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Abstract Massive stars, at least 10 times more massive than the Sun, have two key prop-
erties that make them the main drivers of evolution of stastelrs, galaxies, and the Uni-
verse as a whole. On the one hand, the outer layers of madaigease so hot that they
produce most of the ionizing ultraviolet radiation of ga&sx in fact, the first massive stars
helped to re-ionize the Universe after its Dark Ages. Anoihgortant property of mas-
sive stars are the strong stellar winds and outflows theyyzmedT his mass loss, and finally
the explosion of a massive star as a supernova or a gammanrsty frovide a significant
input of mechanical and radiative energy into the intelatedpace. These two properties
together make massive stars one of the most important cesigioes: they trigger the star
formation and enrich the interstellar medium with heavyredats, that ultimately leads to
formation of Earth-like rocky planets and the developméntamplex life. The study of
massive star winds is thus a truly multidisciplinary fieldldras a wide impact on different
areas of astronomy.

In recent years observational and theoretical evidences baen growing that these
winds are not smooth and homogeneous as previously asstmnedither populated by
dense “clumps”. The presence of these structures drarthataféects the mass loss rates
derived from the study of stellar winds. Clump propertiessiolated stars are nowadays
inferred mostly through indirect methods (i.e., spectopsz observations of line profiles
in various wavelength regimes, and their analysis baseditordd, inhomogeneous wind
models). The limited characterization of the clump phylgicaperties (mass, size) obtained
so far have led to large uncertainties in the mass loss rates fassive stars. Such un-
certainties limit our understanding of the role of massia winds in galactic and cosmic
evolution.

Supergiant high mass X-ray binaries (SgXBs) are among tigiatest X-ray sources
in the sky. A large number of them consist of a neutron stareticy from the wind of a
massive companion and producing a powerful X-ray source characteristics of the stellar
wind together with the complex interactions between the mgawh object and the donor
star determine the observed X-ray output from all theseegyst Consequently, the use of
SgXBs for studies of massive stars is only possible when kysips of the stellar winds,
the compact objects, and accretion mechanisms are comtaigether and confronted with
observations.

This detailed review summarises the current knowledge erthibory and observations
of winds from massive stars, as well as on observations arrétan processes in wind-fed
high mass X-ray binaries. The aim is to combine in the nearréuall available theoretical
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diagnostics and observational measurements to achievéiedupicture of massive star
winds in isolated objects and in binary systems.

Keywords Massive stars stellar outflows X-ray binary- wind-fed systems accretion
processesSgXBs- SFXTs

1 Introduction

Massive starsNiniiai=10My) play an important role in the evolution of star clusters and
galaxies. Massive stars generate ionizing ultravioletatawmh, and heat the dust. The winds
of massive stars, and their final explosions as supernovgaroma-ray bursts provide a
significant input of energy and chemically enriched matteo ithe interstellar medium
(Kudritzki, |I2002). Massive stars are among the most importiivers of cosmic evolu-
tion, they regulate star formation and, together with loassistars, enrich the interstellar
medium with heavy elements. Among the bright X-ray sourndbé sky a significant num-
ber consists of a compact object accreting from the wind o snassive stars. These winds
are fast (with typical terminal velocities up to 2500 kmt} dense (with mass-loss rates up
toM > 105107 M, yr-1), and driven by line scattering of the star’s intense cantin
radiation field. Examples of a system comprising a massaeastd a compact object are
Cyg X-1/HDE 226868, the first detected stellar-mass blad, famd Vela X-1, the prototype
of wind accreting neutron star X-ray binaries. Both in isethmassive stars and in binary
systems with accreting compact objects, the basic pictitieeowind formation and wind
accretion process has been established for decades. Howewefindings concerning in-
homogeneities in the massive star winds and the unexpggisatiounced X-ray variability
in some wind-fed binaries questioned our previous undedstg of these systems.

The first quantitative description of line-driven stellainds was provided in the sem-
inal paper by Castor etial. (1975), which assumed a stagiphamogeneous, and spheri-
cally symmetric outflow. Later works (e.g. Owocki et al., #9&eldmeier et all, 199/ib,a;
Dessart and Owocki, 2005) showed that the line-driven tastwinds are in fact unstable
[ to velocity perturbations (the so-called "line-driven tadsility”, hereafter LDI), leading
to high-speed rarefactions that steepen into strong shediereby most material is com-
pressed into spatially narrow 'clumps’ (or shells in 1-D glations) separated by large
regions of much lower densities. The presence of clumpsimthds of massive stars is sup-
ported by numerous observational evidences in many diftevavebands (see Hamann et al.,
2008; Sundgvist et al., 2011, for comprehensive overvielmshiumerical simulations, the
LDl is observed to generate strong wind shocks, which peadpossible explanation
(Feldmeier et al!, 199¥b,a) for the soft X-ray emission olesg from "normal” (putatively
single, non-magnetic) OB-stars, as well as for their lackighificant time-variability (see
Nazé et al., 2013, for a recent review). Clumps affect sdaellar wind diagnostics in a
non-trivial way, and discussions are on-going to infer thggical properties of these struc-
tures from the results of the most recent observational e&np.

Additional independent observational evidences of cluingtellar winds comes from
supergiant high mass X-ray binaries (SgXBs), i.e. thoséesys in which a compact ob-
ject (a black hole or a neutron star) orbits a supergiant @aB Sako et all (2003) was the
first to review spectroscopic results obtained by X-ray olateries for several wind-fed
SgXBs. They concluded that the observed spectra and tinehildy of these objects could
be best explained by assuming that accretion onto the cdropgect is taking place from

1 Already(Lucy and Solom®f (1970) pointed out that radiatine-driving is subject to a strong instability.
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a highly structured stellar wind where cool dense clumpseanbedded in a rarefied pho-
toionized gas. Similar studies were later carried out onmabver of bright SgXBs, including
4U 1700-37 (van der Meer et al., 2005), Vela X1 (Krevkenbohm et )08 First et all.,
2010; Martinez-Nufez etlal., 2014), Cyg X:1 (MiSkawa et al., 2011), and GX 362
(Eurst et al.| 2011). Although the presence of structudechped winds in SgXBs seems
thus well established, there is a still considerable uagast in the physical properties of
those clumps and the mechanisms by which the structurediwiale to feed the compact
object. Particularly puzzling is the pronounced X-ray &hiiity (a factor of~100-1000
higher than in classical SgXBs) of the supergiant fast Xtrapsients (SFXTs) sources.
This variability is unlikely to be only due to the presencenwdssive structures in the wind
of the supergiant stars and requiegshocassumptions on the on-going accretion processes.

The layout of the review is as follows: Sectibh 2 first introds the basic physics of
line-driven winds in detail, from the pioneering 'CAK mod#b modern simulations in-
cluding small and large scale structures in the wind. Thé@econtinues with the theory
of accretion of these winds onto compact objects and edpyes&utron stars, treating also
different accretion regimes and the inhibition of accretiSectior B discusses the determi-
nation of stellar and wind parameters by quantitative spscbpy in the optical and UV
regime, including the effects of wind clumping on the mass Idiagnostics. Measurements
and diagnostics in the X-ray regime are discussed in Sedfitwgether with caveats when
applying these. This section also summarises the currentlkedge on both the "classical”
SgXBs and the SFXTs. Finally, Sectioh 5 summarises the manewtly open questions on
stellar winds and wind properties of massive stars.

2 Basic physics

We summarise in the next two sections the basic physics diftelriven winds in massive
stars and accretion processes in wind-fed binaries.

2.1 Basics of line-driven winds

A decisive property of hot, massive stars is their stellardyiwith typical mass-loss rates
(for solar metallicity),M ~ 10~7...10~° M. /yr, and terminal velocitiesy.., ranging from
200 ... 3,500 kms!. The origin of these winds is attributed tadiative line-driving i.e.,
stellar continuum photons are scattered in a multitude etsal lines and transfer their
momentum to the wind. Since this process requires a largdeunf photons (i.e., a high
luminosity), such winds occur in the hottest stars, likeyPetstars of all luminosity classes,
but also in cooler BA-supergiants, because of their largeii.rEfficient line-driving further
requires a large number of spectral lines close to the fluximam and a high interac-
tion probability (i.e., a significant optical depth). Sine®st spectral lines originate from
various metals, a strong dependencévbbn metallicity is thus to be expected, and such
line-driven winds should only play a minor role (if at all) tine early Univers8.The theory
of line-driven winds has been pioneered/by Lucy and Solord®7({) and particularly by
Castor et al.| (1975, henceforth 'CAK’), with essential iy@ments regarding a quantita-
tive description and application provided by Friend and éth{(1986) and Pauldrach et al.

2 Contrasted to the almost metallicity-independent, peyasioderated continuum-driven winds hypoth-
esized by Owocki et al. (2004).
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(1986). Line-driven winds have been reviewed by Kudritzki &#uls [(2000) and more re-
cently by Puls et all (2008). In the following, we will brieftynsider some relevant aspects,
mostly in terms of the 'standard model’ and the theory dgwetbby CAK.

2.1.1 The CAK model and beyond

From studying the temporal variability of typical wind-feaes (UV P-Cygni profiles, H,
Hen 4686, see Sedt] 3) and from analysing these lines, it turnedhat the global quan-
tities describing the outflow\, u.) typically show only little variations. This and other
evidence motivates the definition of a stationary, sphéyisgmmetric, and homogeneous
standard modelEffects from rotation and magnetic fields are briefly odtirat the end of
this section, and deviations from a homogeneous structerdiscussed in Secfs, 2.11.2 and
213

In such a standard model, the mass-loss Kate 4rr2p(r)u(r) remains constant over
the wind, and the equation of motion is governed by pressras and external forces, in
our case the inward gravitational pull and an outward dégctdiative acceleration. For
simplicity, the Thomson-acceleration due to electrontscaig will be included as a cor-
rection to gravitﬁ in terms of the conventional Eddington-Gammggyq = Jrhomson/ 9grav [
L/M, and the remainingontinuumacceleration can be neglected in most hot star winds.

Thus, the ‘only’ difficulty regards calculating the radietiline force. Basically, this
force can be derived from the momentum transfer occurringiduhe absorption and (re-
) emission of (mostly) stellar photons, where on averageethission process cancels out
because of its fore-aft-symmetry. Since most photons aserbbd inmetallines, the mo-
mentum needs to be redistributed to the bulk plasma (H and Byeineans of Coulomb
collisions (Springmann and Pauldrach, 1@2)

In certain frequency intervals, the line-density can beigh that photons on their way
out of the wind are not only scattered in one line before thegape, but also in a sec-
ond one, a third one, etc., until they ultimately find theinmaut. This process is called
multi-line-scattering, and leads to a certain complexitgmalytical calculations of the line
forcell For simplicity, we assume instead that each line can beetlesgparately, i.e., that
stellar photons can interact with only one line and thendahe wind, irrespective of line-
density. As shown by Puls (1987), this is not too bad an appration for OBA-star§ In
this case, the total line force can be calculated by summinthe individual contributions
from all participating lines, expressed in terms of illuiiimg intensity and line opacity. In
rapidly expanding atmospheres, this expression can bdiBedpy means of the so-called
Sobolev approximation (Sobolev, 1960). If at first we onlpsider radially streaming pho-
tons (relaxed later on), the radiative line-acceleratmmlihe i at rest transition-frequency
Vo, results in

Ly, voi du/dr
¢z 4m?p

o KLiSePUh\] _ Ly Vvoi du/dr e,
Oradi = [1—exp—( do /dr )} ==& % [1_9 s b} 1)

3 Both accelerations depend or?, at least in a homogeneous medium.

4 A significant drift between metallic ions and the bulk plasonaven a complete decoupling of certain
ions might become possible in winds of low metallicity andémv density, e.g!, Babel (1995); Krticka et al.
(2003); Krticka (2006); Owocki and Puls (2002).

5 For details, see, e.d., Friend and Casfor (11983): Puls [j18icy and Abbolt [(1993);_Gayley etlal.
(1995).

6 In the dense winds of Wolf-Rayet stars (see below), muig-Ecattering needs to be accounted for.
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with L, the spectral luminositys the mass-absorption coefficient for Thomson scattering,
anduy, the thermal velocity for a representative i, is the so-called line-strength, corre-
sponding to the ratio between frequency-integrated lipaeity x; and Thomson-scattering
opacityse over a typical line-widthA vpepj,

Xi
ki SePAVpop,i ) @)
For the dominating resonance lines from major idqg,is roughly constant over the wind.
A line-strength of unity thus refers to a weak line of contimuelectron-scattering strength,
whereas strong lines can hakg ~ 10° or even more.

The most intriguing quantity appearing in Ed. 1 is the radé&bcity gradient, which re-
sults from the Doppler-effect experienced by the absortiager in an expanding medium.
As obvious from Ed 11, the radiative acceleration from agticthin lines (with line optical
depth in Sobolev approximatiorse, < 1) is proportional tok_; and does not depend on
velocity and density, whilst for optically thick linesdop > 1) graqj becomes independent
of line-strength (saturation), but now depends(dan/dr)/p.

The basic trick of CAK was to write the total line acceleratia.e., the sum over all
contributing lines, as an integral over a line-strength distribution

gﬁgtd: Zgrad,i — //grad(kL,v) dN(kg, V) (3)
T

where this distribution depends on line-strength and feegy. From some preliminary em-
pirical arguments which have been confirmed meanwhile,(Bids et all. 2000 and Fifgl 1),
CAK assumed a power-law distribution w.kt. and a frequential distributionl 1/v,

dN (KL, v) = —Nok?~2dk_dv /v. (4)

In this case, integrals in EQ} 3 can be solved analyticatlg, ane obtains

ot L SeunNol () (du/dr>a_ sl

= = k§ = Ir k¢
Orad A2 1—q SUnp 4Tn“2CkCAK 1 = Ogral(N)eddkcakk:,  (5)

wherel™ (a) is the Gamma-function,

_ Ui Nol"(a) K — du/dr
c 1-a ' ' spun

kcax (6)
kcak (on the order of 0.1 for O-stars and early B-stars) is one efdb-called force-
multiplier parameters, ank the line-strength where the exponent in Eh. 1, the optical
depth in Sobolev approximation, becomes dﬂity.is the 2nd force-multiplier parameter
(=~ 0.6...0.7 for O-star winds, see Fif] 1, left panel), either corresjium to the slope of
the line-strength distribution function, Hd. 4, or alteively interpreted as the ratio of line-
acceleration from optically thick lines to the total linecateration.

After accounting for non-radial photons and ionizatioreef§ (not discussed here), we
can insert the total line acceleration into the time-inael@at equation of motion. The re-
sulting non-linear differential equation can be solveti@inumerically (e.g., Pauldrach et al.
1986;| Friend and Abboltt 1986) or, applying certain simpdificns, also analytically (e.g.,

7 ky corresponds to~1 in the notation of CAK.
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Fig. 1 Left: Frequency integrated line-strength distribution funetior an O-type wind Te= 40 kK, solar
abundance), and corresponding power-law fit (slope =2). Right: Observed WLR for Galactic O-stars
(asterisks, plus-signs and rectangles for luminosityselad, Ill and V objects, respectively). Data from
Puls et al.[(1996). Dashed: linear regression to l.c. | abjetotted: linear regression to luminosity class.
Il and V objects. Analytical considerations (see text) aéneoretical models (from_Vink et &l. 2000, solid
red) do not predict a dependence on luminosity class. Theeloled’ difference is presumably due to the
neglect of wind-inhomogeneities (clumping) in the massslanalysis (see also Repolust étlal. (2004)). Note
that the observed wind-momenta deviate towards low valeésablogL /L., < 5.2 (‘weak wind problem’,
cf.[Marcolino et all 2009 and references therein, land Hueweeder et gl. 2012 for a potential explanation).
Blue dots indicate theoretical models from Pauldrach €R803) calculated for five stars from the observed
sample, resulting in similar wind-momenta as predicted mkét al. (2000).

Kudritzki et al.. 1989} Owocki et al. 2004), and the mass-i@gs results as the eigenvalue
of the problem. Overall, we obtain the following scalingaténs:

. L\/a /M 11" e Lo Tegg \ Y1
WO (lenc ) (i (1 Few) T ()
keak L (1—TEda) A T\ T g

Mo
u(r) = uoo(l— %)B

2.2500 (2GM(1—ggq)\ 2 2.2501
1-a ( R ) T 1_qg e 0

Here,a’ = a — &, whered (~ 0.1 for O-stars) is Abbgtt's (1982) ionization parameter, and
Uesc IS the photospheric escape velocity, corrected for thatdiacceleration by Thomson
scattering. The exponefitis on the order of 0.8 for O-dwarfs, and on the order of 1.3 ... 2
for BA-supergiants. To overcome some inherent problemis this initial CAK formulation
(e.g., the artificial dependence on a fiducial thermal speselabove), Gayley etlal. (1995)
used a somewhat different definition for the line-strenghwell as a line-statistics with an
exponential cut-off, and reformulated the standard CAKragph. While the two formula-
tions give identical results, the new one provides a somewlnaified expression for the
mass-loss rate, which is frequently used nowadays:

U ~

Ly 71 M 1-1/a’ L or 1/a'-1
) (G a-read) D ()Y
Lo \1—TEdd

MO ( =
Lo QMg

For 5 = 0, the relation betwee® (=~ 2000 for O-stars) anélcax is given byQY/a-1 =

¢/ U ((1— a)keax) ™" .
Finally, by using the scaling relations fdf andu., (Eqs[T), and approximating’ ~
2/3, one obtains the so-called wind-momentum luminositytieta WLR - (Kudritzki et al.,
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1995),
l0ogDmom = log (M Uo (F%) %) ~ % Iog(&) + offsetZ, spectral type) (8)

which relates thenodifiedwind-momentum rat®yom with the stellar luminosityalone
The dependence dvl andlgqq (difficult to ‘measure’) vanishes since the productiif(1—
Iedd))r 9" and (vesRY/2) becomes negligible as long & is close to 2/3. The offset in
Eq.[8 depends on metallicity and spectral type, mostly beethe effective line number and
thuskcak (or Q) depend on these quantities, via different opacities anériboiting ions.

Originally, it had been suggested to use a carefully caior&VLR as an independent
tool to measure extragalactic distances, from the spexdpis analysis of extragalactic A-
supergiants and their winds, and by solving for the stebalius via Eq[B. Meanwhile,
however, the WLR is mostly used to test the validity of the{driven wind theory itself
(e.g., Fig[1, right panel).

Various theoretical models have been computed during telsmades, based on a more
or less exact calculations of the line-force (i.e., distaydhe statistical approach and ac-
counting for non Local Thermodynamic Equilibrium (hereaftnon-LTE) effects). Most
prominent are the models by Vink et al. (2000, 2001), relyonga Monte Carlo approach,
the models by Pauldrach (1987) and Pauldrachlet al. (1994,)Z0VM-Basic’), calculat-
ing the line-force in a Sobolev-approach, and the modelsrighka and Kubat (2000, 2001,
2004), which include a more-component description (metad plus H/He). All these mod-
els agree in their quantitative predictions (e.g., Elg.idhtrpanel), in particular regarding
the metallicity dependence of the mass-loss té] 20607

The most impressive observational confirmation of the thigeal concept of line-driven
winds and their metallicity dependence has been provideldkiem et al. [(2007), com-
piling observed stellar- and wind-parameters from Gata¢tMC and SMC O-stars, and
analysing the corresponding WLRs. Accounting for windeimtogeneities (see Selct. 2]1.2)
in an approximate way, they derité [ 2972015 in very good agreement with theoretical
predictions.

The bi-stability jumpOne of the still unsolved problems regarding line-drivends is the
reality of the so-called bi-stability jurﬁ) which should affect the mass-loss rates of B-
supergiants (important in the context of SgXBs). As it tuas(Puls et all, 2000; Vink et al.,
2001), the mass-loss rates of radiation driven winds arelyndstermined by iron (group)
lines. BelowTe =~ 23KK, the ionization of Fe (in the lower wind) switches alitygrom
Felv to Felil, which has much more lines close to flux maximum. Consequeh# mass-
loss rate is predicted to increase for such cooler stars yhtg a factor of five or more,
whilst v, should decrease by a factor of two (Vink etal., 2001). Thus wind-momentum
rates for B-supergiants (like in Vela X-1) are predictedeéddrger than of O-stars of similar
luminosity.

Though a gradual decreaseur (more precisely, in the ratio. /Ues) Over the range
Tet = 23kK to 18kK has been confirmed in many studies (€.9., Gregen et al. 1989;
Crowther et al. 2006; Markova and Fuls 2008), this is not toughe predicted increase in
M. Detailed investigations of B-supergiants by Crowther 52806) and Markova and Plils
(2008) donot show such a behaviour, but rather indicate that their massrhtes are lower
(or similar) to those from O-stars at the same luminositpc8ithe theoretical predictions

8 The metallicity dependence of, is rather weaky., [ 2°96-013 ([ eitherer et all, 1992: Krtick&, 2006).
9 introduced by Pauldrach and Pls (1990) to explain thedilstbehaviour of wind models for P Cygni.
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are quite robust, whereas the formation of the prime massiwalicator, H, is quite com-
plex in the B-supergiant range_(Petrov etal., 2014), furtheestigations are required to
solve this long-standing issue. One might note, howevat,&h present evolutionary codes
for massive stars incorporate the theoretical mass-lasdigiions, and that the predicted
bi-stability jump has a large effect on the evolution andhtioh of B-supergiants and be-
yond [Vink et al., 2010; Markova et dl., 2014). If the jumphiwere not present, significant
changes in such evolutionary phases are to be expected.

Mass loss from Wolf-Rayet stafsrom early on, the mass-loss properties of Wolf-Rayet
stars posed a major problem for theoretical explanatianeggshey are considerably larger
compared to O-stars of similar luminosity. Though Lucy aribgtt (1998) showed that
line-overlap effects, coupled with a significantly straiifiionization balance, can help a lot
to increase the mass-loss, it were Grafener and Hamanr® (2006, 2007) who showed
that there are two ingredients that might produce the oksiarge mass-loss rates in par-
allel with high terminal velocities. First, a high Eddingtd is necessary to provide a low
effective gravity and to enable a deep lying sonic point ghhemperatures. Then, a high
mass-loss rate leading to aptically thickwind can be initiated either by the ‘hot’ Fe-
opacity bump (around 160 KK, for the case of WCs and WNES) erctioler one (around
40 to 70 kK, for the case of WNL@ Alternative wind models have been constructed by
Vink et all (2011), who argue that fdizqq > 0.7 the winds (more precisely, the pseudo-
continuum) become optically thick already at the sonic poihich should enable a high
M. Nevertheless, there are still a number of details to be @bdut before these winds are
completely understood.

Impact of (fast) rotationWhen stars rotate rapidly, their photospheres becomeeglita
effective temperature decreases from pole towards eq(grawvity darkening’), and the
wind is predicted to becomgrolate in most cases (because of the larger illuminating po-
lar fluxes), with a fast and dense polar outflow, and a slow dthér equatorial one
(Cranmer and Owaoaki, 199@.Whilst stellar oblateness and gravity darkening have been
confirmed (at least the basic effects) by means of interfetgmiDomiciano de Souza etlal.,
2003; Monnier et all, 2007), the predictions on the windittire of rapidly rotating stars
havenot been verified by observations so far (Puls et al. 2010 andemrgdes therein): first,
only few stars in such phases are known (but they exist, thg.most extremely rotating
massive star detected by Dufton et al. 2011 rotates verg dmsritical), and second, the
tools to analyse the atmospheres and winds (multi-D modedsiuch stars are rare, if they
exist at all. Note that even for moderate rotation the wirgtélicted to become asymmetric
(though to a lesser extent), and the formation of importaadsHoss diagnostics such ag H
becomes affected (e.q., Petrenz and|Puls|1996).

Impact of magnetic fieldRecent spectropolarimetric surveys (mostly performedHhay t
international Magnetism in Massive Stars, MiMeS, collation, e.g.| Wade et al. 2012,
and work done by S. Hubrig and collaborators, e.g., Hubral€2013) have revealed that
roughly 10% of all massive stars have a large-scale, orgdnizagnetic field in their outer
stellar layers (the incidence of internal fields might behiig, on the order of a couple of
hundred to several thousand Gauss. The origin of these el unknown, though most

10 The importance of these opacity bumps was pointed out airegiugis and Lamers$ (2002).
11 Al these effects become significant if the rotational speezkeds roughly 70% of the critical one.
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evidence points to quite stable fossil fields formed somegiiuring early phases of stel-
lar formation ((Alecian et al., 201.3). The interaction ofskdields with the stellar wind has
been theoretically investigated by ud-Doula, Owocki andvookers in a series of publi-
cations (summarised In_ud-Doula 2013), and two differeenacios have been identified,
depending on rotational speed and field strength. For ndfatstaotation (when the Alvén
radius is smaller than the Keplerian co-rotation radiushagnetically confined wind is pre-
dicted, in which the gravitational pull on the trapped widdgma creates large regions of
infalling material, whereas for fast rotation and strong confinefdente obtains a rigidly
rotating magnetosphere (Alvén radius larger than Kegteradius ( these radii are defined
in Sect[Z2.2.P), in which the centrifugal force preventsttapped material from falling back
to the stellar surface. Both scenarios are consistent viaglerwational findings (Petit etal.,
2013), and are nowadays called dynamical and centrifugghetaspheres. These two pop-
ulations can be differentiated by their disting Emission: slowly rotating O-type stars with
narrow, strong emission consistent with a dynamical maxgpptere, and more rapidly rotat-
ing B-type stars with broader, often double-peaked, emisassociated with a centrifugal
magnetosphere. First attempts (Sundayvist et al., 201 2sijrtolate the | emission from
the dynamical magnetospheres of prototypical O-starsofgenby the spectral type quali-
fiers ‘f?p’) have been quite successful, thought theseainitivestigations certainly need to
be repeated within a multi-D NLTE approach.

2.1.2 Small scale structures

Although the standard theory of line-driven winds outlinedhe previous section assumes
a stable, time-independent and homogeneous wind, it i domg known that the radi-
ation line-force in fact is subjected to a very strong, mgic¢ instability (Milne,| 1926;
Lucy and Solomari, 1970). Below we review the theoreticakbeaund for this fundamen-
tal instability, whereas the corresponding observatidrzedkground regarding small-scale
wind structure is given in Se¢i. 3.4.

Linear perturbation theoryFollowing|Owocki and Rybickil (1984), let us assume a small
velocity perturbation of the conventional sinusoidal fafm= duge ") where the wave
numberk is the inverse of the perturbation wavelength and the @rduéquencywv may be
complex (to account for potential exponential growth or garg of the initial perturbation).
For a spherically symmetric wind, in a frame co-moving witk tinderlying mean flow, and
neglecting gas pressure terms, this circular frequencivéndy

W =i 8Qrad/ OV, )

wheredgrad = Orad— Irado IS the response of the unperturbed line fogegg to the velocity
perturbation. For a line that is optically thick in the meawfl Owocki and Rybickil (1984)
showed the ratidgraq/du can be expressed by a “bridging law”

5grad . Lsob
~ Qik——m——— 10
ov ! 1+ I|(L30b7 ( )

where Q =~ up/Lsop is the growth rate of the perturbation, abgy, = uyn/(dup/dr) the
radial Sobolev Iengﬁ of the unperturbed flow, moving witbg in the stellar frame. Thus,

12 For example, a large ratio between magnetic and wind energy.
13 the radial extent of that zone where photons can be absosbadpecific line.
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for large-scale perturbations with wavelengditrsgerthan this Sobolev lengtk(sop << 1),
W= i2QkLggp~ —K Up. (11)

Inserting this into the perturbatiodu = duge KW gives rise to radiative-acoustic waves
of zero growth and with phase speegk ~ —up, propagating backwards in the co-moving
frame. The properties of such "Abbott waves” (Abbott, 198@)s imply that a line-force
computed within the Sobolev approximation (like for all reteldiscussed in the previous
section) is marginally stable.

