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ABSTRACT. We discuss the methods and software
which is used for processing of the meteor TV images.
Methods are based on the principles of the aperture
CCD photometry. Software enables one to make
processing of the observational material that was
secured using TV methods with telescopic systems
(field of view less that 1 angular degree), as well as
with astrocameras of the wide field of view (field of
view less 2-4 angular degrees, and even more than 50
degrees). We also elaborated method that allows one
to identify operatively and to measure automatically
rectangular coordinates within the image frame, as
well as to calculate equatorial coordinates of the
object using the Turner method and compiled stellar
catalogues. This method was tested with observational
material obtained with the help of TV meteor patrol
within the period from 2003 to 2010 at Kryzhanovka
station that belongs to Astronomical Observatory
of Odessa National University. We performed an
analysis of accuracy determination of the stellar
images measurements. Software was tested in order to
use it for the comet observations.

Key words: meteor, meteor stream, television

observations, Terner coordinates reduction.

1. Methods and software

At present the sensitive CCD are commonly used
in astronomical observations instead of photographic
detectors. This caused the search for the new meth-
ods of the image processing and new software creation.
In particular, the regular meteor patrol observations
showed the necessity of the software creation which is
adapted for processing of the observational material
obtained via TV method [1, 2]. As a result, we created
software PSF which gives a possibility to operatively
identify stellar regions where meteor patrolling is made,
automatically determine coordinates of the stellar im-
ages within the TV frame, and calculate equatorial co-
ordinates of the object using the Turner method.

Software was created on the base of the licensed ver-
sion of the Visual Basic 6.0 from Microsoft Visual Stu-
dio 6.0. As reference catalogues we used compiled cat-
alogues based on SAO, Tycho-2, USNO A-2 and other
catalogues. In more details this question will be con-
sidered in Sec.2. Pattern files contain the following
parameters of the observational instrumentation: the
actual field of view (in arcsec), mirror (telescope) or di-
rect (astrocamera) image, scaling coeflicient that corre-
sponds to the instrument focal length. For each image
from the database containing images of the registered
meteor event, the name of the certain guiding star is as-
signed. Software makes selection of the reference stars
from the indicated catalogue using the necessary for a
given image guiding star, then it searches and identi-
fies selected stars within the image. Identifications and
meagurements are performed in the averaged TV frame
which is obtained {rom 50 individual {rames (2 sec).

The method of the preliminary reduction of the ob-
servational material is described in details in [2]. This
method is based on the differential aperture photom-
etry that is used for determination of the rectangular
coordinates, and Turner method, which is used to de-
termine equatorial coordinates.

The Turner method is used for determination of the
object position within the frame from the object rect-
angular coordinates in the frame system relatively the
reference stars (for these stars their equatorial coordi-
nates are known from catalogues). The Turner method
gives the mathematical relation between the system of
ideal coordinates of the reference stars that were previ-
ously calculated basing on their known equatorial co-
ordinates, and the system of rectangular coordinates
determined within the frame basing on the aperture
photometry method.

Relation between the ideal coordinates £, 1 and mea-
sured rectangular coordinates x, y of celestial bodies
can be written as power series (the system of the re-
ducing Turner equations):

f=ar+bytetdr®+ery+ ff +. ..
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Where a,b,¢,...,a’, ¥, ¢ ... — are the reducing coeffi-
cients which are called "frame constants". They can
be found using the least square method and system of
the separated Turner equations composed for the series
of reference stars. Obtained in such way relations then
can be used for transformation of the measured in the
frame rectangular coordinates x and y of a given obhject
into the ideal coordinates £ m 1. The latter ones are
used to derive equatorial coordinates.

We use some modification of the aperture photome-
try for determination of the rectangular coordinates of
the stellar images. In this case calculations are made
for the sum of the pixel intensities inside some region.
As a rule the summadtion is performed inside the circle.
In our method the aperture radius is determined for
each stellar image depending on the catalogued stellar
magnitude of the star. For different instruments we in-
troduce specific correction depending on focal length.
If necessary, the aperture radius can be set manually
by user itself. After the determination of the aperture
radius one can calculate the mean background value
for each star outside the aperture. All the points in-
side aperture with intensity value exceeding the back-
ground value by 3 o belong to the stellar image. The
photometric center of image can be calculated using
the following formulae:

> 5 pIRE

where X, and Y; are the rectangular coordinates of
the pixels that belong to the stellar image, I; - signal
intensity for the corresponding pixels (in appropriate
units). Processing is performed in the following way.
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Figure 1: PSF interface.

