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ABSTRACT

W50 is a radio nebula around the hyperaccreting Galactic microquasar SS433. We focus on one peculiar feature of W50, that is, on a
pair of so-called extended X-ray jets (EXJs). These jets have a size of ~20 pc and a sharp inner boundary, and their spectra are well
represented by a featureless X-ray continuum. We argue that EXJs could be an outcome of a powerful anisotropic wind produced by
a supercritical accretion disk. In the simplest version of this model, the wind itself consists of two components. The first component
is a nearly isotropic outflow that subtends most of the solid angle as seen from the compact source and creates the quasi-spherical
part of the W50 nebula. The second component is a more collimated wind that is aligned with the rotation axis of the binary system
(polar wind). The isotropic outflow passes through the termination shock, and its increased thermal pressure creates a sequence of
recollimation shocks in the polar wind, giving it the appearance of an extended X-ray structure. In this model, the EXJ continuum
spectrum is due to synchrotron emission of electrons that are accelerated at the shocks that arise in the polar wind. At variance with
many other studies, the EXJ structures in this model are not directly related to the highly collimated and precessing 0.26 ¢ baryonic
jets. Instead, the EXJ and the ears of W50 are produced by the part of the wind whose Eddington-level kinetic luminosity is confined

to a half-opening angle of 5-10 degrees. This is not necessarily a recollimated version of the 0.26 ¢ jets.
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1. Introduction

W50 and SS433 represent a prototypical combination of a
giant radio-bright nebula and a hyperaccreting compact source
that powers the nebula (see, e.g., Margon 1984; Fabrika 2004
for reviews). Many properties of W50/SS433 remain poorly
understood, partly because rare and short-living hyperaccret-
ing black holes or neutron stars might operate in a very
different regime than the more ubiquitous and better-studied
sub-Eddington sources (e.g., Fabrika et al. 2015). In this regard,
the stability of the properties of SS433 over more than 40 years
of observations (e.g., Cherepashchuk et al. 2021) makes it a par-
ticularly appealing laboratory for an exploration of hyperaccre-
tors (e.g., Begelman et al. 2006).

It has been shown that the binary system in SS433 can
avoid forming a common envelope and sustain an extremely
high accretion rate (about a few hundred times the Eddington
level) for a long time, #z ~ 10*~10° yr (van den Heuvel et al.
2017; Cherepashchuk et al. 2023). A simple estimate of the total
energy that might be injected by such a source into the sur-
rounding medium is Eiyj ~ Lpaatiite ~ 3 X 10°°Lsot4 erg, where
Lsg = Lgqq/10% erg sl and t4 = tr/10% yr. This is comparable
to the energy output of a supernova explosion that has created
the compact object of the binary in the first place. As a result,
such an object can strongly affect the interstellar medium (ISM)
in the vicinity of the binary, creating and powering a giant >10 pc
nebula (e.g., Begelman et al. 1980).

A key prediction of the standard accretion theory in the
highly supercritical regime (Shakura & Sunyaev 1973) is that a
large fraction of liberated gravitational energy of the accreted

material is channeled into powerful trans- and mildly rel-
ativistic outflows with various degrees of axial collimation
(see Yoshioka et al. 2022, for recent numerical simulations).
One of the most notable features of SS433, the transrela-
tivistic baryonic jets with their bulk velocity v ~ 0.26¢
and an opening angle smaller than 2 degrees, appears to be
a direct confirmation of this prediction (e.g., Begelman et al.
1980; Calvani & Nobili 1981). These narrow jets reveal them-
selves in X-ray and optical spectra as pairs of blue- and red-
shifted lines, coming from the vicinity (<10'? cm and <10'> cm
for the X-ray and optical lines, respectively) of the com-
pact source (Fabrika 2004; Blundell et al. 2018; Waisberg et al.
2019). Modeling of these lines demonstrated that the kinetic
luminosity of the jets is indeed comparable to the Eddington
luminosity of a stellar mass black hole (Marshall et al.
2002, 2013; Brinkmann et al. 2005; Medvedev & Fabrika 2010;
Khabibullin et al. 2016; Medvedev et al. 2019; Fogantini et al.
2023). The baryonic jets, however, remain invisible beyond a
distance of ~0.1 pc from the central source, where they manifest
themselves as a spectacular time-variable corkscrew pattern of
the radio emission due to the precession of the narrow jet direc-
tion with a period of 163 days and a half-amplitude of 20 degrees
(e.g., Hjellming & Johnston 1981; Blundell & Bowler 2004)'.

! The nature of the diffuse X-ray emission detected by the

Chandra Observatory from a similar location (so-called “arcsec-
scale X-ray emission”, Migliari et al. 2002) is less clear (e.g.,
Khabibullin & Sazonov 2017), given its irregular variability and pecu-
liar spectral features (Migliari et al. 2005; Miller-Jones et al. 2008).
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Since at even larger scales from 40 to 110 pc, SS433 is
surrounded by the radio- and Ha-bright nebula W50, which is
strongly elongated (with an aspect ratio of 3:1) along the preces-
sion axis of the jets, it has long been considered that the kinetic
energy of these strongly collimated jets powers and shapes
the W50 nebula (Begelman etal. 1980; Zealey etal. 1980;
Eichler 1983; Peter & Eichler 1993; Veldzquez & Raga 2000;
Zavala et al. 2008; Goodall et al. 2011; Asahina et al. 2014;
Monceau-Baroux et al. 2015; Panferov 2017; Ohmura et al.
2021).

