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Abstract.

CCD detectors are rapidly replacing the photographic plate and pho-
tomultiplier in satellite observations used for orbital improvement. This
includes both phenomena timings as well as tangent plane astrometry. In
most cases this change has been for the better, but in some areas there has
been no gain - even a loss. We will review this change in terms of the recent
history of satellite observations. The impact of the CCD will be discussed
in terms of its applications, and the increase in precision it affords. Finally,
a few things will be said about future directions, especially about spin-off
applications.

1. RECENT HISTORY

The modern period of astrometric satellite observing began about 1965,
anticipating the spacecraft reconnaissance of the outer planets, but appar-
ently not motivated by it. Rather, it resulted directly from the need to
improve the badly out-of-date ephemerides published in the national al-
manacs. Photographic observing programs were begun, principally at the
Naval Observatory in the United States, and at the Pulkova Observatory
in the Soviet Union, with an emphasis on the Martian satellites (because of
an interest in the secular acceleration of Phobos) and the Galilean moons
of Jupiter.

It became clear to the planners of NASA’s Grand Tour of the outer
planetary systems that the accuracy of the existing satellite ephemerides
was incompatible with the more severe requirements of space reconnais-
sance. The observational effort was greatly expanded, driven largely by
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NASA funding (Seidelmann 1977, 1979). This period of expansion lasted
throughout the Voyager years, 1973 - 1989. While photographic techniques
predominated (Pascu 1977, 1979), this period saw the introduction of sev-
eral new observational methods — in particular, mutual phenomena tech-
niques (Millis 1974; Aksnes and Franklin 1975), space techniques (Born and
Duxbury 1975; Duxbury and Callahan 1988, 1989), and CCD techniques
(Pascu et al. 1983, 1987).

At present, space reconnaissance is still the major driver of satellite
observation, but there is also a broader component to this demand. Much
of it is fueled by an interest in the physical study of the satellites using
the Hubble Space Telescope (HST), and more accurate ephemerides are
required for such observations. An added complication is that many of
these satellites were discovered by the Voyager spacecrafts and cannot be
observed from the ground. Consequently, the astrometry of these satellites
must also be done with HST. CCD techniques are now in general use, but a
number of promising techniques have appeared in the past few years. HST
has already been applied to the astrometry of the faint satellites of Pluto
(Null et al. 1993), Uranus (Zellner et al. 1994; Currie et al. 1994; Pascu et al.
1995), and Saturn (Bosh and Rivkin 1995; Showalter et al. 1995). Infrared
techniques have proved useful for ground-based observations of the inner
systems of Jupiter and Saturn (Nicholson and Matthews 1991; Nicholson
et al. 1992), and may have some limited application to the brightest of the
inner satellites of Uranus and Neptune. The radar technique (Campbell et
al. 1978) and the Very Large Array technique (Muhleman et al. 1986) are
beyond the scope of this review, but are mentioned because they produce
highly accurate positions.

2. OBSERVATION TYPES

CCDs are applied to two observation types — astrometric and phenomena.
Astrometric observation refers to the measurement of relative coordinates,
rectangular or polar, in the tangent plane. The measurements can be inter-
satellite (one satellite referred to another) or with respect to the planet. The
simple observations themselves have generally been reported, rather than
compound observations such as normal points. This is the most common
observation type since it can be applied to all satellites, at all apparitions.
It has the additional advantage that a full complement of orbital parame-
ters can be determined, in particular, the semi- major axis from which the
system mass is obtained. A recent example of this is the Pluto-Charon mass
(Tholen and Buie 1995). The major drawback to this observation type is
its need for large instruments, both in aperture and focal length.

