
s

led

mples of its
set of 39
uters
years,
sample a
Icarus 179 (2005) 291–296
www.elsevier.com/locate/icaru

Earth impact probability of the Asteroid (25143) Itokawa to be samp
by the spacecraft Hayabusa

Patrick Michela,∗, Makoto Yoshikawab

a Observatoire de la Côte d’Azur, CNRS/UMR 6202 Cassiopée, B.P. 4229, 06304 Nice cedex 4, France
b Japan Aerospace Exploration Agency, Institute of Space and Astronautical Science, 3-1-1 Yoshinodai, Sagamihara, Kanagawa 229-8510, Japan

Received 13 May 2005; revised 12 July 2005

Available online 12 September 2005

Abstract

The Japanese spacecraft Hayabusa is planed to reach the Asteroid Itokawa in September 2005, and to bring back some sa
surface to Earth in 2007. We have studied the future possible evolution of this asteroid by integrating numerically over 100 Myr a
initially indistinguishable orbits (clones), obtained either by small variations of the nominal initial conditions, or by using different comp
(introducing different round-off errors). The results indicate that an Earth impact of this 500-m-size asteroid is likely within a million
which is only a factor of four larger than the average impact frequency of asteroids of this size. The mission Hayabusa may thus
good candidate for being among the next 500-m-size Earth impactors.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The Asteroid (25143) Itokawa is the target of the Ha
busa mission (MUSES-C) operated by the Japanese A
space Exploration Agency (JAXA) and launched in M
2003 (Fujiwara et al., 2000). The samples to be broug
back to Earth will be the first unaltered material from
teroids that will be analyzed in laboratory. The knowled
of physical properties of small bodies can provide import
clues to the composition of the solar nebula before pla
were formed. Indeed, probably only a few large astero
such as Vesta and Ceres have experienced high tem
tures causing significant thermal evolution, while most sm
bodies could neither experience such high temperatures
ing their formation nor retain any atmosphere due to th
small sizes. As a consequence, most asteroids and co
are assumed to be relatively pristine objects, compared t
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larger and differentiated planetary bodies, their satellites
the largest asteroids. Moreover, it is recognized that imp
by small bodies cause a significant hazard to the futur
human kind. Information on the physical properties of a
tential impactor and early estimates of the timescale be
the event are required to develop efficient mitigation str
gies(Gritzner and Kahle, 2004). The Asteroid Itokawa, from
which samples will be analyzed, belongs to the popula
of near-Earth objects (NEOs) which includes the potenti
threatening bodies. Therefore, it is interesting to determ
whether Itokawa has a non-negligible probability to coll
with our planet. The analysis of the data provided by
Hayabusa mission would then take another importance
impact by an object of this size may cause regional d
ages if not global ones depending on its physical prope
and on the surface properties of the impact site(Toon et al.,
1997).

In this paper, we provide an estimate of the collision pr
ability of Itokawa with planets based on a statistical inve
gation of its future possible evolution.

http://www.elsevier.com/locate/icarus
mailto:patrick.michel@obs-azur.fr
http://dx.doi.org/10.1016/j.icarus.2005.07.018
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2. Method of investigation

