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magnetosphere, and the actual accretion rate onto the neutron star is determined by the ability
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1. Introduction: Short history of X-ray astronomy and accretion

On June 18, 1962, a serendipitous discovery of the first tialZeray source, Sco X-1, was
made [1]. The project was originally aimed at observing }X-flaorescent emission from the
Moon, but instead this discovery heralded the beginning -osa)astronomy. The fluorescent X-
ray emission from the Moon was actually discovered aboute2iis/later by the ROSAT satellite
[2]. Sco X-1 was the brightest galactic X-ray source far lmelythe Solar system, and later a lot
of interesting galactic X-ray sources (Cyg X-1, Her X-1, C&€8, etc.) were discovered in other
rocket experiments. Before the launch of the specializaedyXsatellite UHURU (12 December
1970, [3]), the origin of the powerful X-ray emission fromlgetic sources was unclear. However,
as early as in the mid-1960, Yakov Zeldovich [4] and Ed Salpf] invoked accretion of matter
onto moving compact objects as powerful source of energgsom. First UHURU results showed
that galactic X-ray sources can be quasi-persistent (lijg XG1 [6]) or show periodic pulsations
(like Cen X-3 [7] and Her X-1 [8]). Later it was recognized tlilisk accretion onto a compact star
in a binary system is responsible for the observed powerfrthy<emission [9]. In close binary
systems, accretion disks are formed during mass transfier thhe optical star onto compact stellar
remnants (neutron stars or black holes) through the wcfithe inner Lagrangian point. In the
case of black holes, accretion disks extend down the to stentarginally stable circular orbit
(6GM/c? for a Schwarzschild black hole). In the case of magnetizedroe stars, the magnetic
field of neutron star starts destroying accretion flow atdisés typically about 100-1000 NS radii.
The accreting matter enters the NS magnetosphere, geenfiolo the NS magnetic field and is
canalized to the NS magnetic polar caps, where most of thetamt power is emitted. The disk
accretion regime is usually realized when the optical starfdls its Roche lobe. If the optical
star does not fill its Roche lobe, accretion still can be veswgrful from the captured stellar
wind [9, 10]. Even in this case accretion disk can be formebefspecific angular momentum of
captured matter is high enough; if not, accretion flow willdueasi-spherical. In this review we
will consider only quasi-spherical accretion onto magrestiNSs.

2. Two regimes of wind accretion

Quasi-spherical accretion is most likely to occur in highsas X-ray binaries (HMXB) when
the optical star of early spectral class (OB) does not filRitehe lobe, but experiences a significant
mass loss via stellar wind. We shall discuss the wind aaredgime, in which a bow shock forms
in the stellar wind around the compact star. The charatitedsstance at which the bow shock
forms is about the gravitational capture (Bondi) radius

Re = 2GM/(\V2,+ V) (2.1)

wherev,, is the wind velocity (typically 100-1000 kf®), Vorp is the orbital velocity of NS, which
is usually much smaller thaw,, so below we will neglect it. The rate of gravitational captof
mass from the wind with densipy, near the orbital position of the NS is the Bondi-Hoyle-lattin
mass accretion rate:

Mg ~ PWRZBVW oc PWV\7v3 . (2.2)
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2.1 Supersonic (Bondi-Hoyle-Littleton) accretion

There can be two éierent cases of quasi-spherical accretion. The classicatliBaoyle-
Littleton accretion takes place when the shocked mattédisapools down, and the matter freely
falls towards the NS magnetosphere (see Fig. 1) by formingpaksat some distance above the
magnetosphere. Here the shocked matter cools down (maii@pimpton processes) and enters the
magnetosphere via Rayleigh-Taylor instability [11]. Thagnetospheric boundary is characterized
by the Alfvén radiusRa, which can be calculated from the balance of the ram pressiutiee
infalling matter and the magnetic field pressure at the magpéeric boundaryov%f (Ra) = B?/8n.
Making use of the mass continuity equation in the shélk 47R2o(R)v¢ ¢ (R), and assuming dipole
NS magnetic field, the standard result [10] is obtained:

2 2/7
Ra=|——| . 2.3
" (M \/ZGM) 23)
The captured matter from the wind carries a specific angutanemtumj,, ~ wBRé [12]. Depend-
ing on the sign ofj,, (prograde or retorgrade), the NS can spin-up or spin-dowms fiegime of
quasi-spherical accretion occurs in bright X-ray pulsaith W, > 4x 10%¢ erg s1 [13, 14].

