







    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

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                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: 16 March 2017



                    Strongly baryon-dominated disk galaxies at the peak of galaxy formation ten billion years ago

                    	R. Genzel1,2, 
	N. M. Förster Schreiber1, 
	H. Übler1, 
	P. Lang1, 
	T. Naab3, 
	R. Bender1,4, 
	L. J. Tacconi1, 
	E. Wisnioski1, 
	S. Wuyts1,5, 
	T. Alexander6, 
	A. Beifiori1,4, 
	S. Belli1, 
	G. Brammer7, 
	A. Burkert1,3, 
	C. M. Carollo8, 
	J. Chan1, 
	R. Davies1, 
	M. Fossati1,4, 
	A. Galametz1,4, 
	S. Genel9, 
	O. Gerhard1, 
	D. Lutz1, 
	J. T. Mendel1,4, 
	I. Momcheva10, 
	E. J. Nelson1,10, 
	A. Renzini11, 
	R. Saglia1,4, 
	A. Sternberg12, 
	S. Tacchella8, 
	K. Tadaki1 & 
	…
	D. Wilman1,4 

Show authors

                    

                    
                        
    Nature

                        volume 543, pages 397–401 (2017)Cite this article
                    

                    
        
            	
                        9090 Accesses

                    
	
                        163 Citations

                    
	
                            515 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Astronomy and planetary science
	Cosmology


    


                
    
    

    
    

                
            


        
            Abstract
In the cold dark matter cosmology, the baryonic components of galaxies—stars and gas—are thought to be mixed with and embedded in non-baryonic and non-relativistic dark matter, which dominates the total mass of the galaxy and its dark-matter halo1. In the local (low-redshift) Universe, the mass of dark matter within a galactic disk increases with disk radius, becoming appreciable and then dominant in the outer, baryonic regions of the disks of star-forming galaxies. This results in rotation velocities of the visible matter within the disk that are constant or increasing with disk radius—a hallmark of the dark-matter model2. Comparisons between the dynamical mass, inferred from these velocities in rotational equilibrium, and the sum of the stellar and cold-gas mass at the peak epoch of galaxy formation ten billion years ago, inferred from ancillary data, suggest high baryon fractions in the inner, star-forming regions of the disks3,4,5,6. Although this implied baryon fraction may be larger than in the local Universe, the systematic uncertainties (owing to the chosen stellar initial-mass function and the calibration of gas masses) render such comparisons inconclusive in terms of the mass of dark matter7. Here we report rotation curves (showing rotation velocity as a function of disk radius) for the outer disks of six massive star-forming galaxies, and find that the rotation velocities are not constant, but decrease with radius. We propose that this trend arises because of a combination of two main factors: first, a large fraction of the massive high-redshift galaxy population was strongly baryon-dominated, with dark matter playing a smaller part than in the local Universe; and second, the large velocity dispersion in high-redshift disks introduces a substantial pressure term that leads to a decrease in rotation velocity with increasing radius. The effect of both factors appears to increase with redshift. Qualitatively, the observations suggest that baryons in the early (high-redshift) Universe efficiently condensed at the centres of dark-matter haloes when gas fractions were high and dark matter was less concentrated.
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                    Figure 1: Hα gas dynamics from KMOS and SINFONI in six massive star-forming galaxies.


Figure 2: Normalized rotation curves.


Figure 3: Dark-matter fractions.
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Extended data figures and tables

Extended Data Figure 1 Location of the galaxies included in our analysis.
a, Location in stellar-mass–star-formation-rate space. The star-formation rate (SFR) is normalized to that of the ‘main sequence’37 at the redshift and stellar mass of each galaxy . b, Location in stellar-mass–size space. The size is the half-light radius measured in the observed H-band corrected to the rest-frame 5,000 Å  and normalized to that of the mass–size relation for star-forming galaxies26 at the redshift and stellar mass of each source . In a and b, the greyscale image shows the distribution of the underlying galaxy population at 0.7 < z < 2.7 taken from the 3D-HST source catalogue at log(M* /M⊙) > 9.0 and KAB < 23 mag (the magnitude cut applied when selecting KMOS3D targets and corresponding roughly to the completeness limits of the parent samples for SINS/zC-SINF targets). The current 2.5-year KMOS3D sample is shown with blue circles, and the SINS/zC-SINF sample with green diamonds. The two KMOS3D and four SINS/zC-SINF galaxies with individual outer rotation curves (RCs) are plotted as yellow circles and diamonds, respectively. Similarly, the KMOS3D and SINS/zC-SINF galaxies included in the stacked rotation curve are plotted as red circles and diamonds. All 3D-HST and KMOS3D galaxies are included in a, whereas only star-forming galaxies (SFGs) are shown in b, defined as having a specific star-formation rate higher than the inverse of the Hubble time at their redshift. The galaxies with individual outer rotation curves lie on and up to a factor of four times the main-sequence (MS) in star-formation rate (with mean and median log(SFR/SFRMS) = 0.24), and have sizes 1.2–2 times the  relation (‘M–R SFGs’; mean and median offset in ). In star-formation rate and , the distribution of the stacked rotation-curve sample is essentially the same as the reference 3D-HST population in mean/median offsets (approximately 0.06 dex above the main-sequence and 0.07 dex above the mass–size relation) and in their scatter about the relationships (approximately 0.3 dex in log(SFR) and 0.17 dex in ); see refs 26, 37.


