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ABSTRACT

NGC 4945 hosts a Compton-thick, low luminosity AGN and a nuclear starburst in its core and has
been the subject of many previous X-ray investigations of the AGN emission structure, nuclear starburst
properties, and ‘ultraluminous X-ray (ULX) source populations. Indeed, NGC 4945 has proven to be a
rich system for ULX and X-ray transients, with at least four X-ray transients being reported over the
last 15 years. Here we report the detection of an X-ray transient source, XMM J130514.64-493311.27,
in NGC 4945 in the latest and deepest XMM-Newton observation of NGC 4945 to-date. The source lies
~ 5.5" south of the nucleus and was not detected in any previous XMM-Newton or Chandra imaging,
but the source was detected by Swift-XRT in 2008, 2019, and in 2022, the latter of which coincides
roughly with our new XMM-Newton imaging; we are therefore tracing the most recent outburst of this
object with XMM-Newton. The source is soft with I' & 3, and our spectroscopic analysis suggests the
source is best characterized by a multicolor disk + power law model or, alternatively, a multicolor disk
+ thermal plasma model, with a 0.3-10 keV X-ray luminosity of ~ 2.2 —2.3 x 103®. We find no evidence
for a counterpart in the optical, near-infrared, ultraviolet, or in the radio, but we identify a candidate
counterpart in NEOWISE mid-IR light curves. We propose that this X-ray source is an X-ray binary
within NGC 4945 caught during its most recent active phase.

Keywords: keyword — keyword — keyword — keyword

1. INTRODUCTION

NGC 4945 is a unique astrophysical laboratory host-
ing not only a Compton-thick AGN — exhibiting both
parsec- and kiloparsec-scale iron Ka nebulae (Done et al.
2003; Marinucci et al. 2017; Weaver et al. 2024) — but
also kiloparsec-scale AGN and starburst driven winds
(e.g., Schurch et al. 2002). This nearby (D~ 4 Mpc),
edge-on galaxy hosts a rich set of star forming regions
(Emig et al. 2020) and X-ray point sources (Colbert
et al. 2004; Kaaret & Alonso-Herrero 2008; Liu 2011;
Vulic et al. 2018). Numerous studies over the last sev-
eral decades have studied the nuclear and off nuclear
X-ray source populations in NGC 4945, demonstrating
that these X-ray sources are driven by ultraluminous X-
ray sources (ULXs, Brandt et al. 1996) and X-ray bina-
ries (XRBs, Kaaret & Alonso-Herrero 2008; Vulic et al.
2018); several of these XRBs have since been further
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classified as black hole or neutron star X-ray binaries
based on hard X-ray NuSTAR diagnostics, with > 70%
of the 4 — 25 or 12 — 25 keV point source emission origi-
nating from neutron stars (Vulic et al. 2018). Prior work
has also demonstrated the propensity for nuclear and off
nuclear X-ray transients driven by ULXs (e.g., Ide et al.
2020; Isobe et al. 2008; Brightman et al. 2023) and su-
pernovae (Monard et al. 2011; Chakraborti et al. 2013).
In particular, Brightman et al. (2023) concluded that
NGC 4945 should exhibit transient ULXs at a rate of
0.740.5 yr—!, and their results suggested that transient
ULXs may be the dominant population of ULXs within
NGC 4945.

We are conducting an in depth analysis of new XMM-
Newton imaging of NGC 4945, obtained in order to
provide exquisite data on the AGN outflow (see, e.g.,
Weaver et al. 2024). Upon a preliminary examination
of the 2022 XMM-Newton observation of NGC 4945, we
noticed a bright, off nuclear source in NGC 4945 which
was not seen in either of the 2001 or 2004 observations,
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Figure 1. The XMM-Newton 0.3-10keV pn X-ray image
of NGC 4945 from 2022. On the XMM-Newton image, we
have overlaid a series of white dashed apertures to denote the
positions of previously reported ultraluminous X-ray sources
and X-ray binaries (e.g., Isobe et al. 2008; Ide et al. 2020;
Brightman et al. 2023) and the position of the newly de-
tected source studied in this work. The dotted 30” aperture
and dash-dotted 36”-60” annulus represent the source and
background extraction regions, respectively.

nor has it been reported in any Chandra observation
over the last 20 years.

In this work we describe this X-ray transient, referred
to as XMM J130514.64-493311.27, discovered in new
XMM-Newton EPIC imaging of NGC 4945. The out-
line of this paper is as follows: in Section 2 we describe
our data processing steps. Section 3 details our XMM-
Newton X-ray imaging and spectroscopic analysis of the
new transient source, and discuss the activation of the
source based on Swift-XRT imaging in Section 4.1 and
the search for a multiwavelength counterpart in Sec-
tion 4.2. We summarize our results describe the nature
of this new source in Section 5. Throughout this work
we adopt a luminosity distance of 3.6 Mpc to NGC 4945
(Karachentsev et al. 2002); at this distance, 1”7 corre-
sponds to ~ 18 pc.

2. OBSERVATIONS AND DATA REDUCTION

NGC 4945 was targeted in three separate XMM-
Newton observation programs over the last three
decades: a 24ks observation on 21 Jan. 2001
(0112310301), a 65ks observation on 10 Jan. 2004
(ObsID 0204870101), and a ~ 180ks observation split
across four separate exposures, ObsIDs 0903540101 (5
July 2022), 0903540201 (16 August 2022), 0903540301

(5 July 2022), and 0903540401 (16 August 2022). Ob-
sID 0903540301 and 0903540401 comnsist of CalClosed
observations and contain no science events, while Ob-
sID 0903540201 suffers from significant particle back-
ground flaring and does not exhibit a stable background.
We therefore focus only on ObsIDs 0112310301 (24 ks),
0204870101 (65ks), and 0903540101 (125ks) in this
work.

