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ABSTRACT

Context. Quasi-periodic eruptions (QPEs) are repeating thermal X-ray bursts associated with accreting massive black holes, the
precise underlying physical mechanisms of which are still unclear.

Aims. We present a new candidate QPE source, AT 2019vcb (nicknamed Tormund by the Zwicky Transient Facility Collaboration),
which was found during an archival search for QPEs in the XMM-Newton archive. It was first discovered in 2019 as an optical tidal
disruption event (TDE) at z = 0.088, and its X-ray follow-up exhibited QPE-like properties. Our goals are to verify its robustness as
QPE candidate and to investigate its properties to improve our understanding of QPEs.

Methods. We performed a detailed study of the X-ray spectral behaviour of this source over the course of the XMM-Newton archival
observation. We also report on recent Swift and NICER follow-up observations to constrain the source’s current activity and overall
lifetime, as well as an optical spectral follow-up.

Results. The first two Swift detections and the first half of the 30 ks XMM-Newton exposure of Tormund displayed a decaying thermal
emission typical of an X-ray TDE. However, the second half of the exposure showed a dramatic rise in temperature (from 53.5f3§ eV
to 113.8*37¢V) and 0.2-2keV luminosity (from 3.2*]4 x 102 ergs™ to 1.197393 x 10* erg s™') over ~15ks. The late-time NICER
follow-up indicates that the source is still X-ray bright more than three years after the initial optical TDE.

Conclusions. Although only a rise phase was observed, Tormund’s strong similarities with a known QPE source (eRO-QPEI1) and
the impossibility to simultaneously account for all observational features with alternative interpretations allow us to classify Tormund
as a candidate QPE. If confirmed as a QPE, it would further strengthen the observational link between TDEs and QPE:s. It is also the

first QPE candidate for which an associated optical TDE was directly observed, constraining the formation time of QPEs.

Key words. accretion, accretion disks — X-rays: general — quasars: supermassive black holes

1. Introduction

The X-ray transient sky is rich in complex, rare, and still puz-
zling phenomena. One of the latest additions to the family
of rare X-ray transients are quasi-periodic eruptions (QPEs),
first discovered in 2019 (Miniutti et al. 2019). These sources
are characterised by intense bursts of soft X-rays, repeating
every few hours, showing thermal emission with temperatures
of ~50eV in quiescence, and reaching ~100eV at the peak.
To date, only four bona fide QPE sources are known: GSN
069 (Miniutti et al. 2019), RX J1301.9+2747 (Sun et al. 2013;
Giustini et al. 2020), eRO-QPE1 and eRO-QPE2 (Arcodia et al.
2021), along with one additional strong candidate, XMMSL1
J024916.6-041244 (Chakraborty et al. 2021). A sixth source,
2XMM J123103.2+110648, has been suggested as a possible
QPE source due to its optical and X-ray spectral and vari-
ability properties (Terashima et al. 2012; Miniutti et al. 2019;
Webbe & Young 2023), although its light curve is more reminis-

* Movie of Fig. 7 is available at https://www.aanda.org
** Einstein Fellow.

cent of quasi-periodic oscillations (QPOs; e.g., Vaughan 2010;
Reis et al. 2012; Gupta et al. 2018).

In terms of timing properties, the duration of the bursts can
vary, most being quite short (<5 ks), with only eRO-QPEL1 pre-
senting a burst duration of ~25ks. The recurrence time, which
corresponds to the time between two consecutive bursts, ranges
from 10 ks to 60 ks. However, Arcodia et al. (2022) showed
that this timescale does not necessarily remain constant for a
given source. On a longer timescale, they are also transient
in nature, with QPEs in GSN 069 being observed over the
course of ~1 yr only, although the QPE lifetime may actu-
ally be longer (Miniutti et al. 2023). QPEs have been detected
from relatively low-mass galaxies, around central black holes
in the mass range of 10°—107 My, with peak X-ray luminosi-
ties of ~10*2-10¥ ergs™!. Two types of burst profile have
been seen (Arcodia et al. 2022): GSN 069 and eRO-QPE2 dis-
play isolated and regularly spaced peaks (Miniutti et al. 2019;
Arcodia et al. 2021), while RX J1301.9+2747 and eRO-QPE1
show a more complex temporal evolution and overlapping peaks
(Giustini et al. 2020; Arcodia et al. 2021). Finally, QPEs seem
to show an observational correlation with tidal disruption events
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(TDEs, Rees 1988; Gezari 2021). TDEs are the disruption of a
star by a massive black hole due to the tidal forces of the central
mass. The resulting stellar debris creates a temporary accretion
disc around the super-massive black hole (SMBH), which leads
to a transient outburst over several months up to a few years.
Out of the five known QPEs, two show a link with past X-ray
TDEs (Shu et al. 2018; Miniutti et al. 2019; Chakraborty et al.
2021), which is unlikely to be a coincidence considering the rar-
ity of TDEs (rate of ~6 x 107 yr~! galaxy~!, van Velzen et al.
2020). Additionally, the host galaxy properties of all the QPE
sources are akin to those favoured for TDEs in terms of cen-
tral black hole mass (Wevers et al. 2022) or their post-starbust
nature (French et al. 2016; Wevers et al. 2022), which increases
the probability of a stellar interaction with the central SMBH.

While the precise mechanism responsible for the emer-
gence of QPEs is not yet clear, several models have been sug-
gested to explain their properties. Initially, radiation-pressure
disc instabilities were proposed (Miniutti et al. 2019), but the
asymmetry in some of eRO-QPEI1 eruptions, as well as con-
siderations on the viscous timescales of the accretion flow, dis-
favoured this explanation (Arcodia etal. 2021). While some
changes to the magnetisation and geometry of the accretion flow
compared to standard radiation pressure instability might solve
the timescale issues (Sniegowska et al. 2020; Sniegowska et al.
2023; Kaur et al. 2022; Pan et al. 2022), the asymmetry remains
problematic. Raj & Nixon (2021) suggested a model of disc-
tearing instabilities triggered by Lense-Thirring precession,
which would separate a misaligned disc into several indepen-
dant rings, leading to shocks between them and temporary
enhancements of the accretion rate on shorter timescales than
the viscous one. Magnification of a binary SMBH through grav-
itational lensing was suggested (Ingram et al. 2021), but it is cur-
rently disfavoured because of the chromatic behaviour of known
QPEs (Arcodia et al. 2022). Most other models involve one or
more bodies orbiting the central massive black hole. Xian et al.
(2021), Linial & Metzger (2023), and Franchini et al. (2023)
explained QPEs by the collision of a stripped stellar core with
an accretion disc, most likely consisting of the debris of the stel-
lar envelope. This type of model implies a previous partial TDE,
which has the advantage of being consistent with the obser-
vational correlation between QPEs and TDEs. Metzger et al.
(2022) presented a model based on the interactions of two
counter-orbiting, circular, extreme-mass-ratio inspiral (EMRI)
systems, in which accretion from the Roche lobe overflow
of the outer stellar companion is temporarily and periodically
enhanced by the proximity of the second inner stellar compan-
ion. Finally, QPEs can also be explained by repeated tidal strip-
ping of an orbiting white dwarf (King 2020, 2022; Zhao et al.
2022; Wang et al. 2022; Chen et al. 2022), most likely captured
through the Hills mechanism (ejection of a binary companion,
Hills 1988; Cufari et al. 2022). Wang et al. (2022) showed that,
in this model, the initial tidal deformation of the inbound white
dwarf heats and inflates its envelope, which can be accreted onto
the SMBH and provoke what appears to be a TDE. Recently,
and still in the context of a mass transfer scenario due to Roche
lobe overflow, models explaining QPEs via shocks between the
incoming streams or between the stream and the existing accre-
tion flow have been proposed by Krolik & Linial (2022) and
Lu & Quataert (2022).

Additional detections and observations of QPEs are neces-
sary to discriminate between the models and understand the
nature of QPEs. With this aim, and as part of an ongoing
study on the systematic exploitation of multi-instrument X-ray
archives (Quintin et al., in prep.), we searched for new QPE
candidates previously missed in archival data. We looked for
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short-term variable, soft X-ray sources for which the position
matched the centre of galaxies present in the GLADE+ cata-
logue (Dalya et al. 2022). A comparable data-mining work was
performed by Chakraborty et al. (2021) on the 4XMM catalogue
(Webb et al. 2020), in which they found one new QPE candi-
date. While they looked for characteristic quasi-periodic pulses
in the short-term light curves of the X-ray sources, our search
was more generic in terms of variability (see more details in
Sect. 2.1). This allowed us to detect a new QPE candidate,
4XMM J123856.34+330957.

The optical counterpart of this source, AT 2019vcb, was
originally detected as a transient optical event by the Zwicky
Transient Facility (ZTF, Bellm 2014) on November 15, 2019
(ZTF19acspeuw, nicknamed Tormund), with total magnitude
(not host corrected) peaking at 17.79, 17.91, and 18.0 in the i,
r, and g bands, respectively. Additionally, it was detected by
ATLAS (ATLAS19bcyz, peak differential magnitude of 18.415
in the orange filter) and Gaia (Gaial9feb, peak differential mag-
nitude 18.73 in the g band) a few days later. Its brightening of
about 1 magnitude from archival levels in the g, r, and i bands,
and its decay over about 100 days led to a classification as a
TDE. As part of a monitoring of the long-term multi-wavelength
behaviour of TDEs, the ZTF collaboration obtained optical and
X-ray follow-ups of the source. The optical observation allowed
for a spectrum to be measured about two months after the peak;
the observation revealed a line-rich spectrum, consistent with a
H+He TDE (see Fig. 1 in Hammerstein & Velzen 2022). The
authors used the MOSFiT (Guillochon et al. 2018) and TDEmass
(Ryu et al. 2020) models to estimate the mass of the central black
hole, MIPEmass ~ 6.5'23 x 10° Mo, and MEosFiT ~ 8.3*08 x
107 My, respectively. The host galaxy was identified as being
relatively low mass (Mgy ~ 1074999 M| the lowest mass of
the studied sample of that article) at redshift z = 0.088. It pre-
sented a rest-frame u-r colour of 1.55 + 0.03, the lowest of the
studied sample, and was the second-youngest of the sample in
terms of age of stellar population. The X-ray follow-ups con-
sisted of two observations by the Neil Gehrels Swift Observatory
(hereafter Swift) and one XMM-Newton observation respectively
3.5, 5, and 6 months after the optical peak. The X-ray follow-ups
revealed very soft, thermal emission; the XMM-Newton observa-
tion in particular revealed a large short-term variability that is
consistent with the rising phase of a long-duration QPE, akin to
eRO-QPE1 (Arcodia et al. 2022).

