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SUMMARY: The evolution of massive stars in close binary systems is significantly different from

single star evolution due to a series of interactions between the two stellar components.

Such mas-

sive close binary systems are linked to various astrophysical phenomena, for example Wolf-Rayet stars,
supernova type Ib and Ic, X-ray binaries and gamma-ray bursts. Also, the emission of gravitational
waves, recently observed by the LIGO-Virgo detectors, is associated with mergers in binary systems
containing compact objects, relics of massive stars - black holes and neutron stars. Evolutionary calcu-
lations of massive close binary systems were performed by various authors, but many aspects are not
yet fully understood. In this paper, the main concepts of massive close binary evolution are reviewed,
together with the most important parameters that can influence the final outcome of the binary system
evolution, such as rotation, magnetic fields, stellar wind mass loss and mass accretion efficiency during
interactions. An extensive literature overview of massive close binary models in the light of exciting
observations connected with those systems is presented.
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1. INTRODUCTION

Massive stars evolve through all core nuclear burn-
ing stages up to the formation of an iron-nickel core.
While fusion of elements lighter than iron releases en-
ergy, iron fusion consumes it. With no energy source
to balance gravity, the stellar core collapses. Depend-
ing on its mass, a star collapses into a neutron star
or a black hole while the layers outside of the core
are ejected in a supernova (SN) explosion. Since nu-
clear fusion reactions that produce elements heavier
than iron require more energy than they release, such
reactions do not occur in stellar cores, but only in su-
pernova explosions. In addition to making elements,
supernova explosions scatter them out into the inter-
stellar medium.

The minimum initial mass of a single star at solar
metallicity needed to produce an iron core is about
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10 Mg (Poelarends et al. 2008). In binary systems,
the value of the minimum initial mass depends on
other initial parameters, such as orbital period and
mass ratio of the stellar components. In case of the
closest systems, this initial mass limit can be up to
15 Mg (Wellstein et al. 2001).

A significant fraction of massive stars are found
in multiple systems. Large surveys in different en-
vironments suggest that 50% to 70% of all massive
stars (Sana et al. 2012, Kiminki and Kobulnicky 2012,
Kobulnicky et al. 2012, 2014) are in binary (or multi-
ple) systems where the components are close enough
to undergo interaction at least once during their life-
time. Additionally, Sana et al. (2012) indicated that
about 70% of massive binaries have orbital periods
shorter than 1500 days and estimated that about one
third of those stars will merge during their evolution.
The orbits of massive close binaries are most likely
tidally circularized (Hurley et al. 2002) and eccen-
tricity is not an important parameter to consider.

In general, a massive star in a close binary system
evolves significantly different from a single isolated
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star with the same mass and chemical composition.
The binary evolution is influenced by the modified
gravitational and radiation field and the centrifugal
force contribution arising from the rotation of the
system. Most importantly, in certain evolutionary
phases, mass transfer from one star (mass donor) to
the other star (mass accretor or gainer) can occur,
changing the physical properties of both stars and in
this way also their future evolution and the final fate.

A star in a binary system can start transferring
mass to its companion during different phases of evo-
lution (Kippenhahn et al. 1967). Depending on the
initial mass ratio, the system may evolve through sta-
ble mass transfer or the mass gaining companion may
expand significantly, which results in a contact con-
figuration.

The interest in the evolution of interacting bi-
naries increased during the sixties and seventies of
the 20th century, also because of the indication that
Wolf-Rayet (WR) stars lose their hydrogen rich en-
velopes due to the Roche lobe overflow (RLOF), i.e.
mass transfer to the other companion in a binary sys-
tem. In other words, mass transfer in binary systems
was recognized as a process that can remove a sig-
nificant amount of matter from a star (Kuhi 1973,
Vanbeveren 2009).

Since then, the evolutionary models of massive
close binaries have been calculated by many authors.
However, many aspects of binary evolution are not
yet fully understood. Those include an exact stel-
lar wind mass loss, accretion efficiency during mass
transfer, mechanisms for mass loss from the system,
the influence of rotation and magnetic fields, to name
just a few.

In recent years, massive close binary systems have
been identified as potential sites of many exciting as-
trophysical phenomena, such as Wolf-Rayet binaries
(van der Hucht 2001), X-ray binaries (Chevalier and
Tovaisky 1998) supernovae Ib and Ic type (Podsiad-
lowski et al. 1992, Smith et al. 2011), long gamma-ray
bursts (Fryer et al. 1999) and, most recently, sources
of gravitational waves (Abbott et al. 2016a,b,c, 2019).

Many detailed reviews about massive close bi-
nary evolution have been published in the previ-
ous decades, such as for example, Paczynski (1971),
Thomas (1977), van der Heuvel (1978), de Loore
(1980), Vanbeveren (1991), Vanbeveren et al. (1998),
Langer (2012), de Marco and Izzard (2017), Georgy
and Ekstrom (2018). In this review, we will sum-
marize the general physics of massive close binary
systems and the most important results from numer-
ical models so far related to Wolf-Rayet + O binaries,
long gamma-ray bursts and gravitational waves.

This review is organized as follows: In Section 2
we give basic concepts of massive close binary evolu-
tion. Stellar wind mass loss is discussed in Section 3
and rotation and magnetic fields in Section 4. Section
5 presents the overview of the numerical codes for bi-
nary stellar evolution. Wolf-Rayet 4+ O binaries are
discussed in Section 6, collapsars and long gamma-
ray burst progenitors in Section 7 and gravitational
wave sources in Section 8. A summary is presented
in Section 9.

2. BASIC CONCEPTS OF BINARY
EVOLUTION

The Roche lobe is the region around a star in a
binary system within an equipotential surface, where
the material is gravitationally bound to that star.
When one star expands beyond its Roche lobe, mat-
ter from it starts flowing to the other component via
the so-called first Lagrangian point L;. This process
is called Roche lobe overflow (RLOF). The primary
star in a binary system, the more massive compo-
nent, evolves faster than the secondary and through
envelope expansion may reach the radius of its Roche
lobe and start transferring mass onto the secondary
star. The effective Roche lobe radius depends on the
orbital separation a and the mass ratio of stellar com-
ponents ¢ (Eggleton 1983):

0.49¢2/3 (1)
= a
0.6¢=2/3 +In(1+q1/3)"

where ¢ = Ms/M; for the Roche lobe radius of the
primary star and ¢ = M;/M> for the Roche lobe
radius of the secondary star.

