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Abstract. We analyze the dynamical evolution of asteroidgdopulation spans all possible values of masses and sizes, with
fragments released in the Flora region, near the inner edgeaatharacteristic quasi-power-law distribution (Dohnanyi 1969,
the main asteroid belt, and drifting into thgsecular resonance Campo Bagatin et al. 1994). Whereas most meteorites appear
due to Yarkovsky non-gravitational effects. We find that frade be delivered by pre-atmospheric bodies of the ordériofo
ments 5 to 20 m in size evolve under the “seasonal” Yarkovskym in size, occasional bright bolides reach several meters, and
effect which causes a secular semimajor axis decay; they reachording to Ceplecha (1992, 1996) a clear maximum of the in-
vg after a time shorter than their collisional lifetime when thegoming mass versus size curve is present at a siz8-@0 m.
start within abouD.05 to 0.2 AU out of the resonance. Metal-These objects have been recently observed also in near-Earth
rich fragments drift slower but have have much longer lifetimepace (Rabinowitz et al. 1993, Rabinowitz 1994) and while ex-
than stony ones, so they drift farther from their formation sifgoding in the high atmosphere (Tagliaferri et al. 1994). For
and sample a wider portion of the inner belt. Fragments aroundnguska-like impactors0—100 m in diameter, only one event
100 m in size are mainly influenced by the “diurnal” Yarkovskper 100-1000 yr is expected, but extensive disruption on the
effect if their surface is covered by a (thin) regolith layer; thiground is engendered. Therefore, for a number of different rea-
causes a random walk in semimajor axis controlled by impastsns it is important to understand the dynamical mechanisms
which reorient the spin axis. Within their lifetime of 100 Myr  which are involved in transferring from the main belt objects
these fragments can move throughout the inner part of the astédrsizes between: 0.1 and 100 m — especially if, as we will
oid belt, episodically crossing;. Meter-sized stony fragments,argue in this paper, these dynamical mechanism are somewhat
which probably deliver most meteorite falls, may also drift intdifferent from those relevant for larger asteroids.
the resonance under the “diurnal” effect, provided their surfaces The standard way of solving the problem of how material
have low thermal conductivities and/or their rotation is unusis transported from the asteroid belt to the Earth resorts to the
ally slow. According to our dynamical model, which is truncatepeculiar dynamical evolution of bodies once they get close to
to 15" degree in the fragment’s orbital eccentricity, reso- or inside the main mean motion and/or secular resonances with
nance effects typically result into large eccentricity increasdbge planets. Fragments from asteroidal collisions undergo orbital
such that main-belt orbits rapidly become Earth-crossing wheelocity changes of the order o0 m/s, and as aresult the orbits
the resonance is reached and/or crossed. This confirms the mfesmme of them are injected into the resonances starting from the
that the interplay of resonant dynamics and Yarkovsky-relatadnresonant orbits of their parent bodies (Farinella et al. 1993a,
semimajor axis mobility is crucial in the transport of meteorites994a). Subsequently, as a consequence of resonant gravita-
and small near-Earth asteroids from the main asteroid belttiimnal perturbations by the giant planets, the orbital eccentricity
the near-Earth space. grows to values= 0.6) allowing Earth crossing within only a
few Myr, and then the interplay of resonant effects and plane-
Key words: celestial mechanics, stellar dynamics —minor plamary encounters drives the bodies to hit the Sun or the planets,
ets, asteroids — meteors, meteoroids or to be ejected from the Solar System by Jupiter (Farinella
et al. 1993b, 1994b; Froeséhét al. 1995; Jopek et al. 1995;
Migliorini et al. 1997; Gladman et al. 1997).
1. Introduction However, it has been realized recently that, at least for
meteorite-sized£ 0.1 to 10 m) bodies, this cannot be the whole
The Earth permanently experiences the infall of interplanetagytry. while in interplanetary space, meteorites are exposed to
matter, a large fraction of which origins in the main asteroid bef{gsmic radiation (provided they lay within addum from the
Because of the relatively frequent collisions there, this sourggiface of the body carrying them), and measurements of these
Send offprint requests 1®. Vokrouhlicky cosmic-ray exposure (CRE) ages give values betweand
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50 Myr for most stony meteorites, and about 10 times as long Therefore, our aim here is that of presenting a relatively sim-
for iron-rich meteorites. Since these ages are much longer tiemodel for the orbital evolution of asteroidal fragments in the
the dynamical transfer times through the resonances, and atsgion of the orbital element space close tatheesonance, un-
than the typical lifetimes of near-Earth objects {0 Myr, ac- der the simultaneous influence of the gravitational perturbations
cording to Gladman et al. 1997), one must assume that astetmjdhe major planets and the Yarkovsky thermal effects. In order
fragments typically spend relatively long times in nonresonaitt better understand the significance of our results, we have de-
main-belt orbits before being transferred to the near-Earth spadded to keep our model analytical as far as possible for the time
As we have recently pointed out (Hartmann et al. 1997, Farineliaing. Thus, we average analytically the gravitational perturb-
etal. 1997, 1998), a non-gravitational dynamical mechanism ailg function and integrate numerically the averaged system of
lowing for such a slow drift of small bodies through the asteroidagrange equations only. Moreover, due to the complexity of the
belt before “falling” into the resonances is known since a lorthermal effects, we consider only their most important orbital
time: it is the so-callearkovsky effect effect, namely the secular changes in semimajor axis, neglect-
This effect is a recoil force due to radiation pressure, arisiingg their influence on other orbital elements. This is certainly a
whenever a spinning body re-emits anisotropically the absorbardde approximation, as Rubincam (1995, 1998) and Vokrouh-
solar radiation. As shown by a number of authddpik 1951; licky and Farinella (1998) have showed that Yarkovsky effects
Radzievskii 1952; Peterson 1976; Afonso et al. 1995; Rubigan lead to significant long-term changes in the eccentricity and
cam, 1995, 1998; Farinella et al. 1998), it can cause significamtlination as well.
long-term semimajor axis effects on asteroid fragments in the The remainder of this paper is organized as follows. Sect. 2
size range from abouit.1 to 100 m (smaller bodies are moreis devoted to a description of our dynamical model, for both the
affected by other non-gravitational forces, see Burns et al. 19@@avitational (Sect. 2.1) and non-gravitational (Sect. 2.2) pertur-
while larger ones have a too small area-to-mass ratio). In partiations. In Sect. 3 we present some tests of the corresponding
ular Farinella et al. (1998) have recently shown that, dependitigory compared to direct numerical integrations and other re-
on the size, rotational state and thermal properties of the fragidts, and then we discuss a number of runs for different model
ment, two different variants of the Yarkovsky effect may plagopulations of bodies, for which either the “seasonal” or the
a dominant role: a “diurnal” effect, which is more importantdiurnal” Yarkovsky effects play a dominant role. In Sect. 4 we
for slowly rotating, low-obliquity, regolith-covered fragmentsgdiscuss the significance of these results for our understanding
and a “seasonal” effect, favoured for high-obliquity, fast rotaf the delivery of small asteroid fragments and meteorites to the
tors with a lower (bare-rock) surface thermal inertia. Whereasar-Earth space.
the latter effect always causes a secular, drag-like decrease of
the orbital semimajor axis, the former one may result into eith
positive or negative semimajor axis changes, depending on
sense of rotation; in all cases, the amplitude of the semimafll. Secular perturbations by the outer planets