In this paper, we provide a detailed study of the available
data as well as new follow-up data (Sects. 2—4). We then anal-
yse the spectro-temporal behaviour of this source to confirm it
as a strong QPE candidate and assess the constraints this new
candidate puts on the QPE formation and emission mechanisms
(Sect. 5).

2. Search and data reduction

The multi-instrument evolution of Tormund can be found in
Fig. 1, and a summary of the X-ray observations is provided in
Table 1.

2.1. XMM-Newton

The source was found in the archival XMM-Newton catalogue,
4XMM-DR11 (Webb et al. 2020), as part of a larger project
of data-mining the multi-instrument X-ray archives (Quintin
et al., in prep.). We looked for short-term variable, soft, nuclear
sources. To do this, we correlated the 4XMM-DRI11 catalogue
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Fig. 1. Multi-wavelength light curves of Tormund. The vertical grey dotted line corresponds to the date of detection of the optical transient by the
ZTF collaboration. Top panel: optical g, r, and i magnitudes obtained from the ZTF catalogue. The optical magnitudes are not corrected for host
galaxy emission. The dotted lines and shaded areas correspond to the posterior light curves obtained from fitting a Gaussian rise and power-law
decay (see details in Sect. 2). For reference, the optical spectrum of the TDE (see top panel in Fig. 3) was taken in February 2020 toward the end
of the optical peak. Bottom panel: Swift, XMM-Newton, and NICER 0.2-2 keV luminosities. The orange dotted line and shaded area correspond to
the estimated behaviour of an X-ray TDE decay phase following a Lx o t=>/3 law, as extrapolated from the two Swift data points (see Appendix A
for the precise method). The inset shows the short-term variability of the XMM-Newton observation, with the quiescent state being consistent with
the median value of the tail of the TDE, followed by a fast, large-amplitude burst.

Table 1. Summary of the X-ray data used in our study of Tormund.

Telescope Instrument ObsID Date Exposure
Swift XRT 00013268001 01/03/2020 1.4ks
Swift XRT 00013382001  23/04/2020 2.7ks
XMM-Newton EPIC-pn 0871190301  22/05/2020 30ks
EPIC-MOS1 32ks
EPIC-MOS2 32ks
OM/UVWI1 7 x 4.4ks
Swift XRT 00013268002 23/06/2022 1.6ks
Swift XRT 00013268003 25/06/2022 1.5ks
Swift XRT 00013268005 05/07/2022 2.1ks
NICER XTI 5202870101  05/07/2022 5.1ks
NICER XTI 5202870102  06/07/2022 8.3ks
NICER XTI 5202870103  07/07/2022 4.8ks

Notes. As a point of reference for the observation dates, the optical peak was detected by ZTF on November 15, 2019. All exposures are effective

exposures.

with a catalogue of galaxies, GLADE+ (Dalyaetal. 2022),
which provides, among other things, position and distance
estimates of about 23 million galaxies. We then selected the
XMM-Newton sources matching within 30~ positional error bars
with the centre of a GLADE+ galaxy, providing us with a list
of about 40 000 nuclear X-ray-bright sources. We used the pre-
computed variability estimate from the 4XMM-DR11 catalogue,
VAR_FLAG (which is a x? test on the short-term light-curve of the
source for each observation) to select variable nuclear sources.
Finally, we only kept the most spectrally soft sources by putting
a threshold on the 0.2-2keV to 2—-12keV fluxes hardness ratio,
in the form of the condition (F>_12kev — Fo2-2kev)/(Fo—12kev +
Forokev) < —0.9. This allowed us to retrieve two known

QPE sources (GSN 069, RX J1301.9+2747), a known possible
QPE candidate (4XMM J123103.2+110648), and the new QPE
candidate, Tormund. Regarding the rest of the known QPEs,
both eROSITA QPE sources were not yet publicly available in
the 4XMM-DRI11 catalogue, and the host galaxy of XMMSL1
J024916.6-041244 is not in GLADE+.

The archival XMM-Newton observation (see Table 1) was
about six months after the optically detected TDE peak. The
data were reduced using the Science Analysis System (SAS)
v.19.0.0, making simultaneous use of all EPIC instruments. The
event lists were filtered for bad pixels and non-astrophysical pat-
terns (<4 for pn and <12 for MOS 1 & MOS 2). A large, soft
proton flare happened towards the last 5 ks of the observation, at
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Fig. 2. EPIC spectra of entire observation showing that the source (full
circles) dominates the background (crosses) below 0.9 keV. Data below
0.3keV are discarded to avoid calibration issues between EPIC instru-
ments. The coloured area corresponds to the energy band we kept for
the time-resolved spectral fitting.

the same time as the source reached its brightest state. Accord-
ing to the usual Good Time Interval (GTI) filtering method,
based on an arbitrary threshold of the high energy (=10keV)
emission, the part of the light curve contemporaneous to the
flare should be excluded, leading to the loss of the last 5 ks
of the observation and half of the total detected photons. How-
ever, the extreme softness of the source allows us to mitigate the
effect of this flaring background, which is overwhelmingly dom-
inated by hard X-rays. This can be seen in Fig. A.1, where the
scaled background light curves (extracted for each instrument
from a large empty nearby region on the same CCD) and the
background-subtracted source light curves are shown, in both
low (0.3-0.9keV) and high (0.9-12keV) energy bands. The
background flare largely dominates the high-energy light curve
(right panels), but not the low-energy one (left panels), where
the contamination is well below the level of the background-
subtracted source, even at the height of the flare. This confirms
that we can keep the entire observation, including the last 5ks,
on the condition that we discard any data above about 0.9 keV.
This energy threshold is further confirmed by the energy spec-
trum of the source and the background integrated over the entire
duration of the observation, shown in Fig. 2, where the source
dominates below 0.9 keV. We verified that this large high-energy
background is independent of the position of the background
extraction region, whether on the same CCD as the source or
on another one. Additionally, for the first half of the observa-
tion, not subjected to the background flare, the count-rates of
the source are relatively low (~1072 counts s~' combined on all
EPIC instruments), which leads to the source being above the
background level only in this soft energy band as well. To be
conservative and ensure the best signal-to-noise ratio for our
data throughout the observation, and to avoid calibration issues
between the EPIC instruments (see difference between the EPIC
pn and MOS instruments in the 0.2-0.3 keV band in Fig. 2), we
chose to limit our study of the XMM-Newton data to the 0.3—
0.9keV band.

The Optical Monitor (OM) data, taken in fast mode, were
extracted using the omfchain task; the source was the only one
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within the field of view of the Fast window. For each of the seven
snapshots, we extracted the rates from the source and from a
background region of 1.9”.

Additionally, we reduced the data from the second
XMM-Newton observation of eRO-QPEI1, ObsID 0861910301
(Arcodia et al. 2022), in order to compare its properties with
those of Tormund. We used the standard processing method and
the usual GTI filtering method. For purposes of comparison with
Tormund, we only kept the data in the 0.3-0.9 keV band.

2.2. Swift

A total of five Swift observations were made of Tormund
(see Table1): two in January and February 2020 requested
by the ZTF Collaboration, and three in June 2022 as part of
our follow-up study of this object, about two years after the
XMM-Newton observation. The data were processed using the
automatic pipeline (Evans et al. 2009). We retrieved the count
rates or upper limits for all individual observations, as well as the
combined spectrum for the first two observations, which were
the only ones that led to detections. The 0.3-0.9 keV band was
used for the Swift data as well, as the softness of the emission
prevented any detection at higher energies.

2.3. NICER

A NICER ToO was performed on Tormund in July 2022 (PI
E. Quintin), a few days after the Swift follow-up. A total of
20ks was obtained in 12 consecutive exposures evenly sam-
pled over 2.3 days, grouped in three successive daily ObsIDs.
The data were processed using the NICER Data Analysis Soft-
ware NICERDAS v10 provided with HEAsoft v6.31, and cali-
bration data v20221001. Standard filtering criteria were used
with the task nicerl2, with the exception of restriction on
COR_SAX> 1.5 GeV/c to exclude passages of NICER in the polar
horns of the Earth magnetic field causing high background rates
(particularly precipitating electrons) as well as restricting the
undershoot rates with underonly_range=‘0-80’ to limit the
effect of the low-energy noise peak below 0.4 keV (where a cold
thermal component such as those of TDE is present). The three
available ObsIDs were combined into a single event file with
niextract-events, followed by ftmerge to merge the mkf
auxiliary files. Finally, the 0.22-15keV spectrum of the com-
bined observations is generated with the tool nicerl3-spec
using the ‘SCORPEON’! background model option. This gen-
erates scripts to perform spectral analyses of the source and
background directly in Xspec. The SCORPEON background
model provides both the measured spectral shapes of individ-
ual background components as well as a priori estimates of the
normalisations of each component. Within Xspec, it is possi-
ble to adjust the normalisations within a small range along with
source parameters to better fit the measured spectrum. Since
the NICER background is a broadband one, the use of the full
0.25-15keV spectral fitting range improves the accuracy of the
NICER background estimate in the band of interest. The SCOR-
PEON model also has terms for known background features such
as Solar Wind Charge Exchange (SWCX) emission lines, includ-
ing partially ionised oxygen fluoresence. We also attempted to
use the 3C50 background model (Remillard et al. 2022), but this
model fails to account for the O vII fluorescence emission line at
0.574 keV.

