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unless the meteoroid is very close to the Sun). An infrared
photon carries away momentum when it leaves the meteor-
oid according to the relation p = E/c, where p is the photon’s
momentum, E its energy, and c is the speed of light. Be-
cause more energy and therefore more momentum departs
from the hotter part of the meteoroid than the colder, the
meteoroid feels a net kick in the direction away from the
hotter part.

If the meteoroid had no thermal inertia, then the tem-
perature distribution would be symmetrical about the sub-
solar point and the meteoroid would experience a net force
radially outward from the Sun. The only consequence of this
force would be to weaken the Sun’s grip on the meteoroid.
However, all bodies have thermal inertia, which causes a
delay, so that the hottest part of the meteoroid is its after-
noon side rather than the subsolar point. This is similar to
the Earth, where the afternoon is typically the warmest time
of day. As a result, the force on the meteoroid has not only
a component that is radially outward from the Sun, but also
has an along-track component.

This along-track component causes a secular increase in
the semimajor axis (and, to a lesser degree, eccentricity) for
the prograde sense of rotation shown in the figure, so that
over time the tiny Yarkovsky force can profoundly change
the orbit. The sign of the diurnal Yarkovsky effect depends
on the sense of rotation. If the meteoroid shown in Fig. 1a
rotated in the retrograde sense, the orbit would shrink in-

stead of expand, while if the rotation axis was in the orbital
plane, the diurnal Yarkovsky would be shut off entirely. The
magnitude of the diurnal effect also depends on how close a
body is to the Sun, the tilt of the body’s spin axis with re-
spect to the orbital plane, and the body’s physical character-
istics (i.e., the size of the body, its shape and thermal prop-
erties, and how fast it is rotating). The interplay of these fac-
tors means that there is an optimal size for maximizing the
diurnal Yarkovsky effect for a given rotation speed and ther-
mal structure. A very large object would have a poor area-to-
mass ratio (e.g., the effect is negligible on a large body like
the Earth). On the other hand, the smaller the body, the
better the area-to-mass ratio, but at some point the radius
becomes so small that the thermal wave penetrates all the
way across the body, lessening the temperature differences
between the night and day sides and weakening the effect
(e.g., a slowly rotating dust particle). For rotation periods
believed to be typical in the solar system [P ~ 5 h × (D/
1 km), where D is the diameter of the body], optimal sizes
for the Yarkovsky effect range from centimeters to meters.
Objects having zero or infinitely fast rotation rates experi-
ence no diurnal Yarkovsky force.

2.2. Description of Seasonal Component

Nearly a century after Yarkovsky wrote his pamphlet, a
second Yarkovsky effect emerged. While searching for the
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Fig. 1. (a) The diurnal Yarkovsky effect, with the asteroid’s spin axis perpendicular to the orbital plane. A fraction of the solar inso-
lation is absorbed only to later be radiated away, yielding a net thermal force in the direction of the wide arrows. Since thermal rera-
diation in this example is concentrated at about 2:00 p.m. on the spinning asteroid, the radiation recoil force is always oriented at
about 2:00 a.m. Thus, the along-track component causes the object to spiral outward. Retrograde rotation would cause the orbit to
spiral inward. (b) The seasonal Yarkovsky effect, with the asteroid’s spin axis in the orbital plane. Seasonal heating and cooling of the
“northern” and “southern” hemispheres give rise to a thermal force that lies along the spin axis. The strength of the reradiation force
varies along the orbit as a result of thermal inertia; even though the maximum sunlight on each hemisphere occurs as A and C, the
maximum resultant radiative forces are applied to the body at B and D. The net effect over one revolution always causes the object to
spiral inward.
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driving multikilometer asteroids through numerous secular
resonances where resonant jumping/trapping events produce
noticeable changes in proper e, particularly on the right side
of the plot. The most significant jumps are caused by the
secular resonance g + 2g5 – 3g6 at 2.92 AU, which increases e
but does not change i. Eventually, objects drifting far enough
become trapped in the powerful 5:2 or 7:3 mean-motion reso-
nances, where they are pushed onto planet-crossing orbits
and are lost from the main belt.

Overall, these integration results reproduce the (a, e, i) dis-
tribution of the Koronis family while also explaining the pau-
city of family members on the left/right sides of the 5:2 and
7:3 resonances and the short-lived nature of some Koronis
family members. The success of this model, together with
the previous section’s results, make a strong case that the
Yarkovsky effect, working in concert with resonances, is the
primary mechanism by which D < 20-km asteroids escape
the main belt and reach the inner solar system.

5.4. Radiative Spinup/Spindown of
Asteroids (YORP Effect)

Besides changing the orbit, Yarkovsky forces can also
produce torques that affect the spin rate and spin axis ori-
entation of asteroids and meteoroids. This “sunlight alters
spin” mechanism was coined by Rubincam (2000) as the
Yarkovsky-O’Keefe-Radzievskii-Paddack effect, or YORP
for short (Radzievskii, 1954; Paddack, 1969, 1973; Paddack
and Rhee, 1975; O’Keefe, 1976). YORP comes from two
sources: reflection and reemission. Rubincam (2000) illus-
trated its workings using a rotating spherical asteroid with
two wedges attached to the equator (Fig. 6). For a Lamber-
tian radiator, the reaction force from photons departing from
any given element of area on the sphere will be normal to
the surface, such that no torque is produced. Energy rera-
diated from the wedges, however, can produce a torque be-
cause the wedge faces are not coplanar. For the sense of
rotation shown in Fig. 6, the wedge-produced YORP torque
spins the object up. If the body happened to spin in the
opposite sense, the YORP torques would slow it down.
Thus, an object must have some “windmill” asymmetry for
YORP to work (i.e., it would have no effect on rotating tri-
axial ellipsoids).

