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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 redshift z =
0.018 was first detected in 2010 July and implies an X-ray brightening of more than a factor of
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 disc emission with luminosity proportional to the
fourth power of the disc temperature during long-term evolution. Here we report observations of
X-ray quasi-periodic eruptions from the nucleus of GSN 069 over the course of 54 days, 2018
December onwards. During these eruptions, the X-ray count rate increases by up to two orders
of magnitude with event duration of just over 1 hour and recurrence time of about 9 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 Xray luminosity of ~ 5 × 1042 ergs per second. The warm phase has a temperature 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 more massive black holes can be expected to exhibit
high-amplitude optical to X-ray variability on timescales as short as months or years9.
Since 2018 December 24, GSN 069 has exhibited peculiar high amplitude, short timescale X-ray
variability, first detected during an XMM-Newton observation (XMM3, see Extended Data Table 1).
The XMM-Newton light curve is characterized by two bright flares (bursts) with count rate increases
by factors of ~ 22 and ~ 31 respectively in the 0.4-2 keV band (Figure 1a). The bursts are separated by
~ 29.8 ks, their profile is close to symmetric with similar rise and decay times of ~ 1.8 ks, and the total
event duration is ~ 4.5 ks. This unexpected X-ray variability prompted us to request a longer XMMNewton Director Discretionary Time (DDT) observation performed on 2019 January 16/17 (XMM4).
Five bursts are detected with varying amplitudes, corresponding to count rate increases by factors of ~
19 to ~ 28, and longer recurrence time (~ 32.15 ks) than during XMM3 (Figure 1b). Finally, a Chandra
DDT observation was performed on 2019 February 14/15 during which three further bursts are detected
with count rate variations by factors of ~ 13 to ~ 22, and with recurrence time of ~ 32.7 ks (Figure 1c).
We point out that no bursts were observed in a potentially long enough XMM-Newton exposure (83 ks)
on 2014 December 5 (XMM2), i.e. 4 years before the XMM3 discovery observation.
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The observed X-ray variability is characterized by short, high amplitude quasi-periodic X-ray bursts
over a rather stable flux level (Figure 1). This type of variability has not hitherto been observed in active
galactic nuclei (AGN). Hereafter, we refer to these new phenomena as X-ray Quasi-Periodic Eruptions
(QPEs) to differentiate them from the gentler, quasi-sinusoidal modulation of the standard quasiperiodic oscillations (QPOs) that are often observed in X-ray binaries10 and, more recently, in a handful
of supermassive accreting black holes11,12 (BHs).
Over the 54 days probed by our recent observations, the QPE amplitude decreases with time, and a
simple linear extrapolation predicts no QPEs ~ 2019 late June onwards, if the current trend continues.
The average QPE duty cycle is ~ 6 per cent, and it is well correlated with the average amplitude, while
the QPE recurrence time seems to tend to a plateau at ~ 33 ks after an initial increase (Methods §IV and
Extended Data Figure 4). Radio DDT observations with the MeerKAT, VLA, and ATCA radio facilities
were carried out simultaneously with the Chandra observation (2019 February). GSN 069 is well
detected at 1.3, 6, and 9 GHz with L6 GHz ~ 1.9 × 1036 erg s-1 and a spectral index ~ - 0.7, consistent with
optically thin synchrotron emission. No significant radio variability is observed in exposures
simultaneous with X-ray QPEs (Methods §VI and Extended Data Figure 7).
Energy-selected light curves from the longest XMM4 observation folded on the average QPE
recurrence time are shown in Figure 2, with two different choices of normalization to highlight the QPE
amplitude (Figure 2a) and profile (Figure 2b) energy-dependence. QPEs measured in higher-energy
bands i) peak earlier, ii) are narrower (shorter), and iii) have higher amplitudes than when measured at
lower energies. The QPE energy-dependence is quantitatively displayed in Extended Data Figure 5. The
maximum QPE amplitude ~ 100 is reached in the 0.6-0.8 keV band, to be compared with an amplitude
of ~ 2 in the softest 0.2-0.3 keV band. The amplitude-energy relation implies very little variability below
~ 0.1 keV, indicating that QPEs are most likely restricted to the innermost accretion flow only.
The QPE spectral evolution during XMM4 is shown in Figure 3. During QPEs, the X-ray spectrum
oscillates between a cold ~ 50 eV and a warm ~ 120 eV phase with peak X-ray luminosity of ~ 5 × 1042
erg s-1. The L ~ T4 relation expected from constant-area disc emission is broken during QPEs, so that
global mass accretion rate variation cannot explain the QPE spectral evolution. The variable thermallike emission may be physically associated with Comptonization of the lower energy disc photons in a
warm, optically thick corona or, e.g., with emission from different disc regions that are activated at
different times during the cycle (Methods §V, Extended Data Table 3, and Extended Data Figure 6).
The QPE peak temperature (~ 120 eV) is remarkably similar to that of the standard AGN soft X-ray
excess6,7,8, which indicates that QPEs may be key to soft excess formation13. While in all XMM-Newton
observations from 2010 December to 2019 January, the cold phase spectrum (i.e. the spectrum
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excluding QPE time intervals) is consistent with accretion disc emission, during the Chandra
observation the cold phase has increased its temperature from ~ 50 eV to ~ 80 eV despite a lower soft
X-ray luminosity, indicating the presence of a soft X-ray excess rather than pure disc emission
(Extended Data Table 2 and Figure 3d). On the other hand, the temperature at the QPE peak remains at
~ 120 eV at the Chandra epoch. This suggests that we are possibly witnessing the QPE-driven formation
of the soft X-ray excess in real time, with the Chandra cold phase spectrum representing an intermediate
stage of soft-excess formation.
The discovery of QPEs in GSN 069 raises the question of whether this new phenomenon is unique
to this specific source or more general. In this context, and in an attempt to identify other potential QPE
candidates, it is interesting to spell out the properties of GSN 069 at the time when QPEs are first
detected, namely: i) a small BH mass MBH ~ few × 105 M⊙; ii) a relatively high Eddington ratio of ~
0.5; iii) a pure thermal disc spectrum with temperature significantly lower than that of the typical AGN
soft X-ray excess; iv) an almost negligible X-ray power law component; v) the lack of any broad
emission line in optical/UV spectra4.
We have identified two other AGN with very similar properties, namely 2XMM
J123103.2+11064814 (hereafter J1231) and RX J1301.9+274715 (J1301) that are both characterized by
low mass BHs, relatively high Eddington ratio, ultra-soft X-ray spectra with only weak power law tails,
and no broad emission lines in their optical spectra. Remarkably, a ~ 3.8 hour QPO is detected in
J123112,14, while J1301 exhibits high amplitude, possibly recurrent soft X-ray flares15. Exploring the
possibility that these variability properties may be associated with QPEs could prove worthwhile. More
generally, tidal disruption events (TDEs) exhibit, at least transiently, most of the key properties of GSN
069. For BH masses of ~ 106-107 M⊙, QPE recurrence times of the order of 105-106 s are expected, and
it would be valuable to search for X-ray variability on these timescales in the database of well monitored
TDEs X-ray light curves. On the other hand, the typical AGN population is characterized by
significantly higher BH masses than in GSN 069. The relatively long baselines (months/years) needed
to detect two consecutive QPEs in these more massive systems may be the reason why no QPEs have
been reported so far in AGNs.
The observed QPEs are reminiscent of the X-ray variability pattern of the black hole (BH) binaries
GRS 1915+105 and IGR J17091-3624 in their heartbeat states16,17,18. It is worth mentioning that the
heartbeat oscillations of both sources have been shown to be consistent with some version of the
radiation-pressure disc instability19,20, most likely modified by the presence of outflows21,22. As
discussed in Methods §VII, a limit-cycle instability appears plausible in GSN 069 (but see the same
Methods section for a series of possible alternative explanations). Assuming that the observed QPEs are
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driven by limit-cycle instabilities, we derive a mildly geometrically thick flow in GSN 069 even in the
quiescent, cold state. As a consequence, the viscous diffusion (and thus the typical variability) timescale
is significantly shorter than in razor-thin disc models. If the accretion flow parameters we derive in GSN
069 are not source-specific, our results may then provide a viable framework for interpreting the
apparently unfeasibly rapid variability of some AGNs23,24.
Some of the most extreme variability objects are the so-called (genuine, i.e. not absorption-induced)
changing-look AGNs, i.e. objects in which high-amplitude continuum rise/decay is associated with the
appearance/disappearance of the optical broad emission lines. Regardless of the QPE origin and physical
interpretation, some changing-look AGNs may be naturally accounted for if they were experiencing
QPEs extending down to the optical/UV band and to lower Eddington ratio than currently observed in
GSN 069. Within this scenario, the observed QPE properties lead to predict i) similar numbers of rising
and decaying changing-look AGNs due to the symmetric QPE profile, and ii) a developing/disappearing
soft X-ray excess in the rise/decay phases.
We point out that the long-term variability of the two changing-look AGN Mrk 59025,26,27 and Mrk
101823,28,29 is consistent with the latter prediction, as the soft X-ray excess has disappeared during decay
(in both Mrk 59026 and Mrk 101823), and has recently re-emerged27, together with the broad optical
emission lines30, in Mrk 590. If Mrk 590 is in the initial rise of a QPE, the strength of its soft excess
should increase in the next years/decades. Detecting again a high state in the future would demonstrate
the recurrent nature of the changing-look phenomenon in this AGN, strengthening the association with
QPEs. We conclude that QPEs in massive AGN may possibly have been partially observed already as
the rise/decay phases of (at least some) changing-look AGNs.
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Figure 1 | X-ray QPEs in XMM-Newton and Chandra observations, 2018 December onwards
We show the background-subtracted 0.4-2 keV light curve from the XMM3 (a), XMM4 (b), and Chandra (c)
c
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observations. The x-axes are all on 2019-02-14
the same scale to highlight
c the similar QPE recurrence time over the 54 days
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spanned by the observations. We use time bins of 200 s for the XMM-Newton data, and of 500 s for the Chandra
data. Note the different y-axis scale used for the Chandra data in c. Error bars represent 1-σ confidence intervals
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in all panels. Some of the error bars are smaller than the symbol size.
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Folded light curves from the longest XMM4 observation around the QPE peak in three different energy bands and
with two different normalizations: in a, light curves are normalized with respect to their quiescent level to highlight
the QPE amplitude energy-dependence; in b, light curves are normalized with respect to their amplitude to
highlight the different QPE peaking times and duration (width). On the x-axis, a phase interval Δφ ~ 0.1
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Figure 3 | Phase-resolved X-ray spectra from the XMM4 observation
In a, we show the XMM4 0.2-2 keV folded light curve identifying the phase-intervals used to extract phaseresolved spectra. In b, we show - from bottom to top - the Qpre to P spectra (i.e. from quiescence to peak) and bestfitting models (see Extended Data Table 3a); in c, we show - from top to bottom - the P to Qpost spectra (i.e. from
peak to quiescence) and best-fitting models. Error bars represent the 1-σ confidence intervals, although most error
bars are smaller than the symbol size. R1 and R2 are two spectra during the QPE rise; D1 and D2 are two spectra
during the decay.
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Methods
Methods are organized as follows. In §I we discuss the most relevant data reduction aspects for the Xray, radio, and UV observations used in this work. The source position and identification are briefly
discussed in §II, whereas §III presents the long-term flux and spectral evolution of GSN 069 since first
X-ray detection in 2010 July. Model-independent QPE properties are presented in §IV, and §V
discusses results from phase-resolved spectroscopy throughout the QPE cycle. In §VI, results from the
quasi-simultaneous X-ray/radio campaign in 2019 February are presented. Finally, §VII and §VIII are
devoted to some of the possible interpretations of the QPE phenomenon, suggesting criteria for the
selection of other potential QPE candidates, as well as discussing the broader implications of the
observed QPEs.