Each observation was reprocessed using SAS v20.0
(Gabriel et al. 2004a) and Heasoft v6.30.1 (Blackburn
1995).1 Initial reprocessing was carried out using the
EPPROC and EMPROC commands while the EVSELECT
command was used for pattern, bad pixel, and en-
ergy filtering. Background light curves were extracted
using the HEASOFT LCURVE command from a source-
free event file with energies 10 — 12keV for pn and
> 10keV for the mos cameras, and a good time interval
file for each camera was generated using the TABGTI-
GEN command. Final background flare removal was
performed using EVSELECT. We generated science im-
ages binned to the native pixel size of pn (4.17) and the
MOS (1.1”) cameras for the 0.3-10keV, 0.3-2keV, and
2-10keV energy bands using EVSELECT. A new tran-
sient source, XMM J130514.64-493311.27, was identified
in the latest XMM-Newton observation; despite having
sufficient depth to detect this source at its observed lu-
minosity (Lo—1okev = 7.1 — 7.8 X 1037 ergs™!, see Sec-
tion 3.2), no prior XMM-Newton or Chandra observa-
tions of NGC 4945 detected this X-ray source (including
stacked Chandra imaging, as discussed below in Sec-
tion 3.)

Using the EVSELECT command, we extracted the spec-
trum of XMM J130514.64-493311.27 from the cleaned
pn, mosl, and mos2 event files using a 30” radius aper-
ture centered on the source position (discussed below
in Section 3). A background spectrum was drawn from
an annulus centered on the source position with inner
and outer radii of 36” and 60”, respectively (see dash-
dotted annulus in Figure 1). The source is situated at
the edge of XMM-Newton’s Cu hole (see Figure 1 in
Weaver et al. 2024, for an illustration of the Cu hole; see
also discussion in Section 3in this work), so this annulus
acts as a compromise to sample the local instrumental,
Galactic, and extragalactic X-ray backgrounds; a sin-
gle background aperture placed further south (north)
would undersample (oversample) the local background
from the halo emission of NGC 4945 and would oversam-
ple (undersample) XMM-Newton’s instrumental emis-
sion. Spectral responses were generated using the RM-
FGEN and ARFGEN commands, and the spectrum from
each camera was binned to 1 count per bin using the
HEASOFT GRPPHA command in order to fit the spec-
tra in XSPEC (Arnaud 1996) using Cash statistics (Cash
1979).

L https:/ /heasarc.gsfc.nasa.gov /ftools
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3. DATA ANALYSIS
3.1. XMM-Newton Imaging Analysis

We identified a new off-nuclear X-ray transient, XMM
J130514.64-493311.27, in NGC 4945 during our prelimi-
nary comparison of the XMM-Newton imaging from Ob-
sID 0903540101 and the two previous images taken in
2001 and 2004 (ObsIDs 0112310301 and 0204870101).
While the off-nuclear source is prominent in our most
recent imaging, the source is not seen in either of the
previous XMM-Newton images (Figure 2). We used
the SAS command EDETECTCHAIN to determine the
precise coordinates of this new source within ObsID
0903540101, which we found to be: a = 1370514764,
0 = —49°33'11727, with a statistical uncertainty of
0.125” and an astrometric uncertainty of ~ 1.3"”, the lat-
ter of which was determined via a cross-match between
sources detected within the XMM-Newton FOV and
the Gaia DR3 source catalog (Gaia Collaboration et al.
2016, 2023). We also ran EDETECTCHAIN on the two pre-
vious XMM-Newton observations; EDETECTCHAIN did
not detect a source at this position in either of the prior
observations. Clearly, this source turned on some time
between 2004 and 2022.

To investigate when XMM J130514.64-493311.27 may
have become active, we retrieved all archival Chandra
observations of NGC 4945 (from 2000 to 2021) and re-
processed them using the CHANDRA REPRO command
in CIAO (Fruscione et al. 2006). We inspected each
event file as well as the stacked mosaic event file visu-
ally and by running WAVDETECT (with wavelet scales
of 2 4 8 16) to identify any putative sources in the in-
dividual event files and the stacked mosaic (shown in
the fourth panel of Figure 2). In neither case did we
find a Chandra counterpart at the location of XMM
J130514.64-493311.27. The position of this object un-
fortunately fell just outside of the field of view of the
most recent 2021 Chandra observation (ObsID 24986),
but the Chandra observation from 2018 (ObsID 21082)
does cover this position. The Chandra Point Source
Catalog 2.0? (Evans et al. 2024) yields an upper limit of
Fos—7rev < 1.37 x 1071% ergem™2s7! (or Los—7kev <
2.1 x 10%% ergs™!) at the position of XMM J130514.64-
493311.27. Given the lack of detection in the 2018 Chan-
dra observation (in addition to the stacked event file),
the source likely became active sometime between De-
cember 2018 and July 2022 (see our Swift-XRT analysis
in Section 4.1).

