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Abstract

We succeeded in monitoring fragmentation of the main body of the HAYABUSA spacecraft upon its re-entry
as a part of an expedition by the National Astronomical Observatory of Japan. The time variation of the number
of fragments and their size distribution were derived by analyzing obtained images. The fragmentation started at
13h52m5:s2 UT at 83–84 km above sea level, and the number of fragments increased with time. The maximum
number was more than a few hundred at around 13h52m20s, and the fragments dispersed over an area of more than
14 km in length, and 1 km in width along the re-entry trajectory. Fragments decreased in number after the maximum,
and almost disappeared at 13h52m31:s3 at around a height of 45 km. Under some assumptions, we managed to derive
the size distribution of the fragments, which showed a small power-law index within a range of �0.8 to �1.0. These
values are lower than those of fragmentations of comets, or other examples in our solar system. The obtained
flat size distribution is discussed based on a comparison of the intrinsic size distribution of the assembled parts of
the HAYABUSA spacecraft.

Key words: meteors, meteoroids — solar system: general — space vehicles: atmospheric re-entry —
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1. Introduction

Fragmentation is one of the most drastic phenomena occur-
ring in heavenly bodies in the solar system. Some asteroids
are bodies produced by possible collisional fragmentations,
which can be suggested by the existence of families in the main
belt. The dust bands observed in the infrared wavelength are
thought to be produced by fragmentation induced by possible
large-scale collisions (Nesvorný et al. 2003). The cometlike
appearance of P/2010 A2 is thought to be an example of such
collisions (Jewitt et al. 2010; Snodgrass et al. 2010). Tidal
disruption is also thought to be important in producing frag-
mentation that resulted in a meteoroid stream (Tóth et al. 2011)
in the case of near-Earth asteroids.

Comets are other representative bodies that often show
fragmentation of the nuclei. The latest example is Comet
73P/Schwassmann–Wachmann 3, which showed a line indi-
cating split nuclei along the orbit (e.g., Reach et al. 2009).
Comets are so fragile as to be easily split by tidal-force on
close approach to planets (e.g., Scotti & Melosh 1993 for

comet D/Shoemaker–Levy), or by thermal stress at the peri-
helion passage (e.g., Marsden 1967 for Sun grazing comets).
Even if there is no such clear reason, comets often show splits
or fragmentations independently of the position of their orbits
(Chen & Jewitt 1994).

Similarly, meteors often show fragmentation during the
period of ablation in the atmosphere. Strong dynamic pres-
sure causes the fragmentation of meteoroids, almost indepen-
dently of the size. While larger meteoroids, which are observed
as bright fireballs, show fragmentations (e.g., Borovička et al.
1998), smaller meteoroids also show destructive fragmen-
tations. Note that the average ratio of fragmentation to
nonfragmentation meteoroids strongly depends on the meteor
showers. A representative meteor shower showing fragmen-
tation is October Draconids (Borovička et al. 2007). The
Andromedids, which are a product of the disintegration of
comet 3D/Biela (Jenniskens & Vaubaillon 2007), also show
fragmentation (K. Maeda 2011 private communication). On
the other hand, the fragmentation rate is not so high as October
Draconids among several famous meteor showers, such as

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/63/5/955/2898179 by guest on 17 M

ay 2023



956 J. Watanabe et al. [Vol. 63,

Leonids or Perseids (Jacchia et al. 1967) during the ablation
phase, although fragmentations in the orbit are implied by
“cluster” phenomena (Watanabe et al. 2003; Tóth & Klačka
2004). These situations suggest differences in the internal
structure or density of meteoroids of different origin.