I. Observations and data reduction
Following first X-ray detection3,4 on 2010 July 14 by an XMM-Newton slew31, GSN 069 was monitored
in the X-rays with a series of Neil Gehrels Swift, XMM-Newton, and Chandra observations. Swift data
have been presented in previous works4,5, and we are continuing our UV/X-ray monitoring of GSN 069
at least until 2019 September; we defer to future work the presentation of the full monitoring campaign.
Here we focus on the highest quality XMM-Newton and Chandra X-ray data from 2010 December (~
5 months after first X-ray detection) to 2019 February. XMM-Newton observations in 2014 December
and 2018 December were quasi-simultaneous with Hubble Space Telescope (HST) spectroscopic
observations in the UV by the Space Telescope Imaging Spectrograph (STIS) using the Multi-Anode
Microchannel Array (MAMA) detector with the G140L and G230L gratings (~ 1150-3180 Å). The
Chandra observation (2019 February) was simultaneous with a series of radio observations performed
with the Australia Telescope Compact Array (ATCA), the South-African MeerKAT radio telescope,
and the Karl G. Jansky Very Large Array (VLA). A summary of the observations used in this work is
presented in Extended Data Table 1.
X-ray data reduction
XMM-Newton and Chandra data were reduced as standard using the latest available versions of the
dedicated XMMSAS and CIAO software packages respectively. As for XMM-Newton, in this work we
use data from the XMM-Newton EPIC-pn camera only, due to its superior sensitivity; however, products
have been extracted for the two MOS detectors as well, and results reported here have been doublechecked against the MOS data. We have also reduced and analysed data from the Reflection Grating
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Spectrometer - RGSa - and Optical Monitor (OM) on board XMM-Newton using standard XMMSAS
routines. For the EPIC-pn and the Chandra ACIS-S data, X-ray source and background products were
extracted from circular regions centred on the source and from off-source regions on the same detector
chip respectively. All light curves were background-subtracted, as well as corrected for various effects
(e.g. vignetting, dead-time, and bad pixels) using the tasks epiclccorrr (XMM-Newton) and dmextract
(Chandra). Observation-dependent response and ancillary files for spectral products were generated
during product extraction. For spectral and timing analysis we used the XSPEC and XRONOS software
that are included in the HEAsoft distribution. The Chandra source position has been obtained using the
celldetect CIAO task (§II).
Radio data reduction
Results from the ATCA, VLA, and MeerKAT observations are discussed in §VI. Here we report the
most relevant aspects of the radio data reduction.
GSN 069 was observed with ATCA on 2019 January 26 (ATCA1) and February 14/15 (ATCA2).
The total on-source time is 5.2 hrs for ATCA1 and 10.5 hrs for ATCA2. The telescope was in the highly
compact H75 configuration with 10 baseline length below 90 m and 5 baselines ranging from 4.3 to 4.4
km. We observe simultaneously at 5.5 GHz and 9 GHz. Each frequency band was composed of 2048 ×
1-MHz channels. We used PKS 1934-638 for bandpass and absolute flux calibration and 0132-389 to
calibrate the per-antenna complex gains as a function of time. Flagging and initial calibration were
carried out with the Multichannel Image Reconstruction, Image Analysis and Display (MIRIAD)
software32. Once the complex gains were calibrated using external calibrator sources in MIRIAD, we
converted the calibrated visibilities of the target field into measurement sets for further analysis with the
Common Astronomy Software Application33 (CASA). We applied a 8:1 frequency averaging to make
the data volume more manageable. No time averaging was applied, so the standard 10 s integration time
was preserved. Due to the inhomogeneous uv-coverage produced by the array configuration we used a
uv-taper of 4″ and 7″ for deconvolving and imaging the 9 GHz and 5.5 GHz respectively. To search for
potential variability in the radio band, we split each dataset into ~ 1 hr portions and imaged them, but
we did not detect the source in any of these images.
We observed GSN 069 with the VLA for a total on-source time of ~ 3.7 hours between 2019
February 14 and 15. Observations with the VLA were conducted at a mean frequency of 6.0 GHz with
a

The relatively low signal-to-noise of the RGS spectra prevents us from reporting any significant results. We only
mention here that hints for an ionized absorber are seen in XMM1, confirming results from CCD-resolution EPIC
spectral analysis (§III). No statistically significant spectral features appear to be associated with QPEs in RGS
intensity-selected spectra during XMM3 and XMM4.
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4 GHz of bandwidth while the VLA was transitioning from C configuration to B configuration. We used
3C147 as the flux and bandpass calibrator and J0153-3310 as the phase calibrator. The data were reduced
and imaged using standard CASA routines. We used the imtool programb to fit a point source model in
the image plane. Radio variability analysis was performed by using the dftphotom routine in the pwkit
package. This routine uses discrete Fourier transforms to fit the visibilities with a point source model
centred at the source coordinates, without the need for imaging. We also reduced and analysed archival
data from an observation performed on 2 November 2017 (program 17B-027; PI: Shu) using a similar
frequency setup (2 GHz total bandwidth with a mean frequency of 6 GHz) in B configuration. We
reduced and imaged this data using the same technique described above. The time on source was only
4.5 minutes; we therefore could not test for variability within the duration of the 2017 observation.
GSN 069 was observed with MeerKAT on 14 and 15 February 2019 using 59 of the 64 antennas in
the array, for a total on-source observing time of ~ 3 hours per epoch. Standard procedures were used
within the CASA package to remove radio frequency interference from the data, and set the instrumental
delays, bandpass and absolute flux scale via a 5 minute scan of the standard southern-sky calibrator
source PKS J0408-6465. Time-dependent instrumental gain corrections were derived from an
observation of the nearby secondary calibrator source J0155-4048. An imaging and phase-only selfcalibration cycle was performed using wsclean35 and CubiCal36. Following this, a direction-dependent
calibration scheme was applied using a facet-based approach37. This was necessary to mitigate image
corruptions introduced by the stronger off axis sources, in particular QSO B0115-342, located 22.5
arcminutes away from GSN 609. These effects are the cause of the increased effective noise in epoch 2.
In order to nullify any systematic flux scale biases in the detection of any variability from GSN 069, the
image from the second epoch was bootstrapped to the flux scale of the first using measurements of 542
compact field sources.
UV data reduction
GSN 069 was observed twice spectroscopically in the far- and near-ultraviolet with the HST/STIS
MAMA detector using the G230L and G140L gratings. All spectra were taken with the 52″×0.5″ slit
centred on the core of the galaxy. The first observation was quasi-simultaneous with XMM2, the second
with XMM3. In each epoch, 2×49 minutes far-ultraviolet, and 1×39 minutes near-ultraviolet exposures
were obtained. We used the pipeline-calibrated 1-D spectra that are provided within the standard
package of data products for our analysis. After verifying that there was no significant variability
between the two far-ultraviolet spectra obtained in each epoch, we averaged them to yield a single farb

