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In the settling accretion theory, which is applicable to gjtspherical accreting slowly rotat-
ing magnetized neutron stars with X-ray luminoslity < 4 x 10° erg s%, bright X-ray flares

(~ 10°8 — 10% ergs) observed in supergiant fast X-ray transients (SFXay e produced by
sporadic capture of magnetized stellar-wind plasma franetrly-type supergiant. At sufficiently
low steady accretion rates.(10'° g s~1) through the shell around the neutron star magnetosphere
at the settling accretion stage, magnetic reconnectiotecaporarily enhance the magnetospheric
plasma entry rate, resulting in copious production of Xphgtons, strong Compton cooling, and
ultimately in unstable accretion of the entire shell. A btiflare develops on a free-fall time scale

in the sheII,Rg/Z/\/W ~10°—10* s (Rg is the classical Bondi capture radius), and the typical
energy released in the SFXT bright flare corresponds to ttss withe shell.
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1. Settling quasi-spherical accretion

In close binary systems, there can be two different regimes of accratimntioe compact
object — disc accretion [1, 2, 3] and quasi-spherical accretion. Eoeadcretion regime is usually
takes place when the optical star overfills its Roche lobe. Quasi-sphecmation is most likely to
occur in high-mass X-ray binaries (HMXB) when an optical star of egrctral class (O-B) does
not fill its Roche lobe, but experiences a significant mass loss via its stéfidr We shall discuss
the wind accretion regime, in which a bow shock forms in the stellar wind arthum@ompact
star. The structure of the bow shock and the associated accretion wake$ationary and quite
complicated (see e.g. numerical simulations [4, 5, 6], among many otherg).chidracteristic
distance at which the bow shock forms is approximately that of the BonidigRg = 2GM/ (v, +
vg,b), wherev,, is the wind velocity (typically 100-1000 km/s) angly, is the orbital velocity of the
compact star. In HMXBs, the stellar wind velocity is usually much larger thgj so below we
will neglectvyr,. The rate of gravitational capture of mass from a wind with dergityear the
orbital position of the NS is the Bondi mass accretion ritg~ pyR3viy [ Vi °.

Then, there are two different cases of quasi-spherical accretlassi€al Bondi-Hoyle-Littleton
accretion takes place when the shocked matter is cooled down rapidly, enthtter falls freely
towards the NS magnetosphere by forming a shock at some distance abavaghetosphere.
Here the shocked matter cools down (mainly via Compton processes) amsl tigtenagnetop-
shere due to the Rayleigh-Taylor instability [7]. The magnetospheric laoyrid characterized
by the Alfvén radiusRa, which can be calculated from the balance between the ram pressure of
the infalling matter and the magnetic field pressure at the magnetosphericaopunle captured
matter from the wind carries a specific angular momenjym wsR3 [8]. Depending on the sign
of jw (prograde or retorgrade), the NS can spin-up or spin-down. Thismeeof quasi-spherical
accretion occurs in bright X-ray pulsars with > 4 x 10*¢ erg s* [9, 10].

If the captured wind matter behind the bow shockRgtremains hot (which it does when
the plasma cooling time is much longer than the free-fall titag, > t;¢), a hot quasi-static shell
forms around the magnetosphere and subsonic (settling) accretion setthia.case, both spin-up
and spin-down of the NS is possible, even if the sigiak positive (prograde). The shell mediates
the angular momentum transfer from the NS magnetosphere via viscosestdes to convection
and turbulence. In this regime, the mean radial velocity of matter in theghislsmaller than the
free-fall velocityuss: u, = f(u)uss, f(u) < 1, and is determined by the palsma cooling rate near
the magnetosphere (due to Compton or radiative coolifigl) ~ [tsf(Ra)/tcool(Ra)]Y3. In the
settling accretion regime the actual mass accretion rate onto the NS may be agiyifeenaller
than the Bondi mass accretion ralté= f (u)Mg. Settling accretion occurs bf < 4 x 103 erg s
[10].

1.1 Two regimes of plasma entering the NS magnetosphere

To enter the magnetosphere, the plasma in the shell must cool down froim @Impst virial)
temperaturd determined by hydrostatic equilibrium to some critical temperafirfl1]
1cosy unGM

T3 kR R

(1.1)
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HereZ is the universal gas constapt,, ~ 0.6 is the molecular weight; is the Newtonian gravi-
tational constanty is the neutron star mass,is the local curvature of the magnetosphere girisl
the angle between the outer normal and the radius-vector at any giwdrapthe Alfvén surface.