In any case, such fragmentations, including splits, are
important to the internal structure of not only cometary
nuclei (Weissmann 1986), but also asteroids or meteoroids
(Borovička et al. 2007). On the other hand, we already
know the internal structure of “artificial bodies”, such as the
HAYABUSA spacecraft. The fragmentation of such bodies
on re-entry, if observed in detail, should provide important
information on the relation between fragmentation processes
and the internal structure of celestial bodies (Jenniskens &
Hatton 2008). A comparative study of fragmentations of
artificial and natural bodies has been made (Wiesel 1978).
The spacecraft, itself, had been scheduled to enter into the
Earth’s atmosphere just after the release of the return capsule
(Yoshikawa et al. 2010). This re-entry was a lucky chance
to observe the fragmentation of the spacecraft as an “artificial
meteor” phenomenon. We sent out an expedition to Australia
for ground-based observation of the re-entry (Watanabe et al.
2011), and succeeded in obtaining valuable data on the frag-
mentation, which are summarized in this paper.

2. Observational Materials

The observation of the fragmentation was carried out as
a part of the expedition. Details are provided in a summary
of the expedition (Watanabe et al. 2011). The fragmenta-
tion was observed by using several instruments set up for
high resolution and short exposure. Although one of them
was a video camera, SONY Handycam XR520V, for the near-
infrared region (No. 15 in table 1 of Watanabe et al. 2011),
because we failed to follow the rapid apparent motion of the
re-entry capsule, we missed a main part of the fragmentation.
Another was a digital camera, OLYMPUS E-30, with a ZUIKO
DIGITAL ED 35–100 mm (F=2.0) lens, which was set up for
a sequential shooting mode of 5 frames every second (No. 6
in table 1 of Watanabe et al. 2011). The exposure time was
1=60 s for each frame. The focal length was fixed at 100 mm,
which had a diagonal field of view of 12:ı3. The ISO was set
at 3200 to achieve high sensitivity. A total of 189 frames were
obtained from the first appearance through the end of the frag-
mentation, operated by one of the authors (YI). Although we
had blurring in some frames, most of them can be used for
analysis to measure the fragments. There is no other appro-
priate material with sufficient spatial resolution among data
taken by our members. The starting time of the exposure was
13h52m00s UT, and the ending was 13h52m40s UT. The esti-
mated error of the exposure time was 0.2 s.

3. Data Reduction

For data reduction, we used the image reduction tool
Image-J (version 1.43U), which is a public domain, Java-based
image processing program developed at the National Institutes
of Health (Collins 2007). This software can handle 8-bit,
16-bit, and 32-bit images of various formats, including JPEG,

which we used in this instrument. In particular, it can analyze
and count small bright spotlike fragments in our images. The
image data are transformed by Adobe Photoshop CS2 into 8-bit
gray-scale data by neglecting color information; then, pixels
with values larger than 25 are recognized as signals above the
sky background. We picked up independent fragments using
Image-J, and then counted the numbers, and estimated the area
as the number of pixels in the same cluster. This counting
method has some number errors due to overlapping fragments.
Smaller fragments tended to be buried in the bright area caused
by the large tails of fragments. However, it is difficult to iden-
tify each fragment in such a situation. Moreover, the number of
fragments strongly depends on the threshold value. We tried to
apply several threshold values, and confirmed that the relative
ratio between detected fragments on different images remained
constant. Therefore, we are reasonable if we treat the derived
number as the relative value, not the absolute value.

4. Results and Discussion

4.1. Beginning Time of Fragmentation

In the first phase of the observation, no fragmentation
occurred until 13h52m03s UT. Among the tails produced by the
evaporation or shock-heated gas, two bright spots were seen to
be left behind the trajectory at 13h52m06s UT. Figure 1 shows
a composite image of enlarged images at around the main body
just after the possible beginning epoch of fragmentation, with
each image centered at the possible main body. Although the
position of the main body was uncertain due to the saturation
by its brightness, we assumed that the center of the bright satu-
rated area should have been the position of the main body.
The time variation of the positions of two major fragments is
plotted in figure 2. It shows clear decelerations of two frag-
ments, which were well fit by quadratic curves.