This is part of the pwkit package34, available on line at <https://github.com/pkgw/pwkit>.
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ultraviolet spectrum for each epoch. Each of these was then combined with the corresponding nearultraviolet spectrum by splicing them at 1715 Å to produce spectra covering the full ultraviolet range
from ~1130 to 3100 Å. We finally shifted the wavelength scale to the rest frame, and the resulting HST
UV spectra are shown in Extended Data Figure 2a.

II. Source position and identification
The Chandra X-ray position is RA 01:19:08.668; DEC -34:11:30.53, with a statistical uncertainty of
less than 0.1 arcseconds (no boresight correction was applied). The VLA radio position is RA
01:19:08.658 (± 0.12 arcseconds); DEC -34:11:30.53 (± 0.42 arcseconds), consistent with the Chandra
one. The 2MASS position of the galactic nucleus is RA 01:19:08.663 (± 0.16 arcseconds); DEC 34:11:30.52 (± 0.14 arcseconds), again consistent with the Chandra and VLA position. Extended Data
Figure 1 shows a relatively wide 12′×12′ field of view from the Digitized Sky Survey (Extended Data
Figure 1a) and a zoom into the central 1.7′×1.7′ region as imaged by the VLA and Chandra (Extended
Data Figures 1b and 1c). The Chandra X-ray image of the innermost 12″×12″ region is shown in
Extended Data Figure 1d, together with the VLA 6 GHz contours and the 2MASS position of GSN 069
as reference.
At the galaxy distance, the highest measured X-ray luminosity of LX ~ 1.1 × 1043 erg s-1 (see §III) is
much higher than that of the most luminous Ultra-Luminous X-ray sources detected thus far, including
HLX-1 in ESO 243-4938. The Galactic latitude of GSN 069 is -80.76 degrees which makes a foreground
Galactic object highly unlikely. Moreover, assuming a distance of (say) 5 kpc, the X-ray luminosity
would be < 5 × 1034 erg s-1 at all epochs, orders of magnitude too low for a Galactic stellar-mass BH or
a neutron star in outburst. The star-like UV spectrum, and the lack of optical/UV variability make a
white dwarf system highly unlikely (see Extended Data Figure 2). In summary, the extragalactic nature
of the X-ray source and its association with the Seyfert 2 nucleus of GSN 069 appear robust.

III. Long-term evolution
The long-term properties studied so far are consistent with the current 2010-2019 outburst of GSN 069
being associated with either the tidal disruption of a star by the central BH, or with AGN re-activation4,5.
Note that, in the former scenario, the long-lived X-ray emission may point towards the disruption of an
evolved giant star39. AGN re-activation is instead suggested by the Seyfert 2 nature of GSN 069, as
inferred from optical spectra taken with the Anglo Australian Telescope both before (2001 and 2003)
and after (2010 October) first X-ray detection. We note that the historical bolometric luminosity4, as
estimated from the [OIII] luminosity, is Lhist ~ 3-4 × 1042 erg s-1, i.e. about one order of magnitude lower
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than that at first X-ray detection (see §III below). Since Lhist is representative of the averaged nuclear
luminosity over the long timescales probed by the narrow line region, and considering the lack of X-ray
detection3,4 by ROSAT in 1994, this points towards past low level or intermittent nuclear activity (e.g.
recurrent AGN outbursts or a series of TDEs).
In order to study the long-term spectral evolution of GSN 069, we consider the high-quality XMMNewton and Chandra data, excluding time-intervals when QPEs are present. UV photometry by the
Optical Monitor (OM) on board XMM-Newton shows no sign of long-term variability: in particular, the
flux density in the bluest filter UVW2 (~212 nm) is consistent with being the same in XMM2 and
XMM3 despite an X-ray flux variability by a factor of ~ 2. No UV variability is observed on short
timescales during XMM4, despite the high-amplitude X-ray QPEs (Extended Data Figure 2c).
HST/STIS spectra, quasi-simultaneous with XMM2 and XMM3, show very little variability (if any)
down to ~ 120 nm (Extended Data Figure 2a). In fact, the UV spectrum strongly resembles that of
intermediate-type main sequence stars, indicating the likely presence of a relatively young stellar nuclear
cluster dominating the UV emission, as shown by the comparison of the STIS spectrum with that of
type-B stars from the Pickles Atlas40 (Extended Data Figure 2b). We then focus here on the X-ray data
only. X-ray spectral fits are performed using χ2 minimisation, and we report errors at the 90 per cent
confidence level.
The XMM-Newton (Chandra) spectra are grouped to a minimum of 50 (20) counts per energy bin
and are considered down to 0.3 keV (0.4 keV), as calibration uncertainties affect lower energy data. The
X-ray spectrum is ultra-soft and appears to be dominated by thermal disc emission with a weak hard Xray tail (Extended Data Figure 3a). We consider a spectral model comprising a thermal accretion disc
(the diskbb41 model in XSPEC), a power law component, and Galactic (z=0) absorption (tbabs42 in
XSPEC). All spectra are fitted simultaneously. As the data quality above 1-2 keV is rather poor, the
power law photon index Γ is forced to be the same in all observations. Initial fits show that Γ can take
any value between 1.1 and 2.5, and we fix Γ = 1.8 in our analysis, which is a typical spectral shape for
AGNs43. We reach a good description of the overall data set with χ2 = 301 for 256 degrees of freedom
(hereafter dof), and the most relevant best-fitting parameters are reported in Extended Data Table 2. A
relatively low column density (NH ~ 5 × 1021 cm-2) ionized absorber (log ξ ~ 0.35) is detected in XMM1
(Δχ2 = - 18 for 2 dof) using the zxipcf model44, as reported in previous analysis4. The absorber is not
significant in any of the remaining observations, and it is therefore only included in the spectral model
for XMM1. The (z=0) neutral column density is ~ 5.5 × 1020 cm-2, about twice the Galactic line of sight
measurements from the LAB map45 (~ 2.5 × 1020 cm-2), which may indicate some degree of intrinsic
absorption.
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Our best-fitting model shows that the disc temperature smoothly decreases from kT ~ 63 eV in
XMM1 to ~ 47 eV in XMM4. On the other hand, the Chandra spectrum is characterized by a much
higher temperature of ~ 82 eV. We measure a maximum X-ray luminosity LX ~ 1.1 × 1043 erg s-1 in the
0.2-2 keV band during the XMM1 observation, i.e. ~ 5 months after first detection in 2010 July,
corresponding to a bolometric luminosity of LBol ~ 4.8 × 1043 erg s-1. The best-fitting spectral energy
distribution (SED) evolution is shown in Extended Data Figure 3b. Using E(B-V) = 1.7 × 10-22 × NH
where NH = 5.5 × 1020 cm-2, as derived from X-ray spectral analysis, the extrapolation of our best-fitting
model during XMM2 and XMM3 (quasi-simultaneous with HST observations) implies that the active
nucleus contribution in the HST band is of the order of ~ 30-40 per cent.
The historical evolution of the 0.3-2 keV X-ray flux since first X-ray detection in 2010 July is shown
in Extended Data Figure 3c. The overall decay can be described either with an exponential law with efolding timescale of ~ 5 yr and starting time t0 ~3-4 years before first detection, or with a power law
decay. In the latter case, the power law index and starting time cannot be simultaneously constrained,
so that we fix the index to -5/3, i.e. to the expected value for TDEs46,47, although other indices may be
observed2: under this assumption, we obtain t0 ~ 5 years before first detection. The statistical quality of
the fits is poor and very similar between the two models (reduced χ2 ~ 15). We conclude that our
ignorance of the light curve shape during the ~ 16 years between the latest ROSAT upper limit and first
X-ray detection in 2010 July does not allow us to strongly prefer one decay law over the other. Regular
long-term monitoring of GSN 069 may provide better constraints in the future. Note that the Chandra
data point appears to be inconsistent with the overall decay and may be instead representative of an
excursion into a low flux state. Similar short-term X-ray variability is also seen in previous Swift
monitoring data4,5. Integrating the historical light curve, and assuming a typical accretion efficiency of
~ 6 per cent, we estimate an accreted mass of Maccr ~ 10-2 M⊙ since first detection, not inconsistent with
a long-lived outburst from the (possibly partial) disruption of a star by the central BH.
In Extended Data Figure 3d, we show the 0.2-2 keV unabsorbed disc luminosity Ldiskbb as a function
of the best-fitting disc temperature. A fit using the XMM-Newton data only results in Ldiskbb ~ T4.5 ± 0.5,
consistent with the Planckian L ~ T4 expectation for constant-area blackbody emission. We are then
observing directly the accretion disc emission in the XMM1 to XMM4 observations. The Chandra data
point is inconsistent with a disc blackbody origin as a rather abrupt temperature increase is associated
with a drop in luminosity over the course of ~ 1 month. This suggests that, during the Chandra
observation, the pure thermal disc is not dominating the soft X-rays anymore, indicating the presence
of a much hotter thermal-like component strongly resembling the typical AGN soft X-ray excess, a
component whose shape is similar to a blackbody with universal temperature kT ~ 100-200 eV and that
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is almost ubiquitous in the X-ray spectra of unobscured, radiatively efficient AGNs6,7,8. The fact that we
are effectively fitting a soft X-ray excess rather than pure disc emission at the Chandra epoch suggests
to take the estimated bolometric luminosity (and hence Eddington ratio) with caution (see also Extended
data Table 2). In fact, assuming a two-component model for the Chandra data comprising a cold disc
forced to obey to the L ~ T4 relation (as in all other observations) plus a ~ 80 eV soft excess shows that
LBol (LBol / LEdd) can be as high as ~ 1.1 × 1043 erg s-1 (~ 0.22). We conclude that, at the Chandra epoch,
LBol ~ 0.09-1.1 × 1043 erg s-1, and LBol / LEdd ~ 0.02-0.22.
As the X-ray spectrum during the XMM-Newton observations is consistent with pure blackbody
emission, the derived best-fitting parameters can be used to estimate the inner disc radius Rin (and hence
the BH mass MBH). Following previous work48, and assuming an intermediate inclination of 45 degrees
w.r.t. the disc normal, we derive Rin ~ 4 × 1011 cm. Identifying Rin with the innermost stable circular
orbit (ISCO) for a non-rotating Schwarzschild BH (Risco = 6 Rg = 6 GMBH c-2), we estimate MBH ~ 4 ×
105 M⊙. Considering that LBol ~ 4.8 × 1043 erg s-1 (see Extended Data Table 2), we infer an Eddington
ratio LBol / LEdd ~ 0.95 during XMM1. We estimate a factor of a few uncertainty in the derived MBH (and
therefore Eddington ratio) mostly depending on the actual BH spin and observer inclination.
The power law emission above 2 keV is always weak with an almost epoch-independent luminosity
of ~ 1.1 × 1040 erg s-1 in the 2-10 keV band. Hence, the power law fractional contribution to the overall
radiative output significantly increases as the overall luminosity drops, in line with the general
correlation between X-ray bolometric correction and Eddington ratio in AGNs49. GSN 069 is however
an extreme example of X-ray weakness above 2 keV at all epochs, with a 2-10 keV bolometric correction
as high as ~ 4000 in XMM1 (2010 December). Constant hard X-ray luminosity is unusual in AGN (and
even more so for low BH mass nuclei8) and may imply that this emission component is not associated
with a compact optically thin X-ray corona as generally assumed, but rather with emission from diffuse
hot gas and/or X-ray binaries in the host galaxy. Using the relationship between star-formation rate
(SFR) and 2-10 keV luminosity50, a SFR of ~ 2 M⊙ yr-1 is needed to account for the observed 2-10 keV
luminosity. The SFR in GSN 069 can be estimated from the reddening-corrected UV luminosity51 as
SFR [M⊙ yr-1] = 1.4 × 10-28 Lν (UV) [erg s-1 Hz-1]. From the HST spectroscopic observations, we derive
Lν (UV) ~ 1.2 × 1027 erg s-1 Hz-1 at ~ 1500 Å, where we have assumed the reddening associated with the
measured X-ray column densityc. From the estimated Lν (UV) we then derive SFR ≲ 0.2 M⊙ yr-1,
where the upper limit is motivated by the fact that we ascribe the whole UV luminosity to stellar
processes, ignoring the likely 30-40 per cent contribution of the nucleus in the HST band. The derived

