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ABSTRACT. A celestial reference frame is based on some dynamical or 
kinematic approximation of an absolute coordinate system and is mate
rialized by a fundamental catalogue of stars. It is characterized by 
the accuracy of the system and the precision of its stellar realization. 

The present situation, marked by the construction of the FK5 system 
and catalogue, is briefly described. It will be an hybrid system based 
on the discussion of all existing observations. The prospects for im
provement in accuracy are good using lunar laser observations or VLBI 
determination of the positions of extra-galactic radio-sources. Three 
procedures that may be used to link such a system to a star catalogue 
are given. A major improvement in precision is expected from the Hip— 
parcos programme and further extensions include essentially the densi-
fication of catalogues with stars of magnitudes 10 to 14 using photo
electric automatic meridian instruments. 

1. CONCEPTUAL BACKGROUND 

The purpose of a celestial reference frame is to provide a mate
rialization of a coordinate system in order to describe various motions 
observed in the Earth-Moon system, the solar system and, more generally, 
anywhere in the Universe.No motion can validly be studied unless it is 
referred by a known process to some coordinate system in which one can 
write the dynamical equations of motion. This means that the observa
tions must be made in such a way that they can be expressed in terms of 
coordinates in this system. For instance, in the case of celestial refe
rence frames, the observations are made with respect to a stellar back
ground, the stars providing the materialization of the coordinate system. 

Conceptually, the simplest reference system is inertial: There, 
the differential equations of motion may be written without including 
any rotational term. Such a system is dynamical in character and can be 
constructed uniquely from the analysis of the motion of one or several 
celestial bodies such as the Moon or the planets, provided that all 
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interacting forces and initial conditions are correctly evaluated. This 
means that a correct model of the dynamical system must exist (Kovalev-
sky, 1975 b). This is by itself a major difficulty that has been descri
bed by Mulholland (1977) for the lunar motion or by Duncombe et al. 
(1975) for planetary motions. But another difficulty of a purely dyna
mical reference frame is that, strictly speaking, its availability for 
the observation of a given body implies a simultaneous observation of 
at least one of the bodies used in the definition of the system. Except 
in some specific cases, this is not convenient. Thus, it is necessary 
to have the positions and motions of many more bodies in this frame and' 
use them as fiducial points that materialize it. If, as is usually the 
case, these points are stars, we have a celestial reference frame defi
ned dynamically. The list of stars, with their positions at epoch and 
their proper motions referred to the frame constitutes the fundamental 
catalogue materializing the celestial reference frame. 

Another, actually simpler, definition of a celestial reference 
frame is found if the defining bodies are sufficiently remote so that 
they can be considered as fixed or slowly moving in the sky in a model-
lable fashion. These stars or extragalactic objects also serve as the 
materialization of the celestial frame. The latter is, in this case, 
defined kinematically. But again, their number may be insufficient for 
many purposes and it is again necessary to increase it by adding coor
dinates and proper motions of secondary stars in quite a similar manner 
as in the case of a dynamically defined celestial system. 

The existence of two theoretically - if not always practically -
separated concepts in a celestial reference system has led us to sepa
rate also the concepts of the precision with which their realization 
represents reality: Let us, therefore, propose two definitions: 

(a) The accuracy of a celestial reference frame is the evaluation 
of the error of the dynamical or kinematic definition of the 
frame, due to errors in the modelling or in the determination 
of kinematic conditions. If the construction of the catalogue 
introduces new systematic errors, they are included in the 
accuracy. 

(b) The precision of a celestial frame describes the errors 
that are surperimposed on the systematic errors and are due to 
the inaccuracies of the positions and proper motions of stars 
of the fundamental catalogue (random, regional and,eventually, 
systematic). 

