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ABSTRACT

Context. Mass-loss, occurring through radiation driven supersenials, is a key issue throughout the evolution of massivessfiavo out-
standing problems are currently challenging the theoradfation-driven windswind clumpingand theweak-wind problem

Aims. We seek to obtain accurate mass-loss rates of OB starffatetit evolutionary stages to constrain the impact of bathlpms in our
current understanding of massive star winds.

Methods. We perform a multi-wavelength quantitative analysis of mpgke of ten Galactic OB-stars by means of the atmospherie eaeen,
with special emphasis on thieband window. A detailed investigation is carried out onploéential of B, and Pf as mass-loss and clumping
diagnostics.

Results. For objects with dense winds, Bsamples the intermediate wind while,Phiaps the inner one. In combination with other indicators
(UV, H,, Br,) these lines enable us to constrain the wind clumping stre@nd to obtain “true” mass-loss rates. For objects withkweinds,
Br, emerges as a reliable diagnostic tool to consthifThe emission component at the line Doppler-core superseghon the rather shallow
Stark absorption wings reacts very sensitively to massatresdy at very lowM values. On the other hand, the line wings display similar
sensitivity to mass loss as,tthe classical optical mass loss diagnostics.

Conclusions. Our investigation reveals the great diagnostic potenfiatband spectroscopy to derive clumping properties and reass-ates

of hot star winds. We are confident that,Bvill become the primary diagnostic tool to measure very loassloss rates with unprecedented
accuracy.
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1. Introduction star physics is that a change of their mass-loss rates byaonly

. factor of two has a dramatidfect on their evolution (Meynet
In the last decade, massive stakézfvs = 10My) have (re-) et al. 1994) (Mey

gained considerable interest among the astrophysical camm

nity, particularly because of their role in the developnadtibe The winds from massive stars are described by the

early Universe (e.g., its chemical evolution and re-iotit#g radiation-driven wind theory (Castor et al. 1975, Friend &

and as (likely) progenitors of long gamma-ray bursterss@ne Abbott 1986, Pauldrach et al. 1986). Albeit its apparentess

effort concentrates on modeling various dynamical procesgesy., Vink et al. 2000, Puls et al. 2003), this theory is prdly

in the stellar interior and atmosphere (mass loss, rotath@g- challenged by two outstanding problems (reviewed by Puls et

netic fields, convection, and pulsation). Key in this regattie al. 2008), theclumpingand theweak windproblem.

mass losghat occurs through supersonic winds, which modi-

fies evolutionary timescales, chemical profiles, surfaaenab

dances and luminosities. A well-known corollary in massivehe clumping problem. During recent years, various evi-
dencé has been accumulated that hot star wind are not smooth,
but clumpy, i.e., that they consist of density inhomogeesit
which redistribute the matter into clumps of enhanced dgnsi

g embedded in an almost rarefied medium.
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Theoretically, the presence of susmall-scalestructuré tion is not a suitable assumption for UV resonance line for-
has been expected since the first hydrodynamical wind stimutaation under conditions prevailing in typical OB-star wénd
tions (Owocki et al. 1988), due to the presence of a strong ifhese results are supported for the case of B supergiants by
stability inherent to radiative line-driving. This can té the Prinja & Massa (2010), who found that the observed profile-
development of strong reverse shocks, separating ovesedestrength ratios of the individual components of UV resomanc
clumps from fast, low-density wind material. Interestingl line doublets are inconsistent with lines formed in a “micro
however, the column-depth averaged densities and vedecittlumped” wind (see also Sundqvist et al. 2011). Resonance to
remain very close to the predictions of stationary theogege(sgether with H line profiles as calculated by Sundqvist et al.
also Feldmeier 1995. For more recent results, consult Resaq2010, 2011) from BD, stochastic wind models allowing for
& Owocki 2002, 2005 (1-D) and Dessart & Owocki 2003, 20086ptically thick clumps £ “macroclumping”) and vorosity ef-
(2-D)). At least for OB-stars, howeverdirect, observational fects are compatible with mass-loss rates an order of magni-
evidence in terms of line profile variability has been fountlide higher than those derived from the same lines but using
only for two objects so far, the Of stafsPup and HD 93129A the microclumping technique.

(Eversberg et al. 1998, Lepine & Nfat 2008). Low mass-loss rates as implied by the latter models would

Indirect evidence for small-scale clumping, on the othedyave dramatic consequences for the evolution of and feekl-ba
hand, is manifold, and is mostly based on the results froffdm massive stars (cf. Smith & Owocki 2006). Hirschi (2008)
quantitative spectroscopy, using NLTE model atmosphénes concluded that evolutionary models could “survive” withre-
order to treat wind-clumping in the present generation of afuctions of at most a factor ef2 in comparison to the rates
mospheric models, thstandardassumption of the so-calledfrom Vink et al. (2000) (which translate to an “allowed” redu
“microclumping model” relates to the presence of opticallfon of theempiricalmass-loss rates of a factor of about four)
thin clumps and a void inter-clump mediutmA consistent whilst factors around 10 are strongly disfavored. Furthaen
treatment of the disturbed velocity field is still missinghe€l such revisions would cast severe doubts on the theory ai+adi
over-density (with respect to the average density) insige ttive driving, since the present agreement between obsensat
clumps is described alternatively by a volume filling fact®r and theory would break down completely.

or a clumping factorfy > 1, which in the case of a void  Hence, areliable knowledge of the amount of clumping
interclump-medium, are related via= f;*. The mostimpor- (quantified by the clumping-factor and its radial stratifioa)
tant consequence of such a structure is that any mass-1€ss §8 crycial to constrain the “true” mass-loss rate of the. star
M, derived from density-squared dependent diagnostics (Fince, due to dierent oscillator strengths and cross-sections,
Br, orfree-freg radio emission, involving recombination€s e corresponding formation depths vary from close to tiseba
processes) using homogeneous models needs to be scaled QWover intermediate regions (Brmid-IR continua) to the
by a factor ofy/f. outermost wind (radio), aonsistenfinalysis of diferent diag-
Based on this approach, Crowther et al. (2002), Hillier et glostic features will provide severe constraints on the fufyo
(2003) and Bouret et al. (2003, 2005) derived clumping feictoand M itself. To this end, we have started a project to exploit
of the order of 10...50, with clumping starting at or close tthese diagnostics, by collecting the required data andyanal
the wind base. From these values, a reduction of (unclumpgsh them in a consistent way. First results with respect to-co
mass-loss rates by factors 3... 7 seems to be necessaris®essgaints from the IRnmyradio-continuumcombined with H
Repolust et al. 2004). have been reported by Puls et al. (2006), in particular céggr
Even worse, the analysis of the FUVWnes by Fullerton the radial stratification of the clumping factor. They fouthlt,
et al. (2006) seems to imply factors of 10 or even more (but s&deast in dense winds, clumping is stronger in the lowedwin
also Waldron & Cassinelli 2010 who argued that the ionizatiahan in the outer part, by factors of 4...6, and that uncluinpe
fractions of R could be seriouslyfected by XUV radiation). mass-loss rates need to be reduced at least by factors ih. . 3,
However, as suggested by Oskinova et al. (2007), the anadgreement with the results quoted above.
ses of such optically thick lines might require the consatien
of wind “porosity”, which reduces thefkective opacity at op-
tically thick frequencies (Owocki et al. 2004). Moreovéret
porosity in velocity space< “vorosity”) might play a role as
well (Owocki 2008). Consequently, the reductionMfas im-
plied by the work from Fullerton et al. might be overestintht
Indeed, Sundqvist et al. (2010), relaxialgthe abovestan-
dard assumptions, showed that the microclumping approximt

The weak wind problem. From a detailed UV-analysis,
Martins et al. (2004) showed that the mass-loss rates ofgyoun
O-dwarfs (late spectral type) in N81 (SMC) are significantly
e Smaller than predicted theoretically (see also Bouret 0413

for similar findings), even when relying on unclumped models
he presence of clumping would increase the discrepanty).
e Galaxy, the same dilemma seems to apply, particularly fo

2 not to be confused with large scale structure which is irtdita objects with I'og(_/l_'@) S 52 (Martins et al. 2005b, Marcolino
by the ubiquitous presence of recurrent wind profile valigbin et al. 2009), including the O9V standard 10 Lac (Herrero et al
the form of discrete absorption components (DACs, e.gnj®mi& 2002), and maybe alsoSco (B0.2V, see Repolust et al. 2005),

Howarth 1986, Kaper et al. 1996, Lobel & Blomme 2008) and “mod?0inting towards very low mass-loss rates, thus challengin
ulation features” (e.g., Fullerton et al. 1997). our current understanding of radiation-driven winds. Nbt

3 The importance of bow-densityinter-clump medium for the pro- Most mass-loss rates for (other) dwarfs derived so far &se on
duction of On has been outlined already by Zsarg6 et al. (2008).  upper limits, due to the insensitivity of the usual massles-
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timator H, on (very) low mass-loss rates (see also Mokiem &alactic OB-stars which has been observed and analyzed in
al. 2006). Present results based on UV studies migrsinom the optical (see Table 1) and in thd/K-band (Repolust et
effects such as X-rays, advection or adiabatic cooling, as dié- 2005, based on the material presented by Hanson et al.
cussed by Martins et al. (2005b, see also Hillier 2008, Puls2005). Our subsample covers mostly supergiants from O3 to
al. 2008). Consequently, a detailed investigation by medinsB0O, and has been augmented by one weak wind candidate
sensitive mass-loss diagnostingdwarfsover a larger sample (HD 37468, 09.5V) and three comparison objects (HD 217086,
is crucial to confirm their very weak-winded nature. O7Vn; HD 36861, O8llI((f)), HD 76341, O9Ib) which should
behave as theoretically predicted. Note that for all olsj&ty
archival data are available as well, that four of them have
been analyzed with respect to Rcf. Sect. 1), and that all O-
supergiants plus the O8 giant have been investigated iand
i) For objects with largeM, this line samples the intermedi-the IR, mm- and radio-continuum by Puls et al. (2006) regard-

ate wind (because of the larger oscillator strength of Big their clumping properties. Two of our objects have been

compared to H and Br), thus enabling us to derive con-Observed by SpeXXndISAAC, to enable a comparison of the

straints on the (local) clumping factor, and, in combindlata obtained by both instruments. Table 1 summarizes pur ta

tion with other indicators (UV, H, Br,, Pf), to derive 9et list, important observing data and the previous ingesti

“true” mass-loss rates. We are aware that our UV-analy#i@ns of our objects in the individual wavelength bands.

might be hampered by macroclumpjuagrosity fects (see

above), but lacking suitable methods to include these ef-

fects into our NLTE treatment, we consider correspondiry1. The IRTF/SPEX Sample of Stars

constraints as suggestive only.

if) For objects with very weak winds, Brprovides not just Qur first spectra were obtained in September, 2005 at the 3.0 m
upper limits butreliable constraints orM. The relevance |RTF on Mauna Kea, Hawaii, using SpeX (Rayner et al. 2003).
of Br, has been pointed out already by Auer & Mihalagpex is a medium-resolution, 0.8 to 5.4 micron spectrograph
(1969), who predicted that even for hydrostatic atmuilt at the Institute for Astronomy (IfA) and is availablerf
spheres the (narrow) Doppler-cores should be in emissigneral use to the public through qualified time on the IRTF.
superimposed on rather shallow Stark-wings. As we Witlyo nights were granted to our program. While the second
show in the following, this emission component (and thgight was good, the first night experienced intermitterusiy
line wings!) react sensitively oM, particularly for very sometimes seriously reducing the signal in the instrun@ut.
weak winds (see also Najarro et al. 1998). spectra were taken in the cross-dispersed mode of SpeX, pro-

To accomplish our objective(s), we have performed a \{ldmg full spectral coverage from 0.8 to 5”5] W'th,,a resolg-

lot study with the high resolution IR spectrograph ISAAC aF:[t_lon of 4/64 ~ 2000 with the narrowest slit (0.3). Luckily,

tached to the 8.1m Unit 1 telescope of the European Southehe seeing was never greater than about 0.8" and was typi-

r ” . .
Observatory, Very Large Telescope (VLT), and the intermca'?ly closer to 0.6”. About every hour during the night, wave

e e g S5 At WACR g5 51 o el vt ke, Spcts o a2 o
Telescope Facility (IRTF), and secured higfNSLO)-band '

spectra of selected Galactic OB stars. These spectra walhbe lected to share the same airmass and ap.proxmate. sky lncatio
. . ) s the target stars, are observed to considerably highets;ou
alyzed in the course of the present paper that is organized a ! o
: . and were chosen to be early A-dwarfs with lgsini.
follows: In Sect. 2, we describe our stellar sample, the Bbse
vations and the data reduction. Sect. 3 summarizes thearglev A clear advantage to using the IRIBpeX system in cross-

features of the used NLTE model atmosphere, and descriggspersed mode is the ease with which the spectra can be re-
our implementation of clumping. In Sect. 4 we concentrate @uced. A sophisticated IDL-based reduction package called
those objects with dense winds within our sample, and irvegtpeXtool has been developed by Cushing et al. (2004) which
gate their clumping properties by combining thdand spec- incorporates calibration frames and readily produces final
tra with other diagnostics. The complementary objects witlavelength and flux calibrated spectra. While the data isxcro
thin winds are considered in Sect. 5, after the principa lirdispersed, there is fiicient room in the 15” slit to allow two
formation mechanism of Bin thin winds has been discussedyniquely-observed positions. This provides for a tradiioA

and additional problems have been illuminated. In Sect-6, fiosition - B position for background subtraction. SpeXtleb
nally, we discuss our results (particularly with respeattod-  takes advantage of the telluric correction methods regelet!
momentum rates), and summarize our results and presenty@bped by Vacca et al. (2003) which includes a high-regmiut
future perspectives in Sect. 7. model of Vega. Because Vega has an extremelydsini, the
A-dwarfs selected for tellurics in our study (HD 219190 and
HD 33654) were also chosen to have very logini to ensure

the best match in profile shape. The Appendix of Hanson et al.
(2005) provides graphic evidence of why thsini match be-
The specific targets comprise a subsample of the northémeen model and star is so critical for very high signal-tise
(SpeX) and southern (ISAAC) objects of the large sample sfpectroscopic work like this.

