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ABSTRACT

Context. Fast X-ray transients (FXTs) are X-ray flares that last from minutes to hours. Multi-wavelength counterparts to these FXTs
have proven hard to find. As a result, distance measurements are made through indirect methods such as a host galaxy identification.
Of the three main models proposed for FXTs, that is, supernova shock breakout emission (SN SBO), binary neutron star (BNS)
mergers, and tidal dirsuption events (TDEs) of an intermediate-mass black hole (IMBH) disrupting a white dwarf (WD), the SN SBO
predicts a much lower maximum peak X-ray luminosity (LX,peak). If the distance to FXTs were to be obtained, it would be a powerful
probe for investigating the nature of these FXTs.
Aims. We aim to obtain distance measurements to four FXTs by identifying candidate host galaxies. Through a redshift measurement
of the candidate host galaxies, we derive LX,peak and the projected offset between the candidate host galaxy and the FXT.
Methods. We obtained Very Large Telescope (VLT)/Multi Unit Spectroscopic Explorer (MUSE) observations of a sample of FXTs.
We report the redshift of between 13 and 22 galaxies per FXT. We used these redshifts to calculate the distance, LX,peak and the pro-
jected offsets between the FXT position and the position of the sources. Additionally, we computed the chance alignment probabilities
for these sources with the FXT postitions.
Results. We find LX,peak > 1044 erg s−1 when we assume that any of the sources with a redshift measurement is the true host galaxy
of the corresponding FXT. For XRT 100831, we find a very faint galaxy (mR,AB = 26.5 ± 0.3, z ∼ 1.22, LX,peak ∼ 8 × 1045 erg s−1 if
the FXT is at this distance) within the 1σ uncertainty region with a chance alignment probability of 0.04. For XRT 060207, we find a
candidate host galaxy at z = 0.939 with a low chance alignment probability within the 1σ uncertainty region. However, we also report
the detection of a late-type star within the 3σ uncertainty region with a similar chance alignment probability. For the remaining FXTs
(XRT 030511 and XRT 070618), we find no sources within their 3σ uncertainty regions. The projected offsets between the galaxies
and the FXT positions is >33 kpc at 1σ uncertainty. Therefore, if one of these candidate host galaxies turns out to be the true host
galaxy, it would imply that the FXT progenitor originated from a system that received a significant kick velocity at formation.
Conclusions. We rule out an SN SBO nature for all FXTs based on LX,peak and the projected offsets between the FXT position and the
sources, assuming any of the candidate host galaxies with a redshift determination is the true host galaxy to the FXT. For XRT 100831,
we conclude that the detected galaxy within the 1σ uncertainty position is likely to be the host galaxy of this FXT based on the chance
alignment probability. From the available information, we are not able to determine whether XRT 060207 originated from the galaxy
found within 1σ of the FXT position or was due to a flare from the late-type star detected within the 3σ uncertainty region. Based on
LX,peak and the offsets within our sample, we are not able to distinguish between the BNS merger and the IMBD-WD TDE progenitor
model. However, for the candidate host galaxies with an offset &30 kpc, we can conclude that the IMBH-WD TDE is unlikely due to
the large offset.
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1. Introduction

Fast X-ray transients (FXTs) are flashes of X-ray emis-
sion that can last from minutes to hours. Many FXTs have
been observed since the 1970s (e.g., Ambruster & Wood 1986;
Connors et al. 1986; Castro-Tirado et al. 1999; Arefiev et al.
2003), but the first well-localised FXT was serendipitously dis-
covered by Soderberg et al. (2008) during scheduled Swift obser-
vations of the galaxy NGC 2770. Since then, roughly 30 more
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localised FXTs have been reported, mostly through archival
searches of Chandra and XMM-Newton data (e.g., Jonker et al.
2013; Quirola-Vásquez et al. 2022, 2023; Alp & Larsson 2020;
Lin et al. 2022; Eappachen et al. 2023). With the launch of X-
ray satellite Einstein Probe (Yuan et al. 2022), we expect more
to be reported in real time1.

1 This is already happening: during the commissioning phase of the
Einstein Probe, EP240315a was reported shortly after its discovery
(Zhang et al. 2024).
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Because the majority of the FXT sample have been reported
from archival searches, we lack contemporaneous, multi-
wavelength counterparts of these events in all but one case.
Only for the first event, X-ray ourburst (XRO) 080109, has a
multi-wavelength counterpart been observed. It was an unusual
supernova (SN) (SN 2008D; Soderberg et al. 2008). This lack
of counterparts contributes to substantial uncertainties regarding
the progenitors, distances, and energetics of the remaining sam-
ple. No further redshift measurements have been made directly
from the transient, and the measurements that exist rely on red-
shifts (either spectroscopic or photometric) from the host galaxy
(e.g. Quirola-Vásquez et al. 2022; Eappachen et al. 2022).

Despite the uncertainties in the distance scale, three main
models have been proposed regarding the nature of FXTs.
These models include but are not limited to a SN shock
breakout (SBO) (e.g., Soderberg et al. 2008; Alp & Larsson
2020; Waxman & Katz 2017), a tidal disruption event (TDE)
of a white dwarf (WD) by an intermediate-mass black hole
(IMBH) (e.g., Jonker et al. 2013; Glennie et al. 2015), or the
merger of a binary neutron star (BNS) system (e.g., Jonker et al.
2013; Bauer et al. 2017; Dai et al. 2018; Xue et al. 2019;
Quirola-Vásquez et al. 2024). These three models are associ-
ated with different ranges in peak X-ray luminosities. Roughly
speaking, LX,peak . 1044 erg s−1 for SN SBOs (Soderberg et al.
2008; Waxman & Katz 2017; Goldberg et al. 2022), LX,peak .
1048 erg s−1 for IMBH-WD TDEs (MacLeod et al. 2016), where
the high luminosity is due to jetted emission, and LX,peak ∼

1044−1051 erg s−1 for BNS mergers, also considering beamed
emission for the higher luminosities (Berger 2014). These differ-
ent ranges in LX,peak mean that determining the distance to these
event is a powerful probe to uncover their nature. They also yield
potentially very different locations for the FXTs relative to their
host galaxies. BNS merger progenitor systems can be propelled
to large distances via kicks imparted to both the binary and
individual neutron stars (e.g., Lai et al. 2006). IMBH systems
may lie in the nuclei of low-mass galaxies (e.g., Reines et al.
2013), globular clusters (Jonker et al. 2012), or even in hyper-
compact stellar clusters (Merritt et al. 2009), while massive stel-
lar explosions should lie within star-forming (SF) galaxies (e.g.,
Hakobyan et al. 2012). We note that the observed FXT proper-
ties are so diverse that they might well originate from different
progenitors.