axis effect depends on the obliquity angle. If collisions change . . .
F%ﬁ a first step we are going to summarize our analytical model

frequently enough and in random way the orientation of the spi . : .
axis, the Yarkovsky-driven semimajor axis drift also undergog%r the secular influence of the major planets, Jupiter and Saturn,

stochastic variations in rate. These peculiarities make a realié"tﬂ:thfe fragmhent'sr:) rbit. Ii?:;lov.vmg Ig(;;ormzllfm ko f pllagseéary
modelling of the orbital evolution of small asteroid fragmem;g1eorles such as those of Duriez ( ) and Laskar ( ), we

much more complicated than in the case of larger bodies, *mro:iuce thde ?awdof complex, non-singular mean orbital ele-
which gravitational forces alone are important. ments(¢, §) defined as

gﬁreDynamical model

In this paper we intend to start a detailed, realistic stucty: ke +1h = e exp(1w) 1)
of how the Yarkovsky effect can interact with resonant N-bodg B B Q ’ 5
dynamics in transporting small asteroid fragments to the near- ¢ % = oexp(«l) , (2)

Earth region. We will deal in particular with objects originating,herec is the mean eccentriciey, = = Q + w the mean argu-
in the so-called Flora region, in the inner part of the main agient of pericenter; = sin I/2, I being the mean inclination,

teroid belt, and drifting into thess secular resonance, whichyng, — V/—1. Then, the secular evolution of the orbit is deter-
corresponds to the inner edge of this zone at a semimajor gxig,ed by the set of differential equations

slightly exceedin@ AU. In the last decade several studies have

addressed the purely gravitational dynamics of bodies Iocate%’rz _ 1 [2 OR N gRe < 81%” 3)
thevg resonance (Froeséhbnd Scholl 1987; Yoshikawa 1987; T na? nag_ n o€ ’

Scholl and Froeschl1991; Morbidelli and Henrard 1991; Mor- 1 1 0R ¢ OR

bidelli 1993; Valsecchi et al. 1995) or injected into it as aresufé = —— [27}35 + w m( ag)] 4)

of collisions in the neighboring Flora region of the main belt
(Farinellaetal. 1993a,b; Morbidelli et al. 1994). However, litllesee Laskar 1985), wher® = —ud/dt, n = V1 —e2 =

is known about the effectiveness of this resonance in pumpi(]g_ ¢¢)'/?, a is the mean semimajor axis, the mean mo-

up the orbital eccentricity in the presence of dissipative, nofion (n2¢> = Gmg, me being the solar mass). Overbarred
gravitational perturbations such as the Yarkovsky force.  quantities are complex conjugates, while Re and Im denote the
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real and imaginary parts of a complex quantity, respectiveblternatively, see Laskar 1991). The derivatives of the Laplace
The functionR in Egs. (3) and (4) is the secular part of the plarcoefficients (8) can then be computed by simple algebra.

etary perturbing function. In our approximate model, we adopt The structure of the eccentricity Eq. (3) can be schematically
the two following simplifications: written as

1. we neglect the inclinations of the perturbing planéts{ D¢ = g(a,¢*.0°) (+ f (a,¢%,0%) ¢’
0) and take into account only their eccentriciti€s ¢ 0; + other nonlinear terms 9)

5 p|2n:£r;{ \S-r:]aeb;zar?opr-:;naetqc),;n for the averaged (sec Iwr ereg andf are known functions. As for the long-term evolu-
- W ptat pproximati veraged (s U8 of the planetary orbits, we have used the Laplace-Lagrange

tp)erturl?lnt% funlct|0|:, neglecting quadratic and higher ordgécular solution with numerical coefficients given by Keec
€rms In the planetary masses. (1986). Jupiter's and Saturn’s complex eccentricities are thus

