitable for the purpose have ever been
obtained, and the planets beyond Jupiter are entirely impracticable owing
to the length of time required to observe them all the way around their
orbits.
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In principle, it should be possible to depend upon the planets alone,
avoiding the difficulties of observing the Sun and the day stars. However,
the perceptible disks of the planets, the varying phases of the inner planets,
and the necessity of observing the inferior planets in full daylight, introduce
difficulties equally as great; and in practice, the determination of the equator
and the equinox depends principally upon the observations of the Sun.
The probable error of an observed position of the Sun, Mercury, or Venus
is about four times that of a star observed at night; large numbers of observations are therefore necessary, and these observations of the Sun, Mercury,
and Venus cannot be satisfactorily related to the night observations of stars
without observations of day stars.
In theory, the principal difficulties of the traditional methods may be
avoided by using the minor planets, which are starlike in appearance and
can be observed at night; but comparatively few are bright enough to be
observed with transit circles, and very good observing conditions are required
to obtain a sufficiently large number of accurate meridian observations.
Furthermore, highly accurate theories of the heliocentric motions are
necessary for this purpose, but have not been available in the past. Consequently, only very recently have systematic attempts been practicable to
supplant the Sun and bright inner planets with minor planets. Dyson in 1928
proposed that Vesta be observed for determining the equator and the equinox ;
and practical methods were developed and extended by Dneprovsky,
Numerov, and others. Brouwer, at the Yale University Observatory, in
1935 initiated an extensive program of photographic observations of sixteen
minor planets for determining not only the equator and the equinox but also
other systematic errors in fundamental star positions. Clémence in 1948
recommended systematic meridian observations of the brighter minor planets.
A high order of precision is to be expected in determinations of the equator
and the equinox from sufficiently numerous and well-distributed observations
of the minor planets that are within reach of transit circles, and in addition
the orbital elements of the Earth can be well determined. The precise
ephemerides required in identifying a planet in the restricted field of the
transit circle, and in discussing the observations, have become practicable by
means of numerical integration with high-speed computing machinery, and
have been made available for Ceres, Pallas, Juno, and Vesta since 1949.
With the accumulation of a long series of observations, and the development
of increasingly accurate gravitational theories, it may become possible to
eliminate observations of the Sun, and to make observations of Mercury and
Venus only at relatively infrequent intervals for the purpose of improving
their orbits.
This indirect comparison of the stars with the Sun through the intermediary of the minor planets is comparable in principle with the method of
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determining star positions that was used from the time of the earliest ancient
determinations until the beginning of the eighteenth century, in which the
stars were compared with the Sun through the intermediary of the Moon or,
in early modern times, Venus. The relation of the intermediary to the Sun,
however, is established, not by direct observation as in the ancient procedure,
but by mathematical calculation; and the actual application of the method
had to await the development of accurate planetary theories, just as the
direct comparison of the stars with the Sun which superseded the ancient
method had to await the development of accurate clocks.
Formation of Catalog Positions

The positions determined from the observations are each relative to the
instantaneous equinox and equator at the moment of the particular observation; and during the period over which the observing program extends,
several observations are in general obtained of each star. To make the
results comparable with one another, all the right ascensions and declinations
are reduced to the same mean equinox and equator, which should be the
equinox and equator at the beginning of a Besselian year not far from the
mean epoch of all the observations. The average of the individual determinations for each star is then formed, and adopted as the position of
the star.
The position thus obtained may be regarded as the position in which the
star was actually observed at the mean of all the dates of observation; at this
epoch, the position is free from any assumption regarding proper motion,
whether or not any was made in the reductions and calculations. The
program is purposely laid out in such a way that it is unnecessary to use
proper motions for any of the stars, although in the case of the clock and
azimuth stars the adopted apparent right ascensions may have been computed
with approximate values of the proper motions, because the accuracy of the
clock errors and azimuth determinations is thereby increased; but in any
case, the coordinates relative to a mean equinox and equator near the mean
epoch of the observations give the place of the star at this epoch, independently
of the proper motion, and are the coordinates to be tabulated in the catalog.
In addition to these mean right ascensions and declinations for the epoch
and equinox of the catalog, it is the custom to include also the precession
and its secular variation (computed on the assumption that the proper motion
is zero) for the purpose of facilitating the derivation of star places at any
date not too far distant from the equinox of the catalog. Often, also, an
approximate value of the proper motion may be given, which adds greatly
to the value of the catalog, especially if it contains stars whose proper
motions are not available elsewhere.
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Differential Star Catalogs
A fundamental system must in practice be limited to a relatively small
number of comparatively bright stars. The extension of the system to
large numbers of stars and to the multitudes of faint stars necessitates some
sacrifice of precision, and must be done by differential methods. Photography
is now the principal means used for this purpose; but differential determinations with the meridian circle are also required in order that a sufficient
number of reference stars may appear on any plate that may be taken in any
part of the sky. The standard fundamental stars are too bright to be used
directly as reference stars on photographic plates, and furthermore a much
larger number of reference stars are necessary.
When the object is to determine positions as accurately as practicable for
the greatest possible number of stars, the observations are made by zones of
declination. The observer then does not have to move the telescope through
wide arcs of declination from one observation to another, but keeps it in
nearly the same position during a period of several hours. The breadth of the
zone that is covered in each series of observations depends upon the number
of stars which it is desired to include; usually it is only about five degrees or
less. The equator point of the circle and the clock correction are determined
from the fundamental stars that happen to be in the zone.

