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Abstract: SS433 is the first example of a microquasar discovered in the Galaxy. It is a natural
laboratory for studies of extraordinarily interesting physical processes that are very important for the
relativistic astrophysics, cosmic gas dynamics and theory of evolution of stars. The object has been
studied for over 40 years in the optical, X-ray and radio bands. By now, it is generally accepted that
55433 is a massive eclipsing X-ray binary in an advanced stage of evolution in the supercritical regime
of accretion on the relativistic object. Intensive spectral and photometric observations of SS433 at the
Caucasian Mountain Observatory of the P. K. Sternberg Astronomical Institute of M. V. Lomonosov
Moscow State University made it possible to find the ellipticity of the SS433 orbit and to discover an
increase in the system’s orbital period. These results shed light on a number of unresolved issues

M
related to SS433. In particular, a refined estimate of the mass ratio =% > 0.8 was obtained (M, and

My are the masses of the relativistic object and optical star). Based onlihese estimates, the relativistic
object in the S5433 system is the black hole; its mass is >8 M. The ellipticity of the orbit is consistent
with the “slaved” accretion disc model. The results obtained made it possible to understand why
55433 evolves as the semi-detached binary instead of the common envelope system.

Keywords: close binaries; black holes; evolution of binary stars

1. Introduction

The unique object SS433 shows in its optical spectrum [1], in addition to the standard
emission lines of hydrogen and helium, moving emissions, which move along the spectrum
with a period of 162.3 d [2]. The amplitude of these displacements reaches an enormous
value of ~1000 A, which amounts up to tens of thousands of km s~ on the scale of velocities.
Before the discovery of SS433 in the 1970s [2,3], astronomers had never seen anything like
this. Therefore, the nature of object S5433 seemed mysterious; some scientists called 55433
“the enigma of the century”. In the earliest press releases, there were even mentions that it
was possible that we were observing signals from an extraterrestrial intelligence which was
shining on us with a powerful re-configurable laser. Fortunately, this hypothesis did not
manage to appear in scientific publications since, in 1979, it turned out [4,5] that the moving
lines in the spectrum of SS433 are formed in relativistic (v o~ 0.26¢) collimated jets that are
ejected from some central source and precess with a period of ~164 d. The opening angle
of the precession cone is ~20°, and the precession axis is inclined with respect to the line
of sight by an angle of ~79°. Although the nature of the central source remained unclear,
speculation arose that all of these phenomena were enacted in a binary system [6,7]. The
binary system model was proposed in 1980 by [8], who measured the Doppler shifts of
the narrow components of the stationary hydrogen lines and found a period of ~13.1 d,
which testified in favor of the close binary system model. The authors from the analysis of
their data, assuming that the radial velocity curve measured by them reflects the orbital
motion of the components, came to the conclusion that 55433 is a low-mass binary system
consisting of a low-mass optical star (1Mp) and a neutron star. As it turned out later,
according to our research, this conclusion turned out to be incorrect.

In 1980, we made photometric observations of SS433 and found that 55433 is an
eclipsing binary system [9]. The discovery of optical eclipses in the S5433 system made it

Universe 2022, 8, 13. https:/ /doi.org/10.3390/universe8010013

https:/ /www.mdpi.com/journal/universe


https://doi.org/10.3390/universe8010013
https://doi.org/10.3390/universe8010013
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/universe
https://www.mdpi.com
https://doi.org/10.3390/universe8010013
https://www.mdpi.com/journal/universe
https://www.mdpi.com/article/10.3390/universe8010013?type=check_update&version=1

Universe 2022, 8,13

2 0f 10

possible to establish that the radial velocity curve constructed by [8] does not reflect the
orbital motion of the components but describes the motion of gas in a gas stream flowing
from the Lagrange point L1 onto a relativistic object. Analysis of optical eclipses in 55433,
as well as studies of the system’s extra eclipse brightness depending on the phase of the
precessional period [9], made it possible to construct a self-consistent model of SS433 as a
massive X-ray eclipsing binary system at an advanced stage of evolution with an optically
bright supercritical accretion disc predicted in [10]. Relativistic jets are ejected from the
central parts of the supercritical disc perpendicular to its plane. The plane of the disc is
inclined to the orbital plane of the 55433 system at an angle of 20°, the disc precesses with a
period of 162.3 d and relativistic jets track the disc precession. The moving emissions are
formed in the outer parts of the jets.

