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Abstract. The unique microquasar SS433 is a massive X-ray
binary system at an advanced stage of evolution. The optical star
is overflowing its Roche lobe and transfering mass at a very high
rate onto a black hole, around which a supercritical accretion disc
inclined to the orbital plane has formed with relativistic collimated
outflows (jets). Both the disc and the jets precess with a period of
162.3 days. In the outer parts of the precessing jets, emission lines
of hydrogen and neutral helium are formed, which move periodi-
cally across the spectrum of SS433 with an enormous amplitude of
~ 1000 A or on the ~ 50,000 km s~! velocity scale. This unique
feature of SS433 attracted much attention of scientists in 1979.
Over many years of research in the optical, infrared, radio, X-ray,
and gamma-ray ranges, many important results have been ob-
tained about the physical processes occurring in this microqua-
sar, but a number of fundamental questions about the nature of
SS433 remained unresolved. A 30-year spectral and photometric
monitoring of SS433 has been carried out at the Sternberg Astro-
nomical Institute of Moscow University. Using all published data
for 45 years of observations, we have obtained a number of
important results concerning the nature of this unique microqua-
sar. We discovered a secular evolutionary increase in the orbital
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period of SS433 at a rate of (1.14 & 0.25)x 107 seconds per
second. On this basis, it is shown that the relativistic object in
SS433 is a black hole with a mass exceeding 8 M. . It is shown that
the distance between the components of SS433 increases with
time, which prevents the formation of a common envelope in the
system. The size of the Roche lobe of the optical donor star is, on
average, constant in time, which ensures stable secondary mass
exchange in the system. The ellipticity of SS433’s orbit was
discovered, strongly supporting the model of a slaved accretion
disc tracking the precession of the rotation axis of the optical star,
which is inclined to the orbital plane due to an asymmetric super-
nova explosion accompanying the formation of a relativistic ob-
ject. The parameters of the kinematic model of the system, except
for the precession period, keep constant on average for 45 years.
Phase shifts of the precession period were detected, but, on aver-
age, the precession period remains constant for 45 years. Micro-
quasar SS433 is physically similar to many ultra-luminous X-ray
(ULX) sources discovered in recent years in other galaxies. The
registration of hard gamma-ray emission up to 200 TeV from the
‘W50 nebula indicates a possible acceleration to ~ PeV hadrons in
the region of the interaction between the powerful wind from
SS433 and the matter of the nebula. In SS433, the peculiarities
of supercritical accretion onto black holes are most pronounced.
Therefore, further multi-wavelength studies of this unique micro-
quasar are very promising.

Keywords: microquasars, SS433, spectroscopy, supercritical
accretion, black holes

1. Introduction

In astrophysics, microquasars are usually called X-ray binary
systems with accreting relativistic objects (neutron stars (NSs)
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or black holes (BHs)) and collimated ejections of matter
moving with relativistic velocities (jets). To date, several
dozen microquasars have been discovered in the Galaxy.
Ultraluminous X-ray (ULX) sources with luminosities up to
10*2 erg s~!, which in many cases are similar in nature to
microquasars, have been observed in other galaxies. The
value of microquasars for science is that, in them in
miniature, the same processes occur as in the nuclei of active
galaxies and quasars, which often demonstrate relativistic
jets. In both quasars and microquasars, accretion of matter
onto a relativistic object (a supermassive BH) occurs, only the
source of matter in quasars is not a companion star in a binary
system but the stellar and gas environment of a supermassive
BH in the galactic nucleus. Because of the large masses of
supermassive BHs in quasars (~ 103 —10'0 M), nonstation-
ary processes in their vicinity occur on large timescales, which
makes it difficult to elucidate their nature. At the same time,
in microquasars, all processes occur on relatively short
timescales, which makes them very convenient objects for
investigation.

The unique object SS433 is the first microquasar dis-
covered. In the catalogue of stars with strong Ho hydrogen
emission lines compiled by Stephenson and Sanduleak [1],
this object is listed under number 433; hence its name, SS433.
It is intensely reddened due to interstellar absorption north-
ern sky object of ~ 14th stellar magnitude located in the
center of the W50 nebula, a relatively young (10*—10° years
old) peculiar supernova remnant (plerion, i.e., a supernova
remnant that has an amorphous and elongated structure
rather than a shell).

In 1978, the journal Nature published a paper by British
scientists D. Clark and P. Murdin [2] in which they reported
the optical spectra of a number of compact objects located in
the centers of supernova remnants. SS433 attracted particular
interest, in the spectrum of which, in addition to the standard
emission lines of hydrogen and helium, there are many strong
emission lines that cannot be identified with any of the known
chemical elements. Further spectroscopic studies [3—5] have
shown that there are two systems of emission lines of
hydrogen and neutral helium in the spectrum of SS433:
stationary, fixed emission lines with standard wavelengths,
and moving emission lines that shift periodically across the
spectrum with a period of ~ 162 days by an enormous value,
of the order of 1000 A, which on the velocity scale corre-
sponds to several ten thousand km s~!, (Fig. 1). Nothing like
this had ever been observed by astrophysicists before. The
nature of SS433 seemed mysterious, so the object was dubbed
“the enigma of the century” [6]. In the first press releases there
were even mentions that perhaps in this case we are observing
signals from an extraterrestrial civilization beaming a super-
powered tunable laser at us. Fortunately this hypothesis did
not manage to get into scientific publications, because in
1979 it became clear [7, 8] that the moving emission lines in
the spectrum of SS433 are produced in relativistic
(v ~ 80,000 km s~') collimated (opening angle of ~ 1°) jets
outflowing from a central source and precessing with a period
of about 162 days. The opening angle of the precession cone is
~ 20° and the precession axis is tilted with respect to the line
of sight by an angle of ~ 79°. The moving emission lines are
formed in the outer parts of the jets. The displacements of
these lines along the SS433 spectrum are caused by the
longitudinal Doppler effect, while the constant redshift of
the center of symmetry of motion of the moving lines by
~ 11,000 km s~! is due to the transverse Doppler effect and
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Figure 1. Sequence of SS433 spectra showing stationary and moving

hydrogen emission lines Ho (6563 A). Spectra are marked by modified
Julian days (MJDs, counted from midnight).

reflects the relativistic time dilation in the moving matter of
the jets. Although the nature of the central source remained
unclear, it was speculated that all these phenomena occur in a
binary system [9].

The model of a binary system was confirmed in 1980 in the
work of Canadian scientists Crampton, Cowley, and Hutch-
ings [10], who measured the Doppler shifts of the narrow
components of stationary hydrogen emissions and found a
period of ~ 13.1 days. The authors, by assuming that the
radial velocity curve they measured reflects the orbital motion
of the components, concluded from their data analysis that
SS433 is a low-mass X-ray binary system consisting of a low-
mass optical star (~ 1 M) and a neutron star. As was shown
later in our studies, this conclusion turned out to be incorrect.

In 1980, we performed photometric observations of SS433
[11] and found that this object is an eclipsing variable binary
system. The discovery of optical eclipses in SS433 [11] allowed
us to establish that the radial velocity curve measured by
Crampton, Cowley, and Hutchings [10] does not reflect the
orbital motion of binary components, but describes the
motion of gas in the stream flowing from the inner
Lagrangian point L; onto the relativistic object. Therefore,
it is impossible to estimate the masses of components from
this radial velocity curve. The analysis of optical eclipses in
SS433, as well as the study of the system’s out-of-eclipse
brightness as a function of the precessional 162-day period
phase [11], together with information on the interstellar
absorption for SS433 and its luminosity [12], allowed us to
construct a self-consistent, now generally accepted model of
SS433.

According to[11], SS433 is a massive eclipsing X-ray binary
system at an advanced stage of evolution, where an optical
donor star overflows its Roche lobe and transfers matter onto a
relativistic object at a very high rate of ~ 10~% M, year~!.
Because of the enormous accretion rate onto the relativistic
object, an accretion disk formed around it is opaque to the
generated X-ray radiation. Therefore, accretion proceeds in the
supercritical regime predicted by N.. Shakura and
R.A. Sunyaev [13]. The supercritical accretion disk is an
optically bright object. Relativistic jets are launched perpen-
dicular to the central parts of the accretion disk and track
the 162-day precession of the disk plane, which is tilted to
the orbital plane by an angle of ~ 20°. The moving
emissions are formed in the outer parts of the jets.



1044

A.M. Cherepashchuk, A.V. Dodin, K.A. Postnov

Physics— Uspekhi 68 (10)

The model of SS433 as a massive X-ray binary system
proposed in [11] was confirmed in paper [14], in which the
authors constructed a radial velocity curve from the Hell
4686 A stationary emission line and measured the relativistic
mass function (a lower limit for the mass of an optical star),
which was found to be close to 10 M. A question arose
about the causes of the precession of the accretion disk. As
early as 1973, Katz [15] proposed a model of a slaved
precessing disk to explain the 35-day X-ray cycle of the
Her X-1 binary system (a modern precession model for
Her X-1 can be found in [16]). The same idea was proposed by
Katz to explain precessional effects in SS433 [17]. In 1974,
Roberts [18] proposed a slaved (floating) precession model
for the accretion disk in the Her X-1 system. Even earlier, in
1973, the idea of a slaved disk tracking the precession of the
rotational axis of an optical donor star was proposed by
Shakura [19]. In 1980, the slaved disk model was applied to
analyze observations of SS433 [20]. In this model, the
rotational axis of the optical star precesses under the
gravitational attraction of the relativistic object, and the
accretion disk, which does not lie in the orbital plane, tracks
this precession. The nonperpendicularity of the optical star’s
rotational axis to the orbital plane may be related to an
asymmetric supernova explosion, which turned the orbital
plane of the binary system relative to the optical star’s
rotational axis [18, 21]. To explain the high stability of the
matter velocity in SS433 jets (80,000 km s~!), a model of
radiation acceleration of matter was proposed (the so-called
line-locking effect; see [22, 23]). Thus, by the early 1980s, the
main features of SS433 as a massive eclipsing X-ray double
system in the supercritical accretion regime had been
elucidated. However, many questions remained unresolved.
Here are the main ones.

