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Abstract Mass loss is a key process in the evolution of massive starsnaist
be understoodjuantitativelyif it is to be successfully included in broader as-
trophysical applications such as galactic and cosmic eeoliand ionization.
In this review, we discuss various aspects of radiation drivensniass, both
from the theoretical and the observational side. We focus on davents in
the past decade, concentrating on the winds from OB-stars, witle sxcur-
sions to the winds from Luminous Blue Variables (including stipédington,
continuum-driven winds), winds from Wolf-Rayet stars, A-supergiamtd Cen-
tral Stars of Planetary Nebulae. After recapitulating the 1-Dicstary standard
modelof line-driven winds, extensions accounting for rotation andnedic fields
are discussed. Stationary wind models are presented that ptbeidestical pre-
dictions for the mass-loss rates as a function of spectral typ&llioiy, and
the proximity to the Eddington limit. The relevance of the slechbi-stability
jump is outlined. We summarize diagnostical methods to inferdwproperties
from observations, and compare the results from corresponding agmspéin-
cluding the VLTFLAMES survey of massive stars) with theoretical predictions,
featuring the mass loss-metallicity dependence. Subseguemticoncentrate on
two urgent problemsyeak windsand wind-clumping that have been identified
from various diagnostics and that challenge our present unddistpof radia-
tion driven winds. We discuss the problems of “measuring” mass-tates from
weak winds and the potential of the NIR Bline as a tool to enable a more pre-
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cise quantification, and comment on physical explanationsfss-loss rates that
are much lower than predicted by the standard model. Wind-clapgionven-
tionally interpreted as the consequence of a strong instabiliierent to radiative
line-driving, has severe implications for the interpretation lofervational diag-
nostics, since derived mass-loss rates are usually overedimbén clumping is
present but ignored in the analyses. Depending on the speefioakstics, such
overestimates can amount to factors of 2 to 10, and we descrgmrmnattempts
to allow for more uniform results. We point out that independegtiarents from
stellar evolution favor a moderate reduction of present-daystess rates. We
also consider larger scale wind structure, interpreted in tefrog-ootating inter-
acting regions, and complete this review with a discussion adreprogress on
the X-rayline emission from massive stars. Such emission is thought to ot&gina
both from magnetically confined winds and from non-magnetic wiirdghe lat-
ter case related to the line-driven instability and/or clumpygb collisions. We
highlight as to how far the analysis of such X-ray line emissian give further
clues regarding an adequate description of wind clumping.

Keywords hydrodynamics stars: atmospheresstars: early-type stars: mass
loss- stars: winds, outflows

1 Introduction

Within the last decade, our understanding of the physics akiva stars has sig-
nificantly improved. It has been realized that massive stars areatrgents in
galactic evolution, during both the present epoch as well gsdarearly Universe,
and they are regarded as “cosmic engines” (Bresolin et al 2008)inEtance,
a population of very massive, First Stars (for a recent review, seesdo et al
2008) is thought to play a dominant role in the reionizatiorheftniverse and its
first enrichment with metals. Already with the next generatiotetdscopes, the
integrated light from these First Generations of Stars might becolnservable
in the near-infrared (NIR), by means of y(Barton et al 2004) and HeA 1640
(Kudritzki and The GSMT Science Working Group 2003) emission froendur-
rounding interstellar mediunif, the corresponding initial mass function (IMF) is
indeed top-heavy (Abel et al 2000, Bromm et al 2001). A proper kadgé of
the mass-loss mechanisms during such early stages is cruciatl&ystand the
interplay of these First Stars with their environments. Anotfighlight concerns
the long gamma-ray bursters (GRBs), which are likely the result ofahminal
collapse of massive stars at low metallicity. GRBs may alsmbee important
tracers of the star formation history of the Universe at high redshifain, mass
loss plays a dominant role in the evolution of angular-mommanitss, thus con-
trolling whether the star will become such a burster.

There are three factors which have contributed to the aforemedtfogress:
(i) new observational facilities such as ground-based 10-m tdéesscopes equip-
ped with multi-object spectrographs, and space-born obsen&teiile spectro-
scopic capabilities in the ultravioleH§T, FUSE, GALEX), infrared E6PITZER),
X-ray (XMM -NEWTON, CHANDRA), and in they-ray (HETE-2, SWIFT) domains;
(ii) the development of simulations of complex physical pases in the interior
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and outer envelopes of massive stars, such as rotation ancttitafigids; and (iii)
the advancement of model atmospheres and radiative trandf@idees.

Modeling the atmospheres of hot stars is a tremendous challergi® severe
departures from Local Thermodynamic Equilibrium (LTE) becausé®irntense
radiation, low densities, and the presence of supersonic itselidelds initiated
by the transfer of momentum from the stellar radiation field to tmeoapheric
plasma. Radiation-driven winds are fundamentally importargrawviding energy
(kinetic and ionizing radiation) and momentum input into thd|Sn creating
wind-blown bubbles and circumstellar shells, and in triggemstay formation.
They can affect stellar evolution by modifying evolutionamndiscales, surface
abundances, and stellar luminosities. The mass loss daeshoinfluence the
stellar evolution but also the atmospheric structure, and suiegd to be properly
modeled to derive the correct stellar parameters by meagsaititative spec-
troscopy

The last review on radiation-driven winds from hot stars was givetiy
dritzki and Puls (2000) who concentrated on the derivation alidration of the
so-calledvind-momentum luminosity relatigd/LR) and its potential application
as an extra-galactic distance indicator. Thereafter, effiothods have been de-
veloped that allow fotheoretical prediction®f mass-loss rates as a function of
stellar parameters in the complete upper HRD (Vink et al 200012&nd these
can be used to check our standard picture of radiation-drivensafrdugh com-
parison with empirical results. Owing to the enormous improvemgnobserva-
tional capabilities and diagnostic methods, a humber oflng phenomena have
meanwhile emerged, and this has resulted in exciting spémutecand theoretical
developments which are by no means settled. To name two ofdseprominent,
there is the so-calledreak-wind problemvhich indicates that the mass-loss rates
from late O-/early B-type dwarfs might be a factor of 10 to 100 lowanttheoret-
ically expected, challenging our understanding of radiatidwen winds. Second,
there is the issue afind-clumpingwhich refers to small-scale density inhomo-
geneities distributed across the wind. Because clumpingtéooimates” almost
all our mass-loss sensitive diagnostics, it might result wese down-sizing of
previously derived mass-loss rates, and consequently imgprifisantly our un-
derstanding of stellar and galactic evolution.

It is the goal of this review to provide an overview of these dewelents,
to outline their implications, and to indicate possible diiens for future work.
Because of the breadth of the topic and its complexity, we aacover all as-
pects. Instead, we primarily focus our review on the winds feimgle “normal”
hot massive stars in well-established evolutionary stagds asi©B-dwarfs, gi-
ants, and supergiants, and on some of the most relevant agp¢ieé winds from
Luminous Blue Variables (LBVs) and Wolf-Rayet (WR) stars (detaitea re-
cent review by Crowther 2007). We also consider the winds from r@estars
of Planetary Nebulae (CSPN) which are thought to obey similgsiphl rules as
their massive O-star counterparts. For a review on physical pseserelated to
wind-wind collisions in binary systems, we refer to De Becker {200

This review is organized in such a way that most chapters candukinee-
pendently from each other. Sect. 2.1 provides the basic linemxiind theory in
terms of a 1-D, stationary model with statistically distributees. In Sect. 2.2
this “standard model” is extended by accounting for the intéyaavith rotation
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and magnetic fields, which are not only important when the figlengths are
large, as it is the case for few “norm&lOB stars, but also when the wind density
is quite low and relatively modest fields are present.

In Sect. 3, we compare and contrast the various stationary winelspdo-
viding theoretical predictions for the mass-loss rates as a imofispectral type,
metallicity, and the proximity to the Eddington limit. We facan predictions ob-
tained by Monte Carlo methods for stars in various evolutionagsph (OBA,
LBV, WR) and for various chemical mixtures. These prescriptiores wsed in
most modern evolutionary calculations and are generally referrethém obser-
vational findings are compared to theory. An issue of particulavaace is the
so-calledbi-stability jump. Objects below a specific effective temperature (around
25 kK, kK = kilo Kelvin) should have systematically larger ssaloss rates and
lower terminal wind velocities than objects above this jumperature, due to
an abrupt change in the ionization equilibrium of iron, the nitmgtortant element
with respect to line-driving in the inner wind.

After a brief discussion of various wind-diagnostics and thearspand cons,
recent observational results and their comparisons with theakgtedictions are
summarized in Sect. 4. We first demonstrate how the continuinglalement of
NLTE model atmospheres has led to severe parameter changes thgeitclu-
sion of metal-line and wind-blanketing. Most affected is thieafve tempera-
ture scale of Galactic OB-stars, with the new temperatures signifiy below the
older ones. We subsequently present observationally deriirediparameters for
OBA-stars, LBVs, and WRs, and we discuss their implicatiop&ctl emphasis
is given to the VLTFLAMES survey of massive stars in the Galaxy and the Mag-
ellanic Clouds (Evans et al 2005, 2006) which allowed for a @iown of stellar
and wind parameters of a large sample of objects, enablingadletbempirical
study of the mass loss-metallicity dependence. We also d¢opigs such as the
winds from BA-supergiants beyond the Magellanic Clouds, thes/from CSPN,
and we end with an excursion to super-Eddingtmmtinuum-driverwinds which
might be relevant for the giant eruptions of LBVs.

At first glance, Sect. 4 might give the impression that theoryarskrvations
largely agree and that only a few items remain to be clarified befatretar winds
can be regarded as “understood”. Indeed this was a widely hekf béekthe end
of the 1990’s. In the meantime, however, the issues of winthplng and weak
winds (see above) have now emerged as urgent.

In Sect. 5 we specify the “weak wind problem” and discuss varidysical
processes which might be responsible for the apparent dilemmaewionstrate
the challenges for conventional mass-loss diagnostics #adrbe rather insen-
sitive for very low mass-loss rates. As an alternative diagnosticdiscuss the
potential of the NIR Bg-line as a tool to enable more precise measurements and
that might allow for a quantification of the mass-loss “defigiith respect to the-
oretical predictions.

Sect. 6 is devoted to another central topic of current activitgtellar wind
research, comprising various aspects of wind-structure and tipendence —
neglected in the standard model. After a summary of observétioings, we
provide theoretical arguments which show that line-driven wiate subject to
a strong instability inherent to the line acceleration itsekiisTline-driven (or

1 as opposed to the chemically peculiar Ap/Bp-stars.
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de-shadowing) instability has been proposed to be the origimid-clumping
triggering the formation oémall-scalestructure. In Sect. 6.3, we discuss this in
detail. Clumping has severe implications for the interpretatibobserved line-
profiles, particularly with respect to the derived mass-loss r&esventional
recombination-based?-processes such as,HIR, and radio-excess become very
sensitive to clumping, resulting in overestimated mass-laes rahen clumping
is present but has been neglected in the analyses. We dismiggsvdiagnostic
methods to investigate the clumping properties of stellad&smd to derive “true”
mass-loss rates. Corresponding results disagree with respeet é¢sttimated de-
gree of mass-loss reduction, ranging from factors in between 2 grehtiCeven
more. Potential problems with these diagnostics have beetifidd by different
research groups and are likely related to ploeosityof a clumped wind medium
and the corresponding velocity spaceyorosity. We finish the section with some
independent insights from stellar evolution, which suggeat the reduction of
the mass-loss rates is more likely to be moderate.

Turning to larger-scale structure, Sect. 6.4 coversltherete absorption com-
ponent{DACs) andmodulation featuresas well as corresponding time-dependent
models of co-rotating interaction zones (CIRs) and co-rotatinignahally ex-
tended structures which might be responsible for these othatstall phenom-
ena.

Since the first X-ray measurements of massive stars became t&/gailatas
clear that they are strong X-ray emitters. In Sect. 6.5, we revievstiuels of
the X-ray windline emissionas observed bxMM-NEWTON and CHANDRA.
This emission has been interpreted to either result from magdigticonfined
winds or to result from shocks embedded in the wind, likely reldtethe line-
driven instability or clump-clump collisions. Recent diagtics has enabled to
“measure” the onset of this emission, and current analysézeutile line emission
as a tool to deduce the degree of wind-clumping, its radial Higion, and the
shape of the clumps. We report on corresponding results and atiphs.

In Sect. 7, we summarize the most important achievements eltainring
the last decade of wind research and provide some future prospects.

2 Line driven winds of hot stars — theoretical background

As each photon carries momentuma,/c, it was speculated as early as in the 1920s
(e.g., Milne 1926) that radiative acceleration by spectralslimeéght be capable
of ejecting metal ions from stellar atmospheres. However, & nat until UV
balloon flights in the late 1960s that the theory of radiatioe ldriving became
the leading theory for the steady outflows from hot luminous OBsstaucy and
Solomon (1970) and Castor et al (1975) realized that if the acaibn exerted
on the metal ions could be shared with the more abundant hydaaghelium
species in the plasma, it could result in a significant massfiteM, of the order

of 10-8M,yr—1, which might affect the evolution of massive stars in a sultigtan
manner.
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2.1 The standard model (1-D, stationary, smooth)

Momentum transfer by line scattering.In the following, we will concentrate
on those lines that contribute to most of the total accelaeratie., resonance =
scattering lines from ionic ground states (C,N,O,. . .) or lowgyineta-stable lev-
els (iron group elements). The principal concept of momentum feeaby line-
scattering is that the initial photon originates from a particualiaection in the
stellar photosphere, whereas the subsequent re-emission i®niess isotropic,
or, to be more precise, at least fore-aft symmetric with respect toaittial di-
rection. This change in direction angdeleads to a radial transfer of momentum,
AP = h/c(vin cosBi, — VoutCosBout) (for details, see, e.g., Puls 1987), and this an-
gle change (together with the Doppler-effect, see below) igdlyeof the momen-
tum transfer and associated radiative line acceleration.

When integrating this momentum transfer over all scatterirtys,|dsses or
gains due to re-emission processes cancel because of fore-aft symesilting
in a radially directed, total line accelerati@if. This acceleration acts on the to-
tal wind plasma, as long as the momentum gained by the meistan be shared
with the more abundant ions of H and/or He which are (usually éexelerated
due to far fewer lines close to the stellar flux maximum.

Coulomb coupling. For denser winds, the momentum transfer from the active
metal ions to the passive hydrogen and helium ions is easfiilédlvia Coulomb
collisions, but this may no longer hold for tenuous winds. ©he-fluid approxi-
mation is applicable as long as the active ions are slowed @dficiently through
electric charge interactions with the passive particles,ithe relevant time scale
for momentum transfer due to collisions is small in comparisdhédime the ac-
tive ions (accelerated by line acceleration) need to drift apart fiteenpassive
ones. For a one-component medium, this drift veloaigyscales withp~1 (with
densityp; for details, see Springmann 1991). Thus, decouphgg>(Vi, with vy,

the thermal velocity, here for the dominant passive ion) andegieent ionic run-
away can be expected to become most relevant for stars with srasdl-loss rates
and large terminal wind velocitieg, (Springmann and Pauldrach 1992, Babel
1995, 1996, Kritka and Kulat 2000, Owocki and Puls 2002, Kikia et al 2003).

Basic assumptions, equation of motionn order to predict the physical structure
of a line-driven wind, let us first employ the so-called standardehdr his model
assumes the wind to be stationary, homogeneous (e.g., nossboclumps) and
spherically symmetric, which is justified as long as rotatiod aragnetic fields
(covered in Sect. 2.2) can be neglected, since all external faregzurely radial.

In this case, the total mass flux (or mass-loss rate) through a sphshiell
with radiusr surrounding the star is conserved, as may be seen from the equation
of continuity

M = 4mr?p (r)v(r) = constant 1)
The corresponding (stationary) momentum equation reads

dv GM 1dp
Va = —rT — —— + Grad (2)
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with inwards directed gravitational acceleration and outwaidscted pressure

(p) term and radiative acceleration. The necessary conditionif@ting a stellar
wind is that the total radiative acceleratiapag = ging + g%, exceeds gravity
beyond a certain point in the outer photospheric layers. Wetetjuation of state,

p = a2p, wherea is the isothermal speed of sound, and using Eq. 1, the equation
of motion is given by

M
T T - -7 4+ G @)

The radiative acceleration. The prime challenge lies in accurately predicting the
Orad term in the equation of motion. For free electrons (the Thomsoeleation),
this is simply proportional to the Thomson opacity = sp (Se proportional to
cross section) times the flux:

1 ol

nga{‘d = 6477;2 = ggravr ) (4)
with Eddington’sl”. However in reality line scattering is the more dominant con-
tributor to the overall radiative acceleration. The reason is(théne scattering is
intrinsically much stronger than electron scattering, due éarésonant nature of
bound-bound transitions (Gayley 1995), and (ii) that althougtqrts and matter
are only allowed to interact at specific frequencies, they candmdeno resonate
over a wide range of stellar wind radii via the Doppler effect (efews by Ab-
bott 1984, Owocki 1994a).

For a single line at frequenayand line optical depth illuminated by radially
streaming photons, the line acceleration can be approximattms of purely
local quantities within the so-called Sobolev theory (Sob@@&0). Under typical
conditions, this approximation applies for the supersonicgiate wind, and, to
a lesser extent, also for the transonic region as long as opaoityce function
and velocity gradient do not change significantly over a vgldaterval Av = vy,
corresponding to a geometrically region of widlin ~ vy, /(dv/dr) =: LSO the
so-called Sobolev length. Insofar, the line optical depthpeading atmospheres
has an entirely different character than in hydrostatic photrgsh in winds, the
interaction between photon and absorbing atom is restricteadgian of width
LS°P which is usually very narrow, and the line optical depth becoare(almost)
local quantity

Using this approximation, the line acceleration can be exprkas

; Lyv dv. 1 _
g'r'QSi = m (a) E (1-e7), (%)

wherelL, is the luminosity at line frequency, and the (radial) line optitspth, in
the Sobolev approximation, is

T~ 5% = YA /(dv/dr), (6)

with x the frequency integrated line-opacity ahthe transition wavelength. Note
that for optically thin linest < 1, the acceleration becomes indendent of the ve-
locity field and recovers the same functional form as Eg. 4, withreplaced by
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XLy, whereas for optically thick lineg, > 1, the line acceleration depends on the
spatial velocity gradientiv/dr. This dependence (unique in physics and being a
consequence of the Doppler effect) is the origin of a numbeseotijiar features
related to radiative line driving, as we will see in Sect. 6.

The final exercise is now to sum over all contributing lines,akihifollowing
the ideas by Castor et al (1975, “CAK"), is conventionally dbgeaising so-called
line-strength distribution functions, which describe the staial dependence of
the number of lines on frequency position and line-strength,

k= ﬁi (7)
P SeVih
k. measures the line opacity in units of the Thomson opacity Emdesonance
lines and frozen in ionization, remains constant throughoutatimel. From in-
vestigating an ensemble ofiC lines (in LTE), CAK modeled the corresponding
distribution function by a power law,

dN(v, k) = —No fy, (v)k " 2dvdk, (8)

with 0 < o < 1, N, a normalization constant arfg(v) the frequency distribution,
which is rather independent from the distribution in line-streniytore elaborate
calculations including ions from all participating elements/é confirmed this
approach (see Fig. 1, left panel).

Combining the radiative line acceleration (Eq. 5) and the thistion of lines,
(Eqg. 8), thetotal line acceleration can be calculated by integration, and,atig
CAK, expressed in terms of the Thomson acceleration (Eqg. 4) phelti by a
factorM, the so-called force-multiplier,

e dv/dr
Gad _ 1) — kpa g (M9 ©)
Yrad P

(for details see, e.g., Puls et al 2000, and for an alternativeesmes advanta-
geous, formulation Gayley 1995). The optical depth paramigter,

_ SVihP 1

=t e T k=D

(10)

is the optical depth of a line with an opacity equal to Thomsoattering, or, alter-
natively, corresponds to the inverse of the line-strength ofewiith unit optical
depth. Because of the power-law distribution, the line-acaétn is dominated
by lines distributed around a line-strendgh(t = 1) =t=%(r) (& 1 to 2 dex above
and below this value, depending am.

The force-multiplier parametdt is proportional to the effective, i.e., flux-
weighted number of lines stronger than Thomson-scatteNag? and can be
interpreted as the fraction of flux that would be blocked alreadthé photo-
sphere if all lines were optically thickt does not only correspond to the slope of
the line-strength distribution, but, more generally, quantidils®the ratio of the

2 For the above power-law distributiole = No/(1 — a) x [y’ (Lyv/L)fy(v)dv, k =
(vin/C)I" (ar) x Negr, With vy, the thermal speed of a representative ion (chosen as hydinge
CAK) and Gamma-functiofi (a) ~ 1/a for the values considered here.
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line acceleration from optically thick lines to the totalann case of deviations
from a power-law distribution, the radiative acceleration atfiocer is controlled
by itslocal slopea aroundk, (1 = 1) (Puls et al 2000).

This line force description can easily be extended with an fdit depen-
dence viang;1/W)? to account for ionization effects (Abbott 1982), in the real-
istic case that the ionization it frozen in fieq; is the electron density in units
of 10! cm=3, andW the dilution factor of the radiation field). Under typical O-
star conditionsg is small (of the order of 0.1, see below), but can reach larger
(positive or even negative) values if either the ionizatiqoibrium changes sig-
nificantly throughout the wind (which might happen in denseds)ror the wind
is mostly driven by hydrogen and helium lines, in case of extigmmeetal-poor
stars (see page 11). Note that in any case not a free parameter, but has to be
determined — in parallel with the other two force-multiplier paed@nsk and o
— in a self-consistent way from the (NLTE-) line opacities and théatah field
(see, e.g., Pauldrach et al 1994).

Finally, the so-called finite cone angle correction factor lmabé included
to account for non-radially streaming photons (Pauldrach et &,1@8end and
Abbott 1986).

Solving the equation of motion.Also for the complete line sample, the radia-
tive acceleration depends om/dir (now through a power ofr, Eq. 9), and it is
conventionally assumed that this term has a similar mearsrtgeavelocity gra-
dient entering the inertial term on the left hand side (hereaftgrdhkqg. 3 (but
see Lucy 1998). In this case, the equation of motion becomedimesr in the
variabley = r?vdv/dr, and can be approximated by

y=—GM(1-I)+fkLM “y (11)

wheref is either constant (in the CAK case) or dependgondv/dr, M) if one
includes all subtleties. As the enthalpy term in the energya#qn is much smaller
than the potential and kinetic energy, the above equatisrbban simplified by
neglecting the gas pressure. For consfarhis equation can be easily solved, and
also the complete equation provides no real difficulty (see CAK Bauldrach
et al 1986). Note that these solutions involve the presenceieal point which
controls the mass-loss rate. For models including non-radiabpkothis critical
point is located close to the stellar photosphere and cosaesbtmewhat shallow
(with respect toy), sub-critical flow smoothly with a steeper, super-critical one.
For further discussion regarding solution topologies and ndretgw line-forces,
we refer the reader to Poe et al (1990), Owocki and Puls (1999), Feddared
Shlosman (2000, 2002) and Madura et al (2007).

As a final result, one obtains the following velocity law andlisgarelations
for v, andM:

B = 0.5 (CAK case)
v(r) = Ve (1 — R/r)ﬁ, {B = 0.8 (O-stars) ... 2 (BA-supergiants) (12)

_~ (2GM(@a-r) % 1,
vm—Cw(T) = CooVeso c;mzz,zgﬁ incl. all details
(13)

Co = (7%:)%° CAK case
a
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M O (kL)Y (M(1—r))-ve (14)

with photospheric escape velocitys. (already corrected for the Thomson accel-
eration!) anda’ = a — d. For O-starsy is usually small (order of 0.1’ ~ 0.6
andk of the order of 0.1. From Eq. 12, we can also derive the behavibtireo
optical depth parameter, It is proportional to(v(r) /ve.)*#~2, i.e., remains con-
stant throughout the wind for the CAK case, and increases fronideuts inside
for B > 0.5.

These relations (e.g., Kudritzki et al 1989; for first order corredtim Eq. 13
see Kudritzki and Puls 2000, their Eq. 15) compare very well witmerical re-
sults from integrating the complete equation, but are only Vfaligpatially con-
stant force multiplier parametets,a andd. Kudritzki (2002) provides elaborate
additions to consider depth dependent parameters as well.

Further assumptions involve the adoption of a core-halo streithat neglects
continuum formation in the wind (important for dense winds), arel rleglect
of multi-line effects: in the approach as described abeaehline is allowed to
interact withunattenuatecphotospheric continuum radiation, irrespective of its
frequency separation from other lines. This neglect leads to stierated radia-
tion forces in most cases (Friend and Castor 1983, Abbott and 188%, Puls
1987, Lucy and Abbott 1993, Springmann 1994, Gayley et al 198 et al
2000). In Sect. 3, most of these assumptions will be relaxed awé guantita-
tive predictions will be provided. Note, however, that theibasaling relations
remain rather unaffected by these improvements.

The wind-momentum luminosity relationUsing the above scaling relations, one
can construct aodifiedwind momentum rateDmom = M Ve, (Rk/R@)l/Z. Given
thatv,, scales with the escape velocity (Eq. 1B3),om Scales with luminosity and
effective line number alone,

. R\ 3 Lyd M -3 L&
Dimom = M Veo (R@) 0 (kL@> (M@(l r)) 0 (kLQ) . (15)
as long aza’ ~ 2/3 (remember thatt’ ~ 0.6 for O-star). In this case, the effec-
tive stellar mas$1(1—I') cancels in the produd#l v., when applying the scal-
ing relations, which is rather convenient since masses areuliffo determine
from observations and, moreover, seem to disagree when comparedwwiu-
tionary predictions (e.g., Puls 2008 and references therein). Jakelogarithm
of Eq. (15) and assuming’ ~ 2/3, we find

l0gDmom ~ xlog(L/Ls)+D (16)

(with slopex and offsetD, depending on the flux-weighted number of driving
lines), which is known as the “Wind momentum luminosity redaship (WLR)”
(Kudritzki et al 1995, Puls et al 1996) and can be considered toneeof the
big triumphs of the radiation-driven wind theory. This relatidpstan, e.g., be
utilized to determine extragalactic distances by purely spscbpic means (Ku-
dritzki et al 1999, Kudritzki and Puls 2000, but see Sect. 4,21d it also played
an instrumental role in determining the empirical mass-loss liivéia depen-
dence for O stars in the Local Group, which will be discussed @t.3e Equally
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important, observed and theoretically predicted WLRs can bepeoed to test
the predictions and validity of the radiation driven wind thefoy various spec-
tral types, and to identify present shortcomings (e.g., Sect. 5).

Predictions from line-statistics. What determines the a®bpOne may now ask
what controls the slope of the line-strength distribution fumttfEq. 8), and in
particular, why iso = 2/3? Since the line-strengtq is proportional to the prod-
uct of absorber density per unit mass (depending on abundamizgtion frac-

tion and excitation) and oscillator-strength, the answeht® question is rather
difficult, in particular since a large fraction of the line aarattion, at least in the
lower wind, is due to lines from iron group elements (see belowh &itomplex

electronic configuration. In the following, we will highlight itain aspects (for
details, see Puls et al 2000).

Most interestingly, it is rather easy to show tlmatwould be almost exactly
2/3 if all lines would originate from hydrogenic ions and would be resonance
lines, i.e., excitation effects could be neglected. Thetitigestrength distribution
function depends solely on the distribution of the oscillaoengthsf, and from
the well known Kramers-formula for hydrogenic ions with transitiérs n (with
principal quantum numbem) and corresponding selection rules, one finds that
f(1,n) ~ consyn® and N/df O f~4/3. Since, under the discussed conditions,
this slope corresponds to— 2, we immediately obtaior = 2/3.

Similarly important is the result that faraceions one stage below the major
ionization stage the equality+ d ~ 1 is valid throughout the wind. Thus, foot,
metal-poorstars driven predominantly by Hand Hell, the 8-term can become
much more influential on the wind solution than in “convenéitirwinds driven
by ions of the dominant stage, whedex 0.1. This analytical result has been
proven by Kudritzki (2002) by means of consistent wind caléatet, and is of
relevance in the context of radiation driven winds from the Firat$StNote that in
these extreme cases the scaling relationdfandv, as provided above become
invalid, since they are based on small values&or

For non-hydrogenic ions (with many and low lying levels), theiaion is
more complicated. Per ion, the typical line-strength distidsutonsists of two
parts, a steeper one dominated by excitation effects and erfate following
the oscillator strength distribution, which, after summingawer all participat-
ing ions, becomes almost irrelevant. Most important for the shafpthe total
distribution is the difference in line-statistics between ireoup and light ions
as well as their different (mean) abundances. Since the formep grmmprises
a large number of meta-stable levels, the line number from ironmedements
is much higher, especially at intermediate and weak line-gthan Additionally,
this number increases significantly with decreasing temperdinore lines from
lower ionization stages), which becomes important with resfgethe so-called
bi-stability mechanism (see below).

For solar abundances, iron group elements dominate the distrikat low and
intermediate values of line-strengths, i.e., they dominageaitteleration of the
inner wind (larget) and thus determine the mass-loss rate. Lines from light ions
(including hydrogen under A-star conditions), on the other hpogulate the high
k. end and accelerate the outer wind (lgwi.e., determine.,. Typically, this part
of the distribution is steeper than the rest (e.g., Fig. 1), duextitation effects,
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Fig. 1 Left: Logarithmic plot of the line-strength distributionriction for an O-type wind of
40 kK (solar abundance), and corresponding power-law fit.

Right: Predictions from line-statistics. Dependence osrlass (viekl/“/, cf. Eq. 17) on metal-
licity, for Teg= 40 kK (dotted) andle¢= 10 kK (dashed). The slopes are 0.56 and 1.35, respec-
tively. Data from Puls et al (2000, Table 3).

and only a small number of lines (K&¢ka 2006: “a few dozens”) is responsible
for this acceleration! Insofar, the rather large observed vagiame., /Vesc €ven
for stars of similar spectral type (Sect. 4.2.1) is not surprissimg;e subtle effects
(small variations in temperature, density, composition - cfldtach et al 1990,
their Fig. 8 - and also X-rays, see Sect. 6.1) can have a sigmtfeféect on the
population and line-strengths of light ions.

Note finally that the above results, which are based on thetigegi®on of line-
strength distribution functions alone, have been confirmed igcthivind calcula-
tions, see Pauldrach (1987), Vink et al (1999, 2001) ancKat{2006).

Predictions from line-statistics. Dependence on tempegatwind-density and
metallicity. Summarizing the above paragraphs, deviations from a perfect power
law are to be expected, mainly due to the different distributioihdight” and
“heavy” ions, their specific dependence on temperature anththéhat the dis-
tribution at the highk_ end is controlled by excitation effects for the predominant
ion species, inducing a steeper slope. Translated to theieffa@lue ofa (i.e.,
evaluated ak_ =t—1) which controls the line-force (and the slope of the WLR),
this quantity should decrease with decreadigg decreasing wind density and de-
creasing metallicityZ. In all these cases, the WLR is expected to become steeper
than in the “standard” situation encountered for O-stars whei® of the order

of 0.6...0.7. For A-supergiants, e.g., line-statistics pregli~ 0.45 such that in
addition to a steeper WLR also the scatter introduced by a aaisking mass
term should become significant.

Besides the variation af with Z, the major consequence of a different metal-
licity is a variation ofk, i.e., a different effective line-number. Roughly speaking,
the higher the metallicity, the more effective lines are to bpeeked, and vice
versa. Sincdy varies proportionally t&, as long as the ionization equilibrium re-
mains rather unaffected from the different metallicity, the agstion of a power-
law line-strength distribution function (Eq. 8) immediately iliep No(Z) O 219,
with similar scalings fok andNg. By means of Eq. 14, the mass-loss rate should
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then scale according to

M(Z)DZa . (17)
From Fig. 1, right panel, we see that the predicted dependerid@pfl '~ is
actually present, and the derived slopes:(1— a)/(a — d)) are consistent with
prototypical values, namelyx( a’)=(0.68, 0.58) for the O-type and (a’)=(0.48,
0.38) for the A-type models, respectively (lonebecause of lowefe4: more Fe
lines from lower stages). Moreover, these numbers are also cemisigith results
derived from the analysis of a large sample of O-stars in the Galadythe Mag-
ellanic Clouds (Sect. 4.2.1). Detaileteasuremenisf the metallicity dependence
of A-supergiant winds are still missing though (but see page 50).