! https://heasarc.gsfc.nasa.gov/lheasoft/ftools/
headas/niscorpeon.html
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Fig. 3. Background-subtracted optical spectra of Tormund, with data from the Keck follow-up performed by the ZTF collaboration during the initial
TDE decay (Hammerstein & Velzen 2022) at the top and from the late-time MISTRAL follow-up at the bottom. Both spectra were normalised to
their respective maximum flux density values, and the ZTF spectrum was offset by +1 for visualisation purposes. One can notice the disappearance

of both the broad He II line and the broad Ha feature.

2.4. Zwicky Transient Facility

We retrieved the g, r, and i band light curves of Tormund from
the ZTF archive (Masci et al. 2018). These magnitudes are not
corrected for the emission of the host galaxy. Each optical light
curve was fitted with a Gaussian rise and a power-law decay
(van Velzen et al. 2021):

o~ (1= Tpeat)? /277

((t — Ipeak + tO)/t())_

if £ < fpeak

> thear.

L= LQuiescent + LPeak X {

We used the PyMC framework (Salvatier et al. 2016) with a
Gaussian likelihood function and the NUTS sampler. We used
50 walkers on 3000 steps, discarding the first 1000. For each
optical band, the median, 16th, and 84th percentiles of the asso-
ciated posterior light curves were computed for each time step,
which are shown by the dotted lines and shaded areas in the top
panel in Fig. 1.

2.5. MISTRAL

The MISTRAL is a low-resolution spectrograph in the optical
domain recently installed at the Cassegrain focus of the
1.93 metre telescope at Observatoire de Haute-Provence in
France (Adami et al. 2018). Long-slit exposures with the blue
grism and covering the 400—800 nm wavelength range at a res-
olution of R ~ 1000 took place on January 22, 2023 at around
05:00 UTC. The data set includes two exposures of 20 min each
in clear conditions (light cirrus and rare cloud passages). Addi-
tional data were acquired that are useful for data reduction (CCD
biases, spectral flats with a Tungsten lamp, and wavelength cali-
bration frames with HeAr lamps). An observation of the standard
star Hiltner600 was carried out in the course of the run for flux
calibration.

Data reduction was done with standard procedures using
PYRAF? for CCD correction and wavelength calibration. 2D
images were cleaned from cosmic ray impacts and spectra were
rebinned to ZA/pixel. Finally, the spectrum of the galaxy was
extracted and flux calibrated. The final spectrum is displayed in
Fig. 3, with the identification of the characteristic emission lines,
redshifted at z = 0.0884.

Since most of the standard emission lines of star forming
galaxies were detected in the spectrum, we computed their rela-

2 https://iraf-community.github.io/pyraf.html

tive flux in order to locate the galaxy in the so-called BPT dia-
grams (Baldwin et al. 1981). However, due to uncertainties in the
flux calibration, any large-scale estimate of the flux distribution
must be taken with caution.

3. X-ray spectral analysis

We performed a spectral-timing study of the eruption in the
XMM-Newton observation in two steps. At first, we extracted
the combined EPIC background-subtracted light curves of the
source in various energy bands between 0.3 and 0.9keV, in a
similar fashion to Arcodia et al. (2022). The goal was to show
the energy dependence of the start and rise times of the eruption;
to estimate these parameters, we fitted the light-curves in each
energy band with a simple burst model. In Arcodia et al. (2022),
the model used was similar to those used for GRBs (Norris et al.
2005), with an exponential rise and exponential decay. Here, the
observation was not long enough to constrain any decay. The
transition to the final plateau was also smoother than for eRO-
QPE1. The model we used was thus simpler, with a Gaussian
rise akin to that of TDE models (van Velzen et al. 2019) and
then a constant plateau until the end of the observation. The
fit was performed using the curve_£fit function from SciPy
(Virtanen et al. 2020). To allow for a comparison with the param-
eters of eRO-QPE1, we computed the start and rise times of the
eruption with the same method as Arcodia et al. (2022); the start
time is the time where the count rate is 1/ the peak value. The
rise time is then the difference between the peak of the Gaussian
and this start time.

To study the spectral-timing properties of the burst in depth,
we divided the observation into several time windows. For
the first time window, lasting 1.5ks, only the EPIC MOSI
and MOS?2 instruments were turned on, so the low signal-to-
noise ratio prevented a meaningful spectral study. For the rest
of the observation, the three EPIC instruments were available,
and the remaining exposure was sliced into a total of ten 3 ks
windows. Each spectrum was binned to have one count per
spectral bin. We performed systematic fitting of the ten time
windows using xspec (Arnaud 1996) with the Cash statistic
(Cash 1979) as implemented in xspec and abundances from
Wilms et al. (2000).

We used two different spectral models. The simplest pos-
sible model is tbabsxzashiftxbbody, for a single unab-
sorbed redshifted black body, with both temperature and
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normalisation of the black body being free parameters
between time windows. The second, more complex model
is tbabsxzashiftx(diskbb+bbody), for a dual component
emission, with diskbb being linked between all time windows
and corresponding to an underlying constant accretion disc emis-
sion, and bbody being free and corresponding to the eruptive
feature. In both spectral models, the absorption was fixed at the
Galactic value in the line of sight, Ny = 1.4X 1029 ¢cm~2 from the
HI4PI Collaboration (HI4PI Collaboration 2016), as adding an
extra intrinsic absorbing column density only resulted in upper
limits, which were negligible compared to the Galactic value.
We also performed fits of these models on the first four time
windows combined, which corresponds to the quiescent state of
the object. To quantify the goodness of the fits, we performed
Monte Carlo simulations of the best-fit spectra for those slices
with fewer than 25 counts per bin (i.e. the quiescent state and the
first two eruption slices), for which the Cy, alone would not be a
good quantifier of the goodness of fit. We did not perform Monte
Carlo simulations for the other spectra, where the higher signal
allows for an interpretation of the Cash statistic in the Gaussian
approximation.

To estimate the physical extent of the emitting region, we
replaced each bbody component in each model with a bbodyrad
component, which allowed us to retrieve the physical size of
the emitting black body from the normalisation, given the dis-
tance and assuming a circular shape seen face-on. To compute
the physical size of the emission region in a more precise way,
we compared the evolution of the bolometric luminosity to the
temperature (see more details in Sect. 4). These bolometric lumi-
nosities are derived from the best-fit normalisation of the black-
body components. The 0.2-2 keV luminosities, used to compare
to other QPEs, are computed by taking the bolometric luminosi-
ties and temperature and restricting it to the 0.2-2 keV band.

4. Results

The first X-ray data points of this source obtained after the
optical TDE are two Swift observations, respectively 3.5 and
5 months after the optical peak. They lead to two detections
showing a very soft emission. The 0.3-0.9keV count rates
decreased by a factor of three over the 50 days separating
these observations, from (9.5 + 2.6) x 1073 counts s~! to (3.5 +
1.2) x 1073 countss™!'. The spectra are consistent with unab-
sorbed black bodies with respective rest-frame temperatures of
ksT =76 £ 15eV and kgT = 130 = 70 eV. The second temper-
ature being poorly constrained due to the low counts, we com-
bined both detections, assuming a constant temperature between
them, yielding a better constrained combined temperature of
kT = 763(2) eV. Extrapolating to the 0.2-2keV band using this
temperature and the optically measured redshift of z = 0.088,
this translates into 0.2-2 keV unabsorbed rest-frame luminosities
of (1.0+0.28)x 10" erg s~ and (2.8 +1.0) x 10*? erg s™! respec-
tively. No signs of intra-observation variability were detected, as
both exposures were quite short (1.4 ks and 2.7 ks).

The XMM-Newton observation, however, revealed a large
short-term outburst in the soft X-rays a month after the second
Swift observation and six months after the optical TDE. Start-
ing at about the middle of the exposure, the 0.3-0.9keV com-
bined EPIC count rates increased by a factor of 125%3) from
(1.3 £0.2) x 1072 counts™! to 1.7 + 0.1 counts™! (see Fig. 4).
This burst occurred over ~15ks. The last 3ks of the observa-
tion showed a stabilisation of the count-rates, suggesting that
this 15ks rise time is indeed the characteristic rise time of the
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Fig. 4. XMM-Newton combined EPIC light curves of Tormund in 0.3—
0.9keV band, for both background-subtracted source and background,
binned at 1000 s.

observed event, and not just limited by the end of the observa-
tion. The timescales of the burst are energy-dependent, as can
be seen in the combined EPIC light curves in different energy
bands shown in Fig. 5. The fitted Gaussian burst profiles yield
different values for the start time and rise time with increasing
energies. The burst starts sooner for lower energies than higher
energies (~1 h delay between the start of the 0.3-0.45keV and
0.75-0.9 keV bursts) and is faster at higher energies (~2h) than
lower energies (~4h). The details are presented in Table A.2.
These values and their energy dependences are similar to those
obtained from eRO-QPE1 (Arcodia et al. 2022). The light curves
normalised to the peak values can be found in Fig. A.2 showing
the different rise times for each energy band (similar to Fig. 2
of Miniutti et al. 2019). An additional check on the necessity of
energy-dependent parameters can be performed by simultane-
ously fitting the Gaussian burst profiles for each of the energy
bands and tying the rise and peak times between them. This
results in a significantly worse fit statistic, with the y?/DoF
increasing from the initial 99/98 to 360/104 when tying the time
parameters between the energy bands. This validates the need
for independent time parameters between the energy bands, that
is the presence of energy-dependence in the rise profile.

