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Recent dynamical results (Gladman et al. 1997. Dynamical life-
times of objects injected into asteroid belt resonances. Science 277,
197-201) have pointed out that the bodies injected by collisions into
the main resonances of the asteroid belt could not sustain the ob-
served population of Earth-crossers of large diameter. In this paper,
we present our numerical exploration of the dynamical evolution
of Mars-crosser asteroids initiated by Migliorini et al. (1998. Origin
of multikilometer Earth and Mars-crossing asteroids: A quantita-
tive simulation. Science 281, 2022-2024.) and improved by comput-
ing the evolution over 100 Myr of the orbits of the whole observed
sample of this population. Mars-crossers are about 35 times more
numerous than Earth-crossers (at least down to 5 km in diame-
ter). On the basis of their current orbital elements, we show that
this population can be divided in different groups which have well-
characterized dynamical behaviors, lifetimes, and end-states. From
the dominant group, the asteroids evolve to intersect the Earth’s
orbit on a median time scale of about 60 Myr. Then, they can in-
terchange between the Earth-crosser state and an evolved solely
Mars-crosser one before colliding with the Sun or being ejected out-
side Saturn’s orbit. Based on these dynamical results, we show that
Mars-crosser asteroids can sustain about half of the multikilome-
ter Earth-crossing population, and the expected orbital distribution
of Earth-crossers coming from Mars-crossers is computed. Then,
from an estimate of the size distribution of the Mars-crosser popu-
lation and the spectral analysis of its different groups, we derive ex-
pected numbers of Earth-crossers and ratios of different taxonomic
types in the Earth-crosser population that are not in disagreement

with the observed ones. We also confirm by spectral analysis the
viability of the scenario, according to which the Mars-crosser pop-
ulation is sustained by asteroids which leak out from the main
belt.  © 2000 Academic Press

Key Words: asteroids, dynamics; planetesimals; resonances; sur-
faces, asteroids.

1. INTRODUCTION

The population of thex400 known near-Earth asteroids
(NEASs) is composed of small bodies whose orbits current
cross or come close to that of the Earth. They are usually divid
in three groups called Aten, Apollo, and Amor, depending @
their current osculating orbital elements. Aten and Apollo a
teroids evolve on orbits which currently cross the orbit of th
Earth (with perihelion distancg < 1.017 AU), whereas Amor
asteroids are solely Mars-crossers though they can come clos
the Earth (with 1017 < q < 1.3 AU). However, the real popula-
tion of Mars-crossers is not limited to the Amor group and the
number is actually much larger than the number of NEASs. In th
paper, we reportin detail our study of the dynamical evolution «
the Mars-crosser population. Preliminary results of this stuc
based on a restricted sample of this population, have alree
been presented by Miglioriret al. (1998). They are now im-
proved thanks to the numerical integration of the whole know
Mars-crosser population. As we will show, our results sugge
that this population may not be able to sustain all multikilomett

+ Died on November 2, 1997, in a mountain accident. This paper is devote@/th-crossers in a steady state, but at least half of the curr
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As afirst step, we define as Mars-crossers all the bodies whigdlion and aphelion distances, respectively, smaller and lar
are not presently Earth-crossers but intersect the orbit of Mdinsin 1 AU, and this number is multiplied by=Xif the bodies
within the next precession cycle of their orbit. To identify mosivhich will become ECs within one precession cycle of their o
of the Mars-crossers, we have integrated for B® year the bits are also considered. These numbers are based on the :
evolutions of all the known asteroids in the 1997 update opdate of the asteroids catalogue (Bovetlbl 1994), and the
Bowell's catalog (Bowellet al. 1994) with present perihelion diameters have been estimated assuming the albedos report
distance smaller than.28 AU. A body is considered a Mars-Migliorini et al. (1998, Table I), or IRAS measurements wer
crosser if it passes through the torus defined by the heliocentmi@ilable. Since the collisional injection of such bodies into re
distance between 1341 and 1706 AU, and vertical coordinate onances is rare, these considerations motivated our searct
|z] <r sin(6.4°). These bounds account for a martian maximanother source of multikilometer Earth-crossers.
eccentricity of 012 and a maximal inclination over the invari- Preliminary simulations by Migliorinet al. (1998) had sug-
able plane of 81°. Even excluding the objects currently locatedjested that the Mars-crosser population could sustain the Ea
in main resonances, the Mars-crosser population contains 1480sser one with sizes larger than 5 km. To quantify, the numt
members, about 354 of which are larger than 5 km in diametef. bodies larger than 5 km expected to be found on Eart
Undergoing close encounters with Mars, all these bodies are emssing orbits was computed as a function of time, starti
stable and may potentially evolve to Earth-crossing orbits. Tam a restricted sample of the present Mars-crosser populat
study their evolution and the possibility that they could be thend assuming that this population is also maintained in a ste:
dominant intermediate reservoir of Earth-crossers, we have state. The authors found (see Miglioratial. 1998, Fig. 3a) that
merically integrated all of them over a time scale of 100 Mythe produced number of ECs oscillates with an average value
using the swiftrmvs3 numerical integrator designed by Levisorery good agreement with that presently observed (10 bodie
and Duncan (1994). Thus the conclusion was that, from the quantitative viewpoir

According to the scenario developed by Wetherill (1985, 198the Mars-crossing population can be considered as the main
1988), which was reviewed with some personal interpretatioermediate source reservoir of multikilometer ECs. We have th
by Greenberg and Nolan (1989), Earth-crossing asteroids apelated these results by enlarging the sample of Mars-cros:
fragments of larger main belt bodies; as a result of the collisiostudied by Miglioriniet al. (1998) to their total number. The re-
which liberated them from their parent bodies, they were injectsdlts exposed in the present paper suggest that the Mars-cro
into one of the main resonances. These resonances, mainlygbpulation is actually able to sustain half of the current numb
3/1 mean motion resonance with Jupiter (which occurs wherfiEarth-crossers larger than 5 km in size.
the orbital period of the asteroid is equal t¢31of the jovian Given the undoubtedly important contribution of Mars
period), and the secular resonance (which occurs when therossers in the population of ECs, we have extended this stt
mean precession rate of the asteroid’s perihelion equals thatroérder to obtain a description of their dynamical evolution ar
Saturn) increased the orbital eccentricities of the resonant bod results are also reported in the present paper. We have
ies until they started to cross the terrestrial planets’ orbits. TH&ided Mars-crossers in different dynamical groups and ha
encounters with the terrestrial planets could then extract theéinen examined their dynamical evolutions. This approach
from resonances and spread them all over the Earth-crossatigwed us to get a good description of the main dynamical b
space, where they are now observed and categorized as NB#ssiors for each defined group, and thus to better understand |
An alternative model by Greenberg and Chapman (1983, ddars-crossers are transported to Earth-crossing orbits, as we
also Greenberg and Nolan 1989) assumed that more numerihgsinterplay between these two populations (see the conclus
weak resonances also played a significant role. and Fig. 14 for a schematic view of the global scenario).

Recent studies (Gladmaet al. 1997) have shown that the In Section 2, we present our definitions of the different grouj
median lifetime of bodies placed in thg Bor vg resonances of Mars-crossers based on dynamical considerations. Sectic
is only 2 Myr, i.e., one order of magnitude shorter than whét devoted to a detailed study of the dynamical evolutions
was previously believed. Indeed, these resonances efficiergch group separately, allowing us to distinguish different d
pump the eccentricity up to unity and lead most of the resnamical behaviors. In Section 4, we present the updated
nant bodies directly into the Sun. Therefore, to sustain via thesdt on the number of Earth-crossers sustained by the Ma
resonances the population of Earth-crossing asteroids (denatembser population. Section 5 is devoted to an analysis of 1
hereafter ECs)—also characterized by a short dynamical lifetinaxonomic distribution of each Mars-crosser group in order
(<10 Myr)—in a steady state, the number of bodies injected inbmmpute the expected ratio of the different taxonomic types
the resonance per unit of time would need to be much larger thhe EC population. This ratio is then compared with the ol
previously assumed. While this may still be plausible for smakrved one. Section 6 discusses the scenario for the origir
bodies (up to 1 km in size) the scenario becomes unrealistic fdars-crossers and compares the taxonomic distributions in
multikilometer asteroids (Menichel& al. 1996, Gladmaetal. Mars-crossing populations with those in the non-Mars-crossi
1997) for the following reason. Ten bodies larger than 5 km aasteroidal populations. The conclusions are then presentec
presently known to be on Earth-crossing orbits, i.e. with per&ection 7.
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2. CLASSIFICATION OF MARS-CROSSERS ACCORDING
TO THEIR ORBITAL DISTRIBUTION

40

In this section, we present our classification of the Mars-
crossers based on their current orbital distribution. As we shall
see later (Section 3), this classification is useful for distinguish-
ing different dynamical behaviors, lifetimes, and end-states.

