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Coorbital motions:  introduction (1)  

+ compound  modes  

Coorbital motions: 1:1 mean motion resonance (MMR) 

Pan, N., Gallardo, T.: An attempt to build a dynamical catalog of present-day solar system  

co-orbitals //  CMDA, 137:2 (2025) 
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1:1 MMR 

with Earth 

1:1 MMR with Earth 

Histograms characterizing the 

distribution of asteroids by the 

values ​​of the semi-major axis (2026) 

Coorbital motions:  introduction (2)  



Quasi-satellites    

A.Yu.Kogan (1990): quasi-satellite orbits are the trajectories of restricted three-body 

problem which are (1) located far beyond the Hill's sphere surrounding the minor primary 

body and (2) much less distant from it than from the major primary 

 

a: Sun-centered reference frame with the orientation fixed in the absolute space. The quasi-satellite and 
the planet move around the Sun with the same orbital period in elliptic and in circular orbits respectively.  
b: Sun-centered frame rotating with the mean orbital motion of the planet. 
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Coorbital motions:  introduction (3)  

Sidorenko, V.V., Neishtadt, A.I., Artemyev, A.V., Zelenyi, L.M.: Quasi-satellite orbits in the   

general context of dynamics in the 1: 1 mean motion resonance: perturbative treatment // 

CM&DA, 120 (2), 131-162 (2014) 



Known Earth Quasi-Satellites 

Coorbital motions:  introduction (4)  
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Trajectory of the asteroid Cardea 

Variation of the resonant phase j=l-l’  

(l  and l’ are the mean longitudes of 

the asteroid and of the planet) 

164207 Cardea (2004 GU9) 

(277810) 2006 FV35 

2013 LX28 

469219 Kamoʻoalewa 

2022YG 

2023 FW13 

2025PN7 

Known Earth Quasi-Satellites 

7 objects (August  2026) 
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Target of Tianwen-2 

mission (July 2026) 

Coorbital motions:  introduction (5)  

https://en.wikipedia.org/wiki/(164207)_2004_GU9
https://en.wikipedia.org/wiki/(277810)_2006_FV35
https://en.wikipedia.org/wiki/2013_LX28
https://en.wikipedia.org/wiki/469219_Kamo%CA%BBoalewa
https://en.wikipedia.org/wiki/469219_Kamo%CA%BBoalewa
https://en.wikipedia.org/wiki/469219_Kamo%CA%BBoalewa
https://en.wikipedia.org/wiki/2023_FW13
https://en.wikipedia.org/wiki/2023_FW13
https://en.wikipedia.org/wiki/2023_FW13
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Kamo’oalewa: transitions between different modes 

Coorbital motions:  introduction (6)  
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Kamo’oalewa: transitions between different modes 

Coorbital motions:  introduction (6)  

QS→HS→QS →… → HS → QS+HS →P →QS+HS →HS →…. 
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Non-rotating RF vs Rotating RF Non-rotating RF vs Rotating RF 

Non-rotating RF vs Rotating RF Non-rotating RF vs Rotating RF 

Coorbital motions:  introduction (7)  
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Regular transitions between different modes in the dynamics of asteroid 

2015SO2  currently moving in a horseshoe orbit 

Coorbital motions:  introduction (8)  
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e <<1,  i << 1                       
Textbooks: 

C.D.Murray & S.F.Dermott (1999) 

A.Morbidelli(2002) 

e,i  
are not small                       

           Adiabatic approximation:  

            Wisdom (1985)  

              Generalizations:  

      Henarard & Lemaitre (1987), Yokoyama      

(1996), Sidlichovsky (2005),…  

2. Adiabatic approximation in studies of resonant 
motions: main ideas (1) 

J.Wisdom  & V.Sidorenko 
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Equation, describing  the  evolution of  the  resonant  phase: 

21 cosA Ae i = -  - von Zeipel-Lidov-Kozai integral 

V.V. Sidorenko, A.I. Neishtadt, A.V. Artemyev, L.M. Zelenyi: Quasi-satellite orbits in the general context of 
dynamics in the 1: 1 mean motion resonance: perturbative treatment. CMDA, 120,131-162 (2014) 
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2. Adiabatic approximation in studies of resonant 
motions: main ideas (2) 



NCM(1999): W - “ponderomotive potential  
Similar diagram: Christou (2000), Mikkola et al. (2006)  16 

Basic types of orbits 

 at 1:1 MMR 

2. Adiabatic approximation in studies of resonant 
motions: main ideas (3) 
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Simplified version of AA: consideration for given             level lines ,  ( , , , )J e const   =

2. Adiabatic approximation in studies of resonant motions (3) 

Averaging over the fast subsystem solutions on the level  X=x 
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Then it is possible to draw 

phase portraits on the 
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Neishtadt, A.I.: Jumps of the adiabatic invariant on crossing the separatrix and the origin of the 3:1 Kirkwood 

gap. Sov. Phys. Dokl. 32, 571–573 (1987) 

Drawing of phase portarits  

2. Adiabatic approximation in studies of resonant 
motions: main ideas (4) 



2. Adiabatic approximation: basic ideas 

19 

Neishtadt, A., Treschev, D.: 

Polymorphisms and adiabatic 

chaos. Ergodic Theory & 

Dynamical Systems. 31, 259-284 

(2011)  

Markov chains! 
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Application of AA for studies of coorbital motions (1)  