However, for short wavelength perturbations near or belosr$obolev lengthiLsop >
1), we obtain instead

. .U
WrIQ ~i—2

) (12)

Sob
which is complex withd(w) > 0, and so when inserted into the perturbation-expression
above results in an exponential growth of the initial vefpgierturbation. Since the growth
rate Q ~ ug/Lsob ~ Uo/Uin(dug/dr) is a factor~ ug/ug larger than the wind expansion
ratedug/dr, this implies small-scale perturbations can be amplifiediibgnormous amount
Uo/ Uth ~ 100 e-folds within this linear theory for a pure absorptime-driven flow!

This strondine-deshadowing instabilitQ_DI)[E can be somewhat damped by asymme-
tries in the scattered, diffuse component of the line-fdkeey, 1984)| Owocki and Rybicki
(1985) (see also Owocki and Fuls 1996) showed that accqufatirthe diffuse force in the
perturbation theory outlined above still gives a very uab outer wind, but where the
LDI growth rate can be strongly damped close to stellar setfand even become zero at
the photospheric boundary. Recently, Sundgvist and OW@€ki3) showed that including
simple stellar limb-darkening breaks this cancellatiothef LDI by the diffuse damping at
the stellar surface, and so leads to a net instability groath and to an unstable wind also
in near photospheric layers.

Non-linear numerical simulationg he operation of this fundamental and remarkably strong
LDI has been confirmed by time-dependent numerical hydrashyoal wind modelling us-
ing a non-Sobolev radiation line-force (Owocki et al., 1988l dmeier, 199%; Owocki and Puls,
1999;| Dessart and Owocki, 2005; Sundgvist and Owocki, |20%8h simulations show
that the non-linear growth of the LDI leads to high-speedfamtions that steepen into strong
reverse shocks (resulting, e.g., in high-energy emisdiseiwvable in soft X-ray band-passes
around~ 1 keV, see also below), whereby the wind plasma becomes essgul into spa-
tially narrow ‘clumps’ separated by large regions of rarfias. This characteristic structure
is the theoretical basis for our current understanding atefpretation ofwind clumping
(see Sectl3).

The left panel in Fig R illustrates this typical structusegiotting density, velocity, and
temperature snapshots of a spherically symmetric LDI satirh computed from an initial
steady Sobolev-based model following Sundavist and Ow(2{Ki 3), and the right panel
in the figure shows a contour-map of the density time evatuta the same model. The
line force in this simulation is calculated using the “Snio8burce function” method (SSF,
Owocki and Pulsg, 1996), which allows one to follow the namehr evolution of the strong,
intrinsic instability, while simultaneously accountingrfthe stabilizing effect of the scat-
tered, diffuse radiation field. The simulation here furtmmludes the effects of stellar limb
darkening and photospheric density perturbations (therl&t the form of simple sound
waves). The model displays clumps with very short charetieradial length scales, on

14 or alternatively simply line-driven instability, also LDI
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Fig. 2 Left: Temperature, velocity, and density snapshots of an LDl kitimn (see text) that has reached a
well-developed phase. The dashed red line in the bottom phowss the density at= 0 secRight: Contour-
map of the inner-wind time-evolution of the density betwéen0 andt = 23 ksec in the same simulation
(the characteristic wind flow time of this simulationtis: R, /U, ~ 20R; /2000 knys~ 7 ksec).

the order of a Sobolev lengthsy, or below (as expected from the linear theory above),
and shows typical clump-densities an order of magnitudadrighan the mean wind den-
sity. As can be seen from the figure, the rarefied regions wedsz the dense clumps are
much more extended and with very low densities, on order aepérof the mean den-
sity or even lower. The inclusion of limb-darkening and msptheric perturbations further
leads to strong, variable wind structure also close to tlatqsphere, at ~ 1.05— 1.2R,

(in contrast to earlier simulations which typically hadstlinset only at ~ 1.5R,, e.g.
Runacres and Owocki 2002). An X-ray study of the BOI star QV, Nee massive donor of
the 4U1538-52 binary system, established an upper limit &f25R, on the radial onset of
clumping (Torrejon et al., 2015). We note though, thataltjh the basic properties and pre-
dictions of LDI-caused structure are robust, quantitadietails regarding, e.g., the onset of
structure and over-densities of clumps depend on varicalngations made in the compu-
tations of the source function and the line-force, on thellef photospheric perturbations,

and on the dimensionality of the problem (see discussiomuimi8vist and Owocki 2013).

The presence of strong, embedded wind shocks in LDI sinmiatfurther provides
a generally accepted explanation for the X-rays obsenad &ingle O-stars without very
strong magnetic fields. The jump velocities are typicallypater~ 300 km/s, giving charac-
teristic temperature® ~ 10° K and associated quite soft X-ray emissionat keV and be-
low. In 1-D simulations like those above, Feldmeier et 89a) demonstrated that the ve-
locity dispersion of individual shells ('clumps’) resultscollisional merging of such shells,
which creates regions of relatively dense, hot gas and Xeraigsion at levels quite com-
parable to those typically observed for single O-stars.aévtealistically though, thin-shell
instabilities and associated effects can be expected &k hne the spherical shell structure
into a more complex, multi-dimensional structure. Becaxfghe computational expense of
calculating the line-force at each time step, howeveratamh-hydrodynamical LDI simula-
tions have generally been limited to 1-D. But first attemptsanstruct 2-D simulations have
been carried out by Dessart and Owocki (2003, 2005). Suctelnogbically show that the
LDl first manifests itself as strong density compressiomsitking corresponding 1-D sim-
ulations. But as these initial shell structures are acatddroutwards, they become disrupted
by velocity shearing and Rayleigh-Taylor and/or thin-bhedtabilities, resulting in lateral

structure all the way down to the grid-scale (see DessarQamatki 2003). However, it may
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well be that these initial 2-D models exaggerate somewtlealietel of lateral disruption, as
they do not yet properly treat the lateral component of thsk line-force. Presuming
this could damp azimuthal velocity perturbations on schiew the lateral Sobolev length
Ly = Ul /Ur (Rybicki et al.| 1990), lateral breakup may be prohibitetblescales of order
@~ Ly/r = un/Ur = 0.5degrees. Further work is required to examine this impoissue
by an adequate incorporation of the lateral line-force mtdti-D LDI simulations.

Characteristic clump mas#Vith the discussed caveats in mind, we may nonetheless @se th
basic predictions of the ab-initio hydrodynamical wind slations above to make a simple
order of magnitude estimate of a characteristic clump netsstypical radius ~ 2R, the
radial and lateral Sobolev lengths are on the same ordedu:¢dr ~ u /r, and so we esti-
mate a clump volume by ~ L3, ~ (umn/(ur /1))3. We further assume the clump density is
set bypq = (p) fe with a clumping factor (see further Sect. 3f2)~ 10 and mean density
(p) = M/(4mr2u,) for an average stellar mass-loss rMe Thus a characteristic clump-
mass isMg| ~ PeiVel ~ M fc|ut?1r/(4nur4). Inserting typical numbers for a hot supergiant,
M ~ 10-5M., /yr, un ~ 10 kny/s, R, =~ 20R.,, anduy ~ 1000 kny's, then yieldVg ~ 1018 g.
Although this indeed should be viewed only as a rough orderaginitude estimate, we note
that since the LDI predicts small clumps, where the charatielength scale is the Sobolev
length, it is generally quite difficult to reconcile the strstale structures predicted by basic
line-driven wind theory with clump-masses that are mudh @rders of magnitude) higher
than this estimate. This is further discussed in $éct. hdrcontext of empirical constraints
obtained from X-ray observations of SgXBs.

2.1.3 Large scale structures

Besides the small scale structures discussed in the peesigetion, the winds from mas-
sive stars also harbour structures of larger scale, irdggredominantly from the so-called
discrete absorption components (DACs).

Discrete absorption componerdse optical depth enhancements in the absorption troughs of
unsaturated UV P Cygni profiles, observed in most O- and &asiar winds|(Howarth and Prinja,
1989), and also in late B-supergiﬁ&Bates and Gilheahy, 1990). Typically, these DACs
accelerate towards the blue wing of the profile on time saafl@sfew days, becoming nar-
rower as they approach an asymptotic veldEt)'[heir acceleration and recurrence time
scales are correlated with the star rotational period j#rih988;| Henrichs et all., 1988;
Kaper et al.| 1999). Since the acceleration of most stron@®& much slower than the
mean wind acceleration (Prinja el al., 1992; Prinja, 19B#Cs might arise from a slowly
evolving perturbation through which the wind material flofwigher density or lower veloc-

ity gradient/velocity plateau: Lamers et al. (1982), ortbdtullerton and Owockil (1992)).
Although a spherically-symmetric disturbance most likeyn be ruled out (Prinja, 1992;
Howarth/ 1992), the structure must cover a substantialifraof the stellar disk in order to
produce the observed strong absorption features.

Dynamical models - Co-rotating Interaction RegioBsimmarizing the above findings and
arguments, DACs should originate froooherentstructures of significant lateral extent,

15 Absorption components have been also found in at least on@ ¥¥M [(Prinja and Smith, 1992), and in
the Balmer lines of the LBV P Cygni (Markava, 1986).

16 This asymptotic value is frequently used to estimasde.g. Howarth and Prinja (1989) dnd Prinja ét al.
(1990)).
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with an increased optical line depth due to density and/city field effects, and a clock
coupled to stellar rotation. As a potential candidate meisma which is compatible with
all these constraints, Mullan (1984, 1986) suggested tading interaction regions (CIRs),
which are well-studied in the solar Wi@By means of 2-D time-dependent hydrodynamic
simulations, Cranmer and Owocki (1996) investigated tbénario in detail for the case of
a rotating O-star wind. Their most promising model comgipbotospheric disturbances
due to a bright stellar spot in the equatorial pI(Because of this disturbance, the line
acceleration becomes locally enhanced (more flux!). Caresgty, the local mass loss in-
creases, and thus the density already near the star. Forthir the wind, the effect of the
disturbance weakens (since the opening angle of the distaeébdecreases, and the radia-
tion from undisturbed regions of the stellar surface begindominate), and the radiative
force cannot accelerate the higher density material asgliras the unperturbed wind. In
summary, a stream of higher density and lower velocity, czmegh to the undisturbed mean
flow, is generated. Where the faster mean flow collides sopé&ally with the slow material
at its trailing edge, a CIR of enhanced density is formed, afidon-linear) signal is sent
backtowards the star which forms a sharp, propagating discoityim the radial velocity
gradient (see also Feldmeier and Shlosiman 12000,/ 2002)elstétiar frame, this feature
travels slowly outwards, and a velocity plateau-like dinoe is formed between the trailing
discontinuity (‘kink’) and the CIR compression.

By calculating the corresponding line optical depths angtdependent synthetic pro-
files,|Cranmer and Owocki (1996) showed that these slowlyimgokinks, together with
their low velocity gradientst(0 (dv /dr)~2, cf. Eq.1), are the likely origin of the observed
DACs rather than the CIRs themselves. Moreoveraihygarentacceleration of the synthetic
DACs was found to be slower than the acceleration of the meaah (&s required), and also
their recurrence time scale is strictly correlated with (because of the link of the CIRs
and the rotating photosphere). On the other hand, no ctioelbetween acceleration time
scale and rotational speed appeared in the synthetic rafb@trasted to the observational
indications.

By means of an instructive kinematic investigation, Hamanal. (2001) showed that
the low drift rate of the DACs is not a consequence of the Chesniselves, but a conse-
guence of the difference between mean flow and the velocitydfehe pattern in which the
features form. An upstream propagating pattern (as theikittie Cranmer-Owocki model)
inevitably results in a wavelength drift with a slower app#racceleration than displayed
by features formed in the mean flaw within the CIR itselfAny of these drifts, however,
were shown to be independent on the rotation rate, leavimgltserved correlation (if actu-
ally present) still unexplained, at least if the CIRs areuted by disturbancdsckedto the
stellar surface, as assumed by kioth Hamann et al.|(2002) rmmin@r and Owocki (1996).

In a detailed study, Lobel and Blomme (2008) relaxed thisiagtion in order to allow
for a quantitativeanalysis of the temporal evolution of DACs for the fast-tioig BO.5 Ib
supergiant HD 64760, one of the targets of & MEGA Campaigr(see below). A large
grid of 3-D models and dynamic spectra for different spoapaters (brightness, opening
angle and velocity) has been computed, producing a bestrfa fmodel with two spots
of unequal brightness and size on opposite sides of the @guéth spot velocities being

17 Indeed, this suggestion was made already before all cimistmaere known.

18 0 be regarded as a representative for other potentialrtimiges, e.g., localized magnetic fields or non-
radial pulsations.
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five times slower thaw,:[5 All basic conclusions of Cranmer and Owadcki (1996) could
be confirmed, particularly the importance of velocity péate in between kinks and CIRs.
Moreover, models with non-locked spots displayed a caicelaof DAC acceleration time
scale andq, since the internal clock is now set by the rotational spddldeospots, whilst

a change in the stellar rotational speed modifies the urdgrlyulk flow (densities and
velocities) via a different centrifugal acceleration subht the time-scales are no longer
conserved whepy is changed.

One may note that the above hydro-simulations have beeorped by calculating
the line-force in Sobolev approximation, because of comtpartal feasibility. An improved
approach regarding this aspect has been provided by Qwb88B], who calculated CIR
models based on aon-localline force calculated from a three-ray treatment. Also here
somewhat "rounded” kinks followed by a velocity plateau present! Unfortunately, how-
ever, the line-driven instability (LDI, see Sdct. 2]1. Fpefively destroys all macro-structure,
though this might be related to a still inadequate threetiegtment and/or insufficient res-
olution, leading to too low a lateral damping. Certainlytuie work is required to clarify
these problems.

Rotational Modulations (RMsYhe observed correlations of the DAC properties with ro-
tational speed inspired tHelE MEGA Campaigr{iMassa et al!, 1995), during which three
prototypical massive stars (including HD 64760 from abowveje monitored almost con-
tinuously over 16 days. Most importantly, a new type of Vaitity was detected, namely
periodic modulationsn the UV wind lines, derived from the dynamic spectra of HD 6@
(Prinja et al., 1995). Similar features (though not as pumeed) have been detected in only
two other stars{ Pup (Massa et al., 1995; Howarth et ial., 1995) &er (O7.5 Il (n)((f)),
Kaper et al. 1999). Note that these features occur in paveitle the conventional DACs.

The peculiar phase properties of the modulation featudisate the presence of absorb-
ing material with the same phase at two different projectldaities. By means of a kine-
matical model and corresponding synthetic spectra, Owetckl. (1995) and Fullerton etlal.
(1997) suggested that these features are formed in azilyuéxéended, co-rotating and
spirally-shaped wind structures linked to a surface dgnstiich is modulated by non-
radial pulsations, and they are observational "evidencedeotating wind streams rooted in
surface variations’ (Owaocki et al., 1995). Meanwhile, Lb{013) performed 3-D hydro-
simulations to investigate the rotational modulation deas. To fit the observations, the
RMs required quite a regular ‘spoke-like’ radial densitytpan that was simulated as a re-
sult from the action of pressure waves at the lower wind baand'hese structures are then
maintained in the wind by an increased line acceleratiomdntfof the (rotating) pressure
wave.

Density contrast in CIRs and RM@/ith respect to one of our central topics, the interaction
between (inhomogeneous) winds of supergiants and compgetts in SgXBs, the typical
density contrast of CIRs and RMs is of prime importance. Thothis value depends on
the specific situation (size of spots, amplitude of soundeyeotation rate, etc.), the above
hydro-simulations indicate a rather mild density contrasinely over-densities of factors
~ 1.3 (Lobel and Blomme, 2008) te: 3 (Cranmer and Owocki, 1996) for the CIRs and a
maximum over-density of a factor of 1.17 within B) for the RM region of HD 64760

19 Motivated by a suggestion from_Kaufer et al. (2006) who detémon-radial pulsations in the photo-
spheric lines of HD 64760. To explain the observed\riability, they invoked the beat period between two
of these periods (lower than the rotational one!) to be nesite for the CIRs in the wind.
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(Lobel,[2013). Together with the rather small filling fagtirese inhomogeneities thus have
only a small impact on density squartdiagnostics (see SeEl. 3), on the order of 2 to 3%
in M, to be compared with typicéhctorsof 1/To ~ /10 ~ 3 resulting from the small-scale
structures discussed in the previous section. We note thdbgt since these large-scale
structures must cover a substantial fraction of the stelilse (see above), their individual
masses can be very high despite their modest density-esimemts. Following the previous
section, we may estimatd, ~ RZSRpgr ~ REZSRM fgir / (4120, ) ~ 1071229, where we
have assumed a geometrical CIR-heigit~ 0.1 — 1R,, and used the same numbers as
before for a typical hot supergiant but now assuming a chewigtic CIR over-density set
by f.r = 2. These type of large-scale wind structures can thus haeé imigher individual
masses than the small-scale structures normally assciatie wind clumping (see also
Sect[%).

2.2 Wind accretion theory

In SgXBs, an O-B supergiant is gravitationally bound to a pant object and the latter can
accrete a significant fraction of the stellar wind. In modihafse systems, and for all the sys-
tems that are of interest for this review, the massive stas @t fill its Roche lobe and thus
an accretion disk is not expected to form around the comggetb(see, e.g., Frank et al.,
2002). In the remaining part of this review we thus restriat discussion to purely wind-
fed systems and consider only the case in which the compgettdb a neutron star (by
far the majority of SgXBs are proven to host such kind of cootjpdjects, the only known
exceptions being Cyg X-1, GRS 1915+105 and LMC X-1). We mte¥irst a description of
the simplest theoretical wind-accretion treatment, he.go-called Bondi-Hoyle-Lyttleton
(BHL) accretion theory, and then summarise the most receveldpments. In this second
part we identify different possible accretion regimes, atgfing on the neutron star prop-
erties (magnetic field, spin period), as well as on the playgarameters of the supergiant
wind (mass outflow rate, velocity, density). We also provédshort section summarizing
the basic physics of the interaction between the X-raysymed as a consequence of the
accretion onto the compact object and the stellar wind.IFirthe obtained results using a
simplified analytical treatment are compared to the achieves of recent numerical simu-
lations.

2.2.1 Bondi-Hoyle-Lyttleton accretion

In the following, we briefly summarise elements of the BHLdhe For a detailed review,
we refer the reader 10 Edgar (2004).

The original work by Hoyle and Lyttleton (1939) considerextrtion by a point mass
(star) passing through a nebulous cloud as a mechanisnrfestigal climate change. This
work was later updated hy Bondi and Hoyle (1944), who inctlisethe analysis the pres-
ence of an accretion wake behind the point mass. All thesatsesere first applied in the
context of accreting X-ray binaries by Davidson and Ostr{k873). Below, we follow their
approach (see Oskinova et al., 2012; Bozzo et al.,|2016 gfaiild).

Let us consider a neutron star of maégs, travelling at a relative speag, through a
gas densityp. If vy is supersonic, then the gas flows in as describeld by Bondi agtéH
(1944). The mass accretion rate onto the compact objectes dpy:

Macc =1{ Rgccurelp(a: t) (13)
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wherep(a,t) is the wind density as a function of the orbital separatoand timet. {

is a numerical factor introduced to correct for the radiafiwessure and the finite cooling
time of the gas. In moderately luminous X-ray souré¢ed, and it is usually assumed=
1(Davidson and Ostriker, 1973). The Bondi-Hoyle radius‘azcretion radius”

cc— (14)

represents a measurement of the distance at which the neténois able to gravitationally
focus and capture the surrounding material. At this radhessupersonically inflowing gas
from the supergiant companion passes through a bow-shatkegins to free-fall toward
the compact object. The relative spagg can be expressed as

Urzel = UE]S(a) + Uv%l(avt)v (15)
whereuys is the velocity of the neutron star at the orbital separatiamdu,, is the stellar
wind velocity.

In non-stationary stellar winds, the wind densitfa,t) and the wind velocityuy(a,t)
depend on time (see Sect[on|2.1). Combining equatiods (iB{2), the accretion rate onto
the neutron star can be written as:

Mo — 4 GV o . (16)

rel
The accretion of matter onto the neutron star produces X-r&ysuming a direct conversion
of the kinetic energy gained by the infalling matter to raidia at the neutron star surface,
the X-ray luminosity of the system can be expressed as:

_ GMnsMace
Rns

whereRys is the neutron star radius. In the following, we consider camnly used values
for the neutron star parameters, i, for the neutron star radius in units of .6m and
My 4 the neutron star mass in units of M4,. A reasonable scale for the mass accretion rate
obtained from EJ_16 iy, i.e.,Maccin units of 13° g s~1. We can thus write:

Lx (17)

My 4M
Lx ~2x 1036%3 ergs?, (18)

Using the fact that in the cases of interest the neutron sfacity uys is usually much
lower than the wind velocity,,, Eq.[I% reduces toy ~ Uy. We thus obtain:

3.7x 1010
— cm
Ug

Racc~ (19)

whereus is the wind velocity in units of 19cm s1.
The predicted X-ray luminosity (EQ.1L8) can be rewrittenémis of measurable proper-
ties of the massive star wind. If we approximate the wind ftbmsupergiant star as smooth

and spherically symmetric, then we have at the neutronatatibn (orbital separatios):
My

et (20)

Pw ()
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Including this in Eq[IB (with = 1) we get:

Mace _ 1 RE:c
— = — ==, 21
My 4 a2 (1)
Using Eq[Z1 and Eq.19 in E3.118, we obtain:
Lx =2x 10°® ;vLSA ergs?, (22)
09 Ug

whereM_g is the mass-loss rate of the primary star in units of®1Bl, yr—1, andaygq cm,
is the orbital separation for a massive binary in wHhitfs + M.=30M, and the NS is on a
circular orbit with a period of 10 days:

a=4.2x 102PA3M3% = 4.2 x 10'y0q. (23)

In the remaining part of this section, we omit from all eqaasi the symbol&s andMy 4,
as the range spanned by these parameters are marginatliirefféhe results compared to
the larger uncertainties on more relevant quantities,(thg.wind velocity, mass loss rate,
the neutron star spin period and its magnetic field).

The regime in which accretion at the rate defined by[Ef. 21asvel, is usually termed
“direct accretion” and corresponds to the maximum achievbray luminosity in a wind-
fed neutron star SgXB. It is interesting to note from Ed. 2t tkeven in the direct accretion
regime, wind-fed binaries are relatively inefficient at¢itrg systems because in all cases of
interestR,cc < a and thus only a tiny fraction of the total mass lost by the pryrstar can
reach the surface of the compact object. Another inter@gtinperty of these systems can
be deduced from E@.18. As in wind-fed SgXBs no accretion igkesent to mediate the
transport of matter, the relevant time scale for changebénass accretion rate onto the
compact object is roughly comparable to the free-fall tinh®a, i.e., a few to hundred
seconds| (Frank et al., 2002). This means that any changerimgrin either the mass in-
flow rate from the supergiant star, or in the velocity/dgneitthe wind around the neutron
star, would produce a virtually immediate variation in tense X-ray luminosity. For this
reason, the pronounced X-ray variability of SgXBs is uguabcribed to the presence of
structures (clumps) in the winds of their supergiant corigan However there are a num-
ber of complications in the accretion process (see §ecl)2zat makes challenging the
evaluation of the stellar wind properties from the variat@f the X-ray luminosity in these
systems. We will discuss more these aspects in Bect. 4.

2.2.2 Different accretion regimes

The simplified scenario depicted in Sdct. 21.2.1 providey anery rough estimate of the
mass accretion rate that a neutron star can experience dbe tapture of wind from its
massive companion. In particular, the direct accretionmegcannot apply in all circum-
stances as the neutron star rotation and magnetic field eemadically affect the plasma
entry through the compact object magnetosphere and thusgbking mass accretion rate.
In this section we describe all the accretion regimes thatudran star can experience de-
pending on the different key system parameters (i.e. thes+laass rate from the primary
star, the stellar wind velocity, the neutron star spin pertbhe magnetic field and the orbital
separation).

We also generalize the treatment by relaxing the assumpfidy.[20 and assuming
that the wind velocity and density at the location of the raustar can be more generally a
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non-trivial function of time and of the separation betwels primary star and the compact
object, i.e. py=pw(a,t) anduy=uy(a,t).

Neutron stars in massive binaries are known to be strongyynetized, as their relatively
young age (a few 0yr) would not allow for a significant decay of the dipolar matjn
field with which they were endowed at birth ¥A0™ G). The magnetosphere around the
neutron star has a non-negligible effect on the developwfethie accretion flow and begins
to completely dominate its dynamics once the material getedo the so-called magneto-
spheric radiusRy. For wind accreting systemBy can be roughly estimated by equating
the ram pressure of the material flowing toward the neutranstth the local magnetic
pressure. Scaling to typical parameters, we obtain:

Ru = 1.3x 10°0 1°0g 3uzt3cm (24)

wherep_1,=p,/10-12 g cmr 3, 1 = Bys R is the magnetic moment of the NS auagh=p1/(10%°) G cn?
(i-e., considering®ns=10 G). The direct accretion regime described in Ject. P.2.dires|
that Ry <Raco in such a way that the accretion flow has enough time to dattieree-fall
spherical symmetric motion before encountering the naeustar magnetosphere. Combin-
ing Eq.[24 and 119, we can see that the condifc Raccis violated if

Hzo > 2.3x 10°pM 2 ug®. (25)
Assuming reasonable values for the supergiant wind vegidog ~ 0.5-2), it turns out that
the magnetospheric radius can extend beyond the accretimsronly for very strongly
magnetized neutron stars wins >10' G. As discussed by Bozzo et al. (2008), such
magnetic field would not be completely unreasonable if itsisuened that “magnetars” are
hosted in SgXBs (see, e.q., Rea and Esposito,| 2011, for atremgew). The regime in
which Ry 2 Raccis called the "magnetic inhibition of accretion” regime, tae magneto-
sphere of the neutron star in this case inhibits the graeitat focusing of the wind material
and decreases the effective accretion rate onto the corpgtt. It is noteworthy that a
similar scenario was also envisaged by a number of authgreettict the X-ray luminos-
ity of isolated magnetars accreting through the interstetiedium|(Harding and Leventhal,
1992; Mori and Ruderman, 2003; Toropina €tlal., 2006). Betatering the details of the
X-ray luminosity released during the magnetic inhibitiohagcretion, it is necessary to
introduce also the concept of the corotation radius.