(1) The nature of SS433 precession variability. Which
model is applicable to SS433: the tidally precessing disk
model [15] or the slaved disk model [19]?

(2) The nature of the accreting relativistic object: neutron
star or black hole?

(3) Why, contrary to theoretical predictions, has a
common envelope not been formed in SS433 that experiences
the secondary mass exchange on a thermal time scale and the
system has evolved as a semi-detached binary?

(4) Is the formation of relativistic jets related to the
supercritical accretion regime, or they are formed by other
mechanisms?

(5) Structure and features of the supercritical accretion
disk around the relativistic object in SS433, including a
powerful stellar wind from: it.

2. Modern status

Object SS433 is the first example of a microquasar in our
Galaxy. It has been studied for more than 45 years in almost
all ranges of the electromagnetic spectrum: optical, infrared,
radio, X-ray, and gamma-ray (see reviews [24, 25] and
references therein). It is a massive X-ray binary system at an
advanced evolutionary stage with a precessing supercritical
accretion disk and relativistic jets. As mentioned above, the
object is located at the center of the relatively young
(10*—10° years old) supernova remnant W50 at a distance
of ~ 5 kpc[11, 24, 26].

The binary system SS433 exhibits three types of regular
spectral and photometric variability: precessional (Pprec =
162.39), orbital (P ~ 13.14), and nutational (Ppy ~ 6.299).

The precessional variability is related to the change in
orientation of the optically bright supercritical accretion
disk and relativistic jets relative to the observer. The orbital
variability is due to eclipses of the components: the disk by the
companion star and the star by the disk. The nutational
variability is related to the wobbling of the disk plane and jets
under the influence of tidal forces acting on the tilted
precessing disk from the orbiting optical star. The orbital,
precessional, and nutational periods are related by a formula
that takes into account the addition of frequencies of the
precessional and nutational variability Py = 2P { + Py
The stability of the precessional period over 45 years (except
for some phase jumps) favors the slaved accretion disk model
[18, 27], because, due to the huge moment of inertia of the
optical star, the period of forced precession of its rotational
axis should be very stable. The model of precessing jets
proposed in [7, 8] was brilliantly confirmed by direct
observations of jets in the radio band with high angular
resolution [28, 29].

Moving emission lines of various chemical elements were
also detected in X-rays [30]. Radio interferometric observa-
tions with a milliarcsecond angular resolution [31] detected an
equatorial outflow of gas from SS433 perpendicular to the
directions of the jets and propagating from SS433 to a
distance of several hundred astronomical units. This may
suggests that the optical star in SS433 overflows its Roche
lobe and the mass transfer occurs not only through the inner
Lagrangian point L; but also through the outer Lagrangian
point L,. Additional arguments pointing at such an outflow
and the presence of a corresponding circumstellar shell
around SS433 rotating with a velocity of about 200 km s~!
are given in papers [32-34].

The W50 nebula, centered on SS433, has been studied in
the optical, radio, X-ray, and gamma-ray bands (see, for
example, [35, 36]). The interaction of relativistic jets with gas
of the nebula determines its elongated shape and the presence
of gas knots (filaments) in the collision sites of jets with the
interstellar medium.

An important and difficult problem in the case of
SS433 is the elucidation of the nature of the relativistic
object: a neutron star or a black hole? The supercritical
optically bright accretion disk in SS433 makes it difficult
to detect absorption lines in the spectrum of the optical
star, so for a long time the mass function of the optical
star was unknown. It was not until more than twenty
years after the discovery of SS433 that the absorption lines
in the spectrum of the optical star were recorded, their
Doppler shifts were measured, and the spectral type of the
star was determined, which turned out to be an A7l
supergiant [37-39]. The semi-amplitude of the optical
star’s radial velocity curve is K, = 58.2+3.1 km s~!, and
the corresponding mass function of the optical star is f, (M) =
(M3 sin® i)/ (My + M,)* = 0.268 M. Similar results were
obtained in paper [40]. In the recent paper [41], along with
the construction of the radial velocity curve of the optical star
in the SS433 system, the axial rotation velocity of the optical
star vyor = 140 4+ 20 km s~ was measured. This allowed those
authors to estimate the component mass ratio ¢g=
My /M, =037 £0.04 and, given the orbital inclination of
the system known from observations of moving emissions
i=179°, to determine the component masses from the
observed mass function of the optical star: My = 4.2+
04M,, M, =11.34+0.6 M, where My and M, are masses
of the relativistic object and optical star, respectively.
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It can be assumed that the mass estimates of the relativistic
object in SS433 based on the spectral data on the absorption
lines and the optical star’s radial velocity curve cannot be
considered to be reliable, because the radiation from the
donor star passes through the moving gas inside the binary
system, as well as through the circumbinary envelope rotating
at a velocity of about 200 km s~'. With an enormous mass-
loss rate of M ~ 10~* M, year~', the matter density in these
structures is very high. Therefore, selective absorption of light
from the optical star in dense moving gas structures can
significantly distort the orbital radial velocity curve con-
structed from absorption lines of the donor star (see, e.g.,
[42-44)).

The situation with stationary emission lines in the
spectrum of SS433 is also uncertain. For example, the mass
function of the relativistic object fi(M) = (M]sin®i)/
(My + MV)Z, as derived from the Doppler shifts of the
stationary Hell 4686 A emission, depends on the phase of
the precessional period and varies from ~ 10 M. [14] to
~ 2 M, [45]. This may be due to the complex structure of
the high-speed wind from the precessing supercritical accre-
tion disk. The shape of this disk may be twisted and
asymmetric, and the wind region in which the stationary
Hell 4686 A emission is formed may not accurately reflect the
orbital motion of the relativistic object. At wind speeds of the
order of 1-2 thousand km s~! and the observed semi-
amplitude of the radial velocity curve constructed from the
Hell 4686 A emission which, according to various studies,
ranges from 112 km s~! [45] to 195 km s~! [14], a small
(~ 10%) wind asymmetry can introduce into the ‘true’ radial
velocity curve errors comparable to the ‘true’ semi-amplitude
of the radial velocity curve. Therefore, the mass estimates of
the relativistic object inferred from the stationary emission
lines in SS433 cannot be considered reliable either.

Due to the described uncertainty, great hopes were placed
on the results of studies of X-ray eclipses in SS433. As the
orbital inclination of SS433 i = 79° is reliably known from the
analysis of periodic displacements of moving emissions and
the optical donor star fills or overflows its Roche lobe (whose
size depends on the component mass ratio ¢ = My/M,), an
analysis of the duration of the X-ray eclipse (when the optical
star screens the central X-ray source or the bases of relativistic
jets) enables estimating the binary mass ratio and then, from
the mass function of the optical star or relativistic object, the
mass of the relativistic object. The first such estimates were
made in papers [46—48]. From the analysis of X-ray eclipses in
SS433 in the 2-10 keV range, using the model of thin
relativistic X-ray emitting jets, the authors obtained a
relatively low mass ratio ¢ ~ 0.15. The optical donor star
was assumed to exactly fill its Roche lobe.

However, there is observational evidence that the optical
star in the system not only fills but even overflows its Roche
lobe and transfers mass not only through the inner Lagran-
gian point L; but also through the outer Lagrangian point L,.
For example, spectral data [32] suggest that the optical star
outflows through the L, point. This means that the star fills
the outer Roche lobe, whose size is 15-20% larger than that of
the inner critical Roche lobe. As noted above, radio
astronomical observations [31] discovered an equatorial
outflow of matter from SS433 perpendicular to the direction
of radio jets, which extends from SS433 to a distance of
hundreds of astronomical units. This also suggests matter
outflows through the external Lagrangian point L, and the
optical star fills its external Roche lobe. This conclusion is

also supported by optical and IR spectroscopic observations
of SS433, which revealed the presence of double-humped
stationary hydrogen lines in its spectrum. These double-
humped emission lines indicate the presence of a circum-
stellar envelope in SS433, which was most likely formed as
a result of matter outflow through the outer Lagrangian
point L.

Recently, theoretical studies [49, 50] showed that, due to a
limited throughput for the outflowing matter in the vicinity of
the inner Lagrangian point L; from a star with a radiative
envelope during the thermal-scale mass transfer process in a
binary system, the star can significantly overflow its inner
Roche lobe for a long time, and the star’s matter can outflow
through the outer Lagrangian point L,.

Thus, since the radius of the eclipsing star in SS433 is
much larger than the size of the inner Roche critical lobe, the
estimate of the mass ratio ¢ ~ 0.15 obtained in [46-48] from
the analysis of the X-ray eclipse duration should be taken as a
lower limit: ¢ > 0.15.

Paper [52] presents the results of an interpretation of the
orbital eclipsing and precessional light curves of SS433 in the
hard X-ray spectrum observed by the INTEGRAL space
observatory. It is shown that, as the X-ray spectral hardness
does not change with orbital and precessional phases of the
system (while the observed X-ray flux changes by a factor of
five), the hard X-ray emission (k7' = 18—60 keV), in contrast
to the soft X-ray emission (kK7 =2—10 keV), should be
formed not in narrow collimated jets, but in an extended
quasi-isothermal corona above the supercritical accretion
disk. According to calculations [51], the corona temperature
is kT ~ 0.2 keV, the mass loss rate in relativistic jets is
Mj =3 x 1077 M, year—!, while the mass loss rate in the
disk wind is M ~ 10* M, year™".

