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ABSTRACT

Context. Mass loss is essential for massive star evolution, thusfaisbe variety of astrophysical applications relying anptedic-
tions. However, mass-loss rates currently in use for hossiua stars have recently been seriously questioned, yrtzéchuse of the
effects ofwind clumping

Aims. We investigate the impact of clumping on diagnostic ultoéetiresonance and optical recombination lines often usdeétive
empirical mass-loss rates of hot stars. Optically thickrgds, a non-void interclump medium, and a non-monotonicaoisidield are
all accounted for in a single model. The line formation istfireoretically studied, after which an exemplary mulgégtostic study
of an O-supergiant is performed.

Methods. We used 2D and 3D stochastic and radiation-hydrodynamid wiadels, constructed by assembling 1D snapshots in radi-
ally independent slices. To compute synthetic spectra,eveldped and used detailed radiative transfer codes farrbobmbination
lines (solving the ‘formal integral’) and resonance linasifig a Monte-Carlo approach). In addition, we propose aty&io method
to model these lines in clumpy winds, which does not rely aticafly thin clumping.

Results. The importance of the ‘vorosity'feect for line formation in clumpy winds is emphasized. Resmealines are generally
more dfected by optically thick clumping than recombination lin8ynthetic spectra calculated directly from current radia
hydrodynamic wind models of the line-driven instabilityeamable to in parallel reproduce strategic optical andwilbtet lines for
the Galactic O-supergiantCep. Using our stochastic wind models, we obtain consistisnéssentially by increasing the clumping
in the inner wind. A mass-loss rate is derived that is appnately two times lower than what is predicted by the lineseini wind
theory, but much higher than the corresponding rate deseeh assuming optically thin clumps. Our analytic formigiatfor line
formation is used to demonstrate the potential importarficgtically thick clumping in diagnostic lines in so-calleseak-winded
stars and to confirm recent results that resonance doubdstbenused as tracers of wind structure and optically thigkping.
Conclusions. We confirm earlier results that a re-investigation of thedtires in the inner wind predicted by line-driven instiypil
simulations is needed. Our derived mass-loss rata fdep suggests that only moderate reductions of current tnasgredictions
for OB-stars are necessary, but this nevertheless prompgstigations on feedbacktects from optically thick clumping on the
steady-state, NLTE wind models used for quantitative spscopy.
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1. Introduction theoretical as well as observational evidence of an inh@nog
neous, time-dependent wind has become overwhelming in the

Massive stars are fundamental in many fields of modern asthfistyears (for a comprehensive summary| see Puls et al).2008

physics. In the present Universe, they dynamically and ehem

ically shape their surroundings and the interstellar madoy Direct simulations of the time-dependent wind have con-
their output of ionizing radiation, energy and momentund arfirmed that the so-called line-driven instability causesghly
nuclear processed material. In the distant Universe, tloeyi-d structured wind in both density and velocity (Owocki et al.
nate the ultraviolet (UV) light from young galaxies. Indepths- 11988;| Feldmeier 1995; Dessart & Owacki 2005). Much indi-
sive stars may be regarded as ‘cosmic engines’ (Bresolih etract evidence of sucemall-scale inhomogeneitidslumping)
2008). Hot, massive stars possess strong and powerful wiatls has arisen from quantitative spectroscopy. Clumping heasree
affect evolutionary time scales, chemical surface abundancesnsequences for any interpretation of observed specttia, w
and luminosities. In fact, changing the mass-loss ratesas-mthe inferred mass-loss rates particulatfieated. When deriving
sive stars by only a factor of two has a dramatieet on their mass-loss rates from observations, wind clumping hastivadi
overall evolution [(Meynet et al. 1994). The winds from thesally been accounted for by assumingtically thinclumps and a
stars are described by the radiative line-driven wind theowoid interclump medium, while keeping a smooth velocitydiel
in which the standard model (based on the pioneering worResults based on thimicroclumpingapproach have, for exam-
bylLucy & Solomon 1970; Castor etial. 1975) assumes that thke, led to a downward revision of empirical mass-loss ratea
wind is stationary, spherically symmetric, and homogeseoWolf-Rayet (WR) stars by roughly a factor of three (revievied
Despite this theory’s apparent success (e.g., Vinklet &i0P0 |Crowther 2007).
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However, for O stars, highly clumped winds with very lowTable 1. Parameters for the time-dependent RH model of
mass-loss rates must be invoked in order to reconcile ilgzest 1 Cep (see text).
tions of diferent diagnostics within the microclumping model.

The most alarming example was the phosphoru®v) UV Name Parameter Value

analysis by Fullerton et al. (2006), which indicated reéhreg Spectral type 06 1(n) fp

of previously accepted values by an order of magnitude (enev Effective temperature Ter 36 000K

more), with dwarfs, giants, and supergiants #iéeted (but see  Stellar radius Re 21.1R,

also Waldron & Cassinelli 2010, who argued that radiation Surface gravity log 3.55

could seriously alter the ionization fractions of)PSuch low ~ Stellar luminosity log/Lo 58

mass-loss rates would be in stark contrast with the predisti | c'™minal speed Ueo 2200 km s

of line-driven wind theory and have dramatic consequences f Ma_ss-loss rate M _ 15X 107 Mo/yr
. . elium abundance Yhe = Ne/Ny - 0.1

the evolution of, and feedback from, massive stars. Ndyral -5k exponent Yonk 0.7

the widely discrepant values inferred fromiférent observa- |sitial Langevin
tions and diagnostics drastically lower the reliability mass- turbulence fluctuation
loss rates currently in use, and an explanation is urgertyad.
A key question is whether the microclumping model fails te d
liver accurate empirical rates under certain conditions.

Uturb/ Usound 0.5

eI'able 2. Basic structure parameters defining a stochastic wind

model.
Name Parameter
Simplified techniques to account for optically thick clumps Clumping factof fol
in X-ray line formation have been developed (Feldmeier et al Average time interval ot
2003; Owocki et dl_2004), but it has yet to be settled whether between release of clumps

Interclump medium density parameterx

or not this is important to consider when deriving empirical Velocity span of clump P

mass-loss rates from these diagnostics (Oskinova et ak;200
Cohen et all_2010). First attempts to relax the assumptibns o a f, may be replaced by the volume filling factfy:
the microclumping model for UV resonance lines were made The two are related vig, (see Paper I).
bylOskinova et &l (2007) (optically thick clumps), Zsaeg@l.

(2008) (a non-void interclump medium), and Owocki (2008)

(a non-monotonic velocity field). Sundgvist et al. (20103 ¢
after Paper ) carried out the first detailed investigatrefgxing

all the above assumptions, and showed that, indeed, the miqjgs create 2D and 3D RH and stochastic wind models by as-

clumping approximation is not a suitable assumption for U¥empling snapshots in radially independent wind sliceg (se

resonance line formation under conditions prevailing ipity Sect[ZB).

cal OB-star winds. Recently, these results were empiyicaip- Table 1 summarizes properties of a time-dependent RH

ported for the case of B supergiantsiby Prinja & Massa (201Q)oqe| computed following the approach fin_Feldmeier &t al.

who analyzed profile-strength ratios of the individual camp (1997), which introduces base perturbations from Langewin

nents of resonance line doublets and found that the obseryggbnce into an unstable line-driven wind. The line force is

ratios were inconsistent with lines formed in a smooth Or“m'l:omputed with the nonlocal ‘Smooth Source Function’ (SSF;

croclumped” wind. Furthermore, Paper | demonstrated #8 Iy ocki & Puld 1996) method that allows one to follow the non-

onance line profl_les cz;lculated from 2D, stochastic wind MOfhear evolution of the strong, intrinsic line-deshadogyiim-

els were compatible with mass-loss rates an order of maimituapility, while also accounting for the felise line dragl (Lucy

higher than those Qenved from the same lines but_usmg the 11984) that reduces (and even eliminates) the instabilia} thee

croclumping technique. However, as pointed out in that papging base. The net result is a highly structured wind charact

a consistent modeling of the resonance lines also intraddee j,0g by high-speed rarefactions and slower, dense clungps (a

generacies among the parameters used to define the wind stfygyy shells in these 1-D simulations). In comparison tt-se

ture, degeneracies that can only be broken by considerifegddi gy ited instability simulations (e.d., Runacres & OwHoB02),

ent diagnostics (depending orfférent parameters) in parallel. {he pase perturbations here induce a somewhat lower onget an
greater velocity dispersion of the wind clumping. A cengaal
here is to examine theffects of this extensive structure on

Here we make a first attempt toward such multi-diagnosﬁlﬂnd diagnostics. Stellar and wind parameters are takem fro

studies. We extend our 2D wind models from Paper| to 3iRepolust et &l..(2004), except for the mass-loss rate (see Se

and relax the microclumping approximation also for the agiti 4)- . . N .

mass loss diagnostics,Hind Her 4686 A (Sect[R). In Sedf] 3 Basic assumptions of our empirical, stochastic models were

we theoretically investigate Hand resonance line formation indescribed in detail in Paper I. Essentially, they are constd

clumpy winds, and propose an analytic treatment of the linats SO to resemble the main structures predicted by the RH simula

does not rely on the microclumping approximation. A simultdions, while still allowing for a variation in the key paratees

neous optical and UV diagnostic analysis is carried out gt.8 controlling the line formation (see below).

