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ABSTRACT

We report on the multi-year evolution of the population of X-ray sources in the nuclear region of NGC 3621 based on Chandra,
XMM-Newton, and Swift observations. Among these, two sources, X1 and X5, after their first detection in 2008, seem to have faded
below the detectability threshold, a most interesting fact as X1 is associated with the active galactic nucleus (AGN) of the galaxy. Two
other sources, X3 and X6, are presented for the first time, the former showing a peculiar short-term variability in the latest available
dataset, suggesting an egress from eclipse, and hence belonging to the handful of known eclipsing ultra-luminous X-ray sources. One
source, X4, previously known for its heartbeat (i.e. a characteristic modulation in its signal with a period of ~1h), shows a steady
behaviour in the latest observation. Finally, the brightest X-ray source in NGC 3621, here labelled X2, shows steady levels of flux
across all the available datasets, but a change in its spectral shape, reminiscent of the behaviours of Galactic disc-fed X-ray binaries.
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1. Introduction

Ultraluminous X-ray sources (ULXs) are defined as off-nuclear
sources with an isotropic luminosity exceeding the 10° erg/s
threshold (see Kaaret et al. 2017; Fabrika et al. 2021; King et al.
2023 and references therein for recent reviews). The idea behind
this definition is to include all sources with a luminosity exceed-
ing the Eddington limit for a black hole (BH) of ~10 Mg and to
exclude sources powered by accretion onto a supermassive black
hole (SMBH), which usually reside in the nuclei of their host
galaxies, and are hence dubbed active galactic nuclei (AGN).

Ultraluminous X-ray sources are interpreted as binary sys-
tems powered by accretion onto a compact object and, given
their extreme luminosities, offer the opportunity to study either
accretion at or above the Eddington limit for neutron stars (NSs)
and stellar mass BHs, or unusually massive BHs, with masses in
the range 102-10° M, known as intermediate-mass black holes
(IMBHs). The most extreme example of super-Eddington accre-
tion is probably NGC 5907 ULX, a ULX pulsar containing an
accreting NS, whose luminosity exceeds its Eddington limit by
almost three orders of magnitude (Israel et al. 2016).

On the other hand, ESO 243-49 HLX-1, with a peak lumi-
nosity as high as 10*? erg/s is, to date, considered the most con-
vincing candidate IMBH (Farrell et al. 2009). This source was
discovered owing to its luminosity and to its great distance from
its host galaxy centre. However, a large fraction of IMBHs are

* Corresponding author; andrea.sacchi@cfa.harvard. edu

expected to be hosted in the nuclear regions of their host galax-
ies (Chilingarian et al. 2018), and even wandering IMBHs are
predicted to undergo periods of high luminosity when transiting
through galactic nuclei (Weller et al. 2023).

The spectra of ULXs are generally characterised by two
thermal components, usually described with black bodies or
modified accretion disc black bodies, that dominate the emis-
sion above and below ~1keV. A third, high-energy component,
usually modelled with a cutoff power law (e.g. Walton et al.
2018), is also observed in all the ULX pulsars, suggesting that
it descends from an accretion column above the NS. In a super-
Eddington accretion scenario, the lower-energy thermal compo-
nent is associated with either the emission from an optically
thick outflow (e.g. Poutanen & Beloborodov 2006) or an outer
disc (observed temperatures of ~0.2—0.5 keV), while the higher-
energy component could be an inner disc emission deprived of
winds (temperatures of ~1-2keV).

NGC 3621 is a field spiral galaxy in the Hydra constella-
tion, at a distance of 6.7 Mpc (Tully et al. 2013). Although it
is morphologically classified as bulgeless, the nuclear region of
NGC 3621, roughly defined as the region within a 2 kpc radius
of the galactic centre (corresponding to a projected distance of
1”), is a most interesting environment. By analysing the opti-
cal spectrum and stellar dynamic, Barth et al. (2009) assigned
a Seyfert2 classification to the galaxy and inferred an upper
limit on the central BH mass of 3 X 10° M. The presence of
an AGN in the nucleus of NGC 3621, powered by a particularly
light SMBH, was also inferred by the inspection of its infrared
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emission (Satyapal et al. 2007) and association with an X-ray
source (Gliozzi et al. 2009). The lower limit on the BH mass,
inferred from the X-ray luminosity of the source associated with
the infrared emission lower limit, is about 4 X 103 My, making it
possible that the black hole powering the AGN in NGC 3621 is
an IMBH.

In the X-ray band, NGC 3621 has been imaged repeatedly.
In 2008 the Chandra visit (ObsID: 9278, PI: Gliozzi, hereafter
CXOl) that revealed the X-ray counterpart of the AGN (here-
after X1) also detected two off-nuclear ULXs, with luminosities
of about 10 erg/s, far from the galaxy’s nucleus by about 20”.
Gliozzi et al. (2009) labelled these two sources B and C, while
in this paper they are referred to as X2 and X5, respectively.