2.2 Subsonic (settling) accretion

If the captured wind matter behind the bow shocRaremains hot (when the plasma cooling
time is much longer than the free-fall timiggo > t¢), a hot quasi-static shell forms around the
magnetosphere. The subsonic (settling) accretion seseeKig. 2). In this case, both spin-up or
spin-down of the NS is possible, even if the signjgfis positive (prograde). The shell mediates
the angular momentum transfer from the NS magnetosphergsgaus stresses due to convection
and turbulence. In this regime, the mean radial velocity after in the shell, is smaller than the
free-fall velocityus¢: u, = f(u)us¢, f(U) <1, and is determined by the plasma cooling rate near the
magnetosphere (due to the Compton or radiative cooling):

f(u) ~ [tr (Ra)/teool(RA)I 3. (2.4)

In the settling accretion regime the actual mass accretittnanto NS can be significantly smaller
than the Bondi mass accretion rate,
M = f(u)Mg. (2.5)

The settling accretion occurs la < 4x 10°6 erg st [14].

3. Structure of the shell

The structure of the shell around NS magnetosphere in thiéngedccretion regime is dis-
cussed in detail in [14]. To the first approximation, its it structure along the radid&can be
described assuming hydrostatic equilibrium:

1dP GM

SRR (3.1)



Wind Accretion - Observations Vs Theory N. Shakura

3 = 3 Subsonic settling accretion without shock near magnetosphere
Accretion Bondi-Hoyle-Littleton 9 g B

Matter subsonically
T settles down inside the

. T / . / __ the shell with radius ~Rg
e Convective isomomentum
b @ — B shell w(R)~1/R?
e / \\ ~ T / \\ o~ \/
\
- :
\ %/ R
IS N E / Re oot >> 1 fopant . AN
2GM/V2 (Bondi radius)
SGM)2 characterizes bow shock
- 5 - location in the wind
M & pyRE ~ p ( ! ) ocation in the win - - ‘) il
v M~ M| ——
_26Mm Leool

Figure 1: Supersonic (Bondi-Hoyle-Littleton) ac-  Figure 2: Subsonic settling accretion onto magne-
cretion onto magnetized NS tized NS

with the adiabatic solution for the temperature radial peofi

RT _y-1GM

3.2
Hm y R (3:2)
For the adiabatic index = 5/3 we get the standard result (see also [15]):
R 3/2
PR =pR)( ) . (33)

whereR, is the magnetospheric (Alfv’en) radius.

Unlike the supersonic Bondi regime, in the settling acoretiegime the magnetospheric
boundary is determined by balance between the gas theresduype and magnetic pressure yield-
ing [14]

& 2P
Ra= f(u)Kz— 3.4
= [T e

where the factoK, ~ 7.6 takes into account thdfect of magnetospheric currents [11]. Clearly,
in the settling accretion regime the dependenc&®gofbn M andu can be diferent than in the
standard formula Eq. (2.3), since the factqu) depends dierently onM and x for different
cooling regime. Numericallyf(u) ~ 0.1— 0.5 depending on the X-ray luminosity. The plasma
enters the magnetosphere of the slowly rotating neutrards&to the Rayleigh-Taylor instability.
The boundary between the plasma and the magnetospheréles atdigh temperatureb > T,

but becomes unstable at< T, and remains in a neutral equilibrium™®t= T, [16]. The critical

temperature is:
1cos GM
RTcr == Xﬂm .
2kRa Ra
Herex is the local curvature of the magnetosphegrés the angle the outer normal to the magne-
tospheric surface makes with the radius-vector at a givamt.pdhe dfective gravity acceleration

can be written as

(3.5)

GM T
=—cosy(l-—|. 3.6
Oeff R S\/( Tcr) (3.6)
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The temperature in the quasi-static shell is given by EQ)(&nd the condition for the magneto-
sphere instability can thus be rewritten as:
T _20-1) «Ra <1
Ter Y COosy
Consider, for example, the development of the interchangg&bility when cooling (predom-
inantly Compton cooling) is present. The temperature ceamrg [17], [18]

