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ABSTRACT
We present the discovery of a powerful candidate microquasar in NGC 300, associated with
the S 10 optical nebula (previously classified as a supernova remnant). Chandra images show
four discrete X-ray knots aligned in the plane of the sky over a length of ≈150 pc. The X-ray
emission from the knots is well fitted with a thermal plasma model at a temperature of ≈0.6 keV
and a combined 0.3–8 keV luminosity of ≈1037 erg s−1. The X-ray core, if present at all, does
not stand out above the thermal emission of the knots: this suggests that the accreting compact
object is either currently in a dim state or occulted from our view. We interpret the emission
from the knots as the result of shocks from the interaction of a jet with the interstellar medium
(possibly over different epochs of enhanced activity). Cooler shock-heated gas is likely the
origin also of the optical bubble and lobes near the X-ray structure, detected in images from
the Hubble Space Telescope and the Very Large Telescope. In the radio bands, we observed
the region with the Australia Telescope Compact Array, and discovered an elongated radio
nebula (about 170 × 55 pc in size) with its major axis aligned with the chain of Chandra
sources. The radio nebula has an integrated 5.5 GHz radio luminosity of ≈1034 erg s−1 for a
distance of 1.88 Mpc. The morphology, size, and luminosity of the extended X-ray, optical,
and radio structure suggest that NGC 300-S 10 belongs to the same class of powerful (Pjet >

1039 erg s−1) microquasars as SS 433, Ho II X-1, and NGC 7793-S 26.

Key words: accretion, accretion discs – stars: black holes – X-rays: binaries.

1 IN T RO D U C T I O N

Collimated jets can carry away as kinetic energy a significant frac-
tion of the total accretion power of a compact object (e.g. Livio
1999; Fender, Belloni & Gallo 2004; Allen et al. 2006; King et al.
2013; Ghisellini et al. 2014). This energy is imparted into the sur-
rounding gas, and often creates large-scale structures such as bub-
bles, lobes, and hotspots, detected both around supermassive black
holes (e.g. Begelman, Blandford & Rees 1984; Perley, Dreher &
Cowan 1984; Hardcastle et al. 1998; Kataoka & Stawarz 2005)
and around off-nuclear (stellar-mass) compact objects (e.g. Mirabel
et al. 1992; Dubner et al. 1998; Mirabel & Rodrı́guez 1999; Cor-
bel et al. 2002; Gallo et al. 2005; Pakull, Soria & Motch 2010).

� E-mail: ryan.urquhart@icrar.org

In the case of supermassive systems, the injection of mechanical
power has substantial feedback effects on the evolution of the host
galaxy and the growth of the black hole itself (e.g. Fabian 2012;
McNamara & Nulsen 2012; Morganti et al. 2013; King & Pounds
2015). In stellar-mass systems (often referred to as ‘microquasars’),
jets may not be powerful enough to affect the global structure of
their host galaxy; however, they still impart significant kinetic en-
ergy into the interstellar medium (ISM) and their cumulative ef-
fect can influence the evolution of galactic magnetic fields (Fender,
Maccarone & van Kesteren 2005; Heinz et al. 2008). Thus, the most
powerful microquasars in the Milky Way and nearby galaxies are
excellent laboratories for studies of how jets impact their surround-
ings. An advantage of microquasars is that, among them, we find
the nearest examples of steady, highly super-Eddington accretion in
the local universe (Fabrika 2004; Poutanen et al. 2007; Soria et al.
2014). Instead, most nuclear supermassive black holes grow at or
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below the Eddington limit (e.g. King 2010; Steinhardt & Elvis 2010;
Lusso et al. 2012) except perhaps during the heavily obscured early
phase of quasar growth (e.g. King 2003; Madau, Haardt & Dotti
2014; Volonteri, Silk & Dubus 2015; Trakhtenbrot, Volonteri &
Natarajan 2017), or during transient episodes of tidal disruption
events (e.g. Strubbe & Quataert 2009; Coughlin & Begelman 2014;
Alexander et al. 2016).

There is both observational and theoretical evidence for jets
from candidate super-Eddington compact accretors in ultraluminous
X-ray sources (ULXs: Feng & Soria 2011; Kaaret, Feng & Roberts
2017). Magneto-hydrodynamic (MHD) simulations (e.g. Ohsuga
et al. 2005; Ohsuga & Mineshige 2011; Jiang, Stone & Davis 2014;
Sa̧dowski & Narayan 2015; Kitaki et al. 2017; Narayan, Sa̧dowski &
Soria 2017) indicate that powerful outflows are launched from the
inner part of the supercritical disc, where radiation pressure forces
dominate over gravitational forces; the outflows generate a lower-
density polar funnel, inside which a relativistic jet is collimated and
accelerated. However, it is unclear whether or not this polar funnel
and associated jets are a necessary component of every system in the
supercritical regime (regardless of the mass, spin, magnetic field,
and nature of the compact object) or instead there are alternative
solutions with and without a relativistic jet. For example, if the su-
percritical accretor is a strongly magnetized neutron star, the inner
disc may be truncated at the magnetospheric radius and the thick
outflow funnel may not form (Mushtukov et al. 2015). It is also still
actively debated (Narayan & McClintock 2012; Steiner, McClin-
tock & Narayan 2013; Russell, Gallo & Fender 2013b; Middleton,
Miller-Jones & Fender 2014) whether jets are primarily powered by
the spin-down of the compact object via a Blandford–Znajek process
(Blandford & Znajek 1977; Tchekhovskoy, Narayan & McKinney
2011; McKinney, Dai & Avara 2015) or instead by the accretion
power released in the disc (Blandford & Payne 1982).

One example of a super-Eddington source with collimated jets
is Ho II X-1. This jetted ULX (Lx > 1040 erg s−1) has a distinct
triple radio structure: two outer knots from a previous outburst of
expanding ejecta and a third inner knot resulting from a more recent
(�10 yr) ejection event (Cseh et al. 2014, 2015). The inner central
knot also appears variable, fading by a factor of at least 7.3 over
1.5 yr (Cseh et al. 2015). There must be significant energy being
imparted into the ISM to inflate the Ho II X-1 radio nebula (Cseh
et al. 2012). Cseh et al. (2015) argue that the Ho II X-1 radio
nebula is inflated by flaring events from a transient jet, rather than a
continuous jet. In several other cases, ULXs are surrounded by large
(≈100–300 pc in diameter) bubbles of shock-ionized gas (Pakull &
Mirioni 2002; Pakull & Grisé 2008), but there is no direct evidence
to attribute the mechanical power to a collimated jet rather than a
broad outflow.

At slightly lower radiative luminosities, we have the candidate
super-Eddington microquasar M 83-MQ1 (Soria et al. 2014). Unlike
Ho II X-1, the X-ray emission from the central source (LX ≈ 7 ×
1037 erg s−1) is not sufficient enough to exceed the ULX threshold
(LX ∼ 1039 erg s−1 and above). However, the mechanical power
output (Pjet ≈ 3 × 1040 erg s−1), inferred from optical and infrared
diagnostic emission lines, places the source in the super-Eddington
regime.

Another example of a powerful (candidate super-Eddington) off-
nuclear microquasar with even lower core radiative luminosity is
S 26 in the nearby galaxy NGC 7793 (Pakull et al. 2010; Soria
et al. 2010). S 26 consists of a hard non-thermal X-ray core, two
radio and X-ray hotspots, radio lobes, and a radio/optical cocoon
with a projected size of ≈300 × 150 pc. The hotspots are thought
to be termination shocks as the jet impacts the ISM, with the

X-ray emission (thermal plasma) and radio emission (synchrotron)
coming from different physical processes (Soria et al. 2010). While
the core X-ray luminosity (LX ≈ 6 × 1036 erg s−1) is relatively low,
Pakull et al. (2010) find a time-averaged mechanical power output of
Pjet ∼ a few ×1040 erg s−1, suggesting that super-Eddington accre-
tion is indeed taking place, for a stellar-mass accretor (�100 M�).
Clearly, for sources like S 26 and M 83-MQ1, the impact on their
surroundings is longer-lived than their radiative powers.

Both S 26 and M83-MQ1 are likely more powerful analogues of
the Galactic microquasar SS 433 (LX ∼ 1036 erg s−1), whose pow-
erful jet (Pjet � 1039 erg s−1; Zealey, Dopita & Malin 1980; Fabrika
2004; Brinkmann et al. 2007; Goodall, Alouani-Bibi & Blundell
2011; Farnes et al. 2017) is observed interacting with the surround-
ing bubble, W50, inflating the radio ‘ears’ (Dubner et al. 1998) and
creating X-ray hotspots (Brinkmann et al. 2007). In all three of these
sources the mechanical power dominates over the observed radia-
tive power, although it is possible that most of the directly emitted
X-ray photons are occulted from our view by optically thick ma-
terial in the disc plane, if the sources are seen at high inclination.
These microquasars, along with the ULX Ho II X-1, are all distinct
jet sources and it is currently unclear what properties of the cen-
tral source and ISM lead to such a diverse range of observables. A
larger sample of super-Eddington microquasars is required to un-
derstand how these objects impart their mechanical energy into the
surrounding medium, what fraction of such sources have collimated
jets, how the jet depends on compact object type/mass, and how the
jet properties relate to those of jets in sub-Eddington microquasars.

Based on our early optical observational efforts to understand
the nature of ULXs in nearby galaxies (Pakull & Mirioni 2002,
2003), we noted that several ULX nebulae had indeed previously
been catalogued (e.g. Blair & Long 1997; Matonick & Fesen 1997;
Matonick et al. 1997) as unusually extended optically selected can-
didates for supernova remnants. Some outstanding examples previ-
ously reported or presently studied by the Strasbourg members of
the present collaboration include Holmberg IX X-1 (Miller 1995;
Grisé et al. 2011), M81 X-6 (SNR #22/23; Matonick & Fesen 1997;
Pakull & Mirioni 2003), NGC 5585 X-1 (SNR #1; Matonick & Fe-
sen 1997; Soria et al., in preparation), NGC 2403 X-1 (SNR #14/15;
Matonick et al. 1997; Pakull et al. in preparation), and microquasar
S26 in NGC 7793 (Blair & Long 1997; Pakull et al. 2010; Soria et al.
2010). As mentioned earlier, the latter source is not ultraluminous
in X-rays, but emits ultraluminous mechanical power. Moreover,
the microquasar S 26 displays a linear triple X-ray source morphol-
ogy reminiscent of a much larger radio galaxy like Cyg A with its
central black hole and (facing) X-ray/radio hotspots. We recall here
that also the Galactic jet-source SS 433 and its radio/X-ray nebula
W 50 would display such a triple point-like source morphology (e.g.
Goodall et al. 2011) if observed at a distance of ∼a few Mpc.