It is known since the early 70s that accretion onto a mageetizeutron star cannot
occur unperturbed if the rotation of the compact objectosvgnough to allowry to reside
within the corotation radius:

Reo = 3.7 x 10°PZ% cm (26)

(herePy, is the neutron star spin period in units of 100Ry, represents the distance from
the neutron star at which material attached to the magnetitifnes of the compact object
(corotating with it) reaches a velocity comparable withlteal keplerian velocity. The con-
dition Ry <R, thus ensures that the centrifugal forcé=gtis low enough for the incoming
material to be accreted onto the neutron star rather thate€jdy its fast rotation. When
Rv>Reo, the neutron star centrifugal gate closes and the “pragelgime sets-in, halting
the incoming flow and centrifugally inhibiting accretiofigtionov and Sunyaev, 1975). By
combining Eq[26 anld 24, we can see that this case occurs if

P < 0.205 Y20 35t u3l? (27)

We thus have to distinguish different possibilities.
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— The super-keplerian magnetic inhibition reginkhis case applies when both condi-

tionsRy = RaccandRy =R, are satisfied. As argued before, the magnetic barrier in this
case halts the mass inflowing from the companion star antitalihe gravitational fo-
cusing of this material within the accretion radius. Fumnthere, the wind material that
approaches the neutron star magnetosphere is pushed aweth& compact object due
to the centrifugal gate. In this regime, no accretion is fiesnd the lowest X-ray lu-
minosity is achieved. Bozzo etlal. (2008) argued that thenroantribution to the X-ray
luminosity in this case is due to shocks close to the magpk@i radius and to the
dissipation of the neutron star rotational energy. The tamributions can be estimated
as

Lshock™ 7—2TR,%,,pwu\f, =27 x 1020?3201 erg st (28)

and

Lsdr~ TR o U (RM Q)2 ~ 35 x 10301330 3 ug PP 2 erg s, (29)
respectively (her&®=2r7/F;).
The sub-keplerian magnetic inhibition regimEhis case applies wheRy = Racc but
Ru<Reo- At odds with the previous case, despite the lack of graeital focusing
within Racq, the effective gravity at the neutron star magnetosphenetgptoward the
compact object. The inflowing material is thus not pushedyawyethe rotating star but
tends to be accreted at a rate that is regulated by the efficiehmagnetohydrody-
namics instabilities aRy. As the stellar wind material is passing by the neutron star
with high velocities ¢g~1), the most relevant instability allowing matter to peatsr
the compact object magnetosphere is the Kelvin-Helmhaokability (hereafter KHI;
Harding and Leventhal, 1992). The mass inflow rate throughmhgnetosphere result-
ing from the KHI is:

Mkni = 27RE) PpsUcony = 2TTR PpsUshiTkhl (Bi/Pe) Y2 (1+pi/pe) ™t (30)

whereucony is the typical velocity at which matter crosses the magmpétesc bound-
ary, pps is the density of the wind material being shocked and pastirmugh the
shock in front of the neutron star magnetosphetg,is the shear velocity between the
wind and the neutron star magnetospheygy ~0.1 is an efficiency parameter, and
Gi (pe) is the density immediately inside (outsid&y . Bozzo et al.|(2008) argued that
Ush=max Ups, Urot), depending on the position along the neutron star magrietosp
Hereupsis the matter post-shock velocity dominating close to tagrsation point, while
Urot=21tRy P51 is the magnetosphere rotational velocity dominating tieashway from
the stagnation point. The rat®/p. can be estimated numerically from the mass conser-
vation equatiorR,%,I Pe Uconv == Rmht o1 Ut (Rm). Here we considered that matter crossing
the KH unstable layer is rapidly brought at corotation with heutron star and free-falls
toward its surface before being accreted. The height of tHel&yer is assumed to be
h; ~ Ru.[Bozzo et al.[(2008) discussed that this is a reasonablengsigun as long as
o < pe, even though a full detailed study of the KHI in these cowdisi is still lacking.
Under these assumptions, the X-ray luminosity in the syiiekean magnetic inhibition
regime can be estimated a@X{Lkn1,LkH2) ,where

Lirir = 2.0 x 100 12> 0% 1505" 2(01/pe) 2 (1 + pi /pe) " erg s, (31)
and
Lirz = 6.5 x 10k Po,ug 1o 5kHs0(01/pe) Y2 (1 + pi /pe) tergs™.  (32)

In this regime, we thus expect to observe relatively fainb}-sources.
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— The supersonic propeller regim#&/hen Ry <Racc, the wind material is gravitationally
focused within the accretion radius and fills the region leetmR,.c andRy. The mag-
netic gate is open and the properties of this envelope suding the neutron star are
determined by the physical processes regulating the ttterebetween matter and mag-
netic field atRy (Davies and Pringle, 1981). If radiative losses are ndglkgivithin the
envelope, then the latter is in hydrostatic equilibrium atationary on dynamical time-
scales (this requires a sufficiently low mass-loss rate fiteerprimary star, see Eq. B2
inBozzo et al., 2008). In this case the pressure and dendityrvthe envelope can be
written as:

P(R) = PpsUs[1+ (1/(1+1))8Ra/R" (33)
P(R) = Pps[1+(1/(14n))8Ra/R". (34)

If the conditionRy = Rco applies, accretion is, however, still inhibited by the ciémt
gal barrier and the system enters the supersonic propetiane. As the rotation of the
magnetosphere is supersonic, dissipatiorRatnduce turbulent motions that convect
the dissipated neutron star rotational energy up througlotiier boundary of the enve-
lope, where this energy is dissipated. In this casé/2 and the correct location &y
should be computed by equating the neutron star magnessymewith the atmosphere
pressure given above. We obtain:

Ru = 3.2x 16020 "2° cm (35)
(where it was assumed tha{y < Racg). In the supersonic propeller regime, the material
around the neutron star is pushed away from the rotating etagphere and accretion
cannot occur. Dissipations Rfy are expected to provide the largest contribution to the
X-ray luminosity:

Lx = 27R p(Ru)C3(Ru) ~ 8.2 x 10**ug1p 1o erg st (36)

(cs is the sound velocity).

— The subsonic propeller regimé&/hen both condition&y <Racc andRy <R are satis-
fied, it is usually believed that the envelope around therpadtar cannot still accrete at
the full regime indicated by Ef. 113 until material is coolexhah below a certain critical
temperature. If cooling is not efficient, the system entieesstubsonic propeller regime.
This is one of the most discussed regimes of wind accretidrdéferent authors have
made different assumptions regarding physical processmsning in this case.

The subsonic propeller regime was initially investigatgdliavies et al.[(1979) and
Davies and Pringle (1981), using theoretical findings psegdy Elsner and Larmb (1977)
and Arons and Lea (1976). The latter authors argued thatwin@fed system, the ma-
terial accumulating around the neutron star magnetosptaamot penetrate it until its
temperature is low enough for the magnetohydrodynami@lilities to be efficient at
Ru. BothlElsner and Lamb (1977) ahd Arons and Lea (1976) sugddbe Rayleigh-
Taylor instability (hereafter RTI) to be the most efficienstability in transporting ma-
terial across the neutron star magnetic field lines. A ddteto trigger the RTI was
derived from first principles (Bernstein et al., 1958), assg a situation of hydromag-
netic equilibrium in which the fluid velocity vanishes at apgint. Under these con-
ditions, the boundary between the plasma and a vacuum niadjedd is unstable for
the RTI if the temperature of the plasma is (see also, lkhsand Pustil’'nik, 1996;
Ikhsanov, 2005):

T < Terit(Ru) = 0.3Tyt (Rw) = 0.3GMnsmy/kRu. 37)
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Here,my, is the proton mass arldis the Boltzmann constant. In a more detailed treat-
ment, it can be seen th@;; has also a non-negligible dependence on the longitude of
the neutron star magnetosphere, with the equatorial rdggorg the least stable zone.

If the condition of Eq[37 is not satisfied, accretion is ldygahibited. In this situa-
tion, the neutron star spins at subsonic velocities withendurrounding shell and loses
its rotational energy due to friction. As long as the disggarotational energy of the
neutron star keeps the material in the spherical shell hetstibsonic propeller regime
can be sustained and the structure of the shell can be apmted as adiabatic. The
magnetospheric radius can thus be estimated by usiag/2 into Eqs[34:

Ru =38x 1000 102" cm (38)

In the subsonic propeller regime the luminosity producedheydissipation of the neu-
tron star rotational energy can be written as:

Lsas= 2Ry p(Rv) Q3% = 6.2 x 10°P,2 - (39)
R10P-12(1+ 16Racc1o/ (SRwino)) ¥ 2 erg s %,

whereRy10=Ru/10'° cm is given by EJ_38, anBacc1=Racd10'° cm. A number of dif-
ferent prescriptions for the X-ray luminosity producedtie subsonic regime were pro-
posed by different authors, and we refer the reader to thé malevant publications for
further details (see, e.qg., Ikhsahov, 2001b,c,a, andeebess therein). It is noteworthy
that in all cases the assumed key characteristics of thisieegre a strong spin-down of
the neutron star and a moderate X-ray luminosff @*3-10** erg s *llkhsanov, 2001a,
2007).

The approach to the subsonic propeller regime discusse® alms criticised by Burnard etlal.
(1983). These authors argued that, when the neutron stdioml velocity is taken into
account, the basic assumptions behind[Eg. 37 are no lontigravel different conclu-
sions can be reached. In particular, the presence of a shleaity between the neutron
star magnetosphere and the material in the shell wouldeeitoi#t KHI. Even in those
situations in which the RTI is not efficiently working due teethigh temperature of the
plasma, material could still be pushed through the comphajetco magnetic field lines
by the KHI and be finally accreted onto its surface. Burnarmal e1983) presented all
calculations needed to estimate the amount of materiattrabe accreted through the
KHI depending on the NS magnetic field and spin period (as agffom the physical
conditions of matter outside the NS magnetosphere). Foilpthe simplified treatment
of Bozzo et al.|(2008), the mass luminosity in the subsonbpelier regime permitted
by the KHI can be written as:

Lkrz =~ GMnsMkh /Rus = 1.5 x 10%nkn P R 10012+
(14 16Racc10/ (5Rw10)) (i /pe) *(1+ pi /pe) ‘ergs™ (40)

It is thus found that, even in the subsonic propeller regiesjgnificant amount of
material can still be accreted onto the NS at odds with whateeasidered before. The
conditions under which the RTI becomes inefficient and the isédjins to control matter
penetration through the neutron star magnetosphere higgiiy debated and difficult
to be assessed. The problem is that these conditions dependlg on the physical
properties of matter and magnetic field at the magnetospheindary, which is an
extremely complex region to be treated analytically. Theditions for the development
of magnetohydrodynamic instabilities in the boundary dse affected by the X-ray
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photon field produced by the central accreting neutron &tamost of the cases of
interest for this review, the photon flux changes signifigeoh rapid time scales (few
to hundreds of seconds), thus making any analysis of the etagpheric region even
more complicated.

— The subsonic settling accretion regim&s mentioned before, it is usually assumed
that when Eq[_37 is satisfied, the subsonic propeller is npliGgble and all material
captured by the neutron star R{c. can be accreted at the Bondi-Hoyle rate (Ed. 21).
Shakura et al! (2012) studied this process in a more detadgd These authors solved
analytically the structure of the spherical shell aroundradvaccreting neutron star, as-
suming that its magnetospheric boundary is RTI unstakde g§ssuming that EG. B7 is
valid and satisfied). They found that the Bondi-Hoyle rateaaly be achieved when the
X-ray luminosity from the central neutron starigtx10°6 erg s—* (for typical values
of the systems of interest for this review) and the inflowingtenial from the compan-
ion can be efficiently Compton cooled down alreadyRadc. At lower luminosities, a
subsonic settling accretion regime is achieved. In thisntegthe mean radial veloc-
ity, ur, of the plasma filling the region betwe®y andRycc is lower than the free-fall
velocity ug (uy = f(V)ug, f(v) < 1) and depends on the cooling timg,, near the
magnetosphere, so thétu) ~ [tﬁ(Racc)/tcoo|(Racc)}l/3. Two different sub-regimes are
identified, depending on the dominant cooling mechanismeatrtagnetospheric radius.
The authors showed that if Compton cooling at the magnew&phadius dominates
over radiative losses, then

f(v) ~0.3(Lx/10% erg s 1)~ /11,811 (41)

and thus the mass accretion rate onto the neutron star iseédiy roughly a factor of
3 compared to the Bondi-Hoyle rate. While if radiative cogldominates, then

f(0) ~0.172?7(Ly /10% erg s 1)8/27 2%, (42)

and the mass accretion rate onto the NS is reduced by a fdctat@compared to the
Bondi-Hoyle rate (for typical parameters). In the aboveagipm, { <1 is a numerical
parameter describing the extension of the transition zesidé and outside the neutron
star magnetosphere (Shakura et al., 2013). The transitiovelen the Compton and the
radiative cooling regimes is mainly regulated by the neustar X-ray luminosity. This
value of the luminosity can be determined by comparing ttadileg time scale in the
two cases. As detailed in Shakura €tlal. (2013), the timedoathe Compton cooling
is

tcompton= 10(Rw /10° cm)?(Lx /10*® erg s 1) ~1s (43)

while for the radiative cooling is
tradiative ™ 1000Ry /10° cm) (Lx /10% erg s ) ~*(f(v)/0.3) s (44)

For typical parameters, it can be seen that Compton coolingirthtes for
Lx >3x10%® erg st

— The direct accretion regime. At sufficiently high mass inflmte from the compan-
ion star, the material outside the neutron star magnetospbeundary reaches a crit-
ical density above which it is cooled down efficiently for tla@gest accretion rate to
take place (i.e. the Bondi-Hoyle rate in Sdct. 2.2.1). Adowg to the calculations in
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Davies and Pringle (1981) and Bozzo etlal. (2008), the atilensity above which such
transition occurs can be written as:

Pim_y, = 8.3 % 107P3R 2 (1+ 16Racc1¢/ (5Rw10)) 2. (45)

The accretion of material with the above density would rdygalease an X-ray lumi-
nosity of >4x10% erg s~1, that is the transition luminosity estimated by Shakurd.et a
(2012). In the direct accretion regime, all material captuatR,cc can be readily ac-
creted onto the NS, and the X-ray luminosity released frogrsifstem is:

L)( = Lacc: GMNSMcapMRNS = 59 X 1§6U8p712R§10 erg Sﬁl. (46)
This is the highest X-ray luminosity achievable by a wind-feeutron star in a SgXB.

Some of the accretion regimes discussed above have beemadstigated through nu-
merical simulations, especially the direct accretionmegy[Toropin et &ll, 1999; Toropina et al.,
2012) and the supersonic propeller (Romanova et al.,| 2@8)ngly magnetized neutron
stars were also considered (Toropina et al., 2006). Thergemsults obtained within these
simulations are qualitatively in agreement with the théoaé predictions discussed above,
but a more gquantitative comparison would require the usédellB3D numerical simula-
tions that so far have been developed only for the case ofatisketion and for weakly
magnetized neutron stars (see, e.g., Kulkarni and Romag0@8; Romanova et al., 2012,
and references therein). The issue of extending thesedatiiong to the case of strongly mag-
netized neutron stars is that for the latter the magnetosptaius is located at hundreds
of stellar radii, thus making the numerical approach usethbysimulations challenging.

2.2.3 X-rays and stellar wind interaction

In all accretion regimes previously discussed, a conspisw@mount of X-ray radiation is
released by the compact object and expected to interactdthurrounding environment.
One of the most important effects resulting from this intéicn in SgXBs is the reduction
of the radiative force that accelerates the supergianinstat due to the photoionization of
heavy ions. The reduction is strongly related to the valuexoffor sufficiently high X-ray
luminosities it is possible that most of the heavy ions ingtedlar wind become so largely
photoionized that the stellar wind is halted already at thpesgiant photosphere, practically
inhibiting the formation of a proper stellar wind. The ex¢&m of the region in which the
wind velocity is affected by the X-ray radiation (measureaii the position of the compact
object) is called Stromgren sphere. Note that the intwibitf the stellar wind acceleration
has a potentially dramatic effect on the accretion processthe emission of the X-ray
radiation, as the latter can only be powered when the stgltad material is channelled on
the compact object surface. An elegant analytical appration describing this feedback
mechanism between the wind acceleration and the release aictretion luminosity was
proposed in the seminal paper of Ho and Arons (1987), andvwieusummarise here briefly
their approach.

Itis assumed that the wind of the supergiant star is acdelbeeccording to E]7 upto a
distancer s from the star, wheres is the radius of the Stromgren sphere. From this distance
onward, the stellar wind moves toward the neutron star witbrestant velocity (due to the
lack of any efficient acceleration) according to the equmtio

Uo(L—R./r)P ifr <rg
Uo(1=R./rg)P ifr >rg.
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Herer is the distance from the supergiant star, andghis defined by the equation

Lx

Bl “

If we assume that(r) ~ pw(r)/my, pw(r) is given by EqL2DLx is given by Eq[2Rmy is
the proton mass, anfi, is the critical value of the so-called ionization paramétet which
the wind acceleration is completely cut-off by the X-rayimation (i.e. the stellar wind
becomes virtually transparent to UV photons). The valu&.ofs strongly dependent on the
chemical composition of the stellar wind and on the detdita® micro-physics intervening
in the ionization process. Ho and Arons (1987) assufee 10%, but such value was then
revised tofe, ~ 3 x 107 by|Stevens (1991). By putting together EqL[43, 22 [and 20 bt

G*M3g 1 1

= 41mm .
Ecr i Rns a2 (g _ 1>2 Uvav(ré)
e

(48)

This is the so-called feedback equation of Ho and Arons (188d can be solved to derive
the distance; from the NS at which its X-ray radiation is able to stop theedextion of
the companion star wind, in turn regulating the mass aasretite onto the compact object
and the production of the X-ray emission itself. Ho and Ar¢(i887) showed that Ef. %8
has typically two solutions: the first one corresponds todde in whiclr; ~ R, and the
wind velocity is very much reduced compared to that predidtg the CAK model. This
is called the high luminosity solution because for such l@logity Eq.[1# an@ 22 predict
a large X-ray luminosity. In the low luminosity solution; ~ a and the expected X-ray
luminosity is much lower due to the higher wind velocity (thend can be accelerated up
to the neutron star location). Originally, the presencénese two branches of solutions was
used to explain the differences between brighter (Cyg XMCX-1) and fainter HMXBs
(VelaX-1, 4U1700-37, 4U 1538-52). More recently, their kggbility to the case of wind
accreting HMXBs was revised and discussed by Karino (20d#}) also pointed out the
limitations of one dimensional calculations in the caseiply systems. Ducci et al. (2010)
also presented an extension of the previous Ho and Arong {I@8culations, by including
in the feedback equation a term describing the reductiohénmass accretion rate onto the
neutron star surface caused by the wind material that isuffitiently accelerated after the
ionization to escape the supergiant companion and to rés&ctoimpact object.

The convincing observational evidences of the disruptfmtallar winds in SgXBs (see,
e.g. Watanabe et al., 2006) provided the required momerdistinhulate refined models of
the interaction between the X-rays and the surrounding unedin these systems. Starting
from the pioneering paper of Blondin and Wao (1995), in whieé first two dimensional
calculations of the stellar wind photoionization in HMXBswe presented, a number of
recent studies were presented which include a more reatissicription of the stellar wind
composition and the photoionization process. We discueseatbults of these papers in more
details in Secf14.

We note that a different way to probe the interaction betwberX-rays from the neu-
tron star and the surrounding stellar wind is offered by thealled HM-effect/(Hatchett and McCray,
1977). The presence of the Stromgren sphere around theaobmlpject was demonstrated
to induce noticeable variations in the UV resonance lineslpeced within the massive star
wind and providing measurements of the local wind velod¥hen applied to the case of
Vela X-1, the results of detailed spectroscopic obsermatimbtained in the UV domain al-
low us to compare the properties of the photoionized regronrad the neutron star with
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that determined from complementary investigations in theayXdomain [(van Loon et al.,
2001; Watanabe etal., 2006). The major limitation impagtime exploitation of the HM-
effect to study photoionization in wind-fed binaries is thailability of high resolution UV
spectra of these systems with a sufficiently high signaldise ratio. So far the HM-effect
could be verified only in the cases of Vela X-1 and 4U 1700-3%thase are the closest-by
and brightest wind-fed SgXBs. For all other known sourcethefsame class, no data of
the required quality could be obtained so far in the UV donaaid thus the applicability
of the HM-effect as remained largely unexplored (see vamletal.) 2001, and references
therein).

3 Stellar and wind parameters of massive stars
3.1 Quantitative spectroscopy

Stellar and wind-parameters of hot massive stars are ctiomafly determined by means
of quantitative spectroscopy.e., by fitting synthetic spectral energy distributiomsl anor-
malized specttal to observations, mostly in the optical and/or the UV rangeahingful
mass-loss diagnostics are also provided by observatiottseiiX-ray (see Secf.3.8) and
far-IR/mm/radio domain.

For calculating synthetic energy distributions, a corsistreatment of photosphesead
wind requires so-callednified model atmospherest least if the
lines/continua are formed outside the (quasi-) hydrastatjion. Such unified model atmo-
spheres have been introduced by Gableret al. (1989). By srefaa typical velocity law
(with B = 1, see Eq[]7), one can derive a maximihfor which a hydrostatic treatment is
still possible, at least in the optical and most of the UViraating a limiting Rosseland op-
tical depthrress< 1072 at the transition between the photosphere and wind (rougbéted
at 10% of the sound-speed), one fids< 6- 10" 8M,yr1(R./10R)(U./1000 kms?1).
Comparing with "observed” (i.e., empirically derived) rsdsss rates, this limit implies
that hydrostatic models are still largely sufficient foel&@-dwarfs, B-stars up to luminosity
class Il (for early sub-types) or Ib (for mid/late sub-typesnd A-stars up to luminosity
class Ib. Above this limit, unified model atmospheres havbdased, since the spectral
appearance is considerably affected by wind effects, duberie are no apparent wind fea-
tures in a particular observation. Note that unified modelcspheres are computationally
expensive, because of the coupling between velocities @ugiéncies via corresponding
Doppler-shifts. Moreover, all models, even the purely logtiitic ones, need to account for
NLTE conditions, due to the high temperatures and compafgitiow densities.

Table[1 compares present state-of-the-art atmospherisogtich can be used for the
spectroscopic analysis of hot stars. Since the coé¢ssl/surface andrLusTY calculate oc-
cupation numbers/spectra on top of hydrostatic, planalghatmospheres, they are "only”
suited for the analysis of stars with negligible winds (sSeeve). The different computation
times are mainly caused by the different approaches to déalime-blocking/ blanketing.
The overall agreement between the various codes (within doenain of application) is
quite satisfactory, though certain discrepancies aredonrspecific parameter ranges, par-
ticularly regarding EUV ionizing fluxes (Puls et al., 2005m®n-Diaz and Stasifnska, 2008)
and surface gravities (Massey et al., Z013).

20 Colours are less meaningful (or not usable at all), becafi$edigh temperatures.
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Table 1 Comparison of state-of-the-art, NLTE, line-blanketed ei@mosphere codes suited for the analysis
of hot massive stars

code Detail/ TLUSTY? |POWRS PHOENIX*  CMFGEN® wwM-basi®  FASTWIND’
surfacé

geometry | plane- plane- spherical  spherical/ spherical  spherical spherical
parallel parallel pl.-parallel

blanketing | LTE yes yes yes yes yes approx.

diagnostic | no no no no no uv optical/IR

range limitations limitations| limitations limitations  limitations

major BAstars  hot stars | WRs, cool stars,  OB(A)- hot starsw.  OB-stars,

application| with negl. with negl.| OB-stars  SNe stars, dense winds, early A-sgs
winds winds WRs, SNe SNe

comments| no wind no wind - no clumping - no clumping no X-rays

no X-rays (in progress)
execution | few hours hours hours hours 1to2h few min.
time minutes to0.5h

(1) IGiddings 1(1981);| Butler and Giddings _(1985), (2)_Hube(d998), (3) L Grafener et al.| (2002),
(4)[Hauschildt[(1992), (5) Hillier and Miller (1998), (6) &arach et al.[(2001), (7) Puls et al. (2005)

The best fitting model-spectra and thus the correspondeitpisand wind parameters
are found by either a simple ‘by-eye’-inspection (e.g., &est et all 2004), or by mini-
mization methods (using a genetic algorithm, e.g., Moki¢=ile2005, or pre-calculated
model-grids, e.gl, Lanz and Hubeny 2003; Hamann and Ge&2004| Lefever et al. 2010;
Simon-Diaz et al. 2011; Sander etlal. 2012; Hainich et@142. It should be noted that a
proper comparison between observed and model spectra baheoautomatized to a cer-
tain degree as it requires detailed knowledge about whiatufes are affected by which
parameters. Furthermore, such comparisons should be m#dasvmuch lines as possi-
ble, as a particular single line can be affected by a variepacameters which can lead, in
different combinations, to the same line shape.

3.2 Stellar parameters

Regarding the individual stellar parameters, the follgvimime diagnostics are available:
effective temperaturedg, are derived from the ionization equilibri#hof nitrogen (02,
03, and WN), helium (WR and O-stars up to 0O4), silicon (Bstaand magnesium (A-
stars). Typical accuracies are 5%. Surface gravities areadefrom the wings of the Stark-
broadened Balmer linest(0.1 dex). This method works only for purely photospheric ab-
sorption lines, i.e., and/or H;. Thus, if the available spectral range consists of emission
lines only, there is no direct spectral diagnostics to itifereffective surface gravity. Radii
and thus luminosities are obtained from comparing the #te@ and absolute observed
fluxe€, or from usingTet, My and the bolometric correction. The distance is the major
source of error here. The abundances of individual elenageténally determined from fits

to their corresponding spectral lines (in the optical arewy), where, if possible, photo-
spheric lines should be used, to avoid contamination frondvihhomogeneities and wind-
embedded shocks. Corresponding errors depend on the cdtypié the line-formation

21 By fitting the correspondinghotospheridines/line-strength ratios from two (or more) neighbogrin
ionization stages

22 |t this is done over a wider range, the tespectral energy distributiofSED) is typically used.
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and on the number of available diagnostic lines. E.g., fordds very accurate measure-
ments of the abundances are possible for many elementst@000b dex, see Przybilla etlal.
2008), whilst for nitrogen and carbon in O-stars the typmaibrs are considerably larger
(0.15 to 0.2 dex or higher), due to the complex line-formatiRivero Gonzalez et al., 2012;
Martins and Hillier| 2012), and the scarcity of lines. Figalve note that a complete analy-
sis involves many more parameters, such as projectedao#htielocity,u sini, micro- and
macro-turbulence. A discussion of these parameters isioety@ scope of this review, just
to mention that the measurementwsini is quite precise if the rotational speed exceeds
100 kms1, and it becomes problematic for speeds below 40 Kesg., Sundavist et al.
2013).

3.3 Velocity field

Since the measurement bf, one of the most important parameters in this context, vell b
detailed in the next section, we will concentrate here orvéecity field. Terminal veloci-
ties u., can be quite easily measured from the blue égfyesUV P Cygni profiles (typical
accuracy: 10%), as long as these profiles display strongatiso (and the UV has been ob-
served!). Weaker resonance lines (e.g., from late O and &fd)ypose a severe problem in
this regard, since it is quite likely that the apparent edgeacity is lower than the actual,.
When possible, the asymptotic behaviour of DACs ($eci3pchn be utilized here. In many
cases, additional spectral modelling is necessary to contocity measurements from UV
resonance lines, since those lines are located in the im@stfavhich often dominates the
spectral appearance in the UV. If, however, the UV has nat bbéserved, scaling relations
derived from a multitude of measurements can be used |(euglritZki and Puls 2000), or,
in the case of mid/late B- and A-supergiarig,might be derived from | (Kudritzki et al.,
1999) which displays a P Cygni profile for these spectral sypanally, the slope of the
velocity law (usually corresponding to the value[ﬂ) can be determined from the shape
of the UV P Cygni emission and/or the shape of/Hell 4686, if in emission. We note,
however, that particularly the latter optical diagnosttso depend on the degree and strat-
ification of the wind clumping, thus introducing a signifitalichotomy. Since a particular
line can easily be affected by a variety of phenomena, wastigain that all diagnostics
should not rely on a single line alone, but needs to be peddrim combination with a rea-
sonable fit to the overall available spectrum. Most unifiedlei@tmospheres are applicable
for a wide spectral range (cf. Talple 1), and the better theatveproduction of the observed
spectrum is, the less is the chance to mis- or over-integppetrticular feature.