A follow-up observation of NGC 3621, obtained with
XMM-Newton in 2017 (ObsID: 0795660101, PI: Annuar, here-
after XMM1), revealed an additional most-interesting source,
4XMM J111816.0-324910, referred to as X4 in this paper. This
source was too faint to be noticed in the Chandra observation,
while in the XMM-Newton observation its luminosity exceeded
the 10%° erg/s threshold, hence earning a classification of tran-
sient ULX. Furthermore, in the XMM-Newton observation, this
source exhibited a peculiar quasi-periodic modulation in its sig-
nal, with a period of =1 h. The X-ray spectral and timing analy-
sis, as well as the search for the optical counterpart of this source,
are presented in Motta et al. (2020).

The discovery of this last transient ULX prompted extensive
Swift/XRT monitoring of NGC 3621, which culminated in a sec-
ond XMM-Newton observation (ObsID: 0884030101, PI: Motta,
hereafter XMM?2), obtained in May 2023. Along with X4, two
other ULXs (X3 and X6), previously neglected, stand out in both
XMM-Newton observations, raising the number of X-ray sources
surrounding the nuclear region of NGC 3621 to five. This paper
is dedicated to the description of the X-ray behaviour of the
ULXs residing in the nuclear region of NGC 3621 as well as its
central AGN. Figure 1 shows NGC 3621 in the near-ultraviolet
(NUV) band with three insets to highlight the evolution of the
ULX population surrounding its nuclear region. The position
and nomenclature of the sources analysed in this work are sum-
marised in Table 1.

The paper is organised as follows. In Sect. 2 we describe
the dataset upon which the presented analysis is based and the
observational properties of each ULX. In Sect. 3 we discuss the
possible nature of each source. Finally, in Sect. 4 we summarise
our results.

2. Observational properties
2.1. X-ray dataset

The results presented in this work rely on all the available
X-ray observations of NGC 3621 obtained with Chandra, XMM-
Newton, and the Neil Gehrels Swift Observatory, and already
partially analysed and described by Gliozzi et al. (2009) and
Motta et al. (2020). In addition to these data, the bulk of the anal-
ysis is based on the observations of NGC 3621 performed with
Swift and XMM-Newton in the context of a monitoring campaign
of X4.

The Swift—XRT data were retrieved from the science archive'
and reprocessed using the ftool routine xrtpipeline. The
count rates and upper limit for each observation (without sep-
arating the individual orbits) were computed with the ximage
tool sosta and converted into fluxes adopting the best-fitting

! https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/
swift.pl
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model of the closest available XMM-Newton or Chandra
observation.

XMM-Newton data were downloaded from the science
archive? and reprocessed following the standard procedure with
sas v21.0.0 (Gabriel et al. 2004). The light curve of the full
observation was inspected and periods of high particle back-
ground were excluded from our analysis. For XMM1 we fil-
tered out time intervals during which the background rate was
higher than 0.6 and 0.35cts/s for PN and MOS, respectively.
For observation XMM2, we excluded two high background
periods at the beginning and at the end of the observation.
The data from the EPIC-MOS cameras were merged using the
sas tool merge, once verified that the two cameras provided
compatible results. To build spectra and light curves, to min-
imise contamination from nearby sources, counts were extracted
from 15" radius circular regions centred on each source posi-
tion. Background counts were extracted from nearby 30" radius
circular regions, from source-free portions of the same detec-
tor chip of each source. Upper limits were obtained using the
sas tool eupper. Spectra, spectral redistribution matrices, and
ancillary response files were generated using the dedicated sas
tools.

CXOl, taken in sub-array mode, was reprocessed and
reduced with the Chandra Interactive Analysis of Observations
software package (CIAO, v.4.12; Fruscione et al. 2006) and the
CALDB 4.9.0 release of the calibration files. Source counts were
extracted, using the CIAO tool srcflux, from regions encom-
passing a point spread function (PSF) fraction of about 95% (cor-
responding to roughly 3" radius circles). Backgrounds were esti-
mated from source-free annular regions, centred on the source
position, of 7 and 15 arcsec radii. Spectra, spectral redistribution
matrices and ancillary response files were generated using the
CIAO script specextract. All reported luminosities are com-
puted assuming the NGC 3621 distance of 6.7 Mpc.

2.2. Spectral analysis

Here we report the X-ray spectra and associated spectral anal-
ysis of the X-ray bright sources in the nuclear region of
NGC 3621. Spectra already published by Gliozzi et al. (2009)
and Motta et al. (2020) will not be analysed further; however, a
comprehensive analysis of the multi-epoch spectral evolution of
the single sources is presented in Sect. 3.

The spectra were then fed into the spectral fitting package
XSPEC (Arnaud 1996) version 12.12.1. Only counts in the energy
range 0.3—10keV were considered and, given that all analysed
spectra have sufficient counts, the spectra were rebinned to have
at least 20 counts per energy bin and the y>-statistic was adopted.
All X-ray spectra were corrected for foreground interstellar
absorption adopting the model TBABS, with Ny fixed to the
Galactic value 6.63 x 10%° cm~2 (HI4PI Collaboration 2016). All
the reported values of intrinsic absorption are hence to be consid-
ered higher than this foreground value. We adopted abundances
from Wilms et al. (2000), with the photoelectric absorption
cross-sections from Verner et al. (1996). All reported uncer-
tainties correspond to 1o, all fluxes are intended as observed,
while luminosities are reported as unabsorbed. Spectra extracted
from CXO1 were analysed in the 0.5-7keV band, but lumi-
nosities are all reported in the 0.3—10keV band to allow for
direct comparison.

