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            Abstract
Photoelectric heatingâ€”heating of dust grains by far-ultraviolet photonsâ€”has long been recognized as the primary source of heating for the neutral interstellar medium1. Simulations of spiral galaxies2 have shown some indication that photoelectric heating could suppress star formation; however, simulations that include photoelectric heating have typically shown that it has little effect on the rate of star formation in either spiral galaxies3,4 or dwarf galaxies5, which suggests that supernovae are responsible for setting the gas depletion time in galaxies6,7,8. This result is in contrast with recent work9,10,11,12,13 indicating that a star formation law that depends on galaxy metallicityâ€”as is expected with photoelectric heating, but not with supernovaeâ€”reproduces the present-day galaxy population better than does a metallicity-independent one. Here we report a series of simulations of dwarf galaxies, the class of galaxy in which the effects of both photoelectric heating and supernovae are expected to be strongest. We simultaneously include space- and time-dependent photoelectric heating in our simulations, and we resolve the energy-conserving phase of every supernova blast wave, which allows us to directly measure the relative importance of feedback by supernovae and photoelectric heating in suppressing star formation. We find that supernovae are unable to account for the observed14 large gas depletion times in dwarf galaxies. Instead, photoelectric heating is the dominant means by which dwarf galaxies regulate their star formation rate at any given time, suppressing the rate by more than an order of magnitude relative to simulations with only supernovae.
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                    Figure 1: The morphology of the gas.


Figure 2: The star formation rates of the simulations.


Figure 3: The photoelectric heating rate.


Figure 4: The effect of photoelectric heating.
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Extended data figures and tables

Extended Data Figure 1 Supernovae are well-resolved.
The cumulative distribution of the density of cells in which supernovae explode is shown in red, and that in which stars form is shown in blue. The thin lines show these distributions in different 10-Myr intervals, while the thick lines show the cumulative density function over the entire simulation. The vertical dashed line indicates the density at which a supernova remnant would radiate all of its energy before it expanded to the size of a single cell (10 pc) in the simulation, assuming solar metallicity. Nearly every supernova in the simulation occurs to the left of this line, indicating that the simulation does not suffer from the overcooling problem.

                          Source data
                        


Extended Data Figure 2 Comparison to observations.
a, b, Star formation properties (a, depletion time; b, star formation rate (SFR)) for a heterogeneous set14,20,24 of galaxies are shown as a function of gas mass MHI. Upper and lower limits are indicated with arrows. Boxes representing the range of values covered by our simulations are over-plotted. The vertical range of the box is determined by the final snapshot for each simulation; the high (low) SFR extremum represents the 1-kpc (5-kpc) disk. No â€˜SN onlyâ€™ simulation was run for the 1-kpc case, so the blue box is not closed. Only simulations that include photoelectric heating agree with the depletion times observed for bulk of galaxies in the mass range we simulated. See Methods section â€˜Comparison to observationsâ€™ for more details.

                          Source data
                        


Extended Data Figure 3 A resolution study.
aâ€“d, The depletion time of all 12 simulations with 5-kpc gas scale-length is plotted over time. The four feedback models are shown (a, â€˜no feedbackâ€™, grey; b, â€˜PE onlyâ€™, red; c, â€˜SN onlyâ€™, blue; d, â€˜SNâ€‰+â€‰PEâ€™, black), with the line style indicating the result for different resolutions (see legend). The orange lines show the depletion time when the measurement is carried out in a cylinder with 1-kpc radius; the other lines use a 9-kpc radius. Regardless of the aperture, the simulations quickly converge; differences between simulations with factor-of-two differences in resolution are small compared to the differences resulting from changing the physics.


Extended Data Figure 4 Phase diagrams after 90 Myr of evolution.
Runs with different feedback models and 5-kpc gas scale-length are shown, all at 10-pc resolution. The light blue diagonal lines show the threshold for star formation, at which the gas becomes Jeans unstable on the highest refinement level. The black lines trace where the net cooling rate is zero, assuming different values for the volumetric heating rate, from 10âˆ’26 ergâ€‰sâˆ’1 (highest line) to 10âˆ’29 ergâ€‰sâˆ’1 (lowest line). Photoelectric heating raises the typical temperature of gas near the star formation threshold such that moderate star formation can stabilize nearby gas against collapse.
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Extended Data Table 1 Parameters for a fitFull size table
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        Editorial Summary
Limits on star formation in dwarf galaxies
Star formation occurs extremely slowly in dwarf galaxies. A favoured explanation for this phenomenon is that star-forming clouds are disrupted by supernova explosions. John Forbes et al. report a series of simulations of dwarf galaxy evolution that include photoelectric grain heating and supernovae and find that supernova explosions have virtually no effect on the rate of star formation. Rather, star formation slows when radiation from young stars heats interstellar gas and prevents it from collapsing.

show all

    

    
    

    
        
            
                
                    
                        
                            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 â€” 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
            
        


    









    








