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Quasi-periodic X-ray eruptions (QPEs) are a recent
addition to the various modes of rapid variability ob-
served in massive black holes (MBHs) inhabiting galac-
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ABSTRACT

In the past five years, six quasi-periodic X-ray eruption (QPE) sources have been discovered in the
nuclei of nearby galaxies. Their origin remains an open question. We present MUSE integral field
spectroscopy of five QPE host galaxies to characterize their properties. We find that 3/5 galaxies
host extended emission line regions (EELRs) up to 10 kpc in size. The EELRs are photo-ionized
by a non-stellar continuum, but the current nuclear luminosity is insufficient to power the observed
emission lines. The EELRs are decoupled from the stars both kinematically and in projected sky
position, and the low velocities and velocity dispersions (< 100 km s~! and < 75 km s~! respectively)
are inconsistent with being AGN- or shock-driven. The origin of the EELRs is likely a previous phase
of nuclear activity. The QPE host galaxy properties are strikingly similar to those of tidal disruption
events (Wevers et al. submitted). The preference for a very short-lived (the typical EELR lifetime is
~15000 years), gas-rich phase where the nucleus has recently faded significantly suggests that TDEs
and QPEs may share a common formation channel, disfavoring AGN accretion disk instabilities as
the origin of QPEs. In the assumption that QPEs are related to extreme mass ratio inspiral systems
(EMRISs; stellar-mass objects on bound orbits about massive black holes), the high incidence of EELRs
and recently faded nuclear activity can be used to aid in the localization of the host galaxies of EMRIs
discovered by low frequency gravitational wave observatories.

Keywords: tidal disruption events — accretion disks — black holes

1. INTRODUCTION tic nuclei. Their timing and spectral properties, in-
cluding quasi-periodic behavior and the emergence of
an additional hot thermal component during the out-
burst rise, are unique among the known variability of
active galactic nuclei (AGN; Miniutti et al. 2019; Gius-
tini et al. 2020; Arcodia et al. 2021). QPEs may relate
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it) and a stellar-mass companion. The latter class of
models comes in many flavors, including repeated par-
tial tidal disruptions (King 2022), Roche-lobe overflow
(Lu & Quataert 2023; Krolik & Linial 2022; Metzger
et al. 2022) and star- or BH-disk interactions (Linial &
Metzger 2023; Franchini et al. 2023; Tagawa & Haiman
2023; Zhou et al. 2024).

Observationally, several QPEs occur over the course of
a long-term (~years) lightcurve decline, which may be
related to the tidal disruptions of stars (Miniutti et al.
2023; Arcodia et al. 2024). Some QPEs also exhibit
rebrightening episodes. Other clues that hint at a po-
tential connection between QPEs and tidal disruption
events (TDEs) include the discovery of QPE-like flares in
TDE candidates (Chakraborty et al. 2021; Quintin et al.
2023). From a theoretical perspective, some models re-
quire a compact accretion disk to explain the QPEs,
which similarly require a TDE to render the QPEs visi-
ble (Linial & Metzger 2023).

Further similarities between QPEs and TDEs can be
found in their host galaxies, which have been inferred to
contain black holes smaller (~10° Mg) than in typical
AGNs. Wevers et al. (2022) also noted that QPEs are
overrepresented among post-starburst (PSB) and quies-
cent Balmer strong (QBS) galaxies, which are rare (<0.2
and 2 per cent, respectively) in the local Universe. TDEs
are similarly known to be overrepresented among PSB
and QBS galaxies (French et al. 2016; Graur et al. 2018).
A recent study of integral field spectroscopy of a large
sample of PSB galaxies by French et al. (2023) revealed
that of the six sources that have extended emission line
regions (EELRs) of ionized gas, one was the host galaxy
of a TDE (AT2019azh) and one was host to a QPE
(RXJ1301). Evidence for an EELR also exists in Hubble
Space Telescope (HST) narrow-band imaging of the host
galaxy of the QPE GSNO069, including a marginally re-
solved, compact (< 35 pc) component and a larger scale
(~2 kpe, all throughout the HST field of view) compo-
nent (Patra et al. 2024).

Based on the presence of line ratios that require a
hard, non-stellar continuum in long-slit spectroscopy of
the QPE nuclei, Wevers et al. (2022) suggested that a
long-lived accretion flow may play an important role in
the QPE phenomenon. A study of the spatially resolved
properties of the QPE host galaxies can be used to trace
their merger and accretion history, which can provide
further clues to the importance (or lack thereof) of AGN
activity on the rate of nuclear transients such as QPEs
and TDEs.

In this work we present MUSE integral field spec-
troscopy of five QPE host galaxies. We describe the
observations and data analysis in Section 2. We present

the main results in Section 3, including the presence of
extended emission line regions of ionized gas with pecu-
liar kinematics that are decoupled from the stellar mo-
tions, and evidence for recently faded AGNs. We discuss
these results in the context of the connection between
QPEs and TDEs based on their similar host galaxy pref-
erences, as well as implications for the theoretical models
invoked to explain QPEs, in Section 4, and present the
main conclusions in Section 5.