As was shown in [10, 12], a transition zone above the Alfvén surfacerattiusR, is formed
inside which the plasma cools down. The effective gravitational acceleiiattbis zone is

GM I
1— — 1.2
Qeff R2 cosx < Tcr) 1.2)

A
and the mean radial velocity of plasma settling is

Ur = f(U)y/2GM/Ra. (1.3)

In the steady state, the dimensionless factef 6(u) < 1 is determined by the specific plasma
cooling mechanism in this zone and, by conservation of mass, is constamgththe shell. This
factor can be expressed through the plasma coolingttigpen the transition zone [10]:

< trs >1/3 1/3
fuy~(— cosy (1.4)
teool
wherets = R¥2/y/2GM is the characteristic free-fall time scale from radRisThe angley is
determined by the shape of the magnetosphere, and for the magnetobphedary parametrized
in the form~ cosA" (where A is the angle counted from the magnetospheric equatory tan
ntanA. For example, in model calculations by [T} 0.27 in the near-equatorial zone, 88 ~
1.27. We see that cgs~ 1 up toA ~ 11/2, so below (as in [10]) we shall omit cgs

Along with the density of matter near the magnetospheric boundéRy), the factorf (u)
determines the magnetosphere mass loading rate through the mass contiratityrequ

M = 4TR3p(Ra) f (u)/2GM/Ra. (1.5)

This plasma eventually reaches the neutron star surface and prodguesag luminosityLy ~
0.1Mc2. Below we shall normalize the mass accretion rate through the magnetosgheed! as
the X-ray luminosity to the fiducial valudg, = I\'/I/10n gslandL,=L,/10"ergs !, respectively.

1.2 The Compton cooling regime

As explained in detail in [10] (Appendix C and D), in subsonic quasi-stattdsabove slowly
rotating NS magnetospheres the adiabaticity of the accreting matter is broketo durbulent
heating and Compton cooling. X-ray photons generated near the N8etefed to cool down the
matter in the shell via Compton scattering as long as the plasma tempéFatullg, whereTy is
the characteristic radiation temperature determined by the spectral emgrdyution of the X-ray
radiation. For typical X-ray pulsafg ~ 3—5 keV. Cooling of the plasma at the base of the shell
decreases the temperature gradient and hampers convective motiogdision®d heating due to
sheared convective motions is insignificant (see Appendix C of [10jgr&fore, the temperature
in the shell changes with radius almost adiabatic#ly ~ (2/5)GM/R, and the distancBy within
which the plasma cools down by Compton scattering is

-1
R~ 10'%m ( 3;;\/) , (1.6)
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much larger than the characteristic Alfvén radis~ 10° cm.
The Compton cooling time is inversely proportional to the photon energy density

tc ~ R?/Ly, (1.7)

and near the Alfvén surface we find

2
o~ 10[s]<m§’gm) Lad- (18)

(This estimate assumes spherical symmetry of the X-ray emission beam). Cleathe exact
radiation density the shape of the X-ray emission produced in the accretliamic near the NS
surface (i.e. X-ray beam) is important, but still ~ M. Therefore, roughlyf (u)c ~ M¥3, or,
more precisely, taking into account the dependend@afn M, in this regime

RS ~ 10%mL 2/l (1.9)

we obtain:
f(u)e ~ 0.3La g™ (1.10)

Hereso = u/10°° G cn? is the NS dipole magnetic moment.

1.3 The radiative cooling regime

In the absence of a dense photon field, at the characteristic tempenagarethe magneto-
spherel ~ 30-keV and higher, plasma cooling is essentially due to radiative lossaagbtrahlung),
and the plasma cooling time igg ~ /T /p. Making use of the continuity equation (1.5) and the
temperature distribution in the shéll~ 1/R, we obtain

trag ~ RM~1f(u). (1.12)

Note that, unlike the Compton cooling time (1.7), the radiative cooling time is actuakpard
dent of M (remember thaM ~ f(u) in the subsonic accretion regime!). Numerically, near the
magnetosphere we have
trad A 1000[s]<m§’;n) Lo <fo<§)) . (1.12)

Following the method described in Section 3 of [10], we find the mean rad@ditxeof matter
entering the NS magnetosphere in the near-equatorial region, similar topression forf (u) in
the Compton cooling region Eq. (1.10). Using the expression for the Alfadius as expressed
throughf (u), we calculate the dimensionless settling velocity:

2/9, 2/27

and the Alfvén radius:
R ~ 10°[em]L, i’ (1.14)

(in the numerical estimates we assume a monoatomic gas with adiabaticyird®x3). The ob-
tained expression for the dimensionless settling velocity of matter Eq. (1.13) nadmative cool-
ing regime clearly shows that here accretion proceeds much less effectian in the Compton
cooling regime (cf. with Eq. (1.10)).
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Unlike in the Compton cooling regime, in the radiative cooling regime there is nadoitista
leading to an increase of the mass accretion rate as the luminosity increasés {de long char-
acteristic cooling time), and accretion here is therefore expected to protae quietly under the
same external conditions.

