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Bright OB stars in the Galaxy
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ABSTRACT

Context. Recent results strongly challenge the canonical picture of massiweigtis: various evidence indicates that currently accepted mass-
loss ratesM, may need to be revised downwards, by factors extending to one magmitleven more. This is because the most commonly
used mass-loss diagnostics affeeted by “clumping” (small-scale density inhomogeneities), influencimgnoerpretation of observed spectra
and fluxes.

Aims. Such downward revisions would have dramatic consequences fovahgien of, and feedback from, massive stars, and thus robust
determinations of the clumping properties and mass-loss rates ardlyngeeded. We present a first attempt concerning this objective, by
means of constraining the radial stratification of the so-called clumpirngrfac

Methods. To this end, we have analyzed a sample of 19 Galactic O-type supefgiants, by combining our own and archival data fqr, iR,

mm and radio fluxes, and using approximate methods, calibrated to ophisicated models. Clumping has been included into our analysis in
the “conventional” way, by assuming the inter-clump matter to be void. BExéalmost) all our diagnostics depends on the square of density,
we cannot derive absolute clumping factors, but only factors norethtiz a certain minimum.

Results. This minimum was usually found to be located in the outermost, radio-emittgignei.e., the radio mass-loss rates are the lowest
ones, compared tM derived from H and the IR. The radio rates agree well with those predicted by theorgrbuinly upper limits, due

to unknown clumping in the outer wind. ,Hurned out to be a useful tool to derive the clumping properties inside3.. .5R,. Our most
important result concerns a (physicaljfdrence between denser and thinner winds: for denser winds, theniosteregion is more strongly
clumped than the outermost one (with a normalized clumping factorlof 4.4), whereas thinner winds have similar clumping properties in
the inner and outer regions.

Conclusions. Our findings are compared with theoretical predictions, and the implicaiongliscussed in detail, by assumindfefient
scenarios regarding the still unknown clumping properties of the outet.win
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1. Introduction ionization; Bromm et al. 2001, but also Matteucci & Calura

) 2005). Unfortunately, however, our knowledge of these aibje
In the last few years, massive stafzws 2 10 Mo) have s not as complete as we would like it to be, and present ef-

(re-)gained considerable interest among the astropHysie& 415 concentrate on modeling variodgnamicalprocesses in
munity, in particular because of their role in the developme,e stellar interior, as well as in the stellar atmospherasgn
of the early Universe (e.g., its chemical evolution and r€sss, rotation, magnetic fields, convection, and pulsition

Send gfprint requests toJ. Puls Most important in this regard is th@ass losghat occurs

* based in part on observations obtained with the VLA operated yrough supersonic winds, which modifies evolutionary time
the National Radio Astronomy Observatory (NRAO) scales, chemical profiles, surface abundances and lurti@sosi
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As shown by numerous stellar-evolution calculations, givag istics like X-rays, and the black absorption troughs observ
the mass-loss rates of massive stars by even a factor of tsvo imasaturated UV resonance lines (Lucy 1982, 1983, later con-
a dramatic &ect on their evolution (Meynet et al. 1994). firmed by Puls et al. 1993a on the basis of hydrodynamical sim-
The winds from massive stars in their O-, B- and Aulations).
supergiant phase are well described by radiation-drivamdwi  Recent time-dependent simulations have aimed at investi-
theory (Castor et al. 1975; Pauldrach et al. 1986); the ewvgating two specific problems. First, Runacres & Owocki (2002
stronger mass outflows observed during their Wolf-Rayet (WRPO5) have introduced new methods to numerically resolve
and Luminous Blue Variable (LBV) phases are also thougaven the outermost wind. In particular, they provide thécaé
to be driven by radiation pressure (for recent progress, g@edictions for the radial stratification of the so-callédnep-
Grafener & Hamann 2005 for the case of WRs and Owockig factor,
et al. 2005 for LBVS). <2
Notwithstanding its considerable successes (e.g., Viak et f, = P 5 =1 (1)
2000; Kudritzki 2002; Puls et al. 2003), the theory is cettai <p=>
over-simplified. Stellar rotation (e.g., Owocki et al. 1998i1ls where angle brackets denote (temporal) average quanktes
et al. 1999 and references therein), and the intrinsic lilsta self-excited instabilities (e.g., without any photospbeiistur-
ity of the line-driving mechanism (see below), produce nompances such as pulsations or sound-waves), they find that, be
spherical and inhomogeneous structure, observationally eginning with an unclumped wind in the lowermost paig =
dent from, e.g., X-ray emission and line-profile variapiffor 1), the clumping becomes significari (~ 4) at wind speeds of
summaries, see Kudritzki & Puls 2000 and Oskinova et al. 2084ew hundreds of km™$, reaches a maximunf{ ~ 15...20),
regarding the present status of X-ray line emission). Aglasm and thereafter decays, settling at a factor of roughly foaira
the time-dependent structuring of stellar winds is not wieH On the other hand, Dessart & Owocki (2003, 2005), build-
derstood, we cannot be sure about even their “average” progg on a pilot investigation by Owocki (1999), have taken the
erties, such as mass-loss rates and emergent ionizing flufest steps towards including 2-Ofects of the radiation field
Even worse, most spectroscopic analyses of hot stars aahingnto a higher-dimensional hydrodynamical descriptionple
deriving stellar and wind parameters have been performed t&yn constraints on thiateral extent of clumping.
relying on the assumption of a globally stationary wind vdath ~ Taken together, and with respect to NLTE modeling and
smoothdensityvelocity stratification. Consequently, the underspectral analysis, the above scenario has the following ma-
lying models are incapable in principle of describing theref jor implications, related to radiation field and denaistocity
mentioned features, and the derived results (includingénie structure:-
fication of the theory) may depend strongly on this assu.m.ptmtll X-ray emission arising from the formation and interagctio
Theoretical fort to understand the nature and origin o . .
: L of clumps and shocks, in concert with an enhanced EUV
these observational findings have generally focused on the . ,
. L L ) I . flux (e.g., Feldmeier et al. 1997), can have a strong influ-
line-driving mechanism itself; the first linear-stabilignaly- L o . X
: i . ence on the ionizatigaxcitation balance in the wind (e.g.,
ses showed the line force to be inherently unstable (Owocki
. . . Pauldrach et al. 2001).
& Rybicki 1984 and references therein). Subsequent nuraderlc2 S o
. . . : . . . Clumping introduces depth-dependent deviations from a
simulations of the non-linear evolution of the line-drividow . . .
; I . . . ) smooth density structure, which particularlffeects com-
instability (for a review, see Owocki 1994), with various-de . . :
L . L . mon observational mass-loss indicators, such aenis-
grees of approximation concerning the stabilizinfjdie, scat- ; . . . . .
SR . sion and the IRadio excess, since these diagnostics di-
tered radiation field (Owocki & Puls 1996, 1999), have shown 5 . 2
: ) rectly depend ork p“ > (being larger thanc p >9).
that the outer wind (typically, from 1.R. on) develops ex- o - .
: - Furthermore, the ionization balance becomes modified, pri-
tensive structure, consisting of strong reverse shockaraep

. . . ) marily because of the additional p? >-dependence of ra-
ing slower, dense shells from high-speed rarefied regioniy. O diative recombination rates (see also Bouret et al. 2005)
a very small fraction of material is accelerated to high spe ' '

and then shocked: for most of the flow the majdicet is a Not only the modified density stratification, but also the

o y . highly perturbed velocity field canfiect the spectral line
compression into narrow, dense “clumps’, separated blarg formation, because of its multiple non-monotonic nature
regions of much lower density. ' '

. . This gives rise to modified escape probabilities and multi-
At first glance, these models appear to be in strong con- ) ) .
. - N N . ple resonance zones for certain frequencies. A major exam-
trast with our assumptions for the “standard model” for wind

. : . : . .~ ple of such an influence is the formation of black absorp-
diagnostics based on stationarity and homogeneity, especi . : .
' ) . o . tion troughs in saturated UV-resonance lines (see above).
when viewed with respect to the spatial variation of velpcit . ;
. . : Optical lines (e.g., K) can also be féected, though to a
and density. However, when viewed with respect to rieess lesser extent (e.g.. Puls et al. 1993b)
distribution of these quantities, the models are not so déry 9. ’ '
ferent (e.g., Owocki et al. 1988; Puls et al. 1993a). Given th  Although the potential ffects of clumping were first dis-
intrinsic mass-weighting of spectral formation, and theeex cussed some time ago (e.g., Abbott et al. 1981; Lamers &
sive temporal and spatial averaging involved, the obsiemvalt Waters 1984b; Puls et al. 1993b), and have been accounted for
properties of such structured models are quite similar tatwhn the diagnostics of Wolf-Rayet stars since pioneeringinyr
is derived from the “conventional” diagnostics, in an agera Hillier (1991) and Schmutz (1995), this problem has been re-
sense. Structured winds also explain ‘steady-state’ ckera considered by the “OB-star community” only recently, mpstl
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because of improvements in the diagnostic tools, and parti¢with a median of 20, if P were the dominant ion for spec-
larly the inclusion of line-blockinfplanketing in NLTE atmo- tral types between O4 to O7; see Fullerton et al. 2006). Boure
spheric models. et al. (2005), from a combined UV and optical analysis, ob-
Repolust et al. (2004) presented results of a re-analysist@ined factors between 3 and 7, though from only two stars. In
Galactic O-stars, previously modeled using unblanketedahoaddition, the latter work suggests that the medium is clumpe
atmospheres (Puls et al., 1996), with new line-blanketéd céiom the wind base on, in strong contrast with typical hygrod
culations. As a result of the line blanketing, the derived efamical simulations (see above). If this were true, prégect
fective temperatures were significantly lower than presipu cepted mass-loss rates for non-supergiant stars also oded t
found, whereas the modified wind-momentum rates remainiyised, and even the analysis of quasi-photospheric (irees
roughly at their former values. Based on this investigatioatellar parameters and abundances) mightieeted, since the
and deriving new spectral-typ&sy and spectral-type—lag cores of important lines are formed in the transonic region.

c;(l)ig;fat‘i‘(;ns (S(Ie”e also gﬂfgtiﬂs et al.|2005),_ dMarI;tl)va edt al. In this paper, we attempt to undertake a first step towards a
(2004, “Paper I") extended this sample considerably and oz ifi-ation of the present puzzling situation. From a stan

tained a “new” empirical wind-momentum-luminosity relag, . s anaiysis of H IR and radio observations, we obtain con-
tionship(WLR; Kudritzki et al. 1995; Kudritzki & Puls 2000) g intc on the radial stratification of the clumping fagctond
for Galactic O stars, based on fhass-loss rates. test how far the results meet the predictions given by R@sacr

_ A comparison of the “observed” wind-momentum rateg owocki (2002, 2005). Since all these diagnostics depend on
with theoretical predictions from Vink et al. (2000) and in 0? >, however, we are able to derive only relative, not abso-
dependent calculations performed by our group (Puls et ghe values, as detailed in Sect. 4. Let us point out heteotina
2003f, revealed that objects with Hin emission and those 4nayysis is based upon the assumptiosmfll-scaleinhomo-
with H, in ab§orptlon form two distinct WLRs. The latter is INgeneities redistributing the matter into overdense cluams
agreement with theory, whilst the former appears to be ébaty (3imost) void inter-clump medium, in accordance witht (bu
in pa_lrallel, but above_ the theoretical relatlon_. Th|§ejle_nce not necessarily related to) the bastteets of the line-driven
was interpreted as being a consequence of wind clumping, Wistapility. Indeed, the question of whether the wind miater
the contribution of wind emission to the total profile beings g predominantly redistributed on such small scales ananot
nificantly different for objects with KHin absorption compared larger spatial scales (e.g., in the form of co-rotatingriat&on
to those with H in emission (since for the former group Onlyregions; Mullan 1984, 1986; Cranmer & Owocki 1996) has not

contributions from the lowermost wind can be seen, wheregds; heen resolved, but unexplained residuals from thetsestil
for the latter the emission is due to a significantly more e¥;,, analysis might help to clarify this issue.

tended volume). Thus, there is the possibility that for ¢hals-
jects onesees directlythe dfects of a clumped wind, which Investigations such as we perform here are not new. Indeed,
would mimic a higher mass-loss rate (as is most probably tAagumber of similar studies have been presented duringtrecen
case for Wolf-Rayet winds). With this interpretation, tregp  Y€ars, e.g., Leitherer et al. (1982); Abbott et al. (1984)yiers
ence of clumping in the winds of objects with, lih absorption & Leitherer (1993); Runacres & Blomme (1996); Blomme &
is not excluded; owing to the low optical depth, however, orf@unacres (1997); Scuderi et al. (1998); Blomme et al. (2002,
simply cannot see it, and corresponding mass-loss ratelslwotP03). The improvements underpinning our study, which hope
remain unfected. fully will allow us to obtain more conclusive results, are re
The “actual” mass-loss rates for objects with # emis- lated to the following facts. First, and in contrast to earli

sion can then be estimated by shifting the observed win§fork, the uncertainties concerning the adopted stellaarpar -
momentum rates onto the theoretical predictions, with &ajp eters have been greatly reduced, since they have beendierive

reduction inM by factors of 2-2.5, corresponding to clumpingy Mmeans of state-of-the-art, line-blanketed models. Slgp
factors of the order of 4—6. we do not derive (dferent) mass-loss rates from thdfdient

Though factors between two and three seem reasona\ﬁfbvelength domains based on a homogeneous wind model, but

when compared to results from Wolf-Rayet stars (also fact(ﬂim at a unique solution by explicitly allowing for clumping

of ~3; e.g., Mdfat & Robert 1994), there is increasing evidencdS @ function of radius, at least in a simplified way. Thirdly,

that the situation might be even more extreme. From an a'BaI))@e use recent ra_dio observation§ obta.ine.d with t_h_e. Veryd.arg
of the ultraviolet R resonance doublet (which is unsaturated.""®Y (V;A)' ;Nh'Ch’ becausel of 'té gan 'E sen;,ltlwty due to
and can therefore be used as a mass-loss indicator), Mas<q'BfoVed performance (mostly at 6cm, where the system tem-
al. (2003) and Fullerton et al. (2004, 2006) conclude thpt typerature improved from 60 to 45 K) allows us to measure the
ical O-star mass-loss rates derived from 6t radio emission radio fluxes for stars with only moderate wind densities,cluhi

might overestimate the actual values by factors of up to 16 duce H in apsorptlon. I.n this way we are able to test the
above hypothesis concerning thdfeiences of Il mass-loss

1 The presence of such a relationship is explained by the radiatitgﬁ-tes from stars with jHemission and absorption. Lastly, our IR

driven wind theory, namely that the modified wind-momentum rat@nalysis does not depend on assumptions used in previaus sta

Mv.(R./R.)°5, should depend almost exclusively on the stellar lum@ard methods exploiting the IR excess (e.g., Lamers & Waters
nosity,L/Ls, to some power. 1984a), since we calibrate against results from line-teéedk

2 which proved to be almost identical, though the two approachB8. TE models. (Note that uncertainties in the stellar radied
are rather dferent; see also Kudritzki (2002). to distance errors cancel out as far as the derived run of the
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Table 1. Sample stars and stelleeddening parameters as used in this study. Note that radii, masstesgassuming an unclumped medium)
absolute visual magnitudes,,Mand reddening parameters have been modified with respect to theabrigines (from “refl” and “ref2”)
by a combinedv/J/H/K-band de-reddening procedure (see Sect. 2.6), using the indidatadags. Gravitational accelerations, ¢pgre
“effective” values, i.e., without centrifugal correction, derived fromadd calibrationsyv,, is in km sl Misin 10 Mo /yr; and distances
are in kpc. “pt” denotes the Hprofile type (emissiofabsorptiofintermediate). “refl” and “ref2” refer to the sources of the origirtellar
and magnitudeolor/reddening parameters, respectively, where the extensions givesfdéoence “1” denote the “preferred” model chosen in
Paper | (see text). Fa@rPup (HD 66811), we provide two entries, based dfedént distances (see Paper ).

Star Sp.Type Ter logg R Yie Vo pt M(opt) pBopt) M, EB-V) Ry dist refl ref2
Cyg OB2#7 O3If* 45800 3.93 15.0 0.21 3080 e 1061 0.77 -598771. 3.00 171 2 5
HD190429A OA4lf 39200 3.65 22.7 0.14 2400 e 1619 095 -6.63 047 310 229 10 1-
HD15570 O4l# 38000 3.50 24.0 0.18 2600 e 1732 105 -669 100 310 219 4 6
HD66811 O4l1(n)f 39000 3.60 29.7 0.20 2250 e 16.67 0.90 -7.23.040 3.10 0.73 3 14
18.6 8.26 -6.23 0.04 310 046 3 10
HD14947 O5I# 37500 3.45 26.6 020 2350 e 1697 095 -690 071 310 352 32 1-
CygOB2#11 O5H 36500 3.62 23.6 0.10 2300 e 8.12 103 -6.67 1.76 315 171 2 5
CygOB2#8C O5If 41800 3.73 156 0.13 2650 a 428 085 -594 216300 171 2 5
Cyg OB2#8A 0O5.5I(f) 38200 3.56 27.0 0.14 2650 i 11.26 0.74 996. 163 3.00 1.71 2 5
HD210839 06I(n)f 36000 355 23.3 0.10 2250 e 795 100 -6.61490 3.10 108 3 1-2
HD192639 O71b(f) 35000 3.45 185 0.20 2150 e 6.22 090 -6.07610 3.10 182 3 10
HD34656 O7II(f) 34700 3.50 255 0.12 2150 a 261 109 -6.79310. 340 320 1 16
HD24912 O7.51I(n)((f)) 35000 3.50 24.2 0.15 2450 a 245 00.8-6.70 033 310 08 3 1-2
HD203064 O7.511l 34500 3.50 12.4 0.10 2550 a 098 0.80 -5.23.230 3.10 079 3 6
HD36861 o8llI((f) 33600 3.56 14.4 0.10 2400 a 0.74 080 2550.08 500 050 1 11
HD207198 oo9lul 36000 350 11.6 0.15 2150 a 1.05 0.80 -5.15 0.58 256 083 31 1
HD37043 oalll 31400 3.50 179 0.12 2300 a 1.03 085 -592 0.0800 050 1 11
HD30614 09.5la 29000 3.00 20.7 0.10 1550 e 3.07 115 -6.00502.10 079 3 12
CygOB2#10 09.51 29700 3.23 30.7 0.08 1650 i 274 105 -695801. 315 1717 2 5
HD209975 09.51b 32000 3.20 14.7 0.10 2050 a 111 0.80 -545350.276 083 3 1-1

References: 1. Markova et al. (2004), 2. Mokiem et al. (2005Repolust et al. (2004), 4. Repolust et al. (2005), 5. Hanson {2@@8ance
from Massey & Thompson (1991)), 6. Mais-Apellaniz et al. (2004).

clumping factors is concerned, anfiieects “only” the absolute Most of the optical analyses were performed by either
mass-loss rates.) Repolust et al. (2004) or Mokiem et al. (2005) (Cyg OB2 ob-
The plan of this paper is as follows. In Sect. 2, we descrifRcts), using the NLTE line-blanketed model-atmosphedeco
our stellar sample and the observational material usedisn tisstwinp (Puls et al., 2005). For a few stars (those denoted by
study. We also comment on some problems related to reddéh-in Table 1, column “refl”), stellar parameters have been
ing. In Sect. 3, we present the methods used to analyze @@sived from calibrations only, as outlined in Paper I. Atde
different wavelength regimes, and discuss how we deal wigf HD 190429A, an independent re-analysis by Bouret et al.
a clumped wind medium. Applying these methods, we deri¢8005), by means of the alternative model-atmosphere code
constraints for the radial stratification of the clumpingtta in  Fcex (Hillier & Miller, 1998), confirms the corresponding cali-

Sect. 4, and give a discussion and summary of our findingstifation. Finally, for HD 15570, we use parameters derivechfr
Sects. 5 and 6. H- & K-band spectroscopy by Repolust et al. (2005).

