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the following Earth aphelion or perihelion, respectively. A similar
alignment of the capture and escape times has also been observed
for temporary satellite captures by Jupiter (Tancredi et al., 1990).

3.4. Heliocentric orbit density for TCOs in the ISP

To calculate the heliocentric orbit–density distribution
R0
ISPða; e; iÞ for TPs in the ISP that will eventually evolve into the

NES population we use the Bottke et al. (2002) NEO model orbit
distribution RNEO(ah,eh, ih) (Fig. 15). A limitation with using this

RNEO model is that its resolution is much lower than the resolution
we obtain for the raw capture probability Rcapt—we use 4 bins from
the NEO model whereas the same volume contains 20,000 bins in
Rcapt. Thus, our knowledge of the heliocentric pre-capture orbit–
density distribution for TCOs is limited by the lack of a high-reso-
lution NEO orbit–distribution model.

3.5. Steady-state size–frequency distribution of temporarily-captured
orbiters

The TCO steady-state SFD, i.e., the number of TCOs as a function
of their absolute magnitude (NTCO(H)), is determined by the NEO
SFD, the flux into the TCO population, FTCO1 = FNES1 and FTCO2 = FNES2
as discussed in Section 2.5, and the average TCO lifetime LTCO ¼ LNES
(obtained directly from the integrations). Thus, we require an inde-
pendent measurement of the NEO SFD in order to determine the
TCO SFD.

Motivated by the fact that the only verified TCO, 2006 RH120,
was a few meters in diameter we expected that it was important
to use a NEO SFD relevant to meter-scale objects (H $ 30). We used
two of the available SFDs, Rabinowitz et al.’s (2000) NRa00(H) /
100.7H valid for 24 < H < 31, and Brown et al.’s (2002) estimate for
Earth impactors NBr02(H) / 10(0.540±0.016)H valid for 22 < H < 30. An-
other independent estimate for the NEO SFD comes from the anal-
ysis of the lunar impactors (see, e.g., Werner et al., 2002) which is
about an order of magnitude below the estimate for NEOs with
H $ 30 by Rabinowitz et al. (2000) but agrees well with the esti-
mate by Brown et al. (2002).

Considering that we used the Bottke et al. (2000) model for the
NEO orbit distribution we also used their SFD of NBo00ðHÞ /
10ð0:35%0:02ÞðH&H0Þ which is strictly valid for 15 < H < 22 but we simply
extrapolated it to the size range of interest. AtH = 33 the rawmodels
differ in the predicted number of objects by several orders ofmagni-
tude. In order to bridge the gaps inH between the different SFDs, we
scale the absolute number of objects in the source population (that
is, in the NEO population) to N0 = N(H = 24) which is obtained
through extrapolation of the Bottke et al. (2000) model NBo00(H = 24) =
CNEO10(0.35±0.02)(H&13.0) = 13.26 ' 10(0.35±0.02)'11.0 = 93874 ± 47553
(cf. Jedicke et al., 2002). It turns out that the differences between
using the absolute numbers by Rabinowitz et al. (2000) and the bro-
ken power lawdescribed above are negligible compared to the other
error sources; the flux at H = 30 is different by a factor of about two.
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Fig. 13. The same as Fig. 2 but for the barycentric model where the Moon has been
omitted.
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Fig. 14. The time of year a temporarily-captured orbiter is captured. The distribu-
tion of generation epochs was uniform but the time-of-capture distribution has
maxima in January and July.
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Fig. 15. The heliocentric orbit–density distribution for TCOs at the generation
epoch, i.e., the product of the capture-probability distribution (see Fig. 9) and the
debiased NEO orbit–density distribution (Bottke et al., 2002). The dotted black lines
indicate the resolution of the NEO orbit–density distribution.

270 M. Granvik et al. / Icarus 218 (2012) 262–277

2006 RH120

Wednesday, July 4, 2012



Geocentric orbits

Author's personal copy

into orbits with apogees within the Moon’s orbit. They are affected
by the Kozai resonance (Kozai, 1962) as revealed by Kozai synchro-
nous oscillations in e and i (Fig. 22) and the libration of the argu-
ment of perigee around x = 270! (Fig. 23). These orbital features
prevent long-lived TCOs from having close encounters with the
Moon on short timescales.

