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We present optical spectral study of gas filaments located in the nebula W50 surrounding the
galactic superaccretor SS 433. We find Hell and [OIII] emission lines in the filaments, the lines
have to be produced in the gas photoionization by the SS433. The intrinsic face-on luminosity of
the supercritical accretion disk in the far UV region is estimated to be ~ 10*" erg/s. We compare
the filament spectra with those of nebulae surrounding the ULXs. We discuss the face-on SS433
spectrum, which is hidden for direct observations, and find it may be similar to the ULX spectra.
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1. SS433 and ultraluminous X-ray sources

SS 433 is the only known persistent superaccretor in the Galaxy, the source of relativistic jets
([14] for review). This is a massive close binary, the compact star is the most probably a black
hole ([19, 9, 20, 5]). SS433 intrinsic luminosity as believed to be ~ 1040 erg/s, its maximum is
in non-observed UV region. It is important that almost all the observed radiation is formed in the
supercritical accretion dics, the donor star contributes no more than 5 % of the optical radiation.
The huge luminosity suggests the black hole mass to be ~ 10 M. Such a big energy budget of
the object is supported by very well measured kinetic luminosity of the jets, ~ 103 erg/s, both in
direct studies of the jets and in studies of the jet powered nebula W 50 ([11, 14]).

X-ray luminosity of SS433 is ~ 103 erg/s, five orders of magnitude less than the bolometric
luminosity, the X-rays come from the cooling relativistic jets. At the same time we know that
practically all the energy at accretion onto a relativistic star is released in X-rays. This means that
the observed radiation of SS 433 was thermalized in a strong wind from the supercritical disc. The
wind from a supercritical disc was first predicted by Shakura & Sunyaev ([37]) and confirmed in
radiation-hydrodynamic simulations ([12, 32, 31]). These ideas have led the prediction that SS 433
being observed face-on appeares as an extremely bright X-ray source and we may expect a new
type of X-ray sources in external galaxies ([21, 16, 17]).

That is quite probably that the new type of X-ray sources, ULXs (ultraluminous X-ray sources,
[38, 29, 34]) are SS 433-like objects observed nearly face-on. Their observed X-ray luminosities
are 10° —3-10*! erg/s and they are certainly related to massive star population. The disc orientaion
in SS 433 is edge-on, with the precessional variations the angle between the disc plane and the line
of sight is 10£20°, so we have not a chance to observe directly the funnel in the supercritical disc.
The supercritical disc radiation is not isotropical. If one considers the geometrical beaming (the
disc funnel total opening ange 8 ~ 50° [31]) and the property of the locally Eddington radiation
of the supercritical discs ([37]), one finds ([18]), that the observed X-ray luminosity of ~ 10*! erg/s
is fairly expected for the face-on SS433 star. However, in spite of such estimates and expectations
it is not quite clear, is SS 433 really such luminous object.

SS 433 is 14th magnitude red star, however intrinsically this is very blue, but heavily absorbed
object, its derived temperature depends on the dics orientation ([28, 8, 39, 10]), being about ~
50000 K when the disc is the most open to the observer and ~ 20000 K when the disc is edge-
on. The results were obtained by fitting the observed continuum with an absorbed single black
body spectrum. The derived total luminosity of the most open dics was ~ 10% erg/s. Dolan et
al. [10] used the HST (HSP) data in the F277M band together with optical UB V R photometry
and cosidered two states of SS 433, "bright" (the most open disc, no eclipses) and "faint" (the disc
edge-on). They derived the black body parameters T = 72000 4+ 20000 K, R = 2- 10'? cm for the
bright state and T = 49000 +20000K, R=1.5- 10'2 cm (however, the last fit was not significant)
for the faint state, and the interstellar extinction Ay = 8.2 + 0.2 mag. They found also an excess in
R band (Fr = 1.3 - 10%7 erg/s) not depending on precessional phase, which they attributed to free-
free radiation of a gas surrounding the binary. We give here all luminosities for a distance to SS 433
of 5.5 kpc ([4]).