2. OBSERVATIONS AND ANALYSIS

We used the Multi Unit Spectroscopic Explorer
(MUSE, Bacon et al. 2010) instrument mounted on the
Very Large Telescope Unit 4 (Yepun) to observe the host
galaxies of 5/6 known QPE sources (Miniutti et al. 2019;
Giustini et al. 2020; Arcodia et al. 2021, 2024). MUSE
integral field observations cover a 1x1 arcmin field of
view with a spatial sampling (spaxel size) of 0.2 arc-
sec. The approximately constant spectral resolution of
~2.62A corresponds to a velocity resolution of 80 (160)
km s~ in the blue (red) wavelength range. An overview
of the basic source properties can be found in Table A1,
and a full observing log is provided in Table A2.

Galactic foreground extinction is removed prior to the
data analysis in accordance with the E(B-V) values re-
ported by Schlafly & Finkbeiner (2011) as tabulated in
Table Al and assuming Ry = 3.1.

We use pseudo-aperture spectra (with a size equal to
the typical PSF FWHM of the observations in Table
A2) of the nuclei to study the nuclear stellar proper-
ties. We also analyze the individual spaxel data where
the signal to noise ratio around 5400 A is >5, and we
create pseudo-aperture spectra in various regions of the
extended emission line regions to confirm the results of
our spatially resolved analysis with higher SNR.

To analyze the morphology, stellar and ionized gas
kinematics and properties we use the penalized pixel
fitting routine (PPXF; Cappellari 2023). All quoted
line velocity dispersions are corrected for instrumental
broadening.

2.1. Kinematics and line fluzes

We employ the full MILES single stellar population
(SSP) library (Vazdekis et al. 2015) to fit the stellar con-
tinuum contribution as a linear combination of SSPs and
constrain the stellar kinematics. Regions with strong
emission and (telluric) absorption lines (as well as the
Na1 D doublet) are masked during this process.

Following the determination of the best-fit SSP tem-
plates, they are subtracted before analyzing the emis-
sion lines. There is no evidence of broad emission lines
in the galaxy nuclei (see also Wevers et al. 2022), nor



for multiple kinematic components to the narrow lines
(see Figures A4, A5 and A6 for example spectra). We
therefore use a single kinematic component, parameter-
ized by a narrow Gaussian, to determine the velocity
dispersions, velocities and fluxes of the emission lines on
the scale of the native spaxel size. Note that the PSF
FWHM is generally much larger (see Table A2), so at
the smallest spatial scales these measurements will be
correlated. We have verified that decoupling the line
widths and velocities for each emission line (or doublet)
does not significantly alter the results. Similarly, the
stellar continuum subtraction does not significantly al-
ter the inferred gas kinematics because the EELRs are
generally isolated from the continuum emission.

Three-color composite images including the emission
line maps and a continuum band image are shown in
Figure 1 to visualize the resulting flux distributions and
to study the ionized gas morphology.

2.2. Star formation histories

Two of the host galaxies (RXJ1301 and eRO-QPE1)
are spectroscopically classified as PSB (Lick index
Héa > 4 A and EW(Ha) <3 A) or quiescent Balmer
strong (QBS, Hoa > 1.31 A) galaxies (Wevers et al.
2022). In addition, the MUSE data reveal that GSN069
and eRO-QPE2 show clear signs of ongoing star forma-
tion: GSNO069 has a bright circumnuclear star-forming
ring, and both GSN069 and eRO-QPE2 show several
star forming knots tracing spiral arms (Figure 1). eRO-
QPE3 is in the star-forming region of the BPT and
WHAN diagrams, although the current star formation
rate is likely low (Fig. A2).

We constrain the star formation history (SFH) by as-
suming that each galaxy experienced a recent burst of
star formation. We constrain the post-starburst age (age
since 90% of the burst stars formed) and mass of new
stars that formed by modeling the integrated nuclear
spectra with Bagpipes (Carnall et al. 2018, 2019). We
assume a SFH consisting of an old delayed exponential
and a young burst exponential, using a similar method
as French et al. (2023). We allow the masses and ages of
both components to vary, as well as the duration of the
young burst component, with logarithmic priors. We
assume a Kroupa (2001) initial mass function and a
Calzetti dust law, allowing the attenuation to vary. Fol-
lowing Carnall et al. (2019), we include three terms in a
Gaussian process noise model.

We find that when allowing for both a young and
an old burst, all galaxies prefer the inclusion of a re-
cent burst of star formation within the last 0.2-1.3 Gyr.
For RXJ1301 and eRO-QPE2, our modeling prefers a
sizeable recent burst (Table 1). This burst has been
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quenched for RXJ1301 (hence its PSB classification),
while the burst is still ongoing for eRO-QPE2 (hence
its SF/AGN classification, see §3). eRO-QPE1l had
a weaker burst about a Gyr ago and has remained
quenched, leading to its QBS classification!. The burst
in eRO-QPE3 is smaller still (~ 1 —2% of stars formed).
Finally, the SFH of GSN069 resembles that of eRO-
QPE2, including a smaller burst fraction (5% of stars
formed) where the SF has not yet been fully quenched.