The parameters adopted in this study are presented in
Table 1. For those objects which have been analyzed exclu-
sively in Paper I, and for which more than one choice concern-
ing distance, reddening or luminosity has been discussed, w
The stellar sample consists of 19 Galactic supergigiatsts, have used the “preferred” parameter set (Paper |, Tablee2), d
covering spectral types O3 to 09.5. These stars have beenrated by the corresponding extension in entry “ref 2”. Owly f
alyzed in the optical and, to a large part, (re-)observed by HD 66811 ¢ Pup) do we provide two entries, referring to its
with the VLA. To our knowledge, the onlgonfirmednon- “conventional” distancegd = 460 pc (2nd entry), and the as-
thermal radio emitter included in our sample is Cyg OB2#88umption that this star is a runaway star, located at730 pc
(Bieging et al., 1989), which was recently detected as #&ee Sahu & Blaauw 1993 and Paper |, Sect. 5). Unless stated
061/05.5lll, colliding-wind binary system by de Becker et alexplicitly, we will use the latter parameter set in our fugth
(2004). Somewhat inconsistently, we will use correspogdimiscussion.
stellar parameters resulting from an analysis assuming-a si Note that due to minor revisions with respect to redden-
gle star. Note also that HD 37043 is listed as an SB2 binaryimg, the stellar radii and Hmass-loss rates (rescaled by as-
the recent Galactic O-star catalogue of Mais-Apellanizlet axumingl\'/I/Ri5 = const, e.g., Puls et al. 1996) for most objects
(2004). are (slightly) diferent from the original sources. In Sect 2.6,

2. Stellar sample and observational material
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we will discuss why these revisions were necessary, and how Regarding themplitudeof variability, no clear evidence of
they have been obtained. IR continuum variability has been reported up to now. Amangs
the IR observations we have obtained from the literatuezeth
are some studies (e.g., Castor & Simon 1983 or Abbott et al.
1984) with data sampled on timescales ranging from a few

Before we discuss the observations obtained in the indivigQUrs Up to a few months, but no variation of the observed
ual bands (H, IR and radio), let us first give some importan][R fluxes above the errors was reported. If, on the othe_r hand,
comments on the variability of thefiiérent diagnostics. Stellar W& €ompare sets of measurements of the same object, ob-
winds are known to be variable onfiéirent timescales and int@in€d by diferent authors with dierent instruments, we do

all wavelength ranges in which they are observed. Thus she QPServe dierences in the measured fluxes, more likely related
of non-simultaneous measurements, as in our analysis,earigcaliPration problems than to genuine IR variability (st=o

an issue. Sect. 2.4.1).

Regarding H, line profile variations in early-type stars With respect to radio emission, there are several pieces of

have been observed for years. Since the first extensive gyidence for variability, both in the observed fluxes andhi t
veys by Rosendhal (1973a,b), a large number of investigatic?pecnal index. Again, we have to distinguish between thérm

have been conducted to establish the properties of thea- 2nd non-thermal emission. In the case of non-thermal arigin
ability and also its origin (e.g., Ebbets 1982; Scuderi et d2riability is alwayspresent (e.g., Bieging et al. 1989). This
1992; Kaufer et al. 1996 Kaper et al. 1997; Morel et al. 2004335 to be accounted for whenever we have no clear indication

Although the variations in the Hprofile in some cases look 2Pout the thermal origin of the observed emission, but where

very dramatic, they indicate, when interpreted in terms of e do see variations. Of our targets, in addition to #8A, this

variable mass-loss rate, only moderate changéd,imsually Might be a problem only for HD 190429A (and for HD 34656

not exceeding the uncertainties on the corresponding attgn 2nd HD 37043 for other reasons).

Recently, for a sample of 15 O-type supergiants, Markova eta Among thermal emitters, on the other hand, the situation

(2005) constrained thkl variability to about+4% of the cor- IS less clear. There are very few studies which have observed

responding mean value for stars with stronger winds, and@B€e object several times and at more than one frequency. In

about+16% for stars with weaker winds. These estimates dfte sample studied by Bieging et al. (1989), two from six def-

in remarkably good agreement with those from previous stugite thermal emitters showed variability, both of whicte 4

ies (Ebbets, 1982; Scuderi et al., 1992) who report variatio - supergiants (Cyg OB2#12 argdSco). In these cases, the flux

M of about 10 to 30%. variation reached values of up to 70%. Interpreted in teris o
In the case of IR and radio continua, and assuming tff& this would mean ac.hang.e of 50% '(see Eq. 2). In Scuderi et

emission to be thermal, the timescales of variability (dme #!- (1998), one out of six objects (again Cyg OB2#12) showed

variations of micro- or macro-structure, i.e., of the lodeh- Vvariability whilst having a spectral index compatible witter-

sity or mass-loss ratpcan difer by orders of magnitude in themal emission. Blomme et al. (2002) studied the variability o

two wavelength regimes. Considering variation®inthe tran- € Ori (B0la) and found no evidence for variability, both on
sit time of a front would be of the order of hours in the near-IR0rter and longer timescales. The best-studied objebtrest

forming region (given typical sizes of the emitting regiamda gard to thermal radio variability is Pup (O'4If+),'as a result of
velocity of the expanding material), and as much as montfige work by Blomme et al. (2003), who investigated both new
or even years, in the radio domain. This implies that whiist t 21d various archival data. Again, short-term variabiliguid

IR emission would display short-term variability, follaug the P€ ruled out, and long-term variability (with observatidres
mass-loss rate variations very closely, variations in dgia 9inning in 1978) appeared to be low or even negligible.

would be averaged o_ut_ if they occurred on timescales mugfje major hypothesis underlying our present investigatien
shorter than the transit time. ing in agreement with most other investigations perfornies t
Different considerations apply when the variability is &r) is that the clumping properties of a specific wind are-con
non-thermal origin. In this case, only the radio emissioafis trolled by small-scale structures. Further comments anftip
fected. The process responsible is usually cited as being syothesis, in connection with the outcome of this analysil, w
chrotron emission (White, 1985), most probably produced j& given in Sect. 6. If related to any intrinsic wind property
colliding-wind binaries (Van Loo et al., 2006). The main obge.g., the instability of radiative line-driving, even iternally
served characteristics are variability over timescalespfo triggered by short wavelengthort period modulations), the
months, and a power-law spectrum increasing with wavetengferived clumping properties should be (almost) indepenaien
and with a variable spectral index (Bieging et al., 1989). liime, as long as the major wind characteristics remain karge
such a case, which is met at least by one of our objecganstant. Accounting for the observational facts abovs,ab-
Cyg OB2#8A, the measured radio-flux(es) can still be used @gmption seems to be reasonable, and justifies our approach
an upper limit of the thermal free-free emission, by analyzi of using observational diagnostics fronffdrent epochs. Note
the lowermost flux measured at the shortest radio waveleng#so that the observed X-ray variability (where the X-rages a
thought to arise mostly from clump-clump collisions) is low
3 Note that variations in the ionization can also induce temporas well (Bergldfer et al., 1996), due to the cancellatidieets
variability, e.g., Panagia (1991). of the large number of participating clumps being accedefrat

2.1. Variability of the diagnostics used
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Table 2. VLA radio fluxes (inuJy), with 1o errors in brackets. Data without superscripts are new observatieasSgct. 2.3), whilst data
with superscripts correspond to either (a) unpublished measurenyeBtsitieri et al. or literature values used to complement our datalmse: (
Scuderi et al. (1998); (c) Bieging et al. (1989); (d) 3.6 cm obestions from Lamers & Leitherer (1993) (concerning HD 15570, sei;t6)
Blomme et al. (2003, including 20 cm data foPup, at 76290 nJy).
Also indicated are the adopted IR to mm fluxes and the sources from whegth#ive been drawn (see foot of table). Data denoted by “own”
refer toJHKLM-band observations performed by OGT at the Crimean 1.25 m teletsep&ect. 2.4}cusa data (at 1.35 mm) were obtained
by AWB and IDH (see Sect. 2.5), ardusa 0.85 mm data are from Blomme et al. (2003).

Star 4.86 GHz 8.46GHz 14.94GHz 43.34GHz IR-and mm- refeence
(6cm) (3.5cm) (2cm) (0.7cm) bands used (IR and mm)
Cyg OB2#7 <112 <100 HKLMN 1,14
Cyg OB2#8A <54( 920(70} JHKLMNQ 1,5,14,19,20
1000(2009 500(200}
800(100j
700(100j
400(100%
CygOB2#8C <200° HKLMN 14
CygOB2#10  134(29) 155(26) 300(100) JHKLMN 5,14,19
CygOB2#11  182(33) 228(28) <400 JHKLMN 5,14
HD 14947 <110 <135 <700 JHKLMN 2,5,15,own
<9(? 90(30%
120(30}
110(30%
HD 15570 100(40) 220(40% JHKLMNQ1.35mm 1,5,8,11,15,1&uBA
125(25Y
HD 24912 <200 <120 <390 <840 JHKLMN,IRAS 3,5,7,16
HD 30614 230(50) 440(40%  650(100% JHKLMN 5,7,0wn
HD 34656 <132 119(24) <510 JHKL 17,own
HD 36861 <112 <90 <1000 JHKLMN 25,7
HD 37043 203(38) <90 <330 JHKLMN 4,5,16,21,22
46(15Y
HD 66811 1640(70)  2380(90§  2900(300) JHKLM,IRAS,0.85mm,1.3mm  6,9,10,12,13,22,23,24
1490(1109
HD 190429A  250(37) 199(36) <420 <540 JHKLM 5,20,0wn
280(30%
HD 192639 <9(® JHKLM 5,15,own
HD 203064 114(27) 126(20) <330 JHKLM,IRAS 3,5,0wn
HD 207198 105(25) 101(21) 249(82) JHKLM,IRAS 3,0wn
HD 209975  165(36) 184(28)  422(120) JHKLM,IRAS 3,own
HD 210839 238(34) 428(26) 465(120) 790(190) JHKLMNQIRAS,1.35mm 1,2,3,5,14,15,0v80y8BA

References for IR and mm data: 1. Abbott et al. (1984), 2. Barlonokeh (1977), 3. Beichman et al. (1988), 4. Breger et al. (1980aStor
& Simon (1983), 6. Dachs & Wamsteker (1982), 7. Gehrz et al. (L 4Guetter & Vrba (1989), 9. Johnson & Borgman (1963), 10n3oh
(1964), 11. Johnson et al. (1966a), 12. Johnson et al. (1968h).amers et al. (1984), 14. Leitherer et al. (1982), 15. Leith&\folf (1984),
16. Ney et al. (1973), 17. Polcaro et al. (1990), 18. Sagar & Y®Q)L919. Sneden et al. (1978), 20. Tapia (1981), 21. The et B6(122.
Whittet & van Breda (1980), 23. Leitherer & Robert (1991), 24. Bloenmh al. (2003).

in laterally independent cones (of not too large angulaemxt 2.2. H, observations
Feldmeier et al. 1997).

If we had analyzed only one object, the derived resul

For our analysis of Kl by means of clumped wind models,
we have used the same observational material as described
in Paper |, i.e., | spectra obtained at the Caudpectro-
graph of the 2m RCC telescope at the National Astronomical
Observatory, Bulgaria, with a typical resolution of 15 080r

fdrther information concerning technical details and i,

might be considered as spurious, of course. However, dineto $€€ Paper | and references therein.
significant size of our sample, any global property (if prase

;hquld become visib[e. I._et us alread.y mention h.ere that o3 Radio observations
findings, on average, indicate rather similar behaviousior-

ilar objects, and thus we are confident that these resultsirenNew radio observations for 13 stars have been carried olngat t
largely undfected by issues relatedstrongtemporal variabil- VLA (in CnB and C configuration), in several sessions between
ity. February and April 2004, for a total of about 36 hours. Some
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of these stars were already known to be radio emitters, lout fable 3. Near IR magnitudes and errors (last two digits) for program
many of them only upper limits for their radio emission weretars as observed with the Crimean 1.25 m telescope.

available. Exploiting the gain in sensitivity of the VLA, @n
guided by the requirement of using consistent datlatdio
frequencies for our analysis, we decided to (re-)obser@mth
Note particularly that it was possible to observe not ondysst
with strong winds, but also those with weaker winds (i.ethwi HD 30614

Star JD J H K L
(2453¢+) M

HD 14947 067.204 7.1702 6.9502 6.8801 6.8504

307.456 7.1001 6.9801 6.8504 6.6708

073.238 4.3202 4.2502 4.2002 4.2001

H, in absorption). 100.224 43001 4.2601 4.2701 4.2301

The journal of observations is given in Table A.1, withyp 34656 072.356 6.6701 67101 6.6101 6.6004
dates, observing frequencies, time on targets, calilw&tor 100.244 6.6902 6.7101 6.6901 6.6503
flux-density bootstrapping and VLA configuration. The obserHD 190429A 216.414 6.2801 6.1201 6.1401 6.1304
vations were performed with a total bandwidth of 100 MHz at 225439 6.1801 6.0101 6.1901 5.9808
all frequencies. The target stars were observed for sesesals HD 192639  216.439 6.4501 6.2401 6.2201 6.26 04
of about 10 minutes, interleaved with a proper phase catibra 307.254 6.4401 6.2301 6.1701 6.2404

at 4.86, 8.46, and 14.94 GHz. A faster switching between thigD 203064 223.459 51701 51201 51301 5.1303

; 4.98 10
target star and the phase calibrator was used at 43 GHz, to re-
move the rapid phase fluctuations introduced between the an- 311301 51901 51701 5.17 005 052'32 0z

tenna elements by the troposphere at this frequency. Tlae dﬂD 207198 223496 55101 53502 53901 5.3704

at 15 and 43 GHz have been corrected for atmospheric opac- 5.58 10
ity using a combination of a seasonal model and the surface 309.167 5.4802 5.4201 54501 5.5803
weather conditions during the experiment. The Astronomica 5.57 20
Image Processing System (AIPS) developed by the NationalD 209975  223.535 5.0101 4.9701 5.0001 5.1205
Radio Astronomy Observatory (NRAO) was used for editing, 5.00 07
calibrating and imaging the data. HD 210839  223.567 4.6201 4.5201 4.5401 4.5702
Table 2 (left part) displays the corresponding fluxes, to- 4.44 05
gether with data from other sources (in most cases, at 2, 3.5 309.193 46101 45101 45801 4.6202

and 6 cm) used to complement our sample. For four objects, 4.3706

partly overlapping with the 13 stars mentioned above, we re-
lied on data (denoted by superscript “a” in Table 2) derived
Scuderi et al. (in preparation), using the VLA in B, BnC an
C configuration, in dierent sessions between 1998 and 199 the right part of Table 2 we have summarized the IR data
The reduction and analysis of these data has been performedsed, which are to a large part drawn from the literature. For
a similar way as outlined above for our new observations. Thefew objects, IRAS data for 12, 25, 60 and 108 are also
quoted flux limits for both datasets refer to 3 times the RM&vailable (Beichman et al., 1988), unfortunately mostlyips
noise on the images, whereas the errors aveetrors, again per limits forA > 25 um. For¢ Pup (HD 66811), however, ac-
measured on the images. Note that at these low flux densitigsl values are present at all but the last wavelength (10
the contribution of errors introduced by the calibratioog®#- see Lamers et al. (1984).
dure is negligible. For nine objects (denoted by “own” in the “references” col-
For the remaining stars, literature values have been usedinn of Table 2), neWHKLM fluxes (see Table 3) have been
particular from Scuderi et al. (1998) and Bieging et al. @98 obtained at the 1.25 m telescope of the Crimean Station of
together with 3.6 cm observations from Lamers & Leitherghe Sternberg Astronomical Institute (Cassegrain foctth w
(1993); these are denoted by superscripts “b”, “c” and “@-, r an exit aperture of 19, using a photometer with an InSb de-
spectively. Note that the indicated 3.6 cm flux for HD 1557fxctor cooled with liquid nitrogen. Appropriate stars frone
deviates from the “original” value of 11030 uJy provided by Johnson catalog (Johnson et al., 1966b) were selected add us
Lamers & Leitherer (1993), as a result of a recent recalibras photometric standards. Where necessaryHth! magni-
tion of the original Howarth & Brown VLA data, performedtudes of the standards have been estimated from their apectr

by IDH. For £ Pup, finally, we used the data obtained bypes using relations from Koorneef (1983).
Blomme et al. (2003, denoted by superscript “e”), at 3.6 and

6 cm (Australia Telescope Compact Array, ATCA) and 20 cm . .
(VLA), in combination with the 2 cm data from Bieging et al2-4-1. Absolute flux calibration

(recalibrated, see Blomme et al.) In order to convert the various IR magnitudes from the litera
For those objects which have been observed both by tige and our own observations intzeaningful(i.e., internally
and by others, or where multiple observations have been %hsister)tphysical units, we have to perform an adequate ab-

tained (particularly for the non-thermal emitter Cyg OB2¥8  so|yte flux calibration. For such a purpose, at least thrierli
we have added these values to our database. In almost &l casg methods can be applied:-

the diferent values are consistent with each other, especially
for the weaker radio sources when comparing with the uppér Calibration by means of the solar absolute flux, using-anal
limits derived by Bieging et al. (1989). ogous stars.

.4. IR observations
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2. Direct comparison of the observed Vega flux with a blackers® The use of trapezoidal instead of actual response func-

body. tions might, of course, lead to some error in the derived ab-
3. Extrapolation of the visual absolute flux calibration o$olute fluxes. Indeed, in the particular case of the ESO filter
Vega, using suitable model atmospheres. system, this error was estimated to be less than 5% (Schwarz &

Melnick, 1993), with typical values of about 2% systemdtjca
Although the first two methods are more precise, the latter olarger fluxes from the trapezoidal approximation.
provides the opportunity to interpolate in wavelengtiwalhg
the derivation of dferent sets of IR-band Vega fluxes for var: . . .
. . : Vega IR magnitudes. To convert stellar magnitudes into ab-
ious photometric systems. Thus, such an approach is advant . ;
) : solute fluxes using Vega as a standard, the magnitudes of Vega
geous in the case encountered here (observational datdisets . ) : )
. ; . in,the diferent filters for the various photometric system have
tained in diferent photometric systems), and we have eIecth
to follow this strate 0 be known. In our case, these data have been taken from the
ay- corresponding literature, and the errors inherent to thesa-
surements are usually very small.
Atmospheric model for Vega. To this end, we used the latest  Finally, let us mention that we are aware of the problem
Kurucz model$ to derive a set of absolute IR fluxes for Vegahat the use of (simplified) model atmospheres for calauiati
in a given photometric system, by convolving the model fluthe IR flux distribution of Vega might lead to some uncertain-
distribution (normalized to the Vega absolute flux at a djecities, as discussed by Bohlin & Gilliland (2004) (e.g., thegie
wavelength; see below) with the corresponding filter trassmbility that Vega is a pole-on rapid rotator, Gulliver et al9¥9
sion functions. In particular, we used a model withh = 9550 Peterson et al. 2004). Note, however, that Tokunaga & Vacca
K, logg = 3.95, [WH] = -0.5 andv; = 2.0 km s(Castelli & (2005) have recently shown that the near-IR (1 tand) ab-
Kurucz, 1994). In order to account for the possibility tHae t solute flux densities of Vega derived by means of atmospheric
metallicity of Vega might dfer from that adopted by us, an alimodels (e.g., Cohen et al. 1992) and by means of direct mea-
ternative model with [IyH] = -1.0 (cf. Garcia-Gil et al. 2005) surements (e.g., Megessier 1995) are actually indistitgtile
was used to check for the influence of dfeiient metallicity within the corresponding uncertainties, which, in thessHT
on the derived calibration. At least for the Johnson photame cases, are of the order of 1.45% and 2%, respectively.
system, the dierences in the corresponding fluxes turned out On the other hand, given the fact that Vega has a dust and
to lie always below 1%. gas disk (Wilner et al., 2002) which produces an IR excess, on
cannot exclude the possibility that a flux calibration based

Visual flux calibration. The most commonly used visual ﬂuxa comparison of Vega observed magnitudes and model fluxes
' y might lead to systematic errors, at least for- 5um, as dis-

calibration for Vega is based on the compilation by Hayes ssed also by Megessier (1995). There are 12 stars in our

(1985), which has since been questioned by Megessier (19 ; 1
who recommends a value being 0.6% larger than the value p(ssgmple for which we have ground based mid-IR photometry

. : tained in theN- and Q-bands. In the case that Vega indeed
vided by Hayes (3540 Jy), and equals 3560 Jy (i.46310° -
erg cm2 s A-1) at 1 = 5556 A. This value has been use%splaysamld IR flux excess (as compared to the models), one

. ight expect that the observed fluxes of our targets (based on
when normalizing the Kurucz model fluxes to the monochrg-. o . h
. ) is calibration) are somewhat underestimated in thesdsan
matic flux at1 = 5556 A. Since the standard error of th . :
; Lo . . uch a systematic error can be easily detected, howevenand
Megessier calibration is about one percent, this errorse a

inherent in our absolute flux distribution. zihsall keep this possibility in mind when performing our anral

Vega V-band magnitude. The availableV-band magnitudes
of Vega range from 0026 (Bohlin & Gilliland, 2004) to 035
(Colina & Bohlin, 1994), while in the present investigatime For three objects, we were also able to us¢113% mm fluxes,
adoptV = 0703 mag in agreement with Johnson et al. (1966tgcquired either with the Swedish ESO Submillimeter Telpsco
With this value, the monochromatic flux for a Vega-like star §SEST) at La Sillad Pup; see Leitherer & Robert 1991) or with
the dfective wavelength of th¥ filter is Fssoo(my = 0M0) = the Submillimetre Common User Bolometer Arrastupa;
3693 Jy. Holland et al. 1999) at the James Clerk Maxwell Telescope
(HD 15570 and HD 210839). (For Cyg OB2#8A, which was
also observed withcusa, only badly defined upper limits were

Filter transmission functions. To calculate the absolute fluxes .
obtained.)

of Vega in a given photometric system, we have to know the The scusa observations were obtained in the instrument’s

corresponding filter transmission functions, for each bahd hotometry mode (the standard mode employed for point-like

this system. In those cases where such functions were exp'ﬁc : . "

. . . . . sources), using the single, 1.35 mm photometric pixel,tkgta

itly available we used them, while for the rest (including ou i
. . atéhe outer edge of the long-wavelength (LW) array. The data

own IR data) we used trapezoidal transmission curves base

on the published féective wavelength and FWHM of the fil- 5 For more detailed information about the shape of the filter trans-
mission functions used to convert the literature data, see Runacres &
4 fromhttp://kurucz.harvard.edu/stars/vega Blomme (1996, their Table 3).