(3.7)

dT T-Ty
hal 3.8
dt tc (3.8)
where the Compton cooling time is
3 ﬂRimeCZ 1
tc = — ————— ~ 10.6[s|R5M~. 3.9
C 2/1m oT Lx [ ]F\% 16 ( )

Herem is the electron mass:t is the Thomson cross sectidn, = 0.1Mc? is the X-ray luminosity,
T is the electron temperature (which is equal to the ion teatpes since the timescale of electron-
ion energy exchange here is the shortest possiblel the X-ray temperature ang, = 0.6 is the
molecular weight. The photon temperaturelis= (1/4)Tqy for a bremsstrahlung spectrum with
an exponential cutfdat T, typically Tx = 3—5 keV. The solution of equation Eq. (3.8) reads:

T=Te+(Ter—Toe Ve, (3.10)

We note thafl, ~ 30keV> Ty ~ 3 keV. Itis seen that for~ 2tc the temperature decreaseslto
In the linear approximation the temperature changes as:

T~ Ter(1-t/tc). (3.11)

Plugging this expression into Eq. (3.6), we find that tifieaive gravity acceleration increases
linearly with time as:

GM t
Qeff ~ — 7~ COSy. (3.12)
Ry e

Correspondingly, the velocity of matter due to the instgbdrowth increases with time as:
t GM t?
t
u = dt= —-—cosy. 3.13
i fgeff RZA 2te X ( )
0
Let us introduce the mean rate of the instability growth

<U>=——=c——==—
' t 6R tc BRI

udt 2 2
f 1GME _ 1GM( tRa ) COSy . (3.14)

<Uu >

Here¢ < 1 and/Ra is the characteristic scale of the instability that growshwhe rate< u; >.
Therefore, for the mean rate of the instability growth atlthear stage we find

1/3 2/3 1/3
__(PGMYTT ¢ 2GM [t
< U >= ( 6'[C = 10173 RA E COSy. (315)
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As the factor cog ~ 1, we will omit it below. Here we have introduced the charastie time as

Ry
tif = ; 3.16
V2GM ( )
which is close to the free-fall time at a given radius. Theref the factorf (u) becomes:
<Uu >
f(u) = . 3.17
“ Us (Ra) (3.17)

Substituting Eq. (3.15) and Eq. (3.17) into Eq. (3.4), we fmcthe Alfvén radius in this regime:

#3 2/11
RS ~ 1.37x 109[cm][ ] : (3.18)
Mie

Plugging Eq. (3.18) into Eq. (3.17), we obtain the explicipeession forf(u) in the Compton
cooling regime:

f(u)c ~ 022 MM (3.19)

In the radiation cooling regime the radiation cooling tiree i

3KT
(rad) _ ) /_
tCOOl —mneA(T) /Krad, (320)

whereA(T) ~ 2.5x 10727 /T (in CGS units) is the radiation cooling factor (here the G&antor
is taken into account and that real cooling function at haghperatures goes slightly higher than
for pure free-free emission). With this cooling time, temgiere decreases as

dT
= = —Kyag VT, (3.21)

yielding a non-exponential temperature decay with time

2
T 1 Kradt)
— =(1-=L 3.22
- 522
In the linear approximation, wheink tf:roa(ﬂ), we get for the radiation cooling law
T t
T =1- t(rad) , (3.23)
cool
similarly to Eq. (3.11) for Compton cooling, and find
R(?D ~ 1.05x 10°[em]¢BLid 2" M &7, (3.24)
f(Urag ~ 0.1714/8 52" MEZ. (3.25)
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4. Spin-up/spin-down of neutron star during settling accretion

At the settling accretion stage onto a NS in a binary systémret are three characteristic
angular frequencies: the angular orbital frequeagy= 27/Py, which characterizes the specific
angular momentum of captured matter, the angular frequehayatter near the magnetosphere,
wm(Ra), and the angular frequency of magnetosphete= 2r/P* which coincides with the NS
spin frequency. lfwm(Ra) —w* # 0, an dfective exchange of angular momentum between the
magnetosphere and the quasi-spherical shell occurs. AsnsimAppendices in [14], [19], the
rotational law in the shell with settling accretion can bpresented in a power-law from(R) ~
1/R", with 0 < n < 2 depending on the treatment of viscous stre¥¥gsin the shell. In the most
likely case where anisotropic turbulence appears due teswac convection (see [14J),~ 2, i.e.
iso-angular-momentum rotational law sets in.