When both stars are contained within their corre-
sponding Roche lobes, the binary system is called a
detached system. The binary system is called semi-
detached if only one star expands to its critical Roche
radius and is transferring mass to the another com-
ponent. If the mass gainer also fills its Roche lobe,
the systems is called a contact binary.

A star in a binary can reach its critical Roche
radius during different phases of evolution (Kippen-
hahn et al. 1967). Roche lobe overflow happens be-
cause of the expansion of the stellar envelope. This
expansion can occur on nuclear, thermal (Kelvin-
Helmholtz) and dynamical time scales in order of de-
creasing length.

The mass transfer rate M;,. depends on the
amount of mass available in the stellar envelope and
the characteristic time scale for the envelope growth

Ry
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Whether binary systems will evolve via Case A,
Case B or Case C mass transfer depends on the ini-
tial orbital period. If an initial orbital period is a few
days, the first mass transfer occurs while the primary
is still a core hydrogen burning star. This is the so-
called Case A mass transfer and it consists of a fast
and a slow phase occurring on the thermal and the
nuclear time scale of the envelope, respectively. Af-
ter Case A mass transfer is completed, if there was
no contact, the primary is a less massive star that
finished core hydrogen burning. At the same time,
if there was any accretion, the secondary is a rejuve-
nated main sequence star, which means that it has
an increased abundance of hydrogen in its core and
also a larger mass.

When the initial orbital period is a few weeks, the
binary system evolves via Case B mass transfer. The
primary fills its Roche lobe for the first time during
the shell hydrogen burning. Since the envelope of the
primary is very extended, the thermal time scale is
shorter and the mass transfer rate is higher than in
Case A. It can reach ~ 1073 Mg /yr or even higher
values. If contact is avoided, the primary loses most
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of its envelope and becomes a core helium burning
star. At the same time, the secondary becomes a
rejuvenated, more massive star.

If Case B mass transfer starts during the earlier
phases of the shell hydrogen burning, the stellar enve-
lope of the donor is mostly radiative (Case B;). The
expansion of the star stops when most of the hydro-
gen rich layers are removed and helium core burning
starts. During most of the core helium burning phase,
the star is a hydrogen deficient Wolf-Rayet star, con-
tained within its Roche lobe. When the initial orbital
binary period is larger, the primary may reach the red
giant phase and most of the outer layers may become
convective before the onset of mass transfer. A Case
B binary where this happens is classified as case B
and it happens on a dynamical time scale.

Case C mass transfer occurs when the initial pe-
riod is in the order of years. The primary fills its
Roche lobe for the first time after the helium core
burning is completed. Mass transfer in Case C also
takes place on the shortest - dynamical - time scale.

If mass transfer due to the shell hydrogen burn-
ing occurs after Case A already took place, it is called
Case AB mass transfer, which proceeds on the ther-
mal time scale of the primary and produces corre-
spondingly high mass transfer rates (Wellstein et al.
2001, Petrovic et al. 2005a). After the helium core
burning phase is completed, the star may expand
again and a third RLOF, Case ABB mass trans-
fer starts (Kippenhahn and Thomas 1970, Wellstein
et al. 2001). In a similar way, if a primary star fills
its Roche lobe for the first time during the shell hy-
drogen burning, the subsequent mass transfer, after
‘]cgh]g helium core burning is completed, is called Case

Fig. 1 shows an example of binary systems that
evolve via Case A, Case AB and Case ABB mass
transfer to the iron core formation of the primary
star. The evolution of binary systems 30 Mg + 27
Mg, 32 Mg + 28.8 Mg and 34 Mg + 30.6 Mg is
calculated with the MESA evolutionary code. All
systems have an initial mass ratio of 0.9, an initial
orbital period of 3 days, assumed accretion efficiency
of 10% based on massive binary models of Petrovic
et al. (2005a) and metallicity of 0.02.

There are multiple methods to calculate the mass
transfer rate in the binary system. The most of-
ten used so-called explicit methods are Ritter (1988)
and Kolb and Ritter (1990). The mass loss from the
Roche lobe filling component through the first Lan-
grangian point is given by Ritter (1988) as:

M = Myexp(R — R))/H,, (2)

MO = pUSQ/\/ga (3)

where H,, is the photospheric pressure scale height, p
is the density, vs the velocity of sound and @ the ef-
fective cross-section of the stream through the first
Lagrangian point according to Meyer and Meyer-
Hofmeister (1983). R is a stellar radius and R is
the critical Roche radius defined in Eq. (1). Kolb
and Ritter (1990) is extended a similar scheme to

also include the case where the stellar radius exceeds
the critical Roche lobe radius.
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Fig. 1: The mass transfer rate as a function of primary
mass in binary systems 30 Mg + 27 Mg, (red solid line),
32 Mg + 28.8 M (green dashed line) and 34 Mg + 30.6
Mg (orange dash-dotted line) calculated with the MESA
evolutionary code. All systems have an initial mass ratio
of 0.9, an initial orbital period of 3 days, assumed accre-
tion efficiency of 10% and metallicity of 0.02. They evolve
via Case A, Case AB and Case ABB mass transfer to the
core iron formation of the primary star.

If the mass transfer rate is not extremely high,
the gainer is able to accrete material without a radi-
cal expansion and the evolution of such a binary sys-
tem proceeds via stable mass transfer. If, however,
the mass transfer rate is so high that it causes sig-
nificant expansion of the accretor, the binary system
enters a contact phase and a common envelope may
form around the binary (de Kool 1990, Iben and Livio
1993). A dynamical spiral-in phase follows, resulting
in an ejection of the envelope and a very close binary
system or even a merger (Paczynski 1967, Ivanova
et al. 2013). Obviously, the evolutionary outcomes of
these two scenarios are very different.

One of the major uncertainties in evolutionary cal-
culations of binary systems is the efficiency of mass
transfer: what fraction (so called 8) of the transferred
mass is actually accreted by the secondary star? Con-
servative evolution assumes that the mass and angu-
lar momentum of the binary system are conserved (3
= 1) and non-conservative evolution assumes that a
fraction of the mass and angular momentum leaves
the binary system (8 < 1).