Searching for additional S 26/SS 433-type microquasars among
supernova remnant candidates in nearby galaxies, we noticed an
intriguing source previously identified as a bright optical SNR by
D’Odorico, Dopita & Benvenuti (1980) (listed as source number
2 in their table 3; see also the finding chart in their fig. 3). It is
located in the nearby, late-type spiral NGC 300, at a distance of
1.88 ± 0.05 Mpc (Gieren et al. 2005). The same optical source was
observed and studied in more detail by Blair & Long (1997), who
list it as NGC 300 S 10 = DDB2. In both studies, the SNR iden-
tification is based on the high ratio between [S II]λλ6716, 6732
and H α line emission; line ratios [S II]:H α � 0.4 are indica-
tive of shock-ionized gas (Mathewson & Clarke 1973; D’Odorico,
Benvenuti & Sabbadin 1978). What is striking about S 10 is that we
found four X-ray sources spatially resolved by Chandra, aligned
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NGC 300 microquasar 2391

Figure 1. Stacked Chandra ACIS-I image of NGC 300 S 10, showing four
aligned sources; we refer to those sources as ‘knots’ 1–4, throughout this
paper, as labelled in this image. Red represents 0.3–1.0, green 1–2, and blue
2–7. The image has been adaptively smoothed with a Gaussian kernel of
σ = 1 pixel and has a pixel size of 0.′′492. Cyan contours show the smoothed
VLT continuum-subtracted H α intensity map; contour levels are arbitrary
and for visualization purposes. The complex structure of the H α emission
can be divided into the shock-ionized S 10 region (associated with the X-ray
knots), a photoionized H II region (H 10 in Blair & Long 1997) to the south-
west of S 10, and another (smaller) shock-ionized region (the S 9 SNR in
Blair & Long 1997) at the southernmost end, without an X-ray counterpart.
The alignment of X-ray knots and shock-ionized optical line emission in
S 10 is strongly suggestive of a jet.

in the plane of the sky and associated with the shock-ionized H α

emission (Fig. 1). This is very unusual for an SNR; instead, we
interpret the X-ray appearance as an unambiguous signature of a
jet. Henceforth, we refer to those four X-ray sources as knots 1
through 4 (Fig. 1). Spurred by this discovery, we then observed
the field in the radio band with the Australia Telescope Compact
Array (ATCA). Previous studies reported associated radio emission
(Pannuti et al. 2000; Payne et al. 2004). With our new ATCA data,
we found a bright, elongated radio nebula, overlapping with the
X-ray jet (Fig. 2). This is further evidence for the presence of colli-
mated, relativistic ejections.

In this paper, we report on those discoveries, and analyse the
multiband properties of S 10, using a combination of archival and
new data to probe the connection between the X-ray jet, radio
nebula, and accretion phases of the central engine. In Section 2,
we outline our data reduction techniques; in Section 3, we present
our X-ray, radio, and optical results; and in Section 4, we discuss
the energetics of S 10 and compare it to super- and sub-Eddington
jet sources.

2 DATA A NA LY SIS

2.1 X-ray observations

NGC 300 has been observed by Chandra a total of five times. How-
ever, in one of those observations (ID 9883) the candidate micro-
quasar target of our study does not fall on any of the chips. A sec-

Figure 2. Top panel: Stacked Chandra ACIS-I image of NGC 300 S 10.
Red represents 0.3–1.0, green 1–2, and blue 2–7 keV. The image has been
adaptively smoothed with a Gaussian kernel of σ = 1 pixel and has a pixel
size of 0.′′492. Cyan contours show the ATCA 5.5 GHz map; contour levels
are 2σ × √

2
n
, where σ = 2.72μJy beam−1. The beam size is 2.′′91 × 1.′′47.

Similarly to the H α emission (Fig. 1), the radio emission consists of a com-
ponent associated and aligned with the X-ray knots in the S 10 region, plus
a component associated with the H 10 H II region (Blair & Long 1997) and
another component corresponding to the S 9 SNR (Blair & Long 1997). Bot-
tom panel: Same as the top panel, but the contours are now from the ATCA
9 GHz map; contour levels are 2σ × √

2
n
, where σ = 2.78μJy beam−1. The

beam size is 1.′′91 × 1.′′01. The radio emission at S 10 is spatially resolved
both along the direction of the jet, and in the transverse direction, both at
5.5 and at 9 GHz.

ond short observation (ID 7072), taken with HRC-I, does not have
the sensitivity required to detect the source. Thus, we only used
three of the five observations for our X-ray data analysis (Table 1):
ACIS-I observations 12238, 16028, and 16029. We downloaded the
data from the public archive, and reprocessed them using standard
tasks from the Chandra Interactive Analysis of Observations (CIAO)
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Table 1. Observations used for this work. The exposure time for the radio
observations refers to the total time on source.

Telescope Obs ID/Filter/ν Obs Date Exposure

Chandra/ACIS-I 12238 2010-09-24 63.00 ks
16028 2014-05-16 64.24 ks
16029 2014-11-17 61.27 ks
Total 188.51 ks

HST/ACS F814W 2006-11-09 1542 s
F606W 2006-11-09 1515 s
F475W 2006-11-09 1488 s

VLT/FORS2 H α 2010-07-10 180 s∗
H α/4500 2010-07-10 180 s∗

ATCA 5.5/9 GHz 2015-10-21 4.53 h
5.5/9.0 GHz 2015-10-22 10.75 h
5.5/9.0 GHz 2015-10-23 10.32 h
5.5/9.0 GHz 2016-08-25 9.95 h
5.5/9.0 GHz 2016-08-26 9.86 h

Total 45.41 h

Note. ∗Stack of two 90 s exposures.

Version 4.9 software package (Fruscione et al. 2006). We filtered
out high particle background intervals. For our imaging analysis, we
used HEASARC’s DS9 visualization package. After we identified
a number of discrete X-ray sources associated with the target of our
study (as discussed in Section 3.1), we used the CIAO task specex-
tract to extract the background-subtracted spectrum for each source,
in each observation. For the two southernmost sources (knots 1 and
2), we extracted the source counts from circular regions of radius
3 arcsec; for the other two sources (knots 3 and 4), we used ellip-
tical regions of axes 3 arcsec × 2 arcsec (position angle = 330◦),
to avoid contamination from the brighter, neighbouring sources.
A local background region was selected, approximately 3 times
larger than the source regions. Spectral fitting was performed using
XSPEC version 12.9.1 (Arnaud 1996). Because of the low number
of counts for each source, to test the goodness of our fits we used
XSPEC’s implementation of W-statistics, which is Cash statistics
(Cash 1979) modified for a background-subtracted spectrum.

2.2 Radio observations

NGC 300 S 10 was observed with the ATCA over three consecu-
tive nights, starting on 2015 October 21 (proposal ID C3050). A
total integration time on source of 25.6 h was achieved. We then
re-observed NGC 300 one year later, this time for two consecu-
tive nights, 2016 August 25–26 (proposal ID C3120). For the 2015
observations, S 10 was the target and hence at the phase centre,
while the follow-up observations were offset to observe another
source in the same field, with the phase centre at RA = 00h55m02.s5,
Dec. =−37◦40

′
10.′′5, approximately 4.′5 from S 10. For both obser-

vation sets, two 2048 MHz bands were observed simultaneously,
centred at 5.5 and 9.0 GHz, using the Compact Array Broadband
Backend (Wilson et al. 2011). The telescope was in its extended 6A
configuration during all of the observations, resulting in a maximum
baseline of 5938.8 m. B1934 − 638 was used as both a bandpass and
flux calibrator. We used B0104 − 408 as the phase calibrator. The
bandpass/flux calibrator was observed at the start of the observation
for 10 min while the phase calibrator was observed for 1 min every
15 min block.

We used the MIRIAD package (Sault, Teuben & Wright 1995)
for gain and phase calibration. The data were then imaged with

the Common Astronomy Software Application (CASA; McMullin
et al. 2007) software package, with the CLEAN algorithm. All three
nights (two nights for the 2016 observing run) of observations were
stacked for each frequency and we imaged the data with Briggs
weighting at a robust value of one. Finally, we combined the two
observing runs to create a single mosaic image for each frequency.
The cleaned, primary-beam-corrected images for both frequencies
are shown in Fig. 3. The 5.5 GHz image has a Gaussian restoring
beam of 2.′′91 × 1.′′47 (position angle −0.◦6 East of North) and an rms
noise level of 2.72μJy beam−1at the location of S 10. The 9 GHz
image has a Gaussian restoring beam of 1.′′91 × 1.′′01 (position angle
−1.◦2 East of North) and a local rms noise level of 2.78μJy beam−1.

In order to construct a spectral index map (Fig. 3, right), we first
convolved the 9 GHz image with the beam of the 5.5 GHz image.
The 5.5 GHz image was then re-gridded to match the 9 GHz image,
with the CASA task IMREGRID. We then created a two-point spectral
index map (Fig. 3, top right), along with a corresponding error map
(Fig. 3, bottom right). Both data sets were masked to their respective
3σ thresholds prior to use.

2.3 Optical observations

2.3.1 HST imaging

We downloaded publicly available Hubble Space Telescope (HST)
data for NGC 300 from the Hubble Legacy Archive.1 The observa-
tions (proposal ID 10915) were taken on 2006 November 9 with the
Wide Field Channel (WFC) of the Advanced Camera for Surveys
(ACS). We used the broad-band filters F475W, F606W, and F814W,
with exposure times 1488, 1515, and 1542 s, respectively. We cre-
ated a three-colour image using the F475W, F606W, and F814W
bands (Fig. 4).

We performed aperture photometry on potential optical counter-
parts to the X-ray knots. Source count rates for each filter were
extracted from 0.15 arcsec (3 pixels) circular regions. We selected
nearby backgrounds at least three times larger than the source re-
gions. We used the encircled energy fractions of Sirianni et al.
(2005) to determine the aperture correction and calculate the source
count rates at infinite aperture. Finally, we converted count rates to
physical magnitudes using the zeropoint tables for ACS-WFC.2

2.3.2 VLT imaging

Finally, from the ESO Science Archive Facility,3 we downloaded
publicly available Very Large Telescope (VLT) data to better study
the narrow-band H α emission. NGC 300 S 10 was observed on
2010 July 10 with two consecutive FORS2 90 s exposures (with
the first exposure starting at UT 09:54:45) with the ‘H Alpha + 83’
interference filter.4 The filter has a central wavelength of 6563 Å and
a full width at half maximum of 61 Å; thus, it also includes the [N
II]λλ6548, 6583 lines. The collimator was in standard resolution.
The seeing was ≈0.′′6 and the airmass 1.03. This was followed
by two consecutive 90 s exposures with the ‘H Alpha/4500 + 61’
interference filter, centred at 6665 Å, for continuum subtraction.

We stacked the two 90 s H α exposures and the correspond-
ing continuum exposures using the Image Reduction and Analysis

1http://hla.stsci.edu/hlaview.html
2http://www.stsci.edu/hst/acs/analysis/zeropoints
3http://archive.eso.org/cms.html
4http://www.eso.org/sci/facilities/paranal/instruments/fors/inst/Filters.html
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NGC 300 microquasar 2393

Figure 3. Top left panel: ATCA 5.5 GHz image. Contours levels are 2σ × √
2
n
, where σ = 2.72μJy beam−1. Bottom left panel: ATCA 9 GHz image with

5.5 GHz contours for reference. In both images, the radio nebula is aligned with the X-ray knots, which suggests that both are the result of a jet. Top right
panel: Spectral index map made from the ATCA 5.5 and 9 GHz images. The 9 GHz image was convolved with the 5.5 GHz beam. We mask values below 3σ

in their respective 5.5 and 9 GHz images. Bottom right panel: Error values for our spectral index map. We find that the central source has a steep spectral
index (α = −0.4 ± 0.2), consistent with optically thin synchrotron emission. To the south-west, we see the H II region, H 10 (Blair & Long 1997), which, as
expected, has a flatter spectral index [α ∼ −(0.1–0.3) ± 0.3] than S 10.

(IRAF) software Version 2.16 (Tody 1993) package imcombine. We
aligned the stacked H α and continuum images with the IRAF pack-
age ccmap, relying on ≈30 common bright sources. Finally, we sub-
tracted the continuum using the IRAF package imarith. The resulting
image is displayed in Fig. 5. We used the continuum-subtracted im-
age for flux measurements (Section 3.3).