c

This is higher than the Galactic value, but we are here interested in deriving a SFR upper limit, rather than an
accurate value.
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SFR upper limit is about one order of magnitude too low to account for the observed 2-10 keV X-ray
luminosity. Using the 1.3 GHz luminosity (see §VI) as tracer of star-formation50, an even lower SFR is
obtained. We point out that a single Ultra-Luminous X-ray source in the galaxy could account for the
whole observed 2-10 keV X-ray luminosity. However, in this case, the lack of hard X-ray variability
over the ~ 8.5 years probed by our observations would remain puzzling.

IV. QPE model-independent properties
We consider light curves from the XMM3, XMM4 and Chandra observations in the common 0.4-2 keV
band (see Figure 1). All light curves are described with a simple model comprising an observationdependent constant C representing the quiescent level, and a series of Gaussian functions with
normalization N and width σ describing the QPEs. We define the QPE recurrence time Trec as the peakto-peak time-interval between subsequent eruptions, and the QPE duration Tdur as the FWHM of the
best-fitting Gaussian model. The duty cycle is defined as Δ = Tdur / Trec, while the QPE amplitude is
A=N/C.
The long-term QPE evolution is shown in Extended Data Figure 4, and has already been discussed
earlier. In order to gain insights on the QPE energy-dependence we study energy-selected folded light
curves from the longest XMM4 observation. As shown in Figure 2, the QPE amplitude, duration, and
peaking time are all strongly energy-dependent. The amplitude energy-dependence is shown in
Extended Data Figure 5a. The QPE amplitude A is much higher when measured at higher X-ray
energies, with A ~ 93 in the 0.6-0.8 keV band to be compared with A ~ 2 in the 0.2-0.3 keV band.
Extrapolation to lower energies implies that little/no variability is expected below 0.1 keV. The
amplitude energy-dependence can be split into the energy-dependence of the quiescent count rate
C=C(E) and of the Gaussian QPE normalization N=N(E). This is shown in Extended Data Figure 5b
where C(E) and N(E) are normalized to the detector effective area, so that we effectively show the
photon spectrum of the quiescent and QPE peak levels. The quiescent spectrum is consistent with the
high-energy tail of a few tens of eV thermal model, while the peak spectrum is harder (warmer),
suggesting that GSN 069 oscillates between a cold and a warm phase during QPEs. Extended Data
Figure 5b also clarifies the reason behind the QPE amplitude energy-dependence: the different spectral
shape of the two phases results into a much higher QPE amplitude (A=N/C) at higher energies, where
C(E) and N(E) differ the most.
As already clear from Figure 2, QPEs in higher energy bands evolve faster and peak earlier than
when measured in lower energy bands. The QPE duration Tdur increases with energy from ~ 1,590 s in
the 0.8-1 keV band to ~ 2,475 s in the 0.2-0.3 keV band, as shown in Extended Data Figure 5c. The
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QPE peaking time in the hardest 0.8-1 keV band leads all other energies with increasing lags up to ~
510 s (Extended Data Figure 5d). The Tdur and peaking time energy-dependence suggests that QPEs
first develop in the innermost (hotter) regions of the accretion flow and propagate outwards. The faster
evolution of QPEs at higher energies could then reflect the shorter accretion flow timescales of the inner,
hotter w.r.t. outer, colder regions. Fitting simple linear relations, the QPE duration Tdur and peak time
delay ΔTpeak energy-dependence are consistent with
Tdur = (2806 ± 66) – (1325 ± 115) × E [s];
ΔTpeak = (723 ± 30) – (819 ± 55) × E [s],
where E is in units of keV and the delay is computed with respect to the 0.8-1 keV band (which is
assumed to have zero delay). All results discussed above are based on the averaged QPE properties
during the XMM4 observation, as inferred from folded light curves. We defer to a future work the
detailed study of the intra-observation(s) QPE properties on short timescales (Miniutti et al. in
preparation).