To constrain the spectral-timing property of the burst more
precisely, we then looked at the spectra fitted in time windows.
The results of the fit are presented in Tables A.3 and A.4 for
both models. They both fit the data in a similar fashion, so only
the fitted bbody model is shown in Fig. 6. The first model, a
single black body, showed a steady increase of the temperature
from 55 to 110 eV coincident with the increase in luminosity (see
Fig. 7). The first 12 ks, corresponding to the quiescent state and
denoted as Time Window 0 in Table A.3, are marginally warmer
at 70 + 8 eV. For the second model, the diskbb component cor-
responds to the quiescent state, and the bbody component corre-
sponds to the eruption feature. The two models are comparable
in terms of flux and temperatures of their respective bbody com-
ponents for the last five time windows. The fit statistics of both
models are highly similar, so neither model is favoured when
looking at the entirety of the observation. For the first slices with
relatively low signal, the Monte Carlo estimation of goodness of
fit confirmed the quality of the fit. We found percentages of the
worst realisation of the fits of 12% for the quiescent state and
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Fig. 5. Short-term light curves and timing properties of the XMM-Newton burst of Tormund in different energy bands. Left panel: combined
background-subtracted EPIC light curves in different energy bands, binned at 500 s. Each light curve was fitted with a simple model of Gaussian
rise between two plateau phases. The envelopes correspond to the 16th and 84th percentiles of the posteriors generated from the fitted parameters.

Right panels: energy dependence of the fitted start time, rise time, and peak time of the burst. The start and peak times are expressed with respect
to the start of the observation. The grey shaded areas correspond to the same parameters for eRO-QPE1 in Arcodia et al. (2022), with an offset
for tsuy and fpey to overlap the curves — it shows the similar energy-dependent behaviour between the sources (although the burst profile was

exponential for eRO-QPE1).
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Fig. 6. Time-resolved spectra of the XMM-Newton observation fitted
with a black body. The colours are used to identify individual time win-
dows (see Fig. 7).

of 68% and 4% for the first two eruption slices, respectively, the
latter being marginally acceptable.

The simultaneous evolution of the black body temperature
from the bbody component in both models compared to the
bolometric luminosity of this component is plotted in Fig. 8. For
both models, we fitted the luminosity evolution as a power-law
function of the temperature, L o« 7% with @ being a free param-
eter. For the first model (top panel), the quiescent state is rep-
resented as the outlying red dot, showing that it is marginally
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Fig. 7. Results of spectral-timing study of the XMM-Newton observa-
tion for the tbabsxzashiftxbbody model. Top panel: evolution of
the 0.2-2.0 keV unabsorbed luminosity. Middle panel: evolution of the
temperature of the black body. The quiescent state, corresponding to
the first 12 ks, was combined. Bottom panel: evolution of the radius of
the black body. The precise values and errors can be found in Table A.3.
The grey dotted line and shaded area correspond to the gravitational
radius value and errors inferred from the TDEmass black-hole mass esti-
mate from Hammerstein & Velzen (2022). This temporal evolution is
available as an online movie.
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Fig. 8. Evolution during the XMM-Newton observation of the bolomet-
ric bbody luminosity compared to the temperature in both spectral mod-
els, fitted with a power law. The colours are used to identify individ-
ual time windows (see Fig. 7). Top panel: TBabs X zashift X bbody
model. The red line corresponds to a fit using all the data points,
with the quiescent state in dark red being a visible outlier. The grey
line corresponds to the fit performed excluding the quiescent state.
The shaded areas and the uncertainty on the power-law index cor-
respond to a 1o confidence level. Bottom panel: TBabsx zashiftx
(diskbb + bbody) model.

warmer but significantly fainter than the later time windows —
we performed the fit by including or excluding this point, which
is shown, respectively, by a red or grey dotted line. In the case
of the second model (bottom panel), the quiescent state is rep-
resented by the dotted line corresponding to the luminosity of
the diskbb component. The fit parameters and statistics are
shown in Table A.5. All the fits are consistent at the 1o level
with L o T*, but excluding the quiescent state for the first
model greatly improves the fit statistic. Being consistent with
L o T* means that the source can be interpreted as a pure
black body of constant size heating up. We can thus compute
the size of the emission region, by fitting the area A in the
Stefan-Boltzmann law, L = AcT?*, and assuming a circular
shape seen face-on. For the first model, we excluded the qui-
escent state from the fitting. Once again, the results are shown
in Table A.5. The first and second models result in consistent
sizes of Rbbody = (130 =+ 005) X 106 km and Rdiskbb+bbody =

(1.27 + 0.04) x 10° km, respectively. The inferred radii are both
consistent with radii fitted individually for each time window
(see bottom panel in Fig. 7), but they provide us with much
tighter constraints. These radii are computed along the entire
eruption. For the quiescent state only, the normalisation of the

bbody model leads to a radius of 1.04*05Z x 10° km, and the
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Fig. 9. Combined NICER best-fit background and model spectra and
residuals of Tormund. Left panel: only background fitted model (SCOR-
PEON), leading to significant residuals around ~0.5 keV. Right panel:
both background model and an additional black-body component are
fitted. The fit is improved with better residuals.

diskbb model leads to an inner radius of 0.75%0-33 x 10° km. For
all the aforementioned radii, it is important to keep in mind that
we assumed a face-on geometry and that no colour-correction for
scattering within the emitting regions was taken into account —
both would mean that we underestimated the real physical size
of the emitting regions by up to about an order of magnitude
(Mummery 2021).

The XMM-Newton observation was followed by a two-year
gap in X-ray coverage, ended by our Swift follow-up of the
source. The three Swift observations only lead to upper lim-
its, constraining the total 0.3-0.9keV count rate to be below
2.4 x 1073 countss™ at a 30 level. Assuming a black-body
spectrum at a temperature of 110eV (justified by the following
NICER detection, see next paragraph), this leads to a 0.2-2keV
luminosity 3o~ upper limit of ~6 x 10** ergs~'.

The NICER follow-up, performed a week after our Swift
follow-up, led to further detections of soft emission from the
source. As demonstrated in Fig. 9, fitting the spectrum with
the SCORPEON model alone leads to significant and broad
residuals near 0.5keV, and we thus conclude that the source
is detectable. Adding a black-body component significantly
improves the quality of the fit. All three individual snapshots
were thus fitted with an unabsorbed black body, leading to sim-
ilar but poorly constrained temperatures, kg7 = 105 + 57 ¢V,
kT, = 107 = 40¢eV, kgT5 = 103 + 50eV, and similar 0.2—
2keV luminosities of L; = (2.05:’}:}2) x 102 ergs™!, L, =
(2527093 x 10*ergs™!, and Ly = (3.24*]8}) x 10% ergs".
The signal-to-noise ratio was too low to conclude on any intra-
snapshot variability. The absence of strong sign of variability
between snapshots, at least with an amplitude comparable to
what was seen by XMM-Newton, motivated the use of a com-
bined NICER fit. The combined NICER data lead to a tempera-
ture of 111.5+ 19 eV and a normalisation of (1.45 +0.25)x 107°
(see Figs. 9 and 10), corresponding to a 0.2-2 keV luminosity of

2.821098 x 10% ergs™".
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Fig. 10. Contour plot of the spectral fit of the NICER detection. The
levels correspond to the 68%, 90%, and 99% confidence intervals, based
on the difference in fit statistics to the best fit (cross). For visualisation
purposes, the underlying 100 x 100 grid was smoothed with a 2 x 2
Gaussian blur.

Finally, the MISTRAL follow-up of Tormund, performed
about six months after the NICER follow-up, provided us with a
late-time optical spectrum to compare to the one obtained with
the Keck observatory, during the decaying phase of the initial
optical TDE (Hammerstein & Velzen 2022). The late-time opti-
cal spectrum (see Fig. 3) revealed a strong He line compared
to the few other present lines, with log([NII]/Ha) = -0.70 %
0.05, log([SII]/Ha) = —0.32 + 0.1, and an equivalent width
for the Ha line of —27 + 3. The OI line is not detected, with
log([OIl/Ha) < —1.6. Comparing this new spectrum to the ini-
tial TDE spectrum, the broad He II line and the broad He fea-
ture, both directly linked to the TDE (Gezari 2021), disappeared
over the two years separating these observations. The continuum
evolved as well, with a slightly redder emission in the late-time
observation. The HB line is quite dim, with log([OIIl]/HB) =
0.33 + 0.1 and He/HB = 6.5 + 2. Large uncertainties remain in
the Ha/HB because of poor flux calibration of MISTRAL data
due to relatively low exposure times. Using a Calzetti extinc-
tion law with log(Ha/HB) = 0.46+0.44 E(B — V) (Calzetti 2001;
Osterbrock & Ferland 2006), we find E(B— V) = 0.8 £ 0.3. This
is indeed large, but consistent with the value found from pho-
tometric SED fitting in Hammerstein & Velzen (2022), which
was E(B — V) = 0.67 + 0.2. Using the ratios of neighbouring
lines that are less affected by flux calibration, the position of the
source in the BPT diagrams is depicted in Fig. 11. The source
falls in the HII region of the [OIII]/HB versus [NII]/Ha dia-
gram, at the crossing point of the three regions in the [OIII]/HB
versus [SII[/Ha diagram, and the upper limit on the [OI] line
makes it fall in the HII region of the [OIII]/HB versus [OI]/Ha
diagram. Accounting for stellar absorption of the HB line, for
instance by fitting a template galactic component (Wevers et al.
2022), would lead to a larger HB feature, so a smaller [OIII]/Hp,
driving the source even further down in the HII regions of all
BPT diagrams. The Wy, versus [NII[/He (WHAN) diagram
(Cid Fernandes et al. 2011) leads to a classification as a star
forming galaxy (Fig. 12). Both the BPT and WHAN emission

lines diagnostics concur in excluding the presence of an AGN in
Tormund’s host galaxy.