Different assumptions for efficiency of mass trans-
fer are used for modeling by different authors. Con-
servative models were calculated by, for example,
Refsdal and Weigert (1969), Kippenhahn (1969),
Paczynski (1971) and more recently by Wellstein and
Langer (1999) and Wellstein et al. (2001). Evolu-
tionary binary models where half of the transferred
matter leaves the system are done by de Loore and de
Greve (1992), de Greve and de Loore (1992). Petro-
vic et al. (2005a) showed that an efficiency of about
10% is most suitable to explain observed mass ratios
in WR + O binary systems.
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It is not yet known what the processes are that can
expel matter out of a binary system. One possibility
is that rotation near the critical velocity leads to a
significantly increased mass loss of the donor, which
decreases the value of § (Petrovic et al. 2005a).

The understanding of mass and angular momen-
tum transfer and accretion in interacting systems
may be essential to explain some of the most exciting
cosmic phenomena, which may occur exclusively in
close massive binaries: Wolf-Rayet binaries (van der
Hucht 2001, Petrovic et al. 2005a), long gamma-ray
bursts (Fryer et al. 1999). x-ray binaries (Chevalier
and Ilovaisky 1998), Type Ib and Ic supernovae (Pod-
siadlowski et al. 1992) and gravitational wave sources
(Abbott et al. 2019).

To summarize, a close binary system consisting
initially of two massive O-type stars eventually enters
mass transfer. During this process the mass donor
will lose a significant amount of hydrogen from its en-
velope and the binary system will evolve into a Wolf
Rayet + O binary. Wolf-Rayet, helium core burn-
ing stars, are characteristic for extremely hot surfaces
(50000 K and above), high luminosities (10° - 10° L))
and high stellar wind mass loss rates (107° - 10~*
Mg /yr).

A Wolf-Rayet star evolves further to a supernova
explosion that leaves a neutron star or a black hole
as a remnant. At the same time, the secondary is
still a main sequence, core hydrogen burning star.
After some time, the secondary expands enough to
fill its Roche lobe and mass transfer to the compact
companion takes place. This phase is observed as
a so-called high mass X-ray binary (HXMB). If the
compact object is a neutron star, the mass trans-
fer (atmospheric Roche-lobe overflow and wind mass
transfer) is most likely unstable, because of the large
mass ratio. Such binary systems eventually develop
a common envelope that leads to shrinking of the bi-
nary orbit.

The secondary will eventually also explode as a
supernova, and a double compact object will be cre-
ated. If any of the hydrogen poor massive compo-
nents in a binary is rotating fast prior to the su-
pernova explosion (Type Ib/c), a collapsar is formed
and long gamma-ray burst occurs. The final rem-
nants of a massive binary evolution, double compact
objects, have been recently associated with gravita-
tional waves emission, observed by the LIGO-Virgo
telescopes.

In Sections 6, 7 and 8, we will discuss massive bi-
nary evolution in the context of WR + O binaries,

long gamma-ray burst and gravitational wave obser-
vations.

3. STELLAR WIND MASS LOSS

Stellar wind mass loss is a very important param-
eter that has to be included in stellar evolution when
dealing with massive stars. For example, at solar
metallicity, a 15 Mg star loses 2 to 3 Mg during
its entire life. In more extreme cases, for stars with
masses around 100 Mg, the stellar wind will remove
more than half of the stellar mass during its lifetime
(Ekstrom et al. 2012).

During the main sequence phase, winds from mas-
sive stars are in general described with the radiation-
driven wind theory (Lucy and Solomon 1970, Castor
et al. 1975). This theory was improved over the years

and various theoretical mass loss rates have been cal-
culated (Kudritzki et al. 1989, Kudritzki and Puls

2000, Vink et al. 2000, 2001). However, computed
mass loss rates seem to disagree by a factor 2-3 with
the values obtained from observations (Najarro et al.
2011, Surlan et al. 2013, Rauw et al. 2015). The mass
loss rates of O-type stars with an initial mass larger
than 30-40 My are uncertain by at least a factor of
two (Puls et al. 2008).
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Fig. 2: Evolutionary tracks of single stars in range of 30
to 70 Mg calculated with the MESA evolutionary code.
Stellar wind mass loss is calculated according to Vink
et al. (2001) (solid lines) and with scaling factor of 0.1
(dashed line).

Massive stars that are evolving in binaries are very
likely to lose most of their hydrogen envelopes in a
mass transfer process and become WR stars. Those
helium core burning stars are characterized by strong
stellar optically thick winds, whose origin and mag-
nitude are also still not well understood but theo-
retical mass loss rates are given by a few authors
(Grafener et al. 2002, Hamann et al. 1995, Hamann
and Koesterke 1998, Moffat and Marchenko 1996).

In general, mass loss rates depend on the metal-
licity, but the most accurate scaling is not yet com-
pletely clear. The metallicity dependence has been
estimated initially to be 0.4 (Abbott 1982), and then
between 0.5 Kudritzki (2002) and 0.85 (Vink et al.
2001). Mokiem et al. (2007) found the empirical scal-
ing deduced from observations of early B-type and
O-type stars to be between 0.72 and 0.83.

Also, for the most massive main sequence O-type
and WR stars, a dependence of the mass loss rate on
the Eddington factor is established by a few authors
(Vink et al. 2011, Grafener et al. 2011, Bestenlehner
et al. 2014). This dependence is around I'? for O-

stars with I' < 0.70, and around I'* for WR. stars
with T' > 0.70 and the Eddington factor is given as:
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I'=kL/(47cGM), (4)

where £ is opacity, L is stellar luminosity, G is the
gravitational constant and M is the stellar mass.

During the red supergiant phase, the mass-loss
rates are even less well known. Observations exhibit
a very strong scatter, with variations over more than
2 orders of magnitude at a given luminosity (Mau-
ron and Josselin 2011, van Loon et al. 2005, Beasor
and Davies 2016, Georgy 2017). Most of the stel-
lar evolutionary codes use the RSG wind formalism
proposed by de Jager et al. (1988). However, Van-
beveren et al. (2007) showed that in the luminosity
interval 4 < log(L/Lg) < 5.5 this prescription may
significantly underestimate the true mass loss rates.