The torque due to magnetic forces applied to the neutromresals:

Ic’u*:f%wds 4.2)
47

where B; is the toroidal magnetic field component which arises if éhisrthe diference of the
angular velocity of mattew,, and magnetosphere angular rotatign On the other hand, there is a
mechanical torque on the magnetosphere from the base di¢liecaused by the turbulent stresses
WR¢Z

f WrywdS, (4.2)
where the viscous turbulent stresses can be written as
ow
Wrs = pviR—. 4.3
Rp = PVt IR (4.3)

To specify the turbulent viscosity cfigient
vt = (Uclt), (4.4)
we assume that the characteristic scale of the turbulense tb the magnetosphere is

lt = {aRa, (4.5)

where we have introduced the dimensionless fafgag 1, characterizing the size of the zone in
which there is an féective exchange of angular momentum between the magnetesphd the
base of the shell. The characteristic velocity of the twebtlpulsationsu. is determined by the
mechanism of turbulence in the plasma above the magnetesghehe case of strong convective
motions in the shell, caused by heating of its bage; cs, wherecs is the sound speed. Equating
the torques Eq. (4.1) and Eq. (4.2) and allowing for Eq. (4r8) Eq. (4.5), we get
dw BBp

OR~ 4r

We eliminate the density from this expression using thegqumesbalance at the magnetospheric
boundary and the expression for the temperature Eq. (1@)meke the substitution

PULIRE (4.6)

ow wm—w'

AR~ LaRa

4.7)
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Then we find the relation between the toroidal and poloidatmonents of the magnetic field

in the magnetosphere:
Bt Y ( Uc )(wm_w*)
L _K - ) 4.8
Bp  v2(y—1)\Urr )\ wk(Ra) “o

(Note that there is no dependence on the width of the layeractexized by the parametéy).
Substituting Eq. (4.8) into Eqg. (4.1), the spin-down ratéhef neutron star can be written as:

/12 (Um_w*
RS wk(Ra)
whereK1 ~ 1 is a constant arising from integrating of torques over tlagmetospheric surface.

Using the definition of the Alfvén radiuBa Eq. (3.4) and the expression for the Keplerian
frequencywyk, we can write Eq. (4.9) in the form

10" = Kle(i)

™ (4.9)

l* = ZMRE (wm— w"). (4.10)
Here the dimensionless déieientZ is
Uc 1
=Ki|—|——. 4.11
1(Uff) f(u) (4.11)

Taking into account that the matter falling onto the neutstar adds the angular momentum
ZMRZw*, we ultimately get

l&v* = ZMRA (wm—w”) + ZMR3w". (4.12)

Here 0< z< 1 is the numerical cd@cient which is~ 2/3 if matter enters across the magneto-
spheric surface with equal probability afférent magnetospheric latitudes. SubstitutingdRa) =
wg(Rg/Ra)? for iso-angular-momentum shell, we can rewrite the abowstgn in the form

lv* = ZMwpR3 - Z(1 - 2/Z)MR3w". (4.13)

Substituting for the coupling céigécient Z, in the case of Compton cooling we can rewrite
Eq. (4.12) in the form explicitly showing the spin-uid4,) and spin-downKsg) torques:

o' = AMTI - BM31 = Ko~ Keg. (4.14)

Here the spin-ujspin-down cofficientsA andB do not explicitly depend oM.
For a characteristic value of the accretion ritg; = M/10 g/s, the spin-up and spin-down
torques read (in CGS units):

—4 1
1 AV Pp : _

Keu~ 5.29% 10" B[rad/s2] Ky [ —< | 7~ f1,31 (Y8 (—) M7/ 1 4.15

su X [rad/s] 1(Uff g, v \1od 16 145 (4.15)
) U ) P\ o

Ksd~ 5.36x 10 9[rad/s?](1 — z/Z)Kl(u—f"f)g LY 11(?05) ML (4.16)

Herel45 = 1/10% g cn? is the NS moment of inertia, the dimensionless facter 1 takes into
account the actual location of the gravitational captudius

Another approach to the problem of interaction of quasiesighlly accreting magnetized
plasma with rotating NS magnetospheres is developed in [20]
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Figure 4: The same as in Fig. 3 for Vela X-1
(V.Doroshenko, PhD Thesis, 2010, IAAT)

pulsed flux) near the equilibrium frequency [21].
The assumed X-ray flux at equilibrium (in terms
of the dimensionless parametgiis also shown by
the vertical dotted line.

