A 300 parsec long jet-inflated bubble around a powerful
microquasar in the galaxy NGC 7793
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Black hole accretion states near or above the limiting Eddington luminosity, at which radiation pressure overcomes gravitational forces, are still poorly known because of the rarity
of such sources in today’s Universe. Ultraluminous X-ray sources (ULXs)1 are the most luminous class of non-nuclear black holes (Lx ∼ 1040 erg s−1 ), and are often associated with
shock-ionized nebulae2,3 but with no evidence of collimated jets; microquasars with steady
jets are much less luminous. Here we report our discovery that the large nebula S264 in
the nearby galaxy NGC 7793 is powered by a black hole with a pair of collimated jets. S26
is similar to the radio nebula W50 around the famous Galactic source SS4335 , but twice as
large and many times more powerful. We determine a mechanical power ∼ a few 1040 erg
s−1 from the optical line flux, the expansion velocity and the size of the cocoon. Thus the jets
appear much more energetic than the X-ray emission from the core. S26 has the textbook
structure of an FRII-type active galaxy: X-ray and optical core; X-ray hot spots; radio lobes9
and X-ray cocoon. S26 is a microquasar where most of the jet power is dissipated in the form
of thermal particles rather than relativistic electrons.
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The very large, shock-ionized nebulae (ULX bubbles6), with characteristic sizes ∼ 100–500
pc and ages ∼ a few 105 yr are much larger and more energetic than normal supernova remnants
(SNRs). But X-ray luminous sources may be only a subset of non-nuclear black holes at very high
mass accretion rates. We proposed7 that ionized bubbles might also be found associated with black
holes that appear X-ray faint, either because their radiative emission is collimated away from our
line of sight, or because they are transients and currently in a low/off accretion state, or because
they channel most of their accretion power into a jet even at near-Eddington mass accretion rates.

Using the Chandra Data Archive we searched for such systems among unusually large SNRs
in nearby galaxies and discovered a spectacular example in the Sculptor galaxy NGC 7793 (distance of 3.9 Mpc8 ). The optical/radio nebula S264,9 has a size of ≈ 300×150 pc and was originally
classified as a supernova remnant candidate; the high [S II] λ6716, 32/Hα flux ratio indicates the
presence of shock-ionized gas. A faint X-ray source10 was known to be associated with S26, but
it was unresolved in the ROSAT observation. The X-ray emission is resolved into three point-like
sources that are perfectly aligned and match the extent of the major axis of the optical nebula
(Fig. 1). We interpret those sources as the core (at the X-ray binary position) and the hot spots
(where the jet interacts with the ambient medium). The core appears harder with an intrinsic 0.3–
10 keV power-law luminosity L0.3−10 ≈ 7×1036 erg s−1 , while the hot spots have a softer spectrum
and can be fitted by optically-thin thermal plasma emission (Fig. 2) with a combined intrinsic luminosity L0.3−10 ≈ 1.8 × 1037 erg s−1 . Faint, even softer diffuse X-ray emission pervades much of
the extent of the optical bubble. The morphology strikingly resembles that of an FRII-type powerful active galaxy, displaying X-ray and radio hot spots (e.g., Cyg A11 ). The optical radial velocity
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of S26 agrees with that of other nearby nebulæ in NGC 7793 (cf. Fig. 4), effectively ruling out a
chance superposition of a background AGN.

Optical narrow-band He IIλ4686 and nearby continuum imaging observations (Fig. 3) reveal
that NGC 7793 emits significant amounts of He++ → He+ λ4686 recombination photons with
approximately the same spatial distribution as Hα emission. This implies that either the central
star is both extremely luminous and sufficiently hot (i.e. Teff ≥ 80 000K) to be able to photoionize
the large He III region, or alternatively that the gas has been ionized by a very fast shock wave. We
will show below that the second possibility is realized in S26.

