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Black hole accretion states near or above the limiting Eddigton luminosity, at which radi-
ation pressure overcomes gravitational forces, are still gorly known because of the rarity
of such sources in today's Universe. Ultraluminous X-ray sorces (ULXs)! are the most lu-
minous class of non-nuclear black holes (Lx 10% erg s 1), and are often associated with
shock-ionized nebulaé? but with no evidence of collimated jets; microquasars with seady
jets are much less luminous. Here we report our discovery thiathe large nebula S28 in
the nearby galaxy NGC 7793 is powered by a black hole with a paof collimated jets. S26
is similar to the radio nebula W50 around the famous Galacticsource SS433 but twice as
large and many times more powerful. We determine a mechanidgower a few 10% erg
s ! from the optical line ux, the expansion velocity and the siz of the cocoon. Thus the jets
appear much more energetic than the X-ray emission from the @re. S26 has the textbook
structure of an FRII-type active galaxy: X-ray and optical core; X-ray hot spots; radio lobes
and X-ray cocoon. S26 is a microquasar where most of the jet peer is dissipated in the form

of thermal particles rather than relativistic electrons.



The very large, shock-ionized nebulae (ULX bubB)ewith characteristic sizes 100-500
pc and ages a few1( yr are much larger and more energetic than normal supermeonaants
(SNRs). But X-ray luminous sources may be only a subset ofmamhear black holes at very high
mass accretion rates. We propoStdt ionized bubbles might also be found associated wittkbla
holes that appear X-ray faint, either because their ragia&mission is collimated away from our
line of sight, or because they are transients and curremtdylow/off accretion state, or because

they channel most of their accretion power into a jet evereat4Eddington mass accretion rates.

Using theChandra Data Archiveve searched for such systems among unusually large SNRs
in nearby galaxies and discovered a spectacular exampleiBd¢ulptor galaxy NGC 7793 (dis-
tance of 3.9 Mp#). The optical/radio nebula S?8 has a size of 300 150pc and was originally
classi ed as a supernova remnant candidate; the high) [$71632=H ux ratio indicates the
presence of shock-ionized gas. A faint X-ray sotfteeas known to be associated with S26, but
it was unresolved in thROSATobservation. The X-ray emission is resolved into three tpliie
sources that are perfectly aligned and match the extenteofriéijor axis of the optical nebula
(Fig. 1). We interpret those sources as the core (at the Xe@gry position) and the hot spots
(where the jet interacts with the ambient medium). The cppears harder with an intrinsc3—
10keV power-law luminosity_ o3 10 7 10°® erg s !, while the hot spots have a softer spectrum
and can be tted by optically-thin thermal plasma emissibig( 2) with a combined intrinsic lu-
minosityLos 10 1:8 10° ergs!. Faint, even softer diffuse X-ray emission pervades much of
the extent of the optical bubble. The morphology strikingdlgembles that of an FRII-type power-

ful active galaxy, displaying X-ray and radio hot spots (eGQyg Al!). The optical radial velocity



of S26 agrees with that of other nearby nebulae in NGC 7793dt. 4), effectively ruling out a

chance superposition of a background AGN.

Optical narrow-band He 4686and nearby continuum imaging observations (Fig. 3) reveal
that NGC 7793 emits signi cant amounts of He ! He" 4686recombination photons with
approximately the same spatial distribution as émission. This implies that either the central
star is both extremely luminous and suf ciently hot (ile. 8000 ) to be able to photoionize
the large Hell region, or alternatively that the gas has been ionized byyafast shock wave. We

will show below that the second possibility is realized ir6S2

The images show (Fig. 3, left panel) that the optical coynaterof the X-ray core is a blue
stellar object with an absolute magnitudg M 5 mag. Moreover, we detect an excess of stellar
4686emission (Fig. 3, right panel) with an equivalent width EMBOA. This is similar to what
we expect from an early-type Wolf-Rayet star (type WNE). Asaaide, such type of evolved star
is the mass donor in IC 10 X!3, the most massive stellar BH presently knddymwhich is also
embedded in a large synchrotron bubble. This bubble and 826 $ometimes been attributed to

a hypothetical hypernova evéfit:1°,

We have now obtained key optical spectroscopic observatioat allow us to directly mea-
sure the expansion (shock) velocity of S26 and thus estithatenergetics of the system. From
the half-width at zero-intensity of the main emission linee estimate that the gas is supersoni-
cally expanding with a maximum velocity envelopg, 250km s * (Fig. 4). An independent

estimate of the shock velocity can be derived from the nedagirength of the He 4686line with



respect to the HBalmer emission. We measure a ux ratiqege=In 0:09-0:12 From a stan-
dard library of radiative shock& we nd that this diagnostic line ratio impliegn. 275 25
km s 1, if precursor emission is taken into account, in remarkalgleeement with the kinematic
velocity estimate. Futhermore, the diagnostiai[Dforbidden line ratiol s097=1 4363 COrresponds
to an electron temperatuiee =~ 27,000K, typical of shock-ionized gas, and inconsistent with

photo-ionization, which would yield electron temperaticéoser to 10, 000K.