3. RESULTS

Upon inspection of the emission line maps (Fig. 1,
top row), 3/5 sources show very extended emission line
regions (EELRs) that have line ratios consistent with
being powered by SF or a non-stellar continuum (Fig.
1, bottom two rows). We note that the sensitivity of
our observations is not uniform across the sample, and
the non-detections in two sources may be in part due to
a sensitivity bias related to a higher redshift for eRO-
QPE1 (z = 0.0505, the highest redshift in the sample),
and/or a fainter and more compact host galaxy (eRO-
QPE1 and eRO-QPE3).

3.1. Extended emission line region morphology

In Figure 1 we show continuum images of the galaxies
overlaid with emission line contours of Ha or N1I (the
latter is brighter in the case of GSN069 and RXJ1301).
GSN069, eRO-QPE2 and RXJ1301 show EELRs on spa-
tial scales extending up to 10 kpc from the galaxy nu-
cleus. eRO-QPE1 and eRO-QPE3 do not show any ex-
tended ionized emission and a compact continuum mor-
phology (Figure Al). In the case of GSN069 there are
patchy clumps of gas bright only in N 11 which appear
completely isolated to the south and south-east. There
is no clear visual connection to the stellar light distribu-
tion. These EELRs do not appear to have a preferred
directionality compared to the continuum morphology of
their host galaxy, as might be expected if they are AGN-
driven outflows or the result of stellar feedback following
a strong starburst. These morphologies are instead of-
ten (but not exclusively) seen in post-merger galaxies
where gas can be deposited at large radii as a result of
post-merger splashback (Johnston et al. 2008; Schweizer
et al. 2013; Weaver et al. 2018). However, there are other
mechanisms that can result in extended gas distribu-
tions. These include galactic scale outflows powered by
previous AGN activity and the accretion/infall of gas
from the intergalactic medium (e.g. Hafen et al. 2019).

1 We assume a specific SFH with a young and an old burst, but
note that we do not explore other SFH scenarios which may also

lead to a QBS classification without requiring a starburst.
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Figure 1. Images of the host galaxies. Top: RGB color composites. The continuum is shown in red, while green hues denote
Ha (QPE2) or N1 (RXJ1301 and GSN069). O 111 is shown in blue. Second row: grayscale continuum images overlaid with a
contour map of the emission line. The red cross indicates the continuum nucleus position. Kilo-parsec scale extended emission
line regions of ionized gas are discernable in 3/5 QPE hosts. This ionized gas is decoupled from the continuum emission. Third

row: BPT diagram of the line ratios using the regions indicated in the panel above, after correcting for the stellar continuum
component. Bottom row: WHAN diagram of the same regions.



3.2. Kinematics

Spatially resolved kinematics of the stellar and gas
components are presented in Figure 2. The stellar ve-
locity component is well-behaved and displays rotation-
dominated profiles in every galaxy (shown in Figure A3
in the Appendix). The central stellar velocity disper-
sions we measure using aperture spectra are consistent
with literature values, except for RXJ1301 and eRO-
QPE3. For the former we find a value of 68+5 km s~ !,
compared to 9042 km s~! measured using SDSS data
(Wevers et al. 2022). This is corroborated by the spa-
tially resolved map, which has peak values around 70
km s~!. For the latter source, Arcodia et al. (2024) re-
ported a velocity dispersion of 83 km s~!, while we find
Ostar = 38 £ 5 km s~ !. Using the Mpy—o relation of
Giltekin et al. (2009) results in a black hole mass of
Mgy = 5.1 £ 0.55 Mg for eRO-QPES3.

The ionized gas kinematics display more disturbed
patterns. In GSNO069 and eRO-QPE2, the ionized gas
does appear to roughly co-rotate with the stellar motions
globally, although there is a velocity gradient between
the gas and stars in both systems. For RXJ1301, the
EELR appears to consist of a single kinematic compo-
nent with a consistent velocity shift of +50 km s~ (see
Fig. 2, middle panel), completely decoupled from the ro-
tation of the stellar motion. This is very similar to the
EELR seen in the TDE host galaxy Mrk 950, presented
in a companion paper (Wevers et al. submitted).

More generally, the majority of the ionized gas in these
galaxies appears to have very low turbulence, with veloc-
ity dispersions that are typically <75 km ~!. We high-
light that the gas in eRO-QPE2 has extremely low line
widths <30 km s~! throughout the galaxy and EELR.
In GSN069, there are (disconnected) regions at the edge
of the EELR with velocity dispersions up to 150 km s—!
(compared to ~75 km s~! in the nucleus) at distances
of 7-10 kpc from the centre of the galaxy, although the
bulk of the gas has g < 75 km s

3.3. Diagnostic diagrams

We use the emission line ratios of these galaxies in
diagnostic diagrams to understand the dominant ion-
ization mechanism. The EELR pseudo-aperture spec-
tra are located within the AGN region of the BPT and
WHAN diagrams, shown in the bottom two rows of Fig-
ure 1. Our results for the galactic nuclei are consistent
with the conclusion by Wevers et al. (2022) that the
photo-ionization mechanism in the QPE host galaxies is
likely non-stellar in nature, except for eRO-QPE3 whose
ionizing continuum appears to be SF-dominated. We
show the aperture spectra of various regions in Figures
A4, A5 and A6 in the Appendix.

