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Abstract. In a series of papers we have analyzed different aspects of the prob-
lem with systematic errors in stellar photometry as a function of spatial distri-
bution of stellar images over the detector. In the present article we state the
problem and show the general form of the spatial dependence of instrumental
magnitudes. The influence of some optical elements on this phenomenon isdis-
cussed. Comments on possible reasons for this kind of systematic errors are
presented also. Data are based on direct observations taken with a CCD inthe
RC focus of the 2-m telescope of the Bulgarian National Astronomical Obser-
vatory ’Rozhen’.

PACS number: 95.75.De

1 Introduction

An important stage in stellar photometry is the transformation of the instrumen-
tal magnitudes to some standard photometric system. For this purpose fields
containing stars with already established brightness (standard stars) are imaged
during the observation runs also. For many reasons the instrumental standard
stars magnitudes differ from their catalog values. Namely these are: the trans-
parency above the observing site during the night (called ’photometric zero
point’), the light extinction on different air masses at which the object is ob-
served, and the discrepancies between the conditions (optical equipment-filter-
detector) under which the standard magnitudes are established and those actu-
ally used (called ’color dependence’). In the most favour photometric package
DAOPHOTII there is a hint that some coordinate dependence ofstellar image
geometry is also possible (we simply call itmagnitude spatial dependence). In
that package there is an option to approach stellar image with a Point Spread
Function (PSF) model as a function of the stellar image coordinates but only
for targets. For the standard stars (used to establish transformation relation),
the magnitudes are derived by means of synthetic aperture and for that kind of
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photometry no positional correction is provided in DAOPHOTII. This is impor-
tant also in the final stage of both kinds, PSF and aperture derived magnitudes,
that have to be compared and referred to a common photometriczero (called
‘aperture correction’). In the referred literature we did not find methodology
to correct aperture magnitudes for spatial dependence. In aseries of papers we
intend to develop our approach solving this problem.

In the present investigation we offer a method to reveal spatial dependence of
aperture magnitudes and make comments on possible reasons responsible for it.
Section 2 presents the observational material. In Section 3we explain the man-
ner of doing stellar photometry and the idea how to reach our goal. The graphs
demonstrating spatial dependents are shown in Section 4. The role of some op-
tical elements is commented also. Main conclusions are drawn in Section 5.

2 Observations

This investigation is based on observations carried out with the CCD camera
(Photometrics, 1024x1024 pixels2 ) mounted at the Ritchey-Chrétien (RC) focus
of the 2-m telescope of the National Astronomical Observatory (NAO) ‘Rozhen’.
Frames from different observing Run s: July 1998 (RUN 1), November 1999
(RUN 2), March 2002 (RUN 3) and May 2003 (RUN 4) were used. This helps

Table 1. Juornal of observations

obs. run the date stand. field frames n(B) n(V)
(1) (2) (3) (4) (5) (6)

RUN 1 21/22.07.1998 PG2331+055 3 5 12
— 24/25.07.1998 — 2 5 11
— 25/26.07.1998 — 3 5 11
— 26/27.07.1998 — 2 4 9

RUN 2 05/06.11.1999 PG2331+055 2 4 4
— — L113 3 8 8
— 06/07.11.1999 PG0231+051 3 6 6
— — Ru149 2 50 56
— — Ru152 4 16 45
— — NGC7790 2 122 145

RUN 3 15/16.03.2002 PG0918+029 3 9 9
— — PG1047+003 3 6 6
— — PG1633+099 1 26 26
— — Ru149 1 65 65

RUN 4 31.05/01.06.2003 PG1633+099 4 23 23
— — PG1657+078 3 24 24
— — L1112088 4 28 28
— 01/02.06.2003 PG1633+099 1 23 23
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us to analyze observations taken at different conditions ofthe optic system.
Namely: RUN 1 is before the last aluminization and the last setting of themain
mirror; RUN 2 is taken an year after that; RUN 3 was used as a control after a
long (four years) time interval; RUN 4 was taken with an astigmatism-lense cor-
rector recovered into the optical system of the telescope. That lens was removed
after bringing into use the present CCD, in the summer of 1997.

