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            Abstract
In the past two decades, high-amplitude electromagnetic outbursts have been detected from dormant galaxies and often attributed to the tidal disruption of a star by the central black hole1,2. X-ray emission from the Seyfert 2 galaxy GSN 069 (2MASX J01190869-3411305) at a redshift of z = 0.018 was first detected in July 2010 and implies an X-ray brightening by a factor of more than 240 over ROSAT observations performed 16 years earlier3,4. The emission has smoothly decayed over time since 2010, possibly indicating a long-lived tidal disruption event5. The X-ray spectrum is ultra-soft and can be described by accretion disk emission with luminosity proportional to the fourth power of the disk temperature during long-term evolution. Here we report observations of quasi-periodic X-ray eruptions from the nucleus of GSN 069 over the course of 54 days, from December 2018 onwards. During these eruptions, the X-ray count rate increases by up to two orders of magnitude with an event duration of just over an hour and a recurrence time of about nine hours. These eruptions are associated with fast spectral transitions between a cold and a warm phase in the accretion flow around a low-mass black hole (of approximately 4 × 105 solar masses) with peak X-ray luminosity of about 5 × 1042 erg per second. The warm phase has kT (where T is the temperature and k is the Boltzmann constant) of about 120 electronvolts, reminiscent of the typical soft-X-ray excess, an almost universal thermal-like feature in the X-ray spectra of luminous active nuclei6,7,8. If the observed properties are not unique to GSN 069, and assuming standard scaling of timescales with black hole mass and accretion properties, typical active galactic nuclei with higher-mass black holes can be expected to exhibit high-amplitude optical to X-ray variability on timescales as short as months or years9.
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                    Fig. 1: X-ray QPEs in XMM-Newton and Chandra light curves from December 2018 onwards.


Fig. 2: The QPE energy dependence from the longest XMM4 observation.


Fig. 3: Phase-resolved X-ray spectra from the XMM4 observation.



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Most of the photons that reionized the Universe came from dwarf galaxies
                                        
                                    

                                    
                                        Article
                                        
                                         28 February 2024
                                    

                                

                                Hakim Atek, Ivo Labbé, … Katherine E. Whitaker

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Physical properties of asteroid Dimorphos as derived from the DART impact
                                        
                                    

                                    
                                        Article
                                         Open access
                                         26 February 2024
                                    

                                

                                S. D. Raducan, M. Jutzi, … B. H. May

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        The accretion of a solar mass per day by a 17-billion solar mass black hole
                                        
                                    

                                    
                                        Article
                                        
                                         19 February 2024
                                    

                                

                                Christian Wolf, Samuel Lai, … Rachel L. Webster

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data and code availability

              
              Most data used in this work are public and available from the corresponding data archives. Some remaining proprietary data will be available immediately after the initial proprietary period expires. Data may be available from the corresponding author on reasonable request. All figures were made in Veusz, a Python-based scientific plotting package developed by J. Sanders and freely available at https://veusz.github.io.

            

References
	Komossa, S. Tidal disruption of stars by supermassive black holes: status of observations. J. High Energy Astrophys. 7, 148–157 (2015).
Article 
    ADS 
    
                    Google Scholar 
                

	Auchettl, K., Guillochon, J. & Ramirez-Ruiz, E. New physical insights about tidal disruption events from a comprehensive observational inventory at X-ray wavelengths. Astrophys. J. 838, 149 (2017).
Article 
    ADS 
    
                    Google Scholar 
                

	Saxton, R. D., Read, A., Esquej, P., Miniutti, G. & Alvarez, E. Long-term AGN variability and the case of GSN 069. Proc. Sci. 126, https://pos.sissa.it/126/008/pdf (2011)

	Miniutti, G. et al. A high Eddington-ratio, true Seyfert 2 galaxy candidate: implications for broad-line region models. Mon. Not. R. Astron. Soc. 433, 1764–1777 (2013).
Article 
    ADS 
    
                    Google Scholar 
                

	Shu, X. W. et al. A long decay of X-ray flux and spectral evolution in the supersoft active galactic nucleus GSN 069. Astrophys. J. 857, L16 (2018).
Article 
    ADS 
    