After the starting PSF software user should be autho-
rized. This is necessary to control the measurements
which are made by each user. Then user has a pos-
sibility to choose the necessary instrumentation from

the pattern file. Then after the loading of the added
frame, the user indicates the reference catalogue and
guiding star. The stars from the reference catalogue
are selected (taking into account the size of the effec-
tive field for a given instrument) and then dispatched
to the main menu window (Fig.1).

Equatorial coordinates of the stars from reference
catalogue are recalculated into rectangular coordinates
in the image frame system and displayed by the cir-
cles of the different diameters. Let us call such im-
ages as the measuring diagrams (MD). User manually
performs approximate superposition of the MD cen-
ters with the reference stars. At this stage the limiting
stellar magnitude can be set. In this case an identifica-
tion and superposition can be performed only for those
reference stars whose magnitude does not exceed the
limiting one.

After this, the photometric centers are calculated au-
tomatically for each star using the Eq. 2, and equa-
torial coordinates are calculated with the 6 and 12
constants of Turner method. Simultaneously the er-
rors of the coordinates of the measured reference and
control stars are calculated. The results of the mea-
surements and calculations are displayed in the corre-
sponding windows (see Fig.1). In particular, in the left
lower corner (Fig.1) the resulting plot shows the errors
found for control stars along the right ascension, dec-
lination, and also total errors. These relations enable
one to identify the wrong orientation of the MD im-
ages: at the error plot there could be recognized some
bias along one of the coordinates. Thus, the user may
control the errors in the plot along each coordinate, as
well as taking into account the value of the mean errors
(o, & and total) calculated using reference and control
stars the user can correct the position of aperture di-
agrams of the stars with a fixed step on the rotation
angle and coordinates, and by this making the accu-
racy of the calculations much better. By analyzing the
value of error along each coordinate and total error
(three plots), the user can also exclude the stars show-
ing large errors. Large errors arise, first of all, because
of the wrong orientation of the catalogued stars rela-
tively to the stellar images, secondly, the source of the
large errors is the distortion of the stellar images in the
frame caused by the Earth’s atmosphere, thirdly, the
errors can arise as a result of the hot pixels of CCD. As
a rule, the largest errors are typical for the most faint
and most bright stars. For the former ones, the reason
is the low number of pixels forming the image, for the
latter ones - the flickering effect.

In that case when geometrical center of the effective
field of CCD does not coincide with the optical axis of
the system, before calculations it is necessary to search
for the optical center of an image. This can be done
automatically with a fixed step. The optimal position
will be found even if the optical center is outside the
frame. For this one needs to use the mean errors for
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control stars. The optical center position can be also
set manually. If optimal values of parameters are se-
lected, then the result will be quite accurate.

Using PSF one can measure rectangular coordinates
of the comet and asteroid images, and then to calculate
their equatorial coordinates. During the processing one
can also calculate the errors for control stars that are
situated in the frame in vicinity of the meteor trace.
They are used for calculation of the equatorial coordi-
nates of the large circle pole of the meteor trajectory.

As a result we obtain the file that contains calcu-
lated equatorial coordinates and measured rectangular
coordinates, coefficients of the Turner method, the er-
rors of determination of the reference and control stars
coordinates, as well as other characteristics of the stel-
lar images. File also keeps information about user and
applied stellar catalogue that gives a possibility to per-
form the further analysis of the measurements and cal-
culations made.

PSF enable one to work also with FTP (File
Transfer Protocol), and to save measurements at the
remote server. In this case, the result of processing
immediately becomes available for other users. This
afford a possibility to perform processing using remote
computers (for example, this is important while per-
forming the preliminary reduction of the observational
material at the patrol stations, or if the different
remote users are working simultaneously with the
same material).