The question remains open whether the narrow jets power
the entire nebula. The radio, optical, and X-ray images of W50
indeed lack direct observational signatures of recollimation or
termination of the narrow jets (like termination hot spots or a
clear pattern of the decelerating flow, see, e.g., Dubner et al.
1998; Goodall et al. 2011; Farnes et al. 2017; Broderick et al.
2018). Instead, very peculiar elongated X-ray structures are seen
on both sides of SS433 (e.g., Watson et al. 1983; Yamauchi et al.
1994; Safi-Harb & Ogelman 1997; Safi-Harb & Petre 1999;
Brinkmann et al. 2007; Safi-Harb et al. 2022). These features,
which we call extended X-ray jets (EXJs), are separated from
the binary by ~20 pc, are aligned with the narrow jet precession
axis, and have an opening angle of ~20° (i.e., twice smaller than
the precession amplitude of the compact jets). They are char-
acterized by a hard featureless X-ray spectrum that gradually
steepens with distance from SS433 (e.g., Brinkmann et al. 2007;
Safi-Harb et al. 2022).

The synchrotron origin of these structures is not only
attractive from the points of view of spectral and energy
and mass requirements (e.g., Brinkmannetal. 2007), but
also leads to verifiable predictions regarding the very
high energy (VHE) gamma-ray emission coming from
them (Safi-Harb & Ogelman 1997; Aharonian & Atoyan 1998;
Reynoso et al. 2008; Kimura et al. 2020; Sudoh et al. 2020). The
advent of modern VHE observatories allowed the detection of
extended emission from W50 (cospatial with EXJ) at TeV ener-
gies (Abeysekara et al. 2018). Another important implication of
the synchrotron scenario is the possibility of a high degree of
polarization, provided that the magnetic field is globally ordered
inside these lobes. The recent observation of the eastern lobe by
the Imaging X-ray Polarimetry Explorer (IXPE) revealed a high
degree of X-ray polarization and suggest that the magnetic field
is aligned with the main axis of the system (Kaaret et al. 2024).

In this paper, we propose a model that attempts to associate
the overall W50 morphology and EXJs with an anisotropic wind
from the binary system. In this model, an almost isotropic part
of the wind causes the quasi-spherical part of the W50 nebula,
while a more collimated portion of the wind drives the ears of
W50. In the same framework, the termination of the isotropic
wind sends recollimation shocks into the collimated wind, giving
rise to the EXJ features.

2. Basic model

We want to explain the following salient characteristics of the
EXJs associated with W50:

— The sharp inner boundary of the EXJ in X-rays on both sides
from SS433 and the lack of bright emission in optical and
radio bands.

— The featureless EXJ X-ray spectrum, which can (empiri-
cally) be described as either thermal bremsstrahlung with
kT ~ 4keV or as a power law with a photon index I' ~ 2.2
(Brinkmann et al. 2007). From the joint analysis of XMM-
Newton and NuSTAR data, Safi-Harb et al. (2022) derived a
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flatter spectrum I' ~ 1.6 for the EXJ portion closest to the

SS433 and I' ~ 2.05 for the lenticular region that is further

away (based on the data of XMM-Newton alone).

The usual assumption is that an outer boundary of the W50
nebula model is a forward shock associated with the supernova
explosion and a jet or outflow (e.g., Goodall et al. 2011). Since
the inner boundary of EXJ is closer to the binary than the quasi-
spherical part of W50, it is difficult to associate it with any
characteristic radius. We instead assumed that the entire neb-
ular is powered by a wind produced by SS433. The wind has
an additional characteristic radius, that is, a termination shock,
which we associate with the inner boundary of EXJ. A wind
from a companion star was considered by Konigl (1983), while
Asahina et al. (2014) assumed that the wind is produced by the
super-Eddington accretion onto the compact object, which is
similar to the assumption adopted here. For the mechanical wind
power of ~10% ergs™!, the total energy produced by the wind
over the estimated age of ~6 x 10*yr is ~2 x 10°! erg, which
is on the same order or even higher than the kinetic energy of
a supernova (SN) ejecta. We ignored the contribution of the SN
energy input, although this scenario is often assumed. For our
model, the most important is that at the present epoch, the pow-
erful wind is present and has already been operating for a suffi-
ciently long time. We briefly discuss this case in Appendix B.

A steady isotropic wind model (Chevalier & Clegg 1985) is
characterized by a set of four parameters (assuming that the wind
is supersonic): Ly, Uw, tage, and ng, which are the wind kinetic
power, the wind velocity, the age of the system, and the den-
sity of the interstellar medium (ISM), respectively. The latter is
assumed to be homogeneous and uniform. In the frame of this
model, these four parameters can be estimated from several basic
observables, such as the radius of the nebula and the gas temper-
ature downstream of the shock driven by the wind.