2 http://nxsa.esac.esa.int/nxsa-web/#search
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Fig. 1. NGC 3621 from a NAO-IRAF image in the NUV band. The inset shows the location of the ULXs described in the paper, in the three epochs
of the Chandra and XMM-Newton visits.

Table 1. Nomenclature and position for the sources analysed in this work.

Label RA D Dec (¥ Comments

X1 11:18:16.51 —-32:48:50.4 the AGN, source A in Gliozzi et al. (2009)

X2 11:18:15.16  —32:48:40.6 the brightest source, labelled B in Gliozzi et al. (2009)

X3 11:18:15.30 —32:48:17.3 the eclipsing source

X4 11:18:15.99 -32:49:10.2 4XMM J111816.0-324910, the ‘heartbeat source’ (Motta et al. 2020)
X5 11:18:18.23  —32:48:53.0 source C in Gliozzi et al. (2009)

X6 11:18:17.99 —-32:49:37.3 the faintest source

Notes. ("Coordinates are given in ICRS (ep = J2000).
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Table 2. X-ray spectral properties of the analysed sources.

Source Observation y2/v Nl({l) kT:f)zt Lg? )Soﬁ kTﬁiﬁ | Lg?,)har 4 L;? )wl
CXOl 075 24408 0254006 32=08 10£0.1  36+04  65+03
X2 XMMI 103 06+01 043+003 170+008  28+03 324+007 4.97=0.09
XMM2  1.07 08+01 037+011 02+01  157+002 79+01 813007
XMMI 107 2001 1322006 66=0.1
X3 xvMz  FOL <0 031001 e L) 19E0L g 002 3.83 +0.06
Xa XMM2 092 0402 0392007 0212004 1301 0382004 059<00I
XMMI 0.08£0.02 0312004 04=01
X6 xMpz 02 <9 0282003 663 go0s 21EO03 gloi002  03+01

Notes. VIntrinsic absorption in units of 10?' cm™2, the upper limits are reported at a 30~ level. ® Temperature of the soft and hard thermal compo-
nents in keV. ®X-ray luminosity of the soft and hard thermal components in the 0.3-10keV band in units of 10*° erg/s. Total X-ray luminosity

in the 0.3-10 keV band in units of 10*° erg/s.
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Fig. 2. X-ray spectrum (upper panels) and residuals (lower panels) of the source labelled X2 in the three different epochs. Shown in blue are the
Chandra data, in black the XMM-Newton/pn data, and in red the merged XMM-Newton/MOS data. The solid lines show the best-fitting models
described in the text. The individual components contributing to the model are shown as dotted lines (for XMM1 and XMM?2 the two components

are shown only for the pn dataset for clarity).

2.21. X1

The AGN, which is labelled X1, is marginally detected in CXOl1,
described at length in Gliozzi et al. (2009), and not detected in
either XMM1 or XMM2, so no further spectral analysis is pos-
sible for this source.

2.2.2. X2

The X-ray spectrum of X2 from CXOI1 is described in
Gliozzi et al. (2009), where it is reproduced by an absorbed
power law with Ny = (3.4 +0.6) x 10>’ cm2 and T’ = 2.7 + 0.3.

The X-ray spectrum of X2 can be reproduced by an absorbed
power law in XMMI1 as well. The best-fitting parameters are
Nu =(1.1£0.1)x 10> cm™2 and T = 1.87 +0.03, corresponding
to a statistic of y?/v = 241.54/188 ~ 1.27 (where y? is the value
of the y?-statistic and v the number of degrees of freedom).

In XMM2 the X-ray spectrum of X2 cannot be reproduced
satisfactorily with a power law (y?/v = 1078.34/263 ~ 4.1) nor
by a combination of a power law and other models. Instead, it
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can be well reproduced by an absorbed multi-colour disc model,
DISKBB in Xspec, with y%/v = 287.63/263 ~ 1.09. Although
not specifically requested by the data, we performed a further
spectral fit by adding a second thermal component, also mod-
elled with a DISKBB, to be in line with the most recent findings
on ULX spectral properties. We note that the fit is marginally
improved (x?/v = 280.71/261 =~ 1.07).

At this point, we tried to fit the data from CXO1 and XMM1
with the same absorbed two-thermal component model. We
obtained acceptable fits for both epochs, with marginally better
x* with respect to the single power-law model.

The best-fitting parameters for the two-thermal-component
model are reported in Table 2 and the spectrum in the different
epochs is shown in Fig. 2.

2.2.3. X3

In CXOl, the source labelled X3 was marginally detected. The
low number of counts prevented us from performing the spec-
tral analysis, but by converting the count rate into flux with
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Fig. 3. X-ray spectrum (upper panels) and residuals (lower panels) of
the source labelled X3 in XMMI1 and XMM2 (left and right panels,
respectively). Shown in black are the XMM-Newton/pn data and in red
the merged XMM-Newton/MOS data. The solid lines show the best-
fitting models described in the text; the dotted lines indicate the two
thermal components for the sole pn data.

the best-fitting model described below, we obtained log FF =
—13.8 + 0.1 erg/s/cm?, corresponding to a luminosity of log L =
38.3 £ 0.1 erg/s.

