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Brightness of HAYABUSA Spacecraft Reentry: Artificial Fireball
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Abstract

During reentry of the HAYABUSA spacecraft, the main body became a bright fireball of full-moon class. While
the images were being taken by a team of ground-based observations, it was too bright to saturate the detectors in
most of our instruments. In order to estimate the brightness quantitatively, we utilized ghost images of the main body
together with the spectral data. We managed to estimate the time variation of the brightness, which had several peaks
of flare ups possibly due to a rapid increase of the total cross section of the fragments. The maximum brightness
obtained was �13.1 ˙ 0.1, the apparent magnitude at 13h52m19s.8 UT, which corresponds to a height of 57.2 km
above sea level. The corresponding absolute magnitude is �13.7˙0.1.
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1. Introduction

The brightness of the meteors is generally characterized by
the maximum brightness along the trajectory. The maximum
brightness is one of the important properties, and is easily esti-
mated roughly by visual methods. We continue this custom
using the apparent-maximum brightness by comparing those
of field stars until now from the era when we did not have
any other methods except for visual observations. At present,
the total integrated brightness can sometimes be measured for
deriving the physical parameters for meteors. However, it is
usually difficult, and has a strong dependency on the sensitivity
of the applied detectors. Therefore, it is still useful to utilize the
maximum brightness of meteors for further researches.

The HAYABUSA spacecraft and its capsule returned and
reentered the Earth’s atmosphere on 2010 June 13. Not only
the capsule, but also the main body of the spacecraft were also
� Present address: Kawasaki Municipal Science Museum, 7-1-2 Masukata,

Tama-ku, Kawasaki, Kanagawa 214-0032

expected to reenter the atmosphere, and to burn out due to the
ablation (Yoshikawa et al. 2010; Fujita et al. 2011). Under
coordination by one of the authors (J.W.), an expedition for
performing ground-based observation of this reentry had been
arranged (Watanabe et al. 2011a). One of the purposes was to
clarify the time variation of the brightness of both the capsule
and the main body as fireballs. This gave important informa-
tion for planning similar observations at the reentries of space-
crafts in the future.

The result on the capsule, which was protected by a sophis-
ticated heat-shield, will be described in a separate paper (Sato
et al. 2012). In this paper, we introduce the process of the esti-
mate, mainly based on the maximum brightness of the main
body as a fragmenting fireball from our data.

2. Imaging Data

2.1. Observational Materials

The observation, itself, was carried out as a part of the
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Fig. 1. HAYABUSA spacecraft and its capsule during reentry. The arrows indicate ghost (s) of the bright part of the flare (s). While the single ghost was
recognized in the above image taken at 13h52m13s. 7, four ghosts were observed in the below image taken at 13h52m19s. 8.

expedition. The detailed information is described in a summary
paper of the expedition (Watanabe et al. 2011a). The bright-
ness was monitored by several instruments set up for high
spacial and time resolutions. However, we did not consider the
saturation problem in the planning phase. This was partly
because we strongly intended to catch the details of the
expected fragmentation, which would produce very faint frag-
ments. Therefore, we set up most of the instruments at higher
sensitivity. This led the saturation of the detectors in most
instruments, which resulted in a failure of direct measurements
of the brightness quantitatively from the imaging data during
most of the trajectory.

In such a case, other information may be used to derive the
brightness of the object. One of them is the diffraction pattern
of the used optics, which was applied by the Leonid meteor
observation by Jenniskens (1999). However, we do not have
any clear diffraction pattern at around the objects because we
did not use any reflecting optics. The other is utilization of the
“ghost”, by which we managed to extract information about the
bright part of the trajectory in this study.

We tried to check the data taken by a digital still camera,
OLYMPUS E-30, with a ZUIKO DIGITAL ED lense of

35–100 mm (F2.0), which was set up for a sequential shooting
mode of 5 frames every second (No. 6 in table 1 of Watanabe
et al. 2011a). The exposure time was 1=60 second for each
frame with full aperture. The focal length was fixed at 100 mm,
which resulted in a diagonal field of view of 12:ı3. The ISO was
set at 3200 for realizing both high sensitivity and high time
resolution. In order to realize such a high time resolution of
5 frames per second, we took all of the data in the JPEG format.
If we apply the RAW format, it takes much time to record the
data to the memory, which results in a lower frame rate, such
as 1–2 frames per second. Even in the JPEG format, most of
the data, except for the saturation level, are useful for anal-
ysis of the measurements. A total 189 of frames were obtained
from the first appearance through the end of the fragmentation,
operated by one of the authors (Y.I.).

Explosive flares occurred several times, when the total cross
section rapidly increased due to heavy fragmentation of the
spacecraft. The first one occurred at 13h52m13s.7 UT, when
the main body was not seriously fragmented, yet at 68.2 km
above the sea level. In this case, a single ghost could be iden-
tified. The most luminous one was 13h52m19s.8 UT, when
the main body was located at 57.2 km. Inspecting the image,
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Fig. 2. Brightness variation of the HAYABUSA spacecraft during reentry derived from the “ghost (s)”. There is no data when we cannot measure the
ghost, due to the overlap onto the ftragments. The lower curve was the time variation of the number of fragments studied in Watanabe et al. (2011b).

we noticed four “ghosts” at the expected positions, namely at
a position symmetric to the flares of four large fragments of the
spacecraft. Figure 1 shows examples of two images mentioned
above.