2. Stellar catalogues

Positional measurements and photometric analysis
of the meteor images can be made with a highest pre-
cision if the reference stellar catalogues containing po-
sitions, photometric and spectral characteristics are se-
lected correctly. In our case we used the following cat-
alogues:

1.SAO (Smithsonian Astrophysical Observatory
Star Catalog) /Publ. of the Smithsonian Institution
of Washington, D.C. 4652 (1966)/ This catalogue con-
tains positions of the stars on J2000 epoch, V and
B stellar magnitudes, spectral classes and proper mo-
tions;

2.Hipparcos (Hipparcos Input Catalogue, Version
2) /Bull. Inf. CDS 43, 5 (1993):/This catalogue con-
tains the high-precision positions of the stars, stellar
V and B magnitudes (catalogue photometric system),
spectral information, proper motions;

3.Tycho-2 (The Tycho-2 Catalogue) /Astron. As-
trophys. 355, L27 (2000)/ - high-precision stellar posi-
tions, V and B magnitudes, proper motions;

4. USNO A2 (The PMM USNO-A2.0 Catalogue) /
US Naval Ohservatory Flagstaff Station (1998)/ con-
tains accurate positions of the stars, R and B stellar
magnitudes.

Catalogues AGK3 /Astron. Astrophys. Suppl. Ser.
16, 345 (1974)/ and PPM (Positions and Proper Mo-
tions - North & South) / Astron. Astrophys. Suppl.
Ser. 74, 449 (1988)/ were excluded from consideration
as quite old sources, since the more recent catalogues
are based on the more accurate data provided by satel-
lites. The catalogue ACT (The ACT Reference Cata-
log) and similar ones were also ignored as being based
on Tycho-2 catalogue and some ground-based obser-
vations that are not more precise than the data from
Tycho-2 catalogue.

Selection criteria and analysis of used catalogues
were the following. First of all, we need not astromet-
rical precision of the stellar positions: it is clear that
the accuracy of the rectangular coordinates measure-
ments results in equatorial coordinates determination
with a precision not better than 1 arcsec. The same
requirements are valid for the stellar magnitude accu-
racy (accuracy of 0.1™ is quite sufficient for our aim).
All the above-mentioned catalogues satisfy to these cri-
teria. For the photometry B and V magnitudes of the
reference stars should be available. The data in both
these filters are present in the most of listed catalogues.
For SAO catalogue instead of V magnitude one can use
the very close photographic magnitude, and for USNO-
A2 catalogue one can change V magnitude to R mag-
nitude. Considering the required for our aim accuracy
such a substitution is quite justified. Availability of the
spectral information is desirable, of course, but not nec-
essary, since an analysis of the spectral characteristics
is needed for some small tasks, but not for the exten-
sive photometric and positional measurements of the
meteor images.

In addition to the listed original catalogues we also
created two compiled catalogues containing informa-
tion about equatorial coordinates of the stars and their
B and V magnitudes. These catalogues fit to cur re-
quirements concerning the positional and photometric
characteristics of our measurements. These two com-
piled catalogues are: Hipparcos + Tycho-2 and Tycho-
2 + USNO-A2. This enables one to increase the total
number of the reference stars.

We should note that our optical devices do not al-
low us to register stars fainter than 13.5™ in V-band,
therefore we have restricted the data from used cata-
logues up to 15™ (i.e. with some reserve in order to
have a possibility to estimate the qualitative tendency
in our analysis).

Very strict requirement is a necessity to have the
great number of the faint stars (fainter than 10.5™ in
V-band). It is even more important when the data ob-
tained with Schmidt (field of view is about 0.5 square
deg.) are reduced. To apply this criterion we have
constructed the distribution in the available bands for
all catalogues (Fig.2). As one can see the two cat-
alogues Tycho-2 and USNO-A2 (as well as two com-
piled catalogues based on them) are most abundant
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Figure 2: Percentage distribution of the stellar magni-
tudes in different bands for used catalogues.

in faint stars (plots C and D, and E and F respec-
tively). Thus, having made a preliminary analysis of
the plots in Fig.2, one can conclude that for meteor ob-
servations performed with Schmidt telescope (Turner
method and photometry of the meteor trajectories) it
is better to use these above mentioned catalogues. For
observations which are performed with the wide-field
view (about 2.5 square deg.) cameras with objective
lens KO-140 SAO and Hipparcos catalogues can also
be used since the very faint stars are not used in this
case.

The next requirement is the high density of stars in

Table 1: The mean catalogue values of the
star density (in 1 square degree).