Substantial efforts have been made to associate FXTs
with their host galaxies to obtain a distance through the red-
shift of the host galaxy (e.g., Bauer et al. 2017; Xue et al.
2019; Alp & Larsson 2020; Novara et al. 2020; Lin et al. 2022;
Eappachen et al. 2022, 2023, 2024; Quirola-Vásquez et al. 2022,
2023, 2024). From this distance to the host galaxy, we can
calculate the peak X-ray luminosity and use this to dis-
cern between different progenitor models. LX,peak, along with
the (projected) offset between the FXT position and the
host galaxy, its stellar mass, and the star formation rate
(SFR), could help us to distinguish between progenitor mod-
els (e.g., Xue et al. 2019; Quirola-Vásquez et al. 2022, 2023;
Eappachen et al. 2023, 2024).

Previous work on associating FXTs with their host galaxies
was reported by Bauer et al. (2017), for example, who identified
a host for CDF-S XT1 with zph = 2.23 (0.39−3.21 at 2σ confi-
dence), and by Xue et al. (2019), who identified a host for CDF-
S XT2 at z = 0.738. Alp & Larsson (2020) claimed for a set of
XMM-Newton discovered FXTs that all are consistent with the
SN SBO model. This conclusion was based on the redshifts of
galaxies close to the FXT positions in projection, but they were
unable to confidently associate all sources with a host galaxy.

During their search for magnetar-powered FXTs in the
Chandra archive, Lin et al. (2022) identified a host galaxy can-
didate for XRT 170901. This candidate host galaxy is a late-
type galaxy with evidence for strong SF activity, although the
projected position of the FXTs does not coincide with an SF
region. They used this information in combination with the
peak luminosity of the FXT and the X-ray light curve shape to
argue that this FXT is consistent with a magnetar created in a
BNS merger.

Quirola-Vásquez et al. (2022, 2023) combined investigated
the detection of 22 FXTs from archival Chandra searches. In
these two works, 13 FXTs have a suggested host galaxy associa-
tion. For these candidate host galaxies, both papers obtained the
star formation rates and stellar masses of the galaxies based on
existing photometry. Quirola-Vásquez et al. (2022, 2023) ruled
out a classical (non-relativistic) SBO nature for all of their FXTs
with a host galaxy candidate based on the peak X-ray lumi-
nosity and X-ray properties. Quirola-Vásquez et al. (2022) also
stated that for the sample that they classified as “nearby” FXTs
(d . 100 Mpc), the luminosity was too low to stem from any of
the proposed models, but was more likely from ultra-luminous
X-ray sources or X-ray binaries in close-by galaxies.

Eappachen et al. (2024) performed a more detailed host
galaxy search on a subset of the XMM-Newton sample discussed
in Alp & Larsson (2020). They reported candidate host galaxies
with 0.0928 < z < 0.645, implying 1043 < LX,peak < 1045 erg s−1

for this set of seven FXTs. They also investigated the SFR
and the masses of the candidate host galaxies and concluded
that only one event, XRT 100621, remained consistent with an
SN SBO event, as already reported by Novara et al. (2020) and
Alp & Larsson (2020). Another FXT in this sample is a Galactic
flare star. The remaining five sources are consistent with being
either due to an IMBH-WD TDE or due to a BNS merger, but the
authors were not able to distinguish between these two models.

In this work, we present Very Large Telescope (VLT)/Multi
Unit Spectroscopic Explorer (MUSE) observations of the posi-
tion and the environment of four FXTs that were detected by
XMM-Newton and Chandra and were identified by Lin et al.
(2019), Alp & Larsson (2020), and Quirola-Vásquez et al.
(2022). We attempt to measure the redshifts of all extended
objects within the MUSE data cube, and for objects with a red-
shift measurement, we calculate LX,peak under the assumption
that the object is the host galaxy of the FXT. Based on this, we
aim to constrain the nature of these events.

Throughout this paper, we use H0 = 67.8 km s−1 Mpc−1,
Ωm = 0.308, and ΩΛ = 0.692 (Planck Collaboration XIII 2016).
Magnitudes are presented in the AB magnitude system, not cor-
rected for Galactic extinction, and the uncertainties are at the 1σ
confidence level unless stated otherwise.

2. Study sample

We describe the sample of FXTs for which we obtained MUSE
observations. A summary of their properties can be found in
Table 1. The core selection criterion was that in none of the cases
an apparent host galaxy consistent with the FXT localisation in
existing imaging of the field had been discovered.

2.1. XRT 030511

XRT 030511 was first reported by Lin et al. (2019) and further
investigated by Lin et al. (2022) (who referred to the event as
either XRT 030510 or XRT 030511) and Quirola-Vásquez et al.
(2022). It was discovered in archival Chandra data, and no host
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Table 1. Sample of FXTs using VLT/MUSE observations (ID 109.236W).

