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Abstract

Quasiperiodic eruptions (QPEs) are high-amplitude, soft X-ray bursts recurring every few hours, associated with
supermassive black holes. Many interpretations for QPEs were proposed since their recent discovery in 2019,
including extreme mass ratio inspirals and accretion disk instabilities. But, as of today, their nature still remains
debated. We perform the first high-resolution X-ray spectral study of a QPE source using the Reflection Grating
Spectrometers' gratings on board XMM-Newton, leveraging nearly 2 Ms of exposure on GSN 069, the first
discovered source of this class. We resolve several absorption and emission lines including a strong line pair near
the N VII rest-frame energy, resembling the P-Cygni profile. We apply photoionization spectral models and identify
the absorption lines as an outflow blueshifted by 1700—2900 km s ', with a column density of about 10°* cm >
and an 10n1zat10n parameter log(§/ergcms™ ') of 3.9-4.6. The emission lines are instead redshifted by up to
2900 kms™ ", and likely originate from the same outflow that imprints the absorption features, and covers the full
47 sky from the point of view of GSN 069. The column density and ionization are comparable to the outflows
detected in some tidal disruption events, but this outflow is significantly faster and has a strong emission
component. The outflow is more highly ionized when the system is in the phase during which QPEs are present,
and from the limits, we derive on its location, we conclude that the outflow is connected to the recent complex,
transient activity of GSN 069, which began around 2010.

Unified Astronomy Thesaurus concepts: Accretion (14); Supermassive black holes (1663); X-ray transient

sources (1852)

1. Introduction

Quasiperiodic eruptions (QPEs) are recently discovered
high-amplitude transient phenomena, first detected in GSN
069 (G. Miniutti et al. 2019), which appear to occur in some
low-mass supermassive black holes (10° — 10’ M_). They
involve a sudden spike in the X-ray flux of the source, mostly
in the soft X-ray band (<2keV) with a blackbody spectral
shape (kT ~ 100 eV), a duration of 1—30ks (G. Miniutti et al.
2023b), and a repeating timescale from hours to tens of days,
depending on the source. As of 2024 February, five sources
were known to exhibit QPEs in addition to GSN 069 (L. Sun
et al. 2013; M. Giustini et al. 2020; R. Arcodia et al.
2021, 2024), and further systems are good candidates or likely
related to the QPE phenomenon (J. Chakraborty et al. 2021;
P. A. Evans et al. 2023; E. Quintin et al. 2023; M. Guolo et al.
2024). These sources show that QPEs are primarily an X-ray
band phenomenon, and their host systems exhibit little, if any
nuclear (supermassive black hole related) activity in other
energy bands. Additionally, QPEs have been observed to be a
transient phenomenon, appearing and disappearing for years at
a time (GSN 069; G. Miniutti et al. 2023a), as well as showing
a long-term flux fading trend (eRO-QPEL; J. Chakraborty et al.
2024; D. R. Pasham et al. 2024a).
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In the last few years, many models have been proposed to
explain QPEs. The phenomenon may be related to tidal
disruption events (TDEs) and/or extreme mass ratio inspirals
(P. Sukovd et al. 2021; J. Xian et al. 2021; A. King 2022;
J. H. Krolik & I. Linial 2022; B. D. Metzger et al. 2022;
A. Franchini et al. 2023; 1. Linial & B. D. Metzger 2023; W. Lu
& E. Quataert 2023; H. Tagawa & Z. Haiman 2023; C. Zhou
et al. 2024a, 2024b). Alternative models propose that it is
connected to accretion disk instabilities or disk tearing (A. Raj
& C. J. Nixon 2021; X. Pan et al. 2022, 2023; K. Kaur et al.
2023; M. Sniegowska et al. 2023). However, all of these
models struggle to explain all the complex behavior of QPE
systems, and so, the nature of QPEs remains to be determined.
Crucially, more observational work is required to reveal further
physics and the emission mechanism of these intriguing
systems.

All previous X-ray spectral QPE studies exclusively focused
on data from the moderate spectral resolution X-ray instru-
ments such as the CCDs on board XMM-Newton and Chandra,
which offer the highest effective area, and result in the best
count rates. However, the very soft (kT ~ 50—100eV) black-
body-like spectral energy distribution (SED) of QPE sources
both during their quiescence as well as QPEs makes them also
ideal targets for X-ray gratings such as the Reflection Grating
Spectrometers (RGS) on board XMM-Newton, which operate
in this soft X-ray band (0.35—2keV). RGS gratings offer a
lower collecting area compared with the CCD instruments, and
hence worse statistics, but much better spectral resolution.
Therefore, with grating spectra, we may resolve individual
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spectral lines in these systems, revealing further the physics of
the QPE phenomenon. As an example, high-spectral resolution
X-ray grating spectra of two TDEs (J. M. Miller et al. 2015;
P. Kosec et al. 2023), which have X-ray spectral shapes similar
to those of QPE sources, revealed complex absorption line
spectra imprinted by ionized outflows.

By the end of 2023, individual QPE sources have been the
targets of intensive observational campaigns—e.g., XMM-
Newton has already observed GSN 069 for almost 2 Ms. Here,
we present the first in-depth high-spectral resolution study of a
QPE system, making use of this extensive archive of RGS
spectra on GSN 069. In Section 2, we describe our data
reduction and stacking procedures. In Section 3, we present our
spectral modeling approach of the RGS data set and the main
results of this study. In the following Section 4, we analyze the
simultaneous XMM-Newton European Photon Imaging Cam-
era (EPIC) data sets. Finally, in Section 5, we discuss our
findings and their implications and list the conclusions in
Section 6.

2. Data Reduction and Stacking

We analyze all XMM-Newton (F. Jansen et al. 2001)
observations of GSN 069 performed by the end of 2023 July.
These data were downloaded from the XMM-Newton Science
Archive and reduced using SAS V20, CALDB as of 2023
February. We primarily work with data from the RGS
(J. W. den Herder et al. 2001), but also reduce data from the
EPIC-pn and MOS instruments (L. Strider et al. 2001;
M. J. L. Turner et al. 2001).

RGS data were filtered using standard methods with the
RGSPROC routine, while centering the extraction region
position on the location of GSN 069. Any background flares
were filtered with a threshold of 0.25 counts s~ '. We primarily
work with observational background spectra, but also tested the
robustness of our results using blank field backgrounds. Data
from the two RGS instruments (RGS 1 and 2) were not stacked,
instead, we always analyze them simultaneously using an extra
cross-calibration constant parameter. The value of this constant
was always within 10% of unity, indicating good agreement
between RGS 1 and RGS 2. We binned the RGS spectra by a
factor of 3 to achieve mild oversampling of the instrumental
spectral resolution. This was achieved with the “bin” command
in the SPEX fitting package (J. S. Kaastra et al. 1996). The
wavelength range in which the RGS spectra are used varies
from data set to data set. We use as broad of a wavelength band
as possible, and only cut off any range that has no source
signal. This often happens on the lower end of the RGS
wavelength coverage (given the spectral softness of GSN 069).
The upper end of the wavelength range is 36 A, on the edge of
the fully calibrated RGS band. Additionally, we also removed
the 31-33.5 A region in all RGS 1 data sets as there is a large
spike in background flux at these wavelengths, greatly
exceeding the source flux in all data sets. In this region, we
only use RGS 2 data.

EPIC-pn and EPIC-MOS data were processed alongside the
reduced RGS data sets using the EPPROC and EMPROC
routines, and filtered such that only events of PATTERN <4
were accepted for pn data, and only events of PATTERN <12
were accepted for MOS data. The data were screened for
background flares using a threshold of 0.4cts™' in the 10
—12keV pn lightcurve. The source region for both instruments
was a circle with a radius of 35” centered on the position of
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GSN 069. The background region was a polygon on the same
CCD as the source, maximizing the region area while being at
least 125" away from the source. Background-subtracted EPIC-
pn lightcurves were then produced using the EPICLCCORR
routine. The data were grouped using the SPECGROUP
procedure to at least 25 counts per bin and at the same time
to oversample the instrumental resolution by at most a factor of
3. The EPIC-pn data are used between 0.3 and 4.0 keV, and the
EPIC-MOS data are used between 0.5 and 4.0 keV.

2.1. Stacking

Individual RGS spectra of GSN 069 have poor data quality
due to the faintness of the source. They have at most ~2000 net
source counts (RGS 1+2), but typically show only hundreds of
net counts. Therefore, we make use of data stacking. Initially,
we stacked the RGS 1 and RGS 2 spectra from all observations
together into just two spectral files (RGS 1 stack and RGS 2
stack). We note that we never analyze RGS 1 and 2 data
stacked into a single spectral file (such stacking is only done for
plotting purposes). Instead, we always stack individual RGS
exposures into one RGS 1 and one RGS 2 spectrum, which are
analyzed simultaneously using a cross-calibration constant.
This stacking procedure yielded two spectra totaling 12,544
and 13,451 net counts for RGS 1 and 2, respectively. This is a
very high data quality achieved using a combined net exposure
of about 1.6Ms. These stacked spectra are analyzed in
Section 3.1. While the source spectrum has many counts, as
GSN 069 is very faint, the background is comparable or
stronger than source flux throughout all of the RGS wavelength
range. For this reason, we perform further checks of the RGS
background in Appendix A.

Since there are over 25,000 net RGS counts in total, we were
able to do a data split. To track the time and state evolution of
GSN 069, we split the data set into three groups: (1) QPE state
(time during QPEs), (2) quiescent state with QPEs (time
between individual QPEs during QPE active observations), (3)
quiescent state without QPEs (observations when the source is
not showing any QPE activity). For clarity, we show these
three states using EPIC-pn lightcurves of two example XMM-
Newton observations in Figure 1.

To perform this split, we identified all observations in which
QPEs were observed, primarily using EPIC-pn lightcurves,
which were double-checked with RGS lightcurves. We
identified the intervals of QPE activity during each observation
(with a typical duration of 1—-3 ks) and saved them in good-
time interval (GTI) files. Then, for these XMM-Newton
observations containing QPEs, we extracted the RGS QPE,
and quiescence spectra using these GTI files. Finally, we
combined all data from the individual observations into these
three state stacks. The same kind of splitting procedure was
applied to the EPIC-pn and MOS data sets, using the same
GTI files.