The major difficulty to predict NEO evolutions is th
the orbits of planet-crossing objects are very chaotic, w
Lyapunov divergence timestL ≈ 102 yr (e.g., Whipple,
1995; Tancredi, 1995), owing to the sensitive dependen
of the orbital changes caused by planetary encounter
the pre-encounter orbit. This is particularly true for Itoka
whose short-term chaotic nature has been demonst
(Yoshikawa, 2002). Consequently, computed evolutions a
not deterministic predictions of the real evolutions o
times much longer than the Lyapunov timetL. Moreover,
planet-crossing orbits are also sensitive to the assumed p
ical model of the Solar System, to the integration algorit
and to the round-off features of the computer. Small chan
to any of these options imply that beyond a few timetL, the
computed orbits completely “loose memory” of their co
mon origins. They are just “possible evolutions,” which a
nonetheless very useful to identify the most important
namical mechanisms whichmay affect the real orbit, or to
make statistical estimates on the object’s lifetime, encou
rate and so on. To increase the statistical significance o
study, we thus considered thenominal object defined with its
measured orbital parameters listed in asteroid ephemer
and also a sample ofclones, i.e., initially “indistinguish-
able” orbits obtained by either adding or removing the
digit of one of the orbital elements at a time, or by us
different computers (implying different round-off errors)
perform the actual integrations. Hence, in addition to
nominal orbit, we defined 12 clones by changing each
the six orbital elements at a time (called, e.g., Itokawa Ia+,
Ia−, wherea is the semimajor axis and the sign indica
if the last digit was increased or decreased by unity)
26 more clones (called, e.g., Itokawa IIa+ and IIIa+) by
repeating the integrations on two other computers. In to
we thus obtained 39 clones and we computed their or
evolutions over 100 Myr, within which only 4 of them su
vived and 35 collided with a planet, the Sun or were ejec
outside Saturn’s orbit. We adopted a purely gravitatio
model of the Solar System, including all the planets exc
Pluto.

Using these initial conditions, we computed the lon
term possible evolution of Itokawa by using a nume
cal integrator that already allowed us to study the e
lutions of some NEOs(Michel et al., 1996a, 1996b). It
consists of a Bulirsch–Stoer variable step-size algori
(Stoer and Bulirsch, 1980), optimized for dealing accu
rately with planetary close approaches, and adapted b
for recording accurately the miss distance correspon
to the encounters, despite the discrete time steps us
compute the orbits(Michel et al., 1996a). The accuracy
of this integrator is computationally expensive but it is
quired to have enough confidence, particularly for or
subjected to rapid changes. However, it limits the num
of clones that can be integrated at reasonable computat
expense.
d

-

,

o

l

3. Possible future orbital behavior of Itokawa

The results of the integrations of the orbital evolutio
of the 39 clones show that all are first strongly domina
by close approaches and 20 of them collide with a pla
within timescales from a few 104 yr to several Myr. Half of
the clones reach their sink within 8.3 Myr. Interestingly, this
timescale is similar to the median lifetime of the observ
NEO population(Gladman et al., 2000). However, our sam
ple is too limited to interpret it as the most likely lifetime
Itokawa. Its determination based on the “mortality” of in
vidual clones would require a much larger sample that is
beyond our capabilities with the chosen integrator.

The analysis of the individual evolutions shows nonet
less some possible orbital behaviors of Itokawa during
future evolution. The high frequency of close approac
(essentially to Earth and Venus) is undergone by all clo
and causes drastic orbital changes. Consequently, a wid
gion of the orbital space can be visited and some clo
eventually collide with the Earth.Fig. 1 shows two such
cases. These examples demonstrate that actual collision
recorded during the numerical integrations. The clones
do not collide with a planet remain affected by close
proaches until they reach a region where some powe
secular or mean motion resonances cause a fast eccen
increase which sends them into the Sun or outside Sat
orbit.

Since each evolution provides only a possible one
Itokawa, one cannot estimate the future pathway of Itoka
orbit based on these individual evolutions. However, ass
ing that taken as a whole they may indicate all the poss
regions of the orbital parameter space that Itokawa will v
we can determine its most likely future pathway. We can t
compute the amount of time spent by all clones in differ
cells of the orbital space during their evolutions. Start
from the initial location of a clone, we compute the time
spends (in Myr) in different cells of (semimajor axisa, ec-
centricitye, inclinationi) over its whole evolution. We the
repeat this computation for all the clones and in each
we finally divide the total residence time by the total nu
ber of clones. The result can be interpreted as the ave
residence time of Itokawa in different regions during its
ture evolution. Here only the 35 clones whose lifetimes
smaller than the total integration time are considered.Fig. 2
shows that the greatest amount of time may be spent en
inside the Earth’s orbit. Indeed, once on such orbit, no d
gerous mechanism but close approaches can destabiliz
object. Unless a deep close encounter or an impact oc
it can remain there over a long timescale as a so-called
(inner Earth object;Michel et al., 2000).