The question arose about the reasons for the disc precession. Back in 1973, Katz pro-
posed a precessing disc model to explain the 35-day X-ray cycle in the Her X-1 system [11].
In 1974, Roberts proposed a slaved precession model for an accretion disc in the Her X-1
system [12]. Even earlier, the idea of the slaved disc was expressed by Shakura [13]. The
slaved disc model for S5433 was proposed in 1980 by van den Heuvel et al. [14]. In this
model, the axis of rotation of the optical star precesses and the disc tracks this precession.
The non-perpendicularity of the axis of rotation of the optical star to the orbital plane may
be associated with an asymmetric supernova explosion, which inclined the orbital plane of
the binary system relative to the axis of rotation of the star [12,15]. To explain the high and
stable velocity of matter in the 55433 jets, a model of radiative acceleration was proposed
(the so-called line-looking effect [16,17]).

Thus, by the early 1980s, the main features of SS433 as a massive close binary X-ray
system in the supercritical accretion regime had been clarified. However, many problems
remained unresolved. The massive binary system model for S5433 [9] was confirmed
by [18], who plotted the radial velocity curve from the stationary Hell 4686 line and
measured the mass function of a relativistic object (the lower limit of the mass of an optical
star), which turned out to be ~10Mg.

2. Unsolved Problems

Over the past 40 years, the object S5433 has been studied in detail in the optical, IR,
X-ray and radio ranges (see, for example, reviews [6,7] where all the necessary references
are given). Many new and interesting results were obtained on the object S5433, which
turned out to be the first example of a microquasar in our Galaxy. However, the main
problems associated with this unique object have been unresolved until recently. Let us list
some of them.

1. The nature of the precessional variability of SS433. Which model is applicable to
55433: slaved precessing disc model or slaved disc model?

2. The nature of the accreting relativistic object: a neutron star or a black hole?

3. Why has a common envelope not formed in the SS433 system, which undergoes
secondary mass exchange in the thermal evolution time scale, and the system evolves
as a semi-detached one?

Recently, new observational data have been obtained on the object 55433, which bring
us closer to solving these problems.

3. Discovery of the Ellipticity of SS433’s Orbit: Strong Support for a Slaved Accretion
Disc Model

The slaved accretion disc model proposed in [14] seems to be very attractive since a
natural physical justification can be formulated for it. Indeed, a small (~1%) asymmetry of
a supernova explosion, which accompanied the formation of a relativistic object in a binary
system, can turn the orbital plane of the binary system relative to the axis of rotation of the
optical star by a significant angle [12,15]. A supernova explosion could also significantly
increase the eccentricity of the system’s orbit. Under the action of tidal interaction from
the side of the resulting relativistic object, the axis of rotation of the optical star begins to
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precess, which leads to the formation of an accretion disc that does not lie in the plane
of the system’s orbit and precesses with the precession period of the optical star. Since
a precessing star has a large mass and a huge rotational moment, its precession is very
stable and, as a consequence, the observed precession of the accretion disc should also be
stable on average. Our long-term (24 years) spectral observations of 55433 [19,20] using
published data indicate the stability of the parameters of the kinematic model SS433 over
40 years. This stability can be considered as an argument in favor of the model of a slaved
accretion disc in the SS433 system.

However, until recently, there was one fundamental difficulty in applying the model
of a slaved accretion disc to the SS433 system. The orbit of S5433 was considered circular
since the secondary minimum on the eclipsing light curve, within the errors associated
with significant physical variability of the system, was located approximately in the middle
between the two primary minima.