2.5. Mm observations
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Table 4.1.35mm fluxes and errors for program stars observed with CygOBZ2#8A
SCUBA. 1.40 ‘
Star date of obs. _integration (s) __ flux (mJy) _12f n
CygOB2#8A May 7, 1998 3600 -250+5.95 2 I ]
HD 15570 Jul 3, 1998 2160 76+ 243 Lo - F g L
HD 210839 May 4, 1998 4500 25+ 192 é r
Jun 1, 1998 2340 .87+ 358 % 08 . 1]
R . E B
\:/ 06 ]
were acquired in service mode over the period May—July, 1998 = i
Table 4 lists the observation dates, integration times aed-m 0.4 b
sured fluxes. Data reduction was performed usingsthea 0al | | |
User Reduction Facilitys(rr; Jenness & Lightfoot 2000). '0.5 10 15 50 55

Additional 0.85 mmscusa data have been taken from the wavelength [um]
literature (Blomme et al., 2003), again foPup.
Fig. 1. De-reddening procedure, for the example of Cyg OB2#8A.
Displayed is the ratio of distance-diluted, theoretical fluxes and de-
reddened, observedJHK fluxes, as a function of wavelength, with
Since we are aiming for a combined optjt@}radio study, all bars accounting for the observational errors. Grey entries camesp
parameters used have to be consistent in order to allow fofafit-parameters” E(B-V)= 1.9, R, = 3.0 andR. = 24R;. Obviously,

meaningful analysis of the observed fluxes, in particular tH’le extinction is too large: the ratio of theoretical to de-reddened fluxes

excesses caused by the (clumped) wind alone. To Compare'?HBUCh smaller at shorter than at larger wavelengths (extinction de-

. . . creasing with wavelength). Moreover, the assumed radius is too small,
observed with the theoretical fluxes, we haijetq de-redden since themeanflux ratio (indicated by a dotted line) is well below

the observed fluxes and)(to derive a consistent stellar radius.mity (too small an angular diameter). The black entries show our final

for a given distancel (QV vice versa, see below), which hagojytion, for E(B-V)= 1.63, R,= 3.0 andR.= 27 R.. Any curvature
been drawn from the literature cited or recalculated from thas vanished, the optical flux corresponds to the mean, and the mean

assumed value of M(for models “1-2" in column “ref2” of ratio itself (again indicated by a dotted line) is located at unity.
Table 1).

qu th's_‘ purpose, we have uged our (S|mpl|f|ed) mocgel fi3s to be modified as well, because the latter depend on the as-
described n Sect. 3.2 to synthesge theoretitaHK fluxes. sumed value oM (see below). Since we do not know the actual
Note that this model has been calibrated to reproduce the GQts¢ |oss rate in advance, we follow a simplified approadh an
responding predictions obtained from a large OB-model grifle 5 yajue equal or related to the mass-loss rate provided
calculated by:A?TWIND (Puls et al., 2005). . by previous investigations (entry “refl”). This mass-loate,

By comparing the observed IR fluxes (from the variougyyever, had been derived for a certain stellar radius, whic
sources given in Table 2) with the theoretical predictions, o claim to improve by our procedure. Consequently, we also
derive “empirical” values for the color excess E(B-V) #M p3ye to modify our “input value” oM, to maintain the H fit-

the extinction ratio R, by requiring the ratio between de-q, ity of the former investigations. As outlined alreathpee,
reddened observed (pJusinus error) and distance-diluted theiyis can be obtained by keeping the rafio= M/RLS constant.
oretical fluxes to be constant within the to K-bands. For this This scaling has a further advantage, namely that not only
purpose, we adopt the reddening law provideq by Cardelli et A, butall p>-dependent diagnostics (i.e., igrofile shape, IR
(1989). Visual fluxes ha\{e been cqlculated usfamagnitudes 4.4 radio fluxes) and the finallyerived run of the clumping
from Paper | or from Mais-Apellaniz et al. (2004). _ factorremain almost unéected if a diferent radius or distance

~ In-a second step, we adapt the stellar radius (for a givRRough identical angular diameter) are chosen.
distance) in such a way that theeanratio becomes unity. This * Thjs notion follows from the fact that the Hprofile shape
procedyre ensures t.he correellq bgtween radius ar_lq d's'depends oY alone (for givenv., and assuming that the NLTE
tance, i.e., angular diameter, which is the only quantityoWh geparture coicients do not vary), and that the IR and radio
can be specified from a comparison between synthetic and ghyical depths scale with this quantity as well, whereastie
served fluxes. Of course, we could have also chosen to modj ponding fluxes are additionally diluted bBg,(d)?. As an

the distance for a given radius; however, in order to be ensiyample, remember that under certain conditions (see S3ct 3
tent with previous mass-loss estimates from radio obsen@t ihe radio fluxes scale according to

which rely on certain distances, we have followed the former i ,
approach. Fig. 1 gives an impression of this procedurehfer t- MY _ (ﬂ)% (&)2 @
example of Cyg OB2#8A. YR RY2 )

d
Note that in parallel with re-defining the stellar radiug th In other words, as long a’ and the angular diame-
mass-loss rate used to calculate Yheo K-band model fluxes “ ,, oS .
ter (“measured” from aligning synthetic and observed, de-

® Only near-IR fluxes were used to ensure that the flux excess déeldened fluxes; see Fig. 1) remain conserved, almost all fur
to the wind remains low, i.e., rather ufected by clumping. ther results become independent of the individual choice of

2.6. De-reddening and stellar radii
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R. or d, and a translation of our results tofféirent assump-

tions, e.g., due to future improvements concerning digtanc 0041

measurements:fia), becomes easily possible. The only quan- -

tities which depend directly on these values are the mass-lo | |

and wind-momentum rate (e.g., Paper I), which are of minor L

importance regarding the objectives of this paper. = " * *
One problem inherent to our approach is the fact that thg, ;| x4 o X %

derivation of reddening parameters aRdrequires an a pri- = - %

ori knowledge ofM (and clumping properties), since, as stated i * *

already above, the model fluxes depend on this quantity. 002
First note that the flux excess increases as a functidn.of - Ly

Consequently, the averaglpeof the model fluxes decreases, i

which afects our de-reddening procedure (operating inthe —ooal . o e

to K-band). This dependence, however, is only moderate, due 2ox10  soxi0t  3sxi0t  a0xa0t 45x10?

to the rather low excess in this wavelength region for tylpica e

OB-_star_Wlnds. Moreover, itis predicted correctly by ourdno Fig. 2. Differences betweetterivedcolor excess, E(B-V), and corre-

els if Q' is of the correct order. sponding literature valueB(- V) — (B — V), (Table 1, entry “ref 2;
The absoluteflux level in the optical and near IR, on thefor intrinsic colors see text), as a function. Asterisks denote su-

other hand, is much morefacted by our choice oi, thus pergiants, and crosses bright giants and giants, respectively. Tare me

influencing our derivation oR.. For identical stellar param- deviation for supergiants is0.004 + 0.016 mag, and for l.c. [l

eters, theV-flux is a (monotonically) decreasing function oftars-0.01 + 0.023 mag.

M.” To a large extent, this behaviour is induced by a decreas-

ing source function at bf-continuum formation depth, redat o )

to the decrease in electron temperaturer(d) ~ 2/3) when the actual, unclumpet¥ times square root of !ocal clu.mpmg

M is increasing, and increasing electron scattering. Both &ctor), so any reasonable error regarding this quantityléo

fects apply to blanketednd unblanketed models; the “only” barely afe(;t the corresponding theoretical fluxes and thus our

difference concerns the absolute flux level at optical and (N)fi€-reddening procedure. _

bands, which is larger for blanketed models, due to flux- YVe willnow comment, where appropriate, on the results of

conservation arguments (compensation of the blocked (E)@yr procedure for a few individual objects. For the majoaty

radiation field). stars, only small modifications of the E(B-V) values resigti
Since a precise knowledge of the “real” wind density ariom optical photometry,&-V), and intrinsic colors,§—V)o,

the near-photospheric clumping properties is not possibleWEre necessary, while keeping the total-to-selectivenetitin

this stage, only an iteration cycle exploiting the resuftear  'atio, Ry, at its “normal” value of 3.1, or at a value suggested

following mass-los&lumping analysis could solve the prob_from other investigations. The intrinsic colors used heaeeh
lem “exactly”. been adapted from Wegner (1994), particularly because=of th

In order to avoid such a cycle, we follow a simplified ap(_extension towards hotter spectral types. However, sinise th

proach, in accordance with our findings from Paper | and antfc@libration deviates considerably from the widely useerak-
ipating our results from Sect. 4 (cf. column “ratio” in Tapfg 1V Provided by Fitzgerald (1970) at the cool end (-0.24 mag
To calculate the theoretical fluxes required for our de-eainy  VS: “0-28 mag for 09.5 supergiants), we adopt, as a compro-
procedure, for objects with Hin absorption we have used thdNiSe; only values -0.27, and-0.27 if Wegner's calibration
actual,Q’-scaled, H mass-loss rate, whereas for objects witRXCeeds this threshold. .

H,, in emission we have reduced the corresponding value by a €oncerning the Cyg OB2 stars, for three objects (#7, #8A
factor of 0.48. This approach is based on our hypothesis tR&d #8C), our procedure results in rather similar reddepéng

the lowermost wind is unclumped (see Sect. 3.4), and that fiRgneters to those presented by Hanson (2003, based on UBV
previously derived H mass-loss rates for objects with, kn Photometry by Massey, priv. comm., and IR-photometry from

emission are contaminated by clumping, with average clum@MASS). Only for stars #10 and #11 did we find larger discrep-
ing factors of the order dff-L 2 ancies, which were corrected for by using R 3.15 instead of
9 Fac 0 sho Ie orce ((]9-_48) f the th fal Ry = 3.0, as suggested by Hanson and previous work in the op-
rom t €a most per ect.agreement 0 the theoretica ical (Massey & Thompson 1991; Torres et al. 1991). Note that
to-K fluxes with the observations for our final, clumped modz) '\ o1Le is consistent with the values provided by Paiia
els, this assumption seems to be fairly justified. In any ca €al (2003, see below),Re 3.17 and 3.18, respectively.

E'Hg'}n%/;?r: tgi;?]\;ve{,r(:r?;tt V}'ént(%\':gﬁvgn?:sg{lﬁc:g?gt:s(ivée" ' In disagreement with the work by Hanson, however, we still
P q Y ““""used the canonical distanceaf= 1.71 kpc for the Cyg OB2

7 More precisely: for those wavelength bands where the wind is ig@"S» S determined by Massey & Thompson (1991). In our

optically thick, i.e., where the fluxes depend on both the photosphefRinion, the alternative, lower value(s) claimed by Hanson
radiation and the wind absorpti@mission, there is an additional de-would result in too low luminosities. Most probably, though
pendence on the wind density,M/R2, which scales somewhat dif- the “real” distanceis smaller than the value used here. As

ferently thanQ'. pointed out, this would imply “only” a down-scaling of radii

X+

5.0x10%
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and mass-loss rates, and would nfieet our conclusions con- Table 5. Consistency check for Hmass-loss rates and velocity field
cerning the wind clumping. exponents, for those objects with stellar and wind parameters derived
The only other objects worthy of closer inspection are tho§@m & complete NLTE analysis (cf. Table 1). All mass-loss rates are

with extinction ratios R # 3.1 (cf. Paper I). Unfortunately, the in units of of 10°M/yr. M, is the mass-loss rate as derived from our
recent catalogue of\Rvalues for Galactic O-stars by PatriarchfPProximate method, adoptirfy = /(in), where possible. In some

et al. (2003) covers only few stars in our sample (in pargicul cases, a secc_md solutioll4, 3,) is possible, mostly for objects with
Cyg OB2#8A, #10, #11 and HD 34656), such that a compatie " PSOrption (see tex).
son is not possible for the majority of objgctg. Due to the desy M(n)  Ban) M, B M, 5
generacy of E(B-V) and R(different combinations can result™cygoB2#7  10.61  0.74 M(n) A(in) 9.5 0.90

in rather similar extinction laws, if the considered wavglth  HD 15570 17.32 1.09 16.00 A(in) | M(in) 0.95

range is not too large), we applied the following philosaghy HD 66811 16.67 0.90 13.50 g(in)
those cases with peculiar extinction ratiog, ®3.1, (obtained 8.26 0.90| 6.69 p(in)
from Paper | and references therein), we firstly checked sby u HD 14947 16.97  0.95 M(in) p(in)

ing these values, whether the derived color excess is ¢ensis CygOB2#11 812 1.03 950 1.10
(within small errors; see below) with measured and intdnsj CY90B2#8C ~ 4.28 083 3.50  1.00)
colors in the optical. If so, we adopted these values herthisn CygOB2#BA  11.26  0.74 13.00 f(in) | M(in) 0.9

) HD 210839 7.95 1.00 M(n) g(n) |
way, we confirmed the values of/R= 5.0, 5.0 and 2.76 for the HD 192639 622 090 570 1.14| M(n) 1.05

stars HD 36861, HD 37043 (both belonging to Ori OB1) andHD24912 245 080 4.00 AGn) | M(n) 1.05

HD 209975, respectively. HD203064 098 0.8d 1.30 g(n) | M(in) 0.92
For HD 207198, with a literature value of/R=2.76, the de- HD 207198 1.05 0.80 1.30 A(in) M(in) 0.90

rived color excess would have fallen 0.04 mag below the “opHD 30614 3.07 115 240 g(in)

tical” value (a deviation which we considered to be too ldfge CygOB2#10 2.74 109 3.30 g(in)

Ry #3.1 anyway). Therefore, for this object, we kept the opti-HD 209975 111 0.80 1.20 0.90

cal E(B-V) value and fitted Rusing our procedure, resulting

in Ry = 2.56. This star is the only one for which our proce-

dure showed significant deviations from previous work. @ivedpon the assumption small-scalenhomogeneities. Since this
the dificulties in deriving reliable Rvalues, however, we con-treatment consists of a simple manipulation of our homoge-
sider this deviation as not too troublesome. neous models, we will start with a description of these.

For the last object in this group, HD 34656, we could check Because of the large number of parameters to be vaied (
for the consistency of our results with the work by Patriagth A, clumping factors), and accounting for the rather large-sam
al. By keeping R = 3.1, as suggested in Paper I, the deriva@le size, an “exact” treatment by means of NLTE atmospheres
E(B-V) would lie 0.03 mag above the “optical” value, whichis (almost) prohibitive. Thus, we follow our previous ptsio
compared to the other objects (see below), is rather large. @hy of usingapproximatemethods, which are calibrated by
the other hand, by keeping our value of E(B-V), we derivgd Rmeans of our available NLTE model grids (Puls et al., 20@5), t
= 3.4, which is consistent with the value claimed by Partharcprovide reliable results. Note that these grids have belen-ca
etal. (R, = 3.5), and we adopted this solution. lated without the inclusion of X-rays; the influence of X-say

Fig 2 summarizes the results of our de-reddening proc@? the occupation numbers and/i&tlio opacities of hydrogen
dure, by comparing theerivedvalues of E(B-V) for our com- is negligible (e.g., Pauldrach et al. 2001), whilst theieet on
p|ete Samp|e with the Corresponding “optica|” Va|u$,_(\/)_ helium (through their EUV tal') has not been investigated in
(B - V)o, as a function ofTe (with (B-V) given by the ref- detail. From a comparison of models with and without X-rays
erences in Table 1, entry “ref 2”, and the intrinsic colors d8ough, any #fect seems to be small.
discussed above). We have been able to desigmeractiveprocedures (written

From this figure, we find no obvious trend of théfdience N L acting as a wrapper arousekTran-programs), which al-
in E(B-V) as a function ofT; (the average dierences being low for a real-time treatment of the problem, where all reedi
almost exactly zero for supergiants an@l01 mag for the re- fits and manipulation of Fspectra and IRadio fluxes are ob-
maining objects), which is also true if we plot this quantiya tained in parallel.
function of M, (not shown). The majority of theseftrences
are less than.02 mag, which seems to be a reasonable valgel H
when accounting for the inaccuracy in the obsen@d{) col- ~ ¢
ors, the uncertainties in the intrinsic ones, the erroraltieg In the present study, synthetic, bprofiles are calculated as de-
from our flux calibration and the typical errors on the thdiere scribed in Paper |. This approach bases on the approximate
cal fluxes (cf. Sect. 3.2). treatment as introduced by Puls et al. (1996), updated to ac-
count for line-blanketing féects. Except for the inclusion of
clumping, no further modifications have been applied; note i
particular that we have used the samg ébservations and
In this section, we will describe our approach to calculatirH/He departure cdicients as adopted in Paper |.
the various energy distributions required for our analyasisl On the other hand, for most of our sample stars we have
our approximate treatment of wind clumping, which is baseglioted (and used, within our de-reddening procedure) waad p

3. Simulations
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Fig. 3. Consistency check for Hprofiles: results of our approximate, Hine synthesis, for some representative cases from Table 5. Dotfed: H
line profiles with parameters!(in) andg(in) as derived from a complete NLTE analysis (cf. Table 1); boldresponding profiles wittM =
M; or 8 = 3, (see Table 5).

rameters from a complete NLTE analysis, which do not refgr the other stars small variations bf were sificient to re-

exclusively on H, but also on He 4686 and other diagnos-produce our observational data, mostly by keeping the naimin

tics. Furthermore, the observeq, Igrofiles used here are dif-velocity exponent. The average ratio between modified and

ferent to those in the corresponding sources, because of itipat mass-loss rates was 100.22.

variability of H, (cf. Sect. 2.1). Thus, we have to check how |n some cases (particularly for objects with  absorp-

far the values from the complete analysis (denotedVfin) tion), a second solution is possible, and in all but one case,

andﬁ(ln)) mlght deviate from solutions resulting from our Simkept the nominal mass-loss rate constant, while Varﬁi(@]_

plified method, used in combination with oufigrent H, data, try s, in Table 5). All derived velocity exponents still lie in the

to obtain consistent initial numbers for the foIIowing tiiga- expected range. For representative cases, F|g 3 dis“aye.t

tions and to re-check the reliability of our approdcho this sults of our line synthesis, both for models with the nominal

end, we have re-determined mass-loss rates and velocity eXglues,M(in) and3(in), and for the best-fitting models from

nents, using our observational material, the stellar patars Taple 5, withM; or Bs.

from Table 1 and the approximate fine synthesis as outlined |, conclusion, our simplified routine delivers reliable nrum

above. Table 5 summarizes the results from this exercise. pars and thus can be used in our further approach to derive
For three objects (CygOB2#7 HD14947 and constraints on the clumping factors.

HD 210839), no modifications were required at all, whereas

8 Concerning those (four) objects with wind parameters taken froth2. Infrared fluxes

Paper |, we have convinced ourselves that the corresponding flts cou _ )
be reproduced. For the calculation of the infrared fluxes, we closely folemiv

® The second solution with = 0.9 gives a better fit for the absorp-the approximations as outlined by Lamers & Waters (1984a),
tion trough. with Gaunt factors from Waters & Lamers (1984). The major
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difference concerns the fact that the radiative transfer idolv
by means of the “Rybicki algorithm” (Rybicki, 1971), to ac-

count for electron scattering in a convenient way. 1or % SR
A further modification regards the photospheric input 08l T :
fluxes which were chosen in such a way as to assure that the =
0.6 -

emergent fluxes, on average, comply with the results from our <‘
detailed NLTE model grids. =

After some experiments, it turned out that the best choice 5 4[
for the various parameters is the following:- L

AT A

v_rec

et

0.2

:LR H+

The velocity law is specified by

, 4
TR TP " -

o0f
v(r) = Veo(1 - b/TY’, b= 1= (Viin/ Vo), ®) 4.40 4.‘45 4.;50 4.;55 4.éo 4.é5 4.70
log (Teff)

wherer is calculated in units oR,, and the minimum velocity,

Vimin, IS setto 10 km g,
Fig. 4. Location of Heu recombination in velocity space (in units of
V), as a function off . Crosses display this location as derived from
Electron temperature. All Gaunt factors are calculated at aour model grid, with 27.5 kke Te < 47.5 kK, diferent gravities and
temperature of 0.9, and the electron temperature is calcuwind densities. Curves indicate the results of our linear regression,
lated using Lucy’s temperature law for spherical atmospherEq. 4, for the (limiting) cases (log=3.0,p = —13, solid), (logy=3.0,
(Lucy, 1971, his Eq. 12, and using grey opacities), with an op = —11, dotted), (log=4.5,p = —13, dashed) and (lag-4.5,p =
tical depth scale accounting for electron scattering only a —11, dashed-dotted). For units pf see text. The only region which
temperature cutfbat 0.5Ter. Remember that the radio fluxedS n_ot matched by our regression is the low grawt_y, Iovy wind density
are almost independent of the temperature, and a numbefegfonbgroqndnﬁl: 33,000 K, where the regression yields too low
tests have shown thatfterent (reasonable) temperature strate°™ Ination velocities.

ifications have negligible feects on the derived IR fluxes as

well. 37,500K < Teg < 47,500K :

o _ ) c=-1490a; = 3.3l a, = —-0.09564a3 = —0.0798
lonization equilibrium. Hydrogen is assumed to be (almost)

completely ionized, helium as singly ionized outside the rghereT,; is measured in KM in Mo/yr, R. in Ry andvy, in
combination radius (see below) and the CNO metals as eitQ@f 51 For 35K < T < 37.5kK, we have applied a linear
two or three times ionized. interpolation.

