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snapshot of the locations of main belt and Jupiter 
Trojan asteroids

Minor planets can share 
the orbit of a planet if 
they remain near the 
triangular Lagrange 
points, L4 and L5


Significant populations 
known for Jupiter, 
Neptune and Mars


What about Earth’s 
Trojans?

D≥10 km

What are Earth Trojan asteroids?
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Why care about Earth Trojans?

• A gap in our inventory of near-Earth asteroids


L4/L5 hard to observe from Earth due to challenging 
illumination geometry at dawn/dusk


• Clues to Earth’s formation and dynamical history


an ET population could be remnants of Earth’s primordial 
building blocks


• Attractive targets for space exploration


low delta-V
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Why care about Earth Trojans?

A recently discovered group of nearby co-orbital 
objects is an attractive location for extraterrestrial 
intelligence (ETI) to locate for observing Earth. Near-
Earth objects provide an ideal way to watching our 
world from a secure natural object that provides 

resources an ETI might need: materials, a firm anchor, 
concealment. These co-orbital objects have been little 

studied by astronomy and not at all by SETI or 
planetary radar observations. I describe the objects 
found thus far and propose both passive and active 
observations of them by optical and radio listening, 
radar imaging and launching probes. We might also 

broadcast to them.

<email from Prof. Paul Davies (ASU) today>
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Earth Trojans

 long term stability under planetary perturbations?

e,i ~0.01

e ~{0-0.3}

i ~{0-𝜋}

JeongAhn & Malhotra, 2011 (unpublished)



EoS All Hands Meeting
2019 September 5

Earth Trojans

 long term stability under planetary perturbations 


+

solar radiation forces?

Burns et al., 1979

Yarkovsky effect:

D ≲300 m may not survive to the present day


-Zhou et al., 2018
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Earth Trojans

 Population estimates: theoretical

• Tabachnik & Evans (2000):  ~260 objects of D > 1 km

-scaled to Jupiter Trojan population


• Morais & Morbidelli (2002):  16±3 objects of D > 160 m

-numerical sims of NEOs temporarily captured as Trojans 
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Earth Trojans

 Population estimates: Observations

•Whiteley & Tholen (1998):  < 3 per sq. deg for R < 22.8


-surveyed 0.35 sq deg near L4, L5
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Earth Trojans

 Observations

•Connors et al. (2011)  
discovered the first 
ET in WISE archival 
data: 2010 TK7

- H=20.6 (D~300 m 
for A=0.1) 


-inc=20.9 deg

-ecc=0.191

-unstable

LETTER
doi:10.1038/nature10233

Earth’s Trojan asteroid
Martin Connors1,2, Paul Wiegert3 & Christian Veillet4

It was realized in 1772 that small bodies can stably share the same
orbit as a planet if they remain near ‘triangular points’ 606 ahead of
or behind it in the orbit1. Such ‘Trojan asteroids’ have been found co-
orbiting with Jupiter2, Mars3 and Neptune4. They have not hitherto
been found associated with Earth, where the viewing geometry poses
difficulties for their detection5, although other kinds of co-orbital
asteroid (horseshoe orbiters6 and quasi-satellites7) have been
observed8. Here we report an archival search of infrared data for
possible Earth Trojans, producing the candidate 2010 TK7. We sub-
sequently made optical observations which established that 2010
TK7 is a Trojan companion of Earth, librating around the leading
Lagrange triangular point, L4. Its orbit is stable over at least ten
thousand years.

The existence of Trojan asteroids of other planets raises the question
of whether such companions could exist for Earth. Despite studies
showing that such bodies could be relatively stable9 and may wander
relatively far from the Lagrange points5, they would dwell mostly in the
daylight sky as seen from Earth, making detection difficult. Indeed,
they hitherto have not been observed10,11. The launch of the Wide-field
Infrared Survey Explorer (WISE) by NASA in 200912 provided
improved viewing circumstances that made possible new detections
of over 500 near-Earth objects13. WISE searched large areas of sky
always 90u from the Sun, with high efficiency for asteroidal bodies
and good astrometric accuracy. Examining WISE discoveries in the
expectation that Earth co-orbital objects, possibly including a Trojan,
could be found, resulted in two promising candidates, 2010 SO16 and
2010 TK7. Both are larger than most co-orbital objects, being several
hundred metres in diameter, and 2010 SO16 is a horseshoe orbiter14.
We identified 2010 TK7 as probably being an Earth Trojan, on the basis
of positions measured over a six-day arc in late 2010. Observations
made at the University of Hawaii (D. Tholen, personal communica-
tion) and the Canada–France–Hawaii Telescope15 in April 2011, after
the object had for months been in an unfavourable position as seen
from Earth, so greatly improved the knowledge of its orbit that we can
state with certainty that 2010 TK7 is an Earth Trojan.