In XMM1 and XMM2, the X-ray spectrum of X3 can be well
reproduced by an absorbed power law (y?/v = 311.67/273 ~
1.14). The best-fit parameters of the model are Ny = (0.38 +
0.05) x 102' cm™2 and I' = 2.18 + 0.03. The data from the two
epochs were fitted simultaneously and the goodness of the fit
does not improve freeing either of the two parameters in the two
different epochs.

Following the strategy adopted for X2, we tested whether
the fit quality could be improved by adopting a two-thermal-
component model (DISKBB+DISKBB). We indeed obtained a bet-
ter statistic (y?/v = 273.43/270 ~ 1.01) that required no
intrinsic absorption. The best-fitting parameters are reported in
Table 2 and the spectrum in the different epochs is shown in
Fig. 3.

2.2.4. X4

The X-ray emission of X4 up until late 2017 is fully
presented and discussed in a dedicated publication by
Motta et al. (2020).

In XMM2, the X-ray spectrum of X4, shown in Fig. 4,
can be well reproduced by a two-thermal-component model
(DISKBB+DISKBB), with statistic )(Z/v = 94.55/103 =~ 0.92.
The best-fitting parameters of the model are reported in Table 2.
To allow for direct comparison with the model adopted for
this source in Motta et al. (2020), we also fitted its spectrum
with a DISKBB+BBODY model, obtaining a good fit (y*/v =
108.48/103 ~ 1.05) with a black-body temperature for the soft
component of 0.26 + 0.01 keV.

2.2.5. X5

The X-ray spectrum of X5 as it appeared in CXO1 is described in
detail in Gliozzi et al. (2009) and it is reproduced by an absorbed
power law with Ny = 5.1*73 X 10* cm™ and ' = 1.6 + 0.4. Its
flux in the 0.3—10keV band is log F = —12.74 + 0.04 erg/s/cm?
and its luminosity log L = 39.36 + 0.04 erg/s.

%
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Fig. 4. X-ray spectrum (upper panels) and residuals (lower panels) of
the source labelled X4 in XMM2. Shown in black are the EPIC/pn and
in red the merged EPIC/MOS data. The solid lines show the best-fitting
models. The dotted lines indicate the two components for the pn data.

The source is not detected in either of the two subsequent
XMM-Newton observations, and hence no further spectral anal-
ysis is possible.

2.2.6. X6

The X6 position fell off the field of view in CXO1, and was in
the gap between the two detector chips of the EPIC/pn camera
in XMMI1, and hence we focus only on the EPIC/MOS data of
XMM1 and XMM?2 and EPIC/pn data of XMM2.

The data were analysed simultaneously, with all parameters
linked together for the normalisation, and the X-ray spectrum of
X6 was acceptably reproduced by a simple power-law model,
with no additional absorption. We obtained Y2 /v =102.92/92 ~
1.12. The best-fitting slope of the power law is I' = 1.72 + 0.03.

In this case too, although the fit was already acceptable with
a single power-law model, we fitted a two-thermal-component
model to the source, which resulted in a better description of
the data (y?/v = 91.83/90 ~ 1.02). The best-fitting parameters
are shown in Table 2 and the spectrum in the different epochs is
shown in Fig. 5.

2.3. Long-term light curve

The X-ray light curves of four of the six sources described
here are shown in Fig. 6, which reports the luminosity in the
0.3—10keV band as a function of the epoch of observation. The
luminosities were obtained by converting the count rates listed
in Table B.1 adopting the best-fitting models described above.

All presented sources show significant variability, often by
more than one order of magnitude.

The sources X1 and X5 are not reported, as they fall within
the PSF profiles of the much brighter sources X2 and X4, con-
taminating them in all Swift/XRT observations. Neither X1 nor
X5 is detected in either of the two XMM-Newton observations.

2.4. Timing analysis

In this section, we report the timing analysis of the two XMM-
Newton observations, focusing on X2, X3, X4, and X6 as X1

A217, page S of 11
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Fig. 5. X-ray spectrum (upper panels) and residuals (lower panels) of
the source labelled X6 in XMM1 and XMM?2 (left and right panels,
respectively). Shown in black are the XMM-Newton/pn data and in red
the merged XMM-Newton/MOS data. The solid lines show the best-
fitting models described in the text, the dotted lines indicate the two
thermal components.
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Fig. 6. Long-term X-ray light curves of the source X1-X6 (from top
to bottom). The magenta, green, and blue points indicate Chandra,
XMM-Newton, and Swift/XRT data, respectively. Down-pointing arrows
indicate 30 upper limits. Swift/XRT upper limits are in grey. XMM-
Newton/pn and XMM-Newton/MOS upper limits are shown by two dif-
ferent arrows. The count rates on which this figure is built are reported
in Table B.1.

and X5 were not detected (see the previous section). We used
the SAS tool evselect to extract source events in the 0.3—
10keV band. The light curves and the power density spectra
(PDSs) were computed through the XRONOS tasks 1curve and
powspec, respectively. The light curves shown in this section
were all background subtracted and the bin time was adjusted
to ensure there are at least ten counts per bin. Unless otherwise
stated, for the analysed sources this requirement corresponds to
a bin time of 300s. A search for coherent periodicity correcting
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Table 3. Summary of the X-ray pulsed fraction and rms fractional vari-
ation upper limits derived by our analysis.