21 

Keplerian osculating elements 

ll =    -  mean longitude 



Dynamics of the Earth coorbitals: modeling within the framework 

of  N-body problem 22 

Application of AA for studies of coorbital motions (2)  
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Cardea (2004GU9) 
D: 160-360 м 

(277810) 2006FV35 
D: 140-320 м 

2013LX28 
D: 130-300 м 

Kamo’oalewa 
D: 40-100 м 

Known Earth Quasi-Satellites : behavior of the averaged disturbing function   

2022YG 
D: 16-30 м 

2023FW13 
D: 16-30 м 

2025PN7 
D: 20 м 

Application of AA for studies of coorbital motions (3)  
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Application of AA for studies of coorbital motions (4)  

Graphs of averaged disturbing function 

W for asteroids in HS and QS+HS 

modes: a – 2015SO2, b - 2016CO246, 

c – 2020PN 
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Application of AA for studies of coorbital motions (5)  

Dynamically warm coorbitals: a 

subpopulation at moderate inclinations (5–

15 degrees) with σ < 0.277 



Evolutionary diagram: asteroid (164207) Cardea and its clone 
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Evolutionary diagram: asteroid (164207) Cardea and its clone 
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Evolutionary diagram: asteroid (164207) Cardea and its clone 
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Evolutionary diagram: asteroid (164207) Cardea and its clone 
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Evolutionary diagram: asteroid (469219) Kamo`oalewa and its 

clone 
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Evolutionary diagram: asteroid 2015SO2 

Resonance phase behavior 

Phase portrait 
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Evolutionary diagram: asteroid 2013LX28 and its clone 
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Evolutionary diagram: asteroid 2013LX28 and its clone 
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Mission Tianwen-2 

35 

Information and pictures taken from Zhang, R. et al. (Space Science Reviews, 

222:11, 2026) 

Launch date: 28.05.2025 

Launch mass: 2100 kg 

Asteroid orbit insertion: 07.06.2025 

Return capsule landing: 29.11.2027  



Conclusions  

36 

1. Coorbitals are important population of small celestial 
bodies 

2. Investigating Earth's coorbitals is crucial both for 
gaining insight into the dynamical conditions near 
Earth and for assessing the risk they represent to our 
planet 

3. An important dynamical factor whose significance 
should be considered in the future is secular 
resonances 



37 

Thank you for your attention! 

Sherlock Holmes: A Game of Shadows (2011)  



Mission Tianwen-2 (2) 
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Information and pictures taken from Zhang, R. et al. (Space Science Reviews, 

222:11, 2026) 

Launch date: 28.05.2025 

Launch mass: 2100 kg 

Asteroid orbit insertion: 07.06.2025 

Return capsule landing: 29.11.2027  

Scientific payload: 

• Visible Infrared Imaging Spectrometer 

• Thermal Radiation Spectrometer 

• Multispectral Camera 

• Medium Field Color Camera 

• Detection Radar 

• Magnetometer 

• Charged and Neutral Particle 

• Analyzers 

• Ejecta Analyzer 

• Narrow Field of View Navigation Sensor 

• Laser Integrated Navigation Sensor 



Mission Tianwen-2 (3) 
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Information and pictures taken from Zhang, R. et al. (Space Science Reviews, 

222:11, 2026) 
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Minimoons 

41 

Minimoon: temporarily captured object. The projection onto the ecliptic plane of 
the radius vector of such an object relative to the Earth's center of mass makes at 
least one complete rotation (Urrutxua & Bombardelli, 2017) 

Granvik, M., Vaubaillon, J., Jedicke, R.: The population of natural Earth satellites. 
Icarus. 218. 262-277 (2012) 
  
Jedicke, R., Bolin, B.T., Bottke, W.F., Chyba, M., Fedorets, G., Granvik, M., Jones, 
Lynne, Urruttxua, H.: Earth’s minimoons: opportunities for science and 
technology. Frontiers in Astronomy and Space Sciences. 5, paper 13 (2018)  

Typical size :  ~ 1 m 
The Earth almost always has one or two minimoons.  The mean time of the 
motion in “minimoon” mode is  – 9 months, the mean number of revolutions 
around the Earth is  – 3. 



Known Earth Mini-Moons 
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Asteroid 2006RH120 

Entered the Hill sphere of Earth in July 2006, 
left the Hill sphere in July 2007. Four 
approaches to the Earth. 
 

Size 3-6 m. 

Asteroid 2020CD3 (2016-2020, 0.9-1.2 m) 

Asteroid 2022NX1 



How many quasi-satellites are there around the Earth? 
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Typical period of the resonant 

phase oscillations 

T~100 years 

Number of quasi-satellites 

discovered from 2004 to 2024 

(20 years): 8 

Discoveries of quasi-satellites most often 

occur at the largest value of the resonant 

phase! 

The number of quasi-satellites 

with D in the range of 10-100 m 

can be estimated as ~20! 



How Earth's co-orbital population arose? 
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1. Primordial (unlikely); 

2. Ejecta from the Moon 

after a collision 

3. Main Belt objects whose 

orbits were altered by 

close encounters with 

Mars, Earth, and Venus. 



Phobos-2 space mission (Soviet Union) 

Lunched: 12 July 1988 

Mars orbital insertion:  29 January 1989 

Last contact: 27 March 1989 on quasi-

satellite orbit about Phobos 

Orbit design: A.Yu. Kogan 

MMX (Martian Moons eXploration)  

space mission (Japan) 

Scheduled to Launch: 2026 

Return soil from Phobos: 2031 
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