YORP torques can also modify asteroid obliquities,
which leads to the concept of the YORP cycle. For the geom-
etry shown in Fig. 6, a fast-spinning asteroid would gradu-
ally increase its obliquity as well. When the obliquity be-
comes large enough, the axial torque changes sign and the
object begins to spin down. This can be seen by imagining
that the Sun shines down on the object from its north pole
rather than the equator; the wedges must spin it the other
way. Hence YORP may spin objects up for a while, but
when the obliquity becomes large, they slow down and then
perhaps tumble until they reestablish principal axis rotation,
with the spin axis presumably pointing in a random direc-
tion. Then the cycle begins all over again, such that small
solid objects probably avoid the “rotational bursting” en-
visioned by Radzievskii, Paddack, and O’Keefe (i.e., spin-

ning a solid object so fast that it disrupts). Collisions large
enough to modify an asteroid’s spin axis orientation may
also short-circuit a YORP cycle, potentially putting the
object into an entirely different rotation state. Thus, YORP is
most likely to be important in regimes where the YORP cycle
is faster than the spin axis reorientation timescale via colli-
sions (Rubincam, 2000; Vokrouhlický and ©apek, 2002).

Rubincam (2000) found that YORP is strongly depen-
dent on an asteroid’s shape, size, distance from the Sun,
and orientation. For example, assuming the Sun remains on
the equator, asteroid (951) Gaspra, with R = 6 km and a =
2.21 AU, would in 240 m.y. go from a rotation period P =
12 h to 6 h (and vice versa). We call this value the YORP
timescale. If we gave (243) Ida the same R and a values as
Gaspra, it would have a YORP timescale half as big, while
a body with Phobos’ shape would have a YORP timescale
of several billion years. Clearly, shapes make a big differ-
ence. The YORP timescale is also size-dependent (i.e., it
goes as ≈ R2), such that smaller sizes spin up much more
quickly. If Gaspra was only R = 0.5 km, its YORP timescale
would be a few million years. Thus, YORP may be very
influential for kilometer-sized and smaller asteroids. YORP
is also more effective as you move closer to the Sun. Mov-
ing our R = 0.5 km Gaspra to 1 AU allows it to go from
P = 12 h to rotational disruption speeds of ~2 h (and vice
versa) in ~1 m.y. We caution, however, that YORP-induced
obliquity torques may double or possibly triple the above
timescales. Moreover, these rates also assume the YORP
cycle continues without interruption via collisions, planetary
close encounters, etc., and that asteroid thermal properties
do not significantly change with size. These real-life com-
plications will be modeled in the future.

If the aforementioned YORP timescales are reasonable
values for small asteroids, it is plausible that YORP may

Sunlight

Fig. 6. Spinup of an asymmetrical asteroid. The asteroid is
modeled as a sphere with two wedges attached to its equator. The
asteroid is considered a blackbody, so it absorbs all sunlight fall-
ing upon it and then reemits the energy in the infrared as thermal
radiation. Since the kicks produced by photons leaving the wedges
are in different directions, a net torque is produced that causes
the asteroid to spin up.
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unless the meteoroid is very close to the Sun). An infrared
photon carries away momentum when it leaves the meteor-
oid according to the relation p = E/c, where p is the photon’s
momentum, E its energy, and c is the speed of light. Be-
cause more energy and therefore more momentum departs
from the hotter part of the meteoroid than the colder, the
meteoroid feels a net kick in the direction away from the
hotter part.

If the meteoroid had no thermal inertia, then the tem-
perature distribution would be symmetrical about the sub-
solar point and the meteoroid would experience a net force
radially outward from the Sun. The only consequence of this
force would be to weaken the Sun’s grip on the meteoroid.
However, all bodies have thermal inertia, which causes a
delay, so that the hottest part of the meteoroid is its after-
noon side rather than the subsolar point. This is similar to
the Earth, where the afternoon is typically the warmest time
of day. As a result, the force on the meteoroid has not only
a component that is radially outward from the Sun, but also
has an along-track component.

This along-track component causes a secular increase in
the semimajor axis (and, to a lesser degree, eccentricity) for
the prograde sense of rotation shown in the figure, so that
over time the tiny Yarkovsky force can profoundly change
the orbit. The sign of the diurnal Yarkovsky effect depends
on the sense of rotation. If the meteoroid shown in Fig. 1a
rotated in the retrograde sense, the orbit would shrink in-

stead of expand, while if the rotation axis was in the orbital
plane, the diurnal Yarkovsky would be shut off entirely. The
magnitude of the diurnal effect also depends on how close a
body is to the Sun, the tilt of the body’s spin axis with re-
spect to the orbital plane, and the body’s physical character-
istics (i.e., the size of the body, its shape and thermal prop-
erties, and how fast it is rotating). The interplay of these fac-
tors means that there is an optimal size for maximizing the
diurnal Yarkovsky effect for a given rotation speed and ther-
mal structure. A very large object would have a poor area-to-
mass ratio (e.g., the effect is negligible on a large body like
the Earth). On the other hand, the smaller the body, the
better the area-to-mass ratio, but at some point the radius
becomes so small that the thermal wave penetrates all the
way across the body, lessening the temperature differences
between the night and day sides and weakening the effect
(e.g., a slowly rotating dust particle). For rotation periods
believed to be typical in the solar system [P ~ 5 h × (D/
1 km), where D is the diameter of the body], optimal sizes
for the Yarkovsky effect range from centimeters to meters.
Objects having zero or infinitely fast rotation rates experi-
ence no diurnal Yarkovsky force.

2.2. Description of Seasonal Component

Nearly a century after Yarkovsky wrote his pamphlet, a
second Yarkovsky effect emerged. While searching for the
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Fig. 1. (a) The diurnal Yarkovsky effect, with the asteroid’s spin axis perpendicular to the orbital plane. A fraction of the solar inso-
lation is absorbed only to later be radiated away, yielding a net thermal force in the direction of the wide arrows. Since thermal rera-
diation in this example is concentrated at about 2:00 p.m. on the spinning asteroid, the radiation recoil force is always oriented at
about 2:00 a.m. Thus, the along-track component causes the object to spiral outward. Retrograde rotation would cause the orbit to
spiral inward. (b) The seasonal Yarkovsky effect, with the asteroid’s spin axis in the orbital plane. Seasonal heating and cooling of the
“northern” and “southern” hemispheres give rise to a thermal force that lies along the spin axis. The strength of the reradiation force
varies along the orbit as a result of thermal inertia; even though the maximum sunlight on each hemisphere occurs as A and C, the
maximum resultant radiative forces are applied to the body at B and D. The net effect over one revolution always causes the object to
spiral inward.

