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Abstract

A review of wind accretion in high-mass X-ray binaries isgaeted. We focus
on different regimes of quasi-spherical accretion onto a neutdn supersonic
(Bondi) accretion, which takes place when the capturedenattols down rapidly
and falls supersonically towards the neutron-star magpégre, and subsonic
(settling) accretion which occurs when the plasma remaitsuhtil it meets the
magnetospheric boundary. The two regimes of accretionegrarated by a limit
in X-ray luminosity at about 4 10° erg s. In subsonic accretion, which works
at lower luminosities, a hot quasi-spherical shell mustnffaround the magneto-
sphere, and the actual accretion rate onto the neutrorsstatérmined by the abil-
ity of the plasma to enter the magnetosphere due to the Rayleylor instability.
In turn, two regimes of subsonic accretion are possibleedejng on the plasma
cooling mechanism (Compton or radiative) near the magiséne. The transi-
tion from the high-luminosity regime with Compton coolirgthe low-luminosity
(Lx < 3x10%® erg s?) regime with radiative cooling can be responsible for the on
set of the 'df states repeatedly observed in several low-luminositylglaacreting
pulsars, such as Vela X-1, GX 301-2 and 4U 1809. The triggering of the transi-
tion may be due to a switch in the X-ray beam pattern in resptma change in the
optical depth in the accretion column with changing lumityodVe also show that
in the settling accretion theory, bright X-ray flares10% — 10*° ergs) observed in
supergiant fast X-ray transients (SFXT) may be producedpoyaglic capture of
magnetized stellar-wind plasma. AtfBaiently low accretion rates, magnetic re-
connection can enhance the magnetospheric plasma emyyasitlting in copious
production of X-ray photons, strong Compton cooling anémately in unstable
accretion of the entire shell. A bright flare develops on tleeffall time scale in
the shell, and the typical energy released in an SFXT brigin¢ ftorresponds to
the mass of the shell.
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1 Introduction

In 1966, one of us, Nikolay Ivanovich Shakura, was a 4th-gaadent at the Physical
Department of Moscow State University, and heard for the firse the term 'ac-
cretion’ from Yakov Borisovich Zeldovich. Yakov Borisovicsuggested to Nikolay
Ivanovich to study spherical accretion onto a neutron $i&)( Note that at that time
neither radio pulsars, nor X-ray pulsars or accreting blaalks were known — all these
rich observationahppearancef neutron stars and black holes were discovered later.
When formulating this problem, Zeldovich was motivated Iy tiscovery of galactic
X-ray sources from rocket flights, such as Sco Xi1. [1] (seeNbbel lecture by R.
Giacconi [2] for an historical review).

During spherical accretion of gas onto a NS without magrfiid, a strong shock
arises above the NS surface, the gas is heated up to a teampevhitip to a few keV-.
The structure of this region and the emergent radiationtsp@cwas first calculated
in [3]. While the mechanism of X-ray emission from a sphdijcaccreting NS as
proposed in that paper reproduced the main features of teredd X-ray spectra, the
nature of galactic X-ray sources remained unclear untilabech of the first special-
ized UHURU satellite. UHURU discovered two main types of &§risources — those
which show regular pulsations like Cen X-3 and Her X-1 (X-mysars), and those
with chaotic X-ray variability like Cyg X-1 (which turned oto be a black-hole candi-
date). Both are cases of accretion in a close binary systerhioh matter is transferred
from the optical (non-degenerate) star overfilling its Rotdbe onto the compact ob-
ﬂi]ect (a degenerate star or a black hole) with the formatioano&ccretion disk [4,/ 5].

2 Supersonic and subsonic wind accretion

Generally, in close binary systems, there can be twiedint regimes of accretion
onto the compact object — disk accretion [[9) 1CEla|11d guasi-spherical accretion.
The disk accretion regime is usually realized when the apstar overfills its Roche
lobe. Quasi-spherical accretion is most likely to occur ighhmass X-ray binaries
(HMXB) when an optical star of early spectral class (O-B) sloet fill its Roche
lobe, but experiences a significant mass loss via its steliad. We shall discuss
the wind accretion regime, in which a bow shock forms in tredlat wind around
the compact star. The structure of the bow shock and the iagsd@ccretion wake
is non-stationary and quite complicated (see e.g. numesiicaulations [13| 14, 15],
among many others). The characteristic distance at whiehbtiw shock forms is
approximately that of the Bondi radils = 2GM/(v3 + V2,), wherey, is the wind
velocity (typically 100-1000 kifs) andvyy, is the orbital velocity of the compact star.
In HMXBs, the stellar wind velocity is usually much largeativyy,, so below we will
neglectv,,. The rate of gravitational capture of mass from a wind withsity p,, near