We did not discover any temporary lunar satellites fulfilling the
TCO criteria. We did find cases were the lunacentric Kepler energy
was negative for a short period of time but those TPs were not cap-
tured long enough to complete a full revolution around the Moon.

3.7. Terrestrial and lunar impacts by temporarily-captured orbiters

About 1%—169 out of 18,096—of all TCOs in our sample im-
pacted the Earth while being captured. The impact probability

increases with the duration of the capture so that about 18% of
TCOs with lifetimes longer than 6 years eventually impact the
Earth. The opportunity of observing meteors and finding meteor-
ites subsequent to the TCO phase suggests that spectrometric
observations of these bodies will maximize their scientific return
(cf. Jenniskens et al., 2009). In an additional 20 other cases (0.1%
of all TCOs) a terrestrial impact happened more than one week
after the TCO had escaped the EMS but within about one to three
years from the generation epoch.

A comparison of the rate of TCO-impactors to the background
population of impactors is non-trivial because only slow-moving
objects were integrated in the present work and TCOs occupy a
smaller volume of the phase space than non-TCOs (Fig. 24). How-
ever, a rough comparison can be done if we limit consideration
to the slow-moving population and assume that the phase-space-
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Fig. 19. The evolution of the geocentric Keplerian elements and the lunacentric and geocentric distances for the same object as in Fig. 18. The distance scale is in lunar
distances (LDs) equaling !0.00257 AU.
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Fig. 20. The residence time as a function of geocentric (ag,eg, ig) for temporarily-
captured orbiters.

 0  2  4  6  8  10  12

Semimajor axis [LD]

 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9

Ec
ce

nt
ric

ity

10-5 10-4 10-3 10-2 10-1 100 101 102

Average time per object spent on indicated orbit [days]

Moon

 10
 30
 50
 70
 90

 110
 130
 150
 170

In
cl

in
at

io
n 

[d
eg

]

Moon

Fig. 21. The residence time as a function of geocentric (ag,eg, ig) for the subset of
temporarily-captured orbiters that make at least five revolutions around the Earth.
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events include TCO-level captures. While these events represent an
insignificant fraction of the capture events, to avoid double count-
ing in the analysis we only take into account the first TCO capture
for any TP. When a TP is captured and released to the NEO popula-
tion it again becomes part of the input NEO population.

Some bulk parameters for the generated particles and capture
events that lasted longer than one integration step are listed in Ta-
ble 2. Note that the distribution of the TCO lifetimes and their

number of revolutions have extremely long tails in the nominal
model (Fig. 5). For example, the longest capture event lasts
325,039 days (or about 1200! LTCO) during which the TP makes
14,801 rev around the Earth (about 5140! !sTCO).

Our TCO distribution is not biased by a truncation in the inte-
gration time. More than 99.9% of all TCOs complete their first rev-
olution less than "400 days after the generation epoch (Fig. 6) and
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Fig. 2. Representative samples of generated heliocentric Keplerian orbital elements
for (red) all integrated test particles and temporarily-captured orbiters where the
color indicates different intervals for the direction angle at the generation epoch:
(green) 0! < hinit < 90! and (blue) 90! < hinit < 120!.
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Fig. 3. The geocentric speed distribution at the generation epoch for (white) 1/
200th of all integrated test particles, (gray) temporarily-captured orbiters in the
nominal model and (black) the barycentric model. Note that the mode of the
distribution is smaller for the barycentric model.

Direction angle at generation epoch [deg]

Fr
eq

ue
nc

y

0 20 40 60 80 100 120

0
50

0
10

00
15

00
20

00
25

00

Fig. 4. The distribution of direction angles at the generation epoch (hinit) for the
three groups of test particles in Fig. 3. At the initial epoch, at geocentric distances
between 4 and 5 Hill radii, the TCO direction angles span a wide range of directions.
Note that there are TPs that initially move away from the Earth (hinit > 90!) but are
later captured. These objects typically have semimajor axis "1 (Fig. 2) and are not
energetically bound to the EMS when they ‘turn around’. TCOs in the barycentric
model are more likely to move perpendicular to the Earth than to approach it
directly.