2.4 Astrometric alignment

The default Chandra/ACIS-I astrometry is known to be accurate
within ≈0.′′75 for 90 per cent of the observations.5 To improve on
this value, we aligned the stacked Chandra image to the DR1 Gaia
astrometric frame (Gaia Collaboration 2016a,b; Lindegren et al.
2016), which has a mean uncertainty σ ≈ 0.3 mas. Because of

5http://cxc.harvard.edu/cal/ASPECT/celmon/

the low number of X-ray sources, we were only able to find five
common, bright point sources suitable for frame alignment. After
alignment, we find position error residuals of ≈0.′′1–0.′′2. We deter-
mined the central position of each X-ray source using the CIAO task
wavdetect on the stacked Chandra/ACIS-I image. To estimate their
respective confidence error circles, we calculated the 95 per cent
statistical uncertainty for the central position of each source using
equation (5) from Hong et al. (2005); we then combined (in quadra-
ture) those statistical uncertainties and the Chandra/Gaia alignment
residuals. We also aligned our HST images in the F475W, F606W,
and F814W bands and our VLT H α/4500 and H α bands on to the
Gaia astrometric frame, using >100 common, bright, non-saturated
sources. This provides a positional accuracy within 0.′′009 for the
HST images and 0.′′03 for the VLT images. We assume that the radio
and Gaia astrometric frames are consistent with each other, within
the relative uncertainties.
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Figure 4. Top panel: HST/ACS-WFC RGB colour image of S 10. Red
represents the F814W band, green is the F606W band, and blue is the
F475W band. Overlaid are the ATCA 5.5 GHz contours in white and, in
magenta, the 95 per cent confidence Chandra error circles (Section 2.4) for
the peak-emission location of each knot. There is nebular emission (likely
H α plus [N II], which are covered by the F606W bandpass) coincident
with X-ray knot 2 and the peak radio emission. The star-forming region
and photoionized nebula H 10 (Blair & Long 1997) are to the south-west.
Bottom panel: Zoomed-in image of the inner part of the S 10 complex
around the extended X-ray knot 2, more clearly showing the two separate
nebulae (in green). The magenta circle represents the 95 per cent confi-
dence Chandra central position of the brightest knot (Section 3.3.2). Letters
indicate potential optical counterparts for the accreting compact object, ori-
gin of the jet. The distinct morphology of the line-emitting nebula around
the peak X-ray and radio emission could be a result of anisotropic ejecta
from a progenitor SN or it could be gas shock-ionized by the jet and the
counterjet.

Figure 5. Top panel: Smoothed VLT/FORS2 continuum-subtracted H α

image of S 10 with the Chandra 95 per cent error circles for the four X-ray
knots in cyan and 5.5 GHz ATCA contours overlaid in green. As already
noted in the HST image (Fig. 4), the two regions with the strongest H α

emission are located on either side of X-ray knot 2. However, the VLT
image also shows a larger H α nebula, extending south as far as X-ray
knot 1. Bottom: Zoomed-in view of the core region, from the continuum-
subtracted VLT/FORS2 image. The cyan circles mark the position of the
X-ray knots 1 and 2.

3 R ESULTS

3.1 X-ray results

3.1.1 X-ray knots

The Chandra data reveal the presence of four X-ray sources that ap-
pear linearly aligned with a total projected length of ≈17 arcsec ≈
150 pc (Fig. 2). No other X-ray sources are detected within a cir-
cle of radius ≈1 arcmin. Additionally, we only expect ≈4 × 10−3

extragalactic sources (Lehmer et al. 2012) with 0.5–2.0 keV fluxes
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Table 2. Central position of each X-ray knot; knot 2 is spatially resolved,
while knots 1, 3, and 4 are unresolved.

RA (J2000) Dec. (J2000)

Knot 1 00h54m40.s99 (±0.′′44) −37◦40
′
52.′′2 (±0.′′42)

Knot 2 00h54m40.s79 (±0.′′41) −37◦40
′
48.′′7 (±0.′′38)

Knot 3 00h54m40.s53 (±0.′′48) −37◦40
′
43.′′3 (±0.′′45)

Knot 4 00h54m40.s41 (±0.′′57) −37◦40
′
40.′′0 (±0.′′55)

Figure 6. Enclosed ACIS-I count fraction as a function of distance from the
centre of a source. The black points represent the PSF of Chandra/ACIS-I,
from a 1000-iteration Monte Carlo simulation, at the location of S 10, for
ObsID 16028. The red points represent the measured extent of knot 2 from
the same observation. Shaded regions indicate 1σ errors. At the distance of
1.88 Mpc, 1 ACIS-I pixel corresponds to ≈4.5 pc. The comparison shows
that the source is significantly extended.

greater than f0.5–2.0 keV = 1.9 × 10−15 erg cm−2 s−1 (the flux of the
dimmest source, knot 4) within a region equivalent to the projected
area of the radio bubble (i.e. 19 arcsec × 6 arcsec ≈ 8.80 × 10−6

deg2); therefore, a physical connection between those aligned
sources is highly likely. We shall refer to those four visually distinct
X-ray sources as knots 1–4 (starting from the southernmost one).
The central positions of those four knots are listed in Table 2.

Of those four sources, the knot 2 appears, at first sight, spatially
extended (Fig. 2) and larger than the other three. We quantified this
visual impression with the MARX6 simulation software. Using the
task simulate psf, we simulated 1000 point-spread functions (PSFs)
at the location of S 10 on the ACIS-I chip during ObsID 16028.
For this ensemble of simulated PSFs, the average encircled energy
fraction as a function of radius was determined with the CIAO task
ecf calc. We compared this value to the observed encircled energy
fraction of knot 2 during ObsID 16028. The results are displayed in
Fig. 6. The shape of the PSF does not match that observed for the
knot 2 and proves that the knot 2 is indeed extended. It is consistent
with two point-like sources separated by ≈1.′′2 and oriented roughly
along the same direction defined by the other knots.

There are insufficient counts to do meaningful spectral analysis on
the individual X-ray knots for individual epochs. However, we can
investigate source variability and evolution of the hardness ratios
from the three epochs spaced over ≈4 yr. For the hardness ratios, we
defined the soft band as 0.3–1.2 keV (by analogy with the combined

6http://cxc.harvard.edu/ciao/threads/marx/

ultrasoft and soft bands in the Chandra Source Catalogue; Evans
et al. 2010), and 1.2–7.0 keV for the hard band. Since the ACIS-I
detector has lost sensitivity over the years, especially in the soft
band, we must correct the count rates measured in ObsID 12338
(Cycle 11) to make them comparable with the count rates measured
in Cycle 15 (ObsIDs 16028 and 16029). We did that using the online
tool PIMMS7 version 4.8e. For knot 1, we assumed a thermal plasma
model with a temperature kT ≈ 0.8 keV, while for knots 2, 3, and
4 we assumed a temperature of kT ≈ 0.4 keV. These assumptions
are based on our spectral fitting after we combined the spectra from
all three Chandra epochs, as described later in this section.8 The
cycle-corrected hard and soft count rates are displayed in Table 3.
We find no significant variability for any of the knots, in either
band, over all three epochs. The corresponding hardness ratios are
displayed in Table 4. While the knots 2, 3, and 4 all have similar
spectral hardnesses, the knot 1 appears harder. As with the count
rates, no significant variability is detected across all four knots and
all three epochs.

In order to conduct spectral modelling of the knots, we stacked the
three Chandra epochs. Each of the knots has insufficient counts for
χ2 statistics and so w-statistics were used. We first attempted to fit
each of the knots with a simple absorbed power-law model (TBabs ×
po). However, all power-law fits yielded unphysically high absorp-
tion and photon indices. For example, fitting knot 2 with an ab-
sorbed power-law model yields a best-fitting photon index � ≈ 10
and column density nH = 1022 cm−2, for a w-statistic of 87.7 and 72
degrees of freedom. Instead, we find (Table 5) that all four knots are
well described by thermal plasma models, such as mekal (Mewe,
Gronenschild & van den Oord 1985; Mewe, Lemen & van den
Oord 1986) (Fig. 7). No additional intrinsic absorption is required,
and thus we use a single TBabs component fixed to the line-of-sight
column density towards NGC 300 (NH = 3 × 1020 cm−2; Dickey &
Lockman 1990; Kalberla et al. 2005). As expected from the hardness
ratios (Table 4), knot 1 appears hotter than the rest. The unabsorbed
X-ray luminosities of the knots range from ≈1 ×1036 erg s−1 for the
dimmest knot (knot 4) to ≈7 ×1036 erg s−1 for the brightest (knot
2). For the spectrum of the combined emission of all knots, we find
a best-fitting thermal plasma temperature T ≈ 0.6 keV and an un-
absorbed bolometric luminosity L ≈ 1.1 × 1037 erg s−1. The model
for this best-fitting thermal plasma is shown in Fig. 7 with the fit
parameters displayed in Table 5. While the spectrum is well fitted by
thermal plasma alone, we also try a thermal plasma plus power-law
model. We fix the power-law photon index to � = 1.7, typical of
X-ray binaries with X-ray luminosities similar to the core of S 10
(see Sections 3.1.2 and 4.4 for more details). However, we find
no statistically significant improvement to the fit, with a maximum
power-law contribution of L < 2 × 1036 erg s−1 at the 90 per cent
confidence level. Thus, by Occam’s razor, our preferred model is
the simple best-fitting thermal plasma model.

The normalization constant for the mekal component (at
zero redshift) is defined as K = 10−14

∫
(ne nH dV )/(4πd2) ≈

10−14 n2
e V /(4πd2), where V is the volume of the emitting region, ne

is the electron density, nH is the nuclear density, and d is the distance.
We approximate the X-ray structure as five spherical sources (two of

7http://cxc.harvard.edu/toolkit/pimms.jsp
8The cycle-to-cycle corrections to the ACIS-I count rates are relatively small
and do not substantially depend on the choice of model; the results listed in
Table 3 are essentially unchanged (differences �10 per cent) if we assume
the same plasma temperature for all knots, or if we use a steep power law
as spectral model.
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Table 3. Chandra/ACIS-I count rates for the hard (1.2–7.0 keV) and soft (0.3–1.2 keV) bands. Chandra Obs 12238 (Cycle 11) has been scaled to match the
Chandra sensitivity of the other observations (Cycle 15). Count rates are in units of 10−4 count s−1.

Obs ID Knot 1 Knot 2 Knot 3 Knot 4 Combined
Hard Soft Hard Soft Hard Soft Hard Soft Hard Soft

12238 1.8 ± 0.6 2.3 ± 0.6 2.7 ± 0.7 9.5 ± 1.1 ≤0.4 2.4 ± 0.5 0.4 ± 0.3 0.7 ± 0.3 5.0 ± 1.0 15.6 ± 1.4
16028 2.4 ± 0.6 1.9 ± 0.5 2.5 ± 0.7 10.9 ± 1.3 0.5 ± 0.4 2.3 ± 0.6 ≤0.6 1.4 ± 0.5 6.0 ± 1.0 17.0 ± 1.6
16029 1.5 ± 0.5 3.9 ± 0.8 1.9 ± 0.6 7.0 ± 1.1 0.7 ± 0.4 1.3 ± 0.5 0.4 ± 0.1 0.3 ± 0.2 4.6 ± 0.9 12.9 ± 1.5
Total 2.1 ± 0.3 3.0 ± 0.4 2.4 ± 0.4 10.2 ± 0.7 0.5 ± 0.2 2.4 ± 0.4 0.3 ± 0.2 0.9 ± 0.2 5.2 ± 0.6 16.7 ± 0.9

Table 4. Hardness ratios corresponding to the count rates listed in Table 3. The hardness ratios are defined as (1.2–
7.0 keV)/(0.3–1.2 keV).

