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The properties of wind accretion in symbiotic X-ray binaries (SyXBs) consisting of red-giant

and magnetized neutron star (NS) are discussed. The spin-up/spin-down torques applied to NS

are derived based on a hydrodynamic theory of quasi-spherical accretion onto magnetized NSs.

In this model, a settling subsonic accretion proceeds through a hot shell formed around the NS

magnetosphere. The accretion rate onto the NS is determinedby the ability of the plasma to enter

the magnetosphere. Due to large Reynolds numbers in the shell, the interaction of the rotating

magnetosphere with plasma initiates a subsonic turbulence. The convective motions are capable

of carrying the angular momentum through the shell. We carryout a population synthesis of

SyXBs in the Galaxy with account for the spin evolution of magnetized NS. The Galactic number

of SyXBs with bright (Mv < 1) low-mass red-giant companion is found to be from∼ 40 to 120,

and their birthrate is∼ 5×10−5−10−4 yr−1. According to our model, among known SyXBs, Sct

X-1 and IRXS J180431.1-273932 are wind-fed accretors. GX 1+4 lies in the transition from the

wind-fed SyXBs to SyXBs in which the giants overflow their Roche lobe. The model successfully

reproduces very long NS spins (such as in IGR J16358-4724 and4U 1954+31) without the need

to invoke very strong magnetic fields.
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SyXB Ps (s) Ṗs/Ps Porb (d) LX (erg s−1) Sp. Type

GX 1+4 150[6] ±4×10−10 1161[7] ∼ 1037[6] M5 III [6]

4U 1954+31 ∼ 18300[8] −1.4×10−9[8] ? 4×1032−1035[1] M4 III [1]

4U 1700+24 ? ? 404[9] 2×1032−1034[3] M2 III [9]

Sct X-1 113[3] 3.9×10−9[3] ? 2×1034[3] Late K/early M I-III[3]

IGR J16194-2810 ? ? ? ≤ 7×1034[10] M2 III [10]

IRXS J180431.1-273932 494[11] ? ? ≤ 6×1034[11] M6 III [11]

IGR J16358-4724 5850[12] 3.1×10−8[4] ? 3×1032−3×1036[4] K-M III [15]

IGR J16393-4643 912[13, 14] 1.0×10−11[15] 50.2[15] ? K-M III [15]

2XMM J174016.0-290337 626[16] ? ? ∼ 3×1034[16] K1 III [16]

Table 1: Parameters of observed symbiotic X-ray binaries

1. Introduction

Symbiotic X-ray binaries (SyXB) form a growing subclass of X-ray binary stars in which
accretion onto a magnetized neutron star (NS) occurs from stellar wind of the companion red giant
that does not fill its Roche lobe [1]. All these systems are hard X-ray emitters [2] and are low-mass
X-ray binaries, with the possible exception of Sct X-1 [3], for which a high-mass solution also is
viable. One of these systems, IGR J16358-4726 may harbour a magnetar [4]. Currently about ten
sources are classified as SyXBs or candidate systems (see Table 1).

Remarkable features of SyXBs compared to other low-mass X-ray binariesare their long or-
bital periods and long NS spin periods. In the catalog of 187 low-mass X-ray binaries [5], the
orbital periods of 4U 1700+24 and GX 1+4 are the longest in all orbital periods observed. With
18300 s spin period, 4U 1954+31 is the slowest accretion powered NS [1]. Therefore, a detailed
investigation of SyXB is of immense importance for comprehension of evolution of NS in LMXB.

2. Quasi-spherical wind accretion

The cold stellar wind of the red-giant companion is gravitationally captured byNS at the
characteristic distanceRG = 2GM/(V2

w + v2
orb)

2 (the Bondi radius). HereVw is the stellar wind
velocity at the NS orbital distance,vorb is the NS orbital velocity. We consider the case of ineffective
cooling of plasma behind the shock, so the bow shock is formed at the characteristic radius∼ RG.
Behind the shock front, the matter falls with a subsonic velocity toward the NS magnetosphere
located at a distanceRA (the Alfven radius) which is determined by the pressure balance in the
accreting matter and the magnetic field. To within a numerical factor of the orderof a few, which
depends on the magnetosphere structure,RA ∼ [µ2/(Ṁ

√
2GM)]2/7.

The matter carries the specific angular momentumjw = kwΩBR2
G (here−1< kw < 0.4 is the

numerical coefficient [17],ΩB is the binary orbital angular frequency). Ifjw > jK(RA) =
√

GMRA,
an accretion disc is formed around the NS magnetosphere. In the opposite case, the accretion pro-
ceeds quasi-spherically. The interaction of accreting matter with the NS magnetosphere ultimately
leads to the NS spin-up or spin-down – the phenomenon that has been intensively studied [18].

The disc accretion on NS magnetospheres is well studied (see [19] for thediscussion) and can
explain many properties of accreting X-ray pulsars. However, the analysis of spin-down torques in
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a prototypical SyXB GX 1+4 [20, 21] shows that the disc accretion can hardly explain the observed
correlations.