3.4. Constraints on the ionizing luminosity

The large extent of the EELRs can be used to probe
the recent accretion history of the SMBHs in these
galaxies. We follow Keel et al. (2017) and French et al.
(2023) to estimate the required ionizing luminosity to
power the observed EELR line fluxes. In the assump-
tion of photo-ionization equilibrium (recombination bal-
ance), such an estimate can be made for each spaxel by
taking into account the diminishing covering factor (f)
with distance (the further away a spaxel is from the nu-
cleus, the higher the required ionizing luminosity for a
fixed observed line flux). More quantitatively, we follow
French et al. (2023) by using the Ho and Hf emission
line luminosities Lx? to compute two independent esti-
mates of Lion min in each spaxel (see Fig. 3.4) as follows:

anHEion 1
Lion min = T 5 7 1
, e 1)

Here, f is the covering fraction in units of spaxels,

arctan(V.o/r 2
(2 t47505/ ) )

n, is the number of ionizing photons per recombination,
FEion is the ionizing energy between 13.6 and 54.6 eV
(we assume that higher energy photons will be primarily
absorbed by Helium). Epy is the energy per Ha or HS
photon.

Following Keel et al. (2012) we further use the In-
frared Astronomical Satellite (IRAS) all-sky survey data
(derived from the 60pm and 100um measurements) to
estimate the present-day AGN luminosity or derive up-
per limits. A correction for present-day star formation
is applied based on the distance from the SF main se-
quence in the BPT diagram (Wild et al. 2010). These
estimates are conservative given the potential for addi-
tional extinction not probed by the Balmer decrement
(see e.g. Baron et al. 2022). The results can be found
in Table 1. We highlight that for every QPE host with
an EELR detection, we infer a present-day nuclear lumi-
nosity (Lnuc,ir) that is below the luminosity required to
power the most distant regions of the EELRs. In other
words, if an AGN was previously present in these sys-
tems it has recently (in the last 1-3 x 10 yrs) faded in
luminosity by a factor of at least 2-5. This is consistent
with the episodic nature of AGN activity, which has typ-
ical duty cycles of ~10° years with rapid transitions on
~10% year timescales (Keel et al. 2017; Schawinski et al.
2015).

f=

2 Due to the relatively low SNR of spectra in individual spaxels,
we do not incorporate an extinction component to estimate these

line fluxes.
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Figure 2. Spatially resolved kinematics. Stellar velocity (top), gas velocity (middle) and gas velocity dispersion (bottom)
maps. The contours indicate the EELR to guide the eye. The left column shows GSNO069, while the middle column shows
RXJ1301 and eRO-QPE2 is shown in the right-most column. The sky area is identical for every source across the panels to
highlight the differences in EELR kinematics compared to the stellar continuum.

Table 1. Overview of the QPE and EELR properties of the host galaxies. Class indicates the spectroscopic classification based
on the Hi4 absorption and Hae EW: post-starburst (PSB), quiescent Balmer strong (QBS) or neither (N). Burst age and fraction
refer to the time since the most recent starburst and the percentage of stars formed in said starburst (see text), where numbers
in brackets denote uncertainty on the last digit. Ion. cont. indicates the classification of the ionizing continuum, based on
the BPT and WHAN diagnostic diagrams. Rmax refers to the largest (projected) extent of the EELR relative to the nucleus.
LQPE,quiesc is the bolometric luminosity during QPE quiescence, taken from the literature. Lion,min is the minimum nuclear
ionizing luminosity required to power the EELR. Lig is the luminosity inferred from TRAS FIR detections or upper limits.

Source Class Burst age Burst frac. EELR  Ion. cont. Rimax LqPE,quiesc Lion,min Liue,r
logio(yr) (EELR)  (lightyr) (erg s71) (erg s71) (erg s71)
GSN069 N Ongoing  0.045(2) Y  Non-stellar 30000 342x10%2 >6x10"?  <3x10*?
RXJ1301 | PSB  8.68(1) 0.12(1) Y  Non-stellar 9000  2.5+0.5x10** >2.5x10** <1.5x10*2
eRO-QPE1 | QBS  9.11(4) 0.066(2) N — — 5.171:8x10% — —
eRO-QPE2 | N Ongoing 0.14(2) Y Composite 15000 373 x 10 >25x10%%  4x10%
eRO-QPE3 | N 8.6(2) 0.014(1) N — — <4x10* — —
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Figure 3. Constraints on the ionizing luminosity. Ev-
ery data point represents the minimum required ionizing lu-
minosity to explain the EELR (indicated by the orange hor-
izontal line), assuming recombination balance, for an indi-
vidual spaxel. The inner regions of GSN069 and eRO-QPE2
are actively star-forming, so are excluded for clarity (marked
by the red vertical lines).