5. Discussion
5.1. Nature of the source

The first step of this study was to confirm the identification of
this source as a QPE candidate by excluding any other possi-
ble interpretation. First, we ruled out the possibility of a non-
astrophysical source. Whilst a high-energy flare was present in
the data due to a soft proton flare, it was clear that the soft vari-
ability we detected was indeed related to the astrophysical source
(see Figs. A.1 and 2). The spectral softness of the source is
inconsistent with the expected hardness of the background flare,
and limiting our study of this observation to the soft emission
below 0.9keV allows us to exclude the possibility that this vari-
ability is due to a proton flare. We stress that any conclusion
drawn from the last ~5ks of the observation is dependent on
the acceptance of this specific method, as the standard approach
would simply discard this data altogether.

Secondly, we excluded any
interpretations.

Tormund having been observed by XMM-Newton as part
of a follow-up study of the optically-detected TDE, it can be
assumed that the observed X-ray flare originates directly from
the X-ray TDE itself. There are two ways to explain such a
large and fast flux increase within 15 ks for a TDE: either the
XMM-Newton observation caught the TDE right at the time it
started to become X-ray bright, during its rising phase delayed
with respect to the optical peak (as was seen, for instance, in the
case of OGLE16aaa, Kajava et al. 2020); or, it was a late flare
from the decaying TDE. Both scenarios struggle to explain all
the observational properties of the source. For the first scenario,
the main issue arises from the two previous Swift/XRT detec-
tions, one and three months before the XMM-Newton observa-
tion. They were already consistent with the decay phase of a
TDE, in that they showed a very soft X-ray emission declining
over time. We can additionally extrapolate the decay after the
two Swift observations assuming the standard L o 1~>/3 evolu-
tion of TDE bolometric luminosity over time (e.g., Gezari 2021).
Since we cannot constrain the temperature evolution between the
two Swift observations, we assume a constant temperature for
simplicity — this translates into a flux evolution of F o ¢75/3.
We can then compare the quiescent level of the XMM-Newton
observation to the expected flux of the decayed X-ray TDE, in
the same manner as Miniutti et al. (2023) for GSN 069. We find
that the XMM-Newton quiescent luminosity is consistent with
the expected rate from the general Fy o =3 evolution over
time (see orange dotted line and shaded area in Fig. 1, and
Appendix A for details). The X-ray decay between the Swift
detections and the XMM-Newton quiescent state is thus con-
sistent with what would be expected in a TDE. This strength-
ens the idea that the X-ray counterpart to Tormund was already
behaving like an X-ray TDE during the two Swift observations
and prior to the XMM-Newton short-term outburst. An additional
point can be made about the improbability of observing the TDE
in its rise by chance. Indeed, the X-ray counterparts to optical
TDEs have sometimes been detected with significant delays of
several months (Gezari 2021). However, the XMM-Newton expo-
sure was not triggered on a particular re-brightening event, but
rather a standard follow-up six months after the optical TDE. We
roughly quantified the probability of detecting serendipitously,
during a randomly-timed follow-up, the start of the rise of the

other  astrophysical
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Fig. 11. BPT diagram of QPE sources, including Tormund, indicating that its galaxy most likely does not host an AGN. For the other QPE
sources, the data were taken from Wevers et al. (2022). The relative weakness of the HS line could most likely be explained by stellar absorption
(Dewangan et al. 2000; Wevers et al. 2022), which is expected to be significant in host galaxies of TDEs, which are predominantly post-starbust
(French et al. 2016). Accounting for this absorption, for instance by fitting a template galactic component (Wevers et al. 2022), would lead to a
larger HQ feature, and thus a smaller [OIII]/Hp, driving the source even further down in the HII regions of all BPT diagrams.

X-ray TDE. We conservatively assumed a uniform optical-to-
X-ray delay distribution of up to one year based on the prop-
erties of the few objects identified so far (about 10). Detecting
the delayed X-ray TDE within a 30 ks exposure taken at a ran-
dom time would then have an ~0.1% chance of happening, mak-
ing this serendipitous detection unlikely. Combined with the two
prior Swift/XRT detections, it thus excludes the first scenario,
where the short-term variability we see is the rising phase of the
X-ray TDE in itself.

A further explanation would be a late re-brightening from
the already existing TDE. However, the amplitude is too extreme
to be explained by this interpretation. During the XMM-Newton
observation, the 0.3—0.9keV combined EPIC count rates rose
by a factor of ~125 in about 15ks. This is not expected from
short-term flares in X-ray TDE light-curves, with smaller ampli-
tudes of approximately a factor of 5 and longer timescales
of a few days in the sources detected so far (Wevers et al.
2019; van Velzen et al. 2021; Yao et al. 2022). Large-amplitude
re-brightenings have been observed in X-ray TDEs (see, for
recent examples, Malyali et al. 2023a,b), but with larger char-
acteristic rise times of several days rather than a few hours. We
can also exclude a supernova in the galactic nucleus, since the
observed luminosities are too high (typically 10%-10* ergs~!,
Dwarkadas & Gruszko 2012), and a prior optical counterpart for
the supernova, independent of the TDE, would be expected —
which was not seen.

The only remaining astrophysical explanation would be an
AGN flare.

The strongest argument against this interpretation comes
from the optical late-time spectrum (Fig. 3). It showed weak
emission lines apart from He, especially a very weak Hg line.
Using both the BPT diagram (Baldwin et al. 1981) and the Wy,
versus [NII[/He (WHAN) diagram (Cid Fernandes et al. 2011),
we can classify the galaxy as a star forming galaxy, with no
sign of nuclear activity (see Figs. 11 and 12). This allows us
to exclude the AGN interpretation.

5.2. Tormund as a QPE source

Once other interpretations are excluded, one can assess the mer-
its of the QPE interpretation. Since only a partial X-ray burst
was detected, Tormund does not qualify immediately as a bona
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Fig. 12. WHAN diagram of QPE sources, as taken from Wevers et al.
(2022), along with Tormund. This concurs with the BPT diagrams to
conclude the absence of nuclear activity in Tormund’s host galaxy.

fide QPE source, as this would require the detection of repeating
bursts. However, all its properties — luminosity, burst amplitude,
thermal spectrum and temperature values, spectral evolution
over the burst, and timescales — fit the QPE interpretation, mak-
ing it a plausible QPE candidate. If multiple peaks had been
observed, it would have made Tormund a bona fide QPE source.
The fact that only half a probable QPE burst was detected means
that Tormund is a candidate QPE source. The short-term spec-
tral evolution of Tormund is remarkably similar to the other
known QPEs, with thermal emission increasing steadily from
~50eV to ~110eV. The amplitude of the burst, ~125 in count
rates, is large but consistent with what is seen in eRO-QPE1 (a
factor of 20-300 depending on the bursts; Arcodia et al. 2021).
The X-ray luminosity of the quiescent state (~10% ergs™) is
comparable to that of GSN 069 (Miniutti et al. 2023), while the
luminosity of the peak state (~10* ergs™') is about an order
of magnitude larger than those of known QPEs — the brightest
known eruption peak being at the end of the first XMM-Newton
observation of eRO-QPEI, at ~3 x 10¥ ergs™! (Arcodia et al.
2022). Tormund shares two major common features with eRO-
QPE1: its large timescales, with a long rise time, and its energy
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Fig. 13. Comparison of EPIC pn 0.3-0.9keV light curves of Tormund
(top panel) and eRO-QPE1 (bottom panel), binned at 1000 s. The first
part of the eRO-QPEI observation was not plotted in order to align the
light curves horizontally. The shaded area in the upper panel is after the
end of the observation. This shows the similarities between both objects,
at least in terms of rising timescales.

dependence. Indeed, for GSN 069, RX J1301.9+2747, eRO-
QPE2, and XMMSL1J024916.604124, the rise time is rela-
tively short (between 2 and 5ks). In eRO-QPE1, both the rise
time and the recurrence time seem to have evolved over the
week separating the two XMM-Newton observations presented in
Arcodia et al. (2021); however, in the second observation, where
a single burst was detected, the rise time was around 15 ks in the
0.3-0.9keV band. This rise time is remarkably similar to that of
Tormund. This is shown in Fig. 13, where we have extracted the
0.3-0.9 keV EPIC pn light-curve of eRO-QPE1 from its second
XMM-Newton observation (ObsID 0861910301) and compared
it with that of Tormund. Additionally, the lack of significant vari-
ability in the UVW1 light curve (see Fig. 14), at least not with
the amplitude of the X-ray variability, is also a common fea-
ture of QPEs (with the exception of XMMSL1 J024916.604124,
where a slight UVW1 dimming was detected at the time of the
X-ray bursts; Chakraborty et al. 2021). It is worth noting that a
slight optical excess at late times is hinted at in the ZTF r-band
light curve in Hammerstein & Velzen (2022), Fig. 18. This sin-
gle data point was obtained after host subtraction and time bin-
ning over an entire month, which is why it is not present in our
light curve in Fig. 1. This point corresponds to about two months
after the X-ray brightening of the XMM-Newton observation or
~200 days after the optical peak. It is in excess by roughly one
order of magnitude of the expected trend, although only at an
~20 level. If real, this slight variability might be linked to opti-
cal reprocessing of the X-ray light. The question of optical repro-
cessing of X-ray emission from TDEs or QPE:s is still open, as
none of the QPEs or the TDEs where a late X-ray counterpart
was detected showed any significant optical re-brightening after
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Fig. 14. UVW1 background-subtracted light curve of the source as
observed by the OM. The seven different exposures performed by the
OM are visible. There is no sign of UVW1 variability contemporaneous
to the soft X-ray variability.

the X-ray emission (e.g., Gezari et al. 2017; Kajava et al. 2020;
Liu et al. 2022).