(a) (b)

Yarkovsky & YORP 
thermal forces	



Bottke et al.: Yarkovsky Effect and Asteroid Evolution 405

driving multikilometer asteroids through numerous secular
resonances where resonant jumping/trapping events produce
noticeable changes in proper e, particularly on the right side
of the plot. The most significant jumps are caused by the
secular resonance g + 2g5 – 3g6 at 2.92 AU, which increases e
but does not change i. Eventually, objects drifting far enough
become trapped in the powerful 5:2 or 7:3 mean-motion reso-
nances, where they are pushed onto planet-crossing orbits
and are lost from the main belt.

Overall, these integration results reproduce the (a, e, i) dis-
tribution of the Koronis family while also explaining the pau-
city of family members on the left/right sides of the 5:2 and
7:3 resonances and the short-lived nature of some Koronis
family members. The success of this model, together with
the previous section’s results, make a strong case that the
Yarkovsky effect, working in concert with resonances, is the
primary mechanism by which D < 20-km asteroids escape
the main belt and reach the inner solar system.

5.4. Radiative Spinup/Spindown of
Asteroids (YORP Effect)

Besides changing the orbit, Yarkovsky forces can also
produce torques that affect the spin rate and spin axis ori-
entation of asteroids and meteoroids. This “sunlight alters
spin” mechanism was coined by Rubincam (2000) as the
Yarkovsky-O’Keefe-Radzievskii-Paddack effect, or YORP
for short (Radzievskii, 1954; Paddack, 1969, 1973; Paddack
and Rhee, 1975; O’Keefe, 1976). YORP comes from two
sources: reflection and reemission. Rubincam (2000) illus-
trated its workings using a rotating spherical asteroid with
two wedges attached to the equator (Fig. 6). For a Lamber-
tian radiator, the reaction force from photons departing from
any given element of area on the sphere will be normal to
the surface, such that no torque is produced. Energy rera-
diated from the wedges, however, can produce a torque be-
cause the wedge faces are not coplanar. For the sense of
rotation shown in Fig. 6, the wedge-produced YORP torque
spins the object up. If the body happened to spin in the
opposite sense, the YORP torques would slow it down.
Thus, an object must have some “windmill” asymmetry for
YORP to work (i.e., it would have no effect on rotating tri-
axial ellipsoids).

YORP torques can also modify asteroid obliquities,
which leads to the concept of the YORP cycle. For the geom-
etry shown in Fig. 6, a fast-spinning asteroid would gradu-
ally increase its obliquity as well. When the obliquity be-
comes large enough, the axial torque changes sign and the
object begins to spin down. This can be seen by imagining
that the Sun shines down on the object from its north pole
rather than the equator; the wedges must spin it the other
way. Hence YORP may spin objects up for a while, but
when the obliquity becomes large, they slow down and then
perhaps tumble until they reestablish principal axis rotation,
with the spin axis presumably pointing in a random direc-
tion. Then the cycle begins all over again, such that small
solid objects probably avoid the “rotational bursting” en-
visioned by Radzievskii, Paddack, and O’Keefe (i.e., spin-

ning a solid object so fast that it disrupts). Collisions large
enough to modify an asteroid’s spin axis orientation may
also short-circuit a YORP cycle, potentially putting the
object into an entirely different rotation state. Thus, YORP is
most likely to be important in regimes where the YORP cycle
is faster than the spin axis reorientation timescale via colli-
sions (Rubincam, 2000; Vokrouhlický and ©apek, 2002).

Rubincam (2000) found that YORP is strongly depen-
dent on an asteroid’s shape, size, distance from the Sun,
and orientation. For example, assuming the Sun remains on
the equator, asteroid (951) Gaspra, with R = 6 km and a =
2.21 AU, would in 240 m.y. go from a rotation period P =
12 h to 6 h (and vice versa). We call this value the YORP
timescale. If we gave (243) Ida the same R and a values as
Gaspra, it would have a YORP timescale half as big, while
a body with Phobos’ shape would have a YORP timescale
of several billion years. Clearly, shapes make a big differ-
ence. The YORP timescale is also size-dependent (i.e., it
goes as ≈ R2), such that smaller sizes spin up much more
quickly. If Gaspra was only R = 0.5 km, its YORP timescale
would be a few million years. Thus, YORP may be very
influential for kilometer-sized and smaller asteroids. YORP
is also more effective as you move closer to the Sun. Mov-
ing our R = 0.5 km Gaspra to 1 AU allows it to go from
P = 12 h to rotational disruption speeds of ~2 h (and vice
versa) in ~1 m.y. We caution, however, that YORP-induced
obliquity torques may double or possibly triple the above
timescales. Moreover, these rates also assume the YORP
cycle continues without interruption via collisions, planetary
close encounters, etc., and that asteroid thermal properties
do not significantly change with size. These real-life com-
plications will be modeled in the future.

If the aforementioned YORP timescales are reasonable
values for small asteroids, it is plausible that YORP may
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Fig. 6. Spinup of an asymmetrical asteroid. The asteroid is
modeled as a sphere with two wedges attached to its equator. The
asteroid is considered a blackbody, so it absorbs all sunlight fall-
ing upon it and then reemits the energy in the infrared as thermal
radiation. Since the kicks produced by photons leaving the wedges
are in different directions, a net torque is produced that causes
the asteroid to spin up.
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An observational-bias-free and self-consistent 
model of NEOs including	



1.  their orbital distribution, and	



2.  their size-frequency distribution.	





Bias (or efficiency) 
equation	
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 bias	

 true population	


(this is what we	
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n(a,e, i,H ) = B(a,e, i,H )N(a,e, i,H )
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Fig. 5. (a)–(c) Discovery bias for NEOs in a 100-deg2 circular field near opposition. (a) i = 2.5° and H = 13.0 (D ~ 10 km). (b) i =
32.5° and H = 13.0 (D ~ 10 km). (c) i = 2.5° and H = 18.0 (D ~ 1 km). (d)–(f) Ratio of the discovery bias near λoppn = 30° with re-
spect to the bias near opposition [(a)–(c)]. (d) i = 2.5° and H =13.0 (D ~ 10 km). (e) i = 32.5° and H = 13.0 (D ~ 10 km). (f) i = 2.5°
and H = 18.0 (D ~ 1 km).
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A simple solution	



N(a,e, i,H ) = n(a,e, i,H )
B(a,e, i,H )

Limited to 4x1D distributions because 
Nbin >> Nobject	





We need to find physically 
meaningful constraints for the 

system... ���
���

... and they do exist in the form 
of statistically distinct orbital 

histories for NEOs originating in 
different parts of the main 

asteroid belt!	