We are now in a position to reliably estimate the energeticthis jet-in ated bubble.
To this end we use the well-known self-similar expansiontléftas a function of timet, for
wind-driven stellar bubbles and jet-driven radio lobRs: 0:76(Qjet= 0)*™  t3=°, whereQe; is
the long-term-averaged jet powé, is the (mean) radius of the bubble expanding with velocity
Vexp = dR=dtinto the interstellar medium (ISM) with an assumed consttakt density. The rst
conclusion we can draw is that the characteristic age ofubeéle ist = %R:vexp 2 1CPyr. The
even more interesting jet pow€)e; can be derived from standard bubble thééryhich implies
that a fraction 22/77 of the jet pow&; is emitted by a fully radiative shock expanding into the IS
medium. Furthermore, radiative shock modetwedict that for an observedno,«c 275kms 1,
0.77% of the radiated energy appears asgHotons if we include the effect of a radiative precur-
sor. This implies that the Hluminosity ( 1:0 10® erg s ; cf. Fig. 1) can be used to directly
estimate the jet power. This impli€ge: 5 10 erg s * which is a remarkably high power
for a Galactic-type accreting source. Using the formalismiimed in ref®® we nd a hydrogen
particle density of the ISM into which S26 expands torbe 0:7 cm 3. The mechanical energy

of the swept-up shell i$&=2Mv 2

exp

= (15=77)Qje t (see ref’)whereM =4 =3 1:38m,nR3.



This yields, again, the sanf@e: as derived before.

The long-term-averaged jet power observed in S26 is an ofdeagnitude higher than what
is estimated for the already very powerful, mildly relasiit jets from the Galactic microquasar
SS43320. Perhaps more importantly, we nd th&: exceeds the apparent X-ray luminosity
of the core by about a factor of 40A similar dominance of mechanical power over (observed)
radiative power in SS433 has traditionally been ascribeabsorption of X-rays along our line-
of-sight (source seen along the plane of the accretior?{Jisk he discovery of a second, even
more extreme X-ray-faint jet source, with a mechanical pomal above the Eddington limit for
a stellar-mass black hole, suggests that there may be i@ccreodes which channel most of the

available power into jets rather than photons, even at exhghigh mass accretion ratés

With its extraordinarily rich, interconnected structurfeoptical, X-ray and radio emission,
S26 provides new observational tests for our physical wtdeding of accretion-powered astro-
physical sources and of their energy transfer into the smdimg gas. S26 is the missing link
between the similarly large and energetic ULX bubbles (incitihere is yet no direct evidence
of collimated jets) and the Galactic jet source SS433 wedltdmparatively smaller, fainter neb-
ula W50. ltis also the rst true non-nuclear analogue of pdwleFRII active galaxies with their

persistent radio lobes.

The jet power we have derived for S26 is orders of magnitudgetathan the value one
would derive from the radio luminosity of the nebula, usihg popular relations for microquasar

lobe dynamic®. The reason for this discrepancy is the underlying assumjttiat most of the



power is converted into non-thermal relativistic partsc{@cluding the radiating leptons) and into
magnetic elds. These in turn are thought to provide the guwes that drives the expansion of the
microquasar lobes. But much more thermal energy may bedstongon-relativistic protons and
nuclei. Much higher kinetic jet power than previously thatigpossibly even surpassing the Ed-
dington luminosity, has recently been advocated for séyenaerful FRII-type active galaxié$
this suggests that most of the energy in their cocoons igechloy 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-in ated bubble S26 in the galaxy
NGC 7793 The contours denote the continuum-subtracteddrhission which is plotted over
a true-colourChandrdACIS-S image (Obsld=3954; P.l.: T.G. Pannuti). The prigddistance
between the X-ray hot spots is 15arcsec 290pc at the distance of NGC 7793. Thdandra
exposure time was 50ks. 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 ®mthed with a 1 arcsec
Gaussian core. The continuum subtractedifdage was taken with the CTIO 1.5-m telescope in
2001 (exposure time 600 sec, under 1.2 arcsec FWHM seeirditm) for the Spitzer Infrared
Nearby Galaxy Survey (SING3)and downloaded through the NASA/IPAC Extragalctic Databas
(NED). We used matching point-like sources in the full eldNdGC 7793 to improve the relative
astrometry of the H and X-ray images. Note the relatively softer X-ray coloutls hot spots,
compared with the blue point-like core; even softer, défu&ray emission is detected over the
whole nebula. The intrinsic X-ray luminosity of the Southdrot spot is twice as high as the
luminosity of the Northern hot spot; this is similar to thgheér H intensity in that region. There
isnoH point-like source or enhanced emission at the position@Xtnay core. The other source
of H emission a few arcsec to the East of S26 is an unrelateddgion. Scaling from the total
H luminosity of NGC 779%, and assuming a HH Balmer decrement 3:0, we determined