for the Galactic O6 supergiant Cep, using time-dependent

radiation-hydrodynamic (RH) models as well as stochast&so , ; parameters describing a structured wind

together with our new tools for the radiative transfer innched

winds. These results are discussed in dct. 5, while twialinitWhen creating oustochastiowind models, we take an heuris-

applications of our analytic formulation are given in SE:tWe tic approach and use a set of parameters to define the sedctur

summarize the paper and outline future work in 8ct. 7. medium. The clumping factofy(v) = (0?)/(p)?, with the an-

2. Wind models and radiative transfer
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gle brackets denoting spatially averaged quantities,asottly
necessary structure parameter when calculating spectrénei
microclumping technique. Microclumping gives rise to theliw
known result that the opacities for processes that depertideon
square of the density (for example ldmission in OB-stars) are

augmented by as compared to a smooth model with the sanﬁl

mass-loss rate; in contrast, opacities for processes tyndl
linearly on the density (for example the resonance lines) are

not directly dfected. Thus, if the wind is clumped, mass-losg

rates derived from smooth models applied tp &te overesti-
mated by a factor of\/f_c.. In addition, the occupation number
are modified for all diagnostics because of the changed iate
the statistical equilibrium equations. For a comprehensdig-

2.2. Radiative transfer

For resonance lines we use the Monte-Carlo code described in
Paperl, but a new radiative transfer code has been developed

for the synthesis of wind recombination lines presentec.her

e investigate the O star recombination linesadid Her 4686.
ecall that recombination lines and resonance lines aradadr
differently. First, the optical depths are calculated ifiedéent
ays. For resonance lines, the optical depths may be comhpute
a a line-strength parametag, which is assumed to be con-
stant throughout the wind and is proportional to the proddict
he mass-loss rate and the abundance (by numbes)n; /ny, of

he considered element, may be expressed as (elg., Puls et al.

cussion on theféects of microclumping on various diagnostics,zoos)
see Puls et al. (2008). :
- M 7€?/me i
If the assumptions behind the microclumping model are net = 5 7€ /MM @ fiudo, 1)
R, v5 damy 1+ 4Yhe

satisfied (e.qg. if clumps are optically thick for the invgstied
diagnostic), the line formation will depend on more struetu

parameters than justy. Thus, relaxing the microclumping ap-y,q shead of lightyy, the atomic hydrogen masé,e the helium
proximation means that we must consider additional pametabundanceﬁu the transition’s oscillator strength, ang its rest

when describing thg. str;Jcture(iij v¥|ndd Thgscff paramgt_erlsaa(fogv velength. The advantage with this definition is that ttkala
two component medium) were defined and discussed in Pap : : .
and are listed in Tablg 2. We stress that they are essentidiéo Sobolev optical depth in a smooth wind collapses to

radiative transfer in an inhomogeneous medium, and notlgnere
‘ad-hoc parameters’ used in a fitting procedure. Tsob=(Q
In addition to the clumping factof (or alternativelyf,),
Xic = pic/pc denotes the density ratio of the interclump (ic) tavhereq is the ionization fraction of the considered ion, anid
clumped (cl) medium. The time intervétl (given in units of the measured in units d®, andv in units ofv,.
wind’s dynamic time scaleR, /v, and not necessarily constant  For H,, the analog taq is the parameteh (Puls et al. 1996,
throughout the wind) féectively sets the physical distances beEgs. 1-3) A is proportional to the mass-loss raguaredand to
tween clumps, also known as the porosity lerfg(@wocki et al. the NLTE departure cdicient,b;, of the lower transition level
2004), which in our geometry is given lhy= vgét. Moreover, (minus the correction factor for stimulated emissidm)= n;/n;,
assuming a smooth underlying field of custom@type,vs(r) =  wheren! is the occupation number of levieh LTE with respect
(1 = b/r)? with b set by the assumed velocity at the wind bag® the ground state of the next ionization state. In this ghsera-
vmin = v(r = 1), this time interval sets theelocity separatiote- dial Sobolev optical depth in a smooth wind becomes (Pulk et a
tween the clumpav ~ vgstdug/dr (Appendix A). Finally, the ra- [1996)
tio of the clump velocity spadiv (as defined in Fig. 2 in Paper1)
to this velocity separation (representingelocityfilling factor,
see Appendix A) largely controls how strongly a perturbed ve
locity field affects line formatidf In addition to these basic pa- - ) ) o
rameters, the velocityy (or radiusr¢) at which clumping is as- In addltl_on to their diferent optl_ca_ll d(_apths, recpmblnatlon lines
sumed to start also plays an important role for the line fdiona 8¢ (mainly) formed by recombining ions creating wind pimsto
Note also that the parameters defining these stochastiswired Whereas resonance lines are formed by re-distributingophot
independent of the physical origin to the inhomogeneities. Spherlc_st_ella_r continuum radiation by I|n¢ Scatter_lngefﬁﬁore
The stochastic models should be distinguished from tH}€ participating atomic levels for recombination lines eather

time-dependent RH simulations. In the latter the structniges C'0S€ {0 LTE with respect to the next ionization state (seelHi
naturally from following the time evolution of the wind angWhich means that the departure fizgents and thereby also the

stems directly from the line-driven instability. Thus, ttime- 1n€ source functionS, cc (€"<Thy/by, - 1), for these lines
averaged structure parameters, as functions of radiuanaet- are basically unected by the radiation field and its dilution. In
comeof these simulations (in contrast to the stochastic mo%g(:[h'zsoggows éjs to plrescrlbe the EOL‘JfI’CE fuln_ctlons I(Pmkﬁ
els, where they are used as fundamental parameters defigingt>> ) and simply carry out the ‘formal integrals’ viit
structured wind). Nonetheless, the exact wind structulledst

our stochastic and RH winds. In the present work,agsume
pends on the chosen initial conditions, for example on wéret{at changes in the NLTE departure fagents due to optically
the instability is self-excited or triggered by some exiita

thick clumps can be neglected for recombination-basedtine
mechanism (the latter is done here, see Table 1). Finally,

rgition, and simply calculate th®'s from NLTE model atmo-
shown in Paper |, by choosing a suitable set of structurenpara Sp

eres using the microclumping approximation. Takingethe
ters one can reconcile spectrum synthesis results stenfroimg  2MPl€ of H, in O stars, this assumption should be reasonable,
the stochastic models with those from RH simulations.

wheree andm, are the electron charge and mass, respectigely,

Ko

r2pdv/dr’ )

_ A
ob= r4v2do/dr’

®3)

for the H, departure ca@cients in this domain are very close
to unity and the ionization of hydrogen is complete. However
for the case of, e.g., A-supergiants, the assumption noelong
holds, because in that stellar domaig'$lower level becomes
the dfective ground state of hydrogen, which means that the
line transforms to a quasi-resonance line (and therebyShat
depends on the radiation field, Puls €t al. 1998).

1 In this paper, we do not consider the ‘jump velocity paramete
defined in Paper|, since it was shown there that this parameanly
influences the formation of very strong saturated linesctvlidre not
considered here. In our applications in SEtt. 4, we simply;¢e; =
0.15, which was found to be a prototypical value in Paper|.
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As described in Paperl, also the ionization fractignfor
resonance line formation are calculated assuming micngeiu
ing. These fractions are used both within clumps and for the
interclump medium. The potential feedbadkeets of optically
thick clumping on the departure dfieients and ionization frac-
tions will be investigated by incorporating the analyticthuels
developed in Sedil 3 into suitable NLTE atmosphere codes, an
reported in a future paper.

The assumption of prescribed departurefioents is an
enormous simplification compared to the UV resonance lines,
and has enabled us to extend our 2D wind models to 3D when
modeling recombination lines. In the synthesis we follow th
basic method introduced by Puls et al. (1996), which does not
rely on the Sobolev approximation, with appropriate moéd#ic
tions for the line opacities of He4686. A cor¢halo approach
is adopted, in which a photospheric profile is used as a lower
boundary input (at = 1, with r in units of the stellar radius)
and the radiative transfer is solved only in the wind. As fo t

resonance lines (Paper ), we assume pure Doppler line @madxig 1. jijustration of the wind geometry, see teRtcolor version
ing within the wind, characterized by a thermal spegdgiven o this figure is available in the web version.
throughout the paper in units of,.
Our new recombination line code has been extensively tested
and showed to yield equivalent results with Puls et al. (2806
smooth winds. Also, results based on the microclumping-tech

nique are reproduced for stochastic as well as RH winds Wigly the parameteNe and by assuming that the physical coher-
low wind densities, as expected because the clumps thenimemghce lengths in both lateral directions are approximatglyaé
optically thin. In our applications, we use hydrogen andumel (rig.[T). This assumption is reasonable because, withirapur
occupation numbers calculated bgrwixo model atmospheres proach, which for example does not include an axis of ratatio
(Puls et al: 2005), under the microclumping approximate®, || observer directions should be alike. Thus, if we desicea
input for the radiative transfer to compute synthetic sgect herence scale of 3 degrees, the number of slices in the pielar d
Photospheric profiles are taken from NLTE calculationswiat ection should béNe = 180/3 = 60 and in the azimuthal di-
spheres with negligible winds. The consistency betweefiaghi rectionNg = int[2Ne sin®], i.e., 2Ng at the equator but fewer
(meaning a simultaneous treatment of the photosphere antt) Witoward the pole in order to preserve thieysicallength scales.
model atmosphere calculations and the simplified @le ap- ind slices are then assigned randomly from a large number of
proach has been verified in the microclumping limit, for /0 spherically symmetric simulations (either RH or stochgsti