INote that between the first discoveries of Galactic X-raysesin 1962 and the UHURU observations,
radio pulsars with non-trivial (and unclear up to now!) ribbermal mechanisms of radio emission were
reported|[6]. Soon they were recognized to be isolatedingtahagnetized NS [7] 8]

2Accretion disks in active galactic nuclei were first consédeby Lynden-Bell[[12].
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the orbital position of the NS is the Bondi mass accretioe: sy ~ ,oWFeszW oc PV

Then, there are two fierent cases of quasi-spherical accretion. Classical Bondi
Hoyle-Littleton accretion takes place when the shockedenat cooled down rapidly,
and the matter falls freely towards the NS magnetospheesKigg [1) by forming a
shock at some distance above the magnetosphere. Here tikedmatter cools down
(mainly via Compton processes) and enters the magnetapdherto the Rayleigh-
Taylor instability [16]. The magnetospheric boundary isuctterized by the Alfvén
radiusRa, which can be calculated from the balance between the rassyre of the
infalling matter and the magnetic field pressure at the magpéeric boundary. The
captured matter from the wind carries a specific angular rmbane j, ~ wgR3 [17].
Depending on the sign of, (prograde or retorgrade), the NS can spin-up or spin-
down. This regime of quasi-spherical accretion occurs ightrX-ray pulsars with
Ly >4x10%erg st [18,/19].

If the captured wind matter behind the bow shockRgtremains hot (which it
does when the plasma cooling time is much longer than theféleéme, teoo >
ti¢), a hot quasi-static shell forms around the magnetosphetesabsonic (settling)
accretion sets in (see Figl 2). In this case, both spin-upspimddown of the NS is
possible, even if the sign gf, is positive (prograde). The shell mediates the angular
momentum transfer from the NS magnetosphere via viscoessgts due to convection
and turbulence. In this regime, the mean radial velocity after in the shell, is
smaller than the free-fall velocitys¢: u, = f(U)uss, f(u) < 1, and is determined by
the palsma cooling rate near the magnetosphere (due to Goroptadiative cooling):
f(u) ~ [ts1(Ra)/teool(Ra)]¥3. In the settling accretion regime the actual mass accretion
rate onto the NS may be significantly smaller than the Bondisxaacretion ratéyl =
f(u)Mg. Settling accretion occurs b < 4 x 10 erg s* [19].



Figure 3: Schematics of the NS magnetosphere

3 Two regimes of plasma entering the NS magnetosphere

To enter the magnetosphere, the plasma in the shell mustoaoi from a high (almost
virial) temperaturdl’ determined by hydrostatic equilibrium to some critical para-
ture T [20]

1‘ Cosy #mGM 1)
2 kRa Ra (

HereR is the universal gas constapt, ~ 0.6 is the molecular weighG is the New-
tonian gravitational constari¥} is the neutron star massis the local curvature of the
magnetosphere andis the angle between the outer normal and the radius-vettor a
any given point at the Alfvén surface (FI[d. 3).

As was shown in [19, 21], a transition zone above the Alfu@nfexe with radiufka
is formed inside which the plasma cools down. THedive gravitational acceleration
in this zone is

RTer =

GM T
- >7 1- — 2
Oeff Ri COSX( Tcr) (2

and the mean radial velocity of plasma settling is

Ur = f(u) v 2GM/Ra. (3)

In the steady state, the dimensionless facter ®(u) < 1 is determined by the spe-
cific plasma cooling mechanism in this zone and, by conservaf mass, is constant
through the shell. This factor can be expressed throughlésena cooling time.y in
the transition zone [19]:

ter \M3

f(u) ~ (—) cosy/3 (4)

teool
wheretss = R¥2/v2GM is the characteristic free-fall time scale from radRisThe
angley is determined by the shape of the magnetosphere, and forabaetospheric
boundary parametrized in the formcosA" (whered is the angle calculated from the
magnetospheric equator, see [Eig. 3jtanntand. For example, in model calculations



by [16] n ~ 0.27 in the near-equatorial zone, g8 ~ 1.27. We see that cgs=~ 1 up
toA ~ /2, so below (as in [19]) we shall omit cgs

