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ABSTRACT

We present the photometric analysis of 23 GEO
satellites. Our dataset consists of more than 1,200 images
collected by three optical telescopes, located in different
observational sites, by using the Johnson-Cousin
photometric filters (BVRI). The observational strategy
we adopted is based on alternating the V-R-I filter-
sequence, thus obtaining consecutive multi-band images,
in order to reduce the color-indexes uncertainty. We
reconstruct the color-color planes obtaining that the
satellites” bus model and the dry mass seem to

significantly affect the V-1 color index.
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1 INTRODUCTION

Since the beginning of the space exploration history, in
the sixties, thousands of launches have been carried out,
putting in orbit more than 10,000 satellites [1]. Apart
from the undoubted technological leap in the use of space
infrastructures for different purposes, a side effect has
been represented by the proliferation of a significant
amount of space debris. Beyond the increasing interest in
studying this class of objects, the space debris population
is far from being completely known and many efforts
have still to be done. To this purpose, both optical and
radar observations are widely used to study orbits,
surface materials, rotation and shape of space debris. In
particular, the multi-bands optical photometry is proving
extremely useful to characterize the object’s materials [2,

3, 4] and components [5, 6], especially by comparing
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observational color-color planes and homologous
laboratory measurements [7, 8]. Different photometric
systems have also been used for physical characterization
of space debris, such as the (BVRI) Johnson-Cousins [9,
10, 11, 3], the SDSS/Sloan (g’r’i’z’) [12], and the
infrared bands [13]. By using a sample of 61
geostationary (GEO) satellites, the recent investigation
by Schmitt (2020, [14]) highlights how the photometric
colors are an important tool in the identification of
satellites manufacturers and bus configuration (i.e. shape,
size, antennae, solar array, etc.).

In this paper we present a multi-color photometry
investigation of 23 satellites located along the Clarke Belt
and active at the time of the observations. In particular,
we present the analysis and the results obtained by using
more than 1,200 multi-band images, focussing on the
possible correlation between the photometric color-
indexes and the satellites bus configuration, referring to

and increasing Schmitt’s sample.

2 OBSERVATIONAL DATASET

The observational datasets were collected by using three
ground-based telescopes, each equipped with Johnson-
Cousins photometric system’s bands. Two telescopes,
the Cassini-Loiano and the Teramo-Normale-Telescope
(TNT) are located in Italy, belonging to the National
Institute for Astrophysics (INAF); while, the third
telescope belongs to the Guillermo Haro Astrophysical
Observatory (GHAO) and is located in Cananea, Mexico.
The Cassini-Loiano telescope has a Ritchey-Chrétien
configuration and mounts a Charge-Coupled-Device

(CCD) camera of 1300x1340 pixels, with a pixel scale of

! Image Reduction and Analysis Facility, a general
purpose software system for the reduction and
analysis of astronomical data, written by the National

Optical Astronomy Observatories (NOAO) in

0.58 arcsec/pixel and a total Field-of-View (FoV) of
13°x12.6° arcmin. By using this telescope, we carried out
an observational campaign, from August 2010 to April
2011, observing 11 GEO satellites with B, V and I filters.
The TNT telescope is equipped with a CCD camera of
1024X1024 pixels, with a pixel scale of ~0.3 arcsec/pixel
and a FoV of ~5x5 square arcminutes ( [15]). In 2017, the
TNT was used to collect multi-band photometric data of
8 GEO satellites, by using the V, R and 1 filters. The
Cananea telescope was used to collect B, V and R images
for 4 GEO satellites in 2015.

The observed objects are listed in Tab. 1. For each
satellite, from 30 to 60 images were analysed and the
entire dataset consists of more than 1,200 scientific
frames.

During each night, we observed several reference stars by
using the Landolt (1992, [16]) standard fields. We also
collected instrumental calibration frames to consider the
flat-field and electronic bias contributions, while the dark
current was negligible. In order to analyse the data, we
processed the images developing automatic reduction
pipelines, by using the IRAF! software [17]. After the
correction for the instrumental calibration frames, we
applied the aperture photometry technique, obtaining the
absolute magnitude of the GEO objects thanks to
Landolt’s standards. Taking into account the
uncertainties related to the photometric analysis and the
calibration procedures, we estimated a magnitude error
of V~0.26, R=0.23 and | = 0.22 mag.