Figure 1 shows the orbital distribution of the Mars-crossers
with respect to current semimajor axis and inclination. In the fol-
lowing, we give a qualitative description of the different groups
and then their exact limits in semimajor axis and inclination.

One can see (Fig. 1) that three main groups are easily iden-
tified, with values of semimajor axessand inclination similar
to those of three populations of non-planet-crossing asteroids, . > 3
the main belt below theg resonance, the Hungarias and the
Phocaeas. We denote them MB, HU, and PH Mars-crossers.
This similarity suggests that the non-planet-crossing popula-FIG. 1. Orbital distribution of Mars-crossers (inclination vs semimajor
tions might be continuously losing objects to the Mars-crossifiga, & e e Gashed inescorreaps

; i i 16 ;
rbeegelﬁn(;()sr?ffl’trilgldn?et:eenll/llf,byth/ilglr:(c)jr::r)n!': g:o(li%sgég?@:gjea:;e_amhe positions of the A, 4/1, and 31 mean motion resonances with Jupiter.
sults will be briefly recalled in Section 6. Among the remaining
Mars-crossers, those on the left of thid 4esonance with Jupiter
have orbital elements which differ from those of all non-planet-
crossing asteroidal populations. Therefore they have probably
evolved relative to the orbit that they had when they first crossed MB HU PH MB2
the orbit of Mars (this will be confirmed later in Section 3.6): for

30
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semimajor axis (AU)

TABLE |
Summary of the Numerical Integrations over 100 Myr

. . otal no. of bodies: 1039 114 165 37
th|s reason we denote them EV. Finally, the Mars-crossers on théo_ with D > 5 km (%): 240 (23L) 17 (250) 78 (1000) 12 (750)
right of the 31 and above theg resonances could be related g, of effective MCs: 885 68 78 16
to the non-planet-crossing asteroids located in this region: we
refer to them as MB2. Outside Saturn (%) 155 (28 2(105) 0 3(273)

We define the exact limits in semimajor axis and inclinatioff?Pact Sun (%) 395(66) 15(789)  21(954) 7(636)
of each group as follows: Half-life (Myr) 62.4 >100 (27.9) >100 (282) 444

No. of EC (%) 591 (668) 33(485)  24(308) 12 (750)

e MB are Mars-crosser asteroids with- 2.06 AU (location  Ter Earth (Myr) 599 >100 >100 376

of the 4/1 resonance with Jupiter) and an inclination such thg’t’er r(‘l\aﬂ"eﬁ;< 2 AU (%) 1917(516) 676(?35) 102(1828) 0
. mean (MYT . . : _
they are below theg secular resonanpe, Ever haven < 1AU (%) 24 (271)  1(147) 0 0

e HU have 177<a <206 AU andi > 15°; Trnean(Myr) 104 69 _ _

e PHhave 21 <a < 2.5 AU (betweenthe AL and 31 reso- EverhaveQ <2 AU (%) 54 (61) 37 (544) 0 0
nances with Jupiter) and are situated abovestrgecular reso- Tmean(Myr) 103 1837 — —

e MB2 havea > 2.5 AU and are situated above thesecular mean(My") 5.46 a1 - -
resonance;

) . . . Note. Each class of objects is defined by its label. Effective MCs are ol
e EVare Mars-crosser objects having either current semimgacts which suffer at least one encounter inside Mars's Hill sphere within tt
joraxisa < 1.77 AU (location of the 31 resonance with Jupiter) 100-Myr time span. Statistics are computed only from the latter, noneffecti
or177<a<2.06 AU (i.e. between theA and 41 resonances Mars-crossers remaining in thei_r initial_ state du_ring the whole time span. T
with Jupiter) and inclination <15°. Fable shows the number of bodies which are ejected beyond Saturn or wh
impact the Sun (the percentage that they represent over the number of non

The limits in semimaior axis of the whole Mars-cr r viving bodies is shown in brackets). Time scales are shown for 50% (half-lif
S e a0 SO e 0 ars-crosse ICJOFglnd median time3, for crossing the orbit of Earth. If more than 50% of small

ulation are at about.3 a!']d 28 AU. B_elow 13_AU asteroids podies survive over the integration time, the percentage of nonsurviving bod
cannot intersect the orbit of Mars without being ECs. Beyonlthe effective MC population is given in parenthesis on the half-life line. At th
2.8 AU, being a Mars-crosser implies an aphelion distance largwttom of the table, the number (percentage) of objects which are tempora

than 4 AU, which makes a removal by Jupiter encounters Vé'iyegions of particular interest and the mean time spent in these rediags)(
easy are listed. The value d® indicates aphelion distance. Diameters are estimate

assuming different albedos,3for HU (i.e., taking into account that most are
The numbers of MB, HU, PH, MB2, and EV Mars-Crossergright E-type asteroids) and from1 to Q08 (depending on the semimajor

are listed in Table I. An important point is that by integratingxis) for the other classes.
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the whole population of Mars-crossers identified as explained F ' T ] AR
Section 1, we found that several of them actually never have s |- . . -t ..g-,--'_,-. z o ]
encounter with Mars ata distance smaller thanthe correspondi.” | B T -;,:3_0;";;_!‘ sﬁw ]
Hill's sphere radius of this planet during the 100 Myr time spar— _ I . ! ..‘ .._'_:,'.‘, L .‘:-:"{%"s-éo v .
Consequently, we decide to definesdfectiveMars-crossers the 8T . R * e ..&_' Ty ci%é"’@ ]
particles which undergo at least one encounter within thisdi; [ *° ., “® ., =+ ' o o§°o<§§§b ° ]
tance over the 100 Myr time span, and to compute the statisti2 © [ e e ST, °;;°g @‘9 B
on the basis of this effective population. Noneffective Mars Lo~ . . . S @ ofe ]
crossers remain stable during the whole integration time. V. 51— 1; S 1*4 S 1; — ; ]

have numerically integrated all Mars-crossers over a time sp (AU)
covering 100 Myr. We have then separated them in their corr . _ 4 .
sponding groups and studied their evolutions. L

3. DYNAMICAL EVOLUTIONS OF MARS-CROSSERS E‘

In this section, we present the main characteristics of the eves
lutions, considering each group separately. We also show dens@ 6
plots of the NEA population that each of these groups shou™
sustain, in a steady-state scenario. r

IR N R S NI |

12 14 1.6 1.8

3.1. MB Group q (AU)

The MB group is the most numerous group of MCs. In par- _
icul 9 P ical si lati h 9 h p50(V f th R/I FIG. 2. The upper panel shows the tirigc to become an Earth-crosser
ticular, our numerical simulations show that o of the %n log-scale) vs initial perihelion distancgin AU) for MB Mars-crossers. The