In paper [25], in the framework of the model of SS433 as
an X-ray binary system with an optical star filling the outer
Roche lobe, an estimate of the mass ratio of 18-60 keV was
obtained from a joint analysis of the eclipsing and preces-
sional hard X-ray variability of the system. In this analysis,
the value ¢ > 0.4—0.8 corresponds to a model in which a
‘third not eclipsed light’ from the X-ray radiation scattered in
the extended wind region from the supercritical accretion disk
is taken into account, and, in the case of ¢ > 0.8, the
contribution of the ‘third not eclipsed light’ is assumed to be
Zero.

Summarizing, we can conclude that, based on the radial
velocity curves of the components of SS433, it is not possible
to reliably estimate the component masses, and the analysis of
X-ray eclipses in this system allows us to obtain reasonable
results only under a special model assumption that the donor
star fills its external Roche lobe.

In this review, we present estimates of the mass ratio and
component masses of SS433 from independent observational
data. A 30-year spectral and photometric monitoring of
SS433 has been organized at the Sternberg Astronomical
Institute of Moscow State University (SAI MSU). The
analysis of these data together with published data enabled
us to trace the evolution of SS433 over 45 years and to obtain
independent estimates of parameters of this microquasar.

3. Spectral monitoring

Since 1994, spectral monitoring of SS433 has been carried out
with the SAT MSU telescopes to check the stability of the
object’s parameters and to detect evolutionary effects in this
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massive X-ray binary system at an advanced evolutionary
stage. The observations are carried out at the Crimean
Astronomical Station (CAS) of SAI MSU (1.25-meter ZTE
telescope) and at the Caucasus Mountain Observatory
(CMO) of SATI MSU (2.5-meter telescope). The Crimean
observations have been carried out using the A-spectrograph
designed by V.F. Esipov with a spectral resolution of
R =82/ =~ 1000, and CMO observations have been carried
out with the two-channel Transient Double-beam Spectro-
graph (TDS, spectral range of 3600-7400 A, spectral resolu-
tion of ~ 2000 [52]). The results of monitoring SS433 from
1994 to 2021 and a description of the instrumentation and
data processing methods are published in [27, 53, 54]. Here,
we complement these observations with new ones carried out
in 2021-2024 and present results of their joint analysis.

3.1 Kinematic model of SS433

Figure 2 shows a sequence of SS433 spectra obtained at close
observational nights in the summer—fall of 2023, which
demonstrates stationary Ho emission as well as moving
redshifted (Ha') and blueshifted (Ho™) emissions. The
moving emissions demonstrate a complex time-dependent
multicomponent structure. This reflects the fact that matter
in the jets is concentrated in separate clumps whose
luminosity at the Ho line frequencies fades as the clumps
move away from the center of the supercritical accretion disk
(Fig. 3). The characteristic decay time ¢ in moving emission
lines is not constant and ranges from a fraction of a day to
several days, which imposes constraints on the matter density
in jets ne ~ 1013 /8¢ ~ 108 cm~3. Figure 4 shows a segment of
the radial velocity curve measured from the moving Ha™ and
Ho~ emissions for the same time interval as in Fig. 2. These
curves clearly display the nutational variability of the radial
velocities with period Py ~ 64,29, which is superimposed

4000
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Figure 2. Stationary and moving emissions in spectrum of SS433. Sequence
of SS433 spectra obtained in summer—autumn 2023 at CMO SAI MSU.
On ordinate axis— time in modified Julian days.

MID 59402.9

[ [
|
[
[ MIJD 59398.9
| | | | |
5800 5900 6000 , 4 6100 6200

Figure 3. Structure of moving Ho emissions forming in relativistic jets.
Displayed are three spectra of SS433 obtained with interval of two days.
One can see effect of gradual fading of moving line and multicomponent
structure of moving lines, partly explained by fading effect. Moving line
component and its residual afterglow are connected by blue dashed lines.

on the precessional variability with period Pprc = 160 days.
The center of symmetry of the motion of moving emissions is
redshifted relative to the stationary Ho emission by ~ 200 A
(on the velocity scale of ~ 11,000 km s~!), which, as already
noted, is due to the transverse Doppler effect.

The Doppler shifts of the moving lines are usually
described by a simple geometric model that includes preces-
sion and nutation changes in the direction of the jet
perpendicular to the accretion disk plane and assumes that
the jet and counter-jet move along the same straight line with
the same velocity [26, 56]:

zy +1 = Zprec+ T Znuts 5
Zpreex = 7[1 & Bsinisin 0cos (@e.(1)) = fcosicos O] ,
Znut+ = F= Zpy( €COS ((pnut(z)) )

2n(t — tp)
L) ="——
q)pru.( ) Pprec )
2n(t — tut)
Pout) = 5, (1)
nut

where z, =4, /49—1 is the observed line shift, zprec+ is the
contribution from the transverse Doppler effect and preces-
sion, zpy+ is the correction for nutation, f =wv/c is the
dimensionless jet velocity, i is the inclination of the preces-
sional axis to the line of sight, 6 is the opening angle of the
precession cone, y = 1/[1 — ﬁz]l/z is the Lorentz factor, Ppyec
is the precessional period, fy is the initial epoch when the
positions of both line components are maximally displaced
(ignoring nutation), Z,, is the amplitude of change of z,y+,
Py 1s the nutation period, and t,, is the initial epoch to
describe nutation.

The unknown model parameters 8, 0, i, Pprec, 10, Znuts Pout
tnut and their errors are determined by the least-square method
using the Levenberg—Marquardt algorithm [57]. Spectral
observational data (including both our new and previously
published data) obtained over 45 years from 1978 to 2023 were
used. The total number of measured positions of the moving
lines is 2239 and 1926 for the blue and red components,
respectively. The methods and results of solving our inverse
problem are described in papers [27, 53, 54]. As the SS433
precessional variability shows jumps in the initial phase (see
below), we determined the kinematic model parameters using
relatively short time intervals lasting 23 years.
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Figure 4. Precession-nutation displacement of moving lines. Time interval
corresponds to Fig. 2. Gray curve corresponds to kinematic model with
parameters found from time interval shown. Seen are deviations from
regular variability caused by rapid change of jet direction from mean value
(jitter) [55]. Doppler shifts of blue and red Ho emissions as a function of
time are plotted on ordinate axis.

In the case where both components (‘red’ and ‘blue’ lines)
are measured together, one can directly determine the f
parameter for each observation from the transverse Doppler
effect (assuming symmetrically outflowing jets):

/3:\/1<1+Z;Z+)2. 2)

Such calculations show that f(7) is not a constant and can
vary with time in the interval of 0.21-0.30. However, taking
into account this variability when determining the model
parameters does not increase the accuracy, because it limits
the number of observations by those with simultaneous
measurement of both components of the moving lines,
which is not always possible (e.g., due to superposition of
the moving line on the stationary line Ho or absorption bands
of the terrestrial atmosphere, or the limited spectral range of
the TDS spectrograph). For this reason, the parameters of the
kinematic model were determined by keeping f§ constant over
the time interval considered.

3.2 Parameters of kinematic model

The parameters of the kinematic model are summarized in
Tables 1 and 2 and are shown in Fig. 5. The last point in
Fig. 5 corresponds to the time interval from 2021 to 2023. It

Table 2. Nutational parameters of model. Mean values over 45 years are in

last row.

NO' Znul, 1073 Pllu[a day tlll.l[ﬂ day
1 3.5(0.5) 6.2945 (0.0026) 44297.84 (0.15)
2 3.9(0.8) 6.2843 (0.0058) 45298.02 (0.21)
3 5.8 (1.0) 6.3005 (0.0046) 46832.07 (0.18)
4 8.6 (1.5) 6.2809 (0.0031) 48259.57 (0.17)
5 7.8(0.9) 6.2929 (0.0023) 49988.76 (0.11)
6 6.6 (1.0) 6.2834 (0.0034) 51032.27 (0.15)
7 5.2(1.0) 6.2884 (0.0040) 52082.07 (0.20)
8 7.3(0.6) 6.2870 (0.0018) 53207.55 (0.08)
9 9.3(0.9) 6.2917 (0.0022) 54321.00 (0.10)
10 8.2(0.5) 6.2887 (0.0013) 55534.53 (0.06)
11 6.2 (0.7) 6.2919 (0.0021) 56509.28 (0.11)
12 6.9 (0.7) 6.2879 (0.0021) 57653.64 (0.11)
13 7.8 (0.6) 6.2888 (0.0024) 58949.24 (0.08)
14 8.9(0.7) 6.2858 (0.0020) 59797.68 (0.09)
6.3(0.3) 6.28802 (0.00005) 51126.64 (0.05)

can be seen that all parameters of the kinematic model are
stable on average over 45 years and do not show noticeable
secular changes. This supports the model of a slaved
accretion disk tracking the precession of the rotation axis
of the optical star [18-20]. At short time intervals of the
order of several years, some deviations in the kinematic
model parameters from the mean values are observed, but,
with the exception of the Pp. parameter, these deviations
do not exceed 2-3 ¢ and are most likely due to the complex
and variable shape of the profiles of moving emissions (see
Fig. 3), which makes it difficult to precisely determine the
positions of these emissions. In the case of the precession
period Pprc, significant deviations of the instantaneous
values of Ppr. from the mean value are observed. As
shown in paper [27], these deviations reflect phase jumps
in the precessional variability.

