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ABSTRACT

Quasi-periodic eruptions (QPEs) are an extreme X-ray variability phenomenon associated with low-mass (Mzy < 107 M) supermas-
sive black holes (SMBHs). First discovered in the nucleus of the galaxy GSN 069, they have been so far securely detected in five other
galaxies, including RX J1301.9+2747. When detected, the out-of-QPE emission (quiescence) is consistent with the high-energy tail
of thermal emission from an accretion disk. In this article we present the X-ray properties of RX J1301.9+2747, both in quiescence
and during QPEs, and complement this information with radio observations. We analyze X-ray data taken during five XMM-Newton
observations between 2000 and 2022. The last three observations were taken in coordination with radio observations with the Karl
G. Jansky Very Large Array. We also made use of EXOSAT, ROSAT, and Chandra archival observations taken between 1983 and
2009. XMM-Newton detected 34 QPEs of which eight have significantly lower amplitudes than the others. No correlated radio/X-
ray variability was observed during QPEs. In terms of timing properties, the QPEs in RX J1301.9+2747 do not exhibit the striking
regularity observed in the discovery source GSN 069. In fact there is no clear repetition pattern between QPEs: the average time
separation between their peaks is about four hours, but it can be as short as one, and as long as six hours. The QPE spectral properties
of RX J1301.9+2747 as a function of energy are, however, very similar to those of GSN 069 and of other QPE sources. During their
evolution, X-ray QPEs follow a hysteresis pattern in the temperature-luminosity plane, with a hotter rise than decay. The quiescent
emission of RX J1301.94+2747 is more complex than that of GSN 069, as it requires a soft X-ray excess-like component in addition
to the thermal emission from the accretion disk. Its long-term X-ray quiescent flux variations are of a low amplitude and not strictly
monotonic, with a general decay over the course of ~22 years. We discuss our observational results in terms of some of the ideas and
models that have been proposed so far for the physical origin of QPEs.
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1. Introduction

X-ray quasi-periodic eruptions (QPEs) are an extreme extra-
galactic variability phenomenon associated with supermassive
black holes (SMBHs). They are rapid, intense, and recurrent
flares of soft X-ray emission. Each QPE typically reaches a
soft X-ray peak luminosity on the order of 10¥™* erg s7!,
which is roughly one order of magnitude higher than the qui-
escent state. When detected, the quiescent state emission is most
likely associated with thermal disk emission with a typical tem-
perature of kT ~ 50-80 eV, while QPEs have X-ray spectra
consistent with blackbody-like thermal emission with a typical
kT ~ 100-200 eV. The typical duration of QPEs is between <1 h
and a few hours, and their time separation is about 2.5—-20 hours.

First discovered in the nucleus of the galaxy GSN 069
(Miniutti et al. 2019), QPEs have been so far identified in other
five galaxies, along with two other promising candidates. Shortly
after the very first QPE discovery, flares of a similar dura-
tion were identified in XMM-Newton archival observations of
RX J1301.942747 (Sun et al. 2013; Middleton & Ingram 2015;
Shu et al. 2017) and were confirmed to be QPEs with new
observations performed in 2019 (Giustini et al. 2020). Thanks
to blind searches within the all-sky SRG/eROSITA survey,
X-ray QPEs have been discovered in four other galaxies:
2MASS 02314715-1020112 and 2MASX J02344872—-4419325
(eRO-QPE1 and eRO-QPE2; Arcodia et al. 2021), and 2MASS
14005331-2846012 and 2MASS 04453380-1012047 (eRO-
QPE3 and eRO-QPE4; Arcodiaetal. 2024b). Furthermore,
QPE-like soft X-ray bursts have been detected in the
nuclei of the galaxies XMMSLI1 J024916.6—041244 (J0249;
Chakraborty et al. 2021) and 4XMM J123856.3+330957 (Tor-
mund; Quintin et al. 2023).

Both GSN 069 and RX J1301.9+2747 were known to
be active galaxies before the discovery of QPEs, albeit
exhibiting only narrow optical emission lines (see respectively
Miniutti et al. 2013; Dewangan et al. 2000). Also eRO-QPEI],
eRO-QPE2, and J0249 were shown to host narrow emission lines
in their optical spectra, indicating the presence of an ionizing
photon source in excess of pure stellar light, that is, signatures of
nuclear activity (Wevers et al. 2022). The eRO-QPE3 and eRO-
QPE4 optical spectra taken with the Southern African Large
Telescope revealed the presence of faint and narrow optical
emission lines, although higher-resolution spectra are needed to
confirm the exact nature of their nuclear activity (Arcodia et al.
2024b). Despite being basically unobscured in the X-rays, none
of the current QPE-emitting galaxies shows signs of broad opti-
cal or UV emission lines in their spectra. This rules out the pres-
ence of a standard active galactic nucleus (AGN) in the QPE-
hosting galaxies.

The QPE-hosting galaxies have black hole (BH) masses
estimated through stellar velocity dispersion measurements or
through continuum luminosity scaling relations on the lower end
of the SMBH distribution, Mgy ~ 10°—5 x 10° M, (Shu et al.
2017; Miniutti et al. 2019; Arcodia et al. 2021; Wevers et al.
2022; Arcodia et al. 2024b). Three out of eight QPE sources
(GSN 069, J0249, and Tormund) have a clear connection to tidal
disruption events (TDEs; Shuetal. 2018; Sheng et al. 2021;
Chakraborty et al. 2021; Quintin et al. 2023). The observation of
decaying X-ray quiescent flux in eRO-QPE3 also suggests a con-
nection to a TDE (Arcodia et al. 2024b). Optical integral field
spectroscopy has revealed the presence of extended emission
line regions of ionized gas in three out of five QPE host galax-
ies, with properties very similar to those of TDE host galaxies
(Wevers et al. 2024). The accretion flow associated with TDEs
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is possibly too compact to support the mature broad line region
typical of active galactic nuclei (AGN). The association between
QPEs and TDEs thus might explain the lack of any broad emis-
sion line component in the nuclear optical spectra of QPE host-
ing galaxies (Wevers et al. 2022, 2024).

The signal associated with QPEs has only been observed so
far in the soft X-ray band, with a maximum amplitude reached
around £ = 600-800 eV and fading away at £ > 1.5 keV.
During the QPE evolution, the temperature smoothly rises to a
peak value, and then returns to its initial level. The QPE’s prop-
erties are energy-dependent: the flares observed at higher ener-
gies have shorter durations, with high-amplitude peaks occur-
ring at earlier times compared to lower energies (Miniutti et al.
2019; Giustini et al. 2020; Arcodia et al. 2021). Therefore, the
peak temperature of QPEs is usually reached before their peak
luminosity. The flares measured in the softest X-ray band begin
before those measured in the hardest X-ray band in eRO-
QPE1, whose longer duration QPEs allow for better energy-
dependent measurements with respect to any other QPE source
(Arcodia et al. 2022). Both the QPE amplitudes and the time
differences between the QPE peaks (hereafter recurrence times)
alternate between weak and strong, as well as short and long in
GSN 069 and eRO-QPE2 (Miniutti et al. 2023a,b; Arcodia et al.
2024a, but see also Miniutti et al. 2019; Arcodia et al. 2021).
The temporal behavior is more complex in eRO-QPEI, with
QPEs of a different amplitude repeating with a large scatter in
recurrence times (Arcodia et al. 2022; Chakraborty et al. 2024).

There are two main physical scenarios able to provide con-
text to interpret the QPE observations: accretion flow insta-
bilities and orbital phenomena. The former can reproduce the
recurrence times and luminosities of QPEs only if strong mag-
netic effects are present (e.g., Pan et al. 2022; Kaur et al. 2023;
Pan et al. 2023; Sniegowska et al. 2023), or in the case of insta-
bilities leading to accretion disk tearing (Raj & Nixon 2021).
However, accretion instability models generally predict a flare
shape with a slow rise and a fast decay, which is opposite to
what is typically observed in QPEs (e.g., Miniutti et al. 2019;
Arcodia et al. 2022, 2024b). Orbital phenomena include both
gravitational self-lensing of massive BH binaries of an about
equal mass ratio (Ingram et al. 2021) and purely orbital motions
of much smaller mass objects around a more massive BH —
called extreme mass ratio inspirals (EMRI). The EMRI scenario
can include single or multiple stars or stellar remnants under-
going Roche Lobe overflow or tidal stripping at each pericen-
ter passage (e.g., King 2020; Zhao et al. 2022; Metzger et al.
2022; Wangetal. 2022; King 2022; Krolik & Linial 2022;
Lu & Quataert 2023; Linial & Sari 2023; King 2023), as well as
impacts between low-mass orbiting companions (stars or BHs)
and an accretion flow around the primary SMBH (Sukova et al.
2021; Xian et al. 2021; Linial & Metzger 2023; Franchini et al.
2023; Tagawa & Haiman 2023; Zhou et al. 2024a,b). In any
case, no model so far can fully account for all the observational
properties of QPEs.

In this work, we focus on RX J1301.9+2747 (RA =13h 02m
00.138s, Dec =+27d 46m 57.855s; redshift z = 0.024). This
is a young post-starburst galaxy belonging to a small group of
galaxies on the outskirts of the Coma Cluster (Caldwell et al.
1999). Its optical spectrum lacks broad optical emission lines. A
low BH mass has been estimated either from the width of the
[O 1] line (Mpy = 8 x 10° M, Sun et al. 2013), from spec-
tral fitting (Mpy = 1.5 -3 X 100 M, Shu et al. 2017), or from
velocity dispersion measurements (Mpy = 1.2-4.5 x 10° M,
Wevers et al. 2022, 2024). In the X-ray band, RX J1301.9+2747
was serendipitously discovered during an EXOSAT observation
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of the Coma Cluster (Branduardi-Raymont et al. 1985). It was
then observed by ROSAT in 1991, by XMM-Newton in 2000,
and by Chandra in 2009, in all cases showing hints of rapid vari-
ability in its light curves (Dewangan et al. 2000; Sun et al. 2013;
Shu et al. 2017). More recently, the rapid X-ray variability has
been observed again by Giustini et al. (2020), confirming that
RX J1301.942747 is indeed a QPE source.

RX J1301.9+2747 is the second galaxy where X-ray QPEs
have been discovered and the only one where such a phe-
nomenon has been observed — albeit recognized a posteriori —
on timescales of decades. QPEs were already present in 2000
(Sun et al. 2013), and three more QPEs were observed during
a 2019 XMM-Newton observation. While the QPEs observed in
RX J1301.9+2747 have amplitudes and durations comparable
to those observed in GSN 069, their recurrence pattern appears
to be less regular. Specifically, the time separation between the
two QPEs detected in 2000 is about five hours (5h; equivalent to
about 18 ks), while the time separation between the three QPEs
detected in 2019 is about 5.5h (20 ks) and 3h 45m (13.5 ks)
(Giustini et al. 2020).

In this article, we present X-ray data of RX J1301.9+2747
taken from 1983 until 2022. These include one EXOSAT flux
measurement, ROSAT and Chandra spectra, as well as five
XMM-Newton observations, of which four are pointed at the
source. Each of the last three XMM-Newton observations was
taken in coordination with 10 hours of exposure with the
National Radio Astronomy Observatory (NRAO) Karl G. Jan-
sky Very Large Array (VLA). We provide a detailed description
of the setup for the data reduction and analysis in Sect. 2. We
then present the X-ray data analysis in Sects. 3 (light curves)
and 4 (spectra), and the radio data analysis in Sect. 5. We dis-
cuss our results in Sect. 6 and we conclude in Sect. 7. Details
about the analysis procedures used as well as the complete set of
Tables and figures can be found in Appendices A-D. Errors are
quoted at the 10 confidence level throughout the text. A flat cos-
mology (A = 0.73, go = 0, Hy = 70 km s~! Mpc™!) is assumed
for the computation of the intrinsic luminosities and luminosity
distances.

2. Data reduction and analysis setup

There are five science observations of RX J1301.9+2747 in
the XMM-Newton archive, taken between December 2000 and
June 2022, for a total of ~460 ks of exposure time. Details
of the observations are reported in Table A.l. The first two
short observations of this dataset have been published by
Sun et al. (2013), Middleton & Ingram (2015), Shu et al. (2017),
and Giustini et al. (2020), while the latest three observations
contain still unpublished data. We reduce and analyze all the
XMM-Newton datasets with calibration files generated in June
2023 and using homogeneous procedures. We also use archival
EXOSAT, ROSAT, and Chandra data to investigate the evolution
of the properties of the quiescent (non-QPE) X-ray emission of
RX J1301.9+2747.

The XMM-Newton data were reduced using the Science
Analysis System (SAS) v.18.0.0, following standard threads as
recommended by the XMM-Newton Science Operation Centre.
Strong background flares were detected at the beginning and at
the end of some of the exposures and were filtered out from the
event tables used in the spectral analysis. The whole event tables
were instead used for the analysis of the X-ray light curves, after
correcting the observed count rates for the effects of the back-
ground flares and other instrumental effects (e.g., vignetting,
bad pixels, chip gaps) with the SAS task epiclccorr. The light

curves times were also converted from the local satellite frame
to barycentric dynamical time, whose spatial origin lies at the
solar system barycenter, using the SAS task barycen with the
Earth ephemeris table “DE405”. The effect of the barycentric
conversion is a correction on the order of 5—140 s on pho-
ton arrival times, depending on the observation. The EPIC-
MOS1 and MOS?2 light curves were merged using the Ftool!
lcmath, while each pair of EPIC-MOS1 and MOS2 spectral
products and response files were merged using the SAS task
epicspeccombine. Given the instrumental calibration uncer-
tainty, we retained events with energies greater than 300 eV for
the spectral analysis, while for the timing analysis we considered
events down to energies of 200 eV. The regions used to extract
the source spectra were circles with radii between 20-32".
These were determined using the SAS task eregionanalyse,
maximizing the S/N using background regions that were annuli
for the EPIC-MOS (hereafter MOS) and circles for the EPIC-pn
(hereafter pn) cameras. This choice was based on the strong spa-
tial dependence of the pn instrumental background, for which
we chose to extract a background as similar as possible to the
source one in detector coordinates. The background regions were
always larger than the source ones, and all the extraction areas
were normalized using the SAS backscale task. The optical
monitor data were checked for the presence of variability. We
found no significant result, with light curves similar to those of
GSN 069 (Extended Data Fig. 2¢ of Miniutti et al. 2019) and of
the eRO-QPE sources (Fig. 1 and 2 of Arcodia et al. 2021 and
Fig. 4 and 6 of Arcodia et al. 2024b).

3. X-ray light curve analysis

Figure 1 shows the XMM-Newton light curves of
RX J1301.9+2747 with a time bin of 250 s, with light
blue and dark blue symbols for the pn and MOS data. The light
curves are extracted in the 0.2—2 keV band, as the background
generally dominates the source signal at higher energies (see
Fig. C.1). A total of 34 QPEs were observed between December
2000 and June 2022. Of these, three are only partially detected
at the beginning of the exposures?. There are 25 QPEs with pn
count rates on the order of 1-1.5 s™! (hereafter strong QPEs)
and eight QPEs with about half this count rate (herafter weak
QPEs). The QPEs are superimposed on a much fainter emission
(hereafter quiescence) with a count rate of about 0.04 s7L.

We used a Bayesian statistical framework to compare the pn
and MOS light curves to a model comprising a constant, rep-
resenting the quiescent emission, plus Gaussians representing
the QPEs. We derive posterior probability distribution functions
(hereafter PDFs) and the Bayesian evidence Z with the nested
sampling Monte Carlo algorithm MLFriends (Buchner 2016,
2019) using the UltraNest® package (Buchner 2021). The qui-
escent level was fitted only around the QPE peak, using both
pn and MOS data when available. From our fit, we estimate the
most likely constant count rate (quiescent count rate), the Gaus-
sian centroid (QPE peak arrival time), width o, and normaliza-
tion (QPE peak count rate). Details about our fitting procedure
are reported in Appendix B, the individual QPE fits are shown in
Fig. B.1, and the results are reported in Table B.1.

Figure 2 shows the median values of the posterior PDFs of
the QPE peak count rate, the local quiescence count rate, the

' http://heasarc.gsfc.nasa.gov/ftools

2 The pn camera detected 31 and a half QPEs, while the MOS detected
30 QPEs plus two half-QPEs.

3 https://johannesbuchner.github.io/UltraNest/
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shorter durations for weak QPEs. There is a weak positive cor-
relation between the QPE peak count rate (or amplitude) and
the QPE duration, with the time preceding the QPE. In partic-
ular, whenever the recurrence time exceeds 1 h 40m (6 ks), no
weak QPEs are observed. Remarkably, there is a large scatter in
recurrence times between the QPEs of RX J1301.9+2747. The
most frequent recurrence time is about 5 h, while the average is
3h 45m (13.5 ks). The shortest recurrence time is 1 h 17 m (4.6
ks) between QPE7 and QPES, and the largest is 6h 05m (21.9
ks) between QPE30 and QPE31.