This uncertainty of the stellar wind mass loss
rates, for different evolutionary phases, has a major
impact on the results of stellar evolutionary calcu-
lations of massive single and binary stars. Such a
difference can significantly influence the evolution of
massive stars, even more so if they are evolving in bi-
nary systems and are undergoing an additional mass
loss, via mass transfer to the companion. It can cause
different outcomes during the late evolution and after
the supernova explosion.

In case of single stars, if mass loss rates are best
described by the theoretical predictions, an explana-
tion for so-called "red-supergiant problem” (Smartt
et al. 2009) is yet to be found. In case that the-
oretical calculations are underestimating mass loss
rates, stars evolve back toward the hot side of the
Hertzsprung-Russell diagram (Meynet et al. 2015).

In the case of interacting binary stars, higher stel-
lar wind mass loss rates would help the removal of the
hydrogen envelope of the mass donor. In some cases
of very extended stellar envelopes, high stellar wind
mass loss rates leading to a removal of this envelope
before mass transfer on a dynamical scale can take
place. This would prevent the formation of a com-
mon envelope and spiraling-in to a very close binary
or a merger. In all cases, the amount of material to
be transfered from one star to another is smaller in
case of higher stellar wind mass loss rates. This also
influences orbital changes that happen mostly due to
mass transfer episodes.

The possibility that the radiation and stellar wind
momenta can remove part of the matter flowing from
one towards another star during the mass transfer
was investigated by Dessart et al. (2003). How-
ever, it was shown that those mechanisms can not be
the explanation for a non-conservative mass transfer,
even in case of very low mass transfer rates (=~ 10~°

Mg /yr).
4. ROTATION AND MAGNETIC FIELDS

Rotation is an important process in stellar evolu-
tion that has been studied since early 20th century
(Von Zeipel 1924, Eddington 1926). The influence of
the centrifugal force in rotating models was investi-
gated by Kippenhahn and Thomas (1970). Meynet
and Maeder (1997) have modified the Kippenhahn
and Thomas (1970) system of equations for the case

of shellular rotation. Zahn (1977) researched syn-
chronization between rotational and orbital motion
in binary systems due to tidal spin-orbit coupling.

Single massive stars in the range of 10 - 20 Mg
have various rotational velocities from low to almost
critical values (Vink et al. 2010). The more massive
stars can lose a significant amount of angular momen-
tum due to stellar winds, which leads to slower rota-
tion (Meynet and Maeder 2000, Brott et al. 2011).

Rotation triggers an internal mixing that trans-
ports chemicals and angular momentum within a
star. Since rotational mixing brings extra fuel into
the stellar core, rotating stars develop larger convec-
tive cores compared to non-rotating stars. Also, ro-
tation induces mixing and transport in regions out-
side the convective core by meridional circulation and
shear instabilities. The result is a change of the chem-
ical composition of mixing regions or even at the stel-
lar surface layers.

In some extreme cases, the mixing during the
main sequence is so strong that the star evolves quasi
chemically homogeneously (Yoon et al. 2006, Szécsi
et al. 2015). In that case the star becomes extremely
hot and compact, becoming a possible progenitor for
long soft gamma-ray bursts (de Mink and Mandel
2016).

The evolution of massive single stars can be sig-
nificantly influenced by rotation (Heger et al. 2000,
Meynet and Maeder 2000) and evolutionary models
of rotating stars are available for many masses and
metallicities. Effects of rotation can be even more im-
portant for binary evolution, since angular momen-
tum is transfered together with material during the
mass transfer process. Accretion, via a viscous disk or
via ballistic impact, transports angular momentum,
and evolutionary models show that this can lead to
a significant spin-up and even critical rotation of the
mass gaining star (Packet 1981, Langer et al. 2000,
Yoon and Langer 2004).

The material being transferred from one star to
another carries a certain angular momentum that will
be transfered to the mass gaining star. If there is an
accretion disk, the angular momentum of the trans-
fered matter is assumed to be Keplerian. If there
is direct impact accretion, the angular momentum is
calculated by following a test particle moving through
the first Lagrangian point. This angular momentum
spins-up the top layers of the mass gaining star and
is further transferred through the star due to a rota-
tionally induced mixing processes (Heger and Langer
2000). Each time the secondary spins-up close to crit-
ical rotation, it starts losing more mass due to the
influence of the centrifugal force. High mass loss de-
creases the accretion efficiency and removes angular
momentum from the secondary star. The secondary
star is also slowed down by the tidal interactions that
try to synchronize it with the orbital motion.

Assumed that the specific angular momentum of
the accreted matter corresponds to the Kepler ro-
tation at the stellar equator, the mass gaining star
will reach critical rotation when its initial mass is in-
creased by about 5-10% (Packet 1981). The mass
accretion can continue in this situation, as viscous
processes may transport angular momentum through
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the star (Paczynski 1991). However, if the star is
rotating very rapidly, its wind mass loss may dra-
matically increase (Langer 1998), which may result
in a very inefficient mass transfer (Petrovic et al.
2005a,b).

Rotationally enhanced mass loss is given as :

M/M(Urot = 0) = 1/(1 - 9)57 (5)

(6)

(7)

where £ = 0.43, T" is the Eddington factor (Eq. 4), vyot
rotational velocity and v critical rotational velocity
(Langer 1998).

A detailed study of the effects of rotation on
the evolution of the mass gainers in massive bina-
ries was presented by Wellstein et al. (2001), Petro-
vic et al. (2005a), Petrovic et al. (2005b), Cantiello
et al. (2007), Detmers et al. (2008), De Mink et al.
(2009). Those evolutionary models include details of
the mass and angular momentum transfer process,
angular momentum transport through stellar interi-
ors due to rotationally induced mixing processes, as
well as spin-orbit coupling through tidal interaction
in binaries.