We further investigated whether XMM J130514.64-
493311.27 was variable over the course of our obser-
vation. We extracted a 0.3-10keV light curve for the
source from the pn imaging using the LCURVE command
in HEASOFT and binned the light curve at 100s, 500s,
and 1000s intervals. From these binned light curves,

2 http://cda.cfa.harvard.edu/cscweb/index.do

we derived a fractional variability of 7.4%, 12.6%, and
13.8%, respectively, consistent with no substantial vari-
ability or flaring across the observation. Figure 3
displays the source light curve binned at 500s. We
used the SAS command EREGIONANALYSE to extract
background-subtracted source counts corrected for the
enclosed energy fraction of our extraction aperture. We
detected 5647493, 4882+81, and 774445 (background-
subtracted) counts in the 0.3-10keV, 0.3-2keV, and 2-
10keV bands. XMM J130514.64-493311.27 is soft; ERE-
GIONANALYSE computed a hardness ratio (HR) of -0.73
using the equation HR = (H —S)/(H +S5), where H and
S are the counts in the 2-10keV and 0.3-2 keV bands, re-
spectively.

3.2. X-ray Spectroscopy with XMM-Newton

Due to the off-axis position of XMM J130514.64-
493311.27 on the XMM-Newton detectors, the spectrum
was contaminated by strong instrumental lines, partic-
ularly the Cu line at 8.1keV;® since the spectrum of
the source was already dominant in the soft X-rays, we
elected to limit our spectroscopic analysis to the 0.3-
7keV band. During the fitting process, we fit the spec-
tra from the three EPIC cameras simultaneously. Each
choice of spectral model included a constant component
to account for inter-detector sensitivity that was left free
to vary within £30% of the first data instance loaded
into XSPEC; these constants never exceeded ~ 10%.

Given the resemblance of XMM J130514.64-493311.27
to that of a black body, we began by fitting an absorbed
black body model, TBABS XDISKBB, where we left all of
the parameters free to vary. We also tried two other
models: an absorbed power law model (TBABSXPL),
and an absorbed thermal plasma model (TBABS X APEC),
with all parameters left free to vary with the exception
of the elemental abundance and redshift parameters in
the thermal plasma model, which we assumed to be solar
and z = 0.001797, respectively. For any cases where the
best fit model returned a column density lower than the
known Galactic value (2.2 x 10%! cm™?2) we instead froze
the column density to the known Galactic value and be-
gan the fitting process again. The APEC model alone
could not reproduce the observed spectrum. The power
law model (with steep photon index I' = 2.977009)
and multicolor disk model (with inner accretion tem-
perature 0.56 7007 keV and column density frozen to the
Galactic value) both provided a reasonable fit between
~ 0.5 — 3keV but showed deviations from the observed
spectrum below 0.5keV and above 3keV. In the case of
the multicolor disk model, the apparent inner accretion
disk radius can be computed using the normalization
via the expression norm = (ry,/D10)? cos(i), where D10

3 The Cu background is variable across the detector; the observed
Cu emission in the source region may only approximately match
the observed Cu emission in the background region.
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Figure 2. This four panel figure shows (from left to right) the XMM-Newton pn imaging from 2001, 2004, and 2022 along
with the stacked mosaic of all available Chandra observations from 2000-2021. These panels are zoomed-in to show the position
of the newly-detected off-nuclear X-ray source (dashed white circle). In each panel, the scale bar in the bottom right corner
indicates 60” while the energy band is indicated in the bottom left corner. These X-ray images are shown in log scale using the

perceptually uniform color map ‘magma.’
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Figure 3. ~ 99ks 0.3-10keV light curve of the new X-ray
transient in NGC 4945. The source shows no obvious sign of
flaring across the exposure time.

is the distance to the source in units of 10kpc and i is
the inclination angle of the disk. The true inner disk
radius R;, can be derived using the apparent disk ra-
dius via the expression Ry, = k2¢ri,, where £ = 0.412
is a correction factor for the inner boundary condition
(Kubota et al. 1998) and k = 1.7 is a spectral hardening
factor (Shimura & Takahara 1995). Using these expres-
sions, the simple multicolor disk model yielded an inner
accretion disk radius of Ry, cos'/?(i) = 144.9 km.

To try to account for emission observed below 0.5 keV
and above 3keV, we then tried four additional models
that used the absorbed multicolor disk model as a foun-
dation:

e TBABSX (DISKBB+BBODY), where both thermal

temperatures were free to vary within the range
0.01-5keV.

e TBABSX (DISKBB+APEC), referred to as the mul-
ticolor disk + thermal plasma model, where the
DISKBB and APEC temperatures were free to vary
within the ranges 0.01-5keV and 0.01-2keV.

e TBABSX (DISKBB+PL), referred to as the multi-
color disk + power law model, where the thermal
temperature and photon index were left free to
vary within the ranges of 0.01-5keV and I'=0.1-5,
respectively.

The DISKBB-+BBODY model can be physically inter-
preted as modeling the emission from the accretion disk
via the multicolor disk component as well as emission
from the surface of a neutron star via the blackbody
component (Morii et al. 2010; Gambino et al. 2019). The
DISKBB-+PL model can be interpreted as modeling emis-
sion from the accretion disk (via the multicolor disk com-
ponent) as well as Compton up-scattered emission from
a corona (via the power law component) (Done et al.
2007). The DISKBB+APEC model can be interpreted as
modeling the emission from the accretion disk as well as
soft X-ray emission potentially due to the nearby halo
of NGC 4945 as well as Galactic and cosmic soft X-ray
background emission.