3.4 Mass-loss diagnostics and the effects of wind clumping

The most widely used diagnostics to determine mass-loss fedm O and WR stars
are:i) thermal radio continuum emissioii) ultraviolet resonance lines, arnig) UV and
optical emission lines (see Lamers and Cassinelli (1999 d¢zils).

Besides these well established methods, other empirimdgizs of mass-loss rates
have been suggested. Elg., Cohen et al. (2010a) proposedasure mass-loss rates by
analysing X-ray emission line profilés. Prinja and Massd 8&Guggested that the ratio of

23 Or from the black troughs, if present
24 Sometimes, two velocity laws with differeptare combined, e.. Todt e/l 2010
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narrow features observed at terminal velocities in the UBbnance lines of B-supergiants
provides a clumping independent tool to estimate massrédss in these objects. This may
be especially important because in B-type supergiantdithéne might be optically thick,
and thus loose its diagnostic value (Petrov ef al., 2014bukucky et al. [(2010) suggested
that IR observations of the circumstellar medium aroundsiwasstars provide a new labora-
tory for estimating stellar mass loss rates. This idea waliexpin/Hubrig et al.|(2011) and
further developed in_Gvaramadze et al. (2012). Huenemoetd®. (2012) suggested that
the X-ray flux may provide a reliable mass-loss diagnostidate type O-dwarfs. All this is
by far not an exhaustive list of possible mass-loss diagesdiut below we will concentrate
on already well established methods.

The thermal radio emission is easy to interpret (Wright aadd®v,|1975), but it can
only be observed in a small number of nearby stars. The otfediagnostics are based on
spectroscopic models, and their interpretation is noigditeorward. Many investigations
are restricted to a semi-empirical modelling of the linefites, e.g. using the “Sobolev with
exact integration method” (SEl, Hamann, 1981; Lamers|e1887) and a subsequent inter-
pretation of the derived optical-depth parameters. Natdgpbased on consistent models, the
obtained mass-loss rates are highly uncertain (e.g. beadubke unknown degrees of ion-
ization). Moreover, most resonance lines in the UV rangg (¢v, C1v) are often saturated
and therefore not suitable for precigiedeterminations. The far-UV (FUV) includes the/P
resonance line which is very useful because it is unsatlimteypical O stars (Bouret etial.,
2005; Fullerton et all, 2006), due to the low phosphorus dance. However, since only a
few instruments — such as the FUSE satellite — have been leafmabbserve in the FUV
range, such data are rare.

A quantitative analysis of the emissforines (e.g. Hr), as well as a reliable interpreta-
tion of the UV resonance lines, requires a detailed modglifnthe stellar atmosphere and
wind. The conditions in the supersonic winds from hot sta@ate extremely from local
thermodynamical equilibrium, therefore the spectral ysialhas to be conducted by means
of appropriate stellar atmosphere models (see Table 1)advences in the radiative transfer
offered by these NLTE codes are huge, however, the geom¢tiat are adopted are rather
simple. Typically, only spherically symmetric stellar wisare described by the NLTE stel-
lar atmospheres. Consequently, wind clumping can be iedinlthese sophisticated codes
only using some approximations.

3.5 Microclumping

The most stringent possible approximation is that clummogs not direct affect the
radiative transfer in a stellar wind. This would be the cabemvwind clumps are assumed
to be optically thin atll frequencies. This approximation is called “microclumgifgr op-
tically thin clumping) and was implemented in such codes@4/R and CMFGEN already
back in the 1990s.

It is assumed that inside clumps the density is uniform, amttaeced by a factoD
compared to a smooth model with the same mass-los$tafhe volume filling factor of
the clumps isfy = D1, because the interclump medium is assumed to be void. Thanks
the latter assumption, the rate equations have to be sohgda the clump medium, i.e.
for the enhanced densifgc = Dp. From the obtained population numbers, the non-LTE
opacity and emissivity of the clump matteg(Dp) andnc(Dp), can be calculated.

25 for low wind-densities, the wind emission ‘only’ fills in thghotospheric absorption
26 put note that, e.g., optical depths can change, see below
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In the radiative transfer equation, the smooth-wind opaaitd emissivityk(p) and
n(p) must be replaced for a clumped wind by

ki = fv kc(Dp) and ns = fv nc(Dp) . (49)

The atomic transition rates contributing to the opacity emissivity scale with different
powers of the density depending on their respective nakmeprocesses linear in density,
fy andD cancel, but contributions scaling with the square of thesdgribound-free emis-
sion, or free-free absorption and emission) are effegtigahanced by a factor @, which
may depend on the location in the stellar wind, i.e. on théatadordinater.

Empirical mass-loss diagnostics are widely based on psesdhat scale with the square
of the density. The wind emission lines in Wolf-Rayet and @rstincluding Hr, form in
de-excitation cascades that are fed by radiative recortibimal he thermal radio emission
from stellar winds is due to the free-free process. Consatyievhen a given (radio or line)
emission is analysed with a model that accounts for microping, the derived mass-loss
rate will be lower by a factor of/D relative to a smooth-wind model.

Fitting the observed electron scattering wings of strongssion lines in Wolf-Rayet
spectra can be used to determine the clumping fdatand its radial dependende _(Hillier,
1991;|Hamann and Koesterke, 1998). For WR stars this metiedsytypical clumping
factorsD between 4 and 10 (e.g. Hamann and Koesterke,| 1998). Uné&ietiynthe method
is not applicable to O stars, since their spectra do not shitatde emission lines. In this
case, only the resonance lines remain as a density-linagnadstic among the mass loss
indicators, especially the unsaturated Boublet.

For these stars too, the mass-loss rate derived from smaudklmand density-squared
diagnostics (W, infra-red and radio emission) needs to be scaled down bgdbare root
of the clumping factor.

Strong clumping and correspondingly low mass-loss rates wlgtained by Bouret et al.
(2005) for two O stars analysed with non-LTE model atmospheFullerton et al! (2006)
exploited the fact that the far-UV spectral range observitd RUSE contains the P reso-
nance line, which is typically unsaturated in O-star se@nd analysed this line in spectra
of 40 O-type stars with the SEI method. They found a largerdgncy between mass-loss
rates obtained frorp? diagnostics (such as the analysis af khe or radio emission) based
on unclumped models and mass-loss rates frontifes. To overcome this discordance it
was suggested that the clumping is very stroRg:0.01) and therefore mass-loss rates have
to be reduced by orders of magnitude.

The drastic revisions of stellar mass-loss rates becaustuniping suggested from
FUV diagnostics were in apparent agreement with insighteegiafrom the analysis of
high-resolution X-ray spectra of O-stars. According to tidely accepted scenario (e.g.,
Feldmeier et al. 1997a, see Séct. 4.1.2), X-rays from leotveinds are produced in shock-
heated gas, while the bulk of the stellar wind is cool and disspart of the X-rays before
they can emerge. The X-rays are mainly emitted in spectmakliwhile the absorption is
continuous (K-shell photoionization). This decouplingesfission and absorption greatly
simplifies modelling of the transfer of X-rays in stellar winThe shape of emission line
profiles for such a situation was predicted by Macfarland.¢i1897).

Macfarlane et al! (1991) considered the optically thin eiois from a radially expand-
ing shell of hot gas which suffers absorption in the smooth stellar wind. When this ab-
sorption is small, the line is broad and has a box-like shapestronger wind absorption, the
line becomes more skewed (see Fig. 7 in Macfarlane! et al1(}98he optical depth along
the radial line of sight is given by, = [ x, (r)dr, where the atomic opacity{ = pwK)
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is the product of the mass absorption coefficiett [cm?g~1]), and the density of the
cool wind (o). The latter is obtained from the continuity equatin= 4oy, (r)u(r)r2R2,
wherer is the radial distance in units &,, andu(r) is the velocity law that is prescribed
by the expression (see also E§. () = Uw(1— 1/r)P = uew(r). Neglecting the radial
dependence of the mass absorption coefficient, the opteggghdcan be parameterized as
T) = To /W(r)~1r—2dr, where

. K) M

T AMUsR,
Assuming that the visible emission most likely originatasffom the stellar core in the wind

regions with constant velocity, Macfarlane et al. (19919@dd a constant velocityg).

The line shape is largely determined by the paramgfeMacfarlane et al! (1991) noticed

that whentp increases, the red-shifted part of the lide\(> 0) becomes significantly more
attenuated than the blue-shifted part (see[Rig. 3). Theyesigd that evaluating the line

shape can be used to determigeand the wind density.

The K-shell opacities vary with wavelength with a power begw 2 and 3 (e.d., Verner et al.
1996). Thereforag should change by orders of magnitude in the X-ray band. Quresdly,
the X-ray emission line shape at shorter and longer wavéisrghould be different.

The follow-up works by Ignace (2001) and Owocki and Cohe®1@pplied the Macfarlane etlal.
(1991) results also for X-ray emission lines, where thetathproved upon Macfarlane et al.
(1991)'s model by, e.g., assuming a spatially distributeitteng plasma with velocity kine-
matics (used also to calculate the cool wind density) a¢ogrt the "beta-law” given above
(which can lead to quite different line-profiles than whesuasing emission only at a spe-
cific location).

The first high-resolution X-ray spectrum of an O star wasiolethby Waldron and Cassinelli
(2001). Their analysis of the MEG spectrum of the 09.7lb €t@ri revealed that the
hot plasma is located relatively close to the stellar phgitese and that the line profiles
are nearly symmetric and not skewed. Waldron and Cass{@6Mil) expanded the single-
shock model of Macfarlane etlal. (1991) and considered éonmi$om spherically symmet-
ric shocks equally distributed between G4and 0.9D., with temperatures ranging from 2
to 10 MK. They found that to explain the nearly symmetric X-eamission line profiles, the
mass-loss rate from the O-type supergié@ri must be an order of magnitude lower than
derived from radio and UV-diagnostics (Lamers and Mortd@v,et| Abbott et al., 1980).

Similarly, much less skewed than expected X-ray line prefilere measured from other
O-type stars. Fitting observed lines with the Owocki and€pl2001) model generally
yields quite low values ofy, with weaker dependence on wavelength than expected from
a smooth wind with corresponding mass-loss rates derivad,fe.g., Hr using smooth
wind models|(Cassinelli et al., 2001; Kahn et al., 2001; Keaet al., 2003). One possible
explanation of these results is a thinner wind than predibie“standard” theoretical wind
models like Vink et al.[(2000).

To (50)

3.6 New evolutionary scenario for massive stars?

Thus, about a decade ago the massive star community encediateevere problem — based
on UV and X-ray diagnostics, the empirically estimated rlass rates from O-type stars
were significantly lower than predicted by the theory. Thiese mass-loss rates were the
basis for Smith and Owocki (2006) to conclude that the “redumass-loss rates mean that
steady winds are simply inadequate for the envelope shgddiaded to form a WR star”.
Hence, they proposed a new scenario according to which #éng with initial mass above
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Fig. 3 The X-ray emission line profiles based|on Macfarlane et 891) assuming a smooth wind with con-
stant wind velocity. For convenience we display the comgblitee profiles as a function of the dimensionless
frequencyx, measured relative to the line centre and in Doppler unfestiag to the terminal wind velocity.
The negativex refers to blue frequencies. From the top to the bottom lirdilpr k, = 1, 10, 20, 40. Occul-
tation by the stellar core is included in the model. The liags not smooth because the X-ray emission is
assumed to originate from a limited number of small parcelmbgas randomly distributed in the wind (see
details in_Oskinova et al. (2004)).

40...50M¢, loose the bulk of their mass not via radiation line-drivesllat winds, but via
optically thick, continuum-driven outbursts (or by hydyoa@mic explosions). It was also
suggested that Wolf-Rayet type stars may not be the destesnofathe most massive stars,
with the latter exploding as SNe at the LBV evolutionary stag

This far reaching scenario challenged stellar evolutidoutations (see also Groh etlal.,
2014) but was largely grounded on the empirical mass-ldes derived using the assump-
tion of microclumping.

3.7 Macroclumping

While the microclumping approximation is extremely coneen it was always clear that
this approach is too stringent to describe realistic winds.

Massa et al.| (2003) and Fullerton et al. (2006) realized fivastrong lines in dense
winds microclumping is not justified. They discussed thatextly accounting for clumping
in UV resonance lines can affect the formation of P Cygnidimad, in extreme cases,
produce an apparently unsaturated profile for a line thatldvba extremely saturated if
the wind material were distributed smoothly. Prinja and 84a&2010) studied B-supergiant
winds and found wide-spread signatures of optically thiakiping in spectra of these stars.

Oskinova et al.| (2007) demonstrated that the microclumpjmgroximation is not suit-
able for empirical mass-loss diagnostics based on UV remenbnes formed in massive
star winds. They developed a radiative transfer technipa¢ describes realistic stellar
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winds without relying on the microclumping approximatidinis approach, which is called
“macroclumping” (using the physical analogy with micro-damacroturbulence) was suc-
cessfully used to demonstrate the concordance of empiriaabk-loss rates derived frgm
andp? diagnostics.

It was shown that while microclumping is not suitable for tAsonance lines, it still can
be used for the H-line in O-supergiants. As a result, the mass-loss rateldhmreduced
by a factory/D (see Ed.49) compared to the unclumped models. In cageRiippis, a
satisfactory fit to Hr was produced wittb = 10. Consequently, the mass-loss rate was
shown to be lower by a factor 2-3 than in unclumped modelsepeddent work by other
authors (see below) largely confirmed this approach alsthier@-supergiants.

Waiving the microclumping approximation in modelling UVsmnance lines requires
to account for clumps of arbitrary optical thickness in lnagliative transfer. For radiative
transfer in lines, a clump opacity depends on its geomelmyndances, and velocity field.
The latter is because with lower velocity dispersion withiclump, the Doppler broadening
is smaller, and the line absorption profile is narrower bukgehigher. Thus, the clump
optical depth in the line core becomes larger, while it is ltgndn the line wings. Higher
optical depth in the line core leads to a reduction of thectiffe opacity and a weakening
of the line (see Fig. 5 in Oskinova et al., 2007). In a supédcsdly expanding medium, rays
of a given (observer’s frame) frequency can only interachwlumps near the surface of
constant radial velocity (CRVS). The line opacity of theasthlumps is Doppler-shifted out
of the resonance. The porosity effect for lines is very proroed ((Hamann et al., 2008), and
this porosity stems from the fact that the clumps are notriogehe completerelocity field
rather than from clumps that are spread spdtially in the wind. As such, other authors
(Owacki, 2008 Sundayvist et al., 2010, 2014) explicitlyfeientiate between porosity in
physical and velocity space.

To implement the macroclumping approach in POWR NLTE motiebapheres, a one-
component wind model was considered, where the wind car@iy of clumps (assumed to
follow the "B-law” velocity law, see above) and is void between them. Muee, the clumps
were treated statistically, with two key parameters désugi clumped wind propertiep
andup, where the former is a parameter setting the average sepategtween clumps in
the wind, and the latter describes the velocity distributiothin clumps. The macroclump-
ing formalism was implemented in the formal solution of tleliative transfer equation.
The synthetic spectra were compared to the observed, ardishown that mass-loss rates
inferred from optically thin emission, such as therHine in O stars, are not influenced
by macroclumping. On the other hand, the strength of opyit¢hick resonance lines, such
as Pv, was strongly reduced because of macroclumping effeciss ftwas demonstrated
that the microclumping approximation is not automaticatyid for resonance lines. Con-
sequently, relying on this approximation can lead to urgtereting empirical mass-loss
rates.

The shortcomings of the statistical approach used in Oskiebal. (2007) were over-
come by Monte Carlo radiative transfer models for inhomegers expanding stellar winds
(Surlan et al., 2012). While still relying on a phenomenatagidescription of the wind (i.e.
the hydro-equations are not being solved), this code peavalfull 3-D description of the
dense as well as the tenuous wind components enabling thellmgdf resonance lines in
a clumped stellar wind. The code also accounts for non-nooiot/elocity fields.

Surlan et al.|(2013) analysed the observed optical and U¥tspef O-type stars. As
a first step, the observed spectra were modeled with POWR Inataé@spheres, and the
empirical mass-loss rates were estimated from fitting ttseoked Hr emission lines. As a
next step, the unsaturated UV resonance lines (i.¢),were modeled using a 3D Monte-
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Fig. 4 Comparison of the observedvPdoublet in the UV spectrum ok Cep (thin black line) and the
model line calculated fol = 1.6 x 10-8 M., yr—1 using the microclumping approximation (figure courtesy
B. Kubatova)
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Fig. 5 The same as in Fifl] 4, except that the model that is computessisd on a 3-D macroclumping wind
model with the same mass-loss re= 1.6 x 10 8 M., yr—1 (figure courtesy B. Kubatova)

Carlo code. The ionization stratification and underlyingtolspheric spectra were adopted
from the POWR models. This allowed to constrain the propsrtf the wind clumps by
fitting the observed resonance line profiles. It was showntligaUV resonance lines, such
as the unsaturated doublet of/Pcan be easily reproduced when macroclumping is taken
into account.

Including a velocity dispersion within the clumps helpsrprove the fitting of the line
wings and, thus, allows a better agreement with the obsengat

To illustrate the effects of macroclumping, in Hij. 4 we camgthe P/ line observed in
the O-type stah Cep and the model spectrum with= 1.6 x 106 M., yr* of the same line
computed with a standard model and a microclumping appratam. Clearly, the model
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severely over-predicts the line strength. In order to métehobserved and the model lines
using the microclumping approximation one would need taoi§icantly reduce the mass-
loss rate. Alternatively, the abundance of phosphorusdcbalseverely reduced as well as
some fitting parameters for the radial distribution of thkuwee filling factor could be intro-
duced (e.g. Bouret et al., 2012). However, Fidure 5 illusgdhat these problems are easily
overcome when the microclumping approximation is waived, @alistic 3-D macroclump-
ing models|Surlan et all, 2012) are used.

Independent from the work t8urlan et al.|(2012, 2013), Sundqvist and collaborators,
in a series of publications (Sundqyvist et al., 2010, 2011420solved the problem in a semi-
analytic way, providing expressions that can be implenteitigoresent-day NLTE codes,
thus accounting for optically thick clumping not only in tfermal solution, but also in
the NLTE rate equations. Thus, they provide a tool that actfor the back-reaction of
such clumping onto the ionization balance and excitatiod,vahich has been benchmarked
using multi-D models| (Sundqyvist etlal., 2011, e.g.,) simiathose described above by
Surlan et all. (2012, 2011.3).

Another independent study was performed| by Muijres ef &112 and collaborators
who combined non-LTE model atmospheres and a Monte Carlbodeib compute the
transfer of momentum from the photons to the gas in an atnewsplvith clumping and
porosity. Effects of clumping at the photosphere were atssitlered. It was shown that the
line force increases as a result of increased recombinatiarclumped wind. However, the
line force decreases because of porosity (or macroclumysimgply because photons may
travel in between the clumps, avoiding interactions with glas. The effects of clump size
on the mass-loss rate were demonstrated, e.g. it was shawditferent predicted mass-
loss rates are expected for different clump sizes. E.g. vigity overdensities of gas in large
clumps may result in the predictéd to decrease by factors 10 to 100 compared to winds
with less dense and smaller clumps.

Recently, Noebauer and Sim (2015) have introduced a newagipto solve line-driven
stellar winds self-consistently by using a Monte Carlodsh®diation hydrodynamics. While
a number of simplifications were adopted (e.g. Sobolev aqimation), this Monte Carlo-
based technique can be generalized to multidimensionahgei®s, and is planned to be
applied for future studies of inhomogeneous outflows.

Thus, continuing the studies by Oskinova etlal. (2007) orpthesics of radiative trans-
fer in resonance lines formed in clumped stellar winds aedafiplications for the em-
pirical mass-loss rate diagnostics, significant work byedént independent groups was
done. Those studies largely confirmed and further develdpednacroclumping (some-
times called porosity and vorosity) approach. Allowingdptically thick clumping in mod-
elling resonance line in the UV spectra of massive starsvesdhe previously reported
discrepancy between mass-loss estimates baspchod p? based diagnostics.

As a common result, Oskinova et al. (2007); Hamann et al.§2®urlan et all. (2012,
2013) and Sundaqyvist etlal. (2012b, 2014) agree that the foassates derived from optical
and UV are a factor of afew (2 ... 3) lower than predicted bystamdard mass-loss recipe
from|Vink et al. (2000).

Interestingly, in a recent work by Shenar et al. (2015), wtibe X-ray, UV, and optical
spectra of the O-type st@r Orionis were analysed consistently, it was shown that the em
pirically derived mass-loss ratd ~ 4 x 10-" M., yr1 is only slightly below the predicted
value Myink ~ 5 x 10~7 Mg, yr—1). This demonstrates that the analysis of stellar specaa is
complex task, and that it will become difficult (or even impitde) to provide a universal,
exact and final number for the mass-loss reduction factor.
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Fig. 6 Comparison of model X-ray line profiles. Three models arenshdahe black dashed line is a smooth
wind model, the blue dash-dotted line is a clumped wind muadkél spherical clumps, and the red solid line
model with flat ‘pancake’ clumps. The computed line profiles displayed as a function of dimensionless
frequencyx, measured relative to the line center and in Doppler unfesniag to the terminal wind velocity.
The negativex refers to blue frequencies. The stellar, wind, and modedrpaters are for the O-type star
& Ori (see_Shenar etlal., 2015, for details). The lines are afized such that in the absence of any wind
absorption the integrated line flux would be unity.

To conclude, macroclumping elevates a problem wéherelyeduced mass-loss rates from
O-type stars. Abolishing the micro-clumping approximaticom the modelling of UV and
X-ray spectra might allow to restore the standard pictutene the steady radiatively driven
mass-loss from massive O-type stars could be sufficientite dtellar evolution. However,
it may be noted that already a factor of 2 to 3 lower mass-latsr(compared to the mass-
loss recipe by Vink et all (2001) that is used in evolutionaiydels) as derived in many of
the above investigations (see also the next sections) rglsufficient to modify present
evolutionary predictions already at early phases, pddituregarding the evolution of the
rotational velocity|(Keszthelyi, 2015).

3.8 X-ray spectroscopy with macroclumping

Macroclumping may also elegantly explain the shapes of gonidines observed in X-ray
spectra of O-type stars.

There is strong and direct observational evidence for windhping in O-type stars
(e.g.LEversberg et al., 1998). It was suspected since |atgstallar wind inhomogeneities
affect the propagation of X-rays in stellar winds. Thesteinobservatory discovered that
OB stars are quite soft X-ray sources. Given that massive bve dense stellar winds, it
was apparently clear that the observed X-rays cannot atigiinom the stellar surface, since
they would be completely absorbed in the overlaying dersastvind if it were smooth,
and never reach the observer. Thus, the X-rays have to beagedén those wind regions,
from where they can escape (Hillier et al., 1993).
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Fig. 7 The same as in Fifl 6, but now the computed lines are displayeafunction of wavelength close
to the Oviil La line. The lines are re-normalized to the maximum as typicdtine in the analysis of the
observed X-ray spectra, and convolved with the instrunieasponse of th€handraHETGS MEG detector.

Stewart and Fabian (1981) usEthsteinspectra of O-stars to study the transfer of X-
rays through a uniform stellar wind as a means to determigliasimass loss rates. They
used a photoionization code to find the wind opacity. Udih@s model parameter, they
found from matching the model and the observed X-ray spectii{ Pup that the X-ray
based mass-loss rate from this star is a factor of a few Idveerthe mass-loss rates obtained
from fitting the Hx line and the radio and IR excess. As a most plausible exptamédr
this discrepancy they suggest the neglected clumping istéikar wind.

The first high-resolution spectra of O-type stars (Waldnod @assinelli, 2001) showed
nearly symmetric lines that can be well fitted by Gaussiaotions, and do not show shapes
predicted by Macfarlane etlal. (1991) (see Elg. 3). As a fi@ksolution to this discrepancy
Waldron and Cassinelli (2001) suggested inhomogeneousmesymmetric winds. The idea
that clumping may reduce the wind opacity and lead to morensgimc line profiles was
also discussed hy Owocki and Cohen (2001); Kramer|et al AR2Bbwever, the first quan-
titative models for the shapes of emission lines emergiogfa clumped stellar wind were
computed by Feldmeier etlal. (2003).

In|Feldmeier et all (2003) and Oskinova et al. (2004, 20069reecal formalism for X-
ray radiative transfer in a clumpy stellar wind was devethpehile this formalism uses a
phenomenological description of the clumpy wind, it attésitp take into account the basic
picture emerging from 1-D LDI simulations as those discdseeSect[ 2.1.2.

The basic picture emerging from radiation hydrodynamicuations of the non-linear
evolution of instabilities in stellar winds is that of stgpreverse shocks, which arise when
a high-speed, rarefied flow impacts on slower material theibleen compressed into dense
shells (e.g!, Owocki et &l. 1988; Feldmeier et al. 1997aatseFig[2).

Building on this, the phenomenological 'broken-shell’ rebdy|Feldmeier et all. (2003)
showed that the asymmetry of such broken shells lead to actesistic shape of X-ray
emission lines — the blueshifted part of X-ray line profilesnains flat-topped even af-
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ter severe wind attenuation, whereas the red part showsep decline (see Fig.5,6 in
Feldmeier et all, 2003).

The emission line models of Feldmeier et al. (2003) do notstrain clump optical
depths — three cases were considered, optically thin cluyoggally thick clumps, and
clumps with arbitrary optical depth (bridging between ogllly thin and thick cases). Feldmeier et al.
(2003) considered a general structured stellar wind mathely-did not use the outcome of a
specific hydro-simulation, but rather concentrated on hadhative transfer effects. On the
other hand, Sundqvist etlal. (2012b) applied a specific 1DdiDulation (Feldmeier et al.,
1997a) that was phased randomly among 3D patches, and ceshypriameterized emergent
line profiles for a pre-specified value of by calculating the absorption directly from the
actual density structure of the radiation-hydrodynamidetoThey did not find significant
porosity effects in their simulations.