In this case, it is well known (see e.g. Brouwer and Clemeng&en by the simple harmonic development
1961) that the disturbing functioR is due to the direct part of ., _ _ _ _
the planetary perturbation only, and reads ¢= Z Aj expu(gst +¢3) (10)
, with constant coefficients. In our case, the most important of of
R = [Gm} these constants i = 27.7360 yr—!; this value, derived by
r—r'| ] Knezevic (1986), is in good agreement with numerical deter-
Gm/ i1 T rie Fig i T minations of the corresponding frequency (Laskar 1988; Nobili
= 7 D dila)g g ©) etal 1989); as we will F;ee in gSect(.q3.1, gu(r results are not sen-
ieze sitive to small changes in this value. The structure of Egs. (9)
wherei denotes the vector of indexés , is, ..., i), m’ anda’ and (10) shows that the linear solution of these equations has a
are the planet’s mass and semimajor axis (a sum over the sigularity wheny (a, e?, 0%) = gq: of course this is the well-
considered planets is implicit), andis the ratio between the known condition for the/s resonance, which is located near the
fragment’s and planet’s semimajor axes. Taking into account inger edge of the main asteroid belt.
specific problem we are dealing with (fragments witk: 2 AU We have not taken into account the influence of the inner
ande up to~ 0.7), we have expanded the perturbing potentigllanets for several reasons. On one hand, we have chosen to
(5) to a high order in the fragment’s eccentricity. By using théevelop an analytical model, and it is well known (see e.g. Hag-
algebraic manipulator MINIMS, developed by M. Moons at thinara 1971) that classical developments of the planetary per-
University of Namur (Moons 1991), we have computed all ternigrbing potential in the form (5) suffer divergencies whenever
with indexeslis| + |i4| < 15 and|iy|+ |ia| + |i5| + |ig| < 3.In  the minor body can cross the orbit of a planet. As we shall see,
other words, the disturbing function has been developed upct@ssing thes; resonance typically leads to high-eccentricity
the fifteenth degree in the fragment’s eccentricity. The secodtbits, which cross those of both Mars and the Earth, and there-
condition means that we have kept alower number of termsiin fiase analytical developments of type (5) would be useless if we
fragment’s inclination, namely those upgm® /2 (included) wanted to include these planets. On the other hand, we believe
only. that the main conclusions of our work would not be altered by
The ¢;() factors in Eq. (5) can be expressed as functiotide inclusion of the gravitational influence of the inner plan-
of the Laplace coefficients and their derivatives. Because of #is, because (i) the corresponding shift in the position;dé
specific character of our application, with secular changes in ti@all (Kneevic et al. 1991); (i) mean motion and secular reso-
fragment’'s semimajor axis, we have calculated all these tern@nces withthe inner planets can be effective only for semimajor
with particular care analytically. Starting from the formulee foaxes smaller tha AU (Milani et al. 1989, Michel 1997); and
the lowest order Laplace coefficients (Brouwer and Clemen(#) close encounters with Mars do not affect much the orbital
1961): evolution of bodies which are being transported from the main
asteroid belt to the near-Earth zone (Gladman et al. 1997).

4

bh(e) = —K(a), (6)
bgl)z(a) _ 4 K(a) - B(o) 7 @) 2.2. Thermal perturbations of the fragment’s orbit

/ n o Besides the gravitational effects, and as a major novelty of this
with K (o) andE(«) denoting the complete elliptic integrals ofwork, we include in our model a simplified treatment of the ther-
the first and second kind, we have mal Yarkovsky effects acting on small asteroidal fragments, by

) _ o _ . taking into account the corresponding secular changes in semi-
biﬁm(a) = a’w?(a) | P’ (a)bg/)Q(oz) + Qi(a)b(l/g(a) . major axis. A complete theory for the orbital perturbations due

8) to the Yarkovsky force is fairly complex, since the intensity of
the force at a given time depends on the thermal state of the
whereJ = min(0,1 — j) andw(a) = 1/(1 — o?). Recur- body, that is on the thermal inertia and the insolation the body
rence formulee for the polynomial% (o) andQ’(«) are given has received over a time of the order of a rotation (for the “di-
by Sidlichovsk and Melendo (1986) oSidlichovsk (1989; urnal” effect) or orbital period (for the seasonal one); hence, at
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Fig. 1. Diffusion time T, (in Myr) required for reaching thes reso-
nance at zeroinclination vs. initial semimajor axign AU). Two types  f;
of objects are assumed to evolve under the Yarkovsky “seasonal”
fect: (i) R = 5 m basalt fragments (curve 1), and (ii) Ro=m iron-rich
bodies (curve 2).

. 2.Diffusion of regolith-covered stony objects 50 m in radius under
é “diurnal” Yarkovsky effect, taking into account the random reori-
entation of spin axes caused by impacts (assumed to occur at typical
intervalsr,... = 24 Myr). The initial semimajor axes values (in AU) are
given on the horizontal axis. The full lines give the average percentage

. . ., .of a collisional lifetimery; s required to reacks and the dashed lines
least in the “seasonal” case, the Yarkovsky force depends Ifh&percentage of bodies reaching the resonance before being disrupted.

complex way on the orbital elements. In the current context, #urves 1 and 2 were derived assuming.. = 140 Myr (according to
order to keep the problem tractable, we just simulate the searinella et al. 1998) antl;.. = 4 Byr, respectively.
ular semimajor axis effects by adding a simple linear term in
the semimajor axis of the fragment’s orbit, that is assuming tr 100
a(t) ~ a(0) 4+ at. The value of the semimajor axis ratés in
principle determined by a number of different circumstance
As we mentioned in Sect. 1, in the case of the “seasonal” vt~ 75
sion of the Yarkovsky effect the sign éfis always negative,
while in the case of of the “diurnal” version it can be either pogg
itive or negative, according to the orientation of the spin axis. ~ 59
quantitative terms, we are going to use the results of Farine™
et al. (1998). For the reasons discussed in that paper, we
sume that the rotation rate of asteroid fragments is inversc 55
proportional to their size, with 1 km diameter bodies spinnin
in5 hr.