The component normalizations in all models were left
free to vary without constraints and the redshift was as-
sumed to be z = 0.001797 (when applicable). As with
the three initial models described previously, we initially
allowed the column density to be free to vary but froze
it to the known Galactic value when the best fit mod-
els returned column densities below the known value.
Thus, any column densities quoted in this work that
exceed the known Galactic value should be considered
the total line-of-sight column density (Galactic + ex-
tragalactic). In each of these cases, the added model
component introduced two free parameters to the fit; as
is commonly adopted, for each additional free parame-
ter added to the model, we required the C-stat value of
a fit to satisfy the criterion Cstatyq — Cstatpew > 2.71
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Figure 4. The favored spectroscopic models. (Top) Best-
fitting spectral model and favored physical explanation of the
observed X-ray emission, TBABSX (DISKBB+PL). (Bottom)
The TBABSX (DISKBB+APEC) model, viewed as a potential
alternative explanation for the observed emission. See Sec-
tion 3.2 for spectroscopic fitting process and the details on
the best-fit parameters of these models.

(e.g., Tozzi et al. 2006; Brightman et al. 2014) in or-
der to be considered a statistical improvement over
the base DISKBB model. In addition to this, we visu-
ally inspected the fit for each new model to ensure a
proper fit was determined, and we used the STEPPAR
command in XSPEC to derive contour plots for param-
eters of interest; these plots were inspected to deter-
mine how well constrained the parameter values were
for each fit. All three additional models offered statis-
tically significant improvements over the simple multi-
color disk model based on the change in the fit statis-
tics (DISKBB+APEC: AC-stat=59.23, DISKBB+PL: AC-
stat=104.59, DISKBB+BBODY: AC-stat=94.6, and a vi-

sual inspection of the fits suggested each could reason-
ably reproduce the observed spectrum.

In the case of the multicolor disk + blackbody model
(DISKBB-+BBODY), the fit would suggest* a cooler inner
disk temperature of T3, = 0.29J_r8:8?1 keV and a hotter

blackbody component with 0.5410 07 keV. Although the
bbody+diskbb model is commonly observed in bright
LMXBs, the obtained temperatures are significantly
lower than typical values of kTy;, and kT;,, (e.g. Mitsuda
et al. 1984), resulting in an unusually large blackbody
radius of Ry, = 121.41%213 km compared to that ex-
pected for a neutron star radius (~13 km, Riley et al.
2019; Miller et al. 2019). While the DISKBB+BBODY
model reproduces the observed continuum, we disfavor
this model on physical grounds.

The best fit DISKBB+PL model well reproduced the
observed spectrum and returned an inner disk temper-

ature of Ty, = 0.6679:3keV and a rather steep pho-

ton index of T' = 3.487(%; the calculated inner disk
radius Ry, cos'/2(i) = 86.47 152 km is too large for a
typical neutron star but is consistent with expectations
for a black hole XRB. However, we note that a neu-
tron star cannot be fully ruled out, since the magnetic
field could truncate the accretion disk at large radii
(e.g., King et al. 2016, and references therein). Given
the reasonable best-fit values, best-fit C-stat value, and
the physically meaningful interpretation, we favor the
DISKBB-+PL model as the physical interpretation of the
source. Finally the multicolor disk and thermal plasma
model (DISKBB+APEC) well reproduced the observed
spectrum across the ~ 0.5 — TkeV range, with an inner
accretion disk temperature of T}, = 0.6170 55 keV and
a thermal plasma temperature of kT = 0.231'8:83 keV.
Like in the case of the DISKBB+PL model, the calcu-
lated inner disk radius R;, cos’/?(i) = 114.5%733 km is
consistent with that expected for a black hole XRB and
is too large for a neutron star XRB (except in the case of
a truncated accretion disk). In this model case, the soft
X-ray emission modeled by the APEC component likely
involves a complex combination of emission arising from
the nearby halo of NGC 4945, the cosmic Galactic X-ray
background, and instrumental background emission. In

4Tt should be noted that an essentially identical fit (C-stat/dof =
1736.47) can be obtained where the situation is reversed if the
initial parameters are both set to be 1keV and free to vary in the
range 0.01-5keV: the model returns a hotter inner disk temper-
ature of T;,, = 0.66f8‘_8§ keV and a cooler blackbody component

at O.leg:gg keV. In this case the inner disk radius is found to

be Ri, cos'/2(i) = 101.5km and the implied blackbody radius
Rypp = 1589.5 km is still far far too large relative to that expected
for emission from the surface a neutron star and is caused by
the relatively small blackbody temperature in concert with the
large normalization when calculating Rp,. This result is incon-
sistent with the hard blackbody component and soft multicolor
disk component typical of neutron star X-ray binaries. Thus, this
version of the model can also be ruled out.
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Table 1. Spectral Fitting Results