We note that there are a number of observations performed
between 2022 November 30 and 2023 January 15 with
durations shorter than the typical time interval between two
consecutive QPEs. 11 out of 19 of these observations contain
QPEs. Here, we assume that GSN 069 was constantly in the
QPE active state during the period of time between 2022
November and 2023 January, despite the remaining eight
XMM-Newton observations not directly showing evidence for
QPEs. We include these eight observations in the quiescent
state with QPEs data set stack.
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Table 1
Details of the RGS Spectra in the Three Stacked Data Sets

State Name RGS 1

RGS 2

Net Exposure
(ks)

Net Counts Net Exposure Net Counts

(ks)

Quiescence without QPEs 448.7
Quiescence with QPEs 1042.5
QPE 108.5

4955 452.9 5222
5191 1054.3 5834
2503 109.1 2401

3 T T T T T T T T T T T T T T T
ObsID 0740960101 Quiescence without QPEs

3

[«

ObsID 0851180401 Quiescence with QPEs 1
i QPEs ]|

W

EPIC-pn net count rate / s’

Time
Figure 1. EPIC-pn lightcurves from two example XMM-Newton observations,

showing how we denote the three states of GSN 069 in this work: quiescence
without QPEs, quiescence with QPEs, and the QPE state.

The details of the stacked RGS data sets are given in Table 1.
Further details of all individual XMM-Newton observations are
listed in Table 4 in Appendix B. The quiescence state spectra
(with or without QPEs) both still have very good data quality
(around 10,000 net RGS counts each), while the QPE spectrum
has poorer quality with about 5000 net RGS counts due to the
lower net exposure time.

3. RGS Data Set Spectral Modeling and Results

All spectra are fitted in the SPEX (version 3.07.03) spectral
fitting package (J. S. Kaastra et al. 1996). To analyze GSN 069
spectra using this package, we converted the reduced spectra
from OGIP format into SPEX format using the TRAFO routine.
We quote all uncertainties at 1o significance level, and use the
Cash statistic (W. Cash 1979) for spectral fitting. We adopt a
redshift of z=0.018 for GSN 069 (D. H. Jones et al. 2009).

3.1. Stacked RGS Grating Spectrum of GSN 069

As the first step of this analysis, we consider the stacked
RGS spectrum of GSN 069 including all of the XMM-Newton
observations of this source. This is the highest signal-to-noise
RGS spectrum, but necessarily, it will also contain the most
observation-to-observation variability as it contains all the
states of GSN 069—the QPEs, as well as the quiescence. To
investigate the statistical significance of any tentative spectral
lines in the stacked RGS spectrum, we perform a Gaussian
line scan.

First, the spectrum is fitted with a baseline continuum model.
We chose a disk blackbody (DBB in SPEX) as the baseline
emission model. We note here that the definition of the DBB
temperature differs from the definition of temperature in the
popular DISKBB model in XSPEC, resulting in roughly a factor
of 2 difference between the two values when fitted to the same
spectrum.” We model the Galactic (nearly neutral) gas
absorption using the HOT model, where the gas temperature
is set to 1077eV, and its column density is fixed to
2.3 x 10°° cm™? (HI4PI Collaboration et al. 2016). Addition-
ally, we use the REDS model to take into account the redshift of
GSN 0609.

On top of this baseline continuum, we fit a Gaussian line,
which can have either positive or negative normalization (either
emission or absorption line allowed), and has a fixed
wavelength and width. The width is calculated from a
predefined line velocity width, and the wavelength is varied
according to a wavelength grid. We search the spectrum using
two representative line widths—100 km s~ ! (a narrow line) and
1000kms™" (a moderately broadened line). We use a
wavelength grid spanning the full energy range of the RGS
spectrum (18.5-36 A), spaced by 0.01 A. For each wavelength
in the grid, we fit the emission model with the additional
Gaussian line and recover the AC-stat fit improvement over the
baseline continuum.

While this AC-stat value cannot be precisely converted into
statistical significance of a potential line using a single
Gaussian scan (without performing Monte Carlo simulations)
as we did not account for the look-elsewhere effect, AC-stat is
still a good indicator of whether a feature is real. For
comparison, we highlight recent work on ultraluminous X-ray
sources (ULXs) and active galactic nucleus (AGN), where
much computational effort was spent to quantify how different
spectral fit improvements AC-stat (upon adding an outflow
component to the baseline continuum model) translate to
detection significance. Even though there is no universal rule
for this relationship, typically, a AC-stat fit improvement of
19-22 translates to a significance of about 30 (P. Kosec et al.
2018a, 2020b; C. Pinto et al. 2020). Conversely, a AC-stat fit

7 Further info on the DBB model can be found at https: //spex-xray.github.io/

spex-help/models/dbb.html.
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Figure 2. Top panel: RGS grating spectrum of GSN 069, obtained by combining all available XMM-Newton observations. Most of the wavelength range contains
RGS 142 data, stacked and overbinned for visual purposes only, except the range between 30.5 and 32.9 A (in GSN 069 rest frame), which only contains RGS 2 data.
The best-fitting continuum model is shown in red, and the observational background is in blue. Bottom panel: Gaussian line scan of the same spectrum. The Y-axis
defines the AC-stat fit improvement upon adding a line to the continuum-only model (multiplied by the sign of the spectral line normalization), with a line width of
either 100 km s~ (black) or 1000 km s~ " (red). Green dashed lines indicate the rest-frame wavelengths of transitions, which can plausibly explain the strongest

residuals.

improvement of about 30 usually translates to a significance of
40 (P. Kosec et al. 2018b; C. Pinto et al. 2021). We further note
that these ULX spectra, acquired also with XMM-Newton
RGS, typically have between 5000 and 30,000 net counts (RGS
1 + 2 combined), which is very similar to our GSN 069 RGS
data sets in this work. At least around 5000 net counts in the
combined RGS spectrum are necessary to begin detecting line
features at 30—40 level (P. Kosec et al. 2018a, 2021).

The results of the Gaussian line scan for the stacked RGS
spectrum are shown in Figure 2. The spectrum reveals two strong
spectral lines exceeding AC-stat of 50 at around 25 A, as well as a
large number of weaker (but still likely real) features with AC-stat
between 15 and 30. In this figure, we also list potential rest-frame
line identifications of these features taken from the spectral fits of
J. M. Miller et al. (2015) and P. Kosec et al. (2023), who studied
the RGS spectra of TDEs with similar spectral shapes as that of
GSN 069. The strongest two features seen in GSN 069 are both

close to the rest-frame wavelength of N VII, and appear to form a
P-Cygni shaped profile around this transition. Given the AC-stat
fit improvements of more than 50 for both the absorption and
emission components, its statistical detection significance is thus
far more than 40. Most of the other residuals appear to cluster
close to the rest-frame transitions of Ar XIII, XIV and S XIII, XIV.
All of these transitions produced prominent absorption lines in the
spectra of TDEs ASASSN-14li (J. M. Miller et al. 2015) and
ASASSN-20qc (P. Kosec et al. 2023), but the Ar and S transitions
are not usually strong in AGN warm absorber spectra as those
outflows are typically less ionized (e.g., Figure 9 of J. S. Kaastra
et al. 2011). We further note that all absorption residuals appear to
the blue of the rest-frame wavelengths (with a visually consistent
blueshift), while the emission residuals peak to the red of the rest-
frame wavelengths, supporting a possible P-Cygni shape origin.
Based on these spectral residuals and their positions, we conclude
that GSN 069 likely exhibits an ionized outflow, observed both in
absorption and emission.
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To begin understanding the kinematic properties of this
outflow, we use Gaussian lines to fit the two strongest residuals
located near N VII (rest-frame wavelength of 24.77 A). The best-
fitting absorption component wavelength is 24.48"593 A, indicat-
ing a blueshift of 35001439 km s~ if associated with N VII, and an

FWHM width of 38007139 kms™'. Conversely, the best-fitting

emission component wavelength is 25.0070:9¢ A, resulting in a

redshift of 28007300 kms ™', and has an FWHM width of
600033° kms .

3.2. State-resolved Photoionization Analysis

The presence of a large number of residuals in the RGS
spectrum of GSN 069 motivates us to apply more complex
photoionization spectral models, which can describe multiple
spectral features at once, and allow us to determine the physical
properties of the absorbing or emitting plasma. To describe these
features, we primarily use the PION photoionization spectral
model (M. Mehdipour et al. 2016). PION calculates transmission
through a slab of plasma illuminated by the continuum currently
loaded in SPEX. This comes at a significant computational cost,
but ensures the most accurate calculation of the plasma ionization
balance. PION can produce both absorption and reemission from
the illuminated plasma slab.

For this analysis, we also move away from a single stacked
RGS spectrum and instead separately study the three RGS
spectra of GSN 069 during its three different system states—
quiescence without QPEs, quiescence with QPEs, and QPE
state. The first two of these states offer sufficient quality RGS
spectra for data analysis, which will inform us of any long-term
trends in the evolution of the ionized outflow. The QPE data set
produces the lowest-quality RGS spectrum (due to the low
exposure), but also the highest flux, which could be causing a
bias in the overall RGS stack. Comparing the QPE and
quiescence with QPEs state spectra should allow us to probe
how the plasma responds to the QPEs on the short timescales of
kiloseconds and tens of kiloseconds.

3.2.1. Quiescent States with and without QPEs

The spectrum of quiescence without QPEs is the highest
signal-to-noise data set since GSN 069 generally shows higher
time-averaged X-ray flux (by about a factor of 2) in that state
compared with quiescence with QPEs (G. Miniutti et al.
2023b). Nevertheless, the two quiescence state spectra show
comparable spectral fitting results. The baseline continuum is
described using a DBB component with a best-fitting temper-
ature of 0.122 +0.002 keV for quiescence without QPEs and
0.109 £ 0.002 keV for quiescence with QPEs. This is absorbed
by Galactic, nearly neutral HOT absorption, same as was done
in the Gaussian line scan, and we also use the REDS model to
take into account the redshift of GSN 069. Additionally, we
tested for the presence of neutral absorption in the host galaxy
of GSN 069 by adding an extra HOT component redshifted by
z=0.018, but did not detect any significant column density.

We then apply two PION components to describe the ionized
absorption and emission separately, with the expectation (based
on the Gaussian scan results, Figure 2) that the absorption will be
blueshifted, while the emission will be redshifted. Here, the
absorber is assumed to be fully covering the X-ray emission
region from our point of view (PION parameter FCOV equal to 1),
and the emitter is assumed to cover the full 4 solid angle from
the point of view of GSN 069 (PION parameter ) equal to 1). As a
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first step, we fit the absorption and emission components
completely independently (without coupling any spectral para-
meters). Therefore, this fit does not assume any physical
connection between the absorption and emission lines. We fit
for the column density, ionization parameterlog(¢ /ergcms™ "),
systematic (outflow) velocity, and the velocity width of both
components. We also recover the fit improvement AC-stat upon
adding the ionized absorber over the baseline (DBB) continuum,
and the fit improvement upon adding the ionized emitter to the
baseline containing continuum and ionized absorption. The results
of this spectral fit for both the quiescent states are listed in Table 2
and shown in Figure 3.