Mars-crossers become ECs within881yr and that the contri- asteroids that do not become Earth-crossers within the integration time are
bution of this group dominates the production of ECs (Miglioriniepresented. We have applied a running box method to the data represente
etal 1998). the filled circles to compute the mean and the standard deviation. The latter
We have also found that the time needed for an MB to bae_presented by the solid and the dashed lines in the lower panel.
come an Earth-crosser has on average a mild dependence on the
initial perihelion distance. Indeed, Fig. 2 shows, in the uppemes, which indicate the proximity to a powerful resonance al
plot, the time to reach the Earth-crossing region (in log-scaldje frequency of encounters with Mars, this plot shows that t
as a function of the initial perihelion distance of MB member&nowledge of the initial perihelion distance can already give
The asteroids that do not become Earth-crossers within the approximate indication of the average time required to reach 1
tegration time have been disregarded. MBs indicated by a bldaarth-crossing zone.
circle have a short Earth-crossing time1(0’ year), whereas However, several MBs~37% of theeffectiveMB group)
their initial perihelion distance is greater than .85 AU. This never become ECs within the 100-Myr integration time span.
is mainly due to the fact that their initial semimajor axis is alexpect these objects to eventually be transported to the Eartt
ready very close to a resonant value, so that they are quickllongertimescale. Their existence shows that the Mars-cross
transported to the Earth-crossing region. Moreover, all these g@opulation can have some old components which stay “parke
jects have a small inclination & 10°) and can only encounter in the Mars-crossing region for several hundred Myr.
Mars when the planet s close toits aphelion (presently located aConcerning MBs which become ECs, we find that this typ
1.67 AU). In this case, the two orbits are almost tangent duriraglly happens by random-walking in semimajor axis under tl
an encounter, and, consequently, the effects of the encountsfscts of close encounters with Mars until entering into son
may be particularly large and drive the asteroid more efficientbecular or mean motion resonance which increases the ect
into a resonance. Eliminating these asteroids, which initialtyicity to an Earth-crossing value. In our sample, about 40%
can be easily identified, one can see that the time to becothe asteroids are transported by th& 3esonance, 40% by the
EC tends to linearly increase (in log-scalepasecomes larger, vg resonance and/or the/4 resonance with Jupiter, and 20%
until g =1.6 AU, and then it is an almost constant functiorgof by other routes (mostly higher-order resonances). The dynal
In order to better show this trend, we have applied a running boal half-life of the MBs is about 62 Myr, the typical end-state
method to the data represented by the bold dots: we considdpethg collision with the Sun or ejection on hyperbolic orbit b
20 boxes of equal sizes in perihelion distance and computed fupiter encounters. Moreover a large fraction of therBi 6%)
average and standard deviation of the time needed to becderaporarily reach a semimajor axis smaller than 2 AU, typ
EC in each box. The result of this exercise is shown in the loweal of many ECs, and a nonnegligible componen3%) even
panel of Fig. 2. Though the transport efficiency actually dependshieves Aten-like orbits with <1 AU. Note that using these
on many parameters such as semimajor axis and inclination vategrations, Michekt al. (2000) have already shown that the
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MB population could be at the origin of a nonnegligible frac

tion of Inner-Earth Objects (IEOs, defined as asteroids avith

1 AU and apheliondistand@ < 0.983 AU) in the Earth-crossing . 2.4 |
population. Indeed, assuming that, in a steady-state scenc=
the number of objects in different regions of the Earth-crossii ©
space is proportional to the times spent in these regions by
ticles coming from the MB population considered here as tl
only source (such a method will also be discussed in Section
of the present paper), they found that the ratio IEO/Aten objet
coming from the MB group could be as much a8,@hereas
no real IEO has been discovered yet.

Figures 3, 4, and 5 illustrate three evolutions of MB Mars¢
crossers that become ECs.

Figure 3 shows one of the few asteroids whose transportin-
Earth-crossing region is not due to one of the main resonan
(3/1, 4/1, vg) but rather due to close encounters with Mars ar
second-order secular mechanisms. The asteroid first evolve
the vicinity of theve and 4/1 resonances @~ 2.1-2.15 AU, o ‘
which causes secular oscillations of the eccentricity within < 1.5 F
time span 16<t < 14 Myr. However, the eccentricity increaseé 1
is not sufficient to decrease the perihelion distance below 1% 05
Earth-crossing value. The asteroid then suffers a very close &

MB Mars--crosser
T

T T 7 T T T LI S — T T T

22 |
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proach to Mars, jumping taa~ 1.7 AU ande~ 0.2. At this
point the body can be classified as an EV Mars-crosser. Suk

T T T T T T

7T

a (AU)

0.4
eccentricity

0.6

FIG. 3. The evolution in the semimajor axia,(in AU) vs eccentricity €)

plane of an MB Mars-crosser which becomes an Earth-crosser as a result

close approaches to Mars and second-order secular mechanisms. The dire

2x107

Time (yr)

FIG. 4. Time evolutions of the semimajor axas(AU), eccentricitye, and
perihelion distanceg (AU) of an MB Mars-crosser which becomes an Earth:
crosser after its injection into the Bresonance. In the semimajor axis plot, the
dashed lines show the location of the main mean motion resonances with Jup

guent encounters with Mars then rapidly transport the body
a~ 1.5 AU, where secular resonances of second order incres
its eccentricity above the Earth-crossing limit at 22 Myr. En-
counters with the Earth then transport the bodga te1.3 AU,
where its eccentricity is temporarily decreased again below t
Earth-crossing value, probably by martian encounters. In t
phase, the asteroid would belong again to the EV Mars-crossi
group. Finally, the asteroid becomes a deep Earth-crosser
t ~ 34 Myr) due to a secular increase of the eccentricity related
second-order secular mechanisms, and encounters with the E
and Venus transport it back toward the main bah-(2 AU). It
is finally thrown into the Sun by thes resonance after about
40 Myr of evolution. The kind of dynamical evolution shown
in Fig. 3 is not common. Nevertheless, its existence shows tt
main resonances are not the only path to the Earth.
Conversely, Fig. 4 shows an asteroid which becomes EC c
to its transport by martian encounters in the& 3nean motion
resonance with Jupiter. During the first 20 Myr, its semimajc
axis evolves very close to the value corresponding to tt&e 7
resonance with Jupitea¢ 2.27 AU), but the asteroid is never
tralpped in the resonance. Since the perihelion distance oscill

(9]

Aand out of the Mars-crossing region, the asteroid undergc

of the evolution is sketched by the arrows. The horizontal lines correspondG?S€ encounters with Mars which slowly affect its semimajc

main mean motion resonances with Jupiter.

axis until it goes into the AL resonance with Jupiter. Once in the
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S S S

Earth‘;“‘ Venus /’ Mercury |

0.4
eccentricity

0.6

FIG.5. Same as Fig. 3 for an MB Mars-crosser which becomes an Eart

crosser and then evolves to the Aten regiar:(1 AU), where it then collides
with Venus.

resonance, it suffers a drastic increase of the orbital eccentric

and collides into the Sun after Z0Myr of evolution. This object

becomes an Earth-crosser only for a short time on its way to t/

Sun, as already typically found by Gladmanal. (1997) for
fragments injected into the/3 resonance.

Figure 5 shows the evolution of an asteroid which become

and then remains EC for almost 50 Myr. During the fiedb Myr,
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kind of evolution quite frequently in our simulations. Actually
about 3% of MBs reach an Aten-like orbit.

3.2. HU Group

Mars-crossers belonging to the HU group become ECs
longer time scales, due to the reduced strength and frequenc
encounters with Mars at high orbital inclinations. Within the in
tegration time span (100 Myr), 38% of the effective HUs never
become ECs. Nevertheless, abot% of the integrated HU as-
teroids reach the Aten region. Figure 6 shows an evolution whi
is typical of HU asteroids that become Earth-crossers. Very fi
HUs become EC without first being EV, i.e., Mars-crossers wi
a<2 AU andi < 15°. Indeed, due to the proximity of thgg
resonance (which occurs when the mean precession rate of
asteroid’s node equals that of Jupiter’'s), HU Mars-crossers fi
become EVs due to a decrease of their inclination. Such beh
ior is shown in Fig. 6 by the libration of thgg resonant critical
argument around 180Actually, the injection in the resonance
is related to the position of the semimajor axis. As one can <
on the figure, the first libration of the resonant angle occurs
timet =62 Myr after a slight increase of the semimajor axi
Then, when this element decreases again, the asteroid leave

