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Quasi-spherical accretion in wind-fed X-ray pulsars icdssed. At X-ray luminosities: 4 x
10%6 erg/s, a hot convective shell is formed around the neutrmnnsagnetosphere, and subsonic
settling accretion regime sets in. In this regime, accretaie onto neutron star is determined
by the ability of plasma to enter magnetosphere via Rayi@mpor instability. A gas-dynamic
theory of settling accretion is constructed taking intocastt anisotropic turbulence. The angular
momentum can be transferred through the quasi-static giaelarge-scale convective motions
initiating turbulence cascade. The angular velocity diation in the shell is found depending on
the turbulent viscosity prescription. Comparison witheations of long-period X-ray wind-fed
pulsars shows that an almost iso-angular-momentum disitvitbis most likely realized in their
shells. The theory explains long-term spin-down in windd &creting pulsars (e.g. GX 1+4)
and properties of short-term torque-luminosity correlas. The theory can be applied to slowly
rotating low-luminosity X-ray pulsars and non-stationaogretion phenomena observed in some
SFXTs.
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1. Introduction

Accreting magnetized neutron stars (NS) are observed as X-ray p(#¥RER). The observed
characteristics of XPSRs are their X-ray luminodity, pulse periodP* (or angular frequency
Q* = 2m1/P*) and its first time derivativé®* (or @*), the pulse profile at different energy bands,
and X-ray spectrum. The timing properties (i.e., the temporal behaviof odind their correlation
with variations ofLy provide important clues on the interaction mechanism of accreting plasma
with the rotating NS magnetosphere [1]. Spectral features (especiallgtmn lines) allow direct
probing the strength of the near-surface magnetic field of NSs [2]. Tegiendence on variable
X-ray luminosity in persistent (Her X-1, [3]) and transient (e.g. 4U0483 [4]) XPSRs provides
information on the accretion column properties (its geometry etc.).

XPSRs can be persistent (Her X-1, Cen X-3, Vela X-1, millisecond XP8Rs) or tran-
sient (A0535+26, 4U0115+63, etc.), and are found in both high-mrasoa-mass X-ray binaries
(HMXB: Cen X-3, Vela X-1, transients, LMXB: Her X-1, 4U1626-67, midisond XPSRs). The
matter from the secondary star can be supplied to NS via Roche lobe avétflomost frequent
case in LMXBs) or can be captured from stellar wind of the optical compa@oHMXB). In
the first case, the specific angular momentum of accreting miatisrusually high enought for an
accretion disk to be formed around the NS magnetospherejq.e: jk(Ra) = vGMRa, where
Ra is the characteristic radius of magnetopshere (the Alfven raditis$, the NS massG is the
Newton gravity constant.

2. Two regimes of quasi-spherical accretion

In the case of accretion from the wind considered here, the accretisrglometry can be
more complicated: the condition for the disk formatipn> jk (Ra) can be satisfied or not, again
depending on the size of the magnetosptiRyend on the specific angular momentum of grav-
itationally captured matter from the stellar wind. The last quantity can be esquébrough the
gravitational capture radiuRs = 2GM/Vv?(the Bondi radius), where® = %,Jrvgrb is the relative
velocity of wind (moving with velocitw,)and the NS (moving with orbital velocity,, through
the wind) asjm = kQ,R3. HereQy is the orbital angular frequendy,is the numerical coefficient
which can be positive (progradg,) or negative (retrograd@y) [5], depending on properties of
(generally inhomgeneous) stellar wind.

There can be two different regimes of quasi-spherical accretibime captured matter heated
up in the bow shock at Rg to high temperatureggT ~ mpvz. If the characteristic cooling time
of plasmatcoo is smaller than the free-fall timg; = Rg/1/2GM/Rg, the gas falls supersonically
toward the magnetosphere with the formation of a shock. This regime is usoakydered in
connection with bright XPSRs [7], [8]. The role of X-ray photons gated near the NS surface is
two-fold: first, they can heat up plasma in the bow-shock zone via photaitton, and second, they
cool down the hot plasma near the magnetosphere (ith~ GM/Ra) by Compton processes
thus allowing matter to enter the magnetosphere via the Rayleigh-Taylor insta®jility [

In the free-fall accretion regime, the X-ray luminosity (the mass accreti@nM} is deter-
mined by the rate of gravitational capture of stellar win®Rat The accretion torque applied to NS

1See e.g. [6] for a recent review of previous studies of wind accretion
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due to plasma-magnetopshere interaction is always of the same sign a<ifie apgular momen-
tum of the gravitationally captured stellar wind, i.e. the NS can spin-up or gpin depending on
the prograde or retrogradg.