Table 2
Ntot is the total number of generated TPs, Nint is the number of integrated TPs,
NTCF,short is the number of TCFs making less than half a revolution, NTCF,long is the
number of TCFs making more than half a revolution but less than one, NTCO is the
number of TPs making more than one revolution, LTC is the average duration of a
temporary capture, !sTC is the average number of revolutions during a temporary
capture, LTCO is the average lifetime of a TCO, and !sTCO is the average number of
revolutions made by a TCO during the time of capture.

Bulk properties of the generated test particles and captured objects

Ntot 9,346,396,100
Nint 10,000,000

Nominal model
NTCF,short 209,917
NTCF,long 23,771
NTCO 18,096
LTC (62.2 ± 1.3) days
!sTC (0.383 ± 0.059) rev
LTCO (286 ± 18) days
!sTCO (2.88 ± 0.82) rev

Fraction of TCOs with
sTCO > 2.88 rev 11%
sTCO > 5 rev 3.4%
sTCO > 50 rev 0.1%
ŁTCO > 271 days 26%
ŁTCO > 365 days 15%
ŁTCO > 3650 days 0.1%

Barycentric model
NTCF,short 320,748
NTCF,long 34,843
NTCO 4494
LTC (53.76 ± 0.11) days
!sTC (0.21751 ± 0.00037) rev
LTCO (334.6 ± 1.7) days
!sTCO (1.1280 ± 0.0019) rev
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all TPs were integrated for at least 2 kdays. The TPs that were cap-
tured after 2 kdays were integrated until they escaped.

3.3. Capture probability and capture mechanism for temporarily-
captured orbiters

Fig. 2 shows a subset the initial orbital elements (ah,eh, ih, and
longitude of perihelion -h) of a representative sample of all inte-
grated TPs overplotted by those resulting in TCOs. The most strik-
ing feature is the almost complete lack of TCOs that are initially on
orbits with ah ! 1 AU. This is neither due to a too short integration
time which would prevent the slowest TPs from reaching the tar-
get region (Fig. 6) nor can it be explained by the intrinsically higher
impact probability for ah ! 1 AU orbits because the impact proba-
bility is only of the order of 10"4 and there should be plenty of ob-
jects replenishing the wake left by the impactors (Fig. 7).
Furthermore, the gap in semimajor axis cannot be explained by
very-Earth-like orbits not reaching the capture volume near L1 or
L2, because the width of the gap is independent of eccentricity.
We think that the single most important explanation for the gap
in the heliocentric semimajor-axis distribution is related to few-
body dynamics: when a TP approaches the EMS on a near-circular

orbit with ah ! a# it often follows either a horseshoe orbit or a qua-
si-satellite orbit and cannot get close enough to the EMS for cap-
ture (see, e.g., Chapter 3.13 in Murray and Dermott, 1999). To
verify this hypothesis, we first examined the Jacobi constant as a
function of ah

C ¼ 1
2
v2 þ Uðx; y; zÞ; ð13Þ

where both the speed v and the potential U(x,y,z) are given in the
rotating frame (Fig. 8). We define two C–ah regions in the figure:
‘A’ representing TPs that become TCOs and ‘B’ representing TPs that
do not become TCOs even though the objects in ‘B’ have the same
value of the Jacobi constant as the TPs in ‘A’. The figure shows we
can rule out the possibility that TPs with ah ! a# have too small a
C to enter the EMS through L1 or L2 because the range in C is iden-
tical in both the ‘A’ and ‘B’ regions and there are many TCOs in ‘A’.
We then randomly selected 100 TPs from both regions with the
additional constraint that ih < 1!, and integrated the subsets of TPs
for 500 yr. In region ‘A’ we find evidence for one horseshoe orbit
whereas in region ‘B’ we find evidence for about 16 quasi-satellite
orbits and 17 horseshoe orbits. Thus we conclude that roughly
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Fig. 5. Duration of capture for temporarily-captured orbiters. The longest capture
during the integrations lasted about 325,000 days but the histogram has been cut
off at 1000 days. The peaks are located at about 90 days and about 180 days.
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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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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? 
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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? 
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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 
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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 
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known. How much uncertainty in the encounter condi-
tions at the time of launch is acceptable? 
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interpreting Fig. 12 because the fundamental problem with satel-
lite captures by the EMS is the elliptic four-body problem.

