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            Abstract
Over the course of its history, the Milky Way has ingested multiple smaller satellite galaxies1. Although these accreted stellar populations can be forensically identified as kinematically distinct structures within the Galaxy, it is difficult in general to date precisely the age at which any one merger occurred. Recent results have revealed a population of stars that were accreted via the collision of a dwarf galaxy, called Gaia–Enceladus1, leading to substantial pollution of the chemical and dynamical properties of the Milky Way. Here we identify the very bright, naked-eye star ν Indi as an indicator of the age of the early in situ population of the Galaxy. We combine asteroseismic, spectroscopic, astrometric and kinematic observations to show that this metal-poor, alpha-element-rich star was an indigenous member of the halo, and we measure its age to be \(11.0\pm 0.7\) (stat) \(\pm 0.8\) (sys) billion years. The star bears hallmarks consistent with having been kinematically heated by the Gaia–Enceladus collision. Its age implies that the earliest the merger could have begun was 11.6 and 13.2 billion years ago, at 68% and 95% confidence, respectively. Computations based on hierarchical cosmological models slightly reduce the above limits.




            
                
                    

    
        
            
                
                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
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more


Subscribe to this journal
Receive 12 digital issues and online access to articles
$119.00 per year
only $9.92 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
        



    

                
                    Fig. 1: [Mg/Fe] versus [Fe/H] abundances of a large sample of Milky Way stars, from the APOGEE DR-14 spectroscopic survey data release8.[image: ]


Fig. 2: Velocities of stars from APOGEE-DR14 having [Fe/H] values within uncertainties of the [Fe/H] value of \(\nu\) Indi.[image: ]


Fig. 3: Contour plot of the distribution in eccentricity, \(e\), and maximum vertical excursion from the Galactic mid-plane, \({z}_{\max }\), for the same high-[Mg/Fe] (blue) and low-[Mg/Fe] (red) samples of stars as Fig. 2.[image: ]


Fig. 4: Frequency–power spectrum of the TESS lightcurve of \(\nu\) Indi, showing a rich spectrum of solar-like oscillations. The ordinate is in power spectral density (PSD) units of parts per million squared per μHz.[image: ]
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                Data availability

              
              Raw TESS data are available from the MAST portal at https://archive.stsci.edu/access-mast-data. The TASOC lightcurve is available at https://tasoc.dk/. The TESS lightcurve and power spectrum is also available on request from the corresponding author. The high-resolution spectroscopic data are available at http://archive.eso.org/wdb/wdb/adp/phase3_spectral/form (HARPS \(\nu\) Indi), https://www.blancocuaresma.com/s/benchmarkstars (HARPS solar spectrum), and http://archive.eso.org/wdb/wdb/adp/phase3_spectral/form (FEROS). MARCS model atmospheres are available at http://marcs.astro.uu.se/. APOGEE Data Release 14 may be accessed via https://www.sdss.org/dr14/.

            

Code availability

              
              The adopted asteroseismic modelling results were provided by the BeSPP code, which is available on request from A.M.S. (aldos@ice.csic.es). NLTE corrections were estimated using the interactive online tool at http://nlte.mpia.de. The computation of Kurucz models with ATLAS9 was performed using http://atmos.obspm.fr/index.php/documentation/7. Publicly available codes used to model the data include IRAF (http://ast.noao.edu/data/software), MOOG (https://www.as.utexas.edu/chris/moog.html), the MCMC code emcee (https://github.com/dfm/emcee), the peak-bagging codes DIAMONDS (https://github.com/EnricoCorsaro/DIAMONDS) and TAMCMC-C (https://github.com/OthmanB/TAMCMC-C), the stellar evolution code MESA (http://mesa.sourceforge.net/), and the stellar pulsation code GYRE (https://bitbucket.org/rhdtownsend/gyre/wiki/Home). Other codes used in the analysis—including frequency analysis tools—are available on reasonable request via the corresponding author.
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Extended data

Extended Data Fig. 1 An échelle diagram showing the observed frequencies (in grey) and the best-fitting model frequencies (coloured symbols).
 The diagram was made by dividing the spectrum into segments of length equal to the average frequency separation \(\Delta \nu\) between consecutive overtones, which were then stacked in ascending order, so one plots \(\nu\) versus (\(\nu\) mod \(\Delta \nu\)). The \(l=0\) (radial) modes are plotted with square symbols, the \(l=1\) (dipole) modes are plotted with circular symbols, and the \(l=2\) (quadrupole) modes are plotted with triangular symbols. Symbol sizes reflect the relative visibilities of the different modes, with a suitable correction included to reflect the impact of mixing on the mode inertia. All model frequencies are plotted, irrespective of whether we were able to report a reliable observed frequency for them.


Extended Data Fig. 2 Inference on the epoch of the Gaia–Enceladus merger.
 The dashed black line shows the measured cumulative posterior on \(\nu\) Indi. The dot-dashed black line is the estimated cumulative prior probability for the merger assuming a virial mass of the Gaia–Enceladus dark-matter halo of \({M}_{{\rm{Enc}}}=1\times 1{0}^{10}\ {{\rm{M}}}_{\odot }\). The solid black line shows the cumulative probability for the merger, dependent on the estimated age of \(\nu\) Indi and the assumed 2-Gyr-wide merger duration; while the solid red line shows the cumulative probability for the merger also taking into account the merger prior (different in each panel, since this depends on \({M}_{{\rm{Enc}}}\)).


Extended Data Fig. 3 As for Extended Data Fig. 2, but now assuming a virial mass of the Gaia–Enceladus dark-matter halo of 1 × 1011 M⊙.
We note the measured cumulative posterior on \(\nu\) Indi (dashed black line) and the cumulative probability for the merger (dependent on the estimated age of \(\nu\) Indi and the assumed 2-Gyr-wide merger duration; black line) are the same as in Extended Data Fig. 2.
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