The presence of a circular orbit in the S5433 system during asynchronous rotation of the
optical star (the star’s rotation axis is not perpendicular to the orbital plane) contradicts the
theory of tidal synchronization of stars in binary systems. According to this theory [21,22],
the synchronization of axial and orbital rotation due to the dissipation of the energy
of orbital motion in dynamic tides should occur before the circularization of the orbit.
Therefore, if the orbit of S5433 is circular, then the optical star must be synchronized with
the orbital revolution and its rotation axis must be perpendicular to the orbital plane. In this
case, the accretion disc should lie in the plane of the system’s orbit. The slaved disc model
is not applicable in this case. As noted above, a significant initial eccentricity of the orbit
could appear in a binary system after a supernova explosion, so the assumption of an
initial circular orbit seems unnatural. In this regard, the problem of finding direct signs of
the ellipticity of the SS433 orbit arises. Indirect evidence of the ellipticity of the orbit was
obtained in [19,20,23]. In these works, it was found that the velocity of matter in relativistic
jets SS433 is modulated by the orbital period Py, = 13.082 d. In this regard, a hypothesis
was put forward about the possible ellipticity of the S5433 orbit: changes in the distance
between the components in an elliptical orbit cause a change in the rate of influx of stellar
matter into the accretion disc, which can lead to orbital modulation of the velocity of matter
in the jets. Other indirect indications of the ellipticity of the S5433 orbit were obtained
in [24,25]. In this regard, it is of interest to search for direct evidence of the ellipticity of the
55433 orbit.

During 2018-2021, at the Caucasian Mountain Observatory (KGO) of the GAISH MSU,
we carried out intensive photometric monitoring of S5433. Several hundred brightness
estimates of 55433 were obtained in BVRI filters during 276 observation nights. These
data allowed us, in combination with published photometric observations, to construct
a high-precision (including 909 individual observations) mean 55433 light curve in the
V band in the phases of the precessional period Pprec = 163.3 d, corresponding to the
maximum opening of the accretion disc with respect to the observer [26]. Figure 1 shows
this curve. It can be seen that the secondary minimum has a noticeable shift relative to the
middle between the two primary minima. Analysis of this displacement and the study of
the difference in the widths of the primary and secondary minima performed in [26] made
it possible to establish that the eccentricity of the S5433 orbit is e = 0.050 & 0.007, and the
longitude of the periastron for the epoch of ~1990 is w = 40° &= 20°. The ellipticity of the
55433 orbit discovered by us is in good agreement with the model of a slaved accretion
disc. Both observational facts—the long-term stability of the kinematic model parameters
and the ellipticity of the S5433 orbit—strongly support the model of a slaved accretion disc
in the 55433 system [14], as well as the hypothesis that the reason that the disc does not lie
in the plane orbit is an asymmetric supernova explosion in the system [12,15].
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Figure 1. Average orbital light curve of SS433 derived from 909 individual measurements taken
during 1978-2012. The observed points were selected in the phases of maximum opening of the
accretion disc with respect to the observer. From the paper [26].

4. The Discovery of an Increase in the Orbital Period of the SS433 System: A Strong
Argument for the Presence of a Black Hole

Despite more than forty years of research, the nature of the relativistic object in the
55433 system remained completely unclear until recently (see discussions on this topic
in [6,7,20]). In [19,20], using information on the constancy of the orbital period of S5433
over 28 years [27,28], the authors estimated the ratio of the masses of the components in the

M

55433 q = —2 = 0.6 (My and M, are the masses of a relativistic object and an optical star,

M
respectively).v The constancy of the orbital period for the S5433 system is very surprising;