© 05 [

60><10"

it evolves on a solely Mars-crossing orbit. Then a close approa
to Mars injects it into the 72 resonance with Jupiter which in-
creasesits eccentricity up to an Earth-crossing value. Encount
with the Earth are efficient enough in this case to extract the ¢
teroid from the resonance. It then evolves in the Earth-crossil
region, undergoing close approaches with the Earth. A passe
through the 41 resonance decreases the eccentricity of the boc
to bring its perihelion close to 1 AU. Then, the body is trans®© 300
ported along @ ~ 1 AU curve, and the eccentricity oscillations. 200 #if
make the asteroid continuously exchange from the EC to the ES 100 '
states and vice versa. Whanr- 1 AU the eccentricity increases
as a consequence of close approaches and secular resonanct
cated in this region (Michel and Froeserl997) and brings the

60><10"

60>< 107

body to the Venus-crossing region. The body then jumps back tcFIG. 6. Time evolution of an HU Mars-crosser which becomes an Eartl
a~ 1.5 AU, where the eccentricity further increases. Subsequetftsser. Beside semimajor axiseccentricitye, and inclinationi, the bottom
planetary encounters then slowly drift its semimajor axis belog"e! also shows the critical argumeft £ sst — fi) of the v16 secular reso-

1 AU, so that it finally evolves on an Aten-like orbé & 1 AU).

nance {2 is the nodal longitude of the asterom,= —26.3302 arcsec/year is
the fundamental frequency corresponding to the resonancgsgadhe phase

It remains in this state during several tens of millions of years ugy — 0). Note the repeated passages through the resonance that affect the i
til it collides with Venus. We emphasize that we have found thigtion.
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resonance (&t~ 69 Myr) and the angle circulates. A slightin- 32 7
crease of the semimajor axis reinjects it into the resonance
t ~ 73 Myr).

Once the inclination is smaller, close approaches to Mars ¢S
be more frequent and efficient. Consequently, the changes<
semimajor axis can inject the body into a resonance which i® 28 §
creases the orbital eccentricity up to an Earth-crossing vali
In our example (Fig. 6), this happens through tligé Eesonance
with Jupiter at about ~ 82 Myr. Then close approaches to the
Earth, combined with some secular mechanisms (heneg; tied
v4 secular resonances with the Earth and Mars) affect, respec-
tively, the semimajor axis and the eccentricity until the asteroid FIG. 7. Same as Fig. 3 for an MB2 Mars-crosser that is eventuall
finally enters deeply in the/a resonance with Jupiter. Itis even-ejected outside Saturn’s orbit. The left panel shows the evolution until tin
tuaIIy driven into the Sun after 94 Myr of evolution. t= 2_4‘33 Myr (r_epresenteq by a bold dot). The right panel shows the evolutic
We finally want to point out (see also Section 3.6) that sey2nd from this time (indicated by the bold dot).
eral evolutions of the other Mars-crosser groups suggest that
some objects currently characterized as HU Mars-crossers may
actually be EMinterlopers i.e., previous EVs which are evolv-we have integrated ever reaches semimajor axes smaller t
ing temporarily in the HU region as a result of an increase 8fAU. The half-life of MB2s (45 Myr) is shorter than that of the
their inclinations. Therefore, the real numbempoimordial HU ~ MB group though the high inclination of their orbits (locatec
Mars-crossers (defined as bodies which became Mars-crosgéi@ve thess resonance) decreases the efficiency and frequer
for the first time as HU members) may be smaller than the oaémartian encounters. Nevertheless, MB2s are less stable t
derived from the current orbital elements of Mars-crossing astéie MBs and the PH group also situated abovesgresonance.
oids. However, our simulations suggest that EV Mars-crosséfgleed, to be Mars-crosser with a semimajor a5 AU im-
entering in the HU region evolve in this state only during a shoplies having alarge eccentricity and being close to Jupiter’s ort
time span. Therefore, it is reasonable to think that HU membersFigure 7 shows an example of evolution. The body hasiinitial
which have a long lifetime and which do not become Eartt®@~2.6-27 AU and is barely Mars-crossing. The two paralle
crossers within the 100 Myr integration time (the majority opands at abouwt= 0.35 ande= 0.5 are an artifact of our output

a (AU)

2.6

(=]

02 04 06 08 1
eccentricity eccentricity

02 04 06 08 1

the integrated HU group) are not interlopers. method, which tends to cluster the data around the minimal a
the maximal eccentricity reached during the precession of the
3.3. PH Group gument of perihelion. The encounters with Mars transport the ¢

teroid into the 32 resonance, in which the eccentricity increase

Among the different groups constituting the Mars-crosses Earth-crossing values. Then its eccentricity decreases ag
population, the PH group is the most stable one. Indeed, thougiithat the body comes back to the MB2 state. It is being trar
PH asteroids have a semimajor axis located betweerythal  ported back toward its original position, when th@8esonance
3/1resonances, they also have a high inclination (i.e., above fHereases its eccentricity again up to the Earth-crossing val
ve resonance). Therefore, close approaches with Mars happefrgj. 7, left panel). Then, planetary close approaches rapic
low frequency and high relative velocities, decreasing thus tiierease its semimajor axis toward 3 AU (Fig. 7, right panel
probability of great changes in semimajor axis. Consequenttyonsequently, its aphelion being closer to Jupiter’s orbit, a clo
the lifetime of this group is longer than the integration time spagpproach with this planet occurs and ejects the asteroid outs
and only 31% of the objects reach the Earth-crossing zoneg@turn’s orbit. Less than 2 Myr separate the first Earth-crossi
100 Myr. As for MB asteroids, the usual transport mechanisgpisode from the final ejection toward the outer Solar Systen
to the Earth-crossing region is one of the main resonances with
Jupiter located in proximity (e.g./4, 3/1, or 7/2). 3.5. Steady-State Orbital Distribution of NEAs Coming

from the Mars-Crossing Groups

3.4. MB2 Group In this section, our aim is to present a global view of th

The typical evolutions of MB2 asteroids are qualitativaly simevolutions of Mars-crossers of each group in the Earth-crossi
ilar to those of MB asteroids, but given their initial semimajorone, defined as a target region. For this purpose, we divide
axis @ > 2.5 AU), the resonances transporting them are prefdfg, e, i)-space into cells of equal size.{0AU in a, 0.05 in g,
entially the 31, 8/3, 7/3, and 52 with Jupiter. Evolving closer and 5 in i) and compute the total time spent by the integrate
to the Jupiter-crossing region, their ejection outside Saturn’s tedies in each cell. In this way, we obtain a density distribt
bit as a result of a jovian encounter is more probable than for ttien in the @, e, i)-space, whose projections on thes &) and
other groups. For this reason the MB2s do not contribute muha) planes are shown in Figs. 8 to 11 separately for particl
to sustain the Earth-crossing population. None of the MB2s thaitially in the MB, HU, PH, and MB2 groups. The residence
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FIG.8. Meanresidence timeinthe Earth-crossing region of bodies initially FIG. 10. Same as Fig. 8 for bodies initially in the PH group.

in the MB group. The gray-scale gives the average time spent (Myr per particle

extracted from the source region) in the different cells, the darkest being the . . . .
shortest. Blank spaces correspond to regions where no time has been spen?.hoICe not to consider the source in the computation of the rt

idence times.

