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Abstract

The brightness variation of the sample capsule of the HAYABUSA spacecraft was observed during reentry
into Earth’s atmosphere on 2010 June 13 UT. The capsule was observed from 13h52m01s through 13h52m38s UT,
with three peaks of brightness between 13h52m19s and 21s UT. The absolute magnitude of the highest peak was
�5.7(˙0.9) at 13h52m18:s6 UT. The luminous efficiency reached to the largest value of 0.89% (+1.14%, �0.50%)
at a time corresponding to an altitude of 58.1 km above sea level.

Key words: meteors, meteoroids — solar system — space vehicles: atmospheric reentry — space vehicles:
interplanetary mission — space vehicles: space aeronautics

1. Introduction

The capsule of the sample of the HAYABUSA space-
craft was planned to reenter to Earth’s atmosphere on 2010
June 13 UT (Fujita et al. 2011). While the spacecraft itself
was thought to become a bright fireball with fragmentation
during reentry, the capsule was not expected to be fragmented,
due to the protection of the heat shield. Since this was the
second trial of an actual application of the heat shield for the
Japanese space engineering community after the Unmanned
Space Experiment Recovery System (USERS) (Matsuda et al.
2004), ground-based observation was strongly needed (Fujita
et al. 2011). Moreover, such a reentry is definitely impor-
tant to be observed as an artificial meteor (Jenniskens et al.
2004), and actual campaigns for reentries of the return capsules
have been performed so far (Jenniskens et al. 2006, 2010). We

� Present address: Kawasaki Municipal Science Museum, 7-1-2 Masugata,
Tama-ku, Kawasaki 214-0032.

also recognized the importance of observing the capsule during
reentry, together with other purpose, described by Watanabe
et al. (2011). We carried out a ground-based observation,
and obtained valuable data on the brightness variation of the
capsule by using several instruments of different sensitivity.
The observation site was � 20 km to the west of Coober Pedy
in South Australia, where the longitude is 134ı32050:005, the
latitude �29ı02033:003, and the altitude 180 m above sea level.
More detailed information is described in Watanabe et al.
(2011). The instruments which we used for this research are
shown in table 1.

The fireball of the main body of HAYABUSA was actu-
ally observed as a bright fireball of full-moon level (Ohkawa
et al. 2012). In the case of the capsule, it was not very bright
compared with the main body. However, it was still bright
enough to make most of detectors saturate. Only a video
recorded by a low-sensitivity video camera (No. 16 of table 1)
provided unsaturated data, even at around the peak of the
maximum brightness of the capsule. We tried to estimate

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/64/2/41/2898255 by guest on 17 M

ay 2023



41-2 M. Sato et al. [Vol. 64,

Table 1. Observation instruments used in this study.

No.� Camera Focal length Diagonal Comments
of lens (mm) F.O.V. (ı)

1 Canon EOS 5D Mark II 24 84 Grism spectrograph, exposure 1 s
5 OLYMPUS E-30 100 12 Exposure 1=60 s, 5 frames=s

14 WATEC Neptune100 No. 3 6 68.5 High sensitivity CCD
16 SANYO Xacti WH1E 4 40 Color sensor
17 Canon iVIS HV20 6.1 57 Color sensor

� No. is the same as that used in table 1 of Watanabe et al. (2011).

the apparent magnitude of the capsule from data of the low-
sensitivity video camera around the peak, and also tried to
obtain the magnitude from other instruments at the fainter
phase of the reentry capsule.

This paper describes the analysis of the brightness varia-
tion and its absolute magnitude of the capsule during reentry;
it also discusses the luminous efficiency as an artificial
meteor, which should be valuable for planning future obser-
vations of similar reentry experiments, such as HAYABUSA 2
(Yoshikawa 2008).