after all, the rate of mass loss from the system in the form of wind from the supercritical
accretion disc is very high, ~107*M,, year‘1 (see, for example, [9]). In [20,29], the balance
equations for the loss of angular momentum of the 55433 system were derived by various
mechanisms: the transfer of mass and angular momentum during the flow of matter of an
optical star through the internal Lagrange point L; to a relativistic object, Jeans mass loss in
a symmetric high-velocity outflow matter in the form of wind from the disc as well as the
outflow of matter outside the binary system through the outer Lagrange point L. The first
mechanism, when flowing from a more massive optical star to a relativistic object, tends
to bring the components closer together (and, accordingly, to decrease the orbital period).
The second mechanism seeks to increase the distance between the components, that is,
to increase the orbital period. The third mechanism leads to a decrease in the distance
between the components, i.e., to a decrease in the orbital period. It turns out that, at a huge
rate of mass loss in the form of a wind ~10~*M, year~!, an equilibrium between these
three mechanisms is established at a very large mass ratio g4 ~ 0.6. With an optical star mass
of ~10M, (see, for example, [18]), it follows that the mass of a relativistic object is 6M),
which is typical of a black hole. In this regard, it is very important to check with additional
observations the nature of the constancy or change in the orbital period of S5433. As noted
above, in 2018-2021, on the automated 60-cm reflector of the Caucasian Mount Observatory
of P. K. Sternberg Astronomical Institute of M. V. Lomonosov Moscow State University,
we obtained dense series of photometric observations of 55433 in BVRI filters. With the
involvement of all published photometric observational data (since 1979), we discovered
an increase in the orbital period of 55433 with time [26]. Figure 2 shows the corresponding
plots O — C—the differences between the observed moments of the primary minimum of
the light curve of S5433 and theoretical moments calculated with linear elements [28]. Here,
the parabola corresponds to an increase in the period, and the inclined line corresponds to
a constant period (the slope of this line to the abscissa axis determines the correction to a
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constant period). It can be seen that the parabolic approximation of the points in Figure 2
is much more preferable than the linear approximation. Thus, it is shown that the orbital
period of S5433 increases. The rate of this increase is P = (1.0 £0.3) x 10~7 s per s. It is
also shown that the model of the third body in the SS433 system, which can also lead to an
increase in the orbital period, is rejected, since the mass of the third body must be more
than 16 M. The lines of such a massive star would be visible in the total spectrum of the
55433 system, which is not observed.

1980 2000 2020 1980 2000 2020

=5,000 O 5,000 10,000 =5,000 O 5,000 10,000
JD — 2,450,000
Figure 2. O — C values for S5433, calculated using the ephemeris with a constant orbital period
Pyp = 13.08223 d. Right and left panels: O — C calculated by different methods. The parabola

corresponds to an increase in the orbital period. The inclined straight line corresponds to a constant
period with a AP correction. From the paper [26].

Using the equation to balance the loss of angular momentum and taking into account
that the orbital period of S5433 increases, an improved estimate of the mass ratio g > 0.8 is
given in [26]. With the mass of the optical star M, = 10M, an estimate is obtained for the
mass of the black hole in 55433 M, > 8M. Thus, it has been shown that the 55433 system
contains a black hole with a mass close to the average mass of stellar black holes in X-ray
binaries (=8 - 10Mp).

The increase in the orbital period of S5433 found by us allows us to reliably reject
the presence of a neutron star in the system since, in this case, the orbital period of SS433
should not increase, but should decrease with time, which contradicts observations.

5. Other Estimates of the Mass Ratio

The supercritical optically bright accretion disc in the S5433 system makes spectro-
scopic investigations of the donor star more difficult due to the disc’s powerful radiation.
Nevertheless, there is a significant progress in this problem by now.

Careful spectroscopic investigations of 55443 made by [30-32] let us estimate the
spectral type of the optical star as A7I and to obtain (using absorption lines) the radial
velocity curve of this star with the semi-amplitude K, = 58.2 4-3.1 km s~ 1. It corresponds
to the optical star’s mass function f, (m) = 0.268 M. Similar results were obtained by [33].
In the recent paper by [34], the axial rotation velocity vyt = 140 4= 20 km s~ ! was measured
using the Doppler widening of absorption lines of the optical star. Using this value,
the corresponding masses and mass ratio of the components of 55433 were estimated:



Universe 2022, 8,13

6 of 10

q= ]]\\44)( = 0.37 £ 0.04, the mass of the relativistic object My = 4.2 + 0.4M and the mass

of the c;]ptical star My, = 11.3 £ 0.6 M.

There are reasons to suppose that the estimates of the mass of the relativistic object in
55433 based on the spectroscopic data cannot be assumed as reasonably reliable, because the
55433 radiation travel through the intercomponent moving gas medium and also through
the rotating circumbinary gas envelope. For the gigantic mass loss rate M ~ 10~* year~!,
the density of matter in these structures is very high. Therefore, the selective absorption of
the optical star’s light in moving dense gas structures can significantly distort the orbital
radial velocity curve of the donor star measured using absorption lines, see, e.g., [35-37].