Throughout the parameter range considered here, helium IS Concerning the models of our grid, this relation results in a

singly ionized in theadio emitting region (ford > 2 cm; con- e an diference (Vied(EQ. 4)Me(model) = 0.011+ 0.079 (in

cerning mm fluxes see below), as we have convinced oursely@gs ofy,_ ), where the largest discrepancies are found in the

by an inspection of our model grid. (Only for @3dwarfs and low gravity, low wind density region arountis; = 33,000 K

earligr types — whiqh are missing in our sample - QOes he|iLt€f_ Fig. 4). Note that for high gravity, log = 4.5, and low
remain completely ionized throughout the entire wind). wind density, log = —13.0 (dashed line), theompletewind

With respect to the mid- and far-IR emitting region, thi§ tains solely Hefor T < 31,000 K, whereas for low grav-
statement is no longer justified, and one would have to cgﬂ; logg = 3.0, and high wind density, lgg = —110 (dot-

culate a co_nsistent ionization structu_re, which is _beydrml tied line), it remains completely ionized ik > 42,000 K.
scope of this paper. In order to obtain an approximate soy_aér our final model ot Pup (HD 66811), our approximation

t?on of t.his problem, we have parameterized the ,recombi'lﬂ'eldsv,ec — 0.87, which is in good agreement with the value
tion radius, in dependence ty, logg and mean wind den- o\, 0,83 found by Hillier et al. (1993) in their paper on

sity, p = M/(R2V..), from a linear regression to correspondg, o X-ray emission of this object.

ing results of our model grid (cf. Fig. 4, crosses). It turoed Mostl
. . T ) y afected by the presence of iigcompared to the
that a best fit could be obtained for the recombinatietocity assumption that helium is singly ionized throughout thedyin

E)defmed e}s the ;ﬁ Ioc;;]y \:(vhe:.e thef Lc:g;\zatlon fracgpn ?iIHeis the mid and far IR-band, where tlggfective photosphere
ecomes farger than the fraction otinghen proceeding from might be located below the recombination radius. (In the-nea

outside to inside), which can expressed (in units.cf as IR, the emitted flux is still dominated by the “real” photo-

Viec = C+ a1 log Ter + a2 logg + aglogp, (4) sphere.) Except for a few objects, the former wgvglengtgea_n
has not been observed so far, so that our predictions remain t

min(vred) = 0, maxred) = 1, be verified in the future. Note finally that from the scaling re

with lations provided by, e.g., Lamers & Waters (1984a), thedi
ence in the derived mass-loss rates (usingihifestead of He

27,500K < Ter < 35,000K as the major ion, i.e., no recombination at all) would result

c=-3460a; = 7.79 a, = —-0.3325a3 = —0.0854 a factor of roughly 0.85 for solar helium content. Furthemeo
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ments on the influence of the helium ionization balance veill B3.4. Inclusion of wind clumping

givenin Sect. 4.1 To account for the influence of wind clumping, we follow the

approach as described by Abbott et al. (1981). Modified by one
Photospheric input fluxes were chosen as follows: For < additional assumption (see below), this approach has Ineen i
1um, we used Kurucz fluxes, whereas for higher wavelengtpemented into NLTE model atmospheres already by Schmutz
we used Planck functions wiffiag= 0.87 Teg for 1um < 2 < (1995), and is presently also used by the alternative NLTdeco
2um, Trag= 0.85Te for 2um < A < 5um andTag= 0.9 Ter  cmrGen. In the following, we will recapitulate the method and
elsewhere. Note that for considerably larger wavelengties, give some important caveats.
emergent fluxes become independent of the input fluxes, due toRegarding the hydrodynamical simulations of radiatively
increasing optical depths. driven winds, the term “clumping factor” has been introdiice

i ... byOwocki et al. (1988), as defined from the temporal averages
We have compared the fluxes resulting from this simplifief £, 1 16 allow for a translation to stationary model atmo-

model with those from our NLTE model grid as cal_culated bgpheres, one usually assumes that the wind plasma is made up
rasTWIND, for the wavelength bandéto Q. (A comparison be- ot vy, components, namely dense clumps and rarefied inter-
yond 30um is not possible, since this is the maximum wavesmn material, in analogy to snapshots obtained from the hy
length considered imstwinp, which follows from the con- 4 64y namics. The volume filling factof, is then defined as
straint that, for all IR wavelengths and all wind densiti® o 4 ctional volume of thelensegas, and one can define ap-
wind plasma should become optically thick only well insitle t propriatespatialaverages for densities and density-squares (cf.

outermost radius poinBmax = 100R..) Abbott et al. 1981),

For this comparison, 204 models within the range 30 kK
< Ter <45 kK, with different gravities and wind densities (cor-_ , . _ 1 f[fp+ F - f)p‘]dv (5)
responding to lo® = log(Q’/v:®) = -13.15...-12.1, ifv, is AV

calculated in km ', see Puls et al. 2005, Sect. 10) have bee<n 2
used. As a result, the mean ratio of IR fluxes from our simpli-
fied model to those fromnstwinb is of the order of 0.99...1.01
(different for diferent wavelengths), and the typical standa
deviation for each wavelength band is below 5%.

- = f (1" + (2~ 1) (o )]aV, (6)

r\gherep+ andp~ denote the overdense and rarefied material,
respectively. Here, and in the following, we have suppmsse
in our notation any spatial dependence, both of these diganti
and off. The actual mass-loss rate (still assumed to be spatially
3.3. Radio fluxes constant, in analogy to the temporal averaged mass-loss rat

) . _resulting from hydrodynamics) is then defined from the mean
Radio fluxes are calculated in analogy to the IR fluxes (Wl%nsity

identical parameters), but neglecting electron scatjeriie

use a numerical integration, wiRnax = 10,000R, %, for the M =4nr><p>v, (7)
following reasons: first, the analytical expression by aggl ) o _ _

to Eq. 2, as provided by Panagia & Felli (1975) and Wriglﬁndanydlsturbance of the v_e_lc_)mty field (e.g., |nfluer_10|ng the
& Barlow (1975), is valid only under the condition that théme—transfer escape probabilities; see Puls et al. 1983a9-

plasma is already optically thick a(r) ~ v., which is not dlected.
the case for objects with thin winds. Secondly, the inclusig 1€ modification introduced by Schmutz (1995) relates to

of depth-dependent clumping factors requires a numerica i the results from all hydrodynamical simulations collected

gration anyway. Of course, we have checked that for consti "@mely that the inter-clump medium becomes almost void
clumping factors and large wind densities, the analytieal rafter the instability is fully growni.e, outside a certain radius.

sults are recovered by our approach. Remember that theeemitf) thiS case thenp™ — 0, and we find, assuming Siciently
fluxes are almost independent of the assumed electron tampefall Iength scales (see below),

ture. From our final results, it turned out that except forrtira 1 . .

fluxes of our hottest objects, Cyg OB2#7 and HD 15570, th€ P~ = 2y f[fp ]dv = fp (8)
radio photospheres of the complete sample (even if somgtime

belowv.,) are well above the corresponding recombinationra- , 1 2 B ne _ <p >2

dius (cf. Table 7). Thus, unless explicitly stated otheeytse- > = AV [f(p ) ]dv = (") = f o 9)

lium is adopted to be singly ionized in our radio simulatidhs
In the following figures, the radio range is indicated to tséar
400 um = 0.4 mm (end of IR treatment at 2Q6n), but this
serves only as a guideline, since at these wavelengthsnheliy 1 . 3

might still not be completely recombined. f = T ad p=——=Tfa<p> (10)

10 Within our procedure, we always check that the plasma remain@-- the_ Clumping factor des_c_ribes the o_vgrdensity of the
optically thin until well inside the outermost grid point. clumps, if th? inter-clump densities are negligible. _
11 Concerning the influence of the adopted He ionization on derived Concerning model atmospheres and (N)LTE treatment, this

mass-loss rates, see also Schmutz & Hamann 1986. averaging process has the following consequences:-

Comparing with Eg. 1 and identifying temporal with spatial
averages, we obtain

<p>
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— Since, according to our model, matter is present only imter-clump medium is void becomes questionable. In such a
side the clumps, the actual (over-)density entering the rafase, it might be more appropriate to follow the original ap-
equations i* = fy < p > (where the latter quantity is proach by Abbott et al. (1981), namely to account explicitly
defined by Eq. 7). Since both ion and electron densities Her the “under-dense” medium.
come larger, the recombination rates grow, and the ioniza- With respect to our models now, the inclusion of clumping
tion balance changes. As a simple example, under LTE c@ffects in the spirit as described above becomes very simple.
ditions (Saha equation), and for hot stars, we would find @ince all opacities entering the calculations (bound;fhee-
increased fraction of neutral hydrogérside the clumps free and the Kl line opacity) are dependent pf, they are mul-
being larger by a factor of2 compared to an unclumpedtiplied with a pre-described clumping factor, whereas tbe ¢
model of the same mass-loss rate. Further, more realistgsponding source functions remain free from such a manipu-
examples for important ions have been given by Bouretlgtion, which is also true for the electron scattering come,
al. (2005). being proportional t@. Despite our caveats, we assunjelfe

— The overall &ect of this increase, however, is somewhaflumps to be optically thin in Hland the IRradio continuum,
compensated for by the “holes” in the wind plasma, sineghd i) the inter-clump matter to be void, since, anticipating
the radiative transfer (and, consequently, the ionizaiwh our following results, there is no need to require the inhemo
excitation rates) is féected by the averaging process ageneity to start already from the wind base on.

We”, at least for processes which depend non-linearly on |n summary, our procedure is equiva|ent to other ap-
the density. Note that for processes which are linearly d@roaches used in the literature (e.g., any analysis peedrm
pendent on the density (e.g., resonance lines of major,iongjth cmrcen), so that the results can be easily compared.

the optical depth is similar in clumped and unclumped gjince we want to obtain constraints on the radial stratifi-
models, provided that the scales of the clyimier-clump  cation of the clumping factor, it would be dangerous to use a
r_natter are significantly smaller than the domain of i”tegrﬁ're-prescribed law, and to adapt only the parameters of such
tion. Forp?-dependent processes, on the other hand, the @Ry, An optimum solution would leave the run of the clumping
tical depth is proportional to the integral ovep? >= fu < factor completely unconstrained, and would derive thisngua
p >% fcl(_pund)z’ i.e., the optical depths are larger by jusfity at all depth points from a maximum likelihood method (or
the clumping factor. Consequently, mass-loss rates deriner optimization algorithms) by fitting to the observedada
f“?m such diagnostics become onver by the square rootgfyiew of our interactive procedure, and particularly hesm
this factor, compared to an analysis performed by meansffour desire to also elaborate on the allowed range of thie var
unclumped models. ous possibilities’, we follow a simplified philosophy, by defin-

Before we now comment on the implementation of this pr(ipg five different regions of the stellar wind with corresponding

cess into our models, let us give two important caveats.ibinpl @Verageclumping factors, denoted by
to the assumption of small length scales, the simple approac

as described above breaks down (at least to some extent)/figion| 1 2 3 4 S
the clumps become optically thick. In this case, the scedall /R« |1...Tin Tin olmid Tmid - cFout Tout - ftar > Far
“porosity length” becomes important, and the distributiord fo 1 e fa fa fo

shape of the clumps has to be specified to allow for more quan- ) . )
titative conclusions. For opacities scaling linearly wdtmsity, | '€ Poundaries of these regions and the clumping factors can
Owocki et al. (2005) have provided a suitable formalism to d8¢ @dapted within our procedure. The first region with fixed
scribe the fects of clumpingporosity in this context, whereasCUMPing factor,fo = 1, has been designed to allow for a
for p2-dependent opacities such an analysis is still missing. |0Wer. unclumped wind region, in accordance with theoegtic
Besides the questions of the length scales involved, celafy€dictions and our argument from above (namely that any in-
optical depth #ects and the neglect of velocity disturbanceStaPility needs some time to grow before significant stmectu
the other important assumption concerns the treatmenteof {h formed). But note also that by choosing = 1 we are alter-
inter-clump matter as being void. This approximation istleg natively ab_Ie to simulate a wind where the medium is clumped
mate as long as clumping is decisive only in those parts of t@M the wind base on.
wind which are significantly separated from the base. Under TYPical values forin, g, lout @ndre are 1.05, 2, 15 and
this condition, the line-driven instability has alreadysped its °0: réspectively. For not too thin winds, this correspondtie
linear phase and shocks have developed, compressing the F@0r formation zones of H(region 1 and 2), the midfar-IR
terial into clumps and rarefying the medium in between. ~ (région 3), the mm range (region 4) and the radio-flux (region
As has been discussed in Sect. 1, recent evidence indicaedVote that for a number of test cases we have usiereint
that clumping becomes important from close to the wind baB@rders, and sometimes combined region 4 and 5 into one outer
on (Bouret et al. 2005). In this region, however, the ingtabf€gion. All clumping factors derived in the following areeav
ity is still i its linear phase and resembles more a flucteti @3¢ values regarding thefidirent regions, which admittedly are
(with similar positive and negative density amplitudesirth rather extended. In almost all cases, however, with sucwa lo

a clumped structur® Consequently, the assumption that the _ )
13 Note that, e.g., the velocity-law-inde&,and the run of the clump-

12 This should be true, even if affirent, unknown instability were ing factor are interrelated, and that for most of our objects observa-
responsible for the development of an inhomogeneous structure. tional data in the far-IR are missing.
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Fig. 5. Homogeneoumodels fors Pup whicheitherfit H, (M = 13.5-10°° M, /yr, solid; cf. Table 5)r the radio rangeN! = 8.5-1076 M, /yr,
dotted). A simultaneous fit cannot be achieved. (Regarding the “getpiden 0.2 and 0.4 mm in the theoretical predictions, see Sect. 3.3).

number of regions consistent fits could be obtained, witherat £ Pup. In the following, we will usually display the results of
tight constraints on thglobal behaviour of the clumping factor. our simulations as done in Fig. 5, namely comparing the ob-
As a final comment, we like to stress a fact which has begfrvations and simulations for,Hn parallel with the IRradio
mentioned already in Sect. 1. Since (except for electronr sg@nge. Fig. 5 immediately shows the dilemma typical for all
tering) all diagnostics used in this investigation havesame our objects with H in emission: the best fit for Hrequires
dependence on the clumping properties, we are not able to dénass-loss rate typically twice as large as for the radio do-
rive absolutevalues for the clumping factors, but onglative main, if homogeneous models are used. The far-IR fluxes are
numbers. Note at first that in the case = 1 all results de- also closer to the lowd solution than to the EHitting one.
rived for f(r) could be multiplied with an arbitrary factor, if Let us point out already here that this finding is in agreement
in parallel the mass-loss rate were reduced by the squate Mih a recent comparison of consisténH, and radio mass-
of this value, without any loss in fit quality. The onppysical 10ss rates performed by Fullerton et al. (2006), who foured th
constraint is the requirement that the minimum value (rkgarsame factor-of-two discrepancy for a large number of object
ing all five regions) of the derived clumping factor must net b The derived radio mass-loss rate is considerably larger tha
lower than unity. The corresponding mass-loss rate is then the corresponding result from Blomme et al. (2003) (using
largest possible@ne. the same data set), due tdfdrent parameters (larger distance
If, on the other sideri, # 1, this scaling property is no and larger helium abundance adopted here). With identaal p

longer exactly preserved, because of the presence of an i@veters, on the other hand, we obtain similar resifts=
clumped region not feected by such a scaling. Since partic3:7 -10°Mo/yr, compared to 3.510"° Mo/yr. Note also the
ularly the innermost core of H but also the opticatear-IR  (Small) flux excess in the mm-range (with respect to the radio
fluxes (cf. Sect 2.6), are formed in this region, they consBuxes fromasmooth model, dotted line), in agreement wieh th
quently deviate from this scaling. As it turned out from théndings by Blomme et al.

analysis performed in the next section, these deviatiansire Table 6 and Fig. 6 (bold), on the other hand, display our best
fairly small, so that, unfortunately, the derivation afsolute solution for a clumped model whiaonsistentlyeproduces ki

values forf, andM will require the use of dierent diagnos- and the complete IRadio band in parallel. In the spirit as out-
tics. lined above, the mass-loss rate has been chosen from toaregi

with lowest clumping, which in this case is the radio domain.
By setting glar to unity then, the adopted mass-loss rate is the
largest possibl®ne and corresponds to the “homogeneous” ra-
dio mass-loss ratd/l= 8.5-10°% M, /yr, cf. Fig. 5, right panel.

In this case, the FHforming region displays a typical clumping
factor of 5.5 (fromr = 1.12 to 1.5) to 3.1 (fromm = 1.5 to 2),
andg has been adapted to 0.7 to provide a perfecfitd

In this section, we will discuss two prototypical cases imgo Fig. 7 displays the change in,Hvhen a diferent onset of
detail before presenting the results for our complete samptlumping was chosen. H, were 1.3 (dashed profile), the cen-
We will consider{ Pup as a representative for a high-densityal emission would be missing, whereas fgr= 1.0 (dotted
wind, with H, in emission (this star has the best wavelengibrofile, corresponding to a model which is clumped from the
coverage available within our sample, including fluxes at 2fvind base on), the absorption trough is not perfectly repro-
60 um, 0.85, 1.3 mm and 20 cm), and HD 209975 as a repre-

sentative for a moderate-density wind,(l absorption). 14 j.e., using identical stellar parameters and distances.

4. Constraints on the clumping factor: a combined
Hq, IR and radio analysis

4.1. Two prototypical test cases: { Pup and HD 209975
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Fig. 6. Clumped models fot Pup, compared to Hleft) and the IRradio continuum (right). The best-fitting model (cf. Table 6, first enisy)
displayed in bold. Other curves: variation of the clumping factor in indizidagions, by a factor of two; dotted;;(1.12...1.5 R.) 5.5-11;
dashed:fy(1.5...2 R,) 3.1-6.2; dashed-dotted(2...15 R.) 2—4; dashed-dotted-dottedy; (> 15R,) 1—-2. Note that H remains sensitive
to all variationsexcept for the last one. The mjtar-IR, on the other hand, is sensitive “only” to variations in the rangel3 R..

Table 6. Clumping factors, boundaries offtérent regions and mass-snapshdf), such a scaling would no longer work (because of
loss rates (in units of 16M,/yr) for three equally well fitting models the presence of an unclumped region), and our solution would

of £ Pup (strong wind, Hin emissiong = 0.7) and for our best fitting become “almost” unique, at least regarding the clumpingpro
models of HD 209975 (moderate wind, th absorptions = 0.9).  garties of the inner wind.

