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ABSTRACT. This paper reports on the optical
imaging polarimetry of geostationary satellite Express-
AMS5. Precise optical polarimetry was carried out using
the Nayuta 2-m telescope at Nishi-Harima Astronom-
ical Observatory and a polarimeter. V-band images
were continuously taken in 312 minutes. The degree
of polarization decreased with time until the minimum
phase angle was reached at midnight, and then, it in-
creased until morning. This change in the degree of
polarization is well explained by the reflection of sun-
light from monocrystalline solar panels of the satellite
and possibly from other satellite components such as
the antenna dishes and/or bus.
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AHOTAIIIS. M ryani CYILy THUKHU MaloTh
CIIOCTEPIraTH 3a JIONOMOIOI0 PI3HUX ACTPOHOMIYHUX
TIPUJIA/TIB. OTpumaBiim  KoJIp CyIyTHUKa 33

JIONIOMOr010  (DOTOMETPUYHHUX CIIOCTEPEXKEHb, MOXKHA
OIIHUTH MOBEPXHEBUIl MaTepiaj CymyTHUKA. Koabopu
CYIIyTHHKIB, K IPaBUJIO, YEPBOHIINI 3a COHSYHUI
CIIEKTP 1 CYNYyTHUKH PIi3HUX BUPOOHUKIB MaiOTh
pi3HI KOJIBOPH. Bararo cupob inentudikysaTn
IIOBEPXHEBUII MaTepiajl CyOyTHHKa 3a JOIOMOTOIO0
JUCTAHIIHHONO  30HIyBaHHS Oya0 3pobJjeHO 34
monomoroio crekrpockorii.  Ila crarts mosimomuise
PO JIOCTIIZKEHHST OMTHYIHOI TOJIIPUMETPil 300parkeHb
reOCTAIlOHAPHOTO  IITYYHOrO  CYIIyTHHKA  3eMJi
Express-AM5. BucokoTouny onruyHy HOJSPUMETPIIO
IIPOBOJAMIN 3a JOIOMOIOI0 2-MeTPOBOTO TeJIeCKOIa
Harora (Nayuta) B acrponomiuniii obGcepsaropil
Himi-Xapima  (Nishi-Harima) Ta  mossipumerpa.
Ha mporsasi 312 xBummna y doroMmerpudniit cmysi
V  mociiioBHO OoTpuMyBaJucs 300paKeHHS IHOTO
CyImyTHUKA. DBy/I0o OTpUMAaHO IO CTYIHBL MOJISPU3AIil
3MEHIITyBaJIACAd 3 YacOM, IOKH OJIM3bKO OIBHOYI HE
OyB JOCATHYTHIT MiHiMaJIbHUI (pa30BuUit KyT, a MOTIM
CTYMiHb TOJAPHU3AIil CYIMyTHUKA 30iIbITyBasacs 1o
camoro panky. CryIiHb HOJIsIpU3AIi]l 3MEHIIYBaJIacs

3 IOo49aTKYy CIIOCTEpEXKEHb, i 3aJianiaJiacsd Ha

HAJ3BUYAAHO HHU3BKOMY 3HadeHHi, wmenme 2%,
Mixk 22:51 i 24:42 (JST), a morim 3pocia mo 14% y
KiHmi cnocrepexkenb. KyT moJisspu3aliii 3MeHIITyBaBCs
MIPOTATOM HOYi. ByJio [0CTimKeHO TOJISPU3AIHI0 K
dyuKIio ¢azoBoro Kyra cymyTHuka. Pas3oBuii KyT
po3paxoByBaju 3a jgonomoron Beb-caiity Calsky.
Daz0Buil KyT 3MEHIIMBCA 3 IOYATKY CIIOCTEPEXKEHD 1
nocsar Mminimymy 23,5° o 23:50 a morim 36i/IbITyBaBCst
JI0 caMoro KiHIg crocrepekedb. CynyTHHK ITOKa3aB
BEJIMKWH CTYIHD [OJISPU3AIlil i/ BeJUKUM (Da30BUM
kyToM. st omHOrO i TOro ) ha3zoBOTO KyTa CTYIIHDb
nosigpusarii Oyna MafKe OJHAKOBOIO [0 1 micis
MiHIMaJBHOrO (ha3oBOrO0 KyTa, IO BKa3ye Ha Te,
0 KOMIIOHEHT, IO BiJOMBa€ COHSYHE CBIT/IO, OYB
OJIHAKOBUM [0 1 miciisi MiHIMAJIBbHOTO (DA30BOrO KyTa.
I 3mina crymens mossgpu3ariii go0pe MOsICHIOETHCST
BiIOMBAHHSM COHSIHOTO CBITJIa Bi/l MOHOKPUCTAIITHAX
COHSIYHMX TraHejeil cymyTHuka Express-AMS i
MOXKJIUBO, BiZl IHIMUX CYIYTHUKOBAX KOMIIOHEHTIB,
TAKUX K aHTE€HHI Tapijaku Ta/abo iHII IpUIaIm.