Obs ID Knot 1 Knot 2 Knot 3 Knot 4 Combined

12238 0.78 ± 0.33 0.28 ± 0.08 ≤0.17 0.57 ± 0.49 0.32 ± 0.07
16028 1.27 ± 0.50 0.23 ± 0.07 0.22 ± 0.16 ≤0.41 0.35 ± 0.07
16029 0.38 ± 0.16 0.27 ± 0.09 0.50 ± 0.33 1.1 ± 0.8 0.36 ± 0.08
Total 0.70 ± 0.15 0.23 ± 0.04 0.19 ± 0.08 0.28 ± 0.18 0.31 ± 0.04

Table 5. Best-fitting parameters for the spectra of the individual knots and for the combined spectrum, from the merged Chandra/ACIS-I observations 12238,
16028, and 16029, fitted with TBabs × mekal. We fixed the absorbing column density NH to the Galactic line-of-sight value; adding intrinsic local absorption
does not produce statistically significant improvements. Errors are 90 per cent confidence limits for one interesting parameter. We report the observed fluxes
and de-absorbed luminosities.

Model Parameter Knot 1 Knot 2 Knot 3 Knot 4 Combined

Net counts (0.3–7.0 keV) 99 234 58 26 432

TBabs NH

(
1022 cm−2

)
[0.03] [0.03] [0.03] [0.03] [0.03]

Mekal keT (keV) 0.80+0.15
−0.14 0.53+0.07

−0.10 0.37+0.15
−0.08 0.28+0.31

−0.07 0.57+0.05
−0.06

K
(

10−6
)

2.1+0.4
−0.3 5.8+1.3

−0.8 1.8+0.9
−0.6 1.2+1.3

−0.7 9.2+1.0
−0.9

f0.3–8.0

(
10−15 erg cm−2 s−1

)
4.7+0.8

−0.8 14.4+1.9
−1.9 3.8+1.1

−1.1 2.1+1.3
−1.3 22.9+2.2

−2.2

L0.3–8.0

(
1036 erg s−1

)
2.2+0.4

−0.4 6.9+0.9
−0.9 1.9+0.6

−0.6 1.1+0.7
−0.7 11.0+1.0

−1.1

w-statistic/degrees of freedom 79.3/55 64.2/73 37.6/37 14.1/15 115.8/108

Figure 7. Chandra/ACIS-I stacked spectrum of the combined knots emis-
sion from observations 12238, 16028, and 16029, fitted with a thermal
plasma model; the best-fitting plasma temperature is kT = (0.6 ± 0.1) keV.
See Table 5 for the fit parameters.

them corresponding to knot 2) with radii similar to or smaller than
the Chandra resolution, ≈0.′′4 ≈ 1.1 × 1019 cm; this corresponds to
a total volume V � 3 × 1058 cm3 for the emitting plasma region.
Thus, for the best-fitting normalization K ≈ 9 × 10−6 in our spectral
model (Table 5), we estimate a lower limit to the density of the hot
plasma component, ne � 4 cm−3.

3.1.2 X-ray core

If, as we suggest, S 10 is a powerful microquasar within NGC 300,
then we expect to find a hard X-ray source at its core, a signature of
accretion. However, we do not observe this; all the knots are best
fitted with soft thermal plasma models, with the majority of emission
being <2 keV. We do find a marginal detection of 6+8

−5 net counts9

in the 2–7 keV band, near the central position of the brightest knot
(knot 2). However, this is also consistent with the ≈5.8 net counts

9Within the 1.′′5 aperture, we expect ≈0.6 background counts, which makes
the X-ray emission in the hard band significant at the ≥ 99 per cent level,
according to Poisson statistics in the presence of a background (Kraft, Bur-
rows & Nousek 1991).
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NGC 300 microquasar 2397

expected from a thermal plasma at a temperature of 0.53 keV, fitted
to the spectrum of the knot 2. From that, we estimate a 90 per cent
upper limit of ≈6 × 10−5 net ct s−1 from a point-like power-law core
(in addition to the soft thermal emission). For an assumed photon
index � = 1.7, this corresponds to a luminosity L0.3–8 ≈ 1036 erg
s−1. No other knots have significant 2–7 keV emission, and thus,
regardless of where the central source is, we can take this value as
the upper limit of the current accretion luminosity of the central
engine.

In the absence of a well-resolved, point-like hard source, we
can use indirect arguments to constrain the possible location of the
candidate microquasar core. Spatially resolved X-ray jets compris-
ing a series of bright knots are seen in some active galactic nuclei
(AGNs): most famously, in M 87 (Marshall et al. 2002a; Wilson &
Yang 2002) and NGC 5128 (Kraft et al. 2002; Hardcastle et al.
2003). In those cases, the active nucleus is generally located at
one end of the string of X-ray knots, because the jet coming to-
wards us is much brighter than the (usually undetected) counterjet.
In the NGC 300 candidate microquasar, this would correspond to
knot 1 (which is also the one with the hardest X-ray colours and
hottest mekal fit temperatures). However, the lobe-like morphology
of the inner knot of H α emission (pointing towards the south-east:
Fig. 4) and the shape of the larger H α bubble (Fig. 5) suggest
that the knot 1 is unlikely to be the origin of the jet, and that the
core is most likely associated with knot 2 (the most luminous part
of the system in X-rays, radio, and H α). We have already shown
that the knot 2 is extended (Fig. 6), and suggest that it likely con-
sists of two sources separated by ≈1.2 arcsec and also aligned in
the general direction of the other knots. Thus, we suggest that the
knot 2 consists of a pair of ejecta or hotspots from the approach-
ing and receding jets and that the core resides somewhere between
the two.

3.2 Radio results

From the ATCA images, we discovered a bright, resolved and elon-
gated radio structure aligned along the axis of the X-ray knots
(Fig. 2). The majority of the radio emission comes from a region
coincident with the first and second X-ray knots, with the radio
peak coincident with X-ray knot 2. In the 5.5 GHz image, we also
detect a region of enhanced radio emission, which we refer to as
a ‘radio node’, north-west of the bright, central radio component,
near X-ray knot 4; the same radio node is a marginal detection at
9 GHz. From the 5.5 GHz image, we measure a total size of the
elongated radio bubble as 19 arcsec × 6 arcsec ≈ 170 × 55 pc (for
a distance of 1.88 Mpc). This emitting region is clearly resolved
both along and across the jet direction, because the beam size is
only ≈26 × 13 pc (Section 2.2).

We find total integrated flux densities of f5.5 GHz = 520 ± 15μJy
and f9 GHz = 380 ± 20μJy for the 5.5 and 9 GHz bands, respec-
tively. This equates to a 5.5 GHz radio luminosity of L5.5 GHz ≈
1.2 × 1034 erg s−1. We fitted a two-dimensional Gaussian profile
to the central, and brightest, region of S 10 using the CASA task
IMFIT, to estimate the flux density coming from the core. We find
peak intensities of 87.8 ± 2.7 and 35.0 ± 2.8μJy beam−1at 5.5 and
9 GHz, respectively, and integrated flux densities of 429 ± 30 and
371 ± 29μJy. We also used a two-dimensional Gaussian profile
fit in the 5.5 GHz map to measure the integrated flux of the ra-
dio node to the north-west of the core; we find a flux density of
79.5 ± 5.3μJy. The knot is only marginally detected in the 9 GHz
image, with an integrated flux density of 17.9 ± 4.4μJy. Our mea-
sured radio fluxes are summarized in Table 6.

Table 6. Integrated ATCA 5.5 and 9 GHz fluxes. For flux values obtained
via the CASA task IMFIT, we provide spectral indices. The steep spectral
index of the core suggests that the emission is coming from optically thin
synchrotron emission, as expected from other radio bubbles.

Object 5GHz flux 9GHz flux α

μJy μJy

Total 520 ± 15 380 ± 20
Core 429 ± 30 352 ± 29 −0.4 ± 0.2
Node 75 ± 7 39 ± 17∗ −1.3 ± 0.9
H II region 511 ± 15 302 ± 24

Note. ∗Flux integrated over region defined by radio node in 5.5 GHz image.

The spectral index α (defined as fν ∝ να) ranges from about −0.7
to about −0.4 near the central region (where the radio emission is
strongest), at the location of X-ray knot 2 (Fig. 3). This is consistent
with optically thin synchrotron emission. There are also hints of a
flattening of the spectral index towards the edges (near X-ray knots
1 and 3). We also measured the spectral index of the radio node at
the north-west end of the bubble, finding α = −1.3 ± 0.9 there.10 It
is unclear whether this radio node is associated with the X-ray knot
4, as the peak radio emission (in the 5.5 GHz band) of the radio
node appears to be slightly offset to the north-west of the X-ray
knot (Fig. 2, top panel).

We also detect radio emission from the nearby, possibly unas-
sociated H II region H 10 (Blair & Long 1997), south-west of
S 10 (Fig. 3). The spectral index in this region is much flatter
than in the candidate microquasar bubble (Fig. 3), as expected for
the spectral index of an H II region. At 5.5 GHz, the peak flux
density of the H II region is (52.6 ± 2.7)μJy beam−1and the in-
tegrated flux density is (511 ± 15)μJy. At 9 GHz, the peak flux
density is (30.1 ± 2.8)μJy beam−1 and the integrated flux density
is (302 ± 24)μJy. A few arcsec further to the south-west, another
region with a steep spectral index corresponds to the supernova
remnant catalogued as S 9 in Blair & Long (1997). A study of H 10
and S 9 is beyond the scope of this work.

3.3 Optical results

3.3.1 Diffuse emission

Blair & Long (1997) used CCD imaging and spectroscopic data
taken in 1987 with the 2.5 m du Pont telescope to measure H α and [S
II] fluxes of optical SNR candidates in NGC 300. Their source S 10
= DDB2 corresponds to the X-ray and radio structures discussed
in this paper. S 10 is listed in the catalogue of Blair & Long (1997)
with a line ratio [S II]:(H α plus [N II]) ≈ 0.67, indicative of shock-
ionized gas, and with an H α flux FH α ≈ 8.3 × 10−15 erg cm−2 s−1

(Blair & Long 1997, from the average surface brightness and size,
in their table 3A). This value has already been corrected for spec-
tral contamination from [N II]λλ6548, 6583, which Blair & Long
(1997) assumed to be 25 per cent of the H α emission, based on an
average value over their sample of SNR candidates in NGC 300.
In fact, individual long-slit spectra of S 10 also from Blair & Long
(1997) show a slightly larger [N II] contribution of ∼35 per cent,
implying an H α flux FH α ≈ 7.7 × 10−15 erg s−1. The diameter of
this line-emitting region was reported by Blair & Long (1997) as

10The knot is only marginally detected at 9 GHz. To determine its spectral
index, we used the region defined by the 5.5 GHz IMFIT output and integrated
the flux over this same area for the 9 GHz image.

MNRAS 482, 2389–2406 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/482/2/2389/5133413 by guest on 01 June 2023



2398 R. Urquhart et al.

only ≈14 pc.11 This is much smaller than the size of the H α struc-
ture we see for example in the VLT images (Fig. 5). We suspect
that the S 10 measurements of Blair & Long (1997) refer only to
the brightest core of the nebula, near X-ray knot 2, not to the larger
structure around it. Thus, we expect the total H α flux from the
whole region to be a few times larger.

In 2006, follow-up spectroscopic observations of NGC 300 by
Millar et al. (2011), with the 2.3 m Advanced Technology Tele-
scope at Siding Spring Observatory, indicated a slightly lower
[SII]:H α ratio of 0.35 ± 0.15 for S 10, although the source
was still classified as an SNR based on its multiband proper-
ties. More importantly, Millar et al. (2011) found that the S 10
emission region is significantly larger (diameter of ≈56 pc) than
originally reported, and an order of magnitude more luminous
[FH α = (10.5 ± 1.4) × 10−14 erg cm−2 s−1]. This flux value was
based on the extrapolation to the whole nebula of the integrated
line flux measured from a long-slit observation; such extrapolations
are fraught with uncertainties. Moreover, at the average seeing of
Siding Spring Observatory, S 10 is inevitably contaminated by emis-
sion from the nearby H 10 H II region, which may explain the lower
value of [S II]:H α measured by Millar et al. (2011). Size and flux
discrepancies for several other NGC 300 sources between Blair &
Long (1997) and Millar et al. (2011) are also discussed in the latter
paper.