The first solution forz Pup (which optimizes B is displayed in the “ " . .
following figures, whereas the second one is almost indistinguishabl The “almost” refers to the fact that aftérent distribution

from the first, though slightly worse in Hand slightly better in the OFthe individual regions, combined with somewhaffetient

mid-/far-IR and mm range. In the 3rd model it is assumed that heliufimping fgctors, gives fits of similgr quality. The 2nd @/nt'r
remains doubly ionized everywhere. Note the largéedznce between Of Table 6 is such an example. In this case, we have combined

the clumping properties of the two stars. the region between = 1.12 to 2 into one region, whereas we
) have split the outer region, beyomd= 15, into two regions,
reg.| 1 | 2 | 3] 45 |M|comment with a border ar = 50. To fit H, (with a slightly worse qual-
HD 66811 _ ity than displayed in Fig. 6), the innermost clumping fastor
/R <112)<1.5] <2 <15| >15 | g | bestii had to be reduced (from 5.5 and 3.1 to an average factor of
fo L 55 [31] 2 L for H"_ 5.0), whereas, by adapting the clumping factors in the reiddl
r/R.| <112} <2 | <15)<50|>50|gglbestiitior o4 o ter part, the fit quality at am becomes perfect and
fo 1 > 1514 1 far-IR/mm the quality at 0.88..3 mm remains preserved Note, however,
PR <12 <5 <2] <151 > 15 g g Hen that the overall stratification of the clumping factors ithex
fa 1 11.8| 10| 2 1 everywhere o
HD 209975 similar. N _
r/R, | <1.05] <15]<2] <15 > 15 10 Flg._ 6 displays the advantage o_f fitting, ldnd the IRra(_jlo
fy 1 1 |1-2]1-15 1.3 identical range in parallel. Although the primary formation region of
r/R.| 1 <2 <10[<50[>50[, ,|fit quality H, is belqw 2R, it leo remains sgnsﬂwg to variations of
f 1 1 1-15|1-10| 1.3 | the clumping factors in the intermediate winds 15, as can

be seen from the reaction in the line wingsfif is doubled

from 2 to 4 (dashed-dotted profile). Of course, a variation of

the clumping factors in the inner regions (dotted and dashed
duced: the position of maximum depth is located at too higfas even more impact. On the other hand, as displayed in the
velocities, and the trough becomes too broad, resembling @ight panel of this figure, the IRadio band reacts complemen-
best solution for the homogeneous model. tarily to variations beyond = 2, although only from the mid-IR

From our arguments given at the end of Sect. 3.4, it showdd (1 * 10 um). Thus, a combined analysis is able to provide

be clear that in particular the latter solution is not unicgince tight constraints on the largest possible mass-loss rate@n
an alternative model withll clumping factors multiplied by an scan the complete stratification &f(r) (at least diferentially,
arbitrary factorf, in parallel with a mass-loss rate reduced byize., modulo a constant factor) if the far-IR is well obseatve
factor of 1/ /f, would result in an identical fit. If, on the other
hand, the perfectly matched absorption trough for our modes concerming the temporal variability of Hin ¢ Pup, see Reid
with rip = 1.12 were actually due to a clumping-free lower win@, Howarth (1996) and references therein, Puls et al. (1993b) and
base (and not coincidentally matched due to somewhat emergtsfer et al. (1996). From these data-sets, a moderate variability
neous departure cfiicients angbr the specific observationalof the absorption trough is visible indeed.
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Fig. 7. Clumped models for Pup: influence of a dlierent onset of Fig. 8. Clumped models for Pup in the IRradio band: influence of

clumping on H. Solid: best-fitting modek;, = 1.12R,; dotted:ri, = helium ionization. Solid: best fitting model, with Heas the major ion

R., i.e., clumping starting at the wind base; dashrgd= 1.3 R,. for v < Viec = 0.86 (5.3R.), and Hex as the dominant ionization stage
outsideviec; dashed-dotted: Heas the major ion everywhere; dashed:
Hem as the major ion in the radio emitting domain.

Concerning the possible degeneracy of clumping factorgand

we “?fer th? reader to Sect. 4.3. . ) ~_ factors being unity. If at all, the (homogenous) radio mass-

~ Fig. 8, finally, displays the possible error if the helium-on e js somewhat higher than the mass-loss rate derived from
ization were diferent to that assumed here (cf. Sects. 3.2 apgl so that in this cas€ is set to unity.

3._3.) I_f helium were singly ionized throughout the comp_lete Note that a moderr:lte clumping factor of 2 foBk r < 2
wind (instead of recombining only & = 0.86), the synthetic i gy consistent with the data, and that due to missingRar

10 and 2Qum fluxes in particular would become 100 low; COMiy¢ormation (the indicated data denote upper limits detibg
pensating for this féect by increasing clumping factors is NOjrAs) | the clumping in the intermediate wind remains some-
possible, because Hwould then no longer be fit. If, on the,\h4t unconstrained. After some experimentation, it tured
other hand, helium were to remain doubly ionized in the OU5¢ the data are also consistent with a moderately clumped
ermost region also, the radiom (_and '_che far-IR fluxes) would wind (fy = 10) in the region 1& r < 50, or a weakly clumped
bgcome .Iarger than qbserved; in this case, a re_asonaple fikilsq (f4 = 2) in the region 3 r < 50 (not quoted in Table 6).
still possible, by lowering the mass-loss rate and incrgaBie oy for the outermost windr(> 50), do the clumping proper-
inner clumping factors (with a factor roughly correspoilia  (ieshayeto be similar to the inner wind conditions.
(Moia/Mnew)?). The parameters for such a model (which fits * gip\ce the innermost wind has the lowest clumping, no state-
both H, and the entire IR—radio range) is given in Table 6, 3tlont concerning its onset is possible within our approach.
entry. The rather large filerence in the.resultlng (mammum)-rhus, any scaled solutiori multiplied with f, M reduced by
mass-loss rate (factor 0.7) and clumping factors is dueeo tfy /) provides an equally perfect fit and cannot be excluded.
fact that our model of Pup has a helium content which is The second entry for HD 209975 in Table 6 refers to our

twice solar,Yye = 0.2. For s'olar helium abundance, as is typirstandard" division of the dferent regions used for winds with
cal for most of the other objects of our sample, the corredpor}_la in absorption, namelyimiq = 2 androy = 10. This scheme

ing factor would be 0.85, as outlined in Sect. 3.3. Note a‘gagﬂccounts for the fact that in moderéosv density winds the IR

however, that it is rather improbable that helium is stillBy 5 radio emission is formed closer to the star. As can be seen

ionized in the rza_dio—forming_region. From the consistenf:y from the best fitting clumping factors, the results do (althos
the mm and radio fluxes, it is also clear then that the Hellulq?)t depend on details of the specific borders.

ionization must be similar in the mm and the radio forming

o . L In summary, the inner and outer wind of this object have
region, in agreement with our predictions f@&..

similar clumping properties, whereas far-IR observatiare
required to constrain the intermediate region.

HD 209975. Table 6 and Fig. 9 display the results of our com-

bined fit procedure for this star, which has a moderate wi . :

density and H in absorption. Again, we have indicated the reQ—f'iZ' Clumping properties of the complete sample
sulting profilegfluxes when the derived clumping factors ar8efore discussing the results of our analysis for the cotaple
varied by a factor of two in specific regions, to check for thesample, let us point out some general findings, and remind the
sensitivity. Most interestinglythis object can be fitted with al- reader that the derived clumping factors are independeaniyof
most constant clumping factors throughout the wiimdstark uncertainty concerning radius and distance, since all @mg-d
contrast to the above example. Indeed, with slightfjedentM  nostics (H/radiqIR) scale in an identical way with respect to
andg, an almost equally perfect fit is possible with all clumpinghese quantities, cf. Eq. 2 and corresponding discussion.
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Fig. 9. As Fig. 6, but for HD 209975. The best-fitting model (wih clumping factors at or close to unity) is displayed in bold. Other curves
show the &ects of varying, by a factor of 2, the clumping factors in individual regialone. Dottedf.(1.05...1.5R,) 1—2; dashedf(1.5.. .2

R.) 1—-2; dashed-dotted (2. . .15R,) 1—2; dashed-dotted-dotted; (> 15R,) 1.3-2.6. Again, H remains sensitive to variations below
15R, (but see text), whereas the far-IR (not constrained by observatonmstly sensitive to variations in the range 2. . RI5Note that the
dashed solution is also consistent with the observations.

The core of H, as a tracer of wind clumping below r ~ 2R,. provides information only out to B.. Thus, it is safe to con-
Our simulations show that the strength of the core @f Hclude that H constrains the clumping factor up to distances of
whether in emission or in absorption, is quite sensitivehtd tr = 3...5R, if in emission Note, however, that in some cases,
value of the clumping factor in the inner part of the wind, ansignificant clumping in region 4 (from, to r5;) has an &ect
thus can be used to determine this parameter out to distahcesn H,, which leads to an additional constraint on the clumping
aboutr = 2. If one relies on the value gfas derived by meansin this region.

of unclumped models, the corresponding (average) clumping For objects with H in absorption, on the other hand, the
factors are very precise, with an accuracy of roughly 10% (bintermediate region remains much less constrained (Figft9,
see Sect. 4.3). Note particularly that clumping factff or-  panel), and we will comment below on the corresponding lim-
der 2 or largeare still visible for objects with Elin absorption its.

(see Fig. 9, dotted profile). Table 7 summarizes the results of our simultaneous

H,/IR/radio analysis for the two objects already discussed in

Constraints on the clumping factor beyond r ~ 2R,. Inaddi- Sect. 4.1 and for the remaining ones. We have ordered the
tion to constraining the clumping properties in the lowenayi sample according to Hprofile type and spectral type. For al-
H,. can even serve as an indicator of wind clumping in layrost all objects, we have used identical boundarigs; 1.05,
ers beyondr ~ 2 (e.g, Fig. 6, left panel). How much be-rmiq = 2.0 andry, = 50, to obtain comparable results. The
yond? The answer depends, of course, on the specific witefault values forq, correspond to 15 (in emission) and
density, but some general statements for stars witinktmis- 10 (H, in absorption or of intermediate type), but have been
sion are possible though. Usually, we found that reducileg tadapted where necessary. Detailed comments regarding-the i
extent of the intermediate clumped region 3 frog = 15to dividual objects are given in Appendix B, where all fits are-di
aboutro, = 3 has a noticeablefect on the strength of the,H played as well.
emission wings. The same is true if the boundary of region 2, Overall, our simulations show that for stars with, kh
rmd = 2, is extended to a value of,jg = 3. The dfect be- emission, a simultaneous fit of the observed radio fluxes and
comes visible when the outer boundary moves frggn= 15 the shape and strength of,Hequires clumping factors which
to roit = 5 and is insignificant ifro, is set to 8 stellar radii are always higher in the Hforming region than in the radio-
instead off oyt = 15. forming one. For stars with Hin absorption, the situation

For those objects with Hin emission and missing far- seems to be dierent: in most cases, the required clumping fac-
IR/mm information, in Table 7, column 14, we have indicatetdrs are of similar order in the inner and outer regions, as al
the outermost radius;,, to which H, alonecan provide in- ready discussed for the case of HD 209975. Note, however, tha
formation on the clumping factor, on the assumption that titkis preliminary impression is dependent on the actualevafu
region,rl,, < r < rsqr, IS “unclumped” (or, more precisely, 8, @ problem which will be discussed in our error analysis fur-
has the same clumping properties as region 5). In paralkel, ther below.
also quote the corresponding valdg}id, which is somewhat For all objects quoted with a definite mass-loss rate (and
larger than the original one (fag,: = 15), due to the reducednot only an upper limit), this value represents thmjest pos-
width of region 3. Indeed, for almost all objects,, is of the sible value(for given R,), usually derived from adopting an
order of 5R,, except for HD 14947 and HD 192639, wherg Houter, unclumped wind with‘cff’lr = 1 or, for weaker winds,
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Table 7. Clumping properties as derived from our combineglIR/radio analysis. Stars are ordered according topkofile type (“pt”) and
spectral type. Entries withamein bold are objects with extremely well-constrained clumping parameters.

Ter iS given in kK, andMy is the largest possible mass-loss rate, in units ofMIQ /yr. “ratio” gives the ratio of “clumped” mass-loss rate to
optical results using unclumped models (cf. Tablggd)is the velocity field exponent as derived or adopted hgggandr .. are the velocity (in
units ofv,,) and radius where He recombines (see Sect. 3.2), respectively(ahis the radius where the radio continuum becomes optically
thick® at 2 cm ¢,ec andr(z,) in units ofR,).

Clumping factors and boundaries are defined as in Sect. 3.4. For@dllspoegion 1 withf,, = 1 (not tabulated) extends from= 1 tor;, = 1.05,
except for HD 66811 wheng, = 1.12, andr¢,, (defining the border between region 4 and 5) has been setR) &fvays. For objects with H

in emission or of intermediate type, and missing fafatiRh datar/, (with corresponding clumping factor) indicates the maximum radius to
which H, alonecan provide constraints on the clumping, on the assumption that the outkistimclumped” (see text). For objects with H

in absorption,fmd gives the maximum possible clumping factor in region 3, which is still congistéth the datafS. is defined similar to
fmid but for region 4. For comments on individual objects and corredipgrfits, see Appendix B.

region 2 region 3 region4 |reg.5
Star pt Ter Mg ratio ot  Ba  Viee Trec M) | N roig frd - fmidies ) rou | QU foUl | flar
Cyg OB2#7 e 458 <4.0?° 038 077 090 1.00 inf 29.F 50 20][4.0-6.0 7.05) 15 10 100/ 1.0

HD190429A e 392 95 0.59 095 095 085 6.2 4p.80 20 3.0 3.5(5) 15 1.0 20| 10
7.5 0.46 50 20 5.0 5.8(5) 15 1.0 20| 10
HD 15570 e 380 65 0.38 1.05 1.05 084 6.3 45055 2.0|4.0-6.0 15/ 13.0 20.0, 1.0
HD 66811 e 390 85 0.51 090 0.70 0.86 5.3 36.15.0 2.0 15 15| 14 18] 10
4.2 0.51 090 0.70 0.86 5.0 36/55.0 20 15 15| 1.4 18] 1.0

HD 14947 e 375 10.0 059 095 095 081 50 37931 20 25 403) 15 1.0 5.0/ 1.0
CygOB2#11 e 365 5.0 0.62 1.03 110 081 56 30.73.0 2.0 5.0 6.0(5) 15 1.0 15.0/ 1.0
HD210839 e 36.0 3.0 0.38 1.00 1.00 0.83 5.9 24765 4.0 10.0 15| 1.0 8.0 1.0
HD 192639 e 350 <3.00 048 090 114 082 63 27735 20 3.5 6.0(3) 15 1.0 10.0, 1.0
HD 30614 e 290 15 049 115 115 016 12 25726 2.0 3.0 3.55) 15 1.0 40| 10
CygOB2#8A i 38.2 <8(° 0.71 0.74 0.74 0.84 47 33/625 2.0|1.0-20 25(3) 19 1.0 10.0f 1.0
CygOB2#10 i 29.7 274 100 105 1.05 0.17 12 23214 20 1.8 20(3) 10 1.0 40| 10

fina

CygOB2#8C a 418 <35 0.82 085 1.00 094 173 33/01.0 2.0 1.0 - 10| 1.0 50| 1.0
HD 34656 a 347 30 115 1.09 1.00 060 25 282.0 20 1.0 - 10| 1.0 80| 6.0
HD 24912 a 350 <23 094 080 090 085 6.1 16421 20 5.0 70 10] 1.0 20| 10

<1.2 049 80 20 20.0 250 10 1.0 3.0| 1.0
HD203064 a 345 11 1.12 0.80 0.90 057 22 23310 20 1.0 20 10/ 1.0 80| 10
HD 36861 a 336 <04 054 080 090 051 19 10220 20 1.0 20.0 10, 1.0 20| 1.0
HD207198 a 36.0 1.0 095 080 090 0.82 52 22510 20 1.0 20 10 1.0 1504 10
HD 37043 a 314 038 0.78 085 090 029 13 1440 20 1.0 40 10/ 1.0 20| 1.0

0.25 0.24 120 1.3 1.0 20.0 10, 1.0 10.0f 1.0
HD209975 a 320 1.2 1.08 0.80 090 042 16 27110 20 1.0 15 10, 1.0 10.0f 13

3 only upper limits of radio fluxes availabl& maximum radio mass-loss rate.
b He assumed to be recombined in radio region (see Appendix B).

9 upper limit, since non-thermal radio emittév; from 2 cm flux.

9 M from H,, since radio fluxes (upper limits only) give larger value.

fg“‘ = 1. These mass-loss rates correspond to the “usual” eax unclumped innermost region. As already noted, these devi
dio mass-loss rate. Only for one object, HD 34656, did thaions remain very small for the derived valuesipthough.
maximum mass-loss rate have to be derived from since For six objects, the maximum mass-loss rate could not be
the radio regime seems to be more strongly clumped thafiquely constrained, and the quoted limits correspondhéo t
the lower wind, at least if the radio emission is purely thefargest value consistent with the data. In five of thesesscase
mal. Remember that the radio and, khass-loss rates for (denoted by superscripts “a” and “d"), all radio fluxes are up
HD 209975 are consistent to within the error bars. per limits only, and consequently the derived mass-losssrat

Because all our diagnostics depend#n different solu- as well. One object (Cyg OB2#8A) is a confirmed non-thermal
tions with lower mass-loss rates and scaled clumping fact@imitter (Bieging et al., 1989), and the adopted maximum mass
are consistent with the observational data to a similar@oyu |oss rate relies on the 2 cm which gives the lowest (ratio)
as obtained from our fits, except for the innermost cores.of Within the available data set (see Sect. 2.1).

(particularly if of P Cygni shape), due to our assumption of ¢ coyrse, all objects with only upper limits for the ra-

16 more precisely, where the optical deptk 1 is reached along the di0 flux(es) might be non-thermal emitters, and our interpre
radial ray, not to be confused with the so-calledféetive radius” lo- tation depends on the assumption that the radio excess is due
cated atr ~ 0.24, e.g. Wright & Barlow (1975) and Lamers & Waterdo thermal emission alone. In addition to these objectsethr
(1984a). more stars (HR90429A, HD 34656 and HD 37043 (SB2!))
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have somewhat peculiar radio fluxes, and might also be ne#i:0 and HD 207198), these fluxes lie above our predictions for

thermal emitters. the best-fitting model. To investigate this point in moreadlet
Mostly because of these peculiarities (for more detailgpwever, additional fluxes in the mid- and far-IR are recplire

see Appendix B), we have given two possible solutions for

HD 190429A, HD 37043 and also HD 24912 in Table 7, coyyncertainties introduced by the radio continuum. To deter-

prising a minimum and maximum solution with respect t0 theine the uncertainty in the derived clumping factors duerto u
(relative) clumping properties. For HD 37043 and HD 24912¢ 5inties in the observations (e.g., intrinsic erro/@ntem-

the 2nd entries are the more plausible ones (as discussee! inf, | variability of the observed radio fluxes), we have ari
appendix), whereas for HD 190429A both solutions have Slr‘ﬂhlw and fmd by identical factors and adapted accordingly,

ilar problems (though the flerence is not as large as for thenii the “observed radio fluxes could no longer be matched.
other two stars). From these experiments, it turned out that the clumpingfact

Indicated by their name appearing in bold face, the remaif-the regions traced by Hi.e., belowr = 3...5) are accu-
ing objects (six with i in emission, one with intermediate typerate (on an absolute scale) to within 20 to 50%, whereas the
and three with i in absorption) have well-constrained clumpratio of the clumping factors in the various regions remains
ing properties, i.e., the derived results are rolfystis not too preserved. Remember that the derived clumping factore scal
different from the values derived or adopted here. inversely with M2 (radio) « F15, i.e.,6fy/fy ~ —1.56F,/F,.

The latter quantity has been specified as follows. For oBxtreme cases regarding this uncertainty in the radio fluxes
jects with H, in emission and of intermediate type, we havare HD 190429A, HD 14947 and Cyg OB2#11 (cf. Table 8, 3rd
used the values from our unclumped analyses (see Tables 1@sidmn).

5) wherever possible, i.e., if satisfactory fits could beiewtd.
This turned out to be true in almost all cases, with the n§-

. . he degeneracy of 8 and clumping factors in the inner wind.
table exception of Pup, where our clumped analysis favour o .
a much IO\F/)ver valtueﬂg — 0.70) than prtfviously %und. For /S noted above, the strength of the core gfislhighly sensi-

&ive to the value of the clumping factor in the inner part of th

HD 34656, see Appendix B), because of missing constraints YVWQS belowr thR*' Iotl IS alsq S.T nsmve.t? the Valllje of t?ivter;
used the “standard” value (from hydrodynamical modelgj of ocity exponentfs, and in a similar way: larger values of bo

— 0.9. to obtain at least consistent results. Further co B and clumping factors lead to more emission in the line core,
of thié uncertainty are discussed in the next section. giving rise to an unfortunate degeneracy. Note, howevet, th

) _ the well-knowng vs. M degeneracy (e.g., Puls et al. 1996) has
”Forf_tltlwodse ;tars '\[/.vhe:ewl-isr(])f P—C)I/gn_l Shli.ip?t or dlslglgys a*‘vanished", since the (maximum) mass-loss rate is detezchin

we ére' € df”l S?r:p 'on trough, ccl)nc usive m:;]s COUlE Be- 5 the radio regime. Except for the weakest winds (which

rived regarding the maximum value of, i.e., the maximum cannot be observed in the radio anyway), the radio fluxes re-

extent of a potentially unclumped region. In all cases, this main undfected by the shape of the velocity field (cf. Table 7
gion lies below 1.R,. column 10) '

In addition to the derived clumping factors which represent .« new degeneracy requires an investigation into the

the best-fitting s_olution, we also _provide_maximum values f‘auestion of how far any uncertainty mwill propagate into
f§'@ and f3** which are still consistent with our data and caghe errors offy. To this end, we have variggland determined

be res_tricted further o_nly by a_lddition_al far-IR and sub-mipa 0, appropriate values dﬂ? and frlnid such that the quality of
servations. For all objects with entries “above” Cyg OB2#8(: 1y fit remained preserved. For profiles with B emission

in Table 7,3 could be constrained from the wings of Fei- 4 of intermediate type, the minimum and maximum values of
B were taken from those solutions which were still compliant

most objects with K in absorption (except Cyg OB2#8C an

ther for the entirety of region 3 or, if indicated, at least tu

r{?ut. F_or the othelr objgcts,_ the wind density is too low to induGgii, the observed profile shape. For objects withitabsorp-
significant reactions in either Hor the IR when the clump- tion, we used reasonable limits, &t= 0.7 andg = 1.1, re-

ing properties in region 3 are changed, such that more d&finifetvely. Larger values could usually be excluded from th

statements are not possible. profile shape, whereas in certain cases a lower value (though
being larger than the physical limg,> 0.5) might still be pos-

4.3. Errors in the derived clumping factors sible. This procedure is somewhat similar to our approach to
resolving the alternativg vs. M degeneracy in homogeneous

In the following, we will concentrate on the errors introgdc winds, whenM is derived from H alone (cf. Paper I).

into the derived clumping factors; errors in the mass-logs a  In Table 8 we have summarized the results of our simula-

modified wind-momentum rates are dominated by errors in tiens. As expected, for stars with,Hn emission, the uncer-

angular diameter and radius, but do nffeat the major out- tainty ing is not dramatic. This uncertainty leads to an average

come of our investigation. uncertainty inf!!" of about+ 30%, whereas for objects with,H

Let us first mention that during our detailed fits we founth absorption, much larger uncertainties are possibledfaof

no systematigproblem concerning an underestimation of theetween 2 and 7), # were 0.7 instead of 0.9.