                    Google Scholar 
                

	Czerny, B. et al. Universal spectral shape of high accretion rate AGN. Astron. Astrophys. 412, 317–329 (2003).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Gierlínski, M. & Done, C. Is the soft excess in active galactic nuclei real? Mon. Not. R. Astron. Soc. 349, L7–L11 (2004).
Article 
    ADS 
    
                    Google Scholar 
                

	Miniutti, G. et al. The XMM-Newton view of AGN with intermediate-mass black holes. Mon. Not. R. Astron. Soc. 394, 443–453 (2009).
Article 
    ADS 
    
                    Google Scholar 
                

	MacLeod, C. L. et al. A systematic search for changing-look quasars in SDSS. Mon. Not. R. Astron. Soc. 457, 389–404 (2016).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	van der Klis, M. Quasi periodic oscillations and noise in low-mass X-ray binaries. Annu. Rev. Astron. Astrophys. 27, 517–553 (1989).
Article 
    ADS 
    
                    Google Scholar 
                

	Gierliński, M., Middleton, M., Ward, M. & Done, C. A periodicity of ~1 hour in X-ray emission from the active galaxy RE J1034+396. Nature 455, 369–371 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Lin, D., Irwin, J. A., Godet, O., Webb, N. A. & Barret, D. A ~ 3.8 hr periodicity from an ultrasoft active galactic nucleus candidate. Astrophys. J. 776, L10 (2013).
Article 
    ADS 
    
                    Google Scholar 
                

	Gronkiewicz, D. & Różańska, A. Warm and thick corona for magnetically supported disk in GBHB. Preprint at https://arxiv.org/abs/1903.03641 (2019).

	Terashima, Y., Kamizasa, N., Awaki, H., Kubota, A. & Ueda, Y. A candidate active galactic nucleus with a pure soft thermal X-ray spectrum. Astrophys. J. 752, 154 (2012).
Article 
    ADS 
    
                    Google Scholar 
                

	Sun, L., Shu, X. W. & Wang, T. RX J1301.9+2747: a highly variable Seyfert galaxy with extremely soft X-ray emission. Astrophys. J. 768, 167 (2013).
Article 
    ADS 
    
                    Google Scholar 
                

	Belloni, T., Méndez, M., King, A. R., van der Klis, M. & van Paradijs, J. An unstable central disk in the superluminal black hole X-ray binary GRS 1915+105. Astrophys. J. 479, L145–L148 (1997).
Article 
    ADS 
    
                    Google Scholar 
                

	Belloni, T., Méndez, M., King, A. R., van der Klis, M. & van Paradijs, J. A unified model for the spectral variability in GRS 1915+105. Astrophys. J. 488, L109–L112 (1997).
Article 
    ADS 
    
                    Google Scholar 
                

	Altamirano, D. et al. The faint “heartbeats” of IGR J17091–3624: an exceptional black hole candidate. Astrophys. J. 742, L17 (2011).
Article 
    ADS 
    
                    Google Scholar 
                

	Lightman, A. P. & Eardley, D. M. Black holes in binary systems: instability of disk accretion. Astrophys. J. 187, L1–L3 (1974).
Article 
    ADS 
    
                    Google Scholar 
                

	Janiuk, A. & Czerny, B. On different types of instabilities in black hole accretion discs: implications for X-ray binaries and active galactic nuclei. Mon. Not. R. Astron. Soc. 414, 2186–2194 (2011).
Article 
    ADS 
    
                    Google Scholar 
                

	Janiuk, A., Czerny, B. & Siemiginowska, A. Radiation pressure instability as a variability mechanism in the microquasar GRS 1915+105. Astrophys. J. 542, L33–L36 (2000).
Article 
    ADS 
    
                    Google Scholar 
                

	Janiuk, A., Grzedzielski, M., Capitanio, F. & Bianchi, S. Interplay between heartbeat oscillations and wind outflow in microquasar IGR J17091–3624. Astron. Astrophys. 574, A92 (2015).
Article 
    ADS 
    