bination lines as well as for resonance lines. Moreover, axeeh .
No thus enters all our models as an input parameter. Paper |

found that averaged recombination line profiles calculéteh howed that thi d h h hs of
our earlier 2D, stochastic models are almost identical tsgh S1OWed that this parameter does not change the strengths o
’ e resonance lines. More tests have shown that also the ef-

calculated from our new 3D ones, as was already anticipated ects on recombination lines are modest for investigatéa

the UV resonance lines in Paper|. Therefore all 3D models in this paper assuMe= 60, meaning

a coherence length of 3 degrees at the equator, which is con-
The Heu blend in H,. The star's helium abundance has oistent with observational constraints derived from lefile
course been considered in the calculation of thenihd opac- Variability analysisl/(Dessart & Owocki 2002). Theoreticah-
ity, but for simplicity we include the He blend only in the pho- straints onNg are still lacking, and will require a careful treat-
tospheric profile, thus neglecting its direct contributionthe ment of the lateral radiation transport in RH models. The 3B
wind emission. This results in a slight underestimate oftthe Simulations by _Dessart & Owocki (2003) neglected this trans
tal wind opacity of the line complex. However, by comparing tport and resulted in a laterally fragmented wind down to the
unified model atmosphere calculations that consisterghtthe grid scale but the follow-up study (Dessart & Owocki 2005) in
Hen blend, we have found that the direct helium contribution iguded a simplified 3-ray approach and resulted in larget (bu
low for our typical stars of interest, and in our applicasdor un-quantified) lateral coherence scales.
A Cep it can even be neglected. Althouglfimient for our pur- For recombination line formation, the observer is assumed
poses here, this approach should obviously not be genedalizo be located at infinity in th&, (subscript u denoting a unit
because it may yield unrealistic results for stars with peet@rs vector) direction. The geometry is sketched in Fig. 1. Weeol
different from our template star. the radiative transfer using a tradition® Z) system for a set of
P-rays, each defined by the minimum radial distance td nds
and by the azimuthal angle, which is constant along a given
ray. If the angle between the ray and the radial coordinate is
To construct (pseudo-)3D winds, we use the ‘patch methatiieny = cosd andP = r /1 — u2. Thus, for rays in directio#,
from|Dessart & Owocki (2002). A standard right-handed sphehe radiation anglé coincides with the polar coordina®e and it
ical system (, ®, @) is used, defined relative to a Cartesian sdétecomestrivial to calculate the physical locations at Whid-
(X, Y, 2). However, when computing recombination lines, we nslice borders are crossed. The observed flux may then finally
longer assume symmetry in the azimuthh) @irection (as was be computed by performing a double integral of the emergent
done in Paperl). The lateral scale of coherence in the wigdtis intensity overP and®.

2.3. Geometry
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3. Theoretical considerations of resonance and 10F

recombination line formation in clumpy winds 08k
Resonance line formation in clumpy hot star winds was diss,, %°f
cussed in detail in Paper|. There we identified an intrinsia-c 04F
pling between the féects of porosity and vorosity=(velocity 02F
porosity’ [Owocki 2008), which we here further elaboratenp 0.0F

In particular, we propose an analytic formulation of linenfa-

o e . . 10k
tion in clumped hot star winds (that does not rely on the mi- 0sk
croclumping approximation). As already mentioned in Sgct. 2 0'6;
the development of such simplified approaches is important f £ 0'4;

] .

E o

properly including &ects of optically thick clumping into at- :
mospheric NLTE codes. For recombination lines, we focus on 02t
H, and discuss impacts from optically thick clumping on its for ~ 0.0F ]
mation, using our stochastic wind models as well as an extens 0.8 0.6 04 0.2 0.0

of the analytic treatment developed for the resonance.lines v/
1.0F : 3
i . . . [o-- - ﬁgil etiCCarlo 0,=0.005 ]
3.1. Analytic treatment of resonance lines in clumpy winds 08F . Smooth K,=1.0, 5.0, 500.0 E
. . _ 0.6F < 3
Throughout this section we assumemooth velocity fieldchar-  ~  F ]
acterized by3 = 1 (Sect[Z11). Despite this, the vorositffest 045 E
will be demonstrated to be important for the line formatipe.( 02¢ E

a non-monotonic velocity field is not required for vorosity t 0.0F

be at work). Adopting the normalized, dimensionless fremqye 1.0F 0,20, 0.001, 0.01
X = (C/vw)(do — )/, and following the basic arguments of o5 K=5.0 3
Owocki (2008), we write the absorption part of a normalized
resonance line profildR,x, from a radial ray as (see Appendix = f
A) '

RB.X — érxe_Tc\.x + (1 _ é‘:x)e_"'ic.x. (4)

0.8 0.6 0.4 0.2
X
R.x describes the part of the profile that stems from absorption

of continuum photons released from the photosphere.t®he Fig 2. panel a:¢ (Eq.[B) as a function of wind velocitanel b:
tal line profile is given byRc = Rax + Remx, WheréRemx IS The relative contributions t¢ from f, andCr. Curves in pan-
the re-emission profile. The scattering nature of the rest®a |53 andb have been calculated witly = 5 and thermal speed
line source function significantly_complicates the_formatbf vy = 0.005 (in units of.,). Panels ¢ and dAnalytic (Eq[3, solid
Remx. Therefore, for now we restrict ourselves to discus$8g  |ines) and Monte-Carlo (dashed lines) based absorptidnesr
from a radial ray for these lines. For recombination linestie  onance line profiles from clumped winds, as compared to smoot
cher hapd, we will lift thes_e restrictions and treat the ptete  ogyits (dotted lines). Clumping startsvgt= 0.2 (Tq = 1.24).
line profile (Sect_312). Obviously this must be done alsaésr  pane| c: Profiles for three dferent values of the line strength
onance lines before, e.g., including our analytic fornmali® , (indicated in the figure), with increased absorption forhieig
NLTE model atmosphere codes (see also $edt. 6.2). In any cggflies ofio. Only thexo = 1 profile is not saturated (i.e., does
recall thatR,x controls the actual line-profile strengths of resopgt displayR, = 0) for smooth modelsPanel d: Profiles for
nance lines, because these are pure scattering lines farmed,, - 5 and diferent values ofy, as indicated in the figure. No
of re-distributed continuum radiation emerging from th@h  \jonte-Carlo profile for the; = 0 case is shown (simply because
sphere. ) _ o we have not yet developed a ‘Sobolev version’ of this code).
In Eq.[4 we defing as thefraction of the velocity field over analytic and Monte-Carlo profiles display increased absorp

which photons may be absorbed by clumwgh the 7's rep-  for higher values of;, whereas all smooth profiles haRg = 0.
resenting the optical depths for the clumped (subscripaict)

rarefied (subscript ic) regiong.describes the essentidfects

of Owocki's vorosity; the first term in Eq]4 handles the parfactor that depends on the line strength. The conditionrfeari

of the line profile emerging from absorption within the clunp action for a radial line photon is in the Sobolev approximati
whereas the second term handles the part emerging frommbseimply x = v, and, for simplicity, we from now on suppress all
tion within the interclump medium. What remains then is figdi velocity dependencies of the quantities in Elj. 5. As shown in
an appropriate expression férin Appendix A we argue that a Appendix A, we may write

reasonable approximation may be
ov L
50 o fvel = fv|§|, n= ﬁ, (6)
& ® o + C= = fe(v) + C0)n(v), (5) g
Av Av

whereh is the porosity length of the medium ahd= v;/(dv/dr)
with Av the velocity gap between two clump centefg the the (in this case radial) Sobolev length. For the smoothoigio
velocity filling factor (defined in full analogy with the tradi- field considered in this sectiodiy = 6vg, which givesfye=*.
tional volume filling factor),n the effective escape ratighere Even though the principlefiect of the optically thick clumps
re-defined from Paperl, see Appendix A), a@da correction on resonance line formation is a velocitfeet governed by,
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Eqs.[4E6 indicate there is also a dependence on spatialigoros 0.5E . . .
through the ratioy = L/h. This coupling was argued for already v,=0.24 E
in Paper |. However, it appears thabetter characterizes the ef- 04F ----mmmm v,=0.06 E
fects of clumping in resonance line formation than did ow-pr : »
vious parametrization (see Appendix A). The optical depths
tering Eq[4 may be approximated by the corresponding Sebole
ones, corrected for the influence pf(Appendix A). Then for
resonance linesix ~ Tsmx/éx aNdTicx = TelxXic, WhereTgmx

is given by Eq[R. Note that all parameters used to define ou
stochastic wind models (Tallé 2) enter the expressiofRiqr
illustrating that indeed all these are important for the egah
line formation problem.