The density distribution of bodies originally in the MB grouy
time has been normalized by the number of integrated partic/édg. 8) shows a concentration at perihelion distances close
which are extracted from their source region defined by the cdrAU. Although most of the MBs become ECs through thié 3
responding limits in orbital elements of their initial group. Thusr the vs resonances, the density plots of main belt particle
these residence times represent the total amount of time a paitially placed in these resonances (Morbidelli and Gladmé
ticle spends in the various regions of the orbital element spak298) do not show such a prominent concentratian-atl AU.
during its evolution once extracted from its source region. InActually, the difference comes from the fact that when the ME
steady-state scenario, these plots represent the expected ordjtaroach thes resonance, the secular oscillation amplitude
distribution of the bodies that come from the different Margheir eccentricity slowly increases, so that they become ECs w
crossing groups (Bottket al. 1996). Indeed, the probability of g ~ 1 AU before having a chance to enter deeply into the re
finding an object in a given cell is evidently proportional to thenance. Close encounters with the Earth are then very effici
total time spent in that cell by the integrated test particles. Noa@d transport the bodies along the- 1 AU curve, as in Fig. 5.
that, strictly speaking, this is true only outside of the source reonversely, the bodies initially placed in th&l3rvg resonance
gion, since many particles may have already spent some tilvave their eccentricity increased so rapidly to large values ti
in their region of origin before being observed, justifying outhe first encounters with the Earth happen already when th
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FIG.9. Same as Fig. 8 for bodies initially in the HU group. FIG.11. Same as Fig. 8 for bodies initially in the MB2 group.
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perihelion distance is much smaller than 1 AU. Figure 8 aldiecome ECs, decrease their semimajor axis under the actiol
shows that the bodies coming from the MB group, when in tHearth (and Venus) encounters, and then temporarily decre
region witha <2 AU, have a typical inclination ranging fromtheir eccentricity under the effect of some resonance. Sect
5° to 30°. We remark also a non-zero residence time in the Ateasonances with the inner planets can be important in this ph:
region @ < 1 AU), with a small concentration at high eccentric{Michel and Froesckl1997, Michel 1997). Consequently, the
ities (>0.8). Finally, we note that the mean time spent in thperihelion distance is raised above the Earth-crossing limit,
Earth-crossing zone with < 2 AU by the MB group £8 Myr) that the previously Earth-crossing object goes back to the pur
is similar to the 9 Myr median lifetime of the sample of observelllars-crosser state. Very few MBs become EVs without first b
Earth-crossers numerically integrated by Gladretai. (2000), ing ECs.
which included 66% of particles initially with < 2 AU. The second way applies to the HU group: being located clo
Figure 9 shows the residence times of HU Mars-crossers. Wéethe v16 resonance, HU asteroids preferentially first decrea
remark a concentration at the border of the Earth-crossing tkeir inclination below 15 becoming EVs (see Fig. 6) before
gion witha=1.5-2 AU andi =5-15, due to the fact that, as eventually reaching an Earth-crossing orbit. However, we ha
described in Section 3.2, most of the HU Mars-crossers first @dso found that several MBs which become EVs once in this st
cape from their source region by decreasing the inclination undeve their inclinations increased so that they evolve temporar
the effect of thev;g secular resonance. Only a small fraction aih the HU group and then come back again to the EV state. .
the total time is actually spent on an Earth-crossing orbit by tladready pointed out in a previous section (Section 3.2), since
bodies originally in the HU group, as was reasonable to expettt) population has a very long lifetime, this suggests that son
since the median time to become an Earth-crosser is greater tohthe HU members with a short lifetime may actually be pre
100 Myr while the typical lifetime after the first Earth-crossingious EV members placed temporarily in the HU region so th
episode is much shorter. they are currently characterized as HU members. Consequer
Figures 10 and 11 show the same plots for PH and MB2 Mawsudr definition of the HU group based on current observatiol
crossers. These plots are both characterized by a residence timag lead to an overestimate of its members, affected by seve
at the border of the Earth-crossing zone close to their source B interlopers. Primordial HU members, in the sense that thi
gion that is much larger than that in the other parts of the Earthave never spent time in any other Mars-crossing state, may tl
crossing region. This is due to their large inclination-(20°)  actually be less numerous than in the observed sample.
which makes encounters with Mars inefficient to rapidly inject In general terms, we can conclude that the EC and EV pc
them into a transporting resonance. Also, the vicinity of thalations continuously interchange part of their members, b
Kozai resonance at high inclinations causes wide oscillationsa#use the eccentricity oscillations bring several asteroids alt
the eccentricity which allow the particles to undergo shallow andhtively in the EC and in the EV region, as shown for instance
temporary excursions into the Earth-crossing zone when the &@. 5. Consequently, it is reasonable to expect that large bod
centricity is near the peak of its cycle. Such behavior has alregahesently in the EV region, such as (433) Eros, may have
been studied in the particular case of (1036) Ganymed (Michelady spent some time in the Earth-crossing region. This is a
etal 1999), which belongs to the MB2 group. Moreover, for thidiscussed in Michedt al. (1998).
group, the lifetime in the Earth-crossing region is particularly The bodies presently in the EV group have a 93-Myr half-life
short, because of the vicinity of Jupiter. We remark that botbnger than that of the MB group. This can be easily explaine
PHs and MB2s decrease their semimajor axis to small valugsving a semimajor axis located in the main belt, most M
with great difficulty. No MB2s are found to be transported tasteroids are initially placed close to a dangerous resonar
a < 2 AU. Conversely, one PH has been found to reach the At@onversely, EVs, having a semimajor axis smaller than 2 Al
region, but on a time scale longer than the 100 Myr integrati@me far from any dangerous main belt resonance and surviv
time span performed for the whole population. This is the reastumg time interval before they are transportedte 2 AU. Then,

it is not indicated in Table I. they either impact into the Sun or are ejected toward the ou
Solar System. We also remark that2% of the integrated EVs
3.6. EV Group temporarily penetrate into the Aten region. This is in agreeme

We finally come to the discussion of the origin and fate of th\gith recent integr.ations over their lifetime of a samplg of ot
EV Mars-crossers. Orbital elements of EV asteroids differ fr0|§1erved A_poIIo .ObJeCtS showing that 27%. of.them 90 |nto.th
those of all non-planet-crossing asteroidal populations. Thefét-en region (Michelet al 2000), thus confirming the potential
fore they must have evolved relative to the orbit that they h 'Hk between EVs and ECs.
when they first crossed the orbit of Mars.

As already shown, several bodies belonging originallyto MB 4. NUMBER OF EARTH-CROSSERS SUSTAINED
or HU groups temporarily become EVs (see Figs. 3, 5, and 6). BY MARS-CROSSERS
From our simulations, we conclude that EV Mars-crossing as-
teroids are mainly generated in two different ways. The first way Based on the numerical integrations of the orbits of a restrict

applies to the MB Mars-crossers. Asteroids from this group firsample of Mars-crossers, Miglioriet al. (1998) computed the
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B ity due to close encounters and/or resonances raises again |

10] a ™ ] perihelion distance above 1 AU so that they become EV.
""""""" ' gg ] Figure 12 is actually computed directly from the evolutions ¢

the MC groups on 100 Myr. Consequently, it does not simuls
a steady-state scenario. In such a scenario, half of each gr
should be regenerated for every time corresponding to their n
dian lifetime (e.g., every 60 Myr for the MB group). In that case
a low estimate of the average steady-state populations of E
and EVs can be obtained by adding to their average numberin
60-to 100-Myr range (3 ECs and 1 EV) halfthe average numbe
supplied by the MB population during the first 60 Myr (2 EC.
and 1 EV). The conclusion that Mars-crossers are the domin
VAN ] source of multikilometer Earth-crossers (Miglioritial. 1998)
0 S 100 must then be reconsidered, since our computation suggests
Time (Myr) they are actually able to maintain about half of the current 10 E
with diameter larger than 5 km. Of course, one may argue tt
FIG. 12. Number of bodies with a diameter larger than 5 km expected e threshold value of the diameter at which observations of 1
EC (a) and EV (b) orbits §tartingfrom the pr'esent MBs (;olid que), HUs (dotte,\o/llars_Crosser population are complete may be larger than 5
line), and PHs (dashed line). The contribution of MB2s is negligible.
and, therefore, increasing the number of MCs down to this si
would increase the number of ECs accordingly. However, unle

number of Earth-crossers that each group of Mars-crossers co?}f ervations are still biased against a large component of V

sustain in a steady-state scenario. They found that they were E15] dmr_neter larger than 5 km, comple_mentary sources and
to sustain the whole population of ECs with diameter great eghanlsms may be -requlred to sustain th? remaining num
than 5 km (10 asteroids). Since we have now integrated the tdt Iblg ECs. This 'S.St'" an open problem since, base_d on o
population of Mars-crossers, we have redone the computat rent unders_tandmg of collls!onal processes, we estimate
using the same method. We have thus computed the numbe?%tPStrOph'C disruptions of main belt bodies close to strong r

bodies on EC and EV orbits sustained by the different groups ances SUCh_ as th¢]3andv_6 resonances, cannot generate ha
a function of time. of the population of ECs with diameter larger than 5 km on tt