4. Collision probability

We observed about 10% of Earth collisions in our n
merical integrations. However, because it is a rare ev
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d t

Fig. 1. Evolutions of the orbital elements of two Itokawa’s clones until they collide with the Earth. From top to bottom, each set of panels (left and right) shows
the semimajor axis (in AU), the eccentricity and the inclination (in degrees) versus time. Both clones have frequent close approaches with Venus anhe Earth,
so that their orbital elements undergo drastic changes until a collision with the Earth occurs within 3.5 Myr for Itokawa IM+ (left) and after only 0.056 Myr
for Itokawa IIIi+ (right).
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recording the collisions that we observe in our simulati
is not enough to estimate the actual collision probability
Itokawa with the Earth. To compute this probability and
associated impact velocity, we adopted a different proced
which has already been applied to study the Earth mete
delivery (Morbidelli and Gladman, 1998)and the collision
hazards caused by the whole population of NEOs(Gladman
et al., 2000; Morbidelli et al., 2002).

Given a set of orbital parameters (a, e, i), we compute
the collision probability with a planet using an algorith
described byBottke et al. (1994a, 1994b), which is a re-
fined version of similar models described byÖpik (1951),
Wetherill (1967), andGreenberg (1982). The main assump
tion in this algorithm is that the orbital angles (mean ano
aly, argument of perihelion and longitude of node) of b
the planet and the small body are random and circulate
formly. Therefore, it is not valid during resonant phenome
which cause some orbital angles to librate, thus redu
or enhancing the collision probability of the same set
(a, e, i) with uniform orbital angle distributions. This lim
itation will be discussed later. However, it also takes i
account the so-called gravitational focusing factor, wh
represents the attraction exerted by a planet and enha
the collision probability. For the impact velocity, the u
perturbed encounter velocityv∞(a, e, i) is first computed
using formulas given byBottke et al. (1994a). Then, the
impact velocity is computed taking into account the pl
et’s induced gravitational acceleration with the express
vimp(a, e, i) = √

v∞(a, e, i)2 + v2
esc, wherevesc is the plan-

et’s escape velocity.
To improve our statistics, we assume again that the

lutions of all the clones taken as a whole over their en
lifetimes give a representation of the possible orbital pa
meters that Itokawa may acquire. To estimate the ave
collision probability with a planet, we compute for ea
clone and for each output of (a, e, i) the associated colli
sion probability. This probability is then multiplied by th
103 yr output time interval, assuming that the object rema
in the same (a, e, i) cell within this time. The sum of thes
probabilities over the total lifetime of a clone divided by
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Fig. 2. Mean residence time of Itokawa in different cells of the (a, e) and (a, i) planes during its long term future evolution estimated from the nume
integrations of the 35 clones combined together over their whole lifetime. In the (a, e) plane, the lines represent the planetary-crossing lines (one lin
Jupiter and two lines for Mars, Earth, and Venus from top to bottom). The circle with the central dot indicates the actual position of Itokawa’s orbeach
plane. A gray scale is used to represent the residence time as shown on the plots. Only the purely white regions are never visited.
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lifetime gives its average impact frequency (seeTable 1).
We repeat this exercise for all the clones. Then, we sum
mean impact frequencies computed for each clone an
vide it by the total number of clones. We thus obtain
average impact frequency of Itokawa with the conside
planet. The average impact velocity is computed using
same procedure. This algorithm gives results which are
sistent with the number of directly observed impacts in
numerical integrations when the latter are also large eno
to be statistically reliable(Morbidelli and Gladman, 1998
Gladman et al., 2000). Here, the term frequency is n
strictly appropriate because our study concerns an indivi
asteroid and an impact occurs only one time. Our estim
should rather be interpreted as the timescales over w
Itokawa is expected to collide with the respective plan
Table 2 indicates that the expected collisional lifetime
Itokawa with the Earth is about 1 Myr. Since this is t
shorter timescale indicated, an Earth impact is the first e
expected to stop its evolution.