                    Google Scholar 
                

	Noda, H. & Done, C. Explaining changing-look AGN with state transitions triggered by rapid mass accretion rate drop. Mon. Not. R. Astron. Soc. 480, 3898 (2018).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Dexter, J. & Begelman, M. C. Extreme AGN variability: evidence of magnetically elevated accretion? Mon. Not. R. Astron. Soc. 483, L17 (2019).
Article 
    ADS 
    
                    Google Scholar 
                

	Denney, K. D. et al. The typecasting of active galactic nuclei: Mrk 590 no longer fits the role. Astrophys. J. 796, 134 (2014).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Rivers, E., Markowitz, A., Duro, R. & Rothschild, R. A Suzaku observation of Mkn 590 reveals a vanishing soft excess. Astrophys. J. 759, 63 (2012).
Article 
    ADS 
    
                    Google Scholar 
                

	Mathur, S. et al. The changing-look quasar Mrk 590 is awakening. Astrophys. J. 866, 123 (2018).
Article 
    ADS 
    
                    Google Scholar 
                

	Cohen, R. D., Rudy, R. J., Puetter, R. C., Ake, T. B. & Foltz, C. B. Variability of Markarian 1018: Seyfert 1.9 to Seyfert 1. Astrophys. J. 311, 135–141 (1986).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	McElroy, R. E. et al. The Close AGN Reference Survey (CARS). Mrk 1018 returns to the shadows after 30 years as a Seyfert 1. Astron. Astrophys. 593, L8 (2016).
Article 
    ADS 
    
                    Google Scholar 
                

	Raimundo, S. I. et al. MUSE observations of a changing-look AGN—I. The reappearance of the broad emission lines. Mon. Not. R. Astron. Soc. 486, 123–140 (2019).
Article 
    ADS 
    
                    Google Scholar 
                

	Saxton, R. D. et al. The first XMM-Newton slew survey catalogue: XMMSL1. Astron. Astrophys. 480, 611–622 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Sault, R. J., Teuben, P. J. & Wright, M. C. H. A retrospective view of MIRIAD. Astronomomical Data Analysis Software and Systems IV, 433–436 (ASP Conference Series 77, 1995).

	McMullin, J. P., Waters, B., Shiebel, D., Young, W. & Golap, K. CASA architecture and applications. Astronomical Data Analysis Software and Systems XVI, 127–130 (ASP Conference Series 376, 2007).

	Williams, P. K. G., Clavel, M., Newton, E. & Ryzhkov, D. pwkit: astronomical utilities in Python. Astrophys. Source Code Library, ascl:1704.001 (2017).

	Offringa, A. et al. WSCLEAN: an implementation of a fast, generic wide-field imager for radio astronomy. Mon. Not. R. Astron. Soc. 444, 606–619 (2014).
Article 
    ADS 
    
                    Google Scholar 
                

	Kenyon, J. S., Smirnov, O. M., Grobler, T. L. & Perkins, S. J. CUBICAL—fast radio interferometric calibration suite exploiting complex optimization. Mon. Not. R. Astron. Soc. 478, 2399–2415 (2018).
Article 
    ADS 
    
                    Google Scholar 
                

	Tasse, C. et al. Faceting for direction-dependent spectral deconvolution. Astron. Astrophys. 611, A87 (2018).
Article 
    
                    Google Scholar 
                

	Farrell, S. A., Webb, N. A., Barret, D., Godet, O. & Rodrigues, J. M. An intermediate-mass black hole of over 500 solar masses in the galaxy ESO 243−49. Nature 460, 73–75 (2009).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	MacLeod, M., Guilochon, J. & Ramirez-Ruiz, E. The tidal disruption of giant stars and their contribution to the flaring supermassive black hole population. Astrophys. J. 757, 134 (2012).
Article 
    ADS 
    
                    Google Scholar 
                

	Pickles, A. J. A stellar spectral flux library: 1150–25000 Å. Publ. Astron. Soc. Jpn 110, 863–878 (1998).
Article 
    ADS 
    