Retrograde geocentric orbits are preferred at the time of capture
with a share of approximately 2:1 (Fig. 12). Note that some 90% of
the objects appear to move in a retrograde fashion in the rotating
frame due to their slow geocentric angular velocity and the fairly
large apparent angular velocity of the Sun. Not a single TP is cap-
tured by lowering the geocentric velocity via extremely close lunar
fly-bys so we conclude that even though the mechanism by Cline
(1979) might be theoretically sound it is not important in realistic
capture scenarios. Among our integration results there is, however,
at least one example of a very close lunar fly-by after the initial
capture that eventually lead to a very long-lived TCO.

The volume of (ah,eh, ih)-space harboring capturable TPs shrinks
when the Moon is omitted from the integrations in our barycentric
model. Comparing Figs. 2 and 13 shows that presence of the Moon
expands the semimajor-axis range while narrowing the inclination
range of the pre-capture TCO heliocentric orbits. Although conven-
tional wisdom suggests that the Moon’s orbit is the primary reason
for the lack of long-lived TCOs, it is simultaneously the presence of

the Moon that increases the capture probability by allowing faster
objects to be captured (Table 2; c.f. Cline, 1979).

The longitude of perihelia for TCOs’ pre-capture orbits are pref-
erably aligned with that of the Earth (!103!). We interpret the
Earth-like perihelion longitudes to be a geometric preference
rather than due to secular perturbations because the integrations
typically last for only a few years, too short a time interval for sec-
ular perturbations to modify the heliocentric orbit distribution en-
ough to explain the results. The longitude of perihelia preference
manifests itself as an inconstant TCO capture probability through-
out the year. Whereas the generation epochs are uniformly distrib-
uted over a year the time-of-capture distribution has two annual
peaks—one in late January and one in late July (Fig. 14). The peaks
occur about 1–2 weeks after Earth’s perihelion in January and aph-
elion in July (c.f., the alignment of the TCOs’ longitude of perihelia
with that of the Earth’s). The amplitude of the variation is [20%
when the data is binned with a resolution of about 7.3 days. Note
that the single verified TCO, 2006 RH120, was, by our definition of
a TCO, captured in June. A typical TCO will thus get captured at
Earth’s perihelion or aphelion and, since the distribution of the
duration of capture has a peak at 180 days (see Fig. 5), escape at
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events include TCO-level captures. While these events represent an
insignificant fraction of the capture events, to avoid double count-
ing in the analysis we only take into account the first TCO capture
for any TP. When a TP is captured and released to the NEO popula-
tion it again becomes part of the input NEO population.

Some bulk parameters for the generated particles and capture
events that lasted longer than one integration step are listed in Ta-
ble 2. Note that the distribution of the TCO lifetimes and their

number of revolutions have extremely long tails in the nominal
model (Fig. 5). For example, the longest capture event lasts
325,039 days (or about 1200! LTCO) during which the TP makes
14,801 rev around the Earth (about 5140! !sTCO).

Our TCO distribution is not biased by a truncation in the inte-
gration time. More than 99.9% of all TCOs complete their first rev-
olution less than "400 days after the generation epoch (Fig. 6) and
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Fig. 2. Representative samples of generated heliocentric Keplerian orbital elements
for (red) all integrated test particles and temporarily-captured orbiters where the
color indicates different intervals for the direction angle at the generation epoch:
(green) 0! < hinit < 90! and (blue) 90! < hinit < 120!.
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Fig. 3. The geocentric speed distribution at the generation epoch for (white) 1/
200th of all integrated test particles, (gray) temporarily-captured orbiters in the
nominal model and (black) the barycentric model. Note that the mode of the
distribution is smaller for the barycentric model.
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Fig. 4. The distribution of direction angles at the generation epoch (hinit) for the
three groups of test particles in Fig. 3. At the initial epoch, at geocentric distances
between 4 and 5 Hill radii, the TCO direction angles span a wide range of directions.
Note that there are TPs that initially move away from the Earth (hinit > 90!) but are
later captured. These objects typically have semimajor axis "1 (Fig. 2) and are not
energetically bound to the EMS when they ‘turn around’. TCOs in the barycentric
model are more likely to move perpendicular to the Earth than to approach it
directly.