Wellstein et al. (2001) investigated the influence
of rotation processes in binary systems with initial
masses in the range of 12 to 25 Mg and mass ratios
close to one, so the systems would evolve through
stable mass transfer and avoid contact. They found
that the accretion efficiency does not decrease signif-
icantly due to rotation for Case A mass transfer, but
in Case B mass transfer efficiency can be significantly
decreased and lead to rotation of the mass gainer near
the critical velocity. Petrovic et al. (2005a) consid-
ered rotating models in the range of 40 - 60 M, with
larger mass ratios and found that accretion can be
significantly decreased during Case A mass transfer.
The explanation for this is that the maximum mass
transfer rate increases with the increase of the ini-
tial mass ratio. Further, if more mass and angular
momentum is transferred to the mass gaining star,
its rotational velocity increases more, as well as its
mass loss. This results in a lower accretion efficiency
during the mass transfer. de Mink et al. (2014) have
shown that a combination of tidal interaction in the
binary and wind mass loss can prevent a star from
reaching critical rotational velocity and allow it to
further accrete matter. In this case, part of the an-
gular momentum is transferred to the orbit or lost in
the stellar wind.

While it was shown that accretion spins-up the
mass gainer in the process of mass transfer, this pro-
cess is hindered by the tidal interactions that try
to keep the rotation of the stellar components syn-
chronized with the orbital motion (Petrovic et al.
2005a,b).

Another important parameter in massive binary
evolution is the magnetic field. As shown by Spruit
(2002) a dynamo can operate in the radiative zone
of a differentially rotating star. The resulting mag-
netic field causes an efficient torque able to reduce

with
Q= 1Jrot/'Ucrita

/Ugrit = GM(l - F)/Rv

the differential rotation and force the star to rotate
uniformly. Heger et al. (2005) researched the effects
of this process on massive star evolution and found
that it decreases the effects of rotation on massive
star evolution. Maeder and Meynet (2005) modeled
the evolution of a 10 My star with and without ro-
tationally induced magnetic fields, and also their re-
sults indicated that the overall influence of rotation
on stellar evolution becomes smaller when magnetic
fields are included.

The increase of rotational velocity of the mass
gainer in massive close binary systems and fast ro-
tating massive stars that are possible progenitors of
long 7gamma—ray bursts are further discussed in Sec-
tion 7.

5. NUMERICAL STELLAR EVOLUTION
CODES

Evolutionary calculations of massive close bina-
ries have been done by many authors, for example,
Paczynski (1967), Kippenhahn et al. (1967), van den
Heuvel and Heise (1972), Vanbeveren et al. (1979),
Vanbeveren (1982), de Loore and de Greve (1992),
de Greve and de Loore (1992), Wellstein and Langer
(1999), Wellstein et al. (2001), Petrovic et al. (2005a),
Petrovic et al. (2005b), Cantiello et al. (2007), El-
dridge et al. (2008), Detmers et al. (2008), De Mink
et al. (2009), de Mink et al. (2014).

One-dimensional (1D) stellar evolution codes,
used to model binary interactions, solve the four
equations of stellar structure Kippenhahn and
Weigert (1990). Such codes include a network of nu-
clear reactions, calculate the energy generation rate
inside the stellar model, and the time evolution of
the chemical structure of the star. They also can in-
clude parametrized rotational mixing and magnetic
fields etc. Numerical codes adapted for binary stellar
evolution additionally include mass transfer calcula-
tions, tidal interactions and the evolution of orbital
parameters.

There are a few known stellar evolution codes used
during the last decades for the modeling of binary
stellar evolution. For example, the binary evolution
code STERN (or Utrecht/Bonn Evolutionary Code),
based on the original Kippenhahn code Heger and
Langer (2000), Wellstein et al. (2001), Petrovic et al.
(2005a,b), Yoon et al. (2010) includes mass trans-
fer, tidal interactions, parametrized rotational mix-
ing and magnetic fields. Another well known code
is the Eggleton code (Eggleton 1972) and its more

modern versions STARS. It includes mass transfer
and tidal interactions, with the most modern version

also including magnetic field generation. The Pop-
ulation synthesis Brussels code (Vanbeveren et al.
1998, De Donder and Vanbeveren 2004, Mennekens
and Vanbeveren 2014) is stellar evolution code used
for both detailed evolution and population synthesis.
The BINSTAR code (Siess et al. 2013) includes also
the physics of mass transfer in eccentric systems.

The newest widely used ’state-of-the-art’ stellar
evolution code is MESA - Modules for Experiments in
Stellar Astrophysics (Paxton et al. 2011, 2013, 2015,
2018).
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6. WR + O BINARY SYSTEMS

Wolf-Rayet stars are massive helium core burn-
ing stars which have evolved from main sequence O-
type stars and lost most or all of their hydrogen-rich
envelope during their evolution Chiosi and Maeder
(1986), Maeder and Conti (1994). They are charac-
terized with high effective temperatures, luminosity
and stellar wind mass loss rate (Grafener et al. 2002).
The stellar wind of Wolf-Rayet stars is optically thick,
preventing a direct determination of radii of WR stars
(Hamann et al. 1995, Moffat and Marchenko 1996).
Beside strong stellar wind, the Roche lobe overflow in
interacting binaries was identified as a possible phys-
ical process that can explain the removal of the hy-
drogen envelope Wellstein et al. (2001).

The surface composition of WR stars is dominated
by helium. Spectra are also showing broad nitrogen,
carbon and oxygen wind emission lines. Based on
the presence of those lines, WR stars are classified
in three subtypes: WN; WC and WO stars. Based
on the strength of the nitrogen and carbon lines, all
WR stars are further classified from WN2 to WN9
and WC2 to WC9 (Smith et al. 1996). Wolf-Rayet

stars with nitrogen lines are extra divided into early
type, without hydrogen (WNE) and late type with
some hydrogen still present (WNL) (Vanbeveren and
Conti 1980). Hamann et al. (2006) indicated that the
WNL population is dominated by single stars, which
lose hydrogen from their envelopes only via stellar
wind.

Models of massive close binary evolution were pre-
sented by various authors. General ideas about the
formation of WR+O binary systems were given by
Paczynski (1967), Kippenhahn et al. (1967), van den
Heuvel and Heise (1972). Some years later Van-
beveren et al. (1979) presented models of massive
close binaries evolving via Case B mass transfer with
various assumptions for mass and angular momen-
tum loss from the binary system. Vanbeveren (1982)
found that most of the WR primaries must have
evolved from stars initially more massive than 40 Mg
via highly non-conservative (5 < 0.3) Case B mass
transfer in order to fit the observations.