                    Google Scholar 
                

	Mitsuda, K. et al. Energy spectra of low-mass binary X-ray sources observed from TENMA. Publ. Astron. Soc. Jpn 36, 741–759 (1984).
CAS 
    ADS 
    
                    Google Scholar 
                

	Wilms, J., Allen, A. & McCray, R. On the absorption of X-rays in the interstellar medium. Astrophys. J. 542, 914–924 (2000).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Piconcelli, E. The XMM-Newton view of PG quasars. I. X-ray continuum and absorption. Astron. Astrophys. 432, 15–30 (2005).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Reeves, J. et al. On why the iron K-shell absorption in AGN is not a signature of the local warm/hot intergalactic medium. Mon. Not. R. Astron. Soc. 385, L108–L112 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Kalberla, P. M. W. The Leiden/Argentine/Bonn (LAB) survey of galactic Hi. Final data release of the combined LDS and IAR surveys with improved stray-radiation corrections. Astron. Astrophys. 440, 775–782 (2005).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Rees, M. J. Tidal disruption of stars by black holes of 106–108 solar masses in nearby galaxies. Nature 333, 523–528 (1988).
Article 
    ADS 
    
                    Google Scholar 
                

	Phinney, E. S. Manifestations of a massive black hole in the galactic center. Proc. 136th Symp. IAU (ed. Morris, M.) 543–552 (Kluwer, 1989)

	Yuan, W., Liu, B. F., Zhou, H. & Wang, T. G. X-ray observational signature of a black hole accretion disk in an active galactic nucleus RX J1633+4718. Astrophys. J. 723, 508–513 (2010).
Article 
    ADS 
    
                    Google Scholar 
                

	Vasudevan, R. V. & Fabian, A. C. Simultaneous X-ray/optical/UV snapshots of active galactic nuclei from XMM-Newton: spectral energy distributions for the reverberation mapped sample. Mon. Not. R. Astron. Soc. 392, 1124–1140 (2009).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Ranalli, P., Comastri, A. & Setti, G. The 2–10 keV luminosity as a star formation rate indicator. Astron. Astrophys. 399, 39–50 (2003).
Article 
    ADS 
    
                    Google Scholar 
                

	Kennicutt, R. C. Jr. Star formation in galaxies along the Hubble sequence. Annu. Rev. Astron. Astrophys. 36, 189–231 (1998).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Merloni, A. & Heinz, S. Measuring the kinetic power of active galactic nuclei in the radio mode. Mon. Not. R. Astron. Soc. 381, 589–601 (2007).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Merloni, A., Heinz, S. & di Matteo, T. A fundamental plane of black hole activity. Mon. Not. R. Astron. Soc. 345, 1057–1076 (2003).
Article 
    ADS 
    
                    Google Scholar 
                

	Merloni, A. & Nayakshin, S. On the limit-cycle instability in magnetized accretion discs. Mon. Not. R. Astron. Soc. 372, 728–734 (2006).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Grzędzielski, M., Janiuk, A., Czerny, B. & Wu, Q. Modified viscosity in accretion disks. Application to Galactic black hole binaries, intermediate mass black holes, and active galactic nuclei. Astron. Astrophys. 603, A110 (2017).
Article 
    ADS 
    
                    Google Scholar 
                

	Janiuk, A., Czerny, B., Siemiginowska, A. & Szczerba, R. On the turbulent α-disks and the intermittent activity in active galactic nuclei. Astrophys. J. 602, 595–602 (2004).
Article 
    ADS 
    
                    Google Scholar 
                

	Nayakshin, S., Rappaport, S. & Melia, F. Time-dependent disk models for the microquasar GRS1915+105. Astrophys. J. 535, 798–814 (2000).
Article 
    ADS 
    
                    Google Scholar 
                

	Ingram, A., Done, C. & Fragile, P. C. Low-frequency quasi-periodic oscillations spectra and Lense–Thirring precession. Mon. Not. R. Astron. Soc. 397, L101–L105 (2009).
Article 
    ADS 
    