Oskinova et al.[(2004) used a 2.5-D stochastic wind modefumysthe propagation of
X-rays in structured winds. They considered a stochasgemble of clumps, allowing for
a randomized mixture of clump optical depths at each radigsdirection in the wind. It
was shown that the clumped wind is much more transparenh@iXtray emission, even
when the covering factor of the absorbing material is unig. (vhen there are no gaps in
the wind). They considered the limiting cases of opticdtiytand optically thick clumps,
as well as the bridging case of arbitrary clump optical depthconcept of effective opac-
ity was introduced, and a thorough comparison with anajtimodels was done. It was
shown that in the limiting case of optically thin clumps, timacroclumping formalism is
identical to the microclumping or smooth wind formalism kid®va et al.|(2006) compared
the model X-ray line profiles with those observed in higheteson X-ray spectra of O-
type stars, and concluded that wind clumping explains welldbserved line shapes. They
showed that macroclumping reduces the wavelength depeedgnopacity, and in case
of optically thick clumps, the opacity becomes grey. Imantly, Oskinova et al.l (2006)
demonstrated that macroclumping is a wavelength depereftsdt — while for lines at
higher energies the macroclumping is negligible, for linebonger wavelength the macro-
clumping effects are important (see Fig. 8 and Fig.|9 in Oskaret al.| 2006).

Shaviv (1998) considered grey opacity in a stellar atmosphdere the photon mean
free path does not exceed the scale of wind inhomogenegieaviv (2000) coined the
term "porous atmosphere” for massive stars to describe #-phdse medium that allows
more radiation to escape while exerting a weaker average fohus, in such atmosphere a
considerably lower radiative acceleration results fromgame total luminosity and, hence,
can explain the apparent existence of super-Eddington &aaviv, 2000).

Owocki et al. (2004) introduced a “porosity-length” forisah and applied it to a con-
tinuum dominated by electron scattering. In this approd@hporosity length turns out to be
a photon mean free path for a medium consisting of optichlgktclumps. This formalism
was then used to obtain an associated scaling for the comtistriven mass-loss rate from
stars that formally exceed the Eddington limit, sucl&3ar during its giant eruption in the
19th century.

Owocki and Cohen (2006) applied the porosity formalism & ¢ase of wavelengths
dependent K-shell opacity (i.e. to the same problem as wasidered in_Feldmeier etlal.,
2003). They considered spherical clumps, and developedfectiee opacity law bridging
the limits of optically thin and thick clumps; while the bgithg law inlOwocki and Cohen
(2006) was chosen to allow for simple computations, it latened out|(Sundavist etal.,
2012b) that this form in fact represents that of an ensentbddumps with local scales set
by Markovian statistics.
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Fig. 8 Wavelength dependence of the mass absorption coefficigheiwind of the O-supergiart Puppis
at the distance in the wind~ 3R,. Adopted from Herve et al. (2013).

As illustrated in FigureEl6 arld 7, the clump shape, i.e. tlipilan dependence of the
clump cross-section, affects the shape of line profilesir@sh et al.|(2006) showed that in
case of spherically symmetric clumps, three profiles are identicalo those emerging from
the smooth wind, albeit the same line shape would be achifereldrgerM in case of a
clumped wind as compared to the smooth wind. Thus, the fittfige shapes alone cannot
discriminate between the clumped and the smooth wind moblele that this conclusion
is in conflict with that reached by Leutenegger etlal. (2098)0 by fitting X-ray lines of
{ Pup showed that the profiles of smooth and isotropic porasiyels are only degener-
ate in the case of small porosity lengths, in which case thesrwss rate correction from
porosity is in any case marginal.

Macroclumping theory predicts that the wavelength depeoel®f stellar wind opac-
ity for X-rays is reduced compared to smooth/microclumpimgdels, i.e., winds are more
grey for X-ray radiation|(Oskinova etlal., 2006). Actualllyis is not only true for X-rays,
but in all those cases where the clumps become opticallk titiche specific radiation
(Owocki et al.| 2004).

Such a reduced wavelength dependency has been found ineBgguy X-ray spectra
by e.g. Kramer et all (2003), who noticed that the wind opasinearly grey for X-rays in
the wind of{ Pup, while_Rauw et all (2015) found a rather modest wavethedgpendence
(at least longwards of 18, see Secf_3.10) af at~ 2R, in their analysis ofA Cep@.

Waldron and Cassinelli (2007) presented an analysis of adorollection of OB stellar
line profile data to search for morphological trends. It wasd in the majority of the OB-
stars that the emission lines are symmetric. But there @eede for small, finite, blueward
line shifts that also increase with stellar luminosity. § hiay be evidence for macroclump-
ing playing an increasing role in OB-supergiant winds, cared to the stars of lower |u-

27 [Cohen et dl[(2014) find wavelength dependencas of their sample of O stars that are consistent with
models without poro§ity; this is not surprising, since ia thgh frequency regime considered by Cohen ket al.
2014 (below~15-20A) porosity is much less effective due to the lower opacity.
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Fig. 9 An example ofXMM-NewtonRGS spectra of two prominent O-supergiant stars.

minosity classes. However, it may also simply be an effe¢hefincreasing importance of
absorption effects due to the higher supergiant mass-dss.r

3.9 The size of clumps that attenuate X-rays

In the context of this review it is useful to provide estinsfier the size of clumps that would
attenuate X-rays, especially to make sure that such clungeed can be present in stellar
winds in accordance with our knowledge of OB-supergiantsofitain these estimates of
clump sizes we follow the treatment discussed in Oskinowdl ¢2011) and Oskinova etlal.
(2012).

Using Eq[50 the optical depth of an ideal spherical clump is

dclump . 1
fv (1, %)BI'27

Telump(A ) = PwKr DdeumpR: = To(A) (51)

wherer = R/R, anddqump is the characteristic geometrical size of the clump exmess
in R.. Note further that here the porosity length (mean free patiwéen clumps)h =
deump/ fv. The strong wavelength dependencepf(see an example in Figl 8) implies that
the clump optical depth is wavelength dependent.

It is convenient to expresy(A ) (see EJ.H0) as

M_¢

T0(A) ~ 722

Ky, (52)

where M_g is the mass-loss rate in units M. yr1, v, is the terminal velocity in
[kms™], andZ. = R, /R.. If at some radius, the clump size is larger thaiilj%]p, such a
clump is no longer optically thin for the X-ray radiation ahvelengtA. Assuming again a
beta-velocity law, the size of a clump with optical deptk: 1 at wavelengtid is

_ f 1\*#
dglar%p: To(\;\) : <1_ F) r2. (53)
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The microclumping approximation is valid only for signifity smaller clumps.

Let us estimate the geometrical size of a clump which hasalptiepth unity. We con-
sider the O-type staf Pup and use its parameters from Bouret et al. (200R); = 1.9,

Us = 2300,R, = 188R, 8 = 0.9, and a filling factorfy, = 0.05. Thentp(A) ~ 0.03k, .

Assuming a constant volume filling factdy = 0.05, and using values of, at 3R,
as shown in Fid.]8, the geometrical size of a clump opticdilgk for X-ray radiation at
A = 10& andr = 3R, is dgymp ~ 0.35R., while atA = 24A dgymp ~ 0.06R...

Though these estimates seem to be reasonable, the clungngizelume filling factor
are actually not mutually exclusive, but related physicala the mean-free-path between
clumps (i.e. via tt]e porosity length= dc|u°mp/ fvol). Inserting the above numbers, one finds
h~ 6.9R, at 10A and h ~ 1.2R, at 24 A. This thus means that for clumps to become
optically thick at 108, they have to be individually separated by a (physical)mfeae path
~7 R, (which is even much larger than thé:3 at which the computation were made). Thus,
the clumps considered abovannotbecome optically thick at 18, and their actual sizes
will be smaller than calculated from the condition of unigtical depth.

SgXBs are quite hard X-ray sources, e.g. the maximum of thetsgd energy distribu-
tion in Vela X-1 is atA ~ 4A, (e.g. Doroshenko et al., 2011). As shown in Oskinova ket al.
(2012), at a distance ofR. from the stellar core, only geometrically large clumps with
diameters larger tharn 0.5R, are optically thick for the ionizing radiation below 20

The analysis of the X-ray emission from the hard state of Cygj ¢& binary system
hosting a supergiant star with a blackhole companion) ptegeby Grinberg et all (2015)
showed that an optical depth of order unity at 3 keV can onlatieieved ifh ~ 60R,
(adopting the same parameters as above and the approxiosditeys, ~ 30Ek‘e%,, with
Exev the energy in keV, e.d., Owocki et/al. 2013).This illustsatieat clumps can hardly be
optically thick at those energies, similarly to what wasaaded by Oskinova et al. (2012).

Moreover, and as also demonstrated above, due to the stravgjemgth-dependence
of the opacity, effects of macroclumping might indeed starbecome relevant at longer
wavelengths, and in particular when approaching the EUYgfdhe spectrum.

3.10 X-ray spectroscopy neglecting macroclumping

There are other approaches that allow to fit observed X-reygrofiles. In this section we
briefly review these works.

As was pointed out in Oskinova et al. (2006), X-ray lines ist@r spectra are differently
affected by clumping. Importantly, the best X-ray lines tolge the stellar windtructure
are at the wavelengths where the wind opacity achievestedtvalue. This is because the
same wind clump would be optically thin at shorter wavelbragid optically thick at longer
ones, see Ef.52.

Due to its large effective area and softer responseXii#-NewtorRGS spectrograph
is excellently suited to probe such lines. Fidure 9 showskamele of X-ray spectra of two
O-type stars. The wavelength dependence of the mass-#ébsarpefficient in the wind of
{ Pupisillustrated in Figuifg 8. As can be easily seen from goasiwon of these two figures,
the strongest lines at the wavelength where the cool windityps largest and hence the
lines that are best suited to probe wind clumping arglOA18.97A, Ovii A21.6A, N vii
A24.78A and Nvi A28.78A.

Leutenegger et al. (2013) fitted X-ray emission line profitesn high resolutiolXMM-
NewtonandChandragrating spectra of the early O supergigrRup, to evaluate the relative
importance of porosity and mass-loss rate in affecting itihe shapes. Their method relies
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on fitting the Owocki and Cohen (2001) model mentioned abwitl,extensions to account
for porosity and macroclumping according/ to Sundgvist 2(2012b) and resonance line
scattering according to Leutenegger etlal. (2007). The hisdpecified by a rather small
number of free parameters and implemented as local modéteiglobal fitting software
XSPEGC and the match to observed lines is then evaluated by a sthgdadness of fit.

The conclusions are based on the formal 68.3% confidenctslobtained during the
fitting procedure. Leutenegger et al. (2013) excluded friogirtanalysis the diagnostic lines
most sensitive to wind clumping, since they were aiming imaprily investigate the relia-
bility of deriving mass-loss rates from (relatively higlkeduency) lines. Only lines blueward
of 120,914, i.e. probing relatively low wind opacities, were thus satered. As already
discussed in the previous paragraph, this might be a reabpromly modest or no porosity
effects were noticed in their analysis.

Leutenegger et al. (2013) demonstrated that neglectingatlacnping may lead to about
40% underestimate of mass-loss rates (see their sectiprio4.8 porosity lengthh ~ R,
when porosity effects are important, which, as outlinedvabcs a question of wavelength,
mass-loss rate, velocity law, etc. Interestingly, suclogity lengths were recently derived
from the analysis of X-ray variability in Cyg X-1 (Grinberg !, 2015).

Indeed, the wavelength dependence of wind opacity imptiaslines at shorter wave-
lengths & 20A) are less affected by wind absorption/clumping than thediat longer
wavelength. Thus, these lines are well suited to study tiheushjcs, emission measure, and
spatial distribution of the hot plasma.

Consistent analyses of spectral lines, including impaérteind diagnostic lines of O
and N, in the X-ray spectra af Pup (O4 lef) and its spectroscopic twinCep (O6 lef)
were performed by Hervé etlal. (2013) and Rauw et al. (2@B5&th these works neglected
the influence of porosity on the analysed X-ray emissiorslifftimsed on previous results —
see above — for lines at not too long wavelengths), and yet able to achieve excellent
fits to the observed X-ray spectra for realistic stellar wiadameters. This was achieved by
introducing a new free parameter - the radial distributibthe hot plasma filling factor.

It is important to note that Cohen et al. (e.g. 2010b) testedats with varying filling
factors by fitting them to observed X-ray emission line pesfilThey concluded that in-
cluding a radial dependence of the filling factor does notrove the line fits. Hence, they
suggested that a radial dependence of the filling factor eareflected.

In their analysis Rauw et al. (2015) employ the cool wind dyags computed using
the non-LTE stellar atmosphere model CMFGEN. This numéeites atmosphere provides
theoretical predictions for the parametg(A,r) (see EJ.B0). The same parameter can be
empirically estimated by fitting the Owocki and Cohen (20619del to the observed line
profiles. Then, the predictions from the NLTE wind model ahd empirically estimated
values can be compared.

Studying the X-ray emission line profiles, Rauw €t al. (20dBnonstrated that the
Owocki and Cohen (2001) models cannot easily explain thephadogy of the N/ Ly 4
line, though some other used lines (NeX, FeXVIl and OVIIItiwi < 20,&) were matched
almost perfectly. Notably, the wind opacity derived usihgs tformalism is smallest at the
wavelength of the NI A24.78A line (see Table 4 ih Rauw etlal, (2015)), in contradiction
to the expectations from the NLTE stellar wind models.

To achieve satisfactory fits fall lines of the X-ray spectrum of Cep, Rauw et al.
(2015) introduced a model, where the stellar wind is diviofed a grid of concentric shells,
each with own temperature and emission measure of X-raytiegigas. The temperature
and the emission measure filling factor is then varied uhélodel is a good agreement
with observations. As previously, the cool wind opacity revyided by the NLTE atmo-
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sphere with specified mass-loss rate, velocity field andrcttedlar parameters. The good
correspondence between the model and the observationbié&ved for mass-loss rates in
agreement with the one obtained from fitting the UV lines wfith models that account for
macroclumping (see Fids[4,5) as derivedSwrlan et al.|(2013); Sundavist ef &l. (2014).
Remember, that macroclumping effects needed to be inclidée UV-analysis (optically
thick clumps with respect to UV-lines), but were excludeshirthe X-ray analysis. The best
fit model constrains the location of the X-ray plasma\iiCep between 1R, and 25R,,
with a non-monotonic radial distribution of the filling fact

Despite the fact that Cep is a spectroscopic twin gfPup in the optical and in X-rays,
there are very different conclusions about the filling faadetribution and the location
of hot gas in these stars. While the results fiom Hervé gPall3) and Leutenegger et al.
(2013) allow the presence of hot plasma at very large disgafrom the star, the results of
Rauw et al.|(2015) require a finite radius for the X-ray emgtgas. In this respect, this is
similar to the approach of Oskinova ef al. (2006).

It seems that numeric hydrodynamic simulations could acoodate non-monotonic
filling factors, but it is difficult to reconcile the hydrodgmic models with such a sharp
cut-off of X-ray emitting gas at.BR, in A Cep (see Krticka et &l. 2009).

Waldron and Cassinelll (2007) studied the spatial distidouof hot gas in OB stars
from an analysis of their X-ray spectra. They found that tighést temperatures occur
near the star and steadily decrease outward. This trendesetenbe most pronounced in
OB supergiants. For the lower density wind stars, both higgh law X-ray source tem-
peratures may exist near the star. They called this intiggtigmperature distribution the
“near-star high-ion problem” for OB stars. By invoking thaditional OB stellar mass-
loss rates, Waldron and Cassinelli (2007) found a good lztivae between the spatial on-
set of X-ray radiation and X-ray continuum optical depthtymadii. On the other hand
Leutenegger et all (2013) used the observed flux in the fagsvof various X-ray lines,
and from this inferred hot gas at high temperatures far away fthe star directly from
observations of Pup.

Observational constraints on the radial stratificatiorhef¢clumping filling factor of the
cool wind material were provided in Puls et al. (2006). Fréw $tudy of own and archival
data for Hx, IR, mm and radio fluxes, and using approximate methodsyredtid to more
sophisticated models, it was shown that the minimum clumfactor (except for the low-
ermost unclumped wind with< 1.1R,) is found in the outermost, radio-emitting regh
Thus, the radio mass-loss rates would be the lowest onegarenhto those derived from
Ha and the IR, when analysed by means of unclumped models. Tadgerates (assum-
ing D = 1 in the outermost wind) agree well with those predicted by\ét al. (2000), but
are only upper limits, since the absolute valudatould not be constrained from this pure
micro-clumping investigation, and might be larger thantyriror denser winds, it turned
out that the inner wind region (from> 1.1R,) is more strongly clumped than the outer-
most one (with a normalized clumping factor=f4), whereas thinner winds have similar
clumping properties in the inner and outer regions.

An interesting application of X-ray spectroscopy of stelldnds is its usefulness to
constrain the absorbing column density of cool wind makelmaeed, the stellar mass-loss
rate has a direct influence on the shape of the X-ray emissies [(see Fid. 10 adopted
from |Oskinova et &l.| (2006)). In this respect, Oskinova £{2006); Hervé et al. (2013);
Shenar et all (2015); Rauw et al. (2015) demonstrated thal>$pectroscopy is a very use-

28 The clumping factor used in this (and other) work correspadhe over-densit = f,,* introduced

in Sect[Z2.1.
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Fig. 10 Observed (histogranGhandraX-ray telescope) and modelled NXdine in { Pup. From left to right,
model line profiles are calculated assumivig= 43,8.6,4.3,2.1,0.43x 10 M., yr 1. All synthetic lines have
been normalized to the observed maximum flux. Adopted frokir@sa et al.|(2006)

ful tool to constrain stellar mass-loss rates, especidilgmused in combination with NLTE
modelling of UV/optical spectra.

A different approach was used by Cohen etlal. (2014). Baseldednearlier work, they
suggested to directly measure mass-loss rates from thevels¥-ray line profiles, which
should result in an unbiased value from all lines with nebleyporosity (see above). By
this method, they found mass-loss rates for O-stars whiehiaterestingly, also a factor
of 2 to 3 (or even more) lower than the corresponding rates fénk et al. (2001), in
accordance with most results from macro-clumped UV-diagos (see above), and also
consistent with optical B when clumping is accounted for (See Cohen et al. [2014). Eutur
work shall demonstrate how useful and robust this method is.

In summary, this brief review does not cover all availabledele and approaches to model
X-ray emission lines and spectra. Mainly, we concentratze lon the influence of clump-
ing/porosity on UV and X-ray line profiles. Some of the modeésconsidered do not favour
the presence of optically thick clumping for X-rays in stelivinds. Others provide a sat-
isfactory description of observed spectra allowing vdadhling factors of hot gas. In an-
other approach the optical depth of clumps in stellar winddsconstrained, and clumps
can be optically thick for X-rays, depending on wavelengill enass-loss rate. Future ob-
servations and modelling work will either allow to discrimie between the importance of
non-monotonic X-ray filling factors and clumping in O-stainds, or provide evidence for
the co-existence of both effects.

4 Stellar wind parameters from X-ray observations of classial SgXBs and SFXTs

The class of high mass X-ray binaries (HMXBs) with superg@mpanions, is composed
by two sub-classes: the classical systems or SgXBs, like X€l already mentioned earlier
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Table 2 Wind-accreting Supergiant X-ray Binary systems with newstars: (A) SgXBs (B) SFXTs.

Name Companion Distance Orbital Spin Super-Orbital Cdrren
kpc Period (d) Period (s) Period (d) Class.
1A 0114+650 BO.5t 7.22 11.59 9475 30.7% A
Vela X-1 B0.5lb 1.7-2.% 8.964 283° — A
1E1145.1-6141  B2lde 8.27 14.368  297° — A
GX301-2 B1 la+#0 3-410 41.492r 675700° — A
4U 1538-522 BO12 5.512 3.7288  528-5304 — A
IGRJ16318-4848 0.9-62 sgB[e]t® — — — A
IGRJ16320-4751 0O8f 3.516 8.9867 13098 — A
IGRJ16393-4641 OBY >1071° 4.2420 912.0%1 — A
IGR J16465-4507 09.5f4 9.5%3 30.243425 2pg?6 — A
IGR J16493-4348 B0.5ff >627 6.7828 10938 6.829 A
OAO 1657-415 Ofpe/WN¥ 4-8%0 10.4480 38231 — A
4U1700-37 06.5 laf+2 1.9 341284 — — A
EXO1722-363 BO-B1I® 6-10.5 9.7487 413898 — A
IGRJ18027-2016 B1 ¥ 12.439 44699 1396120 — A
XTEJ1855-026  BO laef — 6.07242  360.7% — A
4U 1907+097 08la,09r% 544 8.3753“  437-44¥5 — A
4U 1909+07 B1-B3 (1§° 4.85+ 0.50% 4.447 60546 15.180°° A
IGRJ19140+0951 BO.5lafd 2-547 13.55%  — — A
IGR J16207-5129 Bd# 6 49 9.7260 — — A
IGR J16418-4532 OB Sg 3 37532 12128 14.6842%35 A or B8
XTE J1739-302  O8lab(P"® 2.7°8 51.479 — — B
IGR J17544-2619 0O9fy 3.0+0.2% 49261  71.49/11.62 — B
SAX J1818.6-1703~B0] 6364 2,2.1%566 30 (f7.68 — B
IGR J16479-4514 08.51, 09.518%%2 4.9, 2.8842 33194869 __ 11.8804% B
IGR J18483-0311 BO0.51% 370 18551 21.05262 — B
IGR J18450-0435 09.5% 3.673 571954 — — B
IGR J18410-0535 B1lH 3.27° — — — B
IGR J08408-4503 08.51% 2,777 954368 — 285+ 10 B
IGR J11215-5952 BO0.5f&80 6.2, 8179 164.6°283 186.784  — B
IGR J16328-4726 O8laff&86.87 3-1087 10.068889 — B
IGR J18462-0223 B9

(1)/Crampton et 4. 1985; (2) Reig ef al. 1996;((3) Wang oayFarrell et al. 2006; (5) Nagase ef al.
[1986; (6) Quaintrell et all 2003; (#)_Densham and CharlesZ148) [Ray and Chakrabalty 2002;
(9) White etal.[1960; (10]_Kaper etldl._2006; (11) Koh étlal979 (12) [Reynolds et al._1992;
(13) [Clark et al.[1994; (14)_Clgrk_2000; (1@1@ (16)[Rahoui et al._2008;
(17)@@@5 (18) Lutovinov et al._2D05; iee et di[ 2012; (20) Pearlman et al.

[2011; (21) Bodaghee etlal. 2006; (22) Coe ¢t aul996u23)s©lan2Q1D (24) La Parola etlal. 2010;
(25)[Walter et all_2006; (26) Nespoli ef al. 2010; (27) Peariret al| 2013; (28) Corbet et al. 2010b;
(29)[Mason et i 2012; (30) White and Pravdo 1979; (31) Jehab1978; (32) Ankay et Al. 2001;
(33)@@0 (3@@009 @iLMamimchaltétﬂl; (36)_Masetti et al.

8gU 81.2008; (40) Corbet et al.
[1999; (41) Corbet and MukAi 2002; (M@mmmms (44) Cox etlal.
(45) [Fritz et al.[[2006; (46)_Martinez-NGfez ét B01%; (47) [Hannikainen etk 2007;

(48)@[,_2_9_{)4 (49 Jela @007 (505 Pleriod has been reported [by Jain ét al.
[2011 but never confirmed:; (SWMOOB (52)_Corbat €006; (53)_Sidoli et al._2012;
(54)|Corbet and Krimin 2013; (55) Drave etlal. 2013a; (56) Ebisrce has been considered as SgXB by
[Romano et al. 2014b:Drave eilal. 2013b and as SFXT by PaidiS@ioli2014 since it displays hard X-
ray properties, in term of cumulative luminosity ditritwri of the flares, compatible with other SFXTSs;
(57)Negueruela et Al. 2006b; (58) Rahoui ét al. 2008;[(58yBet al. 2010; (60) Giménez-Garcia ét al.
[2016; (61) Clark et al._2009; (62) A possible spin period 0f4810.02 was reported by Drave eflal.
[2012 but this result was not confirmed and questioned by @eawal.| 2014); Romano et|al. 2015 re-
ported instead a marginal evidence for a periodicity-&1..6 s which could be associated with the neu-
tron star spin period; (63) Negueruela and Siith 2006((64¥ian et al 2010a; (6%) Negueruela et al.
2008; (66) Zurita Heras and Chaty 2009; (67) Bird ét al. 2@88)[Jain et &l. 2009; (69) Romano et al.
[2009b; (70) Rahoui and Chaty 2008; (1) Levine and Ccrbef 20T2) [Sguera et Al 2007 but note
that their results were criticized bm MOBJS)(I@IIEG (74)_Goossens ét al.
[2013; (75) Walter et al. 2006; (76) Barba etlal. 2006; (77)dexet al 2007; (7€) Gamen ei &l 2015;
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in this review, and the Supergiant Fast X-ray TransientsX{&}. Despite these systems
share a number of common properties, their variability bignan the X-ray domain is sig-
nificantly different. As we discuss in the following sectimbservations of these systems
can provide us with information on the physical propertiésnassive star winds. For in-
stance, recently a comparative analysis of the optical emiop winds between the SgXBs
Vela X-1 and the SFXT IGR J17544-2619, pointed to a substhdifference in their termi-
nal velocities, being- 1500 km s in the case of IGR J17544-2619 and700 km st in
Vela X-1 (Giménez-Garcia etlal., 2016).

We summarise shortly below the present knowledge abouiclESgXBs and SFXTSs.
We refer the reader to Walter et al. (2015) for a recent anceregtended review of these
systems.

Supergiant X-ray Binaries (SgXBs) are among the first detegalactic X-ray sources
e.g., Cyg X-1 or Vela X-1. They consist of OB supergiant mamsotls and a compact ob-
ject accreting from the strong stellar wind. Table 2 listskabwn SgXBs harbouring as a
compact object a neutron star.

The classical SgXBs are persistent systems in X-rays,aisgl a moderate X-ray lu-
minosity achieving 18-10°" erg s'1. The X-ray emission from SgXBs is usually charac-
terised by a typical short-term variability, comprisingrfla and “off-states” that can reach
a dynamical range of10-100 over time-scales of few to hundred of seconds. Adlrie
anticipated in Seckl]1, this variability is ascribed to thegence of inhomogeneities in the
wind material that is accreted onto the neutron star or ttchws between different accretion
regimes. We discuss these aspects in more details iffSHcAstan example of the SgXBs
X-ray variability, we show in the left panel of Fig. 111 a typldightcurve from Vela X-1
as observed in the soft X-ray domain. The correspondingyXspectrum is reported in the
left panel of Fig[IR (together with a second example of arm)Xapectrum for the classical
SgXB GX 301-2).

The spectrum of Vela X-1, as for other SgXBs, displays a latggrption column den-
sity (Ng > 1072 cm™2) that is usually ascribed to the dense wind material fromsthe
pergiant companion filling the neutron star surroundingenibring observations of these
sources at different orbital phases can thus be used to neealsanges in the absorption
column density and probe the massive star wind on larges¢sde Secf. 4.4.1). These ob-
servations are also particularly useful to reveal the pres®f long-lived dense structures
around the compact objects that are usually associatea tdishuption of the stellar wind
by the gravitational field and X-ray radiation from the comipabject (see Sedi. 4.2).

The relatively complex continuum emission can be descritpedising one or more
power-law components, typically interpreted in terms ofronization of the thermal
photons from the neutron star surface in its accretion colugeveral emission lines with
energies comprised in the range 2-8 keV are also usuallgtéetén the spectra of Vela X-1
and other classical SgXBs. These are produced as a consecpighe fluorescent emission
of X-rays from the neutron star on the surrounding wind makefhe most prominent line
is the Fe ka from neutral iron and/or low-ionization stages, which haseatroid energy
of 6.4 keV. Fluorescence from Fe ions at higher ionizati@test can give rise to emission
lines in the range 6.7-6.9 keV. The weaker line detectedllysarmund 7.1 keV corresponds
to the Fe K3 line. In sources with particularly high absorption columendities Ny >
10?2 cm~2) other fluorescent lines can also be detected (e.g., thedyi®a Ka, Ar Ka,
and S Ka; see right panel of Fi§. 12). We exploit the usability of thélsiorescence features
as probes of the massive star wind in Secil. 4.3.

