







    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: 31 August 2014



                    Early turbulent mixing as the origin of chemical homogeneity in open star clusters

                    	Yi Feng1 & 
	Mark R. Krumholz1Â 



                    

                    
                        
    Nature

                        volumeÂ 513,Â pages 523â€“525 (2014)Cite this article
                    

                    
        
            	
                        3273 Accesses

                    
	
                        68 Citations

                    
	
                            92 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Interstellar medium
	Stars


    


                
    
    

    
    

                
            


        
            Abstract
The abundances of elements in stars are critical clues to starsâ€™ origins. Observed star-to-star variations in logarithmic abundance within an open star clusterâ€”a gravitationally bound ensemble of stars in the Galactic planeâ€”are typically only about 0.01 to 0.05 over many elements1,2,3,4,5,6,7,8,9, which is noticeably smaller than the variation of about 0.06 to 0.3 seen in the interstellar medium from which the stars form10,11,12,13,14. It is unknown why star clusters are so homogenous, and whether homogeneity should also prevail in regions of lower star formation efficiency that do not produce bound clusters. Here we report simulations that trace the mixing of chemical elements as star-forming clouds assemble and collapse. We show that turbulent mixing during cloud assembly naturally produces a stellar abundance scatter at least five times smaller than that in the gas, which is sufficient to explain the observed chemical homogeneity of stars. Moreover, mixing occurs very early, so that regions with star formation efficiencies of about 10 per cent are nearly as well mixed as those with formation efficiencies of about 50 per cent. This implies that even regions that do not form bound clusters are likely to be well mixed, and improves the prospects of using â€˜chemical taggingâ€™ to reconstruct (via their unique chemical signatures, or tags) star clusters whose constituent stars have become unbound from one another and spread across the Galactic disk.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Slices through simulation S at a variety of times, showing the total density and the densities of the passive scalar fields.[image: ]


Figure 2: Distribution of gas in simulation S in density and mixing ratio at two different times.[image: ]


Figure 3: Two measures of the stellar abundance scatter as a function of star formation efficiency in simulations S, L and C.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Variation in distance d between two stars in a test of how well our new particle-mesh gravity implementation can maintain the orbit of a binary.
a, Distance between two stars, d, minus initial distance, d0, in a test with d0 = 2Î”x, where Î”x is the cell size. The left-hand vertical axis shows the dÂ âˆ’Â d0 normalized to d0, and the right-hand vertical axis shows it normalized to Î”x. Perfect accuracy would be a flat line at dÂ âˆ’Â d0 = 0. b, Same as a but for a test with d0 = 8Î”x, so the two stars are initially separated by 8 cells.


Extended Data Figure 2 Comparison between the analytic solution for Bondi accretion and the numerical results produced by an ORION simulation.
a, Density normalized to density at infinity, Ï�/Ï�âˆž, versus radius normalized to the Bondi radius, r/rB. We show the analytic solution (black line), the result using ORION with its standard implementation of sink particle gravity (red squares), and the result using our newly implemented particle-mesh (PM) gravity method. The numerical results show averages over radial bins. To prevent the numerical results from lying completely on top of on another and from obscuring the line for the exact result, we show only every fourth radial bin, and the bins we show are offset between the two simulations. The dashed vertical line shows the accretion kernel radius of two cells. b, Same as a but now showing the infall velocity normalized to the sound speed, v/cs.


Extended Data Figure 3 Number of stars and star formation efficiency as a function of time.
a, Number of stars in simulations S, L, and C. b, Star formation efficiency Îµ versus time in the same simulations.


Extended Data Figure 4 Stellar abundance scatter S* versus gas abundance scatter Sg at the end of simulation S.

Extended Data Figure 5 Stellar abundance scatter S* as a function of gas abundance scatter Sg for runs S, S3, and S4, measured at the time when the star formation efficiency ÎµÂ â‰ˆÂ 0.06.

Extended Data Figure 6 Evolution of two measures of the abundance scatter versus star formation efficiency Îµ in runs S, S3, S4, and 512S1.
a, Evolution of Sslope, the factor by which the abundance scatter is reduced in the limit where the gas abundance scatter Sg is small. b, Evolution of Slimit, the maximum stellar abundance scatter in the limit of infinite gas abundance scatter.
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Stars that form in the same star cluster all tend to be very similar in the amounts of heavy elements â€” such as carbon, nitrogen, oxygen, magnesium, silicon and iron â€” that they contain. Variation in the surrounding interstellar gas is much greater. The reason for such chemical homogeneity has been unclear. Here Yi Feng and Mark Krumholz report simulations that trace the mixing of chemical elements as star-forming clouds form and collapse. They find that turbulent mixing during cloud assembly naturally produces a stellar abundance scatter at least fivefold smaller than that in the gas. Mixing occurs very early in the star formation process, so that even regions where star formation occurs with low efficiency will be well mixed.
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