The images show (Fig. 3, left panel) that the optical counterpart of the X-ray core is a blue
stellar object with an absolute magnitude MB ≈ −5 mag. Moreover, we detect an excess of stellar
λ4686 emission (Fig. 3, right panel) with an equivalent width EW ≈ 30 Å. This is similar to what
we expect from an early-type Wolf-Rayet star (type WNE). As an aside, such type of evolved star
is the mass donor in IC 10 X-112 , the most massive stellar BH presently known13 , which is also
embedded in a large synchrotron bubble. This bubble and S26 have sometimes been attributed to
a hypothetical hypernova event14,9,15 .

We have now obtained key optical spectroscopic observations that allow us to directly measure the expansion (shock) velocity of S26 and thus estimate the energetics of the system. From
the half-width at zero-intensity of the main emission lines, we estimate that the gas is supersonically expanding with a maximum velocity envelope vexp ≈ 250 km s−1 (Fig. 4). An independent
estimate of the shock velocity can be derived from the relative strength of the He II λ4686 line with
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respect to the H I Balmer emission. We measure a flux ratio Iλ4686 /IHβ ≈ 0.09–0.12. From a standard library of radiative shocks16 , we find that this diagnostic line ratio implies vshock ≈ 275 ± 25
km s−1 , if precursor emission is taken into account, in remarkable agreement with the kinematic
velocity estimate. Futhermore, the diagnostic [O III] forbidden line ratio Iλ5007 /Iλ4363 corresponds
to an electron temperature Te ≈ 27, 000 K, typical of shock-ionized gas, and inconsistent with
photo-ionization, which would yield electron temperatures closer to ≈ 10, 000 K.

We are now in a position to reliably estimate the energetics of this jet-inflated bubble.
To this end we use the well-known self-similar expansion law17,18 as a function of time, t, for
wind-driven stellar bubbles and jet-driven radio lobes: R ≃ 0.76(Qjet /ρ0 )1/5 × t3/5 , where Qjet is
the long-term-averaged jet power, R is the (mean) radius of the bubble expanding with velocity
vexp = dR/dt into the interstellar medium (ISM) with an assumed constant ISM density. The first
conclusion we can draw is that the characteristic age of the bubble is t = 35 R/vexp ≈ 2×105 yr. The
even more interesting jet power Qjet can be derived from standard bubble theory17 which implies
that a fraction 22/77 of the jet power Qjet is emitted by a fully radiative shock expanding into the IS
medium. Furthermore, radiative shock models19 predict that for an observed vshock ≈ 275 km s−1 ,
0.77% of the radiated energy appears as Hβ photons if we include the effect of a radiative precursor. This implies that the Hβ luminosity (≈ 1.0 × 1038 erg s−1 ; cf. Fig. 1) can be used to directly
estimate the jet power. This implies Qjet ≈ 5 × 1040 erg s−1 which is a remarkably high power
for a Galactic-type accreting source. Using the formalism outlined in ref.6,19 we find a hydrogen
particle density of the ISM into which S26 expands to be n ≈ 0.7 cm−3 . The mechanical energy
2
= (15/77) Qjet t (see ref.
of the swept-up shell is 1/2Mvexp
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) where M = 4π/3 × 1.38 mp n R3 .

This yields, again, the same Qjet as derived before.

The long-term-averaged jet power observed in S26 is an order of magnitude higher than what
is estimated for the already very powerful, mildly relativistic jets from the Galactic microquasar
SS4335,20 . Perhaps more importantly, we find that Qjet exceeds the apparent X-ray luminosity
of the core by about a factor of 104 . A similar dominance of mechanical power over (observed)
radiative power in SS433 has traditionally been ascribed to absorption of X-rays along our lineof-sight (source seen along the plane of the accretion disk21 ). The discovery of a second, even
more extreme X-ray-faint jet source, with a mechanical power well above the Eddington limit for
a stellar-mass black hole, suggests that there may be accretion modes which channel most of the
available power into jets rather than photons, even at extremely high mass accretion rates22 .

With its extraordinarily rich, interconnected structure of optical, X-ray and radio emission,
S26 provides new observational tests for our physical understanding of accretion-powered astrophysical sources and of their energy transfer into the surrounding gas. S26 is the missing link
between the similarly large and energetic ULX bubbles (in which there is yet no direct evidence
of collimated jets) and the Galactic jet source SS433 with its comparatively smaller, fainter nebula W50. It is also the first true non-nuclear analogue of powerful FRII active galaxies with their
persistent radio lobes.