To improve on those previous two studies and resolve their dis-
crepancies, we investigated the diffuse optical emission at S 10 using
archival HST/ACS images in the F475W, F606W, and F814W filters
(Fig. 4). This is possible because the broad-band filter F606W also
includes the wavelengths around H α; therefore, we expect regions
of strong H α emission to show up in green, in a true-colour image
from those three bands. There are indeed two bright regions of H α

emission (Fig. 4, bottom panel), separated by a distance of ≈20 pc,
on either side of the central location of X-ray knot 2. The southern
H α source has a lobe-like structure, which suggests that the gas has
been shocked by some kind of fast ejection: either a microquasar jet
or collimated ejecta during an SN explosion. The lobe-like source
has a diameter of ≈0.′′8, corresponding to ≈15 pc; it is aligned along
the same direction defined by the string of X-ray knots and by the
elongated radio source. This is most likely the source identified and
measured by Blair & Long (1997, their fig. 3).

To investigate the presence of fainter, much more extended H α

emission, and to measure its flux, we used the continuum-subtracted
VLT image. Although at lower spatial resolution, we clearly recover
(Fig. 5) the two innermost H α emission regions already seen in the
broad-band HST image. Additionally, we see an extended bubble,
stretching between and around X-ray knots 1 and 2 (characteristic
size of ≈60 pc), with a brighter spot almost coincident with the X-
ray knot 1 (Fig. 5). The emission region is bounded on its southern
side by a slightly brighter rim. We speculate that this H α-emitting
bubble has been inflated by a source of kinetic power probably
located near the X-ray knot 2: the same source of kinetic power
responsible for the radio and X-ray emission.

To measure the flux of the extended H α region, we defined
suitable source and background regions in the continuum-subtracted
VLT image (Fig. 5), with the imaging and photometry tool DS9. We
then used the VLT FORS2 Exposure Time Calculator in Imaging
Mode12 to convert from the measured net count rate to a physical

11Rescaled to our adopted distance of 1.88 Mpc; Blair & Long (1997) used
a value of 2.1 Mpc.
12https://www.eso.org/observing/etc/

line emission flux. We assumed a contribution of [N II]λλ6548,
6583 equal to (30 ± 5) per cent of the H α flux. This choice is
based on the line ratios measured directly for S 10 by Blair & Long
(1997) and Millar et al. (2011), and takes also into account the small
fraction of [N II] flux that falls outside the VLT filter passband. We
obtain a flux FH α = (4.1 ± 0.5) × 10−14 erg cm−2 s−1. The error is
the quadrature sum of the uncertainty on the [N II]λλ6548, 6583
contribution and a rough estimate of the range of values we obtained
for slightly different choices of the outer boundary of the S 10
bubble. We also verified this flux estimate by estimating the ratio
(a factor of 5) between the H α counts in the whole bubble and in
the bright core, for which Blair & Long (1997) had reported a flux
of ≈8 × 10−15 erg cm−2 s−1. Finally, we confirmed the consistency
of our estimate by comparing our measured VLT count rates for
S 10 and for isolated SNR candidates that have a more reliable
flux measurement in Blair & Long (1997); we obtained the same
estimate of an S 10 H α flux between ≈4–5 × 10−14 erg cm−2 s−1. At
the distance of 1.88 Mpc, this corresponds to a luminosity LH α =
(1.7 ± 0.2) × 1037 erg s−1 and (for a standard Balmer decrement
from Case B recombination) LH β = (6 ± 1) × 1036 erg s−1.

3.3.2 Stellar counterparts

We selected a few potential optical counterparts in the HST images
(Fig. 4) located close to knot 2, as this is the most likely location
of the true nuclear source (as discussed in Section 3.1.2 and from
the H α morphology discussed in Section 3.3.1); we measured their
optical brightnesses and colours with IRAF. We interpreted their
physical properties by comparing those values with the Padova the-
oretical stellar isochrones13 (Bressan et al. 2012; Chen et al. 2015)
for a metallicity Z = 0.015 (Table 7). Specifically, we estimated the
age, mass, radius, and temperature on the nearest isochrone to each
star. In doing so, we assumed that any emission we see is due to a
single star and not to an accretion disc around the compact object
or to multiple stars. Star A is the bluest and brightest stellar source
in the field, a B-type giant; however, it appears unlikely to be the
true optical counterpart of the central engine, as it resides outside
of a lobe-shaped H α nebula (Fig. 4), and therefore, offset from
the likely direction of the jet that inflated that structure.14 Star C is
also outstanding in brightness and colour from the rest of the stel-
lar population in the field: it is consistent with an intermediate-age
AGB star (near the top of the AGB branch), and it lies along the
direction of the jet. Perhaps the most intriguing candidate optical
counterpart is star D. It is also located along the direction of the
jet, approximately half way between the two peaks of H α emis-
sion (Fig. 4). It is detected as a moderately bright source only in the
F814W image (Vegamag m814 ≈ 23.1 mag). Its extremely red colour
(m606 − m814 > 2.6 mag; m475 − m814 > 3.2 mag) suggests a high
intrinsic reddening, higher than for any other neighbouring star;
this could be due, for example to circumstellar dust. For example,
among the possible alternative interpretations, we cannot rule out
that the star D is a hypergiant or Wolf–Rayet star with an intrinsic
absolute brightness MV < −7 mag, but a strong extinction AV � 7
mag. We shall mention later (Section 4.2) that a massive donor star
surrounded by shells of ejected material is consistent with one of the
scenarios discussed for the feeding of this candidate microquasar.

13Available at http://stev.oapd.inaf.it/cgi-bin/cmd.
14If we attribute the offset from the jet axis to proper motion of the star after
the main jet activity phase, we require a projected velocity of ≈100 km s−1

for ≈105 yr.
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Table 7. HST magnitudes and physical parameters of four potential optical counterparts of the true nuclear source of S 10. The optical counterparts (along
with the lettering) correspond to those outlined in Fig. 4. Observed magnitudes are converted to physical properties using the theoretical isochrones for a
metallicity Z = 0.015. The stellar radii are calculated using the surface gravity and total mass. Colours for star D are dominated by intrinsic reddening and thus
a comparison to theoretical isochrones is meaningless.

Star F814W F606W F475W Age Mass Radius Temperature Luminosity
mag mag mag Myr M� R� K erg s−1

A − 3.67 ± 0.02 − 3.86 ± 0.02 − 3.88 ± 0.02 ∼50 7 110 12 300 2 × 1037

B − 2.77 ± 0.07 − 2.10 ± 0.05 − 1.86 ± 0.06 ∼200 4 120 6 600 2 × 1036

C − 4.91 ± 0.01 − 2.30 ± 0.06 − 0.66 ± 0.05 ∼500 3 1 600 3 400 2 × 1037

D − 3.30 ± 0.04 ≥−0.7 ≥−0.1 N/A N/A N/A N/A N/A

Further investigations on the nature of the star D is beyond the scope
of this paper. A discussion on the relative contributions of accretion
disc and donor star to the optical emission is also left to further
work.

We also searched for unusually bright, point-like optical sources
at the location of the other X-ray knots, but did not find any unusual
candidate. Most of the other stars visible in the HST image of the
field (Fig. 4) are red giants from an intermediate-age population
(age of ∼a few 108 yr), with a few B-type main-sequence stars from
a younger population.

As in our ATCA data, the H II region to the south-west, H 10
(Blair & Long 1997), is clearly visible. The HST images show that
there is a strong F606W emission coincident with a population of
bright, blue stars (Fig. 4).

4 D ISCUSSION

We have identified a chain of four thermal X-ray sources aligned
with each other and with an elongated 170 pc long radio structure.
The X-ray and optical sources are associated with an optical neb-
ula originally identified as an SNR, but which is also reminiscent
of jet-powered ULX bubbles. Here, we argue that the most likely
explanation for the multiband structure is that S 10 is a powerful mi-
croquasar, although we also consider alternative explanations. The
X-ray spectra for the knots are dominated by optically thin thermal
plasma emission, likely a result of jet/ISM interactions. The radio
emission has a steep spectral index, consistent with optically thin
synchrotron emission; this is consistent with a relativistic electron
population energized by a microquasar jet. Finally, the associated
optical line-emission regions are shock-ionized, consistent with a
forward shock propagating into the ISM, caused by the impact of
a microquasar jet or fast SN ejecta. This is displayed in Fig. 8,
where the Chandra, ATCA, and VLT images have been aligned
and rotated to demonstrate the connections between structures ob-
served in each band. In this section, we collate and examine in more
detail the observational properties of S 10 that have led to our micro-
quasar interpretation. Finally, we attempt to determine the jet power
of S 10.

4.1 Emission processes in the knots

An important finding of our Chandra analysis is that the X-ray
emission is from thermal plasma. This is likely the result of jet-
driven shocks propagating into the ISM. The density inferred for
the X-ray emitting hot plasma (Section 3.1) is consistent with typ-
ical pre-shock ISM densities ∼1 cm−3. It is hard to compare the
knotty structure of the NGC 300 candidate microquasar (Fig. 8)
with the fine details of X-ray jet knots seen in nearby AGNs such

as M 87 and NGC 5128, because of the much higher spatial reso-
lution (relative to jet length) and signal-to-noise ratio for the lat-
ter class of jets. Instead, the Chandra images of the S 10 jet are
reminiscent of the X-ray appearance of jets in higher redshift ra-
dio galaxies and quasars (e.g. Massaro, Harris & Cheung 2011;
Massaro et al. 2015; McKeough et al. 2016). However, appear-
ances can be deceptive. The X-ray emission from AGN and quasar
jets (including the emission from their hotspots) is almost always
non-thermal (Harris & Krawczynski 2006): either synchrotron ra-
diation from relativistic electrons (with Lorentz factors γ � 107)
or inverse Compton scattering of cosmic microwave background
photons off slightly less energetic electrons (γ ∼ 103). The only
few exceptions, where X-ray hotspots have been attributed to ther-
mal emission, are sources in which the AGN jet is colliding with a
dense, cold cloud; e.g. the jets in the radio galaxies PKS 2152 − 699
(Ly, De Young & Bechtold 2005), 4C+29.30 (Siemiginowska et al.
2012), and 3C 277.3 (Worrall, Birkinshaw & Young 2016). In-
stead, in both of the known off-nuclear microquasars (NGC 7793
S 26 and NGC 300 S 10) with evidence of X-ray jets, the hotspots
are dominated by thermal emission at a temperatures ∼0.5 keV.
In both sources, the total X-ray emission from shocked gas is
∼2 × 1037 erg s−1. Another iconic microquasar, the Galactic source
SS 433, also has a hotspot consistent with thermal emission, along
the eastern jet (Brinkmann et al. 2007) (instead, the termination
shock further downstream is non-thermal). We do not have enough
sources to determine whether the higher contribution of thermal
emission in microquasar hotspots is due to a comparatively higher
ISM density, or to a different composition and Lorentz factor in
the jet.

Another key observational property of S 10 is the elongated ra-
dio structure aligned with the chain of X-ray knots. How the radio
and X-ray emissions are linked is unclear: they arise from differ-
ing emission mechanisms (synchrotron and thermal plasma, respec-
tively) but share similar morphologies. In the 5.5 GHz ATCA image,
we detect a radio node beyond (further downstream along the jet)
the outer X-ray knot (Fig. 2). Soria et al. (2010) find that the X-ray
hotspots of S 26 slightly (≈20 pc) trail the radio lobes, further evi-
dence that they arise from different physical processes. We cannot
determine whether the outer X-ray knot and the radio node of S 10
are related (Fig. 8): the true X-ray counterpart to the radio node (if
there is one) may have already faded.