Model C-stat d.o.f Nu r I" Norm. T,
(10?2 cm™2) (keV)
(1) (2) 3) (4) (5) (6) (M)
tbabs x diskbb 1831.07 1838 0.22" . e 0.561007
tbabs x pl 1815.72 1837 0.4273:93 2971509 1.047007 x 1074 .
thabs x apec 3370.81 1839 1.38700% 0.6915:52
tbabs x (diskbb + bbody)"  1736.18 1836 0.22* 0.2910:01
tbabs x (diskbb 4 apec) 1771.84 1836 0.22* e e 0.6173:92
tbabs x (diskbb + pl) 1726.48 1835 0.327913 3.4871 98 3.561399 x 107°  0.66179:54
tbabs x (thcomp x diskbb) ~ 1728.57 1836 0.22* 1.9%5:03 0.6270°04
T1 Norm. TQ T2 Norm. L2,10 keV L0,3,10 keV R”l COSl/2 7 Rbb
(keV) (ergs™) (ergs™) (km) (km)
(8) () (10) (12) (13) (14) (15)
1.147015 x 107* 6.237015 x 1057 2117503 x 10%® 144.97%:5

5471032 x 1074
1.080 %3
7147159 x 1072
4077118 x 1072

1.25%538 x 107°
2221053 x 107°

0.5415:0%
0.23%5:03

0.08370075 110V G

1.0375:93 x 10%®
4211007 x 10%7
7.5970 33 x 10%7
7127035 x 10%7
7.821035 x 10%7

7.63779.83 % 1037

2.4815:09 x 10%8
1.7819:03 x 10%
2.241002 x 10%®
2.2700% x 1078
2.2715:0% x 10%

2.25735%5 x 10%

446.613%7
114.5793
86.4117%
44957,

121.473285

NoTE—Spectral fitting results from the various model choices. Col. 1: Model choice. Col. 2-3: C-stat and degrees of freedom

of the model. Col. 4: total line-of-sight column density and photon index (when applicable). Col. 5-6: power law photon index

(") and component normalization (when applicable). Col. 7 and 9: temperatures of the DISKBB, BBODY, APEC, and THCOMP

components (when applicable); note for the TBABSX(THCOMP xDISKBB) model, 77 and T> here correspond to the THCOMP

electron temperature (kT.) and DISKBB inner disk temperature, respectively. Col. 8 and 10: normalizations of the respective

thermal components given in Col. 7 and 9 (when applicable). Col. 12-13: observed La_1okev and Lo.3—10kev luminosities.
Col 14-15: Rin cos'/2i and Ry values for the DISkBB and BBODY model components (when applicable). 1 indicates disfavored
models based on C-Stat. ff indicates disfavored models based on physical values. * indicates the column density was frozen to

the known Galactic value (2.2 x 10! cm™2). NC stands for “Not Constrained” and indicates a failure to constrain the error of

a model component.

light of the reasonable inner disk radius and the poten-
tially physically meaningful APEC component, we view
this as a viable alternative to the DISKBB-+PL model
(though there is still some excess soft X-ray emission
not accounted for by the DISKBB+APEC model).
Motivated by the steep photon index derived in us-
ing the DISKBB+PL model above, we replaced the power
law component with the physical Comptonization model
THCOMP and iteratively refit the spectrum, freezing
or thawing components based on the changes in re-
duced C-stat as described above for the other mod-

els.?

We converged on a model where the covering

factor was frozen at 1, Ny was frozen to the known
Galactic value (2.2 x 10%! cm~2), while the power law
index, electron temperature, black body temperature,
and normalization were left free to vary. This model
(TBABS X (THCOMP XDISKBB)) returned a flatter power

5 Note: an initial fit with Ny frozen to the known Galactic value,
covering factor frozen to 1, and kT, frozen at 10 returned a
nearly identical photon index (~ 3.47) to that obtained for
the pIskBB+PL model but a lower inner disk temperature of
~ 0.38keV, while the derived the C-Stat value (1762) indicated
a significantly poorer fit.
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law index (I' = 1.979:0%), electron temperature kT, =
0.62700 keV, inner accretion disk temperature T}, =

0.08315-0%5 keV, and resulted in a C-Stat value of 1728.6
with 1836 degrees of freedom.

This model proved rather unstable during the fitting
process, however; the reported values here were derived
during the calculation of error within XSPEC, during
which the normalization of the DISKBB component was
always found to rapidly increase as the blackbody tem-
perature decreased. As a result, while this model can re-
produce the observed spectrum, the normalization can-
not be precisely constrained. A visual inspection of the
“best fit” for the THCOMP X DISKBB model revealed that
the THCOMP component on its own could reproduce the
shape of the continuum while the DISKBB component
contributed negligibly; for this model, XMM-Newton
lacks sufficient soft X-ray coverage to properly constrain
the blackbody properties. For comparison to the above
estimates, this model suggests an inner accretion disk ra-
dius of Rj, cos'/2(i) = 44957 X< km, far exceeding any
other R, cos'/?(i) value derived in this work. Given
the slightly higher C-Stat value and instability of this
model, we still favor the DISKBB-+PL model.

Throughout the remainder of this work, we quote the
DISKBB+PL model as the best-fit and favored model,
and we also occasionally quote the best-fit parameters
for the DISKBB+APEC and THCOMP X DISKBB model for
comparison purposes. Table 1 provides the best fitting
parameters for the models described in this section, and
the favored spectral models are shown in Figure 4. Fol-
lowing the analysis of the THCOMP X DISKBB, it is ev-
ident that the steep power law component found with
the DISKBB X PL model appears as an excess at lower
energies rather than a high energy tail in the spec-
trum. This is reminiscent of the ultrasoft state of XTE
J1550-564 (Kubota & Makishima 2004) or the soft state
of ULXs (e.g., M81 X-9; Tsunoda et al. 2006), where the
steep power law has been interpreted as compensating
for deviations from the standard Shakura—Sunyaev disk
(Shakura & Sunyaev 1973, with T oc r7%7®), and sug-
gests that the accretion disk is in a slim disk-like state
(T oc r703).

