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BUT FIRST OF ALL... WHAT IS A TROJAN ASTEROID?



JUPITER TROJAN ASTEROIDS

Max Wolf, the discoverer in 
1906 of the first trojan asteroid 
(588) Achilles

YEAR NUMBER OF KNOWN 
JUPITER TROJANS

1907 3

1938 11

1961 14

2000 257

2003 1600

2022 ~7500



JUPITER TROJANS: A TRENDY TOPIC
Lucy mission (NASA)
Launched
October 2021

Will visit (2027-2028):
(3548) Eurybates (Binary)
(15094) Polymele
(11351) Leucus (slow rotator)
(21900) Orus

Will visit (2033):
(617) Patroclus-Menoetius
(Large binary)



JUPITER TROJANS: A TRENDY TOPIC

(152830) Dinkinesh fly-by
1 Nov 2023



WHY DO WE CARE ABOUT JUPITER TROJANS?

The dark-red P- and D-type Trojans resemble those found in 
the Kuiper Belt of icy bodies that extends beyond the orbit of 
Neptune. 

...time capsules from the birth of our Solar System more than 4 billion years ago, 
the swarms of Trojan asteroids associated with Jupiter are thought to be 
remnants of the primordial material that formed the outer planets.

Credit: NASA



IS JUPITER THE ONLY HOST OF TROJANS?

PLANET NUMBER OF KNOWN 
TROJANS

VENUS 1

MARS 4

URANUS 2

NEPTUNE 28



AND WHAT ABOUT THE EARTH?
2010 TK7 was confirmed as the first Earth Trojan known

(Connors, Wiegert & Veillet, 2011, Nature)

But it was shown to 
be a captured 
Trojan (i.e. not 
primordial), with a 
stability time-scale 
of ~15k years



IS 2010 TK7 THE ONLY EARTH TROJAN?

Some dedicated surveys failed...

Cambioni et al. 2018
Markwardt, L. et al. 2020
Lifset et a. 2021

Even in-situ observation of 
spacecrafts produced no results

OSIRIS-REx spacecraft within
the L4 region

Hayabusa2 spacecraft within the L5 
region



A NEW CANDIDATE
On 12 December 2020, Pan-STARRS1 discovers P11aRcq later 

designated as 2020 XL5

After some follow-up observations gathered during the next few days, it 
is suggested that 2020 XL5’s nominal orbit seems to be librating around 

L4. But its short arc makes it impossible to confirm it (de la Fuente 
Marcos & de la Fuente Marcos 2021)



Observation arc: 
Let’s assume we obtained 3 observations of an asteroid
We want to predict its position for a given future time
 
 

ORBIT DETERMINATION



ORBIT DETERMINATION



EASY-PEASY! LET’S GATHER SOME MORE DATA!

Wait... what was its magnitude again? Aha... 21.8...

And where is it now? Oh, 
really? Crossing the Galactic 

plane... (January 2021)

And how long can we observe? 
Less than 30 minutes... lower than 20 
degrees above horizon... right before 

twilight... 

And the object’s motion limits our exposure 
time to 30 s...



TRIUMPH IS FOR OPTIMISTS

In February 2021, we requested DDT time in the TJO (0.8 m) and 
CAHA (2.2 m).

Background was higher than 15k counts→ NO DETECTION 



AND OUR TARGET WAS ALREADY 
40 DEG AWAY FROM THE SUN...

And approaching!

We only had a few weeks left before 
we would lose our candidate for a 
few months until September 



AND THEN...

We caught it with the 4.3 m Lowell Discovery Telescope! 
At only 13 deg above horizon

(22 February 2021)



AN IMPORTANT STEP FORWARD

With LDT data, combined with the existing observations from 
December 2020 we covered 3 months of arc and we gained a 

factor of 20 in orbital accuracy...

But this was still not enough 
for a long term orbit analysis.



A FEW NEW DETECTIONS!

We optimized our observing strategy to get the highest SNR 
during a short time window with high airmasses.

We obtained 3 new detections using the 4.1 m SOAR 
telescope.



AND NOW... WHY NOT TO LOOK BACK?

With the new orbit improved by another factor of 20, we looked for 
ancillary data. We found 14 precoveries spanning from 2012 to 2019!