V. QPE spectral evolution
We study the QPE spectral evolution during the highest-quality, longest observation (XMM4). Using
phase-dependent good-time-intervals, we extract phase-resolved source and background spectra
throughout the cycle. We divide the cycle in 7 phase-intervals with two spectra during the QPE rise (R1
and R2), one spectrum at the QPE peak (P), two spectra during the decay (D1 and D2) , one pre-QPE
spectrum (Qpre), and one post-QPE spectrum (Qpost), as shown in Figure 3. A short phase-interval
between Qpost and Qpre is ignored.
We group all spectra to a minimum of 25 counts per energy bin, and we fit the 7 phase-resolved
spectra simultaneously. As no hard tail is detected in any of the 7 spectra (likely because of low signal
to noise), we consider a simple one-component accretion disc model (diskbb). Physically, this
corresponds to assuming that the QPE spectral evolution can be described by global mass accretion rate
variation throughout the disc. We reach a good description of the data with χ2 = 468 for 436 dof, and the
most relevant best-fitting parameters are reported in Extended Data Table 3a. As the QPE progresses,
the disc temperature smoothly rises from ~ 50 eV up to ~ 120 eV, and then decays back to ~ 50 eV in
the Qpost spectrum, i.e. GSN 069 oscillates between a cold and a warm phase during QPEs, as expected
based on the QPE energy-dependence (e.g. Extended Data Figure 5b). Applying the same model to the
Chandra quiescent and peak spectra shows that the oscillation is between a ~ 80 eV and a ~ 120 eV
phase. The lower QPE amplitude during the Chandra observation is then explained by a less abrupt
spectral difference between the two phases.
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Although the one-component diskbb spectral model provides a statistically fair description of the
QPE spectral evolution, it appears to be physically implausible. This is because the highest 0.2-2 keV
luminosity during QPEs is only a factor of ~ 2.4 higher than during the quiescent phase, despite a factor
of ~ 2 increase in temperature, i.e. the expected L ~ T4 relation is not satisfied. Hence, global mass
accretion rate variability in a constant-area emitting disc fails to provide a physically consistent
explanation of the QPE phenomenon.
We then consider a second spectral decomposition in which we assume the presence of two thermal
models. The first component is again modelled with diskbb, but forced to be constant in both temperature
and normalization throughout the cycle, and representing the constant emission from a stable (likely
outer) region of the disc. The second component is allowed to vary during the cycle and represents
emission from the variable (likely inner) accretion flow. From a physical point of view, the variable
component may be associated with Comptonization in a warm, optically thick corona or with local
(rather than global) mass accretion rate variations in different disc regions during the QPE cycle (e.g.
different annuli that lighten up at different times, as possibly suggested by Figure 2b). Since in both
cases the X-ray spectral shape is blackbody-like, for the sake of generality we model the variable
component with a simple blackbody (bbody in XSPEC) without making strong assumptions on its
physical origin. We obtain χ2 = 457 for 435 dof, with an improvement that is significant at the 99.9 per
cent level (F-test) with respect to the one-component model discussed earlier (see Extended Data Table
3b). The constant disc is characterized by kT ~ 48 eV, while the variable blackbody temperature varies
between ~ 50 eV and ~ 105 eV as shown in Extended Data Figure 6a. The X-ray luminosity evolution
of the variable component is displayed in Extended data Figure 6b. The global 0.2-2 keV luminosity
reaches a maximum of ~ 5 × 1042 erg s-1 during QPEs. The best-fitting SED evolution throughout the
cycle is shown in Extended data Figure 6c (for the QPE rise) and 6d (QPE decay).
We note that the temperature of the warm phase is similar to that of the typical soft X-ray excess
observed in the X-ray spectra of most radiatively-efficient AGN. This may indicate that QPEs are
recurrent, short-lived oscillations between a one-temperature disc-dominated and a two-temperature
disc-soft-excess state. In this context, the Chandra soft-excess-dominated quiescent spectrum may be
representative of an intermediate stage of the spectral transition between the two states. This suggests
that we are possibly witnessing, for the first time, the QPE-driven formation of the soft X-ray excess in
an AGN in real time. If the overall luminosity of GSN 069 continues to drop, the presence of a stable
~100-200 eV soft excess and weak or no QPEs in future X-ray observations would demonstrate that
GSN 069 has completed a QPE-driven transition from a purely disc-dominated to a typical soft excess
AGN spectral state (besides the typical power law component). On the other hand, if the Chandra
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observation represents a sporadic excursion into a low flux level and the X-ray flux recovers, we may
expect a disc-dominated spectrum associated with strong QPEs again in the future.

VI. The X-ray/radio campaign
Following the X-ray QPEs detection in XMM3 and XMM4, we organised a DDT-based X-ray/radio
campaign with Chandra, the ATCA, the VLA, and the MeerKAT radio facilities (Extended Data Table
1). The MeerKAT1 and ATCA2 exposures comprise one Chandra X-ray QPE each, while the VLA
observation was performed during the Chandra quiescent phase. The ATCA1 and MeerKAT2 exposures
are not strictly simultaneous with the Chandra observation, but the propagation of the detected QPE
times predicts that no QPEs were present during the exposures.
GSN 069 is detected by the VLA with a flux density of 47 ± 8 µJy at a mean frequency of 6 GHz,
by MeerKAT with 147 ± 7 µJy (MeerKAT1) and 156 ± 14 µJy (MeerKAT2) at 1.3 GHz , and by ATCA
with 129 ± 17 µJy (ATCA1) and 120 ± 10 µJy (ATCA2) at 9 GHz. At 5.5 GHz, the source is not
detected by ATCA down to a 95 % upper limit of 126 µJy/beam during the longer ATCA2 exposure,
consistent with the VLA measurement (~ 50 µJy). However, the ATCA measurements should be taken
with caution as ATCA is unable to resolve GSN 069 from a contaminating source seen in the VLA map
50 arcseconds away to the North-West and for which the VLA measures a flux density of 71 ± 10 µJy
at 6 GHz. GSN 069 was also observed on 2017 November 2 with the VLA for a total on-source time of
just under 5 minutes. A point source fit gives a flux density of 61 ± 25 µJy, consistent with that measured
in February 2019. To search for potential radio variability (e.g. associated with X-ray QPEs), each data
set was divided into shorter time-intervals, but no significant variability was detected (see Extended
Data Figure 7). Based on the MeerKAT and VLA flux densities, the radio spectral index is ~ -0.7,
suggesting optically thin synchrotron emission. This also confirms that the ATCA measurements are
indeed heavily contaminated. The lack of detected radio variability during QPEs (though based on
MeerKAT1 data only, see Extended Data Figure 7) suggests that QPEs are not associated with ejections,
although we cannot exclude that radio variability is present but undetected because the evolving radio
components overlap with each other on the probed timescales.
The 6 GHz flux density during the 2019 VLA observation translates into a radio luminosity of Lradio
~ 1.9 × 1036 erg s-1 (corresponding to an estimated jet power52 Pjet ~ 1.2 × 1041 erg s-1). Lradio can be
combined with the observed 2-10 keV X-ray luminosity during the simultaneous Chandra observation
to obtain an estimate of the BH mass in GSN 069 using the fundamental plane of BH accretion53. We
infer a BH mass of MBH ~ 2 × 106 M⊙, i.e. about 5 times higher than that estimated from X-ray spectral
analysis. We must point out, however, that the GSN 069 SED is remarkably different from that of the
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typical AGN used to build the fundamental plane. In particular, GSN 069 is extremely X-ray weak above
2 keV with respect to the typical AGN population, i.e. the BH mass obtained from the fundamental
plane is likely over-estimated.