The “seasonal” effect is the dominant one for regolith-fre
fragments of size of the order of 10 m. For this case, we adc
the following empirical model:

9 i

| Je 8aUrUOSal A

0=

IIII|IIII|IIII|IIII
I/II|IIII|IIII|w’IIII

|

S
N
IS

2.1 2.2
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Fig. 3. The same as Fig.2 but for object m inradius. Curves 1
wherey is the obliquity of the fragment’s polar axis (that is, theorrespond to stony bodies, with,; = 3.3 Myr anda;s,» = 20 Myr;
angle between the spin axis and the normal to the mean orifityves 2 correspond to iron bodies, with, = 7 Myr and 7a;s, =
a is the semimajor axis an@,, is a thermal inertia parameter!-4 Byr (Farinella etal. 1998).
related to temperature changes with periodicities of the order
of the orbital period. The dependence of the amplitisgg, on the average drift rate is reduced by a fac@8 with respect to
a, on the body’s (mean) radiu® and on the®,, parameter is dmax.
quite complex (see Farinella et al. 1998, Rubincam 1998), so we As for the “diurnal” Yarkovsky effect, which is probably
just use the following typical values, consistent with the resulise dominant one for meter-sized bodies and for relatively large
of the above-mentioned papers fBr= 5 m and at an orbital (R ~ 25 — 100 m) regolith-covered fragments, we use
semimajor axisy ~ 2 AU: Gmax ~ 3.7 x 1073 AU/Myr for (12)
stony fragments an@, ., ~ 4.2 x 10~% AU/Myr for iron-rich
objects. If one assumes a frequent enough collisional reorigvhere ©,, is the thermal parameter related to temperature
tation of the spin axis (with all directions being equally likely)changes over times comparable to the spin period. In this case

N
w

™~ — amax(On, R, a) sin? 7y | (11)

a4~ amax [ (O, R,a) cosv,
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Fig. 4.Mean eccentricity vs. the critical argument of the resonance Fig.5.The same as Fig. 3 but for Yoshikawa’s (1987) case B test body.
w—we (With wwg = gst+constant), for initial conditions correspond-

ing to Yoshikawa'’s (1987) case A test body. The plot shows the orbital

evolution over atime span of 1 Myr, computed by the analytical scher 0.8 L . | —— T
described in Sect. 2. da/dt=-0.01

L | i

oo WM .

the value ofa,,,, depends sensitively on the thermal condu@ i ]

tivity of the surface layer, as a very thinz(1 mm) layer of L 4
|

regolith-like low-conductivity material is enough to strongly 0.4 — da/dit=-0.1
affect the “diurnal” component of the surface temperature dist
bution. Assuming thermal properties similar to those measur L
for the lunar regolith (Rubincam 1995), Farinella et al. (199t 0.2 |-
obtained in this cas@m.. ~ 2.65 x 10~3 AU/Myr for a r g
R = 50 m object andimax ~ 4.52 x 1072 AU/Myr for . dafdt=-1 TN

R = 1 m. On the other hand, for bare-rock surfaces Farine go L1+ + + 1 .« « I~ 7,
et al. (1998) used the conductivity of terrestrial basalt, whic 1.9 2.0 2.1 2.2
is close to the maximum values measured for chondritic a(AUl)

teorites (Yomogida and Matsui 1983), and this gives the mulglh 6. Effects on the orbital eccentricity of v resonance crossings
lower valuedmax ~ 8.25 x 10~* AU/Myr at a radius ofl m. g.. ot v 9

£ ized lith-f . . . he hi with different semimajor axis decay ratés/dt (in AU/Myr). Higher
or met(.ar.-S|ze ’ regollt . ree |ror1 meteorites, using the _'g cay rates result into a lower efficiency of the resonance in pumping
conductivity of metallic iron, Farinella et al. (1998) obtameqjIp the eccentricity.

Gmax ~ 7.29 x 1072 AU/Myr. These estimates were always
obtained at: ~ 2 AU.

As we explained in Sect. 1, an essential ingredient of the
Yarkovsky effects is the collisional reorientation of the fragsorresponding random walk for the “diurnal” effect, we have
ment spin axes, resulting into random changes of the obliquggrformed the following tests. Taking the initial semimajor axis
angle~. To take this into account, we can use the Farinelia the range2.1 to 2.35 AU, we have let the orbits evolve ac-
et al. (1998) estimates for the characteristic time between teording to Egs. (11) and (12). We have considered separately
collisions imparting to a given target an angular momentum tife cases of bodies dominated by the “seasonal” and “diurnal”
rotation comparable to the pre-existing one — keeping in miedfect: in the former case we simulated the orbital evolution of
that estimates of this kind are highly uncertain, owing to ostony and iron fragments, 5 and 10 m in radius, respectively,
poor knowledge of the small-size projectile flux in the asteroighereas in the latter case we considered either “large” bodies,
belt. According to these estimates, the reorientation tige 50 m in radius, or “small”, meter-sized fragments (both stones
scales proportionally t&'/2, and is~ 3.3, 8 and24 Myr for and irons). For the “diurnal” runs we always assumed that the
fragmentsl, 5 and50 m in radius, respectively. For iron frag-bodies are covered by thin, regolith-like insulating layers, be-
ments, the higher density results in time scales longer by a faatause otherwise the random-walk evolution is very limited (at
of about2.5. most a few hundredths AU). In each case we perforitédest