In this paper, we intend to show that IR spectroscopy, ingart
ular in theL-band, is perfectly suited to investigdieth prob-
lems, due to the extreme sensitivity of,Rm mass-lossfeects.

2. The stellar sample, observations and data
reduction
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Table 1. Sample stars and observing data inltheand. “S” and “I” correspond to the IRTSpeX and VLTISAAC spectrograph, respectively,
where HD 37128 and HD 37468 have been observed with botlumsints.

spectral sp. type obs. integr. previous investigations

star type reference instr. date time Pv opt HK IR/radio
Cyg OB2 #7 O3 If MT91 S 10, 11 Sep 05 360s, 400s - 36 7 8
Cyg OB2 #8A 05.51(f) MT91 S 11 Sep 05 400s - 36 7 8
Cyg OB2 #8C O5 If MT91 S 10, 11 Sep 05 360s, 400s - 36 7 8
HD 30614 ¢ Cam) 09.51a w72 S 11 Sep 06 200s 1 45 7 8
HD 36861 @ Ori A)  O8 IlI((f)) w72 I 08 Jan 06 816s(3uMm ), 1224s(3.Am) | 1 4 - 8
HD 37128 € Ori) BO la WF90 | 08 Jan 06 102s(3i ), 204s(3.2m) - 2 7 -

S 11 Sep 05 80s
HD 37468 ¢ Ori) 095V CA71 | 08 Jan 06 306s(3ih ), 612s(3.2m); | - - 7 -

S 11 Sep 05 320s
HD 66811¢ Pup) 04 I(n)f W72 I 08 Jan 06 204s(am ), 408s(3.2m) 1 45 7 8
HD 76341 09 1b M98 I 08 Jan 06 826s(pm ), 1656s(3.Am) | - - - -
HD 217086 O7Vn W73 S 10, 11 Sep 05 420s, 400s 1 56 7 -

Spectral references: CA71, Conti & Alschuler (1971); M9&3dn et al. (1998); MT91, Massey & Thompson (1991); W72, \Mall§1972);
W73, Walborn (1973); WF90, Walborn & Fitzpatrick (1990).

Previous investigations refer to (1) the analysis of the 111828 doublet by Fullerton et al. (2006); (2) Kudritzki et al9@o, unblanketed
analysis); (3) Herrero et al. (2002); (4) the hhass-loss analysis by Markova et al. (2004) based on spelfameters calibrated to the results
from optical NLTE analyses by Repolust et al. (2004); (5) &legt et al. (2004); (6) Mokiem et al. (2005); (7) thiK-band analysis by
Repolust et al. (2005); and (8) the combined HR, mm and radio continuum analysis by Puls et al. (2006).

We were particularly lucky for this program as Vega wasoutines available from the IRAFsoftware package. The re-
observable at the start of the night during our run. We toakiction starts with a simple ESO provided configuration file
full advantage of this for the purpose of carefully confirgninto remove electrical ghosts (provided in the 'eclipse’ @ag).
the integrity of the high signal-to-noise telluric spedalezived From there reduction steps involved dark subtraction aline
from all the A-dwarf standard stars observed throughout titg corrections and flat fielding, all accomplished usingstsr
night compared against the theoretically-perfect tatlgpec- written in IRAF. ISAAC has ample slit length for multiple po-
trum determined from our direct Vega observations and ddrivsitions in the slit. However, we observed all of our targetd a
by the Vega models provided in the SpeXtool package. our telluric standards in the near exact same two positions i

While spectra were obtained throughout the full spectrtie slit, noted as position A and position B.
range of 0.8 to 5.4 microns with SpeX, we are presenting just The ISAAC instrument shows a pronounced curvature and
the two (most interesting) narrow spectral regions cedtate distortion with wavelength on the array. Perhaps more impor
Pf, and By, in Figure 1. tantly, the shape of this curvature is also a function of towsi

along the slit. Before extracting a 1-D spectrum from the 2-D
image, this needs to be corrected. ESO has provided samipts i
2.2. The VLT/ISAAC Sample of Stars the eclipse package that use the arc images taken throughout

We were granted one night, in visitor mode, on 8 January 208t Night to create a distortion correction that can be affb

on VLT1 (Antu) with ISAAC (Moorwood et al. 1998). The the 2-D images. F.or typlcgl appllcatlons, this al!ows stars
weather was at times marginal, with highly variable seeirfg"ved anywhere in the slit, to line up properly in waveléngt
and sometimes cloud cover too dense to observe. To achigh@ce: However, these corrections will not be good enough fo
the highest resolution, again we had the slit set to 0.3"s THjUr observations. N , _
proved extremely challenging when the seeing dropped below This is the reason only two positions were used in the slit.
2.0". However, during that single night, we also experighae WO Positions are needed to remove the background in the 2-D
few extended moments of reasonable weather and seeing.B§9€s: The distortion in the 2-D images was corrected using
sticking to the brightest sources in our sample we were abi¢ ESO eclipse program for this purpose. But we were careful
to observe several stars withfBaiently high count rates, event® US€ a single solution applied to all 2-D images taken dur-

at 4.0%m, to achieve the high signal-to-noise needed for olffd the night, so there was no introduction of very small, but
analysis. differing wavelength solutions. Once the 2-D image was fully

For reduction, we closely adhered to the advise found RiOcessed and had been converted to a 1-D spectrum, the two

the ISAAC Data Reduction Guide 1.5 (Amico et al. 2002) ands |raF s distributed by the National Optical Astronomy Obser
updates found on the ESO ISAAC website. An all encompasgry, which is operated by the Association of UniversitiesResearch
ing reduction package is not available for the ISAAC instrun Astronomy (AURA) under cooperative agreement with théidtel
ment such as is available with SpeX. We used fits manipulatiStience Foundation.
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Fig. 1. VLT/ISAAC and IRTHSpeXL-band spectra for our sample stars in the two important nsgientered around fleft) and By, (right).
Note the HE3.703:m line which is present at later spectral types. Two objdd3 37468 and: Ori) have been observed by both instruments.
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slit positions, A and B, were never used together in process- SRR M e e -
ing again. Target star A slit positions were only processitid w
telluric star A slit position and the two slit positions, AdB,
were kept separate in processing in much the same way two L IRTF/SPEX
differing grating tilts would proceed separately. At our resolu L VLT/ISAAC
tion and signal-to-noise, subtle misalignment of gratiotys
tions in this wavelength regime, because of the numeroug, ve .
deep and narrow telluric features would create strong deatp x
nomena when 1-D spectra are divided from each other in later”
processing. 9
To remove telluric absorption, our strategy is one of boot- .~ ok
strapping all telluric observationsfeeach other (see Hansonet &
al. 2005) to come up with a consistent set of telluric-freecsp
tra. We started with a synthetic spectrum of the Earth’s atmo
sphere for the airmass covering our observations using AYRA
(Lord 1992). This model telluric spectrum was used to divide
out (remove) the telluric component in all of our telluric A-
stars to first order. We then fit the remaining hydrogen limes i
the A-stars. We also went through this exercise using skvera
of the OB-stars. While we did not derive the hydrogen profiles
of these OB stars in this manner, the relatively narrow width

of the QB hydrogen lines _allowed us to use their spectra ,r_,ﬁ)g_ 2. Comparison between IRTSpeX (solid) and VLISAAC
constrain the very broad wing component of the A-star and (@ashed)_-band spectra for the two objects (HD 37468 ar@ri) ob-

ensure a proper continuum for the hydrogen line fit in the Agrved in both runs. The VIISAAC spectra have been reduced to the
star. Then we returned to the original full A-star spectroen, resolution of the IRTFSpeX instrument. Note the excellent agreement
moved the fitted hydrogen lines for that star and created wibatween both datasets.

was the best estimate for the telluric features throughsihed-

tral range towards that star. In this way, the telluric speut the mass-loss ratéyl, the velocity fieldv(r) (defined byve.

vya§||nd|y|dually solved_lfﬁr numer%us ﬁ-stzr i'ght'.“n?sr;gh andp), the volume filling factor characterizing the clumping of
simiiarairmass range. 1hese can be checked against €& Qi e 1ar wind, and elemental abundances. FollowingeHill

and then averaged to reduce any possible errors introdace IMiller (1998, see also Pauldrach et al. 1994) we include

the hydrogen line fits from a single A-star. From this, a fin _rays characterizing the X-ray emissivity in the wind byotw

few tgllgncdspe%trt:; as a func_tlct)ntml‘l armass :jurlng th&glg ifferent shock temperatures, velocities and filling factors. W
was derived, and the appropriate tefluric Spectrum COUKEBE oo 1 Hillier & Miller (1998, 1999) for a detailed discues

moved from the OB target star. A rough, but independentcheréj{he code

. Given the large range of stellar parameters and the vari-
éty of luminosity classes covered by our O-star sample, the
location of thergress = 2/3 radius for these objects will vary
fom being placed in the deep hydrostatic layers (dwarfgpup
he upper layers where the wind takéb(supergiants). Noting

at not only the IR lines but also the IR continuum, through
ound-free and free-free processes, will hav@edént forma-

Norm

takes introduced in our method above.

The validity of the reduction procedure for each dataset
confirmed in Fig. 2, where a comparison between IfSpgeX
and VLT/ISAAC L-band spectra for the two objects (HD 3746
and e Ori) observed in both runs is presented. In Fig. 2 t

I\/Rl:}rlé/lg's:)? irsgterS%i?\?}lr?olt)ee?hnerg?;g/igrgighsf:izﬁg:ﬁ2r())ft Sn.depths as a function of vv.a}veleng.th, the role of the hydro
The excellentagreement between both datasets clearlpﬂsbpStauC ;tructure and the _trans_mon region between ph I
the diferent data reduction procedures employed for each rt?r?d wind becomes crucial to interpret the stellar spectra.