Source Observation PF®  ms®
X2 XMMI1 <22% <0.078
XMM2 <13% <0.044
X3 XMM1 <30% <0.16
XMM2 @ <$28% -
X4 XMM2 <35% <0.28
@ XMMI  <I00% <057
XMM2 <90% <0.45

Notes. (V3¢ upper limit on the pulsed fraction of a signal in the 1 mHz—
0.18 Hz range. @30 upper limit on the rms fractional variation in the
10uHz-3 mHz range. ®Given the presence of the eclipse, for this
observation we did not derive the rms fractional variation. ’For the
light curves of this source we considered a bin time of 2000 s, given the
lower count statistics. Correspondingly, the rms fractional variation is
computed in the 10 uHz—0.5 mHz range.

for both a (circular) orbital motion and a first derivative P of the
(possible) spin signal through particle swarm optimisation, an
evolutionary algorithm (Pinciroli Vago et al., in prep.) and accel-
erated search techniques (we followed Rodriguez Castillo et al.
2020) gave negative results. In this section, we report the 30
upper limits on the pulsed fraction of a signal in the PDSs,
computed following Israel & Stella (1996) from the Nyquist fre-
quency vny down to 1mHz. The PDSs were computed with
the maximum combined time resolution, which in the case of
PN+MOS data corresponds to 2.7s (vny =~ 0.18 Hz). For each
PDS, we also checked the geometrically rebinned version with a
factor of 1.16 and 1.08 (each bin is 16% and 8% larger, respec-
tively, than the previous one) for broad-band features associated
with incoherent variability. We found that every PDS was domi-
nated by white noise.

Unless otherwise stated, the errors we report in this section
correspond to 1o (68.3%) confidence ranges. For ease of com-
parison, we summarise the results of our timing analysis (in par-
ticular the upper limits on the pulsed fraction and the rms frac-
tional variation) in Table 3.

2.4.1. X2

The timing analysis of X2 data from 2017 to 2023 reveals no
significant evolution or distinctive features. The top and bottom
panels in the left column of Fig. C.1 show the 0.3-10keV band
PDS and the light curve in XMM1, respectively. The top and
bottom panels in the right column of Fig. C.1 show the same
plots in the same order in XMM?2.

2.4.2. X3

Source X3, together with X4, shows the most interesting evolu-
tion from a timing point of view. The 0.3—10keV band PDS and
the light curve of XMMI1 data are shown, respectively, in the left
and right panel of Fig. C.2. No significant feature is detected.
On the other hand, the 0.3-10keV band light curve from
XMM2 (Fig. 7) shows what seems to be the egress of an
eclipse. During the first 40ks of the observation the mean
count rate is consistent with a zero flux level. From this we
can derive a lower limit on the eclipse duration of approxi-
mately 40 ks. The count rate then rapidly rises for approximately
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Fig. 7. X3 PN+MOS light curve in the 0.3-10 keV band during XMM?2.
The black dashed line at 51ks divides the XMM2 light curve into the
two regions we considered for our timing analysis. The bin time of the
background-subtracted light curve is 300 s.

3ks, only for it to decay back to lower flux rates. After
another 1ks the count rate increases to a steady level of
(1.30 = 0.02) x 107" cts/s.

In Fig. 8 we report the background-subtracted light curves in
the soft (0.3-1keV) and hard (1-10keV) band, together with
the corresponding hardness ratio (hard/soft). We chose these
two bands to have a similar number of photons in both light
curves. In this case we adopted a bin time of 1000s. We do
not show the hardness ratio in the first 40ks of the observa-
tions since in this time interval it is dominated by noise due to
the low number of collected counts. No clear evolution is vis-
ible in the hardness ratio, which can be fitted with a constant.
Although a slight rise is visible at ~40-50ks, its significance is
low (<30).

Given the low count rate during the first 51ks of observa-
tions (‘Eclipse’ interval) and to avoid artefacts introduced by the
eclipse, we computed the PDS (Fig. C.3) only after the first 51 ks
(‘High’ interval). We detected no particular feature in the PDS.
No coherent signals were detected in either PDS.

2.4.3. X4

The timing analysis of X4, up to and including XMM], is fully
presented and discussed by Motta et al. (2020). In this section,
we focus on XMM2.

In XMML, a striking feature of this source was the presence
of a repeating pattern similar to the heartbeat of GRS 19154105
(Belloni et al. 2000). This feature, however, was absent during
the 2023 XMM-Newton observation, as the 0.3-10keV band
PN+MOS light curve shows in Fig. C.4. Figure 9 shows the
PDS of 2023 data. For comparison, the dash-dotted line in the
PDS shows the frequency of the main peak detected in the PDS
in XMMI1 data. No significant features can be recognised in the
XMM?2 PDS.

2.4.4. X6

For XMM1, we only considered data coming from the two MOS
cameras (see the previous section). The 0.3—10keV band light
curve (bin time of 2000 s) and PDS of XMM2 data are shown in
the bottom and top panel in the left column of Fig. C.5.