2. THE PRESENT SITUATION 

Since the appearence of the first modern fundamental catalogue 
(Auwers Fundamental catalogue), the idea of a purely kinematic defi
nition of the reference frame was never seriously considered. One rea
son is that stars have sizeable proper motions that have non-random 
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components in the velocity space as for instance the solar motion with 
respect to the nearest stars. But the main reason was that astronomers 
insisted in having a fundamental system expressed in true equatorial 
coordinates. This implied that coordinates of stars should contain ele
ments describing the rotation of Earth in Space (precession and nuta
tion) and the motion of the equinox. All the dynamics that are necessary 
to define a reference plane and an origin using the motion of the Earth 
are included in this requirement. This is done through the definition 
of the orbit of the Earth around the Sun and a dynamical representation 
of the motion of the equator: The formulae giving the position of the 
true equinox and the true equator as functions of time in a fixed frame 
give the dynamical definition of the frame as well as the motions of 
the true equatorial coordinate system. 

The methods that are used to refer star positions to the Sun or 
planets have been widely described in the literature (e.g., Woolard and 
Clemence, 1966). They are essential too for the determination of the 
equinox in the catalogue. The Sun, various planets and the Moon may be 
used to determine the equinox correction. The discussion of the results 
by Fricke (1979) shows a dispersion of ± 0s.05. This leads to an accu
racy of about 0".l per century for this part of the system. In practice, 
there are further difficulties in trying to impose a dynamical equinox 
to the origin of right ascensions of the catalogue and an inconsistency 
is introduced between the definition and the realization using stars, 
especially that this offset is correlated with the realization of Ephe-
meris Time (Duncombe et al., 1975). 

Theoretically, the precession could also be defined dynamically. 
However, the practical determination of this constant (see Fricke, 1977) 
is biased by a systematic trend of the stellar proper motions due to 
the galactic rotation. Kinematic determinations of the constant of 
precession using a model of galatic rotation are superior to purely 
dynamical solutions. 

The methods used to construct a fundamental star catalogue, namely 
the FK5, are described elsewhere (see Fricke, 1977 and herein) in detail 
Let us simply iterate that in practice, dynamics and kinematics are used 
jointly or independently to yield the best possible results. The choice 
between the two approaches is based only on the expected quality of the 
result and not on conceptual considerations. The hybrid character of 
the present celestial system of reference is based on a deep compara
tive discussion of all the existing observations. 

This pragmatic approach has permitted the ultimate accu
racy possible with the presently available observations: something of 
the order of 0".15 per century for the FK5 system. 

3. PROSPECTS FOR IMPROVEMENT IN ACCURACY 

The two dominant limitations in accuracy of the FK5 are the present 
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difficulty in having an accurate independent dynamical determination 
of the constant of precession and the limited precision of the obser
vations of the Sun and planets as referred to stars. So it is difficult 
to imagine major improvements of the FK5 system without using complete
ly new types of data, some of which actually will become available in 
the nearest future. 

If we consider a system based on a dynamical definition, the most 
drastic improvement in the knowledge of the motion of a celestial body 
concerns the Moon, thanks to the ten year series of lunar laser obser
vations. The motion of a fixed point near the center of mass of the 
Moon is now described to better than 40 cm in radius vector, correspon
ding to 0".001 or 0".002 in longitude in an adhoc dynamical reference 
frame for more than 10 years. This is already better than the accuracy 
of the present celestial frames. However, until now, there has been no 
explicit attempt to use the lunar laser data to improve the system 
(Mulholland, 1980). But even if we assume that this is done, the main 
difficulty is not to lose this accuracy when constructing the catalogue. 
The most critical point lies in the knowledge of the lunar limb (see 
Froeschle and Meyer, herein) where the present errors are of the order of 
0".3 and also in the ill determined systematic offset of the center of 
the apparent figure of the Moon and its center of mass. Another diffi
culty lies in the fact that only zodiacal stars are occulted and that 
there are not many such stars in the current fundamental catalogues. 
So, if the future discussions of lunar laser data may improve signifi
cantly parameters used in a classical determination of a celestial re
ference system, the prospects are much worse if one tries to imagine 
a completely new type of method to build a celestial reference system 
based uniquely on the motion of the Moon. A very large number of very 
precise occultation observations, accurately reduced with improved limb 
corrections, are necessary before any such attempt is made. 