If the observed short-term rise in X-ray flux in Tormund
was indeed the rise of a QPE, the likelihood of detecting it in
a random follow-up would have been higher than for an isolated
flare. We showed that a single delayed burst had a low proba-
bility of being detected in a non-triggered follow-up. If it was
a QPE, however, the fact that they repeat over several months
to several years (at least a month for eRO-QPE1, at least 20 yr
for RX J1301.9+2747) significantly increases the probability
of detecting one. Taking the duty-cycle of eRO-QPE1 (~40%,
Arcodia et al. 2021) as a reference due to its similarities with
Tormund, we find a probability of about 30% of detecting at least
20ks of eruption in a random 30ks exposure (to be compared
with the ~0.1% chance of observing the delayed X-ray TDE).

All of Tormund’s observational properties — luminosity, rise-
time, spectrum and spectral evolution, amplitude of variability,
and multi-wavelength behaviour —can be therefore explained with
the QPE interpretation, while other interpretations struggle to
account for all of the properties. The long rise time for the Tor-
mund burst allowed us to carry out a detailed spectral study. In par-
ticular, we can constrain the physical size of the emission region
associated with the observed black body. Both of our spectral
models lead to an emission radius of Rerpion = (1.30 £ 0.05) X
10% km. This value can be compared to three different character-
istic lengths of our system. The first one is the disc radius in the
quiescent state, computed using a bbodyrad component in the
first four time windows; it is of roughly the same size as the X-ray
eruption region, although less tightly constrained, Rquiescent =
1.04f8:g§ x 10° km. The second characteristic length is the size
of the central black hole, estimated by taking the mass modelled
by TDEmass (resp. MOSFiT) in Hammerstein & Velzen (2022) of
MEPEmass = 6.5%24 % 106 My, (resp. MaorHT = 8.3%08 x 107 M),
yielding a gravitational radius of RE*¥"s5 = 9.6*32 x 10° km

(resp. RESFIT = 12.2+12%107 km). While the estimated size of the
emission region is here smaller than any of the gravitational radii,
which seems unphysical, it is once again important to keep in mind
that we might be underestimating the emission radius by up to an
order of magnitude (Mummery 2021). The emission region might
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indeed be small compared to the gravitational radius if the emis-
sion is not directly due to accretion (see e.g., Miniutti et al. 2023;
Franchini et al. 2023). It is also possible that the optical TDE
models fail to accurately estimate the black-hole mass (e.g.,
Golightly et al. 2019), which is supported by the order-of-
magnitude difference in mass estimates between both TDE mod-
els. The third characteristic size is the peak black-body radius
of the initial optical TDE, computed in Hammerstein & Velzen
(2022), which is Ropiicat ToE * 1.2 X 10'° km, about four orders
of magnitude larger than the size of the X-ray bright region. This
type of behaviour is common in TDEs detected in both visible
light and X-rays, with optical emission regions with typical radii
three or four orders of magnitude larger than the X-ray emis-
sion region (even after accounting for an underestimation by an
order of magnitude), with the latter being of comparable size
to the gravitational radius or even smaller (Gezari 2021). One
possible explanation for this is that the optical and X-ray emis-
sion mechanisms and locations are different, the optical emission
being due to shock heating from self-interaction of the debris
stream far away from the central black hole, and the X-ray emis-
sion arising from delayed accretion once the debris has circu-
larised close to the centre of the system (Gezari 2021). We can
also conclude that the physical extension of the emission region
stays roughly constant during the outburst, which is in contrast
to what was observed in GSN 069, for instance, with an increase
of the black-body radius by a factor of ~2 over the entire rise
and decay (Miniutti et al. 2023); the increase in GSN 069, how-
ever, is most noticeable after the decay phase, which was not
observed here.

The late-time NICER detection of a soft emission provides
us with additional information. No clear sign of variability was
detected during the NICER exposure between the approximately
two-day long snapshots, although the relatively low signal-
to-noise ratio prevented a finely time-resolved approach. The
combined emission in the NICER observations, at 2.8*4% x
10* erg s7!, is brighter than expected. Indeed, Miniutti et al.
(2023) showed that the quiescent state of GSN 069 roughly
followed at first the L o 1%/ expected from a partial TDE
(Coughlin & Nixon 2019) and then underwent a re-brightening.
We simulated the same behaviour for Tormund, with possi-
ble X-ray TDE light curves following either L o /% or
L o« 73, We used the first two Swift/XRT detections and the
XMM-Newton quiescent state as data, and the method and priors
detailed in Appendix A. The X-ray detections of the source and
the simulated light curves can be found in Fig. 15. The NICER

detection is in excess by a factor of 28f‘1‘$ of the L oc /3 light

curve and by a factor of 95*37 of the L o /% light curve.
There are several possible interpretations for this excess. If the
QPEs are still active, the NICER detection corresponds to an
average of peaks and quiescent state (the low signal prevent-
ing us from clearly observing the variability), which could lead
to this excess. If the QPEs are no longer active, the NICER
detection corresponds to a quiescent state, which would then
not have followed the expected TDE-like behaviour observed
in GSN 069. In particular, this excess could be explained by
a re-brightening, similar to what was witnessed in GSN 069,
which could have happened anytime between the XMM-Newton
and the NICER detections; the lack of continuous X-ray cov-
erage prevents us from making any strong conclusions. Such a
re-brightening would need to have had a much larger amplitude
than for GSN 069 (which re-brightened by a factor of ~2), which
would be consistent with the fact that the QPE amplitudes are
also larger in Tormund.
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Fig. 15. X-ray detections and upper-limits of Tormund, with the
expected behaviour of an X-ray TDE following a L o t7/3 (respectively
L o« t/%) evolution in orange (respectively red) based on the first two
Swift detections and the XMM-Newton quiescent state. The dotted lines
and shaded areas correspond to the medians, that is the 16th and 84th
percentiles of the posterior light curves (see details in Appendix A).
These contours differ from those of Fig. 1 in that the XMM-Newton
quiescent level was also added as data for the light-curve fitting, allow-
ing for better constrained envelopes. We note that the outburst during
the second half of the XMM-Newton observation is not shown here, as
we are only interested in the evolution of the quiescent state, which is
expected to behave in a TDE-like fashion. The NICER detection is in
excess of the expected behaviour of the quiescent level for both power-
law decay indices, hinting at a possible re-brightening.

2020

Even if the observed XMM-Newton burst was not the start
of a QPE but a single isolated TDE flare (which we argue is
unlikely at the start of this section), the late-time optical spec-
trum excluded the NICER detection from being due to a quies-
cent AGN emission. This tells us that this X-ray TDE is still
active more than 900 days after the optical TDE, and about
750 days after the observed X-ray burst; this large duration is
to be compared to the typical ~100 day optical duration of
X-ray-bright TDEs (Hammerstein & Velzen 2022).

5.3. What this tells us about QPEs in general

We show that the best interpretation for the rapid increase of soft
X-ray flux witnessed in Tormund is that it was the rising phase of
a QPE. It thus joins the group of strong QPE candidates, along
with XMMSL1 J024916.6-041244; for both of them, only the
low number of observed eruptions prevents us from conclud-
ing their nature with absolute certainty. This new addition has
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two major effects: extending the parameter space of QPEs and
strengthening the observational link between QPEs and TDEs.

In terms of 0.2-2 keV luminosity, Tormund is the brightest of
all QPEs for peak luminosity (~1.2x10* erg s~!), with quiescent
luminosity comparable to the other QPEs (~10*? ergs™!). The
central black-hole is also the most massive of the sample, with
log(Mgy/Ms) = 6.8 = 0.13 (Hammerstein & Velzen 2022),
compared to eRO-QPE1 with log(Mgy/My)=5.78 + 0.55, for
instance (Wevers et al. 2022). This hints at a link between the
black-hole mass, the QPE luminosity, and the typical rise time
(as neither decay nor recurrence time were observed here). These
parameters could be tied, for instance, through the size of the
eruption region, which could be compared between the vari-
ous QPEs, with Reuption ~ 10° km for both Tormund and eRO-
QPE1, compared to ~2 x 10° km for GSN 069 (Arcodia et al.
2022; Miniutti et al. 2023). Another possible explanation for the
high luminosity could be the short time since the initial TDE, at
least compared to GSN 069 and XMMSLI1 J024916.6-041244,
which could suggest that there is still a large quantity of matter
available to interact with (especially in the disc-collision model).

The direct link of Tormund as a QPE with a TDE strength-
ens the observational correlation between these two phenom-
ena, which are most likely physically linked. We can try to
estimate the probability of randomly observing such a sample
of events, exhibiting both TDE followed by QPEs. From the
~600 000 sources in the 4XMM-DR11 catalogue, about 75% are
nuclear sources (Tranin et al. 2022). With an estimated TDE rate
of ~6x1073 yr~! galaxy™' (van Velzen et al. 2020), over the 20 yr
coverage of 4XMM-DR11, this leads to an expected number of
observed TDEs of about 550 in the 4XMM-DRI11 catalogue.
This means that a random nuclear source from the 4XMM-DR11
catalogue has a 550/450 000 = 0.12% of being a TDE. With Tor-
mund, the sample of QPEs (bona fide or candidates) is increased
to six, three of them being linked to past TDEs. Assuming that
these two physical phenomena are completely independent, the
probability of witnessing such a correlation purely randomly is
(0.12%)* = 1.4 x 107° before the discovery of Tormund, and
(0.12%)* = 1.7 x 10~ when taking into account this new QPE
source. This extremely low probability of a random correlation
strongly favours physical models where the QPE phenomenon
is linked with the TDE one (e.g., King 2020; Xian et al. 2021;
Wang et al. 2022).

