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            Abstract
The Juno mission1 has provided an accurate determination of Jupiter’s gravitational field2, which has been used to obtain information about the planet’s composition and internal structure. Several models of Jupiter’s structure that fit the probe’s data suggest that the planet has a diluted core, with a total heavy-element mass ranging from ten to a few tens of Earth masses (about 5 to 15 per cent of the Jovian mass), and that  heavy elements (elements other than hydrogen and helium) are distributed within a region extending to nearly half of Jupiter’s radius3,4. Planet-formation models indicate that most heavy elements are accreted during the early stages of a planet's formation to create a relatively compact core5,6,7 and that almost no solids are accreted during subsequent runaway gas accretion8,9,10. Jupiter’s diluted core, combined with its possible high heavy-element enrichment, thus challenges standard planet-formation theory. A possible explanation is erosion of the initially compact heavy-element core, but the efficiency of such erosion is uncertain and depends on both the immiscibility of heavy materials in metallic hydrogen and on convective mixing as the planet evolves11,12. Another mechanism that can explain this structure is planetesimal enrichment and vaporization13,14,15 during the formation process, although relevant models typically cannot produce an extended diluted core. Here we show that a sufficiently energetic head-on collision (giant impact) between a large planetary embryo and the proto-Jupiter could have shattered its primordial compact core and mixed the heavy elements with the inner envelope. Models of such a scenario lead to an internal structure that is consistent with a diluted core, persisting over billions of years. We suggest that collisions were common in the young Solar system and that a similar event may have also occurred for Saturn, contributing to the structural differences between Jupiter and Saturn16,17,18.
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                    Fig. 1: Three-dimensional cutaway snapshots of density distributions during a merger event between a proto-Jupiter with a 10M⊕ rock/ice core and a 10M⊕ impactor.


Fig. 2: Post-impact thermal evolution models.


Fig. 3: Two-dimensional snapshots of an off-centre collision between the proto-Jupiter with a 10M⊕ rock/ice core and a 10M⊕ impactor.
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                Data availability

              
              The datasets generated and analysed during the current study are available from the corresponding authors upon reasonable request.

            

Code availability

              
              The FLASH code is publicly available for download at http://flash.uchicago.edu/site/flashcode. The implementation of giant impact simulations in the framework of FLASH is available upon request. The REBOUND code is publicly available for download at https://github.com/hannorein/rebound. The MESA code is an open source stellar evolution code and is publicly available at http://mesa.sourceforge.net. The modified version of the MESA code is not yet ready for public release—it will be presented in future work (S.M., A. Cumming & R.H.; manuscript in preparation). Gnuplot, Jupyter Notebook, Mathematica, VisIt and yt python packages were used for data reduction and presentation in this study.
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Extended data figures and tables

Extended Data Fig. 1 Statistics of outcomes of four planetary embryos under the influence of an emerging Jupiter.
a, The initial configurations of four planetary embryos divided into four groups based on the fixed parameters shown under the group numbers. In groups 1–3, half of the embryos are placed inside Jupiter’s orbit (labelled ‘Inward’); the other half are outside Jupiter’s orbit (labelled ‘Outward’). In group 4, all embryos are outside Jupiter’s orbit. The exact location of every embryo is shown in Extended Data Table 1. b, The statistical outcomes of the dynamic evolution after 10tgrow. Jupiter’s growth can substantially modify the orbits of those embryos. Some embryos collided with Jupiter (labelled ‘Merge’), and some have been ejected from the Solar System (labelled ‘Escape’). Colours indicate different choices of the free parameters (inflation factor f and orbital separation factor k; see methods section ‘A statistical N-body study of embryo collisions’) as shown for each group. The height of each bar (‘Frac’) indicates the percentage of each state.


Extended Data Fig. 2 Histograms of collision angles of each dataset presented in Extended Data Fig. 1.
a, Group 1; b, group 2; c, group 3; d, group 4. The bin size is 5°, and there are 18 bins in each plot. The collision angle is measured in degrees. The red dashed line indicates the median value in each case. The results suggest that head-on collisions are more common (greater percentage probability) than grazing collisions. Each case has a different N, but they all fall in the range between 1,000 to 1,500.


Extended Data Fig. 3 Two-dimensional snapshots of a merger between the proto-Jupiter with a 10M⊕ rock/ice core and a 10M⊕ impactor.
a, Density contours in the orbital plane before the impact; b, before the impactor arriving at the core; c, after the destruction of the core; d, at about 10 h after the impact. Time in each panel is measured since the start of the simulation.


Extended Data Fig. 4 The change of internal energy caused by the merger between the proto-Jupiter with a 10M⊕ rock/ice core and a 10M⊕ impactor.
a, The enclosed internal energy Einternal of Jupiter before and after the impact as a function of radius. b, The net change of enclosed internal energy ΔEinternal of Jupiter as a function of radius.


Extended Data Fig. 5 Two-dimensional snapshots of a merger between the proto-Jupiter with a 17M⊕ core and a 1M⊕ impactor.
a, Density contours in the orbital plane before the impact; b, before the impactor arriving at the core; c, after the merger with the core; d, at about 10 h after the impact. Time in each panel is measured since the start of the simulation.