Phenomena observation refers to the measurement of the epoch of an
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event, such as an eclipse or occultation of a satellite. This event can be due
to the planet or it can be due to another satellite (a mutual event). The
event can be measured photometrically or geometrically (astrometrically)
in the case of a mutual occultation. The "epoch” refers to some identifi-
able part of the event, such as the instant of minimum light, or central
eclipse for a photometric event, or the instant of minimum separation in
the case of an astrometrically measured mutual occultation. This epoch
is sometimes referred to as the ”"mid-event time.” Photometric phenom-
ena observations have the advantage that they can be made with relatively
small telescopes (Mallama 1992a,b) and are independent of instrumental
parameters. It is for these reasons that relatively precise phenomena obser-
vations of the Galilean satellites, due to Jupiter, have been made for more
than three centuries. Another notable success of the phenomena technique
was the determination of the orbital motions in the Pluto- Charon system
from observations of their mutual phenomena during the late 1980s. For
the Galilean moons however, phenomena observations due to Jupiter are
not of the positional accuracy of the mutual phenomena or the astrometric
observations (Lieske 1995b). The principal drawback of the mutual phe-
nomena technique is the rarity of events for the great majority of satellites.
In addition, there is a limitation on the precision attainable for the orbital
orientation parameters, and the orbital scale - the semi-major axis - can
not be determined at all. While the mutual phenomena technique provided
the means for analyzing the motions in the Pluto-Charon system, it was the
astrometric technique, applied with the HST, which produced an accurate
scale for the system, and thus an accurate system mass (Tholen and Buie
1995).

3. IMPACT OF CCDs

The CCD has had a favorable impact on both astrometric and phenom-
ena observations. The high quantum efficiency (70 percent) benefitted the
astrometric technique the most. Now, even twentieth magnitude satellites
can be imaged without differential guiding, and a higher signal-to-noise ra-
tio means higher astrometric precision for the faint moons. For the mutual
phenomena technique, also, the high quantum efficiency means that the
technique can be applied to fainter satellites, as in the Saturnian system.

Linear response and area photometry are the two features which make
the CCD especially applicable to the observation of the photometric mu-
tual phenomena; both phenomena satellites and reference objects can be
recorded simultaneously. And, for both phenomena observation and as-
trometry, one can account for the scattered light from the primary more
precisely.
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But, the CCD also has several limitations: The small size of the CCD
chip makes it difficult to calibrate scale, and especially the orientation.
Even in small standard fields (cluster fields), relative star positions cannot
be measured with enough precision to compete with a field which is linearly
an order of magnitude greater (on a photographic plate). The reason that
orientation is more difficult to calibrate, is that the orientation of the chip
must be determined at the point of observation, or else the polar axis
alignment must be calibrated.

The small size of the chip also makes it unlikely that enough reference
stars will appear on the frame to provide spherical equatorial coordinates
(R.A., Dec.) for objects in the field. For some applications, the size problem
can be solved with a mosaic of CCDs, but other problems, which require
a single chip, must await the arrival of the large 8-cm chips which are
expected in a few years (Harris 1995).

Since the CCD chip is not only the detector but the measuring machine
as well, the astrometric integrity of the chip is a major consideration. The
astrometric integrity of the chip has at least four components, three struc-
tural and the fourth electronic. Its flatness, the orthogonality of its rows
and columns, and the thickness and spacing of the rows and columns are
the structural components. Many of the early chips were crinkled or bowed,
while others were rhomboidal (Harris 1995). The electronic component has
to do with image form factors. If the image is distorted by blocked columns,
or charge transfer inefficiency, for example, the centroid will not represent
its position well. Because of charge transfer inefficiency, the Mark IV TI 800
X 800 CCD, prototype of the HST CCDs (now in use at the USNO), is used
well below full well for the highest astrometric precision (Dahn 1994). If a
CCD is to be used for astrometry, it should be constructed and calibrated
in the same manner as were the metrics of the modern plate measuring
machines. While most of these problems can be solved, they need to be
addressed in the specifications and construction of the CCD.

The photometric integrity of the CCD is also a consideration. While it
also has several components, the most important for photometric observa-
tions is the linearity. Few CCDs are linear over their entire dynamic range
and need to be calibrated.

Brightness attenuation and magnitude compensation are problematic
with the CCD. The inaccessibility of the focal plane (chip) makes it difficult
to reduce the brightness of the planet without reimaging. An alternativeis a
prefocal stop, which limits the distance from the planet at which a satellite
can be observed. Another is placing the attenuator inside the dewar, either
directly on the CCD chip or on a pellicle placed immediately before the
chip.
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4. APPLICATIONS AND TECHNIQUES
4.1. PHENOMENA

Observations of phenomena due to the planet refer to eclipses of the Galilean
satellites by Jupiter (the eclipse/occultation events of Pluto and Charon are
more properly classified as mutual events). As mentioned above, positional
information derived from the Jupiter events are no longer competitive in ac-
curacy with that from mutual phenomena or astrometric observations. This
is not a calibrational problem, but due to an inability to suitably model
the event. Although Mallama (1991, 1992b) is making some progress in this
area, he suggests that the future value of such observations appears to be
in deriving information about the atmosphere of Jupiter itself (Mallama
1991, 1995).