The calculations of massive Case B binary systems
with initial masses from 9 Mg to 40 Mg with a mass
ratio from 0.6 to 0.9 were presented by de Loore and
de Greve (1992). They made non-conservative mod-
els assuming that the accretion efficiency is 8 = 0.5,
so half of the transfered mass leaves the binary sys-
tem.

Wellstein and Langer (1999) and Wellstein et al.
(2001) modeled massive binary systems with a mass
range of 12 to 60 Mg. Wellstein et al. (2001) pre-
sented rotating models for binary systems with initial
masses =~ 15 Mg, both for Case A and Case B and
an initial mass ratio q1.

Petrovic et al. (2005a) have presented evolution-
ary models in the mass range of 40 to 75 Mg to
model progenitors of three selected WR+O systems:
HD186943 (WN3), HD90657 (WN5) and GP Cep
(WN6/WCE), with mass ratios ¢ = Mwgr/Mo ~ 0.5
and orbital periods between 6 and 10 days. Observed
WR masses are in the range of about 10 - 15 M.
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Fig. 3: The upper panel shows the mass transfer (solid
line) and accretion rate (dotted line) of a rotating binary
system 56 Mg + 33 Mg with the initial orbital period
of 6 days modeled with the STERN evolutionary code.
The dashed line represents the mass transfer rate in a
non-rotating binary system with the same initial masses
and orbital period. The lower panel shows the accretion
efficiency of the secondary in rotating system ().

Their models with accretion efficiency of 10% repro-
duce the observations the best. They also present
highly non-conservative rotating models — in which
the accretion efficiency is not an a priori chosen pa-
rameter, but the result of a modeled physical process.
The modeled data are shown in Fig. 3.

It should also be noted that not many WR + O
binary systems have been observed. About 20 with
known masses of the components are listed in the cat-
alog of van der Hucht (2001). Listed WR masses span
a very large range from only a couple solar masses
(HD94546 an HD320102) to over 50 M, (HD311884).
Three WR stars have been observed in binary sys-
tems with compact objects (Crowther et al. 2010).

Massive binary systems consisting of two O-type
stars with too different masses would not be able to
produce a WR + O binary, because the mass transfer
would not be stable and the evolution would go via
the common envelope channel. If the initial mass
ratio of O stars is too close to unity, the mass transfer
would produce a binary system where the post-RLOF
O star is more massive than the WR star. So, the
initial mass ratio has to be somewhere in between, far
enough from unity to produce the observed masses,
but also not too far to cause evolution via contact
(Petrovic et al. 2005a).

The understanding of the WR + O progenitor evo-
lution is important for the understanding of gamma-
ray bursts (GRBs) and, since recent observations
by LIGO and Virgo detectors, also the gravitational
wave emission. According to the collapsar model
(MacFadyen et al. 2001), long gamma-ray bursts orig-
inate in fast rotating hydrogen free WR stars which
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are massive enough to form a black hole at the end
of their evolution and explode as a supernova (Type
Ic) (Woosley 1993a, Woosley et al. 1995). This the-
ory is in agreement with GRB afterglow observations
reported by Hjorth et al. (2003).

WR + O binary systems evolve via two supernova
explosions to create double compact binaries consist-
ing of two black holes, two neutron stars or one of
each. Mergers in such systems have been recently
identified as sources of gravitational wave emission.
(Abbott et al. 2019).

7. SUPERNOVAE, COLLAPSARS AND
GAMMA-RAY BURSTS

Iron core collapse supernovae are classified as
Type I or Type II, depending on whether they have
hydrogen lines in the spectra (Type II) or show an ab-
sence of hydrogen lines (Type I). Type Ib and Type Ic
supernovae are related to massive star explosions in
binary systems. Both of those supernovae types lack
hydrogen in their spectra. The Type Ib supernovae
show helium lines, while Type Ic lack both hydrogen
and helium lines. This means that Type Ib are re-
lated to core collapsing massive stars that lost their
hydrogen envelope and Type Ic with core collapsing
massive stars that lost both hydrogen and helium rich
layers.

There has been a lot of evidence that collapsing
massive stars are the progenitors of long gamma-ray
bursts (GRBs) (Woosley and Bloom 2006, Gehrels
et al. 2009). Supernova explosions of massive fast
rotating stars might be connected with the creation
of a collapsar (Woosley 1993a): a massive - 35-40
Mg (Fryer 1999) rotating star whose core collapses
to form a black hole accreting the rest of the star in
a very short time (Woosley 1993b, MacFadyen and
Woosley 1999). There have been several observations
of GRBs associated with supernovae Type Ic (Hjorth
et al. 2003). Also, it has been shown that afterglows
of those supernovae show signatures of the circum-
stellar medium being shaped by a massive progenitor
star (van Marle et al. 2005).

The question is which evolutionary channel can
produce fast spinning presupernova stars? Massive
single stars have high stellar wind mass loss rate and
in this way they lose angular momentum, both dur-
ing the main sequence and WR phase. On the other
hand, massive stars in binary systems might be spun-
up by an accretion process that carries not only mat-
ter, but also angular momentum to the gainer. Most
long gamma-ray bursts seem to occur at low metallic-
ity (Fruchter et al. 2006), which is in agreement with
the stellar wind mass loss dependence on metallicity
that we have mentioned in Section 3.

The models (Woosley 1993b, MacFadyen and
Woosley 1999) showed that if a star has enough an-
gular momentum in the equator (3x10'¢cm?/s), an
accretion disk will be formed around the black hole.
Extremely fast accretion of the rest of the star at ac-
cretion rates up to 0.1 - 1 Mg /s in the newly formed
black hole releases large amounts of energy (=~ 105!
erg/s). The jet, coming from heated gas expanding
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Fig. 4: Specific angular momentum profiles of the sec-
ondary star in a binary system 56 Mg + 33 Mg with the
iitial orbital period of 6 days calculated with the STERN
evolutionary code. The long-dashed line shows the profile
on the ZAMS (Zero Age Main Sequence), dotted line after
the fast phase of Case A, dashed line after the slow phase
of Case A, dash-dotted line after Case AB and solid line
during the helium core burning, after which insignificant
angular momentum loss is expected.

with relativistic speed at the poles, and the shock
wave, can result in a GRB and a Type Ib/c super-
nova event.