The jet power we have derived for S26 is orders of magnitude larger than the value one
would derive from the radio luminosity of the nebula, using the popular relations for microquasar
lobe dynamics23 . The reason for this discrepancy is the underlying assumption that most of the
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power is converted into non-thermal relativistic particles (including the radiating leptons) and into
magnetic fields. These in turn are thought to provide the pressure that drives the expansion of the
microquasar lobes. But much more thermal energy may be stored in non-relativistic protons and
nuclei. Much higher kinetic jet power than previously thought, possibly even surpassing the Eddington luminosity, has recently been advocated for several powerful FRII-type active galaxies24;
this suggests that most of the energy in their cocoons is carried by thermal particles, as it appears
to be the case for S26.
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Figure 1: Optical/X-ray image of the 300 pc diameter jet-inflated bubble S26 in the galaxy
NGC 7793. The contours denote the continuum-subtracted Hα emission which is plotted over
a true-colour Chandra/ACIS-S image (ObsId=3954; P.I.: T.G. Pannuti). The projected distance
between the X-ray hot spots is ≈ 15 arcsec ≈ 290 pc at the distance of NGC 7793. The Chandra
exposure time was ≈ 50 ks. The X-ray colours are: red = 0.3–1 keV; green = 1–2 keV; blue
= 2–8 keV. All three colour images in the X-ray band were lightly smoothed with a 1 arcsec
Gaussian core. The continuum subtracted Hα image was taken with the CTIO 1.5-m telescope in
2001 (exposure time 600 sec, under 1.2 arcsec FWHM seeing condition) for the Spitzer Infrared
Nearby Galaxy Survey (SINGS)25 and downloaded through the NASA/IPAC Extragalctic Database
(NED). We used matching point-like sources in the full field of NGC 7793 to improve the relative
astrometry of the Hα and X-ray images. Note the relatively softer X-ray colour of the hot spots,
compared with the blue point-like core; even softer, diffuse X-ray emission is detected over the
whole nebula. The intrinsic X-ray luminosity of the Southern hot spot is twice as high as the
luminosity of the Northern hot spot; this is similar to the higher Hα intensity in that region. There
is no Hα point-like source or enhanced emission at the position of the X-ray core. The other source
of Hα emission a few arcsec to the East of S26 is an unrelated H II region. Scaling from the total
Hα luminosity of NGC 779325 , and assuming a Hα/Hβ Balmer decrement ∼ 3.0, we determined
an Hβ luminosity of ≈ 1.0 × 1038 erg s−1 .
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Figure 2: Chandra/ACIS-S spectra of the triple X-ray source in S26. Emission from the two
hot spots (added together) and of the central source of S26 are shown with red and blue data points,
respectively. The data were extracted from the Chandra archive and analysed with the standard
software packages CIAO and XSPEC. We found that the central source has a hard spectrum (photon
index Γ = 1.4 ± 0.5) and an intrinsic 0.3–10 keV luminosity L0.3−10 ≈ 7 × 1036 erg s−1 , i.e., much
less than the Eddington limit of a neutron star or a stellar-mass black hole. The emission from the
hot spots is significantly softer and is well fitted by a two-component thermal plasma model with
+0.31
kT1 = 0.26+0.05
−0.08 keV, kT2 = 0.96−0.17 keV (contributing roughly equally to the total flux), and no