The idea that the transition between the two regimes may be triggered by a&chaing X-ray
beam pattern is supported by the pulse profile observations of Vela Xiffenetit energy bands
[13]. The observed change in phase of the 20-60 keV profile in thstat (at X-ray luminosity
~ 2.4 x 10°® erg s'1), reported by [13], suggests a disappearance of the fan beamdaXray
energies upon the source entering this state and the formation of a pearil(bee [14] for more
detailed discussion).

Note that the pulse profile phase change associated with X-ray beamisgibgiow some
critical luminosity, as observed in Vela X-1, seems to be suggested Myvavi — Newtonobser-
vation of the SFXT IGR J11215-5952 (see Fig. 3 in [15]), corrobogative subsonic accretion
regime with radiative plasma cooling at low X-ray luminosities in SFXTs as well, ashall
describe in the next section (see [16] for more detailed discussion).

2. SFXTs

Supergiant Fast X-ray Transients (SFXTs) are a subclass of HMX8asciated with early-type
supergiant companions [17, 18, 19], and characterized by sposidict and bright X—ray flares
reaching peak luminosities of 38-10°7 erg s'1. Most of them were discovered by INTEGRAL
[20, 21, 22, 23, 24]. They show high dynamic ranges (between 160L&yD00, depending on
the specific source; e.g. [25, 26]) and their X-ray spectra in outlamestery similar to accreting
pulsars in HMXBs. In fact, half of them have measured neutron star $iif)periods similar to
those observed from persistent HMXBs (see [27] for a recentugvie

The physical mechanism driving their transient behavior, related to tiretaan by the com-
pact object of matter from the supergiant wind, has been discussesl/esabauthors and is still
a matter of debate, as some of them require particular properties of the cioaipects hosted
in these systems [28, 29], and others assume peculiar clumpy propertres safpergiant winds
and/or orbital characteristics [30, 31, 15, 32, 33, 34].

Energy released in bright flares.The typical energy released in a SFXT bright flare is about
10°8 — 10% ergs [16], varying by one order of magnitude between differentcgsurThat is, the
mass fallen onto the NS in a typical bright flare varies frortf1pto around 18° g.

The typical X-ray luminosity outside outbursts in SFXTs is aboyt, ~ 10** erg s* [35],
and below we shall normalise the luminosity to this valugy. At these low X-ray luminosi-
ties, the plasma entry rate into the magnetosphere is controlled by radiativeaptasling. Fur-
ther, it is convenient to normalise the typical stellar wind velocity from hot<DBergiants,, to
1000 km s (for orbital periods of about a few days or larger the NS orbital velsitien be
neglected compared to the stellar wind velocity from the OB-star), so thatahdi §ravitational
capture radius iR = 2GM/VZ, = 4 x 10'%? cm for a fiducial NS mass dfly = 1.5M,,.

Let us assume that a quasi-static shell hangs over the magnetosphem taie NS, with the
magnetospheric accretion rate being controlled by radiative plasma codfmgenote the actual
steady-state accretion rateMgso that the observed X-ray steady-state luminosity is 0.1Mac2.
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Figure 1: The mean energy released in bright flares (17 — 50 keV, data [f86]) versus averagiNTE-
GRALU/IBIS source luminosity. Th&-axisis in units of 18* erg s'1, they-axisis in units of 138 ergs. The
straight line gives the formal rms linear fit with the slop@0+0.13. (Figure adapted from [16]).

Then from the theory of subsonic quasi-spherical accretion [10] m@vkthat the factorf (u)
(the ratio of the actual velocity of plasma entering the magnetosphere, dueRajteigh-Taylor
instability, to the free-fall velocity at the magnetospherg(Ra) = /2GM/Ra) reads [14, 12]

f (U)raq ~ 0.036.5, 2% 2.1)
(See also Eq. (1.13) above).