4. DISCUSSION

Our analysis shows that 4/5 QPE host galaxies have
one or more peculiar properties, including the pres-
ence of a quenched starburst (a post-starburst phase,
RXJ1301), a quiescent Balmer strong spectrum (which
may indicate a weaker recent starburst, eRO-QPE1),
the presence of extended ionized gas emission (Fig. 2,
RXJ1301, GSN 069 and eRO-QPE2) that is decoupled
from the stellar continuum, and/or the presence of a re-
cently faded nuclear engine in three systems (Table 1,
RXJ1301, GSN 069 and eRO-QPE2). The latter occurs
in ~1/3 of EELR hosting galaxies (Keel et al. 2012), so

7

the unity fraction observed here may be another peculiar
characteristic of QPE hosts but requires confirmation
with larger samples. No tidal tails or other visual distur-
bances are obvious in the stellar continuum light. Such
features are typically seen in other studies of Voorwerp
/ faded AGNs with EELRs (e.g. Keel et al. 2015), and
they provide a robust association for a post-merger ori-
gin of the EELR gas. We note that at present we do not
have similarly compelling evidence for a post-merger ori-
gin because our observations are relatively shallow and
have poor spatial resolution. Further studies of larger
samples are needed to confirm the tentative connection
between the QPE host properties and post-merger faded
AGNs with EELRs.

We find a fractional incidence of EELRs in QPE host
galaxies of fgrr = 0.6f8:§3 (where the uncertainties are
two-sided Poisson confidence intervals, Gehrels 1986).

We compare this to literature values with the caveat
that the galaxy samples are not matched in properties
(e.g., redshift, stellar mass, depth of observation) be-
cause only a few statistical studies exist. The QPE host
EELR incidence is a factor of ~10 higher than the frac-
tion of EELRs found in the general galaxy population,
fgeLr ~ 0.085, although a large number of these are
SF- or AGN-driven outflows (Lépez-Cobé et al. 2020)
which is not the case for the EELRs discovered in this
work. The incidence of EELRs in QPE hosts is a fac-
tor of ~30 higher than in AGN host galaxies (fggLr =
0.02340.013, Keel et al. 2024).

Compared specifically to PSB (E4A) galaxies, French
et al. (2023) found the EELR incidence to be fggLr =
0.06510:932 and hence we infer an overrepresentation
by a factor of ~10x even compared to this rare type of
post-merger galaxy comprising less than 0.2 per cent of
the local galaxy population (Zabludoff et al. 1996). The
EELR fraction of QPE hosts is similar to that seen in
post-merger galaxies identified through the presence of
tidal tails and interaction with companion galaxies in
continuum light (Keel et al. 2024). The lack of simi-
lar tidal features may indicate that the QPE hosts are
not post-merger (Section 3.1), or that the merger oc-
curred ~1 Gyr ago, short enough that we still see the
post-merger signatures such as extended reservoirs of
gas but long enough that most obvious merger features
(e.g. dust lanes, tidal tails) have already faded (Pawlik
et al. 2016).

With the caveat of small sample statistics, we note
that the overrepresentation of EELRs in QPE hosts is
somewhat higher than that found in TDE host galaxies
(fggLR = 0.191'8:{‘1L for the entire sample with MUSE ob-
servations, Wevers et al. submitted) but consistent with
the PSB-TDE-EELR host galaxies (fppir = 0.670 3,
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Wevers et al. submitted)®. The implication is that there
may be a connection between these two classes of nuclear
transients, which we explore further below.

4.1. The QPE-TDE host galaxy connection

In a companion paper (Wevers et al. submitted) we
analyzed MUSE observations of 16 TDE host galax-
ies. Combined with previously known EELRs in TDE
hosts, we inferred an elevated EELR incidence compared
to post-starburst galaxies as well as the general galaxy
population. The overabundance of EELRs among TDE
hosts is a factor of 10x compared to post-starburst
galaxies, which is similar to the overrepresentation re-
ported for QPE hosts in this work.

In addition, the QPE host galaxy EELRs show pecu-
liar kinematics that are strikingly similar to those of the
EELR-hosting TDE host galaxies. The combination of
non-stellar photo-ionization, a recently faded AGN, low
velocities and low velocity dispersions is rare among the
general galaxy population (< 1 per cent), although this
is based on HST narrow-band imaging rather than IFU
observations (Keel et al. 2012, 2024). These properties
are inconsistent with AGN- or shock-driven kinematics
and associated ionization mechanism.

A tentative connection between the QPE phenomenon
and TDEs has been proposed based on the observational
properties of QPEs, including long-term declines in the
continuum X-ray lightcurves (Miniutti et al. 2019, 2023;
Arcodia et al. 2024), the presence of a single QPE-like
flare in the decay of some TDE candidates (Chakraborty
et al. 2021; Quintin et al. 2023) and the PSB/QBS pref-
erence of the host galaxies (Wevers et al. 2022). More-
over, several theoretical models invoke partial TDEs as a
mechanism to render a (pre-existing) closely bound stel-
lar remnant visible as it interacts with the newly formed,
compact accretion disk. Such models strongly disfavor
the presence of a large AGN accretion disk because ab-
lation of the star would severely shorten the lifetime of
the QPE source (Linial & Metzger 2024).