3.3 Jumps in precessional phases

As seen from Fig. 5, the observed value of the precessional
period in the absence of secular variations sometimes
deviates from the mean value of 162¢,3 by an amount
reaching ~ 2¢ (~ 1% of Ppe.). These phase jumps can be
seen in Fig. 6, where a comparison of the observed radial
velocities of moving emissions with the average kinematic
model constructed from a 45-year span of observations is
shown for several time intervals. This Figure 6 suggests
that the phase deviations in the precessional variability

Table 1. Precessional parameters of model. Mean values over 45 years are in last row.

No. JDstart —JDeng, day p 0,° i° Pprec, day 1o, day
1 43688 —44946 0.2602 (0.0013) 19.87 (0.17) 78.71 (0.11) 162.65 (0.07) 44320.49 (0.2)
2 4504846114 0.2621 (0.0021) 18.81 (0.27) 79.36 (0.17) 162.26 (0.22) 45295.15 (0.5)
3 4632047408 0.2578 (0.0028) 20.66 (0.45) 79.96 (0.27) 162.96 (0.23) 46919.48 (0.7)
4 47668 —48870 0.2594 (0.0046) 19.38 (0.60) 79.39 (0.42) 162.02 (0.23) 48376.11 (0.8)
5 4933650381 0.2568 (0.0026) 19.98 (0.33) 78.93 (0.21) 163.96 (0.17) 50000.08 (0.5)
6 5057051488 0.2586 (0.0028) 19.88 (0.38) 78.35(0.26) 161.58 (0.18) 51134.20 (0.4)
7 5162652560 0.2591 (0.0027) 18.87(0.37) 78.38 (0.25) 160.91 (0.18) 52104.14 (0.5)
8 5275453654 0.2558 (0.0018) 20.02 (0.24) 78.79 (0.15) 163.32 (0.13) 53244.92 (0.4)
9 5385054748 0.2620 (0.0027) 18.95(0.34) 79.04 (0.22) 163.62 (0.18) 54381.39 (0.5)
10 54944 - 55860 0.2601 (0.0016) 19.57 (0.22) 79.28 (0.14) 163.20 (0.11) 55517.31(0.3)
11 56043 — 56958 0.2575 (0.0020) 20.39 (0.27) 79.23 (0.17) 162.21 (0.11) 56656.28 (0.3)
12 5718658046 0.2579 (0.0023) 19.82(0.31) 79.38 (0.20) 163.02 (0.14) 57632.05 (0.5)
13 5831459202 0.2600 (0.0020) 19.56 (0.25) 79.19 (0.15) 161.13 (0.17) 58935.07 (0.3)
14 59279-60254 0.2578 (0.0023) 19.39 (0.26) 79.40 (0.19) 160.14 (0.17) 59898.78 (0.4)
43688 - 60254 0.2591 (0.0007) 19.64 (0.10) 78.92 (0.06) 162.310 (0.002) 51298.908 (0.13)
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Figure 5. Parameters of kinematic model of SS 433 (see Tables 1 and 2).
Bold dots on right (14th interval) are derived from new data.
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Figure 6. Observed radial velocities of moving lines v/c¢ for individual
three-year intervals are shown as dots (Ha™) and X’s (He ™). Solid line
corresponds to kinematic model constructed using data from each interval
separately. Dashed line corresponds to kinematic model constructed from
all available data (from paper [27]).

occur on timescales comparable to the length of the
intervals themselves. As each interval encompasses sev-
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Figure 7. Observational season-averaged shifts in phase of precessional
variability relative to mean kinematic model for all data, including new
observations from 2022-2044 season (rightmost points, boldfaced).

eral precessional periods, we can find the mean deviation
of the observed curve from the mean value for each
observational season by fixing the parameters of the
kinematic model at their average values. The time
dependence of such deviations is shown in Fig. 7, where
there are two striking large episodes: lagging (around
2002) and advance (2019) in phase from the mean curve
by ~ 11 days. Both deviations occurred on timescales of
less than one year and disappeared within 2-3 years.

In the slaved disk model, the propagation of relativistic
jets tracks the precessing rotation axis of the donor star.
However, precessional changes in the direction of this axis
are not reflected in the direction of jets instantaneously, but
after some time, which is necessary for matter with a new
angular momentum vector to reach the formation site of
relativistic jets, i.e., after about the viscous time of the
accretion disk. In such a model, the observed phase
fluctuations can be naturally related to the changes in
viscous time. But then, as follows from our data, on
average, this time cannot be less than 11 days, and most
likely it amounts to several ten days.

3.4 Orbital modulation of matter velocity

in relativistic jets

New data confirm the absence of secular variations in the
absolute value of matter velocity in relativistic jets. As follows
from the data in Table 1, the 45-year average value of the
parameter f = v/cis f = 0.2591 £ 0.0007. The entire 45-year
series of observations reveal a periodic variability of the
parameter () with the orbital period with a full amplitude
of ~ 0.04 (Av ~ 12000 km s~!) (Fig. 8). The modulation of
the velocity () with the orbital period was noted in papers
[27, 36, 53, 54]. In the same papers, it was hypothesized that
this modulation can be caused by a small ellipticity of the
SS433 orbit. In this case, the distance between the compo-
nents changes with the orbital period phase, which leads to a
change in the mass inflow rate from the donor star into the
accretion disk and may affect the velocity of matter in the jets.
The ellipticity of SS433’s orbit with eccentricity e ~ 0.05 was
discovered in paper [58] from an analysis of the 45-year
average light curves in the phases of maximum disk opening
with respect to the observer when the eclipsing light variations
are most regular and weakly affected by the physical
variability of the system.
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Figure 9. Variation in equivalent width EW (a) and width ¢ (b) of
stationary Ho line. Data for EW are given only for moments
T3 £ 0.2Pprec and off eclipses. Black dots are mean values over intervals
and their errors. From paper [27] with additions.

3.5 Stationary emission line Ha
Stationary Heo emission does not demonstrate significant
secular changes either (Fig. 9). The equivalent width of Ha
and its Doppler width ¢ stay on average constant over
25 years. On short timescales, significant irregular deviations
from the mean values are observed. Among these irregular
deviations, there is a regular component: the equivalent width
of the stationary emission Ho varies with a period close to
Pprec/2 with maxima near phases @, ~ 0.18 and 0.68. The
flux in the He line calculated from the equivalent width using
the mean precessional photometric light curve as a continuum
reduces the maximum at @ ~ 0.6, leading to a flux
variability in the line with Py but with a phase shift relative
to the quiet light curve in the V filter of about 0.15 (Fig. 10).
To quantitatively describe the effective Doppler width of
the steady-state emission Ho, we used its rms deviation on the
velocity scale V-

o2 = J(V— Vo)l f(v)dv,

Pprec

Figure 10. Variation in relative flux (off eclipses) (a) and width o (b) of
stationary Ho line as a function of precessional phase. Summary off-
eclipse precessional light curve is shown in bottom panel. (From paper [27]
with additions.)

where f(7) is the normalized line profile, and Vj corresponds
to the center of the line.

In the variations in the Doppler width of stationary Ho
emission, a regular precessional variability is distinguished,
phased in such a way that the narrowest lines are observed at
the maximum disk opening (see Fig. 10). This points to a
complex structure of the wind from the precessing super-
critical accretion disk. Identification of this structure and the
physical mechanisms of its formation is a separate task.

4. Photometric monitoring

The photometric monitoring of SS433 was carried out in
parallel with the spectral monitoring. The CAS (60-cm
Zeiss-600 telescope) and CMO telescopes (RC600 automated
60-cm telescope [59] and 2.5-m telescope [60]) were used.
Multicolor BVRI (60-cm telescopes) and UBVRI
(2.5-m telescope) CCD photometric observations of SS433
were performed. All data were processed in the standard way
(dark frame subtraction, correction of sensitivity
nonuniformity across the frame, etc.). SS433 brightness was
determined by the aperture photometry with reference to five
comparison stars. For a description of the instrumentation
and details of the processing of observations, see paper [27].

In Figure 11, we present photometric V-observations of
SS433 obtained from 2019 to 2024. A regular precessional
and eclipsing variability is visible, overlaid by occasional
irregular deviations and outbursts. This reflects the complex
nonstationary processes accompanying the supercritical
accretion regime.
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Figure 12. Precessional X-ray (40-60 keV) light curve (blue dots). Solid
curve is model. (From paper [25].)
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Figure 13. Precessional-orbital variability of SS433 over all 45 years of
observational data. Semitransparent points are used to better display over-
lapping data. Note that in phases near crossovers (interval 5 and 9), we
observe increased physical activity of system separating precessional varia-
bility into two states— high and low. Since these effects are weakly manifested
in phases of maximum disk opening (intervals —2—+2 around moment 73
marked by vertical dashed line), the precessional variability in high state is
practically absent. (From paper [61].)

Figure 10c shows the convolution of all out-of-eclipse
photometric observations in the V filter with the precessional
period. On top of the irregular variability, a regular preces-
sional variability with an amplitude of the order of one stellar
magnitude, caused by the change in the projection of the
precessing accretion disk with a hot corona onto the sky plane,
is clearly revealed. In the hard X-ray range of 18-60 keV, a
similar precessional light curve shows in the phase @,;c ~ 0.5
a secondary maximum [25] because the relatively thin
precessing accretion disk in this phase is visible from the
other side (Fig. 12). No secondary maximum on the preces-
sional light curve is seen in the optical range. This indicates the
presence of an optical photosphere over the disk with a
geometrical thickness much larger than in hard X-rays from
the hot corona.