The computation of these probabilities can be subje
to several sources of errors. In particular, the assump
of a uniform circulation of the orbital angles is not alwa
correct. In a few cases, a clone is trapped in the Kozai r
nance, which makes its argument of perihelion librate (e
Michel and Thomas, 1996). However, we checked that the
events are always very short and never lead to high colli
probabilities. Consequently, their contribution is negligi
in the average collision probability computed over the
ject’s lifetime. Another more critical problem occurs wh
the orbital inclinations of both the small body and the pla
are identical. In that case, the probability can go to infin
To avoid this problem, when such a geometry occurs, th
gorithm separates arbitrarily the two inclinations by 0.00◦
so that a finite value can be obtained. Although it is a
fact that the probability can increase when the mutual in
nation is near zero, we checked that when it occurs, the v
does not dominate the other ones or cause an artificially
probability.

Our estimate and the actual records of Earth collisi
in the integrations make us believe that an impact with
Earth on a timescale of 1 Myr should be considered a
serious possibility. This timescale lets plenty of time to
something about it if necessary, but it is only a factor of f
larger than the estimated impact frequency of bodies of
size(Morbidelli et al., 2002; Stuart and Binzel, 2004). This
makes Itokawa a good candidate to be among the nex
tential Earth impactors of this size. Mitigation strategies r
essentially on our knowledge of impactors’ physical pr
erties, so the fact that Hayabusa will bring back sample
this object makes it even more interesting.

5. Influence of the Yarkovsky effect

Finally, a non-gravitational force can also contribute
the long term evolution of asteroids in the size range 0
20 km. This so-called Yarkovsky effect is a thermal radiat
force that causes small bodies to undergo semimajor
drift, depending on their size, spin, orbit and material prop
ties (seeBottke et al., 2002, for a review). However, the fre
quent planetary encounters undergone by Itokawa may
vent this force to build up its slow effect. To check this,
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Table 1
Lifetimes, fates, and average Earth impact rates of the 39 Itokawaclones
over their whole lifetime

Body Lifetime Fate Impact rate
(Myr) (yr−1)