High resolution X-ray spectra of classical SgXBs carrietiith the gratings on-board
XMM-NewtonandChandrarevealed also the presence of other much less prominent emis
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Fig. 11 Top An example of a classical SgXB lightcurve as observedKMM-Newton(0.5-10 keV). In this
case the source is Vela X-1 (see TdHle 2). The observation0D1030101) was carried out on November
2, 2000 for about 60 ks. The flaring behaviour is evident, Wthay flux variations by a factor of3-10
during the entire observation (see Martinez-Nuhez |eP8ll4, for more details on théMM-Newtondata
analysis and results for this source). This variability barreasonably well explained by assuming that the
accretion on the neutron star hosted in this system is tgkace from a highly structured and clumpy stellar
wind. Bottom an example of an SFXT lightcurve as observedbyM-Newton(0.5-10 keV). In this case the
source is the SFXT prototype IGR J17544-2619 and the ligh¢cis obtained from the longest continuous
observational campaign performed in X-rays on one of theseces (ID. 0744600101; (Bozzo et al., 2016)).
The more extreme variability compared to the classical SgaB be immediately seen by comparing this
lightcurve with that on the left panel. A simple clumpy wincceetion model is not able to fully explain the
SFXT behaviour in X-rays, and additional complicationséntvbe taken into account (see SEci] 4.5).
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Fig. 12 Top An example of an X-ray spectrum of Vela X-1. This correspotaithe average source spectrum
extracted during th¥MM-Newtonobservation ID. 0111030101 (see Figl 11). The continuurheépectrum

is preliminarily described by the sum of two power-law comenots (one including a high energy cut-off) and
a prominent iron K line line at 6.4 keV (see Se€i_4.3). The latter can be clesebn in the residuals from
the fit when it is not included in the spectral model (bottomeda The average absorption column density
measured from Vela X-1 during théMIM-Newtonobservation ig\N,~2x 1073 cm2.

Bottom Another example of an X-ray spectrum from a classical SgXBhis case the source is GX 301-2,
the SgXB characterized by one of the highest intrinsic gfimr column density Niy~10%* cm2). The
continuum emission is described by a partial covering pluslasorbed power-law model. A number of
prominent emission lines are visible above the continuuhesg are the Fed< Fe KB, Ni Ka, Ca Ka,

Ar Ka, and S fluorescence lines (see Furst etial., 2011, for details tath@udata analysis and results).
Reproduced with permission fram Furst et al. (2011).



Unified view of of inhomogeneous stellar winds in supergistats and HXMB 49

sion lines at energies gf3 keV that are typically produced by radiative decays of lyigh
ionized ions (e.g., S, Si, Mg, Ne; see Watanabe let al.,| 20@6references therein). These
features are particularly important to investigate thepprties of the stellar winds, as the
measured Doppler shifts in their centroid energies allowouderive accurate estimates of
the relative velocity between the neutron star and the soding material. This is discussed
in Sect[4.p.

A peculiar sub-class of SgXBs is that of the SFXTs (Sguerd ¢2@05%5] Negueruela et al.,
2006a; Sguera et al., 2006). At present, about 10 SgXBs dtothis sub-class, with the
prototype being IGR J17544619 (Sunyaev et al., 2003). An overview of the confirmed
SFXT sources is reported in Taljle 2. Although the SFXTs hestron stars accreting from
similar supergiant stars as those in classical SgXBs, tieplay a much more pronounced
variability in X-rays, with a typical dynamical range thatrcreach 19-10°, compared with
a factor 10 in Vela X-1 during a giant flare. The SFXTs achieneXaray luminosity as
high as the typical average value of classical SgXBs onlyafically during their peculiar
short outbursts. These events last a few thousand of seebrile most and reach 40
10%8 erg s'! (see, e.g._Rampy etlal., 2009; Romano et al., [2015; Bozzo, &Gill). We
show an example of an SFXT lightcurve in the soft X-ray don{@i®-10 keV) in the right
panel of Fig[IlL, where a bright flare is suddenly detectet aft extended period of low
X-ray activity.

The amount of time that the SFXTs spend in these bright flaresly a few %l(Paizis and Sidoli,
2014]Romano et al., 2014a). For most of the time they aretiat an intermediate emis-
sion state with a typical luminosity of $$-10%* erg s°%, during which less prominent flares
are observed. The latter are reminiscent of the brightebuest (i.e. they occur on the same
time-scales), but their peak luminosity$4.0°® erg s (Sidoli et al.| 2008; Bodaghee et al.,
2011; Sidoli et al., 2010; Bozzo etlal., 2010). A number of $EXvere also observed in
a quiescent state, with luminosities down to*4@rg s! (Gonzalez-Riestra et al., 2004;
in't Zand, |2005; Leyder et al., 2007; Bozzo et al., 2010, 2(fave et al.| 2014). Over-
all, these sources appear to be substantially sub-lumicoupared to the classical SgXBs
(Bozzo et al., 2015).

Given several similarities in the spectral shape betweefiTSKespecially when in out-
burst) and classical SgXBs, it has always been assumecdhthatitk of the X-ray emission
from the two classes of systems has a common origin and sbeyddoduced by the accre-
tion of the structured supergiant star wind onto the neustan Clumps are thus expected to
drive at least part of the X-ray variability of the SFXTs. Hover, the physical mechanisms
responsible for the more extreme behaviour of these souscetll not fully understood
and remains highly debated (Sidoli, 2012; Paizis and Si@6li4; Walter et all, 2015). We
discuss this issue more extensively in Secil. 4.5.

4.1 X-ray variability and clumpy stellar winds: flares anfisthtes

It was shown (see Se€i. 2.P.1) that X-ray luminosigyrecorded from SgXBs and SFXTs
traces reasonably well the mass per unit time that is actigtethe neutron star. It was
also shown in that section how changes in the mass accretiefa wind-fed system can
lead to almost immediate variations of its X-ray luminoskg there is no accretion disk
mediating the transfer of material from the supergiant camign to the compact object. In
the simplest accretion scenario depicted in $ect.]2.2.@revdll complications related to the
presence of the neutron star magnetic field and spin rotat®neglected, we can obtain an
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expression connecting directly the X-ray luminosity witie fproperties of the stellar wind
merging Eq[IB and17:

(GMys)®
Rusuy
where we also applied the simplificatiog, ~ vy. From this equation, it can be seen that a
change in the density of the wind can lead to a comparablati@miof the X-ray luminosity
and the latter can be boosted even more in case of variatiotie iwind velocity. As we
have seen in Sedi. 2.1.2, changes in density and velocitigeofvind at the neutron star
location can be induced by the presence of moderately déns®s or inhomogeneities.
It thus turns out from Ed._B4 that a dynamic range up to 10-h0thé X-ray luminosity
of wind-fed binaries can be easily achieved by assumingttieheutron star is accreting
from a clumpy and structured wind. It is worth remarking hivat Eq[5# is derived in the
simplest case of the direct accretion regime, thus neglgethy factor that might arise due
to the presence of a centrifugal/magnetic gate and the ofisgpossible settling accretion
regime.

Under the assumptions above, one could thus use the obs¥rreey variability and
continuous flaring behaviour in classical SgXBs to estintaggroperties of clumps needed
to regulate it. In the simplified approach proposed by Waltet Zurita Heras (2007), it is
assumed that the neutron star accretes only a certairoinamftthe clump massvc =Macd
and that its radius is larger than the NS corotation radisX Racc; see Eq_I4). In this case
we can define:

Lx = 4np(at) (54)

Mcl = (Rcl/Racc)2 Macc- (55)

If we further consider that the duration of a fldjeis proportional to the time that the
neutron star needs to go through the clump and accrete &4} depart of it, we can estimate

Rel ~ U X ty. (56)

Here the velocity of the clumpy =fuy is assumed to be a fractiohof the stellar wind
velocity uy. The mass of the clump is thus given by:

LxRns 3¢2 6
Mo = ——=ti fu,. 57
cl (GMNS)s T (57)
For typical parameters of flares in classical SgXBs (see, thgright panel of Fig.11) and
considering a standard neutron stag€=10 km,Mns=1.4 M), one obtains:

Mg ~ 5 x 1018 [ —=X ( fa )3 il Z(L)G (58)
103%erg/s) \0.5ks 0.5 1000km st

that yields a reasonable value compared to the clump mas$@®f g (at the most) inferred
from LDI numerical simulations of hot star winds (see Sect.2).|Walter and Zurita Heras
(2007) also noted that through EEq] 58 particularly lapgs 1 ks) and structured flares could
still be interpreted in terms of accretion from an inhomagmrs wind, if each individual
peak of intensity during the flare is associated with theet@m of a small clump being part
of a clustered structure.

Refined calculations to link X-ray flares to the physical mies of the clumps were
presented by Ducci et al. (2009), including the orbital elgeristics of SgXBs and a dis-
tribution in radius and mass for the clumps. The effect diediént impact parameters for
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the clump accretion onto the neutron star was also includedthe calculation, thus per-
mitting more reliable estimates for the clump physical griles from the observation of
X-ray flares that those inferred from the simplified caldolas presented above. Assuming
the standard direct accretion scenario (9ect. P[2.2), it@t. (2009) derived synthetic X-
ray lightcurves of several classical SgXBs, and compatiegée results with those obtained
from X-ray observations, inferred ranges for the clump reass 5x 10'8g to 5x 10”1 g in
Vela X-1, 5x 10 g to 2x 10'°g in 4U 1700-37, and & 10'6g to 2x 10?1 g in IGR J16418-
4532 (see also Romano et al., 2012). In some cases, thessgatialts thus suggest the
presence of clumps with a significantly larger mass than ¢lkpected according to LDI
simulations of massive star winds (see above).

Similar results were also independently obtained by otbéras with different meth-
ods. Furst et all (2010) studied the lightcurve of Vela Xsloaserved by thtNTEGRAL
satellite and showed that the log-normal distribution @& brightness of individual flares
could be well reproduced in a simulation in which the direxdration process onto the neu-
tron star is taking place from a clumpy rather than a smoahastwind. They found that
clumps in Vela X-1 should have masses in the rangd 8°-10?1 g in order to explain the X-
ray data (see also Furst ef al., 2014). Similarly, MaiNéifiez et al[(2014) and First el al.
(2014) could only explain the properties of some X-ray fladesected during dedicated
observations of Vela X-1 by assuming clump massezti*g.

On one hand, it thus seems that the scenario of the accretond clumpy wind can
explain reasonably well the X-ray variability of classi&jXBs. In particular, it can repro-
duce the main features of their high energy emission andythiea shape of the observed
lightcurves. On the other hand, a number of published resuljgest the presence of a popu-
lation of clumps in these sources that are a facter 8§0-1000 more massive than those ex-
pected from the LDI simulations (see Séct. 2.1.2). One piigiis that such a discrepancy
arises as a consequence of the currently known limitatibh®6simulations, which can-
not yet account for complex interactions between thesetstres when multi-dimensional
approaches are used (and might thus lead to the formati@mg#r structures that currently
foreseen; see SeCt. 2.11.2). However, it is also likely thapresence of centrifugal/magnetic
gates or the onset of a settling accretion regime could playn@ortant role in the deter-
mining the release of the X-ray luminosity, thus affectihg estimates of the clump masses
derived with the techniques described above. As shown inh B&&2, the switch between
one regime of accretion to another can boost the variatidghetystem X-ray luminosity
dramatically, even in case of modest changes in the windityesasd/or velocity. In these
cases, the X-ray luminosity is no longer an obvious traceghefmass accretion rate, and
small clumps can easily become the cause of large swinge iKtay emission properties
of the system. Neglecting these effects can thus potentedito an overestimate the sizes
and masses of clumps. A more quantitative analysis is cilyrleampered by the uncertain-
ties on the physical processes occurring in the differentetion regimes and the poorly
known properties of the neutron stars hosted in many of tdBSgThe development of a
clumpy wind accretion model accounting for different atioreregimes is still under way.

Clumpy wind accretion models encounter more difficultiegkplaining the extreme
variability of the SFXT sources. By looking at Hg.]54, one Wbimmediately conclude
that unreasonably large and dense clumps would be needetiiswva a dynamic range in
the X-ray luminosity comparable to that of the SFXTs (up t6-10°). Furthermore, the
typical lightcurve of an SFXT is significantly different frothat of a classical system, as
it is characterized by sporadic isolated bright flares betwehich the source spend a long
time in a much lower and less variable luminosity regime ¢geeight panel of Fif.11). As
we discuss in Sedf.4.5, the models proposed so far to ietetp peculiar behaviour of the
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SFXTs are considering a number of different mechanismsalage their variability, but in
all cases clumps still play an important role in achieving ¢lrerall X-ray dynamic range.

Convincing evidences for the presence of clumps in theastelinds of SFXT su-
pergiants have been found especially by searching for ptisorevents in the soft X-ray
lightcurves of these objects. The role of dense clumps iseddwo-fold. Clumps that lead
to an increased mass accretion rate produce X-ray flaresassdied above, but during the
ingresses (egresses) from these flares the clump apprgachaving away from) the neu-
tron star will also cause a dimming or even obscuration ofXtray source. These events
lead to remarkable increases of the absorption columntyanghe direction to the sources
and are expected to be even more frequent than the X-ray {Efetumps simply passing
through the line of sight to the observer even without beicgyeted contribute to increase
theNy). If we use again the simple equations presented earlidrisrsection, we can esti-
mate the absorption column density associated to the pasdagclump along the line of
sight to the observer as:

M L
Npg o el bxRus 0

R2my,  (GMns)®

L t v N
) fl fl w
9x 10%%cm (10’36ergs‘1 0.5ks(1000km Sl> )

(59)

From Eq.[5D we note that clumps usually remain optically tinirthe X-rays (see also
Sect[3.9) and that the increase in the absorption columsitgleis in the range fully ac-
cessible through soft X-ray observations (e.g. carriedvatli XMM-Newton Swift/XRT
SuzakyandChandrg. |Rampy et al. (2009) were the first to report the evidencdwhps

in the winds of the SFXTs supergiant companions by usingttubnique. These authors
detected an absorption events in Bezakdightcurve of the SFXT IGR J17544-2619 that
lasted 300 s and estimated that such effect could have bedngad by a clump as large as
~4.2x10° cm and with a mass 0f1.5x 10 g. The increase of the absorption column den-
sity in the direction of the SFXT IGR J18410-0535 during abtiflare from the source led
Bozzo et al.|(2011) to conclude that the event could have baased by a clump witRy
~8x 10 cm andM¢ ~1.4x 10?? g. By applying the refined clumpy wind accretion model
developed by Ducci et all. (2009) to the SFXTs IGR J1129952 and IGR J18483-0311,
clumps in the mass range 4@ to 5x 10?°g and 168g to 5x 1071 g were obtained (see
also.Romano et al., 2010).

As for the classical SgXBs, the estimated properties of ilmaps presented above were
all obtained by assuming the simplest direct accretiommegand neglecting possible sys-
tematic uncertainties affecting the luminosity and absonpcolumn density determined
from the fit to the X-ray spectra of these sources. For thisaeacaution should be taken
when comparing the derived clump properties in the SFXTh thibse inferred from simu-
lations and observations of isolated supergiant stars.

Furthermore, it should be noted that in both cases in whigimplparameters are derived
from flares of SgXB sources or absorption events in theirtdigives, there are systematic
uncertainties on the values of the X-ray luminosity, and the amount of absorbing neutral
material,Ny, that are usually not included in the calculations. We discgeparately these
issues in Sect. 4.4.1 ahd 414.2.

X-ray flares are not the only way in which we can probe the presef small scale
structures in the winds of supergiant stars in SgXBs. Attlesas classical SgXBs (Vela X-
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1, 4U 1700-37, 4U 1907+09 and GX 3042) show occasional “off-states” (see Table 3),
which have been often interpreted in terms of the clumpy @nigs of the stellar wind. Dur-
ing the off-states the X-ray luminosity of these sourceshiea very low levels, often below
the observable limit, and sometimes also other changesetX{tay emission properties
are detected. It is important to note here that differentkaan the literature use the term
off-state for different levels of luminosity even in the sassource, as the effective limit is
often driven by the sensitivity and energy range of the olisgrinstrument rather than by
physical considerations. A variety of mechanisms has beaposed to explain these low
luminosity events, and we summarise below all relevant figslifrom the literature.

As in many other areas, the best studied source for low arstaifés is Vela X-1, due to
its relatively small distance and high X-ray flux (see TabjleThe possibly first observation
of such a state was reported/by Kallman and White (1982), eadribed as a “brief absorp-
tion event” lasting for~6 minutes with no evident change in the source spectral piiepe
In 1983, aTenmaobservation showed a drop in intensity lasting for less 8aminutes and
during which pulsations disappeared as vell. Hayakawadldi8cussed both of the preced-
ing observations as being possibly caused by a planet egjiffee source, while Inoue etlal.
(1984), analysing the 1983 observation in detail offereddaen choking of the accretion as
alternative. Lapshov et al. (1992) reported on an extermediate in Vela X-1 of more than
10 hours duration outside the source X-ray eclipse obsdrygdranat/Watch. In this case
the off-state was explained in terms of an abrupt reductidhe accretion rate. At the start
of aRXTHPCA observation in 1996, Kreykenbohm et al. (1999) notetheamval of at least
550 s duration with low count rates and no observable polsafrom the source. In a some-
what different case, Kretschmar et al. (2000) found a sudlderdecrease in January 1998
with RXTEwith disappearing pulsations while significant non-pulsedrce flux remained
for more than an hour. As an explanation, a massive (.6) and very large~ 10' cm)
clump obscuring the pulsar and destroying coherent polsaby scattering was considered.
Using deegNTEGRALobservations of Vela X-1 from late 2003 Kreykenbohm et 808
found five occurrences of off-states with durations betwg&mand 1990 s (an example of
an off-state from Vela X-1 is shown in Fig.113). For four of tixe instances the preferred
explanation is a combination of strong density fluctuationthe wind and the onset of a
centrifugal gate, while for the last and longest, again asmasclump was found to best
explain the date. Doroshenko et al. (2011) analysed a 10®b&sreation of Vela X-1 by
Suzakwand found three off-states. At odds with previous resulisstiy obtained with less
sensitive instruments, they found that pulsations coetinaiso during the off-states, albeit
with clear changes in the spectra and pulse profiles. Thegieea their results by invoking
a gated accretion, in which the magnetospheric boundamgrbes stable with respect to the
RTI but remains unstable with respect to the KHI (that usualliows accretion to occur at
a somewhat reduced rate; see Jeci. P.2.2). Sidol| et al5j2@inbined data over 10 years
of INTEGRAL observations searching for low or off-statedtie hard X-ray lightcurve of
Vela X-1. They found that while some off-states can appeangtorbital phase, other are
more common close to the eclipses and with different distidins for the eclipse egress and
ingress. This asymmetric distribution is explained by tecatg in ionized material, compat-
ible with the photoionisation wake (see, e.g., the geomiattiie Vela X-1 system outlined
byKaper et al.[(1994)). The cases of off-states evenlyidiged around the orbit could be
caused either by exceptionally low matter density or gatedledion or by changes in ac-
cretion regime within the spherical settling accretion eid&hakura et al., 2013). In order

29 A source that we do not deeply discuss in this review as the@aff its accreting compact object is still
debated.
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to test possible explanations of the observed off-statesiddsakis and Walter (2015) cre-
ated a hydrodynamical model of the Vela X-1 system. They daiwat low-density bubbles
formed close to the neutron star, due to unstable hydrodiynfiows, lead to off-states with
typical durations between 5-120 minutes. As in the simoiegipresented by these authors
the stellar wind is assumed to follow the simplest CAK appr@tion (see Seck. 2.1.1),
these findings opened the new interesting possibility titde@st) not all off-states could be
related to clumps and/or gated accretion regimes.

In the case of 4U 1907+09, a less deeply studied source tHanXve,lin’t Zand et al.
(1997) first noted a peculiar dipping behaviour in sevBXé4T Eobservations, finding at least
11 dips longer (up te-1.5 h) than the pulse period-600 s). Voids in the inhomogeneous
medium surrounding the neutron star were considered the likely possibility to inter-
pret the drops in the accretion, and the possibility wasidened that voids might also be
created due to photoionization. Roberts etlal. (2001) fatldd 907+09 in a very low state
during two out of the four performeASCAobservations spread roughly equally around
the 8.4 d orbital period. These low states of relatively lolgation ¢ 10 ks) showed no
signs of increased absorption, and were interpreted instefnmagnetically inhibited ac-
cretion.| Rivers et all (2010) noted dips in t8azakuwbservations of 4U 1907+09, which
Doroshenko et all (2012) analysed later in more detail. &@sservations included four
off-states of about 700-900 s duration. Similar to the cds¢eta X-1,Doroshenko et al.
(2011) demonstrated the presence of a weak but significantafid pulsations during all
these off-states and interpreted them in a coherent waypéoiwo sources.

GX301-2 is a rather peculiar system with an eccentric ogbit 0.462) and a marked
orbital flux variation with a strong pre-periastron flaredgs et al.|(2011) noted a peculiar
dip in one of theRXTElightcurve of the source during which X-ray pulsations e,
disappeared for one spin cycle (686 s), and then reappegesa. Spectral changes were
similar to those observed during the dips in Vela X-1 (Krayi@hm et al., 1999). A brief
cessation of accretion to the magnetic poles was considbeednost probable explana-
tion. During an observation of part of the source pre-pawasflare with XMM-Newton
Furst et al.[(2011) found another interval of low flux in whithe pulsations ceased almost
completely for several spin cycles, without any indicatafrincreased absorption or other
spectral changes. Investigating this dip in detail, theyiad that it is most likely that during
the dip the accretion ceased and the afterglow of fluoresoemtaround the neutron star
accounted for the main portion of the residual X-ray flux.

Two possible off-states were also identified in the lightesr of the classical SgXB
IGR J16418-4532 and the SFXT IGR J16328-4726 by Drave e2@14) and Bozzo et al.
(2012), respectively. In both cases the statistics of thaydata was far too low to perform a



Unified view of of inhomogeneous stellar winds in supergistats and HXMB 55

Table 3 Overview of off-state or low flux observations in SgXBs. Inme® cases luminosities have been
estimated based on the information in the original work d&wedtewer distance estimates became available in
the literature (see Tatlé 2).

Source Date Instrum. Energy range Off-state luminosity  eRafces
Vela X-1 9 May 1979 Einstein 2-10 keV not quantified KW82, Hag84
Vela X-1 12 Mar 1983 Tenma 3-9keV <10% of preceding In84, Ha84
Vela X-1 9 Jan 1991 Watch 8-15 keV not quantified La92

Vela X-1 23 Feb 1996 RXTE/PCA 3-30 keV <15% of normal  Kr99

Vela X-1 22 Jan 1998 RXTE/PCA 2-60 keV not quantified  Kr00

Vela X-1 8 Dec 2003 ISGRI 20-40 keV not quantified  Kr08

Vela X-1 17-18 Jun 2008 Suzaku/XIS 0.4-70keV~24x10®ergs? Doll
VelaX-1 2002-2012 ISGRI 22-50keV  <3x10%ergs! Si15

4U 1907+09 17-23 Feb 1996 RXTE/PCA 2-15keV up to 98% decrease iZ97

4U 1907+09 14-16 Oct 1996 ASCA 2-10keV ~1.6x10*%ergs? Ro01
4U1907+09 2-3 May 2006 Suzaku/XIS ~10%ergs?! Ri10, Do12
4U1700-37 17-18 Feb 2001  XMM-Newton 0.5-10 keV x20%ergsT  vdM05
GX301-2 28 May 2010 RXTE/PCA 3-25 keV not quantified Goll
GX301-2 XMM-Newton 2-10keV  <4x10%ergs! Full

IGR J16418-4532 XMM-Newton 0.5-10keV <8x10%ergs! Dri3

IGR J16328-4726 XMM-Newton 0.5-10 keV ¥x10%ergs? Bol2

IGR J17544-2619 16 Sept 2012 XMM-Newton 0.5-10 keV x 802 ergs T Dr14

Bo12: Bozzo et al. (2012) Ha84: Hayakawa (1984) La92: Lapshal. (1992)

Do11: Doroshenko et al. (2011) In84: Inoue et al. (1984) MRi@rs et al. (2010)

Do12: Doroshenko et al. (2012) iZ97:in't Zand et al. (1997) 0oOR Roberts et al. (2001)

Dr13: Drave et al. (2013b) KW82: Kallman and White (1982)  SBigidoli et al. (2015)

Dr14: Drave et al. (2014) Kr00: Kretschmar et al. (2000) vdvidan der Meer et al. (2005)
Full: Furst et al. (2011) Kr99: Kreykenbohm et al. (1999)

Goll: Gogus et al. (2011) Kr08: Kreykenbohm et al. (2008

detailed spectral and timing analysis of the two eventsThbte[3 shows that the luminosity
measured during the off-state was roughly comparable teettubtained in the brighter
SgXBs mentioned above.

Although the origin of the off-states is still unclear andlily debated, all possibilities
described above are particularly interesting to use thesgtgas additional probes of stellar
winds in SgXBs. If off-states are due to voids between cluropservations of these events
could be used in combination with the detection of X-ray #atie build a more complete
map of the stellar wind and compare this with the outcomes @Ff &r more advanced
simulations (see Sedf. 2.1.2).A complication to this senmtenario comes from the fact
that, as pointed out by several authors, off-states migiut la¢ (at least) partly related to a
change in the accretion regime, or to the onset of a cenélifaigd/or magnetic inhibition of
accretion, or to the scattering effect produced by photised large-scale wind structures. It
is particularly tricky to disentangle these effects, beesany drop in the mass accretion rate
implies an increase in the size of the neutron star magnetosfand thus a large possibility
to switch toward a propeller-like accretion regime (seet$22.2). Additionally, as for the
X-ray flares discussed above, the properties of the stellatsainferred from the study of
the off-states would also be affected by the known systematcertainties on the source
luminosity and absorbing material derived from the X-rajadaee Seck. 4.4.1 ahd 4.4.2).
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4.2 Disrupting the stellar wind: photoionization, acavativakes, and super-orbital
modulations

Observations and hydrodynamic simulations of wind-fedesys have convincingly shown
that these stellar winds are heavily affected by the X-raljatéon emitted by the neutron
star (see, e.d., Blondin etlal., 1991, and references thetéihe luminosity of the X-ray
source is sufficiently intense (typically10%°-10°6 erg s°1), the photoionization of the wind
changes the state of a large fraction of the heavy ions wittgrso-called Stromgren sphere
(they become ionized to a higher degree, with corresporiitieg only in the high energy,
low-flux spectral region of the star), and the driving acratien mechanism of the wind is
cut off (see Secl_211). The wind is not further acceleratad,accumulated at the neutron
star location, giving rise to a “photoionization wake” (seqy.| Fransson and Fabian, 1980).
As the neutron star moves along its orbit, the photoionirativake is displaced together
with the compact object and the additional material haltéleabow-shock (see Sect. 22.1).
During the neutron star revolution, the latter give rise moetongated dense structure that
is usually termed “accretion wake” (see, €.9., Blondin £t1890). A substantial theoretical
effort was devoted in the past to calculate the details oirttezaction between the X-ray ra-
diation and the surrounding environment, starting frompiomeering works of Tarter et al.
(1969) and Krolik and Kallman (1984) and arriving to the mepecialized calculations of
Friend and Castor (1982) and Ho and Afons (1987) to the casémuf-fed binaries (see
also, more recently, Ducci etlal. (2010)). However, onlyhwtite most recent hydrodynami-
cal simulations it has been possible to follow in detail thetpionization of the wind (see,
e.g.,.Krticka et al., 2012; Krticka et lal., 2015) and thenfation of time-dependent accre-
tion/photoionization wake$ (Manousakis and Walter, 2@Méchura and Hadrava, 2015).

