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The so-called Aten asteroids, evolving on orbits with semimajor
axis a <1 AU and aphelion distance Q > 0.983 AU, spend most of
their time inside Earth’s orbit. Currently, they account for about
7% of the observed near-Earth asteroid population and 13% of the
Earth-crossing one. However, observational biases play against their
discovery; thus the present number of Atens is probably severely
underestimated. Another still unobserved population of asteroids,
which we call IEO (inner-Earth objects), could also exist and evolve
entirely inside Earth’s orbit. Orbital numerical integrations of known
source populations of Earth-crossers indicate that the real fraction
of Atens and IEQs in the Earth-crossing population depends on the
considered objects’ diameters and could be close to 20% consider-
ing only the multikilometer bodies. Moreover, the fraction of IEOs
could be as large as half that of Atens. Since these asteroids can also
impact Earth, their threat should seriously be taken into account.
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their number might be twice as large (Hills and Leonard 1995). Although sever
searches have been specifically dedicated to the discovery of a hypotheti
planet orbiting between the Sun and Mercury (Campirel. 1996), the region
completely inside Earth’s orbitf < 0.983 AU) has never been systematically
explored.

Since no asteroid has been discovered yet in this region, no name has b
officially decided for this potential group, and we call them IEOs for inner-Eartt
objects. Note that a threat from IEOs cannot be disregarded on the long ter
since different dynamical mechanisms, such as close approaches to Venu:
secular mechanisms, can reinject them on an Earth-crossing orbit. The imp
hazard issue of course is relevant also for Atens, since those observed have
impact probability with the Earth twice that of Apollos (Bottke al. 1994).
Moreover, the membership of individual asteroids to the different groups is o
ten temporary, since NEAS' orbits are chaotic and after one planetary encount
they can evolve from one group to the other (Milahal. 1989). It is therefore
necessary to take seriously into account the impact threat from Atens and 1E(
and more generally to assess in the best possible way the demography of
region between the Earth and the Sun. In other words, it is important to estime
whether a statistically significant amount of small bodies exist permanently |
these groups and if the real abundance of Atens and IEOs can be expecte!
be larger than presently estimated from observations. This would then confii
whether observational biases from the ground are too strong against these
jects.

1. Introduction. Near-Earth asteroids (NEAs) are conventionally divided in According to present inventory (from the Minor Planet Center), the observe
three groups: Aten, Apollo, and Amor. Only the first two groups evolve currentipollo/Aten ratio is about 7. This ratio is highly uncertain given the severity of
on orbits which can intersect Earth’s, while Amors have trajectories which onbjservational biases. The average fraction of Atens derived from the orbital e\
allow close approaches to our planet, having by definition perihelion distandeons of known source populations of Earth-crossing asteroids could then gi
arbitrarily limited to 1017 < q < 1.3 AU. a better estimate of the actual fraction. The reason is that the orbital distributi

Although the first Amor asteroid was discovered in 1898, the discovery of the Apollo—Aten—IEQ region obtained by simulating the flux of incoming ob-