The bi-stability mechanism.Most of the previous paragraphs may have given the
reader the impression that — save for their intrinsic luminodégendence — the
mass-loss properties from the winds of massive stars are more atéadisal, but
nothing is further from the truth: the wind properties of massivessage intrigu-
ingly diverse! This diversity is, of course, related to the véoiabf effective line
number andx’ as a function of spectral type and metallicity and to the differen
efficiencies of multi-line effects as a function of wind density

Of patrticular interest is the so-called bi-stability mechanigrhich was first
encountered in the model calculations of the famous LumiriBlug Variable
(LBV) P Cygni by Pauldrach and Puls (1990). At a critical effectieenpera-
ture around 21 000 K (Lamers et al 1995), the overall properties ahdM are
expected to change drastically. Vink et al (1999) showed tih@na massive star
evolves from hot temperatures to lower ones, the dominant winghgrelement
of iron (Fe) recombines from [Fe to Felll, which is predicted to result in an
increase oM by a factor 5 and a drop of, by a factor 2.

As was pointed out already by Pauldrach and Puls (1990), such mbéco
nation can be triggered by the optical depth of the hydrogen hyesatinuunm?
As long as this is optically thin (e.g., for hotter temperaturds®, EUV contin-
uum is rather strong, such that most iron resides invi-&hich has fewer lines
than Fall, resulting in a lower density, faster wind. When the Lymanticaum
becomes optically thick, there is almost no EUV flux left, andhirecombines
to Felll with more lines, inducing a dense, low velocity wind. Since tptical
depth of the Lyman continuum is closely coupled to wind dignga recombina-
tion effects,

2 M2 1-2/a’ —2..-3
ny 0p?0 (o-) OMa-n) "~ (ma-r) > (s
the abrupt (see below) change in wind conditions does not ogeiold onTe,
but also, and severely, on effective mass (e.g., Figs. 4 and &uldiach and Puls
1990). As we will see in Sect. 2.2.1, this can play an importastirounderstand-
ing the B[e]-star phenomenon.

3 At least for dense winds such as from P Cygni considered imtiginal explanation. For
most “normal” massive stars as studied by Vink et al (1999020the Lyman continuum re-
mains optically thin between photosphere and critical p@ind the abrupt change of the Fe ion-
ization equilibrium is rather due to conventional temperageffects and the runaway in density
as described below. For these objects we condigeas an alias for the Fea/Felv ionization
equilibrium.
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The reason that the wind should react to the different accelgratinditions
by an actual “jump” inM andv., is that the physics of the line driving implies that
when the density increases due to an increasinthe inner wind is anticipated to
recombine even more, leading to a run-away mass-loss increakallintin has
accumulated in Fei. The line-driving in the outer wind is expected to react to
an increased inner density by lowering its terminal wind vejogiemember that
g'r'gg Op~9 Eg.9). In Sect. 4.2.1 we will discuss the empirical constraintthe
bi-stability mechanism.

Also here, the spectral-type dependence of the mass-loss rateeramdal
velocity occurs in conjunction with changes ¢ anda’, which could subse-
quently be reflected in the slope and offset of the WLR. Let ustersige that the
spectral-type dependence of the WLR represents a most actieetadgot-star
wind research (Benaglia et al 2007, Markova and Puls 2008).

2.2 The impact of rotation and magnetic fields

All previous results have been derived under the assumptioph#rical sym-
metry, with gravity and radiative acceleration as the only exteforces. In the
following sections, we will summarize alterations due to rat@tand magnetic
fields, if present.

2.2.1 Rotation and stellar winds

(Almost) all massive stars start their evolution as rapid rotaterd remain rapidly

rotating during the largest part of their life-time, at least witspect to the most
decisive quantity, namely the so-called “critical ratio” betm surface rotation
Vot @nd critical velocity (Meynet and Maeder 200Q),; itself decreases (almost)
continuously during the main sequence and evolved phaseseulie rate of this

decrease is larger for the more massive stars due to the largerlmsasand ac-

companying larger removal of angular momentum. For supetgjithe reduction

is due to an increasing stellar radius as well.

The role of rotation as a fundamental stellar parameter of massars has
been highlighted by Langer et al (1997), and effects on stdllactsire and evo-
lution were detailed by the Geneva group (A. Maeder, G. Meyngtanworkers)
in a series of publications. For corresponding reviews, we refénaeder and
Meynet (2000b, 2003b) (see also material presented in Wolf &8 &nd Maeder
and Eenens 2004).

Rotation affects the physics and diagnostics of line-drivemdsifrom mas-
sive stars at least in three ways: (i) the dynamics is modifigath@ diagnostics,
particularly forM, needs to consider rotation due to deviations from spherical
symmetry, and (iii) line-profile variability is induced due to amerplay between
disturbances in the photosphere (stellar spots, non-radiatmiis), rotation and
wind-dynamics (co-rotating interaction regions, CIRs, see Set}. 6

1-D models, scaling relations. First attempts to include rotation into the stellar
wind dynamics were based on a 1-D solution in the equatorialepland have
been performed by Friend and Abbott (1986) and Pauldrach et al (18&8),
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applications regarding outflowing disks of Be-stars by de Arau®§), and in-
vestigations of the solution topology by Guand Rial (2004, see also @2004
and Madura et al 2007).

Under the assumption of purely radial line-forces, the equatfanation is
governed by central forces, i.e., the angular momentum is cogbgrVl rvy =
const, and the azimuthal velocity in the equatorial planeigrgby vy(r) =
Vrot(R«)R,/r, with polar velocityvg(r,0 = 90) = 0 and co-latituded. Thus, the
equation of motion remains almost identical to Eq. 3 or theptifiad version
Eq. 11, except that the effective gravity (here defined as thereifée between
gravitational and Thomson acceleration) has to be correctechéocentrifugal
acceleratiorv,?/r,

GM(1-T) GM(1-T)

R
N Sl & B Vol
(1-027)

Vrot(R*)
(? — N T/
r2 r2 -

, 19
Verit (19)

with vgrit the 1-D critical velocity, vy = vesc/\@. In the following, we will
mostly consider models not too close to critical rotatiéh £ 0.75). For a dis-
cussion of more extreme situations in one dimension, seé 2M04), Cue and
Rial (2004) and Madura et al (2007). Since in the former case thealrjioint
(page 9) of the non-rotating solution remains almost unaffecgatidocentrifugal
term due torqi ~ R, (e.g., Pauldrach et al 1986, Owocki and ud-Doula 2004,
Madura et al 2007), the effective mass can be replacéddy- I )(1— Q?), and

M scales, to a very good approximation, with

M(Q) ~ M(0)(1— Q3+’ (20)

Similarly, sincev,, scales withveg, a rather good approximation for the depen-
dence ofv, 0N Q is

Voo (Q) 2 Vo (0) (1 — Q2) /2. (21)
For independent arguments leading to this equation, seke>@000). Compar-
isons of exact vs. approximate solutions Mrandv,. as a function ofQ have
been given, e.g., by Puls et al (1999).

Wind compressed disks and zoneb a seminal paper, Bjorkman and Cassinelli
(1993) included the latitude dependence of the centrifugal éarte the previous
1-D description in order to generalize the approach. Since (atitha) it was
still undebated to assume line-forces which are purely radialigctid, under
this assumption the angular momentum is conserveédcohparticle starting at

a given co-latitude &< 6y < 1, and its trajectory is restricted to an orbital plane
tilted by 6y with respect to the equatorial one. Thus, a 1-D solution ispstisible
per orbital plane, if one accounts for the centrifugal accelenads a function of
co-latitude,

Oeent= (Vrot(Ry) SinBp) (22)

and the scaling relations for the equatorial flow (Egs. 20, 21)beageneralized
with respect tdp,

M(Q,60) O (1— Q%sirf6) V', vu(Q,6) O (1— Q2sirf6y)Y/2. (23)

2R
r3’

4 for the radiatively reduced gravity as defined above andeutiglg gravity darkening.
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In this descriptionM increases and, decreases towards the equator, respectively.
Since the particle is restricted to its orbital plane, the cormedimy azimuthal
angle, @'(r), increases for increasingand can be calculated from integrating
d®’(r)/dr =vy(r, 80)/(rvi(r,60)), using gB-velocity law (Eqg. 12) in combination
with Ve (6p) for the radial velocity component.

@'(r) may become large if either is large,v«(6p) is small, the velocity
field is flat (3 large) or the particles start from equatorial regions. In any case,
however, the particles move towards the equator ard/(if) becamet/2, would
collide in the equatorial plane with particles from the oppok#&misphere which
have started at similar (absolute) latitudes. Since the eguatds directed motion
corresponds to a non-vanishing polar velocity component istidéar frame, and
this component is small, but supersonic for lagé a shock develops, and a
“wind-compressed disk (WCD)” will be created, confined by the ransguee of
the wind. The WCD model has been confirmed in all aspects by ncatenodels
using identical assumptions (Owocki et al 1994, and Fig.f2plnel).

Even if the deflection in®’ is too small to allow for the creation of a disk,
i.e., the equatorial plane cannot be reached by certain trajesidecause of too
low rotation or too steep a velocity field) the above scalingitiehs (Eq. 23)
remain valid, and a non-sphericablatewind is predicted, in this case denoted
as a “wind-compressed zone (WCZ)” model. For such models, PearghPuls
(1996) have calculated Hprofiles as a function of;ot andv sini, and concluded
that standard 1-D diagnostics might lead to severe overessra#é (50 to 70%)
in those cases weskesini is small and the star is observed pole-on.

Non-radial line forces: the inhibition effect. After publication, the WCD model
was regarded as a major step towards an explanation of disk iplegr@oin hot
massive stars (e.g., Be-stars) until it became clear that it wssdobon an insuf-
ficient assumption (Owocki et al 1996, 1998a). Since, in a morétton, the
optical depth depends on thi&rectional derivative of the local velocity field (the
radial gradient d/dr in Eqg. 6 has to be replaced by O(n - v)), and the radia-
tive acceleration of strong lines is proportional to the integkar solid angle of
this derivative times direction, the line force does not only depend on the radial
velocity gradient, but also on other velocity gradients pregethe flow. Most
importantly, the dependencegfon polar angle (increasing towards the pole, see
Eqg. 23) leads to a small but substantial polar acceleratitighwis directed to-
wards the pole as long @/ /38 < 0° i.e., as long as the equatorial outflow is
slower than the polar one, which is (almost) inevitable for ating line-driven
wind (due to the decrease of the effective, centrifugally corregtadity towards
the equator and, [ Vesd. This polar component of the line force,

gad ™ 4 dv,/ar \ r

is sufficient to stop the small, equatorwards directgatomponent of the WCD
model and to induce a polewards directed velocity field, as sHmywOwocki et al
(1998a). This is the so-called “inhibition” effect (Owocki et &96), which can
be seen in all numerical models including non-radial line forces (©wocki et al
1996 and Fig. 2, middle panel).

(24)

5 more precisely, ifr &2 + 19%) < 0
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Fig. 2 Density and polar velocity of radiation driven wind modeis & rapidly rotating B-dwarf,
using different assumptions. The rotation axis is direetedg the ordinate.

Left: radial line force— wind compressed disk. Middleon-radialline force, uniform bright-
ness temperature. Rigtron-radialline force+ gravity darkening.

Model parameters (polar valueshks= 20 kK, logg= 4.11,R,.= 4 R,, M = 7.5 Mg,. Viot=
350 kms'L, vesdpole) = 843 kms?, vesdequator) = 585 kms, vgii= 487 kms(see Eq. 26).
From Petrenz (1999).

Gravity darkening: The2[™ limit and prolate winds. Because of the centrifugal
forces, not only the wind is disturbed, but also the stellar serféistorted. The
corresponding shape can be calculated from a Roche pofesta Collins 1963,
Collins and Harrington 1966, and for applications Cranmer anadBiv1995,
Petrenz and Puls 1996). In this case, and with angular velagity

_ @ _ Vo Reg
Werit Verit Reg(Q) ’

(25)

Q becomes a function of equatorial radiBg; (which itself is a function of2).
Q =1 (i.e., “total gravity” = 0 at the equator, see below) occurs wttee equa-
torial radius has reached its maximum extdlg* = 1.5 R,, with polar radius

The critical velocity,vgit, requires special attention, due to the problem of
gravity darkening After some controversial discussions arising from the sugges-
tion of anQ limit by Langer (1997, 1998) which has been criticized by Gdatz

6 First observations of such a surface distortion have betiras by Domiciano de Souza
et al (2003) for the rapidly rotating Be-star Eri with the VLTI, resulting in a ratio between
equatorial and polar radius of 1.4£6.05. The shape of the observed distortion seems to indicate
that the conventional assumption of a uniform rotation roigit apply for this star.
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(1998) (because of disregarding gravity darkening), Maeder anch&i€2000a)
performed a detailed study on the issue. According to this sfadpot too large
I the critical speed has to be calculated from the actual massp@ndent from
') and from the maximum equatorial radius, consistent with tharaemts pro-
vided by Glatzel,

Verit1 = (G';fx)% - (2;;/')% I <0639 (26)

Note that this value is lower by a factor ¢f(2/3) than in the corresponding 1-D
case, due to the difference of polar and equatorial radius,

For such a distorted surface with latitude dependdfactivegravity (in the
following defined as gravity corrected for centrifugal terms), onediss to con-
sider gravity darkening as a consequence of the von Zeipetehrefvon Zeipel
1924) which states that the surface flux of a rotating star isgstmmal to the
local effective gravity. Thus, the effective temperature depends on the latitude (in
the example of Fig. ZTe (pole) = 21.3 kK andles (equator) = 16.9 kK), which
has to be accounted for in the calculation of the occupationb@us (through the
radiation field).

The principle presence of gravity darkening has been recentlfjrowd by
Monnier et al (2007), who combined the NIR radiation of the rapidtating A7V
star Altair collected from four telescopes of the CHARA interfeatrit array
to obtain an intensity image of the surface of this star. Intetgly, also their
measurements (remember the problemdoEri) showed a somewhat different
temperature distribution compared to the standard approach esanmiformly
rotating star and the von Zeipel theorem.

In any case, since the flux is modified by gravity darkening, died tterm
needs to be modified (Maeder 1999, Maeder and Meynet 20004)inhe stan-
dard approach and to a good approximation, it turns out that

r

4 Vrot?
(1§32 1(2)

I_Q ~ ) (27)

if one expresses the “total” gravitational acceleration (cirgélly corrected grav-
ity, Qeff, Minus radiative acceleration) ag: = gerif(1 — o), to preserve the for-
mulations obtained so far. The functiéQ) varies from 1 at lowot to 0.813=
\/(2/3) at critical rotation, and can be neglected in most cases. Fge fathen,
the critical speed needs to be redefined, and can be approxiffiatezkact ex-
pressions and details, see Maeder and Meynet 2000a) by

3,125 1
Verit2 Vet (5) 7 (1-1)2 T >0.639 (28)

7 Though the original version of this theorem was restrictethée case of rotational laws that
can be derived from a potential (e.g., cylindrical rota}jonore recent investigations by Maeder
(1999) have proven that this theorem is also applicablen{wia 10% error) to the case of
“shellular” rotation ¢o = c(r) for not too fast rotation) which has been proposed as theaete
rotational law at the surface levels of non-magnetic saahg 1992).
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which results from the conditiogy; = 0 whenlg = 1, the so-called2™ limit
(Maeder and Meynet 2000a): For larfje the critical velocity is significantly re-
duced by the proximity to the Eddington-limit. Thus, there dead a lower crit-
ical speed (as suggested by Langer 1997, 1998), at leastivhe8.64, but it is
important to emphasize that tl2/ limit occurs over all latitudes, not just near
the equator, as assumed in the original idea of@Hemit.

Note that the redefinefth-term needs to be considered in fast rotating models
close to the Eddington-limit, a problem which has been negtkitt all hydrody-
namicalwind calculations performed so far. In the present context, howewer, t
most important effect of gravity darkening concerns the line fatae,to the mod-
ified illumination of the lines. In a rotating wind illuminatdxy a uniformly bright
disk, the mass flux increases from pole to equator according t@E4The in-
clusion of gravity darkening into the luminosity dependentéhe mass-loss rate
(Eq. 14),

/ + von Zeipel /
LY (F(O)R2(0)Y "B (gun( )R 2(8)) Y,
thus leads to aadditionaldependence ofl. — Q2sir? )]/, such that in total

M(6) O L(8)Y" Mest(6) Y% 0 (1— Q2siP8)*!  (gravity darkening included)
(29)

the situation becomes reversed and the mass flux is predictedrease from
equator to pole, in parallel with the corresponding terminabeiy, inducing a
prolatewind structure (cf. Owocki et al 1998a,b, Pelupessy et al 2000,
right panel). The present-day stellar windmpfCar has indeed been found to be
elongated (Smith et al 2003a, van Boekel et al 2003) with aiposangle equal
to that of its ejecta.

Though the predicted angular dependence of the mass-loss radedffected
by the modified o -term (except for its influence of2 via vit), this modification
plays an important role when comparing the total, polar-anglegated mass-
loss rate with mass-loss rates from non-rotating models. To a sideigree of
precision as valid for Eq. 27, one obtains (Maeder and Meyned&@00

' _r\l/a'-1
M'\_/(l‘(’g) - a-r) — (30)
_ 4 Vrot® a'—
(1 9 Vrit, 12 )

Thus, no dramatic influence of rotation on tioéal mass loss is to be expected in
most cases’

2-D NLTE models and the WLR of rapidly rotating starsstrictly speaking, the
scaling relations derived in the previous sections are only Viie line-statistics
remains unaffected from the modified wind structure. In order to tiga&te the in-
fluence of density, velocity and radiation field on the occigmatumbers and line-
forces as a function dofr, 8), Petrenz and Puls (2000) calculated self-consistent,

8 Note that the inhibition effect does not change this basaltesince it affects “only” the
small polar velocity component and thus the disk formation.

® The formal divergence at th@[" limit is artificial, since in this case the material can no
longer be lifted from the gravitational potential.
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Fig. 3 Predicted WLR for rapidly rotating B-type stafgd= 0.85vit) with Teg= 20 kK and dif-
ferent radii. Compared are the modified wind-momédtanm calculated from total (diamonds),
equatorial (squares) and polar (triangles) mass-loss eaté average terminal velocities result-
ing from 2-D, NLTE simulations, and from corresponding 1-Ddels withv;o; = 0 (crosses).
From Petrenz and Puls (2000).

2-D, NLTE models for rapidly rotating B-star win to investigate a spectral
regime where the ionization structure is most sensitive to looabitions and
variations of the radiation field. For all modelspelatewind structure has been
found, in accordance with the principal predictions from above.

As obvious from Fig. 3, théotal wind momenta are hardly affected by rota-
tion, since the increase M, Eq. 30, is compensated by a decrease in the average
Ve. Of course, the wind-momenta differ significantly when obsemigter pole
or equator on. This problem can be mitigated wiverdiagnostics is used which
scans mostly the lower wind region, e.g.q tsince in these regions the density
contrast between polar and equatorial regions is lower. Colesely, WLRs de-
rived from 1-D analyses should remain rather unaffected from dewmgtimm
spherical symmetry, when samples of significant size are usedoljects with
low vsini (likely to be observed pole-on) are avoided. The scatter in thé&WL
increases due to rotational effects, of course.

Bl[e]-supergiants and the bi-stability. B[e] supergiants (for an improved classi-
fication scheme, see Lamers et al 1998) show a hybrid spectrumvynBaioner
lines and low ionization metal lines in emission, but also &hd Balmer P Cygni
lines and a strong IR excess), which has been explained by aoweiatj disk
with high density, low velocity and low ionization and a fastar wind with low
density and high ionization (Zickgraf et al 1986, 1989).

The origin of this phenomenon has been suggested by Lamersaaifadt&th
(1991, see also Lamers et al 1999) to rely on a combination ofisatand bi-
stability. Since, for a rotating windyl was thought to increase ang to decrease
towards the equator (the impact of gravity darkenindowas yet unknown), the

10 computational feasible at that time because they applietbal8v line transfer and assumed
an optically thin continuum.
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Fig. 4 Onset of bi-stability (co-latitud® wherety = 1 is reached) as a function ofy (polar)
and three rotational speed@, = 0.5,0.7,0.9 (solid, dotted, dashed), for a B-supergiant with
Tesr= 20 kK. Optical depth of Lyman continuum calculated accogdio Lamers and Pauldrach
(1991). Left: original version. Right: mass-loss rate adted including gravity darkening. The
formation of a disk requires much larger polar mass loss atadion than in the original version,
see text.

optical depth of the Lyman continuum

ty = (002 Tiad (31)
becomes a strongly increasing function &f particularly if including the von
Zeipel theorem when calculatifigag(6) which establishes the ionization equilib-
rium.X! Lamers and Pauldrach (1991) were able to parameterize the opjutl d
as a function of latitude-dependent gravity, [ (gpole/9(6))®°. Because of the
dependence of the bi-stability jump on this optical depth, Ittitude whereryy
reaches unity separates two regions, a polar one with low gemgithigh velocity
(predominantly driven by Fer) and an equatorial one with high density and low
velocity, driven by Fell (see Sect. 2.1). The contrast between both regions results
in an equatorial outflowing disk. From Fig. 4, left panel, one sae that even a
thin polar wind withtyy = 0.01 (corresponding té1= 0.35-10 ®M,yr—1) can
switch almost abruptly ta,, > 1 at@ ~ 40° for Q = 0.9 in the outlined scenario.

After the impact of gravity darkening on the mass-loss rate had tesdized,
Owocki et al (1998a) pointed out that the creation of B[e] stakslis much more
difficult than previously thought sindd decreases equatorwards (Eq. 29), in con-
trast to the original approach. Thus, the increasg pfowards equatorial regions
is much weakerzy O (gpole/9(0))°, and even for highest rotational speeds a
disk formation becomes impossible as long as the polar windtisonsiderably
dense (Fig. 4, right panel).

Based on their previous investigations, €et al (2005) suggest an alternative
possibility to explain the B[e] phenomenon. They propose thiahear-critical
rotation the wind can switch to a slower, shallow-acceleratiolution which
can lead to a density enhancement and, again in combinatibrihe bi-stability
mechanism, to the formation of a dense equatorial disk. Frony@mabnsider-
ations and (1-D) time-dependent hydrodynamics, Madura et al jZ@bifirmed

11 |n a consistentalculation, the von Zeipel theorem has be employed bothhi@NLTE-
aspect (occupation numbers) and for the flux-dependentliceleration.
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most of these results, in particular the slow acceleratiofXos 0.85 and a cor-
responding increase of density. However, they argue that@dnsion of gravity
darkening and 2-D flow effects still renders the formation of densksdas un-
likely.

Let us also note that Zsarget al (2008b) have identified an additional prob-
lem. From 2-D, NLTE calculations by means of their axial-synmoetNLTE
code ASTROROTH they concluded that hydrogen recombination in the disks of
Ble]-supergiants is almost impossible, due to strong ionindtiom excited lev-
els. Thus, the chance that, becomes much larger than unity and enables line
driving by Feill is rather low, even if the problem of gravity darkening was not
present.

On the other hand, Pelupessy et al (2000) solved the momerjuatien for
sectorial line-driven winds from rotating stars including bothgtedlar oblateness
and gravity darkening, as well as force-multiplier parametersifpaty com-
puted for the bi-stability regime. In their computations for Isteparameters far
from the bi-stability limit, they found the mass-loss rate and #entnal wind
velocity to increase from the equator to the pole (thus confirntiegreliability
of their approach), however when the counteracting effect ofl wistability was
included, they were able to produce a density contrast betweeaduator and
the pole of a factor 10 for a relatively modest rotational vejoof Q = 0.6. One
of the attractions of the scenario remains that it may naturatpant for the
expectation to find outflowing disks only around B-type stars.

From the above discussion it should be evident that more work-{) B
needed to prove whether or not the bistability mechanismeisdbt cause for the
existence of disks around B[e]-supergiants.

2.2.2 Winds and magnetic fields

In contrast to the Sun and other cool stars where magnetic fieldb@ught to
be generated through a dynamo mechanism related to convectiiensin the
H/He recombination zones, hot stars have been considered toeeffstrong,
dynamo-createdurface magnetic fields until recently, because of the absaince
strongouter convection zones (H remains completely ionized evemghrout the
photosphere). There are, however, several other possibilitigerierate surface
magnetic fields, (i) either related to a thin convection zone tdurecombination
of Hel; (i) due to the strongly convective cores of massive stars whight
give rise to dynamo-generated flux tubes diffusing to the surfaesgi@elli and
MacGregor 2000, but see MacDonald and Mullan 2004; (iii) by aaayo that
is operating in shear-unstable gas in the radiative stellaglepg (MacDonald
and Mullan 2004); (iv) formed already in an early convective phasid stellar
formation; (v) or even through compression of interstellar magflei during the
initial collapse. It has been shown by Moss (2001), Braithwait Spruit (2004)
and Braithwaite and Nordlund (2006) that a dynamically stablgiguration of
suchfossilfields on long time-scales is actually possible.

Another promising mechanism is the Tayler-Spruit dynamo (Sp84e, 2002
and generalizations by Maeder and Meynet 2004; see also vatid MacDonald
2005) which does not need a convection zone but is based oorg shstability
for generating magnetic fields in radiative layers of differehtiabtating stars.
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This dynamo has been incorporated into recent stellar struetaletion calcula-
tions (Maeder and Meynet 2003a, 2004, 2005, Heger et al 200%, & al 2008)
to understand the internal angular momentum transport (thowgimdtuced mix-
ing processes might be too strong, e.g., Brott et al 2008). Noteever, that this
dynamo is able to create magnetic fields (in the azimuthal direadf the order of
a few 10 Gauss (G)) only outside the stellar core armdin the outermost layers
of the star (e.g., Maeder and Meynet 2005).

In recent years, considerable effort has been spent to messdeeemag-
netic fields, by means of spectropolarimetry (exploiting theut&cpolarization
of the Zeeman components) and a so-called least square dagmvgdSemel
1989, Donati et al 1997) which allows to measure the longitaldiomponent of
the B-field averaged over the stellar disk. Though large samplesBséiars ¢
45) have been analyzed (see the material presented by Schné&ra@00efer-
ences therein and Petit et al 2008), significant field strendibseathe present
detection threshold (&= 40-100 G) were detected for only ten stars (excluding
chemically peculiar Ap/Bp stars), where in most cases the oagens could be
fitted by an oblique dipole (but see Donati et al 2006 for the derimagnetic
configuration int Sco). Among these ten stars, there are three OB-stars with well
known peculiarities in their spectr@{ Ori C (04-6V), HD 192612 (06.5f?pe-
08fp) andr Sco (B0.2V)), with polar field-strengths from 500-1500 G (assuming
a dipole), and thre@ Cep stars which incidentally were found to be nitrogen rich
(Morel et al 2006). Verdugo et al (2003) report the non-detection iddse mag-
netic fields in a sample of 12 A-supergiants. Donati et al (2@@®clude that in
non-peculiarhot starsB is weak and/or acts on small scales (spots?).

As should be clear from these introductory remarks, magnetic fieidbt
be large in the stellar interior, but only few “normal” OB-star®whindications
of strongsurfacefields, at least on larger scales. Even weak fields, howesar, ¢
affect the wind, as we will see in the following. We will report orceat progress
on magnetic winds, at first for a simplified case (no rotation) dvah tfor the
problem of field aligned rotation and the limiting case ofatiquerotator with
very high field-strength.

Magnetically channeled line-driven winds - The confinemanameter. In or-
der to explain the observed X-ray emission from the AOp star 1Q AaheBand
Montmerle (1997a) suggested that the confinement of the witlkddagtrong mag-
netic field leads to a collision from the wind components of the hemispheres
in the closed magnetosphere and thus to the formation of a strarak.sSub-
sequently, Babel and Montmerle (1997b) used this “magnéticahfined wind
shock (MCWS) model to explain the periodic variations of the X-eayission
from the O-staB Ori C (see above), requiring a polar field strength at the stellar
surface ofB, ~ 300 G (present knowledge: 1100 G, Donati et al 2002), where
the variability should be caused by a circumstellar disk ptediby the MCWS
model. In these investigations, a prescrifec&zdmagnetic field configuration had
been used.

This approximation has been relaxed by ud-Doula and Owocki (X#¥¥also
Owocki and ud-Doula 2004 for a comprehensive analytic desoriptivho inves-
tigated theinteractionbetweenB-fields and winds in detail, based on 2-D time-
dependent magneto-hydrodynamics for the simplified case of tation and a
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purely radial line-force. Thus, the external forces in the momentguaion are
(effective) gravity, line-acceleration and Lorentz-acceleratidrp) (0 x B) x
B, and one has to solve for tiefield'2 in parallel with the wind-dynamics. In the
following, we will summarize the major findings by ud-Doula andd@zki (2002)
and subsequent work.

As it turned out, the most important parameter controlling thecstire of the
modified wind,n, (see below), is related to the ratio of magnetic to wind energy,

2 2 2 2-2q
n(r.8)—: 8 . B/81_BAR.OR? (1/R)

"Ewind  PV2/2  Mve  (1—R,/r)B’ (32)

assuming g3-velocity field for the wind and(r) O (R./r)? (e.g.,q = 3 for a
dipole field). The scaling factor in front of the last expressievaluated at the
magnetic equator under the assumption of a dipole configur @iipol(R:, 6) =

Bp(cog 6 4 1/4sir? 6)/?) has been denoted as the “confinement parameter”,

_ (Bp/2)’R2 0.19 B%OOF%O.
MV MV M_gVe 8

_ B?(6=90)R.?

N« =

(33)

In the latter expression, the polar field strength is measuredita af 100 G, the
stellar radius in units of 1B, the mass-loss rate in units of 1M, yr—* and the
terminal velocity in units of 1000 knTs.

As we will see below, a value af. = 1 relates to the onset of larger struc-
tural modifications due t8. To reach this, e.g., for the prototypical O4(f) super-
giant{ Pup Rio~ 2,M_g = 4,vg = 2), a field ofB, ~ 320G would be required,
whereas for the sun (where the magnetic field has a dominatingaituon the
wind) one finds (withM_g ~ 10~8,vg = 0.5,B, ~ 1G) a considerable value for
the confinement parameter, (©) ~ 40.

For so-called weak winds (Sect. 5), on the other hand, a magfieticof
only By < 30G (well below present detection limits) is needed to reqch=
1 (assumingVl < 10-8 Moyr—! andve,= 2000 kms?). We note thatr Sco (a
prototypical weak-winded star) reachgs~ 80 for the measured field strength of
500 G (Donati et al 2006), i.e., extreme effects are to be expected.

The reason to denote, as a “confinement” parameter relates to the Aifv
radius of the wind. Since MHD waves propagate with the Aff\speed,

B \% 1
@z~ M Tw T n 34

the Alfvén radius can be calculated from the corresponding Mach nudb®a ) =
1, i.e., from the conditiom (r,6) = 1. For a dipole field, one obtains

Vp =

Ra —R. (n:<1), Ra~n®®R. (n.>1). (35)

Since the Alfien radius corresponds roughly to the maximum radius of closed
loops (see the discussion in ud-Doula and Owocki 2002), ther@mgnt param-
eter controls this size, i.e., controls whether the wincbisfinedn such loops.

12 0.B=0anddB/dt = O x (v x B) in the MHD approximation of infinite conductivity.
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Wind-structure as a function af,.. In their calculations, ud-Doula and Owocki
(2002) derived the wind-structure from evolving a model with ihitianditions

of a dipole field superposed upon a spherically symmetric windependence of
the confinement parameter, three exemplary topologies haveftwaed:

(i) For moderately small confinement, = 0.1, the surface magnetic fields are
extended by the wind into an open, nearly radial configuratitverd is still a no-
ticeable global influence frot on the wind, enhancing the density and decreasing
the flow speed near the magnetic equator.

(i) At intermediate confinement;, = 1, the field lines are still opened by the
wind, but retain near the surface a significant tilt which clesthe flow towards
the magnetic equator. The polar velocity components caarbecsignificant, of
the order of a few 100 knt$, and a thin disk begins to develop.