As we discuss below, the photoionization of the wind and dnen&ition of accretion/photoionization
wakes are all additional tools to probe the characteristiche stellar winds in SgXBs. In
particular, they can be used to indirectly infer the phyispraperties of the unperturbed
winds in these systems by comparing observational resultsrwmerical simulations of
the interaction between the supergiant outflow and the Xraayation from the compact
object.

Among the different spectral features produced by the pbwization of the stellar wind
and thus arising especially in the photoionization wake,ltyman series lines from the H
and He-like ions are the most appropriate features to plobeynamics of this medium.
These lines are formed by radiative decays following eifht@stoexicitation or radiative
recombination, and their properties can be accuratelytzikd from theory. Shifts in the
centroid energies of these lines can thus be easily evaldiaa X-ray observations, pro-
viding a direct measurement of the wind velocity. Togethéhwhese lines, the width in
energy of the radiative recombination continuum, whichosrfed by the photons gener-
ated in recombination and distributed into a continuumi¢aty line-like in the case of the
SgXBs), provides an estimate of the wind electron tempegafithese diagnostic techniques
have been successfully exploited, as an example, in theotafta X-1 byl Watanabe et al.
(2006). The red and blue velocity shifts measured at diffeoebital phases from the emis-
sion lines of several elements (Si, S, Ca, Al, Mg, Ne) at ererg1.9-2.7 keV revealed
that the supergiant wind close to the neutron star locatamavelocity that is a factor of
a few lower than-2-3 expected. By using Monte Carlo simulatidns, Watanalad ¢€2006)
concluded that the reduced velocities were due to the affeitie wind photoionization by
the neutron star X-ray emission that led to a substantigd drahe radiatively driven ac-
celeration of the stellar wind. The parameters of the unipeed wind reconstructed from
their Monte Carlo simulations provided a mass-loss rateld-2.0)x10~% M, yr—! and
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a terminal wind velocity of 1100 km$, compatible with independent estimates obtained
from the P Cygni profile of UV resonance lines and expectedaf80.5 Ib supergiant (as
the one hosted in Vela X-1; see Table 2). Similar results lween presented also for the
bright 4U 1700-37 system (Boroson ei al., 2003), a sourdevibalo not deeply discuss in
this review as the nature of the accreting compact objedtisnstystem is still debated.

In general, despite the interest and the important achiem&f such studies, they have
been carried out so far only for a few close-by SgXBs. This @&nfy due to the fact that
SgXBs are heavily absorbed in the soft X-ray domain and theigety of the currently
available X-ray gratings, the sole instruments that petoratnalyse spectral lines a8 keV
with the required accuracy, limits the possibility to canyt these studies only to tentatively
bright objects.

The presence of an accretion wake can be observationadlyréaf in many sources by
studying the different shapes of the energy resolved ligitcfolded on the system orbital
period (see, e.g., Falanga et al., 2015, for examples), andgsuring the variation of the
Ny at different orbital phases. The absorption column dercsaty easily reach values as
high asNy>1073-10°4 cm~2 when the accretion wake is located along the line of sight to
the observer. In a system where the wind can be describe3blaw, it follows the CAK
approximation (Secf.2.1), the hydrogen number demgity) as a function of the distance
r from the supergiant is given by:

_ X M
My Us (1 — R, /r)B 4mr2

nu(r) (60)

HereXy is the hydrogen mass fractioll, is the supergiant mass loss rate, the terminal
velocity of its wind andR, its radius. The corresponding value of tiig¢ can be calculated by
integratingny (r) along the observer line of sight and depends on the systdmationi, its
semi-major axis, its eccentricitye, and the longitude of its periastran Any deviation in
the measured profile of thd, compared to the one in Hg.160, can be ascribed to the presence
of massive and long-lived structure in the system, and thst itkely to an accretion wake.
We show an application of this method in Hig] 14. Note thatahservations used to study
the orbital profile of the absorption column density in a systare usually collected over
time scales much longer than the orbital period and thus\thenhancement cannot be
caused by clumps or other short lived structures. It is iddegected that the contribution
of these fast moving structures is averaged away by the laegriation times.

As the characteristics of the accretion wake depend on thgaot object and wind
properties, some authors have been using measuremenesadetaged absorption column
density profile to indirectly infer the supergiant mass laterand the wind velocity from
the comparison between observational results and nurhemicalations (i.e., as done in the
case of the emission lines from photoionized plasmas destabove). This technique has
been applied, for example, to estimate the wind velocityhefdlassical SgXB IGR J17252-
3616 (Manousakis and Walter, 2011).

A relatively recent and puzzling discovery is the detectioeeveral SgXBs of a super-
orbital variability, i.e., a modulation of their X-ray fluxnca time-scale that is significantly
longer that the orbital period. The super-orbital varidpik a well-known phenomenon of
disk-accreting systems and it is usually ascribed to thegmee of a precessing warp in the
disk that periodically obscures the X-ray source (Ogilvid ®ubus, 2001). As in all SgXBs
of interest for this review accretion takes place from thedlat wind, it could be possible
that the periodical obscuration of the X-ray source is egldb other dense structures, e.g.,
the accretion wake. However, Farrell et al. (2008) showed #h least in the case of the
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Fig. 14 Orbital modulation of
the Ny as a function of the
orbital phase in the eclips-
ing SgXB 4U 1538522, (see
i 4 Mukherjee et &l., | 2006, repro-
i oo duced with permission). The
| i authors assume a circular orbit
% with aysin(i) = 531 It-s and
/ [t ] three different values for the
' v inclination: i = 65°,75°,85
’ Lt (dashed, dashed-dotted, and dotted
b K \{' # lines respectively). The follow-
% ,<%>/ o ing wind parameters are also

1% + i Vi assumed: 3 = 0.5 (Please note
. R T AL T that the assuming is too small,
ﬁ b ‘?ﬂz% ’ "?’aﬁl&g- ! | since considering the so-called
finite-cone-angle effect implies a
_— - . o ” o minimum (3 value of~ 0.7 —0.8),

M = 10-5M, /yr, Us = 1000 km/s.
They use observations froRXTE
in 1997 (diamonds)BeppoSAXin
1998 (squares), an@XTE in 2003
(circles).
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classical SgXB 1A 0114+650, no significant changes of thermbi®n column density in
the direction of the source could be measured at differepersarbital phases. These au-
thors suggested that a modulation of the accretion rateeautper-orbital time-scale could
better explain the data, but so far no mechanism has beepg®dpo drive such changes.
Corbet and Krimm|(2013) reported on several additionalalisdes of super-orbital modu-
lations both among the classical SgXBs as well as in SFXTall these systems, there is a
clear correlation between the orbital and the super-drpégods, and thus it was suggested
that the mechanism modulating the mass accretion ratedlheutelated to the separation
between the compact object and the supergiant star. As the ataretion rate in all rele-
vant systems is regulated by the wind of the massive star alydaofew systems among
both the classical sgXBs and SFXTs show superorbital méidak it is likely that the in-
volved mechanisms are related to some specific propertibe afiass donor star rather than
of the compact object. An example is the presence of an offisveen the orbital plane
and the rotation axis of the primary, which could modulaterdite at which the stellar wind
arrives close to the compact object on a time scale relatéddibger) that the orbital period
of the system. The presence of an (even small) eccentricitid@affect and complicate the
period of the resulting super-orbital modulation by enlwagdhe mass accretion rate to-
ward periastron and decreasing it at apastron (see, Cardé€amm,[2013, and references
therein).

4.3 Fluorescence emission lines from the stellar wind aad#utron star surroundings

An important emission line formation process in wind-fedtsyns is the fluorescence from
ions in a low charge state, produced due to the illuminatiprthe X-ray source of the
circumstellar material. As the intensity of a fluorescenogssion is proportional to the
fluorescence yield and the latter increases with the atoomcber of the ion, the Fe &
fluorescent line is usually the most prominent among thesteifes in the spectra of SgXBs
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Fig. 15 Left plot reproduced with permission from Torrejon et al. (@81 .ChandraHETG spectrum of
the HMXB Vela X-1. We can see a prominent Fer Kine together with Fel. Right plot reproduced with
permission from_Torrejon et al._(2010a). The logarithm é flux of Fe Ka (ph/cn?/s) is well correlated
with the logarithm of the continuum flux (erg/és). The black circles correspond to HMXBs, while blue
squares indicate low mass X-ray binaries (LMXBs).

(see, e.g. Giménez-Garcia etlal., 2015, for a recent wdHe energy of fluorescence emis-
sion is affected in a non-trivial way by the charge state efithn, and thus it is more difficult
to probe the physics of the emitting medium with the corresiitg lines compared to the
emission lines from the H and He-like ions discussed in $e8t.However, as we discuss
below, the fluorescence lines can be used to investigatadtdodtion of cold matter around
the neutron star.

The profile of the Fe I§¢ fluorescent line in SgXBs can usually be well characterized
by using a simple Gaussian profile. Although this is knowndalsimplistic approach, fits
to the X-ray spectra with such a model generally permit usstorate the intensity, width,
centroid energy, and equivalent width (EW) of the line witttasonable accuracy, as well as
to constrain the time variability of these parameters. Higgolution spectra, obtained with
the gratings instruments on-boatthandra have shown that in wind-fed SgXBs the FerK
line is a narrow feature (FWHM: 5mA) and it is centred on average At= 1.9387+
0.0016A (see the left panel of Fig_15 and Torrejon et al. (20108he general finding that
the intensity of the Fe K line directly correlates with the intensity of the sourcefons
that this feature is produced as a consequence of the ilatiomof the stellar wind material
by the X-ray emission from the compact object (see right pairféig.[I5). This has recently
been also reconfirmed through an in-depth analysis of alladla XMM-Newtondata on
SgXBs (Giménez-Garcia etlal., 2015).

The size of the fluorescence emitting region in SgXBs has lesémated for a num-
ber of sources using different methods. Observations apsoh wind-fed SgXBs show
that the EW of the Fe K is generally higher when the systems are in eclipse (see the
left panel of Fig[IB). This indicates that at least in somgesahe reprocessing region is
extending beyond the radius of the massive companion. lerathses it was shown that
the bulk the Fe K& emission comes from the the immediate surroundings of thepaat
object, and thus that the accretion wake is likely playingw fole in the Fe K line pro-
duction (see Sedi. 4.2). This is the case, for example, @ Xel (Watanabe et al., 2006). In
IGR J17252-3616/ Manousakis and Walter (2011) inferred the existefheedense cocoon
of cold material with a radius of 10 R, around the neutron star by analysing the varia-
tion of Fe Ka during the eclipse. The size of this structure is ths5 times smaller than
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Fig. 16 Left EW of Fe Ka againstNy (plot from|Torrejon et gl., 2010a, reproduced with perioiss The
EW of the line increases with the column density. Black eschre HMXBs, blue squares are LMXBs,
and black triangles are eclipse data. In eclipse the EW of &edgreater because a significant fraction
of the continuum is blocked. The black dashed line represtrg prediction of the theoretical model in
Kallman et al. [(2004)Right in the lower part of the plot the energy of FexKs shown as a function of the
ionization state of Fe ion5s (Kallman et al.. 2004, reprodueéh permission).

the stellar radius estimated for the supergiant hostedisnsystem|(Mason et al., 2009).
Audley et al. (2006) used the time delay between the puldgrsecand the Fe K eclipse
in OAO 1657415 to prove that 80% of Fe &is emitted in this source within a region
of R< 8 Ry. Furst et al.|(2011) analysed the delay in the arrival tiwiethe pulses in the
Fe Ka energy range to conclude that the fluorescence region in Gx-3as a radial
extensionR < 1 R Different results were reported for this source by Endd.g2802).
The latter authors assumed that the width of the line wasecklog the Doppler broadening
of the free-fall motion of the accreting matter onto the nemitstar and inferred a size of
the fluorescence emitting region Bf< 0.1 R.,. This is significantly smaller than previous
estimates. A plausible reason is that they neglect otheademing mechanisms, such as
the blend of multiple fluorescence lines from different iation states of iron_(First etlal.,
2011). Finally, the alternative method employed| by Rodriget al. [(2006), which takes
into account multiple ionization states of iron and the ictpat a ionization parameter that
changes at different distances from the neutron star, gaextension of the reprocessing
region in the SgXB IGR J16320-4751 Bf> 1.5 R.

So far, the observations of wind-fed SgXBs have been supgoréasonably well the
theoretical prediction that the measured equivalent wii) of the Fe kx line due to X-
ray transmission through a optically thin medium is reldtethe hydrogen column density
Ny measured in the direction of a source. The latter is thesaigtiestimated through Eq. 5
inlKallman et al.|(2004):

EW ~ 3OOeVW. (61)
We show in Fig[Tb (left panel) the currently observationpatieasured correlation between
the EW of the Fe l§ and theNy in different SgXBs (see also Giménez-Garcia et al., 2015)
In these sources the region reprocessing most of the nestaoX-ray emission is thus also
providing a dominant contribution to the material absoghinis radiation along the observer
line of sight.
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The centroid energy of the FedKis one of the measurements of this spectral feature
that provides a direct indication of the physical condisian the wind, as it depends on
the ionization state of the Fe ions. In Figlird 16 (right pamed can see that the centroid
energy of the line significantly increases with luminoséypecially when the iron is highly
ionized (Kallman et all, 2004)Chandrameasurements revealed the presence of a number
of Fe ions, ranging from Fe to Fex (Torrejon et al., 2010a). This is compatible with the
properties of an O-B supergiant companion, as we expectdoF@n -111 in the wind of a
Bl star and Fev-vi in the wind of an O-star (see, e.g., Kudritzki and Puls, 208@)can
be seen in Fid._16 (right panel) the centroid energy of the diepends only weakly on the
ionization state of the iron ions belowFexviii . For the low Fe ionization states, a more
sensitive tracer of the conditions in the donor star winchis tatio between the fluxes of
the Fe Ko and the Fe I8 line (see, e.d. Palmeri etlal., 2003). For neutral iron wesekp
a value of Fe i8/Fe Ka = 0.125 |(Kaastra and Mewe, 1993). This ratio increases@@®
for Feviii. However, as generally the flux of the FgHKs only 10-20% of the Fe K line,
this technique requires data with particularly high statisin order to perform sufficiently
accurate measurements (see, e.g., the case of GX 3012;ef@ai.| 2011). When calculat-
ing the ratio between the fluxes of the Ferl&nd the Fe I8 line in sources characterized
by an absorption column density 107 cm~2, self-absorption is also expected to play an
important role. Theoretically, the effect of self-absarptis different for the two lines and
might lead to artificially high evaluated flux ratios. Howeuéshall be noted that the effect
of self-absorption could not be robustly tested yet agdiiggt quality observations and thus
its anticipated impact on the FeoKand the Fe I8 flux ratio remains to be confirmed.

Another characteristics of the FeoKline that can be used to probe stellar winds is its
width in energy. This parameter provides an upper limit a@klocity of the X-ray re-
processing material around the neutron star, as this isrgigneonsidered to be the main
broadening mechanism for the line (but other mechanisne, asiline blending, cannot be
excluded).Chandraobservations proved so far that the Fa Kne in SgXBs is relatively
narrow (FWHM< 5 mA), leading to upper limits on the velocity of the X-ray repessing
material of<1000 km/s|(Hanke et al., 2009; Torrejon et lal., 2010a, 201Bis is in agree-
ment with the typical velocities of O-B star winds in SgXB4 bould also be compatible
with the free fall velocity of material located at a distaricem the neutron star where the
Fe Ka line is produced (Endo et al., 2002). The two processes averghy difficult to dis-
entangle, unless accurate measurements of the width afithark available during different
phases of the neutron star orbit (the accretion flow is notebgul to be as isotropic as the
stellar wind).

In a few SgXBs, the Fe K line has been also observed to show a Compton-shoulder
extending down to-6.2 keV. A Compton shoulder forms when X-ray photons propaga
ing through a low temperature mediurg10® K) transfer part of their energy to the free
electrons via Compton scattering. If the Compton opticgitdeof the medium is>0.1,
the probability of those scatterings to occur is not neblegi The resulting effect is more
pronounced on emission lines at higher energies, and thtisyarly on the Fe K line,
due to the energy dependence of the Compton scatteringtppéth respect to that of the
photoionization. As the shape of the Compton shoulder isigea to the electron column
density and temperature of the scattering medium, it pesvah additional tool to study the
physical properties of the cold material around the neustan So far, this feature could be
clearly detected in the two classical SgXBs characterizetth® highest absorption column
densities, i.e., GX301-2 (Watanabe etlal., 2003) and IGR18:81848|(Ibarra et al., 2007).

The Fe Ka line is not the sole fluorescent line that can be detectedeirXthay spectra
of SgXB and SFXT sources. As an example, First et al. (20439rted the detection of
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the NiKa, NiK 3, CrKa, CaKa, ArKa, and SKx fluorescent lines in GX 301-2. Due to the
lower fluorescence yield of all these elements comparediwaith these additional spectral
features are usually much fainter than the Felkie and thus it is more difficult to use them
as probes of the material around the neutron star.

4.4 X-ray observations of SgXBs and SFXTs: caveats

As anticipated in Secf. 4.1, we discuss below the effect sfesgatic uncertainties affect-
ing two of the key observables obtained from the X-ray dat&@kBs and used to infer
stellar wind parameters: the absorption column densithéndirection of a source and its
bolometric X-ray luminosity.

4.4.1 The absorption column density

The absorption of X-rays in the interstellar medium or clsthe X-ray source itself plays
a key role in the analysis of X-ray spectra (Wilms etlal., 2(88nke; 2011). As an obser-
vational fact, the flux of any kind of X-ray source locatedhiitthe Milky Way or beyond
is significantly suppressed belowb keV. This is due to photo-ionization of matter by X-ray
photons along the line of sight to the source (see, le.g..diekd Lockman, 1990; Mathis,
1990, for reviews about the interstellar extinction). Thfeat of absorption on the source
X-ray flux Is;¢(E) at a certain energl¢ can be described by:

lobs(E) = lsre(E) g (BN (62)

wherelgps(E) is the observed source flux amdE) is the energy dependent cross-section
of the absorbing medium. In SgXBs, the latter comprises tribution from the inter-
stellar medium (ISM) and from the medium local to the soufide latter is by far the most
dominant, and generally the ISM contributes only for a few-tt)-30% (at the very most).
However, in those cases in which an accurate estimate ofobargtion column density is
needed, both contributions have to be taken into account.

In most cases, the estimates of the ISM absorption columsitgein the direction of
a source are assumed to coincide with the measurements péttieal hydrogen column
densities obtained from the Galactic surveys carried odtlatm (Kalberla et al!, 2005;
Dickey and Lockmén, 1990). As pointed out by Wilms €t al. @00an uncertainty be-
hind this assumption is that the contribution of the Gatakt) molecular clouds to the
total Ny is not considered. These clouds are not uniformly disteihuith the Milky Way
(Shull and Beckwith|, 1982) and thus the assumed abundankle mflative to neutral hy-
drogen should be, in principle, carefully evaluated forresaurce.

Concerning the material absorbing the X-ray emission léeahe source, the prob-
lem is even more complicated as the abundances ofdiglements (e.g., oxygen and iron
which are responsible for most of the absorption in X-raym)ehto be known accurately.
These abundances might change among different X-ray syuasehey are expected to be
tightly related to the specific binary system environmeihie Tatter is known to be heavily
affected by the outflowing material from the massive compaas well as from the super-
nova explosion that led to the formation of the neutron gtathese processes of chemical
enrichment are not known yet with a reasonably good accuitasytypically assumed that
the surroundings of a SgXB are characterized by a solar orlllsMcomposition. For the
latter, updated models are periodically made availablgviing our progresses in the un-
derstanding of the Milky Way chemical composition.
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Table 4 List of photo-ionization cross-sectichand abundancBsas available irfSIS or XSPEC, as well as
absorption modelSSIS andXSPEC are two of the most used fitting tools for accurate X-ray spéenalysis
available to date. In the table below, the asterisk iderttieydefaultXSPEC configuration (version 12.8.2).

Cross-sections Comment

obcm Balucinska-Church and McCammon (1992)

bcmce* Balucinska-Church and McCammon (1992) ,-¢toss-section from Yan et al. (1998)

vern Verner et al. (1996)

Abundance vector Comment

aneb Anders and Ebihara (1982) solar

angr* Anders and Grevesse (1989) solar

feld Feldman (1992) solar

grsa Grevesse and Sauval (1998) solar

wilm Wilms et al. (2000) ISM

lodd Lodders (2003) solar

aspl Asplund et al. (2009) solar

Absorption models Contributions

wabs neutral, atomic, thin gas
(abundances fixed to aneb)

phabs neutral, atomic, thin gas

tbabs Wilms et al. (2000) neutral, atomic, thin gas

+ neutral H-molecules
+ spherical, chemical homogeneous dust grains
(cross-sections fixed to vern)

tbnew? Wilms et al. (in prep.) improved version of tbabs includirigth
resolution cross-sections at important edges
cabs optically-thin Compton scattering
ctbabs Eikmann et al. (2012, 2014) full Compton scattering
+ fluoresence line emission
warmabs uniform, collisional ionization (warm stellar winds)

based on a fixed, ionization-balanced, thin gas
ahttp://heasarc.nasa.gov/xanadu/xspec/xspecll/niaodaB6.htnl
b https://heasarc.gsfc.nasa.gov/xanadu/xspec/margathixnd.html
¢|nttp://pulsar.sternwarte.uni-erlangen.de/wilms/aeske/tbab’s

Measurements of the absorption column density can thusideddrom the assumed
abundances by using the cross-sections and energies f¥rrdne absorption on the shell
electrons of each of the involved elements. In most of th@yXsources, the effect of Thom-
son scattering has also to be taken into account when comgpili total X-ray absorption,
as part of the material close to the compact object could drafiantly ionized and con-
tribute differently to enhance thidy compared to the neutral material (see Seci. 4.2). At
present, not all cross-sections and energies for the Thossattering can be derived pre-
cisely from the atomic physics and thus most of the absarptimdels have to rely on
specific cross-section tables. Furthermore, when the tjeristhe ionized absorbing mate-
rial reaches values ¢f 107*cm~2, Compton-scattering effects also come into play and have
to be included in the estimate of the toky (Eikmann et all., 2012). An overview of all the
currently available absorption models, abundances, args @ections for the different pro-
cesses is presented in Table 4, together with their ideatiific code in the two most used
software packages for the fitting of X-ray data (iEIS@ andXSPE).

As we can see from Tablé 4, a number of different absorptiodeisohave been pub-
lished in the literature, each using different assumptilamsthe ISM cross-sections and
abundances of the different elements. To illustrate how#hee of the absorption column
density in the direction of a source changes when differendats are used, we show in
Fig.[17 (left panel) the ratio of the two absorption modetmbsand tbnewas a function
of the energy foNy=1 x 107?cm~2. The main differences between the two models can be

30 http://space.mit.edu/asclisis/.
31 https://heasarc.gsfc.nasa.gov/xanadu/xspec/.


http://heasarc.nasa.gov/xanadu/xspec/xspec11/manual/node36.html
http://pulsar.sternwarte.uni-erlangen.de/wilms/research/tbabs
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Fig. 17 Left ratio between thghabs- and thetbnew-absorption-model. ANy of 1 x 1072cm~2 was used

to calculate the absorbed spectra featuring a constanompliloix. The cross-sections were setvtern and

the abundances twilm. Right comparison of derivedNy-values from X-ray spectra based on a) different
models, b) cross-sections, and ¢) abundances. The asdymesihg a specific configuration is plotted against
the Ny-ratio when fitted with a different configuration. The creestions and abundances for a) were set to
vern and wilm, respectively. In b) and c), the results usiitgee the phabs- (solid line) or thetbnew-
absorption-model (dashed line) are also shown. Referg¢adls photo-ionization cross-sections, abundances
and absorption models given in Table 4.

noted around the energies corresponding to the K-edgesygfeox(0.53-0.58 keV), neon
(0.87 keV), and the L-edge of Fe (0.71 keV-0.73 keV). Furtiae, phabsabsorbs the X-
ray spectrum less thathnewfor energies below 0.6 keV (up to a factoreb at 0.2 keV),
and thus thély values derived witlphabsare systematically higher than those derived with
tbnew This is illustrated in the right panel of Fig.]17, where savspectra were simulated
over a wide range dfly values by usingbnewand fit with phabs The largest discrepancy
between the two models is about 5% at 0?°cm~2. Similarly, the derived value of the
Ny depends on the cross-sections and abundances used. Panel ¢)) on the right side
of Fig.[17 show these effects as a functionNpf. Outdated cross-sections, hsmg un-
derestimate the column density up to 5% (note that the estens intbneware fixed to
vern). The most dramatic differences in values of the infeixgdare obtained when models
adopting solar and ISM-abundances are compared: in thedisst, values of the absorption
column density exceeding #cm~2 are all underestimated by more than 20%. This effect
is more pronounced for higher valuesij.

From the above results, it is clear that any measuremeneddBorption column den-
sity in a X-ray source, and particularly in SgXBs, is sigrafitly dependent on the chosen
absorption model, cross-section, and abundances priseriin caseNy values derived
from the X-ray observations are used to infer the physicaperties (e.g., density, mass,
and size) of structures in the stellar wind around a neuttan is would be a good practice
to clearly state the models and prescriptions used. In thig possible discrepancies be-
tween different findings can be investigated in terms ofesysitic uncertainties among the
different absorption models or ascribed to intrinsic clenig the properties of the absorbing
medium local to the source.

4.4.2 The neutron star bolometric X-ray luminosity

The intrinsic bolometric X-ray luminositiyx of an SgXB, that as we saw in the previous
sections is a key parameter to infer the stellar wind pararseind the details of the accretion
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processes, is commonly derived from the measured X-rayRtuf the source by using the
relation:

Lx = 4md?Fy. (63)

Here, it is assumed with ther#factor that the neutron star’'s X-ray radiation is emitted
isotropically. In most of the cases of interest for this esyithe larger source of uncertainty
on Lx is due to the poorly known distance to the systeimAs it can be seen in Table 2,
this distance is often known only within an accuracy of adaet2—3 and for some of the
SgXBs contradicting measurements have been reported.

The rough assumption about the isotropic nature of the Xerajssion introduces in
all cases an additional source of uncertainty. This assompgibes not generally apply to
accreting neutron stars: the bulk of the X-rays are prodircdtk accretion columns near the
two magnetic poles, where accreting matter hits the nestanrsurface (see Becker and Wolff,
2007, and references therein). Furthermore, the emissidifgs of the accretion column (or
the hot spots on the surface) are not known and might be a esrnspmbination of a fan-
or pencil-beam (see, e.q., Harding, 1994).