anH luminosityof 1.0 10%®ergs?.
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Figure 2: ChandrdACIS-S spectra of the triple X-ray source in S26 Emission from the two
hot spots (added together) and of the central source of ®2hamn with red and blue data points,
respectively. The data were extracted from the Chandravareimd analysed with the standard
software packagesiao andxsPEC We found that the central source has a hard spectrum (photon
index =1 :4 0:5)and an intrinsi®:3-10keV luminosityLys 10 7 10*®ergs?, i.e, much
less than the Eddington limit of a neutron star or a stellassrblack hole. The emission from the
hot spots is signi cantly softer and is well tted by a two-egonent thermal plasma model with
kT, = 0:26'%55 keV, kT, = 0:96'%32 keV (contributing roughly equally to the total ux), and no
signi cant absorption above the Galactic line-of-sightuioan densityNy =1:2  10?°°cm 2. We
derive intrinsic luminositiet o3 10 12 107 ergstandLgs 10 06 10 ergs? for

the Southern and Northern hot spot, respectively. Theghardiensityny of the X-ray emitting,
shocked thermal plasma (assumed to have solar abundamckg estimated asy 2 3=2

cm 3, where is the diameter of the emitting hot spots in units of arcsecharacteristic hot spot
size larcsec is suggested by the marginally-resol@edndraimage. This gives a mass of the
X-ray emitting gas of 500 322 M , more than can be supplied by a donor star orbiting the
black hole. It probably represents a mix between the veryobodilute jet gas that has passed
through the reverse (Mach) shock and the much denser mdtehiend the foreward (bow) shock,
which is advancing into the interstellar medium. Alteraaly, a very steep power-law spectrum
with =5:7 L4andNy = (4 2) 10? cm 2 cannot presently be excluded, but appears
to contradict both the low observed optical reddefiagd 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 d S26. Left panel: optical-continuum
greyscale image of S26, taken with the FORS1 instrument@&80 Very Large Telescope (VLT)
in 2002 and downloaded from the public archive. The narreweb Iter used for this image was
centred at 5109\, with a full-width half-maximum of 61A (exposure time 1600 s under 1.0-1.5
arcsec FWHM seeing conditions). The size and orientatidch@fmage are as in Fig. 1. The po-
sitions of the X-ray core and hot spots have been overplataed circles witl®:7-arcsec radius.
Note the relative brightness of the optical counterparh®X-ray core; we estimat® 23 mag,
corresponding tdv g 5 mag. Right panel: continuum-subtracted greyscale FOR&ienm
the Hell 4686emission (narrow-band Iter centred at 4684 with a full-width half-maximum
of 65 A; exposure time and seeing conditions were the same asd&1ib5A image). The image
was smoothed with a 0.6 arcsec Gaussian core, to highlightsttended nebular line emission.
The observed ux ratio between Hie 4686and the H Balmer lines suggests shock ionization
withvs  275km s 1. Note also the point-like He 4686emission from the core, for which we
estimate an equivalent width 30 A. 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 Z indicating an expansion
velocity of 250 km/s Part of a medium resolution (0:7 A FWHM) long-slit ESO VLT FORS2
spectrum (taken in October 2009) covering3600-720@, with the slit running across the eastern
body of S26 as shown in Fig. 3. The exposure times for the rddblue settings were 2200 s under
good seeing conditions (FWHM=0.7-0.8 arcsec). The redspedtra were analysed using ESO-
MIDAS routines. The dispersion is along the horizontal axith increasing wavelengths towards
the right. In the vertical (spatial) direction, one pixeh@sponds to 0:2 arcsec; the total extent
of S26 is 10 arcsec along the slit. Narrow, constant intensity, velrgraission lines are due
to spectroscopically unresolved atmospheric O and OH +giiw; the most prominent emission
lines from S26 are, from left to right, [N] 6548, H, and [NII] 6584. The 'bulged' appearance,
mostly visible in the intense Hemission, re ects the amazing kinematics of the emittingamal

in S26. The small extent in wavelength at the lower and uppéular boundaries re ects the
small velocities of the emitting gas along our line-of-gi¢jle. mostly perpendicular motion). The
central part of the line covers the whole range of radial eitiles across the nebula, which we
assign to expansive motion from zero up to 250 krh around a central velocity which is close
to the apparent radial velocity in that part of NGC 7793. Thagity of the ISMf  0:7cm 3;
see text) is suf ciently high to assure that the cooling tibehind the shock 200‘% yrs?S
(wherevig = vs=(100km s ') and Z the metallicity relative to the solar value) is smatten
the age of the bubble. Therefore, the cooling/recombinatiane behind the shock is largely
completej.e. the shock is largely radiati¢g in agreement with the presence of relatively strong

low-ionisation or neutral species. One such diagnosticisgés [Ol], which emits the 6300line*
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with | 6300=IH

0:63.
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10 arcsec ~ 190 pc
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