By inspecting the scientific images, we found that each
satellite presents a high signal-to-noise ratio (S/N) when

compared to the sky background (S/N >>1000).

Tucson, Arizona. However, development and
maintenance of IRAF is discontinued since 2013.

See https://iraf-community.qgithub.io/
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Several observed targets belong to GEO satellite
constellations and, for some of them, a cross-tag problem
among the members occurs. For instance, we show this
issue for the ASTRA GEO cluster in Fig. 1 (by using a
cropped image of 10 s taken with the R band of the
Cassini telescope). In this case, the cluster of four
satellites in GEO orbit clearly appears in the observations
(left panel of Fig. 1) and closely matches the expected
location according to up-to-date NORAD TLE (right
panel of Fig.1). To a closer analysis, however, as far as

Table 1. Observed satellites list

the cluster pattern is concerned, we observed an apparent
interchange between the location of ASTRA 1L and that
of ASTRA 1M. Moreover, the entire cluster appears to
spread over a smaller distance (=5°20”) with respect to
the expected map (=6°37”) obtained from the TLE. Only
a supplementary comparison of the apparent motion and
colors allowed us to firmly disentangle the identification
problems.

Object NORAD COSPAR Date Observatory
ASTRA 2E 39285 2013-056A May, 2017 Teramo, IT
ASTRA 2F 38778 2012-051A March, 2017 Teramo, IT
ASTRA 2G 40364 2014-089A March, 2017 Teramo, IT
EUTELSAT 21B 38992 2012-062B May, 2017 Teramo, IT
EXPRESS AM7 40505 2015-012A March, 2017 Teramo, IT
EXPRESS AM8 40895 2015-048A May, 2017 Teramo, IT
TURKSAT 4A 39522 2014-007A May, 2017 Teramo, IT
TURKSAT 4B 40984 2015-060A May, 2017 Teramo, IT
ANIK F1IR 28868 2005-036A 2015 Cananea, MX
ANIK F1 26624 2000-076A 2015 Cananea, MX
ANIK G1 39127 2013-014A 2015 Cananea, MX
MEXSAT 3 39035 2012-075B 2015 Cananea, MX
ASTRA 1H 25785 1999-033A Aug, 2010 — Apr, 2011 Loiano, IT
ASTRA 1KR 29055 2006-012A Aug, 2010 — Apr, 2011 Loiano, IT
ASTRA 1L 31306 2007-016A Aug, 2010 — Apr, 2011 Loiano, IT
ASTRA 1M 33436 2008-057A Aug, 2010 — Apr, 2011 Loiano, IT
HISPASAT 136W1 (1C) 26071 2000-007A Aug, 2010 — Apr, 2011 Loiano, IT
HISPASAT 30W4 (1D) 27528 2002-044A Aug, 2010 — Apr, 2011 Loiano, IT
SPAINSAT 28945 2006-007A Aug, 2010 — Apr, 2011 Loiano, IT
I(E:J_FEISRAD-;)]'SA 27499 2002-038A Aug, 2010 — Apr, 2011 Loiano, IT
E#JFQF;E)E)BB 29270 2006-032A Aug, 2010 — Apr, 2011 Loiano, IT
I(E;JJ_FQ_IS;E;I;))BC 33459 2008-065A Aug, 2010 — Apr, 2011 Loiano, IT
METEOSAT 8 (MSG1) 27509 2002-040B Feb-Apr, 2011 Loiano, IT
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Figure 1. Cross-tag problem for ASTRA GEO constellation (yellow arrows mark apparent

satellite motion).

3 PHOTOMETRIC COLOR ANALYSIS
3.1 Color-lightcurves

A multi-band photometric analysis facilitates the satellite
characterization, in terms of size, structure and surface
material investigation [2, 3, 4]. For instance, the
photometric color-color planes seem to be a promising
tool to study the bus configuration [14]. However, the
observed magnitude of the GEO satellites is widely
affected by the Solar phase-angle and by operational
manoeuvres, as shown by several theoretical [18],
observational [19] and laboratory studies [7, 20].
Therefore, the satellite magnitude changes in time and, in
case of multiple observations, it is usually referred to its
averaged value. As a consequence, the photometric
color-indexes (B-V, V-R, V-I) reconstructed by using the
mean magnitudes suffer from several uncertainties.