2. Analysis

In order to clarify the time variation of the brightness of the
capsule during reentry, we inspected all of the data taken by
our expedition team (Watanabe et al. 2011). It was revealed
that even just after the appearance of the capsule it was too
bright to be observed for precise measurements by most of
instruments. Because of mistracking, one low-sensitivity video
camera (No. 17 of table 1) started to record the capsule from
13h52m10s UT. However, the capsule became too bright for
this camera at 13h52m13s UT. Unsaturated data were taken
only for � 3 s. After that, another low-sensitivity video camera
(No. 16 of table 1) recorded the capsule from 13h52m14:s5
through 13h52m25s UT without any saturation. We also used
spectral data of the capsule taken by instrument No. 1 of
table 1, by carefully avoiding confusion concerning the main
body’s spectrum. These unsaturated data were integrated to the
total optical brightness of the capsule, and we compared them
with the standard stars, as described by Ohnishi et al. (2011).
We used them as complimentary data for a confirmation of our
estimate of the brightness throughout reentry.

At the final phase of reentry, the brightness of capsule
decreased rapidly toward the “dark flight”, and became unsat-
urated, even by the high-sensitivity instruments. Moreover,
most fragments of the main body, which brightly interfered
with the capsule image, disappeared during this phase. From
13h52m36s UT, the capsule was observed as an unsaturated
point source by two high-sensitivity instruments (Nos. 5 and 14
in table 1). The data used in this analysis are summarized
in table 2.

We calibrated these data as a standard method, including
aperture photometry, where the sky and dark level were
subtracted by the annular region around the object. Field stars
or planets were used as standards for magnitude estimates
in the cases of Nos. 5, 14, and 17. Since our instruments,

Table 2. Observational data.

Instruments Time of measurements�

No.� Beginning Ending

1 13h52m11:s8–13h52m35:s1

5 13h52m36:s3–13h52m38:s3
(13h52m01:s6–13h52m36:s3)�

14 13h52m36:s1–13h52m38:s6
(13h52m24:s1–13h52m36:s1)�

16 13h52m15:s6–13h52m25:s1
(13h52m14:s5–13h52m15:s6)�

17 13h52m10:s1–13h52m13:s1
(13h52m13:s1–13h52m20:s1)�

� No. corresponds to that of table 1 in Watanabe et al. (2011).
� ( ) indicates the time of saturated data.
� Rejected data due to saturation.
� Rejected data due to low signal.

except for No. 14, had broader sensitivity, which resembles the
human-eye sensitivity, we used the Johnson V magnitude of
the Hipparcos Catalog for the field stars and the visual magni-
tude of JPL’s HORIZONS system for the planets. The reason
for the exception of No. 14 is described later. Unfortunately,
in the case of the low-sensitivity instrument No. 16, we were
unable to use any standard stars in the field of view during
the observation. Moreover, we lost information about the focal
length of the objective zooming lens of camera No. 16, so that
we could not apply the calibration experiment after the expe-
dition. Instead, we utilized several fainter fragments behind
the main body imaged in the same field at the same time, as
shown in figure 1. Comparing these parts taken by both video
cameras Nos. 16 and 17, we estimated the sensitivity difference
between these two cameras. Finally, we obtained results of the
correlation between the magnitude of the standard star and the
actual counts of each instrument, as shown in figure 2.

The data taken by the video camera No. 16 were compressed
data in the MPEG4 format by an internal processor, which
resulted in large errors for each frame, as shown in figure 3.
Therefore, we applied a running mean of 15 frames, corre-
sponding to � 0.5 s, for deriving the average value. Even in this
averaging process, a large uncertainty is expected, especially in
the fainter parts in the video data. Hence, the average values,
including a value of smaller than 100 counts, were regarded as
being unreliable until 13h52m15:s6, which is plotted as a part
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Fig. 1. Images of fragments used for the calibration between No. 16 and No. 17. The brightnesses of the images were reversed and coordinated for
clarity.
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Fig. 2. Calibration of each instrument. The upper-left panel [a], the upper-right panel [b], and the lower-left panel [c] show the relations between the
magnitude values of the standard stars and the logarithm values of counts corresponding to the brightness of the stars. The open circles in [a] and [b]
show data taken by observations for calibration performed in Japan after the expedition. The lower-right panel [d] shows the relation of the logarithm
values of fragments used for calibration between No. 16 and No. 17, as shown in figure 1. Crossed marks in [d] show rejected data (for details see text).
S.E. shows the standard error.
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Fig. 3. Time variation of the counted value of the capsule detected by No. 16. The thick curve shows the running mean of 15 frames.