The upper two panels of Fig] 2 plgtas well as the rela- 0.1k . , .

e
w

(W;,mic_ W/ W)\,mic
o
o

0.1F

tive contributions fromf,s and Cpn for a resonance line with 0.01 0.10 1.060 10.00 100.00
line-strength parameta = 5. We do not allow for¢ values dM/dt [10"°M,,./ yr]

above unity (important for the outer wind, see also Appendix

A), and we also recover the smooth result for velocities lowe 3.0 ' ' '

thanuvg simply by settingéx<,, = 1. All models displayed in [ e Stochastic

Fig.[2 were calculated with density structure paramekgest.0, [ " %rll‘;rl‘}’,ﬂgmped 1
6t=0.5, andx;=0.0025. For asmoothmodel (with ionization ]
fractionq = 1, assumed in this sectiorny = 5 results in a pro- S
file at the saturation threshold. In the lower two panels wansh
analytic absorption-part line profiles calculated usinglZgnd
profiles calculated using our Monte-Carlo code. To make con-
sistent comparisons between methods, we accounted orrly-for
dial photons in the Monte-Carlo simulations. The agreerbent
tween the methods is very good, lending support to the pexbos
analytic treatment and providing a relatively simple erplgon 1.0
for the basic features of the synthetic profiles. [ - - -
1.0 0.5 0.0 -0.5 -1.0

ro Mo
(=) 3]

——————
I

Normalized flux

=
&)

Evidently, profile-strength reductions can be quite dréenat
for ‘moderately strong’ cases suchms= 5. For the very strong
ko = 500 line also the interclump medium is optically thick an
the profiles are therefore saturated (which is a necessiguse

such saturated profiles are observed in hot stars). Notgithat .
iles versus mass-loss rate (see text). Clumping starig at

év were much higher thafu;, one could neglect the secon X e
term in Eq5 andt would become independent of the poros?-24 and 0.061 = 1.3 and 1.05), respectively, as indicated

ity length. If one also neglects the interclump medium {sgtt !N the figure.Lower panel:H, line profiles as calculated by
%¢=0), and assumes that clumps are optically thick throughcPchastic, gnalyuc, and microclumped models wigk-9 and
the entire wind (appropriate for the = 5 line), then the ob- M=10x10"Mo/yr, and the rest of the stellar and wind param-
server in our example would simply receive a constant resfe"s as fort Cep. Clumping for all models starts&f = 0.24.

ual flux Rax = 1 - f, = 0.75. Fig.[2d shows that this gener-

ally does not hold (even for the idealized case of zero therma

speed, the interclump medium still plays a role), demotiaga discussed in Paper| (see also Appendix A, for some comments
that, along with the velocity filling factofy, in general both on randomizationféects).

Xic andn also help shape the emergent profile for a wide range Nevertheless, this section demonstrates that the miergelu
of line strengths and structure parameters.[Hig. 2d itisérthe ing approximation can result in large errors if indeed thedis
importance of accounting for the finite line profile wid@@;y clumped but the clumps are not optically thin. First applaas
may not be neglected, even in models with very low, but finitef the analytic formulation are given in Selct. 6, for diagitss
thermal velocity, and becomes particularly important taithe of weak wind starand for the predicted profile-strength ratios
blue edge of the line profiles. This occurs because the resenain resonance lindoublets

zones in the outermost wind become very radially extented.

thus grows whereas the distances between the clumps (deter-

mining h) are un#fected due to the very slowly changing ves-2- Recombination lines in clumpy winds

locity field. Consequently becomes very high anddeventually \yg pow leave the resonance lines behind and turn to the forma-
reaches unity. Since the smoaih= 5.0 line is optically thick, - tion of recombination lines. We focus on,Hhe primary spec-
a ‘blue absorption dip’ (extensively discussed in Papes Bre-  (ro5copic mass-loss diagnostic for O starsnt4686 reacts sim-
ated. ilarly as H, to clumping in our primary stars of interest (because
Randomization féects are here neglected because we haltem is the dominant ion in the line forming regions), and will
used a smooth velocity field. When clumps are allowed to habe considered only in our diagnostic studyidCep (Secl14).
velocities higher and lower than those given by the mean ve- First we present results from calculating khe profiles us-
locity field, overlapping velocity spans of the clumps leadn- ing our stochastic 3D wind models. Our main interest is tefv
creased escape of photospheric photons. The blue absodjpio tigate diferences with respect to the microclumping model, so
then becomes less prominent than what is displayed il Fas 2,main results are provided in terms of the deviation of thevequ

(lj—'ig. 3. Upper panel:Deviations from the microclumping ap-
roximation of equivalent widths of synthetic,H line pro-
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alent widthsw, between the two method&M mic — W,)/Wamic, Table 3. Structure parameters for an empirical stochastic wind
as a function of mass-loss rate (h&vgnmic denotedV, as calcu- model of2 Cep.
lated from a model assuming microclumping). All models dis-

cussed in this section were calculated with unity departore Velocity range §5/ve]  Ta ot X 5u/Sug
efficients, wind electron and radiation temperatures as for ap-  vmin - 0.15 1.0 1.0 1.0

proximately A Cep (calibrated using unified NLTE model at- 0.15-0.35 28.0 05 0.005 -50
mospheres, see Puls etlal. 2006), and no input photospierica  0-35-0.60 140 05 00025 -5.0
sorption profiles. We used structure paramefges9.0,6t=0.5, 0.60 - 0.95 14.0 3.0 0.0025 -5.0

Xic = 0.0025, and a smooth velocity field characterize@by 1. 0.95-1.0 40 30 00025 -5.0

For typical O-supergiants, the equivalent widths of prefile
calculated from stochastic models are slightly lower tHase
based on the microclumping technique ([Eig. 3). Deviatidess
from optically thick clumps. The dominatingtect is on the
wind emissionof H, photons rather than on the wind absorp-
tion of photospheric photons (in contrast to resonancejisee Analytic treatment of recombination lines. We can understand
previous section). This is because the source functionder the reduction in | emission strengths using the same analytic
combination lines is basically uffacted by the dilution of the treatment as outlined for resonance lines. Better yet,ussxcthe
radiation field, which for relatively strong and hot windskea source functiors is almost unfiected by the radiation field (see
these lines appear in emission and therelffesthe main &ect Sect[2), we can for recombination lines simulate the tatat p
from a clumped wind on the emission part of the line profildile, R, = Ryx + Remx, Writing
Moreover, thep®>-dependence of recombination line opacity in-
creases the contrast between the optical depths for thepsluRemx = Séx(1 — € ™) + S(1 - &)(1 — e ™), @
and those for the interclump medium, as compared to resenanc
line formation. This lowers the significance of the internju WheresS is given in units of the continuum intensity and eval-
medium and also causes the clump optical depths to decreidgied at the resonance poiRtmy is much more influenced by
faster for increasing radii. The latteffect results in clumps that hon-radial photons than Ry, so accordingly the radial stream-
are optically thick only in the lower wind regions. Deviai® ing assumption from the previous section must be relaxeel. her
from the microclumping limit are therefore more significémt Details are given in Appendix A. Moreover, the clump and in-
cases with earlier onset of clumping. For example, the equi@rclump optical depths now becomgx ~ 7smx(fci/éx) and
alent widths for the models witM=2.5x 10°6 M /yr are re- Ticx = TelxXa, due to thep?-dependence of the line opacity,
duced by 7% and 17 % when clumping starts@t= 0.24 and With 7smx given by Eq[8. Already in the previous paragraph we
vy = 0.06, respectively. Thefect is thus modest, but notice-mentioned how this lowers the significance of the interclump
able. Remember that reductions are measured against nasdelgedium in recombination line formation. Actually, testsvéa
suming microclumping; the profiles are still much strondrart  shown that, in our typical stars of interest, the opticalttepn
profiles computed from smooth models with the same mass-#8§ interclump medium are so low that the second term inEq. 7
rate. can safely be neglected. The lower panel of Eig. 3 illustrétat

Our tests show thatfiects are confined to the line core androfiles computed using the analytic approximation agreg ve
that the microclumping approximation provides accuraseits Well with those computed using our stochastic wind models.
in the line wings. However, Fid.] 3 reveals prominent emissio
strength reductions for stronger winds, since then optepth - .
eﬁect% become important fo? ever larger portions gf tr?e totél A multi-diagnostic study of 4 Cep
wind volume. Furthermore, the onset of clumping isirreféve. We have carried out a detailed study of the Galactic O6 su-
these strong winds because the majority of the emissiong#aerpergiantd Cep. This star was chosen in part to connect with
from radii greater tham. This insensitivity to the onset of paper| and in part because it is a well observed and studied ob
clumping also recovers the scaling invariant foicroclumped ject, with significant mass loss, that appears to be lesslipecu
winds (x \/f_dM, see Secf_2l1). For typical OB-supergiantshan, e.g./ Pup. A simultaneous investigation of optical diag-
however, this scaling does not hold because of the strongjtgpanostics and the YPresonance lines is performed. The ionization
contrast between wind radii lower than and greater thaery fractions of R and the hydrogen and helium departureftioe
strong recombination lines, such as those displayed in[Figcients (see Fid.l5) are calculated with the unified model atmo
(lower panel), are typically seen in WR stars, for which howsphere codeasrwinp, under the microclumping approximation
ever also a reduced hydrogen content is expected (as well and assuming the same (smoothed) clumping factors as in cor-
breakdown of our assumption of an optically thin continuumjesponding RH or stochastic models, with stellar and wind pa
Nonetheless, our analysis could, of course, be generatized rameters as given in Tablé 1, and with a solar (Asplundlet al.
combination lines of other chemical species (as has beea d@005%) phosphorus abundance. We account for stellar rathtio
for Hem 4686 in our application tol Cep), and may point to convolving the emergent synthetic line profiles with a canst
significant optical depth fiects in the strong emission peakssini = 220 kms?, which is the photospheric value. Thus we
of stars with very high mass-loss rates. Indeed, lower emiseglect diferential rotation in the wind and simply assume that
sion peaks in the theoretical spectrum of a WR star have bestellar rotation only fiects the line formation in the wind in such
found byl Oskinova et al. (2007), on the basis of scaling smoa way that we may approximate the sansini value as for the
opacities using a porosity formalism. However, when dagvi stellar photosphere (see also Séctl] 5.1). Generally, &olitle
empirical mass-loss rates from microclumping models of WRrofiles studied here, the influence of rotation is imporfant
stars one normally considers also the electron scatteringswv the recombination lines, but not for the resonance linesugée
(which are unffected by microclumping, see Hillier 1991), andbbservedv ruse spectra from Fullerton et al. (2006), and optical
because clumps in these probably are optically thinit mahée spectra fromx Markova et al. (2005) and A. Herrero (described