. . . " With this in mind, we computed CMFGEN models with a
Given the higher resolution of the VITBAAC data, we made photospheric structure modified following the approacmifro

use of these observations for our quantitative analysis. Santolaya-Rey et al. (199%) smoothly connected to a beta
velocity law. In our approach the Rosseland mean from the

3. IR diagnostics original formulation was replaced by the more appropriate

flux-weighted mean. Several comparisons using “exact"@hot

To model the infrared spectra of our sample of objects V%%heric structures fromLusty (Hubeny & Lanz 1995) showed

Egﬁkéglézﬁgggfgﬁvgg'Chhései?ru';?r:t'xteﬁeggng(_ji’ (;'gsélgxcellent agreement with our method. Likewise, model atoms
pNeEsp y were expanded and optimized to make use of the IR metal lines

oped by Hillier & Miller (1998). It solves the radiative trafer - . .
equation in the co-moving frame and in spherical geomeiry f%rlsmg from high lying levels.

the expanding atmospheres of early-type stars. The model isin this approach we compute the density from the hydrostatic
prescribed by the stellar radiuR,, the stellar luminosityl.., equation and the velocity from the continuity equation.
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Table 2. Stellar and wind parameters as adopdedved in the present analysi&y in kK, R, in R, all velocities in km s, M in 1076 M, /yr

and modified wind-momentum rat®,om = I\'/va(R*/R@)"f’, in cgs. The gravitational acceleration, ipgds the dfective one, i.e.notcorrected

for centrifugal forces. The volume filling factofy, corresponds to the parameter,Gh Eq. 1 and describes the maximum degree of clumping
reached in the stellar wind. However, since our analysiedas stratified clumping factors, the usual scalind/ok \/1‘_V does not or only
approximately apply in most cases. £Okm s) indicates the onset of clumping in the wind. The horizolited separates objects displaying
significant wind emission in H i.e., dense winds (see Sect. 4), from objects with a purerptisn H, profile, i.e., thin winds (Sect. 5).

star Sp-type M Teﬁ‘ |Og g R YHe Iog(L/L@) vsini Vmacro Vo M ﬁ fv CLZ Viurb IOQ Dmom

CygOB2#7 O3If -5.91' 451 3.75 147 0.13 5.91 95 65 3100 12 1.05 0.03 100 10 28.95
HD 66811 O4I(n)f -6.32 40.0 3.63 18.9 0.14 5.92 215 95 2250 21 090 0.03 180 10 29.11
CygOB2#8C O5If -5.61 37.4 3.61 14.3 0.10 5.56 175 90 2800 20 1.30 0.10 550 20 29.13

CygOB2#8A 05.5I1(ff -6.91 37.6 3.52 26.9 0.10 6.12 110 80 2700 3.4 110 0.01 500 10 29.48
HD 30614 095 1a -7.00 28.9 3.01 32.0 0.13 5.81 100 75 1550 050 1.60 0.01 25 175 4284

HD 37128 BO la -6.99 26.3 2.90 34.1 0.13 5.70 55 60 1820 0.46 160 0.03 30 15 28.49
HD 217086 O7Vn -450 36.8 3.83 856 0.1 5.08 350 80 2510 0.028 1.2 010 30 10 27.11
HD 36861 o8 1l((f)) -5.3¢ 345 3.70 13.5 0.11 5.37 45 80 2175 028 13 1.0 - 75 2815
HD 76341 09 1b -6.28 32.2 366 212 0.1 5.64 63 80 1520 0.065 12 1.0 - 75 27.46
HD 37468 095V -390 326 419 7.1 0.1 4.71 35 100 1500 0.0002 0.8 1.0 - 5 2470

1 Mokiem et al. (2005)? Repolust et al. (2004, Kudritzki et al. (1999)# from the calibration provided by Martins et al. (2005a).

To investigate the role of clumping, we follow the converfigure captions. In this paper we concentrate on the strong di
tional approach of microclumping and assuming a void intesgnostic potential provided by the infrar&d andL-bands to
clump matter. In this case, and as already outlined in Sect.determine mass-loss rates and trace wind clumping as an alte
the volume filling factor is just the inverse of the clumpingative to H,, the classical mass loss indicator. Thus, we defer
factor, f, = fc‘ll, and the clumping factor itself quantifies thea detailed full wavelength analysis and discussion of tiobse
overdensity of the clumps with respect to the averaged tiensjects to a forthcoming paper.

(p) = M/(4nr?v(r)). Moreover, the radial stratification of the  Table 2 displays the stellar parameters obtained for our

volume filling factor is described by the clumping law introsample, whereas a detailed comparison with results from pre

duced by Najarro et al. (2009): vious investigations is provided in Appendix A. We obtair un
f,(r) = CLy + (1 CLy) e‘glz 4+ (CLa—CLy) e_v%—L;m (1) certainties 0~1000 K for the &ective temperature of the ob-

jects (see Appendix A for a thorough discussion) while typi-
where Cl and CL, are volume filling factors and Gland Clg  cal errors of 0.1 dex are estimated for lpg-or objects with
are velocity terms defining locations in the stellar wind vehe dense wind, we estimate our mass-loss accuracy to be better
the clumping structure changes. £Ciets the maximum degreethan 25%, with the correspondirﬁg/f\?5 = const scaling for
of clumping reached in the stellar wind (provided£t CL;) the error on the clumping factor. For objects with thin winds
while CL, determines the velocity of the onset of clumpingwve consider 0.5 dex as a conservative error on the mass-loss
CL3 and CLy control the clumping structure in the outer windrate estimate (see Sect. 6.1).
From Eq.1 we note that as the wind velocity approacheso Projected rotational speedssini, have been derived via
that (/. — V(1)) < CLgs, clumping starts to migrate from Glto-  the Fourier-transform technique as developed by SiméaeD’
wards Cly. If CL4 is set to unity, the wind will be unclumped inet al. (2006) (based on the original method proposed by Gray
the outermost region. Such behavior was already suggegted 73, 1975), applied to weak metal lines (and partly-He
Nugis et al. (1998) and was utilized by Figer et al. (2002) anides) available in the spectra. The remaining discrepanci
Najarro et al. (2004) for the analysis of the WNL stars in thgetween synthetic and observed lifiegere “cured” by con-
Arches Cluster. Recently, Puls et al. (2006) have found a sigblving the spectra with an additional, radial-tangertialcro-
ilar behavior from H and IRmnyradio studies for OB stars turbulent velocity distribution (entrymacroin Table 2). The de-
with dense winds. Furthermore, our clumping parametoratirived values are of similar order as found in alternativeesw
seems to follow well the results from hydrodynamical caeul tigations (Ryans et al. 2002, Simén-Diaz et al. 2006, @®im”
tions by Runacres & Owocki (2002). From Eq. 1 we note th@liaz & Herrero 2007, Lefever et al. 2007, Markova & Puls
if the term including Cls and CLs is neglected or if Cb — 0,  2008), indicating highly supersonic speeds in photosplreri
we recover the law proposed by Hillier & Miller (1999). Foeth gions that would be diicult to explain. Recently, however,
present study (except fgiPup, see below), we have setfzl1, Aerts et al. (2009, see also Lucy 1976) interpreted suckaextr
i.e., the outer wind regions are assumed to be unclumped. broadening in terms afollectiveeffects from hundreds of non-
Observational constraints are set by thband spectra pre- radial gravity-mode oscillations, where the individual @im
sented above and UV, high-resolution optical atdand K-
band spectra collected by our group as well as by opticalk such discrepancies were already detected and described by
IR and radio continuum measurements from literganehival Rosenhald (1970), Conti & Ebbets (1977), Lennon et al. (1993
data. The individual sources are quoted in the correspgndifiowarth et al. (1997).
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1000 K). This is a very encouraging result since our tempera-
ture determination relies not only on theiAder equilibrium
(e.g., MOKO5, REPO5) but also on theyMliv/Nm equilibria.
Our results confirm the consistency between both criteréh an

1.04r Bry 1 Pfy

1.02
1101

1.00

098¢ ] 1051 the validity of the weak Helines as diagnostics in this high
098¢ temperature regime. Likewise, our Iggalue lies in between
] ] 100 the ones derived by MOK05 and REP05, while our unclumped
2 gzé 1 s mass-loss rates-(7.8 -106M,/yr) are roughly 30% lower.
T 51580 21617 216835 21750 3700 3927 3753 300 Ve attribute this discrepancy to our lower He abundance3(0.1
E vs 0.21 in MOKO05) and higheg (1.0 vs 0.8). Interestingly,
g L] ' our models favor a large clumping starting relatively cltse
E 1.10F the photosphere to providmnsistensimultaneous fits to the

UV8, optical and IR observations of this object (see Fig. 3).
However, such a strong clumping — via the correspondingiowe
mass-loss rate — tends to produce much too deep cores in the
optical H and He lines. For comparison, a less clumped model
(fv=0.4), better matching the optical lines, is also displayed i

‘ ‘ 088 ‘ ‘ Fig. 3. Note, however, that such a model leads to severe mis-
1000 4033 4067 4100 6500 6543  ess7  sszo Matches with thé-band and UV (not displayed here) spectra.
From Fig. 3 we see that in the case of strong windg &@rd

Pf, provide stronger response to clumping than.BPULO6

Fig. 3. Model fits to IR and H observations of Cyg OB2 #7 (solid, &S0 found a strong clumping in the inner wind of this object.
black). Two diferent models corresponding to clumping values ofheir average clumping factors lie between the ones we ob-
f,=0.03 (dashed, red) anij=0.4 (dashed-dotted, blue) are displaye&@in in our IR and optical analysis. We would like to stresstth
(see text). The K spectrum was obtained with ISIS at the Williamwhile the optical and IR spectra of Cyg OB2 #7 provide strong
Herschel Telescope on La Palma (kindly provided by A. Helxer  constraints on CLand CLy, the UV spectra and submillimeter
and radio observations constitute crucial diagnosticsetere

) . . . mine Cly and Clg. Indeed, our UV and submillimeter data
tudes remain sub-soni€.They pointed out that the rOtat'onal(Najarro et al. 2008) support the presence of constant clump
velocity could be seriously underestimated whenever tie "ing, at least up to mid-outer wind regions where the millime-
profiles are fitted assuming a macroturbulent velocity “athf”er continua of Cyg OB2 #7 are formed. However, radio obser-
than an appropriate expression for the pulsational ves;ior  a4iong hy PULOG show that clumping may start to vanish at
if @ Fourier technique is applied to infer the rotationab@y.  yhe outermost regions of the stellar wind (note that radio-co
If this were true, our values farsini (and also those from the 4 form at much larger radii). The expected emission of ou
quoted investigations) would provide only lower limits.rf0e 45 with constant clumping severely overestimate tipenp
present investigation, however, this is of minor conceim:es i its provided by the observations by PULO6 of Cyg OB2 #7.

our main interest is to obtain a correshapeof the profiles  rpis yemonstrates the need of multiwavelength obsenton
(irrespective of the responsible process), to enable mgéari .o «irain the run of the clumping structure
fiits. '

1.05¢

1.00

0.95¢

0.90

Wavelength

¢ Puppis. Our derived main stellar parameters agree fairly

4. Objects with dense winds, constraints on the well with those presented by REP04 and REP05. We find,

clumping factor however, a slightly lower He abundance and a much higher

Lbry 50%) “unclumped” mass-loss rate. We attribute this dis-
crepancy inM to our clumping parametrization for this object.

vious studies carried out at optical (Repolust et al. 20@4e-h ESven the large number of spectroscopic and continuum con-

after REP04; Mokiem et al. 2005, MOKO05) and near—infrarersc}ralnts at nearly all Wavc_alengths avgllgble foPup, we per-
ormed a detailed clumping study aiming to constrain as ac-

wavelengths (Repolust et al. 2005, REPOS) as well as the Cocrnfately as possible the run of the clumping factor througho

bined H,/IR/mmyradio anglyss by Puls eF al. (2006, hereafteihe wind and compare it with recent results from PULO6. Thus,
PULOG6). For further details, see Appendix A. . .
we made use of all the clumping parameters presented in Eq.1
and obtained C{=0.03, CL,=180., Cl3=600 and Cl;=0.17
CygOB2 #7. Our derived main stellar parameters foas a best fit (see Fig. 18). With this parametrization, maxi-
Cyg OB2 #7 (see Table 2) agree very well with those obtainesim clumping €,=0.03) is reached only in a very narrow,
from optical (MOKO5) andH and K-band (REP05) analy- AR ~ 0.1R,, region around+1.5R.. Thus, the classicall/
ses with respect to thetective temperatures (within less than:= const scaling for constant clumping does not hold and causes

In this section we discuss our results for the objects of o
sample displaying dense winds, and compare them with p

7 First observational evidence in support of this scenarmlbdeen & remember our caveat regarding the impact of macroclumping o
provided by Simbn-Diaz et al. (2010). UV resonance lines, as stated in Sect. 1.
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Fig. 4. Model fits (dashed) to IR and optical observationg’ dup (solid). Optical data were retrieved from the ESO amhprogramme
266.D-5655(A)

the above discrepancy regarding unclumpedalues. Our best and Pf to clumping (see Fig. 4) and the enormous potential of
model (see Fig.4) is able to reproduce satisfactorily ndy onR spectroscopy to constrain the structure of stellar winds
theL- andK-band spectra but also the optical lines and the full

UV to radio energy distribution of the object. We stress the a

most perfect fit reached for H That quality of fit can only be Cyg OB2 #8C. The derived stellar parametersfdr consider-

achieved for models with stratified clumping as otherwise ﬂ%lbly from those obtained by MOKO5. Our temperature is more
observed absorption and emission components cannot ki fitje. '\ 1600 k 1ower while our gravity lies only 0.12 dex be-

simultaneously (see also PULOB). We note, however, thaesiny,, \ve are confident in our temperature determination since
we aimed at a compromise solution, our model is unable o i ji.,ssed above, we make use of both helium and nitrogen
the blue wing of By. Thus, while a dterent clumping would i ation equilibria (see Fig.5). In fact, our model regices
yield a petter fit to B,r it would also worsen significantly thesatisfactorily the optical and IR spectra of this object. s\ig-
model fits to other lines. gest that the discrepancy is closely related to the lowgini
derived by MOKO5 ysini=145km s'vs. our 175km s'+

In their analysis of the clumping structure of O-star wind90 km s*macroturbulence) and the strong reaction of 41
PULO6 pointed out that the derived clumping valuesf&tup in this parameter domain. Thefi#irence in derivedsini val-
are strongly dependent on the assumptions regarding thef runes can be attributed to the fact that our spectra are of highe
the He ionization. Interestingly, their maximum clumpiregf quality than those used by MOKO05. We stress that our best
tors (~5 for Ham recombining at ¥0.86v..and~11 for awind compromise solution underestimates the emission core,of Pf
with completely ionized He, when assuming an unclumped
outer wind) are reached in the same wind region (i.e. around Compared to the other strong wind objects discussed in
r=1.5R,) as in our models. When scaled to a similar outehis section, this object requires a lesser degree of clngapi
clumping factor as derived in this work, the agreement isieveurther, our models imply an onset of clumping which is lo-
more striking (see Fig. 18). Thus, both studies reach theesaoated at larger velocities than for the rest of our supetgian
conclusions concerning the run of the clumping factor. As f®UL06 also derived a low degree of clumping. However, a de-
Cyg OB2 #7, our investigation shows the high sensitivity of B tailed comparison with their results is not possible as teal-
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ysis of this object remained rather unconstrained due ttattie
of sufficient flux measurements.
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Fig. 8. Model fits to IR and H observations ot Ori (solid, black).