Catalogue Mean value
Hipparcos 2
SAO 4
Tycho?2 39
Hipparcos + Tycho-2 40
USNO A2 72
Tycho-2 + USNO A2 112

the square degree. Fig.4 presents the distributions the
total number of the stars from all sky with a step of
1 square degree (we call such a distribution as "den-
sity map"). In particular, for all catalogues one can
note the clear tendency of the density increase along
the ecliptic that testifies about the observational selec-
tion. We did not show in Fig.4 the density map for
Hipparcos catalogue because it qualitatively resembles
that of SAO catalogue (plot A), while the density along
the ecliptic is even lower. We also do not present the
density map for the USNO-A2 catalogue because qual-
itatively it is the same as for the corresponding com-
piled catalogue (plot C) where more clearly is seen the
density inhomogeneity, in other words some "platform-
like" distribution which is caused by the specific way of
this catalogue creation by the combining of the space
and ground-based observations. In the density map
we also show the position of the centers of obtained
images in equatorial coordinates. As one can see we
often carry out our ohservations within those regions
where the stellar density provided by SAO catalogue
{and even more so by Hipparcos catalogue) is clearly
insufficient. Table 1 lists the mean values of the stars
in the square degree.

This value for the compiled catalogues should be de-
creased by about 50-70% because of the practically the
same positions of the stars that are presented in the
base catalogues used for the compilation. About 30-
50% additional stars can be included from the ground-
based surveys (in some cases for our aim it is enough
to use such stars that were excluded from the more re-
cent catalogues because of the lower accuracy of their
atrometric characteristics). Selection and exclusion of
the same stars from compiled catalogues is made by
PSF software at the direct measurements of each im-
age. The semi-automatic regime is also available.

Having analyzed the results of our measurement one
can note that we use the following resources of cata-
logue selected for observational program: about 90%
of the all number of available stars if observations are
made with Schmidt telescope and up to 40% if astro-
camera with objective lens KO-140 is used. Thus, the
high density of the stars at the square degree is an im-
portant, factor which is necessary for the high-quality
data reduction.
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As to the distribution of the spectral characteristic
of the stars presented in our reference catalogues, their
per cent ratio is showed in Fig.3.
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Figure 3: Distribution of the spectral characteristics
for the stars from SAO catalogue.

Below we give some technical description of the cat-
alogues used for the data processing. We created cata-
logues which are based on the primary files that are
available (free access) at the web-page VizieR Cat-
alogue Service (http://vizier.u-strashg.fr/). For the
most of the catalogues they are the text files, for the
USNQO-A2 catalogue they are binary files because of its
big size (nowadays this catalogue is completely avail-
able at the abovementioned web-page). Using the file
descriptions we selected only that information which is
necessary for our observation, namely: equatorial co-
ordinates of the stars, proper motions, spectral data,
magnitudes of the stars in different hand. As we men-
tioned above, from USNQO-A2 catalogue we excluded
all information about the stars fainter than 15" (V-
hand).

All used catalogues were transformed in uniform for-
mat MS Access DBMS which enable one to perform a
quick search inside the catalogue using the broad pos-
sibilities of SQLanguage. To accelerate the search pro-
cess we divided the data on hour belts (24 tables inside
of each database), and also calculated equatorial coor-
dinates with fractional part. Program part is organized
as VB language module with the help of ADO 2.8 tech-
nology. This module can be used both independently,
and a part of PSF. Used by us the storing format of
the reference catalogues allow one to easy perform an
analysis of the selected samples.

Let us make the short analysis of the measurements
that are obtained using the selected reference cata-
logues.

C) USNO A2 + Tycho-2

Figure 4: Stellar density as it is represented by the
used catalogues. Dots - positions of the centers of the
frame regions. Axes - equatorial coordinates.