(iii) For strong confinementy, = 10, the field remains closed in loops near the
equatorial surface, and the wind is accelerateddrahneledipwards from foot-
points of opposite polarity. These flows collide near the logps, with shock
velocity jumps of up to 1000 knTs, leading to hard X-ray emission in the keV
band. These findings are in qualitative agreement with the M@wg8el by Ba-

bel and Montmerle (1997a), and also in more quantitative agretemwignX-ray
observations foB! Ori C (Gagre et al 2005 and Sect. 6.5.1). Since the shocked
material at the loop tops is very dense, its support by magrezigidn becomes
unstable, leading to complex infall patterns along the laogd down to the star.
Even for largen., the faster radial decline of the magnetic energy (compared to
the kinetic energy of the wind) leads to a final dominance af #dfects, and the
field lines are extended into an open configuration at largetr. radi

Globally, the mass flux of theuterwind increases towards the equator due to
the tendency of the field to divert the flow into this directiorhilst thebasemass
flux in equatorial regions (and beyond for lamgg is lower than the field-free case
(see Owocki and ud-Doula 2004 for further details). The terminaloiBl, on the
other hand, is larger than for a non-magnetic wind at all ld&tuexcept for the
equatorial plane, where it becomes significantly reduced dtleethigher mass
flux. Similar to the case of rotating winds, the total mass fhilzarely affected as
long an. < 10. For further scaling relations, see ud-Doula et al (2008).

In summary, non-rotating magnetic winds develop a geometritiailty slow
and dense disk, superimposed by a fast, thin polar wind, gifferent from ro-
tating non-magnetic winds. Non-radial line forces should be weglesince the
polar velocities are much larger than in the WCD case. X-rayscelbe £xpected
from the channeled flows colliding at loop tops and from shockghimiring the
compressed disk. Finally, it might be speculated whetiiiiigue magnetic rota-
tors can explain part of the observed UV variability (Sect. 6.1 ialuce CIRs
(Sect. 6.4), because of the large density/velocity contragthwiliould occur be-
tween the magnetic and rotational equator in such stars.

Field aligned rotation and the rigidly rotating magnetogps model. In a follow-

up study, ud-Doula et al (2008, see also Owocki et al 2005) dsadurotation
(aligned with the magnetic field to avoid 3-D calculations) ameestigated the
guestion whether magnetic fields could spin up the stelladvadutflow into a
“magnetically torqued disk”, as suggested by Cassinelli ¢€2@02). The closed
loops present for largen. tend to keep the outflow ingid body rotation (i.e.,
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Vp(r) Or), and it might be possible to propel material into a Kepleriark dfis
the Alfvén radius is somewhat larger than the Keplerian co-rotation sggiu~
(Viot/Vorb) ~%/°R., where rigid-body rotation would yield a balance between cen-
trifugal and gravitational acceleration,, = v/GM/R, is the orbital speed near
the equatorial surfac. Note that strong confinemeand rapid rotation are re-
quired to obtairRa > Rk. Although various combinations of rotational speeds and
magnetic field strengths have been considered, and the anahsbeen extended
to n. = 100, no stabl&epleriandisk has been found to be formed in any of these
cases, simply because most of the material does not have phepaijate velocity
for a stationary orbit. However, there were clear indications Gjuasi-steady”
rigid-body disk, as discussed further below. Note also thatérotbposite case of
slow rotation (more precisely, fdRa < Rg), the basic results as obtained for the
non-rotating case remain valid.

For the limiting case of very high field strength, — o, Townsend and
Owocki (2005) developed the alternative “rigidly rotating memsphere” model,
originally designed to investigate the prototypical Bp stadri E with B~ 10* G.

In this model, the field lines behave like rigid tubes, and thfl@uing material is
constrained along corresponding trajectories fixed by the prestfield geome-
try (see also the rigid field hydrodynamics approach by Townseabt2&107).

For sufficient rotation then, minima in the effective potelndilmng each field
line should gradually fill with plasma, forming an almost steamyrotating mag-
netosphere. For the oblique rotatorOri E, this should occur in the form of
two co-rotating clouds. Time-series of synthetig prrofiles for such a geometry
are consistent with the observed behaviour (Townsend et al)2865nentioned
above, the time-dependent calculations for lajgéy ud-Doula et al (2008) have
confirmed the basic picture of a rigid-body disk (for aligned rotatidout with
a complex dynamic behaviour with infall and outflow limititige growth of the
disk. E.g., the eventual centrifugal breakout of such materightisuggest a new
heating mechanism (via magnetic reconnection) to explaiianeé X-ray flares,
as observed in Bp-stars (Groote and Schmitt 2004) and simulated-Doula
et al (2006).

3 Stationary models of radiation driven winds
3.1 Predictions from the improved CAK approach

As was noted earlier, theriginal CAK approach to compute the wind structure
has been massively improved (Friend and Abbott 1986, Pauldtath @36, Paul-
drach 1987, Pauldrach et al 1994, 2001). Whilst the CAK modets wemputed
in local thermodynamical equilibrium (LTE), departures from LTE é&een in-
cluded because of the strong influence of the radiation fieldtatbw densities
in the atmospheres of hot massive stars. Another significgromement involved
the inclusion of millions of lines (predominantly from iron-groupments) from
some 150 different ions — in contrast to the singleidist used in the original
work of CAK. Within the current state-of-the-art modified CAK modelirthe

13 This approximation foR¢ assumes the star to be far away from @€ limit.
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rate equations, radiative transfer equations, energy equatidrapproximate hy-
drodynamic equations, using force-multiplier parameters, aracalbunted for.
More simplified models relying on an approximate solution forréite-equations
and an analytic approach to solve the hydrodynamic equatioitls ¢ansistent,
depth dependent force-multiplier parameters) have been prdsepntudritzki
(2002).

A complementary approach currently in use concerns the hydrodgabm
method of Krttka (2006). As in the models by Pauldrach and co-workers (“WM-
basic”, see Sect. 4.2.1), the various equations are congyssehted, but the con-
cept of force multipliers is dropped, though the Sobolev appration is still ap-
plied. The major advantage of this method is that it allowsafanulti-component
description of the hydrodynamical equations, which enabteseestigation of
potential metal-ion decoupling from the H/He plasma. A drawlizdke Krticka
(2006) models is that line-blocking and multi-line effects areaazounted for —
limiting their applicability to weaker winds.

3.2 Predictions using a Monte Carlo radiative transfer approach

A different approach involves the “Monte Carlo” method devetbpg Abbott and

Lucy (1985), where photons are emitted at an inner boundary, adcsttattering

history is tracked on their journey outwards. At every interaciome amount of
momentum and energy is transferred from the photon to the ion undesider-

ation. From a macroscopic point of view, the overall integratesgsross rate is
obtained from global energy conservation:

1.
EM<V°°2+Vesc2) =AL (36)

whereAL is the total amount of energy that has been transferred per séoond
the radiation field to the scattering ions in the wind. The maawtack of this
approach is that one first needs to establish an appropriatdtyd#e, v(r), gen-
erally using an empirically pre-determingd, although in principle it is possible
to iterate and obtain dynamically consistent mass-loss rades3gringmann and
Puls 1998, Vink et al 1999).

One of the major advantages of the Monte Carlo method is tkasity allows
for multi-line scattering, which becomes important in denserdsj as already
outlined by Friend and Castor (1983,but see also Puls 1987)r@tfe year 2000,
theoretical mass-loss rates fell short of the observed rates foe d@rsar and
WR winds, whilst for weak winds the oft-used single line approawetrestimated
the mass-loss rates considerably. Although early Monte Carlalations (e.qg.
Abbott and Lucy 1985) only treated lireecattering this approximation has been
relaxed in the mass-loss rate determinations by Vink et al (200@4 )2 although
further improvements to the method, e.g., in terms of line brangcfsim 2004)
and wind clumping need to be considered in future model genastio

Here we wish to mention that the high mass-loss rates derived figedeginds
when accounting for multi-line scattering (as in the Monte Car&dhad) do not
violate the principle of momentum conservation. An appeatiitgure is that of
“hemispheric scattering” where a single photon can be launithede direction,
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transfer its momentum to an ion, and travels towards the opplsitésphere —
repeating the same process over and over again, thereby puogpthg momen-

tum transfer in the wind. One may note that all what really happethat at each
iteration the photon is slightly red-shifted, until it eventyalins out of energy.

In reality, we know that hemispheric scattering will not occuhds been demon-
strated (e.g., Springmann 1994, Gayley et al 1995) that wheamopéoys realistic

line lists, photons follow paths that are less extreme, butskergial point is that
multiply scattered photons are always adding radially outwamchentum to the

wind, and the wind momentum may easily exceed the so-caligflesscattering

limit, i.e., Mv, /(L /c) can become larger than unity.

Vink et al (2000, 2001) used the Monte Carlo method over a widgera
stellar parameters and derived a “mass-loss recipe” using feulitiggar regres-
sions to their model results. On the hot side of pinedictedbi-stability jump at
~ 25000 K (but see Sect. 4.2.1), the rates of OB supergiants stamugthly scale
as

M O L22 M3 Togr (VeolVesd 13 (37)

when L is measured in L., M in 30 M., and Tegs in 40 kK. This relation
predicts that the mass-loss rates should strongly depend ourtfiedsity (?2),
steeper thaM O L1 which is often quoted and relies on the simplified scaling
relation Eq. 14 witho’ = 0.6. The reason is that the efficiency of multi-line effects
accounted for in Monte Carlo simulations increases with indingasind density,
i.e., for more luminous stars, whereas in (modified) CAK modelsaheffects
are normally neglected, particularly in the scaling relationsgméed in Sect. 2.1.
Because the mass-loss raiigo scales with stellar mass & 13, and applying

a typicalM — L ratio of L 0 M* with x = 2 - 3 for massive stars, one obtains an
overallM scaling ad. %5177 in agreement with observational findings.

The basic success of the Monte Carlo method is exemplified wbeparing
Figs. 1 and 3 from Vink (2006), which display the degree of agreeinemteen
modified CAK models and observations on the one side and Moarte Godels
and observations on the other: by properly including multipkgttecings in the
predictions, the results are equally successful for relativelgkw@itn M ~ 107
M.yr~1) as well as denser winds (witth ~ 10-°> Moyr—1). The predictions can
be conveniently expressed via the WLR. For O-stars hotter ti&0@ K, the
relation is shown in Fig. 5 and given by Eq. (16) wih= 1.83, corresponding
to a’ = 0.55. For objects on the cool side of the bi-stability jump, thessiloss
rate increases and the slope of the WLR becortesl.91, corresponding ta’
=0.52.

Monte Carlo predictions for hot stars of lower mass were compuyedrik
and Cassisi (2002), whilst modified CAK predictions for CentrarSof Plane-
tary Nebulae were computed by Pauldrach et al. (1988, 2004), gecba

3.3 Predictions for models close to the Eddington limit

The predictions of Eq. (37) are valid for models that are locatedsafficient dis-
tance from the Eddington limit, with < 0.5. There are two regimes where this
is no longer the case: (i) stars that have formed with large imitessses and lumi-
nosities, i.e. very massive stars (VMS) with=> 100M, and (ii) less extremely
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Fig. 5 Predicted WLR for O stars hotter than 27 kK for a rangéloM)-combinations in the
upper HRD. From Vink et al (2000).

luminous “normal” stars that approach the Eddington limit wtreay have lost a
substantial fraction of their initial mass. Examples of subfects are the LBVs
and the more common evolved WR stars.

Vink and de Koter (2002) and Smith et al (2004) showed with thinte
Carlo computations that when lowering the mass for constaninhsity, the
mass-loss rate increases more rapidly than Eq. (37) indicatethdsar LBV mod-
els,M 0 M~18 instead ofVI—13 as for normal OB supergiants. In other words,
when stars start to lose mass, not only does the mass-loss retasaaue to a
lower stellar mass, but as the mass-loss rate increases morly tafsdeads to a
strong positive feedback.

An illustration of this feedback-effect for VMS in the mass rang@ @00
M, was provided by Vink (2006) where it was noted that VMS mass |loastid
cally increases when the objects approach the Eddington Nk and de Koter
(2005) also simulated mass loss close to the Eddington limé@naperforming a
pilot study for evolved late-type WR (WN and WC) winds, as a fumttf metal-
licity. They showed that these mass-loss rates were a factorigh@értthan using
the Vink et al (2000) recipe for OB supergiants — for objects wiithilar stellar
parameters, as a result of the closer proximity to the Eddingtan |

A different approach to the problem of winds close to the Eddimgjtoit was
employed by Gafener and Hamann (2008). One should note that their WR wind-
models were not applied to evolved WR stars, but to WR stars intwthie broad
emission lines form due to a large intrinsic luminosity. For WRdvmodels, the
CAK formalism is no longer applicable, as a myriad of weak iromdiprovide
massive line overlap, and the wind has become optically thick

The framework of optically thick winds has been employed in igsidf Kato
(1985) and Nugis and Lamers (2002) where the basic assumptiloat ige criti-
cal point of the problem is the sonic point, similar to recerggastions by Lucy
(2007a,b) regarding “normal” O-star windsand that the corresponding condi-

14 A discussion of this assumption is beyond the scope of thiswe
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Fig. 6 Mass-loss predictions as a functionffor objects withZ/Z., > 1/100. The solid line
indicates theM(Z) dependence from Monte Carlo simulations by Vink et al (20@1J the
dotted line corresponds to the predictions by KudritzkiQ2p0. See text.

tions can be described in the diffusion limit. In the transoniémegthe Rosseland
mean opacity shows an outwards increasing behaviour andgthtbe use of the
equation of continuityM follows from the specific conditions at the sonic point.
In the more advanced studies oféfner and Hamann (2005, 2008) the momen-
tum equation of the entire wind is accounted for and a strongrakpee oM on

the proximity to the Eddington limit is also predicted for thesedels (see also
Sect. 4.2.3).

3.4 Predictions for very low Z and Pop Il stars
3.4.1 The observable massive stars at low Z

Vink et al (2001) applied their Monte Carlo models to OB-starsimiiZ-range
representative for the observable UniveB£Z:, > 1/100. The corresponding re-
sults are compared to those from Kudritzki (2002) in Fig. 6. Ovetdbtdecades
the modified CAK models predicted [0 Z™ with min the range 0.47-0.94 (Ab-
bott 1982, Kudritzki et al 1987, Kudritzki 2002). The main reagarthis scaling

is that the CAKk parameter is stronglg-dependent, whilst second order effects
that relate to hover varies withZ have a larger effect on the terminal wind velocity
instead (see pages 11ff.).

As can be noted from the figure, the Vink et al (2001) predictionshixa
steeper slopenf= 0.85) than the Kudritzki (2002) predictions, witth= 0.5 - 0.6.
Again, the reasons are thought to be related to the neglect dafscaktering in
CAK-type models, i.e., the corresponding single-line approadioresult in both
anM — L dependence and an-Z dependence that are too shallow. On the other
hand, most results computed using the Monte-Carlo method tavacnounted
for a v.-Z dependence, which is anticipated to result in an overestiwia
Therefore, a value ah = 0.7 has been recommended as the appropriate value for
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the mass-loss scaling with for OB-stars (Vink et al 2001, Kritka 2006). The
observednetallicity dependence of OB-stars will be discussed in Se2tl.

3.4.2 Objects at very low Z and Pop Il stars

Extending the predictions to very lo#/Z, < 10-2, where stars can no longer be
observed individually, it has been shown thétkeeps dropping until the winds
reach a regime where they become susceptible to ion-decouplthgalti-com-
ponent effects (Krika et al 2003). The only way to maintain a one-fluid wind
model is through an increase of the Eddington factor by pumpmthe stellar
mass and luminosity. Such an increase in stellar mass is byeaosrartificial, as
the earliest generations of massive stars are anticipated tmtemassive than
today’s population since stars formed with fewer metals to petie cooling —
at the very least resulting in a larger Jeans mass.

In case of Pop Ill stars with truly “zero” metallicity, i.e. only Ha@ile present
in the atmosphere, it seems unlikely that these stars wouldl@gvine-driven
winds of significant strength (Kudritzki 2002, Kgka and Kubat 2006). Nonethe-
less, other effects may contribute to the driving. Interestingsiidlities include
stellar rotation and pulsations, although pure vibration neéta Pop 1l stars
also indicate little mass loss via pulsations alone (Baraffd 8001). Perhaps a
combination of several effects would result in large mass llms®edo the Edding-
ton limit. Moreover, we know that even in the present-day Uneersignificant
amount of mass is lost in LBV type eruptions (potentially drii@ncontinuum
radiation pressure, see page 56) which might be also relevaritddritst Stars
(Vink and de Koter 2005, Smith and Owocki 2006).

3.4.3 Winds enhanced by self-enrichment

Given that the First Stars are potentially massive, luminowod rapidly rotating,
it is not inconceivable that, despite the fact that the firstegation(s) of massive
stars start their evolutionary clock with few metals, the olgjenty enrich their
outer atmospheres with nitrogen and carbon due to rotationahgniMeynet
et al 2006), inducing a strong line-driven wind (Vink 2006 a&ner and Hamann
2008).

In a first attempt to investigate the effects of self-enrichmentertatal wind
strength, Vink and de Koter (2005) performed a pilot study of WRahass versus
Z. The prime interest in WR stars here is that these objects, ediyebbse of WC
subtype, show the products of core burning in their outer athergs.

Although the last few decades provided increasing evidende/tfiawinds
are radiatively-driven (Lucy and Abbott 1993, Gayley et al 1995ir§mann and
Puls 1998, Nugis and Lamers 2002,a&mer and Hamann 2005), the question
of a WR Z-dependence remained controversial, with some stellar modeters
trapolatingZ dependencies from O stars, whilst others assumed WR winds to be
Z-independent.

The reasoning behind the assertion that WR winds may n&-téependent
was that WR stars enrich themselves by burning He into C, anduitidme the
large C-abundance that is the most relevant ion for the WC windndy;i rather
than the sheer number of Fe lines. Figure 7 shows that debpitadt that the C
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Fig. 7 Monte Carlo WR mass-loss predictions as a functio@.cfhe dark line represents the
late-type WN stars, whilst the lighter dashed line shows#sellts for late-type WC stars. The
slope for the WN models is similar to the predictions for QBpergiants, whilst the slope is
shallower for WC stars. At lowZ, the slope becomes smaller, whilst it flattens off entirdly a
Z/Z. = 1073, The computations are from Vink and de Koter (2005).

ions overwhelm the amount of Fe, both late-type WN (dark line) \aft@l (light
line) show a strondgM-Z dependence, basically because Fe has such a complex
electronic structure.

The implications of Fig. 7 are two-fold. The prediction that mass no longer
decreases when/Z., drops below~10-2 (due to the final dominance of driving
by carbon lines) suggests that once massive stars enrich thieiratmospheres,
radiation-driven winds might still exist, even if the objearsed its life with negli-
gible amounts of metals. Whether the rate of mass loss is Inighgh to seriously
alter the evolutionary tracks of the First Stars also dependslaar physical fac-
tors, such as the proximity to the Eddington- or tB£€ -limit.

The second point to address regarding Fig. 7 is the new resulthiahass-
loss rates of WR stars drop steeply witlat subsolaZ. This is anticipated to have
important consequences for black hole formation and the pragesiblution of
long duration gamma-ray bursts. The collapsar model of Woos@§3)lrequires
a rapidly rotating core before collapse, but at sdatellar winds are anticipated
to remove significant angular momentum (Zahn 1992). TheM¢R dependence
from Fig. 7 provides the intriguing possibility to maintain rapadation because
WR winds are predicted to be weaker at loer

Interestingly, the WRM — Z dependence also appears to be able to reproduce
the drop in the WC/WN ratio at lo& (Eldridge and Vink 2006). Although there
are various reasons to assume that additional effects such tissmakanixing and
binarity play an important role for the formation of WR stars, the itesuggest
that the mass-los&-dependence is a first order effect as far as the WC/WN ratio
is concerned.
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4 Observed wind parameters

As we have seen in the preceeding sections, radiation driveshtivory provides
precise predictions for thsvo global parametersf hot stellar winds, namely the
terminal velocityyv., and the mass-loss ratd, as a function of stellar parameters
(including abundances, rotation rates, magnetic field-strepgtine most promi-
nent prediction concerns the presence of a wind-momentum lwityrrelation (if
“contaminating” effects do not dominate), which should allimwvan easy check
of the theory when the global wind parameters are known from obsemgat

Later on, we will summarize recent results on such comparisors.der to
do so, we need to know how and to which precision these wind pateascan be
“measured”.

A few caveats. Most of the following investigations (still) rely on the assump
tions of the standard model (Sect. 2.1), partly extended to ddothe presence of
inhomogeneities (clumping) and X-rays (see below). Within thislel, the mass-
loss rate follows from the continuity equation (Eq. 1), and pralijiedl diagnos-
tics base on the approach that certain observational featuretréspeSEDS) are
fitted by corresponding radiative transfer calculationgop of a wind modekith

a density expressed in terms of the mass-loss [Hig,= M/(4mr?v(r)), and a
B-velocity field,

v(r) :vm(l—b%)ﬁ. (38)

Remember that this functional form relies on the theoretical ptiedis (Eqg. 12).
The constanb fixes the onset of the wind, usually obtained from requiring a
smooth transition between photospheric density-/velocigtifitation and wind
conditions, or by imposing a certain minimum velocifyR.) = Vmin, Of the order

of the isothermal speed of sound.

By varying M,v,, and 3, an optimum fit is aimed at and the so-called “ob-
served wind parameters” are just the outcome of such fitting ptwesdinsofar,
already their determination relies on a consistent descriptiche windandthe
photosphere, since not only the wind properties but also aditiatmospheric
conditions such a%s, logg and abundances affect the radiative processes which
are modeled to fit the observations. Whenever “observed windedess” are
presented, one should be aware of the fact that already theshearesult of
diagnostic techniques based on a substantial amount afetiiead modeling. De-
pending on the degree of sophistication of the underlying migtealso on the
part of the spectrum and the specific process which is used foetkendination,
the reliability of the results can vary drastically.

Even worse, by investigating the scaling properties of padicsblutions, it
turns out that such fits are not unique, but depend, subjecetoahsidered pro-
cess, on certaicombinationsof wind parameters and stellar radius. Important
guantities are the “optical depth invariant§yes for resonance lines with a line
opacityd p andQ for recombination based line processes (suchgstith opac-
ities 0 p?,

M M
Qres= ma Q= W (39)
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(details are given in the following). Individual mass-loss ratestimobtained only
when the terminal velocity and the stellar radius (dependindistance which is
problematic for Galactic objects) are known, or, at least ingipile, if resonance
and recombination processes are fitted simultaneously by noé&MISTE atmo-
sphere codes. Otherwise, the result of such fits is not the msssdte but one of
the above scaling invariants. Thus, even if the fit looks pdyfettte same needs
not to be true for the derived mass-loss rate.

The standard model is certainly an (over?)-simplification. Sigauifi evidence
for deviations from spherical symmetry, non-stationarity, clumeps and shocks
has been found from the beginning of wind observations on. Aspetdted to
rotation and magnetic fields have already been discussed in Z2acand we
will turn to problems related to time-dependence and inhomadteimeSect. 6.
Though these phenomena had been widely ignored with respeégoostical
methods until the late 1990's, increasing observational amdpcitational feasi-
bilities have lead to the conclusion that certain aspects brigicluded to avoid
obvious inconsistencies. In due course, simplified approalches been devel-
oped to account for these aspects, where the inclusion of windping and the
X-ray/EUV emission from shocked material into the present gererati NLTE
codes are the most prominent examples of such updates. Npte¢het the optical
depth invariant as defined in Eq. 39 needs to be modified with respect to the so-
called clumping factor if the winds are considered as inhomegas (Sect. 6.3,
Eq. 54).

Obviously, adetailedinclusion of deviations from the standard model requires
significant effort regarding both diagnostics and the developroEnew models
and methods, a task which is just at the beginning to datenpbes are the devel-
opments of multi-dimensional NLTE codes suchaasTROROTH (Georgiev et al
2006) mentioned already in the context of B[e] stars (Sect. Rahd a 2-D de-
scription of rotational effects within the spectrum synthesisdal on NLTE model
atmospheres, as reported by Bouret et al (2008). Further progress eapdxrted
in the near future.

4.1 Diagnostic methods

Diagnostic methods can be roughly divided into two differeasskes. Approxi-
mate methods concentrate on the analysis of one specific graoestry to de-
duce specific (wind-)parameters by a simplified description, Gisbgl consid-
ering the wind physics alone and requiring additional infornratiom external
photospheridiagnostics.

Alternatively, modern diagnostics rely on the use of “unified”T& model at-
mospheres. Stellar and wind parameters are derived simultdpéguasptimizing
synthetic spectra and SEDs for a large wavelength range, congpdsagnos-
tics of a multitude of processes with different dependenciéssanling relations.
In order to draw correct conclusions, these processes have di#l tmderstood
though.
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4.1.1 Approximate methods

A detailed discussion and comparison of the various approrimathods to de-
rive global wind parameters has been given by Kudritzki and P@8QR and we
will summarize only important aspects.

The two most prominent line types formed in a stellar wind are PnCygop-
files with a blue absorption trough and a red emission peak, arelgrission
profiles (or absorption lines refilled by wind-emission). Theifatiént line shapes
are caused by different population mechanisms of the uppertiegienergy
level of the transition.

In a P Cygni line, the upper level is populated by the interplegeen ab-
sorption from and spontaneous decay to the lower level, usti@lground state
of an ion. This process is called line-scattering. If, on the ottaard, the upper
level is populated via independent processes, e.g., by rénatidn into this level
or decay from levels above, a pure emission line (or an absorptienAleaker
than formed by purely photospheric processes) will result. The folime type
as seen in the (F)UV is majorly used to determine the velocity fiettie wind,
particularlyv.,, and the latter (i, but also Hel 4686, B) to deriveM, or, more

preciselyQ.

Analysis of UV P Cygni profiles.(F)UV P-Cygni lines from hot stars (e.g.,/C,

NV, Silv, Ovi, Pv) are usually analyzed by means of the so-called “SEI” method
(Sobolev plus exact integration, see Lamers et al 1987), basadoggestion by
Hamann (1981a). The central quantity which controls the line fiomgrocess

is the (radial) Sobolev optical depth of the specified line (cfiepd)

_ X(NAR. —, . T®e
= dv/dr V! x(r)= @fm(r). (40)

Tsob(r)

f is the oscillator-strength ang the lower occupation number of the transi-
tion, neglecting stimulated emission. Here and in the folfmyiradiir and ve-
locities v are measured in units of the stellar radius and the terminal ityloc
respectively (remember that the line optical depth in a steliad is an almost
purelylocal quantity, cf. page 7). Relating the occupation numbeto the local
density, this quantity can be expressed by

k(r) _ M (m)/(mee) A

Tson(r) = r2vdv/dr’ (r)=E(r)q(r) RvaZ  4mmy 1+ 4V fA  (41)

whereE is the excitation factor of the lower levek(1 for resonance lines coupled
to the ground-state)j the ionization fractionAx the abundance of the element
with respect to hydrogen andie the helium abundance. Obviously, this expres-
sion is scaling invariant with respect to the quan@ys= M/(R.V«?) (cf. Eq. 39)
as long as the ground-state population of the considered iomsgional top
throughout the wind, e.g., if the ion is a major one. From thietagquation and
the assumeg-velocity law, it should be clear that the maximum set of déllec
parameters from a fit to the observations consis{sof 3, k(r)), see Fig. 8.

Thus, information on the mass-loss rate is hidden in the quakity and
mass-loss rates can be derived from the P Cygni profiles of resorinasdif at
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Fig. 8 SEl fits to the P Cygni profiles of @, Pv, Nv and Civ of { Pup (O4I(f)) as observed by
copPERNIcUs(Morton and Underhill 1977). An almost unique solution with= 2350 kms*
andf = 0.8 is found for all four profiles, with a “micro-turbulence” 0% ofv.,. The upper
panels show the derived run of the quankity) 0 Mq (Eq. 41). Note the black troughs in\N
and Civ. From Haser (1995).

all) only whenexternalknowledge about ionization, abundance and stellar radius
is available. Exemplarily, Howarth and Prinja (1989) and Hase®%} inferred

the productM(q) for large O-star samples froomsaturatedprofiles , where(q)

is a suitable (spatial) average of the corresponding ioniz&tamtion.

Most of the “strategic” P Cygni lines, however, are saturatetbuatypical con-
ditions (Civ, NV in early O-stars and $v in late O-supergiants). In these cases,
the derivation of mass-loss rates (or more precisely, of the prod(g) becomes
impossible, and only lower limits are accessible. The redsatthese lines are of-
ten saturated has to do with the particular dependence ofrthelfitical depth on
the produc{r?vdv/dr)~1, which, as already stated on page 10, varies according to
v(r)¥B=2_For lines with a rather constant ionization fraction throughbe wind
and typical O-star parameters, this variation is only mild, atideamost likely
remains optically thick throughout the wind (i.e., the P Cygmifife is saturated)
when it has a large optical depth already in the sonic regiorhitndase, “only”
terminal velocities (from the frequency position of the blue absonpedge) and
velocity field parameter8 (from the shape of the emission peak) can be measured
(e.g., Howarth and Prinja 1989, Groenewegen et al 1989 and Ha86j}. ITypi-
cal valueg3 =0.7...1.5 have been found for OB-stars, where supergiants show a
clear tendency towards highgr For A-supergiants, values as highfas- 3...4
have been derived (e.g., Stahl et al 1991, Kudritzki et al 1999).

The most severe problem of P Cygni line diagnostics is relatdtetpresence
of so-called black troughs, which are extended regions in therptisn part of
saturated profiles with almost zero residual intensity (see Figl't&se troughs
cannot be explained without further assumptions. Hamann @,B8ihtroduced a
highly supersonic “microturbulence” (of the order of 10%waj throughout the
entire wind to overcome this and related problems, Since in #e thentrinsic
absorption profile is extremely broad, the observed troughs camrhdased, in
parallel with the red-shifted emission peaks (see also GroenewaeykLamers
1989 and Haser 1995 for the inclusion depth-dependemnelocity dispersion).

Lucy (1982, 1983) suggested an alternative, more physicabeapbn for
the generation of black troughs due to enhanced back-scatteringltiply non-
monotonic velocity fieldsvhich most likely are present according to observations
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and time-dependent hydrodynamical simulations (see Sect.ef3iléd UV line
formation calculations have shown that black troughs can healigtcreated in
the profiles of such models (Puls et al 1993a, Owocki 1994b).

Note finally that until very recently UV resonance lines haverbeensidered
as being (almost) uncontaminated by clumping effects. As Wle®g in Sect. 6.3,
this might not be true, due to the effects mdrosity or “vorosity” (= velocity
porosity).

Hy diagnostics. To avoid the problems inherent to thé-determination from
UV P Cygni lines (which, moreover, require space-bound obsensitithe com-
monly accepted standard diagnostics to deMaelies on the wind emission
in Hy, where the influence of ionization (which is almost completa) abun-
dance becomes almost negligible. The idea to ugeabl a mass-loss indicator
goes back to Klein and Castor (1978), and Leitherer (1988), Drewdj1Sabler
et al (1990), Scuderi et al (1992) and Lamers and Leitherer (1993)edphis
method to derive first results for a variety of hot stars. Puls et &@)L8xtended
the method to obtain fastanalysis tool and to eliminate some systematic errors
inherent to previous approaches.

The basic difference between,Hand similarly behaving lines such as He
4686 and Bg) and P-Cygni lines is related to the source function, which in the
former case is rather constant throughout the wind, as long asvbleed levels
are predominantly fed by recombinations or decays from uppersleViis con-
dition is met in O- and early B-stars. For cooler stars, the pdjoumidy pumping
due to Lyman lines becomes equally important, until, in theupesgiant domain,
these lines and the Lyman continuum become optically thickthe correspond-
ing transitions reach detailed balance. Consequently, tungdevel of hydrogen
(n2, the lower level of H) becomes the effective ground state ofahd the line
behaves as a scattering line, thus displaying a typical PiGygmature when the
winds are sufficiently strong. In such cases, the profile is uswaible until a
blue edge frequency correspondingvtg which allows to derive also this quan-
tity and thus enables a complete wind analysis in the opdilcade (see Kudritzki
et al 1999).

Since neutral hydrogen is almost always a trace ion in the wih@®a\ stars,
the opacity of H, scales withp?,

M o2 0 X(DAR M?  by(r)
r2v(r))’ S‘Ob()_dv/dr Vo  (R.Vew)3ré4v2dv/dr’

X(r) Oby(r)( (42)

i.e., the scaling invariant i®? (Eq. 39), and, is the NLTE departure coefficient

of n, which can be rather easily calculat®dAlthough similar arguments hold for
the formation of Hel 4686, the corresponding departure coefficients have a more
complicated (and more uncertain) stratification which favorageeof H;.