Two different models corresponding to no clumping (dashed, red) and
a clumping valuef,=0.03 (dashed-dotted, blue) are displayed (see
text). The H, profile was kindly provided by N. Przybilla.

report this object to be a O6t O5.5lIl binary system. This
can be clearly inferred from the absolute magnitude of the
system displayed in Table2. In fact, no single best fit could
be obtained to fit simultaneously the optical and IR observa-
tions of Cyg OB2 #8A (see Fig.6). Our preferred model, which
reproduces better the IR spectra, is characterized by gstron
clumping (f,=0.01) that leads, as in the aforementioned case
of Cyg OB2 #7, to somewhat too strong absorption cores in the
optical hydrogen lines. We note that the inclusion of clumgpi
nicely removes the discrepancy in,Bound by REPO05. On the
other hand, a model witli,=0.1 tuned to optimize the optical
(see Fig.6) severely underestimates the emission comgginen
the IR lines. The analysis of PULO6 was hindered by the non-
thermal nature of Cyg OB2 #8A's radio emission. Nevertrgles
their combined | + IR photometry analysis yields a wind
structure which is significantly less clumped than inferired
this paper. Both results could be only reconciled if the pute
wind would be strongly clumped.

a Cam. We find excellent agreement with the stellar parame-
ters derived by REPO5. A very high degree of clumping, start-
ing very close to the photosphere, is required to matghIRf
fact, this line turns into the most sensitive clumping diasfic

at the base of the wind in O supergiants. Our result agreds qua
itatively with PULO6’s conclusions on the run of the clumgin
factor. They found a moderate degree of clumping in the inner
and mid wind regions. Figure 7 shows that our model can re-

Cy'g OB2 #8A. Unlike fpr the case of Cyg OB2 #SC'_ our analy roduce satisfactorily the IR and optical spectra of HD 3061
ysis of Cyg OB2 #8A yields excellent agreement with the stel-

lar parameters obtained by MOKO5. de Becker et al. (2004)
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Fig. 7. Model fits (dashed) to IR and optical observations@am (solid). Optical data are from the Indo-U.S. Library @u@é Feed Stellar
Spectra (Valdes et al. 2004).

€ Ori. Several spectroscopic studiessd@ri usingcmrcen (e.g.  no firm determination of this parameter could be assessed. Ou
Searle et al. 2008) andsrwino (REPO5), yielding similar pa- L-band data (see Fig. 9) clearly show how, Ronstitutes a
rameters, have recently appeared in the literature. WHélet-  much more powerfuM diagnostic for low density winds than
rGeN Study made use of UV and optical data, taerwino one  the previously used Hand B, lines. Our UV through IR study
used infrared spectroscopic observations alone. Integhgt yields a less clumped wind than for the case of the supegiant
REPO5 could derive only an upper limit on thiieetive tem- Without the UV we could not have broken tié- clumping
perature due to the absence oftHR diagnostic lines. Our re- degeneracy though.

sults, arising from a full UV to IR investigation and dispéa/

in Table2, revise down theffiective temperature by roughly : : . . i

1000 K. A striking result revealed by Fig.8 is the requiremeHD%%l' This object displays the strongest wind within our

of strong clumping to match the IR spectra. Figure 8 demo%@mple of stars with low density winds, as to be expected from

X . its O8 I1((f)) spectral type classification. Our derivefiiextive
strates the failure of an unclumpef} & 1) wind to reproduce :
. . temperature is hotter than the one adopted by PUL06 (based on
thelL-band lines. As for most of the previous stars, such stro

clumping leads to overestimated HI anditiege cores. In the ﬂge calibrations used by Markova et al. 2004). Interesfingd

case ofe Ori, however, this mismatch could be also due to ﬂ]%umpmg_ IS req“'fed by our mOd?'S to match the IR and_opt|ca|
A . - . Ines. This result is consistent with one of the two possiiole
intrinsic line profile variability, as the IR and optical @brsa-

tions where taken at fierent epochs. lutions found by PULO6. Figure. 10 (upper two panels) shpws
the excellent agreement of our models with the observations

Exceptions are two of the optical Hsinglets (related to the

5. Objects with thin winds so-called singlet problem, Najarro et al. 2006) and the Hie-co
ponents of the IR H lines. Our models (see Fig. 10, upper left)

HD 217086. Our derived stellar parameters for this fast rotatang to show the Heeomponents in emissichSince this dis-
ing dwarf are in excellent agreement with those obtained by

REF04 ar?d REPO5 b}’ means of OPtica| and IR S_pe_CtrOSCODY- As a guideline, we plot as well the line profiles for,Band Pf
While their IR analysis could provide an upper limit to theomputed without Hecomponents (dashed-dotted) and with no He at
mass-loss rate being a factor of two lower than the optical orll (long dashed).
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Fig. 9. Model fits (dashed) to IR and Hobservations of HD 217086 Fig.11. Model fits (dashed) to IR and Hobservations of HD 37468
(solid). H, observations as in Fig.3. (solid). The H, profile was obtained with IDS at the INT Telescope on
La Palma (kindly provided by S. Simbn-Diaz).

crepancy appears only in objects with low density winds wher

the Ha hydrogenic components form at higher densities, weecome substantially amplified (in contrast to the situmaiio
suggest that realistic broadening functions should beldped the UV and optical). This can be immediately seen from the
and used to replace the assumed pure Doppler profiles.  line source-function in the Rayleigh-Jeans limit,

SL/B, ~ (1+6/(hv/kT))™Y,  6=b/b,-1 2
HD 76341. As for HD 36861, no clumping is required to re- g ( ( ) . @)

produce optical and IR (also UV, not shown here) spectra whereb, andb, are the NLTE departure cfiigients for the

HD 76341 (Figure 10, lower two panels). Again we note tHewer and upper level, respectively. For temperatures &30

problem with the Hecomponents in By, but also the enor- the value ofhv/kT is 0.24 at By and 0.11 at By. Thus, un-

mous potential of this line to determine mass-loss rateim thder typical thin-wind conditions (where in the line formirgy

winds when H struggles to react to changesivh gion the lower level becomes underpopulated compared to the
upper one, see below) the line source-function can easily ex

HD 37468. This is the object with the thinnest wind in ouﬁseeol the qontinuum, orcan become even “negative”, i.e.; dom
ated by induced emission. E.g., for the caséglb, = 0.95,

sample. Our analysis has made use of available UV and .
/B, ~ 1.83 at By, whereas for a ratio of 0.9 already a value

tical spectra as well. Once more, no clumping is required a S B ~11i ¢ and| ) tsin at 10 0f 0.89
we obtainM= 2 -10-1°M,/yr as our current best estimate (se& L/By ~h IS preserll » and a_serm%_se SI n la a rg '0?] e
Fig. 11). The need of correct broadening functions for the He From these examples, it is immediately clear that the syn-

lines is again evident in the Brcomplex. Even though ouvl thgsized profile, parti_cularly Brreacts very sepsitively to this
determination appears perfect, we stress that in this egim ati0, Where the majorfect regards the height of the nar-
extremely low mass-loss rates the resulting syntheticyo- row emission peak that we will use to constrain the mass-loss

file can be very sensitive to the data set used for the hydrod@}f: Thus, we mustalso check the influence of uncertaimties
collisional bound-bound processes (see below). atomic data and atmospheric parameters that can influeisce th

In the following, we will discuss the formation of the spe-ratlo ar_ld m|g_ht weaken our conclusmr_ws. )
cific shape of the Br profile in these very thin winds in con- To investigate the general formation mechanism and the
siderable detail. above problems, we have calculated a large number of mod-

els exploring the sensitivity of Bron various &ects, and will
_ _ . comment on those in the following, by means of our model of
5.1. Theoretical considerations HD 37468 with atmospheric parameters as outlined in Table 2.

As has been extensively discussed by Mihalas (1978),

Kudritzki (1979), Najarro et al. (1998), Przybilla & ButlerGeneral behavior. In Fig. 12, we compare the reaction of H
(2004) and Lenorzer et al. (2004), the low valuehofkT in  Br,, Br,, and P§ on diferent mass-loss rates, varied within
the IR leads to the fact that even small departures from LT¥ = 510710 (solid black) and 10" My/yr (long-dashed,
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Fig.12. H,, Br,, Br,, and Pj profiles for our model of HD 37468 andftiérent mass-loss rates (see text).

blue). Whereas a clear reaction of i found only forM > plays no role, the decisive processes are recombinatiocasd
510 M,/yr, Br, remains sensitive at even the lowermost vatading, as in nebulae. Because the decay chanreB4s very
ues. For increasing mass-loss, the height of the emissiak pefficient in this process, level 4 becomes stronger depopulated
in Br, decreaseswhereas the wings (in absorption for lowesthan level 5, and the core of Bgoes into emission.
M) become more and more refilled, going into emission around Since their findings refer to flerent conditions {eg =
10~ M /yr. From Fig. 12 we note that also the,Bmd Pf line 15,000 K), and since it is important to understand the depen-
profiles are more sensitive than, lih the thin wind regime as dence of the depopulation on the precision of the involvesd pr
their wings typically require a factor of 5 lowéd to start dis- cesses, we investigated the process in more detail. Asnigdur
playing reactions to mass-loss. out that line-blockingpblanketing &ects have a minor influ-
The refilling of the wings with increasing mass-loss cafince on the principal results for hydrogen (only the absolut
be explained by the increasing influence of the bound-frele dfak height of By is affected, but not its systematic behav-
free-free continuum (i.e., the typical continuum excesstal- [0r), we used a pure hydrogémlium model (with parame-
lar winds becomes visible) as well as a certain “conventiond€rs as derived for HD 37468, but with a very weak wilv:
wind emission. However, at line center the line processes al 1072 Mo/yr) for this purpose, in order to allow for a mul-
ways dominate and the peak height depends on the locationt{i#de of calculations. The results of our investigatioe eis-
7) where the wind sets in. This is shown in Fig. 13 which ré2/ayed in Fig. 14. In the optically thin part of the photosghe
lates the strength of the Bisource function at each point of(10°* < Tross < 10°9), all departures remain roughly constant,

the atmosphere with the gradient of velocity field and revea¥n€re the ground-state (dashed-dotted) is overpopulated b
whether the photosphere, transition region or wind correl factor of 10, the 2nd level (solid) is roughly at LTE and, iede

resulting By, line profile. b, (dashed) is smaller thaw (dotted). In contrast, the ground-
state is strongly overpopulated in the wind (? for constant
temperature, see below), whereas the excited levels are ove
Depopulation of the n = 4 level in the outer photosphere.  populated by factors between 10 and 5, with fiedlent order
As outlined in the introduction, already Auer & Mihalas (896 than in the photosphere, i.&5 < bs < b,.
found in one of their first NLTE-models a stronger depopula- Inthe following, we will investigate the influence of var®u
tion of n = 4, compared ton = 5. They argued as follows: effects that determine this pattern, by solving the NLTE rate
Whenever the density becomes so low that collisional cagpliequations and omitting certain rates, but using a fixed tiadia



F. Najarro, M.M. Hanson & J. Pul&:-band spectroscopy of Galactic OB-stars 15

-5 -6 -7 -8 -5 -6 -7 -8 -5 -6 -7 -8

T T T T T T T T T
1.4 ~— |
[complete 2 3 4 5 6 ]
1.2 T =
o 12 r ]
€ e o= i L R
8 & r ]
Q Q2 r T
5 8 pglt oo e
o [ L1 | === = 4
<4 < [ ]
2 5+ o ]
g 06 - ]
g gk B
3 3 i
0.4 —
0.2 -
1 1 1 1 i 1 1 ool 1 1 L 1 L 1 ]

10° 10° 1072 107 107° 1078 107"° 107" -5 -6 -7 -8 -5 -6 -7 -8 -5 -6 -7 -8

tau_Ross log tau_Ross

Fig. 14. Underpopulation of the hydrogen= 4 level (compared ta = 5) in the outer photospheres of late-type O-dwarfs with ¥hity winds
(pure HHe model atmosphere).