The high intrinsic luminosity of SS 433 led some groups to a search for SS 433 stars in nearby
galaxies ([30, 7, 15, 25]). The candidates were selected as early Hor-emitting stars. SS 433 star in
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M 33 would be a bright blue star of ~ 17 magnitude (My ~ —8, Mpg ~ —11). However, no one
SS 433-like star has been discovered yet. The question "is SS433 really such luminous?" is still
important.

The SS 433 optical spectrum is very similar to that of a late WN star ([14]), strong He II emis-
son supports the high temperature (T ~ 50000 K) of the source (the accretion disc wind), however
the source geometry is poorly known. In previous studies of SS433’s SED the broad band photo-
metrical data were used and the absorbed single black body source was suggested. The task itself is
partly non-correct, because of the far extrapolations of the optical Jeans tail radiation to UV region.

Besides that it is not obvious that the supercritical disc wind radiates as a black body (a single black
body?).

Figure 1: The gas filaments surrounding SS 433. From left to right: the eastern filament Ha, [O 1] and
western filament Hor images. The field size is 5.

Here we present results of spectroscopy and imaging of the optical gas filaments surrounding
SS 433. The eastern and western optical filaments of the radionebula W 50 ([40, 11, 6]) are located
in the jet precession cone at a distance of ~ 50 pc (40") from SS 433. The gas filaments are pressed
by the jets, they consist of interstellar gas swept out by the jets. The filaments are also exposed
directly to the radiation of the supercritical accretion disc at face-on orientation. In the filaments we
found strong emission lines (He II, [O III], [Ne III], [ArIII], hydrogen lines) which are formed due
to photoionisation and we estimated the face-on luminosity of SS433 in UV and far UV spectral
bands.

In previous spectroscopy of the filaments ([40, 22, 27, 26, 6]) the lines [OIII] A4959,5007,
[OI]A3727, [NII] A6548,6584 and [SII] A6717,6731 have been detected. The ratios [NII[/Ha =
3—5and [SIIJ/Ha = 1.5—2.5 were interpreted ([40, 22, 27]) as collisionally excited, probably by
shocks. However the observed ratio [O III/HB = 5 — 10 ([6]) suggests a photoionisation.

Radial velocities of the whole filament system (E+W) were found to be Vg = 53 + 6 km/s in
[26] and Vg = 56 &2 km/s in [6], the both measurements are in very good agreement. However
the situation is not such optimistic, for example [26] found that the eastern filaments are receding
by 25 km/s relative to the western filaments, in apparent disagreement with the orientation found by
radio observations. There are probably radial velocity variations in different parts of the filaments.
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2. Observations and Results

In the observations we used the SCORPIO focal reducer ([3]) of the Russian 6-m telescope
with 2048 x 2048 pixel EEV 42-40 CCD as a detector. We have taken spectra of the eastern and
western filaments in August 2006 with spectral range AA3700 — 6500 A and resolution 11 A.
In November 2008 and August 2007 we have taken spectra of the eastern filament in a spectral
range AA 3900 — 5700 A and resolution 5 A. A slit width was 17, a seeing in all observations was
~ 1.5”. The spectra were reduced using all standard procedures. An accuracy of radial velocity
calibration is about 10 km/s. Imaging of the both filaments has been done with the same device on
August 2006 and 2007 using filters Ha (FWHM = 75 A), [O111] (220 A) and A6063 (167 A) for
continuum image.

Figure 2: Slit positions in our spectroscopy of the eastern filament.

The eastern and western filaments are shown in Fig. 1. Their distance to SS 433 is about 10
times bigger than the filaments length. Note the clear bow-shock structures in the [O III] image of
the eastern filament. The bow-shocks are directed to SS 433 indicating reverse motions of the gas
pressed by jets. Fig.2 shows the slits positions in our spectroscopy made in 2006 and 2007. We
chosen these positions very close one another (a few arcseconds only) in order to detect a possible
radial velocity difference on a scale of ~ 0.1 pc.

Interstellar extinction to the eastern and western filaments is Ay ~ 4 and Ay =~ 8 magnitude
respectively ([36]), and this is Ay ~ 8 to SS433. We confirm these values for the filaments using
Ha/HP flux ratios. Our spectrum of the western filament is much more noisy than that of the
eastern filament because of huge absorption on the western side. Therefore below we study only
the eastern filament spectra.