Name RA Dec Pos. unc. FX,peak MUSE obs. date Seeing Ref.
(degrees) (degrees) (arcsec) (arcsec)

XRT 030511 (‡) 76.77817 −31.86967 0.53 23 ± 3 (†) 2022-04-03 0.88 (a), (b)
XRT 100831 90.00450 −52.71501 0.83 8.9 ± 3.4 2022-04-03 1.25 (b)
XRT 060207 (∗) 196.83225 −40.46096 1.9 26.26 ± 7.23 2022-04-02 0.80 (c)
XRT 070618 (∗) 24.27533 −12.95260 0.9 105.92 ± 15.31 2022-09-20 1.17 (c)

Notes. The VLT/MUSE exposure time was 2804 seconds, divided over four exposures. FX,peak is reported in the 0.3−10 keV energy range and given
in units of 10−13 erg s−1 cm−2. The positional uncertainty is the square root of the RMS on the astrometric calibration as described in Section 3 plus
the 1σ uncertainty of the X-ray position as given in the literature, added quadratically, as described in Section 3 and given at 1σ confidence level.
(†)Value taken from Quirola-Vásquez et al. (2022). (‡)This source was detected at a high off-axis angle in the CXO-ACIS instrument. Lin et al.
(2022) and Quirola-Vásquez et al. (2022) reported this FXT simultaneously with slightly different RA and Dec due to a combination of the
difficulty of performing astrometry on high off-axis sources and a different catalogue used to perform the astrometry. We note that within their
respective uncertainties, the coordinates are fully consistent within 2σ. We used the coordinates and uncertainty presented in Lin et al. (2022).
(∗)The RA, Dec and positional uncertainty in the X-ray position for these sources were obtained from the XMM-Newton serendipitous catalogue
(Webb et al. 2020). References: (a) Lin et al. (2022), (b) Quirola-Vásquez et al. (2022), (c) Alp & Larsson (2020).

galaxy was detected (Lin et al. 2022). Quirola-Vásquez et al.
(2022) did not detect a host galaxy either, and they ruled
out an undetected stellar counterpart based on the ratio
log(LX/Lbol) = log(FX/Fbol), in which LX is the X-ray flare lumi-
nosity and Lbol is the average (non-flare) bolometric luminosity.
They used the upper limits on the source magnitude in the Dark
Energy Camera (DECam) y-band at the position of XRT 030511
to determine a minimum log(FX/Fbol)& 1.6−2.1 for M and
brown dwarf stars. This value is above the known range for stel-
lar flares from late-type stars (log(FX/Fbol).−3.0 and .0.0 for
M and L dwarfs, respectively (e.g., García-Alvarez et al. 2008;
De Luca et al. 2020). Hence, no host galaxy has been identified
for XRT 030510.

2.2. XRT 100831

XRT 100831 was first reported by Quirola-Vásquez et al.
(2022). They reported a marginal detection of an object in
DECam i′-band observations that lay just outside the 3σ X-
ray uncertainty position of this FXT, but did not report a
magnitude for this object. Following the same procedure as
for XRT 030511, using the upper limit on a detection in
the DECam g′-band, Quirola-Vásquez et al. (2022) calculated
log(FX/Fbol)&−0.8 to −0.3 depending on the type of late-type
star. These values are just consistent with a stellar flare nature,
and therefore, a stellar flare nature cannot completely be ruled
out for XRT 100831, although it would require extrema in both
the X-ray to optical flux ratio and in the location within the
source error box.

2.3. XRT 060207

XRT 060207 was reported by Alp & Larsson (2020) from
searches of archival XMM-Newton data. They did not report a
host galaxy for this source down to 10σ limits of 18 mag for
the ugriz-bands and down to 5σ limits of ∼21 and ∼20 mag for
the J and K bands, respectively. They used a fiducial redshift
of 0.3 to determine the peak X-ray luminosity for the FXT of
LX,peak = (6.4+2.7

−2.0) × 1044 erg s−1. Under the assumed redshift,
they argued that this event is consistent with the SBO model,
although the absence of host galaxies to relatively deep lim-
its would be unusual given the typical range of supernova host
galaxy magnitudes at z < 0.3 (e.g., Cold & Hjorth 2023, for the
host galaxies of Type IIn SNe).

2.4. XRT 070618

XRT 070618 was also reported by Alp & Larsson (2020). There
is no clear host galaxy within the uncertainty region of this event,
down to a signal-to-noise ratio of 10 limits of 24.3, 24.1, 23.4,
and 22.7 mag for the g, r, i and z bands, respectively, and 3σ lim-
its of 21.44, 18.01, 17.79, and 17.15 mag in the Y, J,H and K
bands, respectively. However, there are two galaxies in the vicin-
ity (offsets of 11 and 21 arcsec) of the transient. The authors
assumed that these galaxies are at the same redshift and per-
formed SED fits to these two galaxies simultaneously, finding
z = 0.37. Under the assumption that XRT 070618 lies at this
same redshift, they calculated LX,peak = (49+17

−11) × 1044 erg s−1,
which they stated is consistent with an SBO nature. The assump-
tions that these two galaxies lie at the same redshift and that one
of them is the host of XRT 070618 are highly uncertain. We con-
sider the validity of these assumptions in Section 5.4.

3. Very Large Telescope MUSE observations and
analysis

We observed the four FXTs with MUSE on the VLT between
2 April 2022 and 20 September 2022, with an exposure time
of 2804 seconds per FXT divided over four dithered exposures.
The seeing was between 0.8 and 1.3 arcsec. Details of the obser-
vations can be found in Table 1.

We obtained the reduced (ESO MUSE pipeline v2.8.6) and
calibrated MUSE data from the ESO archive2. These data cubes
are bias subtracted, flat-field corrected, wavelength calibrated,
sky subtracted, and flux calibrated. We first ran the Zurich
atmosphere purge (ZAPv2.1 Soto et al. 2016) on the data
cubes, which is a high-precision subtraction tool, to improve the
already performed sky subtraction. ZAP uses principle compo-
nent analysis combined with filtering to construct a sky residual
for each spaxel, which is subtracted from the original data cube.