Fields containing CCD standard sequences [3, Stetson 2000]were observed ev-
ery night in the run as a part of the standard calibration procedure. Most fields
were observed multiple in the corresponding passband. In Table 1 the observa-
tion log is presented. Column 1 gives an identification number of the run adopted
in this paper. The observing dates are in column 2; standard fields identifications
as presented in [3, Stetson 2000] are given in column 3. The numbers of expo-
sures taken in every field and in both passbands B and V are in columns 4, 5 and
6 respectively.

3 Data Reduction

Images reduction, stellar photometry and data analysis areperformed by means
of IRAF1. In our explanation we use capital letters for the signatures of supple-
mentary packages or procedures as they appear in IRAF. Here is a brief descrip-
tion of the main processing steps.

CCD frame processing. The raw CCD frames are reduced withCCDRED pack-
age. The major steps followed in this subpackage are: removing the elec-
tronic pedestal as evaluated from the overscan section, trimming the extra image
columns containing overscan, subtraction of the median averaged zero length
exposure and dividing by a normalized (to unity) flat field exposure also median
averaged.

Stellar photometry. The methodology applied to investigate magnitude spa-
tial dependence is based on standard stars stellar photometry done by means
of DAOPHOTII. It was arranged as follows. Every CCD frame was processed
individually. In rare cases when consecutive exposures of one and the same
particular field differ not very much spatially, the frames were registered and
summed in a master frame. This was done for the whole (RUN 1) where for
every observing night a master frame was produced, as well asfor NGC7790 in
(RUN 2). On every frame standard stars were detected (DAOFIND). Their instru-
mental magnitudes were derived by means of a round shaped synthetic aperture
with a constant for all frames size (PHOT). For every frame the mean differ-
ence between these magnitudes and their catalog values (forthe corresponding
passband) was established (PHOTCAL package) and then the instrumental mag-

1Image Reduction and Analyze Facilities are distributed by the National Astronomy Observato-
ries, which are operated by the Association of Universitiesfor Research in Astronomy, Inc., under
the cooperative agreement with the National Science Foundation.
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nitudes gained for a particular frame were corrected for it.In this way all instru-
mental magnitudes were referred to an unique photometric zero point. As a next
step, the differences ‘instrumental minus catalog magnitude’ were calculated.
These differences we call ‘photometric residuals’ or simply ‘residuals’.

4 Results and discussion

As stated in Section 1 our aim is to explore relation between residuals and stel-
lar image position (related to the CCD frame). To demonstrate this relation we
choose polar coordinate system where stellar image is identified by its distance
to the center of the CCD chipρ =

√

(x − 512.5)2 + (y − 512.5)2, where (x, y)
is the stellar image centroid and the azimuth angle (θ). The main results are
shown in two figures: for the angular dependence (Figure 1) and for the radial
dependence (Figure 2). Both figures are subdivided in four parts devoted to dif-
ferent observing runs. Left panels of each figure mark V-passband and right –

Figure 1. The difference “instrumental minusstandard stars magnitudes” (residuals)
is shown as a function of polar angleθ. Every part is devoted to a different observing
run. Flags V and B label the passband. The complete lack of angular dependence of
instrumental magnitudes is evident.
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B-passband. For every standard fields, the number of points is a result of multi-
plication of the number of observations of this field and the number of detected
standard stars. So, the net number of points for every run is the sum of these
numbers. Apart from a significant scatter in residuals (about 0.1 mags), Figure 1
illustrates a complete lack of angular dependence. In contrary, Figure 2 shows
well pronounced radial dependence with an amplitude of about 0.2 mags. Only
the central arcminute is practically unaffected. This phenomenon is an important
result in our investigation. Its general meaning is that stars with similar bright-
ness detected on different parts of the CCD chip cause different response. This
result was confirmed by the colleague, Dr. B. Mihov, who has used independent
observation data and methodology [1, Mihov 2003] (private communication).
However, Figure 2 should be taken with caution. One may conclude that the
radial dependence is rather linear. This appears mainly when the points are few
(Figure 2, RUN 1) or the point scatter is high (Figure 2, RUN 4). For us this in-
terpretation has no physical sense. The observed systematic errors are probably
caused by insufficiency of the optics and as well should follow some curvature