                    Google Scholar 
                

	Sillanpää, A., Haarala, S., Valtonen, M. J., Sundelius, B. & Byrd, G. G. OJ 287: binary pair of supermassive black holes. Astrophys. J. 325, 628–634 (1988).
Article 
    ADS 
    
                    Google Scholar 
                

	Valtonen, M. et al. A massive binary black-hole system in OJ 287 and a test of general relativity. Nature 452, 851–853 (2008).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Ho, L. C., Kim, M. & Terashima, Y. The low-mass, highly accreting black hole associated with the active galactic nucleus 2XMM J123103.2+110648. Astrophys. J. 759, L16 (2012).
Article 
    ADS 
    
                    Google Scholar 
                

	Lin, D. et al. Large decay of X-ray flux in 2XMM J123103.2+110648: evidence for a tidal disruption event. Mon. Not. R. Astron. Soc. 468, 783–789 (2017).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Shu, X. W. et al. Central engine and host galaxy of RXJ 1301.9+2747: a multiwavelength view of a low-mass black hole active galactic nuclei with ultra-soft X-ray emission. Astrophys. J. 837, 3 (2017).
Article 
    ADS 
    
                    Google Scholar 
                

	Dewangan, G. C., Singh, K. P., Mayya, Y. D. & Anupama, G. C. Active nucleus in a post-starburst galaxy: KUG 1259128. Mon. Not. R. Astron. Soc. 318, 309–320 (2000).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Petrucci, P.-O. Testing warm Comptonization models for the origin of the soft X-ray excess in AGN. Astron. Astrophys. 611, A59 (2018).
Article 
    MathSciNet 
    
                    Google Scholar 
                

	Janiuk, A., Czerny, B. & Siemiginowska, A. Radiation pressure instability driven variability in the accreting black holes. Astrophys. J. 576, 908–922 (2002).
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Sądowski, A. & Narayan, R. Powerful radiative jets in supercritical accretion discs around non-spinning black holes. Mon. Not. R. Astron. Soc. 453, 3213–3221 (2015).
Article 
    ADS 
    
                    Google Scholar 
                

	Jiang, Y.-F., Stone, J. M. & Davis, S. W. A global three-dimensional radiation magneto-hydrodynamic simulation of super-Eddington accretion disks. Astrophys. J. 796, 106 (2014).
Article 
    ADS 
    
                    Google Scholar 
                

	Matt, G., Guainazzi, M. & Maiolino, R. Changing look: from Compton-thick to Compton-thin, or the rebirth of fossil active galactic nuclei. Mon. Not. R. Astron. Soc. 342, 422–426 (2003).
Article 
    ADS 
    
                    Google Scholar 
                

	Shappee, B. J. The man behind the curtain: X-rays drive the UV through NIR variability in the 2013 active galactic nucleus outburst in NGC 2617. Astrophys. J. 788, 48 (2014).
Article 
    ADS 
    
                    Google Scholar 
                

	LaMassa, S. et al. The discovery of the first ‘changing-look’ quasar: new insights into the physics and phenomenology of active galactic nucleus. Astrophys. J. 800, 144 (2015).
Article 
    ADS 
    