In the quiescence without QPEs, we find that the absorber is
moving at a velocity of —2900 & 300 kms ', while the emitter
appears roughly stationary at 100350 km s~ (but with significant
uncertainties). Both components are relatively highly ionized at
log(¢ fergems™") ~3.86101) and 3.0+ 0.2 for the absorption
and emission, respectively, and show comparable column densities
of 102" ¢m 2. Importantly, the addition of the absorber to the
baseline continuum fit is highly statistically significant as it
improves the statistic by AC-stat =53. The emitter improves the
spectral fit by somewhat less, AC-stat ~ 23. This is still significant
at about 30 (P. Kosec et al. 2020b; C. Pinto et al. 2020).

In the quiescence with QPEs, the addition of ionized absorption
and emission is highly significant over the baseline continuum
with a fit improvement of AC-stat~77 and AC-stat ~ 46,
respectively. Both components show a column density of about
10" cm 2 and high ionization parameters log(& Jergems ') of
4.57+0.13 (absorber) and 3.957039 (emitter). The absorber is
moving with a velocity of —2340 = 120 kms ™', while the emitter
is redshifted by 2700499 km s~ .

The strongest spectral feature of both the absorber and the
emitter is the N VII transition, where our signal-to-noise is
highest, but other notable transitions that are present include
O v, Arxml, SX1v, S XIII, and C VI. We note that, while
during the quiescence without QPEs the absorption appears to
be stronger than the emission, the opposite is true for the
quiescence with QPEs where the ionized emission dominates,
particularly in the N VII transition.

The best-fitting 0.3—2.0keV X-ray flux is (6.7 £0.2) x
107 ergs™' em 2 for quiescence without QPEs and (3.55 &
0.11) x 107 erg s~' em ™ for quiescence with QPEs.

The relative similarity of the column density and the
ionization parameter of the absorber and the emitter motivates
us to couple these components. We couple both the column
density and the ionization parameter log(¢/ergems™ ') and
instead introduce a new variable parameter, 2, the solid angle of
the ionized emitter as seen from the ionizing source. Physically,
this combination would represent a 3D outflow launched from
GSN 069 in a range of directions (but not necessarily covering
47 of the sky of GSN 069). The outflow is seen directly along
the line of sight to GSN 069 in absorption, as well as through
reemission from the outflow regions, which are out of our line of
sight toward GSN 069. The remaining parameters of this more
constrained spectral model, the velocity width and outflow
velocity, are left decoupled.

We caution, however, that this is not a fully accurate
“P-Cygni” 3D model. In our first-order model, the kinematics
of the emitting gas are given phenomenologically with the
velocity width (derived from line widths) rather than using the
ratio of the ionized absorption and emission velocities based on
the geometric projection of the 3D outflow properties. More



Table 2
Spectral Fits of the Ionized Absorption and Emission Using the PION Photoionization Model, without Coupling Any Parameters between the Absorption and Emission Components
State Name Absorption Component Emission Component
Ny log ¢ Velocity Width Outflow Velocity A C-stat Nu log ¢ Velocity Width Outflow Velocity A C-stat
(1022 cm?) (erg cm s’l) (km s~ (kms™h (10*2 cm™?) (erg cm sh (kms™h (km s’l)

Quiescent without QPEs 11793 3.86701 1100 + 200 —2900 + 300 53.33 034731} 3.0+02 27007599, 10074990 23.76
Quiescent with QPEs 17404 4.57+0.13 490*39 —2340 + 120 77.31 13404 3.95+0% 15007359 2700735 46.37
QPE 1.0757 46402 400*3% —17003% 20.12 0.0273% 3.95" 1500 2700° 0.04
Note.

 Parameter value is fixed to the best-fitting value from the spectral fit of quiescence with QPEs.

10 Arenuef ¢zoz ‘(ddpg) 01:8L6 “TYNINO[ TVOISAHIOMISY THJ,

‘T8 19 0380y



THE ASTROPHYSICAL JOURNAL, 978:10 (24pp), 2025 January 01

Kosec et al.
Rest Energy / keV
0.65 0.6 0.55 0.5 0.45
| | Quiescence without QPES
0.8 r

> I
»206 ‘
Soal o VIl | q

O VIl [

ML

i | g

. Ar XIII |S X1V

. . L S X1V
0.6 - Quiescence with QPEs !
Ar XIII
0.5
Y
< 04
"5
> 03 ‘L
=
3 e
O
0.2
0.1 | _
0r 4
lll II I || 1 1 I‘ 1 1
20 22.5 25 27.5 30 32.5 35
Rest Wavelength / A

Figure 3. RGS spectrum of GSN 069 during quiescence without QPEs (top panel) and quiescence with QPEs (bottom panel). Most of the wavelength range (shown in
GSN 0609 rest frame) contains RGS 142 data, stacked and overbinned for visual purposes only, except the range between 30.5 and 32.9 A, which only contains RGS 2
data. The best-fitting continuum-only model is shown in green, while the outflow model is in red, and contains both ionized absorption and emission (the decoupled
spectral model). The most prominent spectral features are identified with red labels. The background spectrum is in blue.

complex spectral models such as WINE (A. Luminari et al.
2018) or XRADE (G. A. Matzeu et al. 2022) would likely
provide a more physical 3D kinematic description of the
outflow. The application of more advanced wind spectral
models is beyond the scope of this first discovery paper.

The results of this second spectral fit are shown in Table 3.
The coupled absorption—emission fit is slightly worse than the
previous decoupled one (as it has fewer free parameters), and
the addition of the coupled emission improves the absorption-
only fit of the quiescence without QPEs by AC-stat ~ 17, and
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Table 3
Spectral Fits of the Ionized Absorption and Emission Using the PION Photoionization Model, While Coupling the Column Density and Ionization Parameter between
the Absorption and Emission Models

Absorption Component

Emission Component

State Name
Velocity Outflow
Nu log ¢ Width Outflow Velocity ~ Solid Angle  Velocity Width Velocity A C-stat
(102 ecm™?)  (ergemsh (kms™") (kms™ ") Q/4n (kms ") (kms )
Quiescent with- 09+02 4.1343% 6007300 —27007599 09+03 2200785 29001959 16.99
out QPEs
Quiescent with QPEs 1.4+0% 45140.12 470%39 —2340 + 120 11594 1100 4 400 2800 = 300 38.17
QPE 1.0+9% 46+02 4007599 —17003% 0.067932 1100* 2800° 0.05
Note.

 Parameter value is fixed to the best-fitting value from the spectral fit of quiescence with QPEs.

of the quiescence with QPEs by AC-stat ~ 38. Importantly, we
find a solid angle /47 of 0.9+ 0.3 for quiescence without
QPEs and 1.170% for quiescence with QPEs. In other words,
with such a best-fitting solid angle, the emitter is consistent
with covering the whole 47 sky from the point of view of GSN
069. We note that this statement about the outflow solid angle
is made purely based on the strength of the emission lines in the
PION model, and not based on any line kinematics (or a more
physical P-Cygni line shape analysis).

We also note that the outflow velocity of the emitter in the
quiescence without QPEs shifts to 29007500 kms ' (which
may explain the observed difference in the fit quality) and is
now consistent with the redshift of the emitter during
quiescence with QPEs. This likely occurs due to the limited
signal-to-noise in the emission component.

As a further step, we consider that the outflow has nonsolar
elemental abundances. Recent work by J. M. Miller et al.
(2023) on the TDE ASASSN-14li indicated a very high
nitrogen overabundance (N > 100 over solar ratios) compared
with other elements. This could also be the case in GSN 069. In
fact, the UV spectra of GSN 069 (from the Hubble Space
Telescope) show overabundance of nitrogen (Z. Sheng et al.
2021).

We free the N abundance in the PION model for both the
ionized absorber and the emitter, linking this parameter
between the two components, and refit. For quiescence without
QPEs, the best-fitting N abundance is 1172 for the decoupled fit
and 1178 for the coupled fit. The introduction of N abundance
as a free parameter further improves the spectral fit by
AC-stat ~ 17 for the decoupled fit and by AC-stat ~24 for
the coupled fit. For the quiescence with QPEs, we obtain an
N abundance of 4073 for the decoupled spectral fit and an
N abundance of 5073) for the coupled fit. Freeing the
N abundance improves the fit by AC-stat ~40 (for the
decoupled fit) or by AC-stat~32 (for the coupled fit).
Therefore, it appears that N is likely strongly overabundant
in comparison with other metals in GSN 069. As we have
limited data quality, we only perform this procedure for N,
which shows the strongest spectral feature (N VII transition).
Caution is still required when interpreting this result consider-
ing we have a limited number of plasma line detections to make
this measurement, but it is statistically significant and in line
with the UV spectroscopic results by Z. Sheng et al. (2021).

As a final step, we perform a combined fit of both quiescence
states to determine the most likely N overabundance value. We
use the coupled absorption—emission model and simultaneously fit

the two RGS data sets while keeping all of the physical
parameters decoupled except the N abundance. This results in a
best-fitting N abundance of 247, Fitting for the N abundance
slightly shifts the other best-fitting ionized absorber and emitter
parameters, but for nearly all parameters, these shifts are within 1o
—20 uncertainties of the original values.

3.2.2. QPE State

The QPE RGS spectrum has the highest count rate, but also
the briefest total exposure, and thus the lowest total count
statistics. During the QPEs, GSN 069 is known to harden, a
spectral shape that can be reproduced by the quiescent state
DBB component plus an extra soft blackbody with a
temperature of about 100 eV. We therefore add this blackbody
to the baseline continuum from the quiescence with QPEs, and
fit for its temperature and normalization. To reduce the fitting
degeneracy, we fix the temperature of the DBB component to
the best-fitting value from the quiescence with QPEs.

We then follow the same procedure as for the other two
states. The results are shown in Tables 2 and 3, and in Figure 4.
We find evidence for blueshifted absorption even in this lower-
quality spectrum. Including the absorber improves the fit by
AC-stat ~ 20, so it is detected with a significance of about 3o.
However, the detection likelihood is boosted by the fact that the
absorber properties during the QPE state are consistent with
those during quiescence with QPEs. We do detect a potential
shift in the outflow velocity from —2340 + 120km s~ ' during
that state compared with —1700388 kms~' during the QPE
state. With the harder SED during the QPE state, the N VII
transition is no longer the strongest spectral feature. Instead, we
observe absorption from O VIII, and from the Fe transitions in
the Fe unresolved transition array.

Surprisingly, we do not detect any ionized emission in the
QPE state. The addition of an emission PION component does
not significantly improve the spectral fit. We calculate the
upper limit on the emitter column density or its solid angle by
assuming the same ionization parameter, velocity width, and
outflow velocity as during the quiescence with QPEs. We
obtain a column density of less than 0.11 x 10** cm ™2 and a
solid angle /47 of less than 0.28.