The QPEs of RX J1301.9+2747 show significantly more
irregular timing properties than GSN 069 and eRO-QPE2
(Miniutti et al. 2019; Arcodia et al. 2022). However, the QPEs
still show an alternate long-short time separation. This is shown
in Fig. 3, where we consider the three long XMM-Newton obser-
vations taken in 2020 and 2022, and plot for each QPE the time
interval preceding it. The average recurrence time is 14.4 ks in
2020, 11.1 ks in 2022A, and 14.3 ks in 2022B. The light curves
of 2020 and 2022B look remarkably similar. There is no clear
repeating pattern, even considering even and odd (or strong and
weak) QPEs separately.

Despite the irregular timing properties, the QPEs in
RX J1301.9+2747 are not fully chaotic either. At epochs during
which weak QPEs are clearly present (roughly the first halves
of observations 2020 and 2022B and almost the whole observa-
tion 2022A), QPEs clearly come in strong and weak pairs with
a short time separation. On the other hand, when weak QPEs
are absent (observation 2019, and roughly the second halves of
observations 2020 and 2022B), the pairs are separated by signif-
icantly longer intervals. The alternation of long and short recur-
rence times is still present but becomes less dramatic, and the
alternation of strong and weak amplitude is lost altogether. We
also point out that, if the two different phases are considered
separately, the repetition pattern in each phase is reminiscent of
more regular QPE activity such as that observed in GSN 069 or
eRO-QPE2, with averaged short and long recurrence times of
1h36m (5.8 ks) and 4 h 48 m (17.3 ks) in the weak-QPE phase,
and 3h 24 m (12.2 ks) and 5h 14 m (18.8 ks) during epochs when
weak QPEs are absent.

3.1. Energy-resolved light curves

We extracted light curves in several observer frame energy
bands: 0.2-0.4, 0.4-0.6, 0.6—0.8, 0.8—1.0, and 1-2 keV, using
time bins of 200 s. The quiescent emission has a very low count
rate in energy-resolved bins; hence, we compared the QPE light
curves to a model comprising a Gaussian line only. We limited
the energy-resolved timing analysis to the pn data.

Figure 4 shows the posterior PDF of the QPE proper-
ties measured in the five energy bands, with increasing dark-
ness for increasing energy. From upper to lower panels, we
plot the time delays of energy-resolved QPE peak times with
respect to those measured in the full 0.2-2 keV band, the QPE
duration, and the QPE peak count rate. As found already by
Giustini et al. (2020) for the 2000 and 2019 datasets, and as
observed in all QPE sources and QPE candidates so far, the
QPEs in RX J1301.9+2747 last less and peak earlier at higher
energies. The QPE peak times in the 0.4—0.6 keV band are com-
parable to those measured in the full band; those measured at
lower energies arrive later by about two minutes, while those
measured at higher energies arrive earlier, by up to about 10 min-
utes. The duration of QPEs measured between 0.2—0.4 keV is
twice the one measured at £ > 0.8 keV. There doesn’t appear
to be any significant difference between strong and weak QPEs
in terms of their properties as a function of energy, although the
hardest energy band considered (1-2 keV) could not always be
modeled in weak QPE data because of the very low observed
count-rate. In general, as the energy increases, the QPE count
rate and duration decrease, while the peak time occurs earlier.
The decrease in peak count rate with energy is simply a conse-
quence of the spectral shape of QPEs (a blackbody-like spectrum
with kT ~ 100 eV at peak, see Miniutti et al. 2019, and Sect. 4).
The QPE amplitude increases with energy because the spectral
decline of the quiescence is steeper than that of QPEs, as the qui-
escent spectrum has the signal disappearing already at ~1 keV,
while QPEs can be measured at peak up to ~2 keV. This behav-
ior is similar to what has been observed for other QPE sources,
thus likely representing a defining property of QPE emission.

3.2. Hardness ratio

In Figure B.2 we plot in each panel the individual QPE
0.2-2 keV light curve and the corresponding hardness ratio
(HR) computed between 0.6—2 keV and 0.2-2 keV, follow-
ing Arcodia et al. (2022). One example is shown in Fig. 5 for
QPEI11. The QPE evolution in RX J1301.9+2747 is chromatic,
as is in the other QPE sources: at a given count rate, the spectral
hardness is greater during the rising phase of QPEs than during
their decaying phase. The QPE peak temperature is not reached
at the QPE peak count rate, but during the QPE rise. While
for most of the QPEs the hysteresis cycle is clear, a subsample
of them show a more complex behavior, with the HR appear-
ing to further increase during or right after the QPE peak (e.g.,
QPEs numbers 3, 13, 15, 19, 20, 21, and 29). The weak QPEs
numbers 8, 18, 26, and 28 also show a rather complex evolu-
tion, e.g., a decay as hard as the rise or a hardening decay. These
complexities might be explained by the presence of substructures
within the QPE, e.g., overlapping bursts that are not resolved by
the current instruments.

4. X-ray spectral analysis

The goals of the X-ray spectral analysis are twofold: (i) under-
standing the X-ray spectral shape and temporal evolution of the
quiescent emission (i.e., QPE excluded) of RX J1301.9+2747
and comparing it with that of known accreting SMBH sys-
tems such as AGN and TDEs; and (ii) deriving the X-ray
spectral and variability properties of all the QPEs detected in
RXJ1301.9+2747 in order to look for potential differences (e.g.,
between weak and strong QPEs). We thus analyze separately
the quiescent (Sect. 4.1 and Appendix C) and the QPE spec-
tra (Sect. 4.2 and Appendix D) of RX J1301.9+2747 taken by
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Fig. 4. Properties of QPEs as a function of energy plotted as histograms
of their posterior PDFs. From upper to lower panels: difference between
the QPE arrival times measured in different energy bands and the QPE
arrival times measured in the 0.2—2 keV band, QPE duration, and count
rate at the QPE peak. The energies considered are 0.2-0.4, 0.4-0.6,
0.6-0.8, 0.8—1, and 1-2 keV from lighter to darker histograms.

the EPIC cameras onboard XMM-Newton between 2000 and
2022. We add to our spectral analysis also archival ROSAT and
Chandra data taken respectively in 1991 and 2009 (Sect. 4.1.3).
We used the software HEASoft v.6.27.2 (NASA High Energy
Astrophysics Science Archive Research Center (Heasarc) 2014)
with Xspec v.12.11.01 (Arnaud 1996) and the pyXspec python
interface (Gordon & Arnaud 2021). For the spectral analysis,
we use the Bayesian X-ray Analysis software BXA v.4.1.1
(Buchner et al. 2014) that links the Bayesian statistical frame-
work implemented in UltraNest with Xspec. All the spectral
fits assumed the photoionization cross-sections and interstellar
medium abundances provided by Wilmsetal. (2000) and
included a minimum Galactic hydrogen-equivalent column den-
sity Ny = 8.8 x 10! cm™2 along the line of sight in the direction
of RX J1301.9+2747 (HI4PI Collaboration 2016), modeled with
TBabs. In all the models for the source emission, we include the
zashift component for the cosmological redshift z = 0.024.

4.1. The quiescent spectra

The quiescent (source + background) and background spectra
of RX J1301.9+2747 observed by XMM-Newton between 2000
and 2022 are shown in Fig. C.1, rebinned for visual purposes.
The source and background spectra were obtained by excising
time intervals containing QPEs, and, for each observation, we
consider the average quiescent spectrum as the intra-observation
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Fig. 5. Top panel: representative 0.2—2 keV background-subtracted
QPE light curve, centered at the peak and binned to 250 s. Lower panel:
hardness ratio (HR) between the 0.6—2 keV and the 0.2-2 keV count
rates as a function of the total count rate, where each point is color-
coded following the time evolution of the QPE in the panel above. The
HR shows a counter-clockwise evolution, as tracked by the dashed gray
arrows. The complete set of HR plots can be found in Fig. B.2.

variability of the quiescent count rate is minimal. The overall
spectral variability between epochs is small. As in other QPE
sources, the X-ray spectra of RX J1301.94+2747 are super-soft,
with most of the source emission at E < 1 keV.

First, we compared the quiescent spectra to the two ther-
mal models [bbodyrad] and [diskbb]. We found that at all
epochs the [diskbb] model is preferred over the [bbodyrad]
one, given the difference in logarithm of the Bayesian evidence
Z always greater than 2 (the most likely model has the high-
est Bayesian evidence; details about our fitting procedure are
reported in Appendix C). The posterior PDFs of the model
[diskbb] (hereafter model 0) folded with the instrumental
response are plotted in the left column of Fig. C.2 compared
to the observed data for the five epochs of XMM-Newton obser-
vation and in the top panel of Fig. 6 for the 2020 epoch. It is
evident that [diskbb] alone is unable to account for the data
above ~700 eV as excess emission is present, especially 2019
onwards.

We then fit the five epochs with a series of multicomponent
models. These are models 1: [diskbb + bbody]; 2: [diskbb
+ powerlaw]; 3: [diskbb + bbody + powerlaw]; and 4:
[diskbb + compTT], where we use the Comptonization model
by Titarchuk (1994). Results of the fit are reported in Table C.1
and Fig. 7, where we plot the histograms of the posterior PDF
of various parameters for each epoch of observation for each
model, using darker tones for later epochs. Models 1, 2, 3, and 4
are always strongly preferred to model 0, except for epoch 2000,
when the Bayesian evidences Z are comparable. Given the like-
lihoods and the number of degrees of freedom (AIC, Akaike
1974), model 3 is never the most probable data representation.
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Fig. 6. Quiescent pn spectrum of RX J1301.9+2747 during the 2020
epoch, visually rebinned to 3o significance and overplotted to the pos-
terior PDF of model 0 ([diskbb], top panel), model 1 ([diskbb +
bbody], middle panel), and model 4 ([diskbb + compTT], lower
panel). The [diskbb] component is plotted in red, the [bbody] in
orange, the [compTT] in brown, and the total model in gray. The com-
plete set of spectra for all epochs compared to models 0 and 1 are shown
in Fig. C.2. Spectra are shown up to 2 keV, as at higher energies the sig-
nal is dominated by the background, however the data were always fitted
up to 10 keV.

When using model 2, the photon index I' > 3 is very steep. Thus
the power law component of model 2 mostly accounts for the
photons detected in the soft X-ray band. Indeed, for epoch 2000,
when the excess of photons at E > 700 eV is the weakest, the
posteriors of the bbody component of model 1 and those of the
powerlaw component of model 2 are only barely constrained
(Fig. 7). Model 1 is the most probable representation of the data
at early epochs, while model 4 is the most probable one at late
epochs; the two models are equiprobable during 2020. A visual
example of the comparison between models 0, 1, and 4 is shown
in Fig. 6 for the 2020 epoch. We also plot a comparison of mod-
els 0 and 1 in Fig. C.2 for all the epochs, where it is evident
that the addition of the bbody component to diskbb (i.e., going
from model 0 to model 1) reproduces the data very well, even if
the bbody spectral parameters are largely unconstrained during

2000 (as expected, given the low Alog Z found between model
0 and model 1 for this epoch).

On average, the quiescent spectra of RX J1301.9+2747 are
best reproduced by the thermal emission of an accretion disk
with inner temperature kT ~ 50-60 eV plus a harder spec-
tral component that can be modeled with bbody (as in model
1) or compTT (as in model 4). The median values of the pos-
terior PDFs for the parameters of models 1 and 4 are plotted
in Fig. 8, with the diskbb component in orange, the bbody
component in yellow, and the compTT component in brown.
From upper to lower panels, we plot the 0.3—2 keV luminosity
Lo3-2kev, the bolometric lurninosity5 LgoL, and the temperature
kT. The main difference between model 1 and model 4 is the
spectral energy distribution shape of the harder spectral compo-
nent, which is broader for compTT than for bbody. As a con-
sequence, the inferred inner temperature of the diskbb compo-
nent is lower, and the estimated total bolometric luminosities are
slightly higher, when using model 4 than when using model 1.

The disk inner temperature is consistent with being constant,
~60 eV, between epochs when using model 1. When using model
4, it is slightly decreasing, from 58 + 5 eV of 2000 to 49 + 3 eV
of 2022B. The hard spectral component is barely constrained
during 2000 and appears to slightly increase its temperature
from 2019 to later epochs. This is independent of the underly-
ing model adopted. The luminosity of the harder spectral com-
ponent estimated using compTT is a factor of (2—-2.4)x higher
in the 0.3-2 keV band compared to the one estimated using
bbody, while its bolometric luminosity is a factor (4—6)x higher,
depending on the assumed plasma optical depth (the larger T,
the smaller the difference compared to bbody). This is, how-
ever, always much lower than the luminosity carried by the disk.
The observed disk luminosity shows an overall decay of about

50% between 2000 and 2022, from Ldisk ~2x 104 erg g1

, 0.3-2keV
to g5, v < 10 erg s7'. The 0.3-2 keV disk luminosity is

about 2—4 times higher than the 0.3-2 keV luminosity of the
harder component in all epochs except for 2000, when the lumi-
nosity of the former is >10x the one of the latter (this component
not being constrained by the data). The bolometric luminosity of
the disk is instead a factor of ~50x higher than the bolomet-
ric luminosity of the harder component when using bbody, and
a factor of ~15x higher when using compTT. When modeled
with bbody, the hard spectral component has an average tem-
perature of kT ~ 180 eV. This temperature is typical of the soft
X-ray excess observed in the spectra of most radiatively efficient
AGN (Gierlinski & Done 2004). When modeled with compTT,
the Comptonizing plasma temperature k7 is degenerate with its
optical depth 7. By assuming 7 = 10, the hard spectral compo-
nent has an average temperature of kT ~ 400 eV. These val-
ues are comparable to those found for the warm corona used to
model the soft X-ray excess in local AGN (e.g., Mehdipour et al.
2011; Petrucci et al. 2018). We will therefore refer to this hard
spectral component as the “soft X-ray excess-like” component.
The total 03-2 keV quiescent luminosity of
RX J1301.9+2747 is maximum during 2000 with
Lozorev = 2.0 £ 0.5 x 10* erg s7' and is minimum dur-
ing 2022A with Ly3—pkev = 1.01 £0.07 X 10% erg s~!. There are
variations of quiescent luminosity between 2022A and 2022B,
when Los_siev = 1.20+£0.07 x 10*! erg s~!. The estimated Lgor
of each component is about one order of magnitude larger than

5> The bolometric luminosity was estimated using a dummy spectral
response matrix in Xspec extended between 1073 —10 keV and comput-
ing the total luminosity of the model with the absorption along the line
of sight set to negligible values.
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Fig. 7. Synoptic view of the quiescent spectral properties of RX J1301.9+2747 in five epochs of XMM-Newton observation: 2000, 2019, 2020,
2022A, and 2022B (Table A.1), plotted with color tones from lighter to darker. The histograms report the posterior PDF of the parameter of
interest considering five different models, O to 4, from the first to the fifth row. We plot in red the parameters of the diskbb component, in orange
the parameters of the bbody component, in yellow the parameters of the powerlaw component, and in brown the parameters of the compTT

component.

the 0.3 — 2 keV luminosity at all epochs. The total quiescent
luminosity due to the disk plus the soft X-ray excess-like
component is Lgor, ~ 2-3 X 10% erg s7!, depending on the
epoch of observation.

We estimated the BH mass and mass accretion rate
by fitting the quiescent emission to the optxagnf and
tdediscspec models, which assume respectively a geometri-
cally thin accretion disk plus a warm and hot corona and a
non-stationary TDE accretion flow (see respectively Done et al.
2012; Mummery et al. 2023). By taking into account the uncer-
tainties in the BH spin, we found a large range of admitted val-
ues for the BH mass Mpy = [2 x 10°=3 x 10°] M, and for the
Eddington ratio 2 = [0.03—-0.15]. We note how the BH mass
estimate from galactic bulge stars velocity dispersion is at the
higher end of the estimated range from X-ray spectral fitting
(Wevers et al. 2022, 2024). On the other hand, by taking the Mpy
optical estimate and the estimated Ly, from X-ray spectral fit-
ting and assuming an accretion efficiency of 10%, one would
obtain an 7z < 0.02, in contrast with the thermal X-ray spec-
trum observed that is typical of highly-accreting BHs. We also
point out that the X-ray luminosity of RX J1301.9+2747 is more
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than one order of magnitude lower than in GSN 069 despite very
similar disk temperatures (Miniutti et al. 2019). While the veloc-
ity dispersion is very similar in the two galaxies (Wevers et al.
2024), assuming a similar mass accretion rate would lead to a
significantly lighter BH in RX J1301.9+2747 than in GSN 069.