In order to assess the extent of the overall semimajor axis1s, always reorienting the spin axis in a random direction at
decay in the case of the “seasonal” Yarkovsky effect and of tttee typical intervals specified above.
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g ~  Fig. 7a—c Orbital evolution of a fictitious basalt fragmeatm in ra-
C 1 dius under the “seasonal” Yarkovsky effect. Pamshows the secular
3 L 1 semimajor axis decrease (at a variable rate, depending on the collisional
= 4 changes in the obliquity of the spin axis), with the dashed line marking
C the position of thess resonance for the instantaneous values of the ec-
2 - centricity and inclination. Starting froma = 2.28 AU, the resonance is
C 1 reached in about10 Myr, in good agreement with the statistical results
s L b b 1 shownin Fig. 1. The mean eccentricity [pabghnd inclination [panet]
0 50 100 150 200 undergo rapid changes after crossing the resonance, and the eccentricity
T (Myrs) is pumped up to abowt6. The initial conditions correspond to the Flora
(C) region asteroid 1981 WR.

Fig.1 shows the mean time required for asteroid fragn Sect. 1), but also for meteorites, because a significant fraction
ments drifting under the “seasonal” effect to reach the valoé their mass lies at depths such that cosmic-ray irradiation is
a = ag ~ 2.06 AU, which corresponds to the position of thg possible, and since many meteorites appear to have undergone
resonance for small-inclination orbits. Statistically-mneter complex exposure histories (Wetherill 1980), it is possible that
stony boulder released at the middle of the Flora region (apey are just multi-generational fragments from objects several
proximately2.25 AU) reaches the resonance in abo2® Myr, meters across.
whereas atime span a factidrlonger is necessary for iron-rich  Fig.2 shows the results of our test runs for the larger,
objects. We recall that, according to the estimates of Farinelegolith-covered fragments whose semimajor axis undergoes
etal. (1998), the typical collisional lifetimes of the two types od kind of random walk. Of course, only a fraction of the test
bodies inthe main belt are 6 Myr and4.4 Byr, respectively. If bodies reaches the resonance within any given time. The two
these average lifetimes are correct, our results imply that statgshed lines in the figure give the fraction of bodies ending up
fragments can reach the resonance before being shatteredhtiyrs within 140 Myr (which is approximately the collisional
impacts if they are unusually long-lived and/or they start frotifetime of stony objects of this size) addyr. Note that, while
a semimajor axis strip of width: 0.075 AU along the reso- there is equal probability of increasing and decreasing the semi-
nance border, whereas iron fragments may come from the whiiajor axis at any given instant, the probability of crossing the
Flora region. Thus, although iron fragments drift slower, they-resonance is greater tha6% over4 Byr, because any ex-
can drift much farther inside from their formation site as a coiursion in semimajor axis below the critical linai§ = 2.06 AU
sequence of the longer collisional lifetime. Note that the bodibas been classified as aresonance crossing, independently of the
discussed here are larger than the majority of meteorites, whittbsequent evolution. The full lines in Fig. 2 show the average
have pre-atmospheric sizes0.1-1 m; nevertheless, we think diffusion time as a function of the starting semimajor axis. The
that they are quite relevant not only in themselves (as explaif@mps” apparent in particular in the upper curve are related
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Fig. 8a—d The orbital evolution shown in
Fig. 7 is shown here in the eccentricity vs.
0.8 0.8 critical argument4 — ) plane, superim-
posed onto the the level curves of the av-
0.6f 0.6k eraged Hamiltonian. The four plots refer to
four successive stages of the evolution, in
o 0.4} 0.4} which the semimajor axis and inclination
are approximately constant. As the semima-
0.2l 0.2l jor axis is decreased, the level curves of the
) ) Hamiltonian shift and change their topology,
and as a result the orbit evolves from a low-
00 00 eccentricity circulation, to a libration around

w — we = 180° to a high-eccentricity cir-
culation.

to the discrete number of reorienting impacts undergone dur- We note that in the models used to derive Figs.2 and 3
ing the trip by fragments starting at different distances from three have neglected the presence of the 3:1 mean motion Jo-
resonance. These results show thattheesonance can collectvian resonance ne&:.5 AU, which would also rapidly eject
regolith-covered fragments several tens of meters in size framy fragments inserted into it. Of course, taking into account
the whole inner part of the Flora region. Possibly this might e#ais resonance would somewhat decrease the percentagges of
plain why bodies in this size range appear to be overabundantgaching fragments starting from the middle and outer portions
near-Earth space, compared to a power-law extrapolation frofrthe Flora region. On the other hand, taking into account the
km-sized objects (Rabinowitz 1993, 1997, 1998), since the la¢latively weak dependence of the Yarkovsky effects on semi-
ter are not affected by non-gravitational forces in a significamtajor axis (Farinella etal. 1998), the results illustrated in Figs. 2
way. and 3 can be applied more or less unchanged to fragments start-
Fig. 3 illustrates the corresponding results for meter-sizétwy near the 3:1 resonance and eventually falling into it (instead
objects. Also at this size a large fraction of asteroid fragmeribrg). However, we plan to investigate in more detail the inter-
can reach the resonance from the Flora region within their cplay of mean motion resonances and the Yarkovsky effects in a
lisional lifetime, provided they are covered by a thin insulatinfyture paper.
layer. The “jumps” are due to the same reason as for Fig. 2.
Again, iron bodies are more mobile owing to their longer life-
times. We stress that the “diurnal” Yarkovsky random walk b&. Tests and results
comes much less effective assuming a surface conductivity typ- N
ical of “bare” rock or iron. For real meteorites, the situation ma 1. Validation of the method
be in between these two extreme cases, because of the sigéffore discussing the results of our orbital evolution runs in-
icant porosity of many meteorites (Consolmagno et al. 1998jiding the Yarkovsky effects, we report on some checks that
which is likely to lower their thermal conductivity (Yomogidawe have made to test our analytical integration scheme for the
and Matsui, Fig. 10). Also, we have neglected the possibility theéécular resonance effects.
as a result of chance impacts some fragments end up spinningFirst, we repeated several integrations performed with a fully
at rates much lower than usual (say, with-ar spin period). numerical technique by Yoshikawa (1987). Figs. 4 and 5 show
Such slow rotators would have a “diurnaly, ... almostan order our results over & Myr time span for Yoshikawa'’s fictitious
of magnitude larger than our nominal fast-rotating bodies (se&t particles A and B. Comparing these plots with Yoshikawa’s
Farinella et al. 1998, Fig. 1), and therefore some “steps” in théys. 9a and 9b, we observe an excellent agreement with the
random walk controlled by collisions may become much largaumerical results, at least as far as the eccentricity evolution
than usual. is concerned. Actually, the situation is somewhat worse for the
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Fig. 9a—cOrbital evolution of a fictitious regolith-covered fragmé&atm