1. Introduction

Artificial satellites have been observed using various
astronomical techniques. By obtaining the color of the
satellite through photometric observations, one can es-
timate the surface material of the satellite. Schmitt
(2020) carried out optical B-, V-, R-, and I-band pho-
tometry of 61 geostationary satellites. They reported
that the colors of the satellites are generally redder
than the solar spectrum and that satellites from differ-
ent manufacturers have different colors.

Many attempts at identifying the surface material
of a satellite through remote sensing have also been
made using spectroscopy. Jorgensen et al. (2004) pre-
sented the optical spectra of two satellites. One satel-
lite exhibited a significant increase in reflectance in the
wavelengths of the U- and B-bands. The authors con-
sidered this to be due to the presence and orientation
of the solar panels. They also noticed a broad absorp-
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tion feature at nearly 8500 A in the spectra of both
the satellites, which was attributed to the presence of
aluminum.

Polarimetry is a powerful tool for investigating the
surface of a solid body. An asteroid is an astronomical
object with a solid surface reflecting sunlight. The re-
flected light is polarized, and by measuring the degree
of polarization, one can estimate the size of the regolith
on the surface. Kuroda et al. (2018) observed an ex-
tremely low-albedo asteroid in 1998, KU,. They ob-
tained linear polarization degrees of 44.6% and 44.0%
at a phase angle (Sun—asteroid-observer angle) of 81.0°
in the Re- and V-bands, respectively. These values are
the highest for the known airless bodies in the Solar
system at similar phase angles. They attributed this
high degree of polarization to a highly microporous re-
golith structure comprising nano-sized carbon grains
on the surface of the asteroid.

An artificial satellite has a solid surface. Speicher
(2015) observed eight satellites using a 20-inch tele-
scope and a polarimeter. The polarimeter used had a
polarizing beam splitter and took horizontally and ver-
tically polarized images simultaneously. A large degree
of polarization was observed during dusk and dawn and
a small degree polarization at midnight.

Express-AMb5 is an active geostationary satellite.
This Russian communication satellite was launched in
2013, and it is located in the geostationary orbit at 140°
east longitude. The satellite is three-axis stabilized.

In this study, we conducted optical imaging po-
larimetry of Express-AMS5 using a unique polarimeter
by which the fluxes of four polarimetric components
were recorded simultaneously. We carried out the
most continuous polarization measurements of a
geostationary satellite to date.

2. Observations

Optical polarimetry of Express-AM5 was carried
out on January 19, 2019 using a simultaneous imag-
ing/spectroscopic polarimeter, called POL (Fujita et
al.  2009), mounted at the Cassegrain focus of the
Nayuta 2-m telescope at Nishi-Harima Astronomical
Observatory, Japan (35.025° N, 134.336° E). POL
has an unpolarized beam splitter and two Wollaston
prisms, which divide light into four channels corre-
sponding to linearly polarized light with polarization
position angles of 0°, 45°, 90°, and 135°. The four
channels were simultaneously captured in a single im-
age. Each channel has a field of view of ~ 0.7’ x 2.5/,
The optical magnitude of Express-AM5 was approxi-
mately 10 mag in the V-band. The celestial coordi-
nate was calculated from a two-line element set. The
satellite remained at 9.9° east from the south with an
elevation of 48.9° in the sky. We observed the satellite
between 21:46 and 27:48 (JST). A total of 162 frames

were obtained with a 90-s exposure in the V-band. Af-
ter observing the satellite, we observed HD 154892 as
an unpolarized standard star and HD 154454 and HD
161056 as polarized standard stars (Turnshek et al.
1990). All images were taken at a position angle of
—29.5° for operational reasons. The seeing size was
approximately 1.5". Dark and flat frames were also
taken. We think that the light reflected by the flat
screen is polarized because a halogen lamp illuminates
the screen in the dome from the lower side. We set the
rotation angle of the Cassegrain rotator, to which the
POL is attached, to 0°, 45°, 90°, and 135°, and took
flat frames at each angle.