4.2 Origin of the discrete knot structure

The presence of multiple thermal X-ray knots rather than only two
termination hotspots is the main difference between NGC 300 S 10
(Fig. 8) and NGC 7793 S 26 (Soria et al. 2010). In this section, we
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Figure 8. From top to bottom: S 10 jet in X-rays (0.3–7 keV; scalebar in
units of counts), H α line (scalebar in units of ADU for the VLT/FORS2
CCD), and 5.5 GHz band (scalebar in units of Jy beam−1), rotated to a
horizontal position; and corresponding brightness distribution along the jet
in X-rays (red curve) and radio (blue curve), on the same spatial scale. For
the bottom panel, we measured the X-ray brightness by integrating the pixel
counts in 1-pixel-wide strips perpendicular to the jet axis; we measured
the radio intensity from the peak value along the jet. The dotted black line
represents a symmetric Gaussian approximation of the Chandra PSF of a
point-like source at the location of S 10, determined from our PSF modelling
(Section 3.1). At the distance of 1.88 Mpc, 1 ACIS-I pixel corresponds to
≈4.5 pc. The comparison shows that the second X-ray knot is extended and
likely composed of (at least) two distinct sources, displaced by ≈1.′′2 along
the direction of the jet. For a comparison, we show that the first knot instead
matches the Chandra PSF.

Table 8. Integrated radio flux of the core region at various epochs.

Telescope Year Frequency Flux density νLν

(GHz) (mJy) (1033 erg s−1)

ATCA 2000-02-28 1.374 0.56 ± 0.03 3.3
ATCA 2000-02-28 2.496 0.38 ± 0.06 4.0
ATCA∗ 2015/16 5.5 0.429 ± 0.030 10.0
ATCA∗ 2015/16 9.0 0.352 ± 0.029 13.4

Note. ∗ATCA observations from this study (2015 October and 2016 August)
are stacked as per Section 2.2.

outline possible scenarios that can give rise to a string of bright
knots along the jet.

(i) Discrete relativistic ejecta:
Numerous compact accreting sources produce large-scale mov-

ing jets in the form of discrete ejecta. Ejection of relativistic plasma
knots that emit via synchrotron processes has been observed at ra-
dio and X-ray wavelengths in the sub-Eddington low-mass X-ray
binaries (LMXBs) H1743-322 (Corbel et al. 2005), XTE J1550-
564 (Corbel et al. 2002; Kaaret et al. 2003), and XTE J1752-223
(Ratti et al. 2012). On the super-Eddington side, the ULX Ho II
X-1 shows evidence of multiple discrete radio ejecta (Cseh et al.
2014). While each of the Ho II X-1 knots is not detected in X-rays,
the S 10 jet could be made up of similar discrete ejecta where each
south-east–north-west knot pair is due to a flare or outburst. In this
scenario, the most recent ejecta would be the two unresolved blobs
that constitute knot 2; the previous outburst would have produced
knots 1 and 3; knot 4 would be the oldest ejection event whose
south-eastern counterpart has since faded (Fig. 8). However, we
rule out this scenario as the X-ray knots would have to be radiating
via synchrotron emission, not thermally as we see for S 10.

(ii) Internal shocks:
The multiple-knot morphology may be a result of internal shocks

within the jet (Rees & Meszaros 1994; Malzac 2014). Faster moving
ejecta catch up to slower moving, previously ejected material further
downstream, the collision causing shocks and accelerating particles.
This would make S 10 analogous to the AGN jets we see in M87
(Rees 1978; Sparks, Biretta & Macchetto 1996) and 3C 264 (Meyer
et al. 2015). As with the previous scenario, internal shocks would
produce synchrotron emission in the X-ray band and thus we can
rule out this interpretation.

(iii) Multiple layers of ISM:
If instead we are looking at a more steady, continuous jet, with

a persistent flow, then the additional knots could be explained by
the jet punching through different layers of the ISM. The jet may
be passing through shells of denser ISM, shocking the gas as it
penetrates each layer. The resulting shocked gas would produce
thermal X-ray emission. These overdensities in the ISM may simply
be a result of random fluctuations in the ISM, or could be shells of
material ejected by the massive progenitor either via stellar winds,
or in giant eruptions, or during the SN explosion that produced the
compact object. Nebulae around even the most powerful Luminous
Blue Variable (LBV) stars are �a few pc in size (Weis 2011), an
order of magnitude smaller than the size of the jet in S 10. However,
the presence of numerous OB stars and likely SNRs in the nearby H
II region H 10 leaves open the possibility that stellar activity created
supershells and filaments in the ISM on scales of ∼100 pc.

(iv) Multiple outbursts:
The accretion rate and/or the kinetic power carried by the jet

may not be steady; the system may undergo state transitions. This
could also be the reason for the current low X-ray luminosity of
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the core (further discussed in Section 4.5). If this is the case, then
we do not expect a continuous jet, but rather phases of enhanced
activity. Recurrent outbursts may be creating pairs of hotspots in
a Sedov-Taylor phase that keep expanding and cooling as they
propagate out from the central object. In between outbursts, the
channel drilled by the jet during the previous phase of activity
would be refilled by the ISM. The innermost X-ray hotspots, that
is the two marginally resolved sources that form Chandra knot 2,
would be those created during the most recent epoch of jet activity.
The uneven number of knots may be due to an overdensity to the
east of S 10 resulting in a pile-up of multiple knots. In AGNs,
a similar scenario of intermittent activity has been proposed to
explain the so-called ‘double–double radio galaxies’, characterized
by multiple pairs of hotspots (often aligned along the same direction)
sharing the same core (Kaiser, Schoenmakers & Röttgering 2000;
Schoenmakers et al. 2000; Saikia & Jamrozy 2009; Brocksopp
et al. 2011). In this scenario, NGC 300 S 10 would be the first
unambiguous example of a double–double microquasar.

The fading and/or appearance of new knots would undoubtedly
result in X-ray variability. Two or three major episodes of enhanced
activity over a time-scale of a few 105 yr correspond to a recurrence
time-scale too long to be explained by thermal-viscous accretion
disc instabilities, for a stellar-mass compact object. It is instead
consistent, for example, with the time-scale of thermal pulsations
in an AGB donor star (e.g. Marigo et al. 2013), or of giant eruptions
in LBV stars and other types of SN impostors (e.g. Smith & Owocki
2006; Berger et al. 2009; Tartaglia et al. 2015). In particular, if the
massive star is in a binary system with a neutron star or a black hole,
giant eruptions are expected to produce phases of highly super-
Eddington mass transfer on to the compact object, and may trigger
powerful episodes of jet activity. This scenario was used to explain
the behaviour of a transient neutron star ULX (coincidentally also
located in NGC 300) associated with the SN impostor 2010da (e.g.
Binder et al. 2016; Villar et al. 2016; Carpano et al. 2018). One of
the hallmarks of such a scenario is that the erupting donor star would
be surrounded by thick circumstellar dust, and would appear highly
reddened (e.g. Berger et al. 2009; Lau et al. 2016). We mentioned
earlier (Section 3.3.2) that one of the candidate optical counterparts,
star D, is indeed highly reddened. We leave a detailed investigation
of this possibility to further work.

(v) Sheath-spine jet:
A stratified jet has previously been used to explain the emission

from gamma-ray bursts (GRBs) (Mészáros & Rees 2001; Ramirez-
Ruiz, Celotti & Rees 2002; Vlahakis, Peng & Königl 2003). Known
as a ‘spine-sheath’ jet model, a fast-moving core (spine) is sur-
rounded by a slower moving outflow (sheath) (see fig 1. in Ito et al.
2013). This is thought to result from the GRB jet punching through
the progenitor envelope, entraining the material to create the sheath
(Mészáros & Rees 2001; Ramirez-Ruiz et al. 2002), or from a de-
coupled neutron sheath and proton jet core (Vlahakis et al. 2003).
For S 10, we do not expect direct emission from the jet, but instead
suggest that a similar stratified jet may be causing multiple hotspots
via external shocks. As the jet propagates out, the slower moving
outer layer (or layers) shocks the ISM, creating the inner knots,
while the faster moving core punches through, decelerating further
downstream, creating the outer knots.
We cannot discriminate between interpretations iii–v based on our
current observations. Differentiating between a persistent or tran-
sient jet is important because it will help us identify the true power
of S 10. In the following section, we attempt to estimate the time-
averaged jet power. However, if the jet does switch on and off, then
our jet power will be a lower limit; because we do not know the

duty cycle of S 10, we cannot determine the instantaneous power of
the jet.

4.3 Jet power

While S 10 has a unique morphology among Galactic and extra-
galactic stellar-mass objects, we relate it most closely to super-
Eddington microquasars and ULXs such as SS 433, S 26, and Ho
II X-1. These sources all demonstrate the presence of powerful jets
either through radio/X-ray knots, shocked emission from jet/ISM
interactions, and/or extended radio nebulae. S 10 has a 5.5 GHz
radio luminosity L5.5 GHz ≈ 1 × 1034 erg s−1, which is a factor of
2 greater than the radio luminosity seen in the SS 433/W 50 com-
plex (Downes, Pauls & Salter 1986; Dubner et al. 1998). On the
other hand, it is an order of magnitude less radio luminous than
the microquasars NGC 7793 S 26 (Soria et al. 2010) and M 83
MQ1 (Soria et al. 2014). The physical size of the radio nebula
of S 10 (≈170 × 55 pc) is also comparable to the bubbles of S 26
(∼300 × 150 pc; Soria et al. 2010), Ho II X-1 (∼81 × 40 pc; Cseh
et al. 2012), and SS 433 (∼100 × 50 pc; Dubner et al. 1998). Thus,
in this section, we primarily compare S 10 to these super-Eddington
sources and their jet-inflated radio nebulae.

Assuming equipartition between the magnetic field and energy in
relativistic particles, we can determine the minimum-energy condi-
tions for synchrotron radiation. The minimum-energy Wmin can be
expressed as

Wmin ≈ 3.0 × 1013η4/7V 3/7ν2/7L4/7
ν erg, (1)

(Longair 2011) where η − 1 is the ratio of energy in baryons
to that in relativistic electrons, V is the bubble volume in m3, ν

is the observing frequency in Hz, and Lν is the luminosity den-
sity in W Hz−1. The elongated structure of S 10 has dimensions of
≈170 × 55 pc. If we assume a cylindrical shape, this equates to a
total volume of ≈1055 m3. Using this, and our 5.5 GHz luminos-
ity density of Lν = 2.2 × 1017 W Hz−1, we calculate a synchrotron
minimum-energy condition Wmin = 5.5 × 1049η4/7 erg correspond-
ing to a minimum magnetic field strength of Bmin = 7μG. This
is comparable to the minimum energies required to power the ex-
tended radio nebulae in other super-Eddington microquasars, such
as NGC 5408 X-1 (∼1049 erg: Lang et al. 2007; or ∼1050 erg: Soria
et al. 2006, depending on different assumptions for the electron en-
ergy distribution), IC 342 X-1 (≈9.2 × 1050erg: Cseh et al. 2012),
and Ho II X-1 (≈2.6 × 1049erg: Cseh et al. 2012).15 However, we
note that there are several unknowns associated with our analysis.
First, without the viewing angle, we can only estimate the volume of
the radio bubble based on its shape projected on the sky. The filling
factor of the magnetic field throughout the bubble is also unknown.
Additionally, the uncertainty on the minimum and maximum ener-
gies of the electron population, and therefore on the spectral index
above and below the ATCA observing bands, also contributes to the
uncertainty of the minimum-energy estimate.