If, now, we turn to a kinematic definition of the system, a dras
tic improvement comes from the observation of selected extra-galactic 
radio-sources by VLBI. These sources are used as fiducial points of a 
fixed celestial reference frame. This has been advocated for many years 
(Counselman, 1976 or Elsmore, 1979) and several theoretical analyses of 
the possible improvements were made (Gubanov and Kumkova, 1979 or Wal
ter, 1978). These discussions know that it is necessary to show very 
precisely the position of the equator in the system, since the observa
tions of declination are referred to the instantaneous axis of rotation 
of the Earth. Furthermore, only relative right ascensions are obtained 
and this raises again the problem of an independent determination of 
the equinox. This can be done using artificial radio-emittors on the 
Moon or on space-probes. A more appealing method was proposed by Coun
selman and Shapiro (1968): In addition to the determination of the 
true instantaneous declination of a pulsar by VLBI, the ecliptic longi
tude and latitude may be derived from the analysis of the delays of the 
pulses while the Earth proceeds on its orbit around the Sun. The pre
cision of this method is now better than 0".l (Cole, 1976) but does not 
yet reach the accuracy that is necessary to improve the existing system. 
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In an alternate approach, the procedure is reversed and VLBI is 
used to provide an independent, purely kinematic - actually geometric -
reference frame without any reference to the Earth motions. Conceptual
ly, the only physical assumption is the absence of a transverse compo
nent in the cosmological expansion. Krasinsky (1975) has shown that it 
is possible to construct a fixed coordinate system to an accuracy of 
the order of the precision of individual VLBI observations. This is done 
using the mutual angular distances between the sources that are deduced 
from the observed declinations and relative right ascensions. The frame 
of reference deduced from the coordinates of fixed objects is also fixed. 
The axes may have any direction and be totally independent of any di
rection linked with the Earth or any other body. The accuracy is inde
pendent of time: There is no degradation due to the proper motions, and 
accumulation of observations can only improve it. 

The problem with such a system is that the defining objects cannot 
serve as a materialization of the system for any observational technique 
except radio. The number of extragalactic sources that are sufficient
ly point-like and stable to be used for astrometry is rather small: 
Around 150 (Elsmore, 1979) and their optical counterparts are not al
ways well defined. In any case, they are all very faint and it is neces
sary to determine their positions with respect to stars that can be 
candidates for a fundamental catalogue by independent optical measure
ments. Several such programs have been performed or are in progress 
(e.g., Walter and West, 1980 or Argue et al., 1979). But the main part 
of the task, namely the construction of the system, is not yet under
taken. 

Let us assume that such a VLBI reference system exists and let us 
call Bv(e], e„, e„) the base of the corresponding coordinate system. 
The problem is how to extend it to a conventional celestial system con
taining many stars. Three possibilities may be described. 

1. A first procedure consists in determining the positions of the 
basic sources and their apparent variations with time in a preliminary 
system (e.g. FK4) defined by a base B (t) {e'j(t), e'2(t), e'3(t)} which 
may move with time. The programs that are under way will provide such 
positions. Once these are determined, one imposes to the system B a 
fixed rotation R and a rate R' such that one has 

Bv = Bp(t) . (R + R't). (1) 

Applying this transformation to the positions of radio-sources in both 
systems will permit the determination of R and R' and therefore, trans
form the catalogue in the base B_ into a catalogue in the base Bv. 