in radius under the “diurnal” Yarkovsky effect. A random walk-like evo-
lution in semimajor axis is shown by the full line in paaghnd from time
totime this leads the orbit to cross theresonance (whose instantaneous

o Lvvvvvin bivviin b i b location is shown by the dashed line). At the times of resonance cross-
0 100 200 300 400 500 ing, the mean eccentricity [panb] and inclination [panet] undergo
T (Myrs) rapid changes, with the eccentricity reaching valse8.8. The initial
(C) conditions correspond to a Flora region asteroid, (2580) Smilevskia.

inclination evolution, but this had to be expected, because \ae for ¢ — 1, in the denominator of Ed.](4). Overall, however,
have neglected completely the planetary inclinations and hatiese limitations of the analytical model are not very important
kept only a small number of terms containing the asteroid’s im the current context, since fragments injected intdbecome
clination in the perturbing function (see Sect. 2). On the othBarth-crossing for eccentricities of abéut, and most asteroids
hand, since we are mostly interested in the wayitheeso- in the Flora region have inclinations smaller thiad3.
nance pumps up the eccentricity, a very accurate model for the As a second test, we have checked how the eccentricity evo-
inclination effects is not really needed. lution in crossing the/s resonance is affected by different rates
By performing a number of tests of this kind we have beconoé the semimajor axis decay. The results are summarized in
confident that our results are realistic provided the eccentrickig. 6. The same initial conditions (= 2.16 AU, e = 0.06,
and the inclination of the fragment’s orbit do not exceed maxi-= 0) have been taken in the three cases. As the decay rate
mum values of about.6 — 0.7 and10 — 15°, respectively. For a increases in magnitude (i.e., for faster crossings of the reso-
very high eccentricities, the the results of the analytical mod&hnce), the eccentricity evolution becomes less and less sensi-
become unreliable (for instance, we could not reproduce ttinee to the resonance crossing. Basically, this is due to the fact
Sun-grazing dynamics described by Farinella et al. 1994b ahdt fast-decaying orbits spend shorter times in the resonance re-
Froescht etal. 1995). Also, we failed to reproduce Yoshikawaigion, where planetary perturbations are effective in pumping up
(1987) case C test integration when the eccentricity exceells eccentricity. This is a general property of resonance cross-
~ 0.7. Actually, in this case it is mainly the inclination that uning processes due to dissipative perturbations (see e.g. Hamilton
dergoes large excursions (up to abdift) near the peak of the 1994, Liou and Zook 1997), and our model reproduces it very
eccentricity cycle, and this appears to trigger an instability in owell.
analytical results for the eccentricity. This behavior is probably Finally, we have repeated the integrations of Fig. 6 but re-
related to the presence of thefactor, which becomes singu-placing the Knéevic (1986) model for the evolution of plane-
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- - Fig. 10a—cThe same as Fig. 9, but with different initial conditions, cor-
B ] responding to the mean elements of asteroid 3996 1988 XGhe end
o L b b e of the integrated evolution, the eccentricity has been pumped to a very
0 100 200 300 400 highvalue (greater than9). The inclination also shows relatively large
T (Myrs) oscillations. At this point our integration scheme gives spurious results,
( C) as discussed in the text.

tary orbits with that of Laskar (1988). We have observed minarean elements corresponding to asteroid 1981 WR, that is
changes, mainly due to a small difference in the value of the= 2.280061 AU, ¢ = 0.0889699, : = 2°.82532 (from the
g frequency and a much richer frequency spectrum in the eWdilani and Knezevic database, see Milani et al. 1994). This as-
lution of Jupiter's and Saturn’s orbits. However, no qualitativieroid is located more or less in the middle of the Flora region.
change was apparent in the results. Panel (a) of the figure shows the secular semimajor axis
Having gained confidence in our integration scheme we atecay, with a variable rate due to random changes in the oblig-
going to discuss, in the next two subsections, the results of twity . The time required to reach the resonance matches the
sets of runs performed with different samples of bodies croggne scale shown in Fig. 1. When thg resonance is crossed,
ing the v resonance as a consequence of the Yarkovsky #ffe mean eccentricity [shown in panel (b)] undergoes a sud-
fects. First, we use a sample of regolith-free bodiés 20 m den increase, and then keeps oscillating around a mean value of
in size, both stony and iron-rich. In this case, as we discussazbut0.62. Thanks to this high eccentricity, the mean inclina-
earlier (Sect. 2.2), the “seasonal” Yarkovsky effect is probabiipn [shown in panel (c)] also undergoes large perturbations. The
the dominant one and E@.{11) can be used for the semimaj@y the resonance crossing works in pumping up the eccentric-
axis evolution. Secondly, we consider two populations of aigy is shown clearly in Fig. 8: as the semimajor axis decreases,
teroidal fragments;0 m and1 m in radius, with regolith-like the topology of the level curves of the averaged Hamiltonian is
surface properties, and in this case we uselEd. (12) to modeldnastically changed and the orbit is “dragged” from a low- to a
dominant “diurnal” Yarkovsky effect. high-eccentricity circulation of the critical argument through an
intermediate phase of resonantlibration arowndos = 180°.
él{his behavior matches well the topology of the phase space
at therg resonance according to the theory of Morbidelli and
Fig. 7 shows the evolution of the mean orbital elements whi¢tenrard (1991, Fig. 1), which shows moderate-eccentricity li-
is typical for this class of objects. We have chosen initifrations arounds — g = 180° at mean inclinations between