Observations of the photometric mutual phenomena, however, are an
entirely different matter. Since their first modern observation in 1973 it was
recognized that this observation type would yield highly accurate positional
data (Brinkmann and Millis 1973). The mutual events of the Galileans have
been observed photometrically every six years, beginning in 1973. Since
1979 the Bureau des Longitudes has organized these observations as inter-
national campaigns involving many observatories (Arlot et al. 1982; Arlot
and Thuillot 1988; Arlot et al. 1990). The next series of events will occur
in 1996, and plans are already underway for a campaign to observe those
(Arlot 1995). With the widespread use of CCDs at those events, it will
be possible to measure the events astrometrically as well as photometri-
cally. Astrometric phenomena were first mentioned by Arlot (1982) and
attempted by Arlot et al. (1982) at the 1979 mutual events with promising
results.

Likewise, the serendipitous discovery of Charon by Christy (1978), and
the fortuitous recognition by Andersson (1978) that mutual phenomena
were imminent, led to six years of observations of Pluto- Charon (pho-
tometric) events which were invaluable to the determination of physical
parameters of Pluto and Charon, and to the study of the motions in that
system. The Pluto-Charon events ended in 1990 and will not occur again
for more than a century. Buratti et al. (1995) describe the CCD observa-
tions of these events made with the Palomar 60-inch telescope, and give
references for most of the others.

During 1995, activity will be focussed on the mutual events of the Satur-
nian satellites which occur every 15 years. These were last observed at the
ring-plane crossing in 1980 (Dourneau 1982; Aksnes et al. 1984). The Bu-
reau des Longitudes organized an international campaign to observe these
events in 1995 (Arlot and Thuillot 1993). These phenomena are more dif-
ficult to observe than the Galilean events, but the introduction of CCD
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detectors should ensure their success. While CCDs were used for the Pluto-
Charon events as early as 1985 (see Buratti et al. 1995), they were not
applied to the Galilean satellites until the 1990-91 mutual events (Colas
1991; Mallama 1992a; Le Campion et al. 1992).

Calibration of the CCD, for photometric use, involves bias subtrac-
tion (zero point of pixel counters), flatfielding (correction for variation in
pixel sensitivity) and determination of linearity (finding the range of digital
counts in the pixels in which these counts are linearly proportional to the
incident light). Dark current is not significant for cooled CCDs and short
exposures, but for the infrared devices, dark current must also be taken into
account. Bias subtraction is fairly straightforward, but flatfielding is not,
and its effects on phenomena observations has not been investigated. For
the bright Galilean satellites events, this is probably not a problem, but
it may be for the total mutual eclipses of the Saturnian events. Because
of the large dynamic range of the total eclipses in the Saturnian system,
calibration of the linearity of the CCD will also be important. For small
dynamic range events, this is not a major issue.

4.2. ASTROMETRY

Astrometric CCD observation of the planetary satellites is widespread,
with major programs in the United States (Pascu et al. 1983, 1987, 1992b,
1995; Pascu 1994b; Monet and Monet 1992, A. Monet 1993; Nicholson and
Matthews 1991; Nicholson et al. 1992; Rohde and Pascu 1993, 1994), France
(Colas and Arlot 1991; Colas 1992, 1994, 1995; Arlot et al. 1989, 1994;
Rapaport 1994; Viateau and Rapaport 1995; Le Floch 1994), and Great
Britain (Beurle et al. 1993; Harper 1994, 1995; Jones 1995), and smaller
programs in Brazil (Vieira Martins and Veiga 1995), Spain (Lopez-Garcia
1994), and Russia (Zamarashkin et al. 1994). Since CCD astrometry is now
applied to all of the satellites, the observational techniques of detection and
calibration are more varied than for the phenomena.