N- andQ-band fluxes, so that at least our absolute flux calibra- For most of the objects with Hn absorption, a larger value

tion seems to be appropriate (see Sect. 2.4.1). On the ecgntraf 8 (1.1 instead of 0.9) would have some interesting conse-

for some objects@-band: HD 15570N-band: Cyg OB2#11, quences. Since for these objects the inner clumping faaters
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Table 8. Upper and lower limits for the clumping factors in regions 2 and 3, coomrding to a variation o as indicated (“used” refers to
the best fitting values tabulated in Table 7. For Cyg OB2#7, HD 15570 agdDB2#8A we display the solutions for the larger valuesfcrﬁf,
which fit H, but somewhat overestimate the 4 fluxes, see Appendix B). No entries are given for Cyg OB2#11 an@4656 due to the
very unclear situation encountered for these objects (see AppendixsBally, the minimum value of refers to the maximum @8, and
vice versa. For objects with an uncertaintyNhbeing larger than typical, column 3 indicates the corresponding rangeitaaf 10°M, /yr).

For entries with purely negativ&M, the correction refers to the maximum valueggf in these cases, the outer wind must also be clumped,
with values as indicated bff2". For HD 209975, the positive correction refergstp= 0.7 with f = 1, no correction buf® = 1.3 refers to

Ba = 0.9, and the negative correction afgﬁ = 3.5 refers tg3, = 1.1.

. . ol fin f mid far
Star Mq AMq min Llfsed max| min uscied max| min ucsled max fef" (Bmax)
Cyg OB2#7 <4.0 0.80 0.90 1.10] 3.1 5.0 7.0/ 55 6.0 7.0
HD 190429A 9.5 0.85 0.95 1.10] 2.0 3.0 3.8] 25 3.0 3.5
7.5 0.85 0.95 1.10] 3.2 5.0 6.5| 4.5 5.0 6.5
HD 15570 6.5 0.85 1.05 1.15 3.8 55 75| 4.5 6.0 7.5
HD 66811 8.%4.2 0.60 0.70 0.90] 3.0 5.0 6.0 1.5 1.5 2.0
HD 14947 10.0 +/-2.0 085 0.95 1.15 1.7 3.1 3.8| 2.0 2.5 3.0
Cyg OB2#11 50 +/-05 1.00 1.10 1.40f 1.8 3.0 40| 3.5 5.0 5.3
HD 210839 3.0 0.80 1.00 1.10] 5.0 6.5 8.0] 5.0 10.0 12.0
HD 192639 <3.0 1.00 1.14 1.25 2.8 3.5 50| 25 3.5 45
HD 30614 1.5 1.00 1.15 1.25 2.5 2.6 35| 2.0 3.0 4.0
Cyg OB2#8A <8.0 065 0.74 1.10] 1.2 2.5 3.0 15 2.0 3.0
Cyg OB2#10 2.74 0.80 1.05 1.15 1.1 1.4 2.2] 1.5 1.8 2.3
HD 24912 <23 0.70 0.90 1.10] 1.0 2.1 6.0/ 1.0 5.0 7.0
<12 0.70 0.90 1.10; 3.0 8.0 20.0/ 1.0 20.0 250
HD 203064 1.1 -0.4 0.70 0.90 1.10] 1.0 1.0 2.0] 1.0 1.0 2.0] 25
HD 36861 <04 0.70 0.90 1.10] 1.0 2.0 15.0] 1.0 1.0 20.0
HD 207198 1.0 -0.35 | 0.70 0.90 1.10] 1.0 1.0 25| 1.0 1.0 2.0] 3.0
HD 37043 0.8 -0.3 0.70 0.90 1.10] 1.0 1.0 3.0 1.0 1.0 4.0| 2.6
0.25 0.70 0.90 1.10, 3.0 12.0 30.0f 1.0 1.0 20.0
HD 209975 1.2 +0.-0.4 | 0.70 090 1.10] 1.0 1.0 1.3| 1.0 1.0 1.5| 1.33.5

of the order of unity fo3 = 0.9, an increase gf cannot be 5. Discussion
compensated for by diminished clumping. Consequently, the _ ] _ _ _
mass-loss rate must be decreased in this case, to reducedtfhe Clumping properties as a function of wind density

wind emission. Table 8, 3rd column, shows that the requir . . . . .
amount is of the order of 30%. To still obtain a consistentfit i%('jg' 10 displays the derived clumping factors for region.e. (i

. . . _ * 1.5
the radio domainf™ has to become larger than unity, of théhe first clumped region) as a function of 1Qg = log M/R,”,

j . I o
order of 2. Thusif low-density winds were to have a veloc) € 8 quantity which is closely related to the mean wind-den

o : sity, but is additionally distance invariant. Remembet th¢he
ity field exponent larger than the standard one, ttieinces o .
. . S ' ODresent contextl is the largest possible mass-loss rate, and that
to the objects with emission profiles would become even mare . .
st of the derived factors refer to outermost clumpingdect

pronounced: in this case, the outer region would be even mgflgI .
clumped than the inner one. Onlygifwere close to its lower set to unity. In other words, they have to be regarded as a mea-
' surement of the clumping properties of the inner wialktive

limit, WOUI.d t'he clumping pro.pertles O.f Some of the thin dto the outermost ond®etails of the figure are given in the cor-
become similar to those of high-density winds. : .
responding caption.

i i inti i (reqi : , :
Concerning the resulting uncertainties fif" (region 3), The most important conclusions which can be drawn from

the situation for i§ emission type objects is similar as 8. thjs figure are the following. For thinner winds with Iq4 <
The average minima and maxima iex 20% below and above _7 5 (a regime which is populated by objects with i ab-

the best-fitting value gb. For the objects with weaker winds,sorption or of intermediate type, but also by the supergiant

on the other handf,c’}1id still remains unconstrained, and in all, Cam), the inner wind seems to be clumped by a similar
cases the upper limits as already quoted in Table 7 reméith Vahegree as the outermost gnat least if we discard the al-

One last comment. Concerning our model(s) foPer ternative lowM-—strong-clumping solutions for HD 24912 and
(HD 24912), we note in Appendix B that large values for thelD 37043 (open triangles with dashed error bars). Note that
clumping factors in region 3ff") are required if the small if the latter solutions were the actual ones (and we have indi
emission humps bluewards and redwards of theabsorption cated that this is rather possible), then both stars areviveha
trough are to be explained by clumping. If, on the other hargPmpletely diferent to the other absorption-type stars.

B were 0.7 for this object, these humps can be created from On the other hand, for stronger winds (almost all stars with
region 2alone emission profiles, plus Cyg OB2#8Aje inner wind seems to
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troduced by the uncertainty of the continuum flux level, such
l statements cannot be verified at the present time.

| Fig. 11 displays the ratio of clumping factors in the interme
] diate and inner part of the wind, for objects with il emission

; 1 or of intermediate type; for those objects, this ratio colodd

I % . constrained in a rather robust way. In most cases, the chgnpi

10

1 properties in both regions are either similar, or the (ayeya
j( 7 clumping factors increase moderately from region 2 towards

fy (region 2)

region 3, at most by a factor of 2. Let us reiterate, however,
>L >hr 7} that region 3 is rather extended (i.e., local values might-de
o0 1 l T B ate from their average ones), and that we cannot derive tdefini
i ’ i ll 1 values for radii larger},,, ~ 5R,, except for few cases, because
ol . ] H, becomes insensitive in this region, and strong constraints
-85 —8.0 -5 —7.0 from the IR continuum are missing. Future observations will

1 ! . . . .
°g Q help to clarify this situation.

Fig. 10.Clumping factors,fj:{‘ (region 2), for our sample (cf. Table 8),. For objects Wlth ki in apsorpt!on, a;i(!east upper lim-

as a function of the distance-invariant quantity, @gQ = M/RLs, IS for the clumping factors in region 3, could be de-
with M the largest possible mass-loss rate, in units gfyfandR. in rived (see Tables 7 and 8). For three well-constrained thjec
units ofR,). Remember that most clumping factors refer to outermostD 203064, HD 207198 and HD 209975, these upper limits lie
clumping factors set to unity. Asterisks: objects with id emission; between 1.5 and 2, i.e., they might be twice as large as the
diamonds: objects with intermediate Hrofile type; triangles: objects corresponding values fof}', but are still rather low. For the
with H, in absorption. Black colors: objects with definite maximumemaining stars, the maximum values fg?"d lie in between 4
mass-loss rates (corresponding to bold-face entries in Table 7). Gggyd 25, but only for HD 24912 is a large value actuakeded
colors: objects with upper limits fdvl and corresponding lower limits jf the observed emission humps are to be interpreted in terms
for fc'?_. Maximum values_offc'[‘ correspond to minimum values,@&, of clumping angs were of order 0.9 or larger (see above).

and vice versa for the minimum values. The open triangles with solid Concerning the clumping properties in region 4 @5 <

error bars display the hight—weak-clumping solution for HD 24912 : . .
and HD 37043, and the open triangles with dashed error bars the al?eg)’ finally, definite statements are only possible for thse

native lowM—strong-clumping solution for these objects. stars observed in the mm region (see below). For the rest, so-

lutions with fg“t = 1 are consistent with the observations, but

larger values {34, = 2... 20, cf. Table 7) are possible as well.

2.0[ T T T A For HD 190429A, HD 14947, HD 30614 and Cyg OB2#1Q, H
T 1 still reacts to variations of the clumping factor in regiaresd
o0 | fS" could be restricted to values from 2 to 4. Since for weaker
g 180 7 winds the radio-forming region can extend into region 4,&or
£ ] number of objects with Hin absorption,fJ* is better defined
S ) I J{ 1 than for the rest, particularly for HD 24912 and HD 36861 hwit
T 0 J{ 1 fts2.3
i T The best-constrained objects within our sample/aRaip,
=) HD 15570 and HD 210839, due to IRAS (fgrPup) and mm
£0sp >L ] observations. The first of these objectsPup, displays the
S ] only notable exception concerning the ratio §f'¢ and I,

ool . . . Yy namely that region 3 is much less clumped than region 2. In

~7.8 ~7.6 74 7.2 70  otherwords, maximum clumping must be close f.20r even
log lower (cf. Fig. 6 and Table 6). For this star, therivedclump-

o ing factor for region 4 (extending from 15 to 3R) is even

Fig. 11.As Fig. 10, but for the ratid["/f!", and objects with Hin  |ower than for region 3: at mosfo' < 1.8,
emission or of intermediate profile type only. The star with the I_owest For HD 15570, on the otherCI‘I]and, regions 2 and 3 are simi-
ratio (0.3) is¢ Pup. For the three objects with a given interval f; . : : :
(Cyg OB2#7, HD 15570 and Cyg OB2#8A, see Table 7), we hgl usgyy clumped, and the derived clumping factor might insea
the mean value regarding this interval. even further towards region 4! Wll_'ffl belng_ 5 to _2(_) tlmes_

larger than the average clumping in the radio-emittingaegi

In the unlikely case that the wind is not recombined at 1.3 mm,
be more strongly clumped than the outermost, avith an av- evenf$" = 1is possible. For this object, the mm measurements
erage ratio of 4.% 1.4. Of course, for this class of objects therérom scusa are extremely valuable, though the rather large error
is also the possibility that we encounter moderaté!? & 3) bars leave the situation not as clear as desirable.
and strongerf(]' ~ 5) clumped lower wind regions, or thatthe  For A Cep (HD 210839), finally, the intermediate region is
degree of clumping decreases again towards the largest windre heavily clumped than the inner one, whereas region 4
densities. However, due to the restricted number of ohjéwts could be constrained (again wWeusa observations) to display
influence of temporal variations (Sect. 2.1) and the errer inlumping factors between 1 and 8. It remains to be clarified
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Fig. 12.Wind-momentum—luminosity relation for our sample. Modified wind-momemtate, Dimom = MVe (R, /Rs)%, in cgs units. Left panel:
mass-loss rates derived fromy Hisinghomogeneousodels, cf. Table 1. Right panel: largest possible mass-loss raiestliis investigation.
Upper limits indicate those cases where radio fluxes are upper limitsramzh-thermal emission cannot be excluded. Asterisks: objects with
H, in emission; diamonds: objects with intermediate profile type; triangles: tshjath H, in absorption. Dashed line indicates theoretical
prediction by Vink et al. (2000). “ZP” indicates the large and low distamdat®n for , Pup (see text). For the three objects atllgh, = 5.3

(HD 203064, HD 207198 and HD 209975), the lowermost solution indsctiteir position if the velocity exponent was larger than expected
(B = L1 instead of3 = 0.9). In this case, the (unclumped), Hnass-loss rate would be lower than the radio mass-loss rate, and the ouifdi w
have to be more strongly clumped in the radio regime than in the innerngishré&-or HD 37043, at lob /L, = 5.45, the lowermost solution
corresponds to the 2nd entry in Table 7.

whether the two dferent observed flux levels (Tab. 4, Fig B.2, In the right panel, we display our new results, with mass-
2nd row) are a sign of significant temporal variability of théoss rates from Table 7. These mass-loss rates are thetlarges
outer wind (indicating a temporal variation of clumping or @ossible ones, and are essentially the radio mass-lossifate
non-negligible &ect of macro-structures) or the “truth” lies inthe winds were unclumped in the radio-forming regime. Excep
between both measurements, which are still consistentrwitffior this assumption, the largest errors present in this éigue
the claimed error bars. due to errors in the distance estimate. We have deferreddrom
In summary, at least one of these three objects is rathigiorous error analysis concerning this problem, as thiseis
weakly clumped in region 4. Although the same might b¢ond the scope of the present investigation.
true for the other two stars (accounting for the lowest giesi ~ What is obvious from this plot, however, is that the agree-
fluxes), a significantly clumped outer region is more probablment between observations and theoretical predictionsibas
nificantly improved. Almost all objects now lie very close to
the theoretical relationndependent of profile type
The reason, of course, is that the newly derived (radio)
Before discussing some further implications of our findjlgs Mass-loss rates for emission-profile objects are smabertte
us consider the wind-momentum—luminosity relation for odfl. mass-loss rates (see Table 7, column “ratio”), by an aver-
stellar sample, accounting for the results derived in tles@nt age factor of 349+ 0.10. Most interestingly, this is almost ex-
paper. Fig. 12 displays two such relations, in comparisah wiactly the same factor which has been claimed in Paper | (0.48,
the theoretical predictions by Vink et al. (2000)In the left drawn from a much larger sample), and which has been used
panel, we show the results using, hass-loss rates deriveda priori in our de-reddening procedure (see Sect. 2.6). A fac
by unclumped models, updated for a re-determined steltar tar of the same order (0.42) has also been found by Fullerton
dius (Sect. 2). As already noted in Paper | and outlined in tBéal. (2006), for a sample comprising objects similar testho
introduction, objects with K in absorption and of intermedi- considered here. For objects with ih absorption and of inter-
ate type are perfectly consistent with the predictions épkc mediate type, kland radio mass-loss rates agree well, and they
for a few objects at lof/L, < 5.35; see below), whereas oblremain at their “old” position. Note that for the only abstiop-
jects with H, in emission populate a strip parallel to, but abovéype object in the sample of Fullerton et al. with lEind radio
the predictions. Only the large-distance solution/fdtup lies data available in parallel (HD 149757), a comparable agree-
onthe relation, whereas the low-distance solution displags tment was found, supporting our results.
same discrepancy as the other stars (both solutions ieditgt Due to the shift in wind-momentum rate, the new position
“ZP"). of £ Pup (larger distance) is completely inconsistent with the
rest, whereas the conventional, lower-distance solutiatthes
17 which are consistent with independent investigations by otfie predictions perfectly. The same problem was found in
group, see Puls et al. (2003), and also Kudritzki (2002). Paper | (after applying an average down-scaling of wind mo-

5.2. Wind-momentum—luminosity relation
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menta, in anticipation of clumpindfects), and our present re-what erroneous explanation (see our arguments recagitulat
sult (which confirms this expectation) seems to favour a towi Sect. 1).
radius. Indeed, if objects with H in absorption were clumped in

In accordance with our reasoning in Paper |, however, \}f2€ lower-wind region, in a similar way to emission-type ob-
like to point out that’ Pup is a “bona fide” runaway star, (i.e./€CtS, we would have seen this: note that the presence ofelum
. . . . e pe 1 1 n _ 1 1c1 H
its parent association, Vela R2, has been identified by SdR@ With factors as low a$}' = 2 is clearly visible (cf. Fig. 9).
& Blaauw 1993). Based on Hipparcos data, Vanbeveren et must be stressed, however, that our present sample tonsis
(1998) argued that Pup could have become a runaway as a ref supergiants and giants only, and that dwarfs (with a very
sult of a supernova explosion in a massive close binary, whitW Wind emission inside the core of,jlare missing. At least
might explain its peculiar characteristics, such as engrite fOr the latter luminosity class, our old arguments migHt bg
and N abundances at the stellar surface, high peculiar andlid- For example, if the wind base was actually unclumped
tational velocities, and its overluminosity. The reasorywie (as allowed for by our analysis, but in contrast to the finding

wind-momentum rate should be lower than for other objec®y Bouret etal. 2005), and -predominantly forms in this re-
remains to be clarified though. gion, we would not see the clumpinffects, though they would

Wh the “ " WLR t | Il with thbe presentin, e.g., the mjéar-IR.
ereas e new agrees exremely wer Wi € Assuming for the moment that, on an absolute scale, the

:Eeorr—.;)tlcatl dpr}sdm(jtmgs fort.ObJ?Cts Wt'th ldl?It‘hO |> 5'35h;$e outerclumping properties are independent of wind density, our
ree best-aelined absorption-type stars at the lower M results imply that the dierent degree of consistency between

‘?”d of our sample (HD 203064, HD.Z(.)7198 and HD 2099753e theoretical and observed WLR is likely related to a ptajsic

lie too high, by a factor ok 2.5. A similar efect was found effect: inside the H-forming region, denser windare more

their wind | din th _ on t L gltrongly clumped than (most of) the weaker winds, at legst if
eir winds are clumped in theHorming region to a simi- is of the order of 0.9 or larger in the weaker winds (see Fig. 10

lar degree as emission type gbjects. In addition to wind mo- What might be the origin of such affiirence? Objects with
menta based on nominal radio mass-loss rates, we have .'allso
Ja

indicated (by the lower end of the displayed bars) their posi. n emission have a large wind density and are usually super-

tion if the velocity exponent were to be larger than expect c'ia nts with low gravity and a considerable Eddingfarthus,
(6 = 1.1 instead off = 0.9). In this case, the (unclumped), H it'is rather possible that they are subject to photosphestat

X bilities andor pulsations, triggering a somewhat larger struc-
mass-loss rate would be lower than the radio mass-loss r?te f ion in the | . | .
and the wind would have to be more strongly clumped in thlére ormat|o.n In the ower \.de’ compgred to lower density

winds from higher gravity objects. Indications of such aelep

radio regime than in the innermost region (cf. Table 8). Eve . o o . )
in this case, a discrepancy of a factor=0fl.7 would still be oo oo consistentwith investigations regarding piptersc
’ pancy ’ line-profile variability (increasing with stellar radiuga@lumi-

present. To unify these objects with the others by clumping %osity), as outlined by Fullerton et al. (1996).

gumentsalonewould require that they have to be much more On the other hand findi . trast to hv-
clumped in the radio regime (on an absolute level). n the other hand, ourfindings are in some contrast to ny
drodynamical simulations, at least regardg®df-excitedstruc-