lower emission peaks would have a greaféga on the inferred
clumping factors than on the mass-loss rates.
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Fig. 4. Radial clump optical depths for PV, and radial and tarkig. 5. Clumping factorsiipper lef}, Pv ionization fractionsp-

gential ones for K, as functions of wind velocity for our empir- per right), and He1 4686 and H departure co@cientsb; (lower

ical, stochastic wind model of Cep (TabléB). left andlower right, respectively) used in the RH and stochastic
models ofA Cep. Mean wind velocities are on all abscissas.

Herrero et all 2000). In addition totHen 4686, and PV, we Optically thick clumping only in the line core, whereas reance
for these diagnostics we rely entirely on the microclumpgipg
proximation, which because of their low wind optical depthg 5 constraints from inhomogeneous

should be sfficient. radiation-hydrodynamic models

Fig.[8 displays line profiles calculated from our RH modeRof

4.1. Clump optical depths Cep. Consistent fits of the observed diagnostics are no¢aethi

: . oo : . The H, line wings are reasonably well reproduced but the core
The clqmp opUcaj (_jepthn thelwmd IS the primary quantity o ission is much too low. Theviprofiles are, actually, better re-
governing the validity of the microclumping approximation  , oy,ceq . although stronger than observed toward the bige e
Appendix A (see also the previous section) we have prowdg?ﬂhe Iiné complex (the ‘blue edge absorption dip’ problem
estimates of the clumps’ radi&lobolewvoptical depths in reso- see Sec 311). The reasonable s are due both to adopt- '
nance and recombination lines. However, in our stochagtid-m ;. * "~ ther low mass-loss rate farCep (see TablEl1) and to

els, clumps do not always cover a complete resonance zone, : ; ;

' . : ower velocity spans in these RH models than in those andlyze
the S_obolgv optl_cal depths must be rep_laced by optical degih in Paperfl. The mass-loss rate was essentially chosen from a
culations including the actual line profile (cf. Paperl, B2, oo cmpromise when considering the complete diagnastic s
and note also that these ‘exact’ optical depth calculattbes however note that a consistent fit to all diagnostics coutdeo

involve fy rather thar¥, see Appendix A). Within our stochas-_ . - - 3
tic wind models, the radial extent of a clumplis= v 6t f,, and ﬁgwed\?(segdéggzpendent of which mass-loss rate was adagsed,

therefore, by transforming to‘the co’rrespondin_g velociigtiy The apparent mismatch betweep éission in the core and
we may readily calculate the ‘actual’ clump optical depit i, yhe wyings occurs becausg increases rather slowly with in-

_ Fig.[4 showsr, for Pv and H,, as calculated from our empir- creasing velocity (Fid-]5), which for a given mass-loss iate
ical, stochastic model of Cep (TabléB). The figure shows thapjies that the optical depths in the, iore forming regions are
the radiak is S|_gn|f|cantly higher for Pthan for H, and, more- {oq low as compared to the optical depths in the wing forméag r
over, that the linear dependence on the density for resenaggons. Har 4686 is subject to the same mismatch asahd also
lines (as opposed to the quadratic dependence of reconinaghe cores of i and H, are deeper than observed. The latter fea-
lines) causes clumps to remain optically thick intRroughout 1re occurs because the photospheric absorption profiescar
almost the entire W|_nd. The fl_gure also illustrates how tam@a sufficiently re-filled by emission from the only weakly clumped
H. photons have higher optical depths than radial ones in thger wind. Thus, the optical wind diagnostics all indicttat
line forming regions. Since non-radial photons are imputtar  the clumping factor as a function of velocity ihCep difers
recombination lines (Sedf.3.2), this enhances tiiects from  from that predicted by the RH simulations (see also Puls et al
optically thick clumping on the Hline formation in our empir- 2006 Bouret et l. 2008). On the other hand, any signifigant i
ical 1 Cep model (as seen in Figl. 7). Thefdrences in clump ¢rease in the mass-loss rate to obtain a better fit of the highe
optical depths for radiaj(= 1) and taglgentlalt(zz 0)1 photons  Baimer lines and the core of Hwould produce stronger than
stem from the dependencg o [dv/dru+v/r(1-4%)]™", andthe  opserved H and Her 4686 line wings (as illustrated for Hn

fact thatv/r is significantly lower thawlv/dr in the relevant wind Fig.[8) and, vice versa, a reduction of the mass-loss ratettro
regions. In any case, based on these simple estimates, ghe mi

expect that the basic results of S&¢t. 3 should hold in disiimo 2 The exact reasons for the lower spans are still under imaith,
applications of typical O stars. That is, Idhould be fected by and will be reported in a future paper.
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Fig.6. Observed and synthetic line profiles forCep. Dotted linesare the observation&olid line profiles are calculated from
the inhomogeneous radiation-hydrodynamic modek @ep (Tabld1l), andlashed linesrom a correspondingastwino model
including microclumping. The long-dashed line in the uplpéirpanel is from a RH model in which the density has beenestad
mimic an increase in the mass-loss rate by 50 %.

a better fit of the (blue edge of the) PV lines would produce tas must be done when using smooth as well as microclumping

weak wings. wind models. Although not analyzed here, also the absorptio
at velocities>v,, of saturated resonance lines may be repro-
duced by RH models without invoking additional microturbu-

Comparison with the microclumping technique. We now com- lence ((Puls et al. 1993, Paperl). Fog Bind Hen 4686, the RH

pare results from above with those from a microclumpsd  and microclumping models yield almost identical resultsisT

winp model having the same (smoothed) clumping factors as thecurs because clumps are optically thin in these diagrsosti

RH model. The P profiles calculated using thrastwino model  throughout almost the entire wind, due to the slow incredse o

are stronger than those calculated using the RH model. We nfgywith mean wind velocity, which in turn results in wind den-

characterize this éfierence by the dierence in the equivalentsities in the inner wind unable to produce optically thickraps

widthsW; of the absorption parts of the profiléd, is roughly (compare to the empirical models in the following section).

15 % lower for the RH model (see also Owocki 2008). However,

this moderate reduction in profile strength actually cqroesls

to a reduction in the mass-loss rate by a factor of approxiyat 4.3. constraints from empirical stochastic models

two, because of the resonance lines’ slow response to messs lo

Resonance line profiles stemming from the RH and micr&learly, the RH models fail to deliver satisfactory line files
clumping models also display ftirent line shapes For RH when their structures are confronted with UV and opticaldvin
models, significant velocity overlaps stemming from the -nomliagnostics in parallel. Here we use our stochastic models t
monotonic velocity field ensure that the observed flux at theodify the wind-structure parameters and show how the tesul
blue side of the line center is accurately reproduced witirou then may be reconciled. This is a first attempt toward ourdong
voking any artificial and highly supersonic ‘microturbuteny  term aim of using consistent multi-diagnostic studies ttaob
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Fig. 7. As Fig.[8, but using our stochastic models (solids) with esponding inferred empirical structure parameters (sbkeh
and text). The assumed mass-loss rate is the same as for theBe&l of 1 Cep, see Tablg 1.

unique views ofempiricalmass-loss rates and structure propeRuls et al.[(2006)N1=3.0x 106 M /yr, inferred by assuming a
ties of hot star winds. smooth outermost radio emitting wind) results in densities

The mass-loss rate is determined by a best fit to the coRigh in the lowermost wind that the,Hrough never reaches be-

plete diagnostic set (giving highest weight to the optigalrio- low the continuum flux. Moreover, additional constraintsneo

gen lines). We derive the same rate as was previously adopiigin the cores of the higher Balmer lines; the higher the den-

for the RH model oft Cep. This rateN1=1.5x 10°M,/yr) is sities in the lowermost wind, the stronger the re-filling bét

approximately two times lower than the corresponding tetor photospheric absorption profile by wind emission. Here s we

cal one obtained using the mass-loss recipe in Vinklet a0(p0 the upper limit from Puls et al. provides shallower than obse

(M=3.2x 105M,/yr). In the outermost wind, we for now ad-line cores. Thus, if we requirg=1 at the wind base, and if our

here to the constraints ofy derived from radio emission by interpretation of the abrupt shift from absorption to erimssn