Itokawa I 7.703 Venus 1.4× 10−6

Itokawa Ia+ 49.563 Mercury 7.6× 10−7

Itokawa Ia− 0.172 Venus 1.5× 10−6

Itokawa Ie+ 4.214 Ejected 4.0× 10−7

Itokawa Ie− 11.560 Sun 8.3× 10−7

Itokawa Ii+ 6.959 Sun 7.3× 10−7

Itokawa Ii− 1.088 Sun 5.3× 10−7

Itokawa IΩ+ 12.690 Earth 1.8× 10−6

Itokawa IΩ− 13.510 Venus 5.6× 10−7

Itokawa Iω+ 1.817 Sun 2.9× 10−7

Itokawa Iω− 27.980 Venus 3.4× 10−7

Itokawa IM+ 3.510 Earth 1.1× 10−6

Itokawa IM− 0.903 Venus 1.7× 10−6

Itokawa II 13.345 Venus 1.9× 10−6

Itokawa IIa+ 57.498 Sun 3.7× 10−7

Itokawa IIa− 8.381 Sun 4.6× 10−7

Itokawa IIe+ 8.782 Venus 1.1× 10−6

Itokawa IIe− >100
Itokawa IIi+ 43.238 Venus 3.7× 10−7

Itokawa IIi− 1.127 Sun 6.2× 10−7

Itokawa IIΩ+ >100
Itokawa IIΩ− 44.221 Jupiter 1.2× 10−6

Itokawa IIω+ 6.938 Sun 6.4× 10−7

Itokawa IIω− 2.895 Sun 3.4× 10−7

Itokawa IIM+ 49.254 Sun 7.1× 10−7

Itokawa IIM− >100
Itokawa III 0.298 Sun 3.7× 10−7

Itokawa IIIa+ 4.452 Sun 1.5× 10−6

Itokawa IIIa− 2.682 Venus 3.2× 10−7

Itokawa IIIe+ 16.033 Venus 1.4× 10−6

Itokawa IIIe− 4.461 Sun 3.9× 10−7

Itokawa IIIi+ 0.057 Earth 1.6× 10−6

Itokawa IIIi− 32.587 Venus 1.5× 10−7

Itokawa IIIΩ+ 27.605 Venus 1.1× 10−6

Itokawa IIIΩ− 36.359 Sun 7.6× 10−7

Itokawa IIIω+ 3.374 Venus 9.9× 10−7

Itokawa IIIω− 31.281 Venus 1.4× 10−6

Itokawa IIIM+ >100
Itokawa IIIM− 4.056 Earth 3.5× 10−6

The Earth impact rate is computed with the method explained in Secti4.
The first 26 evolutions have been computed with the AMD Athlon co
puter, using a convergence criterion of either 10−12 (label I) or 10−8 (la-
bel II). The last 13 evolutions have been computed with a Compaq
Alpha workstation, using a convergence criterion of 10−12 (label III). The
other label indicates which orbital parameter has been changed ini
from the nominal one (see text for details). In the column end-state
name of the planet onto which Itokawa collides is indicated, or Sun m
a solar collision, and ejection means that the object has been ejected b
Saturn’s orbit. This column and the one indicating the average impac
are left empty for the 4 clones which lifetimes are greater than the m
mum integration time.

integrated numerically 13 of our clone orbits over 100 M
using an integrator including this effect(Broz, 2002)and
based on an algorithm developed byLevison and Duncan
(1994). The required physical quantities are either the o
known for the asteroid(Abe and Fujiwara, 2004), or the
d

Table 2
Average impact frequencies and velocities of Itokawa with the terres
planets

Mercury Venus Earth Mars

〈F 〉 〈Vimp〉 〈F 〉 〈Vimp〉 〈F 〉 〈Vimp〉 〈F 〉 〈Vimp〉
BS 1242.8 19.0 33.7 13.4 1.0 13.4 875.7 10.4
Yarko 748.5 25.8 40.7 15.9 0.8 13.7 753.2 14.0

The first line indicates the average impact frequencies〈F 〉 (in Myr) and
impact velocities〈Vimp〉 (in km/s) computed from the Bulirsch–Stoer in
tegrations (BS) accounting only for the planetary gravitational pertu
tions. The evolutions of all clones labeled I, II, and III whose lifetimes
smaller than the integration time have been considered to compute
averaged values. The values computed from the integrations which in
the Yarkovsky effect are indicated on the second line (Yarko); the m
ial parameters of Itokawa used in this case were a 500 m effective av
diameter, a 2.7 g/cm3 bulk density, a 0.35 albedo, a 12.132 h retrogra
rotation period with the spin axis perpendicular to the orbital plane, and
sumed 0.01 W/K/m thermal conductivity, 680 W/kg/K thermal capacity,
0.9 infrared emissivity.

ones usually adopted for S-type asteroids, assuming a
layer of regolith on its surface (seeTable 1). The integra-
tions confirm that the Yarkovsky effect remains undetec
due to the strong domination of planetary encounters. H
of the clones reach again their sink within 8 Myr, the d
namical mechanisms that they undergo and their fates
also similar to previous ones. The collision probabilities w
planets lead to an expected collision with the Earth on a s
lar timescale. The other small quantitative differences wh
suggest a trend toward slightly smaller impact frequen
(Table 1) are not relevant as they do not change the con
sions based on the purely gravitational evolutions.

6. Conclusion

In summary, Itokawa is not a dynamically peculiar as
oid, but its potentially high probability of colliding with th
Earth in a Myr is particularly interesting. Other intriguin
physical aspects are its high albedo (>0.3) compared to typ
ical albedos of S-type asteroids (0.11–0.22) and its low
tation period (12.1 h). The high-albedo value may be du
crater processes which reveal fresh unweathered surfac
eas. The low rotation period is more difficult to interpret a
may be linked to the collisional history of Itokawa. Its vis
by the Hayabusa spacecraft will certainly shed some ligh
these issues and become of prime interest if its threate
aspect is confirmed. The analysis of Itokawa’s samples
have great implications in many fields like the ones aime
establishing the links between meteorites and asteroids
characterizing the impact response of small bodies as a f
tion of their physical properties(Michel et al., 2003, 2004).
It is then clear that “post-Hayabusa” sample return miss
targeted to asteroids with different taxonomic types sho
be considered of high priority to clarify the physical pro
erties of the whole asteroid population, and in particular
most threatening bodies.
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