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Almost all meteorites come from asteroids, but identifying their
specific parent bodies, and modelling their transport to the Earth,
has proved to be difficult'>. The usual model"** of delivery
through orbital resonances with the major planets™® has recently
been shown’™" to deplete the supply of meteorites much too
rapidly to explain either the observed flux at the Earth, or the
length of time the meteorites have spent in space (as measured by
cosmic-ray exposure ages). Independently, it has been found that a
force arising from anisotropically emitted thermal radiation from
asteroidal fragments (the ‘Yarkovsky effect’) influences the frag-
ments’ orbits in important ways'''%. Here we report the results of
a detailed model for the transport of meteorites to the Earth,
which includes the Yarkovsky effect and collisional evolution of
the asteroidal fragments. We find that the Yarkovsky effect
significantly increases the efficiency of the delivery of meteorites
to the Earth, while at the same time allowing a much wider range
of asteroids to contribute to the flux of meteorites. Our model also
reproduces the observed distribution''® of cosmic-ray exposure
ages of stony meteorites.

The Yarkovsky effect, a recoil force due to anisotropically emitted
thermal radiation, strongly affects the long-term orbit evolution
of Solar System bodies up to the size of small asteroids'’. The
anisotropy of the surface temperature is established as a conse-
quence of the hemispheric absorption of the solar radiation. Its
quantitative description requires a detailed physical model of the
heat conduction in the body and thermal reradiation by its surface.
Interplay between the rotation and revolution periods, both
observed or theoretically modelled, and the heat relaxation time-
scale, derived from the measured material parameters of meteorites
and observations of asteroids, results in a permanent acceleration
along the orbit. The semimajor axis thus undergoes secular change
at a speed and in a direction related to the body’s size, thermal
properties and rotational state'"'>'*. Typical drift rates range from
107*to 107 au Myr ™', large enough to probably detect the Yarkovsky
effect using future measurements of the near-Earth asteroid (NEA)
orbits™.

As a consequence of the Yarkovsky effect, small bodies can drift in
the asteroid belt for many millions of years between their initial
ejection from a sizeable parent asteroid and their eventual insertion
into a resonance. Such a prolonged intermediate phase implies that
meteoroids are likely to be fragmented by impacts while drifting,
and several generations of such break-up events may take place.
Most of the original fragments delivered from a large parent body
sooner or later become evolving swarms of smaller objects, all
drifting at different speeds. Only a small fraction of these fragments
will hit the Earth.

To describe this complex process, we have developed a realistic
statistical model, including impact events along with Yarkovsky
orbital drift and resonant effects. Each potential meteoroid is
characterized in our simulation by three orbital (proper) elements,
plus a radius, an obliquity angle and an initial time at which it
starts to be irradiated by cosmic rays. We assume that all the
bodies have the same thermal parameters, in particular the surface
conductivity K.
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Our simulations start by ejecting from a main-belt parent
asteroid a swarm of fragments with a total mass equal to that of
an object 500m in diameter. The initial ejecta, as well as the
fragments generated later from subsequent break-up events, have
a size distribution such that the number of bodies larger than radius
R is proportional to R their spin axes are distributed isotropi-
cally, and the orbital elements are varied according to a power-law
distribution of ejection velocities'. As most meteorites have pre-
atmospheric sizes exceeding 10cm, we always neglect in our
simulations the fragments of radius less than 10 cm.

We then allow the initial swarm of about 66 million fragments to
evolve by several different mechanisms that all act simultaneously.
First, the semimajor axes drift according to the Yarkovsky effect,
depending on the fragment’s orbital elements, size, obliquity and
thermal parameters'. Second, the obliquities change randomly at
average intervals 7,,, = 15 R"> Myr (hereafter R is in metres) and the
collisional fragmentations are assumed to appear at average inter-
vals 74;, = 16.8 R* Myr. The two lifetimes 7, and 74;, are computed
with a simple analytical model''"*", using average collisional
probability and impact velocity values that are appropriate for the
inner part of the asteroid belt. If a body is disrupted we consider a
swarm of fragments generated as described above. The cosmic-ray
exposure (CRE) age of the fragments is updated by assuming that
the material lying at depths greater than 1.5 m in the parent body is
shielded from cosmic rays.

When a body reaches the edge of v or 3/1 resonances with the
motion of the giant planets, represented by a surface in the proper-
element space (and located by numerical integrations'), its further
dynamics is assumed to be dominated by resonant effects and
planetary close encounters (making Yarkovsky perturbations neg-
ligible). These post-resonant bodies continue to undergo shattering
impacts (with 74, = 14.2 R"”* Myr) and the CRE ages of the frag-
ments are updated as above until some of their final offspring hit the
Earth (we then record the radius and CRE age). For each body, this
is assumed to occur after a time chosen by a Monte Carlo routine
according to the distribution derived in ref. 10.

