







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 25 November 2015



                    Collisionless encounters and the origin of the lunar inclination

                    	Kaveh Pahlevan1 & 
	Alessandro Morbidelli1Â 



                    

                    
                        
    Nature

                        volumeÂ 527,Â pages 492â€“494 (2015)Cite this article
                    

                    
        
            	
                        5275 Accesses

                    
	
                        27 Citations

                    
	
                            256 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Early solar system
	Rings and moons


    


                
    
    

    
    

                
            


        
            Abstract
The Moon is generally thought to have formed from the debris ejected by the impact of a planet-sized object with the proto-Earth towards the end of planetary accretion1,2. Models of the impact process predict that the lunar material was disaggregated into a circumplanetary disk and that lunar accretion subsequently placed the Moon in a near-equatorial orbit3,4,5,6. Forward integration of the lunar orbit from this initial state predicts a modern inclination at least an order of magnitude smaller than the lunar valueâ€”a long-standing discrepancy known as the lunar inclination problem7,8,9. Here we show that the modern lunar orbit provides a sensitive record of gravitational interactions with Earth-crossing planetesimals that were not yet accreted at the time of the Moon-forming event. The currently observed lunar orbit can naturally be reproduced via interaction with a small quantity of mass (corresponding to 0.0075â€“0.015 Earth masses eventually accreted to the Earth) carried by a few bodies, consistent with the constraints and models of late accretion10,11. Although the encounter process has a stochastic element, the observed value of the lunar inclination is among the most likely outcomes for a wide range of parameters. The excitation of the lunar orbit is most readily reproduced via collisionless encounters of planetesimals with the Earthâ€“Moon system with strong dissipation of tidal energy on the early Earth. This mechanism obviates the need for previously proposed (but idealized) excitation mechanisms12,13, places the Moon-forming event in the context of the formation of Earth, and constrains the pristineness of the dynamical state of the Earthâ€“Moon system.
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                    Figure 1: Sample realization.[image: ]


Figure 2: Summary of simulations.[image: ]


Figure 3: Angular momentum change of the Earthâ€“Moon system.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Properties of planetesimal populations.
a, Decay rates of Earth-crossing planetesimal populations according to N-body simulations of the inner Solar System with a resonant (3:2) Jupiter and Saturn at 5.4 AU and 7.2 AU, respectively. Different colours represent the number of Earth-crossing bodies (hence the evolution is not monotonic) in different simulations, from recent integrations17. The black line is the prescribed decay rate used in the three-body simulations (Ï„SSâ€‰=â€‰44â€‰Myr) to match the decay rate in heliocentric simulations. b, Histogram of implemented approach velocities (before acceleration due to Earth gravity) for late-accreting populations in three-body simulations. The population is generated using a Rayleigh distribution of eccentricities and inclinations (eRâ€‰=â€‰0.3, iRâ€‰=â€‰eR/2) and a semi-major axis range (aâ€‰=â€‰0.8â€“1.4 AU) that produces Earth-crossing orbits. These parameters are motivated by simulations of terrestrial planet formation, but the peak of the distribution (9â€‰kmâ€‰sâˆ’1) corresponds to the typical encounter velocity inferred for lunar basin-forming impactors30.


Extended Data Figure 2 Tests and outcomes for reproducibility.
a, Test of the cumulative effect of repeated encounters: median values (squares), and 1Ïƒ (solid lines) and 2Ïƒ (dashed lines) intervals for three suites of simulations with 0.0075ME accreted via a single body onto an Earth with strong dissipation (k2/Qâ€‰=â€‰0.1). Each suite of simulations consists of incoming planetesimals with impact parameters (b) ranging from 0 to RH, RH/2 and RH/4 (as indicated by the values given above each simulation result). The statistical similarity of the resultant distributions shows that distant encounters have a far smaller effect on inclination excitation than do the rare and strong close encounters. b, c, Distribution of â€˜kicksâ€™ versus impact parameter (b) of encounters from two different realizations. The change in the angular momentum vector of the satellite ([image: ]) owing to encounter torques is normalized to the magnitude of the orbital angular momentum before the encounter ([image: ]). The planetesimals approaching the Earthâ€“Moon system in this simulation have a mass of 0.0075ME. Approach velocities are selected from the distribution plotted in Extended Data Fig. 1b. The cumulative effects of encounters with bâ€‰>â€‰60RE are negligible and therefore neglected. Panel b (c) shows data from a realization that lasts 26.2â€‰Myr (45.3â€‰Myr) and results in a satellite with a final inclination of iâ€‰=â€‰1.9Â° (iâ€‰=â€‰8.8Â°). The strength of tidal dissipation used here (k2/Qâ€‰=â€‰0.1) quickly results in a satellite semi-major axis of aâ€‰=â€‰30REâ€“40RE.


Extended Data Figure 3 Effect of partial damping due to LMO obliquity tides.
Median values (squares), and 1Ïƒ (solid lines) and 2Ïƒ (dashed lines) intervals for several suites of partially damped simulations. These simulations consist of an accreted mass of 0.0075ME delivered via a single body onto a strongly dissipative (k2/Qâ€‰=â€‰0.1) Earth, with the orbital excitation continuously reset (eâ€‰=â€‰0, iâ€‰=â€‰0) until a certain time and permitted to accumulate subsequently. Such a transition represents LMO crystallization and the cessation of inclination damping via obliquity tides19. These simulations are representative of excitation behaviour for partially damped cases. It can be seen that, so long as the crystallization of the LMO is sufficiently rapid (about 107 years), excitation via planetesimal encounters is largely unaffected.
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