Puls et al.[(2006), scaled with respect to the mass-lossdeate H. as due to clumping is correct, rather tight constraints @n th

rived here. In the inner wind, both the distinct shape gfirl mass-loss rate may be obtained using only optical diagrsosti

A Ceffl and the cores of the higher Balmer lines may be used as The H, time series of Markova et al. (2005) reveal that both

tracers of structure. The Habsorption trough followed by the the height of the emission peak and the depth of the absorp-

steep incline to rather strong emission can only be repredugion trough depend on the observational snapshot, vangtan

by our models if clumping is assumed to start quite late (sggach 0.04 in residual flux units. Therefore it is not crititteat

also Puls et al. 2008; Bouret etlal. 2008), at a velocity nmeaityi neither the peak nor the trough is perfectly reproduced by ou

lower than predicted by the RH models, however with a mughodels in Fig.7 (which displays a ‘representative’ obstovel

steeper increase with velocity (see . 5). Also, in théipalar  spnapshot). On the other hand, the observations do not iedica

case ofi Cep, the upper limit of the mass-loss rate derived tyhy significant variation in theosition of the emission peak.
This might be an issue, because the late onset of clumping red

3 which only resembles the P Cygni shapes of the UV resonangBifts the emission peak too much (at least when neglecting
lines, since it is formed dierently. differential rotation, see Se€f. b.1), whereas an earlier miset
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clumping fails to produce an absorption trough. Tlfset in the analytic approach indeed might be a promising tool for aisens
position of the emission peak is larger than the estimategmun tent implementation into atmospheric NLTE codes.

tainty in the radial velocity correction, which may indieghat In order to obtain reasonable fits of the PV lines within the
clumping is only partly responsible for the shape of theddre. microclumping approximation we had to lower the mass-loss
Indeed, other interpretations have been suggested, andiwe crate significantly, toM=0.4x 105 M/yr (this is the so-called
ment on this in Secf. 5.1. ‘Pv problem’, see alspo Fullerton etial. 2006). In turn this meant
that extreme clumping factor§, ~ 400, in the inner wind were

The line shape of He4686 is well reproduced by our equired to meet the observed amount qf Wind emission.

stochastic models, but not the emission strength. The kre h b ble t hi stent fieof th
acts similarly to clumping as H In order to increase the central '0WEVEr, We nave not béen able to achieve a consistent leo

emission to the observed level we would have to raise them:-lurr?p'“caI diagnostics using these highly microclumpectwino

ing factor in the inner wind even more, which in turn Would-pro.mOdeIS: If for example His fitted then the He 4686 emission

duce stronger than observed, kimission as well as shallower'S Much too weak. Overall, the results in this section suppor
than observed Hand H, cores. Since hydrogen generally hag1e view t_hat the extreme_ly low empirical mass-loss rategipr
more reliable and robust departure fiagents than helium, we ous_ly |nd|c_ated from_ P might be a consequence of neglectlng
have given higher weights to fits of hydrogen lines. Inténegy, optically think clumping when synthesizing resonancedine

He 114686 shows a similarftset as H in the position of the

emission peak. 5. Discussion

The PV resonance lines are much more sensitive to the Wiggd . are O star mass-loss rates reliable?
structure parameters (see Séctl] 3.1) than to the massaliess r ) )
Hence these lines should be used only as a consistency checkiigoretical rates. The timgspatial averaged mass-loss rate of
mass-loss rates derived from other diagnostics. Usingtthe-s our 4 Cep RH model dfers from the rate of the correspond-
ture parameters given in Tallé 2, our stochastic modelsl yidhg smooth start model (used for initialization) by lessith&b.
reasonable fits of the PV lines. We use valuestodindx. as From this one might expect that the clumped stellar wind khou
in Paper |, including a higheit in the outer wind to account for not significantly &ect theoretical mass-loss rates based on the
clump-clump collisions, but are able to adopt a higher vaitie line-driven wind theory. However, Krticka etial. (2008g¢salso
6v/6vgl, which however is still lower than predicted by the RHMUires et al. 2010, submitted to A&A) made some first tests
models. This higher value stems from that we here consider afnd included wind inhomogeneities in a (steady-state)réteo
optical diagnostics and from these derive a lower massriies cal wind model of an O star. They found that the predicted mass
and higher clumping factors than what was assumed in Papd@$s rate increased when clumps were assumed to be optically
essentia"y meaning that |arger Ve|ocity spans then carsbd uthln, because of increased recombination rates that dhifie
when fitting the R lines. ionization balance to lower ionic states with mofgeetive driv-
ing lines. On the other hand, their tentative attempts toact
for optically thick clumps in thecontinuumopacity as well as
for clumps with longer length scales than the Sobolev length
duced the line force and led to lower predicted rates.
The reduced profile strengths of resonance lines (which are
main drivers of the wind) found here should in princigkoa
reduce the line driving in theoretical steady-state windigeis,

fe in the inner wind is drastically elierent from that pre-
dicted by our RH model fon Cep (Fid.b), and indicates that
present-day RH simulations fail to predict observationait
ferred clumping factors, at least for the inner wind. Regayd
the outermost wind, let us point out that the RH simulationtﬁe
used here only extend to ~ 35, at whichf is still decreas-

ing. Simulations by Runacres & Owocki (2002), which extenf |61 s point out that many lines that significantly cdmite to
to much larger radii, indicate that the clumping factorlsstat t b y g y

X . ° ! ) N he total driving force might still be saturated becausd&efrton-
~ 4 in the outermost windf; ~ 4 is consistent with our derived 9 9 o

| i dth traints f di issioneth .void interclump medium. Nevertheless, it is clear that adigh
Mass-10Ss raté and the constraints from radio eémissioneteri; vestigation of the impact of clumping on predicted masssi

X n
by [Puls et al.|(2006) (see above). This suggests that the—ouk tes is urgently needed. The mass-loss ratelfGep derived

mr?ztr (‘;Vr']gd is better simulated by current RH models than thee js approximately a factor of two lower than the theoggti

rate predicted by the mass-loss recipe in Vink et al. (2000).

Comparison with the microclumping technique. Here we Empirical rates. Our empirical mass-loss rate farCep is 4.5
compare the stochastic models from above with microclumpguhes lower than the rate inferred from synthesizingusing a
models calculated with the same clumping factors. When usnooth wind model (Repolust et al. 2004). The best congsrain
ing the microclumping technique, the PV resonance lines ava the mass-loss rate in our analysis come from the distinct
not directly affected by the structured wind. The mass-loss raghape of the Kline core and the higher Balmer lines (S€ctl 4.3).
adopted in the previous paragraph then produces much ®otation in our models is treated by the standard convalutio
strong absorption in these lines, see Eig. 7. Moreover, ifjie h procedure. Bufl Cep is a fast rotator (Tablé 1), soffdirential
clumping factor in the inner wind adopted in our stochastidm rotation might influence the formation of the line profilearp
els results in so high densities that the clumps becomeadlgtic ticularly the H, core. Bouret et al. (published in Bresolin et al.
thick in H, and Har 4686 as well. This generally leads to weake2008) found that the Hline in { Pup can be fitted by assum-
emission for the stochastic models than for the microclumpang that clumping starts close to the wind basedifferential
ones (Sec{_312), anf},’s drastic increase from 1 to 28 makesotation is treated consistently. Sin¢dPup andl Cep display
the deviation from the microclumping approximation proamh similar H, profiles, it is possible that the samgezt could be at

in this particular case. We have confirmed that the same @misswork also in the latter star, and thereby that the ratherdaset
strength reduction results when using our simplified amagg- of and the rapid increase of clumping in our stochastic motiel
proach (Secf._312), which supports the rather strong eonissi 1 Cep could be somewhat exaggerated. Naturally, this cogeld th
duction that we find in the Hcore as well as indicates that ouralso dfect the inferred mass-loss rate, since with a modified run
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of the clumping factor another rate might be required to intda 121 T T T T
simultaneous fit of the observed diagnostic lines. i
The influence of X-ray anduv/euv radiation as created by 1.0F _

shocked wind regions_(Feldmeier etal. 1997) on the occupa- [
tion numbers is not included in our analysis. These cortivilsu . 08l
are not important for calculations of hydrogen occupatiomn Qo
bers|(Pauldrach et al. 2001), but their significance fordinézia-
tion fractions of phosphorus is still debated (Krticka &at  ~~ 0.6
2009; Waldron & Cassinelli 2010). We have used the alternag'< [
tive unified atmospheric codem-Basic (Pauldrach et al. 2001), 04

which treats X-ray anduv/euv radiation butnot wind clump- ]
ing, to estimate the impact of X-rays on the Bnization frac- 02k ]

tions. We find that ects are negligible at wind velocities lower
thanv/v, ~ 0.5 but profound at higher velocities, with the ) . . . .
Pv ionization fraction significantly reduced when X-rays (and _ _ _ _ _ _
of course the correspondimgv/euv radiation tail) are included. 10" 10 107 10°° 107 107
This suggests that a proper treatment of these hot radiadiods <g>dM/dt [Mg,,/ yr]

might resolve the earlier discussed ‘blue absorption dipbp
lem, which is clearly visible in the WPline profiles calculated
from RH models (Figl6, but note that we overcame this proE
lem in our stochastic models by increasing the distancesdsst
clumps in the outermost wind, see Table 3).