VII. Possible interpretations of the QPE phenomenon
The observed oscillations between cold and warm phases are highly reminiscent of limit-cycle
oscillations induced by instabilities of the accretion flow19,20,54,55,56,57. The QPE energy-dependence (see
Figure 2 and Extended Data Figure 5) is also consistent with expectations from a limit-cycle instability
in which a heating/cooling front propagates in the inner accretion flow. As all accretion timescales
depend on the orbital one, the evolution is faster in the innermost, hotter region than in outer colder
ones. This overall description appears to be consistent with e.g. Figure 2b, where we demonstrate that
QPEs measured at higher X-ray energies (i.e. higher temperatures) peak earlier and evolve faster than
QPEs measured at lower energies.
Let us then briefly consider an instability-driven interpretation of the observed QPE phenomenon.
We refer here to the classical radiation pressure instability, but we point out that other types of
instabilities could be relevant (e.g. related to magnetic fields and/or including disc-corona mass/energy
exchange if QPEs are associated with Comptonization). Considering for simplicity the XMM4
observation, the average QPE properties, as obtained from the full 0.2-2 keV band light curve, are:
Tdur = FWHM ~ 2,050 s;
Trise ~ Tdecay = 2 σ ~ 1,740 s;
Trec ~ 32,150 s,
so that the time spent in the cold phase is Tcold = Trec – Tdur = 30,100 s.
Our definition of Trise ~ Tdecay is somewhat arbitrary, but has very little impact on the following
discussion. The physical accretion flow timescales - namely the dynamical (orbital), thermal, and
viscous diffusion timescales - are
tdyn ~ (GMBH/R3)-1/2;
tth ~ α-1 tdyn;
tvisc ~ α-1 (H/R)-2 tdyn = (H/R)-2 tth,
where R is the radius, MBH is the BH mass, α ≤ 1 is the viscosity parameter, and H/R is the accretion
flow scale-height. Finally, the timescale for the propagation of perturbations in the flow is tprop ~ α-1
(H/R)-1 tdyn.
As an order-of-magnitude estimate, Tcold and Tdur are naturally associated with the viscous diffusion
timescale in the cold and warm phases respectively 54,55,56,57. Assuming that the viscosity parameter α is
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the same in the two phases56, and evaluating all accretion flow timescales at the same radius (the outer
edge of the unstable region) yields (H/R)warm ~ (Tcold Tdur-1)1/2 (H/R)cold, so that (H/R)warm ~ 3.8 (H/R)cold,
consistent with the theoretical expectation of an inflated accretion flow in the unstable region. On the
other hand, the QPE rise (decay) cannot be faster than the thermal timescale, and may be instead related
to the propagation of the perturbation front in the cold (warm) phase57. However, in the latter case, as
H/R is different in the cold and warm phases, one would expect Trise ≠ Tdecay. The very symmetric nature
of the QPE profile thus suggest to identify Trise ~ Tdecay with the thermal timescale (independent of H/R).
Therefore we infer (H/R)cold ~ (Trise Tcold-1)1/2 ~ 0.24, and (H/R)warm ~ 0.9.
Detailed numerical simulation of the radiation-pressure instability56 show that MBH can be written
in terms of the ratio A between the maximum and minimum bolometric luminosities, recurrence time
Trec, and viscosity parameter α as
MBH = 0.45 Trec0.87 A-0.72 (α/0.02)1.88,
where MBH is in units of M⊙, and Trec in seconds. Using the GSN 069 parameters, we have that MBH ~
3.1 × 103 (α/0.02)1.88 M⊙ which, assuming MBH ~ 4 × 105 M⊙, yields α ~ 0.26 in GSN 069. The QPE
energy-dependence and, in particular, the lack of QPEs below ~ 0.1 keV suggest that the instability is
confined within the innermost regions of the accretion flow (see Extended Data Figure 5a). Let us call
Runst the outer edge of the unstable region. After correcting the observed recurrence time for both
systemic and gravitational redshift (at Runst), we can use the equivalence between Tcold and tvisc in the
cold phase to derive an estimate of Runst. Assuming MBH ~ 4 × 105 M⊙, (H/R)cold ~ 0.24, and α ~ 0.26 as
derived above, and evaluating tvisc at Runst , yields Runst ~ 36 Rg.
We conclude that, if QPEs are instability-driven: H/R ~ 0.24 in the quiescent/cold phase, H/R ~ 0.9
in the warm phase at the QPE peak, α ~ 0.26 (assumed to be the same in both phases), and the unstable
region is confined within the innermost 30-40 Rg of the accretion flow. Obviously, as all estimates are
based on the comparison between observed time intervals and theoretical timescales, they have to be
considered as simple and rough order-of-magnitude estimates.
As mentioned, the BH X-ray binaries GRS 1915+105 and IGR J17091-3624 in their heartbeat
states16,17,18 exhibit similar variability properties as GSN 069. The recurrence times for the heartbeat of
GRS 1915+105 is highly variable and, typically, of the order of 10-1000 s. IGR J17091-3624 heartbeats
have shorter recurrence time, typically by one order of magnitude with respect to GRS 1915+105.
Although the BH masses in GRS 1915+105 and IGR J17091-3624 are possibly different, as we are here
interested in order-of-magnitude estimates, we assume that they both have MBH ~ 10 M⊙. For the
fiducial BH mass of GSN 069, Trec(GSN 069) translates into a predicted recurrence times of the order of ~
1 s in the X-ray binary case. Given that the BH mass in GSN 069 is likely associated with a factor of a
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few uncertainty and that α, H/R, and Runst are unlikely to be exactly the same in the three systems, it
does not seem implausible that the recurrence times can be made consistent with each other, i.e. that we
may be observing the same or similar type of instability in all systems21,22,57.
(Some) alternative interpretations
An instability-driven interpretation of the QPE phenomenon appears plausible given the observed QPEs
timing and spectral properties. However, this is a new phenomenon, and it is clear that alternative
interpretations should be explored. Here we simply mention a few potentially interesting scenarios,
being aware that our discussion is far from exhaustive.
When quasi-periodic phenomena are observed in accreting systems, orbital motion is an obvious
possibility. An orbiting structure with rest-frame blackbody-like spectrum may reproduce the observed
QPE spectral evolution via Doppler effects. However, assuming the fiducial MBH = 4 × 105 M⊙ and
identifying the (rest-frame) recurrence time with the orbital period sets a scale of ~ 190 Rg. At such large
distances, orbital motion would imprint a quasi-sinusoidal low-amplitude modulation rather than the
observed abrupt, short-lived QPEs. We conclude that an orbiting-spot-like model is an unlikely
explanation for the observed QPEs.
Another possibility is precession of an inner torus-like accretion flow. The lack of radio variability
during X-ray QPEs (see §VI) makes it unlikely that variability is induced by jet precession. One may
instead imagine a geometry in which the quiescent ~ 50 eV emission originates in the outer accretion
disc, while the innermost regions comprise a geometrically thick torus-like flow with an inner X-rayemitting funnel. A misaligned disc-torus geometry around a rotating Kerr BH is subject to LenseThirring precession of the inner torus. Torus precession could then produce high-amplitude variability
as the funnel emission recurrently moves in and out of the line of sight. The Lense-Thirring period TLT
depends on BH mass and spin, and on the torus size (in particular its outer edge Rtor). TLT ~ Trec ~ 30 ks
can be obtained for reasonable values of Rtor ~ 10-30 Rg for a broad range of BH spin values58 which
makes this scenario worth exploring in the future. We note that the small observed QPE duty cycle (Δ
~ 6%) implies a very narrow X-ray-emitting funnel.
High amplitude recurrent variability events may also be induced by the interaction between an
existing accretion disc and an orbiting secondary body. A similar scenario can successfully explain the
optical variability of OJ 28759. In that system, optical outbursts occur every ~ 12 years with two peaks
per cycle separated by 1-2 years, and the leading interpretation is that of a super-massive BH binary
system in which the secondary passes through the accretion disk of the primary producing two optical
outbursts per period60. In the case of GSN 069, the quasi-periodic nature of the X-ray variability implies
26/43

an orbital configuration producing only one impact per orbit or a nearly circular orbit of the secondary.
Whether this type of model can account for the QPE spectral evolution remains to be addressed in future
work. We point out that no QPEs are observed during the XMM2 observation in 2014 December, despite
the observation being long enough (~ 83 ks) to potentially detect two/three QPEs. This observational
fact needs to be accounted for in any attempt of explaining the QPE phenomenon. In the context of discsecondary body interactions, an initially compact disc (e.g. produced by a TDE) spreading out viscously
may be large enough to intercept the secondary orbit only at late times, which may explain the lack of
QPEs in the 2014 December XMM2 observation.
Another plausible scenario could be invoked in the context of a TDE-driven outburst for GSN 069.
If the star was only partially disrupted, the surviving body could still orbit the BH and may produce
QPEs either by a mechanism similar to that outlined above, or by Roche lobe overflow at closest
approach, giving rise to enhanced quasi-periodic accretion events. However, the lack of QPEs in XMM2
and the consistency between orbital/dynamical parameters and observed properties/timescales needs to
be addressed.
Exploring in detail these (and possibly other) explanations of the QPE phenomenon is beyond the
scope of this Letter, and will be the subject of future dedicated work.