3.2. Regolith-free bodies evolving under the “seasonal” effe
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0.4F Fig. 11a and bThe same as in Fig. 8 but for

the orbital evolution shown in Fig. 10, near
a time of rapid eccentricity growth [pana]l
and decrease [panig]. In either case the or-
bit switches from low- to high-eccentricity
circulation orvice versawithout being cap-
tured in a libration zone.

0.2F

3.3. Regolith-covered bodies evolving
under the “diurnal” effect

Fig. 9 shows an example of orbital evolution for a regolith-
covered bodys0 m in radius in the Flora region, under the
effect of the “diurnal” Yarkovsky effect. The initial conditions
correspond to the mean elements of asteroid (2580) Smilevskia
(a = 2.18255 AU, e = 0.19527, i = 0°.32962).

Panel (a) shows that the semimajor axis undergoes a random
walk with varying slopes, corresponding to collisional changes
in the obliquity. In two occasions the orbit crosses the resonance,
and at these times the eccentricity undergoes sudden and drastic
changes, and the inclination is also affected. In this particular
case the eccentricity, after staying at high peak values for a few
tens of Myr at the resonance crossings, returns to more or less

0 90 180 270 36¢ the previous moderate-(0.3) values when the orbit is driven

6 back into the Flora region.
Fig. 12. The same as in Fig. 11 but for the interval preceding the end However, this is not always the case. Fig.10 shows an-
of the integration. Here the orbit gets trapped into a large-amplitudether example of the orbital evolution driven by the “diurnal”
high-eccentricity libration aboutr — ws = 0, which gradually shifts Yarkovsky effect. The initial conditions now correspond to the
upwards as the semimajor axis is increased. mean elements of asteroid 3996 1988 XG = 2.25933 AU,
e = 0.103693, i = 0°.89691). Several features are similar to
those of the previous case, but here at the end of@haviyr

3° and5°. Note that the integrated orbit follows only ’étpprox-run the mean eccentricity excee@s, and after the first res-

imately the level curves, with “wiggles” caused by Jupiter’gnance crossing the orbit spends most of the time in the high-

. tricity state. We acknowledge that for such extreme values
nonresonant perturbations. We hav rform lar nm%?en - : .
onresonant perturbations. We have performed a large nu B the eccentricity thé5'" degree truncation of the perturbing

of similar runs for both stony and iron bodies, and found in nction in the asteroid’s eccentricity adopted in our dynami

cases the same kind of qualitative resuilts, namely the tranC§'a|—| model (see Sect.2.1) is certainly not gufficient to ¥eld an
tion to a high-eccentricity circulation mode after crossing thé . - y yield
resonance accurate orbital evolution, and therefore we may get spurious

Of course, the real orbital evolution is expected to be morr%Slgt:'th ther hand. th me “oh diagrams” w d
complicated and should be investigated by using fully numeri- cothernhand, the same phase space dlagrams we use

: . - in Fig. 8 are useful to understand the dynamical mechanisms at
cal integrations (we plan to do this in the next stage of our wovrj\:kork in this case as well. Panels (a) and (b) of Fig. 11 corre-

on this issue). After crossing thg resonance, the fragments .
) g the 9 pond to two intervals of a few Myr centered at ab2gg and

01 i i i o . . A
soon encounter thé : 1 mean motion resonance with Jupite %Q Myr after the beginning of the integration shown in Fig. 10,

and thew; secular resonance, and after this other resonanr Spectively. In the former case, the orbit passes directly from

with the inner planets can affect the orbital elements in asignif?— P y-In t SN ot p rectly

: . the low- to the high-eccentricity circulation mode, without be-

cant way (Michel and Froes@ll997, Michel 1997). However, . . o . .
captured into a “libration island” as in the case of Fig. 8.

we believe that the most important result reported above — t:ﬁossibl this is simplv due to the hiaher rate of the semima-
effectiveness of theg resonance in pumping up the eccentricit raxisychan ein th?sycase The o %site hapoens in the panel
of orbits crossing it under the Yarkovsky effect —is a robust o g ' PP pp P

and will be confirmed by more complex dynamical models. T ) interval, when the eccentricity is rapidly decreased by the

same applies to the results described in the next subsection! ©>0NanNce crossing. Finally, Fig. 12 shows what happens just
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before the end of the evolution shown in Fig. 10: here the orbit
gets trapped into a large-amplitude, high-eccentricity libration
aboutw — wg = 0, which shifts to higher eccentricities as the
semimajor axis grows due to the “diurnal” Yarkovsky effect (see
Figs. 10a and 10b). Of course, this kind of mechanism should
be explored by using a better dynamical model, maintaining a
good accuracy at very high eccentricities.