0.10

0.08

—

= 0.06

s/s

0.04

Rate (count;

0.02

0.00

0.10

0.08

0.06

Rate (counts/s)

Hard/Soft

0 2 4 6 8

Time (s) x10*

Fig. 8. X3 PN+MOS light curve. The top panel show the soft (0.3—
1keV) band, the middle panel the hard (1-10 keV) band, and the bottom
panel the hardness ratio of the hard count rate to the soft count rate. We
do not show the points in the first 40 ks since the hardness ratio in this
range is dominated by noise. The bin time of the background-subtracted
light curves is 1000s.

The same plots derived from 2023 data are shown in the two
panels in the right column of Fig. C.6. In both observations the
source was faint, as can be seen from the light curves, in which
time bins consistent with zero count rate can be recognised. The
source shows no significant evolution between the two observa-
tions.

2.5. Optical counterparts

To attempt an identification of the optical counterpart of the X-
ray sources described above, we retrieved the calibrated Hubble
Space Telescope (HST) ACS/WFC images of NGC 3621 in three
bands: F435W (B), F555W (V), and F814W (I). Unfortunately,
no bright source (e.g. a star or background AGN) is present in
both the CXO1 and HST dataset to align the images, and no
obvious optically bright counterpart is present in the error circles
of the X-ray detections, as illustrated in Fig. 10, which shows the
RGB HST image with the Chandra error circles superposed for
the sources labelled X3 and XS5.
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Fig. 9. X4 PN+MOS power density spectrum in the 0.3-10keV band
during XMM2. The dash-dotted line at ~0.3 mHz shows the frequency
of the main peak detected in the PDS in XMM1. The yellow dashed line
in the original PDS shows the 3.50 detection threshold.

3. Discussion

NGC 3621 hosts in its nuclear region a most interesting popu-
lation of X-ray sources, which, across three long X-ray obser-
vations performed with Chandra and XMM-Newton, and several
short Swift pointings, revealed a plethora of different behaviours.
While four sources have already been studied to some extent
and a part of the pertinent X-ray data are publicly available
(Gliozzi et al. 2009; Motta et al. 2020), in this work we present a
comprehensive description of the ULX population of NGC 3621.
We base the bulk of this analysis on proprietary data obtained in
the monitoring campaign of one of the presented sources (P.I.
Motta).

In this section we discuss, for each source, its possible nature
in the light of its X-ray behaviour.

3.1. X1: The AGN

The presence of an AGN in the central region of NGC 3621 was
first reported owing to Spitzer detection of emission lines that
were incompatible with a burst of star formation (Satyapal et al.
2007). Archival optical images obtained with HST indicate 3 x
10° M, as the upper limit to the mass of the black hole powering
the AGN (Barth et al. 2009).

The source labelled here as X1 is marginally detected in the
2009 Chandra observation, and it is spatially coincident with the
mid-infrared emission associated with the AGN, and can be most
naturally explained as the X-ray counterpart for the AGN, further
confirming the presence of an accreting black hole at the centre
of NGC 3621. The low X-ray luminosity of the source can be
used to place a lower limit on the black hole mass of 4 x 10° M,,
(Gliozzi et al. 2009).

However, further investigation of the X-ray properties of this
source is prevented by its low luminosity and the presence of
the other, much brighter, X-ray sources in its immediate vicin-
ity. The detections of X1 with Swift are unreliable, and the upper
limits obtained with both Swift and XMM-Newton are too shal-
low to place any constraint on the source’s long-term variability.
Hence its association with a nuclear X-ray binary cannot be ruled
out.
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3.2. X2: The brightest source

Source X2 was significantly detected in the three observations
we presented. Interestingly, the spectral properties of the source
changed over time. While in CXO1 and XMM!1 the spectrum is
consistent with an absorbed non-thermal emission, the spectrum
observed in XMM?2 is significantly softer and consistent with
black-body-like emission from an accretion disk.

Prompted by the fact that the statistical quality of the fit in
XMM2 is marginally improved by adding a second thermal com-
ponent, we tried fitting the same two-thermal-component mod-
els to the previous epochs, obtaining satisfactory fits. While the
temperatures of the soft and hard components are always in the
0.2-0.5keV and 1-3 keV range, typical of ULXs (Stobbart et al.
2006; Sutton et al. 2012; Gurpide et al. 2021), the luminosity of
the soft component drops by an order of magnitude in XMM?2
and the hard components become brighter by a factor of ~2.5.

While ULXs display a variety of spectra from hard (T = 1 if
modelled with a power law) to soft (I' ~ 3) with no evidence of
bimodality (see e.g. Feng & Soria 2011), such a change is remi-
niscent of the accretion states commonly observed in both persis-
tent and transient Galactic X-ray disk-fed binaries, where a BH
or NS system may be found in a hard, soft, or intermediate state
(see e.g. De Marco et al. 2022). In this scenario, X2 was consis-
tent with being in the hard state in 2008 and 2017, and in the soft
state or, more likely, in a transition state in 2023. The canoni-
cal high—soft state seems to be rare in ULXs (Soria et al. 2009).
If the parallel holds, in Galactic BH binaries the transition typi-
cally takes place at ~30-50% of the Eddington luminosity, sug-
gesting an extremely heavy stellar or intermediate-mass BH. On
the other hand, the possibility of reproducing the spectrum with
two thermal components suggests that, similarly to other ULXs,
X2 can be interpreted as a case of super-Eddington accretion on
a stellar mass compact object.