4.1 Precessional and orbital UBVRI light curves
As noted above, the SS433 luminosity undergoes three types
of regular periodicity: precessional (Ppec &~ 16294,3), orbital
(eclipsing Py ~1394, 1), and nutational (P ~69,29). The
precessional and orbital periodicities have the largest amplitude.
The orbital light curve changes with the precessional
phase. However, because the precessional period is ~ 12
times longer than the orbital one, we can ignore the change
in the orbital light curve over a small interval of precessional
phases (e.g., over a phase interval corresponding to one
orbital period) and average the orbital light curves over
small intervals of the precessional period phases.

In Figure 13, we show the precession-orbital UBVRI light
curves of SS433 constructed in this way. It can be seen that the
amplitude of the precessional variability as well as the depth
of the eclipses grow with shortening wavelength. The regular
precessional and eclipsing variability is superimposed by
irregular flares. The greatest regularity of the eclipsing light
curve is observed during the maximum opening of the
accretion disk to the observer. In the main eclipse minimum,
the donor star eclipses the accretion disk, while in the
secondary minimum, the disk eclipses the star.

4.2 Eclipsing light curve

at maximum accretion disk opening

Figure 14 shows the orbital eclipsing UBV RI light curves of
SS433 corresponding to the maximum opening of the
precessing accretion disk with respect to the observer (the
moment 73). The specific features of these eclipsing curves
can be seen.

4.2.1 Third not eclipsed light in system. The depths of the main
and secondary eclipse minima grow synchronously with
wavelength shortening. This indicates the presence of a third
light in the system, which is not obscured by the components
and whose contribution decreases with wavelength short-
ening. The parameters of this third light are calculated in
paper [61]. In that paper, we show that the main sources of the
third not eclipsed light in the SS433 system with a huge wind
mass-loss rate of ~ 10~* M, per year~! are the peripheral
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The contribution of the not eclipsed third light to the total
luminosity of the system increases from 15% in the B filter
(A~ 4500A) to 40% in the I filter (4~ 8000A). The
spectrum of the third not eclipsed light in the range
2. = 4000—8000 A corrected for interstellar absorption (the
total absorption in the filter V'is 4 ~ 5—9 magnitudes) can
be described by the power law F (1) ~ A"

4.2.2 Absorption in common envelope as a cause of out-of-
eclipse variability. The donor star in SS433 overflows its
Roche lobe and is strongly tidally deformed. The orbital
revolution of this star can lead to a significant off-eclipse
variability of SS433 (ellipsoidality effect). The out-of-eclipse
variability is observed in the orbital light curves (see Fig. 14).
However, the contribution of the donor star to the total
optical luminosity of the system is relatively small (less than
26%), and the optical emission of SS433 is dominated by the
supercritical accretion disk, from which the ellipsoidality
effect should not be observed. Therefore, the out-of-eclipse
variability of SS433 is mainly caused not by the ellipsoidality
effect from the donor star, but by absorption of radiation
from the system components in the common translucent shell
during the orbital motion of the components. The common
absorbing shell is formed by powerful stellar winds from the
disk and the optical star. At a mass loss rate of 10™* M, per
year, the matter density between the components and in the
circumbinary shell must be large enough for the effect of

Figure 16. Mean orbital light curve of SS433 from 1978-2012 data in
precessional phase interval T3 & 0.2Pp.. Phase shift of secondary mini-
mum relative to ¢ = 0.5 indicates orbital eccentricity of binary. (From

paper [58].)

such absorption to be significant. This is confirmed by
calculations of the light curves of eclipsing binaries with
powerful wind [62].

4.2.3 Orbital ellipticity of SS433. As seen from Figs 14 and 16,
in all UBV RI eclipsing light curves, the secondary minimum is
shifted relative to the center between the two main minima by
~ 0.02 orbital phase, indicating that SS433’s orbit is eccentric
rather than circular, as previously thought on the basis of less
observational data. The discovery of the ellipticity of the
SS433 orbit with eccentricity e ~ 0.05 £ 0.01 was reported in
paper [58].

Previously, due to the significant physical variability of
SS433 and insufficient observational data, a shift of the
secondary minimum in the eclipsing light curve of SS433
relative to the center between the two main minima was not
observed, so a circular orbit model was assumed for SS433.
However, in the case of SS433, the circular orbit does not fit
the slaved accretion disk model. The slaved disk model seems
very attractive, because there is a natural mechanism for it. A
small asymmetry of the supernova explosion accompanying
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the formation of a relativistic object can turn the orbital plane
of the binary system relative to the spin axis of the optical star.
As a result, a binary system appears in which the rotational
axis of the optical star is not perpendicular to the orbital
plane. The star begins precessing under the action of tidal
forces from the relativistic object, which leads to the
formation of a slaved accretion disk. The theory of synchro-
nization of axial and orbital rotation [63] suggests that the
synchronization of the axial and orbital rotation of the binary
components occurs earlier than the orbital circularization.
But then, if we accept the circular orbit model for SS433, we
must assume that the synchronization of axial and orbital
rotation of the optical star in SS433 had time to complete, i.e.,
the rotational axis of the donor star must be perpendicular to
the orbital plane. In this case, the accretion disk would lie in
the orbital plane and would not change its orientation relative
to the observer. No precessional variability would be
observed. The discovery of the ellipticity of the orbit of
SS433 [58] relaxes this contradiction and strongly supports
the slaved accretion disk model in this system. Clearly, the
orbital eccentricity does not guarantee that the rotational axis
of the optical star can be tilted to the orbital plane but does
allow it. This is why the discovery of the orbital ellipticity is
not proof but a strong argument favoring the possible tilt of
the rotational axis of the optical star to the orbital plane. The
discovery of the orbital ellipticity of SS433 also allows us to
explain variations in the matter velocity in relativistic jets of
SS433 with an orbital period (see above).

4.3 Precessional variability

of minimum brightness of SS433 in eclipse minima

Figure 13 suggests that both out-of-eclipse flux and flux at the
main eclipse minimum (where the accretion disk is eclipsed by
the donor star) change with the precessional period of SS433.
The mean light curve Vi, in the V filter and the mean color
indices Vinin — Imin for the moments of the main minimum as a
function of the phase of the precessional period Pp. are
shown in Fig. 15. It can be seen that the amplitude of the
regular variability of the brightness in the main minimum in
the V filter is 0™,3—0™,4, and the color index Vi, —
varies almost irregularly within the limits 0™, 1.

It should be emphasized that, since the orbital inclination
i=79° of SS433 is reliably determined from the moving
emissions (see Table 1), for a low binary mass ratio
q = My/M, = 0.15 found from an analysis of X-ray eclipse
durations [64], due to the relative smallness of the Roche lobe
size of the relativistic object, a total eclipse of the accretion
disk by the donor star should be observed [65]. In this case, the
minimum flux in the middle of the main eclipse should not
vary with the precessional period, which contradicts observa-
tions (see Figs 13, 15). A significant variability in the
minimum eclipse flux with the orbital period phase favors
partial eclipses of the accretion disk by the donor star in
SS433. This means that the binary mass ratio is close to unity,
suggesting the presence of a black hole in SS433.

There is some possibility that the decrease in the minimum
eclipse flux of SS433 in the ‘crossover’ phases (the disk is seen
edge-on) and in the phase ¢, = 0.5 (the disk is seen from the
other side) can be due to an enhanced absorption of light from
the system in an inhomogeneous circumbinary envelope.
However, in this case, both the flux and color of radiation
should change. The color index Viin — Inin for the minimum
eclipse flux of SS433 with the precessional period phase does
not reveal a noticeable regular component, but shows some

1 min

tendency to increasing (reddening) during the eclipse, while
free-bound absorption in ionized matter, on the contrary,
would lead to a bluish color. The reddening tendency may be
due to the fact that, in these phases (disk edge-on), radiation
from the colder outer parts of the disk is observed. Thus,
Figs 13, 15 confirm the presence of partial eclipses in SS433,
suggesting a mass ratio ¢ close to unity [61].

4.4 Eclipsing light curves in different phases

of precessional period

In Figures 17, 18 we present light curves of SS433 in phases far
from the maximum accretion disk opening (¢,c = 0).

(1) Phase @, of the first crossover — the moment of the
first coincidence of the positions of the moving emissions
Pprec ~ 0.34 (the disk is seen edge-on).

(2) Phase @p.—when the disk is seen from the other
side, @ = 0.5 (the plane of the disk is tilted with respect to
the line of sight by an angle of ~ 9°).

(3) Phase ¢, of the second crossover — the moment of
the second coincidence of the positions of the moving
emissions ¢, ~ 0.66 (the disk is seen edge-on).

Note that the phase @, ~ 0, when the disk is maximally
open to the observer, corresponds to the angle between the
disk plane and the line of sight of ~ 31°.

As seen from Figs 17, 18, the shape of the SS433 light
curves in phases far from the moment of the maximum disk
opening differs significantly from the light curve of a classical
eclipsing binary. Clarification of the reasons for this differ-
ence is a separate problem.

That the orbital curves in the crossover phases (see Fig. 17)
clearly demonstrate two states was unexpected. In the high
state, the mean level of the orbital curve is increased and
barely differs from the mean light of the system at the time of
the maximum opening of the accretion disk (the precessional
variability is strongly reduced). In the low state, the mean
luminosity of the system is significantly reduced compared to
the mean luminosity at the time of the maximum opening of
the accretion disk (large amplitude of the precessional
variability). This unusual variability of SS433 in crossover
phases was previously noted in paper [66]. As the precessional
variability is due to the flattening of the photosphere of the
supercritical accretion disk, the presence of these two states in
SS433 suggests changes in the disk photosphere flattening: the
shape of the supercritical disk photosphere changes over a
time on the order of a few days, much shorter than the orbital
period. The elucidation of the nature of the two-component
structure of orbital light curves of SS433 in ‘crossovers’ is a
separate, as yet unsolved, problem.