Along with the density of matter near the magnetosphericidatyp(Ra), the fac-
tor f(u) determines the magnetosphere mass loading rate throaghdhs continuity
equation:

M = 47R2p(Ra) f (U) V2GM/Ra. (5)
This plasma eventually reaches the neutron star surfacepiamtiices an X-ray lu-
minosity Ly ~ 0.1Mc?. Below we shall normalize the mass accretion rate through th
magnetosphere as well as the X-ray luminosity to the fidweiiesM, = M/10"g s
andL, = L,/10" erg s, respectively.

3.1 The Compton cooling regime

As explained in detail in [19] (Appendix C and D), in subsogimsi-static shells above
slowly rotating NS magnetospheres the adiabaticity of tweting matter is broken
due to turbulent heating and Compton cooling. X-ray photperserated near the NS
surface tend to cool down the matter in the shell via Comptattsring as long as
the plasma temperatuiie > Ty, whereTy is the characteristic radiation temperature
determined by the spectral energy distribution of the Xsagiation. For typical X-
ray pulsarsTy ~ 3 — 5 keV. Cooling of the plasma at the base of the shell decreases
the temperature gradient and hampers convective motiodditi@nal heating due to
sheared convective motions is insignificant (see Appendif [19]). Therefore, the
temperature in the shell changes with radius almost adeatgtRT ~ (2/5)GM/R,
and the distancBy within which the plasma cools down by Compton scattering is

Ry ~ 101°cm(3|1-%/)7l , (6)

, much larger than the characteristic Alfvén radRas~ 10° cm.
The Compton cooling time is inversely proportional to thefam energy density,

tc ~ R?/Ly, (1)
and near the Alfvén surface we find
N Ra V-1
te ~ 10[5]( - Ogcm) L3L. ®)

(This estimate assumes spherical symmetry of the X-raysomdbeam). Clearly, for
the exact radiation density the shape of the X-ray emissiodyced in the accretion
column near the NS surface (i.e. X-ray beam) is importartstiiLx ~ M. Therefore,
roughly, f(u)c ~ M3, or, more precisely, taking into account the dependend®yof
on M, in this regime

RS ~ 10°cmLg2 gt 9)

we obtain:
f(u)e ~ 0.3L5 g™ (10)

Hereuso = 11/10°° G cn? is the NS dipole magnetic moment.



3.2 The radiative cooling regime

In the absence of a dense photon field, at the charactedstigdratures near the mag-
netospherd@ ~ 30-keV and higher, plasma cooling is essentially due tcatadi losses
(bremsstrahlung), and the plasma cooling timigis~ VT /p. Making use of the con-
tinuity equation[(b) and the temperature distribution ia ghellT ~ 1/R, we obtain

trag ~ RM™2f(U). (11)

Note that, unlike the Compton cooling tinié (7), the radiatdooling time is actually
independent oM (remember thaM ~ f(u) in the subsonic accretion regime!). Nu-
merically, near the magnetosphere we have

traq ~ 1000[5]( - ggm) Lt (%) . (12)

Following the method described in Section 3lof [19], we find thean radial ve-
locity of matter entering the NS magnetosphere in the nqaa@rial region, similar
to the expression fof (u) in the Compton cooling region Eq._{10). Using the expres-
sion for the Alfvén radius as expressed through), we calculate the dimensionless
settling velocity:

f(UWrad ~ 0.1L2%05027 (13)
and the Alfvén radius:
R29 = 10°[em]Ly2 iy (14)

(in the numerical estimates we assume a monoatomic gas didlbatic indexy =
5/3). The obtained expression for the dimensionless settbfarity of matter Eq[{13)
in the radiative cooling regime clearly shows that here etomn proceeds much less
effectively than in the Compton cooling regime (cf. with Eq.))10

Unlike in the Compton cooling regime, in the radiative caglregime there is no
instability leading to an increase of the mass accretianaatthe luminosity increases
(due to the long characteristic cooling time), and accretiere is therefore expected
to proceed more quietly under the same external conditions.