The tentative connection between TDEs and QPEs
can also be investigated using sample properties as is
done here. Our results provide the strongest, albeit in-
direct, indication to date that QPE and TDE rates are
enhanced in gas-rich environments with faded AGNs,
and possibly in post-merger systems®. The implication
could be that they share a common formation path, al-
though the implications of this host galaxy connection

depend on the theoretical scenario invoked to explain
QPEs.

4.2. The QPE-EELR connection

Our analysis shows that the QPE quiescent luminosity
can in principle reach the threshold required to power
the EELR energy budget (i.e. LopEg quiesc 2 Lion,min)
in RXJ1301, eRO-QPE2, but not in GSN069° (see Table
1). The quiescent luminosity of the 2 host galaxies with-
out EELRs are the lowest among the sample. More gen-
erally, with the low duty cycle of QPEs (~25%, Guolo
et al. 2024) and their unknown but likely limited life-
time® it appears improbable that the eruptions alone
can power the EELRs. We note, however, that some
scenarios require a (partial) TDE to occur before QPEs
can be detected. As TDEs typically have a larger energy
budget available, it is in principle possible to power the
EELRs through a (time-limited) increase in the TDE
rate by a factor of ~10 compared to the average TDE
rate in PSB galaxies (Wevers et al. submitted). De-
pending on the relative rate of TDEs and QPEs, it may
therefore also be possible that the EELRs are powered
(in part) by episodic accretion in the form of an elevated
TDE rate, rather than a classical AGN phase.

4.3. Implications for the nature of QPFEs
4.3.1. Partial TDE scenario

The fact that both QPEs and TDEs prefer host galax-
ies with similar, peculiar properties can point to an in-
trinsic connection between these classes of events. In
this case, the most obvious link may be through the dis-
turbed state of the galactic nuclei following a (minor)
galaxy merger. This would perturb the orbits of stars in
the nucleus and lead to an increased rate of star-SMBH
encounters of all kinds, including full tidal disruptions,
partial TDEs and even direct captures. QPEs have been
linked to partial TDEs, where the Hills mechanism can
disrupt a binary star system to capture one of the com-
ponents on a tight eccentric orbit, leading to the re-
peated partial stripping at each pericentre passage or
alternatively direct mass transfer (e.g. King 2022; Kro-
lik & Linial 2022; Linial & Sari 2023; Lu & Quataert
2023; Metzger et al. 2022; Zhao et al. 2022). In this
scenario, repeating nuclear transients on all timescales
would likely share a common formation channel and
therefore host galaxy preference, even though they may

3 We emphasize that the sensitivity of the IFU observations is not
uniform across the QPE and TDE samples.

4 For the QPEs, this statement relies on a single PSB galaxy,
RXJ1301.

5 Note that the long-term luminosity behavior of this source is
highly variable and was significantly higher in the past (with
LQPE,quicsc >Lion,min)-

6 In the star-disk interaction models, it is <1000 yrs (Linial &
Metzger 2024).



not share the same observational properties (e.g. Guolo
et al. 2024). This idea can be tested through a host
galaxy study of a more inclusive set of repeating nuclear
transients, including QPEs and partial TDEs recurring
on timescales of 10s/1000s of days (e.g. Payne et al.
2021; Wevers et al. 2023; Liu et al. 2023; Guolo et al.
2024).

4.3.2. Star-disk / BH-disk interaction scenario

In addition to the partial TDE scenario, there exist
related but distinct theoretical models to explain QPEs.
For example, the rate and lifetime of EMRIs is suffi-
ciently high that a pre-existing bound stellar-mass com-
panion is expected to be present in numerous galactic
nuclei (Linial & Metzger 2024). Rendering such systems
visible is possible if a TDE provides a compact accretion
disk with which the bound remnant periodically inter-
acts, leading to the QPE phenomenon (Linial & Metzger
2023). In this scenario there is a natural commonality
between the host galaxies of QPEs and TDEs, as the
latter are required to observe the former. One distinc-
tion with the pTDE models is that the typical lifetime of
the QPE (set by the ablation timescale of the star while
interacting with the disk) is at most 1000 years, and
the implication is that the QPEs themselves cannot be
invoked as the powering source for the EELR (because
their extent is >10* yrs). A preference for post-starburst
galaxies was predicted in this scenario, as such systems
are more likely to host EMRIs in the first place (Metzger
et al. 2022).