3. Statistics of observations

Fig.5 shows the mean-square deviations for the ref-
erence stars for different catalogues and both obser-
vational instruments for more than three thousands
meteor images depending on the stellar V-band mag-
nitude. One can immediately note the obvious ten-
dency: a decrease of the mean-square deviation with
an increase of the stellar magnitude ("brightness equa-
tion"). For the brighter stars error is connected with
their larger-scale and structured images. This signifi-
cantly hampers measurements and worsens the quality
of the processing (see Sec.1). For the observations per-
formed with Schmidt telescope (the plots A, B, C) one
can conclude that the most appropriate range of the
reference stars magnitudes begins with +6™. As to
observations obtained with astrocamera (K0O-140 ob-
jective lens), the plots D, E, F show that there one can
trace one more tendency: for the reference stars fainter
than +9™ errors suddenly increases. This is caused by
that fact that faint stars cannot be registered with this
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astrocamera, therefore during the image processing the
faint stars are either cannot be measured, or it can be
done but with a significant error. Since PSF enables
one to determine the position of the reference stars in
semi-automatic regime, for such stars user often selects
either bright intensities of the background, or hot pixels
(in some cases even defects of the images). Naturally,
such stars are then excluded from analysis (because of
the large value of mean-square error, or because of the
limiting magnitude criterion). The plot gives concrete
recommendations to users about the range of the stel-
lar magnitudes of the reference stars that can be used
(taking into account the instrumental characteristics
applied for observations).
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Figure 5: Mean-square deviations of the reference stars
as a function of the stellar magnitude in V-band (along
the right ascension and declination) for each reference
catalogue and each instrument.

In Fig.6 we show maximum mean-square deviations
of the reference stars (the same data as in Fig.5). It
is clearly seen that for both instruments more bright
stars show large deviations. The reason in this case is
the same as for mean-square deviations in Fig.5. Simi-
lar situation (as for the mean-square deviations for the
stars fainter than +9™) also takes place for the data ob-
tained with KO-140 (see plots D, E, F). One can also
note that even for observational data obtained with
Schmidt telescope the maximum errors attributed to
the Tycho-2 and USNO-A2+Tycho-2 catalogues (par-
ticularly to the latter one) are larger than deviations
resulting from SAQO catalogue. Therefore such plots
can be used for indirect estimate of the quality of po-
sitional data in the reference catalogues, and moreover
they can be important for corresponding recommenda-
tions about some details of the data reduction process.
We recommend using SAO catalogue as a reference one
for the processing of the data obtained with KO-140
objective lens (if the number of stars within the field
of view is quite enough). This is because the range
of the stellar magnitudes covered with KO-140 is the

same as that available in SAO catalogue. Tmages ob-
tained with Schmidt telescope can be reduced only by
using USNO-A2+Tycho-2 catalogue (this combination
is abundant in faint stars, but it does not guarantee
high accuracy of calculated equatorial coordinates).
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Figure 6: Maximum mean-square deviations as a func-
tion of the stellar magnitude in V-band (along the right
ascension and declination) for each reference catalogue
and each instrument.

Table 2 lists the mean-square deviations for the both
instruments and for the three frequently used cata-
logues. N, - the number of observed regions contain-
ing the meteor images, N; - the number of the stars,
oo (right ascension), o5 (declination) and o (total) -
the mean-square deviations of the reference star coor-
dinates. The tendency mentioned above is confirmed
(see Fig.6): the highest precision can be achieved using
SAO as reference catalogue (which has a deficiency of
the faint stars).

The content of Fig.7 is the further recommenda-
tion of using the SAQ catalogue for the photomet-
ric analysis of the observations obtained with KO-140,
and USNO-A2+4Tycho-2 catalogue for the photometric
analysis of the data gathered with Schmidt telescope.

In addition we show the distribution of the mean-
square deviation across the optical field of our instru-
ments (at the first approximation they can be consid-
ered as being uniform). This indicates that we cor-
rectly selected the method of the data reduction and
testifies that our optical systems have the good quality.

Finally, we show percentage distribution of the mod-
ule of the mean-square deviation of the reference star
equatorial coordinates for different catalogues (Fig.8).

As one can see, the larger the error, the lower the
percentage of the stars. For the great majority of the
stars observed with Schmidt telescope the error value
does not exceed 2-3 arcsec, while for the data obtained
with KO-140 - 6-7 arcsec.

To carry out an express analysis of data processing
quality depending on the catalogue used we created
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Table 2: Statistical results for the meteor images reduction based on the use of different catalogues.
Images were obtained with the help of Schmidt telescope and astrocamera KO-140.

