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ABSTRACT

Photometry is one of the astronomical measurement methods that
provides astronomers with information about the brightness of
astronomical objects at various wavelengths. Over time, various
photometric  systems have been developed. Therefore,
transformations are necessary to convert results from one photometric
system to another, with the aim of facilitating scientific
communication among researchers working with various photometric
systems. The CAT-ITB, or City Astronomical Telescope ITB, is an
11-inch optical telescope located at CAS ITB, equipped with
detectors, one of which is the ZWO ASI 183MC that uses the RGB
Bayer filter. Hence, transformation equations from the RGB Bayer
filter system to the Johnson-Cousins BVR filter system must be
established. By utilizing transformation equations that have
historically been widely used by previous researchers, this study
focuses on deriving the coefficients needed to solve those equations.
Observational data of open clusters M67, RU 135, IC 4665, and M11
were obtained using CAT-ITB, which were used to optimize the
transformation equations. The coefficients derived from M67
photometric data yielded the best results. The total RMS values for
the magnitude transformations of clusters M67, RU 135, IC 4665, and
M11 in each of the Bjopnson, Vionnson» and Reoysins cONversions are
0.296, 0.152, and 0.161 respectively. All transformations produced
small residuals and colour-magnitude diagrams that closely resemble
those from catalog data. This study contributes a validated set of
transformation coefficients and zero-point constants specific to the
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CAT-ITB RGB Bayer detector system, offering a practical reference
for converting RGB-based photometric observations into the standard
Johnson-Cousins system for future small-telescope and citizen-
science photometric research.

Keywords: Photometry, Transformation, RGB Bayer Filter, Johnson-
Cousins BVR Filter, Open Cluster

INTRODUCTION

Photometry measures the brightness of celestial objects, given in magnitudes, in many
wavelength regions. Over the years, different observers have developed many photometric
systems with a variety of detectors and passbands that can be classified into broad band
(400A < A2 <1000 4), intermediate band (70 A < A1 <4004), and narrow band
(AA <70 A) systems [1, 2]. This research focuses on filters from broad band photometric
system, specifically the RGB Bayer system and the Johnson-Cousins BVR system.

The RGB Bayer filter is a very common system that has been used by scientific and
commercial cameras [3-5]. Previous studies have established that these RGB cameras are
valuable for brightness measurements [3-6]. However, there is no consistent magnitude system
that has been defined for the RGB system. Therefore, converting between different systems is
required to facilitate communication among astronomers using various filter sets, including
RGB filters. Meanwhile, the Johnson-Cousins UBVRI system is one of the most common
systems used by astronomers, with many previous studies having been conducted [1, 7-10].
Therefore, transformation from the RGB Bayer filter system into the Johnson-Cousins BVR
filter system can be valuable for scientific development.

Reliable transformation equations from previous research are used in this study [5, 11, 12];
these equations can be seen below:
B; = Bpzp + B + Cppc(Bs — Gg) + Cpr(Gg — Rp)
V] = GB,ZP + G + CV,BG + (BB - GB) + CV,GR(GB - RB) (1)
Rc = Rgzp + Crpc(Bg — Gp) + CR,GR(GB — Rp)

with By, V;, and R as magnitudes in the Johnson-Cousins BVR system, while Bg, G, and Rp
are magnitudes in the RGB Bayer system. Constants with the subscript ZP are zero-points for
the RGB system. The zero-point constants value are dependent on atmosphere and other
observing conditions. While the rest of coefficients are transformation coefficients.

Therefore, this study aims to derive and evaluate transformation coefficients that convert RGB
Bayer magnitudes obtained from CAT-ITB observations into the Johnson-Cousins BVR
photometric system, using photometric data of the open clusters M67, RU 135, IC 4665, and
M11, and to assess the reliability of the resulting transformation through comparison with
catalogue magnitudes.
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TABLE 1. Observation log for the targeted objects

Date Object ~ LXPosure RA Dec Altitude
Time
27 April 2025 RU 135 25 175582 03, —11°40'37" 82.548°
28 April 2025 M1 55 184 51m 06,  -06°16'00" 72.720°
28 April 2025 M67 10s 08,51m24,  +11°49'00” 42.113°
30 April 2025 IC 4665 55 17046, 12, +05°43'00" 63.237°
METHOD

Observations and Data Reduction

Observations were conducted using the CAT-ITB, which is sited in the ITB college building,
and equipped with RASA 11 optical tube assembly [13] and ZWO ASI 183 MC RGB camera
[14]. Each of the RGB Bayer filters in the camera has an effective wavelength of 5900 A,
5300A, and 4600 A, with RGGB filter pattern [14, 15]. Different open clusters were used as
primary objects due to their characteristics, providing stars with a wide range of colours and
magnitudes [16]. Objects for the observation were chosen based on the available database on
the Johnson-Cousins BVR and the RGB Bayer filter, such as M67, M11, IC 4665, and RU
135 [17-23]. The RGB Bayer magnitudes will be obtained from the observations, while the
Johnson-Cousins BVR magnitudes will be obtained from the available database. Main-
sequence stars and non-variable stars, including standard stars, were selected and cross-
checked based on the stars’ coordinates with other databases to be used for analysis [17-29].