A typical radial structure of the wind expanding into a uni-
form medium is shown in Fig. 1. It consists of a forward shock
advancing into the ISM, a wind termination shock, and a con-
tact discontinuity, separating the shocked ISM from the shocked
wind material. We associate the quasi-spherical part of the W50
nebula with the forward shock. When we assume that the for-
ward shock is strong and adopting the downstream tempera-
ture of the gas of 7y ~ 0.2keV (e.g., Brinkmann et al. 2007;
Safi-Harb et al. 2022), the shock velocity is

16 kT. \'2 7. \!2
Us = —6 it ~ 410 KT kms™L.
3 pmy 0.2 keV

The estimate of the age of the system for a supersonic expansion,
that is, Ry oc 2/ is then

ey

3 R R, s -1
e ~ 32 = 53100 o) (o) 2
e~ 57 (38pc) 410kms—/) V' @
while the power of the wind is
%ﬂ'RS %no,ump v?
v tage B
2 32
R kT,
7 X 1038 ( no ) s s ,1, 3
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where ny is the particle number density of the unshocked ISM,
u =~ 0.61 is the mean atomic weight per particle for the fully
ionized gas with a standard cosmic composition. We assumed
that the forward shock is strong and the energy density is con-
stant across the entire volume subtended by the shock. Of the
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three observables used above, namely R, T, and ng, only R can
easily be measured directly from X-ray or radio images, while
T and ngy can only be robustly determined from X-ray spectra
when the shock-heated ISM has reached collisional ionization
equilibrium (and 7. = Tj), which is not guaranteed a priori.
We therefore used some fiducial values for 7T and no, but
acknowledge that their values (except for R) are uncertain by
a factor of a few. For instance, the density ny can be lower and
the post temperature T can be higher (see, e.g., the nonequi-
librium ionization model in Brinkmann et al. 2007), making the
estimate power uncertain in either direction. In particular, their
best-fitting estimate of the ionization time n,t ~ 3 x 10'°scm™3
for ny ~ 0.1cm™ (for ionized plasma with a solar abundance
of the elements, n. ~ 0.52 ng) translates into ¢ ~ 2 x 10* yr. Itis
therefore plausible that the actual density of the ambient medium
is lower by a factor of a few.

The velocity of the wind vy, could be estimated if the radius
of the wind termination shock Ry were known. The pressure is
approximately constant between the forward-shock position R;
and Rr. The latter is determined from the balance of the ram
pressure of the wind P,, and the postshock pressure P, that is,

L 3
S — ~ Py = 4ng—pmpv?, 4)

2
P w = Pwly 4r R% Ve 16
where p,,(R) o« R? and v, are the wind density and velocity,
respectively, and the factor of 4 stands for the compression ratio
at the forward shock, which is assumed to be strong. The above
relation (dropping factors on the order of unity) implies that the
radii of the forward and termination shocks are related via the
ratio of the shock and wind velocities as

v 1/2
RT =~ RS (—5) .

Uw

&)

The isotropic wind expanding into a homogeneous medium
naturally produces a spherically symmetric forward shock, a
contact discontinuity, and a termination shock (see Fig. 1). The
density of the shocked wind might be low enough for its thermal
X-ray emission to be observed directly. Figure 1 corresponds
to the Chevalier & Clegg (1985) steady wind solution. It fol-
lows from the figure that for the adopted parameters, the den-
sity downstream of the termination shock is smaller by a fac-
tor of =40 than that at the forward shock. Because the X-ray
emissivity scales as the square of the gas density, the expected
surface brightness of the termination shock region at energies
below a few keV is a factor of about 10* smaller than for the
forward shock. Moreover, the termination shock of the isotropic
wind is not necessarily an efficient particle accelerator (e.g.,
Parizot et al. 2004). In this model, it is therefore expected that
this shock creates neither radio nor X-ray emission.

The W50 nebula, however, is elongated in the direction per-
pendicular to the orbital plane. This suggests that the wind is
anisotropic, and in particular, that it is more powerful (per unit
solid angle) in this direction. To explain this morphology, a com-
bination of an expanding spherical SN shock and a jet or outflow
is often used (e.g., Goodall et al. 2011). We modeled this config-
uration as a two-component wind. One component was a nearly
isotropic wind considered above (hereafter, i-wind), and the sec-
ond component was a collimated polar wind (hereafter, p-wind)
along the orbital momentum of the binary. The main difference
from the other models is a termination shock of the isotropic
wind that recollimates the p-wind. We reiterate here that the pos-
tulated p-wind is not the highly collimated subrelativistic jet, but
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Fig. 1. Example of a spherically symmetric wind model for pigpq =
0.1m,em™, L, ~ 10¥ergs™, and v, = 2 x 10°kms™" after 5 ~
6 x 10* yr. With these parameters, the densest region is the shell of the
shock-compressed ISM on the downstream side of the forward shock,
which should dominate the X-ray emission of the nebula. The density
of the shocked wind material is too low to produce detectable X-ray
emission.

a part of the wind associated with the inner regions of the accre-
tion flow that subtends a much larger solid angle than the narrow
jets.

The jet propagation in astrophysical conditions has
been extensively studied both theoretically and numeri-
cally (e.g., Komissarov & Falle 1998; Krauseetal. 2012;
Perucho & Lépez-Miralles 2023). For example, for radio
sources associated with active galactic nuclei (AGN), the canon-
ical model identifies several characteristic length scales that
determine jet propagation. These include a scale at which the jet
becomes underdense with respect to the ambient gas, a scale at
which the ambient pressure can counterbalance the side expan-
sion of a conical jet, and a scale at which the ram pressure of
the jet is equal to the ambient pressure. These scales determine
whether the jet forms a cocoon or is recollimated by external
pressure, and they determine the position of the terminal shock.
In the model discussed here, the terminal shock of the isotropic
wind introduces yet another length scale that modifies the behav-
ior of the p-wind, which can itself be treated as a jet. In addition,
the propagation of the p-wind occurs in the expanding i-wind,
that is, the densities and pressures of the two flows have sim-
ilar dependences on the radius (before reaching the i-wind ter-
mination shock). Therefore, the relation between densities and
pressures was set at the base of the two flows and was further
modified at the terminal shock of the i-wind (see Appendix A).