The ‘tadpole’ motion of 2010 TK7, which is characteristic of Trojan
asteroids, is shown in Fig. 1 in the frame co-rotating with Earth (see
Supplementary Information for three-dimensional depictions of the
motion). The 1-yr-averaged curve shows the centre of motion librating
about L4, the Lagrange point 60u ahead of Earth. The period of this
motion is at present 395 yr. Superposed on this is an annual motion or
epicycle2,16,17 (not shown for clarity). This mode of display emphasizes
the longitudinal motion despite the enhanced radial scale: the asteroid’s
mean position drifts along the red line, from the ‘head’ of the tadpole,
near Earth, to the far ‘tail’, where it is nearly on the opposite side of the
Sun from the Earth. The relatively large eccentricity, of e 5 0.191, results
in an annual heliocentric radial motion between roughly 0.81 and
1.19 AU. The inclination of 2010 TK7 is about i 5 20.9u, so there is
significant motion perpendicular to Earth’s orbital plane. The asteroid’s
eccentricity and inclination produce a large epicycle, which is respons-
ible for the visibility of the object at the solar elongation of 90u, as
observed by WISE; and it is now at the near-Earth end of the tadpole.
In the present epoch, the longitude remains in the sector of L4, trapped

between Earth and L3. Interaction with Earth at the near-Earth end of
the tadpole results in a rapid decrease in the object’s semimajor axis, a,
making it increase its angular speed (Kepler’s third law) and outpace
Earth. This is currently taking place. Slow resonant interaction at the
other parts of the tadpole increases a, making the object slow gradually
such that it again approaches Earth. In the current cycle, this will take
place in the years AD 2050–2350, approximately. Repetition of this cycle
leads to a sawtooth pattern in a as a function of time (Fig. 1c).

The present motion of 2010 TK7 is well established, but there are
inherent limits on our ability to compute orbits into the past or future.
Chaos limits the accuracy of computations of this asteroid’s position
over timescales18 greater than about 250 yr. However, we can still
discuss the basic nature of its orbit with confidence by computing
the motion of many ‘dynamical clones’ whose orbital parameters vary7

within the limits set by observations. Approximately 1,800 yr in the
past, and more than 5,000 yr in the future, the 100 clone orbits we

1Athabasca University, 1 University Drive, Athabasca, Alberta T9S 3A3, Canada. 2 Department of Earth and Space Sciences, UCLA, Los Angeles, California 90095, USA. 3Department of Physics and
Astronomy, The University of Western Ontario, London, Ontario N6A 3K7, Canada. 4Canada–France–Hawaii Telescope, Kamuela, Hawaii 96743, USA.
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Figure 1 | Orbital parameters of asteroid 2010 TK7. a, Path over one Trojan
libration from AD 2010 to 2405 in the co-rotating reference frame. In this frame,
Earth is stationary and the average position of the asteroid librates about L4 in a
‘tadpole’ orbit. Both Earth and the asteroid revolve about the Sun with periods
close to 1 yr, and slow changes in their relative positions are best seen in the co-
rotating frame. The difference between the asteroid’s semimajor axis, a, and a
circle of radius 1 AU (an astronomical unit (AU) is the Earth–Sun distance) is
multiplied by a factor of 20 for clarity, and Earth and the Sun are not shown to
scale. Black lines indicate a and longitude relative to Earth daily; the red curve
shows the annual average. b, Longitude relative to Earth, h 2 hE, over the period
420 BC to AD 4200. A ‘jump’ from L5 libration to the present L4 libration took
place in around AD 400. Black and red lines indicate daily and averaged values,
as in a. The grey band is the period of the present libration. c, Semimajor axis
daily values. Initial conditions (best orbital solution) are given in Table 1.
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Earth Trojans

 Observations

Three other ‘Earth co-orbitals’ are known 

•3753 Cruithne 
discovered in 1986, 
identified as co-orbital 
by Wiegert et al. (1997)

- H = 15.2 (D~5 km) 

- inc = 19.8 deg

- ecc = 0.515

- unstable

http://en.wikipedia.org/wiki/3753_Cruithne

image: Paul Weigert

http://en.wikipedia.org/wiki/3753_Cruithne
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Earth Trojans

 Observations

Three other ‘Earth co-orbitals’ are known 

•2002 AA29 discovered by LINEAR

- H = 24.08 (D~60m) 