In order to directly compare these results with the previoﬁ'sme scale re.quw.ed _to ma'”ta”'.‘ ”“?”.‘ na s.teady state (we re
ones by Miglioriniet al. (1998), we have scaled the numbe}hat the median lifetime of bodies injected into such resonanc
of bodies down to reflect the results we would expect if we ha only about 2 Myr; see Gladmaet al. (1997)). Also, though

started with the actual number of MCs with diameters larger th £ contribution OT co_mets c_ann_ot be_d|sregarded, other mec
5 km. Figure 12 shows the results of this exercise. As found pms, such as drifts in semimajor axis caused by the_Yarkovs
Migliorini et al (1998), the number of ECs coming from the ect or by close encounters with the largest asteroids (e.g

MC groups increases rapidly with time, because a fraction { ]eref), could also contr{/t\)/uttla to the |nject|3n toflladrgdg bOd'e.S
MBs (those with initialg already close to 1 AU or who are € strong resonances. We leave a more detatied discussio

rapidly captured by the 3 or vg resonance) become EC onthis issue for the Conclusion (Section 7).

a short time scale. Then, between 10 and 60 Myr, the number

of bodies oscillates mainly between 3 to 5 bodies. Finally, thes, RELATING ORBITAL PROVENANCE TO STATISTICS

number slowly decays due to the 60-Myr median lifetime of the OF PHYSICAL TYPES

MB group. Note that the contribution of the HU and PH popula-

tions is limited to about one Earth-crosser. This could be eitherlt has been generally accepted (Mc Faddsnal. 1988,

real or due to the fact that the median time for these populadpishko and Di Martino 1998) that the EC population ref

tions to become EC is longer than the considered 100-Myr timesents a mixture of taxonomic types which fits quite well t

span. relative abundances found in the whole main belt (taking in
As for EV bodies, about 2 objects are sustained on orbits typecount the most important observational biases).

ical of EVs between times 20 and 100 Myr by the MB group In the previous sections, we have shown that Mars-cross

(Fig. 12b). Figure 12b also shows that the HU population hasee animportant intermediate source of the ECs largerthan 5}

rapid and short production of EV bodies since, as already not&dirthermore, in Fig. 13 we plot the cumulative size distributic

HU members first become EV as a result of a decrease of thefithe known population of Mars-crossers and compare it to tt

orbital inclination and then become EC. Conversely, the numbafinner main belt asteroids (P< a < 2.4 AU) and to that of the

of EVs sustained by the MB group increases slowly because ttppulation including EC and EV asteroids. Since our dynan

first become EC and then decrease their semimajor axis beloal results show that there is an interchange of objects betw

2 AU due to planetary encounters. A decrease of their eccentiit=s and EVs, these groups can be also considered as a un

of Earth-crossers

No.

of EVs

No.
o
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5 T — T sustain 1000 (EC+EV)s. According to the extrapolation of th
I | size distributions of (EC+EV)s with the two lines defined above
N 1 the number of (EC+EV)s witld > 2 km could be in the range
\ 1 120 to 250, whereas that with > 1 km could be in the range
“ar \ | 500 to 2000. These estimates, which are derived from a “cruc
L \ | extrapolation of the observed populations, support the possil
F 1 ity that Mars-crossers could also be an important intermedic
- N 1 source of ECs larger than 1 km. Note that, since our simul
tions suggest that they should only sustain half of the ECs wi

D > 5 km, the result that they can sustain the total number
ECs withD > 1 km may be an artifact due to the extrapolatio
with these different slopes of the size distributions of (EC+EV
and MCs. Decreasing our estimated number of Mars-cross
with D > 1 km would indeed decrease their production of EC
with D > 1 km.

Since most ECs with known taxonomic types have a diame
D > 2 km (70% of ECs with semimajor axis2 AU and 100%
of ECs witha > 2 AU), if a substantial fraction comes from
the Mars-crossing population, then their taxonomic distributic
A A S . should reflect that of the various groups of Mars-crossers. |
0 1 2 3 check this, we have to take into account the relative number
log D (km) Mars-crossers of different groups, the taxonomic distribution i

FIG. 13. Cumulative size distributions (log-log scale) of main belt asterslde each group, and the efficiency by which each group susta

oids with 21 < a < 2.4 AU, Mars-crossers (MC), and the population includingthe Earth-crossing population.
ECs and EVs (EC+EV). The distributions are drawn in full lines up to the com- The PH and MB2 Mars-crossers rarely evolve to the regic
pleteness limit in diameter. Extrapolations at smaller sizes are representeqpiyh g < 2 AU, and it is convenient to divide the Earth-crosser
the MC cution and for e upper e o e EC-Ev dstibuion. The fowel]] WO, classes according to this threshold. Moreover, the fi
extrapolation line of the EC+EV distributior-@.1) is derived from Rabinowitz Class & <2 AU) is the one able to exchange objects with the E
(1996). See text for details. population, and its lifetime is considerably longer than that of tf
second classa(> 2 AU). We also divide the MB population into
two subgroups (those with eithar<2.5 AU or a> 2.5 AU)
population. One can see in Fig. 13 that the cumulative size disiri-order to take into account the diversity of taxonomic type
butions of both main-belt and Mars-crossing asteroids asterowsserved below and above this limit, as well as the difference
can be extrapolated at small sizes with straight lines having teficiency in sustaining the EC and EV populations. In summa
same slopex—2.9). Note, however, that some recent worksve consider five source populations (MBs wih< 2.5 AU,
suggest that the slope of these distributions becomes shalloMiBs with a > 2.5 AU, HUs, PHs, and MB2s, hereafter denote:
at small sizes (see, e.g., Jedicke and Metcalfe 1998). Nevertke= 1, ..., 5) and three target populations (ECs wath 2 AU,
less, the apparent similarity of the size distributions supports tBE€s witha < 2 AU, and EVs, hereafer denotgd=1, ..., 3).
idea, already explored by Miglioriet al. (1998) and Morbidelli ~ To estimate the relative populations in the different sour
and Nesvorp(1999), that Mars-crossers are a subpopulation cégions, we have restricted our considerations to the numbel
previously main-belt asteroids (see also Section 6). For EV ahddies larger than 5 km, in order to reduce as much as pos
ECs, we have considered two slopes which can be considebéel the consequences of observational biases. The albedos
as upper and lower limits of (EC+EV) cumulative size distribuve have assumed to estimate the diameters are those repc
tions at small sizes: one slope is similar to the size distribution iof Table 1. Nevertheless, even 5 km is beyond the completne
the Mars-crossers, and the other slope-@.1) is derived from limitata > 2 AU. In order to approximately compensate for thi
Rabinowitz (1996) for the Earth-crossers, defined in this caseldas, we have multiplied the number of 5-km bodies reporte
the real ECs plus half of the Amor asteroids. in Table | by 15 in the region 2<a < 2.5 AU and by 3 in the
According to these extrapolations, the estimated numberzifne 25 < a < 2.8 AU. These multiplying factors come from
Mars-crossers with diametells> 2 km is 5000. Since our sim- a comparison of the observed asteroids of 5 km and those
ulations suggest that the Mars-crossers can sustain a populagieated on the basis of a linear extrapolation of the observed <
of (EC+EV)s that is about.8% (about 15% for ECs and about distribution down to 5 km.
1% for EVs) of the total number of the MC population, the For each source, we have deduced from the simulations
Mars-crossers can sustain 125 (EC+EV)s vilk- 2 km. Sim-  average fractiofresdk) of the integrated population that escape
ilarly, for D > 1 km, there are 40,000 Mars-crossers which cdrom the source region per million year. Since this number slow
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TABLE I Nrax(k) = S(k) + O(K) is the total number of asteroids with
Data Used for the Spectral Analysis known spectral type in the source regionWe now apply this

formula and compare the results obtained by its evaluation w

Source Nesc  TredD)  Tred?)  Tred3)  S/O §/C  he opservational data of each target group. Using data from b

MB(a<25AU) 266 066 294 115 173 173 Tholen (198_8) gnd Xet al. (1995), we have taxonomic types

MB(a>25AU) 840 047 034 001 47 43 of 31 asteroids in the MB group, 14 in the PH one, 6 in the ME
HU 0.04 194 802 2170 5/7 5/2 one, 12 in the HU one, and 65 in the EC+EV groups.
PH 026 306 211 011 131 131 ) , .