Unfortunately, the lack of features in the PDS of the source
(most likely due to a limited signal-to-noise ratio) prevents us
from confirming or ruling out either scenario by employing
information from the time variability domain.

3.3. X3: A new eclipsing ULX

The detection of the egress of an eclipse in the light curve of
X3 allows us to identify this source as one of the few known
eclipsing ULXs (see Sect. 2.3 of Fabrika et al. 2021). We can set
a lower limit on the eclipse duration of ~50ks. Regarding the
orbital period of the system, we can assume as a lower limit the
duration of the whole observation *90ks. The presence of an
eclipse, moreover, sets a lower limit on the inclination angle of
the system i > 75° with respect to the line of sight.

It is interesting to compare X3 with the two eclips-
ing ULXs in M 51: CXOMS511J132940.0+471237 and
CXOMS5117J132939.5+471244 (ULX-1 and ULX-2, respec-
tively, in Urquhart & Soria 2016). CXOMS51 J132943.3+471135
and CXOMS5117J132946.1+471042 (S1 and S2, respectively, in
Wang et al. 2018), two other sources in M51 included among
the ULXs showing eclipses by Fabrika et al. (2021), have X-ray
luminosities Ly < 10* ergs™' (Wang et al. 2018). It is highly
questionable whether they are indeed ULXs, and therefore we
do not consider them in our discussion. In the case of ULX-1
and ULX-2, Urquhart & Soria (2016) could only set a lower
limit of 70 and 48 ks, respectively, for the eclipse duration. The
detection of an ingress and egress in two observations separated
by 11 days allowed Urquhart & Soria (2016) to constrain the
orbital period of ULX-1 to ~6d or ~12d. Thanks to their
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Fig. 10. Three-colour composite images of the location of the sources labelled X3 and X5 (on the left and right, respectively) using the HST
F814W, F555W, and F435W filters. The white circles show the PSF size (95% uncertainty corresponding to r ~ 2”’) of Chandra.

constraints on the orbital period, Urquhart & Soria (2016)
could infer a mass of the companion star of ULX-1 in the
range M., ~ 7-31M,, typical of a high-mass X-ray binary
(HMXB).

ULX-1 shows an evolution in the hardness ratio, with a
softer emission during the eclipse. This is expected, since dur-
ing an eclipse the central compact object (where the hard X-ray
emission arises) is obscured by the companion. Unfortunately,
in the case of X3, we could not derive a hardness ratio for the
first 40ks of the eclipse, due to the low number of collected
source counts. We can expect, however, a similar evolution in
the hardness ratio. Future detections of the eclipse in different
observations could allow us to derive a stacked hardness ratio
during and outside this phase and verify whether X3 is indeed
softer during the eclipse. The presence of a dip at the end of the
egress of X3 is probably due to inhomogeneous winds arising
from the companion. A similar egress pattern is also observed
in LMC X4, a HMXB (M., ~ 18M;) hosting a NS, often
observed at super-Eddington luminosities (see Jain et al. 2024
and references therein). Given the similarity between these sys-
tems and X3, it is reasonable to assume that X3 is a HMXB
whose companion mass is in a comparable range.

The paucity of data regarding this source prevents a deeper
discussion. The lower limit on the orbital period ($90ks) is
shorter than any HMXB orbital period. At the same time, the
time span between the two XMM-Newton observations prevents
us from deriving meaningful constraints. Finally, no optical
counterpart is known for this source, and therefore no radial
velocity estimates (which could be used to infer the mass func-
tion) are available. Deeper observations are needed to further
characterise this peculiar ULX.

3.4. X4: The (not-currently) beating ULX

In the data from 2023, X4 was detected exhibiting a luminosity
that aligns with the lower extremity of the spectrum observed
towards the end of 2017 (Mottaet al. 2020), only slightly
below 10* erg/s. In the 2017 data, this luminosity corresponds
to emission phases occurring in the intervals between flares.

The spectrum obtained in 2023 is also consistent with those
obtained during the low-activity phases in 2017 between the
flares.

Unlike the observations from 2017, the most recent light
curve analysis does not display any flaring activity. The power
density spectrum (PDS) lacks any indication of quasi-periodic
modulations around the previously identified heartbeat period
of approximately 3500s (T ~ 3500 s), with a three-sigma (30)
upper limit for the quasi-periodic oscillation rms amplitude at
0.28.

When comparing X4 to the archetype of heartbeat sources,
GRS 1915+105 (Bellonietal. 1997, 2000), the recently
observed behaviour is not unexpected. In GRS 1915+105, simi-
lar accretion rates or luminosity levels sometimes coincide with
heartbeat events, suggesting that the instability at the base of the
flaring is not solely triggered by specific accretion rates. Other
factors, such as certain disc properties (e.g. opacity or ionisa-
tion state), may play a role in triggering the relevant instability.
If the flaring observed in X4 in 2017 shares the same nature as
the heartbeats in GRS 1915+105, it could represent an erratic
phenomenon that might reoccur in the future at the same or at a
different luminosity level.

3.5. X5: Peek-a-boo

The source labelled X5 is convincingly detected only in the first
Chandra observation, showing an X-ray spectrum that can be
well-modelled by a power law with photon index I' = 1.6 and
a luminosity of about 2.3 x 10* erg/s, placing it amongst the
ULXs. For reasons similar to the one discussed for X1, the Swift
detections are unreliable and the only significant upper limits
are the ones obtained with XMM-Newton which indicates that
the source’s flux dropped by a factor >5.