The various models for QPEs rely on different formation
channels and emission processes (see Sect. 1), so their estimates
for the formation time and the lifetime of QPEs might differ, and
constraining those might help exclude or strengthen some mod-
els. Until now, the focus has been mostly put on the lifetime of
QPEs, as a regular monitoring of active QPEs easily allows us
to constrain it. The lifetime in the disc collision model is lim-
ited by the existence of the underlying TDE-created disc, typi-
cally lasting a few months to a few years (Xian et al. 2021). The
model of QPEs as tidal stripping of a white dwarf requires the
survival of the orbiting white dwarf, giving a typical lifetime of
~2 yr once a luminosity of 10*> ergs™! is reached (Wang et al.
2022). For the model of two coplanar counter-orbiting EMRIs
(Metzger et al. 2022), QPEs stop once Lense-Thirring nodal pre-
cession leads to a misalignment of the orbits; after a few months
— once they are aligned again — QPEs might start again. The
observations seem to be consistent with the models in terms of
lifetime. Miniutti et al. (2023) reported on the disappearance of
QPEs in GSN 069 after ~1 yr of activity, associated with a sig-
nificant re-brightening of the quiescent state interpreted as a sec-
ond partial TDE and predicted the future reappearance of QPEs.
For RX J1301.9+2747, the QPEs have been active for at least

20 yr (Giustini et al. 2020), which would require us to adjust the
models for them to be active for so long, for instance by chang-
ing the donor to a post-AGB star instead of a white dwarf in
the tidal stripping model (Zhao et al. 2022). For Tormund, the
recent NICER detection allows us to confirm that the source is
still active with soft emission at a level of about 2 x 10*? ergs~!,
but the necessary stacking of the snapshots prevents any conclu-
sion on the current presence of QPEs.

Regarding the formation time, Tormund is the first QPE-
candidate for which the associated TDE was directly detected,
and not simply deduced from variability from an archival quies-
cent flux or optical spectral features (as was the case for GSN 069
and XMMSL1J024916.6-041244). This means that this is the first
QPE-candidate with strong constraints on the formation time of
QPE:s after the TDE, constrained to below six months in the case
of Tormund, compared to at least four years for GSN 069 and at
least two years for XMMSL1 J024916.6-041244 (Miniutti et al.
2019; Chakraborty et al. 2021). For the model of tidal stripping
of a white dwarf, the QPEs appear once the loss of orbital energy
through gravitational waves brings the white dwarf close to the
central black hole to trigger Roche lobe overflows; this is esti-
mated to take up to a few years (Wang et al. 2022), which is dif-
ferent to what was observed in Tormund. The model of coplanar
counter-orbiting EMRIs (Metzger et al. 2022) requires an almost
total circularisation of the remnant from the initial TDE through
the emission of gravitational waves as well, on a typical timescale
of several years, which seems inconsistent with Tormund. For the
disc collision model, the formation time of QPEs after the TDE
will depend on the time taken to circularise the debris on a mis-
aligned orbit with respect to the remnant. If the accretion disc
is formed from the disrupted envelope of the star, it is initially
coplanar with the remnant. For QPEs to appear due to collisions,
the orbital planes of the disc and the remnant need to evolve dif-
ferently, most likely through frame dragging around the rotating
central black hole. The typical Lense-Thirring nodal precession
is ~0.01x per orbit (Hayasaki et al. 2016), which is fast enough
to change the orbital planes within the six-month constraint. The
repeated interactions between the disc and the remnant would
change the orbital parameters of the latter, and thus of the recur-
rence times. A more precise estimation of these phenomena would
require us to account for the interactions within the disc, as dif-
ferent radii experience different levels of frame dragging, and to
account for the presence of the remnant that would perturb the
debris orbits (Wang et al. 2021).

The constraints on formation time add a new parameter to
the increasing list of observational features of QPEs that mod-
els need to account for. The current major observed properties
of QPEs, including both confirmed QPE sources and QPE can-
didates, are as follows: their X-ray 0.2-2keV luminosities are
within 10%°-10*? erg s~! for the quiescent state and reach 10*—
10* ergs™! at the peak. They are characterised by a soft X-ray
spectrum, consistent with a black body heating up from ~50eV
to ~100eV, with no other significant multi-wavelength coun-
terpart. Their bursts last from ~5ks to ~35ks, with a pulse
profile that can be either rather symmetrical (e.g., GSN 069)
or asymmetrical (eRO-QPE1), with the caveat that asymme-
try is statistically harder to confirm for short timescales. The
recurrence time between bursts evolves over time, sometimes
being smaller than the burst duration, leading to overlapping
peaks (a single QPE source can change pulse type in less than
a week; eRO-QPE1). The bursts show an apparent pattern of
smaller and larger peaks, and shorter and longer recurrence times
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alternating in GSN 069 and eRO-QPE2, or more complex and
irregular behaviour in eRO-QPE1 and RX J1301.9+2747. Their
long-term behaviour is characterized by a lifetime ranging from
below two years (GSN 069) to over 20 yr (RX J1301.9+2747),
and a disappearance of the QPEs sometimes associated with a
re-brightening of the quiescent state (GSN 069). Quasi-periodic
oscillations in the quiescent state in GSN 069, at the same
period as the QPEs, have been observed. In terms of host proper-
ties, they have all been detected around low-mass SMBHs, with
masses in the range of 10°-107 M,,. Finally, there is a strong
observational correlation with TDEs, with a formation time after
the TDE that can be as short as a few months in the case of Tor-
mund. All the currently proposed models struggle with at least
some observational properties, among which are the changing
burst profile and the recent detection of QPOs in the quiescent
state of GSN 069 (Miniutti et al. 2023).

6. Conclusions

In this work, we present a detailed study of the short-term X-ray
variability witnessed in an XMM-Newton follow-up of the opti-
cally detected TDE AT2019vcb, nicknamed Tormund. Before
the XMM-Newton outburst, two prior detections of very soft
variable X-ray emission by Swift/XRT were consistent with an
X-ray-bright TDE. As we only detected the rise phase of one
isolated QPE-like feature, Tormund cannot qualify as a bona
fide QPE source. However, the properties of Tormund’s variabil-
ity event reported here are strikingly similar to those of other
QPE sources, and all other interpretations struggle in accounting
for all observational features. The similarities of Tormund with
known QPEs, especially with eRO-QPEL, in terms of spectral-
timing properties (a black body heating up from 53.5f3% eV to

113.8*22 eV) and luminosity (ranging from Lg;‘f;ii'{; =320 x
102 ergs™ to LX), o = 1.19700% x 10* erg s™!) are in favour

of the interpretation that Tormund hosted QPEs, despite only the
rising phase of a single eruption having been detected at the time.
This lead us to the conclusion that Tormund deserves to be given
the status of candidate QPE source.

This interpretation would allow several constraints to be put
on our current understanding of QPEs:

— This detection increases the fraction of TDE-linked QPEs
from two out of five to three out of six. Considering the rarity
of TDEs among X-ray sources, this strengthens the case for
a strong link between QPEs and TDEs. The quiescent state,
right before the sudden X-ray increase, is consistent with the
decay phase of the TDE. It is worth pointing out that, for the
three remaining QPEs with no clear link to a TDE, a prior
TDE is not excluded but simply not detected.

— This is the first QPE candidate that was detected after a
clearly observed optical TDE with a well-determined optical
peak. This gives us a stronger upper limit on the formation
time of QPEs, which must be below six months in the case
of Tormund. The spectral classification of the optical TDE,
H+He, is consistent with an evolved star, which would be
more likely to lead to a partial TDE. Repeated TDEs, possi-
bly associated with the partial disruption of the envelope of
an evolved star, are also inferred from the long-term X-ray
evolution of GNS 069 (Miniutti et al. 2023).

— The evolution of the eruption flux (total flux minus quiescent
flux) is consistent with heating a constant-sized region, with
a typical physical scale of Rgmption = (1.3 £0.05) x 10° km,
which is about five times smaller than the gravitational
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radius of the central black hole and four orders of magni-
tude smaller than the initial optical TDE, meaning that the
emission region of QPEs is extremely limited in size. The
eruption region appears comparable in size to the quies-
cent emission, although the latter might be severely under-
estimated because of various scattering effects (Mummery
2021).

— Among the sample of known QPEs (bona fide and candi-
dates), Tormund has the largest rising timescale (~15ks,
similar to eRO-QPE1), and the most massive central black
hole mass (~6.5 + 1.5 x 10° My,), perhaps hinting at a corre-
lation between those properties; it would also replace eRO-
QPEI1 as the brightest and most distant QPE to date. The lack
of decay phase or further bursts prevents conclusions on the
other typical timescales of QPEs.

— The late NICER detection of soft emission indicates that the
source is still active ~2 yr after the first outburst, although the
signal is too weak to provide any conclusion on the presence
of QPEs. Thanks to the late-time optical spectrum, we can
exclude any possible AGN activity. The NICER detection
therefore leads to the conclusion that the TDE-linked X-ray
emission has been lasting for over 900 days after the optical
peak.

One of the main obstacles to improving our current understand-
ing of QPEs is the very low available sample of candidates.
Tormund provides us with a new candidate, which also broad-
ens the parameter space in terms of luminosity, timescales, and
central black-hole mass; it is also the first QPE candidate for
which a strong formation time constraint can be estimated. This
will allow ulterior models and simulations to have tighter con-
straints and hopefully help us understand the precise emission
mechanisms behind these phenomena. We will continue our
long-duration monitoring of this source with Swift in order to
confirm the disappearance — or reappearance — of QPEs in Tor-
mund. Finally, a possible avenue to find additional QPE can-
didates is to use more complete galaxy catalogues than the
one used in this study, as it was shown that one of the known
QPEs (XMMSL1 J024916.6-04124) was not in this catalogue;
in particular, we intend to make use of the Gaia DR3 catalogue
(Carnerero et al. 2023).
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Appendix A: Computation of the X-ray TDE light
curves

Table A.1. Free parameters used for modelling the X-ray TDE light
curve.