The interaction of a jet with the wind has also been studied in
the context of massive binary systems (Barkov & Bosch-Ramon
2022; Loépez-Miralles et al. 2022). There, a jet produced by
an accreting black hole collides with the wind from a mas-
sive star. In the configuration considered here, we assumed that
accretion on SS433 proceeds via Roche-lobe overflow (RLOF;
van den Heuvel et al. 2017; Cherepashchuk et al. 2021) rather
than via stellar wind. In this case, the i- and p-winds both come
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Recollimation shock

Soft X-ray emission

Hard X-ray emission
Edge of EXJ

Isotropic Wind Termination shock

Forward shock

Cold Collimated Wind (not visible)

Cold Isotropic Wind (not visible)

Shocked Isotropic Wind (not visible)

Fig. 2. Sketch of the W50 model as a combination of isotropic and polar winds. The central region represents a combination of an isotropic wind
and a more collimated polar wind aligned with the orbital axis of the binary system. The isotropic wind passes through its termination shock,
and the increased pressure and density recollimate the polar wind. The resulting recollimation shocks accelerate particles and give rise to the

synchrotron emission of the EXJs.

from the accretion disk and move (radially) in the same direction
rather than collide.

Throughout the paper, we assume that the termination radius
for the p-wind is larger than for the nearly isotropic component
(i.e., the dynamic pressure pv® at a given radius is larger for the
p-wind). This means that the material in the collimated compo-
nent experiences a sudden increase in the ambient pressure when
the termination shock of the i-wind is crossed. In aerodynam-
ics, this corresponds to the case of an overexpanded jet, when
the internal jet pressure at the edge of the nozzle is lower than
the ambient pressure. This high pressure sends a recollimation
shock into the p-wind that compresses and heats it. Therefore,
an additional characteristic radius appears in the problem, which
we associate with the inner boundary of EXJs well inside the
forward shock. This is the essence of the model we propose.

To illustrate some basic features of the model, we ran a set of
2D simulations (axisymmetric cylindrical symmetry) using the
code PLUTO (Mignone et al. 2007). The details of the simula-
tions and the choice of parameters are described in Appendix A.
A labeled sketch (density slice) is shown in Fig. 2 for fge ~
6 x 10*yr and an i-wind kinetic luminosity of 10* ergs~'. In
supercritical accretion disks, a massive outflow starts at the

GM
spherization radius Ry, ~ 10 no—— (Shakura & Sunyaev 1973;
c

Poutanen et al. 2007), where M is the mass of the compact
object, and mig is the accretion rate in Eddington units. The

GM
Ry

¢/\10my ~ 3000kms™" for my = 10%. In Fig. 2 we set
v = 2000kms~!, and in the Appendix A, we consider cases
with v; = 2000 and 4000km s~!.

The outflow continues at smaller radii of the supercritical
disk. In our simplified model, we attribute these inner outflows
to the p-wind component. In Fig. 2, the p-wind component is ini-
tially confined to a cone with a half-opening angle of ~9 degrees,
and its density and velocity are both higher by a factor of 2-3

~

corresponding escape velocity near Rgp 1S Vese
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than that in the i-wind. The kinetic luminosity of the p-wind is
~14% of the i-wind. We are interested in the global picture of
the nebula out to 100 pc, rather than in the vicinity of SS433.
Therefore, the winds were initiated within a sphere with a rela-
tively large radius of 8 pc. The radius of the p-wind cross section
at this sphere is ~1.3 pc. We note here that the model is flexible
enough to broadly reproduce the overall morphology of the neb-
ula for different sets of parameters, for instance, a faster p-wind
or amuch denser and slower p-wind (see Appendix A). However,
these models share several common features that we highlight
in Fig. 2. In this figure, the termination shock of the isotropic
wind corresponds to the transition from the lowest density region
(isotropic wind component just before the shock) to the four
times higher density (downstream of the termination shock). The
collimated outflow experiences a series of recollimation shocks,
where the dense regions are interleaved with the lower-density
patches. While the first dense region R; does not occur exactly
at the position of the isotropic wind termination shock, they are
related, so that R; ~ O(1) X Ry, where the pre-factor sensitively
depends on the p-wind opening angle and on the relative den-
sities and velocities of the winds. The choice of the parameters
for this simulation is rather arbitrary, and other combinations can
lead to a similar morphology when the density or velocity ratios
between the i-wind and p-wind are changed together with the
characteristic opening angle of the p-wind. However, the recol-
limation shocks are always present when the i-wind termination
shock is located at a radius smaller than that of the p-wind.

The above model completely neglects the contribution of
the supernova explosion to W50. The primary motivation
for this assumption is a mismatch between the timescale of
stellar evolution (millions of years) and the duration of the
period of extremely high accretion of the binary during the
RLOF phase (~10°yr; see, e.g., van den Heuvel et al. 2017;
Cherepashchuk et al. 2023). If the former determines the onset
of the RLOF after the supernova explosion, it is plausible that
at the present time, the traces of the supernova remnant (SNR)
are largely gone. Given the peculiar nature of SS433/W50, this
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binary system might have a similarly peculiar history and the
supernova explosion might have taken place some ~10° yr ago
(e.g., Goodall et al. 2011; Panferov 2017; Bowler & Keppens
2018). We consider this possibility in Appendix B. In brief,
adding ~10°' erg in the form of the SN ejecta can certainly con-
tribute to the size and shape of the nebula, but if the wind is
established a sufficiently long time ago, the position of the wind
termination shock is the same as shown in Fig. B.1 and the over-
all morphology may remain similar to the one depicted in Fig. 2.