                    Google Scholar 
                


Download references




Acknowledgements
The scientific results reported here are based on observations obtained with XMM-Newton, an ESA science mission with instruments and contributions directly funded by ESA Member States and NASA, the Chandra X-ray Observatory, the NASA/ESA Hubble Space Telescope, ATCA, the Karl G. Jansky VLA and the South African MeerKAT radio telescope. ATCA is part of the Australia Telescope National Facility which is funded by the Australian Government for operation as a National Facility managed by CSIRO. The NRAO operating the VLA is a facility of the US National Science Foundation operated under cooperative agreement by Associated Universities, Inc. The MeerKAT telescope is operated by SARAO, which is a facility of the National Research Foundation, an agency of the South African Department of Science and Innovation. We thank N. Schartel, B. Wilkes, J. Stevens, M. Claussen and F. Camilo for approving XMM-Newton, Chandra, ATCA, VLA and MeerKAT DDT observations, as well as the operation and scheduling teams of all involved observatories and facilities. We also thank the Neil Gehrels Swift Observatory for supporting a long-term monitoring campaign of GSN 069 over the years. G.M. thanks A. Laor for critically reading the article and suggesting the acronym QPE to describe the observed X-ray variability. G.M. and M.G. thank A. Janiuk, M. Gręzdzielski and A. Różańska for discussions on the physics of disk instabilities and soft excess. G.M. and M.G. acknowledge Spanish public funding through grants ESP2017-86582-C4-1-R and ESP2015-65597-C4-1-R, respectively. This research has been partially funded by the Spanish State Research Agency (AEI) project number ESP2017-87676-C5-1-R and MDM-2017-0737 Unidad de Excelencia “María de Maeztu”-Centro de Astrobiología (INTA-CSIC). K.D.A. is a NASA Einstein Fellow and acknowledges support provided by NASA through NASA Hubble Fellowship grant HST-HF2-51403.001 awarded by the Space Telescope Science Institute, which is operated by the Association of Universities for Research in Astronomy, Inc., for NASA, under contract NAS5-26555. I.H. acknowledges support of the Oxford Hintze Centre for Astrophysical Surveys which is funded through support from the Hintze Family Charitable Foundation. P.G. acknowledges support from STFC and a UGC-UKIERI Phase 3 Thematic Partnership. B.A.G. acknowledges support provided by the Fonds de la Recherche Scientifique—FNRS, Belgium, under grant number 4.4501.19.


Author information
Authors and Affiliations
	Centro de Astrobiología (CSIC-INTA), ESAC Campus, Madrid, Spain
G. Miniutti & M. Giustini

	Telespazio-Vega UK for ESA, European Space Astronomy Centre (ESAC), Operations Department, Madrid, Spain
R. D. Saxton

	Center for Interdisciplinary Exploration and Research in Astrophysics (CIERA), Northwestern University, Evanston, IL, USA
K. D. Alexander

	Department of Physics and Astronomy, Northwestern University, Evanston, IL, USA
K. D. Alexander

	Astrophysics, Department of Physics, University of Oxford, Oxford, UK
R. P. Fender & I. Heywood

	Department of Astronomy, University of Cape Town, Rondebosch, South Africa
R. P. Fender

	Department of Physics and Electronics, Rhodes University, Grahamstown, South Africa
I. Heywood

	South African Radio Astronomy Observatory, Cape Town, South Africa
I. Heywood

	South African Astronomical Observatory, Cape Town, South Africa
I. Monageng & M. L. Pretorius

	IRAP, Université de Toulouse, CNRS, CNES, UPS, Toulouse, France
M. Coriat

	Australia Telescope National Facility, CSIRO, Epping, New South Wales, Australia
A. K. Tzioumis

	Department of Physics and Astronomy, Leicester University, Leicester, UK
A. M. Read

	School of Physics and Astronomy, University of Southampton, Highfield, Southampton, UK
C. Knigge & P. Gandhi

	Institut d’Astrophysique et de Géophysique, Université de Liège, Liège, Belgium
B. Agís-González


Authors	G. MiniuttiView author publications
You can also search for this author in
                        PubMed Google Scholar



	R. D. SaxtonView author publications
You can also search for this author in
                        PubMed Google Scholar



	M. GiustiniView author publications
You can also search for this author in
                        PubMed Google Scholar



	K. D. AlexanderView author publications
You can also search for this author in
                        PubMed Google Scholar



	R. P. FenderView author publications
You can also search for this author in
                        PubMed Google Scholar



	I. HeywoodView author publications
You can also search for this author in
                        PubMed Google Scholar



	I. MonagengView author publications
You can also search for this author in
                        PubMed Google Scholar



	M. CoriatView author publications
You can also search for this author in
                        PubMed Google Scholar



	A. K. TzioumisView author publications
You can also search for this author in
                        PubMed Google Scholar