4 Comparison with observations

4.1 High and low (‘off’) states in X-ray pulsars

So called ‘df’ states have been observed in several slowly rotating lowifosity
pulsars such as Vela X-1[22,123] 24, 25], GX 301-2 [26] and 80709 |27, 28| 209]).
These states are characterized by a sudden, most oftenutvigthg prior indication,
drop in X-ray flux down to +10% of normal levels, lasting typically for a few minutes.
It seems to be fairly well established that th& states can not be simply due to
increased absorption along the line of sight. Their ocaureds not correlated with
increased\y ([30],[28] but see also[31] for a another type of intensitgdin Vela
X-1, most probably caused by dense blobs in the wind), thed@ale of their onsets
is too short (e.g.[24]) and spectral studies show a softepinthe X-ray spectrum



during the df state [25] 25], contrary to what expected had the decreasedeftels
been caused by increased absorption. Failure by early\a@is®rs with instruments
like RXTEPCA to detect pulsations during thé states have seemed to suggest that
the sources were instead simply turnékidue to a sudden cessation of accretion. The
popular view is that the cause of this may be large densiiptians in the stellar wind,
possibly combined with the onset of the propeller regime &sg.[24]).

Recent observations with the more sensitive instrumertteam Suzaku of Vela
X-1[25]and 4U 190#09 [29], however, show that although dropping in luminobigy
a factor of about 20 the sources are clearly detected witbeppgriods equal to those
observed at normal flux levels. This suggests that ratherdbssation of accretion, the
off-states may be better explained by a transition tdf@dint, less fective, accretion
regime. We suggest that the onset of tliiestate in these sources marks a transition
from the Compton cooling dominated to the radiative cootlogninated regime when
the accretion rate drops below some value

4.2 Switch between pencil and fan beam from the accretion col
umn

A decrease in the X-ray photon energy density in the tramsitione diminishes the
Compton cooling fiiciency, but the Compton cooling time remains much shorten th
the radiative cooling time down to very low luminosities€geq. [8) and Eq[{12)).
Therefore, in the spherically symmetric case, a transitietween the two regimes
would require an almost complete switcif-of Compton cooling in the equatorial
magnetospheric region. In the more realistic non-sphiecse, the Compton cool-
ing time can become comparable to the radiation cooling tihen the X-ray beam
pattern changes with decreasing X-ray luminosity from atfaam to a pencil beam,
and the equatorial X-ray flux is reduced by a factor of a fewdifidnally, hardening
of the pulsed X-ray flux with decreasing X-ray luminosity, ialnis observed in low-
luminosity X-ray pulsars [32], increas&g and decreases the specific Compton cooling
rate of the plasma (T — Ty)/tc, thus making Compton cooling lesfieient. Such
X-ray pattern transitions have been observed in transiemtypulsars (see, e.d., [33]).
The radiation density in the X-ray pencil beam cools downgiasma predominantly
in the magnetospheric cusp region, but because of the giromagnetic line curvature
[1€] the plasma entry rate through the cusp will be insigaific Still, the plasma con-
tinues to enter the magnetosphere via instabilities in thuatrial zone, but at a lower
rate determined by the longer radiative cooling timeschifes is illustrated in Figl 4.

The mass accretion rate in the radiative cooling regimelvéltdetermined by the
plasma density by the time Compton cooling switch$rothe magnetospheric equa-
tor region. This occurs at some X-ray luminosity < L:, which can be estimated
from the following considerations.

The transition from fan to pencil beam in low-luminosity Ayrpulsars with_y <
10°7 erg s, where no high accretion columns should exist, does notraaatil the
optical depth in the accretion flow above the polar cap besdess than one. The
optical depth in the accretion flow in the direction normattie NS surface from the
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Figure 4: Schematics of the transition between the Compligh( state) and radiative
(low’ state) plasma cooling regimes due to the X-ray beariictwfrom fan to pencil
pattern with decreasing mass accretion rate.



radial distances = r/10° cm is estimated to be [34]

R 1/2
—Am) Mlsrgs/z (15)

Th = 3(
(here the NS mass is assumed to beMHand the NS radiuBys = 10° cm). Taking
into account the dependence of the Alfvén radiusbrandu (see Eq. [(9)), we see
from this estimate that the X-ray emission beam change is@gg to occur at, < 1,
corresponding to an X-ray luminosity of

Li ~ 3x 10°erg s uz ™. (16)

The return from radiative cooling dominated accretion bacthe Compton cool-
ing dominated regime can take place, for example, due to sityencrease above the
magnetosphere, leading to an increase in the mass acarato i he higher accretion
rate leads to growth of the vertical optical depth of the etian column, disappearance
of the beam and enhancement of the lateral X-ray emissiomiifiating the magneto-
spheric equator (see Figl 4). Therefore, the radiativeggnégensity in the equatorial
magnetospheric region strongly increases, Compton gpodéisumes, and the source
goes back to higher luminosity levels.