For all of the data reduction and analysis, we used an image-
reduction tool, StellaImage Ver. 6, developed by Astroarts Inc.,
which is often used in astronomical data analysis in Japan
(Furusho & Ohkawa 2008). The brightness of the “ghost (s)”
was derived by comparing the calibration stars taken under the
same observational condition.

2.2. Calibration Experiment and Result

In order to determine the characteristic of the “ghosts” in the
used instrument, we carried out an experiment by using artifi-
cial light. We took images at many different exposures at the
same position of the HAYABUSA spacecraft in the frame. On
long-exposure images, we can identify “ghosts” of the light,
while the light, itself, can be directly measured under the unsat-
urated condition on short-exposure images. We then compared
the brightness quantitatively, which resulted in 15.5 steps of
the exposure-time difference between the artificial light and
its ghost. This corresponds to the 11.7 magnitude difference
between them. We measured the out-of-focus image of the
Vega as a calibration star, and derived absolute values for the
ghost of the HAYABUSA spacecraft.

By applying this value, we tried to measure ghosts in repre-
sentative frames during the reentry. At a certain epoch, we
could not do measure because the ghost was located in the over-
lapped position at the tail part of the fragments. We measured
a total of 37 frames almost every one second, which resulted
in figure 2. While we can recognize several peaks, there is
a maximum at 13h52m19s.8. Because the total brightness of

the four ghosts corresponded to �1.4 magnitude, the apparent
magnitude of the maximum brightness was derived as being
�13.1 at 57.2 km above sea level. The corresponding absolute
magnitude is �13.7, by using the orbit data (Ueda et al. 2011;
Borovička et al. 2011). Other flares were also inspected. The
flare happened at 13h52m13s.7 UT was estimated to be �12.3
magnitude, estimated from only a single ghost that appeared at
68.2 km above sea level. The absolute magnitude was �13.6,
which was slightly fainter than that above-mentioned one.

The timings of these flare up phenomena are well correlated
to the number of fragments (Watanabe et al. 2011a), as shown
in figure 2. In cases of natural fireballs, this correlation is often
observed in fireballs, such as Šumava and Benešov (Borovička
& Spurný 1996). The rapid increase of the total cross section
by fragmentation causes a sudden brightening of the fireballs.

3. Spectroscopic Data

One digital camera, a Canon EOS 5D Mark II (No. 1 in
table 1 of Watanabe et al. 2011a), was set up for obtaining
low-resolution spectra of the capsule by using an objective
Grism of 150/mm together with a 24 mm (F2.8) lens. The
detailed description will be given by Ohnishi et al. (2011).
A total of 23 frames were taken from 13h21m55s.15 through
13h22m25s.29 UT. The exposure time was one second for
each exposure. The data were saved in the 14-bit RAW
format, which were transformed to a 16-bit fits file for further
analysis by using StellaImage Ver. 6. We applied standard
reduction processes, namely dark subtraction and a flat-field
correction while using appropriate calibration data obtained
before and after the target observation. For analysis, we used
image-processing software, Makali8i, developed at NAOJ.
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We corrected the sky background for each n-th order spec-
trum of the main body by checking the saturation of the signals.
In the first 4 frames of the observation, we estimated the total
magnitude by using Saturn’s spectrum, imaged simultaneously
because there is no saturated data for all in the 0, 1st, and 2nd
order spectra of the main body. After the 5-th frames, we had
a saturation problem. When we had saturated data of the n-th
order spectrum, we utilized the higher order (n+1)-th spec-
trum for photometry, and derived the target magnitude by using
a luminosity ratio of n to (n+1)-th orders obtained by the frame
taken under the unsaturated situation. Although the main body
was too bright to produce saturation between the 4-th and 5-th
orders at the maximum, we estimated it by interpolation of the
data of the spectra under 5-th orders.

The brightness variation of the main body derived by this
method is shown in figure 3. The tendency of the variation at
around the maximum brightness is consistent with the ghost
measurement method in figure 2. The maximum apparent
magnitude was estimated as �13.2, which is consistent with
the value derived from the “ghost” method mentioned above,
within a possible error of ˙0.1 magnitude. It should be noted
that this light curve has a lower time resolution of one second.
Therefore, this result should be treated as complementary when
we study the peak brightness. The second peak in this figure 3
at around 13h52m17s is comparable to the last one, but this
may be due to the effect of integration. The broad peak at
around 13h52m14s is comparable to that of the peak in figure 2.

4. Concluding Remarks

We succeeded in to estimate brightness of the main body of
the HAYABUSA spacecraft at re-entry by using ghost images
and spectroscopic data. The derived absolute magnitude of the
maximum brightness, �13.7, is comparable to that of the full

Fig. 3. Time variation of the HAYABUSA spacecraft during reentry
derived from spectroscopic photometry method.

moon, of which the apparent magnitude is �12.7.
It is clear that even small spacecrafts, such like

HAYABUSA, become bright fireballs throughout fragmenta-
tion. Although the reentries of the return capsule have been
observed until now (Jenniskens et al. 2006; Jenniskens 2010),
the reentry of the spacecraft, itself, without a heat shield was
not observed very often.

Therefore, the results obtained in this reentry experiment as
Japanese spacecraft should be valuable for future planning of
similar events of reentry. These measurements are important
for the future reentry missions. Our result should be helpful to
make observation plans for the future, even if we do not know
when the next opportunity will be.
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