	A. M. ReadView author publications
You can also search for this author in
                        PubMed Google Scholar



	C. KniggeView author publications
You can also search for this author in
                        PubMed Google Scholar



	P. GandhiView author publications
You can also search for this author in
                        PubMed Google Scholar



	M. L. PretoriusView author publications
You can also search for this author in
                        PubMed Google Scholar



	B. Agís-GonzálezView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
G.M. was PI of all XMM-Newton, HST and Chandra proposals, led the organization of the February 2019 X-ray/radio campaign, performed most of the X-ray data analysis and wrote the article. R.D.S. discovered the source during the XMM-Newton slew and analysed the first XMM-Newton slew data together with A.M.R. R.D.S. also performed part of the XMM-Newton EPIC and OM data analysis. M.G. performed part of the XMM-Newton and Chandra data analysis, and actively contributed to all intermediate results before submission. K.D.A. was PI of the VLA DDT request and performed VLA radio data analysis. M.L.P. led the MeerKAT DDT request. I.H., R.P.F. and I.M. performed MeerKAT data analysis. R.P.F. was PI of the ATCA DDT request. A.K.T. observed GSN 069 with ATCA. M.C. performed ATCA data analysis. C.K. and P.G. were responsible for the analysis of the HST/STIS UV data. B.A.-G. was Co-I of the XMM3 discovery observation. All authors contributed to discussing data analysis and results, read the article since the first draft and helped to improve it throughout the process.
Corresponding author
Correspondence to
                G. Miniutti.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Peer review information Nature thanks Bozena Czerny and Andrea Merloni for their contribution to the peer review of this work.


Extended data figures and tables

Extended Data Fig. 1 Position of GN 069 as inferred from optical, X-ray and radio images.
a, A 12′ × 12′ region from the Digitized Sky Survey centred on the 2MASS position of GSN 069 (RA 01 h 19 min 08.663 s, dec. −34° 11ʹ 30.52″). The galaxy to the north of GSN 069 and close to the edge of the field is ESO 352−G41. The two bright stars in the field are CD-34 503 and CD-34 498. The red box size is 1.7′ × 1.7′. b, c, The same 1.7′ × 1.7′ region as imaged by the VLA at 6 GHz and by Chandra in the 0.4–2 keV band, respectively. The blue box size in b and c is 12″ × 12″. d, The Chandra X-ray image of the blue box region, with superimposed VLA contours (white) and the 2MASS position (red cross) as reference. No boresight correction was applied to the Chandra data.


Extended Data Fig. 2 UV spectrum and variability of GSN 069 from HST and OM observations.
a, The 2014/2018 HST/STIS spectra taken quasi-simultaneously with XMM2 (2014) and XMM3 (2018). b, The 2014 STIS spectrum of GSN 069 is compared with that of intermediate-type main-sequence stars (B3 and B6) from the Pickles Atlas, demonstrating that the UV spectrum is strongly contaminated by starlight and possibly dominated by a relatively young nuclear stellar cluster. c, The OM light curve in the UVM2 filter (approximately 231 nm) during the XMM4 observation. The OM light curve shows no variability, with a reduced χ2 of 0.7 when fitted with a constant, despite the simultaneous X-ray QPEs (see Fig. 1b). The STIS spectra as well as the B3 and B6 spectra from the Pickles Atlas are displayed with no uncertainties. Errors in c represent the 1σ confidence intervals.


Extended Data Fig. 3 The X-ray long-term evolution of GSN 069.
a, The X-ray spectra from the XMM1, XMM2, XMM4 and Chandra observations, excluding time-intervals containing QPEs. All spectra have been divided by the corresponding detector effective area to ease comparison. The XMM3 spectrum is not shown, as it is basically superimposed on the XMM4 one. Spectra have been slightly re-binned for visual clarity. b, The best-fitting SEDs according to the best-fitting models presented in Extended Data Table 2. c, The 0.3–2 keV flux evolution of GSN 069 since first X-ray detection, including the XMM-Newton slew data point. The dashed grey line is a power-law decay model with index fixed at −5/3, while the dotted magenta line is an exponential decay law with best-fitting e-folding timescale of about 5 yr. d, The 0.2–2 keV luminosity of the best-fitting diskbb model as a function of disk temperature (see Extended Data Table 2). The dashed line is the best-fitting relation Ldiskbb ∝ T4.5 ± 0.5 to the XMM-Newton data only, consistent with constant-area blackbody emission (L ∝ T4). The Chandra data point (green) is far off the L ∝ T4 relation, its temperature being too hot to be ascribed to disk emission for the given luminosity. Errors in a represent the 1σ confidence intervals, while error bars in c and d represent the 90% confidence intervals as obtained from X-ray spectral fitting (Extended Data Table 2). Some of the error bars are smaller than the symbol size.