Finally, Fig. 13 shows the result of an evolution starting from
the same initial conditions used for Fig. 10 but takingdhg, .
andr,..; value appropriate for a 1-meter body. The main differ-
ence with respect to Fig. 10 is that the time step for the random
walk in semimajor axis is shorter. On the other hand, the be-
haviors of the eccentricity and the inclination are very similar
to those of Fig. 10.

2.

4. Conclusions
The main results of this paper can be summarized as follows:

1. We have estimated by numerical simulations the character-
istic time scales for transporting asteroid fragments into th%‘
vg resonance through diffusion of semimajor axes caused
by the Yarkovsky effects. Regolith-free bodies 5 to 20 m

in size can drift into the resonance through the “seasonal”
semimajor axis decay within their collisional lifetime from

a region of the inner asteroid belt of width ranging from
several hundredths to a few tenths of AU, depending on the
stony vs. metal-rich composition. Larger, 100-m sized bod-
ies can also random walk into the resonance from the inner
part of the Flora region provided their surface is covered by
a thin regolith. For meter-sized bodies, the effectiveness of
the “diurnal” Yarkovsky effect in changing their semimajor
axis depends sensitively upon the thermal conductivity of
their surface layer and their rotation rate. Further data on
these physical properties are needed to assess whether or
when the Yarkovsky effect is important in delivering them
to the resonances.

The bodies whose orbital evolution is dominated by the “sea-
sonal” version of the Yarkovsky effect always undergo large
increases of eccentricity (enough for their orbits to become
Earth-crossing) when they cross the resonance at semimajor
axes~ 2.1 AU.

When the “diurnal” effect is the dominant one, the semima-
joraxis evolution has arandom walk-like character, allowing
these bodies to cross thg resonance in both senses; such
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episodic resonance-crossing events are typically accomparinella P., Ch. Froesdh|C. Froesclé, R. Gonczi, G. Hahn, A. Mor-
nied by large “jumps” in the eccentricity and lesser pertur- bidelli and G.B. Valsecchi, 1994b, Nature 371, 314

bations in the inclination. The Yarkovsky-driven evolutiofrarinella, P., F. Marzari, D. VokrouhligkW.K. Hartmann, D.R. Davis,
into v; may explain the observed overabundance of “Small S-J- Weidenschilling, 1997, BAAS 29, 1045 (abstract)

" rinella P., D. Vokrouhlick, W.K. Hartmann, 1998, Icarus 132, 378
Earth Approachers” (SEAs) compared to larger near-Eart eschi Ch.. H. Scholl, 1987, AGA 179, 294

asteroids (Rabinowitz 1994, 1998). However, it seems UBrpescht Ch., G. Hahn, R. Gonczi, A. Morbidelli, P. Farinella 1995,
likely that the subgroup of SEAs withh~ 1 AU and small Icarus 117, 45

eccentricities (Rabinowitz et al. 1993, Bottke et al. 1996jladman B.J., F. Migliorini, A. Morbidelli, V. Zappal P. Michel, A.
can come from the main asteroid belt thanks to Yarkovsky Cellino, Ch. Froesclkl, H.F. Levison, M. Bailey, M. Duncan, 1997,
effects, as proposed by Rubincam (1995). The reason is thatScience 277, 197

; . ; ; agihara Y., 1971Celestial Mechanicd/ol. Il, MIT Press, Cambridge
accordingto our results thg-crossing episodes always Ieatﬂammon D.H.. 1994, lcarus 109, 221

to large eccentricity increases (even_disregardin_g other reSiimann W.K., P. Farinella, S.J. Weidenschilling, E.V. Ryan, D.
onances), and the Yarkovsky force is not effective enough Vokrouhlicky, F. Marzari, D. Spaute, D.R. Davis, 1997, Lunar
in circularizing the orbits while their semimajor axes are de-  planet. Sci. XXVIII, 517
creased (Rubincam 1998, Vokrouhlcknd Farinella 1998). Jopek T.J., P. Farinella, Ch. FroesgHR. Gonczi, 1995, A&A 314, 353
Of course Earth encounters could bring down the eccentrgezevic Z., 1986, Celest. Mech. 38,123 )
ity, but this is not likely to occur frequently enough. KnelzeVIc Zé:?.?l:/il(lsanl, P. Farinella, Ch. Froes@IC. Froescld, 1991,
carus s
Further work on the issues addressed in this paper is neetlagkar J., 1985, A&A 144, 133
in several directions. In particular, we plan to carry out fullj:askarJ., 1988, A&A 198, 341 N ,
numerical simulations of fragment orbits including the gravi3skar J., 1991, iredicability, Stability, and Chaos in N-Body Dy-
tational forces of both the_ outer and inner planets bes_ides }_fg&nj‘_r_né?%_sftzeon;ﬁfé9R7(?>|/’CZ$)S’ 5"2313’35 fnum Press, New York
Yarkovsky effects, and taking into account the stochastic obligiichel p., 1997, Icarus 129, 348
uity changes related to impacts. As far as analytical models afehel P., Ch. Froscl@, 1997, Icarus 128, 230
concerned, it would be very useful to develop them, in analogfygliorini F., A. Morbidelli, V. Zappah, B.J. Gladman, M.E. Bailey,
to what we have done here fog, for the Jovian mean mo-  A. Cellino, 1997, Meteoritics Planet. Sci. 32, 903
tion resonances, such as the 3:1 and 4:1 resonances Whicf‘kﬁ?é‘! A., M. Carpino, G. Hahn, A.M. Nobili, 1989, Icarus 78, 212

A . ani A., E. Bowell, Z. Knezevic, A. Lemaitre, A. Morbidelli, K.
probably very important for meteorite transport. Muinonen, 1994, inAsteroids Comets Meteors 1998. Milani,
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