Scaling relations for the equivalent width of,Hn O-stars have been pro-
vided by Puls et al (1996), and typical errors @are of the order of 30%, where
these errors can reach values below 10% for strong wind emissisn. #dre,
the velocity field parametgs can (and has to) be determined from the shape of

15 Whenn, becomes the effective ground state, the opacity scalesgfitt with dilution
factorW, see Kudritzki and Puls 2000.
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the emission peak or wing, resulting in typical valy¢s= 1 for O-type super-
giants (Puls et al 1996). For weaker winds, on the other haedyihd emission
is low and “hidden” within the (rotationally broadenggh)otospherigrofile, and
accurate determinations bf become more difficult. Detailed NLTE calculations
based on unified model atmospheres (Sect. 4.1.2) are requiredve heaning-
ful results in such cases. But even if doing so, uncertaintie® gpfactor of two
in M can arise if the photospheric absorption profile is only martinafilled.
Such uncertainties are rooted in the strong dependence of tielosasate oif8
and the fact that this parameter can no longer be derived (becduke hidden
wind emission) but has to be assumed instead (see, e.qg., rlesponding error
analysis in Repolust et al 2004).

At even lower wind-densities (roughly below a few times 3®1.yr ! in the
case of O-/early B-stars),dHcompletely looses its sensitivity to mass loss, due to
a vanishing wind emission. For such Idw (which is present, e.g, in many SMC
O-stars and so-called weak-winded stars, see Sect. 5), otheodimgnmust be
used, either UV resonance lines or,Bsee below).

The major problem of |, however, is itsp? dependence. Any significant
degree of clumping will lead to aoverestimate of the mass-loss rates if this is
neglected in the analysiSomewhat advantageous, however, is the fact that H
remains optically thin in the largest part of the emitting wiaume, such that
porosity/vorosity effects can be neglected, contrasted to rtaéysis of (strong)
UV resonance lines. Further details and consequences arsskscin Sect. 6.3.

Thermal radio and FIR continuum emissionA conceptually different approach
to “measure” mass-loss rates is to exploit the information coathin the (F)IR,
(sub)millimeter and radioontinua Actually, this approach provides a remarkably
reliable and easy-to-use tool, since it is based on rather sipnpéesses.

The basic idea is to measure #ecesselative to the flux predicted by photo-
spheric models, which is emitted by free-free (“Bremsstrahlung”)lmnad-free
processes in the wind. This excess flux becomes significaongét wavelengths,
due to theA 2 dependence of the corresponding opacities and the corresgdndin
crease of theffectivedR/radio-photosphere, and can be translated into a mass-loss
rate. In the following, we will concentrate on purely thermal efisswhereas
non-thermal effects are discussed further below.

The approach to exploit theadio emission (here, the “excess” corresponds
to the totally emitted flux, due to negligible photospheridssion) was indepen-
dently developed by Wright and Barlow (1975and Panagia and Felli (1975),
and applied to larger O-star samples by Abbott et al (1980, dP&td Lamers
and Leitherer (1993). A generalization towards shorter IR-wavétsngas been
provided in a series of papers by Lamers and Waters (1984a,b) areatsveaid
Lamers (1984), who expressed the flux excess in terms of a curve ottgfoam
which the velocity law and the mass-loss rate can be derivedltsinaously. A
first application of this method was the analysisiRfis observations at 12, 25
and 60um of ¢ Pup (Lamers et al 1984). Further references (regarding radio,
submm and IR observations and analyses) can be found in KudaitekiPuls
(2000).

16 these authors considered IR emission as well.
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Following Lamers and Waters (1984a), the combined free-free and bmend
opacity (in units of cm?) at frequency can be written as

Ky = 3.692-10° (1 - ex —hl))ZE(g(v,T)er(v,T)) Vlniz ;o (43
kT T3,3

with electron temperature 72 the mean value of the squared atomic charge,
g(v,T) andb(v,T) the Gaunt factors for free-free and bound-free emissjon,
the ratio between electron and ion density, anthe ion density, which relates to
the mass density vip = n;umy with atomic weightumy. For long wavelengths
and (almost) completely ionized H and He, the major deperidsiace

g(A,T)A%p?

Ky U T3/2 )

(44)

which increases strongly with andp. Inserting typical values, it is easy to show
that from the FIR on the continuum becomes optically thick alygadhe wind,
and the emitting wind volume increases as a functioA.dt.g., the radio photo-
sphere of typical O-supergiants is located at 100 stellar cadéven further out.
Exploiting this knowledge, one can approximate) ~ V. at radio wavelengths,
and an analytical solution of the radiative transfer problenolyexs possible for
an isothermal wind:

M )4/3 (vg(v,T)¥* (y25>2/3’ (45)

Ry ~232( > .

[oe]

whenF, is the observed radio flux measured in Jansky 8Wm~—2 Hz™1), M
in units ofMoyr—1, v, in kms1, distanced to the star in kpc and frequeneyin
Hz. Thus, the spectral index tifermalwind emission is 0.6, since

2/3

Fy O ((vg(v,T))7° OvO8. (46)

The scaling invariant of both radio and IR emissioMgR. 1%, rather similar to
the quantityQ, if the object’s angular diametét d/R, remains fixed during the
analysis. For typical O-stars located at 1 kpg,is of the order of 0.1 mJy in the
radio range (2 - 20 cm). Thus, OB-stars are generally weak radio sourbesh(w
prohibits the use of this method for extragalactic work!) and Useftio obser-
vations can be obtained only for nearby stars with rather densgswMoreover,
since the spectral index of a non-thermal component (see bedavegiative (e.g.,
= —0.7 for synchrotron emission), the radio domain can be more easitacon
nated than shorter wavelengths such as the (sub)millimeteneegi

Again, due to the scaling with?, the major problem is the impact of clumping,
already discussed by Abbott et al (1981a) and Lamers and Wate&84k{)LPuls
et al (2006) have used this additional dependence to derivade stratification
of the clumping factor, see Sect. 6.3.
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Non-thermal (NT) emission.So far, we have concentrated on the thermal emis-
sion. However, there is ample evidence of non-thermal emigsidrot stellar
winds. First observational findings have been reported by WhiddBacker (1983)
and Abbott et al (1984), and Bieging et al (1989) concluded thaghty 30% of

all massive stars were non-thermal emitters. To date, there are ye®tars con-
firmed as non-thermal radio sources (van Loo et al 2006 and referemresih

A recent review on non-thermal emission from massive stars (with esiplon
massive binaries) has been given by De Becker (2007), whichdeslthe most
up-to-date census of non-thermal radio emitters (the aforementibh&dtstars
plus all known WR sources) including their multiplicity siat

Although it seems to be clear that the non-thermal emissioruéstd syn-
chrotron radiation from relativistic electrons, different agentpoesible for the
acceleration are discussed in the literature: wind accretiom cohpact objects
(Abbott et al 1984), magnetic reconnection in single or cailipwinds (Pollock
1989, see also Litvinenko 2003) and first-order Fermi accelergiermi 1949),
which, in the presence aftronghydrodynamic shocks, is also referred to as the
Diffusive Shock Acceleration (DSA) mechanism (Blandford and ®etriL978,
Bell 1978a,b). With respect to massive stars, the latter prd@s$een invoked
by White (1985, for important modifications to the original idese £hen and
White 1994) to explain the NT emission in suspected singlessivhere the re-
quired shocks should be those embedded in the wind and cregtteel Iime-driven
instability (Sect. 6.2). Eichler and Usov (1993), on the othde sshowed that
also the shocks created by stellar wind collisions in earlg tyijmaries are poten-
tial sources of the observed NT emission, in line with even easliggestions by
Williams et al (1987, 1990) regarding the non-thermal emission frenWC7+05
binary WR140. More recently, Pittard et al (2006) and Reimer et@)§2 have
developed models applying the DSA mechanism to the correspgpmhysical
conditions of hydrodynmical shocks in colliding wind binaie

The presently favorized hypothesis is that non-thermal enmgsion massive
stars is generally procuded by the latter mechanism. Two elsnhene simulta-
neously led to this idea. On the observational side, a humbsystematic ob-
servational studies of NT emitters to investigate their rplittity have revealed
that the vast majority of them are confirmed (or at least suspgebtedries (see
De Becker 2007). Note, e.g., that already Dougherty and Willi§a000) found
strong indications that at least for WR-stars a massive compamprerequisite
for the appearance of NT emission. On the theoretical side, varet al (2006,
based on Van Loo 2005) showed that the observed spectral shape-thermal
emissioncannotbe reproduced by current (1-D) hydro-simulations applying the
wind-instability scenario in presumed single O-stars. Theyetteg that also all
O-stars with non-thermal radio emission should be members of boramulti-
ple systems, where the non-thermal component is created indlbkshssociated
with colliding stellar winds.

In the present context, NT emission is particularly importangbse of its im-
pact on the radio spectrum and flux. If present, it can strongly gerhass-loss
rate determinations based on the thermal radio flux, as, e.gtegadut by Stevens
(1995). In this context and assuming the above hypothesis offN3séon created
in colliding winds, high angular resolution observationgwaihg for a direct dis-
entangling of purely thermal (single star winds) and non-the(owdliding-winds)



Mass loss from hot massive stars 41

emission in wide binaries will prove as highly valuable. Hoeedet us also note
that an additional thermal radio contribution may be producethéyhocked gas
in the colliding-wind region itself (Stevens 1995, Pittard eR@D6), therefore
contributing to some additional confusion.

4.1.2 Methods based on NLTE atmospheres

As outlined above, more recent wind diagnostics is mostlydaseNLTE model
atmospheres. At least three different methods can be envisaged:

() Synthetic spectra from self-consistent atmospheric modelsgdeing a NLTE
+ hydro-description, where the wind-structure relies on a line foradtieg from
self-consistent NLTE occupation humbers and the corresponddiatian field,
see, e.g., Fig. 1 in Pauldrach et al 1994) are fitted to obsengtihich cover a
significant spectral range and are sensitive to both photosped wind condi-
tions. The only input (=fit) parameters alig, logg, R.(or different combinations,
e.g., Ter, L+, M,), the individual elemental abundances, and, if necessargfi{st
fied) clumping factors and a description of the X-ray/EUV emissBesides the
fact that such an approach is very time-consuming, it relies®@assumption that
the complete underlying wind-physics is correctly treated. Tieghod does not
allow for an independent test of the theory itself. All inaccigatproblems of the
theory will, of course, show up in deviations between synthstiectra and ob-
servations. Unfortunately, however, these will be interpretettims of peculiar
abundances, clumping factors, radii etc., since for a giveafsgellar parameters
only one specific wind-structure (i.e., a specific combinatioi p¥., and velocity
field) is possible, which may not be correct. The better therthébe better the
results from such an approach, of course. An interesting aplicafimethod (i)
will be presented in the context of determining stellar paransatf Central Stars
of Planetary Nebulae via wind diagnostics.

(if) Synthetic spectra from consistent atmospheric models (NLTigdro-descrip-
tion) are fitted to observations. In contrast to method{iandv., are adapted to fit
the wind-lines, but not directly (as in method (iii) discusselbig, but by varying
the force-multiplier parameters &, & (or equivalent quantities) in a reasondfle
way. The fit parameters are as above, augmented by the force-meuliplame-
ters. The advantage of this method relies in the possibilityttain aphysically
justified stratification of the velocity field (and the indirectssibility to check the
wind-theory, by checking whether the observatiatisw for reasonable force-
multiplier parameters), but this advantage can also becomsaa\dintage when
the actual velocity fiel&annotbe matched by the hydrodynamic approach, due
to shortcomings in the description. Method (ii) is usually &pin investigations
using the atmosphere/wind-code WM-Basic (see Sect. 4.2.1) nap@$sive fits
of the complete UV region have been obtained for a (small) nurobstars, e.g.,
{ Pup,a Cam (09.5la) (Pauldrach et al 2001) and HD 93129A (QZTaresch
et al 1997), in the latter case including the optical regiomiar analyses of
a larger sample of Galactic O supergiants and dwarfs have beréormped by
Bianchi and Garcia (2002) and Garcia and Bianchi (2004) (see pelwte that

17 within the range predicted by line-statistics, see pagéfs 11
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in almost all these cases the inclusion of the observed X-ray/Etdission (in-
terpreted as due to the emission from cooling zones of shocksdetetien the
wind, see Sect. 6.1) has been crucial to explain the ionizatichighly ionized
species such as @ and Svi, see Pauldrach et al (1994, 2001) and Macfarlane
et al (1993). These ions which show strong P Cygni lines in the FJY¥., Fig. 8)
cannot be created in “standard” NLTE calculations based omd with an elec-
tron temperature of the order s, a problem realized already at the beginning
of hot star UV spectroscopy and denotedsaperionization(e.g., Lamers and
Morton 1976, Castor 1979, Hamann 1980).

(iii) The last method enumerated here is the most frequently @edhetic spec-
tra from a NLTE model are fitted to the observations, where the wingtsire is
analytically described via g velocity law (Eq. 38), and a smooth transition be-
tween the analytical wind structure and a quasi-hydrostatitosipbere is adopted.
Input-parameters (in addition to those from method (i)) Mreve, and 3. Such
models (and those calculated by method (ii)) are callmified Model Atmo-
spheres(Gabler et al 1989), and are standard nowadays. Corresponding code
will be discussed in the next section.

Let us finally note that not only different methods can be (and amhbined
with (different) atmospheric codes, but that also the fit-optatin method can
be different. Even in recent investigations, a “fit-by-eye” meltias been fre-
quently used, but more objective and automatic methods suttfeaoptimization
by genetic algorithms (Mokiem et al 2005) or using predefinedsgriccombina-
tion with ay2/maximum likelihood optimization (Lefever 2007) or vigéncipal
component analysi@Jrbaneja et al 2008) have also entered the spectral analysis
of hot stars with winds.

NIR spectroscopy. The dramatic progress of IR astronomy in the last two decades
has opened a completely new window for the systematic iryegibin of hot star
winds, particularly for the analysis of dust-enshrouded, veryngoobjects and
samples in highly reddened clusters. Note also that the curesrgtion of 10m
class ground-based telescopes has been optimized to obséhi® wavelength
range.

Also the IR spectra from hot stars show pure emission lines, winthatdn
nated absorption lines and sometimes even P Cygni profiledhasd lines have
to be analyzed by means of NLTE models due to strong NLTE effaatertain
transitions. Since the IR continuum of objects with strong wiisdormed already
in the wind, however, IR lines may sample different depths s wind and
provide additional information about the shape of the velofiéhd and particu-
larly on the clumping properties.

The winds of hot stars of extreme luminosity and with strong IRssion
characteristics in the Galactic Center have been investidatalifferent groups
(e.g., Najarro et al 1997b, Najarro 2006, Martins et al 2007), anaizen et al
(2004), Repolust et al (2005) and Geballe et al (2006) have ddratetin how
far stellar and wind parameters of “normal” OB-stars may be constiaby IR-
spectroscopy alone. One of the most important applicatioti? lifie diagnostics,
however, will be the measurement of mass-loss rates from stars/aryhweak
winds by means of By, as detailed in Sect. 5.
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4.2 Recent results
4.2.1 OBA-stars

Most of the relevant results in the field of quantitative spesttopy of massive hot
stars that have emerged with the new millennium are the outodmere than ten
years of considerable efforts made by different research groupsaporate, in a
realistic way, the effects of line-blanketing in NLTE-modelimithe atmospheres
of massive stars. Indeed, the possibility to include the roleeskral thousands
(up to millions) of metal lines was intimately coupled to thealation of com-
puter facilities. First approaches were made by Abbott and Hen{@®85) who
modeled the effect of “wind blanketing” by introducing a wasmdith dependent
albedo representing the radiation reflected back onto the pitetos by electron
and line scattering from the wind. Abbott and Hummer showedtti@main re-
sult of “wind blanketing” was to heat the photosphere from thiéese to the depth
of continuum formation (“back-warming”), so that the resultingctpsem would
resemble that of a hotter star. Thus, depending on the streftjtie stellar wind
(M), the albedo could lead to a net reduction of the derived st&llaby up to
20%. The main caveat of this approach was the neglect of pbletos “line blan-
keting”, so that a unified picture could not be provided. As weffort has been
undertaken to incorporate the effects of photospheric “flux bfagkalone (Her-
rero et al 2000, Villamariz 2001). However, since only blockingsveonsidered
but no back-warming, reviset.; values were significantlpigher than models
without blocking.

One of the major steps in the blanketing affair was presenyedruerson
(1985, 1989) who introduced the so-called “superlevels”. lmstdalealing with
all individual energy levels of metal species, several staith close enough ener-
gies were packed into one superlevel. Thus, the number oftitatiequilibrium
equations could be drastically reduced saving an enormousrdarabcomputing
time (but see, e.g., Lucy 2001 on potential problems inherghts@pproach). Af-
ter some pioneering work (Hauschildt 1992), by the end of thetieimefour major
codes, PHOENIX (Hauschildt 1992), CMFGEN (Hillier and Millera®, WM-
Basic (Pauldrach et al 1998, 2001) and TLUSTY (Hubeny 1998 epfmrallel,
no wind) could address line blanketing in a realistic way. dusbuple of years
later two more codes, POWR (&ener et al 2002) and FASTWIND (Santolaya-
Rey et al 1997, Puls et al 2005) became available. For a briapadson of the
features of these codes, see Puls (2008).

Effects of line blanketing. To illustrate the two main direct effects of line-blan-
keting, we have made use of CMFGEN and computed a model foreaBlat
hypergiant with a strong wind. Fig. 9 shows the comparisonebianketed/non-
blanketed cases for the emergent flux distribution and temyreratructure of the
atmosphere. The models confirm the effects anticipated from earbnd dis-
cussed above. We clearly see how the blocked flux in the UV esseaoptical
and longer wavelengths. As the flux is blocked and a certairuainal photons
are backscattered, flux (luminosity) conservation demands a efficent pho-
ton diffusion in the inner photosphere. Since this effect ismdied by the tem-
perature gradient, the temperature is increased in this region-{atking) as
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Fig. 9 Effects of line blanketing (solid) vs. unblanketed modekshed) on the flux distribution
(logFy, (Jansky) vs. log (A), left panel) and temperature structufie{£0* K) vs. logne, right
panel) in the atmosphere of a late B-hypergiant. Blanketiogks flux in the UV, redistributes
it towards longer wavelengths and causes back-warming.
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Fig. 10 Effects of line blanketing on the hydrogen ionization staue (log Hi /H 11 vs. logne,
left panel) and line profiles (4 right panel) of a mid B-supergiant. The enhanced ioniratio
caused by blanketing (solid vs. dashed) weakens consigetab H,-profile (dashed-dotted)
with respect to the unblanketed model (dashed) and recair@screase o by up to a factor
of three in B-supergiants to balance the effects of blangedind to fit the observations (solid).

shown in Fig. 9. Back-warming, in combination with the enhahiaiation field
due to backscattering, will lead to enhanced ionization @itiner parts of the
atmosphere. The question arising now is how the spectral linledeavaffected
and whether the effect of blanketing could be considered asergkshift in the
ionizing conditions throughout the whole atmosphere (as foundibott and
Hummer 1985) or whether it will affect differently the inner pbsphere and the
outer wind. Thus, we want to know whether this enhanced aiitn will be kept
throughout the atmosphere or whether the stellar wind wiktbEnough ionizing
radiation and decrease the ionization degree in the outer varid. @he outcome
of this competition will depend on the parameter domain inchtthe star is lo-
cated, and will be very sensitive to stellar properties suclifastie temperature,
gravity and wind strength. For an illustration, we will compére situation for a
mid B-supergiant and a very hot early O-supergiant.

Fig. 10 shows the effects of line blanketing on the hydrogeizaiion struc-
ture of the mid B-supergiant. Despite the strong wind, the ecdxdhionization
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Fig. 11 Effects of line blanketing on the helium (left) and hydrogemiddle) ionization structure
of an O3 If supergiant. Solidle¢= 45.5 kK, blanketed; dashets= 45.5 kK, not blanketed,;
dashed-dottedTes= 50 KK, not blanketed. See text. Right: Flux distributionrobdels with
(dashed) and without (solid) blanketing matching the atdihe spectra and photometry.

caused in the inner photosphere is held throughout the wirthénithe increased
depletion of H in the atmosphere through blanketing requires an enhancement
of M by up to a factor of three to compensate the extra ionizationraatth

the observed profile (see Fig. 10). Thus, for mid B-supergiantskbtang affects
majorly the derived mass-loss rate, while milder changes ampethe derived ef-
fective temperature. Similar trends have been found by Urbanejdj2Crowther

et al (2006) and Markova and Puls (2008).

Fig. 11 displays the effects of line blanketing on the He andrtiziation struc-
ture of an O3 If star. For the case presented in Fig. 11, we hasetsdlthree dif-
ferent models. The first one corresponds to a blanketed modeTyith45.5 KK,
logg = 3.7 andR = 15.6 R,. The second model has the same parameters but
no blanketing, while the third one, again not blanketed, igenoles = 50 kK
(logg = 3.8 andR =14.6R.), and reproduces equally well the observed spectra of
the O supergiardndthe observed V magnitude. All models have the same wind-
strength parameted. From Fig. 11-left we see that blanketing (solid) severely
enhances the He ionization in the line forming region with resfethe cool un-
blanketed model (dashed), so that a degree of He ionizatiotaesitoithe hot un-
blanketed model (dashed-dotted) is obtained by decredgirtay almost 5000 K.

In other words, the basic diagnostic for temperature determimsiio O stars,
namely the He ionization balance, reacts strongly to blangetind causes the
observed reduction on the effective temperature scale (for furtheilsjesee Re-
polust et al 2004).

Inspection of the impact of blanketing on the H ionization etuwe of O stars
(Fig. 11-middle) tells us that only minor changes are producdtierionization
degree of H and, therefore, only small variations should be ezgdeaantthe in-
ferred mass loss rates (assuming they are derived frgirabl Hal 4686 would
be severely altered). Finally, it should be noted that the w&ligtistrong wind of
the star blocks the He ionizing radiation and forces recombination of eto
He1l, with important implications on the number of Hdonizing photons (see
also Fig.11-right). Thus, this is one case where the strong winttas the ion-
ization and outweighs the enhancement produced through lackag in the
inner regions.

Firstimpact: The new temperature scale for massive OB sta¥acca et al (1996)
presented a compilation of the spectroscopic determinatibeffextive temper-
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Fig. 12 The temperature scale for Galactic O-dwarfs (left) and mgipets (middle). The solid

lines are for the Vacca et al (1996) scale, the dashed linghfor'theoretical” scale defined
by Martins et al (2005a), filled symbols are data from Repoisal (2004) and open sym-
bols are data from Herrero et al (2002). Right: The new teatpee scale for B-supergiants
from Markova and Puls (2008), combining results from Urhai§2004), Crowther et al (2006),
Przybilla et al (2006), Lefever et al (2007) and their owred&ee text.

atures of massive OB stars. They gave preference to the most redeuatons
which at that timewere mostly based on plane-parallel, hydrostatic, unblanketed
NLTE model atmospheres. Interestingly, in their paper, Vateh @996) warned
about the significantly lower temperatures obtained by the fesilable wind-
blanketed analyses when compared to unblanketed results.

Once the codes cited above became available, a series of pagrergublished
mostly devoted to the issue of temperature scales. The firstémbddalculations
pointing to a cooler temperature scale were those from Martins(20a8R) using
CMFGEN. These authors limited their calculations to OB-dwatsthat the in-
fluence of mass-loss effects were negligible. Therefore, the niféénehces with
Vacca et al were clearly due to line-blanketing. These differeoald reach up
to 4000 K for early types, and decreased towards O9 and BO typesnake
appreciated in Fig. 12.

Herrero et al (2002) provided a temperature scale for supergiantggito82
using FASTWIND. They found differences of up to 8000 K. In this chséh
mass loss and line-blanketing played a role. These authorslatseed that two
stars with the same spectral type and luminosity class mayditigeent effective
temperatures if their wind densities are different. While theltegtom Herrero
et al were based on the analyses of only seven Cyg OB2 supesigiRepolust
et al (2004) presented an analysis of 24 stars (17 supergiantgiamdg and 7
dwarfs), based on a slightly improved version of FASTWIND that comdid the
same trends.

(Almost) identical trends have been found by Martins et al (2008&) pro-
vided'®, by means of CMFGEN models, new temperature scales for mas8ive O
stars of different luminosity classes. These scales agreewelitavith those from
Repolust et al, and confirm that new models result in effectingeratures that
are several thousands Kelvin cooler for early and intermediatetisp types, de-
creasing towards late spectral types. A comparison of all théfeeeht tempera-
ture scales is presented in Fig. 12.

Likewise detailed studies have been performed for B-supergiahtsaneja
2004, Crowther et al 2006, Lefever et al 2007, Markova and Pul8P@hich

18 among other scaling relations for atmospheric parametetsaaizing photon numbers.
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show that also the temperature scale of Galactic B-supergiaetss to be revised
downwards. Compared to the unblanketed and “wind-free” scale biridan
et al (1999), this amounts from 10 up to 20%, the latter value kegapgopriate for
stronger winds. The resulting néla-scale (described by a third order polynomial
fit, with gray-shaded Iz uncertainties) is displayed in Fig. 12-right, and agrees
perfectly with the results from an independent study by Trundlé @0D7).

Similar investigations have been performed for OB-stars in thediagc
Clouds (MCs), in particular to study metallicity effects on tlfeetive tempera-
tures and mass-loss rates. Massey et al (2004, 2005) invedtgkteye sample of
MC O-stars by means of FASTWIND, and provided a spectral-figgesalibra-
tion for the SMC. For the LMC, the situation remained uncleagetheir sample
was concentrated towards the hottest objects, 02-0O4. Overaltnied out that
for a given spectral sub-typ@e(SMC dw) > Ter(MW dw) =~ Te(SMC sg)>
Tef(MW sg), where thelgg-scale for SMC O-stars differs much less from the
unblanketed Vacca et al (1996) calibration than the scale &r @alactic coun-
terparts (‘dw’ = dwarfs, ‘sg’ = supergiants). This finding has beenibaited to less
blanketing and weaker winds because of the lower SMC meitglljsee below).
For dwarfs most of the results derived by Massey et al. are in good agreement
with investigations oflifferentsamples performed with CMFGEN (Matrtins et al
2004) and TLUSTY®(Bouret et al 2003), whereas a large number of M(er-
giantsanalyzed by means of CMFGEN (Crowther et al 2002, Hillier etG03,
Evans et al 2004a) turned out to be significantly cooler, ewerec than implied
by the Galactic scale. In certain cases, this might be expldigevind-blanketing
effects, since some of the discrepant objects are rather extimmether cases
certainly need further inspection. Heap et al (2006) analyzeahgpke of SMC
O-dwarfs and giants, and compared their results (using TLUSTYjetfter stud-
ies. Though they stress the large scattefggfwithin individual sub-types, they
found fair agreement with other investigations, except foe@G#t data derived by
Bianchi and Garcia (2002) and Garcia and Bianchi (2004) by mdampuare UV
analysis (using WM-Basic), which seem to suggest systemigtimadler temper-
atures than all other studies. Also this discrepancy has tonsstigated in the
near future.

The VLTFLAMES survey of massive stars.One of the most important recent
projects on OB-stars was the VIELAMES survey of massive starsl(AMES =
Fibre LargeArray Multi-Elementspectrograph). By means of this campaign, the
massive stellar content of 8 young and old Galactic/MC eltsshas been spectro-
scopically investigated, in order to answer urgent questiegarding (i) rotation
and abundances (rotational mixing), (ii) stellar mass loss asetifin of metal-
licity and (iii) fraction and impact of binarity. In total, 86 O-staand 615 B-stars
have been observed at high resolution. An overview of objeatbjectives has
been given by Evans et al (2005, 2006), and a summary of importsuitgean
be found in Evans et al (2008).

Mokiem et al (2006, 20074) studied the O-/early B-star targets of the\MES
survey in the SMC and LMC, respectively. They confirmed the ba&sialts from
Massey et al (2004, 2005), but refined the spectral-figgescale, particularly

19 augmented by a CMFGEN analysis of the wind parameters.
20 by means of a genetic algorithm combined with FASTWIND, seet$4.1.2.
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with respect to the LMC objects. They showed that, at least fam@rfs (which
are not “contaminated” by additional wind-effects), the effectemperatures for

a given spectral sub-type decrease with increasing metalli@ty Te(SMC) >
Teif(LMC) > Ter(MW). A similar result was derived by Trundle et al (2007) for
the FLAMES B-type dwarfs, in this case based on TLUSTY model atmospheres.

Wind properties of OB stars at different metallicitiedVind-properties of Galac-
tic/MC OB-stars (primarily mass-loss ratéd, and velocity field parameterg)
have been determined by numerous investigations (overlappithghose men-
tioned above and detailed in Puls 2008), frorg fbartly combined with He
4686) and the UV. In most cases, terminal velocitigs,have been adopted from
UV-measurements (see Sect. 4.1.1) and/or calibrations (KudaitzkPuls 2000).
Wind-momentum luminosity relations (WLR) have been inferred aodgared
with theoretical predictions, mostly from Vink et al (2000, 20089¢ Sect. 3. In
summary, the following results have been obtained:

(i) For mostO-/early B-starsthe theoretical WLR is met. Notable exceptions are
O-supergiants with rather dense winds, where the “observedi-wiomenta ap-
pear as “too large” (see Markova et al 2004, Repolust et al 2084¢h has been
attributed to wind-clumping, see Sect. 6.3, and low lumiryoSitdwarfs, where
the “observed” wind-momenta are considerably lower than predjathich has
been denoted as the “weak wind problem” and will be covered at. Se

(i) The bi-stability jump in the B-star domain is represented lgyadual decrease
in Ve, over the bi-stability region (Evans et al 2004b, Crowther et &620by a
factor of roughly 2.5 with respect to the ratio wf/vese According to Markova
and Puls (2008), the limits of this region are located at somelehagr Te (be-
tweeen 18 to 23 kK) than those discussed by Vink et al (2000) Mugsortant,
however, is the finding tha#l changes over the bi-stability region by a factor (in
between 0.4 and 2.5, Markova and Puls 2008) which is smabertthe predicted
factor of 5. Thus it seems that the decrease.iver the bi-stability region is not
over-compensated by an increasdt. This finding seems to apply not only to
the bi-stability region itself, but to the complete “low temgera region” (i.e., all
mid/late B-type stars), where the predicted mass-loss rates asz themn those
found from NLTE analyses based on unified atmospheres (Vink etQdl, ZGun-
dle and Lennon 2005, Crowther et al 2006, Lefever et al 2007aglenet al 2007,
Markova and Puls 2008). This problem is reminiscent of the firglmgKudritzki
et al (1999) who derived wind-momentum rates of mid B-supergiahtsh were
much smaller (by a factor of 10) than those of early B-supergidBg¢aring in
mind that Kudritzki et al (1999) used unblanketed atmosphesas) if applying
an upwards “correction” of their mid B-supergiant mass-loss tayes factor of
three (accounting for the arguments from page 45), their resultidvetill be in
contrast to the predictions.

Nevertheless, a certain effect dividing hotter from cooler wiisdsresent in-
deed, evident from the decrease in the ratitvescand likely related to the princi-
pal bi-stability mechanism. Moreover, as shown by Benaglel €007, see also
Markova and Puls 2008), lacal increase of the ratidv/v, seems to be present

21 atleast not if the winds from hotter objects are sbstantiallystronger clumped than those
from the cooler ones.



Mass loss from hot massive stars 49

30 |
29 |
£
g
o 28 r
(o)
ks)
27 t
26 [
4.5 5.0 55 6.0
log(L/Lgyp)

Fig. 13 Comparison of observed (solid, with grey shaded tenfidence intervals) and theo-
retically predicted (dashed, Vink et al 2000, 2001) WLRsGadactic, LMC and SMC O-/early
B-stars (from top to bottom). Adapted from Mokiem et al 2005de text.

at leastinsidethe transition zone, which would partly support the predictions
Vink et al., though not regarding the mass-loss properties ofctbjeelow the
jump. Further effort to clarify the situation is certainly needed.

(iii) Combining the results of the various investigations ofl&tic OB-stars and
A-supergiants (the latter from Kudritzki et al 1999), the correspupdVLRs
(as a function of spectral type) extend over significant rangéksdnassuming
that clumping is not a strongly varying function of spectral tyfpecluding weak
winds, three rather well-defined relations for O and early B-stars flguapove
23 kK), for mid and late B-supergiants (between roughly 18 kK an&K)and
for A-supergiants seem to exist, where the slope of the former tladioes is
rather similar, and the slope of the latter is steeper, in r@ecwe with theoreti-
cal predictions. In particular, Kudritzki et al (1999) derived ap& correspond-
ing to o’ = 0.38+ 0.07 for their sample of A-supergiants, which is in perfect
agreement with corresponding results from line-statistics (payeV¥ighin the
(re-defined) bi-stability region (18 to 23 kK), on the other hand sitetter seems
to be much larger, possibly due to ongoing changes in theaglohization equi-
librium (Markova and Puls 2008).