Extended Data Figure 2 Quality of fit and error of parameter determinations.
The reduced chi-squared  as a function of the dark-matter fraction fDM at R1/2 for the six galaxies in our sample, once the other parameters (x0, y0, the position angle of the kinematic major axis PAmaj, i, σ0, R1/2 and B/T) are fixed at their best-fit values. Global minima are marked by circles; error bars give Δχ2 = ±4 ranges, corresponding to confidence levels of 95% (2 r.m.s.) under the assumption of single-parameter Gaussian distributions. This is the most important parameter dependence for our dataset.


Extended Data Figure 3 Mean changes in fDM and  for changes in the secondary parameters B/T and R1/2, for COS 01351, D3a 6397, GS4 43501 and D3a 15504.
 Changes in B/T and R1/2 are labelled ‘B/T ± 0.1’ and ‘Re ± 1σ’, respectively, where 1σ is the uncertainty on R1/2 given in Table 1;  is the reduced chi-squared.


Extended Data Figure 4 Cumulative mass as a function of radius for one of our studied galaxies (GS4 43501).
Solid lines show the best fit; error bars show the variations in total (black, grey), baryonic (green) and dark-matter (DM; purple) mass at the outermost projected radius constrained by our data, if deviations from B/T and R1/2 within the uncertainties are considered (only cases with  are considered). Dashed lines show the best fit for a model with lower concentration parameter (c = 2 instead of c = 5); dashed-dotted lines show the best fit for a model with adiabatic contraction (AC)97. Both modifications of the dark-matter profile lead to changes in the cumulative mass that are smaller than those obtained by varying B/T and R1/2 within the above uncertainties. The grey lines encompass variations in the dark-matter fraction of fDM(R1/2) = [0.14, 0.27] (best-fit fDM(R1/2) = 0.19).


Extended Data Figure 5 Minor axis cut at Rmajor = 0.71″ of D3a 15504.
Shown are the velocities (data points, with 1 r.m.s. error bars) and disk models for different inclinations (lines): 25° (red), 30° (blue), 40° (magenta) and 50° (green). The minor-axis cut favours a low inclination. In combination with the morphology of the stellar surface density distribution (Fig. 1) and the constraint on the baryonic mass of the disk, this yields an overall inclination of 34° ± 5° (Table 1). Rmajor is the radial distance from the centre of the galaxy along the kinematic major axis.


Extended Data Figure 6 Residual maps.
a, b, Residual maps (data minus model) for velocity (a; vdata − vmodel) and velocity dispersion (b; σdata − σmodel), for the six galaxies studied here. The colour scale is the same in all maps (from −200 km s−1 (purple) to +200 km s−1 (white)). Minimum and maximum values are noted in each map, as are the median and median dispersion (‘disp’) values.





Supplementary information
Supplementary Discussion
This file contains a comparison of the results to state-of-the-art cosmological simulations of galaxy formation, and a brief comment on the connection to the ‘thick disk’-phenomenon in local spiral galaxies. (PDF 145 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Genzel, R., Schreiber, N., Übler, H. et al. Strongly baryon-dominated disk galaxies at the peak of galaxy formation ten billion years ago.
                    Nature 543, 397–401 (2017). https://doi.org/10.1038/nature21685
Download citation
	Received: 13 November 2016

	Accepted: 31 January 2017

	Published: 16 March 2017

	Issue Date: 16 March 2017

	DOI: https://doi.org/10.1038/nature21685


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

                
                    	
                            
                                
                                    
                                        A titanic interstellar medium ejection from a massive starburst galaxy at redshift 1.4
                                    
                                

                            
                                
                                    	Annagrazia Puglisi
	Emanuele Daddi
	Giulia Rodighiero


                                
                                Nature Astronomy (2021)

                            
	
                            
                                
                                    
                                        Observational Signatures of Dark Matter
                                    
                                

                            
                                
                                    	O. K. Sil’chenko


                                
                                Radiophysics and Quantum Electronics (2021)

                            
	
                            
                                
                                    
                                        A cold, massive, rotating disk galaxy 1.5 billion years after the Big Bang
                                    
                                

                            
                                
                                    	Marcel Neeleman
	J. Xavier Prochaska
	Marc Rafelski


                                
                                Nature (2020)

                            
	
                            
                                
                                    
                                        Dark matter density distributions and dark energy constraints on structure formation including MOND
                                    
                                

                            
                                
                                    	Louise Rebecca
	Kenath Arun
	C. Sivaram


                                
                                Indian Journal of Physics (2020)

                            
	
                            
                                
                                    
                                        The distribution of dark matter in galaxies
                                    
                                

                            
                                
                                    	Paolo Salucci


                                
                                The Astronomy and Astrophysics Review (2019)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
Early galaxies not so dark
In the cold dark matter cosmology, the baryonic components of galaxies (stars and gas) are thought to be mixed with non-baryonic and non-relativistic dark matter, which dominates the total mass. In the local Universe, dark matter dominates the outer, baryonic regions of the disks of star-forming galaxies, leading to rotation velocities of the visible matter within the disk that are constant or increase with disk radius—an essential feature of the dark-matter model. Reinhard Genzel et al. now report rotation curves for the outer disks of six massive, high-redshift star-forming galaxies and find that the rotation velocities decrease as radius increases. They propose a combination of two causes. First, these high-redshift galaxies were strongly baryon dominated, with dark matter playing a smaller part than in the local Universe and, second, the radial pressure gradient observed in the disks slows the rotation velocity as radius increases. The effect of both factors appears to increase with redshift.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Distant galaxies lack dark matter
                

                
	Mark Swinbank



                
    
        
            Nature
        
        News & Views
        
        
            16 Mar 2017
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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
            
        


    









    