A more robust approach taking into account 
varying orbital dynamics corresponding to 

NS different source regions	



First developed by Bottke et al. (2000, 2002).	



n(a,e, i,H ) = B(a,e, i,H )N(H ) fiNi (a,e, i)
i=1

NS

!

fi =1
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NEOs and their source regions	
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population, respectively. We estimate that the population of objects
completely inside Earth’s orbit (IEOs) arising from our source re-
gions is 2% the size of the NEO population. This value does not
include the putative Vulcanoid population located inside Mercury’s
orbit. Overall, our model predicts that ∼61% of the NEO population
comes from the inner main belt (a < 2.5 AU), ∼24% comes from the
central main belt (2.5 < a < 2.8 AU), ∼8% comes from the outer
main belt (a > 2.8 AU), and ∼6% comes from the Jupiter-family
comet region (2 < T ! 3). The steady-state population in each NEO
source region, as well as the influx rates needed to replenish each
region, were calculated as a by-product of our method. The popu-
lation of extinct comets in the Jupiter-family comet region was also
computed. c© 2002 Elsevier Science (USA)

Key Words: asteroids; asteroid dynamics; orbits.

1. INTRODUCTION

One of the major successes of lunar and terrestrial planet ge-
ology has been the recognition that craters on the Moon and ter-

FIG. 1. An (a, e) representation of 138 H < 22 NEOs discovered (or accidentally rediscovered) by Spacewatch. NEOs have perihelia q ≤ 1.3 AU and aphelia
Q ≥ 0.983 AU. Apollos (a ≥ 1.0 AU, q ≤ 1.0167 AU) and Atens (a < 1.0 AU, Q ≥ 0.983 AU) are on Earth-crossing orbits. These objects are plotted as circles
and triangles, respectively. Amors (1.0167 AU < q ≤ 1.3 AU) are on nearly Earth-crossing orbits. These objects are plotted as stars. IEOs (Q < 0.983 AU) are
inside Earth’s orbit. None have been found so far. The Jupiter-family comet (JFC) region is defined using two lines of constant Tisserand parameter 2 < T < 3 (Eq.
(1)). The shaded region shows where 2 < T < 3 for i = 0◦. The nearly isotropic comet (NIC) region is defined as having T < 2. We caution that T is a function of
(a, e, i), so that projections like this onto the i = 0◦ plane can be misleading. For example, T < 2 moves to a " 2.6 AU as i approaches 90◦. The Q = 4.61 AU line
represents the (a, e) parameters needed to cross Jupiter’s Hill sphere. The q < 1.66 AU line defines the present-day boundary between objects on Mars-crossing
orbits and those in the main belt. Various mean-motion resonances are shown as dashed lines; the width of each resonance is not represented. The i = 0◦ position
of the ν6 secular resonance is shown as a dashed line (Section 2.3). The solid line bracketing the inner and outer IMC (intermediate source Mars-crossing asteroid)
region indicates where known asteroids with q < 1.82 AU were integrated for at least 100 Myr. The regions designated OB1–OB5 are the outer main belt regions
where known asteroids were integrated for at least 100 Myr (Section 2.5).

restrial planets are derived from impacts rather than volcanism
(e.g., Wilhelms 1993). Accordingly, it is now widely accepted
that the Earth–Moon system has been incessantly bombarded
by asteroids and comets over Solar System history. By conven-
tion, we refer to the population of objects capable of striking the
Earth or passing close to the Earth as near-Earth objects (NEOs).
The NEO population comprises both asteroids, active comets,
and extinct comets. NEOs have perihelion distances q ≤ 1.3 AU
and aphelion distances Q ≥ 0.983 AU (e.g., Rabinowitz et al.
1994). Subcategories of the NEO population include the Apollos
(a ≥ 1.0 AU, q ≤ 1.0167 AU) and Atens (a < 1.0 AU, Q ≥
0.983 AU), which are on Earth-crossing orbits, and the Amors
(1.0167 < q ≤ 1.3 AU), which are on nearly-Earth-crossing or-
bits (see Fig. 1). Over the past 3 Gyr, this population has included
bodies ranging in size from dust-sized fragments to objects tens
of kilometers in diameter (Shoemaker 1983). (For a glossary of
acronyms and variable names see Table I).

The ultimate sources of the NEOs have been the subject of
speculation for many years. In the 1970s, it was conjectured that
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FIG. 7. A representation of the probability distribution of residence time
for test bodies evolving out of the transneptunian region (see text) and onto
orbits with q < 1.3 AU and a < 7.4 AU (RJFC(a, e, i)). These so-called ecliptic
comets frequently reach the Jupiter-family comet region, defined by 2 < T < 3.
Planetary perturbations from the terrestrial planets were not included in this set
of integrations. See Fig. 2 for additional plot details and Section 2.6 for more
information on this intermediate source.

To evaluate the strength factor, we turn to the numerical inte-
gration results tabulated in Table II. In regions OB1, OB3, and
OB5, 16, 35, and 26% of the integrated objects escaped the main
belt in 100 Myr, respectively. These values are comparable to
the number of objects escaping the IMC region over the same
interval of time. Hence, we cannot rule out the OB region on
this basis.