Is it possible that a single star can be the pro-
genitor of such an event? In case of extreme stellar
wind mass loss during the WR phase, it may happen
that a star loses its hydrogen envelope, but can its
core rotate so fast as before the supernova explosion?
To investigate this (Heger et al. 2000) have calcu-
lated models of a 25 Mg, star that could form a black
hole by a fallback. They have found that such a star
would have enough angular momentum to produce a
collapsar, but it was not clear if it can shed its hydro-
gen envelope. The core is able to keep rotating fast
despite the stellar wind mass loss, because the so-
called p-gradients represent a barrier for rotational
mixing and transport of angular momentum, so the
core does not lose large amount of angular momen-
tum during the evolution, even if the envelope loses
a lot of matter via stellar winds (Heger and Langer
2000). The influence of a magnetic field that can in-
fluence the transport of angular momentum within a
star (Spruit and Phinney 1998), was not considered.

Heger et al. (2004) included the angular momen-
tum transport by magnetic torques, using the dy-
namo model presented by Spruit (2002). The mag-
netic torques keep the rotation of the stellar core and
the stellar envelope more synchronized. The envelope
slows down due to stellar wind mass loss and the re-
sulting angular momentum in the core is one to two
orders of magnitude less than what is required by the
collapsar model of GRB production. However, it is
still possible that the dynamo model by Spruit (2002)
overestimates the influence of magnetic fields.
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In the case of binary systems, before the mass
transfer, tidal spin-orbit coupling synchronizes the
rotation of both stars with the orbital motion, which
leads to a specific angular momentum which is by fac-
tor of 3 to 5 smaller than in a corresponding single
star. However, Wellstein et al. (2001) and Petrovic
et al. (2005b) showed previously that during the mass
transfer phase in a binary system, the secondary (ac-
creting) star can spin up close to the critical rotation,
i.e. the surface layers of this star can gain significant
angular momentum. This angular momentum can be
transported inwards and increase the rotation veloc-
ity of the stellar core. Stars with a mass of about 40
Mg are able to retain enough angular momentum in
their cores to produce GRBs.

Petrovic et al. (2005b) also considered massive bi-
nary models with a magnetic field Spruit (2002). In
this case, the core spin-up due to the accretion is
stronger. It leads to a core spin rate which is by fac-
tor of 2 to 3 above that of a ZAMS star of comparable
mass. However, the magnetic core-envelope coupling
reduces the specific core angular momentum by al-
most a factor of 100 by the time the star has started
the core helium burning. Its final core angular mo-
mentum will be far too small to produce a GRB.

Detmers et al. (2008) have investigated a possible
spin-up of a WR star in a later evolutionary stage.
However, the results have shown that the tidal inter-
action of a Wolf-Rayet star with a compact object in
a binary system can not spin up the Wolf-Rayet star
enough to produce a collapsar at Solar metallicity.
On the other hand (Fryer and Heger 2005, Podsiad-
lowski et al. 2010, Tout et al. 2011) proposed various
scenarios to spin up WR stars in close binary systems
for high metallicity.

The question of the exact progenitor evolution of
long gamma-ray bursts stays open. It was shown that
the accretion does add significant angular momentum
to the stellar core of the gainer. However, it is not
clear how the angular momentum can be preserved
until the supernova explosion, since the stellar wind
mass loss, magnetic torques and tidal interactions are
slowing down the stellar rotation. There is a possibil-
ity that accretion on the WR star near its end might
play a role or late stellar merger may lead to an effi-
clent core spin up.

8. GRAVITATIONAL WAVE SOURCES

The observations of gravitational waves in the last
few years indicated that those signals are connected
with mergers of compact objects in massive binary
systems. The first signal (GW150914) was inter-
preted as two massive black holes of about 36 Mg
and 29 Mg (Abbott et al. 2016¢). The second signal
was associated with the merger of slightly less mas-
sive black holes, about 14 Mg and 7.5 Mg (Abbott
et al. 2016a). The first detection of a gravitational
wave signal related to a merger of neutron stars was
reported in 2017 (Abbott et al. 2017). In total, LIGO
and Virgo detectors observed so far about 20 gravi-
tational wave events, 18 related to mergers of binary
black holes with masses in the range of about 7 Mg

to 85 My and two events related to neutron star
mergers with masses of about 1.5 Mg (Abbott et al.
2019, 2020).

Double compact objects associated with gravita-
tional wave emission, consisting of black holes and
neutron stars, are relics of massive binary star evo-
lution. Such binary systems start as double O-type
stars and evolve through multiple interactions in their
lifetimes, transferring matter and angular momentum
from one to another. Those systems evolve through a
Wolf-Rayet + O phase, a X-ray binary phase, likely
CE episode(s) and survive two supernova explosions.

After a WR+O phase that was discussed in detail
in Section 6, the primary star will evolve to a super-
nova explosion and the first compact object will be
formed in a binary. Depending on the force of the
SN kick, the orbital period will be more or less af-
fected and in some cases the binary system will be
disrupted. If a binary system stays bound, the sec-
ondary star evolves further into a red giant with a
hydrogen burning envelope. This will cause a mass
transfer to the compact object and the system will
be likely observable as an X-ray binary. Eventually,
the secondary will also undergo a supernova explo-
sion (Ib/c) and the second compact object will be
formed. There is also a probability that the system
becomes disrupted in this second supernova event.
If the binary stays bound, the compact objects will
eventually merge.

Many authors have published results on the
physics of double compact objects formation, for
example Bisnovatyi-Kogan and Kombert (1974),
Wheeler et al. (1974), Flannery and van den Heuvel
(1975) and more recent Ivanova et al. (2003), Dewi
and Pols (2003), Podsiadlowski et al. (2004), Dewi
et al. (2005), Belczynski et al. (2008), Tauris et al.
(2015) and Tauris et al. (2017).

Considering models of gravitational wave progen-
itors, the work by Kruckow et al. (2018) should be
mentioned. They have modeled the evolution of bi-
nary systems using the population synthesis method
and included the mass loss, mass transfer and ac-
cretion, common envelopes, and supernova kick esti-
mates. The resulting compact objects are determined
depending on the mass of the progenitor carbon-
oxygen core. Neutron stars are the result of an iron-
core collapse supernova if a carbon-oxygen core has
a mass in the range of 1.435 to 6.5 Mg (Tauris et al.
2015). Black holes are formed if the carbon-oxygen
core mass is above 6.5 Mg.