Table 2
Ntot is the total number of generated TPs, Nint is the number of integrated TPs,
NTCF,short is the number of TCFs making less than half a revolution, NTCF,long is the
number of TCFs making more than half a revolution but less than one, NTCO is the
number of TPs making more than one revolution, LTC is the average duration of a
temporary capture, !sTC is the average number of revolutions during a temporary
capture, LTCO is the average lifetime of a TCO, and !sTCO is the average number of
revolutions made by a TCO during the time of capture.

Bulk properties of the generated test particles and captured objects

Ntot 9,346,396,100
Nint 10,000,000

Nominal model
NTCF,short 209,917
NTCF,long 23,771
NTCO 18,096
LTC (62.2 ± 1.3) days
!sTC (0.383 ± 0.059) rev
LTCO (286 ± 18) days
!sTCO (2.88 ± 0.82) rev

Fraction of TCOs with
sTCO > 2.88 rev 11%
sTCO > 5 rev 3.4%
sTCO > 50 rev 0.1%
ŁTCO > 271 days 26%
ŁTCO > 365 days 15%
ŁTCO > 3650 days 0.1%

Barycentric model
NTCF,short 320,748
NTCF,long 34,843
NTCO 4494
LTC (53.76 ± 0.11) days
!sTC (0.21751 ± 0.00037) rev
LTCO (334.6 ± 1.7) days
!sTCO (1.1280 ± 0.0019) rev
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the following Earth aphelion or perihelion, respectively. A similar
alignment of the capture and escape times has also been observed
for temporary satellite captures by Jupiter (Tancredi et al., 1990).

3.4. Heliocentric orbit density for TCOs in the ISP

To calculate the heliocentric orbit–density distribution
R0
ISPða; e; iÞ for TPs in the ISP that will eventually evolve into the

NES population we use the Bottke et al. (2002) NEO model orbit
distribution RNEO(ah,eh, ih) (Fig. 15). A limitation with using this

RNEO model is that its resolution is much lower than the resolution
we obtain for the raw capture probability Rcapt—we use 4 bins from
the NEO model whereas the same volume contains 20,000 bins in
Rcapt. Thus, our knowledge of the heliocentric pre-capture orbit–
density distribution for TCOs is limited by the lack of a high-reso-
lution NEO orbit–distribution model.

3.5. Steady-state size–frequency distribution of temporarily-captured
orbiters

The TCO steady-state SFD, i.e., the number of TCOs as a function
of their absolute magnitude (NTCO(H)), is determined by the NEO
SFD, the flux into the TCO population, FTCO1 = FNES1 and FTCO2 = FNES2
as discussed in Section 2.5, and the average TCO lifetime LTCO ¼ LNES
(obtained directly from the integrations). Thus, we require an inde-
pendent measurement of the NEO SFD in order to determine the
TCO SFD.

Motivated by the fact that the only verified TCO, 2006 RH120,
was a few meters in diameter we expected that it was important
to use a NEO SFD relevant to meter-scale objects (H $ 30). We used
two of the available SFDs, Rabinowitz et al.’s (2000) NRa00(H) /
100.7H valid for 24 < H < 31, and Brown et al.’s (2002) estimate for
Earth impactors NBr02(H) / 10(0.540±0.016)H valid for 22 < H < 30. An-
other independent estimate for the NEO SFD comes from the anal-
ysis of the lunar impactors (see, e.g., Werner et al., 2002) which is
about an order of magnitude below the estimate for NEOs with
H $ 30 by Rabinowitz et al. (2000) but agrees well with the esti-
mate by Brown et al. (2002).