4.5 Secular evolutionary increase in orbital period

The orbital period of SS433 Poy =~ 134, 1 demonstrates
remarkable stability despite the strong wind from the disk
and the intense secondary mass exchange in the system on the
thermal timescale of the optical star. From the approximate
constancy of the orbital period of SS433 and analysis of the
balance of angular momentum loss from the system, papers
[67, 68] inferred a large binary mass ratio ¢ = My/M, > 0.6
and concluded that there is a black hole in the system.

The accumulation of a large number of photometric
observations of SS433, in particular in the interval of 2019—
2024 using the RC600 automated 60-cm telescope (Caucasian
Mountain Observatory of SAI MSU), remotely controlled
from Moscow, together with the use of all available photo-
metric observations of SS433 since 1979 (see, e.g., the
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differing by mean brightness by almost 0™, 5.

database published by V.P. Goransky), allowed us to discover
a secular increase in the orbital period of this system [58]. The
45-year series of photometric observations was divided into
nine time intervals with a duration of about 4-5 years. We
selected observations in the phases of the precessional period
close to the maximum opening of the accretion disk, when the
eclipsed light curve demonstrates the most regular shape (see
Fig. 14). We then searched for change in the orbital period
using two methods.

(1) The Hertzsprung method, where the average eclipse
light curve for all 45 years (black curve in Fig. 19) is calculated
and superimposed on each individual light curve (red curve
and dots in Fig. 19) corresponding to each time interval. The
standard deviation of the individual light curve from the
mean curve is minimized. The resulting value is the O — C plot,
the time shift between the mean and the individual light curve.
Fig. 20a shows the time dependence of the observed O—C
values. We also show approximations of the O—C plot by a
straight line (the period does not change but needs to be
refined) and a parabola (the period increases with time). It is
seen that the parabolic approximation is much more prefer-
able (the values of the minimum reduced ? differ by a factor
of ~ 4). This gives us good reason to believe that the orbital
period of SS433 increases with time at a rate of
1.14 £ 0.25) x 1077 seconds per second.

(2) A method based on approximating the main minimum
of the light curve by a Gaussian. By superimposing the
Gaussians on the light curves corresponding to the selected
time intervals, one can plot the O— C values (Fig. 20b).

Both methods lead to the conclusion that the orbital
period increases, but the Hertzsprung method gives a more
accurate quantitative result, from which a new ephemeris for
the middle of the main minimum is calculated [69]:

Tiin = 2451737.54 + 13.08250E +7.3 x 1077E?
+0.03  +£0.00005 +1.6.

To explain the secular increase in the orbital period of
SS433, we consider a physical model with component masses
M, and M, at the nonconservative mass exchange stage under
the following assumptions.

e The mass loss from the system is completely determined
by the mass-loss rate from the optical star M, and the mass
growth of the compact object is negligibly small: M, = 0;

e The fraction f of the transferred mass through the
Lagrangian point L; further outflows through the super-
critical accretion disk in a completely isotropic way from the
compact object as a disk wind: My, = fM,;

e The fraction (1—pf)M, of the mass lost by the optical
star leaves the binary system through the external Lagrangian
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Figure 19. Orbital light curve of SS433 (points) near precessional phase of
maximum disk opening 773 & 0.2 Pprec from 2021-2024 photometry data
(147 points in total). Solid black curve is mean orbital light curve from
averaged observational data for ephemeris with constant orbital period.
Red dashed line— orbital light curve amplitude-scaled to 2021-2024 data
showing significant shift of minimum, which corresponds to an increase in
orbital period (Hertzsprung’s method).

point L, and forms a disk-like shell in the orbital plane
around the system with specific angular momentum K (in
units of the orbital angular momentum).

From the total angular momentum conservation in this
physical model of a binary system with strongly nonconserv-
ative mass exchange via a supercritical accretion disk around
a compact object and additional mass loss from the system
through the external Lagrangian point (see detailed deriva-

3)

where J = (MxM,/M)v/GMa is the orbital angular momen-
tum. The first term in this formula corresponds to a fully
conservative mass exchange in which M, + My = M = const,
p =0, K= 0. The second term is responsible for the isotropic
re-emission of matter from the system under the action of
radiation pressure from the supercritical accretion disk (the
so-called Jeans mode), in which the specific angular momen-
tum carried away by the wind is equal to the orbital
momentum of the compact object.! The last term is
conveniently parameterized by the specific angular momen-
tum of matter K carried away from the system through the
external Lagrangian point L, in units of orbital angular
momentum. In particular, for the mass loss through a disk
of radius R,y in the equatorial plane of an orbit with angular
velocity vg(Rout), We have

o 1/3
< Porb ) '
Substituting Poy, = 139, 1 into formula (4) and normal-

izing vy and Ry to 220 km s~! and 0.7 milliarcseconds
obtained from VLTI GRAVITY observations of gas out-
(Rout) Rout Mv

flows in the vicinity of SS433 [70], we get
-2/3
~ 5.1 . 5
(220 km s’l) (0.7 arcsec) (15 M@) )
! This approximation is valid for the supercritical disk in SS433, since the

spherization radius is much smaller than the Roche lobe of the compact
object. See below in Section 5.

_ Uq‘)(Rout) out
(GM,)*?

“4)
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This is an extremely large value, and the physical mechanism
for the additional angular momentum supply into such a disk-
like shell is unclear.

However, the observed quantity in SS433 is not the orbital
semi-major axis a but the orbital period P,,, which is related
to the semi-major axis by Kepler’s third law. In the case of
nonconservative exchange from the system, we obviously
have the relation 2P /Porv = 3(a/a) — M /M, from which
we finally obtain the formula for the rate of change of the
orbital period in our model:

Pory 7(MV> <3q2+2q—3ﬁ—3K(1_5)(1+q)5/3>.

Poy  \ M, q(1+q)

(6)

Note an important feature of this formula: regardless of
the mass-loss rate from the optical star, the sign of the orbital
period change will be determined only by the mass ratio
q(p,K).

Thus, with the measured rate of orbital period increase
Poy = (1.14 £0.25) x 107 ss~! and under the assumption
that M,/M, < 0, equation (6) provides constraints on the
component mass ratio ¢ = My/ M, in the system (see [58, 67—
69] for more details). The main findings from this analysis are
as follows.

(1) The component mass ratio is confidently bounded
from below by the value ¢ = 0.8. With the mass of the optical
star in SS433 M, ~ 10 M, [71] derived from the known
apparent stellar magnitude and distance to SS433 d =~ 5 kpc,
this means that the mass of the compact object confidently
exceeds the upper mass limit of neutron stars ~ 3 M, i.e., the
compact object in SS433 is a black hole with mass
My ~ 8 M. Such a mass is close to the average mass of
black holes in X-ray binaries [72].

(2) In the framework of the physical model of
nonconservative mass transfer in SS433, small values of the
mass ratio ¢ <0.2 are excluded, otherwise we would observe a
secular decrease in the orbital period of the binary system,
which contradicts the observations. Thus, the dynamical
arguments rule out the possibility of the presence of a
neutron star in SS433.

(3) With the optical star mass 10—15 M, and the mass
transfer rate M, ~ 3 x 107°—10"* M, per year~', close to
the expected mass transfer rate on the thermal timescale of the
star txy = GM?/RL, My ~ M, /txn~3 x 107> [M, year™']
(M, /10 M,)*, the observed increase in the orbital period also
implies an increase in the large semi-major axis of the binary
system. The analysis in [69] shows that the parameters of the
SS433 binary system are close to the case where the size of the
Roche lobe keeps almost constant during the mass exchange.
This can explain the fact that SS433, contrary to the
theoretical predictions of the standard scheme of evolution
of massive close binary systems [73], does not enter the stage
with a common envelope, but remains a semi-detached close
binary system at the stage of supercritical accretion onto a
compact object.

It was also shown that the model of a third body in a
system, in which the binary orbital period can also vary, is
confidently rejected because the expected mass of the third
body must exceed 16 M. If such a massive star in the SS433
system were present as a third body, its spectral lines would
be easily detected, which contradicts the spectral observat-
ions.

4.6 Optical flares

Figure 13 shows that SS433 exhibits significant irregular
flaring variability at characteristic times of a few days and
with an amplitude of up to 0.5-1 magnitude, of the same order
as the amplitude of the regular precessional and eclipsing
variability.

It is important to note that the flares are observed in both
off-eclipses and in-eclipse phases when the central part of the
accretion disk is screened by the donor star. A particularly
striking example of such a flare is given in a recent paper on
the photometric monitoring of SS433 from the TESS space
observatory [74]. In this case, a flare lasting about two days
was observed near the phase of the main minimum of the
eclipsing light curve, and the observed optical flux increased
by a factor of ~ 3. Studying the nature of flares in SS433 is a
separate problem. The flaring activity of SS433 and identifi-
cation of two photometric states of this system (active and
passive) were studied earlier in paper [66].

5. Physical model, supercritical accretion disk,
and evolutionary status

5.1 Supercritical accretion in SS433

Since the pioneering work of N.I. Shakura and R.A. Sunyaev
[13], supercritical (super-Eddington) accretion on compact
objects (neutron stars, black holes) has been in the focus of
high-energy astrophysics. This accretion mode is the physical
basis for the interpretation of observations of microquasars
(including SS433) [24, 75] and ultra-luminous X-ray sources
[76-78] and is invoked to explain the rapid mass growth of
supermassive black holes in the nuclei of galaxies at high
redshifts [79, 80]. SS433 remains the most well-studied object
of this class and also has unique features — precession and
nutation of the disk and jets.