Data were processed with the Image Reduction and
Analysis Facility (IRAF). The object frames were cali-
brated in a standard manner, namely dark subtraction
and flat fielding with the dome-flat frames. The flat
frames taken at four rotation angles of the Cassegrain
rotator were combined into a single frame. The fluxes
of the satellite and standard stars were measured using
aperture photometry. The aperture radius was set to
2.5". We calculated the degree of polarization, P, and
polarization angle, «, as follows:

Q _ Foo — Fope (1)
I Foo + Fygo
U _ Fiuse = Fizse @)
Q U
P= /(224 (2 3
@r+ ) ®)
1 U
= §tan71(@)v (4)

where Fy is the flux density for the light polarized at 6,
and Q/I and U/I are the normalized Stokes parame-
ters. In astronomy, § = 0° indicates north and 6 = 90°
indicates east. The degree of polarization of the un-
polarized standard star was measured as 1.54 %. The
polarization was caused by the telescope and/or in-
strument. We subtracted 0.0121 from @Q/I and added
0.0095 to U/I such that the degree of polarization of
the unpolarized standard star was zero. The same cor-
rection was applied to the data on the polarized stan-
dard stars and satellite. The measured degree and an-
gle of polarization of the polarized standard stars were
different from those described in the literature. The
measured /I and U/I were transformed using the
scaling and rotation matrix on the Q/I — U/I plane;
thus, the differences between the measured polarization
and that described in the literature were minimum.
Based on these differences, we consider the uncertain-
ties to be 3/100th of the polarization degree and 5° in
the polarization angle. The same matrix was applied
to the satellite data. Among the 163 frames of the
satellite data, background stars overlapped the satel-
lite in 9 of the frames, and we did not further use these
9 frames.
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Figure 1: Degree and angle of polarization of Express-
AMS5 as functions of the observation time.

3. Results

The polarization of Express-AM5 was detected
throughout the night (Figure 1). The degree of
polarization decreased from the beginning of the ob-
servation, and remained at an extremely low value of
less than 2% between 22:51 and 24:42 (JST) and then
increased to 14% until the end of the observations.
The polarization angle decreased throughout the
night. Figure 2 shows the polarization as a function
of the phase angle of the satellite. The phase angle
was calculated using the Calsky website. The phase
angle decreased from the beginning of the observations
and reached a minimum of 23.5° at 23:50 and then
increased until the end of the observations. The
satellite showed a large degree of polarization at a
large phase angle. For the same phase angle, the
degree of polarization was almost the same before and
after the minimum phase angle, indicating that the
component reflecting the sunlight was the same before
and after the minimum phase angle.

4. Discussion

The polarization of light reflected by the satellite
components was investigated with laboratory measure-
ments. Beamer (2018) measured the polarization of
light reflected by a monocrystalline solar panel, a poly-
crystalline solar panel, a cylinder and a cubic box as a
model of a satellite bus, a painted dish antenna, and
a painted dish antenna with a fiberglass wire mesh.
The intensity of light reflected by the sample in a spe-
cific direction was measured using a power meter. The
bus and antennae of a geostationary satellite are nadir
pointing. To measure the light reflected from the bus
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Figure 2: Degree and angle of polarization of Express-
AMS5 as functions of the phase angle. In the upper
figure, the degree of polarization before the minimum
phase angle is indicated by the filled circles and that
after the minimum phase angle is indicated by crosses.

and antenna components, those and the power meter
were mounted on a rail. A halogen lamp was set sep-
arate from the rail, and by changing the orientation
of the rail with respect to the halogen lamp, the inci-
dence angle of light to the sample was changed. The
solar panels of a geostationary satellite are oriented to-
wards the sun. For measurement, the solar panel was
not mounted on the rail but was set normal to the
halogen lamp. The reflection angle of the light to the
solar panel was changed as the power meter moved.
They measured the degree of polarization using an in-
cidence or reflection angle between 15° and 83°. The
monocrystalline solar panel showed a degree of polar-
ization of less than 2% at a reflection angle between 20°
and 30° and a degree of polarization of ~ 10% at a re-
flection angle of ~ 60°. The painted dish antenna, the
cylinder bus, and the cubic bus showed a degree of po-
larization of ~ 10% even at a small angle of incidence.
The polycrystalline solar panel and dish antenna with
a wire mesh exhibited a low degree of polarization at
all incidence and reflection angles.

Cognion et al. (2013) claimed that the sunlight re-
flected from the front of the solar panels dominates the
reflection light of a satellite at a phase angle below 85°.

The degree of polarization of Express-AMS5 is ~ 2%
at a phase angle less than 30° and 13% at 60°. This
degree of polarization is roughly consistent with that
of the light reflected by a monocrystalline solar panel.
We consider the polarization of light reflected from
Express-AMS5 to be mainly caused by its solar panels.