5. Equilibrium pulsars
For equilibrium pulsars we set* = 0 and from Equation Eq. (4.12) we get

Close to equilibrium we may vary Eq. (4.12) with respecMo Variations insM may in general
be caused by changes in dengityas well as in velocity of the stellar wing (and thus the Bondi
radius). For density variations only we find (see Eq. (672®2] for more detail)

| ow* |e (')(l)*| . p* .
_ _om'ea ay 'y —4/11\-7/11, -12/11
On the other hand, by equating this value to the definitionhef ¢coupling cofficient Z (see

Eq. (4.11) above), we can find the dimensionless combinatidine theory parameters:

_ Kl(L:JTCf) %'Vzl P*\ o311 —13/11
Mo = 7311 ~0.55 1012 (m) Mig' “Hao (5.3)

The equilibrium period of an X-ray pulsar with known NS matméeld can be found from
Eq. (4.13) (or, which is the same, by equating the spin-upsanatdown torques from Eq. (4.15)

and eq. (4.16)):
- 411, 12/11( Po \ yp-4/11( V8 4
Peq ~ 1000[8](1- 2/Ze 3 7o) i ) (5.4)
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In the equilibrium, from this formula we can determine amotdimensionless combination of the
theory parameters:

(l— _Z<Zg )54/11 p* P -1

_ a b w4/11 ~12/11, 4

M= ~0.1 (—) M et 5.5
! 52 (1005) 10d/ 16 fso ' (®-5)

Because of the strong dependence of the equilibrium pemoglisually, poorly measurable)
wind velocity, for pulsars with independently known magadields i it is more convenient to
estimate the wind velocity, assumiij = Py

~1/4
oz )\ 411
(1 ZGQ)§ 1/11 —3/11('3*/1005)1/4

Vg ~ 0.56 7 16 Hsoeq | p,/10d

: (5.6)

which is only weakly dependent dvl and the theory parametE.
In the possible case of mass accretion rate variations duéntbvelocity changes only, the
coupling codficientZ¢qy reads (see Eq. (68) in [22]):

ow*

Zequ ~ 0.76[%)(5_08) AT 2 %)z. (5.7)
Clearly, in this case the coupling is smaller. Below we wihsider only wind density variations.
In principle, if z> 0 and (wn—w*) > 0, Eg. (5.1) implies that there can be no equilibrium at all —
the pulsar can only spin-up. However, two well-measuredlibgum pulsars (see below) show
that the equilibrium does exist, suggesting that in thegeotd (wm— w*) < 0.

To illustrate the theory outlined above, we show the measangl obtained model parameters
of two well-known persistent X-ray puslars, Vela X-1 and GXL2 (see Table 5).

It is clear from Table 5 that for Vela X-1 observed and deripagameters are in good agree-
ment, with the value of dimensionless theory parameliers 1, as expected from very general
hydrodynamic similarity principles [23]. It is remarkalieat parameteflp ~ 1 in GX 301-2 as
well, suggesting the common physics of hydrodynamic imtévas in these objects. However, the
observed wind velocity in GX 301-2 is inferred from obseimas to be around 300 kfs, which is
almost two times as small as derived from our theory. To algach a low velocity from Eq. (5.6),
the dimensionless parametds should be around 10, which is unrealistically high (in fabis
parameter should not be higher than 1). From this we conchatén GX 301-2 the wind velocity
is likely to be estimated not close to the interaction regidgtin NS.

6. Non-equilibrium pulsars

It is convenient to introduce the dimensionless parameter

M
whereMeq represents the accretion rate at whigh="0:
_ B\11/4
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Table 1: Parameters for the equilibrium X-ray pulsars.