Translated into the number of driving lines (or force-multipli@rgmeterk,
cf. Eg. 15), the above results imply that this number remains rathestant over
large ranges ifTgg (again in accordance with theoretical predictions, Vink et al
2000 and Sect. 2.1), which are divided by the transition fromvRe Felil and
from Felll to Fell as the major driving agents. The “only” difference between
these principal predictions and the observations is a quawgitane, regarding
the location of the (first) bi-stability region and the degree taclwlextentNgs (or
k) changes from one region to the other.

(iv) For a given luminosity, the mass-loss rates of SMC-stars averlohan for
their Galactic counterparts, consistent with theory (Masseal 2004, 2005). A
more precisequantificationof the metallicity dependence of the winds from O-
/early B-stars was possible within tlileAMES survey. From the analysis of the
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Fig. 14 WLR for Galactic and extragalactic A supergiants. Dashéuer regression for Galac-
tic and M31 objects. Dotted: Galactic relation scaled totiean abundance found for NGC 300
and NGC 36217/Z;, = 0.4. Adapted from Bresolin and Kudritzki 2004.

SMC/LMC objects by Mokiem et al (2006) and Mokiem et al (2007a$pee-
tively, and in combination with data from previous investigas, Mokiem et al
(2007b) derived the WLRs for Galactic, LMC and SMC obijects, witther nar-
row 1-o confidence intervals, and showed that the wind-momenta gtiictiease
with metallicity Z (i.e., the WLR of the LMC lies in between the corresponding re-
lations for the MW and the SMC, see Fig. 13). Usitlg MC) =~ 0.5Z,, Z(SMC)

=~ 0.2Z,, and allowing for a modest “clumping correction” for dense wi(fdé-
lowing the arguments by Repolust et al 2004, see also Markbaha 2004 and
Sect. 6.3), they obtainell 00 Z072+0.15 This result is in very good agreement
with theoretical predictions, both from (stationary) models (S&ét1) and from
line statistics (page 11). Mokiem et al (2007b) pointed out tihatderived metal-
licity dependence should remain unaffected from potential futhenges in the
absolute values of mass-loss rates due to global clumping tiomscas long as
the clumping properties were similar in winds of different médil.

Beyond the Magellanic Clouds.As already noted in our discussion of the (the-
oretical) concept of the WLR (Eqg. 16), one of the early aims to hée rela-
tionship was to derive extragalactic distances by purely spsmbpic means. Par-
ticularly advantageous for this purpose are early A-supergiaetguse they are
the visually brightest “normal” stellar objects. Also, prailke of multiplicity and
crowding are (almost) negligible because of their brightnées; short life-times,
and their relatively old evolutionary ages (see Kudritzki et@)&a). Moreover,
their Hy-line can be used to measuvk andv, simultaneously (e.g., Kudritzki
et al 1999, Kudritzki and Puls 2000). Subsequently, a numbehese objects
have been analyzed in Local Group galaxies and beyond to cemithh Galactic
counterparts and to check the theoretical concept. A summalteafesults has
been given by Bresolin and Kudritzki (2004), highlighted in Fig. which dis-
plays the corresponding WLRs. The relation for “solar” metdifiés defined by
Galactic objects plus two M31 stars, and additional wind-matwa rates for 6
A-supergiants in NGC 300 and one object in NGC 3621 are disgla@@suming
that the latter stars have an abundance similar to the meaw fouritheir host
galaxiesZ = 0.4Z, the dotted line provides the theoretical expectation when th
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Galactic WLR is scaled to the lower metallicity. It is evid&mat the WLR concept
seems to hold. Details regarding extragalactic samples, digsrs and analyses
can be found in Bresolin and Kudritzki (2004) and references therein.

After these promising investigations had been finished, hewew further at-
tempt was made to derive distances via the WLR. The reason tow#tsathat Ku-
dritzki et al (2003) had developed an alternative possibitityge late B-/early A-
supergiants as standard candles, by means of what they taEtlx-weighted
Gravity LuminosityRelationship. The authors showed that the flux-weighted grav-
ity, 9/Ter*, and the absolute bolometric magnitude are strongly correlated fo
these objects, since they pass their short evolutionary philseearly constant
luminosity and massnd because luminosity and mass are related Zid1* with
x=2 3. Thus, the underlying difference in both methods is that thé&iethod ex-
ploits the information on radius contained in ttellar wind whereas the FGLR
method relies omvolutionaryfacts.

As shown in the original paper and a follow-up study (Kudritzkile2@08b),
this new method to derive distances seems to have advantageshe WLR
method, because of the high precision that is possible evdavieresolution ob-
servations (0.1 mag in the distance module when analyzingrdéttstars) and its
simplicity. E.g., the FGLR method requires much less (and ohbtgspherié?)
parameters to be determinefi.f, logg, and metallicity), and is also much less
affected by additional dependencies. Remember, e.g. tbabass term in Eq. 14
only partly vanishes for A-supergiants, singé~ 0.4 and not close to 2/3 as in
the OB-star case. Moreover, it is still unclear whether andaw far clumping
affects the WLR method.

A first impressive demonstration of the power of the FGLR methaslbeen
given by Urbaneja et al (2008) who determined the distance thdbal Group
Galaxy WLM with a distance modulus of 24.29.10 mag (which is only 0.07 mag
larger than the most recent Cepheid distance). Further apptisawithin the
Araucaria project (“Measuring improved distances to nearby galaxies”reaie
et al 2005) are to be expected soon.

Central Stars of Planetary Nebulae Although Central Stars of Planetary Neb-
ulae (CSPN) are objects of significantly lower luminosity afidampletely dif-
ferent evolutionary status, they have winds wittm@an densitgimilar to massive
stars, and their wind-momenta seem to correspond to an extriapadfithe WLR

of O-stars (Kudritzki et al 1997, 2006, Hultzsch et al 2007), thowith a larger
scatter. This finding must be regarded as an encouraging swfdbssnterpreta-
tion of winds in terms of radiative driving and of the conceptlaf WLR. Let us
point out that recent analyses by means of FASTWIND have stegjésat some
(but not all) of these winds argrongly clumped, which could be quantified be-
cause of the different reaction of the H&686 and the i line on wind-clumping
at temperatures arouridg ~ 30 kK (Kudritzki et al 2006).

In an interesting study, Pauldrach et al (2004) analyzed thesnh® CSPN
by means of WM-Basic anehethod (i)as outlined in Sect. 4.1.2, i.e., they derived
the complete set of stellar parameters by compasglconsistentvind models
with UV-observations. The information provided by the wind feasufg,, M)

22 at least when discarding extreme objects with wind-af&EDs.
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permits to derive the stellar radius via such models, since dhegponding de-
pendencies, = f(Vesg andM = f (L., M,, ") allow for a unique solution foR,
given the observational constrainf®r a discussion of the underlying principles,
see Kudritzki et al 1992). By this method, all quantities sugktuainosity, mass,
and distance can be constraineidhoutrelying on the (core)mass-luminosity re-
lation taken from stellar structure theory and post-AGB evolutibNotably, the
results by Pauldrach et al (2004) showed severe departures fronetigsady ac-
cepted relation, and masses from 0.4 to 4 have been derived, with five out
of the nine stars located close to (but not above) the Chandrasaiass limit for
white dwarfs. Pauldrach (2005) argues that these objects mébd “to a not
yet understood subgroup of CSPNs that evolve to white dwarfshad@an end up
as supernovae of type la” (see also Maoz 2008). For further progrebisassue,

it needs to be clarified in how far the wind and spectrum synshesliculations
are not biased by contaminating effects. An important stepraswis is the de-
termination of precise distances to CSPN (to enable a measureffribe stellar
radius) for which fairly resolved spectra can be obtained as well.

4.2.2 Luminous Blue Variables

What is an LBV? Luminous Blue Variables represent a short-lived1(0* — 10°
years) phase of massive star evolution in which the stars ajec$ib significant
effective temperature changes. They come in two flavors. Thedamppulation
of ~30 LBVs in the Galaxy and the Magellanic Clouds is that of tHeoBadus
variables with magnitude changes of 1-2 magnitudes on tinescd years to
decades. These are the characteristic S Dor variations, whidlepmesented by
the dotted horizontal lines in Fig. 15. The general understanidi that the S Dor
cycles occur at approximately constant bolometric lumigo@ithich has yet to
be proven) — principally representing temperature variations.s€eend type of
LBV instability involves objects that show truly giant erupis with magnitude
changes of order 3 5 during which the bolometric luminosity most certainly
increases. In the Milky Way it is only the cases of P Cygni and@&tena which
have been witnessed to experience such extreme behaviour.

Whether these two types of variability occur in similar ortifist objects is
not yet clear, however in view of the “unifying” properties oéthBV P Cygni it
is highly probable that the S Dor variables and giant eruptors &tk that they
are in a similar evolutionary state, and that they are subjetttdsame type of
instabilities near the Eddington limit (see Vink 2009 for a esvj. We note that
the true nature of the LBV instability has yet to be revealed.

LBV parameters and abundance®keliable determinations of stellar properties in
LBVs became possible only after the advent of unified modebapheres. Even
then, however, in some extreme objects lik€ar, the enormous complexity of the
observed ground based spectra (Hillier and Allen 1992), contetedrby multiple
emission regions, hinders a proper quantitative spectrosaoplgsis. In this case,
stellar parameters need to be determined either from “cleaneglergth regions
(e.g., from the millimeter continuum, Cox et al 1995) or from “cled, resolved

23 which is usually done whepurely spectroscopic analysesch as outlined above are per-
formed.
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Fig. 15 The position of the LBVs in the upper Hertzsprung-Russealgcam. Note that the
general population of blue supergiants that occupy the gamef the HRD are not plotted. The
slanted band running from 30 kK at high'Ls to 15 kK at lower luminosity is often referred
to as the S Dor instability strip. The vertical band at a terapee of~ 8000 K represents the
position of the LBVs in outburst. The vertical line at 21 00@skhe position of the observed bi-
stability jump (the center of the observed bi-stabilityiceg. Adapted from Smith et al (2004).

observations (e.g., using thesT, Hillier et al 2001, or the recent, really promising
results from long baseline interferometers suchaRBER-VLTI, Weigelt et al
2007).

The outstanding wind density (witfi~ 10-3M.yr—tas estimated for this ob-
ject, Cox et al 1995, Hillier et al 2001) placB$Tross= 2/3) at 80% of the ter-
minal velocity, impeding any derivation of the hydrostaticitad Nevertheless,
CNO abundances could be determined and are consistent with thond for the
surrounding nebula (for a recent review, see Najarro and Hillier 2008

For less extreme LBVs such as P Cyghl< 10~ °M.yr—1, Najarro 2001),
more detailed investigations could be carried out. A major lileakgh was ob-
tained by Langer et al (1994) who presented a quantitativeysifithis object,
combining evolutionary and hydrodynamical aspects. Sulesgty Najarro et al
(1997a) were able to accurately constrain the main stellar piepemcluding
Helium abundance, by means of homogeneous, unblanketedjglieric models
and UV to radio observations. These results were only minorlyeadtby utiliz-
ing blanketed models including clumping (Najarro 2001), whionfemed the
presence of CNO processing and provided, for the first time, diretalticity
measurements for an LBV.

Apart from the problem of determining the (pseudo-hydrostatic) catrisa
(see also below), two other major difficulties arise when anafythe spectra of
LBVs. The first one is the determination ©fs. Only if both Hel and Hell are
available (as for, e.g., He3-519 and AG Car, Smith et al 1994) astasstimate
may be obtained (although in some cases thedpectra may be controlled by the
presence of a binary companion, e.g.pi€ar). Otherwise, the effective tempera-
ture has to be obtained from simultaneous fits to lines from spedibglifferent
ionization potentials (e.g. 8i, Mg 11, Fell). This is the case for the two LBVs in
the Quintuplet cluster at the Galactic Center (the Pistal &t #362, Figer et al
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Fig. 16 The possible formation of a “pseudo-photosphere” for a leagsBV. The difference

in inner (dashed) and apparent temperature (representatithe size of the computed pseudo-
photosphere) is plotted against the stellar mass. Thespuwtations have been performed for
a constant luminosity of log /L. = 5.7. The mass is gradually decreased until the object
approaches the Eddington limit, and the apparent temperdtops as a result of low effec-
tive gravity and very high mass loss, forming a pseudo-pdpitere. Adapted from Smith et al
(2004).

1998, Geballe et al 2000, Najarro 2008). The second problem dois&sy ex-
citation LBVs and is related to the Helium abundance. Givenlolv excitation,

Hell recombines in the inner regions and the weak Higes form very close to
R(Tross= 2/3). In consequence, a degeneracy of the helium abundance appears
(as for, e.g., HDE 316285, Hillier et al 1998) as basically fated/He ratio there

is aM-value that reproduces the observed H and ktees equally well.

Do LBVs form pseudo-photospherest is evident that extreme objects such as
n Car with present-day mass-loss rates as high as M.yr—! form pseudo-
photospheres, but it is not generally accepted whether the-toss rates of the
more common S Dor variables are large enough to form false phaoesphrhe
issue is of particular interest for the following reason: whitsappearsthat the
photospheric temperatures of the objects in Fig. 15 changegltiiD transits,
there is the alternative possibility that the underlying obgies not change its
temperature but changes its mass-loss rate instead — resultimg fiormation of
an optically thick wind (e.g. Davidson 1987). As a result of ims®d mass loss it
is hypothetically possible to form a pseudo-photosphere. ttheilate 1980s this
was the leading idea to explain the color changes of S DorblasaUsing more
advanced NLTE model atmosphere codes, Leitherer et al (198%jeaKoter et al
(1996) showed that the color changes consistent with measlB¥dmass-loss
rates are not large enough to make an LBV appear cooler tharithgetature
of its underlying surface. But is the issue of pseudo-photagshie LBVs com-
pletely settled?

In NLTE codes used to investigate pseudo-photosphere formatiaBVs,
the surface layers are based on the physical relation betlwel@nand T, with
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L = 4nR2 0gT;*. As the inner radiusRy,, is chosen to lie in the photosphere, the
input temperaturdj, does not necessarily equal the output apparent temperature,
and one therefore defines the “effective” temperaliggeat a position where the
thermalization optical depth equalg {3 in the optical V band (see de Koter et al
1996 and references therein). For the optically thin winds of @Bsstes equals
Tin, but for some LBVs that lose mass at rates as higilas 10~*M.yr~! cases
might exist where there are significant differences betwigrand Teg. If the
wind is dense enough for the optical photons to emerge from a tdyapid wind
acceleration, the LBV can be considered to be forming a pseudimgteere.
This may be favoured by lower LBV masses, as proximity to theigtdn limit
provides larger mass loss and an increase of the photosphalectsight.

Despite the proximity of LBVs to the Eddington limit, currentns@nsus is
that optically thick winds are generally not present in LBVswéwger, Smith et al
(2004) studied a special group of “missing” LBVs where the lumsity is rel-
atively large (with logL/Ls = 5.7) but the stellar masses are possibly much
lower than those of the classical LBVs (at lbgL: ~ 6). In other words, the
lower-luminosity LBVs may well be in closer proximity their Eddington limit.
Figure 16 shows the potential formation of an optically thickavifor a rela-
tively low-mass LBV. The size of the temperature difference (dadsle solid)
is a proxy for the extent of the pseudo-photosphere. The figure nignates that
for masses in the range 15-8%., the winds remain optically thin, but when the
stellar mass approaches M, and the star enters the regime near the Edding-
ton limit, the photospheric scale-height blows up — resultmghie formation of
a pseudo-photosphere. It should be noted that the reality oftleisario hinges
critically on the input stellar mass, and LBV masses are poamstrained from
observations.

The line-driven winds during S Doradus variationsWhilst most Galactic and
Magellanic Cloud LBVs have been subject to photometric nowimig, only few
have been analyzed spectroscopically in sufficient detaintderstand the driv-
ing mechanism of their winds. As reported above, mass-loss aatesf the or-
der of 1072 - 107° Moyr~%, whilst terminal wind velocities are in the range
~ 100—500kmst. Of course, these values vary withand M, but there are
also indications that the mass loss varies as a functidggofrhen the S Dor vari-
ables transit the upper HRD on timescales of years. It is thisci$pat provides
us an ideal laboratory for testing the theory of radiation-drivemdsi

The Galactic LBV AG Car is one of the more comprehensively novad
S Dor variables. Stahl et al (2001) investigated its mass-lesawour during the
1990s — modeling the Hline profile in detail. Vink and de Koter (2002) showed
that the Stahl et al. mass-loss rates rise, drop, and rise, in liheadiation-driven
wind models in which the variations in mass-loss rate and widcity are at-
tributable to ionization shifts of Fe — the dominant elementidg the wind.

It is relevant to mention here that this variable wind concepti¢alg wind
bi-stability) has been put forward as a potential explanatiortHercircumstel-
lar density variations inferred from quasi-periodic modulationtheradio light-
curves of some transitional supernovae (Kotak and Vink 2006)itiaally, the
same mechanism is able to account for wind-velocity variatiorthe P Cygni
absorption line spectra of supernovae such as SN2005gj (Trundl2@08). As
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current stellar models predict massive stars Witk 30 M, to explode at the end
of the WR phase, rather than during or after the LBV phase, thimate impli-
cations could be far-reaching — impacting even our most bagienstanding of
massive-star evolution.

Continuum driven winds during giant eruptionsWhilst, during “quiet” phases,
LBVs lose mass most likely via ordinary line-driving, they alspaar to be sub-
jectto one or more phases of much stronger mass loss. Foréestae giant erup-
tion of n Car with a cumulative loss 6£10 M, between 1840 and 1860 (Smith
et al 2003b) which resulted in the Homunculus nebula corresptmil ~ 0.1-
0.5Muyr~1, which is a factor of 1000 larger than that expected from a lirieed
wind at that luminosity. Such a strong mass loss has been frégaimibuted to
the star approaching or even exceeding the Eddingtor?fipitit line-driven mass
loss is difficult to invoke, since the formal divergence\bfor I — 1 (Eq. 14) is
accompanied by a vanishing terminal speed,] VescJ (1—I)%® — 0. (Remem-
ber that the wind-momentum rate is almost independent)of

Building upon pioneering work by Shaviv (1998, 2001), Owockilga04)
investigated this problem in some detail and developed alsithpory of “porosity-
moderated” continuum driving in stars that exceed the Eddim{toit. At first,
they showed that the divergenceliole-drivenmass loss fof ~ 1 is actually lim-
ited by thephoton tiringassociated with the work needed to lift material out of
the star’s gravitational potential. The authors argue toatinuum-driverwinds
in super-Eddington stars with a mass loss close totthigy limit, My, = L,/
(GM,./R.), will result in a stagnating flow at a finite radius, which sholddd
to extensive variability and spatial structure. This shoukbdie true for other
instabilities (such as a convective one), which are expectdx toresent in the
envelopes and atmospheres of stars close to or beyond thegiaidlimit.

As first noted by Shaviv (1998), thmorosityof such a structured medium can
reduce the effective coupling between the matter and radisolowering the
effectiveopacity in deeper layers (i.d45 < 1 for Ir > 1), thus enabling a quasi-
hydrostatic photosphere, but allowing for a transition to a sagréc outflow when
the structures become optically thin, i./e — I for decreasing optical depth. As
detailed in Sect. 6.3.2, the effective opacity can be appratachby

kK 1 _
Keff ~ " h (tc>1), Keff = K (Tc < 1), Tc= /Keffdr (47)
c .

for the optically thick and thin case, respectively, wherés the mean opacity
allowing for micro-clumping,T; is the continuum optical depth ard= L3/12
the porosity lengthintroduced by Owocki et al (2004) withthe size and. the
separation of individual clumps. In other words, the porositgta is the photon’s
mean free path for a medium consisting of optically thick clumps

Based on this porosity length and the Ansatz that it shoulke sgi¢h the grav-
itational scale heighl (in analogy to the mixing length theory), the authors de-
rived scaling laws for a porosity-moderated, continuum-driversah@ss rate from
stars withI” > 1. For a super-Eddington model witlsengleporosity lengtth ~ H

24 here and in the following, we will consider a generalized iEdtbn limit, accounting for
Thomson scattering and bf/ff continuum processes.
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andl >>1,M = L, /(ac), consistent with the earlier findings by Shaviv (2001).
This is much higher than typical for line-driven winds but stitily a few percent
of the tiring limit. Even higheiM as implied from the ejecta af Car could be
obtained by a power-law porosity model (in analogy to the limergjth distribu-
tion) which should mimic a broad range of clump scales. For pdaveexponents
ap < 1, M becomes enhanced over the single-scale model by a factoasioge

with M¥/2~1 approaching the tiring limit under certain circumstances efioer
with quite fast outflow speeds, ~ ¢'(Ves)?® and a velocity law corresponding
to B = 1, the derived wind structure can actually explain the obsematicon-
straints of giant outbursts im Car and other LBVs. Moreover, the porosity model
retains the essential scalings with gravity and radiative flog ¢ton Zeipel the-
orem, cf. Sect. 2.2.1) that would give a rapidly rotating, gradigykened star an
enhanced polar mass loss and flow speed, similar to the bidotaunculus neb-
ula. As stressed by van Marle et al (2008), continuum driving do¢sequire the
presence of metals in the stellar atmosphere. Thus, it is wiglldsas a driving
agent in the winds of low-metallicity and First Stars and may @larucial role
in their evolution.

4.2.3 WR-stars

The subject of WR stars was recently reviewed by Crowther (200®htoh we
refer for details. Here we briefly discuss some of the recent progre&$i wind
research.

WR stars can broadly be divided into nitrogen-rich WN stars and caféad
oxygen) rich WC (and WO) stars. The principal difference betweerlo sub-
types is believed to be that the N-enrichment in WN stars is merély-product
of H-burning, whilst the C in WC/WO stars is a sign of the fact tHatburning
products have reached the stellar surface. As a result, WC statfsoaight to be
more evolved than WN stars.

We re-iterate that a classification as a WR star reflects purelytrsgeopic
terminology — signaling the presence of strong and broad emidisies in the
spectra which are produced by strong winds. Such spectra canategirevolved
stars that have lost a significant amount of their initial masslternatively from
an object that has formed with a large initial stellar mass amdgiosity. This
latter group of WR stars may thus include objects still in theire H-burning
phase of evolution.

During the last decade, we have witnessed at least two impaiteuelop-
ments in the study of WR stars. One advancement concernecdthsion of line-
blanketing in NLTE models which, contrary to the situation foe 1O stars (see
Sect. 4.2.1), led to amcreasein Teg andL for WR stars (Schmutz 1997, Hillier
and Miller 1999): The strong dependence of the ionizationldxjiuim of the WR
wind on the interaction of the He L4 line with metal lines close in wavelength
(Schmutz 1997) and the correct treatment of thalHe—~1 series near the He
Lyman limit (Hillier and Miller 1998) lead to a lower ionizatn in the wind. Thus,
a higher temperature is required to reproduce the observed WR lines.

A second development was the result of the realization that VifiRlsvare
clumped (e.g. Moffat et al. 1988) leading to a decrease in th@rezal WR mass-

25 calculated here without the correction for
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Fig. 17 Comparison of mass-loss rates from WR and Galactic OB-giges. Solid and dotted
lines represent mean relations for H-poor WN (solid) and \t&@sgdotted) as provided by Nugis
and Lamers (2000), witflyY = 0.98,Z = 0.02} and{Y = 0.55,Z = 0.45}, respectively. See also
Fig. 7 in Crowther (2007). The dashed line corresponds ta¢ial O-supergiants, and has been
taken from the WLR derived by Mokiem et al (2007b,see Fig 483uming prototypical values

for V(2000 kms?1) andR.(15R.).

loss rate by a factor 2 4 (e.g., Hamann and Koesterke 1998). Because on the
one hand mass-loss rates have been down-revised, whilst onhisehatnd lu-
minosities have been revised in an upwards direction, the buiateradiative
acceleration to drive WR mass loss to values exceeding thiessogttering limit

has become less severe. Nevertheless, compared to O-stars, $pRy gignif-
icantly larger wind densities and mass-loss rates (factot® for the latter, see
Fig. 17). In contrast, the terminal velocities of WR stars are coaipa to those
from O-stars, of the order of 1000 kmlate WNs and WCs) to 2500 km&and
higher (early WNs and WCs), see Table 2 in Crowther (2007).

It is relevant to note that despite the fact that WR temperatuesaw cal-
culated to be larger than a decade ago thanks to the incloimetal-line blan-
keting, the inner core radii (which are a factor of several smétian the “photo-
spheric” radii) computed from the most sophisticated NLTE medes still a fac-
tor of several £3) larger than those predicted for the He-main sequence bgirstell
evolution models. In other words, the problem of how WR winds armected to
their stellar core is still lingering, despite the impressivegpess recently reported
(Crowther 2007).

One might now question why there is a difference between the sifiron
WR and O-star$f also WR winds were accelerated by radiative line-driving, as
supported by a number of investigations (for references, see %dc3). This
problem has been extensively discussed in the literature gomiod yet be conclu-
sively answered. However, there are some facts and findinghwitight serve as
a guideline.

(i) Since for a given luminosity the initiated mass-loss rate issaterably
larger than in O-stars, whereas the terminal velocities are gintgar, the mo-
mentum transfer in WR winds must be more efficient. This effiogjeasupposed
to be related to very efficient multi-line scattering eventsspae because giho-
ton trapping(Lucy and Abbott 1993, Springmann and Puls 1998): In O-star winds
the ionization equilibrium is almost frozen-in, leading to gapshe frequency
distribution of the lines and thus to a “premature” photon esaapen such gaps
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are encountered. In WR stars with a high core temperature and a \singr
density, the ionization equilibrium is stratified, and the jwas gaps are closed
due to the emergence of new lines from a new ionization stages, Tghotons
become trapped instead of escaping, and can transfer more momeint More-
over, again due to the larger wind-densities, the ionizagiuilibrium in the outer
WR winds is shifted towards lower stages than present in the gamneing O-
star winds, and the number of lines is larger, leading to &oiefit acceleration
of the outer wind. i{i) Following the ionization stratification inwards, there is a
(hot) iron opacity peak around 160 kK in the deeper atmospherégrostarg®
(Nugis and Lamers 2002) which according toa€aner and Hamann (2005) pro-
vides the required opacity fanitiating WR winds (as shown for a WC5-type
object). (iv) Finally, it should be mentioned that theoretigaddels of WR stars
display the strongestrange-modénstabilities (Gautschy and Glatzel 1990; for
a review, see Glatzel and Chernigovski 2001) found so far (Glatzal 1993).
Recent non-linear simulations (Wende et al 2008) have shoainWolf-Rayet
models can reach radial velocity amplitudes which amount to80% of their
escape velocity. The corresponding mechanical energy trargsfarishock waves
to the stellar atmosphere might easily help or even domihatattiation of mass-
loss and the acceleration of the lower WR wind. But note alsb Moffat et al
(2008) found no coherent oscillations in the hot WC-star WR 11dr athotomet-
rically monitoring this object with the microsatelliteosT for three weeks. The
derived upper limit for coherent Fourier components turned obgtalmost two
orders of magnitude below corresponding predictions from strangkerolsa-
tion simulations.

Returning to the (more conventional) WR wind model byaféner and Hamann
(2005), let us stress that there are two crucial aspects which Hasladopted in
order to enable &onsistenwind driving: a rather large clumping in the outer
wind (fy= 50, but see Sect. 6.3.2), and the proximity of WRs to the Eddimg
limit. The latter was suggested by these authors as the mtsttgarameter for
initiating a strong mass flux (see Eq. 14 and Sect. 3.3). Notetiieaé are no
present self-consistent models of WR winds with the underlytaglseing (far)
away from this limit!

We now turn to the empirical dependence of WR winds on initiaiadtieity.

Until a few years ago, there were both indications for as well amagthe exis-
tence of a mass-losg-dependence for WR winds, however quantitative numbers
on the exponernh of the mass-los& exponent were not provided until theoretical
results of aM-Z dependence for WR stars became available (Vink and de Koter
2005 and Sect. 3.4.3), and empirical exponents have beendjfooteoth WN (n

~ 0.8) and WC (n ~ 0.6) stars — similar to those predicted.

An oft-used formula in stellar evolution computation for WR wirslthe one
provided by Nugis and Lamers (2000, see also Fig. 17) in whichrthss-loss
rate depends on both the He (Y) and the total metallicity (Z). We tiwat theZ
in this formula represents the tofa) whilst, theoretically, Fe is thought to be the
dominant wind driving ion for WR stars (Vink and de Koter 2005afener and
Hamann 2008). For this reason we should not attach too muchgahgsgnifi-
cance to th&Z dependencies quoted by Nugis and Lamers (2000). Nevertheless,
the formula may well provide a proper representation of empiricalsass rates

26 Additionally, there is also a weaker, (cool) opacity peasusid 40 kK.
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(cf. Fig. 7 in Crowther 2007), and sinceganeraltheoretical description of mass-
loss rates from WR stars is no yet available, they probably presemost reliable
formulae for use in stellar evolution calculations of He stars.

Particularly relevant for the issue of LGRBs are the rotational @riigs of
their progenitor stars. Owing to the broad emission lines iir tgectra, tradi-
tional v sini studies are not feasible for WR stars. Luckily, there is a powerful
alternative in the form of linear spectropolarimetry. Apart from iterim con-
straining wind clumping properties (Sect. 6.3.2), large scalmasetries resulting
from rotationally-flattened winds may also be probed with thern@pke. Harries
et al (1998) and Vink (2007) studied samples of resp. GalacticladC WR
stars and found equal incidences of polarization “line effertdVR stars atZ.,
and~0.4Z.. As there exists no evidence for significant differences in raati
properties of the presumed progenitors of LGRBs, these resulggestthat one
needs to study lower than LMEZ environments to detect a significant population
of rapid rotators at the end of their lives, if there is a [Bwias for the creation of
LGRBs via the collapsar model.

5 The weak wind problem

First statistically relevant evidence for the presence of O-stétstheoretically
unexpected thin, weak winds was provided already by Chlebicavak Garmany
(1991). From studies of the wind and X-ray properties of O-stars, thaydfthat
the mass-loss rates derived for t@edwarfs of later spectral typaere signif-
icantly lower (up to a factor of 10) than expected from Mel L* power-law
relation (Sects. 2.1 and 3) known for brighter O-stars. In the samue Kadritzki
et al (1991) analyzed the UV spectrum of the B-type gia@iMa (B1 1) and con-
cluded that its theoretically predicted mass-loss ratdl (88M.yr—1) had to be
reduced by a factor of 5 to reproduce the\&A 1397, Ciit A1175, and Gv A 1550
profiles. This result was confirmed by Drew et al (1994) from an arsalyksihe
ROSAT X-ray emission of8 CMa, who claimed a similar reduction for the B2 1l
stare CMa and presented two alternative explanations for this bebavi he first
one invoked the X-ray emission from an “outer zone of hot shoclked @ pen-
etrate far enough inwards to increase the ionization arounditieatpoint, thus
reducing the radiative acceleration and the mass-loss ratenafieely, the source
of wind heating could be due to ion-drag efféét§Springmann and Pauldrach
1992). Using corresponding scaling relations from Gayley and ®Rinvd®©94),
Drew et al argued that the winds of these two B-giants were natfiigntly af-
fected, leaving wind-shocked X-rays as the most plausible leats.

Using H, as a more reliable mass-loss indicator, Puls et al (1996) shdwagd t
the observed WLR for O-type dwarfs exhibited a severe curvature teoweny
low wind-momenta for luminosities lower thanZdL ., indicating a break-down
of the WLR in that domain. It should be stressed, however, tigt sample was
biased towards higher luminosity stars for which Ebuld be optimally used. In
fact, their H,-diagnostics could provide only uppkt-limits for the lower lumi-

27 frictional heating accompanying the collisionial momenttransfer between radiatively
accelerated metals and the bulk wind matter, see page 6.
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Fig. 18 The weak wind problem. Left: Mass-loss rates for O-dwarfSI®C 346 (Bouret et al
2003, LMC, filled circles), compared to “normal” winds fronafactic (squares) and other SMC
stars (triangles) as analyzed by Puls et al (1996). Righdiféml wind momenta as a function
of stellar luminosity for O-stars (adapted from Martins E2@04). Filled and open symbols
correspond to Galactic and LMC (small red)/SMC (blue) stegspectively. Luminosity class
V, lll and | are represented by asterisks, squares and sirdlete the low wind-momenta of the
SMC objects and the Galactic star 10 Lac (large triangle).

nosity objects, and subsequently tdedetermination in weak-winded stars was
deferred until unified atmosphere models were able to do so.