Nevertheless, the observed degree of polarization of
Express-AM5 is 2%—3% larger than the measured de-
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gree of polarization of a monocrystalline solar panel.
Different solar panels may exhibit larger degrees of po-
larization. Horvath et al. (2010) indicated that solar
panels made by different companies exhibit different
patterns of polarization. Széz et al. (2016) verified
that an anti-reflective coating changes the polarization
properties. Other satellite components, i.e., the bus or
dish antennae, may also contribute to the polarization.
Endo et al. (2016) found a B — V color variation of
approximately 1 mag for Express-AMS5, indicating the
reflection of sunlight by multiple components. Express-
AMS5 has three 1.2-m diameter dishes and three larger
dishes. All dishes have smooth surface. The diameter
of the larger dish seems to be twice that of the small
dish (Amyotte et al. 2013). The total surface area of
six dishes is 17 m?, which is larger than the projected
area of the bus. The area of the solar panels of Express-
AMS5 is 84 m?. If 20% of the reflected light comes from
the antennae and 80% from the solar panels, the degree
of polarization increases by approximately 2%—-3% at a
phase angle of 30° and 1%-2% at a phase angle of 60°,
compared to the reflection solely by the solar panels.

Speicher (2015) measured the polarization of eight
satellites. The polarimeter had a polarizing beam split-
ter and two optical CCDs, allowing the simultaneous
collection of two-channel polarimetry data. The in-
strument was set to obtain horizontally polarized ray,
Fy,, and vertically polarized ray, Fy; then, S;/Sy =
(Fy — Fy)/(Fu + F,) was calculated. Because an alt-
azimuth telescope was used and an instrument rotator
was not applied, S1/Sp differed from @Q/I. Two po-
larized images were obtained for each satellite every
15 min with a 20-s exposure. A negative S;1/Sp was
observed with a large absolute value during dusk and
dawn and with a small absolute value at midnight. A
negative S1/Sy with a large absolute value indicates
strong vertical polarization. They considered that the
bus or antennae exhibited strong vertical polarization,
whereas the solar panels provided only a small contri-
bution to the overall optical signature during dusk and
dawn owing to their edge-on geometry. However, as
shown in Figure 1, the polarization angle of light re-
flected by Express-AM5 changed over time because the
scattering plane rotated over time. A measurement of
linearly polarized light with four polarization angles is
mandatory for the polarimetry of a satellite.

When the phase angle is at its minimum, the pro-
jected point of the satellite onto the Earth, the pro-
jected anti-solar point on the Earth (the anti-sub solar
point), and the observer are along a single line. This
line is an intersection of the scattering plane and the
Earth’s surface. Both planes are orthogonal. The po-
sition angle of this line is 90° +tan_1(%) =
9.2° west from the north. Assuming a vertical polariza-
tion to the scattering plane, the polarization angle of
the reflection light is 80.2° at the time of the minimum
phase angle. The minimum phase angle was observed

at 23:50, and the measured polarization angle was 85.9°
at that time. The angle reached 80.2° approximately
10 min later. Because the uncertainty of the measure-
ment is 5° in terms of the polarization angle, we do not
consider a discrepancy of 5.7° to be significant.

Unpolarized light is 100% polarized if the incidence
angle equals the Brewster’s angle. Because the refrac-
tive index of a vacuum is 1 and that of a solar panel
glass is 1.5, the Brewster’s angle of a solar panel is 56°.
Speicher (2015) reported that there was no significant
increase in the degree of polarization at a phase an-
gle of 56°. In our observations, we also did not find
such an increase. Speicher (2015) speculated that an
anti-reflective coating on the surface of the solar panel
reduces the total reflected light, creating a small polar-
ization. However, as noted by Beamer (2017), a solar
panel of a satellite always faces the sun, and thus, the
incidence angle of sunlight does not equal the Brew-
ster’s angle even when the phase angle is 56°.

Each component of a satellite has its own color.
The antennae of Express-AMS5 are white, black, or
gold, whereas the solar panels of some satellites are
bright in the blue and ultraviolet wavelengths. A bus
consists of numerous materials. Multi-band imaging
polarimetry may resolve the shape, orientation, and
surface material of a satellite.

5. Conclusion

We measured the polarization of sunlight reflected
by the Russian geostationary satellite, Express-AMS5.
The degree of polarization in the V-band ranged
from less than 2% at approximately the minimum
phase angle to 14% at the end of the observations.
The polarization vector rotated clockwise in the sky.
We concluded that the solar panels, and possibly
the antenna dishes and/or bus, contribute to the
polarization of the reflected light.
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