Fig. 4. Time variation of the absolute magnitude of the capsule. The thick curve shows the unsaturated part, and the dotted curve shows the saturated or
unreliable part due to the lower signal.

of the dotted curve in figure 4.

3. Result

The time variation of the absolute magnitude of the capsule
during reentry, derived from various instruments, is shown in
figure 4. The absolute magnitude was derived by applying
trajectory data obtained by Ueda et al. (2011); namely, the

apparent magnitude at each epoch was transformed to that
at 100 km distance by using the calculated distance between
the observation site and the capsule in the manner of meteor
science. Using trajectory data derived by Ueda et al. (2011),
we also converted the time to the altitude of the capsule, as
shown in figure 5.

In figures 4 and 5, we have plotted the derived values of the
saturated part as a dotted curve, which should be regarded as
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Fig. 5. Relation between the altitude of the capsule and the absolute
magnitude. The thick curve shows the unsaturated part, and the dotted
curve shows the saturated or unreliable part of the lower signal.

being a lower limit of the magnitude. The thick curve indicates
the unsaturated or reliable part. The brightest part of the trajec-
tory was covered by a low-sensitivity video of No. 16. The
capsule was the brightest at around 13h52m20s UT, with three
peaks of the brightness at 13h52m18:s6, 19:s6, and 20:s6 UT.
The absolute magnitudes of these peaks were �5.7 ˙ 0.9,
�5.6 ˙ 0.9, and �5.6 ˙ 0.9, respectively. The peaks of the
brightening occurred at 58.1 km, 56.5 km, and 54.8 km above
sea level, as shown in figure 5. The errors of 0.9 mag at these
peaks were estimated from fitting errors in figure 2 and photo-
metric errors. The fitting error was obtained from addition
of the standard errors in figures 2a and 2d; the value was
0.81 mag. The photometric errors were caused by the standard
error of the measurement magnitudes between 15 frames, and
the obtained values were 0.09, 0.07, and 0.06 mag. Hence, it
may be meaningless to inspect any comparison of three peaks.
The brightness variation is almost similar to that obtained in the
case of the return capsule of GENESIS. The intensity measured
by Jenniskens et al. (2010) also peaked at around 55 km.

It should be noted that the data covering widely from the
maximum to the ending phase were derived from the spec-
tral data, which also indicated that the maximum brightness
occurred at 13h52m20s UT, and the absolute magnitude was
�5.0. The spectral data were taken by a long exposure time
(1 s), along with a sampling interval of 1.4 s (for details see
Ohnishi et al. 2011); these data should thus be regarded as
complimentary. Although the estimated absolute magnitude is
systematically fainter at around the peak by 0.3–0.7 than those
derived from the video data, they coincided at the beginning
phase at 13h52m16s. This may be due to the different wave-
length response of the detectors. However, considering the
large errors we can regard the overall time variations as being
similar to each other.

Photometry of the capsule became possible for the data taken
by two high-sensitivity instruments (Nos. 5 and 14 in table 1)
during the final phase, as shown in figure 4. Clear system-
atic differences are recognized in these data. The value derived

0.0%

0.2%

0.4%

0.6%

0.8%

1.0%

52:05 52:10 52:15 52:20 52:25 52:30 52:35 52:40

Time (13h, UT)

Lu
m

in
ou

s 
E

ffi
ci

en
cy

No.16

No.17

No.5

No.1

Fig. 6. Time variation of the derived luminous efficiency.
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Fig. 7. Relation between the altitude and the luminous efficiency.

from No. 14 tends to be brighter by 2 mag than that from No. 5.
This is mainly due to the difference in the wavelength sensi-
tivity. Instrument No. 14 is a WATEC video camera, which has
a higher sensitivity in near-infrared wavelengths. At this phase,
the temperature of the capsule was a few thousand Kelvin
(Fujita et al. 2011), which should have emitted near-infrared
emission as a black body. Actually, in the case of GENESIS,
the temperature in the final phase was higher than expected
(Jenniskens et al. 2010).