Of course, the practical application of this procedure will not 
prove to be so simple because of the errors introduced in the determi
nation of optical sources and errors may appear that would increase 
the existing ones in the materialization of the preliminary system. It 
may be necessary to introduce a procedure analogous to that proposed 
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by Gubanov and Kumikova (1979), but this will degrade the accuracy of 
the procedure. As a matter of fact, if a precision of only 0".l is a-
chieved in connecting stars to extragalactic sources photographically, 
it is to be expected that the final accuracy will be degraded to the 
same order of magnitude. This could only be overcome using much more 
precise determinations of the relative positions of stars and radio-
sources. Such a possibility will exist with the astrometric use of the 
space telescope (Van Altena et al., 1974 and Jefferys, 1979). However, 
strong difficulties arise from the limited field of view (70 square 
arc-minutes) and from the fact that the lower limiting magnitude is too 
high (m = 10 or 11). As pointed out by C. A. Murray during a discussion, 
there is at least one AGK3 star within 15' of most sources, so that it 
is possible to tie a stellar system to VLBI or visual galactic system. 

2. Another method that has been proposed (Kovalevsky, 1975,and 1979) 
uses as an intermediary a terrestrial reference frame. If we assume that 
the Earth rotation is continuously determined in two different celes
tial systems, for instance using classical astronomical instruments 
(base B ) and VLBI (base B v ) , if both systems were perfect, the obser
ved rotation of the Earth in both references should be the same. If 
this is not the case, the difference represents the offset and the ro
tation of B„ with respect to B . 

P r v 

3. A third method implies the use of radio-stars. There exist a 
certain number of stars that are known to be radio-emitters and that 
are brighter than magnitude 10 so that they can easily be incorporated 
in a fundamental catalogue (Walter, 1977; Debarbat, herein; or Robertson, 
herein). One hundred such sources well distributed throughout the sky 
will ideally serve the purpose. Unfortunately, despite the improvement 
of the radio techniques, we are far from reaching this number (Walter's 
list has 25 radio-stars with m < 11 and a few more candidates). So 
it is necessary to start a specific search for radio-stars. This has not 
been done because of the mediocre return in astrophysics, but such a 
programme would be very important for astrometry. 

Assuming that these radio-stars are observed by VLBI at two epochs, 
their positions and proper motions will be obtained in the Bv system, 
possibly to better than 0".001 per year. Comparing them with the proper 
motions of these stars in the B system, we can express the differences 
in terms of an offset and a rotation of B„ with respect to Bv. 

4. IMPROVEMENT IN PRECISION 

If we now turn towards precision, two factors play a dominant role 
in degrading the stellar materialization of celestial reference systems. 

1. Random errors in positions and proper motions of stars evident
ly reflect in the errors of realization of the system by these stars. 
Presently, in the FK4, the precision is of the order of 0".08 and will 
probably be reduced to 0".04 in the FK5. 
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2. The density of stars belonging to the fundamental catalogue 
also reflects itself in the practical realization of the system in a 
given portion of the sky. If, for some uses, the 1515 stars of the FK4 
may suffice (polar motion and Earth rotation with astrolabes), in most 
cases, the fundamental catalogue has to be densified and this usually 
done at the cost of a severe degradation of the precision. If this may 
not be the case in some very specific instances (PZT catalogues), usual
ly, one cannot expect a precision better than 0".25 and sometimes 0".4 
(AGK 3 or SAO) probably also in conjunction with some degradation of 
the accuracy. In other terms, whenever the direct use of FK4 stars is 
not possible, an important blur is introduced by the secondary cata
logue random and regional errors, preventing to reach also the full accu
racy of the system. 

The introduction of the FK5 system and catalogue will improve the 
situation, since the number of stars is tripled. However, this will not 
solve the difficulty for many purposes, like providing stars to photo
graphic astrometry or a list of candidates for an occultation 
programme. 

A very good remedy is expected to be provided in the future by 
the astrometric satellite Hipparcos (ESA, 1979). The programme is due 
to start next year, the satellite being launched in 1986. Three years 
of observations should provide the positions and proper motions of 
100,000 stars with a precision of respectively 0".002 and 0".002 per 
year. In principle, all bright stars up to photographic magnitude 8.5 
will be included together with many fainter stars, especially in the 
high galactic and ecliptic latitudes. The system of the Hipparcos ca
talogue will not be inertial. The internal consistency of observations 
should avoid any detectable regional error, but the origin of the axis 
will have to be defined a priori and a residual rotation of the system 
is unavoidable. However, the system may be linked to a VLBI system by 
one of the procedures described in the last section, preferably by the 
third one. So we may expect that the Hipparcos catalogue will indeed 
represent a geometrically fixed celestial sphere with an accuracy of 
0".002 and a slowly degrading precision, because of the accumulation 
with time of random errors in the proper motions. 