We refined the astrometry of the cubes by aligning the
sources to identified sources in the Gaia DR3 catalogue, using
a fit geometry appropriate to the number of Gaia sources con-
tained within the field of view. The root mean square (RMS) of
the new word coordinate system (WCS) solution is 0.6, 0.07, and
0.05 arcsec for XRT 100831, XRT 060207, and XRT 070618,
respectively. For XRT 030511 we used the uncertainty on the
position of the only Gaia source in the field as the RMS on the
2 https://archive.eso.org/scienceportal/home
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WCS solution, which is 0.0002 arcsec. The use of a single astro-
metric standard star implies that we cannot search or correct for
any rotation of the field. The RMS on the WCS solution was
added to the X-ray positional error obtained from the literature
to obtain the full astrometric uncertainty as follows:

σ =

√
σ2

WCS + σ2
X−ray,

where σ is the complete positional uncertainty, σWCS is the RMS
of the new WCS solution, and σX−ray is the 1σ positional uncer-
tainty on the X-ray position as reported in the literature.

3.1. Object detection

We used the get_filtered_image() function within the
python package PyMUSE (v0.4.8; Pessa et al. 2018) to cre-
ate broadband images in the Johnson R band. PyMUSE uses
the transmission curve of the Johnson R filter (slightly reduced,
so that the long red tail still fits the MUSE spectral range) to
convolve the cube, adds the convolved spectra per spaxel, and
multiplies the sum with the central wavelength of the filter trans-
mission curve (to obtain the correct units of flux instead of flux
density) to create the broadband image. R-band images allow us
to use the procedure described in Bloom et al. (2002) to calcu-
late chance alignment probabilities later on in this work without
the need to redetermine the mean surface density of galaxies that
are brighter than a certain magnitude, as they also used R-band
data. Additionally, due to the long red tail of the R-band filter, it
covers a large fraction of the wavelength range (4650−9300 Å)
of the cubes.

We also created white-light images by loading the cubes as
PyMUSE MuseCube objects. To create these white-light images,
the cubes were collapsed by summing the flux within one spaxel.
These white-light images are necessary to extract the spectra.

To detect sources, we used the python implementation
of Source Extractor (Bertin & Arnouts 1996), called SEP
(Barbary 2016). When we refer to Source Extractor in
this paper, we mean this python implementation. We trimmed
13 pixels from the edge of the edge cube to enable a cleaner
source detection.

Next, we made a background image for the R-band image
using the default settings in Source Extractor, which we
subtracted from the R-band image. We subsequently ran the
object detection function of Source Extractor on the image,
with a detection threshold of 2.0σ times the global background
root mean square (RMS). We detected 57, 55, 67, and 35 objects
for XRT 030511, XRT 100831, XRT 060207 and XRT 070618,
respectively.

3.2. Object selection

3.2.1. Flags

We removed sources with a Source Extractor flag >3.
Source Extractor flags are a sum of values representing dif-
ferent potential issues for (aperture) photometry3. We only kept
sources that are marked with 1 (aperture photometry is likely to
be biased by a neighbour or by more than 10% of bad pixels in
the aperture) and/or 2 (the object is deblended). Flag >3 typi-
cally are sources that fall too close to the border and/or have too
many saturated pixels, for instance.

3 For an explanation of all the flag values, see https://sextractor.
readthedocs.io/en/latest/Flagging.html

3.2.2. Shape parameters

To remove the sources that were found in the regions in which
the four quadrants of the four MUSE detectors meet, we also
removed sources that were strongly elongated. Elongation is
defined as the ratio of the semi-major axis (or “a” in Source
Extractor) and the semi-minor axis (or “b” in Source
Extractor). We removed objects with a/b > 3.

3.3. Extraction of spectra

For the spectral extraction, we again used PyMUSE. We used the
elliptical parameters from SEP to define the pixels that need to be
extracted and combined them for the final spectrum of an object.
We were most interested in sources that are galaxies, and there-
fore, we used the Kron radius (Kron 1980) to define the aperture.
SEP has a built-in function to calculate the Kron radii of objects
from their semi-minor and semi-major axis. We then used these
radii to define the extraction region of the objects using elliptical
apertures in which a and b of each object was scaled by N times
the Kron radius of the object to obtain the elliptical aperture.
We adopted N = 1.0 to reduce overlap between the apertures
of different sources to reduce the possibility that spectra were
contaminated by light from neighbouring sources. To combine
pixels within the spectral extraction aperture, we used the mode
called white weighted mean. In this mode, the spectrum from an
aperture is a weighted sum of the spaxels by a brightness profile
obtained from the white-light image.

We performed a visual inspection of the extracted spectra
to split the sample into stars, dwarf stars, spectra with clearly
detected emission and/or absorption lines, and those without
emission and/or absorption lines. Additionally, we extracted a
spectrum of the circular 1σ positional uncertainty of the FXTs
to search for emission-line-only sources at the positions of the
FXTs.

3.4. Redshift

For the spectra in which emission lines were detected through
visual inspection, we fitted a Gaussian function to each emission
line using the Python package lmfit. In most of these spectra,
we were able to identify the [OII] doublet or the [OIII] λ5007 Å
emission line as the brightest line. We then used the redshift of
this brightest line to search for other lines in the spectra. The res-
olution of the MUSE instrument (2.6 Å) is comparable to the dif-
ference in wavelength between the two lines in the [OII] doublet
at the rest-frame wavelength (2.8 Å). However, the rest-frame
separation between the doublet lines is known, so that we fitted
two Gaussians to the doublet with a fixed separation dependent
on the redshift. We also forced the full width at half maximum
(FWHM) to be the same for both lines in the doublet, but we
left the normalisation of the two lines free, as it is known to vary
based on electron density (Pradhan et al. 2006). The Hα emis-
sion line is only detected in eight spectra. Due to the redshift, it
may have moved outside the wavelength range covered by the
MUSE instrument (4650−9300 Å) in the other spectra.