The idea that the transition between the two regimes mayidgetred by a change
in the X-ray beam pattern is supported by the pulse profileasgions of Vela X-1 in
different energy bands [25]. The observed change in phase oDt#0XeV profile
in the df-state (at X-ray luminosity 2.4 x 10° erg s1), reported by|[25], suggests
a disappearance of the fan beam at hard X-ray energies up@othice entering this
state and the formation of a pencil beam (see [35] for morailéetdiscussion).

Note that the pulse profile phase change associated withy X@am switching
below some critical luminosity, as observed in Vela X-1,msed0 be suggested by
an XMM — Newtonobservation of the SFXT IGR J11215-5952 (see Fig. 3.inh [36]),
corroborating the subsonic accretion regime with radégplasma cooling at low X-ray
luminosities in SFXTs as well, as we shall discuss in the segtion.

4.3 SFXTs

Supergiant Fast X-ray Transients (SFXTs) are a subclassvo{B$ associated with
early-type supergiant companions|[37, 88, 39], and chariaeid by sporadic, short
and bright X—ray flares reaching peak luminosities 0°°200*” erg s*. Most of them
were discovered by INTEGRAL [40, 41, 142,143, 44| 45]. Theywhogh dynamic
ranges (between 100 and 10,000, depending on the specifimesaug. [[46, 47]) and
their X-ray spectra in outburst are very similar to accigpulsars in HMXBs. In fact,
half of them have measured neutron star (NS) spin periodigasito those observed
from persistent HMXBs (see [48] for a recent review).

The physical mechanism driving their transient behavedated to the accretion by
the compact object of matter from the supergiant wind, has ldiscussed by several
authors and is still a matter of debate, as some of them egairticular properties
of the compact objects hosted in these systems [49, 50], #reisoassume peculiar
clumpy properties of the supergiant winds Ararbital characteristics [51, 52,/36, 53,



54,155]. Recent studies of HMXB population in the Galaxy [S6Ygested that SFXT
activity should be connected to some accretion inhibitromfthe stellar wind.

Energy released in bright flares. The typical energy released in a SFXT bright
flare is about 18- 10%° ergs [57], varying by one order of magnitude betwedfedant
sources. That s, the mass fallen onto the NS in a typicahbfigre varies from 1 g
to around 180 g.

The typical X-ray luminosity outside outbursts in SFXTsl®atLy oy ~ 10°* erg
s! [58], and below we shall normalise the luminosity to thisueallLzs. At these
low X-ray luminosities, the plasma entry rate into the magsghere is controlled by
radiative plasma cooling. Further, it is convenient to nalise the typical stellar wind
velocity from hot OB-supergiants, to 1000 km s (for orbital periods of about a
few days or larger the NS orbital velocities can be neglectadpared to the stellar
wind velocity from the OB-star), so that the Bondi gravitaital capture radius Bg =
2GM/VZ, = 4 x 10'%? cm for a fiducial NS mass d¥l, = 1.5Mo.

Let us assume that a quasi-static shell hangs over the nusgpietre around the
NS, with the magnetospheric accretion rate being conttdiieradiative plasma cool-
ing. We denote the actual steady-state accretion raké,a that the observed X-ray
steady-state luminosity isx, = 0.1Mac?. Then from the theory of subsonic quasi-
spherical accretion [19] we know that the facfqu) (the ratio of the actual velocity
of plasma entering the magnetosphere, due to the RayleigloTinstability, to the
free-fall velocity at the magnetosphetg;(Ra) = V2GM/Ra) reads|[35, 21]

f(U)rad = 0.036L2, 157" . (17)

(See also Eq[{13) above).