4.1.1. On the hard X-ray power law

The hard X-ray power law emission is a defining characteris-
tic of accreting BHs. In their X-ray spectra, actively accret-
ing SMBHs (AGN) usually show the nonthermal hard X-ray
power law, a soft X-ray excess of emission compared to the
power law, and, depending on the central BH mass, the accre-
tion disk thermal emission (e.g., Done et al. 2012). The origin
of the hard X-ray power law emission is commonly assumed
to be due to thermal Comptonization of the accretion disk seed
photons in a hot (kT ~ 100-200 keV) optically thin plasma
(the hot corona, Haardt & Maraschi 1991). The origin of the soft
X-ray excess (Arnaud et al. 1985) is more debated and thought
to be caused by either ionized reflection off the inner accre-
tion disk (Crummy et al. 2006) or by Comptonization in a warm
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Fig. 8. Evolution of the 0.3—-2 keV luminosity (first row), bolometric
luminosity (second row), and temperature (third row) of the quiescent
emission of RX J1301.9+2747 in each epoch of XMM-Newton obser-
vation obtained using model 1 [diskbb + bbody] (left column) and
model 4 [diskbb + compTT] (right column). Red symbols represent
diskbb, orange ones bbody, and the brown ones compTT. Points rep-
resent the medians of the posterior PDFs; error bars are one standard
deviation.

(KT ~ 100-500 eV), optically thick plasma (the warm corona,
Magdziarz et al. 1998).

The hard X-ray power law appears to be very weak or
absent in QPE sources, that show instead a quiescent emis-
sion dominated by soft X-ray thermal-like spectra, most likely
associated with the high-energy tail of the disk emission
(Miniutti et al. 2019; Giustini et al. 2020; Arcodia et al. 2021,
2024b; Chakraborty et al. 2024). It is possible that a stan-
dard AGN corona is still present in the quiescent spectra of
RX J1301.9+2747, but very weak. To test this possibility and
place limits on the presence of a hard X-ray power law emis-
sion, we compared the quiescent spectra to model 3: [diskbb
+ bbody + powerlaw]. We assumed informed Gaussian pri-
ors for the diskbb and bbody temperatures typical of low-mass
AGN, and as found for the parameters of model 1 (respectively
~60 eV and ~180 eV), and for the powerlaw photon index
with a value typical of unabsorbed AGN (I' ~ 1.9). The pri-
ors for the other parameters were uninformed (see details in
Appendix C).

Results for the fit to model 3 are reported in Table C.1 and
are visually represented in the fourth row of Fig. 7. The poste-
rior PDF for T is equal to the prior adopted, meaning that the
fit is not sensitive to this parameter. The normalization is also
unconstrained and consistent with the lowest values probed in
our parameter investigation at all epochs. Thus the power law
component of model 3 is unconstrained by the data. We con-
clude that a typical hard X-ray power law is not present or is
very weak in the quiescent spectra of RX J1301.9+2747. An
upper limit on its 2—10 keV luminosity can be placed by consid-
ering the highest upper limit in the power law normalization of
epoch 2020, L_jprey < 4 x 10 erg s7!. This luminosity value

is extremely small and corresponds to a bolometric correction
of k2-10kev > 2700. Similar conclusions were reported for the
case of GSN 069, which has k,_gkev > 4000 during the highest
X-ray luminosity XMM-Newton observation (Miniutti et al.
2019).

4.1.2. On the soft X-ray excess

The quiescent spectra of RX J1301.9+2747 present a soft X-
ray excess-like component emerging between 2000 and 2019.
Since no hard power law emission is ever detected, here the
excess is defined with respect to the softer X-ray disk component
rather than to the 2—10 keV emission as in AGN. Its character-
istics are nonetheless typical of the soft X-ray excess observed
in AGN: when modeled with a phenomenological blackbody, its
temperature is typical of the soft X-ray excess observed in AGN
(e.g., Gierlinski & Done 2004); when modeled with a Comp-
tonization model, it has properties commonly inferred for the
warm coronae used to reproduce the AGN soft X-ray excess
(e.g., Petrucci et al. 2020). Its temperature appears to slightly
increase from 2019 to 2022, from ~175 eV to ~190 eV when
modeled with bbody and from ~360 eV to ~415 eV when
modeled with compTT. The soft X-ray excess-like component
emits about 25% of the 0.3-2 keV disk luminosity in epochs
from 2019 to 2022. It was much dimmer in 2000, having 10%
of the disk X-ray luminosity at most. In terms of bolometric
luminosity, it ranges from 1.6-3.3 x 10* erg s~' when mod-
eled with bbody to 4.5-13 x 10* erg s~! when modeled with
compTT.

The super-soft X-ray spectrum and the lack of a stan-
dard AGN-like hard X-ray continuum of RX J1301.9+2747
and all other QPE sources are highly reminiscent of the prop-
erties of most thermal X-ray TDEs. In both cases, the most
likely interpretation for the super-soft component is that it
represents the high-energy tail of the emission from a radia-
tively efficient accretion flow around a relatively low mass
SMBH. As mentioned in Sect. 1, a connection between QPE
sources and TDEs is emerging, based not only on the X-ray
properties but also on those of their host galaxies and BH
masses (Wevers et al. 2024). A fraction of thermal X-ray TDEs
develop harder X-ray emission components over time. For exam-
ple, AT2019azh and AT2019ehz exhibit a soft excess compo-
nent with modest luminosity (compared to disk emission) as
well as peculiar X-ray variability properties in analogy with
RX J1301.9+2747 (Hinkle et al. 2021; Guolo et al. 2024a), and
AT20200cn developed, on timescales of hundreds of days, a
high luminosity warm corona component that later appeared
to make a transition to a hot corona one (Cao et al. 2024).
Whether RX J1301.94+2747 is experiencing a similar evolution
and will form a hot corona component in the future remains
to be seen. Fast evolution of soft excess and, subsequently,
power law continuum components have also been observed
in the changing-look AGN/TDE 1ES 1927+654/ASASSN-18el
when the Comptonized components reappeared after destruc-
tion (Masterson et al. 2022). Some of the soft excess spectral
properties, in addition to the exceptional X-ray variability of
1ES 1927+654, are indeed reminiscent of RX J1301.9+2747
as well.

The physical connection between the soft X-ray excess (and,
to some extent, the harder power law continuum) observed
in AGN, TDEs, and QPE sources is yet to be understood.
Future dense monitoring observations of fastly evolving accret-
ing SMBH, such as TDEs and QPE sources, are likely key to
make significant progress in the field.
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4.1.3. Historical evolution of the RX J1301.9+2747 X-ray
quiescent emission

RX J1301.9+2747 has been observed by the EXOSAT Low-
Energy Imaging Telescopes (LE) in July 1983, by the ROSAT
Position Sensitive Proportional Counters (PSPC) in June 1991,
and by the Advanced CCD Imaging Spectrometer (ACIS)
onboard Chandra in June 2009 (Table A.2).

The EXOSAT observation allowed Branduardi-Raymont
et al. (1985) to estimate a 0.02-2.5 keV flux of ~1.7 X
107'3 erg cm™ s~ assuming a powerlaw emission with T' =
3.5 affected by Galactic absorption. We reproduced these val-
ues with the Xspec model [tbabs*powerlaw] and a dummy
response file extended to low energies and estimated a 0.3—-2
keV flux of ~7.6 X 107'* erg cm™ s~!. The luminosity corrected
for Galactic absorption is Lo3_aiev ~ 1.1 X 10*! erg s71.

The ROSAT PSPC spectra were retrieved from the White-
Giommi-Angelini (WGA) Catalog (White et al. 1994), which
contains processed high-level products such as calibrated source
and background spectra and light curves. Among the three
ROSAT observations of RX J1301.9+2747 performed between
16-19 June 1991, the WGA Catalog contains the spectra
extracted during the first two observations. These do not show
significant variability; thus, we consider them representative of
the quiescence. We fit separately the 0.1—1 keV spectra of the
two epochs of observation using BXA. We found that model 0
[zashift*diskbb] gives a reasonable representation of the
data that do not require further complexities. We computed the
observed flux in the 0.3-2 keV band and found fy3_skev =
1.7 £ 0.3 x 1073 erg cm™ s7! for the observation of June
16, and fy3 2kev = 1.3 + 0.4 x 10713 erg cm™ s7! for the
observation of June 17. These correspond to unabsorbed lumi-
nosities Ly3orey = 2.5 £ 0.3 x 104 erg s7! and 1.9 + 0.5x
104 erg s7!.

The Chandra ACIS spectrum of RX J1301.9+2747 taken
in June 2009 has an exposure of ~5 ks, divided into a qui-
escent state lasting ~4 ks and a flaring state lasting ~0.5 ks
(Sun et al. 2013). Due to the very low count statistics, we
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only considered the 0.4 — 1 keV quiescent spectrum. We fit-
ted it to model O, obtaining a 0.3-2 keV flux estimate of
6.7 + 1.6 x 10°'* erg cm™2 s7!. The corresponding luminos-
ity corrected for Galactic absorption is Ly3_key = 1.0 = 0.3%
104 erg s7!.

These historical X-ray flux values for the quiescence of
RX J1301.9+2747 are plotted in the top panel of Fig. 9
together with the measurements obtained from the XMM-Newton
observations. The lower panel of the same figure reports the
0.3-2 keV disk luminosity. The long-term evolution of the qui-
escent emission of RX J1301.9+2747 is complex, with vari-
ations that can happen on timescales as short as two days,
and that can even be non-monotonic. In particular, the obser-
vations 2022A and 2022B are separated by only about 15
hours and show a significant difference in disk luminosity, from

disk _ 40 - disk _
Ly v = 80205 10% erg s7! to L5 o = 9.4 + 0.4x
10 erg s7!.

By assuming a constant 0.3-2 keV luminosity of
10*! erg s7!, a total of 10°° erg would have been emitted by
RX J1301.9+2747 in quiescence during the 40 years elapsed
between the EXOSAT observation of the Coma Cluster and the
latest XMM-Newton pointing at the source in 2022.

4.2. The QPE spectra

We analyzed individual QPEs one by one, dividing them
in five spectral slices as done by Miniutti et al. (2019) and
Miniutti et al. (2023a) for GSN 069 and by Arcodia et al.
(2024b) for eRO-QPE3 and eRO-QPE4: two rises (rise-1 and
rise-2), one peak, and two decays (decay-1 and decay-2). An
example of the adopted spectral decomposition is illustrated in
Fig. 10 for QPE2. Details about the QPE spectral fitting pro-
cedure are reported in Appendix D. In brief, after comparing
the compTT, bbodyrad, and bremss components, the model
[TBabs*(zashift*bbodyrad)] was compared to each QPE
spectral slice, using both pn and MOS data when available. The
QPEs were assumed to be an additive component with respect to
the underlying quiescent emission; the quiescent spectrum of the
appropriate epoch was used as the background spectrum for the
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Fig. 10. Example of the QPE spectral decomposition adopted: the pn
data of QPE2 are plotted binned to 100 s. Rise-1 in pink, rise-2 in
orange, peak in red, decay-1 in dark red, decay-2 in brown, and qui-
escence in gray.

QPE one®. As the neutral absorption modeled with TBabs was
found to be consistent with the Galactic value for all spectral
slices, we fixed its value to the 8.8 x 10! cm~2 estimated by the
HI4PI Collaboration (2016). The zashift redshift component
was fixed to 0.024.

The bbodyrad component allows to recover a temperature
kT and a physical size for the blackbody-emitting region, if
the distance to the source is known. We adopted a luminos-
ity distance of 100 Mpc for RX J1301.9+2747. The bolomet-
ric luminosity Lgor was estimated using a dummy spectral
response matrix extended between 0.01—-10 keV applied to the
[TBabs*bbodyrad] model, setting the absorption to negligi-
ble values. The bolometric luminosity values are conservative,
as the bremss and compTT models would provide a QPE bolo-
metric luminosity estimate compared to the bbodyrad model
larger by a factor of about four and two. The median values of
the posterior PDFs of kT and Lpoy estimated at the peak of each
QPE are reported in Table B.1. The medians of the QPE tem-
perature and bolometric luminosity posterior PDFs during each
spectral slice are plotted in the top panel of Fig. 11 for the weak
(open squares) and strong (filled circles) QPEs, color-coded as
in Fig. 10. The lower panel of Fig. 11 reports instead the cor-
responding blackbody radius as a function of the spectral slice,
with the profiles of the QPEs centered around their peak plotted
in the background as a reference. Both the kT — Lgor and Rpp-
time relations are very similar to those observed in GSN 069
and eRO-QPE1 (Miniutti et al. 2023a; Chakraborty et al. 2024).
However, the decay in temperature during the QPE evolution in
RX J1301.9+2747 is monotonic, while in GSN 069 and eRO-
QPEl, rise-2 is generally hotter than rise-1. If interpreted as
blackbody emission from a spherical surface, the Ry, evolu-
tion is consistent with an expanding emitting surface with ini-
tial/final radii on the order of 1-4 x 10'° cm. This is comparable
to ~0.14-0.6 R, or to about 0.07—0.27(106M@/MBH) R,, where
the gravitational radius R, = GMpy/ 2.

Assuming a Gaussian parent distribution, we computed the
stacked posterior probability density for the temperature of the

6 We also performed a fit where no such assumption has been
made, applying the quiescent spectrum best-fitting model 4 [diskbb
+ compTT] to each QPE spectral slice with a standard background sub-
traction. We found that the QPE spectra are dominated by the diskbb
component at any stage of their evolution, with a disk inner tempera-
ture evolution consistent with the one found when using the bbodyrad
model and subtracting the quiescent spectrum. It is thus not possible to
disentangle the two scenarios with the available data.
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Fig. 11. Top panel: average of the posterior PDFs of the temperature
kT and bolometric luminosity Lgor, of a redshifted blackbody model
([zashift*bbodyrad] in Xspec) compared to the five spectral slices
of each QPE of RX J1301.9+2747. Weak QPEs are plotted with open
squares, and strong QPEs with filled circles. The color code during the
QPE evolution is the same as in Fig. 10. Lower panel: blackbody radius
Ry, for each spectral slice, superimposed to the profiles of the 27 QPEs
(gray thick lines) with spectral analysis available.

accretion disk, the soft X-ray excess-like component (excluding
2000), the strong QPE peak, and the weak QPE peak. We found
respectively kT =59+2eV, 191 £18¢eV, 132+2eV,and 119 +
12 eV. As the peak temperatures of both weak and strong QPEs
are always much lower than the temperature of the soft excess-
like component measured in quiescence, it appears impossible
that QPEs are associated with transient enhancements of the soft
X-ray excess emission.

The general properties of the QPEs of RX J1301.9+2747 are
plotted in Fig. 12. Here we plot against each other the median
values of the posterior PDFs of the QPE bolometric luminos-
ity and temperature at the peak, the QPE duration, the total
QPE energy, and the time preceding each QPE. Strong QPEs are
plotted with filled circles, weak QPEs with open squares. The
total QPE energy was estimated as the integral of the best-fitting
Gaussian emission line as Eqpg = \/ZTLBOL X o, where Lgor,
is estimated at the QPE peak and o is the best-fitting Gaussian
standard deviation. The Lgor, and kT emitted at the QPE peak
are weakly correlated, while a stronger correlation is present
between the Lgop, emitted by each QPE and the time preceding
the QPE in question. Also, the QPE duration correlates with the
time preceding each QPE, thus providing the strong observed
correlation between Eqpg and the time before each QPE. The
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Fig. 13. For each QPE number n of RX J1301.9+2747 with pn spectral
analysis available, the total emitted energy is plotted against the ratio
between the time interval between the peaks of QPE number n and QPE

number n — 1 and the time interval between the peaks of QPE number
n + 1 and QPE number n.

temperature at the QPE peak appears to be independent of the
QPE duration, energy emitted, or time preceding the QPE. In
general, more powerful QPEs (i.e., with a higher amplitude,
Fig. 2, or with a larger emitted energy, Fig. 12) last longer than
less powerful QPEs.

In Fig. 13, the QPE total energy radiated is plotted against
the ratio between the time following and the time preceding
each QPE. The time intervals that precede the most energetic
QPEs happen to be longer than those that follow them. The
weakest QPEs are instead preceded by much shorter time inter-
vals compared to those that follow them. This is the opposite of
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what is seen in GSN 069 and eRO-QPE2 (Miniutti et al. 2023b;
Arcodia et al. 2024a), where longer time intervals systematically
follow stronger QPEs, although the difference between strong
and weak QPEs in those two sources is much less extreme than
in RX J1301.9+2747.