To evaluate material availability in the outer main belt, we
used two methods. For our first attempt, we examined 682 as-
teroids in the main belt with diameter D > 50 km (e.g., Bottke
et al. 1994a). This population is considered observationally com-
plete, such that it can be used to crudely estimate the flux of
material reaching various main belt escape hatches. The ratio of
D > 50 km bodies in the outer main belt (a > 2.8 AU) to those in
the inner main belt is 1.6. (Note that comparable results can be
obtained by examining the debiased orbital and absolute mag-
nitude asteroid population calculated from Spacewatch results
(Jedicke and Metcalfe 1998).) For our second attempt, we com-
puted the observed number of H < 15 objects in the diffusive
OB1, OB3, and OB5 regions (883) and compared this value to

the observed number of H < 15 objects in the IMC region (326).
Objects with H < 15 in the main belt are currently incomplete,
but they nevertheless provide a useful benchmark for estimating
how the small-body populations change from region to region
(e.g., Jedicke and Metcalfe 1998). We find that our selected OB
regions have nearly three times as many H < 15 objects as the
IMC region, and hence the asteroidal flux out of the OB region
may partially compensate for its poor location (i.e., the proxim-
ity of Jupiter to the OB region guarantees most NEOs will not
survive for long). Accordingly, we designate the OB region as a
primary IS.

2.6. The Ecliptic Comet Population

The ecliptic comet (ECOM) population, defined by
Levison (1996) as having T > 2, contains the Encke-type comets,
only one which is known, the Jupiter-family comets, the Cen-
taurs, and part of the scattered comet disk beyond Neptune.
The JFC region is defined as the population of objects having
2 < T < 3. The observed population of active JFCs inside and
outside the NEO region currently stands at ∼150 objects. Many
JFCs are believed to have evolved from the transneptunian region
(Duncan et al. 1988, Levison and Duncan 1997, Duncan and
Levison 1997), though some may also come from the Trojan
populations (e.g., Rabe 1971, Levison et al. 1997). Numerical
integration results suggest that both escaped Trojans and
ECOMs reaching the JFC region follow very similar dynam-
ical paths (Levison et al. 1997). The estimated escape flux of
Trojans is small enough, however, that Trojans may only make
up !10% of the total JFC population. For this reason, we treat
the Trojan population as a secondary IS and assume its contri-
bution can be folded into the JFC component derived from the
ECOM integrations.

FIG. 11. A representation of the probability distribution of residence time
for the debiased NEO population (RNEO(a, e, i)). See Fig. 2 for additional plot
details and Section 6 for more information on this plot.
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Known shortcomings 
of the Bottke model	



•  much more Amors known than predicted (+5σ)	



•  inability to explain high-i orbits	



•  inclination distribution for Earth-like NEO orbits	



•  Yarkovsky effect not modeled	



•  single slope for the SFD	



•  only valid for 13<H<22	



•  resolution sub-optimal (cf. minimoons)	



•  no observational constraints on asteroids with Q<1AU	



•  ...	





Understanding the 
distribution of small NEOs	



co-authors alphabetically: Beshore, Bottke, Jedicke, 
Michel, Morbidelli, Nesvorny, Tsiganis, Vokrouhlicky	





Modification of the Bottke model ���
(SFD is source dependent):	



n(a,e, i,H ) = B(a,e, i,H ) fiN
i=1
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The goal and ���
the means to reach it	



•  extend and improve the Bottke model	



•  at least 30x more observational data	



•  Yarkovsky modeling when populating escape hatches in the 
MB	



•  include new NEO source regions	



•  different SFDs for different source regions	



•  better resolution	





NEO detections by CSS’s Mt. 
Lemmon station 2006-2011	
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Example orbital evolution	
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Yarkovsky in the MB	
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Escape hatches in the MB	
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Relative importance of various escape 
hatches as a function of asteroid diameter	
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Asteroids with a<1 AU	


co-authors alphabetically (the NEOSSat Science Team): 

Brown, Cardinal, Chodas, Gladman, Greenstreet, 
Gural, Hildebrand (NESS PI), Larson, Tedesco, 

Wiegert, Worden, ...	





The goal and ���
the means to reach it	



•  improve our understanding of asteroids with a<1AU	



•  ~10 Atiras (objects with Q<qEarth) known => need to detect 
more to improve understanding on their population 
characteristics => ground-based search is tedious at solar 
elongations <60deg => use a space-based platform	



•  NEOSSat is a suitcase-sized follow-up to MOST	



•  launch to a polar orbit in late 2012	



•  expect to detect 1 Atira-class asteroid (Q<1AU) every 
month, nominal mission will last 2 years	



•  good handle on detection biases	





NEOSSat-1.0 NEA model	



Greenstreet et al. 2012

a ’ 2 AU and a ’ 2.5 AU where the m6 and 3:1 resonances do not al-
low objects to increase much in inclination before being pushed
into the Sun. The median inclination rises to >25! at a < 1.5 AU.

The NEOSSat-1.0 model predicts Amors to be 30.0 ± 0.8% of the
steady-state NEO population and Apollos to be 63.3 ± 0.4% of the
population (Table 2). These best estimates agree (within our esti-
mated uncertainties) with those of Bottke et al. (2002). In addition,
the NEOSSat-1.0 model also allows the computation of the fraction
of RNEO(a,e, i) from each source region for each NEO class (top por-
tion of Table 3). For example, 21% of the Apollos come from the 3:1
resonance. Note that RNEO(a,e, i) gives the relative NEO class frac-
tions, not the absolute NEO population. Given there is estimated
to be !1000 H < 18 NEOs (Stuart, 2001; Bottke et al., 2002), these
estimates imply there should be "300 Amors and "600 Apollos
of this size at any time, with more at smaller diameters. More re-
cently, the NEOWISE team (Mainzer et al., 2011b) estimated there
are 981 ± 19 NEAs with diameters larger than 1 km (comparable to
but not identical to estimating the H < 18 NEO population); they
also estimate there are "20,500 D > 100 m NEOs, implying "6000
Amors and "13,000 Apollos down to that size at any time.

NEOSSat’s observations will be optimized to maximize
a < 1.0 AU detections, particularly seeking Atira-class asteroids.
Fig. 5 shows two projections of RNEO(a,e, i) rescaled for a < 1.0 AU
from the NEOSSat-1.0 orbital model. The median eccentricity for
Atens, Atiras, and Vatiras is ’0.4. Fig. 4 shows that the median
inclination climbs steadily from ’10! at a ’ 2 AU to ’30! at
a ’ 1.2 AU and drops to ’25! for Atens, Atiras, and Vatiras
(Fig. 5). The median inclination uncertainty is about a degree,
based on the inclination bin size of RNEO(a,e, i) and the even/odd
particle split.