ig. 8. Equivalent widthsW, (normalized to the value for a sat-
rated line), for the absorption part of ther Kkesonance line at
1240 A, as functions of the product of the ionization fractad

Nv, (q), and the mass-loss rate. The solid line is calculated from
smooth models and the dashed line from structured ones. The
5.2. Structure properties of the clumped wind black dots denot&V,’s for models corresponding to a smooth

- . _ .model with(q)M = 1079, see text.
We identify two main problems when confronting synthetic @

spectra from the time-dependent RH simulations of the line-

driven instability with observed lines in the UV and optical induce clumping already at the wind base. However, regard-
the absorption toward the blue edge of unsaturated UV resqq gravity waves, it is not certain that these would havehhig
nance lines is too deep in the simulations, and ii) the emmssienough frequencies (i.e., higher than the atmosphereisstico

in the core of K is much too weak as compared to the emissiaftoff frequency) that they can be radially transported through
in the wings. The first problem is related to the high predictghe wind. Another possibility for a strong ciumping triggeight
velocity spans in the RH models, and was extensively digtlisge non-radial pulsations in the photosphere. Certainlyoitiley
already in Paper|. Moreover, in Sect.15.1 we commented dn thg valuable to investigate to what extent such triggershimit
even if the large velocity spans turn out to be stable feafihés 5 |ine-driven instability simulation using the EISF forration,

problem might be overcome by a proper treatment of X-rays #yuld produce clumping patterns in the inner wind more com-
the calculations of ionization fractions. patible with the observations.

The second problem arises because the predicted clumping
factors in the inner wind are too low as compared to those in
the outer wind (Fig[5). However, let us point out that velo&. Additional considerations
ity as well as density perturbations in the inner wind of our ) ) o )
RH simulation may be overly damped, because we use the by this section, we dlscus_s two appllcat|o_ns for the analyu
called smooth source function (SSF) approximation when ciprmulation of line formation in clumpy winds presented in
culating the contribution to the line force from thdtdse, scat- Sect[3.1.
tered radiation field. In simulations that relax the SSF appr
mation and account for gradients in the perturbed source-furs 1. \Weak wind stars
tion (via an ‘escape-integral source function’ formulati&ISF,
Owocki & Puls[1996] 1999), the structure in the inner wind i$he so-called weak wind problem is associated with observa-
more pronounced and also develops closer to the photosphettéons of (primarily) O-dwarfs of late types, which appeahtive

In any case, however, it is questionablesélf-excitedin- mass-loss rates much lower than what is predicted by the line
stability simulations will be able to reproduce the obsdrvedriven wind theory, and also much lower than other ‘normal’ O
clumping patterns (which have been found also in earlier igtars of earlier spectral types. However, a major probleth wi
vestigations based on the microclumping approximatiog,, e.wind diagnostics in this domain is that the primary optical d
Bouret et all 2005; Puls etlal. 2006), especially consiggttiat agnostic, K, becomes insensitive to changes in the mass-loss
our RH model ofa Cep actually already is triggered (Table 1)rates, so that only upper limits can be inferred from thig.lin
using Langevin perturbations mimicking photospheric warb Therefore one must for these objects quite often rely salaly
lence [(Feldmeier et al. 1997). Thus, while observationsirica the intrinsically stronger UV resonance lines. For a corhpre
the outer wind seem to confirm the structures predicted by thige discussion on the weak wind problem,|see Puls et al&j200
line-driven instability, observations tracing the innénd/might In the following, we demonstrate the potential impact of op-
require the consideration of an additional triggering neegem tically thick clumping on diagnostic resonance lines in wea
to be reproduced, which perhaps must be stronger than whéid stars using the analytic formulation developed in $&dt
is currently assumed. For example, Cantiello etlal. (2008) p We use one component of thevNloublet at 1240 A, assume
posed that gravity aridr acoustic waves emitted in sub-surfaca solar nitrogen abundance (Asplund et al. 2005), and take a
convection zones may travel through the radiative layer ageneric O-dwarf with parameteR,=8.0Ry, v.,=1500km s?,
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andYye = 0.1. Since in this section we only discuss predictiong. The analogy for continuum diagnostics, or for line diagnos
for the product of mass-loss rate and ionization fractiolor tics in anon-acceleratingnedium, is the well-known result that
resonance lines, ndfective temperature needs to be specifiefdr a medium consisting of infinitely dense absorbers embddd
(see Egd.1132). The Wdoublet was among the lines utilized inin a vacuum, the féective opacity is independent of the atomic
the study of Marcolino et al. (2009), and also our chosenrparaopacity (see footnote 4 in Appendix A). Also for such a siiomat
eters correspond well to the parameters for the five stars aneuld the inferred profile-strength ratio be exactly one.
lyzed and found to have very weak winds (more than an order A major advantage of this line diagnostic is that the depen-
of magnitude lower than predicted by theory) in that study. Tdence on X-rays should cancel out. Recently, Prinja & Massa
avoid problems regarding the onset of clumping and the afo@2010) extended the Massa et al. work to include a large num-
mentioned ‘blue absorption dip’, we consider only the veloder of B supergiants, for which they, from ther&ii11400 res-
ity interval v/v, = 0.25— 0.75. Absorption-part line profiles onance doublet, derived empirical line-strength raﬁi@ﬁgg, us-
for structured winds are calculated using Eq. 4 and adopiieg ing smooth wind models. The stars showed a wide spread be-
same structure parameters as in 9ect. 82025, x,=0.0025, tween unity and the predicted factor of two, with the major-
6t=0.5, and a smoottB=1’ velocity field). ity of them lying in the range 1.0 to 1.5, and with an overall
Fig.[d shows the curve-of-growths for structured and smoothean of 1.46 (standard deviatied.31). In the following, we
models, respectively, as functions of the mean ionizatran-f shall discuss this diagnostic under the assumption thaddhe
tion of Nv times the mass-loss raté)M. Clearly, mass-loss blet components are well separated, so that each comparent ¢
rates derived from smooth models may be severely underebg-treated as a single line, which is reasonable for, e gjust
mated also for stars with weak winds. For example, if we fanentioned silicon lines in typical B-supergiants and feriR
this star were to infeq)M = 10°° My /yr from a smooth model, OB-stars.
the corresponding rate inferred from a structured one wbeld ~ We now show that our analytic formulation for resonance
((YM)struc = 3.8 x 1078 My/yr = 38(0YM)smooth (Se€ Fig[B). line formation indeed predicts profile-strength ratiostemsame
Thus, if using smooth models (or microclumped, since microrder as those discussed above. Following the preceditigisec
clumping has noféect on the resonance lines as long as no sigrke assume a solar abundance for silicon, make use of a generic
nificant changes occur in the ionization fractions), ondateas- B-supergiant withR, =30.0R,, v,=800kms?, andYye = 0.1,
ily derive mass-loss rates more than an order of magnitwderlo adopt the same structure parameters as in the previousrsecti
than corresponding rates derived from structured models (@nd consider only the velocity intervglv., = 0.25- 0.75. We
also[Oskinova et al. 2007 and Paper|), and thereby one cothién assume that for this generic star we defgy& = 5x 10°°
also misinterpret observations as suggesting that massdtes from the Siv resonance doublet formed inséructuredwind
are much lower than predicted by theory. model. By once more exploiting the curve-of-growth (as in
We emphasize, however, that this simple example merdfig.[d, but now for the two components of 18}, we can then
demonstrates how optically thick clumplnglght be impor- easily translate the structured results to correspondimgpsh
tant also for resonance line diagnostics in so-called weiakl w ones. We find a rat|o<ﬁ/xn)smooth~ 1.4, which agrees well with
stars, and thatif the winds are clumped, one must be cardhe results derived by Prinja & Massa (2010).
ful not to simply assume that strongly de-saturated resmman The doublet ratios are, in fact, almost ideal diagnosties re
lines also imply optically thin clumps. The actual massslogjarding structure properties, since all other dependsmeiacel
reductions will depend critically both on the assumed ianizout. Therefore ratios deviating from two might be the clesine
tion fractions and on the adopted structure parameterss,huindirect signatures of optically thick clumping that we geatly
multi-diagnostic study (to constrain the structure parems}, have, and may in principle be used to extract empirical imfor
including a detailed consideration of X-rays (to obtairiaigle tion on the behavior of. We write the ratio of the blue and red
ionization fractions), is required for more quantitativesults. absorption-part line profile at frequengys

Nevertheless, we may safely say that, because of these inf]__g 2y o)
ent problems in UV line diagnostics, it is important to put-fu "ax _ (1= &)e e + & e )
ther constraints on the weak wind problem by exploiting otheRi (1— &) Tox + & Tax

diagnostics that are sensitive to mass loss but neitherdyatire

Generally, this equation can be solved £gonly if the line op-
cally thick clumps nor areffected by X-rays (as is probably true

for, e.g., the infrared Brline, Najarro et al. 2010, submitted to}t(ICaI depthls ?nd thg mtertt:lump Senfltlef éire known (tlherlat
A&A, see alsd Puls et 4. 2009). or example from observations of saturated resonance, lsees

Paper I). However, under certain circumstances we canreit@i
the need for such external knowledge. For example, assuming

