




Table 1 – Average residuals “O��C” and its errors.

Object (O-C) �Dcos�G �H�D (O-C)�G �H�G �V�D �V�G��

Titan (S6) -0.010 0.025 -0.036 0.023 0.053 0.049
Hyperion (S7) -0.057 0.027 -0.112 0.038 0.056 0.073
Iapetus (S8) 0.071 0.020 -0.007 0.022 0.040 0.045

221 Eos -0.020 0.014 -0.120 0.016 0.032 0.035
742 Edisona 0.078 0.013 -0.047 0.012 0.028 0.027

1903
Adzhimushkaj 0.008 0.013 -0.151 0.016 0.029 0.034

1. We use the modification of Laplace method that resembles the Danjon scheme. It assumes 
the successive iterations where along with orbital elements the (O-C)�. and (O-C)�/ values also 
get polynomial representation. So the values of the first two derivatives become more reliable, 
and then obtained values of elements represent the observations at the level of their accuracy. 

2. The Apparent Motion Parameters (AMP) method is directed to orbit determination from 
observations on a short arc. Method had been developed at Pulkovo in the beginning of 
1970th (Kiselev, Bykov at al., 1970) in connection with visual and photographic observations 
of the Earth artificial satellites started in 1957 in the USSR. We used the AMP method of
orbit determinations for following objects: artificial satellites, asteroids, double stars and stars 
rotating around black hole in the centre of our Galaxy. (See a short description in Shakht, 
Kiselev, 2008). The basic equations of this method for asteroid orbit are:

r = r R = g G + d D
TDVVr ddvv �P����� � 

�†�†
����

where r R , g G – heliocentric radius-vectors of asteroid and the Earth, d D - geocentric vector 
of the asteroid, d – geocentric distance to the asteroid, �P- apparent angular velocity of 
asteroid on celestial sphere, v �† , V�† �� velocity of asteroid with respect to the Earth, Dd�� ��

radial velocity of asteroid, �Pd T – transversal velocity of asteroid.

These methods were applied to orbits determination for selected asteroids of Pulkovo program
and also for data of http://minorplanetcenter.org/iau/mpc.html. In some cases we had the 
possibility to estimate the orbital elements. As an example in the table 2 we give orbital
elements of asteroid 221 Eos and comparison with data of Bowell, http://lowell.edu/pub/elgb.

On the fig. 1 an apparent track of the asteroid Eos 221 is present. It is calculated by EPOS 
program for the interval of time 10.04.2008��20.07.2008 in the area of sky: 11h 46 m – 12h 27m

in RA and 05�q38'��12�q54' in Dec. The red dots correspond to the short arc: 10.04. 2008 –
10.05. 2008 used for orbit's calculation. The results of orbit determination from the Pulkovo 
observations for asteroid 221 Eos are shown in the Table 2. 

3. Pulkovo EPOS software package
The above mentioned methods of processing have been incorporated to the Pulkovo EPOS
software package. EPOS (Ephemeris Program for Objects of the Solar system) is the effective 
application for study and ephemeris support of observations of the Solar system objects.

Table 2 – The orbital elements of 221 Eos.

Orbital
elements

Laplace method AMP method Bowell,s data

�Z�q 195.992 195.673 195.083
�: �q 141.946 141.936 141.923
i�q 10.891 10.888 10.88
e 0.104 0.104 0.105

a [a.e] 3.010 3.010 3.014
�VRA, �VDec - the mean square deviations of one position corresponding for Laplace and AMP 
methods are following: �VRA = 0"044; �VDec = 0".028 and �VRA = 0".051; �VDec = 0".037.

Fig. 1 – Apparent track of asteroid 221 Eos.

The orbital elements of asteroids and comets as well as the observatories coordinates obtained 
via Internet are used by EPOS. The application’s work is also based on the data of modern 
numerical ephemerides of the Sun, Moon and planets (DE200/LE200, DE405/LE405, 
DE406/LE406) and star catalogs (Hipparcos, Tycho-2, USNO, UCAC2, etc.) that are 
distributed by the publishers. EPOS is intended for use under OS Windows. It has bilingual 
interface (English and Russian) and includes the following basic components:

1. This main program imports the observatories data and controls the use of various
numerical ephemerides.
2. The “Catalogs of objects” program stores in the internal database the orbital elements 
and other parameters of the minor bodies of the Solar system (now more than 500000
asteroids and near 3000 comets).
3. The “Ephemerides” program calculates the ephemerides of various type and accuracy
taking into account the perturbations from all planets and some asteroids.
4. The “O-C” program compares observed coordinates and velocities with the calculated
ones and calculates the observational accuracy.
5. By the “Frame” program one can obtain the list of objects visible within specified sky
area the specified moment.
6. The “Tracks” program visualizes the path of apparent motion of an object on the star
background. One can search for apparent approaches of the Solar system objects to the stars
and find the ”loops” where the direction of the object's apparent motion radically changes.
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7. The “Orbits” program visualizes the perturbed space motion of many objects and
groups of objects along with their heliocentric orbits.
8. By the program “Hazardous Objects” one can get the current list of PHA – potentially
hazardous objects for the Earth and other planets.
9. The “What to Observe” program generates the list of objects observable at the specified
place in the specified night.