The shell is quasi-static (and likely convective), unless something triggarsch faster matter
fall through the magnetosphere (a possible reason is suggested béfasstraightforward to
calculate the mass of the shell using the density distribysid® 0 R-%/2 [10]. Using the mass
continuity equation to eliminate the density above the magnetosphere, we readlily fi
2 M,

AM%gf(u)

tif(Rs). (2.2)

Note that this mass can be expressed through measurable quaRigigzo and the (not directly
observed) stellar wind velocity at the Bondi radiygRg). Using Eq. (2.1) for the radiative plasma
cooling, we obtain

AM iz ~ 8 x 107[g]LL g 3us 2% (2.3)

The simple estimate (2.3) shows that for a typical wind velocity near the NSot 800 km s the
typical mass of the hot magnetospheric shell is around g0corresponding to 8 ergs released
in a flare in which all the matter from the shell is accreted onto the NS, aswelaseClearly,
variations in stellar wind velocity between different sources by a facter dfwould produce the
one-order-of-magnitude spreadAM observed in bright SFXT flares.

In Fig. 1 we show the mean energy of SFXT bright flatds = 0.1AMc? as a function of
the low (non flaring) X-ray luminosity for nine SFTXs from our recent @afi6]. The low (non
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flaring) X-ray luminosity k-axi9 has been taken from [37], where a nine year time-averaged source
flux in the 17-60 keV band is given for each soutc&@he data selection and analysis is discussed
in detail in [36], together with the assumed distances and relevant reé=,es0 we refer the reader

to that paper for the technical details. The uncertainties on the low luminositiesiénboth the
statistical errors on source fluxes, as reported in [37], and the kigWXTs distances and their
uncertainties as reported by [36]. The formal rms fit to these points, rsligwihe straight line,
gives the dependence AEzg = (3.3+ 1.0)L3/ #0143, This exactly corresponds to the radiative
cooling regimeAE O L7/° (see Eq. (2.3)), as expected. A comparison with the coefficient in
expression (2.3) suggests~ 0.62, similar to typical wind velocities observed in HMXBs.

What can trigger SFXT flaring activity? As noted in [14], if there is an inditgdeading to
a rapid fall of matter through the magnetosphere, a large quantity of Xkatpps produced near
the NS surface should rapidly cool down the plasma near the magnetesfiréner increasing
the plasma fall velocityir(Ra) and the ensuing accretion NS luminodity Therefore, in a bright
flare the entire shell can fall onto the NS on the free-fall time scale from tker oadius of the
shellti¢(Rg) ~ 1000 s. Clearly, the shell will be replenished by new wind capture, soadhesfl
will repeat as long as the rapid mass entry rate into the magnetosphere isexlista

Magnetized stellar wind as the flare trigger.We suggest that the shell instability described above
can be triggered by a large-scale magnetic field sporadically carried bstehar wind of the
optical OB companion. Observations suggest that abolil0% of hot OB-stars have magnetic
fields up to a few kG [38, 39]. It is also well known from Solar wind studisse e.g. reviews
[40, 41] and references therein) that the Solar wind patches cangimggent magnetic fields has
a lower velocity (about 350 km4) than the wind with radial magnetic fields (up 40700 km
s™1). Fluctuations of the stellar wind density and velocity from massive staralsmeknown from
spectroscopic observations [42], with typical velocity fluctuations up.iovQ ~ 200— 300 km

s L.

The effect of the magnetic field carried by the stellar wind is twofold: first, i tngger rapid
mass entry to the magnetosphere via magnetic reconnection in the magnettipapseriomenon
well known in the dayside Earth magnetosphere, [43]), and secondlyn#gnetized parts of the
wind (magnetized clumps with a tangent magnetic field) have a lower velocity tearothmag-
netised ones (or the ones carrying the radial field). As discussed jrafittsbelow, magnetic
reconnection can increase the plasma fall velocity in the shell from ineifjaiadiative-cooling
controlled settling accretion withi(u);ag ~ 0.03— 0.1, up to the maximum possible free-fall ve-
locity with f(u) = 1. In other words, during a bright flare subsonic settling accretion tatos
supersonic Bondi accretion. The second factor (slower wind velocityagnetized clumps with
tangent magnetic field) strongly increases the Bondi ra@ius vi,2 and the corresponding Bondi
mass accretion ratdg [ v,,°.