If the relative wind velocity at Rg is slow (< 80 km/s), the photoionization heating of plasma
is important, but the radiation cooling time of plasma is shorter than the free-fal] smé¢he
free-fall accretion regime is realized. If the wind velocity is larger thaB0— 100 km/s, the
post-shock temperature is higher thasm 50° K (the maximum photoionization temperature for
a photon temperature of several keV); fgr< 4 x 10°¢ erg/s, the plasma radiative cooling time
is longer than the free-fall time, so a hot quasi-spherical shell is forrmnedeathe magnetosphere
with temperature determined by hydrostatic equilibrium [10], [11]. Accretibmatter through
such a shell is subsonic, so no shock is formed above the magnetaspheraccretion rat#! is
now determined by the ability of hot plasma to enter magnetosphere. This igtiregseccretion
regime.

3. Settling accretion regime: theory

Theory of settling accretion regime was elaborated in [11]. In this regimedtreting matter
subsonically settles down onto the rotating magnetosphere forming an exXiguaisi-static shell.
This shell mediates the angular momentum transfer to/from the rotating NS mgginete by
voscous stresses due to large-scale convective motions and turbul@heesettling regime of
accretion can be realized for moderate accretion fdtesM, ~ 4 x 10'® g/s. At higher accretion
rates, a free-fall gap above the neutron star magnetosphere agpedosrapid Compton cooling,
and accretion becomes highly non-stationary.

Mass accretion rate through the hot shell is determined by mean velocity of matter entering
the magnetosphera(Ra) = f(u)/2GM/Ra. The dimensionless factdi(u) is determined by the
Compton cooling of plasma above magnetosphere and the critical tempeoatRagyfeigh-Taylor
instability to develop [9], and is found to be

f(u) ~ 0.3M12 g, (3.1)
whereM;g = M /[10%g/9 anduzo = 1 /[10°°G cnP] is the NS magnetic moment. The definition of
the Alfven radius in this case is different from the value used for diskedion:

3\ 2/11

Ra ~ 10°[cm] (“3°> . (3.2)
Mie

As the X-ray luminosity increases, Compton cooling occurs faster, and Wwhe —~ 0.5, the

sonic point appears in the accretion flow above the magnetosphere, eaaddfetion becomes

highly non-stationary. Thus the conditidriu) = 0.5 determines the critical X-ray luminosity for

the steady settling accretioby < 4 x 1036;1%4 erg/s.

Accretion torques applied to NS in this regime are determined not only by the specific an-
gular momentum of captured mattgy, (as is the case of the free-fall accretion), but also by the
possibility to transfer angular momentum to/from the rotating magnetosphergythtioe shell by
large-sclae convective motions. This means that the NS spin-down beposgssle even for pro-

gradejny,. The plasma-magnetosphere interaction results in emerging of the toroidaéticaigeld
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Figure 1. A schematic plot ofv* as a function ofy. Torque reversal occurs g3. Sign of torque-luminosity
correlations changes gt= 1.

Bt = K1Bp(tm— w*)tinst, Whereawn, is the angular frequency of matter at the Alfven radGsthe
dimensionless coupling coefficient which is different in different sesfg,; is the characteristic
time of RT instability. The gas-dynamical treatment of the problem of angular mmetransfer
through the shell by viscous turbulence stresses [11] showeddhat Qp(Ra/Rg)", where the
index n depends on the character of turbulence in the shell. For example, in inefcastropic
near-sonic turbulence we obtain~ 3/2, i.e. quasi-Keplerian rotation distribution. In the more
likely case of strongly anisotropic turbulence (because of strong ctom¢ we findn= 2, i.e. an
iso-angular-momentum distribution. The NS spin evolution equation reads:

lo" = AM°TE — BM3/1L, (3.3)

wherel is the NS moment of inertia. The (independent\b¥ coefficientsA and B for the case
n=2 are (in CGS units):

-1 % -1
N Le R v (R - 2 B (P
A~ 5.3x 10%Ky puld (1000km/9 (10d . Ba54x 107K ( 1oo (3.4)

The functioncw* (M) reaches minimum at somd,. By differentiating Eq. (3.3) with respect i

11

and equating to zero, we fid., = [%@%m] > At M = M, the value ofo* reaches an absolute
minimum (see Fig. 1). In terms of the dimensionless mass accretiog mti%ﬁ Eqg. (3.3) can be
written in the form "
. 3+2n n j
I = ANy (1— (if’) > , (3.5)

1
where the frequency derivative vanishey atyg: yo = (%) 2 The qualitative behaviour ab*

as a function oy is shown in Fig. 1. So in the settling accretion regime transitions from spin-up
(y > yo) to spin-down ¥ < yp) occurs with changingy. By varying Eg. (3.5) with respect pwe

find:

. ow* 3+2n .%;n g 1
1(860) =15 (3y) = AMt y " (1 1 | (3y). (3.6)
0y 11 y 11
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We see that depending on whether 1 ory < 1, correlated changesf dw* with X-ray flux
should have different signs. Indeed, for GX 1+4 in [12], [13] aifdas correlation of the observed
5P with M was found usindrermi data (see also [14] for BATSE data). This means that there is
a negative correlation betwe@mw* anddM, suggesting < 1 in this source.

