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            Abstract
Globular clusters are some of the oldest bound stellar structures observed in the Universe1. They are ubiquitous in large galaxies and are believed to trace intense star-formation events and the hierarchical build-up of structure2,3. Observations of globular clusters in the Milky Way, and a wide variety of other galaxies, have found evidence for a â€˜metallicity floorâ€™, whereby no globular clusters are found with chemical (metal) abundances below approximately 0.3 to 0.4 per cent of that of the Sun4,5,6. The existence of this metallicity floor may reflect a minimum mass and a maximum redshift for surviving globular clusters to formâ€”both critical components for understanding the build-up of mass in the Universe7. Here we report measurements from the Southern Stellar Streams Spectroscopic Survey of the spatially thin, dynamically cold Phoenix stellar stream in the halo of the Milky Way. The properties of the Phoenix stream are consistent with it being the tidally disrupted remains of a globular cluster. However, its metal abundance ([Fe/H]Â =Â âˆ’2.7) is substantially below the empirical metallicity floor. The Phoenix stream thus represents the debris of the most metal-poor globular clusters discovered so far, and its progenitor is distinct from the present-day globular cluster population in the local Universe. Its existence implies that globular clusters below the metallicity floor have probably existed, but were destroyed during Galactic evolution.




            
                
                    

    
        
            
                
                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 /Â 30Â days
cancel any time

Learn more


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
        



    

                
                    Fig. 1: Metallicity versus spectroscopic signal-to-noise ratio for Phoenix stream members.[image: ]


Fig. 2: Comparison of the summed equivalent widths of the CaÂ ii triplet.[image: ]
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                Data availability


The data used in this paper is from the S5 internal data release version 1.5; see https://s5collab.github.io. The first public data release is scheduled for the end of 2020, which will contain the observations taken in 2018 and 2019. Data requests and enquiries about the S5 collaboration should be directed to T.S.L. (tingli@carnegiescience.edu). Source data are provided with this paper.



Code availability


The 2DFDR for the raw data reduction is available at https://www.aao.gov.au/science/software/2dfdr. The RVSPECFIT32 used for the determination of stellar parameters is available at https://github.com/segasai/rvspecfit. Documents for the publication of the mixture model and the dynamical model code are under preparation. Results from the mixture model are available on request.
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Extended data figures and tables

Extended Data Fig. 1 The observational properties of the Phoenix member stars.
a, The on-sky distribution of all stars observed in the 2dF fields targeting the Phoenix stream. The overall footprint is a series of circular 2dF pointings. R.A., right ascension; Dec., declination. b, Radial velocity in the Galactic standard of rest (RVGSR) versus stream longitude (Ï•1) for Phoenix stars selected on the basis of proper motion, photometry and the mixture model. On the basis of the approximately linear correlation between RVGSR and Ï•1, we select Phoenix stream members from the region between the dashed lines ((1.02Ï•1Â â€“Â 60.7)Â kmÂ sâˆ’1Â <Â RVGSRÂ <Â (1.02Ï•1Â â€“Â 42.7)Â kmÂ sâˆ’1), which effectively excludes non-members (shown as small pink circles). c, The colourâ€“magnitude diagram of stars selected as members of the Phoenix stream. Over-plotted are PADOVA isochrones41 with [Fe/H]Â =Â âˆ’2.9 to [Fe/H]Â =Â âˆ’2.0 (from blue to red), mÂ âˆ’Â MÂ =Â 16.4 (ref. 9, where mÂ âˆ’Â M is the distance modulus, m is the apparent magnitude and M is the absolute magnitude) and log10[ageÂ (Gyr)]Â =Â 10.05. In all panels, the stars we identify as members of the Phoenix stream are represented by larger circles; those with high signal-to-noise ratio are colour-coded by their metallicity, others are grey. The four orange squares indicate the BHB and RR Lyrae stars, metallicities of which cannot be measured using the method used here.
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Extended Data Fig. 2 The posterior sampling results of the metallicity distribution of the 11 Phoenix member stars with signal-to-noise ratios greater than 10.
The mean and dispersion of the metallicity are noted. The dispersion is consistent with being zero, with Ïƒ[Fe/H]Â <Â 0.2 being the 95% confidence interval. This figure is made using the corner package55.
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Extended Data Fig. 3 The posterior sampling results of the RVGSR distribution.
The parameters p0, p1 and p2 are the best-fitting polynomial parameters for RVGSR(Ï•1)Â =Â p0Â +Â p1Ï•1Â +Â p2Ï•12; Ïƒrv is the intrinsic dispersion. Here the best-fitting parameters are calculated with Ï•1 in radians. This figure is made using the corner package55.
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Extended Data Fig. 4 Best-fit model to the Phoenix stream.
aâ€“e, The stream on the sky (a), the proper motions in right ascension (Î¼Î±*; b) and declination (Î¼Î´; c), the residuals of the radial velocity (Î”vr; d) and the distance to the stream (r; e). The blue points show the best-fit model and the red points (a) or error bars (bâ€“d; 1Ïƒ uncertainty) show the observed values.
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Extended Data Fig. 5 Comparison of energy E and actions JÏ•,R,z for the Phoenix stream and all Milky Way globular clusters.
aâ€“c, The actions are computed with AGAMA52 in the best-fit Milky Way potential44. Pal 5 (red circles) is the closest in energy and actions to the Phoenix stream (green star), suggesting a possible association. There is also a potential relation in this space to NGCÂ 5053 (blue circles), another globular cluster. All other global clusters are shown in black.
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