To address this problem, during our observational
campaigns, we adopted the strategy to collect
consecutive images - with an exposure time of 60 s each
- by alternating the filter sequence. With this approach
we were able to calculate the color-index by minimizing

the time interval using two consecutive images (or the

closest acquisitions in time) in two different filters. Then,
we reconstructed the color-lightcurves and calculated
their mean values to obtain a statistically robust estimate
of the color-indexes, reducing the uncertainties with
respect to the traditional approach. As instance, we show
the case of ASTRA 2G in Fig. 2. For this satellite we
analysed more than 20 images for each filter (VRI),
obtaining three light-curves spanning approximately 0.5
mag in almost two hours of observations (top panel of
Fig.2). The color-indexes calculated by the mean
magnitudes are: V-R = 0.5+0.4, V-1 = 0.7£0.4, R-l =
0.320.4 mag. By reconstructing the color-lightcurves
with our approach, we estimated the following values: V-
R = 0.46%0.03, V-I = 0.72£0.03, R-1 = 0.27£0.02 mag
(bottom panel of Fig.2). As expected, the color-
lightcurves show lower uncertainties. The complete
sample of our targets and color indexes are listed in Tab.
2. For the entire dataset, we found that the color-indexes
span the intervals 0.61 < B-V<1.55, 0.18<V -R <0.78
and 0.36 <V — 1 <1.96 mag.
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Figure 2. Lightcurves (top panel) and color-lightcurves
(bottom panel) for the satellite ASTRA 2G.

Table 2. Observed satellites color-index and bus

configuration.

Object B-V | V-R | V-l [Bus configuration
ASTRA 2E 051 1 0.1 élsj[guon;TAR-SOOO
ASTRA 2F 0.38 | 0.67 éts;guon;TAR-sooo
ASTRA 2G 0.43 | 068 éts;guon;TAR-sooo
iJBT mLeAT 049 | 0.79 Q;(z::elEBus-moocs

E«J AT 0.25 | 041 m:;tiugghti)s-zooo
I;J RSAT 0.18 | 036 m:;tf_ugghlias-zooo
ANIKFIR | 0.79 | 064 O AR.3000
ANIKFL | 088 | 071 Hughes HS-702
ANIKGL | 088 | 0.80 Loral SSL-1300
MEXSAT 3 | 061 | 0.60 norrop Sramman
ASTRATH | 0.82 1.04 [Hughes HS-601HP
ASTRA 1KR| 0.73 105 [-ockeed Martin
IA-2100AXS
ASTRALL | 074 1.06 ;‘_’;’Igg‘mgm”
ASTRA IM | 155 1.45 éﬂgg’gT AR.3000
T:;'?Cﬁs(’?g) 0-86 174 'SAI!’(EE?IIEBUS 300082
gg\msig 123 1.96 QFIfiglIEBUS 300082
SPAINSAT | 0.80 0.98 |Loral SSL-1300
EeL.JAT (EI-IISGA)T 0.71 109 'SAI!’(EE?IIEBUS 300083
METEOSAT) 4 77 1.27 |Alcatel Spin stabilized

8 (MSG1)




3.2 Color-color planes

In order to investigate the correlation between the color-
index and the satellite bus configuration (see Tab. 2), we
used the color-color planes, plotting the color excursion
of each satellite along its phase angle tracking, in panels
of Fig. 3and Fig. 4. In particular, on the V-1 vs B-V color-
color plane (Fig. 3), we present the satellites ASTRA 1
(H, KR, L, M, about 19°E), EUTELSAT (HOTBIRD 6,
8, 9, about 13°E), HISPASAT 1 (C, D), SPAINSAT and
METEOSAT 8. We obtained that the ASTRA 1 objects
clustered according to their bus structure, as shown in the
top panel of Fig. 3. The ASTRA 1L and 1KR consist of
a Lockheed-Martin (LM) bus architecture and they show
similar colors (0.8sV-Is1.2 , 0.6sB-V <0.9), as well as
ASTRA 1H with Boeing-Hughes (HS) bus. The ASTRA
1M satellite is based on an EUROSTAR 3000 (EU)
platform and clearly sets apart presenting redder colors
(1.3sV-151.6 , 1.4sB-V<1.7). The HOTBIRD satellites
show a wider excursion in both colors, spanning ~1 mag
(middle panel of Fig. 3). HOTBIRD 8 and 9 have the
same EU bus configuration, while HOTBIRD 6 is based
on SPACEBUS 3000 (SB, bottom panel of Fig. 3).