Observations were performed from April 27th to April 30th 2025 during midnights with ideal
observation condition. Bias and dark calibration images were obtained on the same night as
the observations, while sky flats were obtained during twilight at sunrise on April 30th. After
basic calibration process was completed, 10 images of each object were mean-stacked to gain
better signal-to-noise ratio (SNR). The observation log is presented in TABLE 1.

To minimize the atmospheric extinction effects, differential photometry was used to obtain
the magnitudes. The stars were selected whenever these criteria are met: 1) Objects are not
saturated; 2) Objects have an SNR higher than 10; and 3) Objects have 9 or more connected
pixels to confirm that the source has a PSF profile. Then, all magnitudes were corrected for
the reddening effect of interstellar matter [30-32].

Optimization

The value of each constant and coefficient in EQUATION (1) will be derived using an
optimization process. The optimization will find the value of all the zero-point constants and
transformation coefficients that minimizes the difference between the magnitudes obtained
from the transformation process and the catalog magnitudes. EQUATION (1) is then rewritten
as:
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2

AB% = (Bgzp + Bg + Cp 5 (Bs — Gg) + Cpor(Gg — Rp) — B))” =~ 0,
2

AV? = (GB,ZP + Gg + Cy g (Bg — Gg) + Cy gr(Gp — Rp) — V]) ~ 0, 2)
2

ARZ = (RB,ZP + RB + CR,BG(BB - GB) + CR,GR(GB —_ RB) _— RC) ~ O’

Total = AB? + AV? + AR? = 0.

The value of zero-point constants and transformation coefficients is then used to transform the
RGB magnitudes into the BVR magnitudes, followed by sigma clipping applied to the results
with the least-square error higher than 2.50. These processes are then repeated two times,
except if the transformation results already have the lowest Root Mean Square (RMS) error
before the next iterative process. Note that this process was implemented on all of the open
clusters used in this research one by one.

Each set of transformation coefficients from one cluster is then applied to transform the other
cluster RGB Bayer magnitudes. Since the zero-point constants represent the condition of the
observation, the constants were derived again with the same iterative optimization process to
each object being transformed. These processes are implemented on all observed clusters and
the RMS errors for each transformation was summed. The total RMS error of applying
transformation coefficient from one cluster is then compared to the other cluster’s results to
find which coefficient is best used for magnitude transformation.

RESULT AND DISCUSSION

The final results of the optimization process can be found in TABLE 2. Each cluster yields
different values for each transformation coefficient. This is most likely caused by the different
range of colours of the clusters and also its distribution as illustrated in FIGURE 1. Though
some stars in one cluster are similar to other stars from the other clusters, indicated by the
overlapping bar, the values of each transformation coefficient vary.

TABLE 2. Transformation coefficients derived from the optimization process for each observed cluster

Coefficients Me67 M11 IC 4665 RU 135
Cg a6 -0.083 -0.589 -0.007 -0.660
Cscr 0.737 0.867 0.955 1.025
Cy 56 0.166 0.044 0.224 -0.126
Cy gr -0.002 0.255 -0.055 0.155
Crpc -0.315 -0.144 -0.158 -0.316
Crer 0.529 0.729 0.326 0.551
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FIGURE 1. Histogram showing the relationship between the colour distribution of observed data and the derived
transformation coefficients value with the dashed line represents the mean of every value. Figure (a) shows the
relation between (B — G)pqyer colour and Cpp; coefficients. Figure (b) shows the relation between
(G — R)payer colour and Cpgp coefficients. Figure (c) shows the relation between (B — G)pqyer colour and
Cy e coefficients. Figure (d) shows the relation between (G — R) gy, colour and Cy gx coefficients. Figure (e)
shows the relation between (B — G)pqyer colour and Cg g coefficients. Figure (f) shows the relation between
(G — R)payer colour and Cg g coefficients

Based on the application from each cluster to one another, the transformation conducted using
coefficients derived from M67 observed data produced the best results with the lowest total
RMS, while coefficients derived from M11 observed data produced the highest RMS (TABLE
3). Therefore, coefficients derived from M67 will be used for further process. The zero-point
constants derived using M67’s transformation coefficients are listed on TABLE 4. Using the
determined coefficients, the RMS error for transformation of M67 magnitudes are 0.081,
0.031, and 0.056 for B;, V;, and R, transformation respectively. The RMS error for
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TABLE 3. RMS value for each transformation

B, 4] Rc¢
Transformation Transformation Transformation Total RMS
RMS RMS RMS
Transformation using M67’s derived coefficient
M67 0.081 0.031 0.056 0.168
Ml11 0.072 0.058 0.054 0.184
IC 4665 0.039 0.021 0.025 0.085
RU 135 0.104 0.042 0.026 0.172
Total 0.296 0.152 0.161 0.609
Transformation using M11’s derived coefficient