The shell is quasi-static (and likely convective), unlemssthing triggers a much
faster matter fall through the magnetosphere (a possibkoreis suggested below).
It is straightforward to calculate the mass of the shell gighe density distribution
p(R) « R32[1€]. Using the mass continuity equation to eliminate thasily above
the magnetosphere, we readily find

2 M,
T 3f(u)
Note that this mass can be expressed through measurablitiggan ow, 130 and the

(not directly observed) stellar wind velocity at the Boratiliusw,(Rg). Using Eq. [1F)
for the radiative plasma cooling, we obtain

AM ti¢(Rs) . (18)

AMag ~ 8 x 10M g LI vg3uz2% . (19)

The simple estimaté _(19) shows that for a typical wind véjonear the NS of about
500 km s? the typical mass of the hot magnetospheric shell is arount? &0 cor-
responding to 1% ergs released in a flare in which all the matter from the sisell i
accreted onto the NS, as observed. Clearly, variation®ltastvind velocity between
different sources by a factor ef2 would produce the one-order-of-magnitude spread
in AM observed in bright SFXT flares.

In Fig. [ we show the mean energy of SFXT bright flards = 0.1AMc? as a
function of the low (non flaring) X-ray luminosity for nine $KXs from our recent

10
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Figure 5: The mean energy released in bright flares (17 — 50dad® from|[59]) versus
averagdNTEGRALIBIS source luminosity. Th&-axisis in units of 16* erg s%, the
y-axisis in units of 12 ergs. The straight line gives the formal rms linear fit witk th
slope 077 + 0.13. (Figure adapted from [57]).

paper[5F7]. The low (non flaring) X-ray luminosityx-axig has been taken from [60],
where a nine year time-averaged source flux in the 17-60 ked [sagiven for each
sourcd]. The data selection and analysis is discussed in detailgh {gether with
the assumed distances and relevant references, so we hrefezader to that paper
for the technical details. The uncertainties on the low huwsities include both the
statistical errors on source fluxes, as reported.in [60],taadknown SFXTs distances
and their uncertainties as reported by [59]. The formal rin®fihese points, shown
by the straight line, gives the dependenceBg = (3.3 + 1.0)LY/ *®*3. This exactly
corresponds to the radiative cooling regimié o« L7/° (see Eq.[(19)), as expected. A
comparison with the cdicient in expressiom (19) suggests~ 0.62, similar to typical
wind velocities observed in HMXBs.

What can trigger SFXT flaring activity? As noted in [35], iftte is an instability
leading to a rapid fall of matter through the magnetosphararge quantity of X-
ray photons produced near the NS surface should rapidlydmeh the plasma near
the magnetosphere, further increasing the plasma faltitglog(Ra) and the ensuing
accretion NS luminosity.x. Therefore, in a bright flare the entire shell can fall onto
the NS on the free-fall time scale from the outer radius ofsthellt¢: (Rg) ~ 1000 s.
Clearly, the shell will be replenished by new wind captucette flares will repeat as
long as the rapid mass entry rate into the magnetospherstasised.

Magnetized stellar wind as the flare trigger. We suggest that the shell instability
described above can be triggered by a large-scale magmdtisfioradically carried by
the stellar wind of the optical OB companion. Observatiarggest that about 10%

3IGRJ17544-2619, IGRJ16418-4532, IGRJ16479-4514, IGRGEEL@I507, SAXJ1818.6—
1703, IGRJ18483-0311, XTEJ1739-302, IGRJ08408-4503, JIBR50-0435, IGR J18410-0535,
IGR J11215-5952

11



of hot OB-stars have magnetic fields up to a few kG (see [61hfacent review and
discussion). It is also well known from Solar wind studiesg(®.g. reviews [62, 63]
and references therein) that the Solar wind patches cartgimgent magnetic fields has
a lower velocity (about 350 knT$) than the wind with radial magnetic fields (up to
~ 700 km s1). Fluctuations of the stellar wind density and velocityrfrmassive stars
are also known from spectroscopic observations [64], witiicgl velocity fluctuations
up to Q1 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 magmreininection in the magne-
topause (the phenomenon well known in the dayside Earth etagphere/ [65]), and
secondly, the magnetized parts of the wind (magnetized muwith a tangent mag-
netic field) have a lower velocity than the non magnetised doethe ones carrying the
radial field). As discussed in_[67] and below, magnetic réamtion can increase the
plasma fall velocity in the shell from ifigcient, radiative-cooling controlled settling
accretion withf (U);aq ~ 0.03- 0.1, up to the maximum possible free-fall velocity with
f(u) = 1. In other words, during a bright flare subsonic settlingretion turns into
supersonic Bondi accretion. The second factor (slower wildcity in magnetized
clumps with tangent magnetic field) strongly increases tbedBradiusRs o« V;;? and
the corresponding Bondi mass accretion tetggoc Vil