4.2.1. Comparison with GSN 069

We perform a quantitative comparison of the QPE properties of
RXJ1301.942747 with those of GSN 069. This galaxy has QPEs
qualitatively similar to those of RX J1301.94+2747 in terms
of duration, amplitude, and time separations and is the best-
monitored QPE source by XMM-Newton so far. For the analy-
sis of GSN 069, we used the pn data from December 2018 until
August 2022 of all the observations where QPEs are present, for
a total of five XMM-Newton observations and 18 QPEs. Of these
QPEs, 14 show no strong background flares, and their data were
used for the spectral analysis as well: four are weak QPEs and
ten are strong QPEs. For fair comparison, we consider only the
pn data also for RX J1301.9+2747, i.e., we exclude QPEQ and
QPES that are detected only by the MOS, and we discard for
the spectral analysis also QPEs numbers 4, 7, and 16 that are
contaminated by background flares in the pn data. We therefore
consider 32 QPEs for the timing analysis’ of RX J1301.9+2747,
and 24 for the spectral analysis results comparison.

The distribution of the QPE duration, computed as twice
the FWHM of the best-fitting Gaussian in the 0.2-2 keV band,
is plotted in the left panel of Fig. 14. Here we use blue his-
tograms for the QPEs of RX J1301.9+2747 and gray histograms
for the QPEs of GSN 069; in both cases, strong QPEs are plotted
with thin solid lines, while weak QPEs have thicker and darker
lines. The distribution of duration of QPEs in RX J1301.9+2747
peaks around 45 minutes, while the one of GSN 069’s around

7 The timing properties of the half-QPE number 25 detected by the pn
at the beginning of the 2022B exposure can be well-constrained.
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Fig. 14. Posterior PDFs of the QPE duration (left), computed as twice the FWHM of the best-fitting Gaussian to the 0.2—-2 keV band; the QPE
bolometric luminosity at the peak (center) and QPE temperature at the peak (right), computed comparing the data to a redshifted blackbody model.
Data of RX J1301.9+2747 is plotted in blue, data of GSN 069 in gray; for both sources, weak QPEs are plotted with thicker and darker lines.
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Fig. 15. Histograms of the posterior PDFs of the temperature (left col-
umn) and of the bolometric luminosity (right column) of a blackbody
model compared to each strong QPE spectral slice. From upper to lower
panels: rise-1 in pink, rise-2 in orange, peak in red, decay-1 in dark red,
and decay-2 in brown. The gray histograms report the GSN 069 strong
QPEs data.

70 minutes. For both sources, the weak QPEs duration appears
to be lower than the strong ones.

Assuming that the QPEs are additive components on top of
a constant quiescent emission, we compared the QPE spectral
data to a redshifted blackbody model ([zashift*bbodyrad])
for both RX J1301.9+2747 and GSN 069. The posterior PDFs
of the bolometric luminosity and the temperature at the QPE
peak assuming such a model are reported in the central and right
panels of Fig. 14. The QPEs of RX J1301.9+2747 are system-
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Fig. 16. Average 0.3-2 keV FEF(E) quiescent spectrum of
RX J1301.942747 (gray) plotted together with the average weak
QPE (empty squares) and strong QPE (filled circles) spectra extracted
during the peak. The QPE spectra are background-subtracted with the
average quiescent spectrum used as background.

atically hotter and less luminous than those of GSN 069. As is
the case for the QPE duration, also the Lgor. and kT of weak
QPEs are systematically lower than those of strong QPEs, for
both RX J1301.9+2747 and GSN 069. A more detailed analysis
of the spectral properties of the QPEs during their spectral evolu-
tion is presented in Fig. 15, where we plot the posterior PDFs of
strong QPEs of GSN 069 in gray, and of RX J1301.9+2747 with
tones of red of increasing darkness going from rise-1 to decay-
2. The difference in temperature between the strong QPEs of
RX J1301.9+2747 and those of GSN 069 decreases going from
the beginning of the QPE (rise-1) to the end of the QPE (decay-
2), when the temperatures of the strong QPEs of the two sources
converge to the same value of k7" ~ 80 eV. The average tempera-
ture during the QPE peak is ~130 eV for RX J1301.9+2747 and
~100 eV for GSN 069, while the average temperature during the
QPE rise-1 is respectively ~160 eV and ~90 eV.

4.2.2. Weak and strong QPEs

The average QPE-only spectra (that is, quiescence-subtracted
spectra) for the weak and strong QPEs are shown in Fig. 16 com-
pared to the average quiescent spectrum. Here the spectra are
plotted unfolded against a power law model with I' = 2. There
appear not to be dramatic differences in the spectral properties
of strong and weak QPEs. The main differences between strong
and weak QPEs are the energy released and the timing prop-
erties. The peak 0.3-2 keV (bolometric) luminosity of strong
QPEsis 1.7 £ 0.3 x 10*? erg s7! (2.2 + 0.3 x 10*?> erg s™'). The
typical luminosity of strong QPEs is a factor of ~2.5x higher
than the luminosity of weak QPEs. The duration of weak QPEs
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is at the lower end of the distribution (left panel of Fig. 14), thus
making the total energy output of weak QPEs about 1/3 of that
of strong QPEs. The temperature at peak of strong QPEs is on
average kT = 130 + 10 eV. Assuming a Gaussian parent dis-
tribution, the median temperature at the peak of weak QPEs is
kT = 120 + 20 eV, comparable to the strong QPEs one. How-
ever, looking at the right panel of Fig. 14, where the full PDFs
for the QPE temperature are shown, it can be seen that the weak
QPEs have systematically lower k7T than the strong ones, as
observed in GSN 069 (Miniutti et al. 2023b). The difference in
timing properties of weak and strong QPEs is evident in Fig. 1
and Fig. 13: the recurrence time preceding weak QPEs is much
shorter than the one following them. This is the opposite of what
is observed in GSN 069 (Miniutti et al. 2023b), although the dif-
ference in QPE amplitude in this source is not as dramatic as in
RX J1301.9+2747.

5. Radio observations

The last three XMM-Newton observations of RX J1301.9+2747
were partially covered by simultaneous Karl G. Jansky VLA
observations in order to check for the presence of correlated
radio and X-ray variability. We observed the coordinates of
RX J1301.9+2747 at 6 GHz (C-band) on 2020 July 11 and
2020 July 12 (Program ID SJ6456) and 2022 June 17 and 2022
June 19 (Program ID SL0464), where the VLA was in the
extended configurations B and A, respectively. In each obser-
vation, flux and bandpass calibration was performed with 3C286
and phase calibration was performed with J1310+3220 (2020)
or J1327+2210 (2022). While the 2020 radio observation had
to be split in two segments due to instrumental limitations®, the
2022 light curves were continuous and allowed us to check for
the presence of radio variability both before and after strong X-
ray QPEs. This resulted in the two VLA observations in 2020
being 5 h long each, and the two observations in 2022 being 10 h
long each.

All data were reduced in the Common Astronomy Software
Package (CASA Team 2022, CASA, v5.6.3) using standard pro-
cedures, including the VLA pipeline. Images of the target field
were initially made for each of the 4 observations using the
CASA task tclean. An unresolved point source at the loca-
tion of RX J1301.9+2747 was detected in each observation. We
extracted the flux density using the CASA task imfit and by fit-
ting an elliptical Gaussian the size of the synthesised beam. Next,
I-minute interval images of the target field were created using
the CASA task tclean in order to generate a lightcurve for
each of the observations. Again, the flux density of the target was
extracted using the CASA task imfit and by fitting an ellipti-
cal Gaussian with the size of the synthesised beam. Additionally,
we extracted the flux density of a nearby source in the field (after
applying a primary beam correction), NVSS J130146+274629,
in order to serve as a check source. In general, the check source
appears to show some variability on the order of ~20%, uncor-
related with any variability observed from RX J1301.9+2747.
Both of the 2022 observations suffered from severe gain com-
pression due to radio-frequency interference (RFI), particularly
in the first three hours of the observations, resulting in signif-
icantly lower flux density measured for the target and check

8 The VLA is not able to perfectly track sources when they pass
directly overhead, so in 2020 we followed the standard observatory rec-
ommendation to not observe at elevations >80°. In 2022 we decided
that getting a continuous light curve was more important than getting a
perfect pointing.
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source in the field and correlated variability observed for both
sources in this time. We therefore excluded these data from the
analysis.

The 6 GHz flux densities measured for RX J1301.9+2747
for each of the 4 observations are reported in Table A.3. The
VLA light curves of RX J1301.9+2747 for each of the 3 epochs
are shown in Fig. 17. The top panel shows the 0.2-2 keV light
curve, while the lower panel shows the 6 GHz radio flux density
in ~1-minute intervals. No evident radio variability is observed
during the X-ray QPEs, except for the QPE in the 2022A obser-
vation (QPE17), where a small increase in radio flux density is
seen. The flux density increases by ~0.15 mJy during the QPE.
The overall variance of the flux density during the observation
is 0.09 mly, so the small flare is detected at <20 significance.
This increase is smaller than the variability seen earlier in the
observation (and during X-ray quiescence), and we deduce it is
unlikely to be associated with the X-ray QPE, especially given
there is no evidence of radio variability associated with the X-ray
QPEs seen in 2020 and 2022B.

As a cross-check, we also used the dftphotom task within
the pwkit package to fit the calibrated VLA visibilities in the
uv plane directly (Williams et al. 2017). We then binned the
data into ~1 minute chunks to enable a direct comparison with
the radio light curves produced by the image-based analysis.
We found consistent results for all four observations, includ-
ing during the time intervals most affected by RFI in the 2022
data. We therefore conclude that there is no statistically signif-
icant evidence for correlated radio and X-ray flaring activity in
RX J1301.9+2747.

Whilst there does not appear to be significant radio vari-
ability associated with the X-ray QPEs in the data presented in
this work, there is variability on the order of 5-10% at 6 GHz
observed between epochs and within the 2022 observations
over the 10 hr tracks. Additionally, Yang et al. (2022) observed
RX J1301.942747 over 3 days in 2015 at 9 GHz and over 5 days
in 2019 at 14 GHz, finding a variability on the order of 26% at
9 GHz and 12% at 14 GHz on timescales as short as a few hours.
Here we assess whether the observed radio variability is consis-
tent with interstellar scintillation (ISS) of a compact source or
whether it is due to intrinsic variability of the radio source.

Using the NE2001 electron density model (Cordes & Lazio
2002), the transition frequency between strong and weak scin-
tillation regimes occurs at v = 6.4GHz and the angu-
lar size limit of the first Fresnel zone at the transition is
Or0 = 4.6 microarcsecond at the Galactic coordinates of
RX J1301.9+2747. Adopting the Walker (1998) formalism
for ISS as appropriate for compact extragalactic sources,
RX J1301.9+2747 will therefore be in the weak scattering
regime at 9 and 14 GHz and could be in the strong scattering
regime at 6 GHz, but we note that it is very close to the tran-
sition frequency. The modulation expected due to ISS at the
observing frequencies of 6, 9, and 14 GHz is heavily depen-
dent on the source size. If the source is completely unre-
solved to scintillation (a source size <0.001 pc at the distance of
RXJ1301.9+2747), we would expect to see variation at 6 GHz of
up to 69% on a timescale of 3 h, of 62% at 9 GHz on a timescale
of 1.7h, and 33% at 14 GHz on a timescale of 1.35 h. Clearly, the
radio emission from RX J1301.9+2747 was not observed to vary
with such high modulation amplitudes at any of the observing
frequencies. However, the modulation due to ISS reduces as the
source becomes resolved to ISS by a factor (6,/6,)"/®, where 6, =
Oro(v/vo)''/3 and 6, is the true angular size of the source. Assum-
ing a maximum modulation of 10% at 6 GHz was observed, this
variability could be explained by ISS for a source size 0.008 pc
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Fig. 17. Simultaneous X-ray and radio light curves for the 2020, 2022A, and 2022B epochs: the top panel reports the 0.2—2 keV light curve, and
the lower panel the radio light curve at 6 GHz as measured by the VLA. In the lower panel, RX J1301.9+2747 is shown in green, and a different
radio source in the field is shown in gray to serve as a check source. Each portion of the broken axes represents 0.25 d. Note that the flux density
of the check source has been scaled down by a factor of 15. The gray shaded region shows the mean value for the 2020 observation plus or minus

5%, the absolute accuracy of the VLA flux density calibration.

and the timescale for this modulation would be 15h. A modu-
lation of 26% at 9 GHz requires a source size of 0.0011 pc with
an ISS timescale of 3.5h, and a modulation of 12% at 14 GHz
requires a source size of 0.0005 pc with an ISS timescale of 3.1 h.
These modulation timescales are consistent with the observed
radio data.

Therefore, if the observed radio variability at 6, 9, and
14 GHz were caused by ISS, the radio-emitting region of
RX J1301.9+2747 must be between 0.0005-0.008 pc, and
smaller at higher frequencies. For AGN jets, the emitting region
is commonly observed to be larger at lower frequencies due to
the effect of core shift (e.g., Lobanov 1998). Therefore, if the
radio emission from RX J1301.9+2747 is dominated by a sub-
parsec jet, the emitting region would be expected to be small-
est at the highest observing frequencies and larger at the lowest
observing frequencies, as inferred from the scintillation analy-
sis. Indeed, VLBA imaging of RX J1301.94+2747 at 1.6 GHz did
not resolve any source structure, constraining the source size to
<0.7 pc (Yang et al. 2022). We therefore conclude that the radio
variability we detect in this analysis at 6 GHz, as well as the
9 and 14 GHz variability detected by Yang et al. (2022), is not
inconsistent with ISS if the radio-emitting region is <0.008 pc.
As pointed out by Yang et al. (2022), if the radio variability
timescales observed are associated to a light-travel time, the
inferred radio-emitting region could be as small as 0.0008 pc.
This is consistent with the variability being primarily due to ISS.

6. Discussion

The two competing physical scenarios proposed so far to inter-
pret QPEs are accretion flow instabilities and orbital phenom-
ena. The former can have various origins: thermal, dynami-

cal (Sect. 6.1), or magnetic (Sect. 6.2). Orbital phenomena can
include both gravitational self-lensing of massive BH binaries
with order unity mass ratio (Sect. 6.3) and interactions between
a massive BH with mass My (and/or an accretion flow around
it) and one or more secondary objects with much smaller mass
m < Mpy. When the secondary object is of stellar-mass size,
these systems are called extreme mass ratio inspirals (EMRIs;
Sect. 6.4). We discuss the results on RX J1301.9+2737 in com-
parison to other QPE sources (Sect. 6.5) and to other repeating
nuclear transients (Sect. 6.6).

6.1. Accretion flow instabilities

Classical radiation pressure instabilities (RPI, Lightman &
Eardley 1974; Janiuk et al. 2002) of a thin accretion disk around
a SMBH cannot explain the generally short timescales and high
luminosities of QPEs (Arcodia et al. 2021). Magnetic or dynam-
ical effects can shrink the disk region subject to instabilities and
thus also the predicted timescales. A magnetic wind (Pan et al.
2022, 2023) or a strong disk magnetization (Kaur et al. 2023)
can shorten the timescale of instability cycles enough to repro-
duce the timescales and spectra of QPE sources fairly well. How-
ever, the energy dependence of the QPE flare evolution (shown
in the top panel of Fig. 4 for the case of RX J1301.9+2747 and
observed in all the QPE sources so far) appears not to be repro-
duced by this class of models (e.g., Pan et al. 2022). Dynami-
cal instabilities of the inner accretion flow have also been pro-
posed to explain QPEs (Raj & Nixon 2021). In principle, accre-
tion flow instabilities might explain the higher energy released
by QPEs happening after longer recurrence times observed in
RX J1301.9+2747 (Fig. 14). Stronger QPEs would have had
more time to accumulate energy to be released in the flare
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compared to weak QPEs, leading to a larger energy bud-
get that can be radiated away. However, the behavior in
RX J1301.9+2747 is opposite to that observed in GSN 069
and eRO-QPE2, where longer recurrence times lead to weaker
QPEs (Miniutti et al. 2023a; Arcodia et al. 2024a), thus weaken-
ing the overall argument. Furthermore, the flare shape predicted
by instability models does not well describe the observed QPE
shape. While QPEs generally show a faster rise and a slower
decay, the opposite is predicted by RPI, independent of the exis-
tence of magnetic fields, and by dynamical instability models.