We also tested for nonsolar N abundance during the QPE state,
but due to the lower data quality, we were not able to obtain
any meaningful constraints using this data set. The best-fitting
03 —2.0keV X-ray flux for this state is (1.13 £0.07) x
1072 erg s~ cm™
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Figure 4. Same as Figure 3, but showing the QPE spectral state.

3.3. Further Data Quality Checks

For the RGS spectra of each of the three states, we also
consider other interpretations for the observed spectral features.
First, we consider that some of these features could originate
from absorption in the hot phase of the Galactic interstellar
medium (ISM). To test this possibility, we add an extra HOT
absorption component in our baseline continuum (disk black-
body) fits. To model hot ISM, we fix the temperature of this
component (at rest with z=0) to 0.1 keV. Then, the spectral fit
is rerun, and we determine the fit improvement AC-stat as well
as the best-fitting hot ISM column density. We found that the
addition of this component is not statistically significant in any
of the three state spectra, with fit improvements of at most
AC-stat ~ 1. The best-fitting column density was less than
10*° cm ™2 in all cases. Hot ISM can therefore not explain the
observed absorption features.

Additionally, as the GSN 069 X-ray flux is very low, the
source spectrum is on the same level or below the RGS
background flux level for a significant fraction of the
wavelength range. This is especially important for the spectrum
of quiescence with QPEs, which is background dominated
throughout all of the wavelength range. In general, RGS
background is relatively stable, and so, the background
subtraction should be accurate. Nevertheless, we perform an
additional check of our spectra with alternative background
spectra. For this check, instead of instrumental background
accumulated during the actual observations (from the edges of
the RGS CCD chips), we use blank field RGS backgrounds. In

this case, the background subtraction is significantly worse than
the instrumental background subtraction. Across the wave-
length range, we observe broad continuum residuals correlated
with background flux, and the agreement between RGS 1 and
RGS 2 data is no longer within 10% as it is with instrumental
background. Nevertheless, the same spectral features are still
present in background-subtracted source spectra. We find that
the addition of an ionized absorber improves the quiescent state
without QPEs' baseline (DBB) continuum fit by AC-stat =30,
and the quiescent state with QPEs' baseline fit by AC-stat
=82.13. As the source flux is significantly higher during the
QPE state, we did not perform this check for the QPE
spectrum.

Third, we consider that we may not have matched the
observed spectral residuals with the correct elemental transi-
tions. To verify our identification, we perform a systematic,
automated grid search of the RGS spectra for plasma in
absorption over a broad range of possible ionization para-
meters, outflow velocities, and velocity widths. This search is
described in further detail in Appendix C, and shows that we
have indeed found the global best fit for the ionized absorber
physical properties in the GSN 069 RGS data.

Finally, we test alternative ionizing mechanisms for the
observed features. With the application of the PION model, we
explicitly assumed that the plasma is photoionized, which may
not necessarily be the case. Instead, the plasma may be
collisionally ionized, for example by shocks, as was recently
found for one of the ionization zones of the outflow in the AGN
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NGC 4051 (A. Ogorzalek et al. 2022). We test this scenario
with collisional ionization spectral models. We use the HOT
model to describe the absorption features and the CIE model
(J. S. Kaastra et al. 1996) to describe the emission. We found
that CIE at solar abundances cannot reproduce the observed
emission as the strongest observed emission line is N VII. A
high abundance of N compared with O (N/O ~ 40—70), and a
high temperature (~0.3 keV) are required to observe a strong
N VI line without observing a strong N VI line and not
detecting strong O VIII or O VII emission lines. However, even
then, the collisional spectral models are not preferred over the
photoionization models presented above. The photoionization
models are preferred in both quiescent state spectral fits by at
least AC-stat ~ 15. Finally, we test an alternative where the
emission lines are produced by photoionization (described with
PION), but the absorption lines are from collisionally ionized
plasma. However, this solution is not statistically preferred in
any of the spectral fits (in any of the three GSN 069 states) over
pure photoionization.

4. Residuals in XMM-Newton EPIC Spectra

G. Miniutti et al. (2023b) previously showed that XMM-
Newton EPIC spectra of GSN 069 in quiescence also contain a
strong absorption residual, which can be reproduced with
ionized absorption. This EPIC residual is located at 0.6
—0.8keV, where our RGS data sets have little signal during
both quiescent states (the spectra lose all source counts above
~0.65 keV, Figure 3). Hence, the strong lines that we observe
in the RGS are different spectral features than this 0.6—0.8 keV
residual seen in EPIC data. For comparison, the N VII lines we
resolve in the RGS data are located at ~0.5 keV, and most of
the remaining notable residuals are at even lower energies
(Figure 2). By applying the XSTAR photoionization model,
G. Miniutti et al. (2023b) were able to fit the EPIC residuals
with a warm absorber with an ionization parameter
log(§/erg cm s~') of about 0.5 and a column density of
(5—-7) x 10*' cm 2. However, this interpretation is only
tentative given the limited spectral resolution of EPIC-pn and
MOS detectors of about 100 eV, resulting in a resolving power
of R < 10 in this energy range.

Now, the RGS data on GSN 069 can help identify the nature
of these EPIC residuals. Any ionized plasma, for example a
warm absorber fitted to the EPIC data, will also produce
spectral features across the RGS energy band. Conversely, the
ionized emission and absorption models we fitted to the RGS
data will also produce spectral features across the EPIC energy
band. Thus, by combining these two data sets, we will obtain a
better understanding of the ionized plasma in the vicinity of
GSN 069. We begin addressing this question here, but stress
that we perform only a preliminary analysis of the EPIC data
set on GSN 069. A rigorous combined RGS-EPIC analysis is
not straightforward for very soft X-ray sources such as GSN
069 (as discussed in P. Kosec et al. 2023) and is beyond the
scope of this discovery paper.

4.1. Quiescent States with and without QPEs

As described in Section 2, alongside the state-resolved RGS
data reduction, we also perform EPIC (pn and MOS) data
reduction, and hence obtain simultaneous EPIC spectra. To
begin describing these data, we first fit them with a base
continuum model. The spectra are analyzed in the energy range
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between 0.3 and 4.0 keV (EPIC-pn) and 0.5-4.0keV (EPIC-
MOS), and are shown in the top panels of Figure 5 (quiescence
with and without QPEs) and Figure 6 (QPE state). Above 1.0
—1.5keV, the source is comparable or weaker than the
background, but we do observe a hard tail inconsistent with a
Wien tail of a blackbody or a disk blackbody. The presence and
the nature of this hard component are speculative in GSN 069,
but appear to be statistically significant in these stacked data.
We will not focus on the physical interpretation of this new
continuum component, but it must be included in our fitting to
correctly model the absorption residuals. Above 4keV, we
observe no significant source signal, and so ignore all higher-
energy counts.

The continuum model is similar to the one we used for the
RGS data, but with an additional power-law component
describing this hard tail. The power law has a typical slope
in the range between 2.5 and 3.0 (depending on the exact
spectral fit and GSN 069 state), softer than a standard AGN
corona emission. To make this new continuum SED more
physical, we add a lower exponential cutoff to prevent the
power-law luminosity from diverging at low energies (and
crashing the photoionization SED calculation), and set the
cutoff parameter to be equal to the disk blackbody temperature
(assuming that the accretion disk provides seed photons for this
power-law emission). For this operation, we use the ETAU
model in SPEX. Therefore, the baseline continuum model is
HOT X REDS X (DBB+POW X ETAU) for both quiescent states,
and HOT x REDS X (DBB+BB-+POW X ETAU) for the QPE state.

The results of these continuum spectral fits are shown in the
top two panels of Figure 5 (quiescence with and without QPEs)
and Figure 6 (QPE state). In both quiescent states, we observe a
highly significant absorption residual at 0.6—0.8keV, in
agreement with the results of G. Miniutti et al. (2023b). The
strength of this residual is clear from the high C-stat fit statistics
of both quiescence without QPEs (C-stat =773 for 83 degrees
of freedom, hereafter D.o.F.) and quiescence with QPEs
(C-stat = 604 for 105 D.o.F.) spectral fits. On the other hand,
a dominant 0.6—0.8 keV residual is not present in the QPE
state spectrum, and instead, we observe (a weaker) absorption
residual at 0.9—1.0keV.

We begin the photoionization analysis by reproducing the
warm absorber spectral fit from G. Miniutti et al. (2023b) for
both quiescent states, using a PION component at rest (no
outflow velocity). The best-fitting column density is around
3 x 10%! cm_z, comparable with their result; however, we
obtain an ionization parameter log(¢/ergecms™') of about
—0.75. This discrepancy could be due to either differences
between the PION and XSTAR codes (M. Mehdipour et al. 2016)
or a different SED adopted between our work and G. Miniutti
et al. (2023b). In any case, such a warm absorber describes our
EPIC residuals reasonably well, reducing the C-stat of
the quiescent state without QPEs spectral fit to only 132 (for
81 D.o.F) and the C-stat of the quiescent state with QPEs fit to
222 (for 103 D.o.F.).

However, this ionized absorption model produces strong
narrow lines throughout the 0.3—1keV energy band, unre-
solved in EPIC data but resolved by the RGS. These lines are
not present in the RGS data from the same GSN 0609 states, and
so, warm absorption cannot be the explanation of the EPIC
residuals. Using the RGS data sets, we place an upper limit of
just 3x10*°cm > for a warm absorber at rest with
log(§/ergcm s~ 1) equal to the best-fitting value from the EPIC
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Figure 5. XMM-Newton EPIC spectrum of GSN 069 during quiescence without QPEs (left) and quiescence with QPEs (right). Top panels: EPIC-pn data (MOS1 and
MOS2 not shown for clarity) fitted with a base continuum model (green) and with the RGS outflow model (red). Background is shown in cyan. The broad UFO
models appear very similar to the RGS outflow models (red) in this log-log plot and so are not shown for clarity. Lower three panels: residuals (pn in black, MOS1 and
MOS?2 in blue) to the continuum, RGS outflow, and broad UFO model spectral fits, respectively. Values of the C-stat fitting statistic are listed for each fit on the
bottom right. The number of degrees of freedom is given for the continuum fit on the top right. The RGS outflow and broad UFO models both have 4 less D.o.F.

compared with the base continuum.

analysis. This is a factor of 10 lower than what is required by
the EPIC data.

The first alternative explanation for these EPIC residuals is
that they are produced by the same ionized plasma, which
imprints the RGS spectral features. To investigate this
possibility, we used the same PION models applied to RGS
data to fit the EPIC spectra. This does not result in a fit statistic
improvement under the assumption of solar abundances.
However, the RGS data show intriguing evidence that the
outflow abundances are nonsolar, with a strong N over-
abundance. As a second step, we apply PION models modified
to include the best-fitting N abundance of 24 (fixed) from the
combined quiescent state RGS analysis. Given the limited
spectral resolution of EPIC, we simplify the original PION
photoionization models. We freeze all PION outflow velocities
and velocity widths to the best-fitting values from the RGS
analysis (coupled emission-absorption analysis with tied N
abundance), and only fit for PION column densities and
ionization parameters, in addition to the underlying continuum
properties.