- horseshoe-like orbit

- inc=10.7 deg

- ecc=0.012

image: JPL
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Earth Trojans

 Observations

Three other ‘Earth co-orbitals’ are known 

•2003 YN107 discovered by LINEAR

-H = 26.3 (D~20m) 

-horseshoe-like orbit

-inc=4.3 deg

-ecc=0.014
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Earth Trojans

 Observations

Three other ‘Earth co-orbitals’ are known 

•2003 YN107 discovered by LINEAR

-H = 26.3 (D~20m) 

-horseshoe-like orbit

-inc=4.3 deg

-ecc=0.014

These three could be temporarily captured NEOs 
or could be ETs that leaked out.
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Indirect evidence of ETs?
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apex-to-antapex : ∼1.7

Indirect evidence of ETs?
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• Numerical simulations confirm asymmetric distribution

    of impacts by NEOs on the Moon


• Apex-to-antapex ratio is 1.32±0.01 (simulated) 


               compare with 1.65±0.16 (observed)


  Gallant et al (2009) found ratio 1.28±0.01 (simulated)


• ETs could explain the discrepancy

NEO impacts on the Moon: longitudinal distribution

compared with lunar rayed craters
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Indirect evidence of ETs?

• Lunar impact flash monitoring 
at MSFC (2006-)

‣ apex-to-antapex ratio 

~1.45

• Apollo seismic monitoring

‣ apex-to-antapex ratio ~1.8

6 h of observations were recorded during the Geminid shower
of 2010.

In the first 3 years of operation approximately 212 h of clear
weather recordings were obtained. From 108 photometric quality
impacts observed in the first 3 years of operation, we estimate a
flux of 1.34!10"7 km"2 h"1 to an approximate detectable
impact kinetic energy limit of #3!107 J (#100 g assuming
25 km s"1 impact speed or a detectable magnitude of þ10).
This result makes use of luminous efficiencies determined by
Moser et al. (2010); Swift et al. (2010) as given in Fig. 7. Note that
the flux determination depends on accurate estimate of observing
time, limiting magnitude, and collecting area. We see an asym-
metry between the impact rate on the western hemisphere of the
Moon (the leading edge, observed during evening observations)
and the eastern hemisphere (trailing edge, morning observations)
of about 1.45:1 (Fig. 8).

Like in the seismic data, the prevalence of well-known meteor
showers can be demonstrated. Comparisons of the shower activ-
ity can be made with their radiant visibility for our cameras FOV
on the Moon for each night of observations. The expected impact
flash rate was calculated using known shower radiants and
velocities, the reported population index and ZHR (Zenithal

Hourly Rate) at the time of observations (International Meteor
Organization, 2009), as well as luminous efficiency vs. velocity
from Swift et al. (2010); Moser et al. (2010) (see discussions in
above sections). This resulted in the flash rate profile, which was
in good agreement with the observations (Fig. 9).

5. Measurement comparisons and synthesis

5.1. Current production of small craters

If our understanding and models of the production of craters,
impact flashes and seismic waves on the lunar surface is correct,
then we would expect these to be consistent with the observa-
tions and among themselves in so far as the parameters of the
source process (natural impacts) are concerned. Therefore we can
attempt a general consistency test by first scaling the meteoroid
flux models by Halliday et al. (1996); Revelle (2001); Brown et al.
(2002) to the case of the Moon through Eqs. (1 and 2). Formally,
this is done in three steps: (i) accounting for the gravitational
acceleration and focusing of the Earth, (ii) correcting for the
smaller target area of the Moon (iii) adding Earth’s acceleration
but at the Moon’s distance, and (iv) accounting for the gravita-
tional acceleration and focusing of the Moon. Steps (iii) and (iv)
only add #100 m/s and #200 m/s respectively to the impact
velocity, but we have nevertheless carried out the corrections. The
ranges in source energy for which these laws are formally valid
have also been corrected for the smaller impact speed at the lunar
surface.

The following values for the relevant physical parameters were
used: RMoon¼1738 km, REarth¼6478 km (100 km altitude),
GMMoon¼4903 km3 s"2, GMEarth¼398,600 km3 s"2. The results
are shown in Table 2. Note that the flux law by Oberst and
Nakamura (1989) is formally valid at the lunar surface; therefore,
no correction is necessary in this case.