MB2 022 098 0 0. 2/4 2/2 EC population with a>2 AU. The expected ratios are

S/0O(1)=1.25 andS/C(1)=1.81. The observed population of
Note.We have restricted our considerations to the number of bodies largeC with a > 2 AU has ratiosS/O andS/C of 1.7 and 23, re-
than 5 km (corrected by the multiplying factors defined in the text). For ea%ectively Compared to the expected ratio. the observed p

source regionNesc(Myr 1) is the number of particles escaping from the source, | _,. ’ . ! .

Tres(]) (Myr/particle) is the residence time in each target regios(, . . ., 3, ulation shows a S_“ghtly greater excess of S-type with respe
are, respectively, EC with > 2 AU, EC witha < 2 AU, and EV), and the ratios 1O Othe_r taxonom": types. Recall, however, that we have us
S/0 and S/C are the ratios of known taxonomic types in the source regiod multiplying factor of 3 to compute the number of escapir
(S-typegOther types, and S-typgS-types). bodies from the MB group witta > 2.5 AU which contains
a great fraction of dark bodies. If this correction is too large

we may then have overestimated their contribution, increasi

decays with time because the source population is not kepttmJS the expected abundance of dark—type bodies in the tai
steady state in the simulation, we meadewg(k) in the first part region

ofthe integration, when it stays approximately constant. By mul-

tiplying FesdK) by the total estimated number of objects larger EC population with a<2 AU. The expected ratios are
than 5 km, we finally estimate the numbdgs(k) of asteroids S/O(2)=2.296 andS/C(2) = 3.3, whereas the observed one
larger than 5 km that escape from each source region, per Mgji¢ 29 and 52, respectively. As mentioned previously, thoug
The numbers are reported in column 2 of Table Il. We assuriftere are no drastic differences, we expect a slightly greater fr
that their ratio would be unchanged if different size ranges welien of dark-type objects than the fraction given by the observ
considered. Note that in Table II, the reported number of escagpulation.

ing bodies per Myr from the MB group wiﬂu_> 2.5 AU is much EV population. The expected ratios a®/O(3) = 2.95 and
greater than the one from the MB group weth 2.5 AU due to  g/3y_ 4 4, in comparison with the observed values &4nd
the adopted multiplying factor equal to 3 for the firstgroup and .5, respectively. In this case, there is a small excess of ofl

1.5 for the second one. Decreasing the completness limitto Skm .. ¢ objects in the observed population. Interestingly, t
would then resultin a smaller contribution of the first group. Agp <o red population still shows a small lack of C-type objects t
we shall see, this may explain some of the differences betw an excess of other types of objects. They correspond ma
the computed and the observed ratios of taxonomic types in TllaeE-type asteroids which share the same taxonomic type

target regions. Hungaria asteroids. This is consistent with the already discus:

AS for the digtribution ‘?f taxonomic types inside each Sour(if‘otential link between EVs and HU asteroids, but this also sho
region, we define the ratig/O(k) between th(_a number of bOd'that the HU may contribute even more than is expected from
ies that are S-type and the number of bodies that are of e ulations

nomic type other than S. Similarly we define a re8j@(k) be- _ _ _
tween the number of S-type asteroids and the number of bodiedoined EV and EC (& 2 AU) populations. Since our dy-
of dark taxonomic type (C, D, F or G). The rati8sO(k) and namical results have shown thatthere is an interchange of obje
S/C(k) for each source population are shown in the two lagetween the EV and EGi(< 2 AU) populations, we consider
columns of Table II. here these two populations as a unique one. The general forn
Finally, from our simulations, we have computed for eacean be easily adapted by addifig(k, 2) andTre(k, 3). The ex-
source population the mean tiffigy(k, j) spentinside the target pected ratios then result & 0= 2.47 andS/C=3.58, again
regionj by the asteroids who escaped from the source rdgionin fairly good agreement with the observed ones.&féhd 53,
These times are shown in columns 3, 4, and 5 of Table Il.  respectively, and still with a small lack of dark-type objects i
With all these data in hand, the expected raB®(j) and the observed population.
S/C(j) inside each target population are given by the formula Note that these results must be interpreted with caution. |
deed, they rely on many assumptions and biases. Moreover, t
5 . are obtained with a relatively limited number of objects wit
Zgzl NesdK) Tres(K, J )(X/Nrax) (K) , well-defined taxonomic types. Note, however, that new data st
> k=1 NesdK) Tres(K, j)(Y/Nrax)(K) plied by Bus (private communication) give similar ratios.
Itis very encouraging that the rough computation above giv
where X and Y are the considered taxonomic types andn expected population of EC and EV asteroids which is