Parameter Description Prior

log Lpeax Peak X-ray luminosity [42,46] erg s
log 1y Power-law normalisation  [-4,0.5] years
IPeak X Time of peak [0,108]

Notes. The time of peak fpeu x 1S expressed with respect to the date of
the optical alert (November 15th, 2019) —its upper limit of 108 days cor-
responds to the first Swift/XRT detection, in which the source already
behaved like a TDE (March 1st, 2020). For the prior of the peak lumi-
nosity, the softness of the X-ray emission allows to rule out a jetted
TDE (e.g. Pasham 2023), which would be necessary to reach observed
luminosities above 10% erg s7!.

To compute the possible light curves of the X-ray TDE prior to
the XMM-Newton burst, we compared the first two Swift/XRT
observations to the standard Ly o #/3 evolution of TDE lumi-
nosity over time (e.g. Gezari 2021). The precise model we used
was Ly = Lpeakx X ((f — theakx + 10)/10)>"%, with Lpeax, fo
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and fpeyi x free parameters (van Velzen et al. 2021). No quiescent
constant component was added, as there is no indication in the
optical spectrum of the presence of an AGN. The parameters and
their flat priors are summarised in Table A.1. To estimate these
parameters and the possible X-ray TDE light curves, we used
the PyMC framework (Salvatier et al. 2016) with a Gaussian like-
lihood function and the NUTS sampler. We used 25 walkers on
8 000 steps, discarding the first 2 000. The median 16th and 84th
percentiles of the associated posterior light curves were com-
puted for each time step, shown by the orange dotted line and
shaded area in Fig. 1, respectively. While the median line does
not correspond in itself to a TDE light curve, it provided us with
a rough estimate of the X-ray behaviour of the source prior to
the XMM-Newton burst. Changing the power-law index to —9/4
instead of —5/3, which would correspond to a partial TDE (e.g.
Coughlin & Nixon 2019), does not affect the shape of the enve-
lope at the time of the XMM-Newton observation.

This method proved that the XMM-Newton quiescent state
was consistent with the median of the posterior light curves, that
is consistent with the same TDE decay that was seen by Swift.
Adding this third data point to the fitting procedure, we repeated
this approach, this time with both power-law indices. This lead
to tighter envelopes, which are shown in Fig. 15.
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Fig. A.1. XMM-Newton source and background light curves of Tormund, observation 0871190301, for the three EPIC instruments and in two
energy bands. The left panels correspond to energies below 0.9 keV, and the right panels to energies above 0.9 keV. The top panels show the EPIC
pn light curves and the bottom panels show both the EPIC MOS1 and MOS2 light curves. The background-subtracted light curves are shown with
filled circles, while the backgrounds are shown with crosses; backgrounds are scaled to the area of the source extraction region. This figure shows
that a background flare is present at the end of the observation, visible in both low and especially high energies, but there is definitely an intrinsic
source variability in the soft energy band, with a high signal-to-noise ratio even during the flare. The extreme softness of the source allows us
to reasonably keep time windows in which the high-energy flaring background is above the recommended threshold, under the condition that we
discard any data above 0.9 keV. Data below 0.3 keV are discarded to avoid calibration issues between EPIC instruments.

Table A.2. Results of the fitting of the light curves of the XMM-Newton burst in different energy bands, with their 10~ uncertainties.

Energy band ‘ Quiescent rate (x1072s~!)  Start time (h) Rise time (h) Peak time (h) Peak rate (x1072s™!)  y%/DoF
0.30 - 0.45 keV 0.79£0.13 3.9 +0.05 3.76 £ 0.14 7.66 +0.19 96.4+2.2 70.3 /58
0.45 - 0.60 keV 0.36 + 0.08 4.48 +0.04 2.96 +0.13 7.44 +£0.17 67.7+1.6 57.8/54
0.60 — 0.75 keV 0.21 +£0.09 4.95 +0.05 224 +0.15 7.19+0.2 36.8+1.1 44.5 /40
0.75-0.90 keV 0.23 £0.05 5.15+£0.06 1.92 +0.14 7.07+0.2 18.6 0.5 20.9/39
0.30-0.90 keV 1.68 +0.16 43 +0.03 3.27 +0.08 7.56 +0.11 2214 +£3.1 61.9/58

Notes. The burst model used was a Gaussian rise between two plateau phases. The start and peak times are expressed with respect to the

start of the observation.
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Table A.3. Spectral best-fit parameters of the ten time windows of the XMM-Newton observation, using tbabsxzbbody, with their 90% confidence
intervals.

Time window kT Norm Lo22kev Radius
V) (x10°LY'DY)  #(x102ergs™)  (x10° km)

0 (1-4 combined) ~ 70.1%%%, 1.81+10 32116 1.04j§;§§

37 0.57 1.0 .

1 100.8;2233 O.6f+07 g 1 .1;& ] 029;3&;

2 63.8:% 2.3;}; ; 4.0_3246 1.42;(1);8 "

3 78.4;{“g 1.2-:1()25:65 2.2+_216:08 0.69;(7):43‘g

. g S, 21l

5 53 5:?? 1 1.9154;% 19.7197.55 4.58 £

6 68 5;‘}% 15.13;2 26.6+g;g 3 16+8;E

7 85.9+31 26543 48.3+80 2674041

8 106.5739 38.7+22 71.7+49 2.09*017

9 113 1i§;§ 58.5%‘31 108.62_{2 2 281%%‘

10 113.8+27 64.1+2% 118.9%33 2351019

Notes. The time window O results from the merging of the time windows 1-4 and corresponds to the quiescent state. The bolometric black-body
luminosity is computed by using the normalisation. The 0.2-2 keV luminosity is then computed by using the temperature obtained from the fitted
data in the 0.3-0.9 keV band. The radius is computed by replacing zbbody with zashiftxbbodyrad, which allows us to retrieve the emitting
area in the normalisation factor. The spectral fitting of the time windows 1-10 resulted in a fit statistic of Cg,,, = 341.48 with 341 degrees of
freedom. The combined quiescent state fit yields a fit statistic of Cs,,, = 34.64 with 33 degrees of freedom. For slices 0, 5, and 6, the low signal
prevents us from using Cs,,, as a direct estimate of the goodness of fit. The Monte Carlo simulations of the best-fit spectra we performed confirmed
the quality of the fit. We found percentages of the worst realisation of the fits of 12% for the quiescent state, and of 68% and 4% for the first two
eruption slices, respectively, the latter being marginally acceptable.

Table A.4. Spectral fitting parameters of the ten time windows of the XMM-Newton observation, using tbabsxzashiftx (bbody+diskbb), with
their 90% confidence intervals.

Time window kTDiskbb(eV) NOI‘I’IlDiSkbb kTBbody NOI‘meody LQ.2_2 keV Radius
(eV) (Ri/D10?) (V) (x10°L%'D})  (x102ergs™)  (x10° km)
0 (1-4 combined) 84fﬁ 299’:?38 N/A N/A N/A N/A

I 86721 2067627
2 n "
3 n n
4 n "
5 " ! 45.1 2}588% 17.1 J_:ig:l? 26.4%(2):5%'2 8.5%?9'28
6 68'012:8 13.83& 24.3;2:g 3.118:2
7 ) ) 86.3_33:71 25.31%:g 46. llﬁ:?) 2'618:3
8 107.1:%:g 37.81%:g 70. 1734:‘65 2.1181%
9 1 13.5:%:8 57.71%% 107'11‘5‘:5 2'318:5
10 114.275¢ 63.375¢ 117.57% 23705

Notes. The Time window O results from the merging of the time windows 1-4, and corresponds to the quiescent state; we removed the bbody
parameter from this specific time window only, to better estimate the quiescent diskbb. For the other time windows, the diskbb parameters are
tiedn but the bbody is independent. The luminosity is for the bbody only, and it is extrapolated to the 0.2-2 keV band from the fitted data in the
0.3-0.9 keV band. It was not computed in the first four time windows, where the bbody was not constrained. The radius is computed by replacing
bbody with bbodyrad, which allows us to retrieve the emitting area from the normalisation factor. The spectral fitting of the time windows 1-10
yields a fit statistic of Cs,,, = 339.4 with 339 degrees of freedom. The combined quiescent state fit resulted in a fit statistic of Cg,,, = 32.7 with 33
degrees of freedom.

Table A.S. Fitting parameters of luminosity versus temperature behaviour of the source during the XMM-Newton observation, with both the bbody
model and the diskb+bbody model.

Model \ 1% x?/D.oF \ y?>/DoFfora=4 Inferred Radius
bbody - with quiescent 418+0.95 13.04/5 13.14/6 N/A
bbody - without quiescent | 3.28 + 0.63  5.98/4 7.50/5 (1.30 £ 0.05) x 10° km
diskbb+bbody 355+0.69 529/4 5.78/5 (1.27 +0.04) x 10 km

Notes. For the bbody model, the quiescent state is clearly an under-luminous outlier (see Fig. 8), so we performed the fitting both including and
excluding the quiescent state. Two fits were performed for each model: one to a power-law behaviour L oc 7% with @ free and one when fixing
a = 4 (constant-sized black body) and fitting only the proportionality factor, which is linked to the emission region radius.
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Fig. A.2. Combined background-subtracted EPIC light curves in differ-
ent energy bands, binned at 500 s, and normalised to the fitted value
of the peaks. The envelopes correspond to the 16" and 84" percentiles
of the posteriors, similarly to what is shown in Fig. 5. This shows the
energy dependence of the start of the burst. This is similar to Fig. 2 of
Miniutti et al. (2019), for instance.
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