4. Settling accretion regime: observations

First, the settling accretion regime explains long-term spin-down states @vetsfor exam-
ple, in GX 1+4 [13]. Another immediate application of Eq. (3.3) to observati®tize estimation
of the NS magnetic field in XPSRs with equilibrium spin period (i.e. whiete= 0 on average):

i 11
(eq)%03 P./100s 12M% Y S)*? a1
Hzo™ =5 ( R/l0d ) 16 (000 41
(here we assumetl= 2 and maximum anisotropic turbulence). In wind-fed pulsars Vela X-1 and
GX 301-2, the NS magnetic field estimated in this way was found to be close toltleesinterred
from the cyclotron line measurements (see [11] for more detail).

This equation also implies that the equilibrium period of XPSRs in the settling tamtre
regime is

12/11,4-4/11 [ Po v 4
Peq2 10008]1135* My <10d> (1000km/s) ‘ (4.2)

There are known several very slowly rotating XPSRs, including some iXBIf4U 2206+54 with
P*=5550s), 2S 0114+65 with* = 9600 s) and some in LMXB (e.g. 3A 1954+3F,= 19400 s
[15]). Assuming disk accretion in such pulsars would require incredilglf NS magnetic fields.
But in 4U 2206+54 the NS field is measured to be normal [18h; 3 x 10'2 G (in 2S 0114+65
possibly too, withB ~ 2.5 x 102 G [17]). X-ray luminosity in these pulsars is low, 10%¢ erg/s,
which suggests the settling accretion regime in these pulsars.

Another possible implication of the settling accretion theory can be for ndiviséay phe-
nomena in XPSRs. For example, a dynamical instability of the shell on the timec§¢hkeorder
of the free-fall time from the magnetosphere can appear due to incr€asegton cooling and
hence increased mass accretion rate in the shell. This may even resultritpketsocollapse of
the shell resulting in an X-ray outburst with duration similar to the free-fall tisaesof the en-
tire shell ¢~ 1000 s). Such a transient behaviour is observed in supergiant fest Xansients
(SFXTs) (see e.g. [18]). Slow X-ray pulsations are found in some ofitfeeg. IGRJ16418-4532,
P* ~ 1212 s [19]). In this source, the regular pulsations distinctly seen at ey luminosity
Lx ~ 1034 erg/s were found to disappear when the average X-ray flux incrégsetbre than an
order of magnitude, and quasi-regular flares were observed on a taeeof00-250 s. In such a
low-luminosity source the magnetospheric radius should be very IRgge,3 x 10'° cm (assum-
ing the standard value for the NS magnetic fighgd = 1). So the observed flaring behavior can
be the manifestation of a Rayleigh-Taylor instability from the magnetosphetigsavhich takes
place on the dynamical time scaleRf\/z/\/W. Note that at small X-ray luminosities the radi-
ation cooling (and not the Compton cooling) controls plasma entering the maghete, so the
critical luminosity for unstable accretion can be lower than %06 erg/s found for the Compton
cooling case.
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5. Conclusion

At X-ray luminosities< 4 x 10°® erg/s wind-fed X-ray pulsars can be at the stage of subsonic
settling accretion. In this regime, accretion rate onto NS is determined by the abiitgsma to
enter magnetosphere via Rayliegh-Taylor instability. A gas-dynamic thdm@gtthing accretion
regime is constructed taking into account anisotropic turbulence [11]afgelar momentum can
be transferred through the quasi-static shell via large-scale cors@atitions initiating turbulence
cascade. The angular velocity distribution in the shell is found dependititedurbulent viscosity
prescription. Comparison with observations of long-period X-ray wedlgulsars GX 301-2 ad
Vela X-1 shows that an almost iso-angular-momentum distribution is most likelized in their
shells. The theory explains long-term spin-down in wind- fed accretingapsi and properties
of short-term torque-luminosity correlations. Long-period low-luminositya¥-pulsars are most
likely experiencing settling accretion too. Spectral and timing measuremeni® esed to further
test this accretion regime.
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