4.3.3. Accretion disk instability scenario

Alternatively, QPEs have also been suggested to be
caused by instabilities in large AGN-like disks (e.g.
Sniegowska et al. 2020; Raj & Nixon 2021; Pan et al.
2023). On one hand, it seems less likely that the con-
nection between QPEs and TDEs is intrinsic in this
case. The TDEs found in EELR-hosting galaxies are
unremarkable in the context of the known TDE sam-
ple, while it has been predicted that AGN disks may
significantly alter the observed properties (Chan et al.
2019). On the other hand, it has been proposed that
the presence of an AGN disk may significantly increase
the TDE rate (e.g. Kennedy et al. 2016; Wang et al.
2024; Kaur & Stone 2024). All three QPE nuclei with
EELRs have faded in the recent past, which has been
suggested to result in a higher TDE rate due to star-
disk interactions and the presence of stars formed in the
outer regions of the accretion disk (Wang et al. 2024), or
alternatively through an enhanced loss cone filling rate
through collisionless processes in gas-rich nuclei (Kaur
& Stone 2024).
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We highlight that based on X-ray spectral modeling,
the neutral (and ionizing) absorbing columns are very
low: Ng ~ 4 x 102! cm™2 [E(B-V)~0.6, Giiver & Ozel
2009] for eRO-QPE2, and Ny < 5 x 10?0 em~2 [E(B-
V)<0.07] for all others, i.e., QPE nuclei are completely
unobscured. Nevertheless, no broad emission lines are
detectable in deep long-slit data (Wevers et al. 2022)
nor in our MUSE observations. For the source GSN
069, the present-day continuum (quiescent) bolometric
luminosity is of order few x 10%3 erg s~', and hence this
lack of broad emission lines (BELs) is unlikely to be the
consequence of a too low nuclear luminosity. Instead
it may be related to the presence of a disk that is too
compact to support a typical broad line region (BLR),
which is compatible with the accretion disks that form
in the aftermath of a TDE (for which several lines of
evidence exist in GSN 069, Sheng et al. 2021; Miniutti
et al. 2023; Patra et al. 2024). Pan et al. (2023) argue
that while QPEs do require some fine-tuning (e.g., a very
small unstable region, peculiar magnetic field, etc.), it
is possible, in principle, that these conditions are only
met in compact TDE disks but inefficient in much larger
AGN disks.

The current weak state of the nuclei (compared to a
more luminous state in the past, required by the EELR
energy budget) may be the result of a selection bias
against QPEs in higher luminosity AGN. It may be more
difficult to detect the QPEs as an additional component
on top of the AGN continuum emission (Miniutti et al.
2023) which may be highly variable, especially so for
low black hole masses (e.g. Ponti et al. 2012). Sim-
ilarly, the TDE detection rate may be biased against
AGN host galaxies because of spectroscopic selection bi-
ases. In this scenario the selection biases in both TDEs
and QPEs would need to conspire to create the observed
similarities and preferences in an extremely rare type of
host galaxy. This scenario is somewhat contrived, but
ruling it out completely will only be possible with larger
samples of QPE and TDE host galaxies.

4.4. Localization of low frequency gravitational wave
sources

Maximizing the scientific value of GW sources will be
facilitated by complementary EM information such as
the host redshift, galaxy/black hole mass, and stellar
population properties. Due to the poor sky localization
of LISA GW detections (typically of order a degree or
larger), the number of galaxies within the error volume
will be very large (Lops et al. 2023). Simulations show
that it is very challenging to uniquely identify the host
galaxies of GW sources. This is because the preferred
host galaxies are dwarfs with merger signatures, but a



10

large fraction of the dwarf galaxy population will exhibit
very similar signatures (Izquierdo-Villalba et al. 2023).

However, we have found that QPE sources (as well as
TDEs, Wevers et al. submitted) are strongly overrepre-
sented in galaxies hosting recently faded AGNs and large
EELRs with peculiar kinematical properties. Galaxies
with similar properties are very rare among the general
galaxy population, and hence if the association of QPEs
with stellar-mass EMRIs can be confirmed, these pe-
culiar properties can be used to improve the fidelity of
EMRI host galaxy localization, which will help to max-
imize the scientific return of GW astronomy.

Because the X-ray eruptions have a low duty cy-
cle (Guolo et al. 2024) and potentially short lifetimes
(<1000 years, e.g. Linial & Metzger 2023), it is likely
that QPEs will be detected in only a small subset of GW
detections (see also e.g. Franchini et al. 2023, who show
that only ~2% of BH EMRIs would produce detectable
QPEs). Making associations through their host galaxies
can therefore be a valuable complementary method to
find EM counterparts.

5. CONCLUSIONS

We report on the analysis of MUSE integral field spec-
troscopy of the host galaxies of five quasi-periodic X-ray
eruption (QPE) sources. The sensitivity, large field of
view and small spaxel size of MUSE provide an unprece-
dented, spatially resolved view of the QPE host galax-
ies. We measure the stellar and emission line kinematics,
fluxes and flux ratios to characterize their properties.

We find that three out of five galaxies have extended
emission line regions that have low velocities which are
decoupled from the stellar motions. The emission line
ratios require a hard non-stellar continuum as the source
of the ionizing photons, but the very narrow line velocity
dispersions and low velocities are inconsistent with these
EELRs being driven by a currently active nucleus. Fur-
thermore, no broad emission lines are observed, which
together with the lack of significant obscuration could
suggest that no classical BLR region is present”.