Indeed, we can write down the mass accretion rate onto the NS in the un{lavinlgiminosity)
state adVla 10w = f(U)Mg with f(u) given by expression (2.1) amdg ~ TR py\y. Eliminating the
wind densityp, using the mass continuity equation written for the spherically symmetric stel-

1IGRJ17544-2619, IGR J16418-4532, IGR J16479-4514, |GREELEI507, SAX J1818.6-1703, IGR J18483—
0311, XTE J1739-302, IGR J08408-4503, IGR J18450-0435,J8R10-0535, IGR J11215-5952
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lar wind from the optical star with powel, and assuming a circular binary orbit, we arrive at
Mg ~ %Mo(%)z. Next, let us utilize the well-known relation for the radiative wind mass-loss
rate from massive hot staid, ~ ei wherelL is the optical star luminosityy., is the stellar
wind velocity at infinity, typically 2000-3000 km™$ for OB stars anc ~ 0.4 — 1 is the effi-
ciency factor [44] (in the numerical estimates below we shall assum®.5). It is also possible

to reduce the luminosity of a massive star to its mass using the phenomenological relation
(L/Ls) =~ 19(M /M., )% (see e.g. [45]). Combining the above equations and using Kepler’s third
law to express the orbital separat@through the binary perioH,, we find for the X-ray luminosity

of SFXTs in the non-flaring state

2.76-2/3
Luow= 5% 10%(erg 54 (u) (4 )

v -1 v —4p Y3
(1000km §1) (500km §1> (ﬁi) ’ (2.4)

which for f(u) ~ 0.03— 0.1 corresponds to the typical low-state luminosities of SFXTsvof
10**ergs?.

It is straightforward to see that a transition from the low state (subsonietamt with slow
magnetospheric entry raf¢u) ~ 0.03— 0.1) to supersonic free-fall Bondi accretion witfu) = 1
due to the magnetized stellar wind with the velocity decreasing by a factor offtwexample,
would lead to a flaring luminosity dfy fjare ~ (10+30) x 25LX,|OW. This shows that the dynamical
range of SFXT bright flares~{ 300— 1000) can be naturally reproduced by the proposed mecha-
nism.

Conditions for magnetic reconnection. For magnetic field reconnection to occur, the time
the magnetized plasma spends near the magnetopause should be at leastlolentp the recon-
nection timet, ~ Ra/Vy, Wherev; is the magnetic reconnection rate, which is difficult to assess
from first principles [46]. For example, in the Petschek fast recdioremodelv; = va(71/8InS),
wherev, is the Alfvén speed an8is the Lundquist number (the ratio of the global Ohmic dissi-
pation time to the Alfvén time); for typical conditions near NS magnetospheresna/& fio 10°8
andv; ~ 0.006va. In real astrophysical plasmas the large-scale magnetic reconnedtararabe
a few times as highy; ~ 0.03— 0.07vp [46], and, guided by phenomenology, we can parametrize
it asv; = &Va with & ~ 0.01—0.1. The longest time-scale the plasma penetrating into the mag-
netosphere spends near the magnetopause is the instabilitytitine, st (Ra) f (U)raq [10], so
the reconnection may occur tif /tinst ~ (Ut /Va)(f(U)rag/&) S 1. As nearRa (from its defini-
tion) va ~ usf, we arrive atf(u)raq < & as the necessary reconnection condition. According
to Eq. (2.1), it is satisfied only at sufficiently low X-ray luminosities, pertinentquiet’ SFXT
states.This explains why in HMXBs with convective shells at higher luminosity (butostidlr than
4% 10% erg s1, at which settling accretion is possible), reconnection from magnetisethplas-
cretion will not lead to shell instability, but only to temporal establishment efslrong coupling
regime’ of angular momentum transfer through the shell, as discusseDin Episodic strong
spin-ups, as observed in GX 301-2, may be manifestations of such *fegleshnection-induced
shell instability.

Therefore, it seems likely that the key difference between steady HMiKB&ela X-1, GX
301-2 (showing only moderate flaring activity) and SFXTs is that in the d¢ase the effects of
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possibly magnetized stellar winds from optical OB-companions are insigmifibasically due to
the rather high mean accretion rate), while in SFXTs with lower 'steady’yXrminosity, large-
scale magnetic fields, sporadically carried by clumps in the wind, can trigg€F 8aring activity
via magnetic reconnection near the magnetospheric boundary. Theethpewer-law SFXT flare
distributions, discussed in [36], with respect to the log-normal distribufionslassical HMXBs
[47], may be related to the properties of magnetized stellar wind and physissraeraction with
the NS magnetosphere.
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