To convert source energies to crater radii (Rc), we use the
formula of Schmidt and Housen (1987) relevant to hypervelocity
impacts on dry sand

RC ¼ 0:122E0:28
S v"0:21g"0:17 ð5Þ

where Es is measured in Joules, impactor velocity v in m s"1 and
the gravitational acceleration g is fixed at 1.62 m s"2. Note that
the expression is formally valid for an impactor density of
3 g cm"3. The source energy can also be expressed in terms of
the impactor radius r and density as ES¼(2/3)v2r3. Combining
Eq. (1) with Table 2 results in the expressions shown in Table 3.

It is important to take note of the formal ranges of validity of
the different laws. Those of Revelle (2001); Brown et al. (2002) are
similar although the latter was fitted to a significantly larger
dataset than the former. As shown in Fig. 11, they agree for crater
radii between 20 m and 50 m, yet their different slopes result in
significant disagreement for smaller radii. The Oberst and
Nakamura (1989) law is formally valid for the lower end of this
radius range and is in good agreement with the Halliday et al.
(1996) law for the larger crater radii, both predicting 2–3 times
fewer craters than the other two laws. Specifically, the Halliday
et al. law is the only law formally valid for crater sizes of 5 m or
smaller. The fact that Oberst and Nakamura (1989); Halliday et al.
(1996); Brown et al. (2002) agree to well within a factor of two for
crater sizes between 3.5 and o10 m implies that these laws are
fairly representative of reality in that range. The ‘‘knee’’ in the
Halliday et al. (1996) law corresponds to a change in slope at
3.5 m, causing it to diverge from the Brown et al. (2002); Oberst
and Nakamura (1989) laws for smaller crater radii. For example, it
predicts 10"2 craters of 1 m radius as opposed to an order of
magnitude more craters predicted by the other two laws.

Fig. 8. Distribution of 108 impacts observed June 2006–June 2009. Flux asym-
metry is 1.45:1. Fluxes are 1.55!10"7 in the western hemisphere (left) and
1.07!10"7 in the eastern hemisphere (impacts/km2/hr).

Fig. 9. Flash rates after adjustment of Lyrid and Quadrantid population indices.
Three letter codes are International Meteor Organization designators for showers.

J. Oberst et al. / Planetary and Space Science 74 (2012) 179–193188

Oberst-2012
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ET search with OSIRIS-REx

In Feb 2017: spacecraft cruised within 
20 million kilometers of L4 

OSIRIS-REx
on Feb 20

L4 on Feb 20

L4 on Feb 9

OSIRIS-REx
on Feb 9
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Limiting magnitude V* =13.8
H* ~ 20.5 

ET search with OSIRIS-REx: Results

Detected: 17 MBAs, 0 NEOs, 0 ETs
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L5

L4

Preliminary results: ET population estimates

(upper limits) W&T = Whiteley & Tholen, 1998

ETAS = Earth Trojan Asteroid 
Survey with O-REx


ETAS result is consistent with 
the older W&T. The uncertainty 
of ETAS is smaller.
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L5

L4

Preliminary results: ET population estimates

(upper limits)

DECam (Markwardt et al., submitted)

W&T = Whiteley & Tholen, 1998

ETAS = Earth Trojan Asteroid 
Survey with O-REx


ETAS result is consistent with 
the older W&T. The uncertainty 
of ETAS is smaller.
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Summary

• Earth's Trojan zones could potentially harbor a significant 
population of primordial planetesimals - dynamically stable 
for several gigayears (D ≳ 300 m). 


• Primordial ETs are interesting for the provenance of 
Earth’s building materials, including those critical for life.


• Two recent surveys (O-REx, DECam) have established 
improved upper limits (preliminary!): N(D ≳ 300 m) ≲ 100 
each at L4, L5


• Better observational assessment requires twilight/dawn 
surveys with large FOV telescopes.



EoS All Hands Meeting
2019 September 5

What does it mean?

• IF we can establish that “the Earth Trojan population of D > 300 m is 
much less than a few hundred”, then we ask: what happened to it?  


Possibilities:


• eroded by Yarkovsky/mutual collisions

• Moon progenitor perturbed it away

• de-stabilized by Earth’s orbital migration/dynamical evolution
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What does it mean?

• IF we can establish that “the Earth Trojan population of D > 300 m is 
much less than a few hundred”, then what is the explanation for the 
lunar crater asymmetry?  


Possibilities:


• Unlucky statistics (it is a ~2-sigma discrepancy)

• different orbital distribution of NEAs in the past (≾1 gyr)

• larger lunar orbital velocity in the past

• tidal fragmentation of larger low velocity NEAs prior to impact

• an unknown channel for NEOs to evolve into low delta-v orbits