The present-day nuclear luminosity estimated from
FIR observations is insufficient to satisfy the EELR en-
ergy budget, implying that the putative AGNs in these
nuclei have decreased their luminosity output signifi-
cantly in the recent past (9000-30000 yrs, limited by
the extent of the EELR). This could suggest a connec-
tion between either the intrinsic rate or the detection
rate of QPEs and the specific phase in the AGN duty cy-

7 We note that our observations do not have sufficient spatial res-
olution to robustly rule out the presence of faint broad emission
lines.

cle. The overrepresentation of EELRs in the QPE host
galaxies is roughly an order of magnitude compared to
post-starburst galaxies, and in combination with the pe-
culiar kinematics, potentially even higher compared to
the general galaxy population.

Several properties of the QPE host galaxies are similar
to those of TDE host galaxies. Both classes have a pref-
erence for QBS/PSB galaxies (French et al. 2016; Wev-
ers et al. 2022), a strong overrepresentation of EELRs
with recently faded nuclei, and peculiar ionized gas kine-
matic properties (studied in detail for TDE hosts in a
companion paper, Wevers et al. submitted). The rar-
ity of the preferred type of host galaxies is highly un-
likely to be due to chance, and is robust against associa-
tions based on the unique properties of individual QPE
sources. This strongly suggests a connection between
these two classes of events, consistent with theoretical
arguments and hinted at in the observational properties
of individual sources (Miniutti et al. 2023; Arcodia et al.
2024).

The proposed link between QPEs and TDEs disfavors
AGN accretion disk models as the origin of QPEs, as i)
the AGNs are currently inactive, and ii) this would be
the result of two independent selection biases (a detec-
tion bias for QPEs, and a detection and/or classification
bias for TDEs). The instabilities proposed as the origin
for QPEs are typically not "standard” thermal instabili-
ties. Most require some fine-tuning (e.g. magnetic fields
inducing very small unstable regions, or independently
precessing rings in the case of disc tearing) that are not
expected in long-lived large AGN-like discs.

More detailed studies, including deep narrow-band
imaging and/or higher spatial resolution IFU observa-
tions, of both QPE and TDE host galaxies can be used
to further test the similarity of the host galaxy prefer-
ences of these transients. Larger samples can be used to
further characterize the properties of these host galaxies
and predictions for EMRI GW sources. If these galaxies
can be typed by machine learning algorithms, this may
facilitate the localization of low frequency GW detec-
tions with future observatories.
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Table Al. Overview of the QPE host galaxies analyzed in this work. Spatial resolution refers to the native 0.2 arcsec pixel
scale of the MUSE WFM-NOAO observations. The PSF FWHM is estimated using point sources in the continuum cube when
available, or otherwise taken as the average seeing conditions (uncorrected for airmass) provided by the observatory (marked
with an asterisk) as tabulated in Table A2. osar provides the central velocity dispersion, measured using an aperture with the
size of the PSF FWHM.

Source z Spatial resolution PSF FWHM PSF FWHM E(B-V)gal Ostar Reference
(pc / pix) (arcsec) (pe) (mag) km s™!
GSN069 0.0182 74 1.0 370 0.0232 68+12 Saxton et al. (2011)
RXJ1301 0.0237 96 0.94* 450 0.0077 68+5  Dewangan et al. (2000)
eRO-QPE1 | 0.0505 199 0.95" 940 0.0212 66+4 Arcodia et al. (2021)
eRO-QPE2 | 0.0175 71 0.7 250 0.0153 3846 Arcodia et al. (2021)
eRO-QPE3 | 0.024 97 0.7 340 0.0505 3845 Arcodia et al. (2024)
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Table A2. Observing log of the VLT/MUSE data. All data was taken in Wide Field no-AO Mode with the nominal filter.

Source Date Exposure time Airmass DIMM seeing
(MJD) (Seconds) (arcsec)
GSN069 | 59787.237738 1497 1.64 0.53
59787.256443 1497 1.46 0.73
RXJ1301 59787.966968 1497 1.92 1.10
59787.985819 1497 2.11 0.78
eRO-QPE1 | 59834.144255 1497 2.25 1.11
59834.162944 1497 1.86 0.75
59834.263008 1497 1.11 1.03
59834.281717 1497 1.07 1.04
59834.303142 1497 1.04 0.74
59834.321856 1497 1.03 0.87
59834.343499 1497 1.04 1.04
59834.362185 1497 1.06 0.98
eRO-QPE2 | 59787.369579 1497 1.18 0.63
59787.388267 1497 1.13 0.51
59814.263422 1497 1.30 2.19
59814.282118 1497 1.23 0.97
eRO-QPE3 | 60416.343266 1497 1.352 4.84
60416.361829 1498 1.498 4.84
60432.108992 1492 1.060 0.33
60432.127534 1493 1.029 0.44
60435.208337 1480 1.041 1.21
60435.226639 1480 1.078 1.16
60438.139092 1487 1.005 0.81
60438.157507 1488 1.003 0.64
60439.167192 1486 1.008 0.78
60439.185699 1486 1.025 0.85
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Figure A7. Bagpipes fits and inferred star formation history, assuming a double starburst as detailed in the text. From top to

bottom: GSN069, RXJ1301, eRO-QPE1, eRO-QPE2, and eRO-QPES3.
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