Extended Data Fig. 6 Initial conditions for post-impact evolution.
a, The initial post-impact heavy-element profile; b, temperature profiles of the models used for the thermal evolution. The heavy-element distribution is taken from the hydro-simulation 10 h after the giant impact. Solid lines correspond to a head-on collision, while dashed-dotted lines show the result of an oblique collision at a 45° angle. The colours depict models with different initial thermal states. See text and Extended Data Table 2 for further details. The radius is normalized by the present-day radius of Jupiter RJ.


Extended Data Fig. 7 Density versus normalized radius for the head-on collision after 4.56 Gyr of evolution.
The colours correspond to distinct model assumptions: models H-4.3, H-4.5 and H-4.7 correspond to initial thermal profiles with different central temperatures at the time of the impact, whereas model H-radenv assumes a proto-Jupiter with a radiative envelope. Model H-4.5-lowα uses a shorter mixing length, model H-4.5-semiconv allows for semi-convective mixing, and in model H-4.5-rock the heavy elements are represented by rock instead of water for EOS purposes. The inset zooms in on the region with a normalized radius between 0.15 and 0.5. See text and Extended Data Table 2 for further details.


Extended Data Fig. 8 Density versus normalized radius for the oblique collision after 4.56 Gyr of evolution.
The colours correspond to distinct model assumptions: models O-4.3, O-4.5 and O-4.7 correspond to initial thermal profiles with different central temperatures at the time of the impact. Model O-4.5-lowα uses a shorter mixing length, model O-4.5-semiconv allows for semi-convective mixing, and in model O-4.5-rock the heavy elements are represented by rock instead of water for EOS purposes. The inset zooms in on the region with a normalized radius between 0.15 and 0.4. See text and Extended Data Table 2 for further details.


Extended Data Table 1 Initial orbital semi-major axes for each embryo of our N-body simulation suiteFull size table


Extended Data Table 2 Evolutionary models discussed in this workFull size table





Supplementary information
Video 1
3D cutaway animation of consequence of a head-on collision between a proto-Jupiter and a massive planetary embryo. Snapshots of the animation are presented in Figure 1 in the main text.


Video 2
2D animation of the density contours of a head-on collision between a proto-Jupiter and a massive planetary embryo. Snapshots of the animation are presented in Extended Data Figure 3.


Video 3
2D animation of the density contours of an oblique collision between a proto-Jupiter and a massive planetary embryo. Snapshots of the animation are presented in Figure 3.


Video 4
2D animation of the density contours of a head-on collision between a proto-Jupiter with a massive core and a small planetary embryo. Snapshots of the animation are presented in Extended Data Figure 5.


Video 5
Animation of the evolution of temperature, density, specific entropy and heavy-element mass fraction of model H-4.5 over 4.5 Gyr. At the end of the simulation, a diluted core is formed. See Methods for details.


Video 6
Animation of the evolution of temperature, density, specific entropy and heavy-element mass fraction of model H-4.5-semiconv over 4.5 Gyr. At the end of the simulation, a diluted core is formed. See Methods for details.


Video 7
Animation of the evolution of temperature, density, specific entropy and heavy-element mass fraction of model H-4.7 over 4.5 Gyr. At the end of the simulation, the compositional gradient established after the impact disappears due to a very hot interior. See Methods for details.





Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Liu, SF., Hori, Y., Müller, S. et al. The formation of Jupiter’s diluted core by a giant impact.
                    Nature 572, 355–357 (2019). https://doi.org/10.1038/s41586-019-1470-2
Download citation
	Received: 29 September 2018

	Accepted: 20 June 2019

	Published: 14 August 2019

	Issue Date: 15 August 2019

	DOI: https://doi.org/10.1038/s41586-019-1470-2


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Vanadium oxide and a sharp onset of cold-trapping on a giant exoplanet
                                    
                                

                            
                                
                                    	Stefan Pelletier
	Björn Benneke
	Julian Stürmer


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        Accurate temperature diagnostics for matter under extreme conditions
                                    
                                

                            
                                
                                    	Tobias Dornheim
	Maximilian Böhme
	Jan Vorberger


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        A diffuse core in Saturn revealed by ring seismology
                                    
                                

                            
                                
                                    	Christopher R. Mankovich
	Jim Fuller


                                
                                Nature Astronomy (2021)

                            
	
                            
                                
                                    
                                        Machine learning applied to simulations of collisions between rotating, differentiated planets
                                    
                                

                            
                                
                                    	Miles L. Timpe
	Maria Han Veiga
	Stefano Marelli


                                
                                Computational Astrophysics and Cosmology (2020)

                            
	
                            
                                
                                    
                                        Revealing giant planet interiors beneath the cloudy veil
                                    
                                

                            
                                
                                    	Tristan Guillot
	Leigh N. Fletcher


                                
                                Nature Communications (2020)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Signs that Jupiter was mixed by a giant impact
                

                
	Tristan Guillot



                
    
        
            Nature
        
        News & Views
        
        
            14 Aug 2019
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    