Based on the source X-ray spectrum and luminosity,
Gliozzi et al. (2009) estimated its mass as 2x10°>~* M, interpret-
ing this source as an accreting IMBH. However, today’s inter-
pretation of ULXs strongly favours a scenario in which these
sources are powered by super-Eddington accretion onto neu-
tron stars (see e.g. Kaaret et al. 2017 and Fabrika et al. 2021 for
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a review on the topic). Indeed, although the bulk of the ULX
population shows steady levels of accretion, a subset exhibits
strong variations in their flux, as wide as one order of magni-
tude, which could be a potential tell-tale of ULX pulsars (e.g.
Earnshaw et al. 2018; Song et al. 2020). Another viable expla-
nation for the behaviour of this source is an outburst by an other-
wise normal transient X-ray binary, peaking in the ULX regime,
as observed in a couple of objects in M 31 (Middleton et al.
2012, 2013; Esposito et al. 2013).

3.6. X6: The faintest sister

The source labelled X6 is the faintest of the population of ULXs
in the central region of NGC 3621. Its location fell out of the
field of view in the first Chandra observation and in between two
detector chips in the EPIC-pn on the first XMM-Newton visit.
Although its luminosity lies below the 10*° erg/s in both XMM-
Newton observations, it passes the threshold in at least one of the
Swift/XRT visits.

Over the different epochs of the XMM-Newton observations,
the X-ray flux of X6 remains quite stable, varying only by a fac-
tor of about 0.7. No significant change is observed in the X-ray
spectral shape of the source: the spectrum in the two available
epochs can be satisfactorily reproduced by a power law with
a common slope of ' ~ 1.6 or with a two thermal compo-
nent model with temperatures compatible with the population
of known ULXs.

X6 does not exhibit any clear short-term variability in any of
the XMM-Newton observations, but the source is too faint to put
significant constraints on the pulsed fraction of the signal.

Finally, as the other ULXs in NGC 3621, X6 has no clear or
bright optical counterpart as too many faint sources crowd the
circle error of the XMM-Newton detection.

4. Summary

In this paper, we reported the decade-long behaviour of the pop-
ulation of X-ray bright sources hosted in the nuclear region of
NGC 3621. We analysed the long- and short-term variability as
well as the spectral evolution of six sources, exploiting archival
Chandra data, an extensive Swift monitoring campaign as well
as recently acquired XMM-Newton data. The main results of our
analysis are the discovery of a new eclipsing binary ULX (X3)
and that the ‘heartbeat” ULX (X4) is currently at an interme-
diate flux level, but it is not showing its characteristic pulsa-
tion. One source (X2) exhibits, across different XMM-Newton
observations, changes in its spectral shape with no significant
variation in its flux levels, a behaviour common in HMXBs and
ULXSs. Two sources (X1 and X5) are not detected in any XMM-
Newton or Swift visit, and the only available data comes from
archival Chandra observations. The picture is completed by the
source labelled X6, which, although the faintest of the studied
populations, still falls in the ULX regime.
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Appendix A: Particle swarm optimisation

Particle swarm optimisation (PSO) is a meta-heuristic optimisation evolutionary algorithm, introduced in Kennedy & Eberhart
(1995), that can search for the maximum value of a function f : R” — R whose analytical expression is unknown. In this work, there
are n = 4 independent variables, corresponding to 4 orbital parameters (i.e., Tor, Tasc, dx Sin i, and P/P). Let C, be the light curve
corrected according to a set of orbital parameters s and P the corresponding power density spectrum (computed using stingray
Huppenkothen et al. 2019). Then, the dependent variable of f is max(P;) (i.e., the highest power peak in Pg). Unlike grid search,
PSO does not require pre-defining a search grid, which would require making assumptions on the grid step sizes.

Multiple searches are performed on each observation with different PSO hyperparameter values for ¢, (nostalgia), ¢, (envy), and
w (inertia). In particular, ¢; € {0.5,1.0, 1.5}, ¢, € {0.5, 1.0, 1.5}, and w € {0.5,0.75, 1}, for a total of 27 combinations per observation.
Different searches consider three different scenarios. If ¢; > ¢, the algorithm privileges the exploration of diverse candidate sets of
orbital parameters; if ¢; < ¢, the algorithm tends to converge towards local maxima more prematurely, and if ¢; ~ ¢, the algorithm
balances exploration and convergence towards a maximum solution.

Different results obtained in different searches suggest that (1) the highest powers are not statistically significant (<30°), and (2)
the optimal orbital parameters combination and frequency vary depending on the search (and not on the source) while having similar
powers. Combined with the P analysis, this approach suggests that the signal is either absent or indistinguishable from noise.

Appendix B: X-ray observations

The journal of the X-ray observations is given in Table B.13

Appendix C: Light curves and PDSs of XMM-Newton observations.

In this section* we report the remaining light curves and PDSs not shown in the main text.

3 The Table is available at https://doi.org/10.5281/zenodo. 12582646.
4 All plots are available at https://doi.org/10.5281/zenodo. 12582691,
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