X/Y()) =
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least not in drastic disagreement with the observed one. If supent local overabundance of this otherwise not very comm
ported by future data, this would confirm, on the basis of physidalxonomic type. However, the E-type family is quite far from th:
properties, that Mars-crosser asteroids are an important souvtars-crossing region, so it is unlikely that the E-type HU Mars
of large EC+EV (as already found from a dynamical point afrossers have been injected into the Mars-crossing region &
view). result of the catastrophic breakup of the family. This scenar
would therefore imply that a diffusion process has transferr
6. WHERE DO MARS-CROSSERS COME FROM? some family objects to the Mars-crossing region. On the oth
hand, one can also argue that the original population of HU w
Until now, we have studied the interrelation between the Maralready composed by a mixture of S- and E-type asteroids (w
crossing populations, the Earth-crossers, and the EV Masgst overabundance of this last type) and that one of the larg
crossers. But obviously, the Mars-crossers must be a sortEsfype objects was collisionally disrupted and formed the fan
intermediate source, which itself needs to be kept in steady stéyeln this scenario, since the overabundance of E-type wou
by much larger source populations of non-planetary-crossibg original and not only due to the disruption which forme
asteroids. the family, the E-type Mars-crossers would not need to ha
In Migliorini etal. (1998), we have provided a tentative explaany connection with the family members. Further studies a
nation. The factthatthe MB, HU, and PH groups have semimajaquired to privilege one of the two options.
axes and inclinations very similar to those of three crowded pop-The MB group witha <2.5 AU has a ratioS/O equal to
ulations of asteroids that do not cross the orbit of Mars (maf7, which is in good agreement with that of the non-Mars
belt, Hungarias, and Phocaeas) suggests that these populatioossers with Z a < 2.3 AU. This last is equal t0.6 if only
might be continuously losing objects to the Mars-crossing rene object per family is considered. This last restriction is ne
gion. As a confirmation, we have shown with a 100-Myr nuessary in order not to be biased by the fact that family membe
merical integration that most asteroids in the high eccentricibave been observed much more than background objects.
part of the inner asteroid belt (P<a <25 AU) are unsta- the other hand, the non-Mars-crossers with2a <2.5 AU
ble. A big majority of the integrated bodies slowly increaséagain considering only one object per family) have a muc
their proper eccentricity, showing a phenomenon of chaotmaller ratio of 07, showing an overabundance of asteroids
diffusion, and an important fraction of them become Marsion-S-type (mainly dark types, like C and F). This overabui
crossers within 100 Myr. The number of bodies escaping frodance does not appear in the corresponding, but very sm
the inner belt seems to be large enough to keep the MB Mahksars-crossing sample of taxonomic types. Moreover, we ha
crossing population in steady state, at least for the next 60 Mig.recall that in the region.3 < a < 2.5 AU, three large families
Morbidelli and Nesvorp (1999) have investigated in detail thisexist and are located at a large enough eccentricity to sugg
diffusion process, and they found that it is mainly due to thibat their members are serious candidates for diffusing into t
presence of a large number of outer mean motion resonanbts-crossing zone (Erigone, Polana, and Nysa families). T
with Mars (4/7, 7/13, . . .), high-order mean motion resonanceg&rigone and Polana families are surely dark-type families |
with Jupiter (72, 10/3, ...), and three-body resonances wittand F, respectively). Therefore, one can argue that their pr
Jupiter and Saturn. ence can partially affect the background objects, but it can r
It is therefore important to compare the taxonomic distribwiaffect the region of Mars-crossers yet or any longer. Anoth
tions of Mars-crossing and non-Mars-crossing asteroids loca&glanation could be that many of the S-type Mars-crosse
in the same region of semimajor axis and inclination, in ordevith 2.3 <a <25 AU actually diffused from the main belt
to check whether the Mars-crosser population is similar to thdth 2 <a < 2.3 AU, in which this type is more abundant anc
non-Mars-crossing one. the diffusion is more efficient, and then were moved to high
For the non-Mars-crossirdungariaasteroids, the rati8/O semimajor axis due to shallow Mars encounters. On the ott
is about 05, close to the 0 value found for the HU Mars- hand, the Nysa family, located in the regior32 a < 2.5 AU
crossers. Note that in this region, the majority (more than 90%id the closest to the Mars-crossing zone, seems alsoto be ¢
of the non-S-type objects are characterized as E- or X-types. Wesed of S-type objects. There is also evidence that it could
recall that X-type bodies could be in reality E-types with norrelatively young. A study on these two points regarding of tf
measured albedo. Consequently, as several authors (see, Rygsa family is in progress (Doressoundiratal., in prepara-
Zellner et al. 1985) have already noted, there exists an oveien). The abundance of S-type objects found in the Mars-cros:
abundance of E-type asteroids in the Hungaria region. Inside thigpulation may then mainly reflect the diffusion of bodies be
region, three probable families coexist (Forzoni Accolti 1995)onging to the Nysa family. Again further studies on the dynan
The largest one is connected with the asteroid (434) Hungaiial evolution of these families will help us to better understar
and all of its seven characterized members belong to the E-tbe diffusion process as well as to estimate their age.
X-type. The two other small families have classified objects be-Concerning the MB group witla > 2.5 AU, the ratioS/O
longing to the S type (three bodies). One can argue that tised.6 in excellent agreement with that of the non-Mars-cross
disruption of an E-type parent body may have created the subsample (07).
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The PH region is mainly composed of S-type objects botirossers and their potential sources. Actually, the real scene
inside and outside the Mars-crossing zdne. for the origin of Earth-crossers should consist of the contributic
Finally, the MB2 group shows a ratlgyO of 0.5, which also of several sources such as main belt bodies injected in differ
fits quite well that of the MB one wita > 2.5 (i.e., in the same resonances and Mars-crossers coming themselves from the r
region of semimajor axis but at lower inclinations), but it does nbkelt through high-order resonances. The proper combinatior
fit that of the non-Mars-crossers in the same inclination regiothese sources may also depend on the considered interva
These last have indeed a much lower r&i® of 0.15. Whether diameters of the asteroids. Previous studies (Meniclet|kl
this value represents a real misfit is difficult to decide, due k®96) suggest that the source of subkilometer Earth-cross
the very small number of spectroscopically characterized MB®uld be main belt asteroids injected into strong resonan
Mars-crossers. which increase their orbital eccentricity, such that they are |
to Earth-crossing orbits. For subkilometer bodies, the numt
7. CONCLUSION and frequency of collisions between asteroids close to the
resonances seems sufficient to generate the required amoul
We have classified the Mars-crossing asteroids in differemiaterial at the appropriate rate. Conversely, for bodies with
groups depending on their current inclination and semimajameter larger than 1 to 2 km, the collisional scenario may not
axis, and we have shown that each group has its own typical dglid anymore since the number of potential parent bodies clc
namical evolution, lifetime, and end-states. The MB, HU, an resonances and the frequency of their breakup allowing 1
PH groups appear to be an important reservoir of multikilometgeneration of multikilometer fragments cannot occur with the r
Earth-crossers. By using the numerical integrations of the coguired high frequency (recall that 2 Myr is the median lifetime ¢
plete sample of observed Mars-crossers, we have computeditijected bodies in main belt resonances leading to Earth-cross
expected orbital distribution of NEAs coming from each of therbits). This was the reason that Migliorigi al. (1998) looked
Mars-crossing groups, as well as the number of Earth-crossatshe Mars-crossers as the dominant source of Earth-cross
largerthan 5 kmin size, thatthey can sustain in a steady-state ddewever, if the Mars-crossers are able to sustain half of the pc
nario. We have thus shown that they are able to sustain at lealstion of Earth-crossers with diameter greater than 5 km, sol
half of the observed Earth-crossing population with diametether mechanisms still need to be found. Recent studies h
larger than 5 km. The EV group is composed of objects whidhown that nongravitational mechanisms such as the Yarkov:
previously belonged to either the MB or the HU group. For aéffect can cause a secular driftin semimajor axis of small bodi
Mars-crossing groups, the dominant mechanism for becomialipwing them to get closer to a resonance and then be injec
an Earth-crosser is injection into a resonance as a result of clasel driven to Earth-crossing orbits (Farinella and Vokroulylick
approaches with Mars. The asteroids that become Earth-cros4€@9). The time scale of the drift and the efficiency of this the
with a > 2 AU have typically a subsequently short lifetime, bemal mechanism depends on several physical parameters (
ing either ejected by Jupiter’s encounters toward the outer Sallaermal properties of the body, orientation of its spin-axis) ar
System or forced by a strong resonance to collide with the Sum the size of the asteroid. In particular, itis debatable whether
The asteroids thatbecome Earth-crossersavitt? AU, orman- efficiency would be enough to explain the origin of the remail
age to migrate into this region by the effects of Earth encounteitsg part of the population of Earth-crossers with diameter larg
survive longer. In the regioa < 2 AU, there is a continuous in- than 5 km. Some other undiscovered mechanisms may still
terchange between the Earth-crossing and the EV Mars-crossgstigthe contribution of extinct comets may also be considered
populations. A nonnegligible fraction of these populations eveRarth-crossing orbits, and it may also be that our understand
tually temporarily penetrate into the Aten regi@n{ 1 AU) and of already known mechanisms is still too poor.
even reach the region completely inside Earth’s orbit. Things get even worse if we consider recent studi
Since our results suggest that the Mars-crossers are abl¢Rabinowitzet al. 2000, Bottkeet al. 1999) suggesting that the
sustain only half the population of Earth-crossers with diametglope of the debiased size distribution of Earth-crossers w
larger than 5 km, there is still a missing link between Eartltiameter larger than 100 m may even be shallower than
much steeper slopes of the size distributions of fragments
L o _ ~sulting from collisions (Tangat al. 1999). If this result is con-
Hovyever, th_ere is an important point that we need‘to addr_ess. In this reg'?ﬁ]med, it will mean that even in the 100 m=1 km range, th
two major families have actually been found (Forzoni Accolti 1995). They are .. . . . N ~
associated with (24) Phocaea and (1310) Villigera. Both families include a Iatrgé)”lsmn,s arg not the dominant meCh_amsm F”J‘?Ct'”g Sma” _mc
percentage of Mars-crosser objects. Indeed, they contain 20 (over 123 memd@gj bodies into resonances; otherwise their size distribution
and 24 (over 27) Mars-crossers, respectively. Among these, only one becdlme Earth-crossing region should follow the same slope as
EC after 100 Myr, while the others have been found “stable” over the 100-Mgriginal one. Therefore, other mechanisms of injection into res
integration time span. One can argue that, even inside the Mars-crossing regﬁgﬂces involving shallower size distributions would be necess:

both families were not seriously depleted on time scales of 100 Myr, and tliat helm th duction throuah collisions (WhiCh in an
a member escapes and becomes EC only sporadically, but the overall struc Hrgverw eim the produc 9

is not very much affected. It follows that the age of these families cannot §&S€ OC(':U”)'- Aga'in, the YﬁrKOVSky effe'Ct 90U|d be an efficie
seriously constrained on the basis of this slow chaotic mechanism. mechanism injecting subkilometer bodies into resonances,
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