The observed 0.3-10keV and 2-10 keV luminosities de-
rived from the best-fitting models described above are
consistent with that expected for an XRB but low
relative to what might be expected for a ULX: the
DISKBB+PL model yielded Lo 3_10kev = 2.2770°05 x 1038
erg s~ and Lo jokey = 7.827035 x 1037 erg s,
while the DISKBB+APEC model yielded Lg3_10kev =
2.27002 x 10%® erg s7' and Ly_q10xev = 7.1270 35 x 10%7
erg s~!. If we assume that the inner disk radius
represents the innermost stable circular orbit (ISCO)
and make the simple assumption that the object is
non-spinning, we can derive the central mass of the
object via R;, = 3Rs = 6GM/c%.. With R;, =
86.47 1% % cos™'/2(i) km from the DISKBB-+PL model, we

find a central mass of 9.87% cos™1/2(i) Mg, suggestive
of a black hole rather than a neutron star; for an incli-
nation angle of 60°, this in turn yields a (non-spinning)
black hole mass of 13.9711 M.

All models involving a DISKBB component re-
turned similar masses, in the range of ~ (9.8 —
14.7) cos~/2(i) M, (the DISKBB+APEC model yield-
ing 12.970-5 cos~'/2(i) M, or 18.270T M, assuming an
inclination angle of 60°), with the exception of the
THCOMP X DISKBB model which returned a mass of ~
500 cos~/2(i) M, likely due to the insensitivity of the
DISKBB component to the fit. Note: a neutron star
cannot be ruled out at this point due to the fact that
neutron star magnetic fields can truncate the accretion
disk at large radii (e.g., Papitto et al. 2010, 2013; King
et al. 2016), and in such a case our assumption regard-
ing the inner disk radius and ISCO would be incorrect
and would lead to an overestimation of the compact ac-
cretor’s mass.

We can similarly use the inner accretion disk tempera-
ture and the normalization of the multicolor disk compo-
nent to compute the bolometric luminosity of the source:
as outlined in Mitsuda et al. (1984), the apparent inner
disk radius, r;,, is derived from the normalization of
the multicolor disk component, and the bolometric lu-
minosity of the accretion disk is thus given by the expres-
sion Ly = 4mr? 0T}, where o is the Stefan-Boltzmann
constant. This expression yields a bolometric luminos-
ity of 1.2775-%% x 108 cos~1/2(i) ergs~2 when assuming
the best fit parameters from the TBABSx (DISKBB-PL)
model.

4. INSIGHTS FROM SWIFT AND WISE
4.1. Searching for the Source Activation with Swift

The Neil Gehrels Swift Observatory (Gehrels et al.
2004) has observed NGC 4945 146 times between 2008-
03-07 and 2022-10-02 (Target IDs 13908, 14065, 15017,
32227, 37266, 49859, 80104, 84458, 00572489 and
03109090). We used the online tool provided by the Uni-
versity of Leicester® (Evans et al. 2007, 2009) to generate
the Swift light curve and spectrum. We did not allow
centroiding of the data since this is known to fail for
faint sources such as this. XMM J130514.64-493311.27
was only detected in 7 of the Swift/XRT observations,
once on 2008-04-29, once on 2019-01-19, and 5 times be-
tween 2022-05-15 and 2022-08-30. Our XMM-Newton
imaging coincides with this latest period of source ac-
tivity. We show the light curve along with upper limits
in Figure 5.

Using the online tool provided by the University of
Leicester, we extracted the stacked 0.3-10keV Swift-
XRT spectrum of XMM J130514.64-493311.27 — shown

in Figure 5 — which had a total exposure time was

6 https://www.swift.ac.uk/user _objects/
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13.7 ks. We fit the spectrum with two simple mod-
els: an absorbed power law model (TBABS X PL) and
an absorbed multicolor disk model (TBABS X DISKBB),
where the Ng was frozen to the known Galactic value
(Ni, Gal. = 2.2 x 10*' em™2; Willingale et al. 2013)
and the models were kept simple due to the low num-
ber of counts (< 50) relative to the XMM spectrum.
The power law model returned a Cgiay = 30.93 with
35 DoFs, T' = 2.35f8:‘28, and a 0.3-10 keV absorbed
flux of 1.217538 x 10~ ¥ ergem=2s~!. At 3.6 Mpc,
this flux implies a 0.3-10 keV luminosity of 1.8870 %4 x
10%® ergs~!; the photon index and luminosity values
returned by this model are consistent with the XMM
spectrum within the errors. The multi-color disk model
returned Cgiae = 27.84 with 35 DoFs, a thermal tem-
perature T = 0.5270 71 keV (consistent with the multi-
color disk fit to the XMM data), and a 0.3-10 keV ab-
sorbed flux of 8.087902 x 10~ ergem™2s7!. At 3.6
Mpc, the source exhibits a 0.3-10 keV luminosity of
1.257098 x 1038 ergs™?; this implies an unabsorbed 0.3-
10 keV luminosity of 2.20 x 1038 ergs~!. The count rate
to flux conversion factor was 4.98 x 107! erg cm™2
count !, which we used to determine the luminosity axis
in Figure 5.