From the apparent motion analyzed by these spots compared
with the main body, the first separation should have occurred
at 13h52m5:s2 UT. The corresponding height is � 83–84 km
above sea level (Ueda et al. 2011). This height of the begin-
ning of the fragmentation is lower than those of natural frag-
mentations of meteoroids. This seems to be reasonable because
natural meteoroids are thought to be more fragile than artifi-
cial satellites. These two spots are thought to be solar-panels,
which can easily be broken by the dynamic pressure during the
first phase of ablation in the atmosphere.

4.2. Time Variation of the Number of Fragments

Figure 3 shows the time variation of the number of frag-
ments measured in our image at intervals of one second, using
three different thresholds of the area pixel numbers applied.
Actually, we counted all of the fragments in the field of view.
However, the actual volume gradually changed due to the
changing geometry between the main body and the line of
sight. We did not correct this effect in this study, because it
is only an error of 10%, which is less than the error caused by
the setting threshold.

Unfortunately, we were unable to cover the entire distribu-
tion of fragments extended along the trajectory especially in
the last part of the observation. Figure 4 shows the maximal
phase of the fragmentation at the highest peak in figure 3.
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Fig. 1. Composite image near the HAYABUSA spacecraft between 13h52m04s and 13h52m08s UT. Two bright fragments seem to move behind the
main body.

Fig. 2. Time variation of the separation between two bright fragments
and the main body of the HAYABUSA spacecraft. The time variation
was fit by quadratic curves by assuming constant decelerations. The
time of separation is almost the same at around 13h52m05:s2 UT.

The fragments dispersed over a trajectory of more than 14 km
in length, and 1 km in width. Some fragments are expected to
exist out of the field of view.

In order to estimate the amount of those fragments, we
counted the numbers of fragments along the trajectory. Within

Fig. 3. Time variation of the number of fragments. We applied three
different thresholds of 1, 2, and 5 pixels for the identification of frag-
ment. Although the number decreases with a larger threshold of the
pixel area in units of pixels, the entire tendency does not change.

Fig. 4. Image of the capsule (lower-left corner) and the maximal phase of fragmentation of the HAYABUSA spacecraft at 13h52m19:s8 UT. Hundreds
of fragments are easily recognized.

the first 3 km, 63% of the total number of fragments appeared,
and 93% appeared within 10 km. Within the last part of the
next 4 km in the field of view there was only a 7% contribution
to total. Even if we extend this distribution to the next 5 km,
the number of fragments expected is less than 5% of the total.
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Moreover, the distant fragments rapidly become faint and seem
to disappear, so that their contribution to the time variation as
a whole should be much smaller than 10%.

Note again that the absolute number of fragments described
in this study is not so meaningful because it easily changes if
other values of the threshold are chosen. The vertical axis in
figure 3 should be treated as relative values.

The number of fragments rapidly increased from
13h52m11s UT, and reached the first peak at around 13:s5.
This corresponds to the first major explosive brightening
that occurred in 13:s0–13:s5 (Ohkawa et al. 2011). Then, it
decreased until 52m17s. The second explosive brightening
was detected at around 52m17s–18s (Ohkawa et al. 2011),
and the main body have broken into a few major fragments,
each producing plenty of small fragments. The number of
fragments increased after this epoch, and reached the highest
peak at 52m20s. The number of fragments in the field of view
reached over several hundred, as shown in figure 4.

We can still identify a few fragments in the final phase at
around 23h22m30s UT. The last image in which we can recog-
nize a fragment is that taken at 13h52m31:s3 UT, when the
height was � 45 km (Ueda et al. 2011).

4.3. Size Distribution of Fragments

The important information about such destructive fragmen-
tations is the size distribution of the fragments. The number of
fragments in the case of HAYABUSA is sufficient to estimate
the size distribution. However, it is difficult to estimate the
brightness of each fragment, mainly because we are using 8-bit
images, so that most fragments are bright, resulting in satura-
tion. Hence, whatever information we could extract, observed
data were reduced under the following assumptions.