Pulsar Equilibrium pulsars
GX301-2 VelaX-1
Measured parameters

P*(s) 680 283
Pg(d) 415 896
Vi (kmy/s) 3007 700
U30 2.7 12
M1g 3 3

%, 1(rags?) 151012 12.10°12
Derived parameters

f(uy7/1 0.32 030
Zool /M 432 349
o 1.28 111
velly*(kmys) 530 800

Equation Eq. (4.14) can be rewritten in the form
- L1 4
i =AMéayll(1—y n). 6.3)

The plot of the functionw*(y) is shown schematically in Fig. 5. The functiesi(M) reaches

minimum atM = Mg,
11
. . (3\7
Mer = Meq(7) s (6-4)

In other wordsw™ attains minimum for the dimensionless parameter

11

3\4
Yer = (7) <1l (6.5)
The minimumw™ for y =y, (i.e. the maximum possible spin-down rate of the pulsar) is
. 4 .1
| i = —gAMééylll- (6.6)

Numerically, the maximum spin-down rateyat is

3 « \—7/4 3/4
e 12 7/4 Uc | 2 (V8 P Pb
Wigmin ~ —1.12x 10?[rad/s?](1 - 2/2) Kl(uff)ﬂso( \/3) ( 1003) (Hﬂ . (8.7)

Then, from the conditiofwg | < |w;dmin| follows a lower limit on the neutron star magnetic field:

l/2(1—2/2)—7/8 Ky [ (e (P 7/8(&)_3/8
Hurs Vo 100s 10d ’

10

bk
Wgy

10-12rags?

H30 > :uéo,min ~ 0'94‘
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Figure 5: Schematics of the dependencewf on the dimensionless accretion rate The figure shows
the position in the diagram for equilibrium pulsars with- 1 and for non-equilibrium pulsars at steady
spin-down withy < yr

Table 2:

Pulsars Non-equilibrium pulsars
GX1+4 SXP1062 4U2206 54
Measured parameters

P*(s) 140 1062 5560
Pg(d) 1161 ~ 300 19(?)
Vi (kmys) 200 ~ 300 350
130 ? ? 17
Mie 1 0.6 0.2
W ~2.34-10* -1.63-10°% -94.101
Derived parameters
Ka(ue/us )¢~ (1-2/2) 4.3
“go,min ~ 2.4 ~ 10 ~ 0.6

T Estimate of the source’s position in the Corbet diagfaEstimate of typical wind velocity
binary pulsars containing Be-stars.

At very small accretion rates< 1 the spin-up torqu&s, can be neglected, and the spin-down
rate of a pulsar is

. (-1
e 12 Uc | ,-3/11 13/11y,3/11( P
Wey =~ -0.54x 10" [I’ad/Sz](l - Z/Z)Kl(u—ff)g H3g MlG (WOS) . (69)

From this we obtain a lower limit on the neutron star magnggicl that does not depend on the
stellar wind velocity and the binary orbital period:

- 11/13
d

H30 > H30min & 1.68‘—S

30min 10-12rags’

(1-2/2)" V13| K, U _11/13§3/13|\'/|—3/13 pr \1Y/13
Us f 16 100s

(6.10)

11
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As an example, consider the steady spin-down behavior ierakeslowly rotating moderate-
luminosity X-ray pulsars (GX 44, SXP 1062, 4U 220654) within the framework of quasi-
spherical settling accretion theory. The results are sutizetiin Table 2.

7. Bright flares in supergiant fast X-ray transients

Supergiant Fast X-ray Transients (SFXTSs) are a subclasdfBt associated with early-type
supergiant companions [24, 25, 26], and characterized bsadjz, short and bright X—ray flares
reaching peak luminosities of 8-10°” erg s1. Most of them were discovered by INTEGRAL
[27, 28, 29, 30, 31]. They show high dynamic ranges (betwdhahd 10,000, depending on
the specific source; e.g. [32, 33]) and their X-ray spectravitbburst are very similar to accreting
pulsars in HMXBs. In fact, half of them have measured neusitan (NS) spin periods similar to
those observed from persistent HMXBs (see [34] for a review)

The physical mechanism driving their transient behavielated to the accretion by the com-
pact object of matter from the supergiant wind, has beerudgsd by several authors and is still
a matter of debate, as some of them require particular piepesf the compact objects hosted
in these systems [35, 36], and others assume peculiar clypngperties of the supergiant winds
andor orbital characteristics [37, 38, 39, 40, 41, 42].

The typical energy released in a SFXT bright flare is abod® 20.0°° ergs [43], varying by
one order of magnitude betweerftdrent sources. That is, the mass fallen onto the NS in a typica
bright flare varies from 1% g to around 18 g.