They have found that the double neutron star sys-
tems originate from binaries where both components
are initially less massive than about 30 Mg . To form
double black hole binaries, it is necessary to have
initial stellar masses above this value. In the lower
metallicity regime, more black hole binaries will be
formed, because of the lower stellar wind mass loss
rate. Mixed NS-BH binaries are formed only from bi-
nary systems with initial masses between 30 and 40
Mg and an initial mass ratio near one.

Fig. 1 shows an example of the mass transfer
rate in binary systems with initial stellar components
around 30 Mg, so exactly in the transition parameter
space from neutron stars to the black hole formation.
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As we already mentioned, those systems evolve via
the Case A, Case AB and Case ABB mass transfer
to the iron core formation of the primary star. The
MESA evolutionary code is used for those calcula-
tions.

The masses of carbon-oxygen cores in binary sys-
tems 30 Mg + 27 Mg and 32 Mg + 28.8 Mg are
under the 6.5 Mg limit (5.41 and 6.04 Mg respec-
tively) and the remnant of the supernova explosion
is a neutron star. The primary in the binary 34 Mg
+ 30.6 Mg develops a carbon-oxygen core of 6.79
Mg and a black hole will be the result of the SN ex-
plosion. In both systems, the secondary will further
evolve via a supernova explosion into a compact ob-
ject. If such systems are not disrupted by either of the
supernova explosions, they become double compact

objects, that later during merger emit gravitational
waves.

9. SUMMARY

The evolution of massive binary systems relates
to many exciting astrophysical phenomena. However,
there are still many uncertainties and open questions.

First, stellar wind mass loss calculations are still
to be improved, especially for red supergiants and
Wolf-Rayet stars. Mass loss via stellar wind removes
a large amount of matter and angular momentum
in case of massive stars and it directly influences the
size of the final stellar core and its rotational velocity.
In this way, the stellar wind mass loss can determine
whether the final core collapses into a neutron star or
a black hole and if it has enough angular momentum
to possibly produce a gamma-ray burst together with
a supernova explosion. In other words, the initial-
final mass relation for massive stars still has to be
precisely established, as well as the connection be-
tween the initial and the final angular momentum
profiles in binary stars.

Further, there is an open question about the ef-
ficiency of mass transfer in massive binary systems.
Also, it is not fully known what physical processes can
contribute to interactions being non-conservative. To
recreate the observed WR + O systems accretion as
low as 10% is needed. Stellar rotation was identified
as an important parameter that can influence the ac-
cretion efficiency in massive binary systems. Stars
rotating with a velocity near the critical value have
extremely high mass loss rates and, in this way, the
mass transfer is being highly non-conservative. Be-
sides this, the rotation is also related to the appear-
ance of long gamma-ray bursts, as it is necessary that
a stellar core has a certain angular momentum to cre-
ate a collapsar — a collapsing black hole that is accret-
ing the rest of the star.

The influence of magnetic fields on massive binary
evolution is still not fully understood. Current mod-
els of magnetic dynamo do not support models of
long gamma-ray bursts created in massive binaries.
Magnetic torque decreases angular momentum of the
stellar core, synchronizing it with the stellar enve-
lope that is slowed down by the tidal interactions in
a binary system.

Finally, the recent detection of gravitational waves
by the LIGO and Virgo detectores have opened a new
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and exciting chapter in the massive binary evolution
research. Evolving from double O-type binaries and
going through a WR + O phase, massive binaries
become double compact objects. Mergers between
components in those systems, neutron stars and black
holes, give rise to the emission of gravitational waves.
A detailed understanding of progenitor evolution of
double compact binaries is still to come. The influ-
ence of metallicity, stellar wind, rotation, accretion
efficiency etc. in detailed evolutionary models, as well
as the effects of the common envelope phase and su-
pernova kick in the evolution of those objects, is still
to be discovered.
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EBonynuja macuBHUX 3Be3na y OJMCKUM
OBOJHUM CHUCTEMUMA C€ 3HA4YajHO pAa3JIuKyje
O eBOJIyIUje YyCaMJbEHUX 3Be3na, HajBUIIE
30or Hu3a umHTEpakuja m3Mehy unaHoBa OBOj-
HOr cucrema. MacuBHM [OBOJHHM CHUCTEMHU CY
OBE33aHU Ca PAa3HUM WHTEPECAHTHUM acTpodu-
suuruM  peromenuma. I[Ipumep cy Wolf-Rayet
nBojHM cucreMu, Twn Ib/c ekcmimosuja cymep-
HOBUX U rama OseckoBu. Takobe, y HOBUjuM moc-
matpamuma LIGO u Virgo merekropa, rpaBura-
OUOHM TaJaCH CYy ACOIVPAHU Ca CynapuMa KOM-
makTHUX oOOjekara y mBojHuM cuctemuma. OBu
KOMIIAKTHU OOjeKTU, HEYTPOHCKE 3Be3[e U I[PHE

pyIe, cy Pe3yiTaT €BOJyIrje MACUBHUX JBOjHUX
cucteMa. EBosynunonu Monenm MaCUBHUX IBOjHUX
cucreMa Cy MOPEINCTABJHEHU OJ[ CTPAHE MHOTUX
ayTopa, ajJi Cy WIAK MHOTU ACIOEKTU €BOJY-
nuje W najbe HEmo3HATW. Y OBOM pany je mar
nperyien OCHOBA €BOJIYIMj€é MACHUBHUX OJIUCKUX
OBOJHUX CHUCTEMA U MAUCKYCHUja mapaMeTrapa Kao
ITO Cy poTalyja, MarHeTHO IoJbe, IyOuTak Mace
IIPEKO 3BE3MaHOT BeTpa U e(PUKACHOCT aKpenuje y
TOKy TpaHchepa mace. IIpencrasien je u ommu-
paH mperyen Jeparype Ha TeMy MAaCUBHUX IBOj-
HUX CHCTEMA, ¥ CBETJIY y30yA/BUBUX IOCMATPAHA
MOBE3aHUX CA& OBUM OOjEeKTHMA.
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