We can estimate the jet power using the method outlined by
Pakull et al. (2010). For a shock-ionized gas bubble, we know from
standard theory (Weaver et al. 1977) that the total radiative lumi-
nosity Lrad is ≈27/77 of the mechanical power that is inflating the
bubble. The total radiative luminosity of the cooling plasma can be
determined from the luminosity in suitable diagnostic lines; for ex-
ample, the H β line emission (derived from equations 2.2 and 2.4 of

15Assumes η = 1.
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Dopita & Sutherland 1995, or from the shock-ionization code MAP-
PINGS V: Allen et al. 2008) is a good proxy for the total luminosity,
because its relative contribution does not depend too strongly on the
shock velocity, or the metallicity of the shocked gas, or the density
of the undisturbed ISM. For a plausible range of shock velocities
≈150–300 km s−1, the total H β luminosity of shocked gas plus
precursor is ≈(2–3)× 10−3 times the input mechanical power. For
an H β luminosity LH β ≈ (6 ± 1) × 1036 erg s−1, this corresponds
to a long-term-average jet power Pkin ≈ (2–3) × 1039 erg s−1, an
order of magnitude lower than the values estimated for S 26 but
the same order of magnitude as the jet power suggested for SS 433
(Brinkmann & Kawai 2000; Marshall, Canizares & Schulz 2002b;
Krivosheyev et al. 2009) and for M 51 ULX-1 (Urquhart et al.
2018). In a follow-up paper currently in preparation, we will refine
and improve this estimate of jet power based on diagnostic line
emission, using recently obtained data from the Multi Unit Spectro-
scopic Explorer (MUSE), an integral field spectrograph mounted on
the VLT.

Other techniques have sometimes been used to estimate the ki-
netic power in radio/optical microquasar bubbles (Pakull et al.
2010). If the shock velocity is known (inferred from optical spectro-
scopic studies of the emission line profiles), together with the ISM
density and the bubble size, one can derive the characteristic dynam-
ical age of the shocked bubble as well as the jet power (Weaver et al.
1977). A spectroscopic study of the optical emission lines in S 10
is also left to our follow-up paper based on MUSE data. A much
less reliable technique is based on the radio luminosity. Various
scalings between the jet power and the optically thin synchrotron
luminosity of hotspots, lobes, and cavities have been proposed, for
samples of radio galaxies (e.g. Willott et al. 1999; Cavagnolo et al.
2010; Godfrey & Shabala 2013). The model assumptions underpin-
ning these scaling relations are similar to those associated with the
minimum-energy synchrotron conditions discussed earlier, leading
to a similar degree of uncertainty. However, Godfrey & Shabala
(2016) have shown that the scaling relations commonly used in the
literature are strongly biased by the mutual dependence on distance
for both the jet power and the radio luminosity. Thus, we do not
rely on those correlations for our study.

4.4 Synchrotron or thermal plasma emission?

From the synchrotron minimum-energy conditions, we can estimate
the cooling time-scale for X-ray synchrotron emission. At an en-

ergy of 1 keV, the cooling time-scale would be 3, 000
(

Bmin
7μG

)−3/2
yr

(Tudose et al. 2006). This approximation is valid if the system is
in equipartition; a stronger magnetic field will reduce the cooling
time-scale. Adiabatic expansion of the knots would also lead to
faster cooling.

Based on the 5.5 GHz luminosity and average spectral index
(α = −0.64) for the radio bubble, the expected 0.3–8.0 keV X-
ray synchrotron luminosity is ≈3 × 1037 erg s−1. We have already
tested (Section 3.1.1) that a power-law component with a photon
index � = 1.7 does not provide a statistically significant contribution
to the combined knot spectrum, and the 90 per cent upper limit to
its luminosity is < 2 × 1036 erg s−1. For completeness, given the
spectral index found in the radio analysis (Section 3.2) and that we
now suspect the microquasar candidate core resides within X-ray
knot 2 (Section 3.1.2), we perform the test with an X-ray power-law
component of photon index � = 1.64 on the individual spectrum
of the knot 2. As expected, the result is essentially identical to
the case for the combined spectra and for � = 1.7, that is there

is no statistically significant need for such a component, and the
90 per cent upper limit to its contribution is < 8 × 1035 erg s−1.
This is lower than the luminosity expected from the extrapolation
of the radio synchrotron power law. The reason why we do not
see synchrotron X-ray emission may be that particles were never
accelerated up to energies where they could emit X-rays via this
process; or there may be a break in the spectrum between radio and
X-ray frequencies because of ageing. We also note that the radio and
X-ray observations were not simultaneous. Alternatively, the S 10
core may be producing X-ray synchrotron emission that is strongly
absorbed to the point where it is not detected. While the thermal
X-ray emission does not show any evidence of strong absorption, it
is likely a result of extended jet/ISM interactions, whereas the X-ray
synchrotron emission must emanate from a region much closer to the
compact object and could be obscured by an additional strong source
of absorption; nH > 4 × 1023 atoms cm−2. This scenario seems
somewhat contrived and thus we prefer the simpler interpretation
wherein the synchrotron power law has a break below the soft X-
ray band, in line with other microquasars (Russell et al. 2013a), and
both the radio synchrotron and the X-ray thermal emission come
from similar regions of jet/ISM interactions.

While we do not detect any X-ray synchrotron emission, we do
see thermal X-ray emission (bremsstrahlung and line transitions),
likely from shock-heated gas along and in front of the jet. The
cooling time-scale is approximately the ratio of total heat content
over heat loss rate

tcool = 3(ne + n)kBT

2n2�
, (2)

(Dopita & Sutherland 2003) where n is the atomic density of the hot
gas, kB is the Boltzmann constant, T is the plasma temperature, and
� is the cooling function. From our X-ray spectral fits, we know
that T ≈ 0.6 keV ≈ 7 × 106 K. At that temperature, � ≈ 4 × 10−23

er g cm3 s−1 for solar-metallicity plasma in collisional equilibrium,
including both free–free and line emission (Sutherland & Dopita
1993). From the thermal X-ray luminosity and the approximate vol-
ume estimated for the emitting gas, we also determined a lower limit
on the density, n ≈ ne � 4 cm−3 (Section 3.1.1). Putting those con-
straints together, we obtain an upper limit on the (thermal) cooling
time-scale of tcool � 570 000 yr. We speculate that X-ray-emitting
gas is replenished by bursts of increased accretion/ejection activity
leading to the production of new discrete knots on a recurrence
time-scale shorter than the cooling time-scale.

4.5 Faintness of the X-ray core

Three possibly super-Eddington microquasars have been found so
far with large-scale X-ray evidence of collimated jets: NGC 300
S 10, NGC 7793 S 26, and SS 433 in the Milky Way. Curiously,
all three have apparently faint cores: LX,core � 1036 erg s−1 (Sec-
tion 3.1.2), LX,core ≈ 6 × 1036 erg s−1 (Soria et al. 2010), and
∼1036 erg s−1 (Kotani et al. 1996; Fabrika & Medvedev 2011) for
the three sources, respectively. In the case of SS 433, the reason
is the occultation of the direct X-ray emission by the thick super-
critical disc, seen at high inclination (Fabrika 2004). For S 26 and
S 10, we do not have any estimate of the viewing angle. No firm
conclusions can be reached based on such a small sample of objects.
It is possible that there is a selection bias at play: large-scale jets
appear longer and easier to discover when they are in the plane of
the sky; as a result, the accretion disc around the compact object
would preferentially appear edge-on. The situation would be anal-
ogous to that of ‘accretion disc corona’ sources, a type of Galactic
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low-mass X-ray binary seen at high inclination, in which the direct
X-ray emission from the disc surface is mostly occulted from us,
and we can only see harder radiation scattered by a vertically ex-
tended corona (e.g. McClintock et al. 1982; White & Holt 1982;
Hellier & Mason 1989). Alternatively, the compact object may be
faint because its supercritical accretion phase has a short duration
compared with the cooling time-scale of the hotspots and bubble,
or it is a transient source with a low duty cycle. Contrary to this
scenario, it was noted (Pakull & Grisé 2008) that the majority of
large shock-ionized ULX bubbles (without direct evidence of a col-
limated jet) do contain a luminous X-ray core; if the typical duty
cycle of super-Eddington accretors was low, or if the duration of
the super-Eddington phase was much shorter than the cooling time-
scale of the ULX bubbles, we would see a large number of bubbles
without a central source, which is not the case.16

We can take the low-duty-cycle argument to an extreme, and
suggest that all the kinetic power in the collimated jet was injected
at an instantaneous burst event, for example an SN associated with
a GRB. After that event, the collimated ejecta would continue to
expand passively, now dominated by entrained material from the
ISM. This scenario leads us back to the original interpretation of
S 10 as an SNR. Magneto-hydrodynamical simulations of jet/ISM
interactions in GRBs suggest (De Colle et al. 2012) that the jet
loses collimation at a distance of ∼1 pc from the origin; this makes
it difficult to explain the much larger length of the S 10 structure.
To test this scenario further, we searched for evidence of current
accretion activity at the (candidate) location of the central object,
as explained in the next section.

4.6 Search for X-ray and radio variability

Spurred by the possibility that the central engine of S 10 is a transient
or variable accretor, currently in a low state, we searched for hints
of previous variability in the core emission. S 10 has been observed
on several occasions with the ROSAT and the XMM–Newton X-ray
telescopes: in both cases, the source was not resolved, because of
their poorer spatial resolution (see e.g. figs 8e and 8f in Payne et al.
2004). For the ROSAT observations, we used the count rates listed in
the Second Position-Sensitive Proportional Counter (PSPC) Catalog
(Rosat 2000) and in the Source Catalog of Pointed Observations
with the High Resolution Imager (HRI) (ROSAT Scientific Team
2000). For the XMM–Newton observations, we used the observed
fluxes from the 3XMM-Data Release 6 Catalog (Rosen 2016). We
then used the online tool PIMMS17 version 4.8e to convert the
count rates or fluxes of the various observations to unabsorbed 0.3–
8 keV fluxes and then to luminosities, assuming a 0.6 keV thermal
plasma model and a column density of nH = 3 × 1020 cm3, as for
our spectral modelling (Section 3.1, Table 5).

For the ROSAT/PSPC observations between 1991 November and
1992 January, we estimate a luminosity L0.3–8 keV = (1.3 ± 0.3) ×
1037 erg s−1; for the PSPC observations between 1992 May
and June, L0.3–8 keV = (1.1 ± 0.2) × 1037 erg s−1. For the
ROSAT/HRI observation in 1995 May, we obtain a luminosity
L0.3–8 keV = (1.5 ± 0.4) × 1037 erg s−1. Finally, XMM–Newton ob-
served NGC 300 between 2000 December and 2001 January; the ab-
sorbed 0.2–12 keV flux of (3.44 ± 0.13) × 10−14 er g cm−2 s−1 con-
verts to an emitted 0.3–8 keV luminosity L0.3–8 keV = (1.6 ± 0.2) ×

16A similar argument also rules out beaming factors larger than a few for
the X-ray emission of ULXs (Pakull & Grisé 2008).
17http://cxc.harvard.edu/toolkit/pimms.jsp

1037 erg s−1. Considering the model uncertainties and the differ-
ences between the PSFs and energy bands of the various detectors,
we cannot claim any significant X-ray variability compared with
our modelled Chandra luminosity L0.3–8 keV = (1.1 ± 0.1) × 1037

erg s−1 (average of the 2010 and 2014 observations). Any possible
variability of the core was swamped by the higher and constant
thermal emission from the various knots.