Indeed, we can write down the mass accretion rate onto thenN&ei unflaring
(low-luminosity) state aMaow = f(U)Mg with f(u) given by expressiod(17) and
Mg =~ nRZBvaW. Eliminating the wind density,, using the mass continuity equation
written for the spherically symmetric stellar wind from tbptical star with poweM,
and assuming a circular binary orbit, we arrivév = 1 M, (%)2 . Next, let us utilize
the well-known relation for the radiative wind mass-losteiom massive hot stars
Mo, = ei wherelL is the optical star luminosity., is the stellar wind velocity at
infinity, typically 2000-3000 kms' for OB stars an@ ~ 0.4— 1 is the dficiency factor
[6€] (in the numerical estimates below we shall asseme0.5). It is also possible to
reduce the luminosity of a massive star to its mas4 using the phenomenological
relation /Ls) ~ 19(M/M,)?7® (see e.g./[67]). Combining the above equations and
using Kepler’s third law to express the orbital separaidhrough the binary period
Py, we find for the X-ray luminosity of SFXTs in the non-flaringt

2.76-2/3
Luow = 5x 10%[erg s*]f(u) (39 )

(100(;/|fm st )_1 (500::::1 st )_4 (%)_4/3 > (20)

which for f(u) ~ 0.03- 0.1 corresponds to the typical low-state luminosities of SEXT
of ~ 10%* erg st.

It is straightforward to see that a transition from the loatst(subsonic accretion
with slow magnetospheric entry raf¢u) ~ 0.03 - 0.1) to supersonic free-fall Bondi
accretion withf (u) = 1 due to the magnetized stellar wind with the velocity desirea
by a factor of two, for example, would lead to a flaring lumiitp®f Ly fjare ~ (10 +
30)x2%Lyow. This shows that the dynamical range of SFXT bright flare3@0-1000)
can be naturally reproduced by the proposed mechanism.

Conditions for magnetic reconnection. For magnetic field reconnection to oc-
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cur, the time the magnetized plasma spends near the magunstwphould be at least
comparable to the reconnection tinte~ Ra/Vy, Wherey; is the magnetic reconnec-
tion rate, which is dficult to assess from first principles [68]. For example, in the
Petschek fast reconnection model = va(7/8InS), whereva is the Alfvén speed
andS is the Lundquist number (the ratio of the global Ohmic diagn time to the
Alfvén time); for typical conditions near NS magnetosgsewe findS ~ 10%® and

Vi ~ 0.006va. In real astrophysical plasmas the large-scale magnetmrection rate
can be a few times as higk; ~ 0.03 - 0.07va [68], and, guided by phenomenol-
ogy, we can parametrize it ag = Vva With & ~ 0.01- 0.1. The longest time-
scale the plasma penetrating into the magnetosphere speadshe magnetopause
is the instability time tinst ~ trs(Ra)f(U)rag [19], SO the reconnection may occur if
tr /tinst ~ (Uss/Va)(f(U)rag/&) < 1. As neaRa (from its definition)va ~ us¢, we ar-
rive at f(U)rag < & as the necessary reconnection condition. According to [E@), (

it is satisfied only at dficiently low X-ray luminosities, pertinent to 'quiet’ SFXT
states.This explains why in HMXBs with convective shells at highenihosity (but
still lower than4 x 10°¢ erg s, at which settling accretion is possible), reconnection
from magnetised plasma accretion will not lead to shellabdity, but only to temporal
establishment of the 'strong coupling regime’ of angulamnemtum transfer through
the shell, as discussed in [19Episodic strong spin-ups, as observed in GX 301-2,
may be manifestations of such 'failed’ reconnection-iretlishell instability.

Therefore, it seems likely that the keyfigrence between steady HMXBs like Vela
X-1, GX 301-2 (showing only moderate flaring activity) andSE is that in the first
case the ffects of possibly magnetized stellar winds from optical Qiapanions are
insignificant (basically due to the rather high mean acoretate), while in SFXTs
with lower 'steady’ X-ray luminosity, large-scale magrfields, sporadically carried
by clumps in the wind, can trigger SFXT flaring activity via gmetic reconnection
near the magnetospheric boundary. The observed powerHx¥ 8are distributions,
discussed in [59], with respect to the log-normal distiidms for classical HMXBs
[6€], may be related to the properties of magnetized steliad and physics of its
interaction with the NS magnetosphere.