The situation with emission lines is also uncertain. For example, the mass function of
the relativistic object calculated using the He II 4686 emission line changed from 10M, [18]
to 2M [38]; it depends on the phase of the precessional period. This can be related with
the complicated structure of the wind from the precessing accretion disc whose shape can
be asymmetric and twisted.

Because of these problems, great hopes were pinned on studies of X-ray eclipses
in the 55433 system. Since the orbital inclination of the system i = 79° is known from
the analysis of displacements of moving emission lines, and the optical star fills or even
overfills its inner critical Roche lobe, the analysis of the duration of the X-ray eclipse (when
the star hides X-ray structures) gives a principal possibility to estimate the mass ratio of
the components.

First such estimate was made by [39-41]. From the analysis of X-ray eclipses in 55433
in the range 2-10 keV in the model of eclipse of the thin relativistic jets (radiating in X-rays)

by the optical star, there was obtained a very low mass ratio g = ﬁx o~ 0.15. In this case, it
v
was assumed that the optical star fills its Roche lobe.

Nevertheless, there are observational data indicating that the optical star in S5433 not
only fills it inner critical Roche lobe but also overfills it. At the same time, the star outflows
both through the inner Lagrange point L; and through the outer Lagrange point L. From
the analysis of spectral data, arguments in favor of the outflow of the optical star’s matter
through the outer Lagrange point L, were suggested [42]. It indicates that the star most
likely fills its outer Roche lobe whose size is significantly (by 15-20%) greater than the size
of the inner critical Roche lobe. In papers by [43,44], the equatorial outflow of the matter in
the plane perpendicular to the direction of the jets was discovered in 5433. It also indicates
that the star outflows through the L, point and that the star fills its outer Roche lobe. The
conclusion about the filling of the outer Roche lobe by the optical star in S5433 and about
the outflow through the L, point is supported by the optical and infrared spectroscopy of
this object that revealed two-humped stationary hydrogen emission lines [45,46]. These
lines indicate the presence of the circumbinary envelope which most likely is forming
during the outflow of the optical star through the L, point.

Recently, several theoretical studies [47,48] showed that, due to the limited carrying
capacity (for the outflowing material) of the surroundings of the L; point, the star (with
the radiative envelope) during the mass transfer in the thermal time scale can be in a state
of a significant overflow of its inner critical Roche lobe for a long time and the matter can
outflow through the L, point.

So, taking into account that the radius of the occulting star in 55433 is significantly
greater than the size of the inner critical Roche lobe, the estimate of the component mass
ratio obtained by [39—41] should be considered as the lower limit of the mass ratio.

In the review by [7], the results of the interpretation of the eclipsing (orbital) and
precessional variability in the hard X-ray range (kT ~ 18-60 keV) were summarized. It was
shown that, since the X-ray spectrum hardness does not change with the phase of the orbital
and precessional variability (the observed X-ray flux changes by about five times), the
hard X-ray radiation in contradiction to the soft X-ray radiation (kT =~ 2-10 keV) is formed,
not in narrow jets but in an extended quasi-isothermal hot corona of the accretion disc.
According to [49], the temperature of the corona is ~20 keV, its optical depth (Thompson
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scattering) is ~0.2 and the mass loss rate in the jets is M ~ 3 x 10~7 M, year ! (the mass
loss rate in the wind from the disc is ~10"*M_, year!).

In the paper by [7], to analyze the X-ray eclipses and precessional variability of SS433
in the hard X-ray range (kT = 18-60 keV), the following model was used: the optical star
overflows its inner critical Roche lobe including the case of the filling of the outer Roche
lobe, and the star outflows through the L, point. The interpretation of observations was
made in the model of precessing accretion disc with hot corona in its central parts. It
became clear that g cannot be unambiguously found from the X-ray eclipsing light curve
alone. Co-interpretation of both the eclipsing X-ray light curve and precessional light curve
in the model of the filling of the outer Roche lobe let us obtain the estimate of the mass

X

M
estimate of the mass of the black hole My ~ 4-8Me.