The most difficult problem of detection is that of a faint satellite near
a bright primary. A Lyot-type coronagraph appears to be the best solution
to the problem (Baum et al. 1981; Pascu et al. 1983) because it eliminates
the diffracted light and makes it possible to attenuate the light of the pri-
mary as well. While apodizing diaphragms can be designed to remove the
diffraction spikes caused by the secondary supports, the diffraction caused
by the entrance pupil is often increased. If prefocal stops are used to atten-
uate the light of the primary, they must be placed very close to the CCD
chip or they will limit the distance from the planet that a satellite can be
observed astrometrically (Vieira Martins and Veiga 1995). The most heroic
detection was that of Proteus by Colas and Buil (1992). The technique is
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promising but needs much work to make it astrometrically viable. Special
techniques are also needed for satellites which are too bright. Astrometric
CCD observations of the Galilean satellites made at the U.S. Naval Obser-
vatory use dark filters to lengthen the exposure times to a few seconds to
help average the effects of seeing. Additional averaging is accomplished by
combining numerous frames into normal points (Monet and Monet 1992;
A. Monet 1993; Owen 1995).

Assuming that one has an astrometric grade CCD, or one that is ade-
quately mapped and calibrated, the three remaining calibrational problems
are scale, orientation and coordinate origin determination (Pascu 1977).
Since CCDs are small and star catalogs have a too low density, plate con-
stants are unlikely until the large chips and denser catalogs become avail-
able. This means that some version of the trail/scale method must be used
— although the diminutive size of the CCD is less than ideal for accurate
results. The focal plane scale has been determined in several ways. The best
general way is to use a small scale field in a cluster. Astrometric sequences
in M15, M92 and Pleiades are most commonly used. The problem is that
astrometric standard fields are not available for all parts of the sky. Veiga
and Vieira Martins (1994) used the motion of Uranus to determine both
scale and orientation. If one is interested primarily in faint, inner satellites,
for which the CCD is best adapted, then one may use the brighter satel-
lites of the system to calibrate the CCD frames. The best example of this
is the technique of Veillet and Ratier (1980) who used the ephemeris po-
sitions of the four bright moons of Uranus to implement a plate constants
solution for scale, orientation and coordinate origin to obtain positions for
Miranda. The same method was applied successfully with a CCD by Pascu
et al. (1987). While the configuration around Uranus is unique, both the
Jovian and Saturnian systems have at least two well-spaced bright satellites
whose relative ephemeris positions are accurate to 30 mas or better. Such
configurations will give scale, orientation and coordinate origin. The use
of wide double star pairs is not suitable for accurate scale or orientation
calibrations.

Calibration of CCD orientation is more problematic, as explained in
Section 3. The most general method for calibration is to record star trails
at the same declination as the planet. While it is understood that the short
lengths of the trails will fail to produce the accuracy of the longer trails
on photographic plates, this disadvantage is reduced by the sensitivity of
the CCD, which permits one to record many trails by simply stopping the
drive. Some observers have used the scale field clusters to calibrate both
scale and orientation. This will work only if the cluster and planet are at the
same declination. Otherwise, a systematic error will result due to polar axis
misalignment. Jones (1995) has attempted to calibrate this misalignment
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so that orientation may be calibrated in scale fields as well. As for scale
calibration, the brighter moons can also be used to calibrate orientation,
and coordinate origin if only the fainter moons are required.

Coordinate origin (reference object) determination is in most cases sim-
ple, but in a few instances it is quite involved. For the great majority
of the satellites, only intersatellite observations are feasible. And for most
satellites, there is at least one other satellite of comparable brightness, or at
least within the spatial or dynamic range of the CCD (about 6 magnitudes),
to provide a reference zero-point. The exceptions are: the outer moons of
Jupiter and Saturn, the Tethys and Dione Lagrange librators, Triton and
Nereid. The solution for the outer satellites is to image them only when
three or more HST Guide Star Catalog (GSC) stars are in the field (about
ten arcmin across). The R.A. and Dec. obtained in this way can be com-
pared to the ephemeris position of the planet. While the GSC star positions
are not precise enough to calibrate the scale and orientation, the positions
derived in this way are as good or better than the photographic because
the images are not trailed in the shorter CCD exposures. For the remainder
of the problem satellites, a neutral density filter can solve the problem if a
coronagraph is used in the observations. With or without a coronagraph,
the method suggested by Pascu et al. (1983) can be used successfully. In
that method, shorter exposures of the brighter satellites are taken alter-
nately with the longer exposures of the faint satellites. The motions on the
CCD frames (in pixel units) of the bright satellites, as a function of time,
are determined from these short exposures. The positions of these bright
moons can then be interpolated from these functions for the mean times of
the long exposures. This gives, finally, the positions of the faint satellites
relative to the bright ones on the long exposure frames.