5 Conclusions

In [19,170,/ 21] a theory of quasi-spherical wind accretiomoosiowly rotating mag-
netized NS in binary systems was developed. It was showrathHaininosities below
~ 4 x 10%8 erg s, the accreting plasma does not cool before reaching the etagn
sphere, so a hot quasi-static shell forms around the NS nagpteere. This shell is
likely to be convectively unstable and turbulent, whictoa# angular momentum to
be transferred ffrom the rotating magnetosphere causing NS spifspip-down with
specific behaviour as a function of the X-ray luminosity| [19]he theory is able to
explain the observed spin-(gpin-down behavior and phenomenological correlations
in slowly rotating moderately luminous X-ray pulsars (Vdl, GX 301-2 [19]), as
well as the properties of the steady spin-down trend obseirvésX 1+4 [71] and
other slowly rotating low-luminosity X-ray pulsars (e.gXB 1062, 4U 2206+54)
[72] without invoking extremely strong NS magnetic fields.
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In the settling accretion theory, the actual mass accretitae through the shell
is determined by the ability of the plasma to enter the NS retagphere via the
Rayleigh-Taylor instability, which depends on the coolmgchanism. As shown in
[35], the change betweenftirent plasma cooling regimes (from mofgaent Comp-
ton cooling to less féicient radiative cooling) can occur when the X-ray lumingsit
decreases below some valug~ 3 x 10°° erg s. This transition occurs mainly due
to a switch of the X-ray beam pattern from a fan-like form gated by the accretion
column (at high luminositites) to a pencil-like form (at lduminosities). This X-ray
diagram switch is accompanied with an X-ray pulse profilétshs observed during
the temporal low-luminosity 'fi’ states in Vela X-1[[25], as well as in other slowly
rotating accreting NSs (e.g. in the low states of SFXT IGR21E1-5952/[36]).

The subsonic settling accretion theory can also be apmiedjplain strongly non-
stationary phenomena, including SFXT flares. As arguedi, [SFXT bright flares
may be caused by sporadic transitions betwedferdint regimes of accretion in a
quasi-spherical shell around a slowly rotating magnetimadron star. The non-flaring
steady states of SFXTs with low X-ray luminosity oy ~ 10°? — 10°* erg s* may
be associated with settling subsonic accretion mediatédeffective radiative plasma
cooling near the magnetospheric boundary. In this stagatitretion rate onto the
neutron star is suppressed by a facto~080 relative to the Bondi-Hoyle-Littleton
value. Changes in the local wind velocity and density dueetg,, clumps, can only
increase the mass accretion rate by a facter @D — 30, bringing the system into the
Compton cooling dominated regime, and lead to the prodaaifanoderately bright
flares (x < 10°® erg s1). To interpret the brightest flarek,(> 10% erg s1) displayed
by the SFXTs within the quasi-spherical settling accretegime, a larger increase in
the mass accretion rate can be produced by sporadic capmegoetized stellar wind
plasma. Such episodes should not be associated with sg&ndiy orbital phases, as
observed in e.g. IGR J17544-2619|[73]. Afistiently low accretion rates, magnetic
reconnection can enhance the magnetospheric plasma atdrye&sulting in copious
production of X-ray photons, strong Compton cooling animately in unstable ac-
cretion of the entire shell. A bright flare develops on thesffall time scale in the
shell, and the typical energy released in an SFXT bright flareesponds to the entire
mass of the shell. This view is consistent with the energgastd in SFXT bright
flares ¢ 10°8 — 10%° ergs), their typical dynamic range (L00— 1000), and with the
observed dependence of these characteristics on the avanéigring X-ray luminos-
ity of SFXTs. Thus the flaring behaviour of SFXTs, as opposesttady HMXBs,
can be primarily related to their low X-ray luminosity in tBettling accretion regime,
allowing sporadic magnetic reconnection to occur duringinedized plasma entry to
the NS magnetosphere.

We conclude that the settling regime of accretion onto NSsil-accreting close
binary systems with moderate and low X-ray luminosity is rsmypported by dferent
types of observations. There are likely to be more to comh thieé ever increasing
quality of X-ray observations of accreting magnetised reeustars.
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