Of course, one might argue that this problem is not relat@gte formation. If there was any dependence on wind density
to (unknown) physics but to wrong distances and radii. Thougredicted at all, thin winds should be more strongly clumped
this might be possible accounting for the mean errors in moghan thick winds, because of the missing stabilization due t
fied wind-momentum rate (0.13 dex) and luminosity (0.19 de}je continuum (Owocki & Puls, 1999), which induces a more
derived for Galactic objects in Paper |, it is more plaustole heavily structured wind in the lower part. Note also, thatin
invoke physical reasons, since we have to explain an id#ntiginds, (transonic) velocity curvature terms become ingoutt
problem for three dferent stars (with dierentTeq) atidentical |eading to gradient terms in the source functions and modifi-
positions in the diagram. cation of the line acceleration (Puls et al., 1998). Simoiet

Again, we stress that all displayed positions rely on ttey Owocki & Puls (1999) accounting for thisfect resulted in
derived, largest possiblenass-loss rates. If the radio regime highly structured wind, with a moderately reduced mass-lo
were clumped, downward corrections become necessaryraie and a rather steep velocity law in the lower region. Thus

this case, however, the displayed agreement would be pure@¢en the possibility thas is low (which would increase the
incidence. derived, lower clumping factors, cf. Table 8) cannot be com-

pletely excluded, although in this cas‘g",} < 2 (for the three
well-defined objects) is still rather low.
5.3. Implications and conclusions Let us now compare our results with the predicted radial
stratification of f; itself (Runacres & Owocki, 2002, 2005).
The results from the preViOUS section have confirmed our eArs is true for our resu":si theory also depends on a number of

lier hypothesis that the “old” |l mass-loss rates for ObieCtSassumptions. Most important in this context are:-
with H, in emission are contaminated by clumping, and that,

compared to theoretical predictions, these mass-loss a2 — the dimensionality of the hydrodynamical treatment, which
overestimated by a factor at least?. .. 3. Regarding the dif- is mostly 1-D (because of the complexity of calculating
ferent behaviour of objects with emission and those with ab- the radiative line force). First results from a 2-D approach
sorption profiles, however, we seem to have invoked a some- (Dessart & Owocki, 2003) might indicate somewhat lower
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Table 9. Clumping factors as predicted by hydrodynamical simula- Regarding the other regions, we have to discriminate be-
tions from Runacres & Owocki (2002), for thefidirent regions as tween absolute numbers and numbers referring to the average
used in this investigation. The first average is a straight one, the 2n@|i§mping factor in region 5, which is of the order of 4...5 or
weighted withp? (see text). Note that these numbers are only approgyen larger, ifkmax is increased beyond its “standard” value.
imate ones, since they have been derived from figures and not frg{uch large averages depend on results indicating that tee ou

tables. most wind (beyond 100R.,) is also considerably clumped,; cf.
region | fq 01 (fa)z Runacres & Owocki (_2005). O_nly for rather low valuesgfi
1 1 1 1 is a smooth radio regime predicted.
2 1.4 25 221 For region 2, we findaveragevaluesf! ~ 2...3 (lower
3 4..13 85 =47 than in region 5!), for region 3 values around 4...5, and for
g: 23- : -45 25 511117-6 region 4 values around 11, which again might be even larger
s 13 -~ 1'6 ;1;1 for largekmax. Note that for diferent wind Qensmes and wave-
5 20: :4 12 <15 lengths, the calculated averages for regions 3 and 4 might be

higher and lower, respectively, than the indicated ongseag-
ing on the radial position at which= 1 is reached. Finally, the
predicted maximum is located at the border between regions 3

(factor of 2) clumping factors than those resulting from and 4 (around 1R,), but might be shifted towards larger radii
1-D treatment. for largerkmax-

— the excitation of the line-driven instability. Almost allod-

2 kmax from Owocki et al. (1988)° kmax larger by a factor of 10.

: ; - ) Compared to our results, these predictions are significantl
els investigated with respect to the clumping factor refgfigerent, at leasif the average clumping factor in the radio

to self-excited perturbations. Unfortunately, extem&iig-  yomain is of the order of 4 or larger. In this case, all tHass-
gered perturbations, such as sound waves and photosphglg rates should be lower than the radio mass-loss ratésh wh
turbulence (see Feldmeier et al. 1997), and photosphedgefinitely not true. Thus, either the clumping factorseigion
pulsations, have not been examined with regard to ts,.e predicted as too low, or those in region 5 as too large!

quantity. Disregarding this problem, the average clumping factor
— the so-called line-strength cuffpxmax. IN order to keep €9 9 prob ! ag pIng .

. ; . -~ _should increase monotonically from region 2 to 4 according

the problem numerically treatable (i.e., to avoid too fine a - .

0 theory, and at leasiomeof our emission type objects (e.qg.,

grid resolution), Owocki et al. (1988) introduced an opag- . . .
; ) . S L . D 15570) are compatible with this result (though for others
ity cut-off regarding the driving lines, which is typically fout i of the same order or even lower théc'fﬁ‘d). Only con-

three dex below the actual value. Experiments performed ) . . :
b P erning the dferential behaviour of region 2 to region 3, do

fby Rurjacres & OWO.CkI (2002) showepl that _the CIumpmrs%ostobjects behave as predicted (Fig. 11). As outlined already
actor in the outer wind (around 3R.), in particular, can . : i
increase if more realistic values are used. The inner a:ra]%ove, the notable exception to t.h.|s ruIe§|§up, yvhere thg
outermost part seem to remain rather insensitive, at leasfyMPIete run offq(r) and the position of its maximum defi-
very low values fokmy are avoided. pltely QeV|ate from the prgd!ctlons (and from the other otge
investigated). Such a deviation was already found by Pk et
Thus, the numbers which will be quoted in the following1993b), who tried to simulate the observeg ptofile and IR
might be considered in a qualitative sense, especiallyesincontinuum for{ Pup, based on hydrodynamical models from
for our comparison, we have to estimate appropriate spatfal Owocki. Though they were quite successful in fitting H
averages over the fiierent regions. In our approach, we haveith a mass-loss rate just a factor of 2 lower than when using
used clumping factors assumed to be spatially constanirwithomogeneous models (and consistent with present estimnates
certain regions, whereas Runacres & Owocki (2002) displ#tye IR continuum was too strong at thié, indicating lower
the clumping factor as a function af The most decisive clumping factors than predicted in region 3.
quantity regarding radiative transfer is the optical deib The real question, of course, concerns the absolute value
ing proportional to the spatial integral ov&s(r)p(r)? (assum- of the clumping factors, and their dependence on stellar pa-
ing the source function to be ufiected by clumping), so thatrameters. What has been derived in this investigation is¢he b
a meaningful comparison requires the predicted clumpiog fehaviour of the inner clumping propertieslative to the outer-
tors, fu(r), to be averaged over inside the regions consid- most ones. To reiterate, if the outer clumping propertiesewe
ered’® To this end, we have used the results displayed in theiependent of wind density afut stellar parameters, thinner
various figures provided by Runacres & Owocki. winds would be less clumped in the inner region than stronger
Table 9 summarizes the predictions. Region 1 (the inn@finds, and we have indicated above a possible reason for this
unclumped region) typically extends to 1R3 (for thin winds, If, on the other hand, the (absolute) clumping factors initike
it might be narrower; see above), which is fairly consisteith  ner part were to be equal or even larger in thinner winds than
the derivedmaximum extent of such a potentially unclumpe¢h denser ones, we would meet a number of other problems
domain (i $1.1...1.2R). requiring explanation. In this case:-

18 By adopting this approach, we discard certain details, such as the ) ) )
fact that H, reacts to averages over constant velocity surfaces (and net the outer region of thinner windsasto be more clumped
along the radial direction), as well as optical depfieets. than in thicker winds.
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— the consistency with the theoretical WLR would comthey find a reduction itM by a factor of 7 (again with respect
pletely vanish. to UV observations alone). This result would agree with our
— the WLR would again show a strong dependence on Istatement from above that thin winds are expected to be more
minosity class an@dr H, profile type (even if the theoreti- strongly structured than thick winds, at least if the |latbex not
cally predicted €-set was wrong). Such a dependence externally triggered by photospheric disturbances.
presently not understandable, since the major prediction Accounting for these findings and other investigations with
of radiation-driven wind theory is that the modified windsimilar results (e.g., Hillier et al. 2003; Bouret et al. 200
momentum rate should be dependent on luminosity alotieere seems to be increasing evidence that the agreement be-
(at least if the slope of the corresponding line-streng¢h ditween the theoretical and observed WLR (which, if real, would
tribution function is not too dferent from its presently de- imply a smooth wind in the radio regime) is indeed just coin-
rived value). cidence, and that the radio regime must be strongly clumped,
maybe even more strongly than presently described by hydro-
The only way to clarify this situation is the inclusion of pro dynamics.
cesses which do not depend ph One such diagnostic islP ~ Aside from the major implications such a reduction of
(Massa et al., 2003; Fullerton et al., 2004, 2006) which und@ass-loss rates would have, e.g., regarding stellar éwnlirt
favourable circumstances scatep alone. The major problem the upper HRD and feedback from massive stars, such a result
here arises from the uncertainties regarding the ioniadt&x- would also lead to the following problem: since the presket t
tion of this ion, which might be additionally contaminateyl boretical WLR originates from consistent calculations of e
the UV-tail of the X-ray emission. Assuming that B a ma- djative line force, lower wind momenta would imply that too
jor ion between O4 and O7, Fullerton et al. (2006) derivedrauch radiative pressure is available. A reduction of thiargu
median reduction itM (compared to homogenous,tand ra- tity, however, is rather dicult (but see below).
dio diagnostics) by a factor of 20, where thin winds seemed to Finally, let us note that a significant down-scaling of
be more &ected than thicker ones. Note that this would imp']yhass-k)ss rates would unfortunate|y alsibeet stellar pa-

clumping factors of the order of 100 in the radio regime!  rameters (again!). For the?-dependent results derived here,
Detailed NLTE investigations accounting for clumping, oBuch scaling is easily possible, without modifying any hesu
the other hand, are only in their infancy, and again, theuinclPhotospheridines, on the other hand, might befférently af-
sion of X-ray dfects is a diicult task. The only object within fected by a strongly clumped, but weaker wind, since they do
our sample which can be compared with such an investiget always scale witl®, but depend on other combinations of
tion is HD 190429A, analyzed by Bouret et al. (2005). In thei, R, andv.,, as well.
conclusions, they quote a reduction of a factor of thre#lin
compared to a homogeneous mass-loss rate-b06 M, /yr
derived from the far-UYexploiting p- and p?>-dependent pro-

cesses in parallel, and accounting for a consistent idoizatin this investigation, we have performed a simultaneou$-ana
equilibrium. ysis of H,, IR, mm (if present) and radio data to constrain
The derived homogeneous UV mass-loss rate is muie radial stratification of the clumping factor in a sample o
lower than our homogeneous,Halue (radius and distancel9 O-type supergiantgiants, with dense and moderate winds
are comparable), and they speculate on strong variations(h, in emission and absorption). All analysis tools used in-
H,.. referring also to Scuderi et al. (1998), who report an ivolve certain approximations, but we have ensured that the
crease of the R equivalent width between 1988 and 1991, bgerived results comply with state-of-the art NLTE model at-
a factor of 2 (but see also Markova et al. 2005, who found meospheres, by comparing and calibrating to a large grid of
indications of such large changes in Hat least over an in- such models. Clumping has been included in the conventional
terval of one year between 1997 and 1998). Though the ispproach, by manipulating gif-dependent opacities and as-
plied clumping factor (from a comparison of homogeneous asdming the inter-clump matter to be void. Caveats have been
clumped UV mass-loss rates) would be not tofiesient from given to this assumption and other problems inherent taghis
“our” value, on an absolute scale there are much larg&erdi proach, namely the neglect of disturbances of the velogity fi
ences. Comparing their final mass-loss rate (1B°Mgy/yr, due to the clumps, and the assumption of small length scales,
with R, = 19.5R;, andv,, = 2300 km s?) with our radio mass- related to the problem of porosity.
loss rate (7.5...9.510®My/yr, with R, = 22.7 R, and v, Instead of adapting the clumping-factorestchradial grid
= 2400 km s?), this would suggest a strongly clumped radipoint (which is possible only if using optimization methods
regime, with fcff" ~ 10...16, at least if there have been no marequiring a well-sampled observed wavelength grid), weehav
jor changes in the average wind properties between their UMroduced 5 dierent regions, with constant clumping factors
and our radio observations. Additionally, Bouret et al.q2p0 inside each region. Because all our diagnostics depeng$ on
point to the fact that the predictions by Lenorzer et al. @00(except for the small contribution by electron scatterjrige
concerning By indicate that the outer winds “would be lessnost severe restriction within our approach is given by #ue f
affected by clumping”, compared to the regions they could agat we cannot derive absolute clumping factors, but ondy fa
cess. Thus far, the situation remains unclear. tors normalized to a certain minimum. Since in all but onecas
Notably, the other object investigated by Bouret et alHD 34656) this minimum was found to be located in region 5
(2005) is an object with Fin absorption, and for this object(or, in other words, since in all those cases the radio nass-|

6. Summary and future work
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rate is the lowest), our normalization refers to the radgime, This is almost exactly the same factor as found in Paper |,
and the corresponding (radio) mass-loss rate as derivedl her by shifting theobservedWLR (using unclumped models)
is the largest possible one. Other solutions are possimes for these objects onto thgredictedone. It also agrees well

with all clumping factors multiplied by a constant factéyand with recent findings from Fullerton et al. (2006).
a mass-loss rate reduced bﬁ — the average, normalized clumping factor in the innermost
Our analysis is based on,Hine profiles, neaymid-/far- region ¢ < 2R,) of stars with H, in emission isv 4.1+1.4.

IR fluxes taken from our own observations and the literature- thinner winds with H in absorption have lower normalized
(de-reddened as detailed in Sect. 2.6), mm fluxes observed byclumping factors in this region. For all three stars with ro-
scusa/sesT (own and literature data), and radio data taken from bust constraints, these factors are similar to those inathe r
our own VLA observations and the literature. We have dis- dio region, at least if the velocity exponent is not tofiet-
cussed the issue of non-simultaneous observations: based o ent from the hydrodynamical predictiof,~ 0.9. Factors

present-day observational facts, thg, HR and radio variabil- of the order oﬁg? 2 2 can be excluded, due to the sensitive
ity of thermal emitters is low enough so as not to pose any reaction of H.
problems for our study, at least if the derived results arsitcb ~ — for all objects where K is of P Cygni shape, or displays

ered in a statistical sense. Within our sample, there is oné/ a well-refilled absorption trough, the maximum extent of a
confirmed non-thermal emitter (Cyg OB2#8A), and three more potentially unclumped region can be limited to lie inside
objects display somewhat peculiar radio fluxes (HD 190429A, r < 1.2R,.

HD 34656, see above, and HD 37043). These objects might bein most cases, the clumping factors in the inner and adjacent
non-thermal emitters as well, but this has to be confirmed by region (R, < r < 5...15R,) are comparable or increase
future observations. In any case, the derived mass-loss rat moderately from inside to outside. Only fgrPup, does
(from the minimum radio flux) can be considered as an upper our analysis restrict the maximum clumping at 2R,.

limit. — the presence of clumping introduces a new degeneracy in
Asitturns out, the core of Hprovides very useful diagnos-  the results, namely between the velocity field exponent,
tics for the clumping properties in the inner wind £ 2R,), B, and the clumping factors. |§ is lower than assumed

and, if in emission, the wings can be used to constrain the or derived from the fits, the clumping factors are larger,
clumping inside the first five stellar radii, with an additadn ~ and vice versa. Extreme deviations ®ffrom values ob-
check provided by IR data. If mm fluxes were available, the tained from an unclumped analysis can be excluded though.

outer wind (1&, < r < 50R,) could be constrained as well.  Interestingly, a perfect fit fof Pup requireg = 0.7, con-
Only the region betweerRg. < r < 15R, remains “terra incog- trasted with3 = 0.9 from unclumped diagnostics (Repolust
nita” in most cases, due to missing far-IR fluxes. etal., 2004).

For ten stars in our sample (six with,ih emission, one of — two of the three stars with mm-observations (HD 15570 and
intermediate type and three with,h absorption), the derived ~ HD 210839) indicate a certain probability that the outer re-
clumping factors are robust and lie within well-constrairee- gion 4 (1R, s r < 50R,) is considerably more clumped
ror bars. For six stars (including Cyg OB2#8A), only upper than the radio domain (but remember the rather large error
limits for the radio mass-loss rate are available, and the de bars on the mm data), whereas the third stéPup (with
rived clumping factors have to be considered as lower limits negligible observational errors), displays similar clungp
Obvious diferences to the best-constrained objects were not Properties in both regions.
found though, except for HD 24912, which behaves atypically~ Our results dier from hydrodynamical predictions (incor-
The three remaining objects constitute HD 34656, whichés th  porating the intrinsic, self-excited line-driven instityi
only object in our sample with anHnass-loss rate lower than ~ Runacres & Owocki 2002, 2005) at least in one respect: the
the radio mass-loss rate (and as such has been discarded fronfatter imply a larger radio than Hnass-loss rate (or, alter-
our further analysis), HD 37043, which exhibits similar pro ~ natively, lower clumping in the inner than the outer wind),
lems to HD 24912 (but has a better-constrained radio mass- Which is definitely not true for our sample.

loss rate), and HD 190429A, which displays a certain degrgfaqgition to the conclusion that one of the best-observas-m

of radio-variability. Taking the various results togethee can  gjye stars; Pup, might be a rather atypical representative of
summarize our findings as follows:- its kind (maybe due to its possible expulsion from a close bi-
nary system), the major implications of these findings can be

— for almost all objects (except for 3 stars with, th ab- e . )
. . ) stated within three dierent assumptions concerning the clump-
sorption and log- < 5.35L), the derived (radio) mass-; . o
Ing properties of the outermost regions:-

loss rates are in very good agreement with the predicte
wind-momentum-luminosity relation (Vink et al., 2000), irmssump(a): The radio region is not, or only weakly, clumped.
contrast to previous results relying on unclumpeddata In this case, our “old” hypothesis (concerning a shift of
alone. If Pup is located at the “close” distance, then it be- mass-loss rates for objects with, Hh emission, due to
haves as the rest. If, on the other hand, it is located further clumping) would be confirmed, but there would be a phys-
away, its (radio) wind-momentum rate would lie consider- ical difference between denser and thinner winds, in the
ably below the predictions. sense that thinner winds would be less clumped than thicker
— the mean ratio of radio mass-loss rates to unclumpgd H winds in the inner region. This flerence might then be
mass-loss rates for stars with, il emission is 0.49 0.10. related to diferent excitation mechanisms of structure for-
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mation. If assumption (a) were true, the theoretical WLRduce such a large shift in the ionization balance (see St
would be perfectly matched. On the other hand, the atiwat the bulk of the accelerating lines are shifted away ftioen
solute numbers for clumping factors and mass-loss rates< maximum, such that a reduction in the acceleration is pos
would be in severe contrast to results from other invessible.
gations that have used alternative diagnostics, not tirect Finally, time-dependent hydrodynamic simulations must
affected by clumping (e.g., thevPesonance lines). also continue. In particular, fierences between self-excited
assump(b): The radio region is strongly clumped, but the outand triggered structure formation have to be investigeded,
ermost clumping factors are independent of wind densityconditions found which might allow for a much more strongly
In this case, a unification with results from other diagnosiumped radio domain than presently predicted (impliedsif a
tics is possible, and the present mass-loss rates would haumptions (b) or (c) were true).
to be significantly revised, with serious implications for In this context, the following, concluding remark is rele-
the evolution of, and feedback from, massive stars. Agawant. Though the usual interpretation of clumping reliesaon
weaker winds would be less clumped in the inner regiorglation to the intrinsic instability of radiative line{ding, the
and the theoretical WLR would no longer be matchedssue of whether the redistribution of wind material ocqunes-
One of the most robust predictions from radiation-drivedominantly on small€£0.01 R,) or large &1 R,) spatial scales
wind theory, namely that the modified wind-momenturhas not yet been resolved. Small-scale clumping is sugfjeste
rate should depend almost exclusively on luminosity (army observations of emission-line micro-variability in cofeour
not on mass or gravity), would still be consistent with oulargets (HD 66811; see Eversberg et al. 1998). Howeveg-stru
data, even if there were arffset between the theoreticalturing of hot-star winds on large scales is indicated by thig-u
and observed WLR. uitous presence of recurrent wind profile variability in fbem
assump(c): The radio region is strongly clumped, but the deef discrete absorption components (DACs; see, e.g., P&inja
gree of clumping is dgferent for dfferent wind densities.  Howarth 1986; Kaper et al. 1996). Since there is no consensus
This case is also consistent with present data, but woud the physical origin of DACs, the structure responsible fo
again imply, in addition to dierent dfsets between the the-them is not included in the present generation of models.
oretical and observed WLR, that the observed WLR is de- Future studies will help to address this issue by determin-
pendent on a second parameter. ing whether objects with particularly well-studied DACsge
HD 24912, HD 203064, HD 210839) can be modeled success-
Obviously, the implications of all three assumptions pd&ert fully without including large-scale structure. The presemf
individual problems, and would havefiirent consequencesynexplained residuals from our self-consistent modelddwh
regarding the urgent question about the “true” mass-la&s racannot be discounted, due to missing far-IR observatians, a
of massive stars. Since there is no direct way to measure {{i§ich might already have been identified in the mid-IR fluxes
clumping in the radio regime, for further progress we suggesf HD 24912, or in the somewhat discordant mm-observations
the following steps. of HD 210839, cf. Appendix B) with small-scale clumping
On the observational side, we have ):r¢-observe some would imply that large-scale structures also play a rolehim t
problematic objects at radio frequencies, to check their varedistribution of wind material, and would help to addrdss t
ability and to obtain further clues as to whether their efoiss issue of whether DACs represent localized enhancemertigin t
is of thermal or non-thermal origin; and)(most importantly, mass flux.
accumulate far-IR and mm observations, to constrain the (no
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Table A.1. Journal of the VLA observations, including observatiorB.1. Objects with H, in emission
dates, observing frequencies, time on targets, calibrators for flux-

density bootstrapping and VLA configuration.