6.2. Magnetic reconnection

Magnetic instabilities (e.g., relativistic reconnection, Sironi &
Spitkovsky 2014) can occur in the innermost regions around
SMBHs and might be responsible for heating up the plasma
generating the hard X-ray coronae (e.g., Beloborodov 2017;
Sridhar et al. 2021, 2023; Masterson et al. 2023). A model for
the production of episodic jets driven by magnetic reconnec-
tion around SMBHs, in analogy with the coronal mass ejec-
tions production in the Sun, was developed by Yuan et al. (2009)
and expanded by Li et al. (2017), Lin et al. (2023). These mod-
els predict a flare shape similar to that observed in QPEs (e.g.,
Fig. 10 of Li et al. 2017), resulting from synchrotron emission
by thermal and power-law electron distributions in an expanding
hot spot close to the BH, with analogies with our findings for
QPEs (see Sect. 4.2 and Fig. 11). In analogy with solar flares, the
reconnection events are not completely random but are governed
by self-organized criticality (Bak et al. 1987; Aschwanden et al.
2016). The resulting distribution of energy release and time of
arrival of flares follows power law distributions (Lu & Hamilton
1991) and therefore could produce QPEs of different amplitudes
and different recurrence times.

RX J1301.9+2747 is a known radio source, serendipitously
detected at 1.4 GHz in the VLA map of the Coma Cluster
(Miller et al. 2009). An extensive set of VLA observations per-
formed between July 2015 and January 2019 has been pre-
sented by Yang et al. (2022) and showed significant variability
on timescales as short as days, implying a compact size of the
emission region <1073 pc. This scenario is compatible with our
2020-2022 VLA observations, which provided limits on the size
of the radio source of <0.008 pc, given the observed variability
attributed to ISS. These results, together with VLBA imaging
observations that did not resolve the source scales of <0.7 pc
and a steep radio spectrum indicating optically thin synchrotron
emission (Yang et al. 2022), rule out various origins for the radio
emission in RX J1301.9+2747 such as star formation or pc-
scale outflows, leaving open the scenario of episodic compact jet
ejections.

If X-ray QPEs were the results of episodic compact jet ejec-
tions, one might expect to observe correlated radio variabil-
ity due to, for example, broadband synchrotron emission or
synchrotron self-Compton. However, our simultaneous XMM-
Newton/VLA observations revealed no correlated variability
between the X-ray and radio bands (Fig. 17). This suggests two
physical mechanisms responsible for the short-term X-ray and
radio variability of RX J1301.942747.

The radio emission of RX J1301.9+2747 could be nonethe-
less connected to its quiescent X-ray emission, and in particu-
lar to the weak soft X-ray excess-like spectral component that
emerges since 2019. This can be modeled with a very steep
power law with I' > 3.5. One possibility is that this weak spec-
tral component is due to magnetic reconnection in a plasma
with very low magnetization. The plasma magnetization around
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the central BH of RX J1301.94+2747 should be very low, due
to the dominant contribution in energy density of disk parti-
cles. We might thus be able to observe a few magnetic coro-
nal loops forming. These would produce rapid radio variability,
and the expected X-ray properties due to bulk Comptonization
in the plasmoid chains would be consistent with those observed
in RX J1301.9+2747 during quiescence: there would be a
very steep X-ray power law-like emission (Sironi & Spitkovsky
2014).

As for the X-ray QPEs of RX J1301.9+2747, in princi-
ple their different amplitudes and recurrence times could be
explained by magnetic reconnection. However, the regularity of
appearance of weak QPEs always shortly after a strong QPE, as
well as the alternate long-short separation time, are more dif-
ficult to explain in such a scenario. It is even more difficult to
explain the regularity of QPE sources such as GSN 069 and
eRO-QPE2 (Miniutti et al. 2019; Arcodia et al. 2021, 2022). In
fact, magnetic reconnection events are expected to be, albeit not
completely random, very irregularly spaced in time. A mag-
netic reconnection model has been invoked also to explain
the flares observed from our Galactic center (e.g., Lietal.
2017; Scepi et al. 2022; Ripperda et al. 2022). However, the
observed spectral properties of RX J1301.9+2747, the general
self-similarity, the timescales, and the overall asymmetry of its
QPE shape are in (stark) contrast with what has been observed
in Sgr A* (Ponti et al. 2017; von Fellenberg et al. 2023), casting
doubts on the interpretation of QPEs within the same physical
context.

6.3. Gravitational self-lensing of massive black hole binary
mini-disks

To the first order, models invoking massive BH binaries (MBHB)
with self-lensing mini-accretion disks predict a symmetric flare
shape and a wavelength-independent (achromatic) signal, which
is different than the one observed in QPEs (Ingram et al. 2021).
Therefore, this class of models with binaries with equal (or
almost) mass ratio has received less attention so far than the
high mass ratio (EMRI) scenarios. However, detailed simu-
lations by Krauth et al. (2024) show that the expected signal
can be strongly energy-dependent, with similar properties to
those observed in the QPE light curves and spectra. Many devi-
ations from a simple symmetric flare shape can occur. For
example, Davelaar & Haiman (2022a,b) predict a dip near the
middle of the flare. The time separations between the QPEs of
RX J1301.9+2747 are however likely too short to be explained
by orbital motion of a MBHB, as given the BH mass involved
(~0.4—4 x 10° M, Wevers et al. 2022, 2024) the merger of
the two BHs should have already happened (e.g., Fig. 3 of
Ingram et al. 2021). Only an orbiter with significantly smaller
mass than the central massive BH could be invoked, as its
time-to-merger would be much longer. In any case, the require-
ments of a high orbital eccentricity and of having both orbit-
ing BHs’s mini-disks lensing each other are necessary to explain
the alternate long-short time separations between QPEs and
the large difference between such time separations observed in
RX J1301.9+2747.

6.4. Extreme mass ratio inspirals

EMRI scenarios are promising in explaining the general prop-
erties of the QPE-emitting sources (Arcodia et al. 2021). Two
main classes of EMRI scenarios have been proposed for QPEs:
those invoking interactions between the primary SMBH and
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the secondary object at the pericenter, and those invoking
impacts of the secondary on the accretion flow. The first
class of scenarios has been explored in a variety of config-
urations, including both eccentric and circular orbits of sin-
gle or multiple stars or stellar remnants, experiencing Roche
Lobe overflow or tidal stripping, or shocking with the stel-
lar debris (e.g., King 2020; Zhao et al. 2022; Metzger et al.
2022; Wangetal. 2022; King 2022; Krolik & Linial 2022;
Lu & Quataert 2023; Linial & Sari 2023; King 2023). The sec-
ond class of scenarios has been investigated as impacts of the
secondary lower-mass EMRI component on a radiatively ineffi-
cient, torus-like (Sukova et al. 2021) or on a disk-like accretion
flow (Xian et al. 2021; Linial & Metzger 2023; Franchini et al.
2023; Tagawa & Haiman 2023; Zhou et al. 2024a,b).

In EMRI scenarios with mass transfer at the pericenter,
QPEs happen once per orbit. QPEs are then powered either by
accretion of the stripped mass on the primary BH (King 2020;
Zhao et al. 2022; Wang et al. 2022; Linial & Sari 2023), or by
shocks between different streams of matter (Krolik & Linial
2022), or between the streams and the accretion disk around
the primary BH (Lu & Quataert 2023). To the first order, the
time between QPEs corresponds to the EMRI orbital period. In
practice, the passages at the pericenter will occur slightly later
or earlier at each orbit, due to the effects of apsidal preces-
sion of the EMRI orbit and light travel time. The QPE dura-
tion and intensity depend on the orbital eccentricity and on
the relative position of the Roche lobe. The variety of stel-
lar progenitors and orbital parameters (e.g., Lodato et al. 2009;
Guillochon & Ramirez-Ruiz 2013) might explain the varieties of
QPE phenomenology, with longer duration QPEs due to more
gentle pericenter passages (i.e., more circular orbits) and more
luminous QPEs due to a more intense mass transfer. An alter-
nation of long-short recurrence times in these scenarios can
in principle be explained by thermodynamic readjustments of
the stellar structure after each mass transfer (e.g., King 2022).
This seems applicable to QPE sources with more regular timing
properties such as GSN 069 and eRO-QPE2, where differences
between the short and long recurrence times are on the order of
few % (Arcodia et al. 2022; Miniutti et al. 2023a). It is however
extremely difficult to apply this class of scenarios to the cases of
RX J1301.9+2747 or eRO-QPE1, where a large scatter in con-
secutive recurrence times is observed, as shown in this work and
in Chakraborty et al. (2024).

The complexities in the light curves of RX J1301.9+2747
might be interpreted more easily in a double coplanar EMRI sce-
nario, where perhaps weak QPEs are due to the star unable to fill
much of its Roche Lobe at the pericenter passage (Metzger et al.
2022). However, in such a case, one would expect substantially
different properties for weak and strong QPEs, which have not
been observed.

In the case of impacts on the accretion flow, QPEs hap-
pen (at least) twice per orbit. The time separation between
impacts depends on the EMRI orbital semi-major axis and
eccentricity e. Unless the orbit is perfectly circular (e = 0),
there is a natural expectation of alternate long-short time sep-
aration between QPEs. In general, orbits with a lower eccen-
tricity would cause impacts (and thus QPE flares) to be more
equally spaced in time, while a higher eccentricity would cause
alarger difference in time preceding and following any QPE. The
presence of large differences in time separation between consec-
utive QPEs leads to a relatively high-e scenario for the EMRI
of RX J1301.9+2747, eRO-QPE1, eRO-QPE4, and to a more
circular EMRI for eRO-QPE2 and GSN 069 (Franchini et al.
2023; Zhou et al. 2024a,b). In these scenarios the flare emis-

sion is likely due to an expanding bubble at the impact loca-
tion, consistent with the lower panel of Fig. 11 in the case of
RX J1301.9+2747, with Fig. 18 of Miniutti et al. (2023a) in the
case of GSN 069, and with Fig. 2 and 3 of Chakraborty et al.
(2024) in the case of eRO-QPEI1. The light curve is characteris-
tic of a mini-supernova (Linial & Metzger 2023) with a fast rise
and a slower decay, as observed in QPEs.

Franchini et al. (2023) were the first to qualitatively repro-
duce the specific timing properties of RX J1301.9+2747 in an
EMRI scenario, focusing on the 2022A light curve that is char-
acterized by the presence of weak QPEs. In their scenario, QPEs
are due to impacts between the secondary EMRI object and the
precessing accretion disk surrounding the primary EMRI object.
The two EMRI objects are assumed to be BHs, with the sec-
ondary having a Mgy = 100Mg. The orbit of the secondary
BH is subject to apsidal and nodal precession, and this com-
plicates the expected light curve, that can contain up to three
impacts (QPEs) per orbit. By assuming a prograde and eccen-
tric (e = 0.4) orbit of the secondary BH with a semi-major
axis of S0 R, around a SMBH with Mgy = 2 x 10°M,, (giving
an orbital period of about 6 hours, or 22 ks), the complex tim-
ing properties of RX J1301.9+2747 can be qualitatively repro-
duced. However, the QPE temperature expected in this scenario
is kT ~ 180-450 eV, a factor of about 2—3 above what we
observe, and the relative QPE amplitudes are not always exactly
matched by the model.

Zhou et al. (2024b) were the second to apply the impacts sce-
nario to the specific case of RX J1301.9+2747. They assumed a
generic stellar-mass object impacting on a TDE-disk and were
able to reproduce the timing properties of the 2019 and 2020
light curves, but only when ignoring the presence of weak QPEs.
In this case the orbit is still eccentric with a best-fitting e = 0.35
and an orbital period of about nine hours (32 ks). Also in this
case the secondary EMRI object reaches distances very close
to the central SMBH at the pericenter, and a tight constraint
on its mass < 0.5 Mg can be placed in the case of it being
a star, in order not to reach its tidal radius and thus being
destroyed.

The two solutions found by Franchini etal. (2023) and
Zhou et al. (2024b) reflect the difference in light curve behavior
observed in 2022A compared to the one observed in 2020 as well
as the fact that weak QPEs were ignored by Zhou et al. (2024b),
thus selecting more regularly spaced QPEs and therefore deriv-
ing a slightly lower EMRI orbital eccentricity. The 2022B light
curve is remarkably similar to the 2020 one, perhaps indicat-
ing some sort of oscillatory mechanism between the two “QPE
phases” (one at higher eccentricity when weak QPEs are present,
the other at lower eccentricity when weak QPEs are absent)
observed in RX J1301.9+2747. We note however how a tran-
sition between the two phases appears to happen on extremely
short timescales, between 2022A and 2022B. Hence, while the
impacts model appears promising in RX J1301.9+2747 (and per-
haps even more so in other more regular QPE sources such as
GSN 069 and eRO-QPE2), a complete solution that accounts for
the two different phases (with and without weak QPEs) has not
been reached yet, and further work is needed (Miniutti et al.,

in prep.).

6.5. Comparison to other QPE sources

X-ray QPEs have been observed in six galaxies so far
(GSN 069, RX J1301.9+2747, eRO-QPE1, eRO-QPE2, eRO-
QPE3, and eRO-QPE4; Miniutti et al. 2019; Giustini et al. 2020;
Arcodia et al. 2021, 2024b), plus two good candidates with
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X-ray flaring properties very similar to QPEs (J0249 and Tor-
mund, Chakraborty et al. 2021; Quintin et al. 2023).

All these eight galaxies have an X-ray quiescent (non-QPE)
emission well-represented by the high-energy tail of an accre-
tion disk with an inner temperature of ~40—100 eV. The quies-
cent emission of RX J1301.9+2747 appears more complex than
most of the other QPE sources. In fact, it requires, in addition
to the emission of an accretion disk with an inner temperature
of ~50—60 eV, a harder spectral component from epoch 2019
onward with properties similar to those of the AGN soft X-ray
excess. It is well-reproduced by the Comptonization of the accre-
tion disk seed photons into a plasma with optical depth 7 = 10
and temperature ~400 eV, typical of the warm coronae observed
in AGN (e.g., Petrucci et al. 2020; Palit et al. 2024). A similar
spectral component has been observed in eRO-QPE4 during both
quiescence and the QPE emission (Arcodia et al. 2024b) and is
also well-fitted by a Comptonization model in addition to disk
emission.

About half of the QPE sources and candidates showed a
long-term decay in their X-ray flux consistent with a TDE.
The quiescent emission of GSN 069 showed a slow long-
term decay (Shu et al. 2018) since the slew detection in 2010
(Miniutti et al. 2013) for about 3000 days until a sudden
rebrightening (Miniutti et al. 2023a) and subsequent decline of
emission were observed (Miniutti et al. 2023b). Also, the qui-
escent emission of eRO-QPE3 showed a decline over the ~2.5
years probed by eROSITA observations, then completely dis-
appeared in subsequent XMM-Newton follow-up (Arcodia et al.
2024b). J0249 and Tormund are associated with X-ray- and
optically-selected TDEs, respectively, and show a decay in their
quiescent X-ray flux over, respectively, about 15 years and
6 months (Chakraborty et al. 2021; Quintin et al. 2023). There
is no direct evidence for a TDE in RX J1301.9+2747. How-
ever, it is a young post-starburst E+A galaxy (Caldwell et al.
1999), a kind of galactic nucleus where a high rate of TDEs
is observed (Arcavi et al. 2014; Hammerstein et al. 2021) and
expected (Bortolas 2022). It also likely hosts a nuclear star
cluster (NSC) (Shu et al. 2017), and NSCs are also expected to
enhance the TDE rate in galactic nuclei (Wang et al. 2024). The
fact that there is no clear evidence of a TDE-like flare in the opti-
cal history of RX J1301.942747 is not surprising in the presence
of a disk. In this case, the disruption of stars might not produce
the typical TDE flare observed in gas-poor environments (i.e.,
in quiescent galaxies), but more complex light curves (Ryu et al.
2024). In particular, if the disk is dense enough, no luminous
TDE flare is expected at all due to the rapid mixing of the stellar
debris with the disk material. In this case, the light curve vari-
ability would reflect variations in mass accretion rate in the disk
and possible changes of states or rearrangements of the inner
disk, i.e., long-lived bumpy light curves. This would be compat-
ible with the observed long-term quiescent luminosity evolution
of RX J1301.9+2747.

The X-ray quiescent luminosity variability of
RX J1301.9+2747 is only on the order of a factor of 2.5
over four decades, from the Lo3_ey ~ 2.5 X 10*! erg s™! of the
first ROSAT observation to the Lys_sxey ~ 10! erg s7! of the
last XMM-Newton one. In comparison, the GSN 069 quiescent
luminosity spans Loz_owey ~ 107 erg s7!. Interestingly,
the observed luminosity variations are non-monotonic. Both
ROSAT observations correspond to a larger flux compared to
both previous and following epochs of observations. However,
they had low exposure time and moderate X-ray statistics,
and the observed short-term variability is only suggestive. The
non-monotonic variations during the last three XMM-Newton
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observations are instead significant, with the first observation of
June 2022 (2022A) at a lower X-ray flux than both the previous
(2020) and the following (2022B) observation. The factor of
~15% increase in flux (and disk luminosity) between 2022A
and 2022B happens in less than one day.