3. Discussion

Several models have been proposed to explain the spectrum of
the EXJs (e.g., Safi-Harb et al. 2022, and references therein),
which they attributed to synchrotron emission. However, the
origin of the EXJs themselves, which appear in the middle of
nowhere, is difficult to explain.

Previously, we considered an exotic scenario for the forma-
tion of EXJ, when a very fast (subrelativistic) outflow recom-
bines and impacts the ISM in the form of a beam of neutral atoms
(Churazov et al. 2020). In this model, neutral particles penetrate
the ISM, become ionized, and deposit their energy in a long and
narrow channel along the direction of the beam. The heated ISM
expands sideways, reducing the gas density and letting neutral
particles propagate further without being ionized. This (i) leads
to a fast propagation of the heating front and (ii) gives rise to
a system of diverging and converging shocks perpendicular to
the beam. This analysis was not specifically tied to W50/SS433,
except for the assumption that neutral particles move with a
velocity ~0.25 c. In the neutral beam model, the EXJ structure
forms where the beam enters the dense medium. Therefore, to
explain the inner boundary of the EXJ, dense gas is required at
this location.

The model we discussed in the previous section is differ-
ent. It does not rely on the SS433 transrelativistic baryonic jets.
Instead, it associates EXJ with the recollimation shocks in the
anisotropic wind from the SS433 binary system. In this model,
the isotropic part of the wind reaches the termination shock ear-
lier than the polar wind. This translates into a condition that the
momentum flux per unit solid angle is larger for the p-wind,

o > it ®)
which is equivalent to the condition
L L
L @)
vap Qil)i

where L, and L; are the kinetic luminosities of the p- and i-
winds, respectively, and €, and €; are the corresponding solid
angles subtended by the winds. In the illustrative example shown
in Fig. 2, ppvg X 13piviz, the above condition is satisfied.
Downstream of the termination shock in the isotropic wind,
the gas becomes hot and four times denser. As mentioned above,
the gas density is too low to give rise to observable ther-
mal (bremsstrahlung) emission. The termination shock of the
i-wind resembles the case of an almost perpendicular shock (the
upstream magnetic field is along the shock front) similar to stel-
lar winds around massive stars. No signature of synchrotron
X-ray emission was ever reported from the termination shocks
of fast radiation-driven winds of young massive stars. The parti-
cle acceleration there is likely much less efficient than that in
supernova shocks of similar velocity (e.g., Drury et al. 2001;
Parizot et al. 2004). The cosmic-ray acceleration in the vicinity
of the solar wind termination shock (with a speed higher than
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400 km s~!) directly measured by the Voyager missions is also
rather modest (Rankin et al. 2022). The recent modeling of CR
acceleration by stellar wind bubbles of young massive stars by
Meyer (2024) demonstrated that the systems can mostly reac-
celerate preexisting cosmic ray particles at the bubble forward
shocks and do not accelerate CRs at the wind termination shocks.
Thus, the particle acceleration of the i-wind termination shock
is not highly efficient. In contrast, the system of recollimation
shocks that formed due to i- and p-wind collisions can have a
much more complicated structure of the magnetic fields, involv-
ing both a quasi-parallel and a quasi-perpendicular region. We
simply assumed that the acceleration of particles in the recolli-
mated p-wind proceeded similarly to quasi-parallel shocks with
a compression factor of 4 (this might be higher when CR escape
effects are accounted for) and the characteristic shock velocity
~Up.
The gas in the p-wind experiences oblique recollimation
shocks and Mach disks driven by the isotropic wind, it is heated
and experiences a sequence of compression and rarefactions.
Similarly to the i-wind, the density of the shocked p-wind is
far too low to produce appreciable thermal emission. We there-
fore relied on the possibility that recollimation shocks are effec-
tive in accelerating particles and that the EXJ emission is non-
thermal (as suggested before, see, e.g., Safi-Harb et al. 2022,
and references therein). The recent detection of X-ray polariza-
tion from EXJ (Kaaret et al. 2024) with IXPE indeed shows that
X-ray emission has a synchrotron origin, while the magnetic
field is largely along the eastern EXJ. The acceleration could
be due to shocks (i.e., Diffusive Shock Acceleration or DSA
Krymskii 1977; Bell 1978) or to a shear flow (Berezhko 1981;
Stawarz & Ostrowski 2002; Rieger & Dufty 2019) that naturally
appears in the configuration considered here. In both cases, it is
plausible that the acceleration is not only confined to a localized
region at the first recollimation shock, but is distributed along
the EXJ.