These models work much better with the EPIC data, and
produce reasonable spectral fits, shown in the third row panels
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in Figure 5. The statistic improves to C-stat=92 (79 D.o.F.)
for quiescence without QPEs, and to C-stat = 152 (101 D.o.F.)
for quiescence with QPEs. Effectively, all of the systematic
residuals are removed from the EPIC spectra. However, we
note a discrepancy between the best-fitting outflow parameters
from these fits and the RGS data set analysis. The best-fitting
column density for the ionized absorber (in both GSN 069
states) is (3—4) x 10*' cm 2, and its ionization parameter
log(¢/ergems™ ') is only 2.5—2.8. This is much lower than
that found in the RGS analysis (Table 2). The best-fitting
parameters of the ionized emitter roughly match those from the
RGS analysis for the quiescence with QPEs with a column
density of 2.170¢ x 102cm 2 and log(¢/ergems ') of
4827097 but no emitter is found in the EPIC spectrum of
quiescence without QPEs. Given the discrepancy in the
ionization parameter of the absorber, we did not attempt a
coupled analysis as with the RGS data set.

This is a considerable discrepancy, but we note that some
differences are expected due to the mismatch between the
spectral resolution of the two instruments, due to the different
energy bands adopted, as well as due to any residual calibration
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Figure 6. XMM-Newton EPIC spectrum of GSN 069 in the QPE state. Top
panel: EPIC-pn data (MOS1 and MOS2 not shown for clarity) fitted with a base
continuum model (green) and with the RGS outflow model (red). Background
is shown in cyan. Lower two panels: residuals (pn in black, MOS1 and MOS2
in blue) to the continuum and RGS outflow model spectral fits, respectively.
Values of the C-stat fitting statistic are listed for each fit on the bottom right.
The number of degrees of freedom is given for each fit on the top right.

differences. Additionally, the ionizing SEDs are not the same in
the RGS and EPIC analyses, especially in the harder band
where we included a hard tail for the EPIC continuum model.
To begin assessing the effect of these different SEDs, we added
the hard tail component from the EPIC continuum model (with
the slope and normalization fixed to the best-fitting values from
EPIC data for each state) to the RGS analysis for each state.
This did not significantly shift any of the best-fitting outflow
properties in the RGS analysis. It is thus unlikely that SED
differences are the main driver of the outflow parameter
discrepancy. However, a more thorough combined RGS-EPIC
analysis is required.

At this stage, it is not clear if the observed difference can be
reconciled only with the instrumental and modeling reasons
mentioned above. A possible alternative explanation is that the
RGS outflow is multiphase, and the limited signal-to-noise
RGS data reveal just one phase as they are only sensitive below
0.65 keV, while another phase is more clearly imprinted on the
higher-energy EPIC data, which is more sensitive above
0.6keV (thanks to the resolving power improving with
increasing energy). A detailed simultaneous RGS-EPIC
analysis to investigate this hypothesis is beyond the scope of
this discovery paper and will be performed elsewhere.

A second possibility is that the outflow seen in the RGS data
is not the origin of the EPIC residuals, which are instead
imprinted by a highly blueshifted, high-velocity width ultrafast
outflow (UFO). Such a broad UFO can produce a single
dominant, highly broadened absorption feature and thus
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reproduce the observed residual in both quiescence spectra.
This interpretation was proposed by E. Kara et al. (2018) and
D. R. Pasham et al. (2024b) to fit similar broad absorption
residuals observed between 0.5 and 1 keV in two TDEs. To test
this hypothesis, we apply a UFO model to both quiescent state
EPIC spectra, again using an extra PION photoionization
component. The spectral fit quality is strongly improved for
both states, down to C-stat=87 (79 D.o.F.) for quiescence
without QPEs and C-stat =229 (101 D.o.F.) for quiescence
with QPEs. Therefore, the spectral fit quality is comparable
between the two interpretations for quiescence without QPEs,
while the first interpretation (RGS outflow) is somewhat better
than the UFO hypothesis for quiescence with QPEs. The best-
fitting UFO properties are similar for both GSN 069 states. We
obtain a column density in the range of (4—10) x 10*' cm 2,
an ionization parameter log({/ergcm s of 2.6-29, a
velocity width of (0.13—0.17)c (full width at half-maximum),
and a blueshift of (0.23—0.30)c. These parameters are
comparable to the results of UFO modeling in TDEs (E. Kara
et al. 2018; D. R. Pasham et al. 2024b).

Importantly, these UFO absorbers produce very broad
absorption features, and thus imprint only weak features in
the RGS spectra, which have lower count rates and statistics.
To assess if the UFO models are allowed by the RGS spectra,
we added the best-fitting UFO absorbers to the previous
continuum + ionized outflow spectral fits (of the RGS data) for
both quiescent states. Doing this does not significantly modify
these spectral fits apart from needing continuum normalization
adjustment. After refitting these normalizations, the differences
in fit quality are very small, in both cases lower than
AC-stat ~ 6. Therefore, the RGS data do not disagree with
the UFO hypothesis.

4.2. QPE State

While we had difficulties reproducing the EPIC spectra of
the quiescent states with the RGS outflow models, this is not
the case for the QPE state EPIC spectrum. Instead of a strong
0.6—0.8 keV residual, the QPE state spectrum shows a weaker
feature at 0.9—1.0keV. An ionized absorber model with
kinematics (velocity width and outflow velocity) fixed to those
from the RGS spectral analysis, and an N overabundance of
N =24 is a good fit to the EPIC data, improving the fit to
C-stat = 133 for 97 D.o.F. The fit improvement is clearly seen
in the residual plots comparing this fit with the baseline
continuum one (lower two panels in Figure 6). The fit results in
a best-fitting column density of 1.670% x 102cm ™ and a
log(§/ergcm s_l) of 5.03 £0.10. Both of these values are
comparable within 20 with the results for this component from
the simultaneous RGS analysis.

To see if a broad UFO could still be present in this spectrum,
we added a PION component with the best-fitting “broad UFO”
properties from quiescence with QPEs. This significantly
worsens the fit by AC-stat of about 100, and introduces an
emission spectral residual around 0.7-0.8 keV. In principle, the
UFO could be overionized by the QPE flux and increase in
log(§/ergcm s7"). To test this, we free the UFO component
ionization in the spectral fit. We are unable to constrain the
component ionization parameter as its value hits the upper
bound of the PION model, but we obtain a lower limit
of log(¢ ferg cms ') = 6.2 for the UFO component ionization.
Hence, the ionization would have to increase by a factor of
more than 1000 to agree with the EPIC QPE data set, assuming
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its column density and kinematics do not vary over the course
of individual QPEs. At such high ionization, practically all of
the absorption signatures of this component are gone. We thus
conclude that the EPIC QPE spectrum of GSN 069 can be
entirely explained by the outflow detected in the RGS data set,
and no UFO component is required in this state.

5. Discussion

We perform the first high-spectral resolution X-ray study of
a quasiperiodically erupting source by leveraging the extensive
archive of XMM-Newton observations on GSN 069. In the
stacked RGS spectrum (totaling almost 2 Ms of raw exposure
time), we resolve an array of emission and absorption lines.
The statistical detection significance of the strongest individual
line, identified as N VII, by far exceeds 40. Next, we perform a
data set split based on the GSN 069 flux state and apply
photoionization spectral models. We confirm that an outflow is
significantly detected both in absorption and emission in
quiescence without QPEs (when no QPE activity is observed)
and quiescence with QPEs (in-between individual QPEs), and
detected only in absorption at around 30 significance in
the QPE state (during the QPEs). After establishing that
the observed spectral residuals cannot be due to Poisson noise,
we performed a number of checks to make sure we interpret
their nature correctly. These features cannot be consistently
explained by an ionized absorber with a different ionization
state, outflow velocity, or velocity width (Appendix C). The
features are observed even if we use blank field backgrounds
instead of observational background files. Finally, they cannot
originate from hot ISM in our Galaxy.

To sum up, we detect an ionized outflow in GSN 069, seen
both in absorption and emission. The column density of
the outflow is about 10%? cmfz, with an ionization parameter
log(¢ /ergems™ ") of 3.9-4.6 and a projected velocity of
1700 — 2900 km s~ '. The observed absorption and emission
components can be linked together, and interpreted as a single
outflow moving away from GSN 069 with a velocity of about
2500 km s, consistent with covering the full 47 sky from the
point of view of the ionizing source.

This is the first confirmed detection and detailed character-
ization of an ionized outflow in a QPE system. Such
phenomena may be present in other sources of this class, but
it is very challenging to detect them. By exploiting nearly 2 Ms
of XMM-Newton observations, we pushed the RGS instrument
to the limit and detected an ionized outflow in this relatively
faint X-ray source. Megasecond-duration observational cam-
paigns (with high-resolution X-ray instruments), or next-
generation X-ray instruments will be necessary to detect
outflow signatures in the fainter QPE sources (such as
RX J1301.94-2747; M. Giustini et al. 2020) at a similar level
as we did here in GSN 069.

Future instruments offering high-spectral resolution in the
soft X-rays as well as an improved effective area, such as
NewAthena (K. Nandra et al. 2013), Line Emission Mapper
(R. Kraft et al. 2022), or Arcus (R. K. Smith 2020), are going to
be crucial in revealing further properties of ionized outflows in
GSN 069 and other QPE systems. To judge the performance of
one of these instruments for the case of GSN 069, we
performed a 60ks NewAthena X-ray Integral Field Unit
(X-IFU; D. Barret et al. 2023) observation simulation of the
quiescent state with QPEs (the faintest state of GSN 069,
for a conservative simulation). We simulated the best-fitting
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Figure 7. Simulation of a 60 ks NewAthena X-IFU observation of GSN 069 in
quiescence without QPEs. We used the decoupled absorption—emission
spectral model, the same as shown in Figure 3 (bottom panel).

decoupled absorption—emission outflow model and used the
newest NewAthena responses (from 2024 March), assuming
the goal 3 eV spectral resolution of the X-IFU instrument. The
result is shown in Figure 7. Even the brief 60 ks observation is
sufficient to detect the outflow at a very high significance, with
a fit improvement of AC-stat> 1500 over the baseline
continuum. Thus, with NewAthena it will be possible to detect
the outflow and characterize it in a single pointing, and track its
evolution with time.