The key difference between supercritical disks and
standard Keplerian disks in the theory of Shakura and
Sunyaev is the presence of the so-called ‘spherization radius’
of the accretion flow, starting from which the local energy
release exceeds the Eddington luminosity limit

4dnGMyc
Lgqq = fx ;

where G is the gravitational constant, M, is the accretor’s
mass, ¢ is the speed of light, and y is the opacity of the
accreting matter. In the case of a purely hydrogen plasma and
Thomson scattering, y = or/m, ~ 0.4 cm?> g~', m, is the
proton mass, and the Eddington limit is Lggq ~
1.3 x 10 erg s7!(M,/M). When the local Eddington limit
is exceeded, the radiation pressure begins to sweep matter out
with a parabolic velocity from radius rg determined from the
relation

1 GM M
2 7

= Lgad,

where M is the accretion rate in the disk. Thus, in the
supercritical regime, only a small fraction of the matter
accretion rate corresponding to M(r) = M (r) penetrates
inside the spherization radius and reaches the last stable
orbit around the black hole, which defines the inner
boundary of the disk. Often, the accretion rate is normal-
ized to a critical value corresponding to the Eddington
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luminosity of accretion onto a black hole Lgqq ~ 0.1 M2,
M (My) ~ 1077 [M,, year '](My/10 M). For SS433, M ~
107 M, year ! = 10°M (10 M). The sphericalization
radius here is

My M
rsz7.4><109[sm]( )( - )
10 M / \ 1000 M.,

The characteristic outflow velocity of matter from the
spherization radius is of the order of the parabolic velocity

PGM M 1000 M,
Vout = = 4/04==~ 6000 km s ———=.
rs M M

For strongly supercritical accretion rates M > M char-
acteristic of SS433, an opaque photosphere is formed in
the strong wind from the disk with the characteristic
radius [81]

M 3/2 M 3/2 M
~r(My) [ —] ~ 101 sm( : > < X )
"oh e )(Mc) 1000 M,,) \10M,

(here, ro =2GMy/c? ~ 30 km](My/10 M) is the gravita-
tional radius of the accretor). The realistic radius of the
photosphere above the disk of SS433 as estimated from the
analysis of the observed luminosity and temperature is an
order of magnitude higher, rp, ~ 10'> cm [82], i.e., compar-
able to the size of the Roche lobe of the compact object in
SS433 Ry (M) ~ 2.6 x 10! cm. This difference is due to the
nonsphericity of the outflowing matter and a funnel-like
shape of the photosphere confirmed by numerical multi-
dimensional radiative MHD calculations (see, for example,
recent paper [83] with binary system parameters close to those
of SS433). The main characteristic scales of the supercritical
disk in SS433 are given in Table 3.

Numerical calculations in general confirm the expected
picture of supercritical accretion onto a compact object—a
powerful outflow of matter swept by radiation pressure from
the inner parts of the accretion disk and the formation of a
photosphere in the wind, as well as the presence of an
accretion funnel in the wind with an opening angle of about
90° filled with high-speed rarefied hot gas (see Fig. 21). It is
interesting to note that exactly this geometrical model (a thick
disk with a wide funnel filled with coronal hot gas) was
inferred from the interpretation of SS433 eclipsing and
precessional variability in hard X-rays [25] (see Fig. 12). We
also note that, according to numerical multidimensional
calculations [83], the main wind outflow from the super-
critical disk occurs in the equatorial region, and the flow in
the disk is convectively unstable. The characteristic turn-
over time of a convective cell in the accretion disk at radius
R is of the order of # ~ 1/wk (R)Ri ™', where Ri < 1 is the
Richardson number [84]. At the outer radius of the
accretion disk in SS433 of the order of the Roche lobe of
the compact object Roy ~ 2 x 10" cm, the Keplerian time is

Table 3. Characteristic scales of binary system SS433 and supercritical
accretion disk.

Parameter Value for ¢ = 1 and My = 10 M,

~7x 102 cm
~ 2.6 x 102 cm
~ 7.4 % 10° cm
~2x 102 cm

Large semi-axis

Roche lobe radius Ry (My)
Spherization radius
Photosphere radius

Figure 21. Schematic model of microquasar SS433 with supercritical
accretion disk, wide accretion funnel filled with hot gas (corona), and
relativistic jets (from X-ray data).

tx ~ 1/wg (Rout) = 21 hours. Therefore, in the supercritical
accretion flow, variability associated with convective instabil-
ity of the disk can be expected on a timescale of
tyar S20P /Ri~ several days. Note that it is in this time
interval that quasi-periodic optical oscillations (QPOs) with
a characteristic period of ~ 13 hours are sometimes observed
[74]. This model is supported by the fact that, on the
precessional-orbital curve shown in Fig. 13, the amplitude of
flaring activity is maximal in the red /. filter and minimal in
the violet U filter.

5.2 Features of accretion disk

and optical star precession in SS433

As seen from Fig. 7, the precessional variability remains
stable over large time intervals, which indicates the presence
of a ‘setting clock mechanism.” For SS433, this is thought to
be the precession of an optical star with the rotational axis
tilted toward the orbital plane, which leads to the formation
in the neighborhood of the inner Lagrangian point L of a gas
stream flowing out of the orbital plane and an inclined
precessing disk. The inclined disk precesses under the
combined action of tidal forces and the dynamical action of
the gas stream (a similar precessing disk is observed in
Her X-1 (see [16] for details)). In this model, the phase jumps
of the precessional variability, clearly visible in Fig. 7, occur
due to the change in the dynamic influence of the gas stream
on the outer parts of the disk during the inevitable variability
of the gas flow rate through the inner Lagrangian point, the
change in the inclination angle of the outer parts of the disk,
etc. The maximum amplitude of the precessional period
jumps should not exceed the characteristic viscous time in
the accretion disk, which for supercritical accretion in SS433
should be of the order of an orbital period: s ~
Porv(R/H)? o, where H/R ~ 1 for supercritical disks, and
o < 1 is the dimensionless Shakura—Sunyaev viscosity para-
meter [13]. Obviously, the maximum amplitude of the
observed precession period jumps in SS433 (£ 20 days) falls
inside this interval.
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As shown in paper [16] (see formula (2) in that paper), the
period of tidal motion of the outer parts of a disk with radius
Ry and inclination 6 to the orbital plane is Pgq ~
PorbR(;3/2/cos 0. For the SS433 parameters (0 = 19°, com-
ponent mass ratio ¢ = My/M, = 0.8, Rg/a =~ 0.5), we obtain
the ratio of the purely tidal precessional period of the disk to
the orbital period Pyiq/Porb ~ 10, while the observed value is
Porec/ Porb ~ 13. This suggests, as in the case of Her X-1,
the braking dynamical action of gas streams interacting with
the outer parts of the disk and creating a moment of forces
opposite to the tidal one. Note that a variation in the outer
disk radius will lead to a change in tidal precession period
by the amount APyig/Pig ~ (—3/2AR4)/Ry. Clearly, a 10%
variation in the disk radius is sufficient to produce beats
between the stable precession period of the star and the disk
with a characteristic time of the order of 5-7 precessional
periods. This is exactly the relaxation time after phase jumps to
the mean value seen in Fig. 7.

In the SS433 system, precession of the optical star tilted to
the orbital angular momentum by the angle 0 ~ 20° is
assumed. The main contribution to the precession of an
inclined rotating star in an SS433-type binary system will
come from the tidal interaction of the rotating star with a
second component (relativistic effects are small). In this case,
the angular frequency of precession of the star’s angular
momentum vector (spin) for a circular orbit is [85, 86]

Qorec o ky (R\' .
ﬂ:,iiq<f) sin 0 cos 6,
a

Worb Worb N

where k; is the apsidal motion constant, 7 is the dimensionless
coefficient in the star’s moment of inertia I = yMR?, @ is the
characteristic angular velocity in the star’s angular momen-
tum J = I, Wy = 21/ Py is the orbital angular frequency,
and g = My /M, < 1is the binary mass ratio. The minus sign
means precessional motion in the direction opposite to the
orbital revolution. The precessional to orbital period ratio is

Pprec:worbll ﬁ ’ 1
Porp @ kyg\R) sinOcosO"

For ¢ ~ 0.8 and full synchronization of the star’s rotation
with the orbital motion, we obtain Pprec/Porb ~ 81/ks ~
200—300 for a characteristic k; ~ 1072 and n ~ 0.25, while
the observed period ratio is Pprec/Port, ~ 13. This suggests a
faster rotation of the optical star (more precisely, its inner
parts) than the orbital frequency @/wor, ~ 10. This situation
seems quite possible for SS433, as the age of the W50 nebula
left after the supernova explosion is on the order of 10—
100 thousand years, during which the star does not have time
to arrive at a tidally synchronized state with orbital motion.
Before the supernova explosion during the first mass
exchange, the optical star in SS433 could have been spun up
by accretion to the limiting Keplerian velocity of about
400 km s~' (such rotational velocities are typical for fast-
rotating Be stars with masses up to ~ 10 M, in hard X-ray
transient binaries). The present-day rotational velocity of the
outer layers of the optical star in SS433 (based on the
broadening of the spectral lines) is about 140 km s~! [41],
which is close to the orbital velocity. This means that the outer
layers of the star have had time to synchronize at a time
interval of the order of 10*—10° years. However, the large
ratio @/wer, ~ 10 required to explain the tidal precession of
an inclined optical star with a period of 162 days requires a

faster rotation of the star (mainly of its inner layers). For a
short time (~ 10* - 103 years) after the supernova explosion
and the formation of the relativistic object in SS433, a
complete synchronization of the orbital rotation and axial
rotation of the entire star did not have time to occur. This is
indirectly supported by the presence of a small orbital
eccentricity e &~ 0.05 in SS433 [58], as well as the plausible
inclination of the optical star’s rotation axis to the orbital
plane (~ 19°).