The entire simulation is stopped either after about 1Gyr of
evolution, if we aim at simulating the effects of very old break-up
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Figure 1 The expected flux of fragments from Hebe (for K = 0.1Wm~"K~") versus
time. Data is shown for the » and 3:1 resonances (dotted lines) and the Earth (full line).
The flux is dominated by small (R < 1 m) fragments, and the large fluctuations (about a
factor of 100) of the resonance fluxes are a result of secondary fragmentations of relatively
large bodies into swarms of smaller ones. The flux at the Earth (that is, number of impacts)
mimics the behaviour of the flux to », which is the main delivery route in this case,
although it is ‘smoothed out’ by the chaotic character of the post-resonant orbits. We note
thatif the radius R of the largest body in the initial distribution of ejecta were changed, the
quantities plotted along the vertical and horizontal axes in this diagram would scale
roughly proportional to Y2 and R}’2, respectively.
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events in the main belt; or after some given, shorter time span. In the
former case, the resulting distribution of sizes and CRE ages also
approximates the steady-state distribution for a population of
meteoroids originating in many different events at random times
over the simulation time span; the latter option appropriately
simulates a specific, recent break-up event.

We have carried out nine 1-Gyr runs, starting from three different
locations in the inner main belt, corresponding to ejecta swarms
from the asteroids Vesta, Hebe and Flora (chosen both because they
had been previously identified as probably meteorite parent
bodies"*'*** and because they are located in different regions of
the orbital-element space). As the Yarkovsky effect depends on the
fragments’ thermal conductivity K, we have made simulations with
three widely different values of this parameter: 0.0015Wm™ K, as
appropriate for dusty or regolith-covered surfaces?; 0.1 Wm™ K/,
plausible for porous or fragmented rocks**; and 1Wm™' K™, a
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Figure 2 Comparison of the modelled and observed cosmic-ray exposure (CRE) age
distributions for three different meteorite types. The data in the grey histograms is taken
from refs 15 and 28. For the predictions, we show results of the direct-injection case with
no Yarkovsky mobility (D histogram) and the model including Yarkovsky mobility of the
meteoroids and their precursors (bold histograms). Histograms 1, 2 and 3 refer to thermal
conductivity values of 0.0015, 0.1 and 1 Wm™" K™, respectively. As the ordinate
represents an absolute quantity— N .- number of meteorites in a given logarithmic bin
(T,, T, + dlog T,) normalized by the total number of meteorites and the bin width
dlog T,—both the data and the results of our simulations were normalized indepen-
dently. a, Assumed ejecta from asteroid Flora whose computed CRE ages are compared
with the observed distribution for 240 L-chondrites. b, Assumed ejecta from asteroid
Hebe compared with the 444 CRE ages of H-chondrites. ¢, Assumed ejecta from asteroid
Vesta, compared to the CRE age data for 64 HED (howardite—eucrite—diogenite)
meteorites. In all cases, the intermediate K value appears to provide the best match to
the data. We note that the direct-injection scenario would always predict many more
short CRE ages than are observed, and a shortage of ages between 20 and 50 Myr.
Neither of these problems is present when the Yarkovsky mobility is taken into
account.
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typical value for ‘bare’ meteoritic rocks™. Every simulation has been
repeated three times, with different choices of random seeds, and
the results have been averaged to filter out any flukes.

The high efficiency of the Yarkovsky-driven transport mechan-
ism, in synergy with the collisional cascade effects, is one of the
unusual results from these simulations. About 40% to 90% of the
initial ejecta mass always ends up in one of the two resonances
within approximately the 1-Gyr time span (weakly depending on K
and the starting location), compared to fractions of approximately
1% or less for fragments directly inserted in the resonances after the
initial ejection event. Taking into account that only 1.18% and
0.23% of the v and 3/1 resonant particles hit the Earth', our results
mean that the overall Earth transfer efficiency from the main belt
ranges between 0.35% and 0.86%. The corresponding absolute flux
depends on the production rate of ejecta. The approximately 0.6%
mean Earth delivery efficiency of ejecta from main-belt asteroids is
only about a factor of 10 lower than that from NEAs”, and as the
latter are at least a factor of 100 less abundant than inner-belt bodies
at sizes of the order of 1km, kilometre-sized NEAs should not be
contributing a large fraction of the meteorites.

Although the supply of meteorites to our planet is eventually
about the same in our model as in the classical direct-injection
scenario (because the classical model largely over-estimated the
number of the Earth impactors among bodies in the resonances),
from another point of view our model leads to very different
conclusions. For instance, our results imply that most asteroids in
the inner main belt (up to a = 2.7 au) must be relatively efficient
sources of ejecta to the resonances, with limited dependence on the
location of their orbit. This result differs from many previous
studies that had indicated that only a small percentage of asteroids,
especially those near the borders of major resonances, would
contribute to the meteorite flux. Large asteroids, such as Vesta
and Hebe, are likely to provide a higher yield due to their greater
cross-section'’, but it is possible that this is compensated by their
higher escape velocities and the increasing number of asteroids at
smaller and smaller sizes. A better knowledge of the asteroid/
projectile size distribution and the typical ejecta speed is required
to assess the relative importance of parent asteroids of different
sizes"".