From a theoretical point of view, physical possibilities tpkn this be-
haviour continued to be explored (Puls et al 1998, Owocki arld P299, Ba-
bel 1995, 1996, Kriika and Kulat 2000), where three effects were considered as
particularly promising and have been reviewed by Kudritzki anid F2000). The
first one relates to the potential decoupling of metal ions froetihlk plasma,
which should happen below a critical density when the Coulawibsions be-
come ineffective (Sect. 2.1 and references therein). The seconcefame to the
shadowing of the wind-driving lines by the photospheric ondsiclw consider-
ably lowers the line force, resulting in a reductionMf especially in the case
of B-dwarfs (Babel 1996). Finally, for low mass-loss rates where tmtimoum
is thin throughout the transonic region, curvature terms of thecityl field lead-
ing to source function gradients may reduce the line-accelestiovalues much
smaller than in the standard computations, resulting agaiedoced mass-loss
rates (Puls et al 1998, Owocki and Puls 1999). Unfortunately, dltleet lack of
reliableM estimates it remained open to which extent the above process&sb
account for the weak wind problem.

First results with modern unified codes using both UV and opticak were
obtained by Herrero et al (2002). For the Galactic O9V star 10 Leyg tkerived
an upper limit ofM< 10-8M.yr—! from the optical andM~ 10-1%M.yr~1 by
including additional constraints from the UV, which is more tleare dex below
the theoretical predictions (see also Fig.19). SubsequerntlydB et al (2003) and
Martins et al (2004) obtained similar results for a larger sarapMC O-dwarfs
(see Fig. 18). The latter authors studied in detail the relighili their mass-loss
rate estimates derived from UV spectra and concluded that, at thestrueM
could be underestimated by a factor of six. With these deterthinass-loss rates
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Fig. 19 The role of X-rays in the O-dwarf weak wind problem. Model fasCi1v A 1550 from
the O9V star 10 Lac, using different mass-loss rates. Withorays, anM-value as low as
2.510 10 (dashed blueyl in Moyr—1) is required, whilst a value of 13° (dotted red) produces

a much too weak profile, and a value of P0(dashed-dotted orange) results in a too strong,
P Cygni type profile. If X-rays are includetl{L.~ 10~%7, dashed-dotted-dotted green curve),

however, the observations can be reproduced Wit 10-° Moyr—1. Adapted from Najarro,
Puls & Herrero (in prep. for A&A).

Martins et al revisited in detail the physical possibilitiésadissed above and con-
cluded that none of them could account for such a strong misnteetwveen ob-
served and theoretically expect®t They speculated that although the physical
mechanism leading to such weak winds remained unknown, therlass-loss
rates were intrinsically related to the youth of the stars, pbssstifying the
phase of wind onset in young O-stars shortly after their formation.

Martins et al (2005b) extended this study to Galactic objegtgdsforming a
combined UV and optical analysis of a sample of 12 O-dwarfs. Agamismatch
as high as a factor of 100 was found for later spectral types witL)Ls) <
5.2. A major step was the investigation of the effects of X-raysgmedic fields,
advection and adiabatic cooling in the determinatioMdifom UV spectra. This
lead Martins et al to conclude that the inclusion of X-ray enoisglikely related
to magnetic mechanisms, see Sects. 2.2.2 and 6.5.1) in snikllow density is
crucial to derive accurate mass-loss rates from UV lines, while stfeand to be
unimportant for high density winds. This is shown in Fig.19 endhmodels with
and without X-rays and different mass-loss rates are compared foiA €550
from 10 Lac.

One important conclusion from the above studies is that theepaacy in the
derived mass-loss rates seems not to be related to metallgitysa@resent in both
the Galactic and SMC stars. Interestingly, however, the breakrdd the WLR
starts at earlier spectral types (higher luminosity) for the tometallicity envi-
ronment of the SMC (around O6-6.5V, Bouret et al 2003, Martins ed@4pthan
for the Galaxy (O9V, Martins et al 2005b). Thus, although the [palgroblem
appears to be unrelated to metallicity, its onset (with respeleinbinosity) could
be linked to the metal content.
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Fig. 20 The M-X-ray degeneracy. Model profiles computed for differentsmboss rates and
scaled X-ray fluxes for strategic UV lines from 10 Lac, wikhvalues in units ofMgyr—2.
Adapted from Najarro, Puls & Herrero (in prep. for A&A).

Not only the mass-loss rates, but also the terminal velocigemsto behave
unexpectedly in weak winds. The values derived by Martins €@05b) lie far
below the expected and observed average valug @Es 3 for stars above the
bi-stability jump, rather close to a ratio of unity. Given thevlwind densities,
only upper limits could be obtained fromi€ A 1550, which constitutes the line
with the highest sensitivity td andve. for these late spectral types. Inverting
the scaling relations for radiation driven winds (Eg. 13), Martinal@rgued that
a value ofa ~ 0.3 was required to reproduce the observed ratios, again quite
different from the expected ~ 0.6 value. Interestingly, the mechanism related to
X-ray emission proposed by Drew et al (1994, see above) was retaléegblain
such a low value.

A crucial point regarding the reliability of U\M-determinations for weak-
winded stars is posed in Fig. 20. Here, we show the diagnosti@ay/H, pro-
files for a set of models where the mass-loss rate is varied by atmosirders
of magnitude whilst the X-ray luminosity is increased in patatiekeep the ion-
ization structure and thus the UV lines at the observed levehmaad possible.
Note that the changes imposed on the windndbreach the photospheric lev-
els, which is obvious from the fact that the underlying UV iron fordses not
change. Apart from the cores ofiI8iA 1397 and Os A 1371, the observations can
be equally well reproduced withny M combined with an appropriatg;. Thus,
no independent UV “measurement” of mass-loss rates may benettanless the
X-ray properties of the star are accurately known.
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Fig. 22 Synthetic By profiles for 10 Lac for the model sequence displayed in FigQiré&lote
the sensitivity of B on M even at lowest values. At largéf, the Hell-component becomes
sensitive on the amount of X-ray emission as well (see text).

Consequently, a reliabl®l-diagnostics is required that does not suffer from
effects such as X-rays, advection, or adiabatic cooling. Thigrovided by the
Brgy line in the infrared. The relevance of Bhas been pointed out already by
Auer and Mihalas (1969), who predicted that even for hydrostatiogpheres the
(narrow) Doppler-cores should be in emission, superimposed oarraktallow
Stark-wings. The origin of this emission is a combination of aasi effects in
the upper photosphere and the transonic region that depopial@ver level of
Brg, N =4, stronger than the upper ome= 5. As detailed by Najarro, Hanson &
Puls (in prep. for A&A), this is the consequence of a typical nalikle situation,
due to the competition between recombinations and downweadsitions, where
the strong decay chann@d — 3) (stronger than 5- 4 itself) is of particular
importance.

As shown in Fig. 21 (right), the emission component of, Band the line
wings!) react strongly oM, particularly for very weak winds (see also Najarro
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etal 1998). In fact, if we now investigate the saléd_, combinations as in Fig. 20
using Br,, we obtain a really promising result. From Fig. 22 we note that8r
acts to changes iM even at lowest values. Evidently, for such low values (with
a deep-seated line formation region), the line profile is basiceityaffected by
X-rays. With increasing mass-loss rate, however, the line starésitt on changes
both inM and X-rays, due to an outwards moving line formation zone, reaching
the layers to which X-rays can penetrate. This is clearly seenginZzi from the
strong reaction of the He emission component of Br which is caused by the
large sensitivity of the Ha/Helll ionization equilibrium to X-rays in the region
where the emission arises. Our models indicate that under ‘abiXaray lumi-
nosities [x/Lpo < 10~%) the (hydrogen) core of Bris not affected though.

We thus expect that Brwill becomethe primary diagnostic tool to mea-
sure very low mass-loss rates at unprecedented accuracy, thumglio clar-
ify whether they actually lie well below the theoretical prditins and to which
degree.

6 Inhomogeneous winds

In our discussion of diagnostical methods (Sect. 4.1) and teesults (Sect. 4.2)
we have encountered a multitude of findings which are difficuthveen impossi-
ble to reconcile with the standard model of a smooth and statyowind. Even

the inclusion of rotation and magnetic fields does not helpxfagn additional

features, at least not at first glance. In the following, we will suamize various
observational findings (ordered from low to high energies) whidhtgowards a
structured and variable wind. Further evidence will be outlimeSect. 6.3 where
we will concentrate on wind-clumping, maybe the most impor&spect with

respect to deviations from the standard model.

6.1 Observational background

Non-thermal radio emissiohas been discussed on page 40. According to recent
investigations, the chances are high that this emissiontrhghelated to colliding
winds alone. Insofar, we refrain here from considering non-thermaisarni as an
indication for shocks being preseintthe wind in contrast to previous reasoning
by various authors (including ourselves).

Electron-scattering wingsf recombination lines in Wolf-Rayet stars are weaker
than predicted by smooth models, indicating the presenceuafgihg (Hillier
1991). Due to a routine inclusion of the latter process into respactroscopic
analyses of WR-stars, perfect fits have been obtained for (almbsityes, and
the derived mass-loss rates are a factor of two to three lower trdmrived by
means of unclumped models. Note that this diagnostics ¢amased in OB-
stars, due to the much lower wind-density and the correspondimgrloptical
depth in electron-scattering.

Optical line profile variabilityhas been detected in the wind lines of OB-starg:(H
Markova et al 2005 and references therein] HE&86: Grady et al 1983, Henrichs
1991) and BA-supergiants (Kaufer et al 1996). Typical time-scadage from
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few hours/days (wind-flow times) to several months. Direct eviddocoutward
accelerating wind inhomogeneities (clumps) is implied by ‘theving bumps”
superimposed on the emission lines of Wolf-Rayet stars (e.geiRd®94), whilst
similar evidence for O-stars has been reported for only few objests3sct. 6.3).

Not only wind lines, but also lines which form to a significantroajor part
in the photosphere (e.g., H25876) are variable. Fullerton et al (1996, and ref-
erences therein) studied a large sample of O-stars and foundri@ta80 % of
the investigated stars (all supergiants and a few late-type dvesfdayed photo-
spheric line profile variability, with an amplitude increasinighwstellar radius and
luminosity. These findings were interpreted as being likelyteelo strange-mode
oscillations (page 59), linking photospheric variability atrdisture formation in
the wind.

Spectropolarimetric variationgere detected by Lupie and Nordsieck (1987) in a
sample of 10 OB supergiants which pointed to the presenceaiofid. Given that
the position angles of the polarization, and thus the oriemtatof the electron
scattering plane, were found to vary randomly, this implied thatgolarization
changes were not attributable to an orderly interaction with apemrion, but the
data provided direct evidence for the presence of an inhomogsemneiod struc-
ture.

Black troughs in saturated UV P Cygni profilsgongly point towards the pres-
ence of multiply non-monotonic flows, and can be simulatedatianary models
only if allowing for a supersonicvelocity dispersion (increasing with distance
from the star) as the dominating line-broadening agent (page 36).

UV line profile variabilityis evident in UV P Cygni lines, with large variations
of the blue edge, contrasted to an almost stationary red emipsiad (Henrichs
1991, Prinja 1992), implying a significant fraction of small-scsiructure.

Discrete absorption components (DA@gtected in the absorption troughs of un-
saturated P-Cygni profiles are the most intensively studiectatolis of wind
structure and variability. To date, they are believed to be formecbirotating
interaction regions (CIRs) and will be discussed in Sect. 6detter with the
so-called “modulation features”.

X-ray emissiorfrom hot stars has been measured mostly at soft energies (0.1 to
=2 keV), either at low resolution in the form of a quasi-continuumabhigh
resolution allowing to see individual lines. The latter vtk covered in the last
part of this section (6.5).

Already the first X-ray satellite observatoBiNSTEIN, revealed that O-stars
are soft X-ray sources. Follow-up investigations, mostlyRnysAT, have con-
firmed this notion and also allowed for quantifying the X-ray projesrtor a mul-
titude of OB-stars (see Kudritzki and Puls 2000 and references theRoughly,
the (soft) X-ray luminosity scales with, ~ 10~ "Ly First there appeared to be
a rather large scatter indicating the influence of additipaahmeters, however a
more recenkMM -NEWTON study by Sana et al 2006 of the young open cluster
NGC 6231 showed that the majority of O-stars display a very lidndtispersion
(of 40 or only 20 per cent depending on whether cool dwarfs aradec or not).
This suggests that the intrinsic X-ray emission of normal O-stanather constant
for any given object and that the level of X-ray emission is adelyaelated to
the basic stellar and wind parameters.
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The source of the X-ray emission is widely believed to be shookseelded
in the stellar wind and related (though not necessarily direstlg Sect. 6.2) to
the line-driven instability. In terms of a stationary descriptfyra simple model
(e.g., Hillier etal 1993, Cassinelli et al 1994) assumes ramgdistributed shocks
where the hot shocked gas (with temperatures of a few million Kedwnd a vol-
ume filling factor of the order of 1%...10-2 in the case of denser O-type winds)
is collisionally ionized/excited and emits X-ray photons tluepontaneous decay,
radiative recombinations and bremsstrahlung. The ambient™atellar wind
(with a kinetic temperature of the order &f) can re-absorb part of the emis-
sion due to K- and L-shell processes if the corresponding optaaths are large.
This simple model (sometimes extended to account for the diffgyest-shock
cooling zones of radiative and adiabatic shocks, see Fedtratial 1997) has
been used to analyze large samples of O-stars observedRwghTt (Kudritzki
et al 1996), and is still used in the context of NLTE diagnastiz account for
the influence of X-ray/EUV emission on the photo-ionizationsgt=e below). A
simple scaling analysis of the involved X-ray emission andgtifon processes
by Owocki and Cohen (1999) showed that the “natural” scalingfiically thin
(with respect to X-ray absorption) winds is given by (M/v.,)? and for opti-
cally thick winds byLy O (M /V,)**S, if the volume filling factor follows a radial
stratificationf O rS. This would imply, for O-starss~ —0.4 to explainLy 0 Ly,
by means of the scaling relations for line-driven winds (Eqgs. 43, 1

WhereasRoOSAT observations of OB-star winds showed correlations between
Lx andLpq, WC stars were not found to emit in the X-ray regime, unless the star
is part of a binary system and the X-ray emission can be attribotedltiding
winds. The fact that single WC stars (for WN stars the situatioless clear)
are no significant X-ray emitters does not imply that shocks dodegtlop in
their winds. In fact, Ignace and Oskinova (1999) could explaalack of X-ray
emission in single WR winds by realizing that the wind is oglic thick to the
hot X-ray gas. The absence of X-ray detections in single WC stesseiaforced
by more sensitivekMmM -NEWTON and CHANDRA data, where the lack of X-ray
emission was attributed to photoelectric absorption by thedveind where the
large opacity of the WR winds was thought to put the radius titapdepth unity
at hundreds or thousands of stellar radii for much of the X-ray l@skinova
et al 2003).

Since the X-ray and associated EUV luminosity emitted by tlelshis quite
strong, it can severely affect the degree of ionization of higbhized species
such as @, Nv and Qvi, by Auger-ionization (Macfarlane et al 1993) and even
more by direct ionization in the EUV (Pauldrach et al 1994). In ftet,so-called
superionization in the winds of O supergiants (exemplarilg, strength of the
Ovi resonance line ig Pup, see Sect. 4.1) can be explained only by means of this
additional source of photons. A systematic investigatiotheke effects on the
complete FUV spectrum, as a function of stellar parameters, lnsssnd X-ray
luminosity has been performed by Garcia (2005).

Correlated variability.Finally, let us note that both Hand UV variability (Kaper
et al 1997) and | and X-ray variability (Berghoefer et al 1996) have been found

28 Generally, the X-ray luminosity of O and early B-stars is stamt to within 10 to 20%, see
Berghoefer and Schmitt 1994.
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to be correlated, which indicates the propagation of disturstitroughout the
entirewind.

6.2 Theoretical background: The line-driven instability amdgtidependent
models

Historically, most of the theoretical effort to explain the ab@bservational fea-
tures has concentrated on the line-acceleration itself. Latdrawever, it turned
out that at least one of the primary indicators of time-depenel@amel structure,
the DACs, can be understood within the concept of CIRs, rathérnucom-

pletely) independent on the specific physics of the wind lacagon (for detalils,
see Sect. 6.4).

Linear stability analysis. Already in their pioneering paper on line-driven winds,
Lucy and Solomon (1970) pointed out that the accelerating arésin of these
winds should be subject to a strong instability, and subs#dqoeestigations tried
to quantify its properties, at first based on linear stability\gses. By linearizing
the time-dependent equations for density and momentum in a fcameving
with themeanfluid and using a planar approximation with height co-ordirzate

is easy to show that the conventional ansatz

p(zt) Po(2)+ Sp(zt) :
v(zt) » = dv(zt) el (kz— at) (48)
Orad(Z 1) grad,O(Z)"' O0rad(z t)

for the density, velocity and line force (quantities with suljsici®’ refer to the

mean flow\y = 0, anddp, dv, dgraq are the corresponding amplitudes of a sinu-
soidal disturbance with wavenumbeand frequencyw) results in

. _ ov 1w
TOOPFRIOV=0 = = k[ v i 80ar g
- OGrad op pok OV

—iWoV =00 = w =i ey
In the latter equation, we have neglected the pressure terms (fonplete anal-
ysis, see Owocki and Rybicki 1984). Thus, the phase angledastwensity and
velocity disturbance, caf, the growth-rate of the instabilityQ, and its phase
speed with respect to the mean flayy,

—0(00rad/dV)
|8Grad/OV)|

arecompletely determined by the response of the line-accéeran the veloc-

ity disturbance at least in the supersonic regime where the neglect of the pres-
sure force is justified({ (x) and(x) are the real and the imaginary part of the
guantity, respectively). Thus, a correct description of the 1oree is of highest
importance for time-dependent simulations (see below).

cosp = Q =0(w), vy = 0(w)/k (50)
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W|th|n the Sobolev approximatidh (page 7) it turns out thalgiop/dv O ik,

, it is purely imaginary. Consequently gbs= —1 and density and velocity
are completely anti-correlated. There is no growth of the instabiDS°° = 0,
but only an oscillatory behaviour, and the phase speed (imdigme ofk, i.e., the
medium is non-dispersive in this approximation) is inwards dé@cThe |nclu—
sion of pressure terms leads to slight modifications: the inwdirgsted phase-
speed becomes marginally larger (roughlyaﬁ)/v(p), and a slow, outwards prop-
agating mode becomes possible, at a spea&/w, < a(Abbott 1980).

The (absolute) value ofy (inwards mode) at the critical point (page 9) of sta-
tionary models based on a Sobolev line-force turns out to be @#ntiith the
corresponding flow speed, much larger than the speed of sowstdainthis criti-
cal point may be considered as a critical point in the “usualssgHolzer 1977):
It is the outermost point in the flow where a communication witlvdo layers
is possible, in this case via the above radiative-acousties/ahich have been
named ag\bbott-wavesccording to their “inventor”. Following Holzer’s “wind-
laws”, M then depends solely on processes in the sub-critical regiotstwhiis
controlled by the acceleration in the super-critical part. Foetaited discussion
of Abbott-waves and the corresponding modifications of the alwaad-laws for
line-driven wind we refer the reader to Feldmeier and Shlosman2§200 any
case, however, remember that the use of the Sobolev appriximatjustified
only for wavelengths which are large compared with the Sobaegth (page
7), LSOP = vy /(dv/dr), i.e., for smallk. A discussion of critical points in models
based on non-Sobolev line-forces is beyond the scope of thiswrevie

A somewhat opposite approach (MacGregor et al 1979, Carlbef@) 1€8ults
in a purely real responség,aq = Adv, with 0(A) = 0 andA > 0, which is valid as
long as the disturbances remain optically thin. In this casefitlite sound-speed
is of importance and disturbances can propagate only for kaigéoth directions
and becoming strongly amplified, with a phase-speed of the ofder

A combination and generalization of these two alternative@gghes has been
obtained by Owocki and Rybicki (1984) in the form of a “bridgingvfawhich
results from a perturbation analysis of the line-force. In this caggg/dv has
both a real and an imaginary component, and includes the twtiigrcases for
small and largd from above®® The resulting phase relation between density and
velocity is predominantly anti-correlated for &lland there is a fast, exponential
growth of the inwards propagating modes, withidispersivemedium. Important
additions to this analysis have been provided by Lucy (1984)@wocki and
Rybicki (1985), by considering the effects of the disturbed déftediation field
and associated line-force (the so-called “line dfayivhich had been neglected
in the previous approaches.

Time-dependent models.After these initial studies, effort has concentrated on
a direct, hydrodynamical modeling of the time-dependent siraatf line-driven

29 Remember that most stationary wind models are based ongpisach.

30 The critical length scale is here the “bridging Iengﬂg’l, with xg the line opacity required
to reach unit optical depth.

31 The disturbed diffuse radiation field in resonance lineslsem a damping effect which,
at the foot-point of the wind, exactly cancels and othendisginishes the instability resulting
from pure absorption lines.
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winds (for reviews, see Owocki 1994c¢ and Feldmeier 1999). As dyreainted
out, the key aspect concerns a consistent description ofrteedirce which fol-
lows the local andhon-local conditions (due to the coupling with the radiation
field) at all scales of structure formation. In order to keep the problem com-
putationally feasible, an “exact” calculation of the line-feris prohibitive, and
complex integral forms of various degrees of approximation haee bdeveloped
(Owocki and Puls 1996, 1999) to allow for this objective.

After incorporating the stabilizing effect of the line drag by tliuse, scat-
tered radiation field (see above), hydrodynamical models haveptowe signif-
icantly more stable in the lower wind than the first ones basgoloa absorption
(Owocki et al 1988). The outer wind & 1.3R,), however, still develops extensive
structure that consists of stromgversé? shocks separating slower, dense mate-
rial from high-speed rarefied regions in between. This is a directeruence
of the strong amplification of the inwards propagating mode wifredominant
anti-correlation of density and velocity, as derived from thedimanalysis. Such
structure is the most prominent and robust result from time-depénagateling,
andthe basis for our interpretation and description of wind+olping Moreover,
the multiply non-monotonic nature of the velocity field expkthe black absorp-
tion troughs observed in saturated UV P Cygni lines in a naturgl(ivacy 1982,
1983, Puls et al 1993a, Owocki 1994c).

Feldmeier (1995) extended these models by accounting fortbgy trans-
port including radiative cooling. By investigating the impa¢ various photo-
spheric disturbances which can affect the on-set of structure fimmn@ta excit-
ing the line-force instability), Feldmeier et al (1997) conclddeat clump-clump
collisions (and not the cooling of the reverse shocks themsegh® previously
suspected, since this results in much too low filling factors)the origin of the
observed X-ray emission.

Recent effort has focused on more-dimensional simulations arnkeostudy
of the outermost wind. By means of an efficient 1-D “pseudo-péibdx for-
malism” to investigate the evolution at distances very far fittve central star,
Runacres and Owocki (2005, see also Runacres and Owocki 200&2¢dhhat
structure can survive out to distances of more than 1000 stedlaydae to super-
sonic clump-clump collisions which counteract the pressuraesion.

Initial results of 2-D simulations have been obtained usinfgdéht approxi-
mations for the calculation of the line-force. In the simplesedaadiatively iso-
lated azimuthal zones and neglectateral line-drag?), the shells arising in 1-D
models are broken up by Rayleigh-Taylor or thin-shell instaédj resulting in a
completely incoherent lateral structure (Dessart and Owocki 2@08llow-up
investigation (Dessart and Owocki 2005) showed that by adewyifor the lat-
eral line-drag and the lateral mixing in a more self-consistent miathree rays
at different impact parameters, as already used by Owocki 1999) rsadels - at
least at highest resolution - show a much larger lateral cobernan correspond-
ing one-ray models. Quantitative results are still lacking tiodrurther effort is
needed to answer the important question about the lateral dial length scale

32 Reverse shocks travel backwards in the comoving frame gthawtwards in the stellar
frame). In the pre-shock region (starwards from the shdble)velocity is high and the density
low, and vice versa in the post-shock region.

33 see Rybicki et al (1990).
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of clumps, required to check and improve present assumptions mbdeling the
spectra from the IR to the X-ray regime.

Time-dependent versus stationary approack®bviously, time-dependent mod-
els based on a non-local, unstable line-force are able to explairg@ number
of observational findings, at least qualitatively. On theeotiiand, they appear to
be in stark contrast with our assumptions within the standardein@ect. 2.1),
both with respect to modeling and diagnostics. However, whewed with re-
spect to themassdistribution of density and velocity, the stationary and time
dependent models are quite similar (e.g., Fig. 32, left panéierGhe intrinsic
mass-weighting of spectral formation, this explains why dethllne-synthesis
calculations assuming line-opacities proportional to thalloensity are able to
generate (time-dependent) line profiles quite similar to obsiens (Puls et al
1993a).

Let us also emphasize that the gross wind properties derived froeadepen-
dent models like théerminalflow speed andime-averageanass loss rate agree
well with those following from a stationary approach. Deviatidirmsn this rule
due to source function gradients in the transonic region (OwoakiRaris 1999,
see also Sect. 5) are not a consequence of the line-drivenilitgtéfistead, they
originate from an incorrect use of the local, Sobolev approacharstationary
models in a region where this approach is no longer justifiednimaiecause of
the strong curvature of the velocity fietd.

6.3 Wind clumping

In our review of “observed” wind parameters (Sect. 4), we have fretyueierred
to the process oWind-clumping and particularly to its impact on the derived
mass-loss rates, without providing further details. Indeed nbestigation of this
process and its consequences constitutes a major fractiondiéstiperformed in
the last decade, and various contributions regarding the prsisgas-quo can be
found in the proceedings of a recent workshop dedicated to this {bflamann
et al 2008b).

In the previous two sections, we have summarized important cditsemal and
theoretical findings which unambiguously indicate that raoiedriven winds are
structured and time-variable, and we have outlined that thediiiven instability
is a primary candidate for explaining at least part of these fgsliThus, we
are now in a position to consider wind-clumping in more detadrtgng with a
discussion of more specific evidence.

6.3.1 Observational evidence

Half a century of clumpingThe presence of clumping as “extreme density fluc-
tuations” around hot stars was first invoked by Osterbrock andhé&ilgfi959) to
explain the discrepancy between observed and predicted fluxks Hil region

34 Remember thattandardSobolev theory requires a vanishing curvature over theespond-
ing Sobolev length, which is small in the transonic region.
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in the Orion nebula. Two decades later, Lucy and White (198Q)qwed a phe-
nomenological model to explain the observed X-ray luminodity Bup, in which
the stellar wind would break up into a population of radiagvetiven blobs and
where the radiation should originate from the bow shocks preced@blobs (see
also Sect. 6.5.2). Applying the same formalism as Osterbrock katldef (1959),
Abbott et al (1981b) investigated the effects of dense clunmphie thermal free-
free radio emission of stellar winds as a function of both thew@(dilling factor
(fvo1<1) and the density ratio between clumped and inter-clump mé&ite the
standard assumption of vanishing inter-clump density (sea)ethey showed
that the radio flux is a factor df,,;—2/3 larger than that from a homogeneous wind
with the same average mass-loss rate. Thus, using Eq. 45, rasteloss rates de-
rived from clumped winds are lower by a factorfgf) /2 compared to unclumped
winds.

Wind-clumping in dense winds.In the mid-80s, two more observational diag-
nostics suggested that the standard, and convenient, assnrophomogeneous
stellar winds might fail due to clumping. The first line of egitte came from
studies of the light-curve eclipses as a function of waveleimgthe WR + O bi-
nary V444 Cyg (Cherepashchuk et al 1984). The differences in shrabdepth
of eclipses from the UV to the IR could not be simultaneouslyrprieted using
a smooth electron density distribution in the wind. The authegsiired the pres-
ence of individual density condensations becoming optithick to reconcile the
electron scattering{ p) dominated UV and optical fluxes with the free-free and
bound-free [0 p?) infrared values.

The second line of evidence relied on studiesaftinuum and line variabil-
ity. For continuum investigations, linear polarization vari&pis particularly ad-
vantageous. This process, being directly related to the etedieasity through
electron scattering processes, provides information on the mesdrocalized
inhomogeneities and is more reliable than pure continuum phetac variability
studies, where other processes such as rotational modulatipulsations may
come into play. In addition to the OB-star work by Lupie and Nozdki(1987),
mentioned already in Sect. 6.1, extensive and systematidonioig of linear po-
larization in WR-stars (St.-Louis et al 1987) and LBVs (Taylor €191, Davies
et al 2005) revealed stochastic variability on short time scahelicating that the
material had to be confined in clumps. More recent results hetpiggantifythe
clumping properties are discussed below.

Inthe case of lines, time-resolved spectroscopic monitoringRfstars (Mof-
fat et al 1988, Robert 1994) revealed the presence of narrow emigsitures on
top of the broad emission lines that appeared to propagate frolméheenters to
the line wings on timescales of the wind flow-time. These mg@ub-peaks were
interpreted as evidence for blob ejections into the wind and @areconsidered to
be one of the most clear-cut evidences for clumping in WR winds.

Lepine and Moffat (1999) monitored the line-profile variationghie Hell
emission lines of WN stars and inI€C emission lines of WC stars, and studied
these variations by means of a detailed wavelet analysis. &ls these authors
performed simulations of line-profile variability (Ipv) assumingiad consisting
of a large number~ 10% of discrete wind-emission elements (DWEESs). Obser-
vations were best reproduced by assuming a large ratio of thd tadiee lateral
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velocity dispersion for the DWEEs, consistent with the natdrthe line-driven
instability and the corresponding lateral line-drag (page 70)siehymodels of
such Ipv interpreted in terms of clumps generated by the line-diinstability
have been provided by Dessart and Owocki (2002a,b), where the $attly ex-
tends the Lepine and Moffat (1999) wavelet formalism to modglpv from hy-
drodynamic simulations. A key result is that one can fit moshefdharacteristics
if one assumes a lateral coherence scale®flegrees.

Wind-clumping in OB-star winds. For O-stars, observational Ipv-studies are
more difficult due to their roughly factor of ten thinner wind&rst investiga-
tions were carried out by Eversberg et al (1998) on thel 4686 line in{ Pup,
which revealed outward-moving inhomogeneities in its wimat started near the
stellar surfaceand became invisible at 2R,. From the wind acceleration, the
authors derived a value @& = 1, consistent with results from independent diag-
nostics assuming unclumped winds. Thus, it seems thatuhngpohg properties of
O- and WR stars are similar, and this “universality” has beennticeonfirmed
by Lepine and Moffat (2008) who extended the study to five hatssin differ-
ent evolutionary stages. They show that the moving sub-peleified on top
of the broad emission lines in WR-stars appear also in the Of gtédsp and
HD 93129A, in the more evolved hydrogen-rich and luminous Of-likN ¥fars
HD 93131 and HD 93162, and in the more mass-depleted WC sj&r\ial. The
authors conclude that stochastild clumping is a universal phenomenon in the
radiation-driven, hot winds from all massive stars.

Markova et al (2005) presented a study on the Ipv gffelr a sample of 15
O-type supergiants, ranging from O4 to O%A.stars showed evidence of signif-
icant Ipv, mostly dominated by processes in the wind, wherevéhiations were
found to occur from the wind base on out400.3 V.. From profile simulations,
they concluded that the mass-loss rate is only marginally Mariaesulting in
insignificant variations of the wind momenta and hence of thé&w/

Of course, bestlirect evidence for the presence and behaviour of clumps in
stellar winds would be reached using imaging devices withughcspatial res-
olution to “see” the individual clumps close to the star aratk them as they
expand with the wind flow. By such imaging, also geometric trasts on, for
instance, the sizes of the clumps might be obtained (e.g.neéheset al 2000). Un-
fortunately, micro-arcsec resolution would be required to carry och studies,
even for the nearby O-stars. Present observing facilities allsegosuch clumps
only at much larger scales, such as the outer wind regions winetbermal radio
emission originates from (Williams et al 1997). However, altHotigese obser-
vations indicate that clumps seem to survive over the englasivind (see also
Runacres and Owocki 2005), no information is provided on their fiomaegion
nor how they evolve throughout the wind. It should be noted ¢van after the
possible commissioning of 100-m class telescopes, one vatillldot be able to
spatially resolve the innermost wind regions where the clumpggratie, and it is
thus pivotal that alternative methods to constrain clumpiraperties are further
developed, such as linear polarimetry (see below).

