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            Abstract
Measurements of the atmospheric carbon (C) and oxygen (O) relative to hydrogen (H) in hot Jupiters (relative to their host stars) provide insight into their formation location and subsequent orbital migration1,2. Hot Jupiters that form beyond the major volatile (H2O/CO/CO2) ice lines and subsequently migrate post disk-dissipation are predicted have atmospheric carbon-to-oxygen ratios (C/O) near 1 and subsolar metallicities2, whereas planets that migrate through the disk before dissipation are predicted to be heavily polluted by infalling O-rich icy planetesimals, resulting in C/O < 0.5 and super-solar metallicities1,2. Previous observations of hot Jupiters have been able to provide bounded constraints on either H2O (refs. 3,4,5) or CO (refs. 6,7), but not both for the same planet, leaving uncertain4 the true elemental C and O inventory and subsequent C/O and metallicity determinations. Here we report spectroscopic observations of a typical transiting hot Jupiter, WASP-77Ab. From these, we determine the atmospheric gas volume mixing ratio constraints on both H2O and CO (9.5 × 10−5–1.5 × 10−4 and 1.2 × 10−4–2.6 × 10−4, respectively). From these bounded constraints, we are able to derive the atmospheric C/H (\({0.35}_{-0.10}^{+0.17}\) × solar) and O/H (\({0.32}_{-0.08}^{+0.12}\) × solar) abundances and the corresponding atmospheric carbon-to-oxygen ratio (C/O = 0.59 ± 0.08; the solar value is 0.55). The sub-solar (C+O)/H (\({0.33}_{-0.09}^{+0.13}\) × solar) is suggestive of a metal-depleted atmosphere relative to what is expected for Jovian-like planets1 while the near solar value of C/O rules out the disk-free migration/C-rich2 atmosphere scenario.
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                    Fig. 1: Summary of the planetary atmosphere signal detection.[image: ]


Fig. 2: Summary of the composition and vertical thermal structure constraints, compared to predictions.[image: ]


Fig. 3: Comparison of the IGRINS WASP-77Ab abundance constraints with the Solar System planets, exoplanets, and several predictions.[image: ]
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                Data availability

              
              The raw PLP extracted IGRINS data files and subsequent data products are available here: https://www.dropbox.com/sh/0cxfolfmrs8ip37/AABZYoHr8nuRlHJG84dArX4ea?dl=0.

            

Code availability

              
              The IGRINS PLP used to perform the initial reduction and extraction by the instrument team is available at https://github.com/igrins/plp. The barycenter correction and planetary phase calculations were made using the python astropy library found here https://www.astropy.org/. Python numpy specific tools are noted in the text (for example, the SVD for the PCA). The chemical abundance analysis/physical plausibility assessment made use of the VULCAN chemical kinetics tool. (https://github.com/exoclime/VULCAN). Absorption cross-sections were generated using the HELIOS-K tool (https://helios-k.readthedocs.io/en/latest/). Finally, we make available a an end-to-end python2/GPU HRCCS retrieval code example available here https://www.dropbox.com/sh/0cxfolfmrs8ip37/AABZYoHr8nuRlHJG84dArX4ea?dl=0, which makes use of the pymultinest nested-sampling package (https://johannesbuchner.github.io/PyMultiNest/), joblib loop parallelization package (https://joblib.readthedocs.io/en/latest/), and corner.py (https://corner.readthedocs.io/en/latest/).
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Extended data figures and tables

Extended Data Fig. 1 Summary of the data and PCA procedure.
a, The median per-resolution element signal-to-noise for each order for the night (in red). The blue curve is the median SNR in both time and over an individual order. b, Example raw data cubes (top row)—spectra versus time/frame for representative two orders (25, 5). Stationary tellurics show up as vertical dark streaks. Wavelength dependent gradient is due to the echelle blaze throughput. The PCA/SVD method can remove these stationary features, leaving behind the planetary signal buried in the noise (bottom row). We use these ‘post-PCA’ frames for the subsequent cross-correlation/retrieval analysis (repeated for all 43 use orders).


Extended Data Fig. 2 Summary of the key opacity sources used in the retrieval analysis.
Absorption cross-sections for the molecules considered in the retrieval analysis (for 0.01 bar, 1,600 K).


Extended Data Fig. 3 Corner plot summary of the posterior probability distribution from the main-text retrieval analysis.
Note the bounded constraints on water, CO and the isotopic ratio, but upper limits only on the other species. Note, we retrieve [13C16O/12C16O] but plot the inverse, [12C16O/13C16O] to facilitate comparisons to literature reported values (in Extended Data Fig. 6) The inset shows the molecular components of the maximum likelihood model spectrum. Figure generated with corner.py.