EPOS was used in research of the dynamical structures of the Solar system, in preparation and 
analysis of Pulkovo observations of asteroids and comets, for observations of transneptunian 
objects with the Russian 6-meter telescope (BTA), in the accuracy analysis of asteroid 
observations of many world observatories and in other tasks. The program has been developed
by authors of this article V. L’vov and S.Tsekmejster and it may be requested in the Internet 
site: EPOS. One can find more details at:http://neopage.pochta.ru/eng/esupp/main.html.

Conclusions
In connection with Gaia-FUN Workshop we have decided to check up readiness of our 
instrument for observations of Solar system bodies. We wished to show that our 65 cm 
refractor continues traditional observations of planets, their satellites and asteroids by means 
of new technique. Our instrument is modernized, automated, equipped by software for 
processing. We have tested some programs of orbit determination and comparison of obtained 
elements with the catalog's ones. We have investigated the motion of selected asteroids and in 
some cases estimated their orbits using only a short arc.
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5 Real Insituto y Observatorio de la Armada, San Fernando, Spain

Introduction
The follow-up of the Gaia mission from ground-based observation is a very important task to 
the astronomical community. The number of transient events to be detected by the Gaia 
satellite which must be followed from Earth is huge and among them we shall find about one 
hundred thousand asteroids.

In this contribution, we just present an update about a possible participation to the Gaia 
follow-up from some Argentine and Brazilian colleagues.

In 2004, we started contacts by mail, with Argentina, Chile, Venezuela, Bolívia and Brazil, in 
order to have an idea about the availability of manpower and equipped and available 
telescopes.

By 2006, we had formed a group that answered, somewhat enthusiastically, from Argentina, 
Bolivia and Brazil (Teixeira et al. 2008). Unfortunately, at this moment, for various reasons, 
this group has dispersed.

Now, we re-started the contacts and again we have responses from Argentina and Brazil, but 
up to this moment we are still waiting for responses from Tarija, in Bolivia.

Available telescopes
From Córdoba we received an enthusiastic 
response, confirming their interest to 
collaborate with this follow-up. Their 
1.5m telescope (Teixeira et al. 2008) will 
be operational in some months. This 
telescope seems to have interesting 
characteristics for the Gaia follow-up 
concerning its size and detection system. 
Also, in some months they will upgrade 
their CCD camera. 
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Still from Argentina we received responses from San Juan and, 
somewhat from Pepe Muiños, who is the responsible for the CCD 
meridian circle installed in the el Leoncito Observatory. In el 
Leoncito they have a 0.5m double astrograph, which is well 
equipped and available, but perhaps due to its size, it is not so 
appropriate for what we need. They also have a CCD meridian circle 
which is not appropriate to the follow-up (Teixeira et al 2008). 

Regarding Brazil, at the Valinhos Observatory, we have a 
MEADE telescope with a diameter of 0.4m, well equipped but 
unfortunately too small and so, probably inappropriate for the 
Gaia follow-up. We also have a well-equipped 0.3m Celestron 
telescope. This telescope is completely operated by Internet, 2 
nights by week by schools. In this case, surely it is too much 
small. We also have a CCD meridian circle equivalent to that of 
El Leoncito. In São José dos Campos, we have another automated 
0.3m Celestron telescope that is used to attend schools via Internet 
control.

Still in Brazil, at the main Brazilian Observatory, in Brazópolis, we have two very well 
equipped telescopes, a 1.6m and a 0.6m diameter. These instruments are not completely 
available for the follow-up, but they can be used in the “target of opportunity” mode. I believe 
that the time allocation in the 0.6m telescope for the follow up targets can be discussed, as 
this telescope tends to become less requested.

General considerations
To conclude, we can emphasize the following points about the Latin American contribution 
for the Gaia follow up:

1- The manpower will not be a big problem, since the human potential seems to be 
relatively large. The problem in this case, assuming we have a group, is to keep the 
group mobilized;

2- It seems that to have access to equipped telescopes is relatively straightforward, 
the CCDs are now very affordable and as we saw the most of the telescopes are 
already more or less equipped. In this case, the biggest problem might concern the 
size of the readily available instruments.

Given this scenario, we should think about having two dedicated stations to the follow-up, 
one in each hemisphere. Of course, these stations do not dispense the various initiatives 
around the world, but they could be a place of concentrate work with adequately equipped and 
completely dedicated instruments. In this case, for example, we could even consider the use 
of some of the closed telescopes at ESO-La Silla.
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Astrometry Correction for Chromatic Refraction

Ivantsov, A.

Nikolaev Astronomical Observatory, 1 Observatorna St., 54030 Mykolaiv, UKRAINE

Introduction
Since the index of refraction of air depends on wavelength, light from a star will be refracted 
into a spectrum as it passes through the Earth's atmosphere. The direction of the refraction is 
toward the zenith, with blue light refracted more than red. Consequently, stars of different 
spectral types will experience differing degrees of atmospheric refraction, which is referred to 
“chromatic” or “colour” refraction (CR). As far as the amount of refraction increases with the 
zenith distance, so does CR. As a result, CR will be a source of systematic error, if it is 
neglected.