Considering that we used the Bottke et al. (2000) model for the
NEO orbit distribution we also used their SFD of NBo00ðHÞ /
10ð0:35%0:02ÞðH&H0Þ which is strictly valid for 15 < H < 22 but we simply
extrapolated it to the size range of interest. AtH = 33 the rawmodels
differ in the predicted number of objects by several orders ofmagni-
tude. In order to bridge the gaps inH between the different SFDs, we
scale the absolute number of objects in the source population (that
is, in the NEO population) to N0 = N(H = 24) which is obtained
through extrapolation of the Bottke et al. (2000) model NBo00(H = 24) =
CNEO10(0.35±0.02)(H&13.0) = 13.26 ' 10(0.35±0.02)'11.0 = 93874 ± 47553
(cf. Jedicke et al., 2002). It turns out that the differences between
using the absolute numbers by Rabinowitz et al. (2000) and the bro-
ken power lawdescribed above are negligible compared to the other
error sources; the flux at H = 30 is different by a factor of about two.
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Fig. 13. The same as Fig. 2 but for the barycentric model where the Moon has been
omitted.
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the whole range of possible angles (Fig. 27). Recall, however, that the

present work does not take into account non-gravitational effects

such as atmospheric drag which could change the distribution of im-

pact angles. These predictions may provide a means to differentiate

between TCOs and other meteors in radar data although it is unclear

to us whether the signal from NESs is strong enough to overcome the

background flux from, e.g., other meteor populations or spacecraft

debris re-entering the atmosphere. The detection of slow-moving

meteors is also massively biased against. There are, however, re-

corded meteors with apparent speeds less than Earth’s escape speed

but it is not clear whether these objects are natural or whether the

low speeds are due to deceleration before detection (personal com-

munication with P. Brown). We will discuss various techniques for

discovering TCOs in a forthcoming paper on their observational

characteristics.
None of the TCOs impacted the Moon so this class of events is

extremely rare. In fact, only one lunar impact occured during the

integrations of 107 TPs suggesting that low-speed lunar impacts

in general are extremely rare.
3.8. Heliocentric orbit characteristics after a temporary captureThe TCOs escape the EMS using the same route as during the

capture—through the L1 and L2 points. This is a direct consequence

of the time reversibility of the gravitational-capture event. We

integrated each TCO (that did not impact the Earth) 1 yr forward

in time from the last date that it had eg < 1 to find out how its

post-capture orbit compared to its pre-capture orbit. We checked

that most TPs are sufficiently far from the Earth at this stage so that

perturbations by the Earth on their orbits can be neglected. The

major difference between heliocentric pre-capture and post-cap-

ture orbits for TCOs is the widening of the gap at ah ! 1 AU

(Fig. 28). Although this would seem to indicate that it is essentially

only the semimajor axes that get pushed away from the ah ! 1 AU
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all TPs were integrated for at least 2 kdays. The TPs that were cap-

tured after 2 kdays were integrated until they escaped.

3.3. Capture probability and capture mechanism for temporarily-

captured orbiters

Fig. 2 shows a subset the initial orbital elements (ah,eh, ih, and

longitude of perihelion -h) of a representative sample of all inte-

grated TPs overplotted by those resulting in TCOs. The most strik-

ing feature is the almost complete lack of TCOs that are initially on

orbits with ah ! 1 AU. This is neither due to a too short integration

time which would prevent the slowest TPs from reaching the tar-

get region (Fig. 6) nor can it be explained by the intrinsically higher

impact probability for ah ! 1 AU orbits because the impact proba-

bility is only of the order of 10
"4 and there should be plenty of ob-

jects replenishing the wake left by the impactors (Fig. 7).

Furthermore, the gap in semimajor axis cannot be explained by

very-Earth-like orbits not reaching the capture volume near L1 or

L2, because the width of the gap is independent of eccentricity.

We think that the single most important explanation for the gap

in the heliocentric semimajor-axis distribution is related to few-

body dynamics: when a TP approaches the EMS on a near-circular

orbit with ah ! a# it often follows either a horseshoe orbit or a qua-

si-satellite orbit and cannot get close enough to the EMS for cap-

ture (see, e.g., Chapter 3.13 in Murray and Dermott, 1999). To

verify this hypothesis, we first examined the Jacobi constant as a

function of ah

C ¼
1
2
v2 þ Uðx; y; zÞ;

ð13Þ

where both the speed v and the potential U(x,y,z) are given in the

rotating frame (Fig. 8). We define two C–ah regions in the figure:

‘A’ representing TPs that become TCOs and ‘B’ representing TPs that

do not become TCOs even though the objects in ‘B’ have the same

value of the Jacobi constant as the TPs in ‘A’. The figure shows we

can rule out the possibility that TPs with ah ! a# have too small a

C to enter the EMS through L1 or L2 because the range in C is iden-

tical in both the ‘A’ and ‘B’ regions and there are many TCOs in ‘A’.