Fig. 5 shows clear population drop-offs between Atens and
Atiras as well as between Atiras and Vatiras. The typical path of
NEAs moving from the main-belt to a < 1.0 AU orbits occurs via
planetary close encounters and resonances. Once objects enter
Earth-crossing space via resonances they often approximately be-
gin following lines of constant Tisserand parameter roughly paral-
lel to q ’ 1 AU until planetary close encounters put them onto
a < 1.0 AU orbits (Michel et al., 2000). If NEAs succeed in reaching

Fig. 4. Residence time probability distribution,RNEO(a,e, i), for the NEOSSat-1.0 NEO
orbital model. This figure is constructed the same as Fig. 2.

Table 3
The top portion gives the fraction of RNEO(a,e, i) from each source region for each NEO
class. Note the increasing relative importance of the m6 source for NEO classes nearer
the Sun. The bottom portion gives the planet crossing impact rate contributions from
NEO classes (Section 6). This can be interpreted as Atens contribute 20.3% of the Earth
crossing impact rate and Apollos contribute 79.7%, etc. The uncertainties for both
portions are computed using the even/odd particle splits of the residence time
distribution, expect for the JFC population where an uncertainty estimate is
unavailable.

Vatira Atira Aten Apollo Amor

% m6 81.3 ± 7.5 61.5 ± 0.5 52.1 ± 1.8 38.5 ± 0.2 30.0 ± 0.2
% 3:1 9.6 ± 4.3 15.3 ± 0.2 20.7 ± 2.5 21.3 ± 0.5 17.5 ± 0.5
% IMC 9.1 ± 3.3 23.2 ± 0.7 27.2 ± 0.7 24.5 ± 0.2 32.4 ± 0.8
% OMB 0 0 0 9.8 ± 0.9 12.7 ± 1.6
% JFC 0 0 0 6.0 7.3

% Earth impact – – 20.3 ± 0.9 79.7 ± 0.9 –
% Venus impact – 16.5 ± 0.1 19.8 ± 0.6 63.7 ± 0.5 –
% Mercury impact 3.2 ± 0.9 13.1 ± 0.2 26.4 ± 0.2 57.3 ± 0.9 –

Fig. 5. Same as Fig. 4 except displaying only the a < 1.0 AU region of the NEOSSat-
1.0 model. The right edge of the plots mark the Aten/Apollo boundary. Clear
population drop-offs are visible at Q = 0.983 AU (aphelion at Earth, to the right of
which are Atens) and Q = 0.718 AU (aphelion at Venus, to the left of which are
Vatiras, with Atiras occupying the region between the curved lines).
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FIG. 7. A representation of the probability distribution of residence time
for test bodies evolving out of the transneptunian region (see text) and onto
orbits with q < 1.3 AU and a < 7.4 AU (RJFC(a, e, i)). These so-called ecliptic
comets frequently reach the Jupiter-family comet region, defined by 2 < T < 3.
Planetary perturbations from the terrestrial planets were not included in this set
of integrations. See Fig. 2 for additional plot details and Section 2.6 for more
information on this intermediate source.

To evaluate the strength factor, we turn to the numerical inte-
gration results tabulated in Table II. In regions OB1, OB3, and
OB5, 16, 35, and 26% of the integrated objects escaped the main
belt in 100 Myr, respectively. These values are comparable to
the number of objects escaping the IMC region over the same
interval of time. Hence, we cannot rule out the OB region on
this basis.

To evaluate material availability in the outer main belt, we
used two methods. For our first attempt, we examined 682 as-
teroids in the main belt with diameter D > 50 km (e.g., Bottke
et al. 1994a). This population is considered observationally com-
plete, such that it can be used to crudely estimate the flux of
material reaching various main belt escape hatches. The ratio of
D > 50 km bodies in the outer main belt (a > 2.8 AU) to those in
the inner main belt is 1.6. (Note that comparable results can be
obtained by examining the debiased orbital and absolute mag-
nitude asteroid population calculated from Spacewatch results
(Jedicke and Metcalfe 1998).) For our second attempt, we com-
puted the observed number of H < 15 objects in the diffusive
OB1, OB3, and OB5 regions (883) and compared this value to

the observed number of H < 15 objects in the IMC region (326).
Objects with H < 15 in the main belt are currently incomplete,
but they nevertheless provide a useful benchmark for estimating
how the small-body populations change from region to region
(e.g., Jedicke and Metcalfe 1998). We find that our selected OB
regions have nearly three times as many H < 15 objects as the
IMC region, and hence the asteroidal flux out of the OB region
may partially compensate for its poor location (i.e., the proxim-
ity of Jupiter to the OB region guarantees most NEOs will not
survive for long). Accordingly, we designate the OB region as a
primary IS.

2.6. The Ecliptic Comet Population

The ecliptic comet (ECOM) population, defined by
Levison (1996) as having T > 2, contains the Encke-type comets,
only one which is known, the Jupiter-family comets, the Cen-
taurs, and part of the scattered comet disk beyond Neptune.
The JFC region is defined as the population of objects having
2 < T < 3. The observed population of active JFCs inside and
outside the NEO region currently stands at ∼150 objects. Many
JFCs are believed to have evolved from the transneptunian region
(Duncan et al. 1988, Levison and Duncan 1997, Duncan and
Levison 1997), though some may also come from the Trojan
populations (e.g., Rabe 1971, Levison et al. 1997). Numerical
integration results suggest that both escaped Trojans and
ECOMs reaching the JFC region follow very similar dynam-
ical paths (Levison et al. 1997). The estimated escape flux of
Trojans is small enough, however, that Trojans may only make
up !10% of the total JFC population. For this reason, we treat
the Trojan population as a secondary IS and assume its contri-
bution can be folded into the JFC component derived from the
ECOM integrations.

FIG. 11. A representation of the probability distribution of residence time
for the debiased NEO population (RNEO(a, e, i)). See Fig. 2 for additional plot
details and Section 6 for more information on this plot.
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Amors and "13,000 Apollos down to that size at any time.