The intrinsic brightness of each fragment should be related
to the saturated area in the image measured by the pixel
numbers. We assumed a similar point spread function for all
the fragments; namely, the actual width of the point-spread
function is proportional to the peak brightness, mainly due to
blurring caused by saturation in this study. Thus, the intensity
is proportional to h3, where h is the half width at half maximum
of the point-spread function. Because the area S of a certain
brightness level of a fragment is proportional to h2, we may
regard the area S as being proportional to I 2=3, where I is
the integrated intensity of a fragment. Although bright frag-
ments tend to have a larger area due to the existence of tails,
we may neglect them mainly because the contribution of such
bright ones is thought to be small for such a small number. On
the other hand, the intensity, I , of the meteors is known to be
related to the effective radius, r , of the meteoroids as I / r3.
Therefore, we can relate the observable value of the measured
area, S , to the effective radius, r , of each fragment as r / S1=2.

Though these assumptions may be slightly rough, we have
no other method for retrieving information on the size distribu-
tion from our data. Under these circumstances, we derived the
size distribution of the fragments at several epochs when the
number of fragments was larger than a few hundred. Figure 5
shows examples of the results. Because the slope of the largest
fragments became steeper, we ignored both the largest end
(r � 250) and smallest end (r � 10) for deriving the power-
law index. Most values of the power indices are concentrated

Fig. 5. Examples of the size distribution of fragments. The upper
panel is that of an image taken at 13h52m20s UT, and the lower panel
at 13h52m22s UT, where the power-law indices in the middle part
(10 � r � 250) are �1.0 and �0.8, respectively.

in between �0.8 and �1.0, while the smaller fragments show
an extremely flat distribution at the power-law index ranging
from �0.2 to �0.3.

Our concern is the possible existence of nonresolved frag-
ments overlapping within a single large cluster. In this case
we cannot resolve them because the cluster was saturated and
seen as a single source. Actually, it may be the reason for
the steep size distribution at the largest end of the fragments,
as shown in figure 5. Even if this happens, we can naturally
count them after they separate with time. Because we took the
middle part to derive the power-law index in the size distri-
bution, as mentioned above, in this study, we did not expect
a large change in the size distribution, although we need further
detailed analysis concerning this issue.

The obtained values are lower than those derived from
the fragments of orbiting satellites (e.g., � 1.6 by Badhwar
& Anz-Meador 1989), and lower than those of comets
or experiments. For example, the power-law index of
the size distribution is 3.3 in the case of fragmentation
of Comet 73P/Schwassmann–Wachmann 3B observed with
Subaru/Suprime-Cam (Ishiguro et al. 2009), while even the
preliminary results by Fuse et al. (2007) show a flatter index
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Fig. 6. Size distribution of the component parts in the HAYABUSA
spacecraft. The effective radii were derived from the mass of parts given
in the table appearing in “Flight design book of the M-V-5/MUSES-C
mission (SES-TD-02-006)”.1 The power-law indices are �2.5 for
larger parts (r � 1) and �0.4 for smaller parts (r � 1).

of 2.1, which is still larger than our result. The size distribu-
tion of comets of the Kreutz group, which were observed as
Sun-grazing comets by SOHO, also shows a larger index of
2.2 (Knight et al. 2010). The size distribution of the cometary
nuclei in Jupiter family comets is � 2.6 (Fernández et al. 1999),
while this may not be directly compared to the fragments
originating in one body. A collisional theory also suggests
a larger index, such as 3.5 (Dohnanyi 1969). In the case of
main-belt asteroids, the index is usually larger, except sub-km
asteroids ranging from 0.6 to 1 km in diameter, which show
a very low value of 1.29 derived by the Subaru main-belt
asteroid survey (Yoshida et al. 2003; Yoshida & Nakamura
2007). However, this value should be a result of the “YORP”
effect, which sweeps smaller asteroids from the main belt.
The Trojan asteroids also show larger values, such as 1.8
(Yoshida & Nakamura 2005). Tóth, Vereš, and Kornoš (2011)
found that the power-law index becomes smaller than the orig-
inal one in the case of the theoretical size distribution of small-
size objects originating in the tidal disruption of near-Earth
asteroids. However, it becomes only �2.5 ˙ 0.05 out of the
original value of �2.7.