We then randomly selected 100 TPs from both regions with the

additional constraint that
ih < 1!, and integrated the subsets of TPs

for 500 yr. In region ‘A’ we find evidence for one horseshoe orbit

whereas in region ‘B’ we find evidence for about 16 quasi-satellite

orbits and 17 horseshoe orbits. Thus we conclude that roughly
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line, the reality is a bit more complex. Fig. 29 shows that some TPs
that were TCOs entered the EMS on orbits with ah > 1 AU and leave
on orbits with ah < 1 AU, and vice versa. There is also a clear zone of
avoidance so that orbits with ah ! 1 AU are dynamically impossible
to reach. The fractional changes in eccentricity and inclination can
be large and behave much like the semimajor axes but without the
‘zone of avoidance’—that is, large eccentricities and/or inclinations
tend to get smaller and small eccentricities and/or inclinations
tend to get larger.

The fact that the volume and shape of the post-capture orbit
distributions matches the volume and shape of the pre-capture
distributions can, again, be understood as a direct consequence
of the time reversibility of gravitational-capture events. The simi-
larity of the distributions suggests that a single object may be cap-
tured on several different occasions before planetary perturbations
force it to leave the volume harboring capturable orbits.

4. Conclusions

We provide the first estimate of the orbit and size–distribution
for temporarily captured natural irregular satellites of the Earth.
We predict that there is a 1-m-diameter or larger NEO temporarily
orbiting the Earth at any given time. The NEO orbit and SFD model
is currently the main factor limiting the accuracy of our predic-
tions. Given the orbit distribution of Bottke et al. (2002), the Brown
et al. (2002) NEO SFD is consistent with the only known TCO of nat-
ural origin, 2006 RH120, while the Bottke et al. (2002) and Rabino-
witz et al. (2000) SFDs are each off by about an order of magnitude.

Our integrated TCO population will allow us to examine differ-
ent scenarios for their detection and to estimate, e.g., the average
time from discovery to an accurately known orbit. It seems plausi-
ble that the long-lived TCOs could have stable enough orbits to al-
low successful searches to be carried out in specific regions of the

sky. Once TCOs can be reliably and frequently identified early en-
ough in a capture event they create an opportunity for a low-cost
low-delta-v meteoroid return mission (cf. Elvis et al., 2011). The
scientific potential of being able to first remotely characterize a
meteoroid and then visit and bring it back to Earth would be
unprecedented.
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Appendix A. A method for computing a 6D orbit given (a,e, i)
and a position vector r

In this work the generation of the ‘intermediate source popula-
tion’ requires that we generate NEOs with a known (a,e, i) distribu-
tion within a shell from 4 to 5 Hill radii of the Earth. Here we
present an analytical technique for generating these objects rather
than the ‘brute-force’ technique employed above.

Given (a, e, i) and the position vector from the central body to
the object of interest at epoch t0 rðt0Þ ¼ ðx; y; zÞt0 to calculate the
corresponding 6D orbit we need to solve for either _rðt0Þ or
(X,x,M0), where X is the longitude of ascending node, x is the
argument of pericenter, and M0 is the mean anomaly at the chosen

-0.75
-0.5

-0.25
 0

 0.25
 0.5

 0.75
 1

 1.25

 0.96  1  1.04

∆i
h [

de
g]

ah [AU]
 0.01  0.03  0.05  0.07

eh

 0.25  0.5  0.75  1  1.25

ih [deg]

-0.05

-0.025

 0

 0.025

 0.05

 0.075

∆e
h

-0.1
-0.075

-0.05
-0.025

 0
 0.025

 0.05
 0.075

 0.1

∆a
h [

AU
]

Fig. 29. The change in orbital elements for temporarily-captured orbiters between the generation epoch (prior to capture) and the epoch one year after the escape from the
EMS.

276 M. Granvik et al. / Icarus 218 (2012) 262–277

Wednesday, July 4, 2012



Enabled 
science

Wednesday, July 4, 2012



Population statistics 
for small NEOs 

NEO ORBITAL AND ABSOLUTE MAGNITUDE DISTRIBUTION 409

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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