The problem of the origin and the direction of the axes remains 
open. For historical reasons, it may be near-equatorial. But by no 
means, should it be linked to any Earth motion parameter. The fixed 
Hipparcos system must be used as a reference for all motions and the 
formulae for the computation of what are called "true positions" should 
not be part of the system. 

5. FURTHER EXTENSIONS 

The Hipparcos system will be a drastic improvement to the present 
situation and to the expected situation after the FK5 will become avail
able. Later, it is still possible to imagine further improvement in 
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accuracy by repeated observations by VLBI of already known and also new 
radio-sources that may be discovered among bright stars. Furthermore, a 
great improvement in accuracy and precision would be provided by an 
eventual second launch of an astrometric satellite similar to Hipparcos. 

The star distribution in the Hipparcos catalogue should be suffi
cient for many applications, all astronomical techniques for the deter
mination of polar motion and Earth rotation (astrolabes, PZT, zenith 
telescopes), lunar occultations or reference stars for the observations 
of major planets. However, the number of reference stars for photogra
phic astrometry must exceed two stars per square degree as provided by 
Hipparcos. Often also, in order to avoid important magnitude effects, 
it is necessary to have very faint reference stars with magnitudes com
parable to the magnitude of the object to be measured. It will, there
fore, be necessary to extend the Hipparcos catalogue to many more stars 
of higher magnitudes. 

This situation will not be new and similar needs already exist now. 
The extended use of Schmidt telescopes for the measurement of accurate 
positions of very faint objects (optical counterparts of radio-sources, 
minor planets, satellites) makes it necessary to use reference stars 
with magnitudes in the range 10-15. The astrographic catalogue is much 
too inaccurate to provide good positions and the stars of present refe
rence catalogues (AGK 3, SAO, Yale zones) are too bright. So, their ex
tension to fainter magnitudes is already necessary. The only but very 
important difference with the post-Hipparcos situation is that the ex
tension will now be based on very imprecise catalogues that are already 
mediocre extensions of the fundamental catalogue, while later, we shall 
be able to start directly from the fundamental catalogue to build the 
extension. There will be one imprecise intermediary less. 

Automatic photoelectric meridian circles seem to be now the best 
instruments for a precise extension and densification of catalogues. 
These instruments are now entering an operational stage. They may be 
quite precise, with observational error of the order of 0".10 up to 
magnitude 13 (Requieme, 1979). They also may be very efficient, since it 
is expected that the Carlsberg automatic meridian circle will observe 
100 000 stars per year with a precision of 0".20 (Fogh Olsen and Helmer, 
1979). It is possible to expect that future instruments will combine 
both precision and rapidity. The construction of an extension to the 
Hipparcos catalogue including half a million stars to a precision of 
0".10 - 0".15 and 0".015 per year is feasable and would suffice for 
practically all needs of photographic astrometry using classical astro-
graph or Schmidt telescopes. Because of the need of two epochs separa
ted by at least ten years, it is desirable that observations start soon 
and that the Carlsberg meridian in the Canary Island not be the only 
instrument to perform this type of observations. 
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6. CONCLUSION 

While the classical constructions of celestial reference 
frames are expected to provide sizeable improvement over the 
presently existing FK4 system, the advent of new observing tech
niques like VLBI and the astrometric satellite makes us expect, 
for the early nineties, a drastic improvement of a celestial ref
erence frame in accuracy, precision and density of materializa
tion by stars. In parallel, an effort of further densification 
to fainter magnitudes is also starting using automatic photoelec
tric meridians. All these new developments will contribute to 
make the forthcoming decade very important in the construction of 
better celestial reference frames. 
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