In the last part of this analysis, we explored the spectral
residuals in the simultaneous EPIC data sets of GSN 069,
previously found in the 0.6—0.8keV energy range by
G. Miniutti et al. (2023b). We confirm these residuals are
present during both quiescent states, and find that they can be
reproduced by an outflow of the same kinematic properties as
the one detected in the RGS data, but likely with a much lower
ionization parameter. This would indicate a multiphase nature
of the outflow, one phase producing spectral features more
strongly in the RGS data, while the other dominates in the
EPIC band. Alternatively, the residuals may not originate
entirely from the outflow seen in the RGS, but instead could
include contributions from a highly blueshifted UFO in
absorption whose broadened spectral features cannot be
detected with the RGS because of lack of signal-to-noise. This
highly broadened UFO would have a projected velocity of
about 0.2-0.3c and hence be kinematically unrelated to the
outflow seen in the RGS.

On the other hand, curiously, the QPE state EPIC spectra do
not need any extra ionized absorption to reproduce the
observed residuals. The outflow seen in RGS completely
reproduces these features.

At this stage, both solutions for the EPIC residuals are
plausible, and further analysis of the combined RGS and EPIC
data set is needed. In this initial analysis, we ignored any long-
term variability of GSN 069 since 2010 by stacking the data
simply by spectral state. However, any variability in the Wien
tail of the blackbody, or variability in the ionization and
column density of the ionized outflow could bias the
interpretation of the EPIC residual, which is very broad but
located where EPIC has very limited spectral resolving power.
In any case, both hypotheses indicate a likely complex
ionization, and possibly also kinematic structure of outflowing
plasma in the vicinity of GSN 069.
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5.1. Comparison between the States of GSN 069 and with TDE
lonized Outflows

By splitting the RGS data set, we are able to track the
evolution of the plasma properties during the different spectral
states of GSN 069. The plasma column density appears to be
consistently around 1 x 10**cm 2 in both quiescent states,
comparable with the outflow detected in the TDE ASASSN-
141i (J. M. Miller et al. 2015). The column density of the
absorber during the QPE state is fully consistent with that
during the quiescence with QPEs. However, no emission
component is detected in the QPE state, with an upper limit
many times below the best-fitting column density or solid angle
from the analysis of quiescence with QPEs.

The ionization parameter of the outflow is quite high at
around log (¢ /erg cm s~ ") ~ 4, again very similar to the outflow
detected in ASASSN-14li. However, the outflow of GSN 069 is
much faster, as the observed velocity of the blueshifted
absorber in ASASSN-14li was only about 300kms '
(J. M. Miller et al. 2015). ASASSN-20qc, another TDE with
an X-ray-detected outflow (P. Kosec et al. 2023), shows an
outflow with a lower ionization of log(£ /erg cm s H~3 (plus
a less ionized second component). The velocity of the outflow
in ASASSN-20qc is higher than in ASASSN-14li at
900 km s~!, but even this is still much slower than what we
observe in GSN 069.

Importantly, neither of these TDE outflows show as strong
line emission components as GSN 069. J. M. Miller et al.
(2015) noted potential evidence for a weaker ionized emission
component in ASASSN-14li, while no such emission was
detected in ASASSN-20qc.

The velocity of the ionized emitter in GSN 069 (up to
3000 kms™") is surprising as it is comparable with the
projected velocity of the blueshifted absorber. In a scenario
where the outflow is axisymmetric, one would expect the
centroid of the emission line to be roughly stationary rather
than significantly redshifted, except part of its blue wing would
be affected by the line-of-sight absorption. This would apply
regardless of the emitter solid angle ) (which we measured
here using line strengths rather than using plasma velocity
structure). The redshift of the emitter could therefore indicate
that the velocity structure of the outflow is nonaxisymmetric.
At this time, it is unclear how this could occur in a QPE system.
Alternatively, the velocity structure of the absorbing material
could be much more complex, and affect the blue wing of the
emitting plasma more heavily than currently modeled in
the X-ray spectra. Unfortunately, this is difficult to probe with
the current data quality. A second possible alternative is that
the outflowing plasma is affected by gravitational redshift.
However, this constraint would place the outflow only
~100 Rg from the black hole, which is at odds with other
outflow location estimates discussed below. Finally, the true
outflow velocity could be significantly higher than apparent
from its blueshift due to projection effects. However, in this
case, we would expect the ionized emitter to have a
significantly higher velocity width, roughly comparable with
the true outflow velocity, and some velocity structure
nonaxisymmetry would still be required within the outflow.
Ultimately, further observations of GSN 069 are required to
improve the data quality and understand this velocity structure
discrepancy.

Intriguingly, the ionization parameter log(¢ /ergcms ') of
the outflow is higher in the quiescence with QPEs and in QPE
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state than during quiescence without QPEs. Using the coupled
spectral analysis results, we observe an increase in ionization
parameter of Alog({/ergcm s ") ~0.4. Assuming this
increase is purely due to a change in ionizing luminosity, this
would correspond to an increase in luminosity by a factor of
2.5. G. Miniutti et al. (2023b) showed that the power emitted in
the QPE is only a very small fraction (up to 15%) of the total
bolometric luminosity of GSN 069 (most of the power emitted
by the disk blackbody component is in the extreme UV),
making it unlikely to cause this log({/ergcm s~') increase
alone. However, we also note that, during the QPEs, the SED
of GSN 069 significantly hardens compared with both
quiescent states. The QPE variability amplitude is much higher
in the X-ray band compared with the bolometric value. Taking
the best-fitting luminosity above 0.3 keV of each component
from our spectral analysis, the flare-averaged QPE amplitude is
about 3, but rises to 13 when comparing just the luminosities
above 0.5keV, the photon energy needed to excite the
strongest observed outflow transition (N VII Lya). These
SED shape variations can thus directly explain the observed
higher ionization state of the outflowing plasma, despite little
variability in the bolometric luminosity of GSN 069.

Curiously, we do not detect any ionized line emission during
the QPE state, and place deep upper limits on its presence. The
redshifted ionized emitter as seen during the quiescence with
QPE:s is rejected by the QPE state data, assuming that it sees
the same SED as we observe during the QPEs. This
nondetection may have a number of explanations. The ionized
emission could weaken or disappear if the emitting plasma is
overionized. However, it is not clear why only the emitting
plasma would overionize without the same happening to the
absorbing plasma (which has a reasonably well-constrained
ionization parameter, Tables 2 and 3).

Instead, it is possible that the outflow is located so far away
from GSN 069 that the light travel time from the black hole to
the outflow is much longer than the time delay between
consecutive QPEs. In this case, any variability in the
illumination of the emission component (by the QPEs) would
be washed out due to the time travel delays, and the SED that
this emitter observes would be the weighted time average of the
QPE and quiescence with QPEs SEDs. This is not the case for
the ionized absorption, which sees the immediate increase in
the illuminating X-ray flux during the QPE as the absorber is
located directly along our line of sight toward the ionizing
source. In such a case, the contrast of the emission lines against
the source continuum would be much lower than during the
quiescence with QPEs because the QPE continuum is much
stronger than the weighted average of the QPE and quiescence
with QPEs continua. At the same time, this would likely
weaken the upper limit we obtained on the presence of ionized
emission (where we assumed that the emitter observes the
QPE SED).

An alternative explanation is that the ionized emission is
located relatively close to the black hole, but responds with a
delay due to light travel time of more than 1—2 ks (the duration
of the QPE). In that case, the response of the emitter to the QPE
would be extracted in the spectrum of quiescence with QPEs,
rather than directly in the QPE spectrum (which only contains
the QPE itself). This hypothesis could be tested by splitting
the quiescence with QPEs' spectrum into two halves by time
elapsed since the previous QPE. Unfortunately, we do not have
the data quality to achieve this with the current XMM-Newton
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data set. Further observations, specifically of the QPE active
state, are required.

We do not make any conclusions on the measurement of
plasma velocity widths. Since our spectra are composed from
large stacks of many individual observations, any evolution in
the outflow velocity (over the timescale of several years) would
imprint on these stacks by broadening the spectral lines. For the
same reason, it is difficult to draw strong conclusions about the
best-fitting outflow velocity and its evolution with GSN 069
state. We consider the outflow velocity generally consistent
across the different states.

Finally, we also tested for nonsolar abundances in the
outflow by fitting for the abundance of N, which in our data set
has the highest signal-to-noise elemental line (N VII). N appears
strongly overabundant with an abundance (with respect to other
metals) of 10—50. This is a rather high value, but we do not
consider this result abnormal as it is in line with the UV
spectroscopy of GSN 069 by Z. Sheng et al. (2021), who found
an N overabundance of at least 10. Similar unusual abundances
were also found in three optical and UV-detected TDE
outflows (S. B. Cenko et al. 2016; C. S. Kochanek 2016;
C. Yang et al. 2017), again indicating an overabundance of N
by at least a factor of 10. The most extreme of these cases is the
TDE ASASSN-141i, with an N/C overabundance of at least
300 in the X-ray-detected outflow (J. M. Miller et al. 2023).

For TDEs, such unusual abundances may indicate disruption
of massive, or stripped stars (J. M. Miller et al. 2023;
B. Mockler et al. 2024). In the former case, N/C over-
abundances of ~10 may be reached as the core of the star is
enriched with excess N, revealed and accreted as the star
is entirely disrupted. Even higher N overabundances
(N/C>100) can be achieved through the disruption of a
stripped star, a result of stellar binary interaction, because its
outer layers are disproportionately enriched with N (B. Mockler
et al. 2024). For GSN 069, the explanation may be analogous.
While there is currently no definitive proof that GSN 069
underwent a TDE, its long-term lightcurve strongly resembles
that of a partial TDE (G. Miniutti et al. 2023b). Additionally,
one of the other QPE systems, AT2019qiz, began its transient
activity as an optically selected TDE (M. Nicholl et al. 2024),
and another TDE, AT2019vcb, is a QPE system candidate
(E. Quintin et al. 2023). Hence, there is connection between
TDEs and at least some QPE systems. The UV and X-ray
measurements of N overabundance thus contribute to the
growing evidence that the recent activity of GSN 069 began
with a (likely partial) TDE, and the disrupted star was a
massive or a stripped star.

5.2. Outflow Location and Energetics

As this is the first detection of an outflow in a QPE source,
we establish constraints on its location and energetics. We note
that below we only calculate these quantities for the outflow
confirmed via the RGS spectra, not the potential UFO seen in
the EPIC data. We assume that the mass of the black hole in
GSN 069 is 10° M., (G. Miniutti et al. 2023b).