The typical X-ray luminosity outside outbursts in SFXTs i®at Ly oy ~ 10°* erg s [44],
and below we shall normalise the luminosity to this valug, At these low X-ray luminosities, the
plasma entry rate into the magnetosphere is controlled ditiee plasma cooling. Further, it is
convenient to normalise the typical stellar wind velocityrh hot OB-supergiants, to 1000 km st
(for orbital periods of about a few days or larger the NS athielocities can be neglected compared
to the stellar wind velocity from the OB-star), so that thenBogravitational capture radius is
Rs = 2GM/Vg, = 4x 10"%[cm]vg? for a fiducial NS mass oy = 1.5Mo.

7.1 Magnetopsheric shell instability

Let us assume that a quasi-static shell hangs over the nusgihetre around the NS, with
the magnetospheric accretion rate being controlled byatiadi plasma cooling. We denote the
actual steady-state accretion rateMasso that the observed X-ray steady-state luminosityyis
0.1M,c2. Then from the theory of subsonic quasi-spherical acardtid] we know that the factor
f(u) (the ratio of the actual velocity of plasma entering the neigsphere, due to the Rayleigh-
Taylor instability, to the free-fall velocity at the magasphereys s (Ra) = V2GM/R,) reads [45,
46]

f(Urag = 0.0367/M1L22u57 . (7.1)

(See also Eq. (7.1) above).
The shell is quasi-static (and likely convective). It isagjhtforward to calculate the mass of
the shell using the density distributigrfR) o« R~3/2 [14]. Using the mass continuity equation to
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eliminate the density above the magnetosphere, we readily fi

2 My

AM = 370 trf(Rg). (7.2)

Note that this mass can be expressed through measurablgtigaarn jow, 130 and the (not directly
observed) stellar wind velocity at the Bondi radiggRg). Using Eq. (7.1) for the radiative plasma
cooling, we obtain

AMyag ~ 8x 10M[g) ML v 3% (7.3)

The simple estimate (7.3) shows that for a typical wind vigyagear the NS of about 500 knts
the typical mass of the hot magnetospheric shell is arountf 1) corresponding to £ ergs
released in a flare if all the matter from the shell is accret&d the NS, as observed. Variations in
stellar wind velocity between fierent sources by a factor ef2 would produce the one-order-of-
magnitude spread inM observed in bright SFXT flares.

As noted in [45], if there is an unstable matter flow through itegnetosphere, a large quan-
tity of X-ray photons produced near the NS surface shoul@tlhgpool down the plasma near the
magnetosphere, further increasing the plasma fall vglagitR,) and the ensuing accretion NS
luminosity Ly. Therefore, in a bright flare the entire shell can fall onte MS on the free-fall
time scale from the outer radius of the shigl(Rg) ~ 1000 s. Clearly, the shell will be replen-
ished by new wind capture, so the flares will repeat as lontp@sapid mass entry rate into the
magnetosphere is sustained.

7.2 Magnetized stellar wind as the flare trigger

We suggest that the shell instability described above cadrndugered by a large-scale magnetic
field sporadically carried by the stellar wind of the opti€B companion. Observations suggest
that about~ 10% of hot OB-stars have magnetic fields up to a few kG (see f@g7h review
and discussion). It is also well known from Solar wind stedisee e.g. reviews [48, 49] and
references therein) that the Solar wind patches carryimggiat magnetic fields has a lower velocity
(about 350 km 3') than the wind with radial magnetic fields (up 40700 km s?1). Fluctuations
of the stellar wind density and velocity from massive staws @so known from spectroscopic
observations [50], with typical velocity fluctuations upQd v., ~ 200— 300 km s*.

The dfect of the magnetic field carried by the stellar wind is twdfdirst, it may trigger rapid
mass entry to the magnetosphere via magnetic reconnedttierpfienomenon well known in the
dayside Earth magnetosphere, [51]), and secondly, the @tiagd parts of the wind (magnetized
clumps with a tangent magnetic field) have a lower velocigntthe non magnetized ones (or the
ones carrying the radial field). As discussed in [43] andWweinagnetic reconnection can increase
the plasma fall velocity in the shell from iffecient, radiative-cooling controlled settling accretion
with f(u)rag ~ 0.03-0.1, up to the maximum possible free-fall velocity wifiju) = 1. In other
words, during a bright flare subsonic settling accretiongunto supersonic Bondi accretion. The
second factor (slower wind velocity in magnetized clumpghvi@angent magnetic field) strongly
increases the Bondi raditg o ;> and the corresponding Bondi mass accretion Kgex Vi3,