Catalina Sky Survey, DECam and Pan-STARRS



ORBIT LONG-TERM CHARACTERIZATION

Santana-Ros et al. 2022, Nature Communications



WE HAD A NEW EARTH TROJAN!

But we confirm it is a transient Trojan (like 2010 TK7), so no primordial ETs yet...



H = 18.58 ± 0.16, Size = 1.18 ± 0.08 km
(assuming an albedo of 0.06 ± 0.03)

CHARACTERIZATION OF 2020 XL5



DELTA-V BUDGET

But not this one...

Earth Trojans can be good candidates for a space mission, since they 
share Earth’s orbit!
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AND THE PAPER WAS OUT 1 FEB 2022

CHAPTER 2: ATIRA ASTEROIDS
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 Atiras are objects which stay always 
within the Earth's perihelion

 They have frequent close encounters 
with Mercury and Venus 

 which could eventually push an Atira-
orbit into an Earth-crossing orbit

 Only 31 objects have been discovered 
to date (source JPL) 

 Very challenging from an 
observational point of view

ATIRAS (AKA INTERIOR-EARTH OBJECTS)

The Atira objects represent a part of our Solar System which is poorly known
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They are interesting because:

 They are regularly heated at temperatures 
between 500 K and 1000 K

 Non-gravitational forces (YORP, 
Yarkovsky)

 Relativistic orbit effects

 Only 31 discovered so far, but we estimate 
a population of a few hundreds larger than 
100 m

 

ATIRAS (AKA INTERIOR-EARTH OBJECTS)
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DISCOVERING NEW ATIRAS IS NOT EASY
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SURVEYING THE EARTH-INTERIOR REGION

 Located at the Catalan 
Pyrenees

 0.8 m robotic telescope
 4k x 4k back-illuminated CCD
 FoV of 30'
 Elevation limit 5°
 200 hours granted (p485)

 Located in Namibia
 0.4 m robotic telescope
 CMOS
 FoV of 157.2' x 105.2'
 Elevation limit 5°

 Located at the Catalan 
Pyrenees

 0.5 m telescope
 4k x 4k back-illuminated 

CMOS
 FoV of 4.4° 
 Elevation limit 5°
 100 hours granted (p531)

TELESCOPI JOAN ORÓ TELESCOPI FABRA-ROA SPRINGBOK
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SURVEYING THE EARTH-INTERIOR REGION

 Located at the Catalan 
Pyrenees

 0.8 m robotic telescope
 4k x 4k back-illuminated CCD
 FoV of 30'
 Elevation limit 5°
 200 hours granted (p485)

 Located in Namibia
 0.4 m robotic telescope
 CMOS
 FoV of 157.2' x 105.2'
 Elevation limit 5°

 Located at the Catalan 
Pyrenees

 0.5 m telescope
 4k x 4k back-illuminated 

CMOS
 FoV of 4.4° 
 Elevation limit 5°
 100 hours granted (p531)

TELESCOPI JOAN ORÓ TELESCOPI FABRA-ROA SPRINGBOK

Do you know of a 1 meter class telescope (or larger) with a large FoV, able to point at 
low elevations (<20 deg) and with a fast-readout camera? Contact me! 
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THE MOST EXTREME ATIRA KNOWN: 2021 PH27

2021 PH27 has...

 The smaller semi-major axis known 
(0.46 au)

 A perihelion distance at only 0.13 au 
from the Sun

 Extreme temperatures of 1000 K at 
perihelion

 106 km/s at perihelion with
 a relativistic perihelion shift of 

42.9’’/century, 1.6 times that of 
Mercury
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2021 PH27: A LOW-Q ACTIVE ASTEROID?

Credit: U.S. Naval Research Laboratory

(3200) Phaethon is a low-q asteroid known to have activity near 
perihelion due to the extreme thermal fatigue at 0.14 au
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LIFE CAN BE CREATED... BUT ALSO EXTINCTED

Chicxulub impact winter sustained by fine silicate dust,
Berk Senel et al. 2023, Nature Geoscience
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A RECENT REAL CASE: 2023 CX1
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A RECENT REAL CASE: 2023 CX1

13 FEBRUARY 2023, 03:59 UTC 
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A RECENT REAL CASE: 2023 CX1

15 FEBRUARY 2023
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