First, we put an upper limit on the distance of the outflow
from the ionizing source. This is given by the ionizing balance
of plasma, from the definition of the ionization parameter
E=Lion/ (nR?) (where Li, is the 13.6eV to 13.6keV ionizing
luminosity, n is the outflow number density, and R is the
distance from the ionizing source) and the definition of
the column density Ny =nAR (where AR is the thickness of
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the outflow layer):

R = Liong

© Nué R M

By assuming the maximum thickness of the absorbing layer
(AR/R = 1), we obtain the maximum distance of the outflow
from the ionizing source. We take the best-fitting values from
the coupled absorption—emission spectral analysis. The max-
imum distance derived from quiescence without QPEs is
9% 10" cm (6 x 10°Rg for a 10° M., black hole, 0.03 pc),
while the guiescence with QPEs provides a tighter upper limit
of 2 x 10" cm (1 x 10° Rg, 0.006 pc). Clearly, even the tighter
of these two limits is not very constraining (for illustration, the
inferred blackbody emitting radius of the QPEs themselves is
about 10° times smaller, G. Miniutti et al. 2023b), but the result
shows that we cannot be observing a galaxy-scale outflow.

By taking the projected absorber outflow velocity,
~2600kms~', and assuming that it is comparable to the
escape velocity at these radii, we can obtain a very rough
estimate for the outflow location. This value can be derived as
follows:

2
T =25Rq, @)
which is about 3 x 10% Rg, several times lower than its
maximum distance from the ionizing source from the ionizing
balance. However, we note that, due to the projection of the
outflow velocity into our line of sight, the true distance of the
outflow from the black hole may be lower than this value. At
the same time, its distance could also be higher if the outflow
velocity is hyperbolic.

For the ionized emission to respond to QPEs (without
washing out the QPE signal), the light travel time from GSN
069 to the ionized outflow must be shorter than the typical
recurrence time between the QPEs. The time between
consecutive QPEs (when in the QPE active state) is about
30ks (G. Miniutti et al. 2023b), corresponding to a distance of
about 6 x 10° Rg. From the observed outflow velocity alone, it
seems unlikely that the outflow (in emission) could respond to
the QPEs coherently.

Additionally, further constraints on the plasma location can
be placed by considering the response of the outflow in
absorption to the QPEs. The absorbing plasma sees the same
SED that we observe, with no time delays as is the case for the
emitting plasma. If it has sufficient number density, it should
react to the increase in the ionizing flux during the QPE and
adjust its ionization parameter (J. H. Krolik & G. A. Kriss
1995). This is not observed in our study, as the ionization
parameter does not appear to vary between the QPE and the
quiescence with QPEs. We stress that, given the current data
quality of the QPE state spectrum, this is not a strong
constraint, but it will become a crucial probe of the outflow
properties and location with higher-quality X-ray observations,
especially those with future X-ray observatories such as
NewAthena (K. Nandra et al. 2013), Line Emission Mapper
(R. Kraft et al. 2022), or Arcus (R. K. Smith 2020). With
higher-quality data, these sources will be perfect for the
application of time-dependent photoionization models such as
TPHO (D. Rogantini et al. 2022) considering the large and fast
variation of X-ray flux during the QPEs, and its effect on
ionized plasma.
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If the absorber does not respond during the QPE, its density
must be so low that the ionization and recombination time of
observed spectral line transitions is longer than the QPE itself.
Taking the strongest observed N VII transition, we used the
ASCDUMP feature of the PION model to determine the
recombination time of N VII as a function of number density.
For simplicity, taking the recombination time to be at least
2000s (roughly the duration of a QPE), we obtain an upper
limit on the outflow density of 10" cm . Applying this limit to
the ionizing balance equation, we obtain a lower limit for the
distance of the outflow from the black hole of 5 x 10" cm
(0.002 pc, 3 x 10* Rg), fully consistent with the estimate we
made using the outflow velocity argument, and with the upper
limit from the ionization balance.

Another relevant consideration is the flight time of the
ionized outflow, and how it could relate to GSN 069 and its
recent transient history. Assuming the outflow originates very
close to the black hole, at the average projected velocity of
2600 km s~ !, it will reach the distance of 6 x 10° Rg in about
3 x 10°s (40 days), the distance of 3 x 10* Rg in 200 days, and
the distance of 1 x 10° Rg in 700 days. Even if the outflow
does not decelerate over time (which is likely), its flight time to
the current location is shorter than the time elapsed since the
likely TDE event occurred in this source back in 2010. Hence,
it is unlikely that the outflow could originate from previous
possible AGN activity of GSN 069 (before 2010) and be a
remnant of that activity. The outflow is thus solidly associated
with the recent nuclear transient behavior of GSN 069.

Finally, we calculate the mass outflow rate and the kinetic
power of the outflow, assuming that it is continuously being
launched by GSN 069. In these calculations, we follow the
steps of P. Kosec et al. (2020a) in their Section 5.3. The mass
outflow rate can be estimated via two approaches. The first one
uses the ionizing balance of the outflow, and M, can be
obtained as follows:

Moy = 47mmvai£°” G 2

47 @
where p is the mean atomic mass (assumed 1.2 for solar
abundances), my, is the proton mass, and Cy is the volume
filling factor (unknown). This results in a mass outflow rate of
0.03—0.08 M, yr~ ' (for quiescence with and without QPEs,
respectively). We note that there are two caveats to this
calculation. First, we did not factor in the (unknown) value of
Cvy, which will decrease the estimate. Second, the true value of
the outflow velocity is higher than its line-of-sight projection
(which we used here), which will increase the estimate. These
caveats apply to the following calculations as well. The second
approach makes the assumption that the observed projected
outflow velocity is equal to the escape velocity.

Moy = 8mpm,GM “4)

v OR
where G is the gravitational constant, M is the mass of the black
hole, and 6R = AR/R is the relative thickness of the outflow
layer. Taking the most extreme case of AR/R =1 again, we
find a lower limit on the mass outflow rate (neglecting the Cy
factor again) of (3—7) x 107> M, yr~". If the outflow persisted
continuously until 2023 since the transient in GSN 069 began
in July of 2010 (for 13 yr) and its volume filling factor is high,
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the total ejected mass should be at least 0.04 M, but more
realistically around 0.3—1.0 M.,

Therefore, if the transient in GSN 069 began by a tidal
disruption of a ~M,, star, a significant fraction of its mass
could have been ejected via this wind over the past 13 yr.
However, we stress we did not account for the volume filling
factor of the plasma, which is unknown and could be much
lower than 1, thus reducing the total mass in the outflow.

Finally, the kinetic power of the outflow is simply

Bian = Mo, 5)
2

We then obtain Eg, ~ 7 x 10% — 2 x 10* ergs™', about
6 x 107 — 1 x 10 of the Eddington luminosity for a 10° M.,
black hole. Therefore, even if this outflow persisted for a long
amount of time, it is unlikely that it could significantly
influence the host galaxy of GSN 069 (T. Di Matteo et al.
2005).

6. Conclusions

We performed the first in-depth analysis of high-resolution
X-ray spectra of a quasiperiodically erupting source, leveraging
the nearly 2Ms archive of XMM-Newton observations on
GSN 069. We analyze the RGS grating spectra, first by
stacking all the individual observations in a single data set, and
second in three data set stacks based on the current states of
GSN 069: quiescence without QPEs, quiescence with QPEs, or
QPE state. Our findings can be summarized as follows:

1. The stacked RGS spectrum reveals an array of absorption
and emission lines. The strongest feature, with a
statistical significance far exceeding 4o, is located near
the rest-frame transition of N VII. If associated with N VII,
we observe a blueshifted absorption component at a

velocity of 35007¢00 kms™', and a redshifted emission

component with a velocity of 2800f?880 kms~!, very

reminiscent of the P-Cygni line shape.

2. Ionized absorption is present in all states of GSN 069, with
a projected outflow velocity of 1700 —2900kms~'. The
best-fitting column density is (0.9—1.7) x 10**cm ™2,
consistent with being stable across all three states. The
outflow is highly ionized, with an ionization parameter
log(¢ Jergems ') of 3.9—4.1 during quiescence without
QPEs, and log(¢ /erg cm s~ ') of 4.5—4.6 during quiescence
with QPEs and QPE states.

3. Ionized emission has a redshift of up to 2900 km s !
depending on the GSN 0609 state. It is strongly detected in
both quiescent states, with a column density and
ionization parameter similar to the best-fitting values of
the ionized absorption. This emission component can be
interpreted as the same plasma seen in absorption, only
located out of our line of sight. In that case, the outflow is
consistent with covering the full 47 sky from the point of
view of GSN 069.

4. No ionized line emission is observed during the QPEs,
and we place deep upper limits on its presence, several o
below the best-fitting values during the quiescence with
QPEs. This nondetection may be explained if the outflow
is located sufficiently far from the ionizing source that the
light-travel time significantly delays, or washes out any
ionization response to the QPEs in the ionized emission.
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5. We find strong evidence that nitrogen is highly over-
abundant in the outflow compared with other metals. The
best-fitting N abundance is 24ﬂ8, consistent with a
previous abundance study of GSN 069 using UV spectra
(Z. Sheng et al. 2021).

6. We place limits on the outflow location and energetics. It
must be located at most 0.03 pc from the black hole
(10° Rg assuming a 10° M, black hole), with a travel time
from the ionizing source of <2 yr, and so cannot be a
remnant outflow launched by previous black hole
activity. It is hence directly related to the recent transient
phenomena occurring in GSN 069 since 2010.

7. Assuming the outflow is continuously launched, its mass
outflow rate is 3 x 107> — 8 x 1072 M, yr~ !, with a total
ejected mass of up to 1 M, since 2010 (when the GSN
069 transient activity apparently began). Its kinetic power
is 7x 10 —2 x 10% erg sfl, and so, the outflow does
not have enough power to provide sufficient feedback to
affect the evolution of the host galaxy of GSN 069.
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Appendix A
Further Checks of XMM-Newton RGS Observational
Background

Since GSN 069 is a very faint X-ray source, particularly in
quiescence, its source flux is below RGS background level
throughout most or all of the wavelength range, depending on
the current source state. In Section 2, we performed a standard
RGS data reduction using observational backgrounds, which
works reasonably well throughout most of the wavelength
range. The only exceptions are RGS data between 31 and
33.5 A that are strongly background dominated, and so are
excluded from this analysis. Our primary conclusion about the
RGS background subtraction being reasonably accurate despite
the high background levels is based on two sanity checks. First,
in no RGS spectra analyzed in this work, we observed large
clusters of background-subtracted source data points with
negative flux values, which would indicate inaccurate back-
ground subtraction. Second, in all spectral fits, we employed a
cross-calibration constant to account for any residual calibra-
tion differences between RGS 1 and 2 instruments. The value
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of this constant was always within 10% of unity in our analysis,
confirming that the source continuum level is very comparable
in both instruments, and so, the background subtraction is
unlikely to be systematically inaccurate. Nevertheless, below,
we perform two additional checks of RGS background
subtraction.