The quasi-spherical accretion onto slowly rotating magnetized NSs has recently been revised
in [22]. In contrast to Bondi accretion, if the cooling is ineffective, the matter can settle onto the NS
magnetosphere with a subsonic velocity through a quasi-spherical hot shell. The structure of this
shell can be found from the hydrostatic equilibrium:ρ(R) ∼ R−3/2, P(R) ∼ R−5/2, T(R) ∼ R−1.
The hot plasma near the shell bottom can be marginally stable against interchange instabilitites
mediating plasma entering the magnetosphere, and for accretion to become possible the plasma
cooling (e.g. via Compton scattering of X-ray photons) may be required [23]. However, the very
fact of observations of slow X-ray pulsars accreting from stellar wind and experiencing spin-down
episodes suggests that plasma finds ways to enter the magnetosphere.

In our model the accretion rate onto the NS, which determines its X-ray luminosity, is al-
ways smaller than the Bondi-Hoyle accretion rate potentially available by the neutron starṀG ∼
ρwR2

G/v3
w; the extra matter gravitationally captured by the NS should bend around the hot shell and

carry away the angular momentum in the accretion wake.

As shown in [22], the Reynolds number in the hot shell is very high so the interaction of the
rotating magnetosphere with the shell initiates subsonic turbulence. At the bottom of the shell
the energy is released due to interaction of the shell with the magnetosphere and turbulence, so
powerful convective motions begins and establish nearly iso-angular-momentum rotation law in
the shell: ω(R) ∼ R−2. The NS will spin-up or spin-down depending on the specific angular
momentum of matter at the magnetospheric boundary and the angular velocity ofthe NS rotation
ω∗ = 2π/Ps. The spin-up/spin-down equation of the quasi-spherically accreting neutron star can
be written in the form:

I ω̇∗ = ZṀωBR2
G− (Z−z)ṀR2

Aω∗ , (2.1)

whereZ and 0< z< 1 are some dimensionless coefficients. Clearly, for spin-down episodes to
become possible the conditionZ > z must be satisfied. Analysis of torque reversals observed in
wind-accreting X-ray pulsars GX 1+4, Vela X-1, GX 302-1 and Cen X-3shows that in the case of
quasi-spherical accretionZ & 1 in these pulsars [22]. The above equation for the NS spin evolution
allows us to estimate the NS magnetic moment of X-ray pulsars in whichω̇∗ can be measured as
a function of the X-ray flux near the torque reversal point (i.e. whereω̇∗ = 0). Remarkably, the
estimate of the NS magnetic momentµ is independent of the actual value of the X-ray luminosity,
only Ṁ(∂ω̇∗/∂Ṁ) near the torque reversal point matters. The magnetic field of NS in Vela X-1
and GX 301-2 estimated in this way is consistent with the value inferred from thecyclotron line
measurements.

The very slow pulsar spins in SyXBs (ω∗RA < ωK(RA)) make it hard to establish the pro-
peller regime to eject matter with parabolic velocities from the magnetosphere during spin-down
episodes. The important ratio of viscose tensions to the gas pressure at the magnetospheric bound-
ary is proportional to(ω∗−ω(RA))/ωK(RA), with the maximum value for the non-rotating enve-
lope withω(RA) = 0. For very slowly rotating pulsars this ratio is very small, i.e. only large-scale
convective motions with the characteristic hierarchy of eddies scaled with radius can be estab-
lished in the shell. Whenω∗ > ωK(RA), the super-sonic propeller regime must set in. In that case
the maximum possible spin-down torque is∼ µ2/R3

A. It is not excluded that a hot envelope will
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Figure 1: The spin evolution of an accreting magne-
tized NS in a binary system

Figure 2: X-ray luminosities and pulsar spin periods
in SyXBs with bright red-giants for different models
(see [29] for more detail). Open circles show sources
from Table 1.

persist here, too, and bring away the angular momentum from the rotating magnetosphere. If the
characteristic gas cooling time in the envelope is short, one can expect the formation of a ’storag-
ing’ thin Keplerian disc [25]. There is no accretion of matter through such adisc, it only serves to
remove the angular momentum from the magnetosphere.

At high ṀG, thermal instability can appear in hot plasma behind the bow shock front. The
medium can be stratified into cold dense and hot rarefied regions. Cold blobs move in the hot
(RT ∼ GM/R) plasma. As they move deeper into the hot shell, their velocity can exceed the local
sound velocity, and blobs get gradually destroyed. Crossing the line of sight, these cold blobs would
produce an X-ray flux variability with increased hardness ratio. At high X-ray luminosities (high
Ṁ) processes of Compton heating and cooling near and above the Alfven radius become important.
Below some characteristic distance the Compton cooling by X-rays dominates, and above it the
Compton heating prevails. This radius can be determined from the conditionT(Rx) ≃ TX, where
TX is the effective temperature of X-ray photons. The latter depends on the spectral shape (for
example,TX = 1/4T for spectrum with an exponential cutoff≃ e−E/kT, TX = T for the Planckian
spectrum). If the Compton cooling time is shorter than the fall time of matter, non-stationary
accretion regime sets in [26]. Real wind-accreting systems demonstrate complex quasi-stationary
behavior with dips, outbursts, etc. These features can be interpreted using the proposed model of
quasi-spherical accretion.