L eft: Departure coéicients forn = 1,2,4,5 (dashed-dotted, solid, dotted, dashed), accountinglfgrocesses (radiative and collisional).
Overplotted are the corresponding departurdiomients (red, blue, green, magenta) as resulting from a Nbllisn discarding the collisional
processes. Note the underpopulatiomef 4 compared tom = 5 in the outer photosphere (responsible for the line corassom in By,), which

is no longer present in the wind.

Right: Departure cofficients ofn = 2,4,5 (solid, dotted, dashed) in the outermost photospheregggponding to the region embraced by
dotted lines on the left), as resulting from tbempleteNLTE solution and various approximations, the latter athout collisions:2: nebula
approximation (Case AB: as2, but including excitatiofinduced deexcitation from resonance lines (roughly Case&:Bis 3, but including
ionization from excited state&: as 4, but including excitatiofdeexcitation from all lines with lower level < 3; 6. as4, but including
excitatiorideexcitation from all lines with lower level < 5 (see text).

““““““““““““““““““““““““ are dfected by collisions, but particularly for level 4 and 5 a
difference is visible until logress= —5, where these levels re-
main thermalized until logress = —2. Since the major part of
the line core forming region of Bris just in the range between
102 < Tress < 1074, we have to conclude that collision®

- N play a certain role in the formation of Brand will return to
this point later on.

A

S_Line/Bnue(Te)

Before doing so, however, we try to understand the depop-
ulating processes in the outer photosphere (opposed tothe ¢
ditions in the wind) by concentrating on that part which i$ no

i
\

N T

NS
3

ﬂ%wwwmg i AVe 5 affected by collisions, in order to gain insight into the dontina
R S +, #oi y ¢

2 ? {
1 %“‘4%31’*&* ing mechanism. To this end, we display the results of various
0 Jt‘*‘*}f‘x\ I ™ approximations on the right of Fig. 14, by considering the ou
“““ e A e s vt e e e ermost photosphere (indicated by dotted lines on the leiepa

Log tau_Ross

The first approximation“@” ) follows the suggestion by
Fig. 13. Line source function of Br(in units of the local Planck func- Auer & Mihalas (1969), i.e., we solved the rate-equations fo
tion) and velocity gradient (vertically scaled) as a fuotofrress for @ Case A nebula approximation, i.e., allowed for grountesta
the sameM-sequence as in Fig. 12. Note that the transition region b@nization, spontaneous decays and radiative recombimati
tween photosphere and wind moves towards lowgsfor decreasing  into the excited levels. In this case, we derive departuiigs w
M, i.e., the model with the lowest mass-loss is located atiffé of 1 > bs > by > by (i.e., level 4 is more strongly depopu-
the figure. lated than level 5), but far away from tleempletesolution.
Moreover, the ground-state (not displayed) is roughly ens
field (which is legitimate at least in the optically thin pafthe €Nt with the exact solution, whereas the departures ofxhe e
atmosphere). cited levels in the wind daotdiffer from the conditions in the
At first, we checked the influence of the collisional rateQUter photosphere.
by leaving them out everywhere. The result of this simula- In simulation3, we switched on the resonance lines, by
tion is displayed on the left of Fig. 14. Obviously, belowncluding the corresponding excitation and induced ddaxci
logTross = —5 collisions do not play any role, since the depation rates (roughly corresponding to Case B nebula condijio
ture codficients with (in black) and without (in color) collisionsimmediately, all departurés the windobtain values very close
are identical. In the lower photosphere, of course all depas to the complete model (i.ebp > by > bs > 1), whereas in the



16 F. Najarro, M.M. Hanson & J. Pulk:band spectroscopy of Galactic OB-stars

outer photosphere the “correct” order is achievied* bs > 125 " " T T
. Bra Pf-
bs), though at a much too high level. 1.20f ] Y
.. . . . . . —_ Vi=7.5Mod/7.5Prof 1.00
This is cured by simulatiod, where ionization from the ex- 1_15»;—x:z:azuzéf:%zzcz:/ -

cited states is switched on. By this process, all levels epeg-

ulated again, and the corresponding solution looks veigedio

the exact one. (The departures in the wind remairffected,

since these rates amémostunimportant because of the strongly £ 1.0of N / \

diluted radiation field). A N 1 oot
One might conclude now that the remaining missing rates,, ,, ‘ ‘ ‘ ‘

(excitatiorideexcitation between excited levels) are negligible. 40475~ 40498 40522 40545 3730 3.736 3742 3.748

Unfortunately, this is not the case, at least if one is ird@ in Wavelength um

.the pr?CIS.e ratio ats/ b, Wh_ICh is of r_n_ajor importance I_n our Fig. 16. Influence of diferent microturbulent velocities on B(left)

investigation. Though the line transitions between thetedc _ 4 Pf (right). See text.

states are optically thin, the mean line intensity is stilige

enough to be of influence. This becomes clear by comparing

simulation5 with 6. In the former, we have included the excito LTE than expected from considering the radiative proeess

tatiorydeexcitation from all lines with lower levei < 3 (i.e., (for given radiation field) alone. From comparing the depar-

level 4 and 5 are onlyfected by line transitions in terms of resture coéficients calculated with and without collisional rates,

onance lines and spontaneous decay), with ffecethat now one might predict that a decrease of the collisional stiesgt

bs 2 bs, i.e., the emission core of Bwould disappear. Only if complete models will increase the strengths of the absorgti

all bound-bound processes for lines with at least a lowesllewings (since, aroundgoss = 1072, by ~ bs ~ 1 compared to

of n < 5 are included (simulatioB), the “exact result” is re- bs > bs > 1 with and without collisions, respectively), whereas

covered (i.e., higher levels contribute indeed almost dnly the influence on the emission igfitult to estimate. In Fig. 15,
spontaneous decay). we display the result of three calculations usinffetent sets

In summary, even in the outermost photosphere the act@hfollision strengths and its impact on thg &ihd By, profiles.
value ofbs/by is controlled by (almost) all radiative processes OUr updatedmrcen “standard” model utilizes the hydro-
(with additional collisional contributions in the lower pto- 9€n collision strengths from Mihalas et al. (1975) (MHA),
sphere), and thus depends on a precise description of the pich are compared to our previous data set from GlovanarQ| e
tinuum and line radiation field and to a lesser extent on tRé (1987) (GNP) and recent collision strengths from Pritgbi
correct run of the temperature stratification (entering riae & Butler (2004} (PB). The diference between these data sets

combination coflicients). Interestingly, however, we have alst$ Significant, particularly for transitions with intermetei, j
seen that in almost all of our simulations level 4 is more und&Uch as Br. Our “standard” MHA collision strengths lie in be-
populated than level 5, independent of the various prosesi¥een the GNP and PB data sets, the latter being typically a
considered. In Appendix B we will show that at least this prirfactor of five smaller than the GNP implementation. However,
cipal behavior can be regarded as the consequence of aItyp%% reaction of the departure d¢heients seems to be small. The

nebula-like situation, namely as due to the competitiowben only” difference is a weak increaselfin the lower part of
recombination and downwards transitions. the line-forming region (as predicted above) and a weak de-

In the wind, on the other hand, a Case B like nebulaappro%{—e""Se oty in the outer one, i.e., the NLTEffects become

imation is able to explain the run of all hydrogen occupatioI criased evgrywhere. d(Zt?]nseqL_Jer)tly, thelflﬁ'sc;]rpnonhvmhgs.
numbers alone. As it will be shown in the appendix, the act fo ECOME dEEPEr and the emission-peax gher, when using

conditions in theouterwind depend strongly on whether Iine-t € data set with reduced collision strengths (PB) by Piteybi

blocking-blanketingis considered or not. In all cases, howevt , I i ind ture dbeient i |
the abrupt decrease of the ,Bsource function in the transition € slr_?ad erer;jc_es Itn I(Eeparzurg e'fr? S ar:e (non—_lneazl_y)_
region between photosphere and wind is triggered by theton@a P'"ed according 1o £q. 2. since the changes in collision

of dilution and the Doppler{€ect shifting the (resonance-)linesStrengths fiect both the peak of the line core and the absorp-

into the neighboring continuum, thugectively pumping the thn wings of B, they cannot .b.e mapped dlrect!y OMDVE.‘”' .
excited levels. ations, as the latter only modifies the line core in the thindwi

case. Such changes may rather be accomplished by slightly
modifying the gravity of the star.

'malized Flux
o
a
T

Butler (2004)! (Fig. 15, right panel, dotted profile), where

5.2. Influence of various parameters

Microturbulence. One of the basic “unknowns” in the cal-
culation of synthetic profiles based on model atmospheres is
he microturbulent velocitwy, (e.9., Smith & Howarth 1998,

Collision strengths. As already outlined, collisiondo play a
role in the formation of the emission peak of ,Band, even
more, in the line wings. In particular, these are the collf
sional ionizatiofrecombination processes for> 3 and the 10 paseq on ab-initio calculations by Keith Butler

collisional excitatioydeexcitation processes within transitions:t Note that a similar investigation performed by these awsthor
i & ji>3j2i+1, (strongestforj =i+ 1) which keep gave diferent results, due to numerical problems (N. Przybillay. pri
the occupation numbers for levels3 and higher in of close comm.).
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Fig. 15. Influence of diterent collision strengths on the populatiomof 4/5 (left) and the corresponding Bprofile (right). For comparison,
we also display the changes in Hsee text.

Villamariz & Herrero 2000, Repolust et al. 2004, Hunter et al
2007). Though itis possible to obtain a “compromise” estama
for this quantity from a simultaneous fit to a multitude ofeli-
ent lines, it is well known that dfierent lines indicate tlierent
values, pointing to a dependence on atmospheric height. As ao.95
rule of thumb, in the parameter range considered here a value
of viurn 0N the order of 10 km¢ seems to be consistent with ><
a variety of investigations. Fig. 16 compares the influenice ®
this quantity on the synthetic Brprofile, again by means of s s 0.94 t t
our mOde| Of HD 37468, and a typlcal maSS-'OSS rate. ThOUghwﬁ 2.1590 2.1633 2.1677 2.1720 3.720 3.732 3.743 3.755
small impact is visible in the blue wing (due to the reactién 08
the Ha component), the majoifiect concerns the height of the 5
emission peak, which increases for increasipg (varied be-
tween 7.5 and 17.5 kntY). By comparing with Fig. 12, we see
that for (very) thin winds (with the line wings well in abserp
tion), an uncertainty vy, of +5 km st (which is a typical
value) can easily induce uncertainties of a factor of twchim t
deducedV. We note, however, that unlikie! which changes
“only” the height of the emission peak (see Fig. 12), microtu
bulence modifies both its height and width (see Fig. 16-I&ft)
similar gfect as for Bg but with lower amplitude is found for

F_)fv (_see_Flg. 16-r|ght_).Th_ergfore, provided the SF)ecuallnesoFig. 17. Influence ofB in thin wind objects (here: our model of
tion is high enough, in principle one could separate iects 5 76341). Three combinations gfand M which keep the H core
of M and microturbulence and reduce the uncertainty in thethe same depth. Thefiiirent sensitivity of the cores of Band Pf
final M estimate. to B breaks the well-knowiM-3 degeneracy. See text.

Most importantly, micro-turbulencefects level & 4 (sim-

ilar to the influence of the collisional strengths): The kgh

the turbulence, the sooner and the mdfedive this level be-

comes depopulated, increasing the line source-functibas;T

it is important to adap¥, already in the atmospheric modeformed in the wind. For winds with a somewhat higher density

(— changes in the occupation numbers), and not only in tkes HD 76341) where the line core of ldIready reacts, the sit-

formal integral, as it is often done with respect to metdities uation is somewhat fierent. Figure 17 shows corresponding

and He. L-Band hydrogen lines together with,Hwhere boths andM
have been modified in opposite directions to keep thedte at
the same depth. (For this model, such a combination preserve

B-law. Here we concentrate on théfects of the steepness ofthe Br, core as well). Interestingly, however, the cores of Br

the wind velocity law (expressed in terms@)fon the line pro- and Pf still react strongly, showing that these lines, together

files from thin wind objects. At first, for very thinweak) with H, andor Br,, can be confidently used to constrain both

winds such as the one from HD 37468, there is almost no feandM in objects with (not too) thin winds and to break the

action at all, since the profile, particularly the line casenot classicalM-g degeneracy.

i
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Transition Velocity. A variation of the transition velocity such features alone) have, if at all, only a mild impact in a
(which defines the transition from photosphere to wind) & thmulti-wavelength study as performed here.

thin/weak wind case shows only minoffects (not displayed e specific problem within our analysis which cannot be
here) in the emission core of Biprovided such transition takesneglected is the problem with the cores of the optical hyerog
places at reasonable velocities (roughly between 0.05.5. Q4 Hel lines, encountered for Cyg OB2 #7 and #8A as well
Vsound- FOr the rest of the diagnostic lines considered here, We ¢4, cam (but see our corresponding comment in Sect. 4).
find no efect at all. If the transition is moved deeper into thjefly repeated, the problem reflects the fact that within ou
photosphere, i.e., below 0.05d¢nd the B, core starts to dis- 5na)ysis we were not able to obtain a simultaneous fit for both
play a moderate sensitivity. the cores of these photospheric features and the IR-limesei

~ Finally, we investigated how Brand Pf respond to clump- i, the loweymid wind. For a perfect fit of the IR features, a low
ing in the thin wind regime. Similarly to the dependence @ thy; i, parallel with a quite large clumping factor (€l 0.01)
transition velocity, we found nofkects, unless severe clumpingg needed, whereas a fit of the photospheric line cores ejuir
is already present at the base of the photosphere, in wheh ¢ |argerM accompanied with moderate clumping (Ck 0.1).
minor efects start to appear in the core of,Br Further tests are certainly necessary to clarify this olfi.e.,

the shape of the assumed clumping law might still not be opti-
mum). In the meanwhile we suggest that the mass-loss rates of
the problematic objects should be considered as a lowet, limi
6.1. On the reliability of the derived mass-loss rates. and might need to be increased in future work.