5. ACCURACY

There is no issue in satellite astrometry more contentious than the claims of
observational accuracy among the various techniques. Much of this is due
to the mistaken comparison of dissimilar quantities, such as the error of a
single observation with that of a normal point or other compound quantity.
Another invalid comparison is the internal precision of one method with
the external precision of another. A third problem is the failure to take
into consideration other technique-independent sources of astrometric error,
such as the increase in error with the angular separation of the measured
bodies (Pascu et al. 1991; Pascu 1994a). Only the external error (precision)
of one observation (i.e. the rms residual from a definitive orbit) should
be used in these comparisons, and proper consideration should be given
to independent parameters, such as separation of the two satellites and
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the integration time. Comparisons of this type would not only indicate
directions to improvement, but would show that most modern observational
techniques are competitive.

The mutual phenomenon ”mid-event time,” the quantity used in the
orbital adjustment, is not, strictly speaking an observation. It is a quantity
derived from numerous photometric or astrometric observations by a least-
squares procedure which could rival that of the orbital adjustment itself. It
has been referred to here as a compound observation akin to a normal point,
although technically, only one observation is necessary if only the mid-event
time is determined. In that case, the mid-event time would be comparable
to a single observation. Recent estimates of the accuracy of the photometric
mutual phenomena (compound observations) of the Galilean moons were
made by Morando and Descamps (1994), and by Lieske (1995b). Morando
and Descamps reported preliminary errors of 28 mas (100 km) for data
uncorrected for the deviation of center of light from center of figure, and
4 mas (15 km) for corrected data. Lieske reports a rms residual of 30 mas
(100 km) for the corrected data with "wide differences for the same event
by different observers.” These results suggest systematic errors in the ob-
servations and/or non- standard procedures for reduction of these complex
data; and there is good evidence for the latter (Lieske 1995a). In any case,
it appears that with the introduction of CCD techniques and improved re-
duction procedures, the best observations of the photometric mutual events
of the Galilean satellites will produce data with an external precision in the
range of 10 to 30 mas.

Sources of systematic error in the astrometric observations are due to
uncalibrated scale and orientation errors and to a non-astrometric CCD
chip. In the first case, the residuals increase with separation of the satellites
measured. While these can be significant for CCD observations because of
the difficulty in calibrating a diminutive focal plane, relative observations
of satellites of small angular separation will be negligibly affected (Pascu et
al. 1991; Pascu 1994a). A non-astrometric CCD chip is more problematic
and should be mapped or avoided.

The external accidental rms error ranges from 20 to 120 mas for a
single ground-based observation. This value usually includes the systematic
error, if any. It also varies with separation of the measured satellites, and
with the integration time and signal-to-noise ratio as well (as affecting the
centroiding precision). Centroiding precision is about 5 - 20 mas, leaving
the remainder to some limiting physical factor related to the separation
and integration time. This limiting factor is believed to be image motion
caused by atmospheric seeing. Lindegren (1980) relates the mean error,
m.e. (arcsec), in the measured separation, S (radians), of two images, and
integration time, T (sec) by
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m.e. = 1.3§0-257-0:5

This formulation is a somewhat optimistic representation of the mean errors
of CCD as well as photographic observations. It also demonstrates why
any gain in precision due to the CCD would be primarily for the fainter
satellites; the CCD is so sensitive that the bright satellite images saturate
before the seeing excursions have time to average out. One must resort to
attenuation and normal points, as described earlier.

For Hubble Space Telescope observations, the accuracy is limited by the
measuring precision. Separation measurements of images near full well are
expected to be accurate to 2 mas in the Planetary Camera. The accuracy
for faint images is about 5 - 20 mas (Pascu et al. 1995). However, in the
final analysis, for both the phenomena and astrometric observations, the
astrometric precision of the observation depends on how accurately one can
correct for the difference between the center of light, which is measured,
and the center of figure (assumed to be at the center of gravity). Descamps
(1992) and Mallama (1991) have had considerable success in developing
algorithms for doing just that. They used Voyager images, observed photo-
metric models and light scattering theory to compute corrections to center-
of-light observations of the Galilean satellites. The ultimate precision for
observations of the Galilean moons can be estimated from the rms residual
given by Lieske (1995b) for the Voyager observations which were rigorously
center-of-figure. He reports 45 km (15 mas). This suggests that the greatest
astrometric precision possible will be for the smallest satellites!