Figure 1 shows that the average Earth flux from a single event
decreases with respect to the early values very slowly, over times of
several hundred Myr (several times longer than 74 for the largest
bodies in the evolving swarm). This is consistent with the evidence
that a currently abundant meteorite type, the L-chondrites, under-
went a large-scale beak-up event about 500 Myr ago, as indicated by
their Ar—""Ar ages®. Note that the flux from any single source
event fluctuates significantly, which might explain the evidence
from fossil chondritic meteorites that the Earth flux was much
higher some 480 Myr ago®. However, any drastic fluctuations in the
meteorite flux or its compositional mixture over timescales up to
about 10Myr is prevented by the chaotic nature of the post-
resonant orbits, and by the fact that at any given time the Earth is
hit by fragments produced by many distinct ejection events from
different parent asteroids.

Our model allows us to predict the distribution of CRE ages for
the Earth-hitting objects from different parent asteroids and with
different values of K (Fig. 2). We note that our simulated meteorites
on average have undergone two to five break-up events during the
trip, suggesting that “complex” CRE histories'>***, recording vari-
able exposure geometries, should be commonplace. The interplay of
the slow transport process and the relatively frequent fragmenta-
tions also means that in a steady-state case most CRE ages range
from about 10 to 50 Myr, in agreement with the data for stony
meteorites. CRE ages shorter than about 5Myr are quite rare, and
this is an important argument that favours our model over the
direct injection scenario, which cannot explain why such ‘young’
fragments are seldom observed.
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Our results indicate that the K =0.1Wm ™ 'K™"' Flora case
provides a relatively good fit to the observed CRE age distribution
for the most common type of stony meteorite falls, the L-chondrites
(about 40% of all the falls). Flora is the largest body of a very
numerous, broad ‘clan’ of asteroids located at a = 2.2 au, just out of
Vs, s0 our results would suggest that this entire region of the belt is a
plausible source for the L-chondrites.

It is well known that for some meteorite types the observed CRE
ages show distinct clusters or peaks. In the case of the H-chondrites™,
about half (some 15% of all meteorite falls) have CRE ages of
7 = 1 Myr. Our model cannot reproduce these features by assuming
that they are the consequence of relatively recent (but otherwise
‘normal’) fragment production events, because the flux from any
given event lasts for hundreds of Myr, with a very slow decline as a
function of time. Therefore it would be impossible to get a large
fraction of the meteorites associated with a single recent event
unless it were of an unusual magnitude.

To test this possibility, we ran our model again for the case of
Hebe, a plausible parent body of the H-chondrites'**’. We stopped
the simulation after only 8 Myr and selected the bodies hitting the
Earth in the last 1 Myr of this short simulation. We then super-
imposed these simulated discrete-event CRE ages to the steady-
state distribution predicted by the model for meteorites from
Hebe, with weights determined by a least-squares best fit to the
data (about 0.3 and 0.7, respectively). The agreement is quite good,
although there is some evidence for a second unmodelled peak at
about 33 Myr.

We applied the same technique to compare the model CRE ages
obtained in the case of Vesta with the data for the HED (howardite—
eucrite—digenite) meteorites'® (spectral and mineralogical evidence
suggests this large asteroid as the parent body®*). Here the promi-
nent 23 Myr peak has been fitted by taking 0.2 and 0.8 weights for
the discrete-event and the steady-state distributions. Although the
fit of the model to the data is again good, the CRE ages longer than
50 Myr and shorter than 5Myr are overabundant in the model
histogram. This is possibly due to our simplified method of resetting
the CRE clock after secondary fragmentations, which are more
numerous (typically 4-5) for Vesta’s ejecta because the source body
is relatively far from the resonances. However, in this case the
statistics are not as good, because only a small number of the CRE
age data are available. t
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By introducing artificial defects and/or light-emitters into phot-
onic bandgap structures'?, it should be possible to manipulate
photons. For example, it has been predicted” that strong localiza-
tion (or trapping) of photons should occur in structures with
single defects, and that the propagation® of photons should be
controllable using arrays of defects. But there has been little
experimental progress in this regard, with the exception of a
laser® based on a single-defect photonic crystal. Here we demon-
strate photon trapping by a single defect that has been created
artificially inside a two-dimensional photonic bandgap structure.
Photons propagating through a linear waveguide are trapped by
the defect, which then emits them to free space. We envisage that
this phenomenon may be used in ultra-small optical devices
whose function is to selectively drop (or add) photons with
various energies from (or to) optical communication traffic.
More generally, our work should facilitate the development of
all-optical circuits incorporating photonic bandgap waveguides
and resonators.

The photonic bandgap (PBG) structure considered in this work is
a two-dimensional PBG slab with a triangular lattice structure as
shown in Fig. la. The structure makes use of the effect of a two-
dimensional PBG to confine the light in the in-plane direction
for transverse-electric (TE)-like mode, and large refractive index

NATURE |VOL 407|5 OCTOBER 2000 | www.nature.com