6. Discussion

Since the number d¥l determinations for OB-stars has signif-

icantly increased during the last decade, and largefgriitg Thin and weak winds. As has been outlined in Sect. 1, the
values even for the same objects can be found in the literatuast majority of mass-loss determinations for weak wind$ an
it might be necessary to comment on the reliability of theadajveak-wind candidates has been performed by analyzing UV
provided here. Actually, the major origin offtérences in the resonance lines, since,h no longer usable at loM, and the
mass-loss rates bases offiglient assumptions regarding theR has not been invoked until now.

clumping properties of the wind. These range from unclumped
media over microclumping (constant or stratified, witifet-
ent prescriptions on the clumping-law) to the inclusion o t

A crucial point regarding the reliability of UVM-
determinations for weak-winded stars has been already pro-
) 4 vided by Puls et al. (2008, see their Fig. 20). They calcdlate
effects from macrocIL_Jmpmg ar_1d vo_rosny. . , the diagnostic UV and Hprofiles for a set of thin and weak
I_:rom the comparison prowd_ed In APpe”d_'X A it becom‘%ﬁind models where the mass-loss rate was varied by almost two
obvious that in most cases thasicquantity Wh'Ch can b-e de- orders of magnitude whilst the X-ray luminosity was inceshs
duced from the observations, namely the optical depth iamar in parallel to keep the ionization structure and thus the idgd

Qs rather_ consisztent within a V"?‘”eW Of. studigs, at Iegmm at the observed level. The changes imposed on the windalid
concentrating op°-dependent diagnostics. Diagnostics relyr'each the photospheric levels, and thus the UV iron foresbt di

ing mostly on UV resonance lines are more stronglyeted, not change. Most alarming, however, is their finding tha¢ess

as can be seen, e.g., from théeliences in the correspondingliaII . : ;
. y all profiles could be equally well reproduced winy M
QresValue derived here and by Fullerton et al. (2006), who Stugémbined with an appropriate X-ray luminosity,. Thus, no

led the R resonance line alone. Reqsons for SUCh. discrgparﬁ?éfependent UV mass-loss determination is feasible utiess
are .('.) t_he mfluer_lce of X_—raylEUV emission on the_ lonization X-ray properties of the star are accurately known.
equilibrium, particularly in the mid and outer wind (see be- ) _ _ )
low), and (ii) the strong impact of macroclumpijfgrosity on This problem, _o_f course, |s_also present_m our_ar_1aly5|s. But
the formation of resonance lines (Sundqvist et al. 20101201€re, we have utilized the Biline as the primaryM indica-
and references therein). tor, due to its high sensitivity oM, being formed in the upper
In this work, we have derived the stellar and wind pep_hotosph_ere for Wegk vyinded stars. A similar in_vestigatibn
rameters from a consistent, multi-wavelength analysiepal e SameM-Lx combinations as for the UV, but using Biead
ing for a rather general clumping law. Since we obtained 4R VEry pPromising result (see Puls et al. 2008, their Fig: 22)
most perfect simulations of the observed energy distimstj " the case of very lowM, i.e., a deep-seated line formation
from the UV to the IR (and sometimes even the radio regim&§9ion, Bt tuned out to be basically uffacted by X-rays.
we are quite confident on the quality of the provided valugsYen With increasing mass-loss rate, the hydrogen coreof Br
Corresponding error estimates have been quoted in Sect'®§hains unfiected, at least for canonical X-ray luminosities
Even admitting that the neglect of macroclumpirggosity (Lx/Lbol < 10%). Changes, however, arise for theiHemis-
might influence the UV resonance lines (particularly thoke 810N component of Br, caused by the large sensitivity of the
intermediate strength) to a certain degree, and that oat-trd 1€1/Hen ionization equilibrium to X-rays. This problem needs
ment of the X-ray emission is only a first approximation, thi® P€ keptin mind for future analyses.
ubiquity of excellent fits to features from a variety of elertse Finally, to assess the precision of the derived mass-laoss ra
forming in different layers cannot be considered as pure dor our weak-wind object HD 37468, we have to consider the
incidence. We are optimistic that problems within indivadlu major sources of error, as discussed in Sect. 5.2, pantigula
features (which can be disastrous in analyses concemgratin the impact of the hydrogen bound-bound collision strengths
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— maximum value offy ~ 28, which is rather close to the value

30[ ol oo o !
E 005 Teo. 600 o017 1 derived here for Pup (see Fig 18).
o5l mE— Accounting as well for the previous work by Crowther et
E ] al. (2002), Hillier et al. (2003) and Bouret et al. (2003, 2P0
ok ] (see Sect. 1), there is now overwhelming evidence for the-pre
r ] ence of highly clumped material close to the wind base. These
515 a E findings are in stark contrast to theoretical expectatiesslt-
r 1 ing from radiation hydrodynamic simulations (Sect. 1), ebhi
r ] predict a rather shallow increase of the clumping factog du
[ A E to the strong damping of the line instability in the lower din
r 1 caused by the so-called line-dratieet (Lucy 1984, Owocki &
>l S e p Rybicki 1985). In Fig 18 we compare our present results and
. b ] those from PULO6 with prototypical predictions from radbat

hydrodynamic simulations, here from the work by Runacres &
/R Owocki (2002). Though there is a fair agreement for the inter
‘ mediate and outer wind, the disagreement in the lower wind is
Fig. 18. Radial stratification of the clumping factofy, for ¢ Pup. Stlrlkzlr(])%'lA Slmt;lfar i’gndusmn has b?ﬁn LeZChgd by Sundqmsr
Black solid: clumping law derived from our model fits. Redidbl al. ( ), and further progress on the hydrodynamic mogeli

Theoretical predictions by Runacres & Owocki (2002) fronutoy seems to be necessary to understand this problem.

dynamical models, with self-excited line driven instailiDashed:

Average clumping factors derived by Puls et al. (2006) assgran  Thin winds. Except for HD 217086, all our sample stars with

?h”;ire‘?gzg n?.iﬁﬁw:ﬂrtﬂi tot}elcggtl'(ﬁép23';2'(!;5'8'\!;920@Sr”n of thin winds (i.e., H in absorption) require no clumping to yield
y ' o excellent fits, and for the former object the derived clungps

less (fy, = 0.1) than for the typical dense wind case. Again, this

Here we estimate a total error of plosnus 0.5 dex, which is finding is in agreement with the results from PUL06, who con-

irrelevant at such low mass-loss rates. strained the clumping factors for thin winded objects toibe s

ilar in the inner and outer wind. Thus and in connection with

our present results, one might tentatively conclude thastmo

thin winds are rather unclumped, which immediately raibes t

Since our analysis comprises bgttandp? diagnostics (with question about the fierence in the underlying physics. Might

all the caveats regarding the potential impact of macroplumit be that the wind-instability is much stronger in objecighw

ing/vorosity), we are able to provide absolute valuesfigir) ~dense winds, e.g., due to (stronger) non-radial pulsatiums

as well as forM. This is quite diferent from (and superior there a connection with sub-surface convection, as suggest

to) the investigation by PULO6, who could derive “onlggl- by Cantiello et al. (2009)?

ative values (normalized to an outer wind assumed to be un-

clumped), because of relying @A diagnostics alone.

6.2. Stratification of clumping factors

6.3. Wind-momentum rates

Dense winds. For most of our dense wind objects, we foun E:g) flogr, c\)ﬁ? Sp:;t] tlr(laes\?grr]sd-:neomtf}r;tt\ivr?n(Iju-mlc?r(:zxuﬁig?:s
rather strong clumping close to the wind-base (which has aodified by the facforF@*/R@)b-5. as a function of luminosit '
substantial impact on the actual mass-loss rate, see next y ! Y-

section), whereafter the clumping factor decreases tathe W € ;efuclits t(t)]frour atrllialrys?hsut(fjigeft gwe(géj; zgidv\:ellf tfl())n\,/|
mid/outer wind. This finding is similar to the results from € exclude three outiers, the binary -yg el above

PULOG, at least qualitatively. An even quantitative coni‘qoaral nd HD7634N; ?37468 Welll belov; trt]e Sve'zraget.relr;\tlgrtla.e?f
son is possible for the case ofPup, the only star among oyrcQUrse, a muchiarger sample needs to be investigate ore

sample for which we could determine the run of the clumpinf al COﬂC|US_I0n can be dr_awn. . .
factor throughout thentire wind (Fig. 18). When normaliz- Fro,m a I|r'1ear. regression to our result;, we Obt‘?'”. an ‘ob-
ing the results by PULOG6 to a similar value in the outer wingd, rved’ relation in p_arallel to the theoretical predictooy

(fa =~ 5), the agreement with our results is excellent and r 1n_k etal. (2000.’ SOI'd)’ but0.55 dex (facto_rof3.5)_ lowsue
assuring, since both investigations are completely indepet to_ its large deviation (2 dex!), HD3.7468 IS .Cefta'”'y a weak
from each other and rely on considerablyfelient methods. W|_nded star, whereas HD 76341 (.W'th a d(_aV|at|o_n of 0'9. dex)
Likewise re-assuring is the fact that the derived stratifice might be considered as a weak-wind candidate, interegtang|

of fg(r) is very similar to recent results by Sundqvist et al.b supergiant”. , ,
(2011(),) who pyerformed a consistent analzsis Ofg?ld hy- On the assumption of an unclum_p?d outer V),I,Iﬁd‘ULOG
drogerihelium recombination lines in the O6I(n)f supergianfpun_d a good agreement between their (_)t_)servgd andthe the-
1 Cep (a cooler counterpart gfPup),including the considera- oretical WLR. These results could be unified with ours on the
tion of macroclumping and vorosityfects Also for this object, 12 So far, only dwarfs and few giants have been suggested as weak
it turned out that clumping peaks close to the wind base, avittwinded stars.
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other stellar and wind parameters. Moreover, we accouwnied f
rotational and macroturbulent broadening in parallel.

For the objects with dense winds, we were able to derive
absolute values for mass-loss rates and clumping factacs (a
not only relative ones as in PULO6), wherg ahd By, proved
to be invaluable tools to derive the clumping propertieshim t
inner and mid wind, respectively.

For our objects with thin winds, on the other hand, the nar-
row emission core of B in combination with its line wings)
proved as a powerful mass-loss indicator, due to its streng r
action even at lowed¥l, its independence of X-ray emission,
and its only moderate contamination by additior@&ets such
as atomic data, microturbulence and velocity law.