In any case, the power-law indices of the size distribution in
most cases in our solar system are larger than that obtained in
this study. It may depend on the size distribution of the assem-
bled parts for the HAYABUSA spacecraft. The released data
on the assembled parts are only for the mass.1 We retrieved
the mass distribution from the released data, and then trans-
formed it into the size distribution by assuming a uniform
density, as shown in figure 6. Two power-law functions fit
the size distribution, and their power-law indices were �2.5
for larger parts (r � 1) and �0.4 for smaller parts (r � 1).
Because units of cataloged values for the mass are not the
components, but assembled parts listed as a whole, one cata-
loged part can be even divided into numerous smaller parts.
Therefore, it is easily understood that the original power-law

1 Flight design book of the M-V-5/MUSES-C mission (SES-TD-02-006),
2003, Institute of Space and Aeronautical Sciences (in Japanese).

distribution should become flatter than that derived from the
cataloged components, especially for the larger parts.

Actually, the observed size distribution seems to be flatter
than that for larger parts in figure 6. The observed power-law
index is between �0.8 and �1.0, which is much smaller than
that derived from the cataloged larger parts, �2.5. It is also
true that the index for the smallest end of the observed frag-
ments is �0.2 or �0.3, which is slightly smaller, compared
with �0.4 for the smaller parts. In any case, it seems that
the observed power-law distribution is flatter than that derived
from the cataloged parts in both cases. However, since the
absolute value of the size is unknown, we do not know whether
this correspondence is correct. Although it may be said that
the obtained index of the size distribution of the observed frag-
ments reflects that of the artificial component parts assembled
in the HAYABUSA spacecraft, we need further analysis using
unsaturated data in the future for any confirmation.

5. Concluding Remarks

We succeeded in observing fragmentation of the main body
of the HAYABUSA spacecraft at re-entry. This was rare
because most re-entry experiments are basically planned so as
to be protected with heat shields. The only detailed observa-
tion was performed in the re-entry of ATV-1 “Jules Verne” by
Jenniskens and Hatton (2008). Our results should be useful
for comparing with such previous events, which has not yet
been published in detail. In the next Japanese sample return
mission, HAYABUSA 2, no re-entry of the main body is
expected (Yoshikawa et al. 2008). We do not know when
a future opportunity to confirm our results will occur. This
failure recommends us to make careful preparations of obser-
vational instruments in order to prevent saturation.

Fragmentation of the HAYABUSA spacecraft started at 83–
84 km, and most of the body disintegrated at around 45 km
above sea level. This was mostly expected at the planning
phase by the ground-based observation team of JAXA (Fujita
et al. 2011). Note that the actual re-entry was made as planned
and that its time was also exact. This situation indicates precise
orbit control by the JAXA team (Yoshikawa et al. 2010).

The flat distribution of the fragment size was calculated
beforehand in such re-entry of artificial bodies into the atmo-
sphere by making several appropriate assumptions. The
derived power-law index is flatter than that calculated from the
designed mass distribution. Although this may suggest that
the size distribution in the fragmentation basically indicates the
internal structure of the parent bodies, there is need of further
investigation. This approach is the most important suggestion
for future astronomy. However, note again that this size distri-
bution has been derived under several assumptions because
most fragments were saturated by brightness. Care should be
taken to adjust the sensitivity of the detectors during future
observations of fragmentation of the same kind of phenomena.

We are grateful to Dr. Jiri Borovička for his valuable
comments and suggestions as referee.
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