Schmidt KO-140

Catalogue N, o o5 o N, N,, o4 G o N,

SAO 29 1.34 1.20 1.70 588 196  3.93 3.42 4.82 6653

Tycho2 61 1.30 1.41 1.78 1192 10  3.49 2.64 423 471

USNO A2 Tycho-2 2102 1.58 1.58 2.01 66260 701  4.51 4.39 5.78 47071
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the distributions of the mean-square deviations for the
reference stars, the mean-square deviations mapped
across the field of view. Summarizing, we note that
selected catalogues are well appropriate for obtaining
positional and photometric data which are necessary to
reduce our observations. Both preliminary and subse-
quent analyses of all the catalogued data together with
the results of our measurements allow one to correctly
select the necessary catalogues depending on parame-
ters of the telescope and astrocamera.

Fig.9 presents the distributions of the errors in po-
sition of the reference stars for Schmidt telescope and
astrocamera equipped with KO-140 objective lens. Er-
rors on a, & and the total errors are presented sepa-
rately. It is seen that the accuracy of the measure-
ments is higher for the Schmidt telescope images. The
ranges of the errors on o and § are similar, and this
indicates that there is no systematical error bias in our
measurements. The large interval of the errors (up to
10 arcsec) is caused by that fact that during the meteor
patrolling some cases can be met when the number of
the reference stars within the field of view is limited
(or the atmosphere transparency is bad, and this re-

Deviations, degree sec

Figure 8: Percentage distribution of the stars from dif-
ferent catalogues depending on mean-square deviation.

stricts the limiting magnitude; the same problem can
also arise if observations are carried out during the twi-
light). An internal accuracy is determined by residu-
als found with reference stars, an external accuracy
is found from residuals of the control stars. As the
control stars we use that sample of stars that are not
used to derive the parameters of the Turner equation.
In addition, in order to determine an accuracy of our
measurements we also use the precision which is con-
ditioned by the residuals of the control stars just near
to the meteor trajectory image.

After PSF creation we applied several tests to check
the quality of the observational material reduction.
As one of the tests we used TRIS code (Christian Buil,
http: //www.astrosurf.com/buil, free access). Using
this software and our PSF, we obtained similar results
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(within the standard errors [2]). Another test is the
positional observation of comets. As a result of the
following comets observations: C/2002 T7 (LINEAR)
and C /2006 W3 (Christensen), we sent their calculated
equatorial coordinates to TAU Minor Planet Center.
The results of the comet image reduction completely
satisfied to the Minor Planet Cent requirement, and
after that Kryzhanovka observational station was
assigned the designation A85 Odessa Astronomical
Observatory, Kryzhanovka, and the corresponding
coordinated were published in Minor Planet Electronic
Circular [3],[4].
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Figure &: Distribution of the position errors for the
reference and control stars.

4, Conclusions

Software PSF was created in the Department of the
Solar system small bodies (Astronomical Observatory
of I.I. Mechnikov Odessa National University). Using
this software one can calculate equatorial coordinates
of the celestial objects using the images of the reference
stars obtained via TV method. This software was
adapted for various optical systems and it was tested
during the meteor and comet observations. For the
star-like objects an error of the positional measure-
ments is about 1.0-1.5 arcsec (for Schmidt telescope
having focal length 50 cm). For the astrocameras
equipped with Pentzval lens (focal length 14 c¢m) this
error achieves 3-5 arcsec.

References

Gorbanev Yu.M., Golubaev A.V., Zhukov V.V,
Kimakovskaya I.I., Kimakovsky S.R., Knyazkova
E.F., Podlesnyak S.V., Sarest L.A., Stogneeva LA .,
Shestopalov V.A.: 2006, Solar System Research,
40, 5.

Gorbanev Yu.M., Golubaev A.V., Zhukov V.V.,

Kimakovskaya 1.I., Kimakovsky S.R., Knyazkova

E.F., Podlesnyak S.V., Sarest L.A., Stogneeva LA .|
Shestopalov V.A.: 2008, Solar System Research,
42, 1.

. AV.Golubaev, 5.R.Kimakovsky, L.I. Kimakovskaya,

L.A.Sarest, V.A.Shestopaloy: Comet Observations
[A85 Odessa Astronomical Observatory, Kryzha-
novka] //Minor Planet Circular 53902, 49 (2005).

. A.V.Golubaev, S.R.Kimakovsky, L.I.Kimakovskaya,

L.A.Sarest, V.A.Shestopaloy: Comet Observations
[A85 Odessa Astronomical Observatory, Kryzha-
novka]//Minor Planet Circular 66408, 33 (2009).