Until very recently, catalogs of stellar positions have not been corrected for CR, since it was 
considered unimportant with respect to other sources of error in these catalogs. This situation 
has radically changed with the release of the Hipparcos and Tycho-2 stellar catalogs. If the 
goal for positional accuracy is less than 100 mas and include observations taken at moderate 
to large zenith distances, corrections for CR might be needed in the astrometric reductions.

1. Short Review of Monochromatic Refraction
In a pure sense, atmospheric refraction should be calculated theoretically by tracing the path 
of light through the Earth's atmosphere, wherein the refraction will be just the difference in 
the directions of the light before it enters the atmosphere and as seen at the telescope. In order
to make this tracing, detailed knowledge of the atmospheric temperature, pressure, and water 
vapor is needed along this path. This aerological data can be obtained from radiosonde, radar, 
and lidar measurements on a nightly basis. Because of the high costs involved, it was 
considered impractical decades years ago. However the situation changed: one can easily get 
access to the numerical mesoscale weather modeling, e.g. http://www.wrf-model.org, and use 
it for your own predictions, even if you have not recorded necessary data at the particular 
observing site.

Alternately, a model for the atmosphere can be assumed, and the aerological data assumed 
from it. The US Standard Atmosphere (1976) is often chosen. Also, refraction can be 
determined in a very straightforward manner, requiring only knowledge of the meteorological 
conditions (ambient temperature, atmospheric pressure, and water vapor) recorded at the 
observing site with each observation. Besides being very simple (only analytic expressions are 
used) and fast, this approach is also very accurate for zenith distances under 75°.

2. Practical Considerations
The Association Internationale de Géodesie (http://www.iugg.org) has recommended new 
equations for the precise calculation of the continuum component of phase refractive and 
group indices of air. They cover a wide range of wavelength from 300 nm to 1690 nm and 
atmospheric conditions at least –40° to +100°C, 80 to 120 kPa, and 0 to 100% relative 
humidity that are relevant to both laboratory measurements and surveying. There are 
experimental limits to the determination of phase refractive index with a limit uncertainty 
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about 10–8, such as 0.01°C for measuring temperature, 3 Pa for pressure, 0.4% for relative 
humidity, 100 ppm for CO2

For astrometry in a small field, i.e. differential reductions made with reference objects in the 
field, these accuracies can be much worse. For accuracies of 10 mas or less in a 5° field in 
declination, the required accuracies are only 0.5°C and 1 mm Hg in pressure, the correction 
for water vapor can be ignored altogether (Stone, 1996).

content (Ciddor, 1996 & Ciddor, 2002).

The previously discussed refraction R(λ) is only for monochromatic light of wavelength λ. As 
the first approximation for the refraction, the effective wavelength of a passband could be 
determined and then used to compute the refraction. Unfortunately, the effective wavelength 
for a given passband is not constant, but rather a variable that depends on the nature of the 
incoming light.

As discussed in (Stone, 1996), a better method for computing CR consists of calculating a 
mean refraction Rm
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by weighting the individual selective refractions R(λ) with the apparent 
stellar flux at wavelength λ and averaging across the passband. The mean refraction is given 
then by

where S(λ) is the spectral energy distribution for the star being observed; E(λ) is the 
transmittance of interstellar dust along the line of site; A(λ) is the transmission of the 
atmosphere at the airmass being observed; L(λ) is the transmittance of the telescope optics; 
F(λ) is the filter transmission; D(λ) is the quantum efficiency of the detector being used; and 
R(λ) is the selective refraction discussed above.

For simplicity, a blackbody function could be used for the spectral energy function S(λ);
however, this can be a poor assumption, if prominent spectral features are present within the 
passband. These features can reduce or increase the amount of refraction, depending on their 
prominence and placement within the passband. E.g., a narrow passband centered on about 
500 nm will be strongly affected by TiO absorption when observing an M0 star. It would be 
better to use the spectral energy distribution of the star being observed. If the true distribution 
is not known, which is usually the case, then a distribution can be chosen that matches the 
spectral type of the star. Tabulations of spectral energy are given for all spectral types by 
different authors (Pickles, 1998). The functions E(λ) and A(λ) can be approximated from the 
tabular data in (Cox, 2000).

For many stars, neither the spectral type nor the color excess are known from spectroscopy. If 
multiband photometry is available, then a spectral type and color excess can be inferred. If 
only a color index is known, then a crude spectral type can be determined. A new opportunity 
arisen with the availability of 2MASS infrared magnitudes, where you can infer an 
approximate spectral class. When there is neither spectral nor photometric data available, 
which is often the case, an assumed spectral type and color excess can be adopted, e.g. a 
spectral type K0 and a color excess of E(B–V) = 0.3 mag. These are working assumptions, 
bearing in mind the refraction for these stars can be later corrected, should these parameters 
eventually become known. The relative displacement of star of different classes caused by CR 
can be assessed from Table 1, according to (Stone, 1996).
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For simplicity, a blackbody function could be used for the spectral energy function S(λ);
however, this can be a poor assumption, if prominent spectral features are present within the 
passband. These features can reduce or increase the amount of refraction, depending on their 
prominence and placement within the passband. E.g., a narrow passband centered on about 
500 nm will be strongly affected by TiO absorption when observing an M0 star. It would be 
better to use the spectral energy distribution of the star being observed. If the true distribution 
is not known, which is usually the case, then a distribution can be chosen that matches the 
spectral type of the star. Tabulations of spectral energy are given for all spectral types by 
different authors (Pickles, 1998). The functions E(λ) and A(λ) can be approximated from the 
tabular data in (Cox, 2000).