Fig. 3 presents the total spectrum of the eastern filament. The strongest well-known nebular
lines [N1I] A6548,6584, [SII]A6717,6731, [O1] A6300,6360, HB and [O III] A4959,5007 are not
marked in the fugure. Collisionally excited lines ([N II], [SII], [OI]) are exceptionaly strong in
the spectrum. At the same time the high ionization ions ([O III], [Ne III]), [ArIII]) produce very
strong lines. The He Il A4686 has been discovered for the first time in the W 50 filaments, it is
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Figure 3: Spectrum of the eastern filament taken with resolution 11 A. Both the absorption features and
continum belong to unresolved stars. Obvious stars captured by the slit were excluded at the spectrum
extraction.

quite intensive, He II/HB ~ 0.2. Fig. 4 presents blue spectra of the filament as well as two ULX
associated nebulae for comarison. The spectra are quite similar, however the gas excitation and
temperature are different (different [SII] (6716+6731)/(4068+4076) and [NII] (6548+6584)/5755
ratios).

Using Ha/HP line ratio in the eastern filanemt we found an interstellar extinction, Ay ~ 3.8.
He IT and HJ3 line fluxes corrected for the extinction are F(Hell) = (4.9 +0.4) - 10~!7 erg/cm?("s,
FHB) = (2.540.07) - 10~'® erg/cm?[1"s. After correction for the whole filament surface we esti-
mate the filament line luminosities as L(Hell) ~ 1.9- 103 erg/s, L(HB) ~ 8.2- 10 erg/s, L(OIII) ~
3.8-10% erg/s. Electron temperature is estimated to be Te = 12000 — 13000 K from [N II] (6548
+ 6584)/5755 ratio and Te = 10500 — 13500 K from [SII] (6716 + 6731)/(4068 + 4076) line ratio.
If we suggest a shape of the filament as a filament with circular cross-section, we may estimate
electron density of the gas, ne ~ (L(HB)/arhvyg q V)2~ 70q~"/2cm™3, where q is a volume
filling factor, a; is a recombination coefficient to produce Hf3 line and V is a volume. The filament
total mass is M=mp L(HB)/arhvy g Ne ~ 100 nfolo Mg, where njqq is electron density in 100 cm 3
units. Note that the mass estimate does not depend directly on the filament volume.

Radial velocity measured along the filament does not show strong variations (Fig.5) as one
may suggest, because the filament dynamically pressed by the jet. The filament length is much
greater than its thickness ~ 1pc (or even less), this may mean that every piece of the filament
interacts with the jet independently. Nevetheless there are not stong velocity variations along the
filament. Variations of £15km/s on a scale comparable with the filament thickness are detected.
This may explain some radial velocity disagreements found in the previous spectroscopy. Note that
the relative velocities are measured with much better accuracy than absolute velocities. We detect



SH33 as ultraluminous UV source. Comparison with ULXs S. Fabrika

o

Fa, 107" erg cm=2s7 1A

HHJ\‘H\HH\\‘H\HH\IMH\[HH‘IHI\T

e

4000 4200 4400 4600 4800 50
wavelength,A

g(

ol

00 5200

Figure 4: Spectra of the eastern filament (top, multiplied by 3), the nebula associated with the ULX Holm-
berg Il X-1 (middle, multiplied by 25) and the nebula MF 16 of NGC 6946 ULX-1 (bottom, multiplied by
15). The spectra have been taken with the same device.
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Figureb5: Radial velocity variations along the eastern filament measured in strong [O III] lines.
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Figure6: Line profiles of the filaments lines in the total spectrum. The night sky [O 1] A5577 line profile is
shown for comparison.

a blue wing in emission lines (Fig. 6), thus we confirm the result of [6], where these blue wings
were first reported.
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Figure 7. Dignostical diagrams for the nebulae associated with ULXs and the eastern filament of W 50.
Photoionisation model line ratios are shown for different gas densities and ionization parameters logarithm
(from -4 to 0) as well as shocks with precursor model line ratios with differents shock velocities in km/s and
magnetic parameters (0, 1, 2, 4). Details see in [1, 13]. Dashed lines show shifts to values corrected to the
solar abundance.