6. NEAR FUTURE

CCD use in satellite observation can only increase in the near future. In
the next few years, much activity will center about the mutual events of
the moons of Saturn and the Galilean moons of Jupiter. There will also be
considerable activity with HST observations of the faintest satellites not
visible from the ground. To date only the inner satellite system of Neptune
has not been imaged with HST and that is expected to change in two years.

In about five years, 9k x 9k CCD chips are expected to be available.
It will then be possible to make CCD observations of the larger satellite
systems with an accuracy comparable to the photographic ones, because
scale calibration can then be done with standard scale fields, and orientation
determined from longer trails. In fact, when the Tycho or faint star catalogs
become available, it will be possible to implement a plate constants solution
— calibrating both parameters simultaneously.

The ring-skimming satellites of Jupiter — Metis and Adrastea — are best
observed from the ground at 2-microns (Nicholson and Matthews 1991),
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and periodic, if not regular, observations should be made. The IR technique
should also be developed and extended to Puck and Proteus.

Some of the more interesting possibilities for future CCD observations
lie in spin-off applications. When it is possible to implement a plate con-
stant solution using the 9k x 9k CCDs and Tycho stars, it will then be
feasible to obtain a five-fold increase in the positional accuracy of the plan-
ets (R.A. and Dec.) from relative observations of their satellites (Pascu and
Schmidt 1990). These would be on the Hipparcos Catalog system and have
an estimated precision of 30 mas. While this could be done better photo-
graphically for Jupiter (because of attenuation problems) and possibly for
Saturn, certainly the advantage would go to the CCD for Uranus, Neptune
and Pluto.

Another spin-off of the differential astrometry is differential photometry.
The same observational strategy and data, used to obtain the astrometric
results, can be used to obtain magnitudes, colors, albedos and light curves
of the faint satellites from accurately known photometric parameters of the
bright satellites (Pascu et al. 1992a, 1993, 1994a, 1995; Pascu and Rohde
1993). These data in turn will reveal information on the rotation of the
satellites and their surface composition, as well as information on the severe
conditions and processes in the strong magnetospheres of their primaries.

An ingenious spin-off of the mutual event observations was the moni-
toring and mapping of the volcanos and hot spots on Io from infrared pho-
tometry of the mutual occultations of Io. Goguen et al. (1988) applied this
technique first at the 1985 mutual events using a photometer. Descamps
et al. (1992) improved the technique at the 1991 events by using a CCD
and combining simultaneous infrared and blue observations. The blue ob-
servations were used to derive corrections to the ephemerides of Io and the
occulting moon, resulting in a more precise mapping of the volcanos.

7. SUMMARY AND CONCLUSIONS

The demand for high quality observations of the planetary satellites remains
high, motivated by the needs of space reconnaissance and other astrometric
projects. The principal advance in astrometric observation in the past 15
years was the introduction of CCD detectors. The quantum efficiency and
linear response of the CCD detector have been largely responsible for its
success, both for tangent plane astrometry and for the observation of the
mutual phenomena of the bright moons of Jupiter and Saturn. At present,
the CCD has been applied to all satellites detectable from the ground or
with HST, except the inner system of Neptune, and there are substantial
observing efforts in several countries. However, caution should be used when
applying CCDs to large scale systems because the small size and complexity
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of the CCD chip make it difficult to calibrate. In its present configuration,
the CCD is best suited to the observation of faint satellites near their
primaries. This caveat notwithstanding, it is now possible to obtain relative
positions of the satellites with a precision in the range 2 to 30 mas for HST
observations, while a precision of 10 to 30 mas can be reached for ground-
based observations of mutual phenomena or astrometric observations made
when two satellites are at small separation (<50 arcsec). The limitation
on precision appears to depend on how well the positions of the centers of
light are known relative to their centers of figure. CCDs also offer several
spin-off applications to the satellite astrometry. The volcanos of Io have
been monitored and mapped with observations of the photometric mutual
phenomena, while color photometry of the faint satellites relative to the
bright ones result from the astrometric measurements.
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