The hard nonthermal X-ray emission up to 30keV from
a knotty region within the eastern EXJ was detected with
the NuSTAR telescope and attributed to synchrotron radi-
ation of very high energy electrons with Lorentz fac-
tors above 107 (Safi-Harbetal. 2022; Sudohetal. 2020).
These electrons have to be (re)accelerated locally. An
ensemble of the recollimation shocks that have to be
present after the collision of the p-wind with the termi-
nation shock of the i-wind is a plausible site of particle
acceleration and magnetic field amplification. Nonthermal X-ray
emission observed as thin filaments at the edge of the shell-type
young supernova remnants is almost certainly produced by syn-
chrotron emission of TeV regime electrons radiating in a highly
amplified magnetic field (Reynolds 2008; Helder et al. 2012;
Ferrazzoli et al. 2023). Particle acceleration by strong shocks
with a velocity well above a few thousand kms™' in young
supernova remnants is likely accompanied by the strong amplifi-
cation of magnetic fluctuations, resulting in Bohm-like diffusion
of accelerated particles in a wide interval of particle energies
(see, e.g., Bykov et al. 2014; Caprioli & Spitkovsky 2014). In
the case of Bohm diffusion, the acceleration time #, of a particle
with a Lorentz factor y by a shock of velocity v, scales with the
magnetic field strength B as 7, o yv,>nB™". Here, the diffusion

coeflicient of a relativistic particle of mass m is D = nc*my/eB,
where the dimensionless factor is 7 > 1. The maximum Lorentz
factor that can be achieved by the electrons and positrons that
are accelerated by the shock is limited by the synchrotron losses
with ym o 0,B~'/2y7!/2. Therefore, in a single-zone model
(where particle acceleration and the synchrotron radiation are
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spatially coincident) the maximum energy of the synchrotron
photon E;, mostly depends on the shock velocity Ej, o« uﬁ /n.

To obtain E,, ~ 30keV, we need v, ~ 200007/ kms™'. The
energy flux of the amplified magnetic field in the shock down-
stream may reach 0.1 of the shock ram pressure (Bykov et al.
2014), which is consistent with observations of young supernova
remnants (Helder et al. 2012). In this case, the magnetic field just
downstream of the recollimation shock can be estimated from
the relation B?/8m ~ 0'4QiR_zvp' The magnitudes of the fluctuat-

ing magnetic field ampliﬁecli by cosmic-ray-driven instabilities
may reach ~100uG. Then the accelerated electrons radiating
30keV synchrotron photons should have energies of ~100 TeV.
The spectra of electrons accelerated by the DSA Fermi mecha-
nism are consistent with those derived from hard X-ray observa-
tions (Safi-Harb et al. 2022; Kayama et al. 2022).

When this paper was under revision, new results from
H.E.S.S. observations of W50/SS433 became available
(H.E.S.S. Collaboration 2024). From a model fitting of spatial
profiles of the gamma-ray emission along the jet axis, the
starting velocity for both the eastern and western jets was found
to be 0.083(+0.026 stat + 0.010syst) ¢ ~ 25000kms~!. Accel-
erated electrons are continuously injected with a power-law
spectrum with an index 2 and a cutoff energy >200TeV at
the outer jet base in the 1D propagation model discussed by
H.E.S.S. Collaboration (2024). The leptons then travel along the
jet and produce the observed radiation. The authors considered
two models of the external jet propagation and estimated the
diffusion coefficients of relativistic 100 TeV particles to be
(2.3 + 1.4) x 102 cm?s7!, assuming a decelerating jet and
(4.7 + 4.1) x 10” cm?s7! for a jet with a constant velocity.
The model assumed a homogeneous magnetic field along
the jets with a magnitude close to 20 uG. In the model we
discussed above, the maximum RMS amplitude of a fluctuating
magnetic field can be a few times higher and reach ~100 uG in
the shock recollimation region. The turbulent fluctuating field
would decay outside the acceleration region where CR-driven
instabilities amplify the field. The energies of the synchrotron
X-ray emitting electrons can be ~100 TeV.

Protons can be accelerated by the DSA mechanism with
Bohm’s diffusion in the shock vicinity to the maximum ener-
gies Epn 2 PeV g1 Ry Bioo n‘l , where vy is the shock veloc-
ity measured in units of 0.1 ¢, Ry is the size of the acceleration
region measured in pcs, and By is the magnitude of the turbu-
lent magnetic field in the acceleration region, measured in units
of 100 uG.

The protons accelerated above 100 TeV in the recollimation
region will leave the accelerator and can contribute to multi-TeV
regime emission detected by HAWC (Abeysekara et al. 2018)
and LHAASO (Cao et al. 2024). Assuming a lifetime of EXJs
of ~10*~10° yr, these protons will radiate at about some tenths
of a percent of their power due to inelastic hadronic collisions in
~30 pc vicinity of the knot provided that the diffusion coefficient
of the high-energy protons is ~10?” cm? s~!. The value is gener-
ally consistent with that estimated in the vicinity of typical TeV
halos (see, e.g., Abeysekara et al. 2017; Martin et al. 2022; Fang
2024). We note here that the studied TeV halos are produced
by the rotation power of pulsars (e.g., Geminga) with a much
lower kinetic or magnetic luminosity than that of W50/SS433,
which is powered by hyperaccretion. In this model, the power of
the accelerated very high energy nuclei can reach ~10°" erg s~.
Eventually, these nuclei leave W50/SS433 and contribute to the
galactic cosmic-ray population.
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For the simplified quantitative estimates of particle accel-
eration and high-energy radiation given above, we limited our-
selves to the DSA scenario. Nonlinear DSA models constructed
for single-plane shocks account for cosmic-ray driven instabili-
ties (see, e.g., Schure & Bell 2012) that may highly amplify the
ambient magnetic field fluctuations and thus govern the high-
energy particle transport. The recollimation of the p-wind is
accompanied by the formation of a system of oblique shocks,
and the description of particle acceleration in the wind recolli-
mation region is more complex than the DSA model used above.
Namely, the spectrum formation at the highest-energy end can
be affected by CR interaction with the shear flows (see e.g.
Rieger & Dufty 2019), which is associated with the p-wind rec-
ollimation region.