(2062) Aten, which gave its name to the group, occured only in 1976 (Heljects is not affected by observational biases. The fraction of Aten asteroids ¢
and Shoemaker 1979). This is due to the biases which affect observations ftoms be estimated by integrating numerically over their lifetimes the orbits of
Earth, as most searches are concentrated toward sky zonesad/89 from representative sample of objects initially located in different known sources.
the Sun, i.e., the region where Atens spend the least of their time. Sevexrateady-state scenario, starting from a source population, we can then estin
studies have been devoted to this observational problem but a general phenplausible distribution in the different orbital groups by computing the totz
for a specific search strategy has not yet been constructed. Up to June 1999¢5itlence time of the integrated objects in the corresponding regions.
Aten asteroids have been observed (from the Minor Planet Center, see http://cféNote however that there are strong differences in the dynamical mechanis|
www.harvard.edu/iau/lists/Unusual.html). They constitute only 7% of the wholeading to Earth-crossing orbits from different sources. In turn, the relative ro!
observed NEA population and 13% of the Apollo—Aten one. Nevertheless, played by different sources can be different for Earth-crossers of different size
recent study has been attempted to confirm whether this percentage reflectdtigdiorini et al. (1998) have shown that Mars-crosser asteroids are certainly tt
real abundance of these objects, and in fact it has already been suggesteditiratnant source of multikilometer Earth-crossers, and Gladetah. (1997)
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TABLE I in the orbital element space would represent the expected orbital distribution
Estimated Ratios of Apollos, Atens, and IEOs. objects coming from the source population. Indeed, the probability of existenc
of an object in a given region is proportional to the time spent by the integrate
Apollo/ Apollo/ bodies in this region. Hence, the ratio of the total residence time in the Apoll
Population (Atent IEO) Aten IEO/Aten
Observed 6.65 6.65 0 —— — — r
Computed from MB Mars-crossers 3.85 6.15 0.6 B [ I 1
Computed from Apollet Aten 2.89 4.95 0.71 3 o —
Note.Theobservedow indicates the observed ratios on June 1999 (from the -o' ) 7
Minor Planet Center). The MB Mars-crosser group is the most abundant group ;O,Q? , R ‘ ]
of Mars-crossers and the dominant source of multikilometer Earth-crossers ey e € o . L1
(Migliorini et al. 1998). Apollo+ Aten are a representative sample of the ob- [ . -.'_:.9 ° . _
served Apollo—Aten population. The ratios are computed from the residence —_ _j’ﬁ; g’o s .
times in the Apollo, Aten, and IEO regions of these initial populations over their ) 2 r ; s, . —
whole evolutions (see text for details). <q *§:; 0 0"0 . N
~ B * e a@
E-”_CO &° J oot ¢ e ._.
have shown that the dominant source of meter-sized Earth-crossers should be ® ga,;?;'e;‘-. -".ao.'. ® o, ® 4
main belt objects injected through collisions or nongravitational mechanisms .--d;.i _:., ®. 0 ° ®
(Farinella and Vokrouhlick1999) in mainly the 3/1 mean-motion resonance '@. - .'b.: ‘ “to" p b
with Jupiter (at = 2.5 AU) or in thevg secular one with Saturn. Thisis due to the 1 E8 e;-'.? S : * N P—
factthat the dynamical lifetimes of objects injected into these resonances are very f”-ﬂ@' - e . S . _
short (<2 Myr). Therefore, to sustain the population of Earth-crossing asteroids LA e
in a steady state, the number of bodies injected into resonance per unit time B T
would be much too large for multikilometer asteroids (Menichetlal. 1996, = l | | 4
Gladmanet al. 1997). Conversely, large main belt asteroids slowly diffusing 11 — —— :
through high-order resonances can sustain the multikilometer Mars-crossers 0 20 40 60
who in turn sustain the multikilometer Earth-crossers (Miglioghal. 1998).
For a certain size range of the bodies, the three sources (Mars-crossers and main H H H
belt asteroids injected in the 3/1 angresonances) should be considered to give mCImatlon (deg )
the resulting inventory and orbital distribution of objects of the corresponding
sizes in the Apollo—Aten—IEQ region. Further studies are required to determine SRELELEN DL AR DLV N /' Tt
the contribution of each source in this size range. In this paper, we prefer to Ma/ EN\ \A ’Me
concentrate on multikilometer bodies. Indeed, it is already possible to make an 3 B ! \\ e ]
estimate of the real fraction of multikilometer Atens and IEOs, since most of - / {'o. :
them should come from the Mars-crosser source. Under Conclusions, we will R 6. 8° Y
also give the ratios computed from the other sources (3/lvamdsonances) / 3 d‘@, .
separately, making it possible to analyze the sensitivity of the results as a function B ,"'oé N e / 7
of the different source regions. B / }('"se% o %.por -
2. Results. We have thus considered as initial population a representative S 2 Vol " i"f ,:6/ -
sample of the most abundant Mars-crosser group called MB by Miglietiali \<ﬂ/ L fa': ' o @° : ;%/ |
(1998). These objects have initially a semimajor axis2.06 AU (location of ,/: g;‘g%;;ebé ® .
the 4/1 resonance with Jupiter) and an inclination such that they are below the © { P s"'lo"’ YA T
ve secular resonance. Miglioriet al.(1998) showed that they are the dominant N -_z:“'?'.g';'.o,," ﬂp‘ /e ) . 7
source of multikilometer Earth-crossers. The dynamical mechanisms responsi- L .:*ch@:',f Q. / o , ® ]
ble for their transfer into the Earth-crossing region is analyzed by Mighael. L. ~ 109, -,_\g_\@' .. ®
(1999). Roughly, as a result of close encounters with Mars, many MBs approach 1 ~ f’,.— o ., o;’ P /\ _ ]
thevg resonance such that the secular oscillation amplitude of their eccentricity Fom T~ o e —I
slowly increases and they become Earth-crossersqvitil AU before having LT ) e - .
a chance to enter deeply into the resonance. Encounters with the Earth are then L e T
very efficient and transport the bodies alongdghe 1 AU curve. They can thus e by o Ly gy 1y 3 105050
finally enter the Aten and IEO regions as a consequence of planetary close ap-
proazhes and/or secular mechagisms. Most of thg other MBps are dr)i/ven to thee O 02 04 06 08 1
Earth-crossing region due to the injection through Mars encounters in the 3/1 or ..
other resonances. eccentnmty