significant absorption above the Galactic line-of-sight column density NH = 1.2 × 1020 cm−2 . We
derive intrinsic luminosities L0.3−10 ≈ 1.2 × 1037 erg s−1 and L0.3−10 ≈ 0.6 × 1037 erg s−1 for
the Southern and Northern hot spot, respectively. The particle density nX of the X-ray emitting,
shocked thermal plasma (assumed to have solar abundance) can be estimated as nX ≈ 2 × θ−3/2
cm−3 , where θ is the diameter of the emitting hot spots in units of arcsec. A characteristic hot spot
size ≈ 1 arcsec is suggested by the marginally-resolved Chandra image. This gives a mass of the
X-ray emitting gas of ≈ 500 × θ−3/2 M⊙ , more than can be supplied by a donor star orbiting the
black hole. It probably represents a mix between the very hot but dilute jet gas that has passed
through the reverse (Mach) shock and the much denser material behind the foreward (bow) shock,
which is advancing into the interstellar medium. Alternatively, a very steep power-law spectrum
with Γ = 5.7 ± 1.4 and NH = (4 ± 2) × 1021 cm−2 cannot presently be excluded, but appears
to contradict both the low observed optical reddening4 and the expected slope for a synchrotron
component extending from the radio to the X-ray bands.
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Figure 3: The stellar and high-excitation nebular content of S26. Left panel: optical-continuum
greyscale image of S26, taken with the FORS1 instrument on the ESO Very Large Telescope (VLT)
in 2002 and downloaded from the public archive. The narrow-band filter used for this image was
centred at 5105 Å, with a full-width half-maximum of 61 Å (exposure time 1600 s under 1.0-1.5
arcsec FWHM seeing conditions). The size and orientation of the image are as in Fig. 1. The positions of the X-ray core and hot spots have been overplotted as red circles with 0.7-arcsec radius.
Note the relative brightness of the optical counterpart to the X-ray core; we estimate B ≈ 23 mag,
corresponding to MB ≈ −5 mag. Right panel: continuum-subtracted greyscale FORS1 image in
the He II λ4686 emission (narrow-band filter centred at 4684 Å, with a full-width half-maximum
of 65 Å; exposure time and seeing conditions were the same as for the 5105 Å image). The image
was smoothed with a 0.6 arcsec Gaussian core, to highlight the extended nebular line emission.
The observed flux ratio between He II λ4686 and the H I Balmer lines suggests shock ionization
with vs ≈ 275 km s−1 . Note also the point-like He II λ4686 emission from the core, for which we
estimate an equivalent width ≈ 30 Å. The green lines show position and width of the slit used to
acquire the spectrum shown in Fig. 4.
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Figure 4: Spectrum of Doppler-broadened emission lines of S26 indicating an expansion
velocity of 250 km/s. Part of a medium resolution (∼ 0.7 Å FWHM) long-slit ESO VLT FORS2
spectrum (taken in October 2009) covering λλ3600-7200Å, with the slit running across the eastern
body of S26 as shown in Fig. 3. The exposure times for the red and blue settings were 2200 s under
good seeing conditions (FWHM=0.7-0.8 arcsec). The reduced spectra were analysed using ESOMIDAS routines. The dispersion is along the horizontal axis with increasing wavelengths towards
the right. In the vertical (spatial) direction, one pixel corresponds to ≈ 0.2 arcsec; the total extent
of S26 is ≈ 10 arcsec along the slit. Narrow, constant intensity, vertical emission lines are due
to spectroscopically unresolved atmospheric O and OH night-glow; the most prominent emission
lines from S26 are, from left to right, [N II]λ6548, Hα , and [N II]λ6584. The ’bulged’ appearance,
mostly visible in the intense Hα emission, reflects the amazing kinematics of the emitting material
in S26. The small extent in wavelength at the lower and upper nebular boundaries reflects the
small velocities of the emitting gas along our line-of-sight (i.e. mostly perpendicular motion). The
central part of the line covers the whole range of radial velocities across the nebula, which we
assign to expansive motion from zero up to 250 km s−1 around a central velocity which is close
to the apparent radial velocity in that part of NGC 7793. The density of the ISM (n ≈ 0.7 cm−3 ;
v4.4

100
see text) is sufficiently high to assure that the cooling time behind the shock τ ≈ 200 Zn
yrs26

(where v100 = vs /(100km s−1 ) and Z the metallicity relative to the solar value) is smaller than
the age of the bubble. Therefore, the cooling/recombination zone behind the shock is largely
complete, i.e., the shock is largely radiative27, in agreement with the presence of relatively strong
low-ionisation or neutral species. One such diagnostic species is [O I], which emits the λ6300 line4
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with Iλ6300 /IHβ ≈ 0.63.
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