Extended Data Fig. 4 Observation-averaged QPE time evolution.
a–c, Time-evolution of the QPE amplitude A (a), duration Tdur (b) and recurrence time Trec (c) since first QPE detection in XMM3. All quantities are averaged over each X-ray observation. d, e, Trec (d) and the duty cycle Δ (e) as a function of the QPE amplitude A. Errors bars represent the 1σ confidence intervals. Some error bars are smaller than the symbol size.


Extended Data Fig. 5 QPE energy dependence.
a, The QPE amplitude (A = N/C) as a function of energy. The maximum A = 93 ± 14 is reached in the 0.6–0.8 keV band. b, N = N(E) and C = C(E), after normalizing them to the detector effective area in each energy bin, that is, the QPE peak (N) and quiescent-level (C) photon spectra. c, d, The QPE duration Tdur (c) and QPE peak time delay ΔTpeak (d) as a function of energy, together with the best-fitting linear relations (see Methods section ‘QPE model-independent properties’). The peak time delay is computed with respect to the full 0.2–2 keV light curve, and the resulting lags are shifted so that the 0.8–1 keV band has zero delay. Errors represent the 1σ confidence intervals, some of the error bars being smaller than the symbol size.


Extended Data Fig. 6 QPE phase-resolved spectroscopy.
QPE spectral evolution throughout the cycle. a, b, Temperature (a) and 0.2–2 keV luminosity (b) of the variable blackbody component throughout the QPE cycle (see Extended Data Table 3b). In a, the shaded area represents the constant temperature of the stable (likely outer) accretion disk. c, d, The corresponding SED evolution (where FE is the model flux spectrum): the best-fitting model during the QPE rise from quiescence (Qpre) to QPE peak (P) (c), and during the QPE decay from peak (P) back to quiescence (Qpost) (d). The model predicts no variability below 0.1 keV, in line with the expectations based on Extended Data Fig. 5a, b. In a and b, errors represent the 90% confidence intervals as obtained from X-ray spectral fits to the phase-resolved spectra (some of the error bars being smaller than the symbol size).


Extended Data Fig. 7 The February 2019 simultaneous X-ray/radio campaign.
a, The X-ray 0.4–2 keV Chandra light curve. b–d, The MeerKAT1 (b), VLA (c) and ATCA2 (d) light curves from the simultaneous radio campaign. Notice that the MeerKAT1 and ATCA2 exposures include one X-ray QPE each (vertical shaded areas), whereas the VLA observation was performed during X-ray quiescence. No significant radio variability is detected in any of the radio exposures. The ATCA2 data points are all upper limits, and the horizontal shaded area in d represents the measured time-averaged flux density. We ignore the first data point of the ATCA2 light curve as the source was still very low on the horizon, resulting in a highly degraded image. We also point out that the ATCA2 measurements are contaminated by a nearby unresolved radio source detected by the VLA with a flux density of 71 ± 10 μJy at 6 GHz. Error bars, including the average flux from ATCA (horizontal shaded area in d) represent the 1σ confidence intervals. The ATCA data points (d) are instead 3σ confidence level upper limits.


Extended Data Table 1 Summary of the observations used in this workFull size table


Extended Data Table 2 Most relevant best-fitting parameters for the long-term evolution of GSN 069 using X-ray spectra from which time-intervals containing QPEs are excludedFull size table


Extended Data Table 3 Most relevant best-fitting parameters from QPE phase-resolved X-ray spectral analysis during the XMM4 observationFull size table
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