At least for O-stars, however, we presently have to rely mostlyndirect
methods to address the behaviour of clumping throughout #llarstvind. Such
indirect evidence for the presence of clumping was found in parfayl Markova



74 J. Puls, J.S. Vink & F. Najarro

et al (2004) and Repolust et al (2004). By means of a comparisevebatthe
observed and predicted WLR for large samples of Galactic O-stease authors
showed that if the stellar sample was plotted as a function,gbidfile type (stars
with Hy in emission and those with Hin absorption, partly filled in by wind
emission), two different WLRs appeared, inconsistent with tagidtheoretical
prediction that the wind-momentum rates of O-stars should depehaminosity
alone (Sect. 2 and Fig. 5). It was suggegtetiat this difference is related to wind-
clumping (being “visible” only in denser winds, i.e., in tleowith Hy in emission)
and shown that a unification of both “observed” WLRs with theafetical one is
possible when the average clumping factgi(=f,o 1, see below) of the clumped
matter in stars with | in emission is of the order ofg ~ 5, implying a net
reduction ofM by a factor of 2.3. Note that these values differ significafriyn
those derived by means of UV studies with Metreductions up to factors of 10
(e.g., Bouret et al 2003, Fullerton et al 2006, see below).

Therefore, at this stage, several fundamental questions needcatidpessed:

— Which are the upper and lower limits for the clumping factoraiid from
observationally driverstudies and how reliable are they?

— What is the stratification of the clumping factor througho&twind, and what
is the shape of the clumps?

— How realistic is the treatment of clumping assumed so far amdwell can
modern, sophisticated atmospheric codes account for it?

— How much mass-loss reduction can evolutionary models of nestws cope
with to still be consistent with independent constraintshsas the observed
numbers of WR-stars?

Before we can consider these points in detail, we have to desttrébbasic con-
cept underlying most of the following analyses.

“Micro-clumping”.  This concept bases on the hypothesis that the wind con-
sists of small-scale density inhomogeneities, which rebistei matter into over-
dense clumps and underdense inter-clump matter. Motivatedebgrincipal re-
sults from hydrodynamical simulations including the line-dniviastability, the
inter-clump matter is assumed to be v8tdn this case then, theveragedensity
(p)=MI(4 1r2v) can be described by

() =fwp™, (0% = fva(p")? (51)

wherep™ is the density inside the overdense clumps, gd is the mean of the
squared density. Thus, the clumping factor as introduced bydRivet al (1988),

fo=(p?)/(p)> = fa=fw * and p*=fu(p), (52)

corresponds to the inverse of the volume filling factor and meassilne overden-
sity of the clumps. Since we assume void inter-clump matemalter is present

35 following a previous idea by Puls et al (2003).

36 Alternatives from this assumption are rare, and not usethindsird diagnostical tools until
recently when Zsarget al (2008a) re-investigated the “superionization” ofiQqpage 67) in
{ Pup. Their simulations show that clumped wind models thame a void interclump medium
cannot reproduce the observed/Oprofiles, though enough @ can be produced if the voids
are filled by a low-density gas.
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only inside the clumps, with densijy™, and the corresponding opacity is given
by k = kc(fa(p)), whereC denotes the process evaluated inside the clump. Op-
tical depths have to be calculated wia= [ kc(fe(p)) fuordr, with a reduced path
length(fydr) to correct for the volume where a clump is “seen”. Note that this
expression is valid only if all clumps are optically thin. Exségons for optically
thick clumps are given in Sect. 6.3.3. Combining these resytical depths for

a clumped medium can be expressed by a mean opa&gity,

r:/;?dr with K = ke(fa(p)) fvol = %Kc(fd(p}). (53)

Thus, for processes that are linear in density, the mean opatigyclumped
medium is the same as in the homogeneous case, whereas forsgmsesl-

ing with the square of density, mean opacities (and emissdjitire effectively
enhanced by a factdiy. Moreover, radiative processes described by the micro-
clumping approach do not depend on the size, the geometry atistréoution

of the clumps, but on the radial stratification of the clumpiagtér alone. The
enhanced opacity fqp? dependent processes has the consequence that mass-loss
rates derived by such diagnostics are lower by a factqf &f than corresponding
mass-loss rates assuming no clumping. Consequently, treabgépth invariant,

Q (see Eq. 39), for such processes might be extended according to

N M
(R*VOO)l'S V 1:voI(R*VOO)l'5
as long as there is no strong radial variatiorfgfor f,q.

Q= (54)

6.3.2 Quantification of wind-clumping

Let us now review how observations and models have evolved gitinia last
decade and summarize the most important results concerningltgée” of the
clumping factor.

One of the first (and still most important) attempts to quantifgdvclumping
was carried out by Hillier (1991) who analyzed the correspondiifeces on
the p?-dependent emission components andghgependent electron scattering
wings in WR emission lines. Noting that standard, homogeseaadels severely
overestimated the electron scattering wings of the observedgs,dfiillier (1991)
showed how both components could be simultaneously reprdduen clump-
ing is accounted for and the mass-loss rate is reduced by a fdctoP o

For the method to work, the electron scattering wings have tdrbegand
clearly defined, i.e., a good continuum rectification is requiidte method also
assumes that the strength of iredependent emission can be described by micro-
clumping alone. Thus, this method may also be applied tol“bethaved” LBVs
like P Cygni, for which Najarro (2001) found,, = 0.5 by analyzing all the
Balmer lines.

Results using the new generation of unified model atmosphecesiating for
blanketing and clumping started to appear with the new rilem (see Sect.
4.2.1). From gquantitative IR studies in the Galactic CentegeFet al (2002)
found thatf,g-values around 0.1M-reductions of~3 with respect to homoge-
neous models) were required to best reproduce the spectra of WNOfastdrs
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Fig. 23 Effects of clumping and a correspondingly reduced mass#ate in the UV O A 1371
and Niv A1718 lines of HD 96715 (O4((f))). The derivefgy=0.02 value implies a factor of 7
reduction inM. Dotted: Profiles from an unclumped model which reprodud¢ksroclumping-
insensitive lines equally well. Adapted from Bouret et &(3).

in the Arches Cluster. Analyses carried out for O supergianteénMagellanic
Clouds (Crowther et al 2002, using UV and optical data) revetiatlf,o= 0.1
could reproduce the observed/RA1118-1128 doublet without requiring a re-
duced phosphorus abundance as suggested by Pauldrach et4lZ009). Fur-
ther analyses in the SMC found likewi$g, values around 0.1 (Hillier et al 2003)
and lower o= 0.1 - 0.01 in four O stars of the SMC cluster NGC346, Bouret
et al 2003). A similar study was carried out using UV (FUSE + IUE)cs@eof
two Galactic O4 stars by Bouret et al (2005). In this case they fonatvalues
as low asf,q= 0.02 and 0.04 were required to satisfactorily reproduce not only
the Pv AA1118-1128 and the @A 1371 lines, but also NV A1718, as shown
in Fig. 23. Though indicating an enormous degree of clumpingr@ensities of
factors between 25 to 50!), these numbers are consistent with¢nesdive expla-
nation in terms of a strong oxygen depletion (factor 50) in earbtdds, suggested
by Pauldrach et al (2001) as a result of analyses usimgogeneoushodels.
Interestingly, the lowerf,q-values found for the SMC objects seem to cor-
respond to the Galactic ones down-scaled by the abundanceMatjor uncer-
tainties in these UV-based methods are due to the role of X-raythendalidity
of micro-clumping (see below) assumed for the models. Other tsffaach as
changes in the ionization structure driven by clumping are awydi) however.

The Pv problem. Although the problem with the @ A 1371 line had been exten-
sively debated in the literature (Haser et al 1998, Pauldradi2804, Bouret et al
2003), it was the advent of the FUSE mission providing the de®v AA1118-
1128 mass-loss diagnostics that gave rise to the so callgar&blem (see Fuller-
ton et al 2008 for a comprehensive review of this issue). Due tovéng low
cosmic abundance of phosphorus, the PA1118-1128 doublet basically never
becomes saturated, not even whe’r_i‘ 5 the dominant ion. This enables to ob-
tain a direct estimate of the produdt(q), where(q) is a spatial average of the
ion fraction of the species (cf. page 36). Unfortunately, estimates) for any
given resonance line is problematic unless detailed NLTE tiagless performed,
and even then, problems such as X-rays or subtle blanketingihtpeffects may
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Fig. 24 FUSE spectra of HD 14947 (O5'f and HD 203064 (O7.5111) for the PAA1118-
1128 doublet, together with the best fits from the simulatiby Fullerton et al (2006) with

a low M (solid) and theM derived from H; using homogeneous models (dashed). To unify
both analyses and assumim)(PJr“) = 1, fyo values as low adyq ~ 0.03 (HD 14947) and
fuol = 0.003 (HD 203064) are required, resulting in a down-scalinthef“unclumped” mass-
loss rates by factors of 6 and 18, respectively.

lead to incorrect predictions. On the other hand, an empiricedraeénation of
ionization fractions is not feasible, since access to resonarezfrom consecu-
tive ionization stages are not available in the far-UV and UMaes. In the case
of Pv, some insight is gained from the available FUSE atlases ofdBaland
Magellanic OB spectra (Pellerin et al 2002, Walborn et al 2002¢s€rshow that
the doublet is very weak for the earliest O-subtypes, exhibitalalesmaximum
over a wide range of spectral types, and then starts to disapbar quickly for
stars between 09.5 and BO. Such morphology seems to secure raumaxif the
P*4 ionization fraction for mid O-type stars, a behaviour confirmed toget at-
mosphere calculations. Therefore, for those O-stars within a(gafe 1 region,
the Pv AA1118-1128 line should provide a robust and independent estiofisd
(purep-diagnostic).

Fullerton et al (2006) carefully selected a sample of 40 Galdatstars, for
which also reliablep? M-estimates (i, radio) were available, and carried out
a detailed comparison between both methods. Surprisingly (geeZ4 and 25)
they found a severe discrepancy by a factord0 in M for mid-range O-stars
and by substantially larger factors for earlier and later spettpes. A more re-
strictive consideration, taking into account only those starsvhich (q)(P*4) is
expected to be 1, i.e., the “safer” mid-range O supergiants,tegsil a median
discrepancM(p?)/(M(Pv)(q)) = 20, which would implyf¢~ 400 if interpreted
in terms of micro-clumping, i.egxtremeclumping, much larger than derived by
other methods. This discrepancy is th& Problem and is nicely illustrated in
Fig. 25. At the end of this section we present a possible swlwdf this problem.

Polarimetric studies. Soon after the detection of moving subpeaks on top of the
broad emission lines, other indications for clumping of WRdgimvere found. Be-
sides the diagnostics provided by the electron scatteringsyengtraightforward
comparison of mass-loss rates baseg®émliagnostics with rates determined us-
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Fig. 25 Comparison oM (derived fromp2-diagnostics) withvi (q)(P*%) for a large sample of
Galactic O-stars. Adapted from Fullerton et al (2006), see t

ing other methods, such as those from polarization variatioéRaO binaried’

(e.g. St.-Louis et al 1993), suggested that the mass-loss ratesndeed from
emission-lines are overestimated by about a factor three (RoB@#)1which
agrees with the factors of 2-4 derived from NLTE analyses using phtshmodels
(e.g. Hamann and Koesterke 1998).

Extending the above technique, St.-Louis and Moffat (200&Jistl the po-
larimetric variability of O-stars winds in six massive O+0O binaygtems. They
reported clumping independent mass-loss rate estimates tgstuonly small
clumping corrections. However, the O-stars analyzed by thieodgtad relatively
weak winds and, as a consequence, the electron scatterirgglogeipth of the
wind is low. Thus, a significant fraction of the polarizationre&djoriginates from
scattering off the photosphere, implying that the derived Aassrates should be
lowered.

In their investigation of the polarization variability in WR-mds, Robert et al
(1989) found an anti-correlation between the terminal wind velamid the de-
gree of random, intrinsic scatter in polarization, and interprekes finding as
due to the presence of blobs that survive or grow more effectimejow winds.
Davies et al (2005) found this trend to continue into the regiméhefLBVs,

37 The basic principle is that the light from the O-star acts psodve of the WR-wind via elec-
tron scattering. O-star photons scatter off the abundaset étectrons in the WR wind, which
polarizes the light received by the observer, where thel le/@olarization depends on the
orbital-phase.
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Fig. 26 Time-averaged polarization over a broad range of ejectitesrper wind flow-time,/".

At 4 ~ 20, the optical depth per clump exceeds unity and the oveotdrization falls off (see
Davies et al 2007 for details). The observed level of potian for P Cygni is marked by the
dash-dotted line. Note that there are two ejection-ratemeg where the observed polarization
level can be achieved.

which have much lowev., than WR-winds and are an ideal testbed for constrain-
ing clumping properties, due to their long wind-flow times.

Davies et al (2005) performed a spectropolarimetric survey of LBVihén
Galaxy and the Magellanic Clouds and found more than 50% of tloehbe in-
trinsically polarized. As the polarization angle was found toyveregularly with
time, the polarization line effects were attributed to wind ghimg. Monte Carlo
models for scattering off wind clumps were developed by Code \&fthitney
(1995), Rodrigues and Magalhaes (2000), Harries (2000), whilst tigglynod-
els to produce the variability of the linear polarization weresprged by Davies
et al (2007).

An example of an analytical model that predicts the time-awxtgaplariza-
tion for the LBV P Cygni is presented in Fig. 26. The clump efrtiate per wind
flow-time .4 is defined as#” = Nty = NR. /V», Where the clump ejection rate,
N, is related to the mass-loss rate Ma= NNgLemy, with Ne the number of elec-
trons in each clump ande the mean mass per electron. There are two ejection-
rate regimes where the observed polarization level can be adhiéve regime
is where the ejection rate is low and a few optically thick cluraps expelled,
and the other regime is that of optically thin clumps where ti@lper of clumps
is very large. These two models can be distinguished via tisaved polarime-
try. Given the relatively short timescale of the observed pddion variability,
Davies et al 2007 favor the latter scenario, suggesting tBat Winds consist of
thousands of optically thin clumps in close proximity to themsphere.

Stratification of the clumping factor. Most of the studies considered so far as-
sume that clumping starts just above the sonic point and ressaimstant through-
out the wind. We now address whether this approximation isli&aesr needs to
be relaxed by requiring stratified clumping. Obviously, this banachieved by
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Fig. 27 Radial stratification of the clumping factdy for an O-supergiant wind. Solid: Theoret-
ical predictions by Runacres and Owocki (2002) from hydradyical models, with self-excited
line-driven instability. The formation regions of differediagnostics are indicated. Dotted: Av-
erage clumping factors, as derived for the wind frrRup, assuming an unclumped outer wind
(Puls et al 2006). Dashed: as dotted, but assuming an outerwith clumping as theoretically
predicted. The corresponding mass-loss rate is a fact()fgpif)o-s smaller than in the dotted
case. See text.

identifying reliable clumping diagnostics at different distas from the star. First
indications thaff,q (or f¢) vary as a function of radial distance from the star were
obtained by Nugis et al (1998) by means of IR to mm and radio coutinstudies
of WRs. To explain a spectral index from mm to cm wavelengths efoifder of
~0.76 (steeper than a value of 0.6 expected for smooth wind&geth), Nugis
et al (1998) proposed a stratification of the clumping factohshatf, is unity at
the wind base, reaches a maximum at 3R10and then recovers unity in the outer
wind parts. With respect to mass-loss rates derived from homogenmeodels,
Nugis et al (1998) concluded that these were overestimatedthy dex for WN
stars and by~0.6 dex for WC star¥$
A similar parameterization of the clumping factor was used gyefFet al
(2002) in their analysis of WNL and Olfstars in the Arches Cluster. Only a
vanishing clumping {;= 1) in the outer wind zones of these objects could account
for the observed Raequivalent widths and radio fluxes of the stars. These authors
used Pg, Bry, and the radio fluxes as diagnostics for the radial dependenfee of
A further step towards the characterization of wind clumping veken by
Puls et al (2006), who were able to derive constraints on the radaifieation of
fo by simultaneously modeling fdand the IR/mm/radio emission from a sample
of 19 O-stars with well-known parameters. Actual constraintsabel obtained
in the (1 - 5R,) lower and intermediate wind region wherg tdnd the IR form,
and in the outer (10 - 5@,) wind region where the mm/radio emission arises.
Particularly for the best constrained obje€tPup, the derived stratification is in
strong contrast to theoretical predictions (see Fig. 27). Actullls et al (2006)
found considerable clumping already close to the stellar sairffac all denser

38 |n a subsequent study, Nugis and Lamers (2000) derived airieatpnass loss formula for
Galactic WR stars accounting for these reduced rates, sgedS2 3.
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Fig. 28 Examples for the radial structure of the volume filling factigy(r), for different values
of CL 3 4 according to Eqg. 55, and Gl= 0.1. For models with an unclumped outer wind,sGL
1, whilst for models with constant clumping in the outer p@it, = CL;. The velocity structure
(solid magenta, in units of,) is displayed to illustrate the onset of the clumping véoiag.

winds, consistent with the findings from other diagnosticsecest in previous
sections. Clumping would then remain rather constant ovege lolume before
decreasing in the outer wind, with ratios of clumping factotsveen the inner and
outer regions ranging from 3 to M(Hy) = 1.7 - 2.5Ma4i0), Which is very similar
to the values suggested by Markova et al (2004) and Repolus{20@4) on a
completely different basis (page 73). For weaker winds, on therdiand, Puls
et al (2006) found similar clumping factors for the inner and outest regions,
ie., M(Ha) ~ Mradio-

A major shortcoming of this study is caused by fifedependence dll con-
sidered diagnostics, which lead the authors to derive migtive clumping fac-
tors. Note, however, that mass-loss rates based oagtigmptiorthat f. (radio)
=1, i.e., an unclumped outer wind, would give rise to a uniqgueRNfdependent
only onL), being in very good agreement with the theoretical predictigngibk
et al (2000).

The next natural step is then to perform multi-wavelength analiysguding
bothp andp? diagnostics. These have been recently presented by Najarro) (2008
and Najarro et al (2008) by means of UV to radio observations of @B sind IR
observations of LBVs. These authors identify key diagnostiwss|to obtain the
clumping structure throughout the stellar wind, and providéeliries to constrain
the degree of clumping in stellar winds for different stellarayp

To investigate the clumping stratification in detail, Najarralg2008) utilized
the O3Ift star CyOB2#7 as a work bench and suggested the following chanpi
law (see Fig. 28):

—v(r) — (Voo —V(r

( )
fuol(r) =CL1+(1-CL;)e®2 +(Cly—ClLy)e s | (55)

where Cl and Cly are volume filling factors and Gland CLs are velocity terms
defining locations in the stellar wind where the clumping #ftcattion changes.
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Fig. 29 Run of the Qv (dashed) and @ (solid) ionization fractions of an O supergiant wind
for a clumped (black) and homogeneous (light color) moddbpted from Bouret et al (2005).

CL; sets the maximum degree of clumping reached in the stellar (pirided
CL4 > CL;) whilst CL, determines the velocity of the onset of clumping.s@ind
CL4 control the clumping structure in the outer wind. This is illastd in Fig. 28,
which displays the behavior of clumping in a stellar wind fdfedent values of
CLy, CLz and Cls. The clumping law Eqg. 55 has been constructed in such a way
that as the wind velocity approaches the volume filling factor starts to change
from CL; towards Cly. If CL4 is set to unity, the wind will be unclumped in the
outermost region (as suggested by Nugis et al 1998 and adoptEdybyet al
2002 and Najarro et al 2004 for the case of WR-winds, see above). EqpiB5
we note that for Cb — 0 we recover the law as proposed by Hillier and Miller
(1999).

All clumping effects considered so far refer to a situation whieegidnization
fraction of the ion responsible for the considered process is matlgrweakly af-
fected by the clumping itself (at least beyond the conventibha /T,q-scaling
Eqg. 54). Thus, for a resonance line (e.gv,)® must be secured that the ionization
stage the line belongs to {B) clearly remains as the dominant stage, so that by
varying the clumping alone no changes in the line profile are predluOn the
other hand, for a recombination line, the ionization stagditieebelongs to must
be clearly less populated than the next higher ionizatiogestae., Hii>>H 1 for
the hydrogen lines), so that &~ +/f,o-scaling preserves the number of recom-
binations. We consider the corresponding regime of the iabizagquilibrium to
be on the “safe” side.

Most worrying is the case where two adjacent ionization stagee kimilar
populations. Then clumping will cause a net reduction of treamionization,
due to an enhanced number of recombinatidngf) compared to ionizations
(roughlyd p). This will result in a line-profile behaviour similar to a redwctiof
the stellar temperature. We denote such a regime of the iomizatjuilibrium by
the term “changing”. This indirect effect of clumping has beemved about from
early times on (e.g., Puls et al 1993b), and Bouret et al (2005) insestigated
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Fig. 30 Best model fits to UV, optical, and infrared profiles of CygO82, for two values of
CL;, denoted in the figure by and corresponding to the maximum degree of clumping in the
wind (= minimum volume filling factor). The weakly clumped del (dashed) with CLy 34 =

(0.4, 350 kms?, 25 kms1, 1.) has a mass-loss rate ofl6-®M.yr—1, whereas the strongly
clumped model (dashed-dotted) with a clumping law accgrdinHillier and Miller (1999),
CLy, =(0.025, 120 kmst), hasM = 1.410 M yr—1.

this effect in detail. As an example, Fig. 29 shows how the exy@nization
equilibrium is significantly altered due to wind clumping.

One may, therefore, distinguish between lines formed in a “saféebmeand
those arising from a “changing” region. Figure 30 shows that tine NA058 and
NV A4600 lines in CygOB2 #7 are clearly formed in such a “changing’argi
whilst the rest of the optical lines are less affected by theelaftange of clump-
ing and seem to follow the “safe” region behaviour. On the otlardy) most of
the infrared lines react strongly to changes in the clumping lamces as out-
lined on page 42, the continuum adjacent to NIR-lines is alrdadped in the
wind, not only the lines, but also the continuum will depemdaumping (via
bound-free and free-free processe®?), resulting in a high sensitivity of the
continuum-rectifiedine profiles on the clumpingtratification particularly on
CL; and CLp. Najarro et al (2008) found that if clumping starts with large ghuam
ing factors relatively close to the photosphere of CygOB2 #M(¥it= 5 reached
at~200 kms'!, corresponding te-1.1R,, similar to the results by Puls et al 2006
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for this object) consistensimultaneous fits to the UV, optical, and IR observations
are possible (see Fig. 30).

Whilst the optical and IR spectra of CygOB2 #7 provide strong tairgs
on CL; and Cly, the UV, submillimeter, and radio observations constituteiatu
diagnostics to determine Gland Cls. Indeed, UV and submillimeter data support
the presence of constant clumping (Najarro et al 2008), at leasi opd/outer
wind regions where the millimeter continua of CygOB2 #7 are fornhtmivever,
radio observations by Puls et al (2006) with a formation region aimtarger radii
showed that clumping may begin to vanish in the outermost wegibns, which
is consistent with the fact that the radio emission from suchetsodith constant
clumping severely overestimates the upper limits providedbybservations by
Puls et al (2006) of CygOB2 #7. This demonstrates the need di-mavelength
observations to constrain the run of the complete clumpingfitedion.

Finally, for quantitative analyses one would wish to have @ noolkit pro-
viding diagnostic lines that, depending on the stellar tgpthe object, could be
used to constrain thabsolutedegree of wind clumping. At temperatures around
30 KK, there is the possibility to use He4686 and H in parallel, as outlined on
page 51. Otherwise, one has particularly to rely on the “charigaggon situation
discussed above. No strong UV lines should be included asmfagybe signifi-
cantly affected by X-rays and corresponding EUV emission. Naieelrer, that
even UV-lines formed in the lower wind could be affected by veryrhaterial po-
tentially located close to the wind base (see Sect. 6.5). Fiyr@asupergiants, the
N I1v 14058 and N/ A4600 lines, and for late O supergiants, thelkl&l 111 and
Cii lines, turn into important clumping diagnostic lines. Valleablumping in-
formation may be obtained from cool LBVs for which the Hand Fai] (Najarro
2008) lines will arise from “changing” regions.

6.3.3 Treatment of clumping - Micro- and macro-clumping

With studies yielding clumping factors ranging frdiga = 2 to 2 100 (correspond-
ing to volume filling factorsf,o = 0.5 to$ 0.01), one may question whether our
present treatment of clumping is physically correct. If relatec twertain type
of instability (e.g., the line-driven one), we may expect thigtingent to be in-
adequate in those regions where the instability is not fully gréwt still in its
linear or only weakly non-linear phase. In these (lowermost)dwigions, the
assumption of a void inter-clump medium is certainly questie. Most of the
atmospheric codes take into account only variations in theitjerbut the hy-
drodynamic simulations also reveal strong changes of the iglfield inside
the clumps, sometimes even changing the sign of the velgcitgient. Most im-
portant, however, is the recent finding that the prerequisithestandard micro-
clumping approach, namely that the clumps are optically tieeds to be relaxed.
Within the micro-clumping approach (page 74), an optically tHump is
identified as a clump with a size smaller than the photon meandath of the
relevant matter-light interaction. In an optically thick clufimacro-clumping”),
photons will interact with matter many times before eventula#ling destroyed or
scattered off the clump and escaping through the inter-cluntpem®f course,
whether a clump is optically thin or thick will depend on thriadance, ionization
fraction, and cross-section of the involved transition. Thuswilehave clumps
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that are optically thick for some processes while being oggichin for others.
For a recent review of micro- vs. macro-clumping, we refer the readdamann
et al (2008a, see also Oskinova et al 2007).

Micro-clumping has been firstly implemented into NLTE model espheres
by Schmutz (1995), and the corresponding formalism was outlinpaige 74. For
our discussion ofmacro-clumpingve follow the same notation (see also Owocki
et al 2004 and the review by Hamann et al 2008a).

For optically thick clumps, photordo care about the distribution, the size and
the geometry of the clump (see Sect. 6.5) they will encountdrmaunlti-interact
with. The conventional description of macro-clumping basea aniform clump
size,I(r), and an average separation among the statistically distdinitenps,
L(r), which are related by the volume filling factor,

I 1

3
fuol = (E) = Td (56)
Following the nomenclature of Eq. 53, the optical depth aceosisimp of sizd

and constant opacitic is given by

3
Tc = Kcl = kgl :El—zzf?h, (57)

with mean opacityk (Eq. 53) and porosity length = L3/I2, as introduced in
Eq. 47. Remember that the porosity length constitutes a keyvpeter to quantify
the characteristics of a structured medium and corresponds tchtterpmean
free path in a medium consisting of optically thick clumps (pagg

The effectivecross section of the clumps, i.e., their geometrical crossosect
(surface) diminished by the fraction of transmitted radiatiogjven by

oc=1%(1—e ) (58)
such that theffective opacityhat needs to be used in the models results in

12(1-e 1-eT) _(l-ef

Keff = NcOc = <B )=(r])=“ o X (59)
whennc is the number density of the clumps. Note that this equatmdshfor
clumps of arbitrary optical thickness. When taking the optyddlin limit, we im-
mediately recover the micro-clumping approximatiemgg = k, which depends
on the volume filling factor alone but not on clump sizes amtriiution, whereas
in the optically thick case, theffective opacity becomes strongly reduceg =
K /1c = h~! and depends only on the porosity length, i.e., it is grey. Futben-
ments on effects resulting from specific clump geometries are giv8act. 6.5.

Effects on wind structure. Krticka et al (2008) have studied the influence of
micro- and macro-clumping on the predicted wind structure of O-stpes, by
artificially including clumping into their stationary wind rdels which have been
described in Sect. 3.1.

If they assumed all clumps to be optically thin, the radiative Iforce in-
creased compared to corresponding unclumped models, due toraasa of the
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Fig. 31 Porosity as a possible solution for the PV problem. AdaptehfOskinova et al (2007),
see text.

electron density dependediterm in the force-multiplier (page 9), representing a
changed ionization equilibrium with more lines from lower s&dkhis increase
of the line-force leads to aimcreaseof either the mass-loss rate or the terminal
velocity, depending on the onset of wind-clumping (below oovabthe critical
point). Similar results have been found by de Koter et al (2008).

If, on the other hand, the clumps were considered as opticaltk,tKirticka
et al (2008) showed that a net reduction of the line-force may obite, how-
ever, that this finding is in contrast to hydrodynamical sirtiakes®®, and origi-
nates from assuming that the velocity law remains unchangeontmast to what
would happen in a consistent approach. Finally, an inclusfavind porosity into
the continuum opacity (with the onset of porosity below thdaaltpoint) might
also lead to a reducdd, due to an increase of the wind-ionization.

In conclusion, a further, consistent investigation of the iotpéwind-clumping
(with its various facets) on the wind structure of massive O stacsucial, since
this might influence theredictedwind parameters, to which the observed ones
have to be compared.

Effects on line profiles. Oskinova et al (2007) investigated the effects of poros-
ity on the line profiles o Pup, by means of the above formalism (Eg. 59) and
assuming a “high” value for the mass-loss raits 2.5 10°°M.yr—1, which is
only mildly lower than the upper limit derived by Puls et al (B)OUsing over-
densities, f, inferred from diagnostic lines, and the equation of continuity t
parameterize the radial dependence of the clump separhtionthey were able
to account for (part f) the radiative transfer effects of clumping.

In particular, only changes in the “formal integral” were conside(i®y using
the effective opacity), whereas the feedback of macro-clumpintherNLTE-
populations was neglected by arguing that most transitiesrate not affected.

39 which donot find changes of the gross wind properties compared to a s#agicolution,
though the mediuns clumpy (page 71).

40 Note that the original porosity concept had been developeddntinuum processes; line
processes are additionally affected by changes in theitaefaeld, which are simulated here by
adopting a velocity dispersion inside the clumps (cf. paie But see below.
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Fig. 32 Vorosity. Multiply non-monotonic velocity structure ang in a 1-D hydrodynamic
simulation with self-excited line-driven instability,gited versus a mass-coordinate (left), and
schematic simplification (right). The smooth wind flow is megented by the straight line.
Adapted from Owocki (2008), see text.

From Fig. 31, it becomes clear that the most important effectrdsgstrong res-
onance lines like ® AA1118-1128, which can be reproduced by this approach
without relying on (very) low mass-loss rates, due to the redudiadhe effective
opacity when the clumps become optically thick. On the otfeerd, H; is not
affected by wind porosity, remaining optically thin inside ttlamps and being
reproduced in parallel with . Insofar, these results might open a way out to the
“Pv problem”.

Clumping from the other side: “Vorosity”. As indicated above, line transitions
should be strongly affected by a strongly non-monotonic velda@id as result-
ing from the line-driven instability. Aiming to examine the potial role of such a
flow structure in reducing the observed strength of wind absorfities, Owocki
(2008) performed dynamical simulations of the line-driven ingitgltin which the
line strength can be described in terms of a “velocity clumpifagtor. Interest-
ingly, this velocity clumping factor is insensitive to sigtscales.

The left panel of Fig. 32 shows the velocity structure arising @ simu-
lation. The intrinsic instability of line-driving leads to ssthntial velocity struc-
ture, with narrow peaks corresponding to spatially extendeddmuidus regions
of high-speed flow. Such regions are followed by dense, spatialsow clumps/
shells which, when plotted as a function of mass-coordinate, rige to extended
velocity plateaus. The right panel illustrates the situaipmeans of a simplified
model, where the velocity clumping is represented by a sirsipliecasestructure,
quantified by a velocity clumping factor. This value is sethy ratio between the
internal velocity widthdv to the velocity separatiodv of the clumps.

Using this model, Owocki (2008) computed dynamic spectra thirdmom
instability simulations, which indeed exhibited a net reéhutin absorption, due
to the porosity in velocity space, an effect he denoted by “wtrbsThe key
problem in explaining a “reduced” VP line-strength in terms of vorosity is that
one needs to have a large humbebf velocity gaps, which is not what comes
“naturally” from the instability simulations (Fig. 32 - left). TBuonly a modest
reduction at a 10-20% level was found, which is well short of thetdial0 (or
more) required in terms of thewPproblem.



88 J. Puls, J.S. Vink & F. Najarro

Obviously, it remains a future challenge to investigate sceaamicluding both
porosity and vorosity and their possible inter-relation.