The quiescent emission in GSN 069 also shows the presence
of a quasi-periodic oscillation (QPO) with a quasi-period simi-
lar to the recurrence time between consecutive QPEs and shifted
by about 10 ks with respect to the QPE peaks in most of the
observations when QPEs are present (Miniutti et al. 2023a). The
quiescent emission of RX J1301.9+2747 showed hints of the
presence of a QPO during a few segments of the 2020 obser-
vation (Song et al. 2020), but this has not been observed again
in the 2022 data, leaving the possibility open of the presence, if
any, of a weak and transient QPO in the quiescent emission of
RX J1301.9+2747. However, the QPO observed in GSN 069 has
a similar quasi-period as QPEs recurrence times, while the QPO
in RX J1301.9+2747 is detected on much shorter timescales and
appears decoupled from the QPE recurrence times; hence, they
are likely not produced by the same physical phenomenon.

The QPEs in RX J1301.9+2747 have been observed persis-
tently in all the XMM-Newton observations between 2000 and
2022. The QPEs of GSN 069 have been very regular in amplitude
and recurrence time spacing until the quiescence rebrigthening,
when they showed irregular behavior and the presence of weak
QPEs, and then disappeared for a few months (Miniutti et al.
2023a). They then reappeared during the quiescent emission
decay (Miniutti et al. 2023b). The quiescence light curve evo-
lution suggests that GSN 069 underwent a partial TDE and
that there is a quiescent luminosity threshold for the appearance
of QPEs (Miniutti et al. 2023b). The QPEs of eRO-QPE2 dis-
played a remarkable regularity in amplitude and alternation of
long/short recurrence time, similar to GSN 069, in their discov-
ery observations (Arcodia et al. 2021). Subsequent observations
have shown an evolution of the QPE properties (Arcodia et al.
2024a), which are however still much more regular in amplitude
and recurrence times compared to the case of RX J1301.9+2747.
This is different from what is observed in eRO-QPE1, which
instead shows QPEs of different amplitudes and spacing in
time (Chakraborty et al. 2024), as well as the presence of
both isolated QPEs and overlapping ones (Arcodia et al. 2022).
The QPE activity in eRO-QPE1 appears to have significantly
weakened over the course of about four years, as shown by
Chakraborty et al. (2024) (see also Pasham et al. 2024). The qui-
escent emission of eRO-QPE3 fell under the detection limits
about one year after its first detection; however, QPEs have been
observed also at later times. These have small amplitudes and
irregular time separations (Arcodia et al. 2024b). The case of
eRO-QPE4 appears more similar to RX J1301.9+2747 in terms
of properties of QPEs: it shows in fact both weak and strong
QPEs with varying time separations, although of about twice the
duration and one order of magnitude higher luminosity of those
of RX J1301.9+2747 (see Fig. 13 of Arcodia et al. 2024b). For
Tormund and J0249, the QPE association is less secure. In the
first case, a portion of a flare with spectral properties very simi-
lar to QPEs has been observed about six months after the optical
TDE (Quintin et al. 2023). In the second case, one and a half
QPE-like flares were observed in archival XMM-Newton obser-
vations, but no flaring emission was detected in follow-up obser-
vations with the same satellite. Interestingly, the quiescent emis-
sion of J0249 appears to have developed a harder X-ray spectral
component in the 15 years elapsed between the two long XMM-
Newton observations, on the last of which QPEs were not present
(Chakraborty et al. 2021). It might be possible that the presence
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of a strong X-ray hot corona somehow inhibits the presence of
QPEs. For example, in the context of stellar EMRI impact sce-
narios (e.g., Linial & Metzger 2023; Tagawa & Haiman 2023),
the impacting star might not survive the strong ablation expected
if exposed to sustained hard X-rays.

6.6. QPEs and other repeating X-ray transient phenomena

Repeating nuclear transients are not limited to QPEs; in the
past few years, several extragalactic sources have been observed
displaying repeating patterns of flaring emission in the X-ray
band. These include ESO 243-49 HLX-1 (Farrell et al. 2009),
ASASSN-14ko (Payne et al. 2021), eRASSt J0456-20 (Liu et al.
2023), and Swift J0230+28 (Evansetal. 2023; Guolo et al.
2024b). However, either the timescales between flares, the X-
ray spectral properties, or the detailed spectral-timing evolution
of the X-ray flares observed in the aforementioned sources differ
substantially from the case of QPE sources.

The timescales between flares are much longer in HLX-
1 (about one year between bursts of X-ray emission, e.g.,
Servillat et al. 2011; Yan et al. 2015), eRASSt J0456-20 (about
200 days, Liuetal. 2023), and ASASSN-14ko (about 100
days, e.g., Payne et al. 2021) than in QPE sources (between
2 and 20 hours). The source Swift J0230+28 has the shortest
time separation among these nuclear transients (about 22 days,
Evans et al. 2023; Guolo et al. 2024b), still being much longer
than the typical time separation between QPEs. The X-ray spec-
tral properties of HLX-1, ASASSN-14ko, and eRASSt J0456-20
are substantially different to those of QPE sources. In fact, they
have a well-developed hard X-ray power law, which is negligi-
ble or absent in QPE sources. Swift J0230+28 is again the source
most similar to QPEs, having a purely thermal X-ray spectrum
with no signal above ~2 keV. However, the detailed spectral-
timing evolution of the X-ray flares observed in Swift J0230+28
is different from the one of QPEs. In Swift J0230+28, in fact,
the temperature of the X-ray spectra smoothly increases during
the flare evolution, until reaching a maximum at the end of the
flare. This is opposite to what is observed in all the QPE sources,
which show instead a decreasing temperature along the flare evo-
lution. The detailed flare shape is also substantially different in
QPE sources and in these repeating nuclear transients. In par-
ticular, eRASSt J0456-20 has a much slower rise than decay
and a plateau in between them; Swift J0230+28 has a slightly
slower rise than decay; and HLX-1 has fast rise, exponential
decay flares with much faster rise than QPEs. ASASSN-14ko
shows most of its quasi-periodic variability in the optical/UV
band, with flares with varying shape in a few years, from slower
rise/fast decay to more symmetric (Huang et al. 2023). Repeat-
ing nuclear transients are generally interpreted as partial TDEs.
The difference in physical properties of the X-ray flares com-
pared to QPEs might reflect a different physical configuration
for the partial TDE or a different physical mechanism.

7. Conclusions

We presented the analysis of five XMM-Newton and three VLA
observations of the QPE-emitting galaxy RX J1301.9+2747,
complemented by archival EXOSAT, ROSAT, and Chandra
X-ray observations. Based on the results of this work, any
model that aims at reproducing the observed properties of
RX J1301.9+2747 should take into account the following:
— X-ray QPEs have been observed persistently in all five
XMM-Newton observations between 2000 and 2022. The
EPIC cameras have detected 34 QPEs. Of these, eight QPEs

are weak and 26 are strong, with a difference in count rate of
a factor of ~2 (Fig. 1).

The time separation between the QPE peaks (recurrence
time) has a large spread around an average value of
3h 45m (13.5 ks); the minimum is 1h 17m (4.6 ks), and
the maximum is 6h 05m (21.9 ks). The X-ray QPEs of
RX J1301.9+2747 are irregularly spaced in time but not fully
chaotic. Strong QPEs happen after a longer recurrence time
compared to weak QPEs, while no weak QPE is observed
whenever the recurrence time is larger than 1 h 40 m (6 ks).
Weak QPEs are not always present, as there are long phases
(>20 h) when only strong QPEs are observed, in which
case QPEs appear to be more regularly spaced. The recur-
rence time consistently alternates between long and short;
in phases where weak QPEs are not present, this alternation
is less dramatic in amplitude (Fig. 3). The higher the QPE
amplitude, the longer appears to be its duration.

The properties of QPEs as a function of energy (arrival time,
duration, intensity) are similar to the properties of other QPE
sources and QPE candidates. At higher energies, the QPE
peaks arrive earlier (with a difference of up to ten min-
utes between the 0.2—0.4 keV and the 1-2 keV bands in
the case of RX J1301.9+2747), last less (with a difference
in duration of a factor of two between low and high ener-
gies), and have a much lower count rate (Fig. 4). This energy
dependence results in a ‘hysteresis-like’ behavior: the QPE
spectral evolution consists of a hard rise followed by a soft
decay (because QPEs last less at higher energies), and the
peak temperature is reached well before the peak luminosity
(because QPEs at higher energies arrive earlier and are less
energetic than QPEs at lower energies; see Fig. 5 and B.2).
The X-ray quiescent emission of RX J1301.9+2747 is well-
detected at all epochs of observation, varying of a factor
~2x in luminosity during 40 years. The quiescent spectra
of RX J1301.9+2747 are super-soft (Fig. C.1) and well rep-
resented by the emission of a disk with inner temperature
~50-60 eV and Lgop, ~ 1-2 X 10+ erg s (Lo3—2kev ~
0.8-2 x 10*! erg s7!). The inner temperature of the disk
slightly decays throughout the 20 years covered by XMM-
Newton observations. However, its luminosity fluctuates
non-monotonically (Fig. 8). After 2019, there is the emer-
gence of a harder spectral component in quiescence, which
carries about 1/4 of the 0.3-2 keV disk luminosity (Fig. 6
and C.2). This component can be modeled with a thermal
model with a temperature kT ~ 180 eV, with a power law
with photon index I > 3.5, or with thermal Comptonization
of the disk photons on a plasma with optical depth 7 = 10 and
temperature k7' ~ 400 eV. The 2—10 keV bolometric correc-
tion kp—jokey > 2700 is very large as the hard X-ray power
law is, if present, very weak with Ly_jgkev < 4X 1038 erg s7L.
The QPE spectra are super-soft with no significant detection
at E > 2 keV. They are well-represented by a blackbody or
a Comptonization model; in comparison, a bremmstrahlung
model is slightly less favored, and a power law model is
strongly disfavored. If compared to a blackbody model, the
QPE peak bolometric luminosity is ~2 x 10*? erg s™! and
the QPE temperature at the peak luminosity is 130 eV. Weak
QPEs have generally a slightly lower duration (~35 m vs.
~45 m), a slightly lower temperature (~120 eV), and a lower
bolometric luminosity (~10** erg s™!) at their peak com-
pared to strong QPEs. The equivalent blackbody radius Ry,
increases from ~ 10'° cm during rise-1 to ~4 x 10" cm
during decay-2 (Fig. 11, lower panel). Weak QPEs have
systematically smaller Ry, throughout their evolution. QPEs
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happening after a longer recurrence time appear to last more,

and there is a weak positive correlation between the energy

emitted by each QPE and the time preceding it (Fig. 12).

— Compared to the QPEs of the best-studied source, GSN 069,
the QPEs of RX J1301.9+2747 last for a shorter period of
time, are less luminous, and are hotter (Fig. 14). In particular,
the maximum difference in QPE temperature is during the
rise, while the QPE temperatures of the two sources converge
during the decay (Fig. 15). In RX J1301.9+2747 the decrease
in temperature appears to be monotonic from the QPE rise-1
to the QPE decay-2, from ~160 eV to ~80 eV (Fig. 11, top
panel).

— There is no correlated radio/X-ray variability during the QPE
emission in 2020 or 2022B. Whilst there appears to be a
small amount of radio variability associated with the QPE
in 2022A, its significance is <20. Between epochs of obser-
vations of RX J1301.9+2747, the radio source does show
variability on the order of 5-10% (Fig. 17). If attributed to
ISS, the observed radio variability implies a very compact
size of the source emission <0.008 pc. This is comparable
to the optical and to the smallest radio-emitting regions in
TDEs (~0.003 pc). The radio emission of RX J1301.9+2747
does not look like that of TDEs, which (when detected)
display consistent long-term variability attributable to out-
flows and may show emission at timescales >1000 days post-
disruption (e.g. Alexander et al. 2020; Goodwin et al. 2022;
Cendes et al. 2024).

Given the consistent alternance of short and long recur-
rence times between QPEs observed throughout our campaign,
EMRI scenarios appear the most favorable in explaining the
complex properties of RX J1301.9+2747. Different than the
cases of much more regular QPE sources such as GSN 069
or eRO-QPE2, the presence of large differences in consecutive
recurrence times between the QPEs of RX J1301.9+2747 is
however extremely difficult to explain in any scenario requiring
a single interaction per orbit. EMRI models assuming impacts on
the accretion disk appear promising but still cannot fully account
for the complexities of the timing behavior in RX J1301.9+2747.

Future observations of both the quiescent emission and the
QPEs of RX J1301.942747 are necessary to try to solve this cos-
mic puzzle. High-cadence monitoring of the quiescent emission
on long timescales might help identify dynamical effects tak-
ing place in the nucleus of this galaxy, while long, uninterrupted
light curves are necessary to try to break the enigma of the repe-
tition pattern of its X-ray QPEs.
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Appendix A: Observations log

Table A.1. Observation log for the XMM-Newton EPIC exposures on RX J1301.9+2747 between 2000 and 2022.

Instrument Start/End time total exposure  quiescent exposure
(yyyy-mm-dd hh:mm:ss) (s) (s)
EPIC-pn 2000-12-10 21:24:27/2000-12-11 04:00:20 29805 17490
EPIC-MOS1  2000-12-10 20:18:02/2000-12-11 03:58:46 27400 20820
EPIC-MOS2  2000-12-10 21:24:27/2000-12-11 04:00:20 29805 20810
EPIC-pn 2019-05-30 20:42:24/2019-05-31 10:09:04 45158 20390
EPIC-MOS1  2019-05-30 20:42:24/2019-05-31 10:09:04 47015 32010
EPIC-MOS2  2019-05-30 20:42:24/2019-05-31 10:09:04 47000 29490
EPIC-pn 2020-07-11 18:14:03/2020-07-13 06:49:36 131651 48700
EPIC-MOS1 2020-07-11 17:48:21/2020-07-13 06:53:48 133514 81510
EPIC-MOS2  2020-07-11 17:48:44/2020-07-13 06:53:49 133493 74660
EPIC-pn 2022-06-17 19:47:19/2022-06-19 06:50:39 117927 37690
EPIC-MOS1  2022-06-17 19:47:19/2022-06-19 06:50:39 102987 52030
EPIC-MOS2  2022-06-17 19:47:19/2022-06-19 06:50:39 103141 50090
EPIC-pn 2022-06-19 19:40:51/2022-06-21 06:42:31 116421 55580
EPIC-MOS1  2022-06-19 19:40:51/2022-06-21 06:42:31 114633 75660
EPIC-MOS2  2022-06-19 19:40:51/2022-06-21 06:42:31 113290 72600

Notes. All exposures were taken in full frame mode, using the thin optical filter, and pointed at the source coordinates, except for the
2000 observation that was pointed at the Coma Cluster and used the medium optical filter. Dates of observations are in Coordinated
Universal Time (UTC). The quiescent exposure time excludes both QPEs and time intervals of large background flaring.

Table A.2. Log of the archival X-ray observations of RXJ1301.9+2747  Table A.3. Radio flux density measurements of RX J1301.9+2747

used in this work.

taken with the VLA. Errors reported are the statistical error of the Gaus-
sian point source fit combined with the image rms, but we note that the

absolute flux density scale accuracy of the VLA is limited to 5%.

Telescope Start time Total exposure
(yyyy-mm-dd hh:mm:ss) (s)

EXOSAT  1983-07-16 09:02:12 (.) Date Frequency  Flux Density

ROSAT 1991-06-16 22:46:37 21893 (yyyy-mm-dd)  GHz (uy)

ROSAT 1991-06-17 22:45:02 22183 2020-07-11 6 31342

Chandra 2009-06-27 03:11:40 5050 2020-07-12 6 34443
2022-06-17 6 3343
2022-06-19 6 34042
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Appendix B: Light curve fit to individual QPEs

We fit the EPIC light curves of RX J1301.9+2747, deriving
Bayesian posterior probability distributions with UltraNest.
The Bayes theorem states that:

LO)P©O)
Z

where L(6) = P(D|0) is the likelihood that specifies the fre-
quency of producing the dataset D given the parameters 6, P(6) is
the assumed prior, and P(6|D) is the posterior PDF. The Bayesian
evidence, or marginal likelihood Z = f L(0)P(0)d6, is the pos-
terior normalization (e.g., Buchner & Boorman 2023).