For many stars, neither the spectral type nor the color excess are known from spectroscopy. If 
multiband photometry is available, then a spectral type and color excess can be inferred. If 
only a color index is known, then a crude spectral type can be determined. A new opportunity 
arisen with the availability of 2MASS infrared magnitudes, where you can infer an 
approximate spectral class. When there is neither spectral nor photometric data available, 
which is often the case, an assumed spectral type and color excess can be adopted, e.g. a 
spectral type K0 and a color excess of E(B–V) = 0.3 mag. These are working assumptions, 
bearing in mind the refraction for these stars can be later corrected, should these parameters 
eventually become known. The relative displacement of star of different classes caused by CR 
can be assessed from Table 1, according to (Stone, 1996).

Table 1 – Chromatic refraction in mas at a zenith distance of 45°

Passbands /
Spectral types

O B A F G K M

U 101 36 –29 0 8 –4 –42

B 88 58 12 0 –28 –100 –115

V 26 17 12 0 –8 –35 –42

R 22 18 12 0 –6 –21 –35

I 6 5 2 0 –1 –4 –6

The bluer a passband center is, the more pronounced the color refraction will be. This is to be 
expected considering the selective nature of atmospheric refraction. Furthermore, color 
refraction is a quasilinear function that decreases with later spectral type.

Conclusion
The present review shows contemporary possibilities for calculating chromatic refraction. The 
chromatic refraction can be computed easily if the meteorological conditions are known at the 
time of observations and taken near the telescope. It is wavelength dependent and should be 
calculated for each telescope, if the astrometric accuracy better than 100 mas is required.
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Astrometry of Asteroids with Normal Astrograph of Pulkovo Observatory: 
from Digitized Plates to Modern CCD-Observations

Khrutskaya, E.V., Khovritchev, M.Yu., Berezhnoy, A.A., Kalinin, S.I., Shakht, N.A.

Central Astronomical Observatory of RAS, Russia, 196140, Saint-Petersburg,
Pulkovskoye chaussee 65/1

Introduction
Long series of astrometric observations of asteroids have been obtained with Pulkovo Normal 
Astrograph (1949-2010). Observations of selected asteroids were begun since 1949. 
Photographic observations were performed before 2005. Only CCD observations are carried 
out with the Normal Astrograph since 2005. At present the observational program includes 
near 300 asteroids: 14 selected asteroids for analysis of linking of reference systems, double 
asteroids, NEOs, asteroids of families of Eos and Hygiea. All results are available via our 
database (http://www.puldb.ru). Digitization and new reduction of old photographic plates has 
been performing since 2010.

1. CCD observations of asteroids.
Astrometric observations of asteroids are significant part of investigations that are performed 
with the Pulkovo Normal Astrograph (D/F=0.33m/3.5m, CCD camera: S2C, FOV = 18x16 
arcmin, pixel size 900x900 mas). The results of CCD observations of last 5 years contain tens 
thousands of separate positions of asteroids. 

2.1 Observations and data reduction.
Lorentz profile was used to approximate stellar and asteroids’ images. Data within 40-pixels 
aperture centered at the photocenter of the image of appropriate object was used to calculate 
PSF parameters. Astrometric calibrations were performed with UCAC3 data. Reference stars 
are within 10 to 14.5 mag to exclude faint end of the UCAC3 (due to possible systematic 
errors). Analysis of systematic residuals of pixels coordinates allowed us to calculate 
corrections depended on x, y and magnitude. 

Fig.1 – Example of residuals of the pixels coordinates as function of y.
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2.2. Program of CCD observations of asteroids and results.

• Observations of 14 selected asteroids (NN 1, 2, 3, 4, 6, 7, 11, 18, 25, 39, 40, 389, 532, 
704). The main goal is investigation of the link between ICRF and dynamical 
reference frame based on ephemeris. Combination of the results of these observations 
with data obtained from digitized photographic plates with images of the same 
asteroids may be used to analyze differences between future GAIA reference frame 
and ephemeris. 

• Investigation of known and possible double asteroids. It allow us to calculate their 
masses and other dynamical parameters. Observations of possible double asteroids of 
families of Eos and Hygiea are performed to investigate a possible link between 
duplicity and families. 

• Observations of close approaches and occultations of asteroids with stars from
HIPPARCOS and Tycho2. The astrometric parameters of these events give us
information to improve the ephemeris, to investigate the link between reference 
frames. 

Several thousands of asteroids’ positions were obtained. Internal standard errors of equatorial 
coordinates are near 25 mas. Appropriate external accuracy from (O-C) analysis is 35 mas. 

2. Digitization of photographic plates with Microtek flatbed scanner and a new 
reduction.
Pulkovo observatory has over 2500 old photographic plates with 18 selected asteroids 
observed between 1949 and 2004. Regular digitization of these plates using Microtek flatbed 
scanner started in May 2010.