3. Population synthesis of SyXB

For the simulation of binary evolution, we use the rapid binary star evolution code BSE [27]
with updates by [28]. The code is appended by an algorithm for the careful treatment of spin
evolution of a magnetized NS and the NS magnetic field decay, as described in [29]. The impor-
tant parameter for the SyXB evolution is the stellar wind velocity from the red giant, which we
parametrize asvw =

√

β (2GM/R). The parameterβ is set to 1.

An example of the spin evolution of a magnetized NS in SyXB is presented in Fig. 1. The
parameter for the specific angular momentum of captured stellar wind iskw = 1/4. We start with

4



P
o
S
(
I
N
T
E
G
R
A
L
 
2
0
1
0
)
0
1
5

Wind accretion in SyXBs K. Postnov

a binary consisting of a 1.4M⊙ NS with the surface magnetic field 5× 1012 G, the spin period
Ps= 0.01 s, and a 1.3M⊙ main-sequence star. The initial orbital period of the system isPB = 400 d.
Before point ’A’, the secondary is still a MS-star anḋMG onto the NS is below 10−15M⊙ yr−1, so
the NS evolves like an isolated object. The evolution ofPs is determined by the spin-down torque
calculated by the magneto-dipole formula. At point ’A’ the secondary enters the Hertzsprung gap
and starts to lose mass via stellar wind. The Bondi radius isRG = 1.3×1013cm, relationsRG >

RA > Rc = (GM/ω∗2)1/3 and jw < jK(RA) hold, so the NS enters the super-sonic propeller stage of
quasi-spherical accretion. The NS spin period (and hence the corotation radiusRc) increases, and
at point ’B’ RA = Rc. The NS turns out at the quasi-spherical accretor state from stellar wind, and
the evolution ofPs is determined by Eq. 2.1. The SyXB stage starts. At point ’C’, the secondary
evolves to the first giant branch (FGB) stage. The NS is still in the accretorstate. With the ascend
along FGB, the stellar wind velocity of the giantvw decreases so thatjw ∼ v−4

w increases. At point
’D’, jw > jK(RA), and a wind-fed accretion disc forms around the NS. At point ’E’ the secondary
overfills its Roche lobe, the mass accretion rate immediately increases and exceeds the critical
Eddington rate. The NS becomes a super-accretor. At point ’F’, the secondary leaves FGB and
evolves to the core helium burning stage. The mass-loss rate rapidly decreases, but the velocity
of the stellar wind is low so thatjw > jK(RA) and the NS becomes a propeller with a wind-fed
accretion disc. At point ’G’, the secondary evolves to early asymptotic giant branch (E-AGB). At
point ’H’ RA ≤ Rc and the NS becomes a wind-fed accretor again. For a short time the system
again appears as a SyXB. Due to the high mass accretion rate, the spin period Ps rapidly decreases.
At point ’I’ the secondary overfills its Roche lobe again, so that the supercritical disc is formed. At
point ’J’ the secondary evolves into thermally pulsing AGB-star. At point ’K’ the secondary leaves
the AGB to become a hot white dwarf. To summarize, between points ’B’ and ’E’ and from ’H’
to ’K’ the considered system appears as a SyXB. Note that the torque reversal from spin-down to
spin-up occurred close to point ’C’ when the mass loss rate from the red giant gradually increased,
in accordance with Eq. 2.1.

4. Results and conclusion

We have used the treatment of quasi-spherical wind accretion considered in [22] to calculate
the properties of a population of SyXB in the Galaxy. The resulting population of SyXBs on the
Ps−Lx plane is shown in Fig. 2, in which known SyXBs from Table 1 are also plotted by open
circles. Several population synthesis models (with different kick velocitiesof the nascent NS and
stellar wind parameters) were calculated (see [29] for more detail). The mainresults are:

1. The galactic birthrate of all SyXBs is∼ (4−9)×10−5 yr−1. The total number of galactic
SyXBs is between∼ 5000 and∼ 10000. The birthrate of SyXB mostly depends on the kick velocity
dispersion imparted to nascent NS in core-collapse supernovae. However, this parameter affects
the population of SyXB by a factor of about 2.

2. 70% — 80% of NSs in SyXB are formed in core-collapse supernovae, 10% — 20% are
formed in electron-capture supernovae. Less than∼ 1% of SyXBs experience super-Eddington
accretion.

3. The galactic number of SyXBs with bright (the absolute stellar magnitudeMv< 1) low-mass
red-giant companion are from∼ 40 to 120, and their birthrate is∼ (5−8)×10−5 yr−1. According
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to our model, among known SyXBs, Sct X-1 and IRXS J180431.1-273932are wind-fed accretors.
GX 1+4 lies in the transition from the wind-fed SyXBs to SyXBs in which the giantsoverflow their
Roche lobe. The model successfully reproduces very long NS spins (such as in IGR J16358-4724
and 4U 1954+31) without the need to invoke very strong magnetic fields.
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