Extended Data Fig. 4 Classic cross-correlation analysis data products.
The model template used to in this cross-correlation analysis is the spectrum resulting from the maximum likelihood solution found by the retrieval analysis. The left column illustrates the gas detections (all gases, H2O, CO and other—NH3+H2S+HCN+CH4) in the standard Kp–ΔVsys plane, with a slice in Vsys along the literature reported Kp at the bottom. The detection maps are constructed by subtracting the mean total CC, then dividing by an ‘off peak’ (a boxed region in the lower left corner of each panel) CC standard deviation. Using this method, only H2O is strongly detected, with a hint of CO present at the expected velocities. The right column reproduces analogous products using the log-likelihood formalism7 (∆logL relative to the minimum), resulting in a stronger presence of CO. We emphasize that while such maps may be instructive for ‘detecting’ species or ‘atmosphere’, they do not marginalize over all of the degeneracy, nor do they maximize the information content in the data. This is why in our analysis we focus on the results arising from the more comprehensive log-likelihood/retrieval formalism.


Extended Data Fig. 5 Robustness test analyses summary using the H2O, CO and temperature profile constraints as the metrics for assumption impact.
The top row of histograms and first TP profile histogram demonstrate the lack of impact of temperature profile parameterization. The middle panel of histograms and middle temperature profile panel show that there is little impact due to any presence of temperature heterogeneities on the hemisphere(s) observed during the sequence. Finally, the bottom panel of histograms and last temperature profile panel illustrate the lack of impact of various data analysis and other minor modelling assumptions. In short, the retrieved abundances and temperature profile constraints are largely resilient against most common assumptions.


Extended Data Fig. 6 Bayesian inference/retrieval tool comparison on the IGRINS data.
The temperature profiles are compared in the left most panel and a subset of the abundances in the corner plot on the right. Each model uses slightly different atmospheric parameterization assumptions with the core radiative transfer aspects (solver, opacities) independently developed.


Extended Data Fig. 7 Carbon isotopic abundance analysis.
The top row of histograms compares the constraints from a nominal simplified retrieval model applied to the true data (red) and the reverse-injected data reinjected with 13C isotope removed model (black). The upper limit on the simulated data and bounded constraint arising from the true dataset suggests that there is indeed isotopic information in these IGRINS data. The bottom panel compares the retrieved 12C to 13C ratio (red) to common Solar System bodies (blue, after ref. 67) and various reference values (galactic interstellar medium (ISM) components, and Earth (terrestrial), black dashed lines). WASP-77Ab sits anomalously low (enhanced 13C) compared to most Solar System objects.


Extended Data Table 1 Description of the retrieved parameters and uniform prior rangesFull size table





Supplementary information
Peer Review File




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Line, M.R., Brogi, M., Bean, J.L. et al. A solar C/O and sub-solar metallicity in a hot Jupiter atmosphere.
                    Nature 598, 580–584 (2021). https://doi.org/10.1038/s41586-021-03912-6
Download citation
	Received: 04 June 2021

	Accepted: 13 August 2021

	Published: 27 October 2021

	Issue Date: 28 October 2021

	DOI: https://doi.org/10.1038/s41586-021-03912-6


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

                
                    	
                            
                                
                                    
                                        Atmospheric carbon depletion as a tracer of water oceans and biomass on temperate terrestrial exoplanets
                                    
                                

                            
                                
                                    	Amaury H. M. J. Triaud
	Julien de Wit
	Franck Selsis


                                
                                Nature Astronomy (2023)

                            
	
                            
                                
                                    
                                        Vanadium oxide and a sharp onset of cold-trapping on a giant exoplanet
                                    
                                

                            
                                
                                    	Stefan Pelletier
	Björn Benneke
	Julian Stürmer


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        High atmospheric metal enrichment for a Saturn-mass planet
                                    
                                

                            
                                
                                    	Jacob L. Bean
	Qiao Xue
	Megan Mansfield


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        15NH3 in the atmosphere of a cool brown dwarf
                                    
                                

                            
                                
                                    	David Barrado
	Paul Mollière
	Gillian Wright


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        Early Release Science of the exoplanet WASP-39b with JWST NIRCam
                                    
                                

                            
                                
                                    	Eva-Maria Ahrer
	Kevin B. Stevenson
	Xi Zhang


                                
                                Nature (2023)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: 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


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    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
            
        


    









    [image: ]







[image: ]