We then checked whether S 10 has varied in radio brightness over
the last decades. NGC 300 was observed with the VLA at 4.885 GHz
in 1993 May and at 1.465 GHz in 1998 June (Pannuti et al. 2000).
It was also observed with the ATCA in 2000 February at 1.374
and 2.496 GHz (Payne et al. 2004). We compared these data with
our recent 2016–2017 ATCA observations. One major difficulty in
this comparison is that the archival data have larger beam sizes:
6 arcsec × 6 arcsec for the old ATCA observations, 4′′.70 × 3′′.76
for the 1.465 GHz VLA observations, and 8′′.63 × 4′′.22 for the
4.885 GHz VLA observations (table 2 in Payne et al. 2004). This
makes it difficult to distinguish between the radio flux from the S 10
jet and that from the neighbouring H 10 H II region. The second
major problem is that the archival observations were much less
sensitive. The rms noise level was σ ≈ 37 and 66μJy beam−1

for the VLA data at 4.885 and at 1.465 GHz, respectively; for the
archival ATCA data, it was σ ≈ 58 and 62μJy beam−1 at 1.374
and 2.496 GHz, respectively. As a comparison, the rms noise was
σ ≈ 2.7μJy beam−1 in the 2015–2017 ATCA data (Section 2.2).
As a result, the emission from the core region (around the X-ray
knot 2) is the only part of the radio jet that is significantly detected
in the archival data (see for example fig. 8d of Payne et al. 2004).
Keeping in mind all these caveats, and extrapolating the 2015–
2016 flux measurements to lower frequencies using a spectral index
α = −0.40 ± 0.22 for the core region, we find that the new ATCA
flux measurements are consistent with the 2000 ATCA flux values
within ≈2σ (Table 8). Instead, when compared with the VLA flux
densities measured by Pannuti et al. (2000) and Payne et al. (2004),
S 10 appears to have brightened by a factor of 2 in the ATCA
observations; however, our re-analysis of the VLA data shows that
the true uncertainties in the S 10 core flux are much larger than the
formal error reported by Pannuti et al. (2000) and Payne et al. (2004),
because of the mismatch in beam size and sensitivity mentioned
above. To combat this, and properly compare the S 10 core fluxes,
we re-analysed both the 4.8 GHz VLA data and our 5.5 GHz ATCA
data. These observations were chosen to minimize uncertainties
introduced by the spectral shape of S 10. Additionally, we applied
the same uv-cut to both data sets and used the same restoring beam.
We find peak fluxes of f4.8 GHz = 340 ± 60 and f5.5 GHz = 210 ±
8μJy beam−1. We find tentative evidence (∼2σ ) of a decrease in
the flux of the radio core, though future observations are required
to conclusively establish the presence of variability.

5 C O N C L U S I O N S

We have presented a new, coherent interpretation of a complex X-
ray, optical, and radio source in NGC 300, using new and archival
Chandra, HST, VLT, and ATCA data. The source was previously
classified as an SNR; however, we argued that it is a candidate
microquasar, likely powered by super-Eddington accretion on to a
compact object. We showed that the X-ray emission is made of a
string of discrete knots, a tell-tale sign of a jet interacting with the
ambient medium. We also showed for the first time that the radio
emission is an elongated bubble (≈170 × 55 pc in size), oriented
along the same direction as the string of X-ray knots. While the radio
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emission is consistent with optically thin synchrotron (as expected),
the X-ray emission is from thermal plasma at temperatures ≈0.3–
0.8 keV. This is unlike the knots and hotspots typically seen in AGN
jets, but is analogous to the thermal hotspots previously identified in
the super-Eddington microquasar NGC 7793 S 26. The integrated
radio luminosity at 5.5 GHz is ≈1034 erg s−1, while the total X-
ray luminosity of the knots is ≈2 × 1037 erg s−1. To complete
the picture, we argued that the optical line spectrum of the shock-
ionized nebula is exactly what is expected for this kind of system,
as seen also in S 26 and in other shock-ionized ULX bubbles. In
particular, we showed a spatial association between locations of
enhanced H α emission and locations of X-ray and radio features.

Using the H α line luminosity (LH α ≈ 1.7 × 1037 erg s−1) as a
proxy, we estimated that the nebula was shocked by the injection of
a long-term-average jet power Pkin ≈ (2–3) × 1039 erg s−1. Thus,
this candidate microquasar is in the same energy class as SS 433
and Ho II X-1; it is an order of magnitude less energetic and a factor
of 2 smaller in linear size than S 26.

We have discussed the most likely location of the core, but found
no bright, point-like X-ray source there, above the thermal-plasma
emission. The upper limit to the X-ray luminosity of the core is
≈1036 erg s−1. The direct emission from the accreting compact
object may be occulted from our view by a thick, edge-on disc,
like in SS 433; or the core could be in a low state. Neither did
we find evidence of a brighter core in earlier XMM–Newton and
ROSAT observations, which stretch back to 1991. The reason for
the multiple-knot structure remains unclear. We can rule out inter-
nal shocks (analogous to the knots seen, for example in the M 87
jet), because the X-ray emission is thermal (that is, from shocked
ISM) rather than synchrotron. For the same reason, we consider
very unlikely that the knots are ballistic ejections. We discussed al-
ternative scenarios, in particular: multiple layers of enhanced ISM
density; multiple outbursts or jet activity episodes; or a sheath-spine
jet structure, with the faster spine propagating a longer distance than
the slower sheath.

In summary, S 10 is a key object to understand jets in the su-
percritical accretion regime, and is an ideal source for follow-up
multiwavelength observations. The most important piece of infor-
mation that we are missing is the shock velocity of the optically
emitting gas, including possible velocity differences between the
plasma above and below the core position. This would provide us
with a dynamical age of the bubble and an alternative measurement
for the mechanical power. We will tackle this problem in follow-up
work currently in preparation, based on recently obtained MUSE
data; thanks to those new results, we will be able to directly com-
pare the estimates of jet power inferred from the kinematics of the
shocked gas, and from the optical line fluxes. Increasing the sam-
ple size of super-Eddington microquasars (and, more generally, of
shock-ionized ULX bubbles) is crucial for our understanding of jet
launching and collimation processes, and energy feedback.
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Kaiser C. R., Schoenmakers A. P., Röttgering H. J. A., 2000, MNRAS, 315,

381
Kalberla P. M. W., Burton W. B., Hartmann D., Arnal E. M., Bajaja E.,
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Pakull M. W., Grisé F., 2008, in Bandyopadhyay R. M., Wachter S., Gelino

D., Gelino C. R., eds, AIP Conf. Proc. Vol. 1010, A Population Explo-
sion: The Nature & Evolution of X-ray Binaries in Diverse Environ-
ments. Am. Inst. Phys., New York, p. 303

Pakull M. W., Mirioni L., 2002, preprint (astro-ph/0202488)
Pakull M. W., , Mirioni L., 2003, in Arthur J., Henney W. J., eds, Rev. Mex.

Astron. Astrofis. Conf. Ser. Vol. 15, Winds, Bubbles, and Explosions:
a conference to honor John Dyson. Instituto de Astronomı́a, Univ. Nac.
Auton. Mex., Mexico, p. 197

Pakull M. W., Soria R., Motch C., 2010, Nature, 466, 209

MNRAS 482, 2389–2406 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/482/2/2389/5133413 by guest on 01 June 2023

http://dx.doi.org/10.1126/science.1075857
http://dx.doi.org/10.1086/432499
http://dx.doi.org/10.1088/0004-637X/781/2/82
http://dx.doi.org/10.1088/0004-637X/749/1/17
http://dx.doi.org/10.1093/mnrasl/slt166
http://dx.doi.org/10.1093/mnras/stv1308
http://dx.doi.org/10.1088/0004-637X/751/1/57
http://dx.doi.org/10.1146/annurev.aa.28.090190.001243
http://dx.doi.org/10.1086/176596
http://dx.doi.org/10.1093/mnras/218.3.393
http://dx.doi.org/10.1086/300537
http://dx.doi.org/10.1088/0067-0049/189/1/37
http://dx.doi.org/10.1146/annurev-astro-081811-125521
http://dx.doi.org/10.1093/mnras/stx338
http://dx.doi.org/10.1111/j.1365-2966.2004.08384.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09098.x
http://dx.doi.org/10.1016/j.newar.2011.08.002
http://dx.doi.org/10.1051/0004-6361/201629272
http://dx.doi.org/10.1051/0004-6361/201629512
http://dx.doi.org/10.1038/nature03879
http://dx.doi.org/10.1038/nature13856
http://dx.doi.org/10.1086/430903
http://dx.doi.org/10.1088/0004-637X/767/1/12
http://dx.doi.org/10.1093/mnras/stv2712
http://dx.doi.org/10.1111/j.1365-2966.2011.18388.x
http://dx.doi.org/10.1088/0004-637X/734/1/23
http://dx.doi.org/10.1046/j.1365-8711.1998.01480.x
http://dx.doi.org/10.1086/376519
http://dx.doi.org/10.1146/annurev.astro.44.051905.092446
http://dx.doi.org/10.1086/591435
http://dx.doi.org/10.1093/mnras/239.3.715
http://dx.doi.org/10.1088/0004-637X/777/1/62
http://dx.doi.org/10.1088/0004-637X/796/2/106
http://dx.doi.org/10.1146/annurev-astro-091916-055259
http://dx.doi.org/10.1046/j.1365-8711.2000.03431.x
http://dx.doi.org/10.1051/0004-6361:20041864
http://dx.doi.org/10.1086/428083
http://dx.doi.org/10.1086/379143
http://dx.doi.org/10.1146/annurev-astro-082214-122316
http://dx.doi.org/10.1088/0004-637X/762/2/103
http://dx.doi.org/10.1111/j.1745-3933.2010.00938.x
http://dx.doi.org/10.1093/pasj/psx101
http://dx.doi.org/10.1093/pasj/48.4.619
http://dx.doi.org/10.1086/170124
http://dx.doi.org/10.1086/339062
http://dx.doi.org/10.1111/j.1365-2966.2009.14452.x
http://dx.doi.org/10.1086/519553
http://dx.doi.org/10.3847/0004-637X/830/2/142
http://dx.doi.org/10.1088/0004-637X/752/1/46
http://dx.doi.org/10.1051/0004-6361/201628714
http://dx.doi.org/10.1016/S0370-1573(98)00102-1
http://dx.doi.org/10.1111/j.1365-2966.2012.21513.x
http://dx.doi.org/10.1086/426011
http://dx.doi.org/10.1088/2041-8205/784/2/L38
http://dx.doi.org/10.1093/mnras/stu1144
http://dx.doi.org/10.1093/mnras/stt1034
http://dx.doi.org/10.1086/324396
http://dx.doi.org/10.1086/324398
http://dx.doi.org/10.1088/0067-0049/197/2/24
http://dx.doi.org/10.1088/0067-0049/220/1/5
http://dx.doi.org/10.1086/152002
http://dx.doi.org/10.1086/313034
http://dx.doi.org/10.1086/313061
http://dx.doi.org/10.1086/160074
http://dx.doi.org/10.3847/1538-4357/833/1/123
http://dx.doi.org/10.1093/mnrasl/slv115
http://dx.doi.org/10.1088/1367-2630/14/5/055023
http://dx.doi.org/10.1086/322934
http://dx.doi.org/10.1038/nature14481
http://dx.doi.org/10.1093/mnras/stu056
http://dx.doi.org/10.1007/s10509-010-0556-y
http://dx.doi.org/10.1086/187934
http://dx.doi.org/10.1146/annurev.astro.37.1.409
http://dx.doi.org/10.1038/358215a0
http://dx.doi.org/10.1126/science.1240436
http://dx.doi.org/10.1093/mnras/stv2087
http://dx.doi.org/10.1111/j.1745-3933.2011.01181.x
http://dx.doi.org/10.1093/mnras/stx1027
http://dx.doi.org/10.1088/0004-637X/736/1/2
http://dx.doi.org/10.1086/430728
https://arxiv.org/abs/astro-ph/0202488
http://dx.doi.org/10.1038/nature09168


2406 R. Urquhart et al.

Pannuti T. G., Duric N., Lacey C. K., Goss W. M., Hoopes C. G., Walterbos
R. A. M., Magnor M. A., 2000, ApJ, 544, 780
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