M67 0.098 0.041 0.056 0.195
Ml11 0.076 0.064 0.056 0.196
IC 4665 0.084 0.028 0.056 0.168
RU 135 0.090 0.046 0.050 0.186
Total 0.348 0.179 0.218 0.745

Transformation using IC 4665°’s derived coefficient
Mé67 0.084 0.029 0.051 0.164
Ml11 0.076 0.057 0.049 0.182
IC 4665 0.020 0.022 0.026 0.068
RU 135 0.122 0.045 0.030 0.197
Total 0.302 0.153 0.156 0.611

Transformation using RU 135°s derived coefficient
M67 0.101 0.054 0.056 0.211
Ml11 0.081 0.066 0.055 0.202
IC 4665 0.075 0.030 0.026 0.131
RU 135 0.086 0.030 0.026 0.142
Total 0.343 0.180 0.163 0.686

TABLE 4. Zero-point constants derived from the optimization process using M67’s coefficient results

Zero-points Me7 M11 IC 4665 RU 135
Bg zp -0.229 —1.248 —0.455 —1.366
Gg zp -0.111 —0.405 —0.102 —0.456
Rp zp -0.013 0.089 0.109 0.097

transformation of MI1 magnitudes are 0.072, 0.058, and 0.054 for B;, V;, and R
transformation respectively. The transformation of IC 4665 magnitudes resulted in RMS errors
of 0.039, 0.021, and 0.025 for B;, V), and R. transformation respectively, while the

transformation of RU 135 has RMS value of 0.104, 0.042, and 0.026 for B;, V;, and R,

transformation respectively. As a comparison, a previous study reported IC 4665’s
transformation RMS of B;, V}, and R valued at 0.095, 0.094, and 0.070 respectively [5].
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FIGURE 2. Overplot of the Colour-Magnitude Diagram ((B-V) vs V) of M67 (top left), M11 (top right), IC 4665
(bottom left), and RU 135 (bottom right). Each overplot compares the data obtained from catalogues and the
result of transformation using coefficients derived from M67.

Almost every transformation result has smaller RMS error than the mentioned reference,
which indicates that the transformations are reliable.

FIGURE 2 shows how the transformation using M67’s coefficients produced a very close
result compared to the catalogues. The residual of each cluster transformation also shows a
small distribution, all lower than +0.07 distribution for all filters, except the B, transformation
of RU 135 with 1o valued at +0.104 (FIGURE 3). Based on the residual plot, the data are more
dispersed at higher magnitudes. There is also a pattern of B, transformation having higher
RMS and also higher residual distribution, which may indicate the effect of light pollution and
atmospheric extinction.

The extinction effect is also indicated by the zero-point constants (TABLE 4). The zero-point
constants value of B, transformations have values further from zero, which means the results
of B; transformations have more deviation than the other filter transformations. This is in line

with results from previous studies on the higher extinction effect at shorter wavelengths [33-
35]. However, further research is needed to prove this hypothesis.
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FIGURE 3. Residual plots for each B}, V}, and R; magnitude transformation. The dashed line represents the distribution at
1o of each open clusters transformation using coefficients derived from M67.

TABLE 4. Zero-point constants derived from the optimization process using M67’s coefficient results

Zero-points Me67 M11 IC 4665 RU 135
Bg zp -0.229 —1.248 —0.455 —1.366
Gg zp -0.111 —0.405 —0.102 —0.456
Rp zp -0.013 0.089 0.109 0.097
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CONCLUSION

The transformation coefficient derived from M67 observed data is reliable and can be used for
observation data obtained with CAT-ITB. Based on the application of the coefficients, these
coefficients can be reliably used for main-sequence stars with a colour range of —0.179 <B —
V' <0.609. Since the transformation coefficients are only used for main-sequence stars in three
different clusters, further research is needed for stars with different colour ranges and
evolution stages.

The value of transformation coefficients can also differ if they are derived from different
clusters and if observed using different instruments, but the equation and the method can be
used for future research.

This study also shows the pattern of higher error and deviation in B, transformations, which
can be caused by the observing conditions and the higher extinction effect at shorter
wavelengths. Even though the observations were conducted in the middle of a city with light
pollution, photometric observations can still be performed with desirable results if conducted
on objects within the telescope limitations. In order to have better observational results,
applying atmospheric extinction correction is recommended. Dimmer stars can also affect the
transformation results. Therefore, reaching a higher SNR for the target object is also
recommended.

The scientific contribution of this study lies in providing an empirically derived and validated
set of transformation coefficients and zero-point constants specific to the CAT-ITB RGB
Bayer detector system, obtained from multiple open cluster calibrators. This offers other
researchers using RGB Bayer-filter instruments, particularly small and amateur telescopes
located in urban, light-polluted environments, a practical and reproducible framework for
converting RGB photometric measurements into the standard Johnson-Cousins BVR system,
thereby broadening the range of instruments that can contribute reliable photometric data to
the astronomical community.
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