6. Hard radiation from SS433

Microquasar SS433 has been and continues to be observed in
hard X-rays and gamma-rays from space-based X-ray and
gamma-ray observatories and ground-based gamma-ray
observatories, in particular, by RXTE [87-89], XMM-New-
ton [90, 91], Chandra [92-94], and NuSTAR [95, 96]. From
X-ray observations of SS433, the temperature of the radiative
thermal plasma at the base of relativistic jets is calculated to
be kTy ~ 12—18 keV (depending on the precession phase),
the total luminosity (unabsorbed by the wind) of the jets and
disk is L,(2—70 keV) = (2—20) x 10%7 erg s~!, and the
opening angle of the jets is 0 < 2°. High-resolution X-ray
spectroscopy of SS433 [93] suggests a significant (an order of
magnitude higher than solar) nickel abundance in the jet
emission. The increased nickel abundance in the disk wind
(although a factor of 1.5 less than in the jets) was derived from
the analysis of the XMM-Newton spectra [91]. This indicates
an unusual chemistry of an optical star contaminated with
heavy elements in a supernova explosion, after which a
compact object was formed.

Very successful were long-term observations of SS433
X-ray eclipses in the hard X-ray range of 18—60 keV from the
INTEGRAL space gamma-ray observatory carried out in
2003-2011 in different phases of the precessional cycle with a
total duration of ~ 8.5 Ms[25], which allowed us to construct
the orbital and precessional light curves of the source
mentioned above. The main results of the analysis of hard
X-ray observations of SS433 are as follows.

(1) For the first time, nonthermal hard X-ray emission
with a photon index of I' &~ 3.8 was detected, indicating the
presence of a hot coronal plasma with k7 ~ 20 keV in the
funnel of a supercritical accretion disk, which comptonizes
the thermal X-ray emission from relativistic jets [S1, 97].

(2) The width of the X-ray eclipse, the large amplitude of
the orbital and precessional variability, and the independence
of the shape of the hard X-ray emission spectrum from the
precession phase indicate that a hot extended disk corona (see
Fig. 21) was eclipsed by the optical star, enabling us to impose
independent constraints on the component mass ratio ¢ > 0.3
from the geometrical model of the source [98].

(3) From the shape of the 18-60-keV orbital light curve
and Swift/BAT X-ray monitoring data, we found evidence of
tidal nutation of a tilted precessing disk with a period of
6.29 days [99].

In recent years, new observations of SS433 and the W50
nebula in the hard X-ray and gamma-ray bands have
appeared. Let us note some important results and problems.

(1) X-ray observations by the XMM-Newton, NUstar,
and Chandra telescopes detected diffuse nonthermal radia-
tion from point-like structures (knots) up to 30 keV in the
region of the assumed interaction of the jets with the W50
shell at a distance of ~ 30 pc along the subrelativistic jets
from the central source [100]. To explain the bright knots, an
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additional injection of accelerated particles is required. Paper
[101] proposed a physical model in which such particle
acceleration arises in the interaction zone of the collimated
polar outflow (inside a 5-10-degree cone) around the jets with
the W50 shell behind the terminal shock formed by a quasi-
spherically symmetric wind with approximately the same
power as the jets (about 10* erg s~!). The acceleration of
electrons occurs in bow shocks due to recollimation of the
narrow-collimated polar outflow. Such a picture corresponds
to the expected bicomponent structure of the wind from a
supercritical accretion disk.

(2) Gamma-rays (100-300 GeV) from the SS433/WS50
region have been detected by the Fermi/LAT space telescope
[102]. Ultrahigh-energy gamma-ray photons up to energies of
25 TeV have been detected by the HAWC facility [103]. A joint
analysis of the gamma-ray observations of SS433 by Fermi-
LAT and HAWC [104] shows their common origin in the
region of jets interacting with the putative supernova remnant
W350. The hard spectrum can be described in the model of
Compton back-scattering of X-ray synchrophotons on elec-
trons accelerated in the jetshell collision region to energies of
~ 100 TeV (leptonic mechanism). The hadronic mechanism,
in which X-ray emission is produced by protons accelerated to
energies of the order of 23 PeV [104], is not ruled out either.

(3) An analysis of 10 years of observations of SS433 with
the Fermi-LAT gamma-ray telescope [105] revealed a preces-
sional periodicity. This possibly indicates the role of a strong
precessional equatorial outflow of matter from the central
source in the transfer of kinetic energy to the accelerated
protons. Traces of such an equatorial outflow were also
obtained from the analysis of hard X-ray data from
NuSTAR [95]. A powerful equatorial outflow during
strongly supercritical accretion in double systems has been
obtained in modern numerical calculations [83].

(4) The LHAASO facility has detected gamma-ray
photons in the energy range of 25-100 TeV from SS433/W50
[106]. The purely leptonic model of Compton back-scattering
on electrons accelerated to energies up to 200 TeV does not
describe the hardest photons in the spectrum at energies
above 10 TeV because of the reduced Klein—Nishina cross
section of the photon-electron interaction. This supports the
need to add a hadronic origin of the hard gamma-ray
emission from SS433 and requires the injection of protons at
energies up to 3 PeV with a power of at least 103 erg s~!.
These observations suggest that galactic microquasars and
ultraluminous X-ray sources with supercritical accretion onto
compact objects could be galactic PeVatrons and explain the
observed cosmic ray spectrum up to 10'° eV [101, 107].

7. Conclusion

Microquasar SS433 is the first example of the phenomenon of
supercritical accretion onto a stellar-mass black hole. Super-
critical accretion was predicted by Shakura and Sunyaev [13].
In the case of supermassive black holes, the phenomenon of
supercritical accretion is especially pronounced in quasars —
very active nuclei of galaxies where, as with SS433, relativistic
jets are often formed. A unique feature of SS433 is that the
supercritical accretion disk here is inclined to the orbital plane
and, together with relativistic jets, precesses with a period of
~ 162.3 days. It is the presence of moving spectral emissions
formed in the outer parts of precessing relativistic jets that
attracted special attention to this unique object. During more
than 40 years of research, scientists have managed to make

significant progress in understanding the nature of this object.
However, a number of fundamental questions related to
SS433 remained unsolved until recently. In the Introduction,
we listed the most important of them.

In recent years, thanks to the continuous spectral and
photometric monitoring of SS433 performed at SAT MSU
over the last 30 years, and using all published data since 1979,
new progress has been made in understanding the nature of
SS433. This has brought us closer to answering some
questions listed in the Introduction. In particular, the
ellipticity of SS433’s orbit has been discovered, which
provides strong support for the slaved accretion disk model
that tracks the precession of the rotational axis of the donor
star. From the analysis of a 46-year series of photometric
observations of SS433, a secular evolutionary increase in the
orbital period of this binary system was discovered. Using the
angular momentum loss balance from SS433, we were able to
independently estimate the component mass ratio g =
My /M, > 0.8 and the black hole mass My =8 M. From the
same analysis, it follows that, during the evolution of SS433,
the distance between the components of this system grows
with time, which prevents the formation of a common
envelope in the system. The size of the Roche lobe of the
donor star in SS433 is on average constant in time, which
ensures the stability of the secondary mass exchange [69].

The parameters of the kinematic model of the SS433
binary system, except for the precessional period, are on
average constant in time over a period of 45 years, which
also favors the slaved accretion disk model. We detected
jumps in the precession period phase, which are apparently
caused by viscous time variations in the supercritical accre-
tion disk.

The Doppler width of the stationary Ho emission reaches
a minimum at times close to the moment of the maximum
opening of the accretion disk to the observer, which points to
a complex structure of the wind outflow from the supercritical
accretion disk. We also detected a narrow variable absorption
in the blue wing of the stationary Ho emission, indicating
nonstationary processes in the supercritical accretion disk
wind [108].

The structure of the supercritical accretion disk around
the black hole as well as the structure and kinematics of the
powerful wind from the disk remain unsolved issues. It is
necessary to understand the reasons for the formation of
relativistic jets — whether they are caused by the supercritical
accretion regime or they are formed by some special, specific
mechanisms. The shape of orbital light curves at the ‘cross-
overs’ of moving emissions in the spectrum, when the disk is
visible edge-on, and the presence in these phases of the
precession period of two states of the mean system light
need a separate study both by observational means and with
the help of theoretical modeling. Another separate problem is
the clarification of the physical mechanisms of the appear-
ance of optical flares from SS433. Object SS433 and nebula
W50 are sources of hard X-ray and gamma-ray radiation.

Object SS433 is physically close to a new class of unique
objects, the ultraluminous X-ray sources discovered in recent
years in many galaxies [24, 76]. The ULX class presents many
examples of supercritical accretion onto both a black hole and
a neutron star with a strong magnetic field [109]. The study of
microquasar SS433 as a representative of the ULX class is of
great interest for relativistic astrophysics.

Hard X-ray and TeV gamma-ray observations of SS433
and the surrounding W50 nebula suggest the possibility of
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hadron acceleration to ultrahigh energies in the ~ PeV range
when a powerful outflowing equatorial and polar wind from
the supercritical accretion disk in SS433 interacts with matter
from the W50 shell and also makes the SS433 microquasar a
galactic PeVatron.

Further multiwavelength observations of this unique
source will certainly make a significant contribution to the
understanding of the most energetic processes of supercritical
accretion onto black holes, important for solving one of the
key modern astrophysical problems of the mass growth of
central supermassive black holes in the nuclei of galaxies and
quasars.
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