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            Abstract
Galaxy mergers occur frequently in the early Universe1 and bring multiple supermassive black holes (SMBHs) into the nucleus, where they may eventually coalesce. Identifying post-merger-scale (that is, less than around a few kpc) dual SMBHs is a critical pathway to understanding their dynamical evolution and successive mergers2. Whereas serendipitous discovery of ~kpc-scale dual SMBHs at zâ€‰<â€‰1 is possible3, such systems are elusive at zâ€‰>â€‰2 but critical in constraining the progenitors of SMBH mergers. The redshift zâ€‰â‰ˆâ€‰2 also marks the epoch of peak activity of luminous quasars4, and therefore the probing of this spatial regime at high redshift is of particular importance in understanding the evolution of quasars. However, given stringent resolution requirements, there is currently no confirmed <10â€‰kpc physical SMBH pair at zâ€‰>â€‰2 (refs. 5,6,7,8). Here, we report two sub-arcsec double quasars at zâ€‰>â€‰2 that were discovered from a targeted search with a novel astrometric technique, demonstrating a high success rate (â‰³50%) in this systematic approach. These high-redshift double quasars could be the long-sought kpc-scale dual SMBHs, or sub-arcsec gravitationally lensed quasar images. One of these double quasars (at zâ€‰=â€‰2.95) was spatially resolved with optical spectroscopy, and slightly favours the scenario of a physical quasar pair with a projected separation of 3.5â€‰kpc (0.46â€³). Follow-up observations of double quasars discovered by this targeted approach will be able to provide observational constraints on kpc-scale dual SMBHs at zâ€‰>â€‰2.
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                    Fig. 1: HST two-band composite images of two double quasars.[image: ]


Fig. 2: Spatially resolved optical spectroscopy of J0841.[image: ]


Fig. 3: Lensing probability.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A close quasar pair in a diskâ€“disk galaxy merger at z = 2.17
                                        
                                    

                                    
                                        Article
                                        
                                         05 April 2023
                                    

                                

                                Yu-Ching Chen, Xin Liu, â€¦ Nadia Zakamska

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Unveiling the population of dual and lensed active galactic nuclei at sub-arcsec separations
                                        
                                    

                                    
                                        Article
                                        
                                         25 August 2022
                                    

                                

                                F. Mannucci, E. Pancino, â€¦ S. Yeh

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Detection of stellar light from quasar host galaxies at redshifts above 6
                                        
                                    

                                    
                                        Article
                                        
                                         28 June 2023
                                    

                                

                                Xuheng Ding, Masafusa Onoue, â€¦ Jinyi Yang

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The SDSS spectrum for J0841 is publicly available at https://www.sdss.org/. The HST data are publicly available via the Mikulski Archive for Space Telescopes (MAST) at https://archive.stsci.edu with program no. HST-GO-15900. The raw data for the Gemini spectrum are publicly available at https://archive.gemini.edu/ with program ID GN-2020A-DD-106, and the reduced spectrum is provided in the data for Fig. 2. The catalogue data for parent SDSS quasars are available in refs. 15,16, and the astrometric data are publicly available from Gaia DR2 at https://gea.esac.esa.int/archive/. Additional data (preliminary VLBA images) that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request. Source data are provided with this paper.

            

Code availability

              
              The GALFIT code used to decompose the HST images is publicly available at https://users.obs.carnegiescience.edu/peng/work/galfit/galfit.html.
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Extended data

Extended Data Fig. 1 Gaia selection of candidate double quasars.
The black dots are the parent zâ€‰>â€‰2 SDSS quasars with single Gaia matches. The red and cyan circles are our final sample of 15 targets (there are two objects in cyan circles that overlap with each other), and the crosses are excluded objects based on apparent spectral features that indicate a star-quasar superposition (see details of target selection in Methods). Measurement uncertainties are negligible. Most of the objects at Gâ€‰>â€‰19.1 with high astrometric excess noise are excluded from our extended target selection (only the cyan circles are selected). The four targets that have been followed up by HST are indicated by filled circles, and the remaining targets are indicated by open circles.


Extended Data Fig. 2 HST 2-band composite images of the remaining two targets.
The different colors in the two cores in J0905 suggest it is a quasar-star superposition, and J1326 is not resolved at the HST resolution of ~0.1â€³.


Extended Data Fig. 3 SDSS spectra for three targets observed by HST.
The flux densities of J0905 and J1326 have been scaled for the clarity of the figure.


Extended Data Fig. 4 Preliminary analysis of VLBA imaging for J0749.
Panel a shows the optical HST image and panels b, c show the VLBA detection of both optical cores in Ku-band (15 GHz) with few-milliarcsec (mas) resolution, indicating both cores are quasars. There are also morphological differences in the radio images of the two cores. The VLBA beam is shown in the bottom left corner with the green ellipse.


Extended Data Fig. 5 HST image decomposition.
For each of the four systems shown in panels a-d, we show the original, model and residual (modelâ€‰âˆ’â€‰original) images, where the models are constructed with GALFIT. The reduced Ï‡2 values are provided in the lower right corner of each row.


Extended Data Fig. 6 2D spatial profile of J0841 in slit spectroscopy.
Panel a: the two-dimensional spectrum around the CIV line, where two sources separated by \(\sim 0\mathop{.}\limits^{^{\prime\prime} }46\) (~5.8â€‰pixels) are visible. Panel b: spatial profile of the wavelength-collapsed spectrum, which we used to measure the separation between the two sources in the slit spectrum. The points are the pixel data plotted with 1Ïƒ standard deviation error bars (the errors are very small), and the red line is a double-Gaussian model.


Extended Data Fig. 7 Spectral comparison of the two cores in J0841.
The red and cyan lines are for the northwestern (NW) core and the southeastern (SE) core, respectively. The circled-cross symbol denotes the telluric absorption region masked out in the spectra. There are notable differences in the strengths of the broad emission lines after the flux of the SE core is scaled to roughly match the continuum flux of the NW core. There are also slight differences in the continuum shape and strengths in certain intervening absorption lines.
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Supplementary discussion and Table 1.





Source data
Source Data Fig. 2
The GMOS spectra data for the two cores in J0841. The SDSS spectrum (black line) is publicly available from the SDSS website.


Source Data Fig. 3
The ascii data for the plotted lines and points in this figure.
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