The mean value (µ) of the Gaussian fit on any line was taken
to be the central wavelength of the emission line. We then used
the vacuum rest wavelengths of the emission lines4 to calculate
the redshift of the lines. We averaged the redshift obtained from
different lines when multiple emission lines were detected. The

4 https://classic.sdss.org/dr6/algorithms/linestable.
php
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error on the redshift was taken to be the standard deviation of
the redshift distribution for all fitted lines. These errors are about
10−4 to 10−6, which is most likely an underestimation of the
error on the redshift, for example, because do not include any
uncertainty in the wavelength calibration, which is about 0.01 Å
(Weilbacher et al. 2020).

For the sources without detected emission lines, we
attempted to fit the shape of the continuum of the galaxy spec-
trum using the penalised pixel-fitting method (pPXF; Cappellari
2017) used with the MILES stellar library (Vazdekis et al. 2010).
pPXF requires an estimate of the redshift, however. We searched
for the calcium H+K absorption lines to estimate the redshift
that we then used in pPXF. We were able to obtain the redshift
for eight sources using the emission and absorption lines because
the calcium H+K lines were detected as well as at least one emis-
sion line. We calculated the unweighted average of the redshifts
obtained through both methods to obtain the best-fit redshift. We
were able to obtain the redshift for four sources through using
the calcium H+K lines and pPXF alone, without the detection of
emission lines.

3.5. LX,peak calculation

We converted from redshift into luminosity distance
using the Distance package from astropy.cosmology
(Astropy Collaboration 2013, 2018, 2022) and the cosmological
parameters mentioned in the introduction. To obtain LX,peak for
the FXTs, we assumed that the FXT lay at the same distance as
the galaxy and used the luminosity distance and FX,peak given in
Table 1 to calculate LX,peak. We also calculated the offset between
the FXT and the galaxy assuming the angular distance of the
galaxy, calculated using the angular_diameter_distance
function from astropy.cosmology.

3.6. Photometry

We performed aperture photometry on the R-band images using
elliptical apertures. The parameters of the apertures were the
same as were used for the spectral extraction because we
assumed that all objects are galaxies, and therefore, we obtained
the Kron magnitudes. We set sub_pix = 1, so that the pixels
were not divided into subpixels in the photometry. Only whole
pixels were used.

Since in MUSE cubes a unit (or count) corresponds to
10−20 erg s−1 cm−2 Å−1, we converted the flux from the aperture
photometry (which is the pixel values within the aperture added)
into Fλ and convert this into AB magnitude. We then applied a
−0.055 mag correction to obtain the Johnson R-band magnitude
based on the star Vega (Frei & Gunn 1994). This was necessary
to calculate the chance alignment probability.

We calculated the chance alignment probability of the
objects and the FXT position following the prescription from
Bloom et al. (2002),

Pi,ch = 1 − e−π(r2
i σ(≤mi). (1)

Here,

σ(≤mi) =
1

(36002 × 0.334loge10)

× 100.334(mi−22.963)+4.320 galaxy arcsec−2

is defined as the mean surface density of galaxies brighter
than magnitude mi in the R band (Hogg et al. 1997). Here,

Pi,ch is the chance alignment probability, ri is the distance in
arcseconds between the centre of the FXT position and the
x- and y-coordinates of the object as determined by Source
Extractor, and mi is the Kron magnitude of this same object.

4. Results

Figure 1 shows the R-band images of the four MUSE cubes of
the FXTs. The 1σ positions of the FTXs are marked near the
centres of the images. We note that not all bright sources in
Figure 1 have spectra with emission lines, but some faint sources
have these spectra, which allowed us to measure the redshift for
the faint source, but sometimes not for the brighter ones. As an
example, we show in Figure 2 the spectrum of the bright source
(R-band mag 22.76± 0.06), marked with a red cross in the bot-
tom right panel of Figure 1. The reproduction package of this
paper includes the code to show all spectra, so that the absence
and/or presence of the emission lines in each spectrum can be
verified.

The labelled sources are listed in Table A.1, including the
derived redshift (and the line identifications), the absolute and
apparent magnitudes, the offset between the FXT and the can-
didate host galaxy, the corresponding (0.3−10 keV) LX,peak, and
the chance alignment probability. For sources for which only one
emission line was detected, we opted to identify it as originating
from the [OII] doublet, and we accordingly fit this line with two
Gaussian functions to account for it being a doublet. An alter-
native often used assumption is that a single line is due to Hα,
but for the spectra where this one line is at wavelengths that are
shorter than the rest-frame wavelength of Hα, this is not a valid
assumption. For the remaining cases, we base the assumption
that this line is [O II] on the absence of other emission lines. For
example, most of these single lines have a high signal-to-noise
ratio, which means, assuming a typical Balmer decrement of ∼3,
that we would, for example, expect to be able to detect the Hβ
emission line if this detected line were Hα. For the sources with
a higher redshift, the two lines in the doublet are visible as two
clearly separate lines, lending support to the doublet identifica-
tion. We plotted the fits to the [O II] doublets when this line alone
was used to determine the redshift in the supplementary mate-
rial5. However, due to the potential of a large systematic error
because of a misidentification in these cases, we report these red-
shift determinations without an error bar. We plot the spectra of
the sources for which we determined the redshift using emis-
sion lines in the supplementary material5, where we indicate the
position of the emission lines we used. Also in the supplemen-
tary material5, we show the best-fitting galaxy found by pPXF,
plotted on top of the extracted spectrum when the redshift was
determined using the calcium H+K lines and pPXF. The redshift
was determined using both methods for eight sources.