The emission patterns are also distorted by general risléieffects in the strong grav-
itational field of the neutron star. In most cases, both magmpeles are visible over one
full rotation of the neutron star (Beloborodaov, 2002). Degieg on the geometry and the
position of the observer, the total flux might be beamed andtaal towards the observer, or
pointed in a different direction and lowered in intensity.grovide an estimate of this effect
we have used an extended light-bending code, which is basedi by Kraus|(2001). The
new code, allowing for more complicated accretion columd emission geometries, has
been used already to explain phase-shifts at the cycloimenehergies seen in the pulse-
profiles of some accreting neutron stars (Schonherr é€2@l4). We have assumed standard
neutron star parameters for the mass and radius, and a ritagxistgoing through the star’s
center inclined by 30with respect to the rotational axis. In Fig.]18 we show, asnetion
of the inclination angle to the observer, the differenceMeein the computed emission and
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the real intrinsic emission in the case of: (ipancil beamwith two hotspots of 1 km ra-
dius located at the neutron star magnetic poles, {i@abeamwith two accretion columns
of 1km in radius and 2km in height located at the neutron stagmatic poles. In both
cases we have simulated a non-beamed emission from thei@misgions and a Gaussian
beam pattern with a half opening angle of i8ee, e.gl, Basko and Sunyaev, 1975). This
beam pattern accounts for the angular distribution of therging photons, which boosts
the photons leaving (i) the hot spots perpendicular to thfase in case of @encitbeam
and (ii) the accretion columns sideways in fae-beam case. The calculated difference in
Figure[18 can be considered as the error that would be inteztion the estimate of the
source luminosity by assuming a simplified isotropic enoisgattern instead of the correct
one. The introduced error is larger in the pencil beam gegmehere the beamed-case eas-
ily leads to an over-estimation as large~a800%. There is a distinct range of inclinations
between 50and 130 where the derived luminosity is drastically under-estedaflhe pul-
sar is even not detectable betweefi @d 110 since the pencil beam never “strikes” the
observer (dashed region in Fig.J18). In the fan beam geontie¢reffect is more modest,
with the largest recorded over-estimation reachi#%. At inclinations between -2@nd
+20° the luminosity is underestimated, however, by -40% down7&%. For both con-
sidered emission cases, the error on the estimated lurtyriedimited to a maximum of
+25% once no beam pattern is assumed (dashed lines in Figvhigh can be interpreted
as a lower limit. We stress that, however, all these estidndiféerences strongly depend on
the assumed emission geometry, like the location of the etagpoles. The differences can
become even larger if: (i) a less favourable geometry isidensd for the inclination of the
neutron star's magnetic axis with respect to its rotati@nd and for the emission pattern;
(i) more extreme neutron star spin periods and magnetid<fiate explored.

Finally, a last source of uncertainty comes from the sourgay<flux obtained form the
observational data. Beside uncertainties due to the adililms of the X-ray instruments used
to carry out the observations (Guver etlal., 2015, see) dhe,bolometric flux of a source is
usually measured on a relatively small energy band (e.glOKeV) and then extrapolated
to a much wider range to obtain the bolometric luminosityidglly 0.1-100 keV). This
procedure can lead to a significant over- or under-estimatfahe source bolometric flux,
especially for those cases in which the spectral energyitalitibn is not accurately known
and fits to the observed X-ray spectra are performed with ghenological rather than
physically justified models (see the discussions in, e.eckBr et al., 2012; Farinelli etlal.,
20128,b).

It thus seems that, whenever accurate measurements anedeiguderive the physical
parameters of stellar winds or details on the accretionge®es in SgXBs from an X-ray
observation, caution should be taken on the estimatedvaluthe source luminosity.

4.5 The peculiar case of the SFXTs

SFXTs and classical SgXBs are known to have optical couattrpvith similar properties
(Masetti et al.| 2006; Chaty etlal., 2008; Rahoui et al., 3088en though dedicated opti-
cal/IR/UV spectroscopic monitoring campaigns of all thesarces have been performed
only rarely (especially for the SFXTs; see, e.g. Lorenzd.eR®10, 2014). In all cases,
these campaigns could only provide limited information teilar winds, as all SgXBs are
located several kpc away and the high extinction toward thegctions makes it impossible
to carry out detailed spectroscopic investigations asdbise for close-by supergiants (see

Sect[3).
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As we discussed in Sedf_#.1, if one assumes that the flareBXTSare produced
by direct accretion (see SeEf._2]2.2) of wind clumps ontorthetron star (as originally
suggested by_in't Zand, 2005), the derived clump masses eamsbarge as 8 g and
the required density ratio between the clumps and the oitnatps material should be of
the order of 16-10° (see Secf_411 and Walter and Zurita Heras, 2007; Leyder, &087;
Ducci et al.) 2009, 2010; Romano et al., 2010, 2012; Bozzdl,e2@l11). These values are
far too extreme compared to the more moderate clumpy wiraisatle expected according
to the results of the latest observational campaigns anceriaah simulations of hot stellar
winds (see Sedi. 4.1). Therefore, it seems that a simplepgiumnd scenario is not able to
account for the variability of the SFXTSs, at odds with whas haen found for the classical
SgXBs in Secf_4]1. Other mechanisms have thus to be invoked.

The similarity in the orbital periods of most SFXTs and cleakSgXBs complicates the
picture even more, so that models comprising only the aocr&bm the clumpy supergiant
wind and peculiar orbital geometries (Negueruela et aD62) are not able to fully explain
the difference between the two classes of systems. Howtheshigh proper motion re-
cently measured in the prototypical SFXT IGR J17544-26Xpeus the suggestion that at
least some SFXTs might have highly eccentric orhits (Mamuaet al., 2014). This would
lead to a slight decrease of the averaged X-ray luminositlyaemincrease in the achievable
dynamic range of the system, as a neutron star on an eccertiitcspends a long time
away from its companion in regions where the stellar windl(dmus the accretion) is lower
(Negueruela et all, 2006a). With the increasing obsenvimg targeted on SFXTs in the
last 10 years, it became evidehthat the case of IGR J17544-2619 might not be unique
and it was found that bright flares in a number of SFXTs appkstered at certain orbital
phases, assumed to be the periastron passage of a somewviugted orbit (Drave et al.,
2010; Romano et al., 2014b). However, even in these cases fla not necessarily occur at
every periastron passage (Sguera et al.,|2007; Drave 804l) and intense periods of X-
ray activity have been recorded by the same sources at ldigfances from the supergiant
(see, e.gl, Goossens et al., 2013) or spread along the eriitqSmith et al., 2012). Con-
troversial results about the distribution of flares alorgdlbit of XTE J1739-302 have been
obtained by different teams, although probably due onlifferént instrumental sensitivity
and observing strategy (Smith et al., 2012; Drave et al.0p01

The long term monitoring observations of many SFXTs, thaevearried out mainly to
search for the outbursts of these sources and the most bkblial phases at which these
events are occurring, clearly evidenced that these systeensignificantly sub-luminous
compared to other classical SgXBs. In particular, theiraye X-ray luminosity was mea-
sured to be a factor of 100 lower than that expected from aiclalsSgXB with a similar
orbital period|((Romano et al., 2011, 2014a). In IGR J1645944 the SFXT with the short-
est orbital period+{3 days) and, very likely, a circular orbit, a Suzaku obséovatllowed
to almost continuously and deeply cover 80% of the orbit abys (Sidoli et al., 2013). In
this source, the ratio between the scattered X-rays obdetveng the X-ray eclipse and
the level of the uneclipsed emission permitted to derivesdimate of the wind density at
the neutron star distance ok20-1* g cm 2 (Sidoli et al.| 20113). Assuming a spherical out-
flowing supergiant wind, this density implies a ratio betwelee wind mass loss rate and
the wind terminal veIocitWIW/um = 7x10"17 Mg /km. Assuming terminal wind velocities
from 500 to 3000 km s! (see Sec{_2]1), this ratio would imply an X-ray luminosity o

32 \We are not considering here in detail the case of the pecBRT IGR J11215-5952, where the out-
bursts are strictly periodic (Sidoli etlal.. 2006, 2007) #m&l occur at each periastron passage (Romano et al.,
2009a).
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Lx=3-15x10%¢ erg s 1 according to the standard wind accretion scenario (seeZjgTRis

is more than two orders of magnitude higher than the obsduarathosity. The conclusion
of all these studies is thus that, besides clumps and odddagjations (only in some cases),
a mechanism should be at work in all SFXTs to substantiatiuce the mass accretion rate
and the average X-ray luminosity.

A first attempt to address these issues by combining windetioormodels with hydro-
dynamic simulations of massive star winds was carried ol®$kinova et al. (2012), who
derived the implied X-ray variability of the system by assogna direct accretion scenario
and circular orbif&] (see also Sedi. 4.1). They obtained an extreme and consinkigay
variability at any orbital phase of the system achieving apight orders of magnitude in
luminosity. Not only this variability is significantly lagg than that observed in the SFXTSs,
but also the sub-luminosity issue of these sources coulbenaddressed. On one hand, the
large variability is related to the fact that the authors Eygd 1D hydrodynamic simula-
tions of the stellar wind, in which clumps are known to grovieb@e sizes and densities (i.e.,
much larger than those expected from multi-dimensionalkitions, see Sedi. 2.1.2). On
the other hand, this work highlighted again the need for alitiadal mechanism to reduce
the average mass accretion rate onto the neutron star,@ndeptly from the properties of
the stellar wind.

As illustrated in Secf. 2,212, a viable solution to redueertiass accretion rate onto the
neutron star is to assume that either centrifugal/magmgties are at work, or a settling
accretion regime sets in. The possibility of having a céugal inhibition of accretion in
SFXTs was first proposed by Grebenev and Sunyaev (2007 Heltron stars in SFXTs
are spending most of their time in the supersonic prope#igime, a reduction of the X-
ray luminosity by a factor of 100-1000 can be achieved coempdo the standard direct
accretion regime by assuming the neutron star is endowddanstandard magnetic field
(HM30~0.1-1) and a spin period in the rangel0-100 s (considering values for the stellar
wind parameters in agreement with those expected for O-Brgignts, see Ef. 26 ahd|35).
Combining the centrifugal barrier with the presence of a ematkly clumpy wind, one could
argue that the sporadic encounter of a dense clump with theamestar could provide the
required increase in the local density to switch from theessipnic propeller to the direct
accretion regime (see E{._]45) and produce a bright shortdmbserved in the SFXTs.
If a reasonable spread in density between different clumpssumed, the X-ray dynamic
range of the supersonic propeller could be combined withithplied by the simple direct
accretion from a clumpy wind (a facterl0-100, see Se¢i. 4.1) to nearly explain the extreme
variability of the SFXTs. The problem with the sole adoptadrihe centrifugal gate and the
clumpy wind is that such combination of mechanisms wouldoecable to explain why only
the SFXTs and not the classical SgXBs achieve an extremey Xamability: the neutron
stars hosted in these systems are characterized by sipitapsriods and in some cases
these can be significantly longer than 10-100 s (Table 2).

An alternative possibility would be to combine the preseoica magnetic gate with a
clumpy wind model. As it was shown in SeCf. 2]2.2, the magngdite can easily lead to
variations in the system luminosity by a factor of®1nd thus it would be better suited
to explain the SFXT X-ray dynamic range (see Ed.[28, 29,[apdTt® advantage of the
magnetic gate, compared to the centrifugal gate, is thabitldvrequire extremely large
neutron star magnetic fields to be at woglgd~10-100) and particularly long spin periods

33 |n their calculations the neutron star is not properly dmbgithe companion but is assumed to be fixed at
a certain distance while the variable and evolving wind @l in its direction. The feedback of the X-ray
radiation onto the stellar wind is also not included.



Unified view of of inhomogeneous stellar winds in supergistats and HXMB 69

(>1000 s). These values might not be unreasonable for a yourigonestar in an HMXB
and could provide a way to differentiate SFXTs from clads8gXBs (Bozzo et all, 2008).
According to this idea, SFXTs should host neutron stars wjtstematically longer spin
periods and more intense magnetic fields than classical Sg{Bwever, to date, there are
no consolidate measurements of SFXT spin periods (seelplaiad the only SFXTs where
a hint of the neutron star magnetic field value has been dersleows a low field of a few
10 33 (Sguera et all, 20010) or a few *B0G (Bhalerao et all, 20115).

A different way to significantly reduce the accretion rateéocothe neutron star with
respect to the direct accretion regime is the onset of dregtitcretion regime. As we dis-
cussed in Secf.2.2.2, this regime is believed to set in wheratcreting material is not
efficiently cooled down at the accretion radius (Egl 14) drelRayleigh-Taylor instabil-
ity is only able to drive a reduced mass flow rate through thérona star magnetosphere.
Depending on the dominating cooling mechanism at the magpkeric radius, it can be
seen from Eq.41 arld %2 that the accretion rate can be redycadastor ranging from 3
to 10 with respect to the direct accretion regime. On one hidmede reductions in the mass
accretion rates are too small to reproduce the entire dynaanige of the SFXTs, and in
particular to explain their lowest luminosity statés£10° erg s'1). As both Eq[4l and
[42 give the reduction in mass accretion rate as a functioheofverage source luminosity,
it would be possible to achieve the low X-ray emission levielhe SFXTs in quiescence
within the settling accretion regime only by assuming thaX®$s area priori significantly
fainter in X-rays than the classical SgXBs. This can onlydadized if the average mass-loss
rate of the supergiant stars in the SFXTs is lower by a fadt@fel00 compared to those of
supergiant stars in classical SgXBs. This reduction in A@ssrate is, however, difficult to
reconcile with the present information we have availabléhmse stars, as the latter do not
seem to be systematically different from supergiants issital SgXBs (see Sett. 4). On the
other hand, the high X-ray luminosity reached during the B& Krighter outbursts is not
easily achieved within the settling accretion regime andldioequire the presence of very
dense and massive clumps to increase the local mass anais onto the neutron star by
a factor of~100-1000. As such large clumps seem not realistic given @sgmt knowledge
of massive star winds (see Se€is. 2[1.2, 3.9add 4.1, bu2dl}), an alternative possibility
was discussed hy Shakura et al. (2014). These authors seddpeat the bright SFXT out-
bursts could be triggered by the collapse onto the neuteoro$all (or part of) the hot shell
that forms around the compact object in the settling acmmeteégime. The collapse of the
shell might occur sporadically due to reconnection eveata/ben the supergiant magnetic
field embedded in the accreting material and the neutromﬁgnetosphe@. The advan-
tage of this idea is that the excess mass accretion ratereelioi reach the luminosities of
the SFXTs during their outbursts is provided by accumutatidgthin the hot shell around
the neutron star rather than the presence of large clump&ughet al. (2014) noted that the
typical energy released in an SFXT bright flare¥8.0 10*° erg) would be consistent with
the estimated mass of the entire hot shell around the coropgestt (see also the discussion
inDrave et al., 2014).

Paizis and Sidoli (2014) also proposed that the settlingegion model seems to be sup-
ported by the hard X-ray (20-100 keV) cumulative luminodgtgtributions of the SFXTs
bright flares as observed witNTEGRAL(IBIS/ISGRI) in the past 10 years. The main ob-
servational result of this study is that the cumulative loosity distributions of the SFXTs

34 Note that this measurement has not been confirméd by Sgualid2015).

35 Note that this event is considered sporadic because itresjthie two magnetic fields to be aligned
along a preferred geometry and it is being assumed hererthathe winds of supergiant stars in SFXTs are
sufficiently magnetized to give rise to such effects as brgtbursts are not observed in classical SgXBs.
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flares are well described by a power-law and seem differemh fthe one shown by clas-
sical persistent HMXBs (Vela X-1 and 4U 1700-37, where thestrfoequent state is at
high luminosity, around 1-210%6). The latter are more similar to log-normal distributions,
as expected for a system accreting from a clumpy rather ttan & smooth wind (see
Sect[4.11). Paizis and Sidali (2014) noted that the powerfiteof the SFXT cumulative lu-
minosity distributions is reminiscent of Self-OrganizegtiCality (SOC) Systems (see, e.g.,
Aschwanden, 2013). A SOC (Bak et al., 1987) is a system ribt@elving into a critical
state where a minor event is able to start a chain reactialingdo a catastrophe, like the
unpredictable “avalanches” in a sand-pile, when a certatability threshold is reached.
Several phenomena are believed to behave like SOC systefas:flares, lunar craters,
earthquakes, landslides, forest fires, ...(Newrnan,|200%). power-law scaling of SFXTs
cumulative luminosity distributions was thus consideradgestive of the fact that SFXTs
flares can be associated to “avalanches” in SOC systemshahictriggered when a crit-
ical state is reached. This would provide support in favduhe settling accretion model,
where the hot matter stored in the shell can penetrate thaeet@gphere only if it is able
to cool down to a critical temperature (see discussion abodeSect, 2.2]2). According to
this interpretation, the observed power-law luminositstdbutions of SFXTs flares might
be coupled to the properties of the magnetized stellar wirtklae physics of its interaction
with the neutron star magnetosphere (Shakuralét al.| 2ibda@)alogy to what happens, e.g.,
in the case of the solar flares (these are believed to be pedducthe reconnection of the
coronal magnetic field and show a power-law distributiontl@ee et al.| 1974).

The results presented by Paizis and Sidoli (2014) were taiticized by Bozzo et al.
(2015). These authors used the long-term monitoring obtens of many SFXTs carried
out with the XRT on-boardswift to build the cumulative luminosity distributions of the
SFXTs emission in the soft X-ray domain (0.5-10 keV). Thattkéhe higher sensitivity of
the XRT compared to ISGRI for the low luminosity states of 8#XTs, it was possible to
show that the approximated power-law shape of the cumel&iminosity distributions of
these sources is no longer valid when the investigated @misange extends all the way
down to~10%2 erg s1. From these results, it was concluded that$wéft/XRTcumulative
luminosity distributions of the SFXTs could have a similanétional shape as those of other
SgXBs in the soft X-rays, but they are simply shifted to lodweninosities. This shift was
interpreted as additional evidence of the strong inhibitid accretion that seems to affect
all SFXTs (see also_ Romano et al., 2014a). We note that tloeegiancy between the soft
and hard X-ray cumulative luminosity distributions of thEX3's could be explained by
the fact that INTEGRAL caught only the emission during thesa(so that the cumulative
luminosity distributions reported hy Paizis and Sidoli 12) are distributions of the X-ray
flares peaks only), while the luminosity distributions repd by Bozzo et all (2015) include
data collected from all SFXT emission states. At presert itat possible to discriminate
through the XRT data if the inhibition of accretion in SFXT®Mpared to other SgXBs)
is due to the presence of a centrifugal/magnetic gate or tisetoof a settling accretion
regime. As discussed hy Bozzo et al. (2015) neither of thepussibilities seem able at
present to satisfactorily explain the difference betwdassical SgXBs and SFXTs, as one
would require large spin periods and magnetic fields thanatemeasured in the SFXTs
and the other would imply a substantially lower mass-lose fam the supergiant stars
in SFXTs for which there is no clear supporting evidence. iBsae of the peculiar SFXT
X-ray variability thus remains highly debated.

Finally, it cannot be excluded that the class of SFXTs ismbgeneous, including mas-
sive binaries where different mechanisms driving the Xftasing transient behaviour are
at work: sources where the flaring activity is sporadic angredictable are probably dif-
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ferent from SFXTs where the outbursts are periodic, as itigcéor IGR J11215-5952
(Sidoli et al., 2006, 2007). For this source, Sidoli et aDd?) proposed that the periodic
and short outbursts are produced when the neutron staresrasdenser and slower com-
ponent in the supergiant wind, inclined with respect to th#tal plane. This putative sec-
ond component of the supergiant wind could probably be duadaonor magnetic field
that is able to steadily compress the out-flowing wind on®rttagnetic equatorial plane.
The minimal supergiant magnetic fieldRB, needed to compress the wind can be esti-
mated from the “wind magnetic confinement parametgiud-Doula and Owaockl, 2002),
assuming)=1: Bmin = v/ MU« /R,. FollowinglRomano et al. (2009b) and assuming the up-
dated stellar parameters reported by Lorenzo et al. (20R4340 R., My,=10"% M, yr~1,
U=1200 km s1), one would get B;,~30 G. So far, a measurement of the magnetic field
in the supergiant companions of SFXTs has not been perforthédable, it could help in-
vestigating the applicability of the proposed model for IGR215-5952 in the near future.
It should be noted, however, that no evidence for the secendadwind component around
the supergiant star in IGR J11215-5952 has been found toosughie model proposed by
Sidoli et al. (2007), despite the intensive searches chaig byl Negueruela et al. (2010).

A slightly different interpretation of the peculiar SFXTR3111215-5952 was proposed
bylLorenzo et all(2014). These authors obtained high-uésal spectra of the optical coun-
terpart of IGR J11215-5952, HD 306414, spanning three nsoatfd including one of its
outbursts (in 2007 February). The supergiant star HD 30&#bdved significant variability
of the H, line (shape and centroid of the emission feature) simuttasly with the X-ray
outburst, but similar variabilities were also observedeseweeks before the peak of the
X-ray outburst (i.e. about 1/3 of the orbital period) whenXoay flaring activity was ex-
pected. It was thus suggested that IGR J11215-5952 migbktdkarge eccentricity (around
0.8) and that the neutron star in this system is able to azenetterial from the wind of
the companion only when it is close to its atmosphere dutiegperiastron passage. In this
configuration, the accretion would thus most likely takecpl&rom a transient tidal stream
through the inner Lagrangian point, which could lead to threnfation of a transient accre-
tion disk, in turns triggering the periodic X-ray outbursts

The formation of short-lived accretion disks around thetreeustars in the SFXTs is
also a possibility that has been discussed in several workshiance the achievable X-ray
luminosity in these systems. So far, no observational edid®f an accretion disk could be
found during the observations of quiescent and out-bug#iRXTs, but Ducci et al. (2010)
showed that an accretion disk could be formed especiallystesns characterized by a
short orbital period, a high X-ray luminosity, and a non figiple eccentricity. The idea
is that in those cases in which the X-ray luminosity is higlowgh to significantly slow
down the stellar wind at the neutron star location and thepamnobject is close to the
supergiant, the accretion radius becomes large enouglhghangular momentum of the
accreting material can not be neglected any longer. Althahg formation and dissipation
of these short-lived accretion disks is far from being ustterd, it is well known that an
accretion disk can sustain a significantly higher mass &oareate than the one of a wind-
fed system and can thus lead to higher X-ray luminosities, (sg.| Frank et al., 2002). At
least in one case, it has been convincingly shown that tHelpe@nosity reached during an
SFXT outburst was far too high to be achievable through dgiccrérom a supergiant stellar
wind and it was suggested that a disk around the neutron staufevmed slightly before
the event/(Romano etlal., 2015). However, no significant gaarin the X-ray emission
from the source or other observational features could bedda firmly support this idea.
Another extreme behaviour from a SFXT has been observed BEGRAL in the SFXT
IGR J18483-0311l (Sguera et al., 2015), with an unusuallyg lmutburst spanning 11 days
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(instead of a few hours), an interval of time lasting abo#o6G8f the orbit. The long-based
observational data-set available now, after 10 years shee8&FXTs’ discovery, is allowing
us to catch even the most extreme (and rare) behaviours remémbers of the class.
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5 Conclusions

This review attempts to combine the efforts of two differsecientific communities that have
been independently working to improve our understandingha$sive star winds by using
either isolated objects or massive stars in binary systéfasave largely reviewed the state-
of-the-art of the research in the two fields and showed thatltiving aim of these studies
in both communities has been the investigation of the phaypioperties of dense structures
populating the surroundings in isolated massive stars aedifig the compact objects in
massive binaries. In the former, our relatively limited Wwhedge on the properties of these
structures lead to systematic uncertainties in the estidnatass loss rates from massive
stars. Consequently, our ability to reconstruct the lommtevolution of these sources and
to properly evaluate their role influencing their enviromtnis limited. In the field of massive
binaries, in turn, the lack of a proper understanding of #m@es structures represents one
of our major limitations in the theoretical modelling of thend accretion process onto the
compact objects and thus on the ability to predict and repredheir extreme variability in
the X-ray domain (where the bulk of the energy from theseesystis released).

The investigation of stellar winds in isolated massivesstas progressed significantly
in the past years not only thanks to the availability of inyer high sensitivity data in the
optical, UV, and X-ray domain, but also to the developmenmnofe and more sophisticated
numerical simulations. Although many advances have beeaternmadifferent areas, we il-
lustrated in the course of this review how a large number fl&imental issues are still far
from being solved. Among these, various approaches are luselifferent groups in ap-
plying micro and macro-clumping methods, sometimes regulh different derived mass
loss rates and wind properties of massive stars. The foomatid origin of wind clumps is
also still a matter of debate, as different mechanisms haee proposed to produce these
structures and drive their evolution in shape, density,\ahdcity over time.

In massive binaries, we particularly highlighted in theiegwhow the degeneracy be-
tween the properties of the accretion flow regulated by tbkestwind (wind velocity and
density, mass loss rates, ionization status) and the gllysécameters of the compact ob-
ject (mainly mass, radius, spin, and magnetic field strerigtall available models makes it
very challenging to understand the details of the accrgifonesses and distinguish among
the different proposed mechanisms to drive the releaseediiitih energy radiations from
these systems. The advent of the current generation of Xlagrvatories, the main energy
domain where observations of these systems are carriegh@unhitted to gain important
insights into the accretion of stellar winds onto compagects. This has been possible
mainly through spectral and timing analyses performed liyguisitegration times as short
as the dynamical timescales of the relevant physical pseseéheating/cooling of the ac-
cretion flow, free-fall motion). These results opened thergsting possibility of using the
compact objects in these systems as prabesitu of the stellar wind and its structures.
This could thus provide, in principle, independent measars to be compared with those
derived from the studies of isolated massive stars. Thelolewvent of detailed theoretical
models and advanced numerical simulations of wind acgetystems has shown, how-
ever, that it is very challenging to distinguish betweeffiedént possible accretion regimes.
The gravitational field of the compact object, as well asadtational period and magnetic
field strength, can greatly alter the geometry of the acumefliow. Thus the properties of
the stellar wind and its structures inferred from measuremef the X-ray luminosity and
spectral variations in the binary sources have to be takém egiution. The availability of
more predictable properties for the stellar wind and itacttires for a given massive star
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with a known spectral classification could allow us to remsvme of the degeneracies and
distinguish between different proposed accretion scesari

It thus seems that combining observational, theoretical semulation efforts of massive
star winds and wind accretion in binary sources could adgtdéad to significant simulta-
neous advantages for both fields of research, advancingnol@rstanding of the accretion
physics as well as of the galactic and cosmic evolution. lisreason we intend to purse the
common interests of this combined community in the yearotoecby promoting: (i) the
development of a new generation of hydrodynamic/magnel@ulynamic simulations that
can take into account the formation and evolution of stelliaxds in presence of a compact
object; (ii) the organization of multi-wavelength obsdiwaal campaigns that take mutual
advantage of the different diagnostic techniques expdibe isolated massive stars in the
optical/UV/X-rays with those adopted by the binary comntyitd the properties of stellar
winds; (iii) advances in theoretical studies of the intéiat between the X-ray radiation
from accreting compact objects and stellar winds, esggdiratases of highly inhomoge-
neous flows.
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