







    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

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 28 July 2021



                    Light bending and X-ray echoes from behind a supermassive black hole

                    	D. R. WilkinsÂ 
            ORCID: orcid.org/0000-0002-4794-59981, 
	L. C. Gallo2, 
	E. Costantini3,4, 
	W. N. Brandt5,6,7 & 
	â€¦
	R. D. Blandford1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 595,Â pages 657â€“660 (2021)Cite this article
                    

                    
        
            	
                        10k Accesses

                    
	
                        25 Citations

                    
	
                            1851 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Compact astrophysical objects
	General relativity and gravity
	High-energy astrophysics


    


                
    
    

    
    

                
            


        
            Abstract
The innermost regions of accretion disks around black holes are strongly irradiated by X-rays that are emitted from a highly variable, compact corona, in the immediate vicinity of the black hole1,2,3. The X-rays that are seen reflected from the disk4, and the time delays, as variations in the X-ray emission echo or â€˜reverberateâ€™ off the disk5,6, provide a view of the environment just outside the event horizon. IÂ ZwickyÂ 1 (IÂ ZwÂ 1) is a nearby narrow-line Seyfert 1 galaxy7,8. Previous studies of the reverberation of X-rays from its accretion disk revealed that the corona is composed of two components: an extended, slowly varying component extendingÂ over the surface of the inner accretion disk, and a collimated core, with luminosity fluctuations propagating upwards from its base, which dominates the more rapid variability9,10. Here we report observations of X-ray flares emitted from around the supermassive black hole in IÂ ZwÂ 1. X-ray reflection from the accretion disk is detected through a relativistically broadened iron K line and Compton hump in the X-ray emission spectrum. Analysis of the X-ray flares reveals short flashes of photons consistent with the re-emergence of emission from behind the black hole. The energy shifts of these photons identify their origins from different parts of the disk11,12. These are photons that reverberate off the far side of the disk, and are bent around the black hole and magnified by the strong gravitational field. Observing photons bent around the black hole confirms a key prediction of general relativity.
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                    Fig. 1: X-ray light curves of the AGN IÂ ZwÂ 1.[image: ]


Fig. 2: Schematic of the X-ray reverberation model.[image: ]


Fig. 3: Modelled response of the reverberating iron K fluorescence line to a flare of continuum emission.[image: ]


Fig. 4: Features of the reverberation response function detected during the X-ray flares.[image: ]
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                Data availability

              
              The data used in this study from NuSTAR and XMM-Newton are publicly available. NuSTAR observations can be accessed via the NASA High Energy Astrophysics Science Archive Research Center (https://heasarc.gsfc.nasa.gov). This work includes data obtained during NuSTAR observation ID 60501030002. XMM-Newton observations can be accessed via the XMM-Newton Science Archive (http://nxsa.esac.esa.int/nxsa-web). The primary analysis was conducted on observation IDs 0851990101 and 0851990201. Observation IDs 0110890301, 0300470101, 0743050301 and 0743050801 were included in the measurement of the average reverberation timescale.

            

Code availability

              
              X-ray spectroscopic analysis was conducted using xspec, which is freely available as part of the Heasoft package (https://heasarc.gsfc.nasa.gov/docs/software/heasoft). The emcee MCMC sampling code is available is available at http://emcee.readthedocs.io, and the X-spec implementation by J. Sanders is available at https://github.com/jeremysanders/xspec_emcee. The relxill X-ray reflection model is available at http://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/. Analysis of light curves and X-ray reverberation was conducted using pyLag, publicly available at https://github.com/wilkinsdr/pyLag. The CUDAKerr code used for reverberation modelling is available on request from the corresponding author.
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Extended data figures and tables

Extended Data Fig. 1 The X-ray spectrum of IÂ ZwÂ 1.
a, The soft and hard X-ray spectra of IÂ ZwÂ 1 obtained by XMM-Newton and NuSTAR during the 2020 observations, fitted with a model describing the emission in the 3â€“50-keV band as the combination of directly observed continuum emission and its reflection from the disk, described by relxill. b, Ratio of the X-ray spectrum in the 3â€“78-keV energy range measured with NuSTAR to the best-fitting power-law continuum model, showing the residual features that arise because of the X-rays reflected from the inner accretion disk: the broad iron K line (around 6.4Â keV) with redshifted wing, and the Compton hump centred at 25Â keV. Error bars represent 1Ïƒ uncertainties due to Poisson noise.


Extended Data Fig. 2 The relative response times of the X-ray emission at different energies to variations in luminosity.
The time lag is computed from the cross-spectrum, averaged over Fourier frequency components from 5Ã—Â 10âˆ’4Â to 7Â Ã—Â 10âˆ’4Â Hz from all XMM-Newton observations of IÂ ZwÂ 1 between 2002 and 2020. The lag versus energy spectrum shows the delay of the response of the iron K line and soft X-ray excess, which reverberate from the accretion disk, with respect to the continuum, which is most dominant in the 1â€“2-keV energy band. Error bars show the 1Ïƒ confidence interval.


Extended Data Fig. 3 Detection of short peaks in the X-ray light curves.
a, The raw light curves obtained from the XMM-Newton EPIC pn camera in the 3â€“5-keV, 5â€“7-keV and 6â€“8-keV energy bands, in 100-s time bins. The blue line shows the smoothed light-curve model with respect to which the significance of short peaks is assessed. The panel beneath each light curve shows the reduction in the Ï‡2 statistic over this model, when a short Gaussian peak is added in different time bins with different normalization. Shaded regions correspond to 1Ïƒ (blue), 2Ïƒ (yellow) and 3Ïƒ (red) detections. The bottom panel shows the maximum reduction in Ï‡2 when a flare is added in each time bin. The peaks of interest that are offset between the bands appear at 6.8Â ks and 18.8Â ks. b, The same, with light curves in each energy band summed between the first and second flare, aligning the 3â€“5-keV peaks at 6.8Â ks and 18.8Â ks.


Extended Data Fig. 4 The coherence between the 3â€“5-keV and 1â€“3-keV light curves.
The coherence describes the fraction of the variability in each light curve, at different Fourier frequencies, that can be predicted based on a linear transformation (for example the reverberation response) of the variability in the other light curve. The observed coherence is compared with predictions of pairs of random, red noise light curves between which a fraction u of variability is uncorrelated. Much of the drop in coherence at high frequencies is due to Poisson noise, and the high values of the coherence measured at low frequencies set tight constraints on the level of uncorrelated variability that can exist between the light curves that is not due to Poisson noise.


Extended Data Table 1 Parameters of the X-ray continuum and reflection from the accretion diskFull size table
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