2.1 Technical characteristics of the scanner

• optical resolution: 3200 dpi
• number of bits per pixel (grayscale mode): 16
• maximum size of scanned plates: 200x250 mm
• time needed to scan one 160x160 mm plate: ~5 min.
• sensor: one-dimensional CCD sensor.
• interface: USB 2.0

The main cause of systematic errors of such inexpensive flatbed scanners is imperfection of 
their design.

2.2 Basic types of flatbed scanner systematic errors

• variation of pixel width in different parts of the CCD sensor (results in ∆x(x) error).
• curvature of the CCD sensor (results in ∆y(x) error).
• curvature of the guide, along which the CCD sensor is moved (results in ∆x(y) error).
• variation of the speed of CCD sensor movement along the guide (results in ∆y(y) 

error).
• non-orthogonality of scanner’s axes.

The positive feature of our calibration and reduction technique is that it allows us to obtain the 
sum of these errors instead of separate analysis of the errors of various types.
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sum of these errors instead of separate analysis of the errors of various types.

2.3 Calibration technique
It was assumed that systematic error can be decomposed into two independent parts: constant 
and variable. Variable part is much less than the constant. Constant part of systematic error is 
determined once in several months. Variable part is determined individually for every 
measured plate.

2.4 Constant part of systematic error
We divide the scan area (i.e. scanner’s glass) on an imaginary grid containing M rows and M 
columns. The gist of the calibration method is determination of systematic errors of the 
scanner for each square of the grid.

Let (ξ, η) are the true coordinates of some star, and (x, y) - measured coordinates ex(x,y) and 
ey(x,y) - unknown corrections which represent systematic errors in different squares of the 
grid.

 ξ = x + FW(m) 
 η = y + GW(m) (1)

F is the vector of ex(x,y) corrections, G is the vector of ey(x,y) corrections, m is the number of 
the square which contains that star: m = [x/w] + [y/w]*M + 1, where [ ] denotes integer part 
of number. W is the vector representing position of that star in the imaginary grid, 
components of vector W are: W(i) = 1, if i=m, W(i) = 0, if i ≠ m.

Vectors F and G are common for all stars and all plates. Their components are calculated 
during calibration and are invariable up to the next calibration.

Plate for calibrating was scanned in four positions: north up, right, down, left. And for each of 
these provisions plate was scanned still 5 times with a shift to the right and turn to any angle. 
Thus, to determine the required corrections 20 scans of one plate should be obtained (the 
number of scans can be increased). 

For determination of the unknown corrections we used photographic plates with high density 
star fields (e.g. with Pleiads).

Estimates of the parameters of connection (α - rotation angle, Sx - shift along X axis, Sy - shift 
along Y axis) are obtained for each pair of the scans. Errors in the determination of these 
parameters lie in the ranges: for Sx, Sy - ± 0.008-0.040 micron, for α - ± 0."1 ÷ 1“. 

Systematic corrections (components of F, G) are determined using the parameters of 
connection between pairs of scans and taking into account in equation (1) of the common 
system of conditional equations which formed over all the stars of all pairs of scans by the 
method of least squares.

2.5 An estimate of the residual systematic error of scanner.
The degree of exclusion of systematic errors of the scanner after the introduction of 
calibration corrections can be estimated from Fig.2 (a,b)
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Fig. 2 – Star shifts along X and Y axes before systematic error correction (a) and after 
systematic error correction (b). Comparison of two scans of plate D469, 1820 stars,

plate were rotated by 180o.

2.6 Measurement of photographic plates. Determination of the X, Y of stellar objects.
Each measured plate is scanned in four positions with rotation by 90 degree (to reduce 
random errors and exclusion the variable part of systematic error). Measurements were 
performed using following algorithm:

• exclusion of non- stellar objects
• separation of exposures relevant to each object averaging coordinates for these

exposures
• sorting of object lists in four scans
• exclusion of stars measured with low precision
• taking into account of systematic corrections in the measured coordinates (X,Y)
• averaging the coordinates of stars obtained at four times the scanning plate.

2.7 Astrometric reduction of digitized plates. Estimates of accuracy.
The average error of measured coordinates of stars to one plate is 50 to 65 mas. The method 
of six constant was used for reduction. Error unit of weight (Ex(1),Ey(1)) is 120 to 180 mas. 
UCAC3 used as a reference catalog. In 2008-2009, 174 Pulkovo plates were digitized with 
high precision DAMIAN scanner (Royal Observatory of Belgium). An opportunity to 
estimate the influence of internal accuracy of measuring device on accuracy of astrometric 
reduction is appeared (Table 1). 
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Table 1 – The estimates for the accuracy of reduction (Ex (1), Ey (1)) and standard errors 
values (O-C) for the reference stars on the plates digitized by Microtek

and DAMIAN scanners. Units: mas

Microtek ScanMaker i900 scanner DAMIAN scanner
N pl. Ex(1) Ey(1) ε(O-C)αcos δ ε(O-C) δ Ex(1) Ey(1) ε(O-C) αcos δ ε(O-C) δ 

4955 179.7 209.3 19 20 131.6 149.4 15 16
4959 161.5 210.0 19 23 130.2 141.5 14 19
5188 113.9 173.7 19 17 79.3 100.8 14 16
5217 90.4 155.3 26 25 145.6 160.8 16 20
5849 173.4 201.7 22 21 145.6 160.8 16 20