4.2. Searching for A Multiwavelength Counterpart to
XMM J180514.64-493811.27

We also searched for multiwavelength counterparts to
XMM J130514.64-493311.27. Using the Wide-field In-
frared Survey Explorer All-Sky Survey, we searched for
variability in the mid-infrared using a custom Python
code (see Secrest & Satyapal 2020, for a description).
In short, this code compiles W1 and W2 magnitudes
for a given target in the ALLWISE and NEOWISE
catalogs, and tests for source variability through sev-
eral non-parametric metrics, including those described
in Kozlowski et al. (2016), Sesar et al. (2007), and
Rakshit et al. (2019). NEOWISE detected a potential
mid-infrared counterpart within 3” of the X-ray position
(with S/N> 3 in W1) 12 times between January 2015
and 2023; the earliest detection exhibited a W1 mag-
nitude of 15.914+0.22, and the source reached a peak
brightness of Wlmag = 15.46+0.20 in July 2018. XMM
J130514.64-493311.27 was consistently detected in W1
at least once per year in 2015-2018, 2020-2022, and in
2023, but the source was not detected in the W2 band.
XMM J130514.64-493311.27 does appear to be fading
in the mid-IR below the observed mid-IR flux levels in
2015-2016. There is no apparent correlated activity be-
tween the mid-IR and X-ray emission from May-August
2022 (based on a single WISE observation) when the
source was detected in the X-rays by XMM-Newton in
July and 5 times by Swift-XRT between May and Au-
gust. There unfortunately was no WISE observation at
the time of the 2019 Swift-XRT X-ray detection, so it
is unclear if there was any correlated activity at that
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Figure 5. (Top) The stacked Swift-XRT 0.3-10keV X-ray
spectrum of XMM J130514.64-493311.27, binned at 1 count
per bin. Total exposure time: 13.7ks. The apparent lack of
emission above ~ 4keV is likely due to the softer nature of
the source in combination with the relatively short exposure.
The best-fit absorbed multi-color disk model is depicted with
a solid black line (see Section 4.1 for further details). (Bot-
tom) Swift-XRT light curve of XMM J130514.64-493311.27
in NGC 4945. Upper limits (30) are shown with arrows. The
luminosity axis on the right assumes a distance of 3.7 Mpc
to the source and the count rate to flux conversion factor de-
scribed in Section 4.1. Note: the 2008 Swift-XRT detection
falls outside of the figure axes.

time. Conversely, there were no X-ray detections by
Swift-XRT during the periods of WISE activity. Due to
the cadence of WISE imaging, it is unclear if the mid-IR
detections between Jan. 2016 and July 2021 correspond
to distinct outbursts of activity or some level of sus-
tained activity.

In the context of black hole low mass X-ray bina-
ries (LMXBs), outbursts are expected to take place
on timescales of 50-100 days (e.g., John et al. 2024).
Prior works have shown that such systems can show
episodes of X-ray-faint brightening where mid-IR coun-
terparts are detected but the source remains undetected
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in the X-rays (John et al. 2024; Alabarta et al. 2021)
and that such episodes can be attributable to failed
transition outbursts (Alabarta et al. 2021). The X-ray-
undetected outbursts in a sample of LMXBs discussed
by John et al. (2024) were associated with flat/inverted
broadband mid-IR spectra (where the W1 flux was ap-
proximately equal to or greater than the W2 flux); the
lack of W2 detections for the mid-IR counterpart in
this work potentially suggests a flat/inverted spectrum.
The prior mid-IR emission and lack of X-ray detections
(obtained non-simultaneously) could be interpreted as
XMM J130514.64-493311.27 being a black hole LMXB
and undergoing a series of FT outbursts across 2016-
2021, but the lack of better temporal cadencing in the
mid-IR and X-ray light curves makes it difficult to draw
any firm conclusions.

Black hole LMXBs during a typical outburst tend
to show correlated X-ray and mid-IR emission (John
et al. 2024); XMM J130514.64-493311.27 does not ap-
pear to show a correlation between the X-rays and mid-
IR (based on a single WISE observation) during the
X-ray-bright outburst between May 2022-August 2022,
however the poor mid-IR temporal cadencing makes it
difficult to draw firm conclusions.

No counterpart sources were found in the ALLWISE or
CatWISE2020 catalogs. We have found no counterpart
at other wavelengths, spanning the near-IR (2MASS),
UV (GALEX), optical (DSS, HST, Gaia), or radio
(VLASS 2.1).

5. RESULTS AND DISCUSSION

In this work, we have identified a new X-ray transient,
XMM J130514.64-493311.27, in the deepest XMM-
Newton X-ray observation of the NGC 4945 obtained to-
date (obtained July 2022). Located at o = 13"05'14”64,
0 = —49°33'11727, the source lies ~ 5.5 southeast of
the galaxy nucleus, residing either along or below the
plane of the galaxy. The transient is relatively soft
(HR=-0.73) and shows no evidence for flaring across the
~ 99ks pn exposure. We found no evidence for XMM
J130514.64-493311.27 in the 2001 or 2004 XMM-Newton
imaging, nor in any previous Chandra observations, in-
cluding a mosaic stack of Chandra observations span-
ning 2000-2021. We could not identify any multiwave-
length counterpart to this new source in the AIIWISE,
CatWISE2020, 2MASS, and GALEX point source cata-
logs nor in DSS and VLASS imaging, but we did identify
a mid-IR counterpart in NEOWISE mid-IR light curves.
Based on archival Swift-XRT observations of NGC 4945,
XMM J130514.64-493311.27 appears to have been ac-
tive at these X-ray flux levels during only three short
periods since early 2008 (one detection in 2008, one de-
tection in 2019, five detections between May and August
2022); our new XMM-Newton imaging traces the most
recent period of X-ray activity. The NEOWISE mid-IR
counterpart was detected in several WISE observations
spanning 2015-2018, 2020-2022, and once in 2023; none

of these mid-IR detections overlap with the X-ray active
periods.