6.2. Resonance line doublets thatall clumps are optically thickwe may write

Massa et al.| (2008) pointed out that additional empirical-co @X i Rix (R{,’X)2

straints on wind structure may be obtained by considerieg tr@ =@ Tiex = - - &=1- R, 9)
X

observed profile-strength ratios of resonance tinablets The
line strength parametety, of such doublets is in proportion to Applying the last expression to our line profiles computed fo
the oscillator strengths of the individual componeritswhich  Siiv using Eq[#% reveals a mean valuefof 0.48 in a velocity

for the cases of interest here aif®/ f" = 2, with superscripts bin v/v., = 0.4 — 0.5, which agrees well with the actual mean

b andr denoting the blue and red line components, respgcalculated from the assumed structure parametérs),0.51.
tively. However, if clumps are optically thick for the innggated Thus, this approximation can provide a quite good directiemp
lines, the resulting profile-strength ratio may deviatetggig- ical mapping of¢, without any knowledge about optical depths
nificantly from the one implied by smooth modeling (see distc. Another case for which the profile-strength ratio cawlibe
cussion in Paperl). For example, in the case of very opyicallectly related t& is that of a completely transparent background
thick clumps and a void interclump medium, E%. 4 simply givesiedium (i.e., a void interclump medium in our case). That lim
Rax = 1 - &, i.e. the profile strength becomes independent @ing case of EqLB has been long recognized and used by the
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7. Summary and future work



J.O. Sundgvist et al.: Mass loss from inhomogeneous howsitals 15

Appendix A: Analytic treatment of line formation in  simply modify¢ in order to account for the essentidllexts. We

clumped hot star winds write
Resonance lines. We propose to write the absorption part of %N v + Cuy (A.4)
resonance line formed (from a radial ray) in a clumped wind as~ Ay '
Ra= é67 + (1— £)e™, (A1) where the factoCu, now represents a sort of correction to the

limiting case ofév >> Cu;. A linear addition is chosen because

. ) . I .. the basic equation determining whether or not a photon bytua
where¢ is defined as th&action of the velocity field over which can be absorbed (i.e., whether or notit is located withineise-

photons may be absorbed by clumipe optical depths are those : . - . i )
for the clumped (subscript cl) and rarefied (subscript i), gﬁgcfbég?\zr':cf?;;q g‘}’fé :emtlz sxcpef;nsg:(i)\l/); Ithe co-moving
and dependencies on the normalized, dimensionless freguen 9 . resp Y.

R ; ) The factorC accounts for the fact that theffective reso-
have been suppressed for simplicity (cf. Seci. 3.1 in maiepa , ; .
Following/Owocki (2008) we define theelocity filling fac- nance zone' over which photons can be absorbed by clumps is

. T larger than that provided hy (at least for relatively strong lines).
tor fe as the fraction of the velocity field covered by clump h%ton absorpti%n astwithki)ra:gzlumps is given by t)klle dist?ibutio%
(in full analogy with the volume filling factof,). That is, fie is

; . -~ function e ™=, with expectation value¢x = 1. Therefore we
the ratio of the velocity span of the clumy, to the velocity may estimateC using the ‘éective profile width’, determined
separation between two clump cente\s,

by solving for the co-moving frame frequency at which unity

60 optical depth is reached, a clump is present,
fel = —. A.2
vel = Ap (A-2) . 1 — erf[Xemt/vi]

5  —

In our stochastic models we have the clump velocity spas 2

|6v/Svgl(dug/dr)ér and from the definition of, (see Paper hr ~  where erf is the error function. Thefective profile width then

fuAr, with Ar = ugét the radial distance between two clumps C = 2x¢m/vy, Wherexenms is given by the solution to EQ.A.5.

centers. Similarly one may approximate ~ (dus/dr)Ar, which  Note thatC now is allowed to be velocity depende@t— C(v).

leads to In addition, the expression for the clump optical depth $thou
now be modifiedrsm/ fvel = Tsm/é, to account for the fact that

(A.3) individual clumps no longer cover a complete resonance.zone

With C determined we can castn the convenient form

1, (A.5)

ov
fvel = |—|fy.
vel |(5l)ﬁ| \

Thus, a smooth velocity lawsg=6vs) implies f,e=fy. The ab- ¢ = fvel + Cn, (A.6)

solute value signh becomes important in any compressive wind

region, since optical depths must always be positive (sesfpe Wheren = v/Avis the dfective escape ratio. Note thei#girence
Actua”y' Eq[ﬂ_ is in form equiva|ent to the ana|ytic transbetween this definition Oﬁ and that given In Paper I. The two

fer solution derived by Levermore et al. (1986), for the eniske  are related as

averaged intensity in a two-phaseq A, B] Markovian model of

a static purely continuum absorbing medium in the limit that 7 = (1 — fve)/701d, (A7)

characteristic length scalésof the fluid packets of both com- ) o

ponents are much longer than the domain of integrtibrve Wh_er_eno|d _denotes our earlier definition. The advantz_ige of re-

just substitutea, Is — 6v, Av. Thus, from this analogy it is clear definingz is that we may now separate out the porosity depen-

that we may set = fyo as long as the Sobolev-like requiredence ing, writing

mentdv >> Cu is satisfied, wher€u; is the velocity extent over

which a photon of frequencyx may be absorbed (that is, the, _ Yt _ ot/ (dug/dr) _ Lr (A.8)

velocity extent of a resonance zone). This limiting sitoattor- Av Ar h’ |

responds to the case that the line profile can be represented b . .

a delta function, so that the sharp edges of the resonanes zgth h = or/fy = Ar = ysét the porosity length of the medium

prevent any absorption at frequencies not Doppler shifigtie N OUr geometry and, = v;/(dvg/dr) the radial Sobolev length

very line center, resulting in a localized radiative tramsfhe for a gmooth velocity f|elql. The coupling between vorosity an

optical depths in EG-AI1 are then understood to be the SuboRPrOSity becomes clearvip L

ones. That istq = Tem/ fuel andTic = Tem(Xic/ fuel), With 7sm the As defined may in p(|nC|pIe take arbltrarlly high values,

optical depth in the smooth case (Eg. 2). so for the examples n th's_ paper we simply set 1 When-
However, especially in the outer wind (but, depending on't ere > 1, because in a wind with a smooth velocity f|_eld the

onset of clumping, also in the innermost wind, see Eig. 2) umps obviously cannot absorb photons over a velocityespac

will generally havesv < Cu; and the &ective fraction of the ve- arger than that covered by tjsevelocity law. On the other hand,

locity field over which photons can be absorbed by clumps wlﬁ we allow for c_Iumps to_be random_ly positioned in velo_cny
increase. The exact form of the radiation transport is thetyi Space, overlapping velqcny spans W'” lead to a_changeean th
to be very complex. Nonetheless, let us in a first attemptary gffective coverage fract_|ons. If velqcny perturzatlons s
ciently large, one may simply substitute- (1-€7%) and permit
4 We mention in passing that the Levermore et al. model alsdyie & ©© take arbitrarily high values. However, it is clear neitige-

the resultes", with s the path length, for the normalized intensity inlOCity perturbations will be sticiently large nor how to handle
the limit of infinitely dense absorbers in a background vacuiihis the case when more than one clump is crossed within a reso-

is equivalent to the result for a fully porous wind obtained b.g., hance zone. Thus we for now consider only the simple case of a
Owocki et al. [(2004). smooth velocity field, deferring to future work a carefuldof
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these randomizatiorfects. In any case, we note that our formal-
ism recovers the smooth optical depth, in the limit Av << Cu;
(as expected because then the individual clumps obviously a
optically thin).

Finally, Eq[A.] has the proper behavior in the limiting case
of a smooth or microclumped wind. For the formeg£1 and
Tel=Tsm),

Ry =e™m, (A.9)
and for the latter®, << 1) some simple algebra yields,
Ra ~1- Tsm, (A.].O)

where we recall that this last result is expected because res
onance line formation depends linearly on the density (see

Sect[Z.1).

Recombination lines. The absorption part of recombination
lines such as Fimay also be approximated as described above.
Furthermore, since the source function in these lines camdse
scribed (see Sedi] 2), we can make a similar approximation fo
the re-emission part

Rem=S&(1-€7) + S(1-4)(1-e™), (A.11)

whereS is the source function at the resonance point in units of
the continuum intensity. The total line profiR is then given by
Rx = Rax + Remx. It is important to realize that the re-emission
profile is much more influenced by non-radial photons thamés t
absorption part profile. Thus we replace the radial apprakion
for £ with a corresponding line-of-sight expressign» &;, by
substitutingl; — L, andh — h/u, where curvatureféects for a
clump have been neglected, and now obtain the final line peofil
by performing the standard integration over a pre-speaified-
ber of P-rays. The optical depths from the previous pardgrap
must be replaced by corresponding ones for recombinaties li
(see Secf._312), where of course care must be taken for the now
angular dependent

Also Eq.[AI1 has the proper behavior for smooth as well
as for microclumped winds. In the same manner as for the reso-
nance lines, we obtain for the former

Rem = S(1-€e™m), (A.12)
and for the latter
Rem =~ STsmfd, (A.].S)

which is expected because recombination line formation de-
pends on the square of the density (see $edt. 2.1).

Comparisons between the analytic approximations outlined
here and numerical simulations using our stochastic wind-mo
els and detailed radiative transfer codes are given in the ma
paper.
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