10635 136.2 103.5 16 17 163.8 128.1 14 14
11432 124.5 136.6 17 15 78.9 102.8 14 14
11778 112.7 157.5 20 21 94.2 107.2 18 15
12828 86.8 112.8 13 13 86.5 105.4 12 10
12912 153.6 132.6 13 15 74.6 93.1 13 13
12198 122.5 103.4 15 17 100.2 100.5 16 14
mean 132.3 154.2 18 18 112.0 122.7 15 16

The accuracy of the reduction obtained with flatbed scanner and scanner DAMIAN makes 
possible to assume that the accuracy of the final result to a great extend depend on factors 
associated with quality of the images stellar objects (the atmosphere, the lens of the telescope, 
type of emulsion of photographic plates) under the of precision of the measurements of the 
order of 1-1.5 microns and above. Moreover, a significant part of the error of the results of 
reduction depends on systematic and random errors of the stellar positions of used reference 
catalogue (mainly on the errors of proper motions of stars).

At this stage the material digitized by the scanners Microtek and DAMIAN, was not corrected
for the errors of coma, the magnitude and color equations and distortion.

On the whole, the work has shown the possibility of using inexpensive flatbed scanners to 
address a number of astronomical problems requiring long time series of observations. The 
proposed calibration method and the method of obtaining of the measured coordinates can be 
used for any scanner with similar specifications as features of Microtek scanner. 

The authors express their gratitude to Dr. J-P De Cuyper and Dr. G. De Decker for the 
opportunity to digitize the Pulkovo photographic plates by high-precision DAMIAN scanner 
at the Belgian Royal Observatory and for help in digitizing plates. We also thank Dr. K. 
Grigoriev, who has scanned a significant part of our plates. Work was supported by RFBR N 
09-02-00419.
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Opportunities for Follow-Up Observations of Solar System Objects
with 50/70 cm Schmidt Telescope

of National Astronomical Observatory Rozhen, Bulgaria
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Introduction
The 50/70 cm Schmidt telescope is one of the four telescopes in National Astronomical 
Observatory, Rozhen. The Observatory is situated in the Rozhen area of Rhodopes Mountain,
at an altitude of 1750 m and away from big cities. Due to good location of observatory and 
high altitude light pollution is minimized and there is sufficient number of clear observational 
nights per year. Observations are obtained every clear dark night, for exceptional events moon 
nights are used, also. Telescopes schedules are allocated for 6 months ahead and the scientific 
teams know their dates of observations in advance. Nevertheless, changes of observational 
schedules (especially for small telescopes) and observations of targets of opportunity are
common practice in the observatory. In addition the scientific team is experienced, with skills 
and background in observations of Solar system objects.

1. The Telescope
The Schmidt telescope is a classical Schmidt system with small modifications. The system
has following optical parameters:

- Diameter of spherical mirror – 70 cm
- Diameter of corrector plate – 50 cm
- Focal length – 172 cm
- Focal ratio – F/3.44

Unlike the classical Schmidt system we don’t use Piazzi-Smyth lens. The effects of not 
conversion of spherical focal surface to flat focal surface are significant for large fields of 
view (FOV). 20 years ago, when the telescope was used with photographic plates and the 
FOV was 5 x 5 degree, analysis has shown that the coefficient of distortion is

c = – 0.102857x10-6.

A few years ago ST8 CCD camera with FOV of 27.5 x 18.4 arcmin was used as detector. At 
that time another analysis of systematic errors due to spherical focal surface was performed. 
The radial dependence of the residuals between measured and catalogue positions of stars and 
the dependence of the residuals caused by the differential refraction were studied (Kostov et 
al., 2006). All results from this study show that no significant systematic errors can be 
identified in the small FOV. The last analysis of the optical system of Schmidt telescope was 
performed this year with a new detector, commissioned in 2009. The new camera is FLI PL 
16803, it comprises 4096 x 409 pixels of size 9x9 micrometer, yielding a scale of 1.08 
arcsec/px, and a FOV of 73.7 x 73.7 arcmin (1.2 x 1.2 degree). This is almost 3 times less 
than the FOV with photographic plates, but about 3 times greater compared to ST8 CCD. The 
astrometric reduction in the inner part (< 1500 px from the center) is not influenced by 
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distortions (Markishki, 2010). If standards outside from this region are used corrections 
should be used by introducing quadratic terms in the astrometric reduction procedures.

Fig. 1 – The 50/70 cm Schmidt Telescope of National Astronomical Observatory Rozhen.

2. Equipment
The detector is CCD camera FLI PL 16803. Parameters of these CCD are as follows:

- 4096 x 4096 pixels, 9 micrometer square, FOV 73.7 x 73.7 arcmin
- QE up to 50% between 470 and 650 nanometer (peak QE = 62% at 570 nm)
- Readout Noise – ~ 9 e- RMS

Fig. 2 – The Signal-to-noise ratio for is CCD camera FLI PL 16803.
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Fig. 2 shows measurements of signal-to-noise ratio (SNR) of the CCD camera. For stars 
brighter than 16m the SNR is sufficient for astrometric measurements even in 10 sec 
expositions. Limiting star magnitudes up to 18m can be reached with exposures greater than 
50 sec. UBVRI Bessel filter system is used for the observations. In addition we have 
opportunity to use narrowband filter set for detailed observations of comets.