We compare diagnostical line ratios of the SS 433 filament with those in nebula associated with
ULXSs using our spectroscopy ([1]). Fig. 7 shows diagnostical diagrams with the model line ratios
calculated by [13]. All the nebula positions correspond to the potoionization case with different
ionization parameters. Shocks can not produce the line ratios, it is especially clear in the case of
He Il line, which is very intensive in the nebulae.
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Figure 8: Spectral energy distribution in SS433 (top) and in NGC6946 ULX-1 (bottom). In SS 433 plot
the two solid lines show [10] solutions for bright and faint object states derived from optical and HST
photometry, dashed lines indicate possible deviations of these two solutions. Crosses show low limits of
ionizing radiation intensity beyond Hell (< 228 A) and HI (< 912&) ionization edges, the upper crosses
are estimates of the isotropical source fluxes, the bottom crosses are those for geometrically collimated
radiation. X-ray spectral fits obtained with ASCA ([23]) and CHANDRA ([24]) are shown. The NGC6946
ULX-1 plot taken from [2]. Similar estimates of ionizing fluxes beyond the HeIl, HeI and HI ionization
edges are shown by diamonds with error bars. X-ray spectral fit by [35] (power law (solid line) plus MCD
component (dashed line)) is shown. The best CLOUDY model fit to observed nebula spectrum is shown by
dotted line as a black body (T = 1.4 - 10° K). Four MCD models are shown (solid lines) for the black hole
masses 10, 100, 1000 and 10* M, (see [2] for more detals). GALEX photometric limits (FUV and NUV
bands) are shown for S/N=5 and an exposure time 10 sec.

Using the He II and HB luminosities of the filament we estimate corresponding ionizing lumi-
nosities of the supercritical accretion disc in SS433. In the case of isotropical radiation of SS 433
disk we obtain the estimates L(< 228 A) > L(He II) (h V58/h Vasge)(Gtor /Qasgs ) ~ 1.2 - 10% erg/s
and L(< 912 A) > LHP) (h voio/h Vhp) (Otot/Opp) ~ 2.8 - 10% erg/s, where we used a total and
the line recombination coefficients for the case B of gas nebulae. Actually the UV luminosity
estimates are low limits because of possible not total absorption of the ionizing radiation in the
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filament. In a case of non-izotropical UV radiation of the supercritical accretion disc, we have to
introduce a factor Q¢ /27T in the luminosity estimates. With 8; = 50° we obtain estimates of the
ionizing luminosities as L(< 228 A) ~ 1.1-10%° erg/s and L(< 912 A) ~ 2.6 - 10> erg/s.

In Fig.8 we show spectral energy distribution of SS433, where the UV flux estimates put
together with [10] black body fits, with T = 72000 - 20000 K for the bright state and T = 49000 +
20000 K for the faint state of SS433. Positions of the spectral bands used by [10] are shown in
the figure. Note that these black bodies as well as the observed X-ray spectrum were derived
for observed nearly edge-on orientation of SS 433, whereas the UV estimates are for the face-on
orientation, The filament sees the disc face-on. In the figure we also present the same SED estimates
for NGC6947 ULX-1 ([2]), where the UV fluxes were derived from the nebula MF 16 associated
with the ULX. The both objects need strong UV radiation to produce observed emission lines in the
nebula. The observed X-ray spectrum of NGC6946 ULX-1 is about the same intensive as predicted
UV spectrum indicating the probable flat spectrum of the ULX (what is actually expected to be
([34, 33])). However the observed X-ray luminosity of SS 433 is ~ 5 orders of magnitude fainter
than its real UV luminosity.

We conclude that SS 433 has to be ultraluminous in UV and far UV bands with the liminosity
Luv ~ 10% erg/s, the source temperature is T~ 107 K. About the same spectrum has been found
from observed (HST/HSP and optical bands) in SS433 ([10]) at its nearly edge-on orientation.
We confirm thus the previous luminosity and temperature estimates, SS433 is really extremely
luminous. This means also that the supercritical accretion disc UV radiation in SS 433 is roughly
isotropical and its spectrum can be represented by a black body radiation. All these findings confirm
the original Shakura — Sunyaev’s idea [37] on the supercritical accretion discs which produce strong
winds.
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