VIII. QPEs in the wider context
In an attempt to identify other potential QPE candidates, it is obviously worthwhile to look for sources
sharing the largest possible number of properties with GSN 069. As already noted in our previous work4,
2XMM J123103.2+11064814,61 (J1231) is one such source. It is another low BH mass Seyfert 2 galaxy
that is characterized by an ultra-soft, disc-like X-ray spectrum with only weak power law emission and
high amplitude, short timescale soft X-ray variability. Its long-term evolution is also similar to that of
GSN 069 to the extent that it has been proposed as an example of long-lived TDE62, as may be the case
for GSN 069. Remarkably, a ~ 3.8 hr QPO has been detected in J123112,14. It is worth mentioning that,
in the context of a disc-instability interpretation of QPEs, limit-cycle oscillations are predicted to
become low-amplitude quasi-periodic flickering54,55 as the mass accretion rate drops, due to the
shrinking size of the unstable region. The observed QPO in J1231 may then be the signature of a weak
QPE, or of a QPE that does not fully develop. This also suggests the possibility that QPEs in GSN 069
may develop into a gentler lower-amplitude modulation (a QPO) in the future, as the mass accretion rate
continues to drop.
Another similar source is RX J1301.9+274715,63 (J1301), a low BH mass AGN whose X-ray
spectrum is dominated by a thermal disc with weak power law emission emerging above ~ 1 keV. The
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optical spectrum shows no signs of broad optical emission lines, as in GSN 069 and J1231. The most
remarkable property of J1301 is the presence of short, high-amplitude X-ray flares that are observed in
2000 and 2009 observations with XMM-Newton and Chandra respectively15. The source is active at
similar flux levels since the ROSAT era, and ROSAT data also indicate high amplitude and short
timescale soft X-ray variability64. We have recently obtained an X-ray/radio observation to search for
QPEs in J1301, and results will be reported elsewhere (Giustini et al. in preparation).
As mentioned, both GSN 069 and J1231 exhibit long-term X-ray decays that could be understood
in terms of long-lived TDEs, perhaps associated with the disruption of evolved stars off the main
sequence. This possibility may be viable also for J1301, as outbursts produced by the disruption of giant
stars may last hundreds of years39. In fact, TDEs are generally characterized, at least transiently, by
properties that are similar to those of GSN 069 at the time of first QPE detection. Thermal TDEs are
disc-dominated with generally weak hard X-ray emission, and they are likely to cross the ~ 0.5
Eddington ratio regime at some point during their long-term evolution. Moreover, the resulting disc is
likely too small to sustain a mature broad line region, which may explain why no optical broad lines are
detected in GSN 069 (nor in J1231 and J1301). Long-lived TDEs may then be among the most promising
candidates where to search for QPEs. More generally, the most secure QPE candidates should be looked
for within a population of relatively high Eddington ratio, low BH mass AGN with soft X-ray emission
characterized by a temperature significantly lower than that of the standard soft excess, weak power law
emission above 1-2 keV, and no/weak optical broad emission lines.
On the other hand, the typical AGN population is characterized by significantly higher BH masses
of the order of 107-109 M⊙. In massive AGN, the thermal disc does not extend up to soft X-rays and
dies off in the extreme/far UV instead. Hence, prior to the appearance of QPEs, a GSN 069-like more
massive AGN appears in the X-ray band as an extremely X-ray weak source with power-law-like X-ray
spectrum and no soft X-ray excess. Being more luminous than its low BH mass counterpart, the opticalto-UV SED of such an AGN may reveal the nuclear continuum dominating above galactic emission. As
mentioned, QPEs are best described by short timescale oscillations between a relatively cold disc and a
warmer phase. The detectability of QPEs at X-ray energies in systems with higher BH mass than GSN
069 depends on whether the warm phase temperature is universal, i.e. related to the AGN soft X-ray
excess, or rather associated with a given increase w.r.t. the quiescent level temperature (i.e. a factor of
~ 2 in GSN 069). In the former case, soft X-ray QPEs could be potentially detected in massive AGNs
as recurrent excursions in soft-excess-dominated states, while in the latter case QPEs would likely be
confined to the FUV/EUV band and hence more difficult to observe, although the higher luminosity and
therefore dominance w.r.t. stellar processes in the UV may help. Multi-epoch X-ray observations of
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variable AGN with appearing/disappearing soft X-ray excess may be a key observational signature of
QPEs in massive BH systems, and could confirm the association between the QPE warm phase and the
AGN soft X-ray excess.
The extremely weak power law emission and lack of soft X-ray excess prior to QPEs detection that
characterizes GSN 069 (as well as J1231 and J1301) may be a fundamental property for QPE to develop,
especially if QPEs are instability-driven: numerical simulations of the radiation-pressure instability
show that the X-ray coronae (responsible for the power law emission and, possibly, for the soft X-ray
excess as Comptonization in a warm optically thick medium65) have a stabilizing effect, significantly
reducing the instability amplitude, or even suppressing it altogether66. Note that outflows have generally
a similar stabilising effect. Potential systems where to look for QPEs include therefore genuine (i.e. not
absorbed) X-ray weak AGN with no apparent soft X-ray excess. If the lack of broad optical lines is
crucial for QPEs, weak emission line (X-ray weak) AGN are also potentially interesting targets.
QPEs and extreme variability AGNs
As discussed in §VII, the observed QPE timescales may be used to derive the quiescent accretion flow
scale-height as H/R ~ 0.2 in GSN 069, under the assumption that QPEs are due to limit-cycle
instabilities. If the long-term accretion event in GSN 069 is TDE-driven, a mildly thick accretion flow
is perhaps not surprising, as TDEs accretion flows are expected to be significantly thicker than AGN
discs. This is in fact ,likely true for high Eddington ratio accretion flows more generally67,68. A thickerthan-standard accretion flow may be associated with radiation pressure dominance and/or magnetically
elevated accretion23,24. However, in the radiation-pressure scenario, H/R is a function of mass accretion
rate, or Eddington ratio. QPEs are observed with similar recurrence time as in XMM3/XMM4 also
during the Chandra observation, which is characterized by a lower Eddington ratio (see Extended Data
Table 2 and the associated discussion in §III). As Trec ∝ (H/R)-2, this suggests that H/R is not a strong
function of the Eddington ratio (or mass accretion rate), so that a magnetically supported disc24 may be
a more appropriate explanation for the suggested relatively high H/R.
We note that if the relatively thick disc we measure in GSN 069 is not source-specific but a more
general result, more massive AGN can vary on shorter timescales than expected from the razor-thin
standard disc assumption. As a simple and admittedly over-simplified exercise, the viscous diffusion
timescale at R ~ 200 Rg for a typical 108 M⊙ AGN with H/R ~ 0.2 and α ~ 0.2 (as inferred in GSN 069,
see §VII), is as short as ~ few years not only in the X-ray, but even in the UV and optical (as we have
evaluated the viscous timescale at 200 Rg). This may then be a plausible explanation for the rapid
variability seen in a growing number of AGNs, including the so-called changing look AGNs9,69,70,71.
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Some changing-look AGNs (or other extreme variability objects) may even be explained naturally if
they were actually experiencing QPEs, in which case the observed QPE properties would imply similar
numbers of changing-look AGNs in the rise and decay phases, and an appearing/disappearing soft Xray excess during the rise/decay phase.
The latter prediction is consistent with the long-term variability of the two changing-look AGNs
Mrk 59025,26,27,30 and Mrk 101828,29. Over the past ~ two decades, the continuum emission from Mrk
590 has faded away (together with the optical, broad emission lines), and this transition is accompanied
by the disappearance of the soft X-ray excess that characterized the X-ray spectrum in the high state26.
Mrk 590 is recently awakening, and its X-ray spectrum shows that a weak soft excess has re-emerged27,
together with its optical broad emission lines30. On the other hand, Mrk 1018 changed from optical type
1.9 to 1 around 198028, and again from type 1 to 1.9 around 201029 with associated high amplitude
optical to X-ray variability. The latest decline (~ 8 years duration) is relatively well monitored in the
UV and X-rays by Swift and XMM-Newton, revealing that the decay and spectral type transition are
accompanied by the disappearance of the soft X-ray excess23. Long-term monitoring of these and other
potential QPE candidates may reveal recurrent QPEs, and could confirm the association between the
QPE warm phase and the typical soft X-ray excess in AGNs, providing important clues on the origin
and formation of this puzzling X-ray spectral component.
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Extended Data Table 1 | Summary of the observations used in this work

Observation

ObsID

Start date

Exposure

Observation

ObsID

Start date

Exposure

XMM1

0657820101

2010-12-02

11 ks

ATCA1

CX425

2019-01-26

19 ks

XMM2

0740960101

2014-12-05

83 ks

MeerKAT1

1550159669

2019-02-14

11 ks

HST/STIS1

13815

2014-12-14

8 ks

Chandra

22096

2019-02-14

73 ks

XMM3

0823680101

2018-12-24

45 ks

VLA

19A-454

2019-02-14

13 ks

HST/STIS2

15442

2018-12-31

8 ks

ATCA2

CX425

2019-02-14

38 ks

XMM4

0831790701

2019-01-16

133 ks

MeerKAT2

1550233871

2019-02-15

11 ks

We also use data from a short archival VLA observation performed on 2017 November 2 (17B-027; PI: X.W.
Shu), see §I and §VI for details.
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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 excluded

TBABS × ZXIPCF(*) × (DISKBB + POWERLAW)
Parameter

[Units]

NH

[1020 cm-2]

Γ

χ2/dof = 282/254
XMM1

XMM2

XMM3

XMM4

Chandra

5.5 ± 1.1

-

-

-

-

1.8f

-

-

-

-

63 ± 3

53 ± 2

48 ± 3

47 ± 3

82 ± 16

kT

[eV]

F0.3-2

[10-12 erg s-1 cm-2]

1.3 ± 0.1

0.69 ± 0.05

0.34 ± 0.03

0.34 ± 0.03

0.09 ± 0.03

F2-10

[10-14 erg s-1 cm-2]

1.7 ± 0.6

0.9 ± 0.2

2.0 ± 0.6

1.9 ± 0.5

1.1 ± 0.3

LDISKBB

[1042 erg s-1]

11.0 ± 0.9

5.0 ± 0.4

3.0 ± 0.3

3.1 ± 0.3

0.15 ± 0.05

LPL

[1040

1.2 ± 0.4

0.7 ± 0.2

1.4 ± 0.4

1.4 ± 0.4

0.8 ± 0.2

LBol

[1043 erg s-1]

~ 4.8

~ 3.0

~ 2.3

~ 2.3

~ 0.09(**)

~ 0.95

~ 0.60

~ 0.46

~ 0.46

~ 0.02(**)

LBol / LEdd
(*)

f

erg

s-1]

The ZXIPCF model is only applied to the XMM1 data, see caption for details.