3. Data Reduction
For astrometry and photometry we use USNO-2.0 Catalog of Astrometric Standards. The 
typical positional error of this catalogue is ~0.25 arcsec, and the photometric precision is
~0.25 mag. Usually we identify hundreds of standard stars in one image of the Schmidt 
telescope. The large number of standard stars identified in the FOV compensates for the 
relatively low accuracy of the USNO-2.0 Catalog.

The basic reduction steps are dark field (DF) subtraction and flat field (FF) division. In 
addition a special filtering procedure is used to remove the cosmic rays events. The 
parameters of flat fields and dark frames of the CCD were studied by Kostov (in press). The 
results show that darks are stable during the time of observation and their levels are low, 
giving us chance to observe faint objects. Table 1 presents quantitative analysis of the 
influence of these basic reduction steps on the final statistical parameters of the images. As 
we can see after the basic reductions, especially after subtraction of the dark currents, the 
photometry and astrometry results are slightly improved. Subtraction of electronic noise and 
the cosmic ray extraction led to better results due to increase of the number of stars used for 
photometry. The stars for astrometry fulfill less conditions than photometry ones, and 
therefore they are 3 times more. Opposite to photometry, the DF subtraction slightly decreases
the number of stars used in astrometry, but thereby, separates only the stars with better-
defined positions which improves the astrometry solution.

Table 1 – Comparison between parameters of raw and reduced images.

raw -DF -DF, /FF
Photometry
Standard Deviation of sky [ADU] 21.38 21.39 20.77
Photometry Zero point [mag] 5.411 5.305 5.311
Accuracy of photometry Zero point [mag] 0.141 0.109 0.109
Accuracy of instrumental magnitudes [mag] 0.0211 0.0208 0.0207
Number of used stars 399 597 597
Astrometry
Number of used stars 1706 1641 1643
RMS positional errors [arcsec] 0.51 0.49 0.48

Measurements at different elevations are affected by atmospheric refraction and extinction. 
Both are functions of colours of stars. The influence of these factors is shown in table 2. The 
results summarized here were derived from the stars found in two images obtained at different 
heights in B and R filters. All identified stars were divided in 3 intervals corresponding to 
their colour, keeping in mind that  B-R of the Sun is equal to 1.17:
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Table 2 – Accuracy of astrometry depending on type of used stars and elevation.

Elevation Filter Type of stars All Blue Solar Red

19
degree

R Number of used stars 1629 947 285 335
σ-position [arcsec] 0.48 0.45 0.51 0.55

B Number of used stars 597 448 118 81
σ-position [arcsec] 0.55 0.59 0.60 0.56

42
degree

R Number of used stars 719 326 81 301
σ-position [arcsec] 0.57 0.52 0.59 0.61

B Number of used stars 390 258 66 81
σ-position [arcsec] 0.59 0.58 0.60 0.65

(B - R < 1.0 = Blue stars); (1.0 < B - R < 1.3  = Solar type stars); (B - R > 1.3 = Red stars).

No significant dependence between the astrometry precision and the colour of the stars could 
be measured, neither dependence on the elevation is seen. The reason for this negative result 
is that the stars mostly disturbed by the atmosphere are removed by several filters included in 
the preprocessing steps performed before the astrometric solution itself. Therefore the main 
factor affecting accuracy of astrometry is the number of used stars.

Fig. 3 – Surface brightness maps of two comets.

Other Solar system objects often observed with the Schmidt telescope are comets. In Fig. 3
two comet surface brightness maps are shown representing recent observations. The numbers 
at the contours have dimension of mag/arcsec2. In the left plot is comet C2005L3 
(McNaught). This faint comet, observed here at heliocentric distance of 9 AU, has been object 
of observations with the Schmidt telescope for the last 4 years. For comparison a brighter 
comet, 103P/Hartley 2, is shown in the right panel.

Conclusion
Due to the flexible schedule of observations, the presence of skilled observers and existing 
traditions in observations of Solar system objects the Schmidt telescope at NAO Rozhen can 
efficiently be used for follow-up observations of GAIA discoveries of small bodies.

This work was supported by the GAIA-FUN-SSO team and by contract with FNI DO 02-85.
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This work was supported by the GAIA-FUN-SSO team and by contract with FNI DO 02-85.
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Introduction
In 2000 a new IAU working group was founded (IAU GA, Manchester): Future Development 
of Ground-Based Astrometry (FDGBA). It was revised in 2003 during the IAU GA in 
Sydney. A new one replaced it in 2006 (IAU GA, Prague): Astrometry by Small Ground-
Based Telescopes (ASGBT). It was renewed for other three years during the IAU GA in Rio 
de Janeiro.