Contrasted to what might be expected, the height of the Br

line core increases with decreasing mass-loss. This isseeon
Fig. 19. Wind-momentum rates for our sample stars, as a functiil€nce of the transition region between photosphere andl win
of log(L/Ls). Asterisks correspond to supergiants, crosses to othBA0ViNg” towards lowerrrqss for decreasingv, so that more
luminosity classes. The two weak wind candidates HD 76341 agnd more of the strong line source function becomes “visible
HD 37468 are denoted by large symbols. The solid line shows ttvhen the wind becomes thinner. The origin of such a strong
theoretical predictions for the WLR by Vink et al. (2000), lshthe source function is a combination of variousegts in the upper
dashed one has been shifted to lower values by 0.55 dex (dpe te  photosphere and the transonic region that depopulatesities |

level of Br,, n = 4, stronger than the upper omes= 5. By de-

hvpothesis that th N . ¢ ¢ wind ¢ iled simulations, we explained this in terms of a nebika-|
ypothesis that the outer regions ol most winds are aclu uation, due to the competition between recombinatiarb a
clumped, with a typical clumping factor on the order of 10

. ) . —downwards transitions, where the stronger decay from 4
With regard to our analysis @f Pup (and also the hydro S'm'(compared to the decay from= 5) is decisivel?

ulations), this seems to be a reasonable, though somewhat'to As an interesting by-product, the specific sensitivity of Br

large value. S ; o
. . . . apd Pf on the velocity field exponetin (not too) thin winds
A down-scaling of theoretical wind-momenta as obtalnead? ¢ y poneptin ( )

. : i i ows a break in the well-knowM-3 degeneracy when us-
here is also consistent with results from the analysig Gep 5 deg y

) i . ing H, alone. On the other hand, the dependence @fdr3
by Sundqvistetal. (2011), who derived a mass-loss rategbaemfor weak winds is negligible, which decreases the error bérs

factor of two lower than predicted by Vink et al. (2000). Lst Uthe derivedM. A major point controlling the depopulation of

finally note that an independent *measurement” of the MaRe lower level of B¢ and thus the height of the emission peak

loss rate oi Pup bgsed on X-ray Imeé- emission by Cohen &re the hydrogen bound-bound collisional data which ard.use
QI' .(2010) res“"fd ina v_alue of 350" Mo/yr, with a lower Our models utilize data by Mihalas et al. (1975), which pro-
limit of 2'.0 '.10 Mo/yr, !f the abundance pattern would b‘%/ide something of a compromise regarding collisional gjths
solar (which is rather unlikely). when comparing with other data sets. Overall, we estimate th
error in our Bf-M determination of weak-winded stars by
+ 0.5 dex. This is certainly better than UV diagnostics that
strongly depend on the assumed description of X-ray proper-
In this pilot study, we have investigated the diagnosti@pet ties and are further hampered by the impact of macroclumping
tial of L-band spectroscopy to provide strong constraints on hgiq vorosity.
star winds, with particular emphasis on the determinatibn o e compared the results of our analysis with those from
their clumping properties and (actual) mass-loss rates) 80  previous work, in particular the derivady, logg andQ-values
objects with very thin {weak) winds. To this end, we have se(the optical depth invariant(s)). With respectTgr, the (aver-
curedL® band spectra (featuring BrPf, and He3.703) fora a4e) agreement s significantly hampered due to sizaberd
sample of ten Qearly B-type stars, by means of ISAAC@VLTgnces for Cyg OB2 #8CATer ~ 4000 K), whereas the rest
and SpeX@IRTF. The sample has been designed in such a Wgiees within the conventional errors 81000 K. The large
as to cover objects with both dense and thin winds, with thgsagreement for the former object has been attributedfto di
additional requirement that spectroscopic data in the U, Orerences in the derived rotatioytaiacroturbulentvelocities. On
tical andH/K band as well as radio observations are pres&fie other hand, the agreement with respe@fs satisfactory.
and that most of th_e objects have been previously analyzed by o|most all of our dense wind objects require large clump-
means of quantitative spectroscopy. _ ing close to the wind base, whereas for the thin winded stars
For all stars, we performed a consistent multi-wavelengf gig not need to invoke clumping at all. Our clumping fac-

NLTE analysis by means aircen, using the complete spec-yors for the best studied objectPup, agree very well with the
tral information including our newvi.-band data. We assumed

a microclumped wind, with a rather universal clumping law!3 though most other processes play an important role as wetish
based on four parameters to be fitted simultaneously with tlaélishing the degree of depopulation, which controls taktheight.

7. Summary, conclusions and future perspectives
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Appendix A: Detailed comparison of present Table A.1. Mean diference of derivedfiective temperature\ T =
results with other investigations Ter(ref i)—Ter(this work) and derived optical depth invariantog Q,
for N objects from referendei = 1, 8 in common with our sample (cf.
The present work comprises a detailed analysis of a smalblsaofi  Table A.2). AT in kK, AlogQ in dex. For ref# 1, we compare the
hot stars, based on the combination of optical, NIR and U\tspe Qsvalues, whereas for the rest we compare@realues normalized
with one of the most sophisticated NLTE atmosphere codeseptly by f, (see Eq. A.1.) Positive values indicate that the results fiioe
aVailablepMFGEN. ThUS, acomparison of the derived results with thOS@eciﬂC work are on average |arger than the results deriee€e. &t
from more restricted investigations (with respect to wamgth range) s the dispersion of theseftérences. No values are given for ref# 2

based on alternative atmosphere codes provides an opjtpitiuad-  (Kudritzki et al. 1999), since there is only one object in coam.
dress typical uncertainties inherent to the spectroscapaysis of

such objects, caused byfldirent data-sets and tools. As outlined in reft N (ATg) o(ATer) {(AlogQ) o(AlogQ)
Sect. 2 (cf. Table 1), most previous investigations of ouyets have 1 4 -1.38 0.76
been analyzed by meansmbrwinp 14, or by (quasi-) analytic meth- 3 3 1.63 1.72 -0.21 0.31
ods designed for specific diagnostics such g®tthe IR/mm-/radio 4 3 0.13 1.70 0.05 0.28
continuum (for an overview of these methods, see KudritzkP&ls 5 3 -0.57 0.59 0.11 0.28
2000, Puls et al. 2008 and references therein). 6 4 1.75 1.79 -0.02 0.38
Brief comments on important fierences between our and those 7 8 -0.21 1.67 -0.06 0.3r
results have been already given in Sects. 4 and 5, and thdetenspt 8 6 -0.08 0.23

of the various stellar and wind-parameters is presentedieTA.2. In
the following, the various investigations are referreddiiofving the * mean diference and dispersion only for 7 objects, excluding the
enumeration provided at the end of this table (ref#). Not dhdirect weak-winded object HD 37468.
comparison of mass-loss rates is still not possible, duéeaincer-
tainties in distances (and thus radii) for Galactic objebtereover,
previous analyses were based on either unclumped mod8#si®  the results obtained for Cyg OB2 #8C (see above). The othee ih-
or that the derived clumping factors had to be normalizedeatump- vestigations (ref# 4, 5 and 7) deviate, at least on averagehress
ing conditions in the outermost wind, which are still unclgaf# 8). from the present one, by a few hundreds of Kelvin. The dispersf
Thus, ameaningfulcomparison is possible only for the optical depthhe diferences, however, is very similar in all cases, about 1,700 K
invariantss, except for ref# 5, with a dispersion of 600 K. Thus, overdig tis-
. . persion of ATe;) is somewhat larger than to be expected from the typ-
Q= M and Qres = lz (A1) i(_:ally quot_ed inc_iividual uncertainties of 1,000 K, whichositd give
(RyVoo )15 \/f—\, RV, rise to a dispersion of 1,400 K.
Regarding the optical depth invariants, the situationtisfectory.
which describe the actual measurement quantities relatdt) p°>- Except for ref# 3, the meanfierences are at or below 0.1 dex (25%),
dependent processeQ)( if f, is the average clumping factor in thewith a dispersion of typically 0.3 dex (factor of 2), whichdensis-
corresponding formation region and the clumps are opyithih, and tent with the typical individual errors (see Markova et &002 for
(i) p-dependent processe@y), under the assumption that clumpinga detailed analysis). This result is particularly obvious Fig. A.1

plays only a minor role (but see Sect. 1). (lower panels), where in most cases all investigations shtier sim-
Fig. A.1 provides an impression of thefgirences in the most im- ilar Q values.
portant parameters for the individual stars, by compaitiegdtective Regarding theQ,es values which are relevant when comparing

temperatures and gravities (uppet3Bpanels), and the optical depthwith ref# 1 (the R investigation by Fullerton et al. 2006), the dis-
invariants and luminosities (lowerx3 panels). Note that all panelscrepancy is still large, particularly when accounting foe fact that
provide identical scales, to enable an easy visualizakioom the fig- our results indicate considerable clumping, thus reduttiegabsolute
ure, it is quite clear thatypical differences irT¢; are of the order of mass-loss rate significantly with respect to previous itigations. On
1,000 to 2,000 K, with correspondingfiirences of 0.1 to 0.2 dex in average, we findA log Qs ~-1.4 dex, with a dispersion of 0.8 dex,
logg. The largest dferences are found for thefective temperature Thus, either (i) the actual mass-loss rates are even sittzdiederived
of Cyg OB2 #8C (roughly 4,000 K when comparing with ref# 3 antlere, or (i) the ionization fraction of\P(remember that the results
6/8), which has been already discussed in Sect. 4, and mosilgyob from Fullerton et al. include the product with this quanitity very
relates to an underestimations$ini in these investigations. It is re- low, of the order of 4% (which would require extreme conditidn
assuring that in most cases the connecting lines betweefcrmsses) the wind, e.g., a very strong X-ré&UV radiation field), or (iii) the
and the other results in thEs-logg plane have a positive slope, in-line formation calculations of UV-resonance lines (botlHe investi-
dicating that higher temperatures go in line with highewvgi@s and gation by Fullerton et al. and in our analysis) require soditenal
vice versa, which is consistent with the behavior of the iydamdica-  considerations, such as the presence of optically thiakptuangor
tors (usually, the wings of the Balmer lines). the inclusion of a porosity in velocity space, see Seét. 1.

The average dlierences with respect toffective temperature, In summary, we conclude that at least the analysiQafeems
(ATe), are presented in Table A.1, discarding ref# 1 and 8 who be well-constrained, and thatfidirent investigations give rather
adoptedthe stellar parameters, mostly from ref# 2-7. Major diseregimilar results. The remaining problem is the determimatibactual
ancies seem to be present when comparing with ref# 3 and 6, whass-loss rates, which involves the “measurement” of (atejoval-
derived temperatures being on average 1,700 K higher thamesu ues of clumping factors. As we have shown in this investiggti -
sults. Note, however, that a large part of this discrepascpaiised by band spectroscopy turns out to be a promising tool for thjsative.
Let us note that only a measurement of actual mass-losswites-

14 which relies on certain approximations mostly related tottkat-
ment of (EUV-)line-blocking 16 Another possibility, though less likely, is a strong undnadance
15 for a derivation, see Kudritzki & Puls 2000 and Puls et al.200 of phosphorus, as claimed by Pauldrach et al. (1994, 2001).
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Fig. A.1. Comparison of the results obtained in this work (crossef) vasults from other investigations (for data and refeeeidentifiers,
see Table A.2)Upper 3x3 panels: log vs. Tey; all panels have the same scale, corresponding to an exXt&0060 K in Ty and 0.4 dex in
logg. Lower 3x3 panels: log vs. log(L/Ls), with axes extending over 0.4 dex in lagl,) and 3.5 dex in lo@). In order to facilitate the
comparison withp?-diagnostics, alQ values have been normalizedfip= 1 (see Eqg. A.1). The asterisks provide gsvalues which have
to be compared with the corresponding values from ref# l€Roh et al. 2006p-diagnostics, but including the product with the ionizatio
fraction of R/). Note that allQ,es values have been scaled by a factor of 10 to fit into the indadidigures.
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Table A.2. Comparison of stellar and wind parameters as derived inrbsept analysis with results from previous investigatidhsts as in
Table 2; optical depth invariant§ andQ.s (see Eq. A.1), calculated withl in M, yr2, R, in R, andv,, in km s™L. f, values from this work as
in Table 2, i.e., equal to CL1 (Eqg. 1, values from reference (8) (Puls et al. 2006)) correspontirtige clumping factors within the innermost
clumped region (“region 2") extending betweerl k r/R, < 2 and assuming an unclumped outer wind. For reference (le(tn et al.
2006)), the quoted results fdt and logQesinclude the product with the ionization fraction of P