For the dwarf stars (orange sources), we used the spectra of
M and K dwarfs from the Pickles Stellar Spectral Flux Library
Pickles (1998) in combination with pPXF to find the best-fitting
stellar type. The best-fitting dwarf star types are listed in Table 2,
and the reduced χ2 for the best fit is also included. The best
fits to the spectra are shown in the supplementary material5. For
the remaining sources that were not categorised as stars, we are
unable to obtain a redshift through either emission-line fitting
or using pPXF because the signal-to-noise ratio is too low. For
completeness, the extracted spectra of the 1σ uncertainty regions
are included in the supplementary material5.

5 https://zenodo.org/records/12805278
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Fig. 1. High-contrast greyscale 1× 1 arcmin R-band images obtained from the MUSE data cubes. The position of each FXT is indicated by a
dashed cyan circle near the centre of the image. Its size represents the 1σ uncertainty on the X-ray position of the FXT. Every ellipse indicates
the position of a source detected by SEP, with different colours for different types of sources. Green ellipses show sources for which we detected
emission lines in the spectra to which we fit Gaussian functions to determine the redshift. Yellow ellipses indicate sources for which we used the
Ca H+K absorption lines to estimate a redshift and used pPXF to obtain a more accurate redshift measurement. Orange ellipses indicate sources
that were identified as dwarf stars, and pink ellipses show sources that are normal stars. The red ellipses were filtered out by our selection criteria
based on flags and elongation. We extracted a spectrum for blue sources, but the signal-to-noise ratio was too low to detect emission lines or use
pPXF to obtain the redshift. We note that due to the high contrast of the image needed to show all faint sources, not all sources that appear bright
have a high S/N spectrum. We plot the spectrum of the source with an R-band magnitude of 22.76± 0.06, marked with a red cross in the image of
XRT 070618 in Figure 2 to give an example of a bright source for which we were unable to determine the redshift. The sizes of the ellipses show
the extraction region used to obtain the spectrum for each source (see Section 3.3 for how the size and shape were determined). The sources for
which we were able to obtain a redshift are labelled with numbers that correspond to the numbers listed in Table A.1. Orange ellipses are labelled
with numbers corresponding to the source numbers listed in Table 2. North is up and east is left in these images.

5. Discussion

When we assume that one of the galaxies for which we were
able to determine a redshift is the host galaxy of the correspond-
ing FXT LX,peak & 1044 erg s−1 for all cases (Table A.1). Com-

paring this to the different luminosities expected for different
progenitor models, we derive that LX,peak is too high to be pro-
duced by the SBO progenitor model for each FXT. Addition-
ally, Figure 1 shows that there are no clear host galaxies within
the 3σ X-ray uncertainty position detected in the MUSE data
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Fig. 2. Spectrum of the source with an R-band magnitude of 22.76± 0.06, marked with a red cross in the image of XRT 070618 in Figure 1,
smoothed using Box1DKernel with a kernel width of 10 pixels to give an example of a bright source for which we were unable to determine the
redshift.

Table 2. Sources per FXT for which we fitted K and M dwarf spectra to
the extracted MUSE spectra.

Source RA Dec offset Type χ2
ν

(degrees) (degrees) (arcsec)
XRT 100831

22 90.01830 −52.71495 30.3 M4V 1.4
43 90.01155 −52.71092 21.3 M3V 2.5

XRT 060207

8 196.83675 −40.46642 23.4 M3V 1.7
18 196.82833 −40.46325 13.6 M5V 1.9
23 196.82550 −40.46300 19.8 M1V 1.7
40 196.83250 −40.45978 4.2 M1V 2.4
53 196.84175 −40.45661 30.5 M5V 2.2

XRT 070618
28 24.26996 −12.94903 22.6 M5V 2.0

Notes. The sources are indicated in Figure 1 by orange circles and their
corresponding number. We list RA and Dec for each source as well as
the angular offset in arcseconds. The best-fitting K or M dwarf spectral
type is listed as well as the corresponding reduced χ2 of the fit. The
number of the degrees of freedom was 3596 for all sources, except for
sources 22 an 42 of XRT 100831, for which there were 3595 degrees of
freedom.

for XRT 030511 and XRT 070618. For XRT 100831, we detect
a faint source (mR,AB = 26.5 ± 0.3) within the 1σ uncertainty
region, which we discuss below. For XRT 060207 a galaxy lies
within the 1σ uncertainty region, which we also discuss below.
Additionally, within the 3σ positional uncertainty region of this
FXT lie a dwarf star and an object without a redshift determina-
tion.

For XRT 030511 and XRT 070618 we did not detect
emission lines in the spectra extracted from the 1σ uncer-
tainty positions (see supplementary material5). For XRT 100831
there is suggestive evidence for the detection of an emis-
sion line near 8280 Å. We discuss this in more detail
below. For XRT 060207 we detect an emission line that we
associate with the source found within the 1σ uncertainty
region.

For an SBO nature, LX,peak . 1044 erg s−1, so that the
maximum redshift for these FXTs to be consistent with the
SBO model would be z ∼ 0.12, ∼0.19, ∼0.12, and ∼0.06
for XRT 030511, XRT 100831, XRT 060207 and XRT 070618,
respectively. For an SBO, a young massive star is needed, and

therefore, we verified whether a star-forming (SF) galaxy, and
even an SF dwarf galaxy, can be detected within these upper
redshift limits. The typical absolute magnitude of a star-forming
(SF) dwarf galaxy is &15 in the B band (e.g., Annibali & Tosi
2022). This translates into apparent magnitudes between <22.3
and <24.9 for our sample, which we would have (just) been
able to detect in the bluer part of the cubes. Unless the SF host
galaxy of any of the FXTs is uncharacteristically faint for an SF
galaxy, it is unlikely that any of our FXTs stem from SF host
galaxies.