The main aim of the working groups followed the Newsletter No. 1 of the IAU Commission 
8, which says:

The post-Hipparcos era has brought an element of uncertainty
as to the goals and future programs for all of ground-based astrometry

The purpose of the WGs was “to update and maintain information on astrometric 
programmes and activities carried out by small telescopes, to diffuse news through these 
pages and e-mails, to facilitate the collaborations and to help for the coordination of the 
activities, when possible, in astrometry from ground-based telescopes”

1. Main objectives of the WGs
The main objectives of the WGs are:

• to identify programs that could be made on instruments that are either insufficiently used 
or working on projects that have no significant value for the present day astrometry. 

• to make assessment of the whole situation including available instrumentation 
• these instruments can be used as they are or with not too expensive modifications to teach 

students in astronomy how to use telescopes and, in the same time, to contribute in a 
significant way to astronomy. 

• to update and maintain information on astrometric programmes and activities carried out 
by small telescopes, 

• to facilitate the collaborations and to help for the coordination of the activities, when
possible, in astrometry from ground-based telescopes. 

• to teach the astrometric theory and practice to the next generation

The IAU WG ASGBT encourages astrometric measurements of positions for dynamics, 
fundamental astronomy or astrophysics, but also photometric observations of events for 
determination of size and shape, determination of the parameters of rotation can pay benefit 
from these instruments. This is possible e.g. thanks to observations of mutual events of the 
natural satellites, stellar occultations, mutual events of binary asteroids.
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In this context, the encouraged cooperative projects are:

• Mutual phenomena of natural satellites (PHEMU - PHESAT) & binary asteroids
• Ground-based monitoring of astrometric binaries (GMAB)
• Dedicated astrometric network for the follow-up of Gaia

(http://www.rssd.esa.int/index.php?project=Gaia)
• Astrometry of Radiosources optical counterparts for ICRF sources positionning
• Astrometry of natural satellites for their ephemerides 
• Prediction of stellar occultations by specific objects, last minute astrometry (TNOs, 

Pluto…).

2. Limitations of the space astrometry missions

Astrometry by small ground-based telescope remains very useful in complement to space 
astrometry, since there are limitations of the space missions:

• not flexible: observations are either constrained by a scanning law (Gaia) or by overall 
programming (SIM or HST);
• not designed for monitoring: it is not possible to get long sequences of observation of a 
single body;
• limited lifetime: many astronomical features must be observed either indefinitely or at least 
a longer time;
• often need preliminary data: for instance, ephemerides or prediction of magnitudes of 
irregular variables
• they are risky.

3. Astrometric activities in complement to Gaia
Gaia will get benefit from a dedicated network for observations on alert and follow-up.
Several observations can be made with small telescopes (e.g. determination of some asteroidal 
masses, the improvement of orbital models of neglected natural satellites.)

The work of the actual surveys and the advent of new large and fast surveys (e.g. Pan-Starrs, 
LSST) which store huge amounts of data reinforces the need to have follow-up observations,
in particular for the study of the Near-Earth objects and the improvement of their orbits. 

A Follow-up program for Gaia relates mainly to the astrometric aspect for solar system 
objects and intends to call for astrometrists to join a dedicated network to carry out these 
observations. 

Context and problems
To ensure the maximum efficiency of the observations of detection by Gaia, it is needed to 
organize observations “on alert” to check and follow-up from the ground. Several means 
make it possible to organize these observations, in particular the diffusion of alarms by 
Internet on mailing lists (e.g. Minor Planet Mailing List) or the maintenance of an official 
page of targets. Whichever means used, even if they reach a great number of potential 
observers, would not ensure that good reactivity to alarms would occur. The constitution of a 
formalized network of dedicated observers appears necessary. 
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LSST) which store huge amounts of data reinforces the need to have follow-up observations,
in particular for the study of the Near-Earth objects and the improvement of their orbits. 

A Follow-up program for Gaia relates mainly to the astrometric aspect for solar system 
objects and intends to call for astrometrists to join a dedicated network to carry out these 
observations. 

Context and problems
To ensure the maximum efficiency of the observations of detection by Gaia, it is needed to 
organize observations “on alert” to check and follow-up from the ground. Several means 
make it possible to organize these observations, in particular the diffusion of alarms by 
Internet on mailing lists (e.g. Minor Planet Mailing List) or the maintenance of an official 
page of targets. Whichever means used, even if they reach a great number of potential 
observers, would not ensure that good reactivity to alarms would occur. The constitution of a 
formalized network of dedicated observers appears necessary. 

Constraints
It will be necessary to have a possibility of access to the telescopes “on alert” by a local 
observer. The process of observation of Gaia will allow that alarm to be given approximately 
48 hours after the detection of an uncatalogued target. It will be necessary to have sensitive 
enough CCD cameras to detect objects as faint as magnitude 20, and pixel sizes
corresponding to less than 1" on the sky. During the mission, if a preliminary catalogue from 
GAIA is available, smaller fields could be usable. It will be desirable that certain sites are of 
sufficient quality (high altitude) to reach observations with small solar elongation. Gaia will 
detect objects with a solar elongation down to 45°.

Conclusion
A follow-up program will be necessary to ensure the objects (of stellar, galactic and extra-
galactic objects; objects of the solar system and numerous new objects) are not lost and to 
improve their ephemerides. Organizing a network requires time and different steps have to be 
done. The IAU WG Astrometry by small ground based telescopes encourage observers 
interested in this network, and particularly astrometric observers, to join the network now to 
help follow-up Gaia.
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