So, the conclusion about the high mass ratio of components in the S5433 system and
the presence of the black hole in this system are supported by numerous independent
observational data.

ratiog = > 0.4-0.8. For the mass of the A7I optical star equal to 10M, it gives the

6. Explanation of the Evolutionary Status of SS433 as a Semi-Detached Binary System

According to the predictions of the modern theory of the evolution of massive close
binary systems [50], at the stage of secondary mass exchange, due to the very high rate of
the matter flow from an optical star to a relativistic object, a common envelope should form.
In this case, due to deceleration by dynamic friction, rapid decreasing of the separation of
components occurs. As a result, depending on the initial angular momentum of the binary
system, either a short-period WR + c system (of the Cyg X-3 type, Py, =~ 4.8 h) is formed or
the Thorne-Zhitkov object [51], a completely convective supergiant with relativistic object
in the center, is formed. According to [52], the life time for the Thorne-Zhitkov object can
be very short due to the neutrino emission.

The 55433 system is at the stage of secondary mass exchange but its evolution, for
some reason, took a different path. The system evolves as a semi-detached binary. The re-
moval of mass and angular momentum from the system is not carried out into the common
envelope but in the form of a radial outflow of a powerful wind (M ~ 10~*M; year’l,
v =~ 10° km s~!) from the supercritical accretion disc. This feature of S5433 has long re-
mained a mystery.

Recently, studies have appeared that have shown that the ratio of the masses of the
components is decisive in the evolutionary fate of a massive X-ray binary system at the
stage of secondary mass exchange. In a recent work [53], it was shown that when a massive
donor star in an X-ray binary system fills or overfills its Roche lobe and outflows onto a

relativistic object, then if the component mass ratio is ¢ = % 2 0.29, the system can avoid
the formation of a common envelope and remain semi-detached. Such a system evolves
as a semi-detached system with a stable overflow of the Roche lobe with an optical star
and with a stable flow of stellar matter on a relativistic object and with the formation of a
supercritical accretion disc with a powerful outflow of stellar wind from it (the so-called
isotropic re-emission mode or SS433-like mode). If the mass ratio g is small (g < 0.29), then
a massive X-ray binary system at the stage of secondary mass exchange inevitably passes
through the stage of evolution with a common envelope. The evolutionary scenario that
described the formation of the object of 55433 type was considered in the paper by [54].
Thus, the central point in understanding the evolution of S5433 is knowing the real
mass ratio of the system’s components. Until recently, there was no complete clarity on
this issue. Different methods gave estimates from g ~ 0.14 to g = 0.8 (see reviews by [6,7]
for all the necessary references). The new estimate g > 0.8 [26], obtained on the basis of
our discovered increase in the orbital period of SS433, is very reliable and allows us to
understand the reason why the 55433 system remains semi-detached. The S5433 system
evolves as a semi-detached because the relativistic object here is a relatively large mass
black hole (M, > 8M), which is typical of stellar mass black holes in X-ray binaries.
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7. Conclusions

Object S5433 (“Enigma of the century”) is the first example of a microquasar dis-
covered in the Galaxy. The object is a natural laboratory where complex and extremely
interesting physical processes take place that shed light on many problems: from relativistic
astrophysics to the physics and evolution of stars and high energy astrophysics.

For example, recently, the gamma radiation of S5433 was discovered; it can be formed
as the result of the interaction of the relativistic jets with the matter of the W50 nebula
that surrounds S5433 [55]. In the work by [56], the variability of the gamma flux from
55433, with the period of the precession of the accretion disc, was found. The authors noted
that such variability can be related with the formation of the gamma radiation close to the
accretion disc of S5433. In this regard, let us note that, in papers by [57,58], in the central
part of the supercritical accretion disc in the S5433 system, the hot (kT ~ 20 keV) extended
corona radiating in the hard (kT = 18-60 keV) X-ray range was discovered. Recently, new
observational data were obtained that indicated the similarity of physical processes in
55433 and in (still mysterious) objects such as ultra-luminous X-ray sources (ULXs) [59].

In this article, we have summarized the most fundamental problems associated with
the object S5433 and showed how the latest observations and theoretical models allow us
to understand the nature of this extremely interesting object.
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