The V-1 vs V-R color-color plane shows a clusterization
of the homogenous ASTRA 2 (E, F, G, 28°E) satellites,
based on EUROSTAR 3000 (0.5sV-1s0.9, 0.3sV-
R=<0.6; top panel of Fig. 4). A similar behaviour is
displayed by the two Turksat 4 (A, B, 42°E and 50°E,
respectively) satellites both consisting of a Melco DS-
2000 bus structure (0.3sV-1s0.5, 0.1sV-R<0.3, with
exceedingly “blue” colors closely matching the case of

an F-type star) (bottom panel of Fig. 4).
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Figure 3. B-V vs. V-I color plane for our Loiano sample.
Obijects are grouped according to the bus architecture,
as labelled top right in each panel. The color excursion
of each satellite is displayed in the three panels along its
phase angle tracking, marking with a dot the color at ¢ 2
0. Black solid line marks the stars location with spectral-

type labels (grey squares).
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3.3. Literature comparison

To compare our values with literature analysis, we
plotted the color-indexes of Tab. 2 together with the
results provided by Schmitt (2020, [14]), considering his
mean colors calculated for different bus configurations.
In the V-1 vs B-V color plane, we found that common bus
configurations seem occupy the same loci, with several
exceptions (Fig. 5). A close agreement between our and
Schmitt’s results have been found for the following
buses: HS, LM, Loral (LL) and THALES-Alenia
Spacebus (TA). The agreement is stronger if the V-I

color-index is considered, with respect to the B-V values.

We found a straight “off-track” location (bluer regions)
of two SB compared to represented stellar loci. In the V-
I vs V-R color plane (bottom panel of Fig. 5), we still find
that similar bus configurations occupy — with several
exceptions — similar areas, such as the two DS2000 (DS)
of the Turksat A and B satellites, as well as the three EU
of the ASTRA 2 satellites. Note the exceedingly “blue”
V-R colors for the DS with respect to the entire sample.
Owing to the use of different filter bands, in this color
plane, a comparison between Schmitt’s and our data does
not provide relevant results.

Owing to the inhomogeneous datasets (that lie on
different photometric filters), the color-color planes have
limited statistics. However, by investigating the feature
of the single color-index, we were able to include more
satellites in our analysis. To this purpose, we studied the
color-index considering the bus configuration, by
merging our data and those from Schmitt’s. In particular,
we sorted this sample for the V-1, V-R and B-V color-
indexes, obtaining a mild correlation between the V-I
color values and the bus configuration (Fig. 6).

We singled out each bus family in order to seek out
possible relations between the V-I values and age, but we

did not obtain any clear evidence.

34 Further investigations

In order to further investigate a possible correlation
between the observational data and the satellites features,
we plotted the color indexes (integrating our sample with
Schmitt’s data, [14]) against several structural
parameters (e.g. wingspan, dry mass, etc.). We found a
mild correlation between the analysed color indexes and

the dry mass of the observed GEO objects (Figs. 7--9).
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Figure 5. Color-color planes for satellites subsample

comprising our (pentagons) and Schmitt’s (squares)

average color indexes. The bus platform acronym is

shown for each satellite. Black solid line marks the stars’

location.
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Figure 6. Sorted V-1 color-index (marked by bus
configuration) for satellites listed on the lefi. Schmitt’s
(2020) and our data (in pink).

4 CONCLUSIONS

In this paper, we presented the photometric analysis of a
dataset of more than 1200 scientific images of GEO
satellites, acquired with Johnson-Cousin bands. In
particular, we reconstructed the color-lightcurves for
each object and computed their mean values, thus
obtaining a robust low-uncertainty estimate for the color

indexes. By integrating our data with Schmitt’s (2020,



[14]) sample and using the color-color planes we
observed that several satellites seem to clusterize
according to their bus family and model. We further
investigated this behaviour for each color-index
obtaining analogous results, most evident in V-I.
Moreover, we studied a possible relation between the
color-indexes and the satellites’ structural parameters.
We obtained that lower color-indexes values occur for
lower dry masses, independently from the satellite age.

Further investigations are required.
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