Moreover, at this stage, bright emission from the
surrounding plasma should have made a small contribution,
due to the lower height of the capsule, such as 37–38 km
above sea level, as shown in figure 5. It is natural that
the magnitude estimated from the instrument sensitive to
near-infrared, such as WATEC (No. 14), is brighter. The
lowest distance at which we observed the capsule was at
37.0 km, seen by the WATEC (No. 14). The data derived
from WATEC were not used for the final result concerning the
luminous efficiency.

This situation was also confirmed by comparison with data
taken by other sites. Ueda et al. (2011) derived the absolute
magnitude of the capsule as being �5˙1 at 13h52m29:s4 UT.
They managed to estimate this value by using a wide-field
of view camera, so that they could not derive a precise value
before this epoch, due to interference by the brightness of the
main body scattered by clouds. Our value at this epoch is �2.6,
which is fainter by 2.5 mag than their value. This difference is
thought to be consistent with the difference mentioned above.

4. Discussion on Luminous Efficiency

The luminous efficiency is one of the important physical
values in meteor science. The reentries of return capsules are
also valuable chances to derive such basic constants as artificial
meteor experiments (Jenniskens 2004); we tried to derive these
from the obtained data.

The luminous efficiency is traditionally defined by the total
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visible light per kinetic energy used for ablation, which means
the mass loss of a meteoroid. In the traditional definition, one
assumes that the meteoroid completely evaporates due to abla-
tion (Ayers et al. 1970). Even in the case of a large bolide,
one assumes a loss of most mass of the bodies, together with
a change in the kinetic energy due to deceleration, except
for the remaining mass (Ceplecha et al. 1996). However, in
the present case, the mass loss should have been negligible,
because of the heat shield attached to the capsule. Therefore,
we define here the luminous efficiency by the total visible
light per total kinetic and potential energy losses without any
mass loss, for the sake of simplicity. Although this assump-
tion is not precise, due to evaporation of the surface of the heat
shield, it is indicative as an opposite case where meteors evap-
orate completely. The luminous efficiency, � , is defined by
using radiation energy, I , in the visible wavelength and total
energy, E , as

I = � � dE=dt: (1)

We can estimate the energy change, dE=dt , as a combina-
tion of the changes of both the kinetic energy and the potential
energy by using the data of the deceleration and the change
in altitude of the capsule (Ueda et al. 2011). We derived
the light I by using 3.64 � 10�11 J s�1 m�2 nm�1 at a wave-
length of 500 nm as 0 mag (Oke & Schild 1970). Assuming
the mass of the capsule to be constant, 17.1 kg, we obtained
the time variation of the luminous efficiency of the capsule,
as shown in figures 6, 7, and 8. The luminous efficiency

increased rapidly from � 65 km. It reached to a maximum
value of 0.89% (0.39%–2.04%) at 13h52m18:s6, which was the
first peak among three brightening peaks. This corresponds
to an altitude of 58.1 km above sea level, and to a velocity
of 11.1 km s�1. This is because the energy change was larger
at lower altitudes, where the efficiency tends to be higher in
the upper atmosphere. Afterward, it has a decreasing tendency
as a whole, though the increase and decrease are repeated. It
decreased down to 0.01% at about an altitude of 40 km, just
before the “dark flight”. While the definition is not exactly the
same, the luminous efficiency of a natural bolide is between 1%
and a few percent, on average (Ceplecha et al. 1996), which
is larger than our result. It is reasonable to suppose that the
low luminous efficiency was due to the heat-shield material,
which was designed to produce much less ablation. In addition,
spectroscopy revealed that the capsule spectrum in the visible
wavelength was dominated by black-body radiation (Abe et al.
2011; Ohnishi et al. 2011).

It should be noted that our results, combined with various
teams’ data, are definitely valuable for planning the next step
of a reentry project, such as the next Japanese returning mission
of arity 2 (Yoshikawa et al. 2008). Next time we should prepare
appropriate instruments by referring to the obtained value of
the luminous efficiency for the heat shield.

We thank Messrs. M. Ueda, S. Uehara, Y. Fijiwara, and
S. Okamoto for their kind cooperation of supplying their results
of the trajectory of the capsule before publication.
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