Indeed, we can write down the mass accretion rate onto the th® unflaring (low-luminosity)
state aMajow = f(U)Mg with f(u) given by expression (7.1) ardg ~ 7R2py\y. Eliminating the
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wind densityp,, using the mass continuity equation written for the sphélyiceymmetric stel-
lar wind from the optical star with powevl, and assuming a circular binary orbit, we arrive at
Mg =~ %Mo(%)z. Using the well-known relation for the radiative wind maesd rate from mas-
sive hot stardVl, ~ ei wherelL is the optical star luminosity,, is the stellar wind velocity at
infinity, typically 2000-3000 km ! for OB stars and ~ 0.4—1 is the dficiency factor [52] (in the
numerical estimates below we shall assun€0.5). It is also possible to reduce the luminodity
of a massive star to its ma$é using the phenomenological relation/{,) ~ 19(M/My)%76 (see
e.g. [53]). Combining the above equations and using Keptaitd law to express the orbital sepa-
rationa through the binary perioBy, we find for the X-ray luminosity of SFXTs in the non-flaring
state

2.76-2/3
Lxiow = 5x 10°[erg s f(u) ()

-1 -4 -4/3
(lOOgIc:m §1) (500\klvr:q §1) (%i) ’ (7.4)

which for f(u) ~ 0.03-0.1 corresponds to the typical low-state luminosities of SEXfi~ 10>*erg s*.

It is straightforward to see that a transition from the loatst(subsonic accretion with slow
magnetospheric entry rafi€u) ~ 0.03—0.1) to supersonic free-fall Bondi accretion wififu) = 1
due to the magnetized stellar wind with the velocity dedreaby a factor of two, for example,
would lead to a flaring luminosity dfy fiare ~ (10+ 30)x 2°Lyow. This shows that the dynamical
range of SFXT bright flares«(300—- 1000) can be naturally reproduced by the proposed mecha-
nism.

7.3 Conditions for magnetic reconnection near the magnetghere

For magnetic field reconnection to occur, the time the maggetplasma spends near the
magnetopause should be at least comparable to the recmmtte, t. ~ Ra/Vy, wherey; is the
magnetic reconnection rate, which istdiult to assess from first principles [54]. In real astrophysi
cal plasmas the large-scale magnetic reconnection ratescashigh ag. ~ 0.03—0.07va [54], and
phenomenologically we can parametrize ivas e va with ¢ ~ 0.01-0.1. The longest time-scale
the plasma penetrating into the magnetosphere spendsiseaagnetopause is the instability time,
tinst ~ tr £ (Ra) f(U)rad [14], SO the reconnection may occuttiftinst ~ (Us ¢ /Va)(f(U)rad/&) < 1. As
nearRa (from its definition)va ~ us ¢, we arrive atf (U);aq < & as the necessary reconnection con-
dition. According to Eq. (7.1), it is satisfied only atfBaiently low X-ray luminosities, pertinent
to 'quiet’ SFXT states. This explains why in HMXBs with comtize shells at higher luminosity
(but still lower than 4< 10%6 erg s1, at which settling accretion is possible), reconnectiamifr
magnetized plasma accretion will not lead to the shell bty but only to temporal establish-
ment of the 'strong coupling regime’ of angular momentumsfar through the shell, as discussed
in [14]. Episodic strong spin-ups, as observed in GX 301-&y ive manifestations of such failed’
reconnection-induced shell instability.

Therefore, it seems likely that the keyffégrence between steady HMXBs like Vela X-1, GX
301-2 (showing only moderate flaring activity) and SFXTshattin the first case theffects of
possibly magnetized stellar winds from optical OB-compagiare insignificant (basically due to
the rather high mean accretion rate), while in SFXTs withdoisteady’ X-ray luminosity, large-
scale magnetic fields, sporadically carried by clumps iniimel, can trigger SFXT flaring activity
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via magnetic reconnection near the magnetospheric boyntiae observed power-law SFXT flare
distributions, discussed in [55], with respect to the lagmal distributions for classical HMXBs
[56], may be related to the properties of magnetized stellad and physics of its interaction with
the NS magnetosphere [57, 58].
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