An accurate modeling of the particle spectra would require
both high-resolution simulations of the recollimation region for
different possible magnetization of the p-wind and a kinetic
modeling of the high-energy particle transport in the region.

The simulations shown in Figs. 2 and A.1 are not intended as
accurate models of the SS433/W50 system. They are used solely
to illustrate a range of possible morphologies and to argue that
in this hyperaccreting binary, an extended jet-like feature might
arise naturally even in the absence of an SNR and the famous
narrow 0.26 ¢ jet, which are the focus in many other studies.
We do not discuss the role of disk precession and a more realis-
tic wind configuration either. We leave these issues and detailed
high-resolution magnetohydrodynamic simulations of the setup
discussed here for future studies.

4. Conclusions

We outlined a possible model of EXJs in the W50 nebula. At
variance with other popular models, we did not associate these
structures with the well-collimated 0.26 ¢ baryonic jets produced
by the hyperaccreting binary SS433. We instead proposed that a
powerful anisotropic wind from the binary that was active for
a few tens of kyr causes these structures (and the overall W50
morphology as well). In the simplest version of this model, the
wind consists of two components: an almost isotropic wind that
subtends most of the solid angle, and a more collimated polar
wind. Both wind components are cold and invisible until the
isotropic wind reaches its terminal shock. Beyond this point, a
conical recollimation shock is launched into the polar wind com-
ponent, which is capable of accelerating relativistic electrons
that power the spectrally featureless and polarized synchrotron
radiation that is visible in X-rays as EXJs.

The inner edges of the EXJs approximately correspond to the
location of the first recollimation-shock knot. Plausibly, as sug-
gested earlier, the TeV emission is produced by the same elec-
trons due to IC scatterings of CMB photons. This model also
associates the overall shape of the W50 nebula (a sphere plus two
ears) with the same anisotropic wind, namely the forward shock
of the wind propagating into the undisturbed ISM. The particular
set of parameters used here for illustration is loosely constrained
and likely does not exactly match those in W50. However, rec-
ollimation of the anisotropic wind offers an attractive expla-
nation of the peculiar properties of the EXJs in SS433/W50.
It is plausible that other hyperaccreting systems can give rise
to similar structures as long as the wind has a sufficiently
strong angular modulation pattern. The model also stipulates that
W50 EXJs are powerful sources of very high-energy cosmic-
ray protons, which are accelerated within the same converging
flow region.
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Appendix A: W50 morphology for different wind parameters
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Fig. A.1. Density slices for different wind configurations. The color corresponds to log,,(p), where p is in units of m, /cm?, and the color-coding is
different for the top and bottom rows. The top two panels use the same parameters of the i-wind, L; = 10’ ergs™", v = 2 x 10’ km s™!, but different
initial p-wind densities and velocities. In the left panel, the p-wind velocity is the same as in the i-wind, but the density is 60 times higher, and in
the right panel, the density is the same as in the i-wind, but the velocity is higher by a factor of 6, i.e., ~ 1.2 X 10*kms~!. The bottom left panel
shows a simulation for twice higher i- and p-wind velocities, 4 X 103 kms™! and ~ 2.4 x 10* kms™!, respectively. Finally, the bottom right panel
shows the case when the i-wind is much weaker than in the bottom left panel. In this case, the jet behavior follows a self-similar solution, when
the underdense jet is recollimated by its cocoon. In all simulations, the half-opening angle of the p-wind was the same, ~ 4 — 5°
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To better illustrate the difference between the proposed
anisotropic wind model for W50 from a bare jet in a uniform
medium, we ran four simulations with varying i- and p-wind
parameters (Fig. A.1). In all runs, the parameters of the ambi-
ent medium were the same, and the effective half-opening angle
0 of the p-wind was set to ~ 4°. This value of 6 also character-
izes a smooth transition between the two wind components. This
was done by modulating the angular dependence of the p- and
i-winds by f(6) and (1 — f(0)), respectively, where f(6) = cos” 6.
Here, the value of n controls the confinement angle (see Fig. 2
for an example of a purely conical i-wind). For the simulations
shown in Fig. A.1, n = 256 was used and f(6) = 0.5 for 6 = 4.2°.

The i- and p-winds were initiated within a sphere with a
radius r = 8 pc. The top row compares the cases when the p-wind
has the same velocity as the i-wind, but a density 60 times higher
(top left panel) and the case when the i-wind has the same den-
sity, but a velocity a factor of 6 higher (top right panel). Broadly,
the first case illustrates dense streams of the Haro-Herbig-type,
while the second case is more reminiscent of fast extragalactic
jets. The kinetic luminosities of the p-wind L, « Qpppvf, vary
from one panel to the next. In the top left panel, L, ~ 0.23 L;,
in the top right and bottom left panels, L, ~ 0.84 L;. For these
three panels, L; = 10* ergs™'. In the bottom right panel, the
kinetic power of the isotropic wind is very low, while L, is
0.84 x 10 ergs™'.

The top left panel illustrates the dense-jet case when the
p-wind remains strongly overdense with respect to the i-wind
even when the latter passes through its termination shock and
becomes four times denser. In this case, no cocoon is expected
to form, and the recollimation is purely driven by the increased
pressure of the i-wind. In this run, the ears have a relatively sim-
ple morphology due to the high momentum of the p-wind.