6.3.4 Evolutionary limits

If mass-loss rates would need to be revised drastically (e.g.,dbgréaof~ 10 or
more), this would have dramatic consequences for the evolufiandfeedback
from massive stars. Recalling a corollary statement in massivegblution, that
a change of the mass-loss rates of massive stars by even a éddiwo has a
dramatic effect on their evolutiofMeynet et al 1994), one immediately realizes
the importance of quantifying the wind clumping phenomendnis Btatement
illuminates a potential alternative to constrain the “alloiveange of mass-loss
reductions, namely by evolutionary considerations themselve

Hirschi (2008) has recently explored the evolutioniamplications Taking for
example a 120, star with a lifetime of 2.5 million years and an averdge-
2.5-10°Muyr1, the star will have lost around 3d., at the end of the main
sequence using the theoretical prescriptions of Vink et al 22001, whilst the
star would lose only 3, if the mass-loss rate was reduced by a factor of 10.
The two big questions regarding evolution are then how to proddiRestars with
such low mass-loss rates and whether one would end up with tag ondically
rotating stars.

Concerning the WR issue, one way out would be to shift the bulknas
loss on other evolutionary phases such as the LBV (e.g. Nugdis.amers 2000,
Smith and Owocki 2006) and the red supergiant (RSG) stagesevonalthough
mass-loss rates are more challenging to determine in these tgessiahseems
unlikely that they could cope with the bulk of it.

A second, provocative, possibility is to place all massiegssin close binary
systems (Kobulnicky and Fryer 2007). This scenario, howevau]duaot only fail
to produce the many RSG stars observed, but there is also obseala@vidence
againsall WR-stars being in close binary systems (only 30-40% in the Magjella
Clouds, Foellmi et al 2003a,b). Another possibility is towams that WRs are
produced by strong rotational mixing rather than by mass losseSast rotators
constitute only a small fraction of the whole population, ggenario seems very
unlikely though.

Combining the above points, Hirschi (2008) concluded thaltgimary mod-
els could survive wittM reductions of at most a factor ef2 in comparison to the
rates from Vink et al (2000), whilst factors around 10 are stronghasieked. We
note that a reduction of the Vink et al (2000, 2001) rates by afamfttwo may
correspond to an “allowed” reduction of the empirical mass-losesraf a factor
of about four - at most.

6.4 Co-rotating interaction regions (CIRs)

In the previous section, we have extensively discussed featirésited tamicro-
structure in the wind, expressed in terms of micro- and macro-chgngind con-
sequences of this. However, there is also large-scale struygtasent, inferred
most directly from the so-callediscrete absorption components (DACS)
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Discrete absorption components.These are optical depth enhancements ob-
served in the absorption troughs of unsaturated UV P Cygni prddihes are
present in most O-/early B-star winds (Howarth and Prinja 1989), |batia late
B-supergiants (Bates and Gilheany 1990) and at least one WAXTRstinja and
Smith 19924,

Typically, these DACs accelerate to the blue wing of the prafildimescales
of a few days, becoming narrower as they approach an asymptaticityeHo-
warth and Prinja (1989) and Prinja et al (1990) have used this dstimpalue
to determinev,, for objects with no black trough in1€ (see Sect. 4.1). The ac-
celeration and recurrence time scales of DACs were found to be dexdelath
v sini, i.e., with the rotational period (Prinja 1988, Henrichs et al8 %aper
et al 1999). The acceleration of most strong DACs is much sloaer the mean
wind acceleration (Prinja et al 1992, Prinja 1994), suggestiag IACs might
arise from a slowly evolving perturbation through which the windemal flows.
Such a perturbation could consist of a higher density or a lewlercity gradient
(e.g., a velocity plateau, as speculated already by Lamers1€983), or result
from a combination of both (Fullerton and Owocki 1992).

Though the lack of variability in the emission component of Y& lines
(Prinja 1992) and the lack of significant infrared variability (Hothal 992) seems
to rule out a spherically-symmetric disturbance, the structuré baisrge enough
to cover a substantial fraction of the stellar disk in order talpoe the observed
strong absorption features. The latter constraint strongly argg&nst any micro-
structure related to the wind instability as the source of the &Asecause (i)
micro-structure would be averaged out and (ii) the presence datbel line-
drag (Rybicki et al 1990) should suppress any lateral velocgyudbances and
maintain lateral length scales as set by a potential baserpation.

Dynamical models of CIRs. The above arguments suggest that DACs should
originate from coherent structures of significant lateral exteitt, aclock related

to stellar rotation and an increased optical line depth duetsity and/or veloc-

ity field effects. Already in 1984, i.e., well before these coristeawere known,
Mullan had suggested co-rotating interaction regtéi€IRs) as a potential can-
didate (see also Mullan 1986). Over the following years, thigeation became
more and more likely, due to an amount of empirical knowledgesimece CIRs
are compatible with all constraints as outlined above.

Cranmer and Owocki (1996) were the first to investigate the CIRast®im
detail, by means of 2-D time-dependent hydrodynamic modelfrtgeowind of
a rotating O-star. Photospheric disturbances in the formzohuthalvariations
were induced by a local increase of the line f@fcdue to a bright stellar spot
in the equatorial plane. Such a stellar spot should be regagladepresentative
for various kinds of photospheric disturbances (e.g., localimagnetic fields or
non-radial pulsations), since the induced wind structure turngdambe rather

41 Absorption components have been also observed in the Béilmesrof the LBV P Cygni
(Markova 1986).

42 well known and studied in the solar wind.

43 Actually, the authors investigated also the consequerfae®oal decrease in the line force
due to dark spots. Such a model, however, could be ruled mde she resulting synthetic
profiles behave quite different from the observed varigbgattern.
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insensitive to the particular way by which the photospherieditions were dis-
turbed.

A locally enhanced line acceleration generates streams oéhagnsity and
lower velocity (compared to the undisturbed mean flow), and CIRmnbfinced
density form where the faster mean flow collides supersonicailly the slow
material at the trailing edge of the stream. When the unperturlied eollides
with the CIR, a non-linear signal is sent back towards the statwfbrms a sharp,
propagating discontinuity (“Abbott-kink”, see also Feldmigiad Shlosman 2000,
2002) in the radial velocity gradient. The inwards directed pgagian velocity
(with respect to a comoving frame) of this kink is just the changstie speed of
the radiative-acoustic Abbott waves considered in Sect. 6.thdrstellar frame,
this feature travels slowly outwards and a velocity plateaudtkecture is formed
between the trailing Abbott-kink and the CIR compression.

By calculating the corresponding line optical depths and-itependent (“dy-
namic”) synthetic profiles, Cranmer and Owocki (1996) showedlttiese slowly
moving kinks, together with their low velocity gradientsi{ (dv/dr)~1!), are the
likely origin of the observed DACs rather than the CIRs themse(bet see be-
low). A fit to the temporal wavelength drift of the synthesized BA@sulted in a
velocity field parametef ~ 2— 4, i.e., in a slonapparentacceleration, in accor-
dance with observations. Though the recurrence time scale 8fARs is strictly
correlated withvyot, due to the link of CIRs and the rotating photosphere, no cor-
relation between acceleration time scale and rotational spesdfound in the
synthetic profiles, in contrast to the observational indicetias outlined above.

This “missing” correlation is the central topic of an interegtkinematical in-
vestigation by Hamann et al (2001), who stressed the fact tadoihdrift rate is
not a consequence of the CIRs themselves. Features formed thightiR would
display a drift even faster than features formed in a non-rotatind viirstead, the
slow drift is a consequence of the difference between mean flovitendelocity
field of the pattern in which the features form. A pattern with upsirgaopaga-
tion (as the kink in the model by Cranmer and Owocki 1996) ikt results in
a wavelength drift with a slower apparent acceleration tharlaiisgd by features
formed in the bulk or within the CIR itself. Any of these drifts, hovge were
shown to be independent on the rotatrate, leaving the observed correlation (if
actually present) still unexplained.

An implicit assumption in the work by Hamann et al (2001) is ttnet CIRS
are induced by disturbancésckedto the stellar surface, in accordance with the
model by Cranmer and Owocki (1996). In a detailed study, LobelElnchme
(2008) relaxed this assumption in order to enabbantitativeanalysis of the
time evolution of DACs for the fast-rotating BO.5 Ib supergiarid 64760, one
of the best observed objects (see below). The authors use theB-@wadiative
transfer code, coupled with 3-D hydrodynamics restricted to tiategial plane.
A large grid of models and dynamic spectra for different spot pararsé¢bright-
ness, opening angle and velocity) has been computed, anefféats of these
parameters on the wind structure and DAC evolution studied. Aflieould be
obtained with a model with two spots of unequal brightnesssaze on opposite
sides of the equator, with spot velocities being five timesvsl thanv,q;. All ba-
sic conclusions of Cranmer and Owocki (1996) could be confirrpadicularly
the importance of velocity plateaus in between kinks and CiHastheir models
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of spots which are not locked to the stellar surface, howekerindependence of
the DAC acceleration owo; can no longer be warranted. In this case, the internal
clock is given by the rotational speed of the spetg, whereas a change in the
stellar rotational speed modifies the underlying bulk flow (dte&ssand veloci-
ties) via a different centrifugal acceleration (Egs. 20, 21) shahthe time-scales
are no longer conserved whepy; is changed. In other words, two models with
Vsp = Viot (locked) andvsp < Vot (non-locked) whichboth reproduce the DAC
recurrence time behave differently with respect to the accelertitie scale.

The physical scenario of different spot and stellar rotatiowaigks follows
a suggestion by Kaufer et al (2006). These authors detected niahpatbations
in the photospheric lines of HD 64760, with closely spacedquisti In order to
explain the observed Hvariability, they invoked the beat period between two
of these periods (lower than the rotational one!) to be respanéiblthe CIRs
in the wind. Interestingly, however, this beat periot@ consistent with the spot
velocity derived from the UV by Lobel and Blomme (2008). For furthiscdssion
we refer to the latter publication.

Reality or artefact? As should be clear from our discussion of the onset of
Abbott-waves, the dynamic models discussed above rely on al&olne-force,
because of computational feasibility. Thus, two questieedto be answered.
() In how far do the kinks still occur when the Sobolev approxiomris relaxed?
(ii) In how far can the line-driven instability disrupt the CIR sttue? A prelim-
inary answer might be found in Fig. 2c from Owocki (1999), which ligp the
radial velocity calculated for a CIR model based onam-localline force cal-
culated from a three-ray treatment (cf. page 70). Also here, somewhatded”
kinks followed by a plateau are present! Unfortunately, howeer line-driven
instability effectively destroys all macro-structure, but thigin be related to a
still inadequate three-ray treatment and/or insufficient reswiuleading to too
low a lateral damping. To cite Stan Owocki (2008, priv. commbhete is a strong
potential that such kinks and plateaus are real physical sffaca line-driven
wind, and not just an artefact of the Sobolev approximation.”

Future work using computationally expensive methods to tatiewa consis-
tent more-D line force will hopefully prove this expectation.

Modulation features. The observed correlations of the DAC properties with
v sini inspired the'lUE MEGA Campaign” (Massa et al 1995), during which
three prototypical massive staisPup (0O4lIf), HD 64760 (B0.5Ib) and HD 50896
(WNS5)) were monitored almost continuously over 16 days. Resilteis cam-
paign have been summarized by Fullerton (1999). The most impdirding was
the detection of a new type of variability, namglgriodic modulationsn the UV
wind lines, derived from the dynamic spectra of HD 64760 (Prinjal €it985)
which most likely is observed equator-on. As shown by Fullegbml (1997),
these modulations result from two quasi-sinusoidal fluctuatieith periods of
1.2 and 2.4 days, which propagate, as a function of phase amidgtat roughly
750 kms!, simultaneouslyowards lower and higher line-of-sight velocities, un-
til a certain minimum and maximum is reached and the pattermbdgirepeat
itself. Because of its peculiar shape, this effect has bedadcghase bowing”.
Similar features (though not as pronounced) have been deteoctedyitwo other
stars,{ Pup (Massa et al 1995, Howarth et al 1995) gnBer (O7.5 Il (n)((f)),
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Kaper et al 1999). Note that these features occur in paralleltivititonventional
DACs.

The peculiar phase properties of the modulation features itadiba presence
of absorbing material with the same phase at two different pegeeelocities.
By means of a kinematical model and corresponding syntheéictepy Owocki
et al (1995) and Fullerton et al (1997) suggested that theserésatme formed
in azimuthally extended, co-rotating and spirally-shaped wsingctures linked to
a surface density which is modulated by non-radial pulsatibog to rotation,
a certain spiral exits from the lines of sight in front of the stetlesk first at an
intermediate projected velocity (750 km'n case of HD 64760). At later times
and because of its curvature, this structure exits from the absorptgion si-
multaneously at lower and higher velocities. Since the &paee assumed to be
linked to the surface density modulation, different locatialmng the spiral have
the same phase, because they arise from the same “spot” on theesurf con-
cert with the kinematics of the spirals, this explains the niatiton features and
their phase-bowing, verified in the aforementioned synthetictsp. Consistent
hydro-simulations of this scenario are still missing, but tHesagures are a strong
hint on the presence of azimuthally extended macro-structurebservational
“evidence for co-rotating wind streams rooted in surface variatig@wocki et al
1995).

6.5 X-ray line emission

After the advent of the X-ray satellitesam -NEWTON andCHANDRA, with their
capability to perform high-resolution spectroscopy, detailealkadge about the
X-ray line emission from hot stars has been accumulated (for recartug\see
Oskinova et al 2008 and Cohen 2008). Two “classes” of specta lbeen found.
On the one side, the prototypical spectrumfdfOri C, one of few massive stars
with a strong magnetic field (Sect. 2.2.2), is rather hard (implyiig plasma
temperatures) and shows lines with small widths. On the oitler the spectrum
of the prototypical “normal” supergiadtPup is softer and displays much broader,
asymmetric lines. Moreover, the lines from hydrogen-like ions &menger in
the former class, and vice versa for the lines from helium-like iartgch im-
mediately points to differences in the ionization balance #gm$ again to dif-
ferent plasma temperatures. Wojdowski and Schulz (2005) deriveak yalue
T =30-10° K for 8 Ori C and 1-210° K for six other O-stars (incl{ Pup),
where the latter values are of the same order as those derived frtier,daw
resolution data (e.g., byosAT, Kudritzki et al 1996, see Sect. 6.1).

6.5.1 Magnetically confined winds

By means of a tailored MHD mod¥ifor the wind of8* Ori C, Gagre et al (2005)
showed that the magnetically confined wind shock (MCWS) m(distussed in
Sect. 2.2.2) fits quite well all the data, predicting the terapee, luminosity, and
occultation of the X-ray emitting plasma with rotation phasatiBularly, the bulk
of the shock-heated plasma should be located in the magihetioafined region

44 extending the work by ud-Doula and Owocki (2002) with respethe energy equation.
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Fig. 33 Schematic Grotrian diagram for Helium-like ions, showiegels and transitions in-
volved in the formation of théir-complexin X-ray spectra of hot stars. Solid arrows: collisional
excitations. Dashed arrows: radiative transitions. Thetfansitions are denoted by correspond-
ing letters. The transitions between #® and theé’P levels are located in the (F)UV. Adapted
from Gabriel and Jordan (1969).

close tor ~ 2R,, where the speed and line-of-sight velocity of this materialis lo
giving rise to rather narrow X-ray emission lines. Similar argutsenight hold
for the X-ray spectrum of Sco which also shows narrow lines, consistent with
the finding that alsa Sco has a strong magnetic field.

6.5.2 Non-magnetic stars

In accordance with previous results derived from lower resolutisentations
(Sect. 6.1), also the gross properties of highly resolved X-ray sp&cm “nor-
mal” O-stars may be well explained by the line-driven instap#itenario (either
self-excited or triggered, with dominating clump-clump cotiiss). This refers
particularly to the softness of the spectra and the large linghajdesulting from
the high velocity of the shock-heated wind. Remember, ehgt, the line-driven
instability should be fully grown above 1.3-1B.and that the predicted shock
temperatures are of the order of “only” a few million Kelvin, dugump veloci-
ties of a few hundred km's.

fir-diagnostics of Helium-like ions. A key diagnostics tabservationallycon-
strain the onset of the X-ray emission is provided by the rationaf fluxes from
Helium-like ions such as @1, Nelx, Mgxi and Skiil . These ions show charac-
teristicfir triplets (Gabriel and Jordan 1969) of a forbidden (f), an intercombina-
tion (i) and a resonance (r) component (cf. Fig. 33).

In hot stars, theZ = f/i line ratio is sensitive to the local mean intensity
of the UV radiative field, since UV photons can excite the matas3S; level
to the 3Py 1, levels. To a good approximation, this mean intensity is gilgn

W(r)HE™ with dilution factorW(r) and photospheric fluxi™. If the latter
is known (from observatiort8 or model atmospheres), the dilution facwi(r)

45 if the transition is located in the observable part of the Wéatrum, and not contaminated
by wind-lines.
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Fig. 34 Two different models that fit the &1l line in the CHANDRA spectrum of{ Pup.
Dashed histogram: non-porous model with= 2. Solid histogram: porous model with = 8.
h. = 3.3. The dashed vertical line refers to the transition fregyeat rest and the dotted lines
to frequencies corresponding6v.,. See text. (From D. Cohen, priv. comm.)

may be inferred from#, which constrains the formation radit, of the X-ray
emitting plasma. Applying this method, Leutenegger et aDE$ studied the
X-ray lines of Helium-like ions in four evolved O-stars (in¢l.Pup) and derived
minimum radii of X-ray line formation in the range of2ZBR, < Ry, < 1.67R,,
consistent with the theoretical expectation.

On the other hand, Waldron and Cassinelli (2007) publishearathzzling
results for a larger sample of OB-stars. Based on sirfilaliagnostics, they con-
cluded that high-Z ions were predominantly located closer ¢optiotosphere, a
problem which they named the “near-star high-ion” problem (see ®aldron
and Cassinelli 2001). The derived conditions (temperatsueg-10’ K close to
the star, withRy, as low as 1.1R,) would be in stark contrast to the standard
shocked-wind scenario, since, e.g., the implied jump ve&xivould be higher
than the velocity of the underlying wind. Moreover, and assuntinat the average
wind velocity increases with the radius, lines from lower Z iohswdd be broader
than from ions with higher Z, at least in terms of the standard moflX-ray
emission (see belovfy. Contradictory to this expectation, the observed widths of
all X-ray lines are similar (e.g., Waldron and Cassinelli 2001 ,mseaet al 2003,
Waldron and Cassinelli 2007). More investigations are certaiaded to clarify
the situation.

Analysis of emission line profiles.Further clues on the X-ray emission from hot
stars are provided from the prof#apeof strong,singlelines (mostly hydrogen-
like, e.g., Qviii, Nex, Mgxii, Sixiv, but also F&v1i), which is asymmetric and

46 see also Leutenegger et al (2007) for the effects of resersoattering in the r-component,
which give rise to more symmetric fir-complexes.

47 Cassinelli et al (2008) speculate that the “near-star fogh{problem might be explained
by infalling clumps and correspondifigpw shocks
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skewed. Note first that such a line shape is consistent withsthedard model”
(e.g., Hillier et al 1993) which assumes the presence of hog;éimitting ma-
terial mixed with a “warm”, continuum-absorbing mean wind flowthHé wind

is optically thick in the continuum, the emission from the réngchemisphere
will be significantly attenuated, i.e., a deficit of red-shifigubtons will be ob-
served, whereas from the front, less attenuated side there willrhparatively

more emission, contributing to the blue-shifted part. Takentt@yean asymmet-
ric profile should be created, already predicted by Macfarlane €%l1) and

indeed observed, as shown in Fig. 34.

Unfortunately, however, this principal agreement was sevehelifenged after
guantitativeinvestigations had been performed. Already from the first analyses o
(Owocki and Cohen 2001, Kramer et al 2003) it turned out that tth@aets of the
profiles were much less attenuated by the underlying wind thpeated. Even
worse, the continuum opacity,,, increases with wavelength, and consequently
the lines of lower Z ions are expected to be more skewed compairtbe higher
Z ones. Such a dependence, however, has not been found, ancgvbkength
shifts of line centroids are similar for lines of all ions (WaldromdaCassinelli
2007).

Lower mass-loss rates or porosity/macro-clumpindg®ifferent hypotheses to ex-
plain these problems have been proposed and are summarized iop@sét al
(2008). In the following, we will concentrate on two promising aiiives that at
least allow for reasonable profile fits, but are still subject tively debate (see,
e.g., the discussions recorded in Hamann et al 2008b). Both agipe rely on
the notion that a reduced continuum opacity can lead to arbegteement be-
tween modeled and observed line shapes. This can be achitgvexdsy reducing
the adopted mass-loss rate or by accounting for porosity effEbtslatter have
the additional advantage that te#ectiveopacity, in the optically thick limit, be-
comes frequency-independent, i.e., grey (Eq. 47), thus potgraiglaining the
similarity*® of the line-shapes from different ionization stages.

As atypical example, Fig. 34 displays the observexireprofile fromZ Pup
and two fits. The dashed histogram refers to the best fit obtain€bbgn (2008),
based on the empirical model by Owocki and Cohen (2001), whi¢images
three parameters: the normalization, the inner radius belowhithiere shall be
no emission (R), and the continuum optical depth of the “warm” wind, parame-
terized by the quantity, = k,M /(4R V« ). The fit is formally good, and the best
fit values (within 68% confidence limits) arg R 1.53'312 R, andt, = 2.0+0.4.

Thus, the B derived from the profile is consistent with the expected on-
set of shock formation and the optical depth is quite small éddéranslated
to a mass-loss rate, this would imp = 1.5-10 °M.yr—1, which is (much)
lower than recent estimates from NLTE analyses basedrmiumpedmodels
(M~ 8.8-10°M.yr1, Repolust et al 2004), and a factor of 2.8 lower than the
maximunmmass-loss rateé = 4.2-10~°M.yr~1) constrained by independent-
diagnostics when theuterwind is assumed to be homogeneous (Puls et al 2006,
see Sect. 6.3).

Alternative models were simultaneously presented by Oskietw (2006)
and Owocki and Cohen (2006). Both publications (which diffefwitspect to

48 The issue of the actual degree of grayness has not beenightilegh.
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important details) suggested that also porosity associatbdmacro-clumping
(Sect. 6.3.3) can account for the low degree of asymmetry, withoy need to
worry about reduced mass-loss rates. The solid histogram in Fi(pa8ds on
the approach by Owocki and Cohen (2006) and displays the bdet fuch a
porous model, assumingphericalclumps. Byfixing the mass-loss rate &=
6 -10- %M. yr~1(corresponding ta, = 8), the porosity lengtth (Eq. 47) is a free
fit-parameter in this model. It is evident that the best fittingops model with the
*high” mass-loss rate is almost indistinguishable from the b#stg non-porous
model with the lowM. The optimum terminal porosity length (the valuehoin
the outer wind region) is rather large,5R, < h. < 4R, at a 68% confidence
level. Cohen (2008) argued that this is much larger than anysty length seen
in state-of-the-art hydrodynamical simulations, and conclutietl ‘there is no
compelling evidence” for invoking porosity rather than a redlcgss-loss rate.

Oskinova et al (2006) pointed out that by combining the fitstcfdrom ¢ Pup,
based on non-porous models (from Kramer et al 2003) with approphate@tion
coefficients, different lines would imply significantly differemass-loss rates.
Based on previous work by Feldmeier et al (2003) and Oskinovg2084), they
describe the wind by a flow of clumps obeying the equation ofinaity. As in
the porosity length formalism, the effective opacity of the ghsnbecomes grey
when the clumps become optically thick. They assume thadriission originates
between two radir; andr; (derived fromfir-lines), and investigate the influence
of the clump geometryComparing spherical clumps with (infinitesimally) thin
shell fragments (pancakes) oriented perpendicular to the radéatidn, they ar-
gue that the latter geometry leads to more symmetric profilesttieaformer one,
as long as the clumps subtend a constant solid angle as theggate outwards.
In their subsequent simulations of synthetic X-ray lines, tngpg of the clumps
is simulated by an anisotropic opacity (per default assumdxb tpancake-like),
and the only parameter to be specified (in addition to the wimdrpatersM, Ve,
and 3, adopted from the literature) is the quantity = n(r)v(r). This quantity
defines the number of fragments passing through some reference padiunit
time (constant due to mass conservation), and was s&f $oV.,/R;, in order
to obtain average clump separatidi(s) which are compatible with predictions
from hydrodynamic simulationg,(r) = R.v(r)/Ve < R,. This model has no free
parameter, but nevertheless provides a satisfactory agreeetsradn a variety
of synthetic and observed lines from different ions (thus supmpttia grey char-
acter of the opacity). Oskinova et al (2008) conclude thatethresults provide
evidence that the wind clumps are not optically thin, thay thee compressed in
the radial direction, and that they are separated by a few tenthe sfellar radius
in the wind acceleration zone.

Let us finish this section witbur conclusions. Whilst the X-ray spectra from
magnetic winds seem to confirm the magnetically channeled shiock scenario,
the situation for non-magnetic winds remains unclear. Both.panous models
with reduced mass-loss rates and porous winds with “convertidhare able to
explain the observed spectra, where the role of non-isotropidtgpeseds further
confirmation by independent diagnostics. Future modeling wisimultaneous
analysis of processes from the X-ray to the radio domain will cdytaincover
the most appropriate description and the “real” mass-loss rag<larify the
“near-star high-ion” problem. Such modeling should includé ordy the X-ray
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line-features, but also the SED in the complete X-ray band inctuthe wealth
of theROSAT data.

7 Summary and further implications

We reviewed the current status of both theoretical and obsemetaspects of
mass loss from hot massive stars, starting with the standard rande¢he wind-
momentum luminosity relation (WLR). Mass-loss predictions frome Istatistics
were discussed with particular emphasis on the temperature atallioity de-
pendence of the wind momenta, emphasizing that the spegpraleependence
of the WLR, especially with respect to the bi-stability jumpstill a most active
aspect of present-day hot-star wind research.

We continued with the impact of rotation. Wind compression toedpredic-
tions of predominantly prolate winds due to gravity darkeningemeviewed,
whilst we concluded that the rotationally-induced bi-stapitioncept for explain-
ing the equatorially outflowing winds from B[e] supergiants regsiifuture 2D
modeling. With respect to magnetic fields, we made a cleaindig&in between
internal and surface magnetic fields and note that firm obsenatmonstraints
on the strength and geometry of the fields have become withit refacurrent
instrumentation (e.g., USIMESPADONSOr NARVAL ). We reviewed the wind struc-
ture as a function of the magnetic confinement parameter, amdegoout that
weak magnetic fields below present detection limits coulcelalarge impact on
weak winds. It remains a possibility that the co-rotating inteoacregions that
are the likely root of ultraviolet line profile variability of O-stamight be related
to an anchored field on the surface.

A key topic concerned stationary models of radiation-driven windfe de-
scribed two basic methods in use to predicting the mass-lossohieassive stars
and their pros and cons: hydrodynamical methods based on firened CAK
approach and those based on Monte Carlo radiative transfer nsetRoedic-
tions were provided for O and B supergiants, followed by thosetéossn closer
proximity to the Eddington limit, including Luminous Blue Kables (LBVs) and
Wolf-Rayet (WR) stars. Furthermore, we provided some basic insigtasthe
possible existence of stellar winds at very low and zero meitglicontent (Popu-
lation IlI) involving issues such as the potential self-enrichtdémetals through
the evolution of the first generations of massive stars thersghnd the potential
importance of continuum driven winds from super-Eddington stainéch do not
require the presence of metals in their atmospheres. Particulslgonsidered
the predicted metallicity dependence of WR winds since this felevant impli-
cations for the angular momentum evolution of massive stdosvatnetal content
and the progenitor stars of long GRBs.

As far as observational wind diagnostics are concerned, wastied the tradi-
tional UV, Hy, and continuum bound-free/free-free emission, in addition to mod-
ern non-LTE atmosphere analyses and emphasized the futureigloteniNIR
spectroscopy. One of the major steps in the last decade hagh®nclusion of
metal line-blanketing, which has led to a new temperature stglB-stars, with
generally lower temperatures and luminosities. Due to theserltuminosities
the O-star mass-loss predictiopsr objecthave been down-revised as a conse-
guence of the changes in underlying stellar parameters — witwdually chang-
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ing the predictions themselves. Empirical mass-loss rates lese determined

in parallel with stellar parameters, by profile fitting methodsrgshe conven-
tional “by eye” method or optimization via genetic algorittynfor a variety of
spectral types, luminosity classes and environments, pkatigwvithin the VLT-
FLAMES survey of massive stars. In many cases, the derived mass-losofates
O-supergiants were a factor 82 above predicted values. This could either mean
that the theoretical values are not large enough, or that tipiriead values are too
high (or that both need revision). For mid and late type B-supatgj on the other
hand, empiricaM-values were found to be lower than the theoretical ones. Com-
paring the mass-loss rates for the Galaxy, the LMC and the SMCaeowlinting

for an average clumping correction, thmpiricaldependence of O-star mass-loss
rates on metallicity has been derived, which agrees quite wtlthe theoretical
predictions.

In addition to the minor problems outlined in the last paragrapin,general
understanding of radiation driven winds is challenged by twgent problems,
the weak wind and the clumping problem. Regarding the former, ave ldis-
cussed that the presence of X-rays can lead to a degeneracy cfasasates
derived from the UV, and suggested the NIR,Bine as a promising tool for fur-
ther progress on quantifying mass-loss rates for thin winds. We &law outlined
that just these X-rays might be the origin of the weak wind probleyrmodifying
the ionization equilibrium and thus the efficiency of radiatdriving in the lower
wind. Future work has to provide tight constraints on the doméiocourrence
of weak winds, and particularly on the question which parametesriminate
objects with “normal” from those with weak winds. To be even mawpcative:
Can we be sure that there are any late O-dwarfs with “normal” wind4,atra
did we over-interpret present mass-loss diagnostics, and thewird case is the
normal one?

In the last part of this review we discussed important issuesectkat time-
dependence and structure, featuring the clumping problem. Weteephat dif-
ferent diagnostics seem to suggest also different clumping grepéwith clump-
ing factors differing by factors up to 20-100), and summarized reg@mpts to
unify these results by invoking optical depth effects (micro-maiacro-clumping)
and clumping in velocity space. One particular aspect cosabenradial stratifi-
cation of the clumping. Most analyses seem to have at leastesult in common,
namely the indication of considerable clumping close to tirevbase. This is in
strong contrast to the conventional interpretation of wind-gung as caused by
the line-driven instability (either self-excited or triggeredpcs all correspond-
ing simulations predict the onset of wind-clumping only at eatlarge velocities
(some hundreds of km$). Thus, future effort should be dedicated to improve our
understanding of the physical cause of the clumping, buttalsontinue with em-
pirical studies, by combining evidences from different diagiesghat are formed
in different positions in the wind. We have provided a promisitgptkit” for
this objective. Of course, the final goal is not only to “measahemping/volume
filling factors and porosity lengths, but also to accumulatermation about the
shape of the clumps. Most spectral diagnostics (UY, Brg, IR-/radio contin-
uum) do not provide such geometric constraints, but we havetgubiout that
linear polarimetry could help, as well as the diagnostics of Xhree emission.
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Given the overwhelming observational evidence for wind clurgpit is ev-
ident that those empirical rates which are baseg®udiagnostics and homoge-
neous wind models yield maximum values and thatrda mass-loss rates must
be lower. Still, the most relevant questionbig how muchthese empirical rates
must be down-revisedf the clumping factor is only a factor ef4, mass-loss
rates would need to be reduced by a corresponding facter2ofThen, at least
for O- and early B-stars, empirical rates would be in full agreemetit present
theoretical rates (still assumed to be uncontaminated by é¢hgrgffects), which
are used in current models of massive star evolution.

If, on the other hand, the empirical rates needed to be down-revysedry
large factors, of 10 or more, they would fall significantly beltheoretical rates,
with some devastating effects on current massive star evolotaaels. This would
tie in with the downwards revision of WR mass-loss rates aboutadkeago, with
implications involving that black holes have larger magkas previously appre-
ciated, and the possibility that a significant fraction of tb&k mass loss would
need to be lost in super outbursts of LBVs. We note that for a tyadereasons
including stellar rotation rates and the origin of WR stars, preday stellar evo-
lution models could not survive with theoretical rates downsgegtiby more than
a factor of two, or, equivalently, empirical rates reduced byeriban a factor of
four.

Only the future will tell!
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