NEOSSat’s observations will be optimized to maximize
a < 1.0 AU detections, particularly seeking Atira-class asteroids.
Fig. 5 shows two projections of RNEO(a,e, i) rescaled for a < 1.0 AU
from the NEOSSat-1.0 orbital model. The median eccentricity for
Atens, Atiras, and Vatiras is ’0.4. Fig. 4 shows that the median
inclination climbs steadily from ’10! at a ’ 2 AU to ’30! at
a ’ 1.2 AU and drops to ’25! for Atens, Atiras, and Vatiras
(Fig. 5). The median inclination uncertainty is about a degree,
based on the inclination bin size of RNEO(a,e, i) and the even/odd
particle split.

Fig. 5 shows clear population drop-offs between Atens and
Atiras as well as between Atiras and Vatiras. The typical path of
NEAs moving from the main-belt to a < 1.0 AU orbits occurs via
planetary close encounters and resonances. Once objects enter
Earth-crossing space via resonances they often approximately be-
gin following lines of constant Tisserand parameter roughly paral-
lel to q ’ 1 AU until planetary close encounters put them onto
a < 1.0 AU orbits (Michel et al., 2000). If NEAs succeed in reaching

Fig. 4. Residence time probability distribution,RNEO(a,e, i), for the NEOSSat-1.0 NEO
orbital model. This figure is constructed the same as Fig. 2.

Table 3
The top portion gives the fraction of RNEO(a,e, i) from each source region for each NEO
class. Note the increasing relative importance of the m6 source for NEO classes nearer
the Sun. The bottom portion gives the planet crossing impact rate contributions from
NEO classes (Section 6). This can be interpreted as Atens contribute 20.3% of the Earth
crossing impact rate and Apollos contribute 79.7%, etc. The uncertainties for both
portions are computed using the even/odd particle splits of the residence time
distribution, expect for the JFC population where an uncertainty estimate is
unavailable.

Vatira Atira Aten Apollo Amor

% m6 81.3 ± 7.5 61.5 ± 0.5 52.1 ± 1.8 38.5 ± 0.2 30.0 ± 0.2
% 3:1 9.6 ± 4.3 15.3 ± 0.2 20.7 ± 2.5 21.3 ± 0.5 17.5 ± 0.5
% IMC 9.1 ± 3.3 23.2 ± 0.7 27.2 ± 0.7 24.5 ± 0.2 32.4 ± 0.8
% OMB 0 0 0 9.8 ± 0.9 12.7 ± 1.6
% JFC 0 0 0 6.0 7.3

% Earth impact – – 20.3 ± 0.9 79.7 ± 0.9 –
% Venus impact – 16.5 ± 0.1 19.8 ± 0.6 63.7 ± 0.5 –
% Mercury impact 3.2 ± 0.9 13.1 ± 0.2 26.4 ± 0.2 57.3 ± 0.9 –

Fig. 5. Same as Fig. 4 except displaying only the a < 1.0 AU region of the NEOSSat-
1.0 model. The right edge of the plots mark the Aten/Apollo boundary. Clear
population drop-offs are visible at Q = 0.983 AU (aphelion at Earth, to the right of
which are Atens) and Q = 0.718 AU (aphelion at Venus, to the left of which are
Vatiras, with Atiras occupying the region between the curved lines).
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asteroidal source regions can eventually become retrograde, and
typically begin their evolution in the q < 1.3 AU region random
walking in a due to planetary close encounters. The majority of
particles which become retrograde (regardless of initial source)
do so via the 3:1 mean-motion resonance after they reach it by a
randomwalk in a. Once in the resonance, they often experience Ko-
zai oscillations in e and i which can pump their inclinations up to
80!. It is clear that Kozai alone does NOT result in the inclination
passing through 90!, because only a tiny fraction (if any) become
retrograde outside a resonance even if very high i’s are reached.
A dynamical phenomenon in the resonance then causes the incli-
nations to pass through 90!; the nature of this mechanism is un-
clear, but it is not planetary close encounters. About 86% of the
retrograde particles stay in the resonance and terminate within
10,000 years when the resonance pushes the high-e particles into
the Sun. 98% of the retrograde NEAs are eventually eliminated from
the integrations due to sun-grazing (Farinella et al., 1994), with

only ’2% thrown out of the Solar System. Because of their high rel-
ative encounter speeds caused by the retrograde orbit, gravita-
tional focussing is negligible and planetary collisions are rare
(<1%). A minority are kicked out of the retrograde-inducing reso-
nance due to a planetary close encounter, and then can in some
cases live tens of millions of years. The details of this mechanism
are the subject of another paper (Greenstreet et al., 2011); here
we provide only the orbital-element distribution of the retrograde
NEAs.

Fig. 9 shows R180(a,e, i) for the region a < 4.2 AU, e < 1.0, and
i < 180! (with cell volume0.05 AU ! 0.02 ! 2.00!). This figure shows
the logarithmof the normalized fraction of time spent byparticles in
each cell. A total of’0.1% ofR180(a,e, i) is in the retrogradeNEA pop-
ulation. Althoughmost of the retrograde objects flipwhile in the 3:1
resonance, R180(a,e, i) shows most of the power for the retrograde
objects near a ’ 2 AU. This is due to a single particle which flips in
the 3:1 resonance early in its lifetime and then spends "200 Myr
near 2 AU. There are two known retrograde NEAs: 2007 VA85
(a = 4.226 AU, e = 0.736, i = 131.769!) and2009HC82 (a = 2.528 AU, e =
0.807, i = 154.519!). These are plotted in Fig. 9.

6. Impact speeds and rates for Earth, Venus, and Mercury

Under the steady-state assumption, one can calculate the rela-
tive NEO impact rate onto Mercury, Venus, and Earth, as well as
the normalized distribution of ‘top of the atmosphere’ impacts
speeds. Our simulations cannot provide this information for Mars
due to the existence of q > 1.3 AU Mars-crossing asteroids not
modelled here.

This calculation is best performed using the detailed orbital his-
tories of all integrated particles. The intrinsic collision probability
and average impact speed onto each of the terrestrial planets were
computed by a method described by (Wetherill, 1967; Farinella
and Davis, 1994; Dones et al., 1999). This method gives the ex-
pected number of impacts that should be recorded in the simula-
tion, given the particle histories. This was first done separately
for each particle in each of the four asteroidal source regions, since
different numbers of particles were computed from each source.
We find extremely good agreement between the expected number
of impacts diagnosed by the collision probability code and the
number of impacts directly recorded in the simulations.10 This
agreement gives us confidence in the impact speed distribution
simultaneously derived from the collision probability algorithm.