When we compare the offsets within our sample of >33 kpc
(1σ limit) to the offset distribution of other types of tran-
sients, the offsets we find effectively rule out long gamma-
ray bursts (GRBs) (Lyman et al. 2017) and super-luminous
SNe (Schulze et al. 2021) natures of the events. The offset
distribution of core-collapse SNe (CCNSe) (Kelly & Kirshner
2012; Schulze et al. 2021) is also inconsistent with such a
large offset. The types of transients for which a sizeable frac-
tion occurs at >33 kpc are Type Ia SNe (Uddin et al. 2020)
and short GRBs (Fong et al. 2022), which would be consis-
tent with an IMBH-WD TDE (which could lead to thermonu-
clear explosions similar to Type Ia SNe) and a BNS merger
nature of FXTs. In the distribution function of offsets for short
GRBs, a fraction of objects has even larger offsets (up until
an offset of roughly 100 kpc for the 1% fraction). The 1%
limit in the offset distribution function of Type Ias is roughly
at 20 to 30 kpc. We stress that it is uncertain whether the
FXTs under study are related to any of the candidate host
galaxies.

It is uncertain whether globular clusters (GCs) host IMBHs
(Bahcall & Ostriker 1975), but they are dense enough to allow
for a significant TDE rate (e.g., Fragione et al. 2018). The abso-
lute magnitude distribution of GCs peaks between MV = −7
and MV = −8, depending among other things on the galaxy
type (see Rejkuba 2012 for a review), which means that we
would not be able to detect GCs around these galaxies for
the redshifts we derived. The distribution of galactocentric off-
sets between GCs and their host galaxies is also not universal.
When we take the distributions for the five galaxies discussed
in Lomelí-Núñez et al. (2022), hardly any GCs are reported with
an offset of >15 kpc. Therefore, the offsets we report of up to
270 kpc are much larger than expected for GCs (assuming that
the distributions of Lomelí-Núñez et al. 2022 are representative
for all galaxies). This difference between GC offsets and our off-
sets could be an argument against an IMBH-WD TDE nature for
the FXTs.
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5.1. XRT 030511

There are no reliable host galaxy candidates for XRT 030511
based on the offsets and the chance alignment probabilities. We
therefore do not discuss the sources listed in Table A.1 in detail
for this FXT. When we assume that the faintest source in the R-
band image with a significant detection (error <0.3 mag) is the
limiting magnitude of the image, we obtain a limiting magnitude
of 26.3. For a typical galaxy with an absolute magnitude of ∼−20
(e.g., Chilingarian & Zolotukhin 2012), this implies a redshift of
&2.2.

5.2. XRT 100831

For XRT 100831 we considered three candidate host spectra in
detail. First, Quirola-Vásquez et al. (2022) reported a possible
host at 3.2σ of the centre of the uncertainty on the position
of XRT 100831. We also detected this source. It lies close to
the north-east of the FXT position (marked with a red plus in
Figure 1) at 3.3σ. However, we are not able to determine a red-
shift of this object.

Second, we considered the emission line detected in the spec-
trum extracted at the location of the FXT, and we fitted two Gaus-
sian functions to this feature based on the assumption that it is due
to the [O II] doublet. Using this identification, we obtain a red-
shift z ∼ 1.22. For this redshift, LX,peak ∼ 8 × 1045 erg s−1, which
is too high for an SBO nature. Third, we examined the spectrum
of source 21, which falls within the 1σ positional uncertainty of
XRT 100831 reported in this work. During our first visual inspec-
tion, we discarded this spectrum as we were not certain that the
detected line was real (see supplementary material5). However,
upon further inspection due to the detection of a line in the spec-
trum of the position of XRT 100831 we were able to fit lines to
the spectrum of source 21, because we had a guess for the red-
shift from the line of the FXT region spectrum. We find the same
redshift of z ∼ 1.22 for source 21, and therefore, we identify
the emission line detected in the spectrum extracted from the 1σ
uncertainty to have come from this source 21. The projected off-
set for this source is 6± 7 kpc, which is consistent with all three
possible progenitor models. This source has a chance alignment
probability of 0.04 with the FXT position, so that we consider it
likely that this is the host galaxy of XRT 100831.

Sources 48 and 49 of XRT 100831 are both at a redshift
of z ∼ 0.324. The average projected offset to the position of
XRT 100831 is 120 ± 4 kpc for these two galaxies, and no other
sources with a similar redshift are found within the sample of
sources with a derived redshift. Another two sources, 24 and 26,
lie at a redshift z ∼ 1.01 with an average projected offset to the
position of XRT 100831 of 203± 7 kpc. For both sets of galax-
ies, the offset is too large for it to be likely that XRT 100831
originated from either pair.

5.3. XRT 060207

Source 36 is located within the 1σ uncertainty region of
XRT 060207. This galaxy has a redshift of 0.939 that was deter-
mined through the detection of one emission line identified as
the [OII] doublet. While the emission line falls within 16 Å of
the skyline at 7246 Å, we consider it a solid detection. If this
galaxy is the host of XRT 060207, LX,peak = 1.2 × 1046 erg s−1,
which falls within the peak luminosity range of both the BNS
and the IMBH-WD TDE progenitor models. The offset at the
distance of this galaxy is 14 ± 15 kpc, which is consistent with
the offset distribution of all three progenitor models. The chance
alignment probability between this galaxy and the FXT is 0.06.

Therefore, we consider source 36 a viable host galaxy candidate
for XRT 060207.

Another source lies within the 3σ uncertainty region of
XRT 060207, source 40. This is identified by us as a type M1V
late-type star (see Table 2). The R-band magnitude of this source
is 21.27± 0.03 magAB. This magnitude is obtained through aper-
ture photometry with Source Extractor using a circular
aperture of 2.5 times the FWHM, where the FWHM was deter-
mined with imexam in iraf. We used this magnitude to calculate
log(LX/Lbol) = log(FX/Fbol) following the same procedure as
Quirola-Vásquez et al. (2022)6 and find −2.9 . log(FX/Fbol) .
0.1 depending on the spectral type of the synthetic model. The
saturation limit of M dwarfs was reported by De Luca et al.
(2020) to be as high as log(FX/Fbol) . 0.0, which is consistent
with the values we find.