We then used the numerical integrations of the orbits of 324 MBs performed by

Migliorini et al.(1998), and in order to have better statistics, we have added theFIG. 1. Current orbital distribution of observed Apollos and Atens in the
evolutions of 203 other MBs that we numerically integrated over their lifetimg, i) (top) and &, €) (bottom) planes, whera is the semimajor axis (in astro-
using the swiftrmvs3 numerical integrator (Levison and Duncan 1994). Ouromic units)eis the eccentricity, andis the inclination (in degrees). The initial
sample of 527 objects is thus fully representative of the orbital distribution of tieenditions of the 81 Apollos and 12 Atens integrated in the present work al
whole observed population composed of 885 bodies. We have then computettked by blank circles. The curves correspond to the planet-crossing lines a
the total times spent by these bodies in the Apollo, Aten, and IEO regiolabels indicate planets’ names (Ma for Mars, E for the Earth, V for Venus, an
respectively over their lifetime. In a steady-state scenario, these residence tiesfor Mercury).
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FIG. 2. Mean residence times of the Apollo—Aten sample over 60 Myr in #e)((top) and &, €) (bottom) planes, whera, e, andi are the usual orbital
parameters. Thea( e, i) space has been divided into cells of equal sizes: 0.1 Aa) ;05 ine, and 5 in i. The total time spent in each cell by our sample has
been computed and normalized by the number of integrated objects. These diagrams are thus projectiomse)ratha: @, i) planes of the computed density
distribution in the &, e, i) space. The color scale gives the average time (millions of years per particle) spent in the different cells, the darkest being the s
Blank zones correspond to unvisited regions.

region over that in the Aten and IEO regions should give a better estimate of thiens+ IEOs (2.9) or only Atens (4.95) are much smaller than the initial ratios
ratio of Apollos versus Atens and IEOs in the real population. Table | shows thalhich means that many Apollos become Atens and IEOs during their evolutiol
the estimated Apollo/Aten ratio is smaller than that observed. Moreover, IE@sd that a greater amount of time is spent in these groups. A significant fracti
are now an existing group and its abundance should be as large as 0.6 timesahi#EOs appears and constitutes about 41.7% of the populatiorawith AU.
of Atens. During their evolutions, 27.2 and 14.8% of Apollos go into respectively the Atel
In order to analyze the evolutions of Apollos and Atens and the changearid IEO regions but these percentages cannot be considered as good estin
their observed ratio as a result of their evolutions, we have then used the orkstate once in the Aten region, an asteroid can still quickly go back into th
evolutions of a sample of 81 Apollos and 12 Atens computed over 60 Myr #pollo group as a result of close planetary encounters or secular mechanist
Gladmaret al.(1999) with the same numerical integrator. Initial conditions wer&stimates must be weighted, as we have done, by the average time in wh
takenfrom Bowell's catalogue (Bowelt al. 1994) and were selected on the basibodies can remain in a region.
of orbit quality. The orbital distribution of this sample does not show any obvious Figure 2 shows the residence time in different regions of the (semimaij
difference with the current distribution of the whole observed population (segis: eccentricity or inclination) planes, normalized by the number of integrate
Fig. 1). In particular, it contains fractions of Apollo and Aten asteroids initiallyarticles. These plots show the amount of time (in millions of years) a partic
similar to that observed. Starting from this population, the integrations do regends on the average in the various regions of the orbital element space, and
simulate a steady-state scenario since our sample decays with time and doesapoésent the expected orbital distribution of the bodies that come from our initi
receive a continuous feeding as the real population does. Nevertheless, it is stithple of observed Apollos and Atens. One can see that there is a concentra
interesting to study whether the initial ratio changes as the population evolviesthe region 8B < a < 1.2 AU and 02 < e < 0.7 and a fairly high portion of
For this purpose, we have then computed the total time spent by our integraiete spent in Aten and even IEO regions. Note that in these regions, a quite lal
sample inthe Apollo, Aten, and IEO regions, respectively, and the ratios betweeaction of time is spent on highly inclined orbits against which observatione
these times. As shown in Table |, the resulting ratios of Apollos over eithbrases are strong. Consequently, ground-based observations may miss a I;
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component of Aten asteroids evolving on those orbits. In addition, Atens ahds worked on this project while staying at the Turin Astronomical Observator
IEOs may have a longer dynamical lifetime than the 9-Myr median lifetimthanks to an external fellowship of the European Space Agency.

of our Apollo sample, which is similar to that of the whole NEA population

(Gladmaret al. 1997, 1999). Actually, the median lifetime of the 12 integrated REFERENCES

Atensisabout27.9 Myr, i.e., afactor of 3 greater than that of the NEA population.
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