The photon index Γ is largely unconstrained by the data above 1-2 keV, so that it is fixed to Γ = 1.8 at all epochs.

(**) We

point out that LBol (and hence LBol / LEdd) at the Chandra epoch is significantly more uncertain than that derived from the other observations, as we are

effectively fitting a soft excess rather than disc emission (see Methods §III, where we derive a range of LBol ~ 0.09-1.1 × 1043 erg s-1 ).

An intrinsic ionized absorber (the ZXIPCF model) is required by the XMM1 data. Its presence is not statistically
significant in any of the other observations, and the model is therefore applied only to the XMM1 spectrum. The
XMM1 absorber parameters are NH = (5.2 ± 0.36) × 1021 cm-2 and log ξ = 0.35 ± 0.25. All fluxes are as observed,
and luminosities are unabsorbed. LDISKBB and LPL are the 0.2-2 keV and 2-10 keV luminosities from the disc and
power law models respectively. The bolometric luminosity LBol is estimated from the extrapolation of the bestfitting models down to 10-5 keV (~ 124 µm). The Eddington ratio (LBol / LEdd) is estimated assuming a BH mass
MBH = 4 × 105 M⊙ (see Methods §III). Errors represent the 90 % confidence level intervals as obtained from Xray spectral fits.
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Extended Data Table 3 | Most relevant best-fitting parameters for the QPE phase-resolved spectral analysis
during the XMM4 observation
a
χ2/dof = 468/436

TBABS × DISKBB
Parameter

[Units]

NH

[1020 cm-2]

kT

[eV]

F0.3-2

[10-12

erg

s-1

cm-2]

Qpre

R1

R2

P

D1

D2

Qpost

3.5 ± 1.2

-

-

-

-

-

-

50 ± 2

82 ± 5

126 ± 5

122 ± 4

96 ± 3

67 ± 3

53 ± 3

0.30 ± 0.01

0.47 ± 0.03

1.36 ± 0.05

2.31 ± 0.05

1.48 ± 0.05

0.60 ± 0.03

0.37 ± 0.03

1

~ 0.7

~ 1.3

~ 2.4

~ 1.9

~ 1.2

~ 1.1

L / L(Qpre)

b
χ2/dof = 457/435

TBABS × ( DISKBB + BBODY )
Parameter

[Units]

Qpre

R1

R2

P

D1

D2

Qpost

NH

[1020 cm-2]

4.2 ±1.1

-

-

-

-

-

-

kTconst

[eV]

48 ±2

-

-

-

-

-

-

kTvar

[eV]

50f

90 ± 6

105 ± 4

99 ± 4

82 ± 3

65 ± 4

55 ± 7

Lconst

[1042

erg

s-1]

2.0 ± 0.2

-

-

-

-

-

-

Lvar

[1042

erg

s-1]

≲ 0.2

0.36 ± 0.03

1.53 ± 0.09

3.0 ± 0.1

2.2 ± 0.1

0.75 ± 0.05

0.24 ± 0.02

Table a refers to the one-component variable DISKBB model applied to all phase-resolved spectra. In the last row,
we report the ratio between the observed phase-dependent 0.2-2 keV luminosity and that during the pre-QPE phase
(Qpre). Together with the corresponding measured disc temperatures, this shows that the variable emission does
not follow the L ~ T4 relation, and thus that global mass accretion rate variability is not a viable explanation of the
QPE phenomenon. table b reports results for a two-component thermal model where the DISKBB model
parameters are forced to be phase-independent (i.e. constant throughout the cycle) representing a stable (likely
outer) disc, and the QPE evolution is described by an additional variable BBODY component. Lconst and Lvar in
table b refer to the 0.2-2 keV unabsorbed luminosities of the constant (DISKBB) and variable (BBODY) thermal
models, characterized by kTconst and kTvar respectively. Errors represent the 90 per cent confidence level
uncertainties.
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a

c

b

d

Extended Data Figure 1 | Position of GSN 069 as inferred from optical, X-ray and radio images
In a we show a 12′×12′ region from the Digitized Sky Survey (DSS) centered on the 2MASS position of GSN 069
(RA 01:19:08.663; DEC -34:11:30.52). 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′.
Panels b and c show 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″ and panel d shows the Chandra X-ray image of that
very same region, with superimposed VLA contours (white) as well as the 2MASS position (red cross) as
reference. No boresight correction was applied to the Chandra data.
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Extended Data Figure 2 | UV spectrum and variability of GSN 069 from HST and OM observations
In panel a, we show the 2014/2018 HST/STIS spectra that have been taken quasi-simultaneously with XMM2
(2014) and XMM3 (2018). In b, the 2014 STIS spectrum 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. Panel c shows the OM light curve
in the UVM2 filter (~ 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 (Figure 1b). The STIS spectra
as well as the B3 and B6 spectra from the Pickles Atlas are displayed with no uncertainties, while errors in c
represent the 1-σ confidence intervals.
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Extended Data Figure 3 | The X-ray long-term evolution of GSN 069
The X-ray spectra from the XMM1, XMM2, XMM4, and Chandra observations, excluding time-intervals
containing QPEs, are shown in panel a. 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. Panel b shows the best-fitting SEDs according to the bestfitting models presented in Extended Data Table 2. The 0.3-2 keV flux evolution of GSN 069 since first X-ray
detection is shown in c, 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 efolding timescale of ~ 5 yr. In panel d we show the measured diskbb model 0.2-2 keV luminosity as a function of
disc temperature (see Extended Data Table 2). The dashed line is the best-fitting relation L ~ T4.5±0.5 to the XMMNewton 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 disc emission for the given luminosity.
Errors in a represent the 1-σ confidence intervals, while error bars in c and d represent the 90 per cent confidence
intervals as obtained from X-ray spectral fitting (Extended Data Table 2). Some of the error bars are smaller than
the symbol size.
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Extended Data Figure 4 | Observation-averaged QPE long-term evolution
In the left panels, we show the 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 average over each X-ray observation. In the right
panels, Trec (d) and the duty cycle Δ (e) are shown as a function of the QPE amplitude A. Errors bars represent the
1-σ confidence intervals. Some error bars are smaller than the symbol size.
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Extended Data Figure 5 | QPE energy-dependence from the XMM4 observation
In panel a, we show 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. Panel b shows N=N(E) and C=C(E) normalized to the detector effective area in each
energy bin, i.e. the QPE peak (N) and quiescent level (C) photon spectrum. The QPE duration Tdur and QPE peak
time delay ΔTpeak as a function of energy are shown in panels c and d respectively, together with the best-fitting
linear relations (see §IV). 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 1-σ confidence intervals,
some of the error bars being smaller than the symbol size.
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Extended Data Figure 6 | QPE phase-resolved spectroscopy from the XMM4 observation
In panels a and b, we show the temperature and 0.2-2 keV luminosity 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 disc. Panels c and d show the corresponding SED evolution: c shows the bestfitting model during the QPE rise from quiescence (Qpre) to QPE peak (P), while d shows the QPE decay evolution
from peak (P) back to quiescence (Qpost). The model predicts no variability below 0.1 keV, in line with the
expectations based on Extended Data Figures 5a and 5b. In panels a and b, errors represent the 90 per cent
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).
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Extended Data Figure 7 | The 2019 February simultaneous X-ray/radio campaign
The X-ray 0.4-2 keV Chandra light curve is shown in panel a. The remaining panels show the MeerKAT1 (b),
VLA (c), and ATCA2 (d) light curves from the simultaneous radio campaign. Notice that the MeerKAT1 and
ATCA2 exposures comprise 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 panel d represents the measured timeaveraged 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 represent the 1-σ confidence intervals. The ATCA data
points are instead 3-σ confidence level upper limits.
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