We calculated the chance alignment probability of the FXT
position with this late-type star by using the procedure described
in Section 3.6, but we determined the surface density of stars
brighter than source 40 locally on the image. Ten stars are
brighter than source 40 in the image of 1 arcmin2, leading
to a chance alignment probability of 0.16 for the distance of
4.2 arcsec between the FXT position and the dwarf star. When
we limit our surface density calculation to only include late-type
stars, source 40 is the brightest, and the chance alignment prob-
ability is 0.02. Compared to the chance alignment probability of
the galaxy (source 36) with the FXT position of 0.06, there is no
clear best association of the FXT with either of these sources.

For XRT 060207 there is group of galaxies (sources 4, 45,
51, and 55) at z ∼ 0.588. For this group of sources, the projected
distance is 156±13 kpc. The positions of these four sources com-
pared to the position of the FXT (three to the north-west and one
to the south-west) might indicate that this FXT occurred due to
interactions between these galaxies. If the FXT were to belong
to this group of galaxies (assuming these galaxies form a group),
LX,peak = 3.9 × 1045 erg s−1.

Two sources (25 and 41) lie at z ∼ 0.592. This pair is east
of the FXT position, with an average position of XRT 060207
∼40 kpc away from this FXT position. The average projected
offset is consistent with a BNS merger origin.

5.4. XRT 070618

Alp & Larsson (2020) reported two potential host galaxies for
XRT 070618, which they assumed to be at the same redshift. The
two sources are numbered as source 14 (the galaxy reported at
12 arcsec from the FXT position with mR = 21.16± 0.03 magAB)
and source 22 (the galaxy at 21 arcsec from the FXT posi-
tion with mR = 18.86± 0.01 magAB) in the bottom right panel
of Figure 1 in this work. They fitted the SEDs of both galax-
ies simultaneously to obtain the redshift of the pair as z = 0.37,
which they assumed as the redshift of the FXT. However, we
found that these sources are not located at the same redshift,
with source 14 located at z = 0.43217(1) and source 22 located
at z = 0.20803(9). This results in an LX,peak of 7.5 × 1045 and
1.4 × 1045 erg s−1 assuming either source 14 or source 22 is the
host galaxy of XRT 070618. For either of these galaxies, we
therefore rule out an SBO nature based on LX,peak > 1044 and
the offset of the FXT with respect to these host galaxies.

6 In short: we normalize stellar synthetic models of dwarf stars taken
from Phillips et al. (2020) (1000 . Teff . 3000 K and 2.5 . log g .
5.5) to the R band magnitude obtained for this star, and integrate the
normalised models at optical through NIR wavelengths to calculate the
bolometric flux.
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For XRT 070618 galaxy 3 and 6 lie at approximately
the same redshift of z ∼ 0.367. However, the location of
XRT 070618 with respect to this galaxy pair at an average pro-
jected offset of ∼45 kpc still indicates a progenitor model that is
not an SBO due to the offset and LX,peak.

It is possible that none of the candidate host galaxies dis-
cussed above is the real host galaxy. For instance, the real host
galaxy might be too faint to be detected in our MUSE data. It can
be intrinsically faint or appear to be faint due to a large distance.
At a limiting magnitude in the R-band images of ∼25 mag (this
limiting magnitude is derived from the faintest detected objects),
dwarf galaxies such as the Large Magellanic Cloud with an abso-
lute magnitude of MV ∼ −18 could be detected out to a distance
of ∼4 Gpc or z ∼ 0.65. For the host galaxy to be undetected at
the positions of the FXTs, it therefore either has to be at a larger
distance or it has to be fainter than MV ∼ −18 for z < 0.65. If the
galaxy is at z > 0.65 LX,peak & 2 × 1045 erg s−1 for all sources.

6. Conclusions

We studied the environment of four FXTs reported by Lin et al.
(2019), Alp & Larsson (2020), and Quirola-Vásquez et al.
(2022). We reported redshifts for between 13 and 22 galaxies
in the images of these FXTs and used these redshifts to con-
strain LX,peak and the nature of the FXTs. We detected candidate
host galaxies for two FXTs. For XRT 100831 we detected an
emission line in the spectrum extracted from the 1σ positional
uncertainty region. We identified this line as originating from
a very faint source within the 1σ positional uncertainty. This
source lies at z ∼ 1.22 and has a chance alignment probability of
0.04. The BNS merger model or the IMBH-WD TDE model are
both viable progenitors for this FXT based on the peak X-ray
luminosity when we assume that this source is the host galaxy
of XRT 100831. We consider that this source likely is the host
galaxy of XRT 100831.

For XRT 060207, we detect a galaxy at redshift z = 0.939
within the 1σ uncertainty region with a low chance alignment
probability. If this is indeed the host galaxy of XRT 060207, the
most likely progenitor would either be the BNS merger model
or the IMBH-WD TDE model based on the offset and the peak
X-ray luminosity. Another source lies within the 3σ uncertainty
position, however. This is an M dwarf star with a similar chance
alignment probability as the galaxy with the FXT position. With
the available data, we cannot determine with which of these two
sources XRT 070618 is associated.

All FXTs have LX,peak that are too high and have a large offset
with respect to all other candidate host galaxies, so that they are
probably not produced by an SN SBO. We cannot distinguish
between the other models, IMBH-WD TDE or BNS merger,
based on LX,peak and the offsets. We note, however, that for the
galaxies with offsets >30 kpc, an IMBH-WD TDE is unlikely
due to the large offset. The question still remains whether all
FXTs have the same progenitor or if there are subgroups stem-
ming from different progenitors.

Data availability

Supplementary material is available at https://zenodo.org/
records/12805278
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