The impact speed distribution from each source region was nor-
malized to the number of particles from that source which entered
the q < 1.3 AU NEO region. Since each source region is weighted
differently in its contribution to the overall NEO population, the
resulting normalized impact speed probabilities were weighted
by the source region fractions from Bottke et al. (2002). The result-
ing distributions were used to create the impact speed distribu-
tions for the terrestrial planets shown in Fig. 10. This figure
shows only the speed distribution resulting from asteroidal source
regions (neglecting the JFCs).

As a check, the impact speed distributions were also calculated
using the final residence time probability distributions. The orbital
elements of each (a,e, i) cell of volume 0.05 AU ! 0.02 ! 2.00! were
used to determine impact probabilities and mean speed, for the
cell center. For each planet, the fractional residence time was mul-
tiplied by that cell’s collision probability. Since the residence time
probability distributions are already normalized, the resulting
impact speed distribution could be directly compared to Fig. 10.

Fig. 9. Residence time probability distribution, RNEO(a,e, i), for inclinations up to
180! for the NEOSSat-1.0 NEO orbital model. The color scheme represents the
logarithm of relative density of residence time spent in any given cell in relation to
the amount of residence time spent in all cells. The dashed line divides retrograde
from direct orbits. The retrograde NEA population makes up ’0.1% of the steady-
state NEO population. Two known retrograde NEOs are shown. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 10. ‘Top of the atmosphere’ impact speed distribution for asteroidal material
reaching Earth, Venus, and Mercury. The mean impact speed for Earth is 20.6 km/s,
for Venus is 24.7 km/s, and for Mercury is 37.9 km/s. Each planet’s distribution is
separately normalized.

10 For example, from the m6 source the expected number of impacts for Mercury/
Venus/Earth was 106/571/519 while those directly observed in the simulation were
91/563/517; the Poisson errors of the latter are consistent with the former.
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Introduction:  Several space agencies, such as 

JAXA, ESA, and NASA, are currently planning mis-
sions to asteroids. The quest is therefore on to find 
suitable target candidates for these missions. The main 
criteria include, but are not limited to, the required !v. 
The smallest !v is required for objects on Earth-like 
orbits, in particular those near-Earth objects (NEOs) 
that are temporarily orbiting the Earth. Only one tem-
porarily-captured natural Earth satellite (NES) – the 
few-meter-diameter 2006 RH120 – has ever been dis-
covered, but we have recently [1] estimated that 2006 
RH120 is just the tip of the iceberg: the largest member 
of the steady-state population of Earth’s temporarily-
captured orbiters (TCOs; captured objects that make at 
least one revolution around the Earth in a co-rotating 
frame while being within 3 Hill radii from the Earth) is 
about 1 meter across and there are about 103 natural 
objects larger than 0.1 m orbiting the Earth at any giv-
en time (see the “Br02+F2” curve in the figure below; 
Ra00, Br02, and Bo00 are different NEO size-
frequency estimates, whereas F1 and F2 are alternative 
NES flux estimates).  
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Science Case:  NESs open up several new possibil-

ities in asteroid research: 
Population statistics for small asteroids.  NESs 

provide a test of the NEO population statistics in a size 
range that is not well-sampled by contemporary aster-
oid surveys. E.g., the Yarkovsky force is assumed to 
strongly affect the orbital distribution of small aster-
oids and a difference in the number of expected and 
observed NESs would, at least indirectly, be a verifica-
tion for the assumption. 

Remote laboratory for detailed long-term studies of 
small asteroids.  Small asteroids tend to be observable 
for a short time only. Their physical properties are 
therefore not typically well constrained by, e.g.,  pho-
tometric, polarimetric, and spectroscopic observations. 
Since NESs spend months or even years orbiting the 
Earth  there is ample time to carry out detailed obser-
vations of these objects. 

Laboratory analysis of an entire asteroid.  Whereas 
typical sample return missions bring back minute 
amounts of material and meteorite surfaces have been 
altered during the passage through Earth’s atmosphere 
and subsequent weathering,  the extremely low re-
quirement on the !v combined with the relatively 
small NES diameters would allow an entire asteroid to 
be brought back to Earth for laboratory analysis in a 
shielded spacecraft. Compared to meteorite studies and 
ordinary sample return missions this would open up 
completely new windows in several areas of asteroid 
research such as space weathering, interior structure, 
mineralogy, and maybe even astrobiology. 

Challenges:  There are many fundamental issues 
that we need to understand better before we can assess 
the viability of a space mission to a NES such as: 

Detectability.  The optimum observation strategy 
for discovering NESs is not currently known. Also the  
requirements on the hardware configuration are still 
unclear. It may well be that we need to wait for the 
LSST before NESs will be discovered in large num-
bers given that NESs tend to be faint and move fast.  

Ephemeris prediction.  At the time of the discovery 
of a temporary satellite the estimated duration of cap-
ture has large uncertainties due to the combined effects 
of the orbital uncertainty and the fractal nature of the 
capture properties. How soon after discovery can we 
typically estimate the capture duration with a given 
accuracy and thus decide whether a space mission is 
viable? 

Encountering an object on a chaotic trajectory.  
The trajectories of temporary satellites are highly ir-
regular and the capture events have limited duration. 
We expect that a spacecraft must be launched before 
the trajectory and encounter conditions are accurately 
known. How much uncertainty in the encounter condi-
tions at the time of launch is acceptable? 

References:  [1] Granvik M. et al. (2012) Icarus, 
218(1), 262-277. 
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We can derive the steady-state SFD by combining our knowledge of the NEO population with our integration 
results. The diagonal lines show 6 different minimoon SFDs based on 3 different NEO SFDs and 2 different 
methods for computing the flux of minimoons. We think that the group of greenish lines in the middle provide the 
most accurate estimate because that is based on Brown et al.’s work on detected impacts of 1-10m sized bodies. 
The horizontal line gives a N=1 and the cut between that line and the greenish lines suggest that the largest 
object in orbit around the Earth at any given time is some 1-2 meters in diameter. Note that a minimoon like 
RH120 is expected to get captured once every decade according to the scale on the right.