We compared the datato the model [constant + Gaussian],
comprised of a constant to represent the quiescent emission, plus
Gaussian emission lines to represent the QPEs. We tried to assess
if there is variability of the quiescent emission, but the results were
inconclusive except for the first segment of the 2020 observation,
where a clear decrease in the quiescent flux emission is observed,
although of modest amplitude. We therefore assumed the quies-
cent count rate to be constant, although it may vary between differ-
ent QPEs (i.e., the fitis performed locally around each QPE peak,
with time intervals shown in the x-axis of each panel of Fig. B.1).
The emission QPE profile was also fit to a profile akin to that used
by Arcodia et al. (2022) to model the QPEs of eRO-QPEI, and
no significant differences in terms of QPE peak position and QPE

P@|D) =

duration were found. We therefore used the simpler Gaussian to
model the QPEs of RX J1301.9+2747. We used a Gaussian log-
likelihood function, i.e., we assumed that the data were drawn
from a Gaussian distribution, with mean equal to the model pre-
diction and standard deviation equal to the measurement error.
The prior probability distributions for the quiescence count rate
CR e, the QPE count rate CR, and width o, were assumed
to be flat and uninformed, with uniform distributions between
[1077 =107 cts7L, [0.01 —2] ct s~L, and [100 — 1000] s, respec-
tively. The QPE peak position 7., was also assumed to have a
flat prior probability distribution within a time interval visually
centered around the peak and typically lasting between 2000 and
4000 seconds. The analysis was performed on the pn data and on
the merged MOS 1 and MOS2 data simultaneously, assuming that
tpeak 1 the same for the three instruments. Results of the fit are
shown in Fig. B.1, in light blue for the pn data and in dark blue
for the MOS data, and reported in Table B.1.

B.1. Hardness ratios

We show in Fig. B.2 the hardness ratio plot for each QPE
observed by XMM-Newton in the galaxy RX J1301.9+2747
from 2000 to 2022. The hardness ratio is computed as HR =
CR(0.6 — 2)/CR(0.2 — 2), where CR(0.6 — 2) is the count rate in
the 0.6 — 2 keV band and CR(0.2 — 2) is the total count rate in
the 0.2 — 2 keV band.
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Fig. B.1. Zoom on the light curves of RX J1301.9+2747 centered on the QPEs detected by the EPIC cameras (pn in light blue, MOS in dark
blue) between 2000 and 2022. The black line represents the median of the posterior PDF of the model [constant + Gaussian] used to fit
the light curves, while the shaded areas represent the 1o~ and 20 equivalent percentiles. Time on the x-axis is computed from the beginning of
each observation in Mission Reference Time: 92866770 s for QPEO—QPE1; 675637593 s for QPE2—QPE4; 710876963 s for QPE5S—QPE14;
771890338 s for QPE15—-QPE24; and 772064151 s for QPE25-QPE33.
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Fig. B.1. — continued.
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Table B.1. QPE properties

Notes. QPE timing and spectral properties at the peak. The timing properties were derived using Bayesian inference on the [constant +
Gaussian] model given the 0.2 — 2 keV EPIC-pn and EPIC-MOS data. The QPE spectral properties at the peak were derived using Bayesian
inference on the redshifted blackbody model [zashift*bbodyrad], given the 0.3 — 2 keV pn and MOS data, assuming that QPEs are additive
components superimposed over a constant quiescent emission. Column (1): consecutive QPE number. Col (2): time of the QPE peak in Mission
Reference Time. Col (3): QPE count rate defined as the peak normalization of the best-fitting Gaussian line. Col. (4): QPE duration, defined as
twice the FWHM of the best-fitting Gaussian line. Col. (5): QPE temperature at the peak. Col. (6): QPE luminosity at the peak in the 0.3 — 2 keV
band. Col. (7): QPE bolometric luminosity at the peak. QPEs marked with (*)/(**) have been half-detected at the beginning of the observation
by the MOS/pn cameras only, and therefore report quantities derived usingd such data. The horizontal lines divide the five different epochs of

Giustini, M., et al.

T A&A, 692, A15 (2024)

(6] @ 3) “) (5 6) (7 (®)
QPE Tpeat CRopE o Duration ~ kTPec 5“3“[‘2 ey pest
) ™ ) (m) @) (107ergs)  (10%ergs™)
0%) 9286681950  0.34+0.04 557+86 43705  (.) () ()
| 9288441224  096+0.05 55125 433+04 133+6 146012  1.90+0.18
2 67564460017 130005 504=14 395+02 1416 176012  221+0.17
3 675664534£23  099+004 617+21 490+04 126+5  140£009  1.87+0.15
4 675678021+15 1714006 516+14 405+02 161+5 2364022  2.79+0.29
507 71087709091 031003 700+75 548+13 (. (! )
6 710884700+33 050+0.04 473+34 37.1+07  (.) () ()
7 71090167419  120+0.04 65020 51.1+04 126+5  224£020  3.02+033
8 710906274 +30 038+004 415+36 32.6+06 145+5  049x007  0.61+0.10
9 710924568+20 1.04+0.05 593+21 466+04 1249  1.62+0.11  221+0.8
10 710934969 £20  1.09+0.05 43017 337+03 139+9  171+011  216+0.16
11 710954337+19  111+0.05 551+14 433+04 128+6  159+0.11  2.12:0.17
12 71096614318 1.11£0.05 504+17 39604 1466  145+0.10  1.79+0.13
13 710986288+ 18 1174004 607+18 47.6+04 134=15  1.60+0.10  2.07+0.14
14 711000219+17  135+005 545+15 428+03 128+15 2074013  275+0.20
5 77189672831 1.15+005 71220 559%05  (.) (@) (@}
16 771902847 +37 048003 577+43 453+07  (.) () ()
17 77192044019  132+005 610+18 47.9+03 124=5  1.69£0.11  229+0.17
18 771925355432 0.40+0.05 380+53 29.8+08 114+5  0.65+£009  094+0.16
19 771942019 +18 1.36+005 61719 484+03 124+6  1.69+0.10  2.30+0.15
20 77194761255 027+003 49759 390+14 104x6  036+005  0.56+0.13
21 771964216 +19 1194004 672£20 528+03 125+5  1.60+0.09  2.16+0.15
22 771969387 28 046004 377+37 29.6+07 133+5 054007  0.71+0.10
23 77198675519  130+005 59519 467+03 128+6  170+011  226+0.17
24 771996228 +20 0934005 479+23 37.6+03 135+6  132+009  1.70+0.14
2507 77206423739 1.17£0.07 650+52 51.0£09 (. (@) )
26 772071265+42  044+004 535+56 42.0+08  (.) () ()
27 772089084 +18  1.36+0.05 617+18 484+03 131+5  1.66+0.14 218021
28 772004200+34  038+004 45843 359+07  96+5  059+008  1.01+022
29 772111144£19  136+005 637+19 50.0+03 129+5  158+0.09  2.10+0.14
30 772126986+ 14 1.80+£0.05 567+13 445+02 1445  223+0.2  278+0.16
31 77214892220 124005 643£20 505+03 123+5  162£010  223+0.16
32 77216080116 1.31+0.05 551+18 43303 137+5 172011  220+0.15
33 77217878937 143+007 627+33 49204  (.) () ()

XMM-Newton observations of RX J1301.9+2747: 2000, 2019, 2020, 2022A, and 2022B.
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Fig. B.2. For each QPE, we plot in the top panel the 0.2 -2 keV background-subtracted QPE light curve, centered around the QPE peak and binned
to 250 s, and in the lower panel the hardness ratio HR = CR(0.6 — 2)/CR(0.2 — 2), where CR(0.6 — 2) is the count rate in the 0.6 — 2 keV band and
CR(0.2 — 2) is the total count rate in the 0.2 — 2 keV band. Each point is color-coded following the time evolution of the QPE in the panel above.
The HR shows a counterclockwise evolution, as highlighted by the dashed arrow. All these quantities have been computed using the pn data only.
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Fig. B.2. — continued.

AlS, page 28 of 34

0.2-2 keV CR (s71)

0.2-2 keV CR (s71)

0.2-2 keV CR (s71)

0.2-2 keV CR (s71)

0.2-2 keV CR (s7%)

0.2-2 keV CR (s71)

Giustini, M., et al.: A&A, 692, A15 (2024)

i) i) é QPE15
1.0 i)
0.8 §
0.6 ¢ 8
0.4@) i) é
~1000 -500 0 500 1000
Time (s)
0.8
0.6 ¢ ¢
0.4 o %%
101
HR
L] @ QPEL9
o9t
0.81 q) §
0.6
é
o.4—® ®
-1000 -500 0 500 1000
Time (s)
1.0
ol AL
0.6 ; .
04+——@—
10!
HR
1.251 b $ b QPE23
1.001 é
0.75 é
é
0.501 o ®
0.251 @
~1000 -500 O 500 1000
Time (s)
1.25] ; %
1.001 ;
0.751 e
3
0.501
—— g
0.254 »—Q—O—é—‘
10!
HR

o
o

¢

0.2-2 keV CR (s71)
IS) )
[N IS

)

¢

QPE16

§§+

~1000

500 0 500 1000

Time (s)

o
o

0.2-2 keV CR (s71)
) )
[N IS

3
=t

H%A
%%
s

D
107!
HR
— % QPE20
|
£ 034 {)
o
5 ! o
: ¢
T 0.2
Ao|p 9
o
o 0.1—(1) é
-1000 -500 0 500 1000
Time (s)
T %‘
£ 0.3
o
@] %4
3
T 021
o
o
o 0.1 >—§4
102 101
HR
1.0 QPE24
7 ¢ ¢ ¢
v 08
o
5 ¢
> 0.6
4
o 0.4 [1] é
N
©42{® ¢
500 0 500
Time (s)
1.0
© 081 5 #
5 ——
> 0.6
N N
Z. 't
N
© 0.2 %—‘

107!
HR

0.2-2 keV CR (s71)

0.2-2 keV CR (s71)

0.2-2 keV CR (s71)

0.2-2 keV CR (s71)

0.2-2 keV CR (s7%)

0.2-2 keV CR (s7%)

1.24

1.04

0.81

0.6

0.44

0.2

0}

¢
¢ §§

QPE17

¢
®s

~1000 =500 O 500 1000

Time (s)

1.24

1.04

0.81

0.6

o.4—t‘

0.2

—H

}—é_‘}_@_(
by

107!

HR

1.24

1.04

0.81

0.6

0.44

0]

@@@éé

QPE21

¢
L

®

~1000 -500 0 500 1000

Time (s)

1.24

1.04

0.81

0.6

0.41

0.5 1

0.44

0.39

0.21

0.14

¢

¢

¢

% QPE26
X

—1000

~500

0 500
Time (s)

0.51

0.44

0.31

0.24

0.14




Giustini, M, et al.: A&A, 692, A15 (2024)

1.50
o~ 1.251 $ é QPE27 ~0.51 QPE28 P ® QPE29 Pe ® $ QPE30
I"’ <I> 0 'y 1.251 1.5
« o =z ) > ¢ ®
1.00

o o 0.4 - ] o«
&« 5 ¢ & + & 1.00 ® ®é 5 ®

] 1.0
o ) 3 031 + 2 0.751 0] 2 @
~ Q ~ Y3 ® X ()
o~ 0501 @ o~ o 0.50 1 “.‘
N 3, 24(13 & 0] @4 dos; °
© 0.2510 o e - © 0.251Q o 0y

~1000 -500 0 500 1000 ~500 0 500 ~1000 0 1000 -1000 -500 0 500 1000

Time (s) Time (s) Time (s) Time (s)

1.50 1
1251 —~051 —~ — ~ S
W W W 1251 n 151 $
x 1.001 —é— & 041 1,004 ,_ﬁ@ o '—Q—'._qﬁ
> 0751 & %0} + 2 0.754 2 3 ——
~ & ~ >_+_< v 5 X —B
N 0.50 = | N 0.50 1 N
N & ,%, N p— R 4 N05{— @
S 025 —p—" o™ © 0.25- .9 o 9
10! 1072 10! 1072 101 1071
HR HR HR HR
_ 1.254 QPE31 . 1.251 QPE32 14 QPE33
T 525 T $® T ol ¢ $9
v 1.001 cI) v 1.00 @ f )
@ @ @ 1.0 é
g 0.751 ) ® g 0.751 0} ® g + é
0.8
[J] [0} [9]
~ 504 ® £ 0,50 ~
o ® ® o o) ® o 0.6 o é
S 0251 ® Soxsip ¢ .. o
0] 410
~1000 0 1000 ~1000 -500 0 500 1000 ~1000 -500 0 500 1000
Time (s) Time (s) Time (s)
_1.254 __1.251 . 1.44
7 =g | - T —
£ 1.001 -—@—- £ 1.004 ol
: @ : Sl [ p——
754 0.751
3 &3 —a— 3 001 — 4
~ [ ! ~ ] X
~ 0.50 @ ~ 0.50 ~ 061
) —- ) ;—__‘Q—l Y v 0 &
S .25 é S 0.254 F@ S 041
—H— .
10 10! 10!
HR HR HR

Fig. B.2. — continued.

AlS, page 29 of 34



Giustini, M., et al.: A&A, 692, A15 (2024)

Appendix C: Fit to the quiescent spectra

The time intervals including QPEs identified with the light curve
analysis were excluded in order to extract the spectra during
quiescence. We used the BXA package, assuming a Poissonian
likelihood function and using the W statistic’ on the unbinned
0.3 — 10 keV spectra. The background spectra were grouped to
a minimum of 3 counts per energy bin in order to avoid statis-
tical biases'?. The ten EPIC quiescent spectra, one pn and one
merged MOS1+MOS2 spectrum for each of the five epochs of
XMM-Newton observations of RX J1301.9+2747, are shown in
Fig. C.1. Each epoch of observation (2000, 2019, 2020, 2022A,
and 2022B) was fit independent of the other. The pn and MOS
spectra of each epoch were fit together to the same model, with a
multiplicative constant factor const to take into account instru-
mental cross-calibration uncertainties. The priors on const were
always assumed to be uniform between [0.8, 1.2]. The value of
the column density was allowed to reach 10?! cm=2 during the
fit, assuming uniform priors.

First, we compare the quiescent spectra to two soft ther-
mal models, [zashift*bbodyrad] and [zashift*diskbb].
The [zashift] component takes into account the cosmolog-
ical redshift of the emitted photons and was always fixed to
z = 0.024. We assumed flat, uninformed priors on the model
parameters, with normalizations spanning several orders of mag-
nitude between [10 — 10%] and the temperatures ranging between
[10 — 300] eV. We found that the [zashift*diskbb] model
is preferred over the [zashift*bbodyrad] one, given the
Bayesian evidence found (with a difference of logZ > 2 in
every epoch). We call the model [zashift*diskbb] 'model 0.
Results of the fit to the five epochs of observation of the quies-
cent spectra of RX J1301.9+2747 to model 0 are reported in the
first column of Fig. C.2, where we plot only the pn data, rebinned
visually to 30 significance, in the 0.3 — 1.5 keV band (i.e., up to
where the spectra are not background-dominated, see Fig. C.1).
Although the spectra are very soft and most of the flux contribu-
tion is carried by the disk component diskbb, this component
alone is not able to well reproduce the data at energies £ > 0.7
keV, especially from 2019 onward.

We then compared the quiescent spectra of the five epochs to
two equally complex models: [zashift*(diskbb + bbody)]
(model 1) and [zashift*(diskbb + powerlaw)] (model 2).
In this model scheme, diskbb represents the thermal emis-
sion from an accretion disk with inner temperature k7'; bbody
represents a soft X-ray excess-like warm thermal component,
with temperature k7T; and the powerlaw model represents the
hard X-ray coronal emission with photon index I'. The priors
were all uninformed, with these ranges: [20 — 200] eV for the
diskbb inner temperature and [10™* — 10®] for its normaliza-
tion; [50 — 500] eV for the bbody temperature and [107° — 10%]
for its normalization; [1.5 — 4] for the powerlaw photon index,
and [10~13 — 1073] for its normalization.

Results are reported in Table C.1, where we report the
median value of the posterior PDF of the model parameters along
with their 1 standard deviation upper and lower credible values,
the observed flux, the unabsorbed luminosity, and the logarithms
of the Bayesian evidence Z and of the Akaike information cri-
terion (AIC = C — 2 X m, where C is the likelihood and m is
the number of degrees of freedom, Akaike 1974) normalized to
their highest values for each epoch of observation. The model

9 The W statistic, or wstat, is the implementation of the Cash statistic
(Cash 1979) when the background is not modeled.

10 See the discussion in https://giacomov.github.io/
Bias-in-profile-poisson-1likelihood/

A15, page 30 of 34

that gives the most probable representation of the data will have
the highest Z and AIC.