The X-ray spectrum of XMM J130514.64-493311.27
can be well described by a multicolor disk -+
power law model (TBABSX|DISKBB+PL|, with I' =
3.487 198 and inner disk temperature 0.6670 55 keV) as
well as a multicolor disk + thermal plasma model
(TBABSX |[DISKBB+APEC|, with inner disk tempera-
ture 0.617992keV and thermal plasma temperature
0.237093keV). These models yield inner disk radii
of Ri,cos'/?(i) = 86.47153km and Ry, cos'/?(i) =
114.5J_rg:g km, respectively, and 0.3-10keV luminosities
in the range of ~ 2.2 — 2.3 x 1038 erg ~'. We favor the
TBABS X (DISKBB+PL) model as the physical interpreta-
tion of the observed X-ray emission, where the multi-
color disk models the disk emission of the accretor while
the power law component models Compton up-scattered
emission from a corona. We view the DISKBB+APEC
model as an alternative interpretation of the source,
where the multicolor disk again models the accretion
disk while the thermal plasma models the soft X-ray
emission due to a combination of the nearby galaxy
halo emission and soft X-ray background emission. The
best-fit inner accretion disk temperature and derived in-
ner disk radius for the TBABSX(DISKBB+PL)) model

yields a source bolometric luminosity of 1.27F0%5 x

1038 cos~ /2 (i) ergs™t. If we relate the inner accre-
tion disk radius to the innermost stable orbit of a non-
spinning compact object, we obtain a central mass of
9.8758 cos™1/2(i) Mg, implying the presence of a stellar
mass black hole, but a neutron star with a magnetically
truncated disk cannot be ruled out.

Our detection of a few periods of X-ray activity in
archival Swift-XRT observations dating back to 2008 is
consistent with XMM J130514.64-493311.27 undergoing
distinct outbursts and the lack of detections in archival
Chandra and XMM-Newton imaging. This long-term
variability is also consistent with the lack of multiwave-
length counterparts in most archival point source cat-
alogs (e.g., AIWISE, 2MASS, etc.); the mid-IR coun-
terpart identified in NEOWISE light curves may sug-
gest additional outbursts or failed outbursts (e.g., Al-
abarta et al. 2021). The lack of an obvious multi-
wavelength counterpart in, for example, optical imag-
ing argues against a background object such as an AGN
in a more distant galaxy. The off-nuclear position of
XMM J130514.64-493311.27, lack of a persistent or cor-
related multiwavelength counterpart, and long-term X-
ray variability argues in favor of an ultraluminous X-
ray source (ULX) or an X-ray binary (XRB) for the
nature of XMM J130514.64-493311.27. Typical ULXs
show peak luminosities on the order of a few 103? up
to 10* erg s™! (e.g., Makishima et al. 2000). XMM
J130514.64-493311.27 instead exhibits an observed 0.3-
10keV X-ray luminosity of Lo 3_10kev = 2.27f8:8? x 1038
erg s~1, based on the TBABSx (DISKBB+PL) model fit
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to our XMM-Newton observation, roughly an order of
magnitude lower than that expected for a ULX. The
Swift-XRT stacked 13.7ks spectrum on its own would
suggest that XMM J130514.64-493311.27 could be an
XRB or a ULX depending on the model (Lo 5-10kev ~
0.3 — 6 x 103 erg s~1), but this could be explained by
the Swift-XRT spectrum having fewer spectral counts;
the total Swift-XRT exposure is ~ 7x shorter than the
new XMM-Newton observation.

All of this evidence taken together - the long-term
X-ray variability, off-nuclear position, lack of persis-
tent /correlated multiwavelength counterpart, low X-ray
luminosity, as well as the softness of the source and
inner disk temperatures and radii derived from the
spectra, suggests that XMM J130514.64-493311.27 is a
newly-detected XRB in NGC 4945 rather than a new
ULX. The derived inner disk radius (R;, cos'/?(i) =
86.47173km ) and the implied mass of the compact

accretor (= 9.8cos™/2(i) M) suggests that XMM
J130514.64-493311.27 is powered by a black hole rather
than a neutron star, although we still cannot rule out
that the compact object is a neutron star. A neutron
star’s magnetic field can truncate the accretion disk at
large radii (e.g., Papitto et al. 2010, 2013; King et al.
2016), and in such a case the accretion disk would not
extend to the ISCO like we assumed in our mass esti-
mation in Section 3.2. Interestingly, XMM J130514.64-
493311.27 is significantly displaced from the galaxy, and
appears to reside (in projection) in the direction of the
recently detected iron Ka nebula extending ~ 220”7 in
a direction southeast from the nucleus (Weaver et al.
2024), as well as an extension of the H I halo to the
southeast of the galaxy disk (Ianjamasimanana et al.
2022). Further examination of this new transient would
benefit from deep optical imaging to search for an optical
counterpart, and additional X-ray imaging to monitor
the source flux over time.
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