Cyg OB2#7. For the hottest object in our sample, only upper limits
for the radio fluxes are available. The derived mass-loss rate is-conse

Star date freq.  time cal conf. quently an upper limit as well (and the clumping factors corresponding
(GHz) (min) lower limits), and based on thessumptiorthat this star is a thermal

CygOB2#7 Feb 15,2004 4.86 60 3C286,3C48 Cngmitter. By means of our regression (Eg. 4), helium is predicted to

CygOB2#7 Feb 15,2004 8.46 45 3C286,3C48 Cniemain doubly ionized throughout the entire wind (this is the only ob-

CygOB2#10 Feb 15,2004 4.86 20 3C286,3C48 cCnigctinour sample for which this is so), whereas specific models within

CygOB2#10 Feb 20,2004 4.86 40 3C286,3C48  courgrid (located in the relevant parameter range) indicate that helium

CygOB2#10 Feb 15,2004 8.46 20 3C286,3C48 cCnmightstillrecombine in the outermost, radio-emitting region. Thus we

CygOB2#10 Feb 20,2004 8.46 25 3C286,3c48 chave derived two solutions for this object, both for an ionized and a

CygOB2#10 Feb 15,2004 14.94 20 3C286,3C48 Cnfgcombined radio regimé.

CygOB2#10 Feb 20,2004 14.94 40 3C286,3C48 C  For the doubly ionized solution, we derive a (maximum) mass-

CygOB2#11 Feb 15,2004 4.86 30 3C286,3C48 Cniwss rate of 2.80°M,/yr. The lower wind is strongly clumped to a

CygOB2#11 Feb 15,2004 8.46 30 3C286,3C48 CnBimilar degree in regions 2 and 8 = 10 andf™® = 8...12, respec-

CygOB2#11 Feb 15,2004 14.94 30 3C286,3C48 Cnftvely. The lower value forfcf}qid results in a good fit of the 10m flux,

HD 14947 Apr 04,2004 4.86 30 3C48 C but slightly too narrow wings of | whereas witl"rfc',“id = 12 we can

HD 14947 Apr 04,2004 8.46 30 3C48 C fit these wings perfectly, but somewhat overestimate therGlux.

HD 14947 Apr04,2004 1494 30 3C48 C As for the unclumped models (Mokiem et al. 2005), the absorption

HD 24912 Mar 09, 2004 4.86 20 3C286 C trough cannot be fitted well by models with< 0.9 (nebular emis-

HD 24912 Mar 09, 2004 8.46 15 3C286 C sion?), though the wings are nicely matched. If we assume, on the

HD 24912 Mar 09, 2004 14.94 20 3C286 C other hand, that the trough is refilled by the wind alone, the complete

HD 24912 Mar 09, 2004 43.34 20 3C286 C profile can be reproduced with~ 1 andf" = 8, '@ = 10...12, re-

HD 34656 Apr 04,2004 4.86 40 3C48 C spectively. From the shape of the trough we deriyes 1.1, otherwise

HD 34656 Feb 09,2004 8.46 45 3C147,3C48 Cnli becomes too narrow or too deep.

HD 34656 Mar 09, 2004 1494 20 3C286 Cc The alternative solution with helium recombiniedthe radio re-

HD 34656 Apr04,2004 1494 20 3C147,3C48 C gion yields a considerable larger mass-loss rafe; 4-10° M, /yr,

HD 36861 Feb 09,2004 8.46 40 3C147,3C48 CnBince we have adopted a large helium cont&int=0.21 (compare

HD 36861 Feb 09,2004 4.86 40 3C147,3C48 CnBiith the case of Pup; see Sect. 4.1). All clumping properties scale

HD 37043 Mar 09, 2004 4.86 30 3C286 C accordingly, and the best solution (j§+0.9) is obtained witHf! = 5

HD37043  Mar 09,2004 846 30 3C286 C and " = 4...6. Since the 1qum flux indicates that helium is not

HD 37043 Mar 09, 2004 14.94 30 3C286 C completely ionized, even in the outermost IR photosphere (otherwise

HD 190429A Mar 01,2004 4.86 20 3C48 C it would lie somewhat higher), we prefer the recombined model for

HD 190429A Mar 01,2004 8.46 20 3C48 C our final solution (see Table 7). In the corresponding fit diagram, we

HD 190429A Mar 01,2004 14.94 20 3C48 C have indicated both possibilities though (solid: recombined; dotted:

HD 190429A Feb 26,2004 43.34 20 3C48 C ionized).

HD 203064 Mar 01,2004 4.86 60 3C48 C

HD 203064 Mar 01,2004 8.46 60 3C48 C

HD 203064  Apr04,2004 1494 40 3C48 c HD190429A. For this object, there are two measurements at 3.5

HD 207198 Feb 20,2004 4.86 60 3C286,3C48 cCmwhich are considerablyftierent, namely 200J (our observations)

HD 207198 Feb 20,2004 8.46 60 3C286,3C48 cand 280uJ from Scuderi et al. (1998). As is obvious from the fit di-

HD207198 Feb20,2004 14.94 60 3C286,3C48 cagram, the 6 cm flux (our measurement) is consistent with the un-

HD 209975 Feb 20,2004 4.86 30 3C286,3C48 chublished 3.5 cm value provided by Scuderi et al., whereas it lies too

HD 209975 Feb 20, 2004 8.46 30 3C286,3C48 c high with respect to our 3.5 cm measurements. Thus, either the star is

HD209975 Feb20,2004 14.94 30 3C286,3C48 cstrongly variable, or a non-thermal emitter, or the errors estimated for

HD210839 Feb 26,2004 4.86 20 3C48 C our observations are too optimistic. Note that the 0.7 cm measurement

HD 210839 Feb 26,2004 8.46 20 3C48 ¢ (upper limit) is consistent with our 3.5 cm flux. A “wrong” assumption

HD?210839 Feb 26,2004 1494 20 3C48 ¢ concerning the He recombination cannot explain this dilemma: if the

HD210839 Feb 26,2004 43.34 20 3C48 c ionization degree was higher than predicted, the 0.7 cm flux would be

Appendix A: The journal of the VLA observations

is given in Table A.1 (see Sect. 2.3).

Appendix B: Comments on individual objects

most dfected and would lie at a level higher than actually observed.
On the assumption that we see thermal emission and that the dis-
crepancy is due to measurement problems, the maximum mass-loss
rate is constrained to lie between 7.5 (dotted) and19:8M,/yr
(solid), and both limits have been indicated in Table 7. By adjustment
of the clumping factors, we obtain a perfect fit fog.Hf the 0.7 cm
flux is not much lower than its upper limit3" must be lower than, or
equal to, 2. The only other discrepancy found for this object coiscern

In the following, we will give, where necessary, some comments e 4.63um measurement from Castor & Simon (1983), which cannot
the fits for the invidual objects. All results have been summariz&§ Mmatched by any of our models.

in Table 7. The fits for objects with Hin emission are displayed in
Figs. B.1 and B.2, for objects with “intermediate’, igrofile types in
Fig. B.3, and for objects with Hin absorption in Figs. B.4 and B.5.

19 The IR fluxes have been synthesized with doubly ionized helium
in both cases, since they form well below the radio photosphere.
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Fig. B.1.Fit diagrams (left: H profile; right: IRradio continua) for objects with Hn emission. Arrows indicate upper limits. For parameters,
see Table 7. Alternative solutions (dotted, dashed) are discussed iontimeents on individual objects in Appendix B.
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HD 15570 can be fitted without any problems, and the only conperfectly reproduced, and a valuergf< 1.2 can be constrained from
plication arises because of the large error bars attributed tectise  its trough.

fluxes. Since, for the corresponding wavelength, it is not completely

clear whether He is already recombined or not, we have investigaiﬁﬁ . . .

both possibilities. In the recombined case (which is consistent with o 1926‘3').9' 'to,:cliy o?e rz:g_lo mtlaasure(rjnent IS e_lvalltr;t]ble, alnd o_nly_ as
predictions: recombination at 6K, 1.3mm radiation becoming opti- an upper fiimit. Adopting this value and assuming thermal emission,

. _ . 1 | 6
cally thick at 9.5R,), the wind must be significantly clumped in regionthe maximum mass-loss rate can be restrictets 3-10°Mo/yr,

4 (3" = 5...20); larger values can be excluded from thewings. If with constant clumping factorsf_ci? = 13 = 35, in the lower wind,

on tcrl1e other hand, the wind is not recombined in the 1.3 mm-formi drip < 1.1. For_aII our 5|mu_lat|ons, the observed 4*.66 flux (taken

region, a value of " = 1 is still consistent with the limit of thecusa 0! C@StOr & Simon 1983) is smaller than synthesized, though better
! c

data. The clumping in region 37" = 6) is well-constrained from the reproduced than for HD 190420A, and independent of the ionization
) Cl

H, line wings, though a lower valud,™® = 4, results when we force equilibrium for helium.
the 10um flux to be matched. In the latter case thepddcomes a bit
too narrow. HD 30614 is perfectly matched, both in the radio and ip, ith a

Note that the two measurements at 3.5 cm almost overlap (b@derate degree of clumping in the inner and intermediate wind.
not completely, indicating a certain variability), and we have forced
our solution to comply with their average value. In the fit diagra
we have plotted three solutions which are consistent with the e
bars for thescusa measurementsig" = 5 (dotted),f3" = 13 (solid) CygOB2#8A is a confirmed non-thermal radio emitter (Bieging et
and f$ = 20 (dashed). To find even closer constraints on the outgr 1989). In order to obtain at least an estimate, as low a maximum
wind clumping requires lower error bars. Additional far-IR observanass-loss rate as possible has been adopted (from the 2 cm flux), al-
tions (though being important as consistency checks) will not help#ough this might still be even smaller, of course. With 0.74 (taken
improve this uncertainty, since the far-IR is insensitive to any reasafom the 0ptica| ana|y5i5 using homogeneous models, Mokiem et al.
able variation off " for this object. 2005), the wings of Hare fitted best, whereas the absorption becomes
too deep. A value oB = 0.85 (dotted) improves the trough, but the
) ) . emission then becomes too large. Thew@0 flux indicates that our
HD 66811 has been already discussed in some detail; see Sect. 4 giction for the recombination radius of helium might be erroneous,
and a completely recombined model (which at these temperatures is
HD 14947. The 3.5 cm flux is well determined (with some variabil-.rather improbable) can indeed fit this measurement. Only low clump-

ity), whereas only upper limits are available at 2 and 6 cm. The resuIR9 factors are required to fit ki though higher values would be nec-

ing mass-loss rate M = 8. ..12:10-° M, /yr, and H, can be perfectly essary if the mass-loss rate were lower. Note that jth = 2.0 the

fitted, with rather low clumping factors in the lower wind. In the fit di-\t/ivmgtzgf |\;Vlyi tahrfemrizjlciely:{ n;it(;’:::%tﬁ:tr t:aenlf]t:g)l(;tst;“g?;lglgéegsn- be
agram and Table 7, we have indicated the intermediate solution WIPH ’ o ' P

M = 10-10°M,/yr and clumping factors! = 3.1 andf[" = 2.5. cured, at the expense of,H

Cl

?%YZ Objects with “intermediate” H,, profile type

Cyg OB2#10 can be fitted accounting for weak clumping in the
Cyg OB2#11 has similar clumping properties to HD 14947, and thywer wind (f" = 1.4, £ = 1.8) if g is left at its nominal value

maximum mass-loss rate can be derived to within small eridrs:  of 1,05, r,, must bes 12°' and clumping fects are seen only in the

5+0.5-10° Mo /yr. From H,, the potentially unclumped region mustinner wind. The observed 1@m flux is larger than predicted, which

be located withiri, < 1.2. From the line wingsf{" is somewhat cannot be corrected for by a non-recombined wind, as the temperatur
larger thanf, and 5" might be tightly constrained if far-IR obser-is to0 low for such a scenario.

vations were available. Problems for this object concern the blue side

of the H, emission being predicted as too narrow, and the @9

flux (Leitherer et al. 1982), which cannot be matched by any of o&.3. Objects with H, in absorption

m Is. . . . . .
odels For all objects with H in absorption, we have used, = 10, since

due to the lower wind density, the IR and radio emission is formed at
HD 210839. Though the error bars for theusa fluxes are smaller Smaller distances from the star (cf. Sect. 4.1). E.g., for HD 36861, th
than for HD 15570, two dierent, barely overlapping fluxes have beelind becomes optically thick at 2 cm only fors 10R, .
measured, which might introduce a twofold solution for region 4,

though the maximum mass-loss rate is well defined. Cyg OB2#8C remains rather unconstrained by our analysis, since

A first solution (solid) can be derived for the lowerusa mea- only one upper limit in the radio range is available (at 6 cm), and this
surement, with constant clumping in the lower wirigf, = f"“ = 6.5  upper limit yields a mass-loss rate larger than the one derived from H
until ro = 10, and no clumping in the outer part. The upparsa (M= 3.510°M,/yr for 8 = 1). Thus, the largest possible mass-loss
measurement can be fitted by additional clumping in region 4, withte has been adopted from this value, and the only definite statement
fout=5...20, butin this case the 0.7 cm flux appears as too large. concernsf™ being similar tof!.

A second, slightly better solution (which is indicated in Table 7)
can be found if one assumes constant clumping (again fith 6.5)  HD 34656 is the only object within our sample where the radio

until r < 4, and a larger clumping factor df, = 10 untilr < 15.  ma55.10ss rate (if thermal emission) is definitely larger than the H

With f = 1, the lower 1.3mm flux is matched (dotted), wheregg,ass-loss rat& Unfortunately, only one measurement (at 3.5 cm)
with f3" = 8 the upper one can be fitted (dashed). As before, however

the 0.7 cm flux is then predicted as too large. For all solutionsisH 2° For HD 209975, both mass-loss rates overlap within the errors.
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Fig. B.3.As Fig. B.1, but for objects with “intermediate” Hprofile type.

provides a hard number, whereas the 2 and 6 cm measurements yailiib band becomedfacted and the maximum mass-loss rate must
upper limits only. Thus, non-thermal emission cannot be excluddsk decreased.

at least to some extent, if one compares the 3.5 and 6 cm fluxes The lowerM solution (which is consistent withll radio measure-
(Fig. B.4). Besides being a non-thermal emitter, there are two othfignts) requires considerable clumping in the lower wind. Assuming
possibilities: either the 3.5 cm measurements are somewhat corrug{edtandard value” o = 0.9 (which has been used for most of the
(i.e., can be regarded as upper limits only), or the outer wind is mqglowing objects as well, but see Sect. 4.8}, = 8 andf™ < 20..25,
heavily clumped than the inner one. In the latter case, the maximgie humps can be explained by clumping. Furthermore, the unclumped
mass-loss rate results from, tihstead of from the radio, and corre-region (if any) can be constrained Iy < 1.1. For this solution,
sponds to 30°°Mo/yr for g = 1, which is the lowest possible valuefout < 3, otherwiseM is even lower. In our fit diagrams, we have
such thaj remains consistent with our data (wings ofjHNote that piotted the highM solution (solid), the lowM solution (dotted) and

a value ofg = 1.1 andM = 2.610°Mo/yr, as derived in Paper |, the low M solution with £ = 1, which does not fit the emission
gives a slightly better solution. Since the (thermal) radio mass-laggmps in H. At least this uncertainty might be resolved if future far-
rate corresponds to a value ofl@®M,/yr (and would result in an |R measurements become available.

efTrissior_l profile fozr id; cf. the dotted solution), clumping factors of ) ot ;5 comment finally on the strong excess measured in the mid-
fo = nsi';/lfadioi{]MH‘f) ~ 6 are necessary to obtain a simultaneous fifg herween 8.7 to 11.4m (taken from Gehrz et al. 1974), which is
with 13" = T being well-constrained. in stark contrast to the 12m IRAS data from Beichman et al. (1988).
This discrepancy (see also Sect. 6) cannot be due to a wrong flux cali-
bration, since measurements from the same source have been osed als

HD_24912. All radio fluxes measured fq??er_arg upper limits. Our for HD 30614 and HD 36861, without any apparent problems. Thus,
fit diagram shows that the 0.7, 2 and 6 cm limits, if taken at face value . . . ? .
r is either strongly variable in the mid-IR, or the mid-IR excess

are consistent with thermal emission and a maximum mass-loss raté chf . L )
ue to another physical process (e.g., co-rotating interaction zones

2.310°°M,/yr, which is very close to the value provided by Repolus'? . . .
et al. (2004), using unclumped models. When accounting additi(]sne-e de Jong et al. 2001, or a wind compressed equatorial regian). Th

. . a{ter interpretation in particular is consistent with the red and blue
ally for the 3.5 cm flux, one derives a maximum mass-loss rate Ol ission humos observed i Hwhich have also been seen iniHe
1.210°°M,/yr. In the following we will consider both possibilities. P fb !

. 4686 (Herrero et al. 1992, Fig. 4).
The solution with largeM requires weak clumping in the lower-
most wind ' = 2.1), and additional clumping in region 3" =
5), if the small emission humps on the red and blue side of thalid HD 203064. For the standard value ¢f = 0.9, a model with
sorption are due to clumping and not to other processes (see belall)clumping factors being unity is consistent with the observations.
The maximum value of 3" is restricted byf§" < 2, otherwise the Values forf[™ 2 2 can be excluded.
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Fig. B.4.As Fig. B.1, but for objects with Kin absorption.
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Fig. B.5.As Fig. B.4.

HD 36861. All radio measurements provide only upper limits, and/ = 1.010° M,/yr (solid), a wind with additional clumping in the
we have indicated a model with a consistent maximum mass-loss ratger region 3" = 10, dotted) and a homogeneous wind With=
M = 0.410°%M,/yr. For this value ang = 0.9, the innermost clump- 1.210°® M, /yr (dashed).

ing is weak againf! = 2...4, andf ™ must be lower than 20 (from
the wings of H). Solutions withf3" > 2 are no longer consistent
with the adopted mass-loss rate. In Fig. B.5, we have indicated
solutions with minimum ' = 2, fi" = 1, solid) and maximum

(fin = 4,1 = 20, dotted) clumping. Note that only far-IR or mm

cl
observations will help to disentangle this uncertainty.

M 37043. By inspection of the measured radio fluxes, this star is
either a non-thermal emitter (SB2!), or the 6 cm flux is erroneous. At
3.5 cm, we have two measurements which are consistent. To obtain
more conclusive results, one needs to re-observe this star in the radio
range.

Nevertheless, we present two solutions: an upper one discarding
HD 207198 has well-defined radio measurements, and an utie 3.5 cm data and being consistent with the upper limit at 2 cm, and
clumped wind withM = 1.0...1.210% My /yr (for 8 = 0.9) matches a lower, more likely one (which would also be an upper limit if the
all observational constraintf[® < 2). The 2 cm flux can be re- object were a non-thermal emitter), discarding the 6 cm measurement.
produced withf" = 10 (and<15); larger values are excluded by Inthe firstcaseM =0.8107° Mo/yr, and a smooth wind is consis-
the H, wings. Displayed are the solutions for an unclumped wind &nt with the observations. In the second cdges 0.25107°% M, /yr,
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and the wind is strongly clumped at least in the lowermost wind, with
fci? = 12 forrj, = 1...1.05 tormg < 1.3. Due to the low density,
clumping in other regions has a very low impact on the model fluxes,
and we can exclude only valud§™ > 20 andf3" > 10 (otherwise

the maximum mass-loss rate must be lower). Plotted are the “smooth”
solution with the upper value fdvl (solid), and the loweM solution,
which is strongly clumped (dotted).

HD 209975 has already been discussed in Sect. 4.1.