Given the number of degrees of freedom and the Bayesian
evidence Z, models 1 and 2 are always strongly preferred to
model 0 except for epoch 2000, when model 0 gives Alog Z =
0.9 compared to model 1, and AlogZ = —0.5 compared to
model 2. Model 1 is the most probable representation of the data
at all epochs except for 2022A and 2022B, when model 2 is the
most probable one. The differences in log Z between model 1
and model 2 are however very small, Alog Z < 1.5, except for
2019 (when Alog Z = 6.1). There are two physical reasons why
model 1 can be preferred over model 2. First, the photon index I'
of the powerlaw component of model 2 is found to be very steep
compared to the typical AGN values and even steeper than the
most extreme observed values. Such a steep power law is likely
not produced by Comptonization in a standard X-ray hot corona.
On the contrary, the temperature k7 of the bbody component
found in model 1 is typical of the soft X-ray excess observed
in AGN. Second, as the power law model diverges at low ener-
gies, the bolometric luminosity estimate in model 2 is up to one
order of magnitude larger than the estimate with model 0, while
it is larger by a factor of ~ 4 in model 1 compared to model 0.
Given that the spectra are evidently dominated by the diskbb
component, we conservatively favor the model that produces a
bolometric luminosity with a value more similar to this compo-
nent alone. We thus adopt model 1 as our best-fitting model.

The posterior PDFs of model 0 and model 1 folded with the
instrumental response are plotted in the left and central columns
of Fig. C.2 compared to the observed data. The right column of
the same figure reports the unconvolved posterior PDFs for the
best-fitting model 1, where the accretion disk diskbb is plotted
in dark orange and the soft excess bbody in light orange. We
limit these plots to the 0.3 — 2 keV band, as above these energies
the signal is strongly dominated by the background; however, the
data were considered up to 10 keV. That the disk alone is not suf-
ficient can be seen in the left column of Fig. C.2 and in Table C.1,
where Model 0 provides the lowest 0.3 — 2 keV flux compared
to all the other models, signaling that some harder-than-the-disk
flux is not modeled by diskbb alone. When using model 0, the
inner temperature of the accretion disk seems to increase from
2000 onward (top left panel in Fig. 7). Once the harder compo-
nent is introduced, the disk inner temperature stabilizes around
kT ~ 60 eV in each epoch, and the 0.3 — 2 keV flux is recovered
well (it is constant between models 1, 2, and 3). This tempera-
ture is independent of the harder component adopted, bbody or
powerlaw. When using model 2, during epoch 2000 the power
law is insensitive to the fit (see the third row of Fig. 7). This
means that the powerlaw component is weakly required by the
data during this epoch compared to the other epochs of observa-
tion. As the powerlaw model mostly models soft X-ray photons
(given its very steep photon index), this result should be seen also
when using model 1. Indeed, also when using model 1 the warm
thermal component bbody is well constrained in each epoch of
observation, except for epoch 2000 (second row of Fig. 7). This
confirms that the power law component mostly models soft X-
ray photons.

Finally, we compared the data of the quiescent emission
of RX J1301.9+2747 to a disk plus Comptonization model,
[diskbb + compTT] (model 4). We used the model developed
by Titarchuk (1994) and assumed a disk geometry for the Comp-
tonizing region, with a seed photon temperature equal to the
inner temperature of the accretion disk. As there is complete
degeneracy between the Comptonizing plasma temperature and
optical depth, we fixed the latter to a series of values 7 = 1, 5, 10,
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Fig. C.1. XMM-Newton EPIC quiescent spectra (i.e., excluding time intervals when QPEs are present) of RX J3101.9+2747, rebinned for visual
purposes to 3o significance. For each epoch of observation, the pn(MOS) spectra are plotted with blue (orange) circles, while the background
spectra are shaded areas of the same color. The last panel reports the five epochs together, omitting the MOS data and plotting only the highest-
level (2019) and lowest-level (2022A) pn backgrounds for clarity.

and left the former as a free parameter. We assumed uninformed
priors for all parameters except for epoch 2000, when we used
Gaussian priors for the temperature of the accretion disk (60+ 10
eV) and of the Comptonizing plasma (400 + 100 eV). The lim-
its of the parameter values were [30 — 100] eV and [10° — 10°]
for the disk temperature and normalization, [0.1 — 10] keV for
the Comptonizing region temperature, and [10~° — 10~'] for its
normalization. We found that a good representation of the soft X-
ray excess-like spectral component is given by Comptonization
of the disk seed photons on a plasma with an average temper-
ature of 400 + 25 eV for an optical depth 7 = 10. The plasma
average temperature would instead be 1.1 + 0.1 keV for 7 = 5
and 7.9+0.7 keV for 7 = 1. These values are typical of the warm
coronae observed in AGN (e.g., Petrucci et al. 2018). The SED
of compTT is broader than the one of bbody, thus when using
the model [diskbb + compTT], the inferred temperature of the
accretion disk is lower than when using [diskbb + bbody]
(model 1). This effect is larger for lower optical depths of the
Comptonizing region, going for example from 51 + 2 eV in the
caseof T =10to 44 + 2 eV inthe case of 7 = 1.
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Table C.1. Fit results to the XMM-Newton quiescent spectra of RX J1301.9+2747

model kTgisk log Naisk kT logN r logNpow Np | logZ AIC fos-2 fo-10 Loz—2kev  Lo-10kev  LpoL
@ @ ® @ ® (6) O] ® ] ©® do9 (11) a2 as (14 as
Epoch: 2000
3 0.1 0.07 0.01 0.3
0 663 3.7 - - - - <02] -34  -17 | 1.34*907 - 0.19+001 - 1.7+03
6 0.3 40 118 0.08 0.02 1.00
1 59*¢  41*03 160740 —0.06*118 - - <05 -25 0 | 140098 <001 0207092 <002 245'100
2 6513 3.7%03 - - 29708 90727 <02| -39 —42 | 1367007 <011 019709 <014  1.8%03
4 0.3 30 0.79 0.2 —+2.1 0.08 0.02 0.7
3 59;3 4'028% 150;318 o.o9t+oi 1o 19%02 -10073%! <06 0 —40 1.40;88§ <0.04 0'20;8’8{ <0.06 2'4;8-9
4 6073 39704 3307H  -4rtld - - <03| -04 -10 | 13870 <006 020*00) <008 1.9
Epoch: 2019
4 0.2 0.03 0.004 0.04
0 94% 2.3j8% s s - - <04| -509 -523 0'85tg«33 s 0.117j8_825 " 0.45t?.24
1 571 3.970% 175713 0.4%)2 - - <32| -262 0 1.02j8;8g 0.07j895 0.15j8;8g 0.11%008 16714
2 51j§ 4.1+ - - 3.8j§-f 5171000 <21 | -85  -67 1.01t8<04 L6*0s 015700 21407 3.6ji-§
03 10 0.21 2 2.1 .04 0.06 0.02 0.09 7
3 58;2‘ 3.8£8g 180;218 0.35;0(_)230 19702 100720 <16/ 0 -39 1.02;8_82 0.09;8_97 0'1528'83 0.14;8_310 15;8-8
4 5214 40105 360700 -3aths - - <14| =72 =32 | 1oid0 04702 045000 06%03 19700
Epoch: 2020
0 10773 2.077097 - - - - <0.1]-2236 -224.6 0.82f§:§§ - 0.112j§;§§§ - 0.35f§;§§
1 6172 3.7(_’-é% 200710 0.16%012 - - <02 =30 0 1.0218;82 0.18f§;§g 0'145t8:8°g 0.29+0:08 1.4f?;2
2 49*% 4.3j8;~% - - 3.6f§i —5.06j§;§g <04| -42 -21 ]'03t8:8‘ 2'4t8:‘f 0.15j%;%i) 3.3% 3.3%%
3 60 3.7j8~1 20041010 02731 19702 9577 <02| 0 -39 1.02t8~8§ 0.2f8-I 0.145t8-8?§ 0.3 1.4j8-2
3 2 30 0.1 ' ' .03 2 X 0.03 5
4 5243 4002 430730 -3¢l - - <05] -43 0 | 10300 09402 05000 134003 g9+l
Epoch: 2022A
0 10744 1.9701 - - - - <0.1] -903 -91.9 | 058+ - 0.080%000 - 0.2470%2
+4 +0.2 +15 +0.18 _ _ +0.03 -0.07 +0.005 +0.10 +0.2
1 611y 35k 195L5 006k - - <020 -27 0 -10 1071 012,008 0100700 0.18%50  0.9203
2 48fg 4.1J_r8:g - - 3.7i8:2 —5.20%):83 <05| -1.8 -14 0'72t8:82 1.6i%:4 0.103t8:88g 2.2:8:? 25710
3 613 3.5f8~§ 190+12 0.09t8~}zg 1.9%3 9672 <02| 0 -4.75 o.71f8~ 3 0.1318-}? o.101t8»885 0.21t8gg 0.91j§-}§
4 3 60 0. ' ' .03 3 :006 X 4
4 527 39707 42008 3372 - - <03] -18 0 | 0727005 0673 0103700 0973 13704
Epoch: 2022B
0 107+3 1.94j§;§$ - - - - <0.1]-177.2 -179.4 0.67t§;§§ - 0.911%;%% - 0.28j§;§f
1 58+2 3.7f8;}l 190119 02701 - - <02| -27 -L1 | 0.84%% 0.10;§;§3 0.119t8;803 0.16t§;gg 137
2 45% 4.5j8;4 - - 3.7j§;; —5.15j§;8§ <12| -17  -10 |0.85700 I.Sf% 0.12700 2470~ 3.6j(});g
3 58“_'% 3.7j8§ 1879, 02721 19702 99+ <02 0  -53 0.84j§‘§§ 0.12j8~9; 0.119§~§§j 0.199%9 1.3j8-%
. 30 0.2 ' ' . ¥ .005 0.3 .
4 4913 42+03 410730 -32+02 - <03] -18 0 | 08570 07:3% 0021900 0975 1.9708

Notes. Col. (1) model adopted, model 0: [diskbb]; model 1: [diskbb + bbody]; model 2: [diskbb + powerlaw]; model 3: [diskbb +
bbody + powerlaw]; model 4: [diskbb + compTT]. Col. (2) diskbb inner temperature (eV). Col. (3) logarithm of the diskbb normalization.
Col. (4) bbody or compTT temperature (eV). Col. (5) logarithm of the bbody or compTT normalization. Col. (6) powerlaw photon index. Col. (7)
logarithm of the powerlaw normalization. Col. (8) absorbing column density (10%° cm™2). Col. (9) logarithm of the Bayesian evidence normalized
to the maximum value. Col. (10) Akaike Information Criterium AIC = C — 2 X m, where C is the likelihood and m is the number of degrees of
freedom, normalized to the maximum value. Col. (11) observed flux in the 0.3 — 2 keV band (10~'3 erg cm™2 s7'). Col. (12) observed flux in the
2—10keV band (10713 erg cm™2 s7!). Col. (13) intrinsic luminosity computed in the 0.3 — 2 keV band (10** erg s~!). Col. (14) intrinsic luminosity

computed in the 2 — 10 keV band (10*° erg s™'). Col (15) total bolometric luminosity of the model (10*? erg s™").
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Fig. C.2. The posterior probability distribution of [TBabs*zashift*diskbb] (model 0, left column) and [TBabs*zashift*(diskbb +
bbodyrad)] (model 1, central column) applied to the quiescent data for the five epochs of XMM-Newton observation of RX J1301.9+2747.
Data are shown for the EPIC-pn camera only and rebinned to 3o significance. The posterior PDF unconvolved from the instrumental response is
plotted for each epoch for the best-fitting model 1 in the right column. The [diskbb] posterior PDF is plotted in dark orange, the [bbodyrad]
one in dark yellow, and the total model 1 in gray.
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Appendix D: Fit to the QPE spectra

The results of the Gaussian fit to the 0.2 — 2 keV light curves
of Sect. 3 were used to select time intervals to extract individual
QPE spectral slices. We used the median values of the posterior
PDFs for the QPE arrival time tppr and width o, given the pn
and MOS data in each epoch of XMM-Newton observation. We
used a 40-wide time interval centered around fppg and divided
in five equally-spaced time intervals to extract the QPE spectral
slices: two rises (rise-1 and rise-2), one peak, and two decays
(decay-1 and decay-2). Each spectral slice has therefore a differ-
ent duration, proportional to the total duration of each QPE. One
example of the spectral decomposition is shown in Fig. 10 for
QPE2.

For the spectral analysis, we used event tables cleaned from
strong background flares. These are typically present at the
beginning and at the end of XMM-Newton revolutions and affect
the data of both EPIC cameras (pn and MOS) for 6 out of 34
QPEs (numbers 5, 6, 15, 25, 26, and 33), which must be dis-
carded. The pn camera is more sensitive to background flares
than the MOS and lost three further QPEs (numbers 4, 7, and
16). Due to the very low photon statistics, we discarded QPE16,
which is a weak one, while retaining the MOS data of the strong
QPE4 and QPE7. QPEO was also excluded from the spectral
analysis as it is only half-detected by the MOS. This gives a total
of 26 QPEs (21 strong and 5 weak), for which it was possible to
extract spectral information.

The QPEs were assumed to be additive components on top
of a constant quiescent emission; we considered the 0.3 — 2
keV net QPE spectra by using the average quiescent spectra of
each epoch as a background. The source spectra were analyzed
unbinned, while the background spectra were binned to a mini-
mum of 3 counts per bin, and the W-statistics was used. The pn
and MOS data were fitted jointly for each spectral slice, using a
constant factor between the two datasets.

We compared the QPE peak spectra to a blackbody
([bbodyrad]), a bremsstrahlung ([bremss]), and a Comp-
tonization model ([compTT]). We found slightly lower
Bayesian evidence for the blackbody model compared to the
bremsstrahlung (AlogZ ~ 0.5), with both models strongly
favored over the Comptonization one (A log Z > 2). The model
[const*TBabs*zashift*bbodyrad] was then used to extract
information (Lgor, kT, Rppy) from the QPE spectral slices, with
the caveat that the luminosity estimates are the lowest among
the three models tested (i.e., the [bbodyrad] has the narrowest
spectral energy distribution among the three).

The presence of absorption during the QPE was tested by
allowing the column density of [TBabs] to be free. Uninformed
priors were adopted for the cross-instrumental constant (between
0.8 and 1.2), the column density (between 10" and 5 x 10?!
cm™2), the blackbody temperature (between 30 and 300 eV), and
normalization (between 1072 and 10°). The redshift was always
fixed to z = 0.024. As the value of Ny is consistent with the
Galactic one for 132/135 of the QPE slices, we repeat the fit
to the model [const*TBabs*zashift*bbodyrad] fixing the
column density value to the Galactic one.

D.1. Further complexities

We tested for the presence of ionized absorption along
the line of sight both during the QPE spectral evo-
lution and during quiescence. In the former case, we
compared the data of each QPE spectral slice to the
[const*TBabs*zedge*zashift*bbodyrad] model, where
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zedge is a simple absorption edge at the redshift of the
source. The absorption edge had uninformed priors for its
energy (between 400 and 900 eV) and its optical depth
(between 1073 and 5). The resulting Bayesian evidences
Z were compared to those obtained with the simpler
const*TBabs*zashift*bbodyrad model using the Jeffrey’s
scale (see Buchner et al. 2014), where a difference in log Z of
2 is considered decisive, of 1.5 very strong evidence, and above
1 strong evidence that the more complex model provides a bet-
ter representation of the data than the simpler model. Out of 135
QPE spectral slices, a difference in log Z > 1 (strong evidence
for a better data representation after the inclusion of the edge)
is found in ten slices, corresponding to nine individual QPEs.
These are QPEs numbers 1, 4, 10, 12, 17, 19, 21, 24, and 30.
When replacing the absorption edge with a Gaussian absorption
line, the statistical evidence drops in most of the QPE spectral
slices; therefore, we do not interpret these results as physical, but
rather as statistical fluctuations or spurious effects due to com-
plexities in the continuum emission not taken into account. In the
latter case, we applied the zedge component or a photoionized
gas model generated with Xstar to both model 1 and model 4,
finding no strong statistical evidence for the presence of absorp-
tion in any epoch of XMM-Newton observation.

Ionized absorption with an outflowing velocity of ~ 3000
km s~! was recently detected in the high-resolution reflection
grating spectrometer (RGS) data of GSN 069, both during qui-
escence and during the QPEs (Kosec et al. 2024). We reduced
and analyzed the RGS data of RX J1301.9+2747 by stacking
all the quiescent good time intervals from 2000 to 2022B. We
found that the signal to noise ratio is still completely dominated
by the background, thus preventing us from searching for traces
of ionized absorption in the high-resolution data. We note how
even at the higher X-ray flux level of GSN 069 compared to RX
J1301.9+2747, a total of about 2 Ms of exposure time had to
be accumulated in order to detect the absorption lines in the
high-resolution spectra. In order to better test for the presence
of intrinsic ionized absorption in RX J1301.9+2747, new obser-
vations are needed: either very long ones with existing X-ray
telescopes or using future detectors with a very large soft X-ray
effective area.
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