star ref. T logg R Yhe VSINi Vimaco  Veo M B f, log(L/Lo) 10gQres logQ
Cyg OB2 #7 tw. 45.1 3.75 14.7 0.13 95 65 3100 1.2 1.05 0.03 5.91-14.07 -12.15
3 455 3.71 146 0.30 105 3080 9.86 0.9 5.92 -11.99
6 458 394 144 0.21 105 3080 9.98 0.77 5.92 -11.97
7 440 3.71 146 0.10 145 3080 10.0 5.86 -11.98
8 458 394 150 0.21 105 3080 <4.0 0.9 0.2 5.95 -12.05
HD 66811 tw. 400 3.63 189 0.14 215 95 2250. 21 090 003 259 -13.66 -11.86
1 39.0 19.4 219 2250 0.44 0.5 5.90 -14.35
4 39.2 3.65 175 0.20 203 2300 6.4 0.92 5.82 -12.10
5 39.0 359 194 0.20 220 2250 8.8 0.9 5.90 -12.02
7 39.0 359 194 0.17 220 2250 8.77 5.90 -12.02
8 39.0 3.6 18.6 0.20 220 2250 4.2 0.70 0.2 5.86 -11.96
CygOB2#8C tw. 374 361 143 0.10 175 90 2800 20 130 0.10 565. -13.75 -12.10
3 41.0 3.81 13.3 0.09 145 2650 2.25 0.9 5.65 -12.47
6 41.8 3.74 13.3 0.13 145 2650 3.37 0.85 5.69 -12.29
7 39.0 362 13.3 0.10 145 2650 2.0 5.57 -12.52
8 41.8 381 156 0.13 145 2650 <35 1.0 1.0 5.83 -12.38
CygOB2#8A tw. 376 352 269 0.10 110 80 2700 34 1.10 0.01 126. -13.76 -11.76
3 38,5 351 279 0.10 95 2650 13.5 0.7 6.19 -12.17
6 38.2 357 256 0.14 130 2650 10.4 0.74 6.10 -12.23
7 37.0 341 279 0.10 95 2650 11.5 6.12 -12.24
8 38.2 357 27.0 0.14 130 2650 <8.0 0.74 0.40 6.15 -12.18
HD 30614 tw. 289 3.01 320 0.13 100 75 1550 0.50 160 0.01 158 -14.19 -12.34
1 29.0 325 129 1550 0.037 1.0 5.83 -15.32
42 31.0 319 249 0.10 100 1550 4.2 1.05 5.71 -12.26
5 29.0 299 325 0.10 100 1550 6.04 1.15 5.83 -12.27
7 29.0 288 325 0.20 100 1550 6.0 5.83 -12.28
8b 29.0 3.0 325 0.10 100 1550 295 1.15 0.38 5.83 -12.37
HD 37128 tw. 26.3 290 34.1 0.13 55 60 1820 0.46 160 0.03 5.70-14.39 -12.77
2 285 3.00 350 0.1 80 1600 240 1.25 5.86 -12.74
7 <290 3.0 350 0.1 80 1600 5.25 5.89 -12.40
HD 217086 tw. 368 383 856 0.1 350 80 2510 0.028 1.2 0.10 85.0 -15.28 -13.55
1 36.0 8.6 332 2550 <0.00174 1.0 5.05 -16.51
5 36.0 3.72 86 0.15 350 2550 <0.23 0.8 5.05 -13.15
6 38.1 401 83 0.09 350 2550 0.21 1.27 5.12 -13.17
7 36.0 3.78 8.6 0.15 350 2550 <0.09 5.05 -13.56
HD 36861 tw. 345 370 135 0.11 45 80 2175 0.28 1.3 1.0 5.37 4.361 -13.25
1 33.6 15.1 74 2400 0.0013 0.7 5.42 -16.83
4 336 356 17.2 0.1 66 2400 0.97 0.8 5.53 -12.94
8 336 356 144 0.10 66 2400 <0.4 0.9 0.5 5.38 -13.06
HD 76341 tw. 322 366 21.2 0.1 63 80 1520 0.065 1.2 1.0 564 488 -13.95
HD 37468 tw. 326 419 7.1 0.1 35 100 1500 0.0002 0.8 1.0 4.71 16.90 -15.74
7° 30.0 4.0 7.1 0.1 80 2300 0.0165 1.0 4.57 -14.10

References: (1) Fullerton et al. (2006); (2) Kudritzki et(@999, unblanketed analysis); (3) Herrero et al. (2008);Markova et al. (2004,
based on stellar parameters calibrated to the results fpoiced NLTE analyses by Repolust et al. 2004) (5) Repoluat.R004); (6) Mokiem
et al. (2005); (7) Repolust et al. (2005); (8) Puls et al. @00

3 using the high luminosity solutio® stellar radius and corresponding quantities scaled todhgtisn by (5,7) to facilitate the comparison;
9 stellar radius from this work.

able a strict comparison with theoretical predictions @s$gmed in the dispersion is quite large, and individual discrepanemount to
Sect. 6), to identify present shortcomings and to providerdmum- intolerable values. Because of our detailed analysis cayex large
bers” for evolutionary calculations. range of wavelength domains and using a state-of-the-adeht-
mosphere code based on an “exact” treatment of all processes
The precision of fiective temperatures, on the other hand, is legge quite confident that tHEe-errors in our work are of the order

satisfactory. Irrespective of the fact that we did not fin@éatrendin  4f 1 000 K or less, which means that the corresponding efirors
the average dierences with respect to three from five investigations,
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the previous investigations must be of the order of 1,400 Kore.
Additionally, two from five investigations gave a rathergaraverage
difference with respect to our results, which is alarming sitidéva
investigations have been performed with the same NLTE gihwe
code. Insofar, recent attempts to provide reliable spletytpe-T ;-
calibrations have to be augmented by results from large kemmp
decrease the individual scatter in a statistical way.

Appendix B: Occupation numbers of the hydrogen
n=4and n=>5Ilevel in the outer atmospheres
of late O-type stars with thin winds

Conditions in the outer photosphere. As we have seen from
Fig. 14, almost all of our simulations (and many more whichehaot
been displayed) resulted in a stronger depopulation of kvem-

pared to level 5 in the outer atmospheirglependent of the various
processes considere®ne might question how far this result can bé&

explained (coincidence or not?). To obtain an impressiothenele-
vant physics, we write the rate equations for levell in the follow-

ing, condensed forf, again neglecting collisions, and assuming th

ionization is only possible to the ground-state of the neéghér ion
(as itis the case for hydrogen):

n; ZA”Z” - Z NjA;iZj + MRk = N R,

i>] i<j

(B.1)

whereA;; are the Einstein-cdicients for spontaneous dec&y, and
R« the rate-cofficients for ionizatiofrecombination, and;; the net
radiative brackets for the considered line transitién, = (1 — ;LIJJ)

(the fraction denotes the ratio of mean line intensity and Bource
function).n; = nne®i(Te) denotes the LTE population of leviglac-

counting for the actual electron and ion densityandny (for further

details see, e.g., Mihalas 1978), such that the departefBaients are
given byb; = n;j/n’. Note that for purely spontaneous decdys= 1,

for lines which are in detailed balancg; = 0, and for levels which
are strongly pumped (e.g., by resonance lines with a sigmifig over-
populated lower level)Z;; < 0. Solving for the departure cigients,
Eq. B.1 results in

b = i< N /M A Zji + R
I Yisj AjZij + Ri
The sum in the nominator corresponds to the net-contribuifdines
from “above” (i.e., with upper level§ > i), normalized to the LTE
population of the considered level, whereas the sum in therdaa-
tor is the net-contribution of lines to lower levels< i). The complete
fraction can be interpreted as the ratio of populating anebdelating

rates, which can be split into the contributions from boloednd and
bound-free processes,

b - Zicj(-+4)
' %)+ Rk

(B.2)

Ry
i isi(--) + R’

(B.3)

is usually larger for level 5 than for level 4, even thougl < Ru:
the accumulated transition probability from level 4 to lowevels
(Ag1Z41+ AspZ 4+ Ay3Z43) is muchlarger than the corresponding quan-
tity from level 5 to lower levelsAs1Zs1 + As2Zso + . . .). This behavior,
finally, can be traced down to the run of the oscillator-gjtba in hy-
drogen: On the one side, e.dy; is larger thamAs,, etc., whereas, on
the other, the corresponding net radiative brack&fsus. Zs; etc.) do
not differ too much.

Two examples shall illustrate our findings. For ttempleteso-
lution, the first term in Eq. B.3 is roughly 0.22, whereas thd germ
amounts to 0.62 for level 5 and to 0.53 for level 4. THusy 0.75 and
bs ~ 0.84. For simulatior?, with Z;; = Z; = 1 andRy = 0 fori > 1,
the first term~ 0.18, and the 2nd one is 0.41 and 0.3, respectively,
such thab, ~ 0.48 andbs ~ 0.6 (cf. Fig. 14).

In conclusion, the stronger depopulation of level 4 comgace
level 5 in the outer photospheres of hot stars can indeeddaeded
s the consequence of a typical nebula-like situation, heasedue to
the competition between recombination and downwards itians.
Different approximations regarding the contributing lines dotiol

épe absolute size of the departures, but not the general.tren

Conditions in the wind. Though the formation of the emission
peak of By, for objects with thin winds is controlled by the processes
in the upper part of the photosphere, it is also importantrides-
stand the conditions in the wind, since, as we have seen inlBig
the onset of the wind prohibits a further growth of the cquasling
source function: Immediately after the transition pointwesen pho-
tosphere and wind, the source function drops to values sporeling
to the local Planck-function (i.e., the departure féoeents ofn, and
ns become similar). Only in the outer wind the source function i
creases again (in contrast to the predictions of the pyeHnodel,
see below), which remains invisible in the profile, due tonew line
optical depthslf this abrupt decrease would not happen, the mono-
tonic behavior of the strength of the emission peak (Figwl@)ld no
longer be warranted for mass-loss rates at the upper enc: cictile
considered here, and an important aspect of its diagnostenpal
would be lost.

Let us first concentrate on the conditions in theerwind, where
the ground-state has a major impact. We stress again thatevekeal-
ing here with (very) weak winds, i.e., the continuum-edgesarmed
deep in the photosphere, whereas the wind and the transégon
are already optically thin. Otherwise, we could no longesuase a
“given” radiation temperature in the continuum, but woulavé to
account for a simultaneous solution of radiation field ancupation
numbers, as it was done, e.g., to explain the ground-statepdéation
of Herr in densehot star winds by Gabler et al. (1989).

Within our assumptions of ionizations to the ground-stdtéhe
next higher ion only and neglecting collisional processes,obtain
an alternative formulation of the rate equation for the gbstate, by
summing up the rate equations fdt levelsi (Eq. B.1),

For all our simulationsl-6 we have now calculated those two terms

which determineb, andbs. At first, let us concentrate on the outer™ R + Z MRk = MRa + Z My R

photosphere, as on the right of Fig. 14. In almost all casae(s for
simulation5), the 2nd term dominates the departurefioent, and,
moreover, the first term (the ratio!, not the individual campnts)
remains rather similar, of order 0.2. Consequently, thengter de-
population of level 4 compared to level 5 is due to the fact tha
quantity

Rui
2isj ANjdij + Ric

17 The casé = 1 will be considered separately below.

(B.4)

(B.5)
i>1 i>1

since the line contributions cancel out. Solving for theug-state
departure caocient, we find

_ =1 M (Ra — biRw)/n} + Ra

b, Ruc (B.6)
which can be approximated by the well known expression

1 Te hvo 1 1 1
LR R vk el €t | e v ®.7)
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whereT,4qis the radiation temperature in the ground-statéyman)
continuum,v > vo, andW the dilution factor. A correction factor of
order unity accounts for the ionizatisacombination from the excited
levels (for details, see, e.g., Puls et al. 2005).

From here on, we have to divide between line-blocked and un-
blocked (e.g., pure Hie-) models, as they behaveférent in the wind
(though similar in the outer photosphere), due to a conalerdif-
ferent run of electron temperature and radiation-field ath lsaes of
the Lyman edge.

For non-blocked models (see Fig. 14), the wind-temperatire
not too diferent fromT,,4, andb; becomes strongly overpopulated
1/W = r2. Moreover, all net radiative brackets coupled to the greund

state,
N b, hvip, 1 1
Zn > =W eXp[T(T_e - m)]
T hvo, 1 1 1
~1- T:d eXF{T(m - m)] b; corr.fac. ®8)

become strongly negative, since i) is severely overpopulated and
(i) the Doppler éfect in the wind allows for an illumination by the
continuum bluewards from the resonance-line rest-framguencies
vir, i.e., J = WB/(Trg) (optically thin (Sobolev-)approximation),
With Tragjp > Trag due to missing line-blocking.

The consequence for the population of the excited levelsBER)
is twofold. Because of the strong pumping by the resonames lithe
(normalized) population of the higher levels; (0, j > i) is much
larger than in the photosphere, and the line term becomesrltitan
the recombination term. Second, the denominator decresgeisi-
cantly, due to the directfiect ofZ;; and since the the ionization rates
o« W become negligible.

In total, now the first term dominates in Eq. B.3, and the situma
is just opposite to the conditions in the outer photosph&he: lower
the considered leve| the larger is the nominator and the smaller the
denominator, such that we obtain the sequemnce bs > by... > 1
(cf. Fig. 14.)

For line-blocked models, on the other hand, the cooling gy th
enormous number of metallic lines leads to a strong decrefse
the electron temperature in the outer wind, dndbecomes much
smaller than the radiation temperature in the Lyman contimgfor
our late O-type model, 10,000 K vs. 25,000 K). In this caseiz&
tion, though diluted, outweighs recombination (the expdiad term
in Eq. B.7), and the ground-state even becomes underpepufai
—0.5). Consequently, the resonance lines can no longer ploengxt
cited levels (even more, since for blocked models the rimdiaem-
peratures close to the resonance lifkgyj:, are much smaller than
in the unblocked case). Thus, we find a situation similar & ith the
outer photosphere, namely that the 2nd term in Eqg. B.3 is ¢ué d
sive one, ands > ng, which is obvious also from the final increase
of the line-source function for Brin Fig. 12 for all mass-loss rates
considered.

Finally, in the region between the outer photosphere andukber
wind, the dilution of the radiation field is faster or similar the de-
crease off ¢, both for the blocked and the unblocked models. Thus, the
departure ca@cients of level 4 and 5 increase in this region (due to
an overpopulated ground-state, arffeetive pumping due to the on-
set of the Doppler-shift), though at a rather similar rateh\, 2 bs.
Consequently, the source-function approaches the LTH, lexech
explains its abrupt decrease in the transition region.