First, we extract observational RGS backgrounds for the
three different GSN 069 states. These backgrounds were
extracted at three different (nonoverlapping) times and so can
serve as a comparison of the RGS background level versus
wavelength over time, and show that the background level is
stable. This is illustrated in Figure 8. The figure shows that
the background remains comparable during all three periods
of time. While some small differences occur, they do not
appear strong and systematic. The QPE state background
shows the most noise with wavelength, which is expected
because it has the shortest total exposure time (many times
lower than the other two data sets). Additionally, the figure
illustrates why we ignored the RGS 1 data between 30.5 and
32.9 A due to a step jump in the background level at these
wavelengths.

Second, we perform a nonstandard RGS data reduction to
reduce the level of background compared to source flux, at the
cost of a fraction of source counts. To achieve this, we adjust
the XPSFINCL keyword in the RGSPROC reduction script that
controls the source extraction region size. By significantly
reducing the source region size, we increase the ratio of source
to background flux because the background rate per area is
roughly constant while the source counts are centrally peaked
(GSN 069 is a point source). The value of XPSFINCL roughly
corresponds to the fraction of the RGS point-spread function
(PSF) enclosed by the source region. We tried a range of
different values, but, here, we show specifically the results with
XPSFINCL = 80. For illustration, in a standard RGS reduction,
typically, a value of 90 or 95 is used. The analysis is performed
on the total RGS stacked spectrum analyzed in Section 3.1. The
adjusted reduction procedure decreased the overall subtracted
background count rate by a factor of 2.5 and the reduced total
source count rate by about 10%. The resulting stacked RGS
spectrum is shown in Figure 9.

By comparing Figures 2 and 9, we can see that, despite the
large shift in the background level, the same strong residuals in
the source spectrum remain. To visualize these features more
clearly, we repeat the same Gaussian scan performed on the
RGS data obtained with standard reduction scripts, and show it
in the lower panel of Figure 9. The absolute AC-stat values of
the individual residuals slightly shift, as the total statistics of
this spectrum is somewhat different. However, qualitatively,
we observe absorption and emission residuals at the exact same
positions as in Figure 2, despite the overall background level
(and the associated amount of background subtraction)
changing by a factor of 2.5. Most spectral residuals are not
coincident with any significant spikes in the background level.
One exception is the emission residual near the S XIV rest-
frame transition, which is located in the vicinity of a spike in
observational background, and so, caution is required in its
interpretation (Figure 9). We conclude that the majority, if not
all, of observed lines are real and not an artifact of inaccurate
background subtraction.

Finally, we note that we still prefer to use the standard RGS
data reduction for the spectral fitting and particularly for the
state-resolved analysis, as it produces more total source
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panel: observational background of RGS 2 (same color scheme used). We note that the Y-axis units are the same in both panels, showing that RGS 1 experiences

overall higher background levels, particularly between 30.5 and 32.9 A (in the GSN 069 rest frame).
skew the source spectrum due to potential energy dependence

of the instrument PSF. This is unlikely to affect the narrow
lines themselves, but it could systematically bias the measured

source continuum.
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counts, and additionally has been more thoroughly tested by

previous works using RGS data sets over the past 25 yr of the
region size keyword too far off the standard values could

XMM-Newton mission. Adjusting the source extraction
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indicate the rest-frame wavelengths of transitions, which can plausibly explain the strongest residuals.
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Appendix B
Detailed Information about XMM-Newton Observations

In Table 4, we list the details of XMM-Newton observations
used in this work. All of these observations were combined to
create the full RGS stack, as well as the state-resolved stacked
spectra.

Table 4
Details of the Individual XMM-Newton Observations

Observation ID Start Date Duration QPE Detection
(ks)
0657820101 2010-12-02 14,913 no
0740960101 2014-12-05 95,100 no
0823680101 2018-12-24 63,300 yes
0831790701 2019-01-16 141,400 yes
0851180401 2019-05-31 135,400 yes
0864330101 2020-01-10 141,000 yes
0864330201 2020-05-28 133,100 no
0864330301 2020-06-03 133,200 yes
0864330401 2020-06-13 136,100 no
0884970101 2021-06-30 53,000 no
0884970201 2021-12-03 55,300 no
0913990201 2022-07-07 59,180 yes
0914790101 2022-11-30 19,800 no"
0914790401 2022-12-02 15,000 yes
0914790201 2022-12-04 21,900 yes
0914790301 2022-12-08 17,990 yes
0914790501 2022-12-11 15,000 no*
0914790601 2022-12-13 15,000 no"
0914791101 2022-12-14 18,000 yes
0914790701 2022-12-16 14,300 yes
0914790801 2022-12-18 13,000 no*
0914790901 2022-12-20 16,460 yes
0914791001 2022-12-22 20,900 yes
0914791201 2022-12-26 15,000 yes
0914791301 2022-12-30 18,000 no*
0914791401 2023-01-05 16,000 no"
0914791501 2023-01-08 13,900 yes
0914791601 2023-01-10 13,500 no*
0914791701 2023-01-12 29,700 yes
0914791801 2023-01-14 13,900 no*
0914791901 2023-01-15 13,000 yes
0914792701 2023-05-29 69,400 yes
0914792901 2023-06-09 119,700 yes
0914793101 2023-07-09 108,200 yes

Notes. We note that the duration is given before any flare filtering

? No QPEs were detected in these short exposure observations (briefer than the
typical time interval between two QPEs), but we assumed that GSN 069 was
constantly in the QPE active state between 2022 November and 2023 January.

Appendix C
Systematic Search for Ionized Absorption in GSN 069

To verify that we identified the observed spectral residuals
with correct elemental transitions, and accurately measured the
plasma physical properties, we perform a systematic automated
search for ionized absorbers in the three state-resolved RGS
spectra. In this search, we test that there are no ionized absorber
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solutions that work with the RGS data better than our
interpretation, i.e., we establish whether our solutions are
indeed the global best fits for these spectra using the PION
photoionization model. To test this hypothesis, we fit (in an
automated fashion) the different GSN 069 state RGS spectra
with ionized absorbers of various physical properties, spanning
a broad range of outflow velocities, ionization parameters, and
velocity widths. We note that we only search for ionized
plasma in absorption, as performing such a search for plasma in
emission is prohibitively computationally expensive using the
PION model in SPEX.

We closely follow the systematic spectral search method
adopted in Section 3.2 of P. Kosec et al. (2020b), except here we
apply the PION ionized absorption model instead of XABS applied
in that work. We search all three GSN 069 state spectra:
quiescence without QPEs, quiescence with QPEs, and QPE state,
and test ionized absorber properties as follows. We test outflow
velocities from +15,000 kms ™! (infalling) to —100,000km s~!
(UFO), ionization parameters log(¢ /erg cm s~ 1) from 2.0 to 6.0
(mildly ionized to very highly ionized) as well as three different
velocity widths: 250, 1000, 2500kms~". Column density is a
fitted parameter at each step of this grid, and so, it is not a grid
parameter.

For each grid step, we fit the model containing the baseline
continuum (DBB for quiescence with or without QPEs, and DBB
+BB for the QPE state) plus the ionized absorber of the current
grid step parameters and recover the AC-stat fit improvement in
comparison with the baseline continuum fit. Performing the search
over the full grid, we should obtain a AC-stat parameter space,
which shows a global maximum for certain ionized absorber
parameters, which are the most preferred solution for this data set.
The results of this search are shown for quiescence without QPEs
in Figure 10, for quiescence with QPEs in Figure 11, and for the
QPE state in Figure 12.

We find that a highly ionized absorber, with log(¢ /ergcms ™)
of 4—5, an outflow velocity of about 2500 km s ! and a velocity
width of 250—1000 kms " is the most preferred solution in all
three states of GSN 069, resulting in the highest values of AC-stat.
We also see secondary peaks in these systematic searches,
indicating possible alternative solutions to the primary interpreta-
tion of the ionized absorber. For quiescence without QPEs,
this is at an outflow velocity of about —95,000kms_1, with
log(¢ Jergems™") of 5 and a velocity width of 1000km s, For
the quiescence with QPEs, this is at an outflow velocity of
—20,000kms™!, with a log(& /erg cm sfl) of 5 and a velocity
width of 1000-2500km s~ . Finally, for the QPE state, there is a
secondary solution with an inflow velocity of 13,000kms_1, a
log(¢ Jergems™") of 5.5, and a velocity width of 250kms ™.
However, we stress that all these secondary solutions are weaker
(with lower AC-stat) in all three GSN 069 states than the preferred
primary 2500 km s~ solution. Importantly, none of the secondary
solutions repeat among the different spectral states, while the
primary solution remains consistently similar (and preferred) across
all of the GSN 069 states. Therefore, we conclude that the best
solution to the RGS data set is a highly ionized outflow in
absorption with a velocity of about 2500 km s,
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of 250 km s~ ', the middle panel with a velocity width of 1000 km s, and the bottom panel with a velocity width of 2500 km s ~'. The X-axis of all panels is the
outflow velocity, ranging from +15,000 km s " (redshifted inflow) to —100,000 km s~ (high-velocity blueshifted outflow). The Y-axis is the ionization parameter of
the PION component. The color shows the fit improvement of adding an absorber of certain parameters to the baseline continuum, according to the color scale on the

right.

21



THE ASTROPHYSICAL JOURNAL, 978:10 (24pp), 2025 January 01 Kosec et al.

Outflow velocity /km s™

15000 0 —20000 —40000 —60000 —80000 —100000
6
—"V) 5 H
=
3)
2l
o
2
[ Velocity width 1
2L 250 km/s
E 3
6L
i 60
e i
~s | “
=)
;)n 40
84 " 30
%g 20
< 37 10
[ Velocity width 0
% L 1000 km/! %,
L =
5)
>
- 5 ‘ %
g E
o E
S ©
g3 | <
[ Velocity width ]
2L 2500 km/s
15000 0 —20000 —40000 —60000 —30000 —100000

Outflow velocity / km s

Figure 11. Same as Figure 10, but showing a systematic search of the quiescent state with QPEs RGS spectrum.

22



THE ASTROPHYSICAL JOURNAL, 978:10 (24pp), 2025 January 01

Kosec et al.

Outflow velocity /km s™

15000 0 —20000 —40000 —60000 —80000 —100000
6
i Velocity width ]
: 250 km/s ]
5 i
w2 = -
E ' | ]
2o |
o 3
i ! ]
2 8 i
6 [ Velocity width ] 20
- :' 1000 km/s
“5F 15
E b
5 |
24 : 10
R
k 5
23
0
2L =
6 [ Velocity width ] g
[ 2500km/s | %
'T: 5 C J 8.
2t |
o0 1 =
~ [ 1 =
o 1©
g3 L=
) ]
15000 0 —20000 —40000 —-60000 —-80000 —100000

Outflow velocity / km s
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