Figure 2. Residuals as a function of the stellar image distance from the CCD frame
centerρ in arcminutes. It is evident that instrumental magnitudes depend on stellarimage
position on the chip. In the cases with less points (RUN 1) or with high scatter (RUN 4)
the spatial dependence looks linear what in our opinion is spurious.
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Figure 3. To clarify the true form of the spatial errors residuals are shown as a function
of x (CCD columns in pixels) position of stellar image. Here the non-linear form of the
questionable dependence is much better pronounced than in Figure 2.

dependence. To clarify this problem we present Figure 3 where residuals are
drawn versusx (along columns) coordinates of stellar images. The result in y

(along rows) direction is the same and we do not present it here. Although Fig-
ure 3 integrates scatter iny direction, it well demonstrates the nonlinear form
of dependence in question. In our opinion the spurious linear effect in Figure 2
comes from the fact that radial expression integrates points scatter over all az-
imuths.

Bellow we comment a possible influence of some optical elements on the ob-
served dependence.

Filter glasses.There is no reason to expect different shape of the observed curva-
ture for both passbands. This is not surprising taking in mind the equal thickness
of filter glasses used for both passbands.

Astigmatism lens corrector.It seems that the graphs of RUN 4 (astigmatism lens
corrector recovered) in comparison with the graphs relatedto RUN 1, RUN 2,
and RUN 3 are with larger curvature. The high scatter in the residuals concern-
ing RUN 4 makes us suspicious that such conclusion is true. Anyway welike
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to comment the role of astigmatism lens corrector. The primary advantage of
Ritchey-Chŕetien optical configuration is a complete lack ofcomaandspheri-
cal aberration, although significantastigmatismstill presents at moderate field-
angles. Because of its relatively wide field the 2-m NAO telescope is equipped
with an astigmatism lens corrector. As well as every opticalelement added to
the system causescoma(which in the Ritchey-Chŕetien is radially independent).
This suggests that the optical system as a whole should be settled properly for
the presence of this corrector. Therefore, removing the astigmatism lens cor-
rector, some years ago, we inventedcomaby definition. Indeed clear visible,
constant all over the fieldcomacould be detected in the CCD frames taken after
the summer of 1997 and before June 2003 (when the corrector was recovered in
the optical system).

Just for the completeness of the investigation there were produced some pictures
in the absence of thebaffler (a device which stops unwanted light inside the
telescope tube). Our results revealed that this element also did not influence the
general form of the spatial dependence.

In our opinion critical for the observed scatter in residuals are: a) differ-
ent signal-to-noise (S/N) ratio under which different stars are detected and b)
nonuniform spread of stellar images over the field.

5 Concluding Remarks

Our investigation reveals large space-dependent errors inthe instrumental stellar
magnitudes derived after the summer of 1997 in the RC focus ofthe 2-m tele-
scope of the NAO ’Rozhen’. Inspection of Figs 1 and 2 shows that in the limits
of magnitude dispersion the picture is similar for all runs.As well as the magni-
tude scatter is a straight function of the detected flux (fainter stars are measured
with less accuracy) to improve S/N ratio we warmly advise formore large expo-
sures to be taken. At the present condition of the telescope 1min exposure in V
passband is highly insufficient for 20 mag to be taken with a reasonable instru-
mental error (¡ 0.05 mag) even in good (¡ 2 arcsec) seeing condition. None of
the investigated optical elements: filters, astigmatism lens and the baffler on the
second mirror did show any influence on the observed spatial dependence of the
instrumental magnitudes. This dependence is central symmetric which center is
well suited on the optical axe of the telescope.

There is, however, an optical element which influence is not investigated —
the field flattener. It is placed on the photographic plate cassette holder just
before the photographic plate. This component is not included in the present
CCD camera holder. It is designed to flatten curved focal surface [5, 6, WWW]
making it coplanar to the detector surface. Obviously, evenin the strong reduced
working field (25 × 25 square mm) the focal surface curvature could not be
neglected. In our opinion the lack of the field flattener causes rapid change in
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the focusing going out the optical axe and that is the reason for the observed
spatial dependence of instrumental magnitudes derived in the RC focus of the
NAO 2-m telescope since 1997. Unfortunately its maintenance is complicated
and its influence could not be easily proved.

As far as the spatial dependence of stellar magnitudes in ourobservations is a
fact here we make a general suggestion: to account for this the instrumental mag-
nitudes should be reduced for stellar image position. Our next paper is devoted
to this problem.
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