For the lighter p-wind (top right panel), the p-wind recolli-
mates itself early on, followed by further recollimation after the
i-wind termination shock. After crossing the forward shock, this
lighter p-wind creates a sequence of eddies in the ears.

The bottom left panel uses a similar setup of a light p-wind,
but the velocities of the i- and p-winds are increased by a factor
of 2 while keeping the same kinetic luminosities. As expected,
the radius of the i-wind terminal shock reduces by a factor ~
V2 and so does the recollimation region of the p-wind. Except
for these changes, the overall morphology remains qualitatively
similar to that in the top right panel.

Finally, the bottom right panel shows the case when the i-
wind is far weaker than the p-wind, whose parameters are the
same as in the bottom left panel. In this case, the p-wind follows
the canonical self-similar pattern expected for underdense jets

(e.g., Komissarov & Falle 1998; Alexander 2006; Krause et al.
2012). It develops its own cocoon that recollimates the jet, which
then propagates through the uniform medium. The jet keeps a
very regular morphology and propagates faster than in the other
cases. The time of the snapshot is ~ 48 kyr, that is, earlier than
for other panels (~ 60 kyr).

This comparison shows that anisotropic winds can broadly
reproduce the morphology of W50 and can feature a recollima-
tion shock inside the forward shock of the i-wind. The compli-
cated substructure of the soft X-ray emission in the lobes of
W50 seems to favor lighter and faster p-wind scenarios (see
Fig. A.1), which are broadly consistent with simulations of
super-Eddington flows (e.g., Yoshioka et al. 2022). However, the
parameters of the actual outflow from SS433 might be much
more complicated, especially when the disk precession is con-
sidered, and some of the parameters, such as the opening angle
of the p-wind, were set by hand. While these axisymmetric pure
hydrodynamical simulations clearly represent a gross oversim-
plification of the real system, they illustrate the main idea of this
study.

Appendix B: Role of the SNR

As discussed in the main text, our baseline model assumed
that the quasi-spherical part of the W50 nebula is created by
the isotropic part of the hyperaccreting compact object on a
timescale of ~ 60 kyr rather than by the supernova explosion that
produced the black hole. In our model, the supernova explosion
occurred a long time ago (millions of years). However, some sce-
narios assume that this supernova is a more recent event ~ 10° yr
(e.g., Goodall et al. 2011; Panferov 2017; Bowler & Keppens
2018). We briefly consider the case when an isotropic wind prop-
agates through the still-expanding supernova remnant (SNR).
Basically, we consider a type II supernova (ejecta mass 20 M,
ejecta kinetic energy 10°! erg) in a uniform medium and then
initiate an isotropic wind with some delays (2000 and 10000 yr)
after the SN explosion. The corresponding pressure profiles are
shown in Fig. B.1. All cases are shown at a time when the for-
ward shock reaches r ~ 38 pc, which is the observed size of the
W50 quasi-spherical part. For comparison, two pure-wind pro-
files for different wind velocities are also shown. In all cases, the
kinetic power of the isotropic wind is the same (10*° ergs™").
This figure clearly shows that in the presence of the SNR, the
forward-shock region does not change much, although it takes
less time than the case of the wind alone. The position of the
wind termination is not affected, which is the main point of the
model considered here.
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Fig. B.1. Comparison of the gas-pressure profiles for cases with and
without a prior supernova explosion. The blue line shows the case of
the isotropic wind operating for 60 kyr in a uniform medium (same
as shown in Fig.1). The red line shows the pressure profile that would
appear if a type II supernova (ejecta mass 20 M, ejecta kinetic energy
10°! erg) exploded in the same environment. In this case, the forward
shock would reach the same radius in ~ 44 kyr. The edges in the red
curve at radii between 10 and 20 pc are the artifacts of the 1D model
caused by the reflection of the reserve shock from the center. Finally,
the cyan and magenta lines show the pressure profiles when the wind
starts to operate 2000 and 10,000 yr after the SNR explosion, respec-
tively. In these cases, the profiles shown correspond to 44 kyr since the
onset of the supernova. In all cases, a large pressure jump is present at
the position of the wind termination shock. The only noticeable effect
of the SNR is that the forward shock reaches r ~ 40 pc in a shorter time
(44 kyr vs. 60 kyr). Finally, the green line shows the case of a twice
faster wind (4000 vs 2000 kms™'). As expected, the position of the
termination shocks moves closer to the source. Comparison of the gas-
pressure profiles for cases with and without a prior supernova explosion.
The blue line shows the case of the isotropic wind operating for 60 kyr
in a uniform medium (same as shown in Fig.1). The red line shows the
pressure profile that would appear if a type II supernova (ejecta mass
20 M., ejecta kinetic energy 10°' erg) exploded in the same environ-
ment. In this case, the forward shock would reach the same radius in
~ 44 kyr. The edges in the red curve at radii between 10 and 20 pc
are the artifacts of the 1D model caused by the reflection of the reserve
shock from the center. Finally, the cyan and magenta lines show the
pressure profiles when the wind starts to operate 2000 and 10,000 yr
after the SNR explosion, respectively. In these cases, the profiles shown
correspond to 44 kyr since the onset of the supernova. In all cases, a
large pressure jump is present at the position of the wind termination
shock. The only noticeable effect of the SNR is that the forward shock
reaches r ~ 40pc in a shorter time (44 kyr vs. 60 kyr). Finally, the
green line shows the case of a twice faster wind (4000 vs 2000 kms™1).
As expected, the position of the termination shocks moves closer to the
source.
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